
Molecular Genetic 
Analysis of Human 

Inherited Retinal 
Degeneration

Thomas Jeffrey Keen
A thesis submitted for the Degree of Doctor of Philosophy

Department of Molecular Genetics 
institute of Ophthalmology 
University College London 

Bath Street 
London EC1V 9EL

May 1996



ProQuest Number: 10016775

All rights reserved

INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, th ese  will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10016775

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

Abstract
The aim of the work described in this thesis was to investigate 

human inherited retinal degenerations using the techniques of 

molecular genetics.

The largest part of this, was a study of a particular type of 

autosomal dominant retinitis pigmentosa (adRP) with the ultimate 

objective of identification of the defective gene. This condition is 

characterised by a progressive loss of peripheral vision often 

leading to complete blindness. Other forms of adRP are known to 

result from mutations in two known genes and at a further six as 

yet uncharacterised loci. The form studied here was that which 

had previously been mapped to chromosome 7p. The first stage of 

this analysis was the refinement of the genetic location to an 

interval between the markers D7S484 and D7S795. After the 

disease  locus was placed in this d iscre te  in te rval, work 

commenced ont a physical clone contig of the region. This was 

achieved using overlapping Y AC clones, which were identified by 

STS content using microsatellite markers. STSs generated from the 

ends of the Y A C  clones were used to further refine the order of 

elem ents w ith in  the contig . The resu lting  contig  spanned 

approximately 4.8 Mb of DNA including 2.8 Mb across the RP 

interval. Some features of the contig are discussed including a 

regional duplication and the initial stages of a transcriptional map.

In addition, a mutation screen was made of the gene coding for 

the photorecep tor specific protein peripherin-RD S, this gene 

located on chromosome 6p is known to be involved in a range of 

retinal degeneration phenotypes. The coding region of the gene 

was screened in a total of 23 families affected by various forms of
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macular dystrophy. A single nonsense mutation was identified in 

one family, the mutation comprising the duplication of a 4 base 

pair element which was predicted to result in the creation of a 

termination codon and a potentially truncated protein.

Finally the possible involvement of expanded (CAG)n repeats in 

adRP has been investigated  using the technique of “ repeat 

expansion detection” . These were studied because of their known 

invo lvem ent in some neurodegenerative  d isorders , the retina 

being neural in origin seemed another possible target tissue for 

the effects of expansions to be apparent. Nine different families 

were studied, five of which were of types whose disease mapped 

to known chromosomal locations. No expansions were detected 

that cosegregated with disease, though in one family an expansion 

was observed  in several generations that was apparen tly  

unconnected with the phenotype. Expansions of (CAG)n therefore 

be ruled out as a direct cause of the RP in these families. However 

it rem ains  possib le  tha t repeat expansions  are invo lved  

in so m e  fo rm s  o f  r e t in a l  d e g e n e ra t io n .
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I n tro d u c t io n

Chapter I

Introduction to Inherited Retinal
Degeneration

1.1 The Structure Of The Eye
The function of the eye is to produce an image of the external 

world and to transmit this to the visual cortex of the brain. In 

order to produce an accurate image the eye must have constant 

dimensions, a clear optical pathway and the ability to focus light 

on the retina. These requirements determine the overall structure 

of the eye (see figure 1.1). It is a nearly spherical structure,

approximately 25 mm in diameter, encapsulated by three basic 

layers. The outer inelastic coat comprises the transparent cornea 

at the front and the opaque sclera at the back. The cornea-schlera 

provides sites for attachment of ocular muscles and gives the eye 

its mechanical strength. The middle vascular coat known as the 

uvea, is made up of the choroid at the back and the ciliary body 

and iris at the front. The inner layer is the retina which lines the 

back of the eye extending forward close to the junction of the 

cornea and sclera.

Three transparent spaces form the body of the eye; the anterior 

cham ber lies in front of the iris and the posterior chamber

immediately behind it in front of the lens. These two chambers 

are jo ined through the iris and are filled with clear aqueous 

humour. Behind the lens lies the vitreous cavity filled  with

vitreous humour, a clear gel composed of collagen and a viscous

liquid. The optical apparatus of the eye consists of the cornea, the

1 7
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iris and the lens. The cornea is the main refractive element 

(sim ply because of the large d ifference in refractive  index 

between air and the aqueous humour) but the lens is able to 

change shape to achieve fine focus. The pupil constricts and 

dilates to control the amount of light entering the eye. It also 

reduces in aperture for near vision increasing the depth of field.

1 8
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Figure 1.1

Cross section of a human eye.



In tr o d u c t io n

1.1.1 The Retina
The retina is the site where the image forms and where its 

information is converted to nerve impulses for processing by the 

visual cortex of the brain. There are essentially four distinct cell 

layers in the retina. The retinal pigment epithelium (RPE) is the 

outermost part and consists of a single layer of cells containing 

melanin. They are involved in the maintenance and metabolic 

processes of the adjacent photoreceptor cells with which they are 

intim ately connected. Most material imported or exported from 

the neural retina must pass from the vascular choroid through the 

RPE. This replenishment process also involves the RPE engulfing 

the shed outer segment discs (see below). Additionally, the RPE 

absorbs excess light energy that is not trapped  by the 

p h o to rec ep to r  ce lls ,  thereby reduc ing  sca tte red  l igh t  and 

improving the clarity of images. This latter function is achieved by 

black melanin granules present within the RPE cytoplasm, hence 

the name "pigmented" epithelium.

The photoreceptor cells, the next outermost layer, are the actual 

site of light transduction. The photoreceptors interact with a third 

layer consisting of several types of neural cells, principally the 

bipolar cells, so called because they also interact with a fourth 

cell layer consisting of retinal ganglion cells, whose nerve fibres 

run directly to the visual cortex.

The central region of the retinas visual field is known as the 

macula, the photoreceptor population in the macula is dominated 

by cones (see below). Towards its centre is an area known as the 

fovea which contains exclusively cone cells. At the centre of the 

fovea lies the foveola, a depression resulting from the inner

2 0
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neural cell layers being displaced, allowing light to fall directly on 

the photoreceptors. This is the point of greatest visual acuity (the 

ability to distinguish between two points) and colour perception. 

The peripheral retina contains mainly rod photoreceptors which 

function under low light conditions. The optic nerve bundle passes 

out of the retina close to the macula. Retinal blood vessels also 

leave a long the path of the optic nerve. There are no 

photoreceptors at this point giving rise to the "blind spot" in the 

visual field.

1.1.2 Photoreceptor Cells
Human photoreceptor cells fall in to two types - rods and cones, 

the form er operating in low light conditions and the latter 

m ediating colour vision at high light intensity. Photoreceptors 

have a highly differentiated cell morphology which effectively 

separates the site of light transduction from the rest of the 

cellular apparatus (see figure 1.3). The basic photoreceptor cell 

consists of two cylinders connected by a narrow cilium. The inner 

segment of the cell is effectively a normal neuron with synaptic 

connections with the rest of the neural retina. The outer segment 

on the other hand is given over entirely to the absorption of 

photons and the transduction of their energy into a change of 

cytoplasm ic  mem brane potential. The structure of the outer 

segment differs between rods and cones. In rods it is packed with 

flattened vesicles or disc lamellae, which are separate from the 

cy top lasm ic  m em brane. In the cones the discs are simply 

invaginations of the cytoplasmic membrane and their interior 

remains open to the extracellular space. The outer segment discs 

are constantly being renewed, the discs being formed at the base

2 1
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A d iagram m atic  cross section of a human retina (not drawn to 

sca le ).
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of the outer segment, at a rate of about three each hour and 

migrating outward to the tip where they are phagocytosed by 

cells of the pigment epithelium. The disc membranes contain the 

l ig h t-se n s i t iv e  chrom ophore  1 l-cz5-retinal, bound to a visual 

pigment apoprotein to form what is known as an opsin. The opsins 

are m em bers of an ancien t class of G -protein  recep to rs ,  

characterised  by seven transmembrane domains. They can be 

differentiated on the basis of their peak spectral absorbance. The 

rods all contain a single opsin species - rhodopsin which absorbs 

maximally at 499 nm (Nathans and Hogness, 1984). The cone 

opsins have one of three different absorbance maxima though all 

are closely related. As each cone only expresses a single opsin this 

leads to three distinct populations of cones; short wave (blue), 

medium wave (green) and long wave (red) with absorbance peaks 

at 420, 530 and 565 nm respectively (Nathans et al., 1986b). 

There are estimated to be about 30 times as many rods as 

medium or long wave cones and 200 times as many as short wave 

cones (Dartnall et al., 1983). There are single autosomal loci for 

the rhodopsin and short wave opsin genes, on the long arms of 

chromosomes 3 and 7 respectively. In contrast the genes encoding 

the medium and long wave genes are arranged in a tandem array 

on the long arm of the X chromosome (Nathans, et al., 1986b). 

Rearrangem ents of this locus with the consequent deletion of 

genes and form ation of hybrids explains the phenom enon of 

red/green colour blindness commonly observed in males (Nathans 

et al., 1986a).

2 3
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Figure 1.3

Schemat ic  representation of “typical” rods and cones,  showing the 

m a jo r  su b ce l lu la r  s truc tu res  (Fein  and  Szuts ,  1982).

2 4



I n tro d u c t io n

1.2 Phototransduction
The detection of light by photoreceptors is an extremely sensitive 

process. The intermediate steps between absorption of a photon 

and eventual hyper-polarisation of the cell membrane involve a 

huge gain in signal strength. The main steps of this process are 

summarised in figure 1.4. The process takes place in the outer 

segment of the cell, which is highly modified to ensure the 

maximum capture of photons. The initial site of photon capture in 

rod cells is rhodopsin, a heptahelical transm em brane protein, 

which has a covalently linked l l -c /5 -re t in a l  chrom ophore. The 

pho to isom erisa tion  of the chrom ophore generates a form  of 

rhodopsin which is able to activate hundreds of molecules of 

transducin . T ransducin  is a m ultisubun it  m em brane protein  

consisting of three chains, a ,  p and y. The a  subunit contains a 

binding site for either a GTP or GDP molecule and has the ability 

to hydrolyse bound GTP. In the inactive dark state, T» binds GDP 

and is associated with Tpy. In the light activated state T« binds GTP 

and is separate from the inhibitory Tpy complex.

Rod phosphodiesterase also consists of three subunits a , p  and y, 

transducin  activa tes  the phosphodiesterase  by rem oving the 

inhib itory  y subunit from the catalytic a  and p subunits. The 

phosphodiesterase then rapidly hydrolyses cGMP to GMP and 

protons. The reduction of intracellular cGMP induces the closure of 

a channel in the cytoplasmic cell membrane which normally 

allows Na+ and Ca^+ ions to freely enter the cell. The resultant 

h y p e rp o la r is a t io n  of the cell m em brane  c o n s t i tu te s  the 

photoreceptor signal.
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The reopening of the channel depends on the restoration of the 

cGM P level which critically  involves the inhibition of the 

phosphodiesterase and activation of a guanylate cyclase to restore 

the level of cGMP. The return to the dark state also involves 

inhibitory  mechanism s at all stages of the phototransduction 

cascade. Photoactivated rhodopsin is inactivated by the combined 

effects of rhodopsin kinase, phosphorylating residues on it's 

carboxy terminus, which in turn leads to the binding of arrestin. 

This process is much faster than the isomérisation of free t ra ns -  

retinal back to the bound c/5-retinal. Upon insertion of the retinal, 

arrestin  is released and the phosphate groups removed by a 

protein phosphatase. The deactivation of PDE depends on the time 

it takes for transducin to hydrolyse GTP thereby releasing the 

inhibitory y PDE subunit. Guanylate cyclase is reactivated by the 

fall in the intracellular calcium concentration that occurs as a 

result of the closure of the gated channel (Stryer, 1991). These 

processes are summarised in figure 1.4.
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1.3 Inherited Retinal Degeneration
Diseases causing inherited retinal degeneration in humans can be 

classified into three very broad categories; those that primarily 

affect the peripheral retina such as retinitis pigmentosa; those 

that affect central vision such as macular dystrophy and those 

which manifest symptoms initially in the vascular choroid prior to 

developing a retinal degeneration as a secondary effect.

W hilst the relative numbers of each photoreceptor type in the 

periphery or macular is a strong factor in the form of disease 

expressed, it does not fully explain the differential nature of the 

p h e n o ty p e s  o b se rv ed . It ap pea rs  th a t  pu re ly  p o s i t io n a l  

d ifferences  betw een the central and peripheral re tina  may 

influence the nature of the disease expressed.

What follows is a brief description of the symptoms and the genes 

associated with each of these categories. In addition, other loci 

implicated in these conditions which are as yet only defined by 

genetic linkage are reviewed in table 1.2.

1.3.1 Retinitis Pigmentosa
Retinitis pigmentosa first manifests itself as loss of rod cell 

function, leading to night blindness. The first symptoms usually 

occur in the first two decades of life (Heckenlively, 1988). This is 

accompanied by the development of the pigmentary patches in 

the periphery of the retina that give these conditions their name. 

The pigmentation is the result of proliferation and migration of 

pigm ent-laden epithelial cells into the neuronal layers of the 

retina. A normal human retina is shown in figure 1.5, whilst figure

1.6 shows a retina in the early stages of RP. The loss of peripheral
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rod function causes constriction of visual field which results in the 

symptom of tunnel vision. This often progresses to complete 

b lindness but there is a wide variation in age-of-onset and 

s e v e r i ty .  T he co n d it io n  is h igh ly  h e te ro g e n e o u s  bo th  

phenotypically and genetically, there being autosomal dominant, 

autosomal recessive and X-linked forms. Approximately 60% of 

cases are attributable to recessive disease, 10% to 25% autosomal 

dominant and 5% to 18% are X-linked (Fishman, 1978; Jay, 1982). 

The overall incidence of the condition is about 1/4000 without 

pronounced ethnic differences though virtually all of these cases 

are thought to be genetic (Fishman, 1978). The X-linked forms are 

the most severe and were the first to yield to genetic analysis. A 

form of xlRP was linked to a marker on the short arm at X p l l  

(B hattacharya  et al., 1984). This was subsequently shown to be 

one of two distinct loci, with the second being located more 

distally at Xp21 (Wirth et al., 1988).

1.3.1.1 Rhodopsin RP
The genetic linkage of an autosomal dominant retinitis pigmentosa 

locus to chromosome 3q (McWilliam et al., 1989), gave impetus to 

research into the dominant form of the disease. The rhodopsin 

gene lies on chromosome 3q at approximately the same location to 

which the RP locus had been mapped, thus it was a strong 

candidate as the site of the mutations causing RP. Subsequently, a 

point mutation in the rhodopsin gene was identified at codon 23 

substituting a histidine for a conserved proline (Dryja et al., 

1990b). Since then over 60 pathogenic m utations have been 

iden tified  (W ang et al., 1995). Most m utations appear to be 

restricted to single families, though some, such as Pro347Leu,
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have been found in the USA, Europe and Japan (Dryja et aL, 

1990a; Inglehearn et al., 1992; Nakazawa et al., 1991). Almost all 

of these are dominant in action though there have been a few 

reports of recessive disease associated with nonsense mutations 

(R o s e n f e ld  et al . ,  1992) and a lso  m issense  m u ta tio n s  

(K u m a ra m a n ic k a v e l  et al., 1994). Rhodopsin was shown to 

involved in the whole spectrum of peripheral retinopathies with 

the identification of missense mutations in a recessive form of the 

non-progressive condition , congenital stationary night blindness 

(Dryja et al., 1993).

1.3.1.2 Peripherin-RDS RP
In two sim ultaneous reports , m uta tions were iden tified  in 

dominant RP patients in the human peripherin-RDS gene which is 

a homologue of the mouse gene rds  (Farrar et al., 1991; Kajiwara 

et al., 1991). Whilst the effect in the mouse was first described as 

a recessive condition, the mutations identified in RP are expressed 

dom inan tly . The curren t know ledge of the involvem ent of 

peripherin-RDS in RP and other retinopathies is reviewed in 

chapter five.

1.3.1.3 R0M1 RP
A secon d  gene no t th o u g h t  to be in v o lv e d  in the 

phototransduction cascade has been implicated in non-syndromic 

RP. ROM l is 35% identical and structurally similar to peripherin- 

RDS. Like peripherin-RD S, ROM l is a retina-specific integral 

m em brane pro te in  localised  to the pho to recep to r disk rim 

(Bascom et al., 1992; Bascom et al., 1993). In the most extensive 

study of RP patients only four RO M l mutations were described
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out of a panel of 249 individuals with various forms of RP 

(Bascom et al., 1995). This would suggest that ROM l mutations 

account for less than 1% of RP. In a separate study, a group has 

reported RP associated with heterozygous mutations of both the 

peripherin-RDS gene and ROM l (Kajiwara et al., 1994a). In three 

u n re la te d  RP pedigrees a peripherin-RDS L eu l85Pro  m utation 

was seen in combination with missense mutations in the ROM l 

gene. These created term ination codons early in the coding 

sequence and so were not thought likely to result in functional 

p ro te in s .

1.3.1.1 Phosphodiesterase RP
Mutations have been identified in both the a  and p subunits of 

phosphodiesterase in recessive RP pedigrees, though once again 

each appears to account for only a small proportion of total 

recessive RP (Huang et al., 1995; McLaughlin et al., 1995). Both 

nonsense  and m issense changes have been iden tified . The 

nonsense mutant alleles in either gene would result in the 

truncation of the putative catalytic domains and are therefore 

likely to be null alleles. The mutations in the PDE p subunit mirror 

the mutation found in the rd  mouse which is described below.

1.3.1.4 cGMP-Gated Channel RP
The only other pathogenic mutants to date are null mutants of the 

cGMP gated channel associated with recessive RP. The cGMP 

channel is the final component of the phototransduction cascade 

and is composed of four subunits, an a  and p which are of similar 

structure and two y subunits. Five mutations were identified in 

the a  subunit in four families out of a panel of 173 recessive
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pedigrees (Dryja et al., 1995). Ali of the reported mutations were 

likely to produce little functional product and hence were thought 

likely to be null alleles.

1.3.1.5 Congenital Night Blindness
The conditions described  above are p rogressive  in na ture , 

exhibiting a gradual loss of visual function. Congenital stationary 

night blindness on the other hand is manifested by a complete 

lack of rod function from birth but with no subsequent loss of 

cones or generalised cell death. As mentioned above it has been 

associated with mutations in the rhodopsin and p PDE genes. A 

form known as Oguchi disease has recently been shown to be 

caused by mutations in the arrestin gene (which as described 

above is involved in quenching rhodopsins response to light). 

Oguchi d isease  is characterised  by a charac teris tic  golden 

discolouration of the retina which disappears in the dark adapted 

state and reappears in the light (Fuchs et al., 1995).

The genes of the phototransduction cascade known to involved in 

retinal degeneration are summarised in table 1.1. To date, at least 

19 other forms of retinal degeneration have been defined only by 

linkage to an anonymous genetic loci. These have been collated in 

a recent review (Inglehearn and Hardcastle, 1996), and are listed 

in table 1 .2 .
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Gene Disease Reference
R hodopsin  Autosomal dominant RP 

Recessive RP

Stationary night 

b l in d n ess  

Oguchi disease 

Recessive RP 

Stationary night 

b l in d n e ss  

Recessive RP 

Recessive RP

A rre s t in  

(3 PDE

a  PDE 

cGMP 

g a te d  

c h an n e l

(Dryja, et al., 1990b) 

(Rosenfeld, et al.,

1992)

(Dryja, et al., 1993)

(Fuchs, et al., 1995) 

(McLaughlin et al., 1993) 

(Gal et al., 1994)

(Huang, et al., 1995) 

(Dryja, et al., 1995)

Table 1.1

Retinal degenerations associated with mutations in proteins of the 

phototransduction cascade.
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1.3.2 Macular Dystrophy
As described above the macula is the central cone-rich part of the 

retina. Macular degeneration results in loss of central vision as 

opposed to peripheral loss in RP. The investigation of the genetics 

of conditions affecting the macular has progressed much more 

slowly than that of RP, because of the relatively high incidence of 

an age related degeneration, which is estimated to affect around 

10% of the population over 50 (Bressler et al., 1988). This has 

tended to frustrate linkage studies because of the difficulties of 

identifying which individuals in a pedigree are truly affected. The 

inherited forms of macular degeneration are much less common 

but usually  more severe . Inherited  m acular degenera tion  is 

characterised  by early developm ent of m acular abnorm alities 

such as yellowish deposits and atrophied lesions followed by 

progressive loss of central vision. Mutations have been identified 

in two genes that result in macular disease. Figure 1.7 shows a 

retina showing the classical effects of macular dystrophy.

1.3.2.1 Peripherin-RDS Macular Dystrophy
The first mutations identified were in the peripherin-RDS gene 

which was briefly described above in connection to RP. A severe 

progressive phenotype has been identified as being associated 

with two d ifferen t amino acid substitu tions, A rg l7 2 T rp  and 

A rg l72G ln  (Wells et al., 1993). Many more mutations including 

several null alleles are associated with a much milder phenotype 

known as pattern dystrophy. This is characterised by deposition 

of extracellular material at the level of the RPE along with slow 

loss of visual acuity. A fuller review of the mutations observed in
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the peripherin-RDS gene and associated phenotypes is presented 

in chapter five.

1.3.2.2 Sorsby’s Fundus Dystrophy
The only other form of m acular degeneration in which the 

underlying defect has been identified, goes by the name of 

Sorsby’s fundus dystrophy. The condition has been genetically 

m apped in fam ilies segregating the disease to chrom osom e 

22q l3 -q te r  (Weber et al., 1994b). It is characterised by a build up 

of lipid containing substances in B ru ch ’s m em brane which 

separa tes  the choroid  and the retinal p igm ent ep ithelium  

combined with neovascularisation and atrophy of the capillaries in 

the choro id . B ru c h ’s m em brane is com posed of basem ent 

membrane components and extracellular matrix elements (ECM) 

such as collagen and proteoglycan. The maintenance of such a 

s t r u c tu r e  in v o lv e s  a f a m i ly  o f  t ig h t ly  r e g u la te d  

metalloproteinases. It was known that a member of the family of 

tissue  inhib itors of m etalloproteinases (TIM P3) localised  in 

chrom osom e 2 2 q l2 .1 -q l3 .2 .  In itially  two m issense m utations 

were identified both of which introduced cysteine residues into 

the protein (Weber et at., 1994a). The three known members of 

the TIMP family have 12 invariant cysteines so it is expected that 

the mutant molecules will be substantially altered. It thus appears 

likely that the changes seen in B ruch’s membrane reflect an 

i m b a l a n c e  b e tw e e n  th e  m u ta n t  T IM P 3  a n d  i ts  

metalloproteinase(s). Shortly after the first report, a second group 

found  a d ifferent TIMP3 m utation in a S o rsb y ’s pedigree 

(Glyl67Cys) that also introduced an aberrant cysteine (Jacobson e t  

al .,  1995b). What was especially significant about this paper was
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that it contained prelim inary observations, that described the 

reversal of n igh t-b lindness in patients treated  by the oral 

administration of large doses of vitamin A (50,000 lU/d). It was 

suggested that the changes to B ruch’s membrane inhibited the 

transfer of vitamin A from the choroid to the photoreceptors and 

that supplemental vitamin A was overcoming this. Whatever the 

mode of action, this represents the only effective therapy that has 

been identified for any of the conditions that are the subject of 

this thesis.

1.3.3 Chorioretinopathies
Conditions affecting the choroid as well as the retina are much 

rarer than those that exhibit their effect primarily in the retina. 

In two such conditions, the underlying genetic defect is known. In 

both cases the defective protein is an enzyme and is found in a 

range of tissues, including the choroid and retina but not exclusive 

to them.

1.3.3.1 Gyrate Atrophy
The condition known as gyrate atrophy manifests itself as sharply 

defined circular areas of atrophy in the peripheral retina. This 

autosomal recessive condition is known to be the result of a 

d e f i c i e n c y  o f  th e  m i to c h o n d r ia l  e n z y m e  o r n i th in e  

am inotransferase  (Valle  et al., 1977). The enzyme defect was 

identified  long before the gene was mapped to chrom osome 

10q26. Family linkage data then later supported this as the cause 

of gyrate atrophy (Ramesh et al., 1988). The effects of the 

condition can be partially alleviated by the administration of 

vitamin B6 .
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1.3.3.2 Choroideremia
Choroideremia is an X linked recessive disorder which initially 

causes constriction of peripheral vision and night blindness. 

Thereafter progressive loss of central vision leads to blindness in 

the fourth or fifth decade of life. It thus superficially resembles 

retinitis pigmentosa, but detailed clinical examination reveals that 

the effects first appear in the vascular choroid and that the retinal 

degeneration is probably a secondary effect. The condition was 

mapped to Xq21 by genetic linkage (Nussbaum et al., 1985), 

probes from this region were used to delineate large deletions in 

patients with choroideremia. A series of smaller deletions were 

then identified that spread over a region of 150-200 kb and the 

smallest of these of 45 kb led to the identification of a rearranged 

candidate gene (Cremers et al., 1990). Subsequently, the gene was 

identified as coding for one component of RAB geronylgeronyl 

transferase (Seabre et al., 1992). This enzyme activates RAB 

proteins which are believed to be involved in the fusion of 

vesicles in the cytoplasm. How the enzyme causes choroideremia 

and why the effect should be restricted to the choroid and retina 

is u n k n o w n .
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Figure 1.5

A normal retina, the optic nerve head is to the right with blood 

vessels emanating from it. The darker patch in the centre is the 

macula, closely examined it appears to be slightly depressed 

relative to the rest of the fundus.
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Figure 1.6

A retina in the late stages of retinitis pigmentosa, there has been 

extensive invasion by pigment bearing cells in a “bone spicule” 

pattern in the peripheral area. The blood vessels are noticeably 

thinner than in the normal retina on the previous page. The retina 

pictured here is from a severely affected individual from the RP9 

pedigree which is described in detail in chapters three and four of 

th is  th es is .
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Figure 1.7

A retinal photograph of an individual affected by macular 

dystrophy. The genetic defect underlying the phenotype displayed 

here is a peripherin-RDS Argl72Trp mutation, which is discussed 

in chapter five. In this individual there has been complete 

atrophy of the central retina, loss of the neural cell layers and the 

pigment epithelium allows the choroidal blood vessels to be seen 

in the  c e n t r e  o f  the  im a g e .
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Locus Mode of Chromosomal
symbol inheritance location Notes
R P l D om inan t 8 q l l
RP2 X -linked X p l l Also a CSNB locus
RP3 X -linked Xp22 Also a CSNB locus
RP9 D om inan t 7 p l 4 Described in chapters 3 and 4
RPIO D om inan t 7 q 3 1
R P l l D om inant 1 9 q l 3
RP12 Recessive l q 3 1
RP13 D om inan t 1 7 p l 3
RP14 Recessive 6 p Distal to Peripherin-RDS
RP17 D om inan t 1 7 q 2 2 -2 4
C0RD2 D om inan t 1 9 q l 3 Proximal to R P l l
CORDS D om inan t 1 7 p l 3 Not distinct to R P l3
STGDl Recessive l p l 3
STGDl D om inan t 1 3 q 3 4
STGDl D om inan t 6 c e n - q l 4
VM Dl D om inan t 8 q 2 4
VMD2 D om inan t l l q l 3 Also known as Bests macular 

d y s t ro p h y
MCDRl D om inant 6 q l 4 - 1 6

Table 1.2

Loci for human retinal degenerations as yet only defined by 

linkage; CORD = cone rod dystrophy (severe macular degeneration 

with later rod involvement, COD = cone dystrophy (macular), STGD 

= S ta rg ad t’s m acular dystrophy (clinical variant of m acular 

dystrophy), MCDR = “North Carolina” macular dystrophy (named 

for but not restricted to NC), VMD = vitelliform macular dystrophy 

(egg like). Despite the confusing nom enclature, locus symbols 

usually point to useful information in GDB or OMIM.
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1.4 Animal Models For Human Disease
1.4.1 rd Mouse
In the homozygous rd  mouse, photoreceptors begin to be lost at 

postnatal day 8 and by 28 days they are all gone and there is no 

e lectrical activ ity  in the retina (Farber and L olley , 1974). 

Biochemical studies had revealed a greatly reduced level in the 

activity of the retinal cGMP phosphodiesterase (PDE) after birth 

(Farber & Lolley, 1974). A subtractive hybridisation strategy was 

used to isolate a candidate gene for the condition which was 

shown to be the p subunit of the cGMP PDE. Two mutations have 

occurred in the p-PDE gene, one a point mutation changing codon 

347 to a stop codon (Pittler and Baehr, 1991), and the other the 

integration of a murine leukaemia virus into the first intron 

(Bowes et al., 1990). Both mutations are always found together in 

all strains of rd  mice and never in wild type animals, still it is not 

known which mutation causes the phenotype.

1.4.2 rcdl Irish setter dogs
A second animal model has also been shown to be the result of 

lowered phosphodiesterase  activity . Irish setter dogs affected 

with a severe rod/cone dystrophy { r c d l )  display elevated levels 

of retinal cGMP during postnatal development. The photoreceptor 

degeneration commences approximately 25 days after birth and 

culminates at about 1 year when all the photoreceptors have been 

lost. The affected animals have been shown to have a PDE p- 

subunit mRNA containing a Trp807Ter nonsense mutation. This 

premature stop codon truncates the p-subunit by 49 residues, 

thus removing the C-terminal domain that is required for post-
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translational processing and membrane association (Suber et al.,

1993).

1.4.3 rds Mouse
The rate of photoreceptor loss in the rd s  (retinal degeneration  

slow) mouse is much slower than in the rd  strain (van Nie et al., 

1978). In rds lrds  homozygotes the photoreceptors fail to produce 

outer segm ents, this is followed by slow degeneration of the 

photoreceptor cell bodies, leading to complete blindness by six 

months (Sanyal and Hawkins, 1989). The defective gene was 

shown to be an integral membrane glycoprotein of 346 residues 

(Travis et al., 1989), located in the rod and cone outer segment 

discs. Indirect evidence pointed to a role for it in the stabilisation 

of the discs through attractive interactions across the intradiscal 

space (Arikawa et al., 1992; Travis et al., 1991). The exact nature 

of the mutation has been recently shown to be the insertion of a 

9.2 kb repetitive element into the coding sequence of the gene 

generating a premature stop codon and a null allele (Ma et al., 

1995).

1.5 Why Do Photoreceptors Die?
The retina seems particularly susceptible to injury from general 

physiological stress. A diverse range of conditions both genetic 

and acquired often have an associated retinal defect. The result of 

such damage is invariably permanent, because like elsewhere in 

the central nervous system, if photoreceptor cells or other retinal 

neurons become damaged they cannot be replaced by cellular 

division. The loss of rod photoreceptor cells may also influence the 

health of cones. A feature observed with RP caused by mutations
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in the rod-specific gene rhodopsin is that cones also eventually die 

despite being functionally normal. It is intriguing to speculate 

whether each of the genetic mutations that lead to the loss of 

photoreceptors, does so through a different mechanism or if there 

is a common final pathway that results in cell death.

In many regions of the nervous system up to 50% of neurons that 

are originally generated die at a specific time in development,

which appears to correlate with when they first make contact 

with postsynaptic target cells (Berg, 1982). The number of cells 

that survive appears to be directly related to the number of target 

cells (Oppenheim, 1985). It has also been proposed that these 

m ec h an ism s  co n tin u e  to be ac t iv e  b eyon d  e m b ry o n ic

developm ent, since adult neurons sometimes degenerate when 

they are separated from their postsynaptic cells (Lindsay et al.,

1994). The loss of cells in these situations is mediated by a 

mechanism known as programmed cell death. Cell death following 

injury occurs where external factors lead to disruption of cellular 

machinery such as energy production followed eventually by cell 

lysis. In contrast programmed cell death is the result of a highly 

regulated cellu lar activity known as apoptosis . The precise  

molecular events are unclear, though a substantial num ber of 

candidate genes have been implicated. There are both genes 

whose products are essential for apoptotic cell death to occur and 

those which appear to prevent it happening. This has been

investigated to the greatest extent in Caenorhabdi t is  e legans ,  in 

which a group of genes which induce cell death {ced  1,3 and 4) 

and others which inhibit the process ( c e d  2,9) have been 

identified (Ellis and Horvitz, 1991; Hengartner et al., 1992). One
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easily observable effect that is unique to apoptosis is that of 

in ternucleosom al DNA fragm enta tion . It appears likely that 

apoptosis is involved in the loss of photoreceptors in retinal 

degeneration. It has been observed as a common feature in both 

the rd  and rds  mouse models and also in transgenic mice carrying 

rhodopsin abnormalities similar to those found in human RP 

(Chang et al., 1993; Portera-Cailliau et al., 1994).

1.6 Genetic Methods To Investigate Inherited Disease
Two basic approaches can be applied to the analysis of inherited 

disease. Where there is pre-existing biochemical or physiological 

data to suggest a possible pathological process, experiments can be 

designed to directly investigate them, such as was the case with 

the phosphodiesterase defect in the Irish Setter dog model for 

recessive RP. Where such information is absent a methodology 

must be adopted that works without any a priori  knowledge. This 

in most cases is the normal situation for inherited retinal 

degenerations since the retina is a delicate neural tissue, and 

under normal circumstances it cannot be biopsied. Post-mortem 

tissue is rarely available from individuals affected by retinal 

disease and when it is, it is usually from old individuals in which 

the disease has progressed to such an extent that insights into the 

early disease state and primary defect are next to impossible. 

Because of th is , much of the work on inherited  re tinal 

degeneration has progressed via genetic linkage analysis.

1.6.1 Linkage Analysis
Linkage analysis can provide the chromosomal location of the 

gene that is defective in a disease. It relies on the observation that

4 5



I n t r o d u c t io n

alleles of two loci that are located close to each other on the same 

chromosome tend to be inherited together, or cosegregate. As the 

distance  betw een two loci increases, the creation o f  new 

combinations of alleles by homologous recom bination becomes 

more likely. The frequency of these crossover events is referred 

to as the recombination fraction (0 ) which can range in value from 

0.0 to 0.5. The recombination fraction is related to the unit of 

genetic distance, the centiMorgan. A value of 9=0.05 is the same as 

5 centiMorgans as both refer to a stretch of DNA over which there 

is a 5 % probability of a recombination event. However over 

greater genetic distances this correspondence no longer holds, due 

to the possibility of double recombinants in an interval. One 

centiMorgan can be equated with approximately one million base 

pairs of DNA, although the relationship varies considerably due to 

the non-random  distribution of recom bination events. Linkage 

analysis  is a ca lcu la tion  of probability  from  the observed 

association between a marker allele and the disease phenotype. 

The ratio of the probability that an observed distribution of alleles 

would arise through linkage (0<O.5) to the probability that this 

distribution would arise by chance (0=0.5) provides an indication 

of the degree of linkage. Usually, the logarithm is taken of the 

odds ratio to give the familiar LOD score (Z) providing a more 

convenient value that is additive between families.

An odds ratio greater than 1000:1 (Z>3) is strongly suggestive of 

linkage, whereas a LOD score of -2 would be considered enough to 

exclude linkage. Because so many possible combinations of alleles 

have to be considered in the calculation of a LOD score, they are
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Three types of human polymorphic m arker were available to

researchers before the advent of DNA m anipulation technology. 

The first markers in use were blood groups, an early success using 

such markers occurred with the mapping of zonular pulverulent 

cataract, which is linked to the Duffy blood group locus on 

chromosome 1 (Renwick and Lawler, 1963). The second group are 

based on variations in the e lectrophoretic  m obility  o f serum 

proteins, these unfortunately often display only a low level of 

polymorphism and can be technically demanding to assay. The

third type of marker available, utilised HLA tissue types, this is a 

highly informative system, but linkage can only be tested at a

single locus (6p21.3). This limitation is mitigated to some extent

by the almost ubiquitous involvement of HLA types in human 

d isease .
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all but impossible to calculate by hand. It is only with the advent 

of dedicated computer programs that routine disease linkage 

analysis has become possible. The most commonly used program 

is the LINKAGE package (Lathrop and Lalouel, 1984), which 

contains modules for most problems that are encountered.

1.6.2 Microsatellite Markers

The first DNA based markers used for linkage mapping, probes 

displaying restriction fragment length polymorphisms (Botstein e t  

a l . ,  1980), have been superseded by markers exploiting the 

variation in length of short tracts of hom opolym eric tandem 

repeats (Litt and Luty, 1989; W eber and M ay, 1989). These 

m arkers, term ed m icrosate llites have several advantage over 

hybrid isation  based m arkers. Most im portantly  they can be 

quickly assayed using PCR primers flanking the repeat region. The 

amplification products are usually labelled by incorporation of a 

radiolabelled nucleotide in the reaction. This enables separation of 

the products using standard poly-acrylamide gels and detection of 

the products using autoradiography. M icrosatellites are usually 

highly polym orphic, often with ten or more comm on alleles 

frequently  observed in a population. They are also highly 

abundant in the human genome, the com m onest (CA)n are 

estimated to occur approximately every 50 kb. Large numbers of 

microsatellites have now been isolated and assembled into maps 

covering the entire genome. The first of these were based on 

(C A )n  repeats (Weissenbach et al., 1992), but subsequently maps 

consisting largely of tri and tetranucleotide repeats have been 

developed (Adamson et al., 1995; Murray et al., 1994). Markers 

based on tri and tetranucleotide repeats, though less common in
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the genome, have a distinct advantage over dinucleotides in that 

the amplification products from them tend to be much cleaner. 

Dinucleotide repeat PCR products usually appear as a ladder of 

bands, possibly as a result of polymerase slippage events. A 

pattern of use in linkage mapping has evolved that uses tri and 

tetra repeats in the initial detection of linkage followed by a

period of fine mapping using all available markers in a region. The 

generation of high resolution genetic maps has been greatly 

simplified by the availability of a set of large reference families 

(CEPH), from which cells lines have been made so that DNA can be 

distributed to many laboratories (Dausset et al., 1990). W hilst 

linkage is initially established using a probabilis tic  m ethod, 

individual recombination events can be used to determine the 

relative order of a disease phenotype relative to markers with a

known order. From this the minimum genetic interval in which a

disease locus can lie is established.

1.7 Positional Cloning
The concept of positional cloning is to identify the gene associated 

w ith  a con d it io n  w ithou t underly ing  know ledge  of the 

physiological basis of the phenotype. It is the culmination of a

hierarchical process of locus refinement, which eventually leads to 

the iden tification  of a unique m utation. The most essential 

component of such an approach is the existence of chromosomal 

landm ark maps. The lowest level of resolution in these is 

represented  by the cytogenetic  m ap, based on the banding 

patterns of stained metaphase chromosomes. At the next level lies 

the genetic map, principally consisting of microsatellite markers 

ordered by recombination events assayed in the CEPH reference
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pedigrees (Dausset, et al., 1990). Disease phenotypes with known 

locations defined by linkage can be superimposed at this level of 

resolution. They of course can also exist at the cytogenetic level if 

they are defined wholly or in part by chromosomal alterations. 

The next level of resolution is provided by physical maps, these 

have principally consisted of yeast artificial chromosome contigs 

constructed via their sequence tagged site content (Green and 

Olson, 1990a; Olson et al., 1989). Higher resolutions can be 

achieved by the use of bacterial clones which have smaller insert 

sizes, typically 40-300 kb (Monaco and Larin, 1994; Schalkwyk e t  

al . ,  1995). The process of the construction of Y AC contigs is 

reviewed in chapter four. The genetic map is anchored onto the 

physical map through the occurrence of genetic markers in the 

clones comprising the physical map (Cohen et al., 1993). Finally 

the DNA sequence forms the highest level of resolution attainable 

and from this all information pertaining to the genetic component 

of a phenotype can be inferred.

1.8 Finding the Genes
V arious m ethodologies  have been devised  to iden tify  the 

transcribed sequences from within a defined genomic interval. 

They fall neatly into two groups, those that u tilise  cross 

hybridisation with probes derived from RNA and those which 

endeavour to recognise attributes of genomic DNA that are 

universally associated with coding sequences. The former has the 

advantage that genes expressed in a specific tissue of interest can 

be preferentially targeted. The techniques that have been most 

widely used are described briefly below.
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1.8.1 Cross Species Hybridisation
This relies on the fact that the coding sequence of genes can be 

expected to be conserved between species whereas non-coding or 

rep e tit ive  sequences are norm ally  not. It is a ssayed  by 

hybridisation of a genomic probe to a "zoo" Southern blot where 

DNA is present from both other mammals and a range of species. 

Positive results from disparate species such as X e n o p u s  or C . 

elegans  indicate pronounced sequence conservation. A method 

such as this is rate-limited by the generation of probes small 

enough to function as sensitive probes and is probably not 

suitable for large genomic intervals.

1.8.2 Detection of CpG islands
The majority of human genomic DNA has a G+C content of around 

40%. Within the sequence, CpG dinucleotides are methylated and 

are present at only 25 % of the frequency expected from the 

overall base composition. Approximately 2% of the genome is 

unmethylated, has no deficit of CpG relative to GpC and has a local 

G+C content of around 65%, this type of DNA is found in short 

regions of 1-2 kb known as CpG islands (Bird, 1986; Cross and 

Bird, 1995). These sites have been shown to be associated with 

genes, typically at their 5’ end (Larsen et al., 1992). Restriction 

enzymes that contain CpG dinucleotides within their recognition 

site cut infrequently, but preferentially at islands. This forms the 

basis of a series of techniques that rely on the detection of 

clusters of these enzyme sites in genomic DNA clones and cloning 

of the DNA adjoining the site (Lindsay and Bird, 1987).
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1.8.3 Direct Screening of cDNA Libraries
One of the most powerful approaches which can be used to locate 

genes in cloned genomic DNA is to isolate cDNA clones by 

hybridising whole cosmid genomic inserts (Kendall et al., 1990) or 

YAC clones (Elvin et al., 1990) onto a cDNA library. Once isolated, 

the cDNA inserts can be mapped back onto the relevant cosmid or 

YAC insert to define the location of the corresponding gene. Whilst 

this is a powerful and relatively simple technique, it suffers from 

some drawbacks. Labelling a large genomic clone to a level where 

it will be an effective probe is difficult and there are frequently 

repeat sequences in cDNA libraries which will hybridise with 

those in the genomic probe unless sufficiently suppressed.

1.8.4 cDNA Selection
A variety of methodologies have been developed that are based 

around the hybridisation of PGR amplified cDNAs to immobilised 

genomic DNA. The most widely used of these utilise biotinylated 

genomic probes. The cDNA to be analysed is ligated to linkers that 

allow it to be amplified by PGR. The hybridisation is carried out in 

the presence of cloned human repetitive DNA to suppress repeats 

in the cDNA. After hybridisation the genomic clones and attached 

cDNAs are captured on streptavidin coated magnetic beads, then 

the cDNAs are eluted and amplified. These are then subjected to 

further rounds of selection. After several rounds of this procedure 

the cDNAs are cloned and sequenced (Morgan et al., 1992).
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1.15 Exon Trapping
Methodologies based around the screening of cDNA libraries allow 

the isolation of those cDNAs corresponding to mRNAs expressed in 

the cell line being screened. However, if expression of the coding 

sequence is restricted to a limited number of tissue types, or a 

specific stage in development, or if the mRNA species has low 

stability or very low abundance, then such approaches may be 

unsuccessful. In such cases analysis of the genomic DNA directly is 

required. This can be achieved by the in vitro isolation of coding 

sequences. A number of methods have been described which 

utilise vectors that contain both donor and acceptor splice sites in 

the vector to screen for both acceptor and donor sites flanking 

coding sequences in genomic DNA fragments. These include exon 

trap cloning (Auch and Reth, 1990) and exon am plification 

(Buckler et al., 1991). The exon amplification method has been the 

most widely used. Its vector utilises the HIV tat  intron to replace 

an intron from the rabbit p globin gene, in the vector pS P L l. 

Essentially genomic DNA is shotgun cloned into the vector, upon 

transfection into mammalian cells, the reporter gene with inserted 

genomic fragment is transcribed using an SV40 early promoter. 

When a fragment containing an entire exon with flanking intron 

sequence is present, the exon is retained in mature poly A+ RNA. 

RNA based PCR amplification using primers specific for the 

splicing plasmid exons is then used to detect the presence of the 

exon. A vector has recently been described (sC0GH2) that extends 

the size range of insert that can be analysed in one experiment up 

to that of a cosmid. It was shown that clones of 25 to 40 kb could 

be successfully analysed with up to seven exons correctly spliced 

(Datson et al., 1995).

5 2



I n t r o d u c t i o n

1.8.6 ESTs: Sequencing and Mapping
Despite the ingenuity of the methods described above and their 

contribution to the identification of genes involved in human 

disease, they will soon be largely redundant because of the 

establishm ent of a genome wide gene map. W hat makes this 

project possible is rapid, single-pass sequencing of cDNA libraries 

prepared  from  diverse human tissues. The re la tive ly  short 

fragm en ts  of sequence generated  have becom e know n as 

expressed sequence tags (ESTs) (Adams et al., 1992). The 3 ’ 

untransla ted  region of a gene usually shows little sequence 

conservation between human and rodent homologues, it follows 

that STSs derived from the 3 ’UTR usually allow amplification of a 

specific product even where a highly conserved gene family may 

be involved. This means that STSs can be defined that amplify 

unique human products out of a rodent chromosomal background. 

The 3 ’ UTR is also rarely interrupted by introns hence product 

sizes are predictable and assays more reliable (Wilcox et al., 

1991).

A set of strategies has evolved to localise ESTs to specific genetic 

intervals. Somatic cell hybrids are invariably used to assign ESTs 

to single chrom osom es, subsequent sub localisation  has been 

achieved by a variety of methods. Panels of somatic cell hybrids 

containing defined fragments of single human chromosomes allow 

localisation to broad cytogenetic regions (Patel et al., 1995). The 3 ’ 

UTR frequently contains polymorphic elements, which have been 

exploited to genetically localise ESTs against framework maps 

using the CEPH reference pedigrees (Khan et al., 1992). The 

development of genome wide STS based physical maps has also

5 3



I n tro d u c t io n

facilitated the mapping of ESTs via the identification of clones in 

the CEPH YAC library that can be linked to STSs from the genetic 

maps (Berry et al., 1995).

An adjunct to mapping ESTs exists in the availability of a CpG 

island library (Cross et al., 1994). STSs generated from sequenced 

clones in the library have some advantages over ESTs. Firstly, 

because CpG islands are normally at the 5 ’ end of genes full length 

clones can easily be identified from them. It is also likely that 

some genes not represented in cDNA libraries will be found in the 

CpG island library. At the present time about 20,000 single pass 

sequencing reads have been made from the library and are 

present in the EMBL database.

1.8.6.1 Radiation Hybrid Maps
The approaches described above to regionally localise transcribed 

sequences though quite successful, have been largely superseded 

by the construction of high density radiation maps of the whole 

genome (Walter et al., 1994; Hudson, et al., 1995). In radiation 

hybrid mapping, human fibroblasts are irradiated with X-rays to 

f ragm en t the ir  chrom osom es. These  are then  fused  with 

thymidine kinase deficient hamster cells to yield hybrid cells with 

random fragments of human DNA either integrated into mouse 

chromosomes or as “new” human chromosomes. Distances between 

markers are expressed in cR(n rad) where 1 cR corresponds to a 

1% frequency of breakage between two markers. At least two 

d if fe re n t  pane ls  have been c o n s tru c ted  and typed  fo r 

microsatellite markers to anchor subsequent gene locations on the 

genetic map (Hudson et al., 1995).
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1.8.7 Computational Gene Identification
Where the complete or a substantial part of the genomic sequence 

is known for a region, computational analysis provides a useful 

a lternative  to experimental methods to determ ine its coding 

potential along with information relating to its overall structure 

and evolutionary history.

Essentially there are two approaches to identifying potentially 

in te res ting  regions of genomic DNA. E ither hom ology is 

demonstrated to existing proteins or DNA sequences or some 

intrinsic property of the sequence is analysed, such as patterns in 

codon preference  (P ickett, 1982). True com putational gene 

identification lies outside the scope of this thesis, but a brief 

introduction to the BLAST program is given below because of its 

ubiquity and utility in sequence analysis.

1.8.7.1 The BLAST Family of Programs
The exponential increase in the amount of DNA sequence data has 

driven the development of tools for its analysis. Param ount 

amongst these have been methods to provide rapid searches of 

existing databases with new sequences to identify homologies. The 

basic component of a homology based approach is the concept of 

dynamic programming. A matrix comparison is made between a 

pair of sequences, as illustrated in figure 1 .8 , applying a scoring 

scheme to the alignments indicates their degree of relatedness. 

The most widely used program is known as BLAST (Altschul et aL, 

1990). Variants of the program can deal with all possible 

com binations of database and query as shown in table 1 .3 . 

BLASTX is especially useful for detecting protein coding potential
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in raw DNA sequence, because of the increase in sensitivity due to 

the redundancy in the genetic code as compared to comparing 

DNA sequences , be tw een which there may be s ign if ican t 

divergence despite coding for similar peptides.
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p e a c h e s
P
e

a

r

s

a c h e s

p e a - - - r s  

2.  p e a c h e s  

p e a r -  -  s 

Figure 1.8

A representation of dynamic programming, two different paths 

shown through the matrix and hence two different alignments.are

Program

BLASTN

BLASTX

BLAST?

TBLASTN

TBLASTX

Q uery /D atabase

nucleo tide /nucleo tide

translated nucleotide/protein

p ro te in /p ro te in

protein/translated nucleotide

translated nucleotide/translated nucleotide

Table 1.3

Versions of BLAST are available that can cope with all 

combinations of query and database sequence type.
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Chapter II 

Materials and Methods

2.1 DNA Extraction
2.1.1 Human Genomic DNA
Genomic DNA was extracted from venous blood using the Nucleon 

II kit from Scotlab. Reagent A was added to 5-10 ml of EDTA anti

coagulated blood, to a total volume of 50 ml in a conical bottomed 

centrifuge tube (Reagent A: 10 mM Tris-HCL, 320 mM sucrose, 5 

mM M gCl2 and 1% Triton X-100 pH 8.0). This was mixed well to 

fully lyse the cells and so release the nuclei, which were then 

collected by centrifugation at approximately 2500 g for 10 min. 

The supernatant was discarded and the nuclei were re-suspended 

in 2 ml of reagent B (400 mM Tris-HCL, 60 mM EDTA, 150 mM 

NaCl and 1% SDS pH 8.0). The suspension was transferred to a 5 ml 

tube with 500 pi of 5 M Sodium Perchlorate. The tubes were 

rotary mixed at room temperature for 15 min, then incubated 

with occasional mixing at 65°C for 30 min. After cooling on ice, 2 

ml of chloroform was added then 300 p i  of Nucleon silica 

suspension. This was mixed for 5 min then centrifuged at 1400 g 

for 6  min. The aqueous top layer was removed and the DNA 

precipitated from it with two volumes of ethanol. Typically the 

DNA pellet was re-dissolved in 350 pi of TE buffer.

2.1.2 Yeast DNA
In a 250 ml conical flask, 50 ml of AHC media was inoculated with 

a single colony from a plate. This was incubated for at 30°C for 40
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ho urs ,  shak ing  v igorously . The cells  were harves ted  by 

centrifugation and re-suspended in 5 ml of 0.9 M sorbitol, 20 mM 

EDTA, 20 pi of 10 mg/ml. Lyticase was added and the mix was 

then incubated for at 37°C for 1 h to digest the cell walls. The 

resu lting  spheroplasts were collec ted  by cen tr ifuga tion , the 

supernatant was discarded and the cells were dissolved in 5 ml of 

guanidine hydrochloride solution: (4.5 M GuHCL, 0.1 M EDTA, 0.15 

M NaCl, 0.05 % Sarkosyl, pH 8.0). This solution was incubated for 

10 min at 65°C. After cooling on ice, an equal volume of ethanol 

was added to precipitate nucleic acids, which were collected by 

centrifugation at 5000g for 10 min. The pellet was dissolved in 2 

ml of TE with RNase present at 100 pg/ml and incubated for at 

37°C for 30 min. Proteinase K was then added to 200 p g / m l  

followed by incubation for 60 min at 65°C, after which the tubes 

were cooled on ice. The aqueous DNA solution was extracted twice 

w ith  ph en o l/C H C l]  and once with CHCI3 . Following ethanol 

precipitation with one tenth volume 3 M sodium acetate and 2 

volumes ethanol, the pellet was dissolved in 250 pi of H2 O .

2 .1.3 Plasmid Mini-Prep
All plasmid mini-preps were carried out using a diatomaceous 

earth DNA binding resin. 5 ml of LB broth in a 50 ml tube was 

inoculated with a single colony from a plate. This was incubated 

for 16 hours at 37°C shaking at 250 rpm, cells were then 

harvested by centrifugation at 3000 g for 5 min. The cell pellets 

were resuspended in 350 pi of a buffer consisting of 50 mM Tris- 

HCL, pH 7.5 and 10 mM EDTA. This was transferred to a 1.5 ml 

microcentrifuge tube. The cells were lysed with the addition of 

350 pi of a buffer comprising 0.2 M NaOH and 1 % SDS. The tube
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was then inverted (shaken) until a clear solution was produced. 

The bacterial chromosomal DNA was precipitated with 350 pi 1.5 

M Sodium acetate solution, followed by centrifugation at 13,000 

rpm in a Heraeus Biofuge A microcentrifuge. The supernatant was 

then removed to a new microfuge tube. To this was added 500 pi 

of DNA binding resin which had been prepared as follows: 5 g of 

“Celite analytical filter aid” (BDH 33134) was suspended in 250 ml 

of water then allowed to stand for two hours. The supernatant 

was decanted off and discarded. The “de-fined” celite was then 

added to 250 ml of 6 M guanidine hydrochloride , 50 mM Tris- 

HCL and 20 mM EDTA. The resin/DNA mixture was vacuum 

filtered into a Promega magic prep column. The residue was then 

washed with 4 ml of wash buffer (10 mM Tris-HCL , 1 mM EDTA 

and 50 % ethanol). The DNA was stripped from the column by 

centrifuging 60 pi of water at 60°C through it. Typically 2 pi of the 

DNA prepara tion  was digested  with appropria te  res tr ic tio n  

enzymes to release the insert and run on a 2 % agarose gel to 

confirm the presence of an insert and to roughly estimate the DNA 

concentration (typically 5 pg from a 5 ml culture).

2.2 DNA Sequencing

2.2.1 Automated Fluorescent Sequencing
Automated DNA sequencing was performed on a Pharmacia ALE 

instrum ent. A Sequitherm  L ong-R ead cycle sequencing  kit 

(Epicentre Technologies) was used in all cases. The reaction mix 

comprised the following; 200 ng DNA tem plate, 2.5 p i lOX 

sequencing buffer, 2.0 pi (1 pmol) 5'-fluorescein labelled primer, 

4.0 pi 25% Triton X-100 solution and 1.0 pi (5 units) Sequitherm 

thermostable DNA polymerase. This was brought to a final volume
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of 17 \x\ with water. The sequencing reactions themselves were 

carried out in 2 0 0  ^1 thin walled reaction tubes without oil. 

Aliquots of 4 pil were made to each of four tubes containing 2 pil of 

termination mix (A, C, G and T). The reactions were cycled 35 

times through a profile of 95°C 15 s, 62°C 20 s, 72°C 45 s in a 

Perkin-Elmer 9600 thermal cycler. At the end of the reaction, 6 pi 

of stop solution (95% formamide, 0.05 % dextran blue) was added. 

Samples were denatured at 80°C for 1 min before loading 5 pi on 

the gel. A 6 % poly-acrylamide denaturing gel with 1 x TBE 

running buffer was used for all gel runs, e lec trophoresis  

conditions were as follows, temperature 45°C, power 34 W, 

current 38 mA, voltage 1500 V.

2.2.2 Manual Sequencing of Cloned DNA
All cloned DNA was sequenced using a standard ^ ^ s - A T P  

inco rpo ra tio n  pro tocol w ith a com m erc ial T7 po lym erase  

sequencing kit (Pharmacia). Double stranded sequencing was 

carried out as follows. Template DNA concentration was adjusted 

to 1-2 pg in 32 pi of water (normally 10 pi of a typical mini-prep. 

The DNA was denatured by adding 8 p i of 2 M NaOH, and 

incubating at room tem perature for 5 min. The DNA was 

precipitated with 11 p i of 2 M sodium acetate and 100 p i  of 

ethanol and after incubating at -20°C for 30 min recovered by 

centrifugation. After drying the DNA pellet under vacuum it was 

dissolved in 10  pi water, 2 pi of annealing buffer and 2  p i ( 10  

pmol) of the sequencing primer. The primer was annealed by 

incubating at 65°C for 5 min then 37°C for 10 min, before 

returning to room temperature. The termination reactions were 

carried out in 0.5 ml tubes, into each of which had been pipetted
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2.5 \i\ of termination mix. The T7 polymerase was diluted 1:4 

before use then to the tube of annealed DNA/primer 3 pi of "A" 

labelling mix (contains dCTP, dGTP and dTTP), 1 pi a -35s dATP and 

2 pi of the diluted T7 polymerase was added. This was incubated 

at room temperature for 3 min whilst the tube containing the 

term ination mixes were pre-heating at 37°C. The term ination 

reactions were initiated by transferring 4.5 pi of labelling mix to 

each of the tubes which continued to be incubated at 37°C for 5 

min. The reactions were stopped by the addition of 5 pi of 95% 

fo rm am id e .

2.2.3 Sequencing of PCR Products
PCR products were sequenced using T7 DNA polymerase in a 

manner similar to that used for cloned DNA except for the use of a 

32p end-labelled sequencing primer. PCR products were prepared 

for sequencing by removing residual dNTPs and primer using a 

spin column packed with Sephacryl S-400 (Pharm acia). The 

sequencing primer was end labelled using poly nucleotide kinase 

in a reaction consisting of 10 pmoles of primer and 30 pCi y-^^P 

ATP in a 10 pi reaction. The template DNA, labelled primer (11 pi 

and 2 pi respectively) and 2 pi annealing buffer were denatured 

at 94°C for 1 min then cooled immediately on ice. To this was 

added 3 pi labelling mix and 2 pi diluted T7 polymerase. This mix 

was added to each of the termination mixes and from there on the 

procedure was the same as with the incorporation sequencing

described above.
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2.3 Running Of Sequencing Gels
Electrophoresis of sequencing reactions was carried out using a 50 

cm gel length  Bio-Rad e lec trophoresis  apparatus with 6 % 

polyacrylamide denaturing gels. Gels were run at a at constant 

pow er level to achieve a running  tem pera tu re  of 50°C 

(approximately 50 W for 25 cm wide gels and 90 W for 40 cm). 

Run times were adjusted to maximise read lengths (up to 12,000 

volt-hours for sequence beyond 400 bp). All gels were fixed in 

10% acetic acid, 10% methanol for 5 min then vacuum dried. Gels 

with 32p labelled samples were subject to autoradiography with 

Kodak X-Omat film typically over night, gels with labelled DNA 

were exposed to Kodak Biomax XR.

2.4 Detection Of DNA By Hybridisation
2.4.1 Southern Biotting
Approximately 5 pg of DNA was run per sample in 0.8% agarose, 

the gels were run in Ix TAB buffer for a time appropriate to the 

fragment size of interest (typically 16 hours at 40 V for fragments 

of 2-10 kb). Following electrophoresis gels were stained with 

ethidium bromide and photographed on a UV trans-illuminator. 

The DNA was fragmented by de-purination with 0.25 M HCL, then 

denatured for 30 min followed by neutralisation also for 30 min. 

The DNA was transferred to a Hybond-N+ nylon membrane using 

20X SSC buffer in a Hybaid Vacuum blotting apparatus. Following 

transfer the membrane was washed in 2X SSC to remove residual 

agarose, dried at 37°C and UV-cross linked.
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2.4.2 Labelling of DNA Probes
DNA Probes were labelled with using a method which was 

essentially the same as that originally reported by (Feinberg and 

Vogelstein, 1983). A commercial kit was always used (Pharmacia), 

25-50 ng of probe DNA was denatured in 34 p i  of water by

incubating at 94°C for 1 min. After cooling on ice 10 p i of a

reagent mix were added containing dATP, dGTP, dTTP and

hexadeoxy-ribonucleotides, 3 pi of a-32p dCTP (30 pCi) and 5 units 

of Klenow fragment to a total volume of 50 pi. The reaction mix 

was incubated at 37°C for 45 min, at which point 0.5 p i was 

removed and the degree of incorporation tested by precipitation

of the labelled probe with 5 % tri-chloroacetic acid onto a glass 

fibre disc. Un-incorporated label was removed using a Sephacryl 

S-200 spin column (Pharmacia).

2.5 PCR And Cloning
2.5.1 Polymerase Chain Reaction
All PCR reactions were carried out using BIOTAQ^M (Bioline UK), in 

a reaction buffer consisting of 1.6 mM (NH4 )2S 0 4 , 67 mM Tris-HCL 

(pH 8.8 at 25°C), 1.5 mM MgCL2 , 0.1% Tween-20 and dNTPs at a 

concentration of 200 pM . Oligonucleotide primers were always 

used at a concentration of 0.25 pM. All non-radioactive reactions 

were carried out in 2 0 0  pi thin-walled reaction tubes, without oil 

using a Perkin E lm er GeneAmp PCR System  9600. W hen 

m ic ro sa te l l i te  m arkers  w ere an a ly se d ,  a - ^ ^ p  dCTP was 

inco rp o ra ted  into the reaction  p roducts . The final dN TP 

concentration was modified so that cold dCTP was only present at 

one tenth of the concentration of the other dNTPs (ie 20 pM  rather 

than 200 pM). Reactions volumes for microsatellite typing were 10
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[a1 and typically 10 pCi of dCTP was used per 200 pi of

reaction mix. Reactions were carried out under oil in a Hybaid 

thermal cycler.

2.5.2 Generation of YAC Terminal Sequences
The determination of the sequence at the end of a YAC insert was 

achieved by a method which relied on the linear amplification of 

DNA adjacent to the vector arms with a vector arm primer, and 

the ability of the same primer to anneal non-specifically (at 40°C) 

in the linearly amplified single stranded product. 500ng of YAC 

DNA in solution was subjected to linear amplification in the 

presence of only a single vector primer, either for the right arm 

( a t a t a g g c g c c a g c a a c c g c a c c t g t g g c )  o r  th e  l e f t  a rm  

(cacccgttctcggagcactgtccgaccgc). This amplification was achieved 

by 100 cycles of 10 seconds at 95°C, 15 seconds at 65°C and 30 

seconds at 72°C, in a Perkin-Elmer 9600 thermal cycler. At this 

point fresh T a q  polymerase was added to the reaction and a 

further 5 cycles of 10 seconds at 95°C, 15 seconds at 40°C and 45 

seconds at 72°C was carried out. The initial cycling profile was 

then resumed for a further 35 cycles. The resulting products were 

sequenced using ^^P ATP end labelled primers internal to those 

used in the amplification (for the left arm - gttggtttaaggcgcaag, 

and for the right arm - gtcgaacgcccgatctcaag). Direct sequencing 

was performed with a Pharmacia T7 sequencing kit using the 

m anufacturer 's protocol. Primers were then selected from the 

resultant sequence to produce STSs with products as large as 

possib le .
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2.5.3 Cloning of PCR Products
When PCR products were cloned into plasmid vectors, commercial 

systems were always used, these being either the pCR-Script SK 

cloning kit (Stratagene) or the pGEM-T vector system (Promega). 

The pCR-Script system relies on a modified pBlue-script vector 

with a site for the rare blunt-end cutting restriction enzyme S r f l  

(cut site GCCCGGGC) in its poly-linker. The ligation of PCR products 

is carried out in the presence of Sr f l  and DNA ligase, this pushes 

the reaction to completion. Ligation of vector to PCR products does 

not regenerate an Srf l  site whereas self ligation of vector to vector 

does regenerate the restriction site these are thus re-cut by S r f l  

releasing the vector to the reaction. Before cloning, PCR products 

were purified away from residual primers and dNTPs using a spin 

column packed with Sephacryl S-400 (Pharmacia). The ligation 

reaction consisted of, 10 ng pCR-Script vector, 0.5 pi rATP, 4 pi 

PCR product, 5 U Srfl,  4 U T4 DNA ligase in a buffer consisting of 

25 mM Tris-HCl, 10 mM M gCli, 10 mM DTT and 20 pg/ml BSA. 

The reaction mixture was incubated at room temperature for 1 

hour then heated at 65°C for 10 min. The transformation of 

competent cells was carried out with 5 pi of the ligation reaction 

as described above. The Promega pGEM-T system on the other 

hand relies on the tendency for Taq  polymerase to add an adenine 

residue to the 5' end of PCR products. The vector has overhanging 

T-residues with free 3'OH groups so the ligation of A-tailed inserts 

is favoured. Essentially the ligation reactions were the same as 

with the pCR script system except that they were carried out at 

14°C for 16 hours.
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2.5.4 Competent Cells and Transformation
A simple one-step method was used for the preparation of 

competent cells (Chung et aL, 1989). Cells were grown in LB media 

until early log phase (A^oo 0.3-0.4). They were harvested by 

gentle centrifugation at 3000 g for 5 min with the brake off, then 

resuspended in one-tenth of their original volume in TSS solution 

(TSS: LB broth + 10% (wtXvol) PEG6000, 5% DMSO, 50mM M gCli). 

Aliquots of 50 pi were either used immediately or frozen in liquid 

nitrogen for long term storage at -80°C.

Transformation of cells was accomplished by gently mixing 50 ng 

of the DNA with 50 pi of competent cells. The cells were incubated 

at 4°C for 30 min followed by a heat shock at 45°C for 45 secs, 

then for 2 min again at 4°C. To allow antibiotic resistance to be 

expressed 450 pi of SOC media was added, followed by incubation 

at 37°C for 45 min, shaking at 200 rpm. Typically 200 pi of the 

culture was plated on McConkey agar plates containing 100 p g /m l 

am picillin .

2.6 Repeat Expansion Detection
The RED technique was performed essentially as it was originally

described  by Schalling et aL, ( 1 9 9 3 ) ,  though incorpora ting

m odifications described by Morris et al . \  (1 9 9 5 ) .  The ligation 

mixture consisted of 50 ng of 5'-phosphorylated (C TG )i7 , 4 U P fu  

ligase (Stratagene) and 5 pg of genomic DNA in 20 mM Tris-HCL 

(pH 7.5), 20 mM KCL, 10 mM MgCli, 0.1 mM ATP, 1 mM DTT and 

0.1% NP40, made up to a final volume of 20 pi. Thermal cycling of 

the mixture was carried out in a Perkin Elmer GeneAmp PCR 

System 9600 at an annealing-ligation temperature of 77°C for 45 s
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and a denaturing temperature of 95°C for 10 s over 198 cycles. At 

that point each reaction was replenished with 4 U Pfu  ligase, 5 pg 

genomic DNA and subjected to a further 198 thermal cycles. The 

final volume was reduced to 8 pi by heating the tubes uncovered 

at 65°C, then 8 pi of 95% formamide loading buffer added. The 

reaction products were fractionated on a denaturing, 6 % poly

acrylamide gel, then electro-blotted onto Hybond-N-k positively 

charged nylon membrane (Amersham). This was fixed using a 

Pharmacia ultra-violet cross linker. Two pmoles of a (C A G )io  

oligonucleotide was end labelled with 5 pCi of a -3 2 p  dATP using 

terminal deoxynucleotidyl transferase (Pharmacia). This mix was 

incubated in Ix One-Phor-All Buffer Plus (Pharmacia) at 37°C for 

30 min. Excess unincorporated dATP was removed by passing the 

reaction products through a NAP-5 (Pharmacia) column using the 

manufacturers standard protocol. The hybridisation was carried 

out at 58°C in a standard phosphate buffer (Church and Gilbert,

1984) for 16 hours. The membrane was washed clear of excess 

label with two changes of 0.5% SSC and 0.5% SDS at 58°C. The 

autoradiograph was exposed overnight at -80°C using Kodak X- 

Omat film and two intensifying screens.

The presence of triplet repeat expansions in the genome of an 

individual is detected as a series of multiples of the (C T G )iv  

oligomer. A single ligation product generates a (CTG )34 band, all 

successful reactions produced a band of this size. This band is 

significant because it is the largest CAG repeat size that has not 

been associated with disease. Higher order ligation products were 

always less intense than the single ligation presumably because 

they are the result of expansion at a single locus.
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2.7 Heteroduplex Analysis
Mutations were detected in the RDS-peripherin gene using the 

heteroduplex method (Keen et aL, 1991). PCR products spanning 

the region of interest were run on a Hydrolink (AT Biochem) gels. 

These consisted of 35 ml hydrolink concentrate solution and 4 ml 

lOx TBE buffer. The gel was set by the addition of 600 pi APS and 

25 pi TEMED in a 1 mm thick, 20 cm long upright gel apparatus. 

A pproxim ately  200 ng of PCR product was loaded in a 

sucrose/orange G buffer. Gels were run for 1800 volt/hours and 

the bands visualised by staining with ethidium bromide.

2.8 Bacteriological Media
2.8.1 LB Media
LB (Luria-Bertaini) medium consisted of 10 g Bacto-tryptone, 5 g 

yeast extract and 5 g NaCl per litre. Where agar plates were 

required 15 g of agar was added prior to autoclaving. Ampicillin 

was used at a final concentra tion  of 100  p g /m l  for all 

bacteriological work.

2.8.2 MacConkey agar
Rather than using the conventional method of X-gal and IPTG to 

identify  recom binant p lasm ids, M acConkey agar plates were 

utilised. MacConkey agar contains a pH indicator dye, if a plasmid 

codes for an intact p-galactosidase  gene lactose is fermented to 

lactate, lowering the pH and affecting a colour change, non

reco m b in an t p lasm ids p roduce  deep red co lo n ies ,  w h ils t  

recombinant plasmids are identified by their white colonies. The 

agar was prepared with a premixed media bought from Merck, of 

which 50 g/litre were supplemented with 10 g/litre of lactose.
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The agar was heated to dissolve the agar before autoclaving 

because it was found that this gave a more homogenous result. 

Ampicillin was added to a final concentration of 100 pg/ml and 

plates were poured as thinly as possible to enhance the contrast 

between colony types.

2.8.3 AHC Media
AHC is a rich uracil -ve,  tryptophan -ve,  medium used for all yeast 

culture. It was prepared by mixing 1.7 g of yeast nitrogen base 

(without amino acids), 10 g casein acid hydrolysate and 2 0  mg 

adenine hemi-sulphate, which was then made up to one litre with 

water. W here plates were required 20 g of agar was added. 

Following autoclaving 50 ml of a filter-sterilised 40% glucose 

solution was added.

2.8.4 SOC Media
Consisted of 20 g tryptone, 5.0 g yeast extract and 0.5 g NaCl 

brought to a volume of 900 ml with water then autoclaved. 2.03 g 

of MgCl2 , 1.2 g of MgS0 4  and 3.6 g of glucose were dissolved in 

100  ml of water, filter sterilised and added to the cooled media.

2.9 Southern Blot Reagents
2.9.1 Depurinator
0.25 M HCL

2.9.2 Dénaturer
20 g NaOH and 87.6 g NaCl in one litre water.
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2.9.3 Neutraliser
60.5 g Trisma base, 175 g NaCl and 88.3 g Tri Na-Citrate (pH to 5.5 

with HCL) in one litre water.

2.9.4 20X SSC
175.3 g NaCl and 88.2 g sodium citrate, pH 7.0 in one litre water.

2.10 Electrophoresis Buffers
2.10.1 TAB buffer (1 OX)
48.4 g Trisma base, 20 ml (0.5 M) EDTA solution, 6 ml glacial 

acetic acid in one litre water adjusted to pH 8.2 with glacial acetic 

acid.

2.10.2 TBE buffer (1 OX)
121 g Tris, 51.4 g boric acid and 20 ml (0.5 M) EDTA solution in 

one litre of water.

2.10.3 Gel loading buffers
2.10.3.1 Ficoll-orange G lOX stock, used for all agarose gels:

250 mg Orange G, 25 g Ficoll and 9.3 g EDTA, dissolved in water to 

a volume of 100  ml.

2.10.3.2 Sucrose-Orange G lOX stock, used for hydrolink gels:

40 g Sucrose and 250 mg Orange G, dissolved in water to a volume 

of 100 ml.

2.10.3.3 Formamide buffer used for radioactively labelled 

sam ples:

95 ml Formamide, 50 mg bromophenol blue, 50 mg xylene cyanol 

and 4 ml (0.5 M) EDTA solution.
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2.10.3.4 Formamide buffer used for fluorescent products:

95 ml Formamide and 0.75 g dextran blue.

2.11 Computing And Software
This thesis was written using Microsoft Word version 5.1a ran on 

a Apple Macintosh Performa 5200. General collating of DNA 

sequence data was performed using Kodak M acVector version

4.1.4 and Assemblylign version 1.0.7. Web access to the internet 

was via Netscape version 1.1. All other analysis was carried out 

using the computing facilities at the UK HGMP resource centre.
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Chapter

Genetics of the RP9 Locus

3.1 Phenotypic Division Of adRP
Autosomal dominant retinitis pigmentosa can be divided into two 

phenotypic  groups, based on age of onset, d istribution  of 

p igm entation and other functional characteristics (M assof and 

Finkelstein, 1981).

3.1.1 Diffuse/Type I RP
Families with type I, or diffuse (D-type) adRP exhibit a dispersed 

and severe pattern of rod function loss, but with relatively good 

preservation of cone function. It is generally thought that whilst 

there is loss of function in the rods, the cells themselves do not 

actually die until much later in the disease process (Bird, 1995). 

Night blindness frequently  occurs before ten years of age, 

although the appearance of abnormal pigmentation in the retina 

may not be evident until the second or third decade of life. This 

form of RP is generally associated with mutations in the rhodopsin 

gene (Inglehearn, et al., 1992).

3.1.2 Regional/Type II RP
The type II, or regional-form (R-type) of adRP is characterised by 

an equal loss of both rod and cone function in the peripheral 

retina, which is patchy (or "regional") in appearance (Lyness et al.,

1985). In contrast to the D-type form, this is thought to be 

accounted for by actual loss of photoreceptors in the early stages 

of the disease (Bird, 1995). This phenotypic subgroup is observed
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with forms of adRP whose genetic loci have been mapped to 7p 

Seen and 19q. A particular feature of some R-type RP families is 

the phenomenon of variable expressivity with a wide range in the 

age of onset of symptoms (Moore et al., 1993).

3.2 Linkage To 7p
This lab has carried out a whole genome linkage search on one

such family pedigree with R-type adRP and partial penetrance

originating from Hertfordshire in the South of England. Detailed 

genealogical information about this family has been collected at 

Moorfields Eye Hospital, with nine generations being traced back 

to the early eighteenth century. Part of this pedigree is shown in 

figure 3.1, see Jay et al., 1992 for the full pedigree. The specific 

way in which the disease is expressed is different in this family to 

other RP families displaying variable penetrance (Moore, et al.,

1993). This form of RP presents a continuum of severity ranging 

from registered blind individuals to obligate mutation carriers 

who are unaware of any symptoms whatsoever (Kim et al., 1995). 

This is in contrast to families linked to the locus on 19q, where the 

disease appears to have a bimodal expressivity, mutation carriers 

either being clearly affected by twenty years of age or never

having any symptoms at all (Evans et al., 1995).

After testing 154 polymorphic markers, the disease in this family 

was linked to loci on chromosome 7p (Inglehearn et al., 1993). 

Two microsatellite markers were initially shown to be linked to

the disease, and one of these, D7S460, showed no recombination 

with the disease but its physical and genetic location was 

unknown (other than that it was on chromosome 7). The other
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linked marker, D7S435, showed recombination with the disease 

placing it some 5 cM away. In contrast to D7S460 however, it had 

been located by in situ hy b r id isa t io n  to 7 p l3 -1 5 .1 .  The 

chromosome 7p adRP locus has been assigned the symbol RP9.

3.3 Refinement Of The RP9 Locus
Shortly after the identification of the 7p linkage, two genome wide 

human linkage maps became available. One used both existing 

m icrosatellites and hybridisation RFLP markers to generate an 

integrated map (NIH/CEPH Collaborative Mapping Group, 1992). 

Significantly this map had incorporated D7S435 allowing some 

degree of integration of the cytogenetic and linkage maps. The 

other linkage map was built entirely from a set of newly 

id en t if ie d  (CA)n based markers (W eissenbach, et al., 1992). 

Markers from this map mapping to the RP9 region are shown in 

figure 3.2.

In order to further refine the RP9 locus, these markers were 

typed in the family. Two cross-overs were identified that refined 

the locus to a genetic interval that lay between the markers 

D7S526 and D7S484 (figure 3.2). The length of this interval is 

estimated to be approximately 4 cM (Généthon) or < 1.6 cM 

(Inglehearn et at., 1994). An example of an autoradiograph from 

the microsatellite markers used in this analysis is shown in figure 

3.3. W hilst initially the whole pedigree was typed for each 

marker, after the initial refinement of the locus a minimal set of 

individuals was defined that allowed the critical cross-overs to be 

identified. As new markers became available either from whole 

genome maps or generated in this laboratory, they were analysed
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in the cross-over detection panel. Increasingly at this stage these 

m arkers were physically ordered relative to each o ther, as 

described in chapter four. One marker D7S795 taken from the 

“Collaborative human linkage centre” (CHLC) map (Murray, et al.,

1994), was physically located between D7S484 and D7S526, but 

still revealed the same cross-over as D7S526. The interval 

between D7S484 and D7S795 has remained the minimum in 

which the disease mutation must lie, despite much effort to 

reduce it. A summary of the haplotype data underlying this 

c o n c lu s io n  is sh o w n  in f ig u re  3 .4 .
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omni

Figure 3.1

The pedigree of the family used in this study, only gene carriers

and the i r  paren ts  are s h o w n ,  those  ind iv idua ls  used in the 

analys is  are indicated by aster isks .  The cross-overs  identified in

the ped ig ree ,  that  def ine the m in im um  locus are indicated by 

. The  c ross -over  indica ted  at the r ight  is revealed  in

D7S795 and in markers distal to it. The cross-over  in the middle 

of the pedigree is observed with D7S632 and markers distal.  The 

c ross-over  at the left defines the proximal boundary  of the RP9 

locus and is observed  at D7S484  and markers  proxim al.  The 

family members  enclosed by boxes were a min im um set used in

later stages of the analysis.
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D7S632
1

D7S526
D7S690
1
D7S2252
2
D7S683
D7S656
1
D7S484
D7S2251

D7S528

2

D7S510

Figure 3.2

The Généthon genetic map as used to map the RP9 locus, originally 

(W eissenbach, et al., 1992) but also including data from the later 

versions of the map (Dib et al., 1996; Gyapay et al., 1994). 

Intermarker distances are shown in centiMorgans.
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Figure 3.3
Autorad iograph  of the microsate ll i te  marker  D7S795. The  alle les 
shown are from a restricted panel of the RP9 family,  chosen so as 
to allow identification of the two critical cross-overs  that  def ine  
the location of  the disease locus (the boxed individuals in figure  
3.1). In the case of D7S795 a cross-over has occurred that results 
in the disease mutation segregat ing with allele-2 in the first  f ive 
mem bers  of the ped igree ,  but with al lele-3 in the rest of the 
ped ig ree .  This  c ro s s -o v e r  de f ines  the distal  boundary  of  the 
d i s e a s e  lo c u s .
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Figure 3.4
A subset of the pedigree from the RP9 family,  showing the critical 
crossovers  which place the disease locus.  The  highlighted alle les 
represen t  the haplotype l inked to the adRP phenotype  in each 
individual.  The haplotype on the far right was found in the rest of 
the family (symbol ♦ )  , in a total of 54 non-recombinant meioses.  

The branch on the left has the linked haplotype at D7S484  and 
proximal to it but a crossover  has occurred  between the d isease  
locus and D7S795 together with markers more distal .  In contrast ,  
the right hand branch have the linked haplotype in distal markers  
as far as D7S795 but then show a c rossover between the adRP 
locus and D 7S484 /D 7S 521 .
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3.4 Genes Excluded by Linkage Analysis

3.4.1 Amphlphysin
Am phiphysin (AMPH) is an acidic, hydrophilic protein that is 

abundant in the nervous system (including the retina) but not 

confined to it. Its biological role is unknown, but based on its in 

situ localisation to 7p l3 -14  it had been suggested as a potential 

candidate for the RP9 gene (Yamamoto et al., 1995b). Three 

restric tion  site polymorphism s had been identified  in the 3' 

untranslated region of the gene. These polymorphisms alter Alw N  

I, P s t  I and R s a  I restriction sites. It was known that over sixty 

percent of CEPH individuals were heterozygousjfor at leastone of 

these sites (M.W.Kilimann pers. comm.). All of the restriction sites 

were located in a single 502 bp PCR product. This STS was found 

to be absent from all of the Y AC clones in the contig. Analysis of 

the three polymorphisms in the RP9 family showed cross-overs 

that placed AMPH proximal to the RP9 locus (data not shown). 

S ubsequently  the group that had o rig ina lly  iden tified  the

polymorphisms was able to place AMPH approximately 10 cM 

proximal to RP9 by genetic mapping in the CEPH pedigrees 

(Yamamoto et at., 1995a).

3.4.2 IGFBP1
Insulin-like growth factor-binding proteins bind to insulin like 

growth factors in the blood circulation and are thought to regulate 

their activity. IGFBPl had been mapped by in situ to 7pl2-14. In 

addition a B g /  II RFLP had been associated with the gene

(Ekstrand et al., 1990). It was known that the polymorphic site

was located 295 bp into the first intron. The sequence was

available so the primers were designed to amplify the region of
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DNA around this site. It was possible to digest the 368 bp PCR 

product with B g l  II without changing the buffer. This generated 

two alleles, one a band of 368 bp and the other consisting of two 

bands of 223 and 145 bp. The observed heterozygosity in twenty 

four chromosomes was 0.3. This is similar to the figure detected 

p rev ious ly  by hybrid isa tion . R ecom binations with the RP9 

phenotype excluded IGFBPl as candidate and probably placed it 

proximal to it (haplotype data is shown in figure 3.5), which 

would be consistent with RP9 lying more in band 7 p l5  rather 

than p l4 .

3.4.3 Inhibin
Inhibin (INHBA) is a gonadal glycoprotein hormone, the gene for 

which had been mapped by in situ hybridisation to 7p l4-15 . A 

( C A ) n  microsatellite had been described in the 3' untranslated 

region of the gene (Pang et al., 1993). This was used to place the 

INHBA locus proximal to the RP9 locus (haplotype data is shown 

in figure 3.5).
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3.5 other genetic diseases in 7p14-15
3.5.1 Dominant Cystoid Macuiar Dystrophy
Shortly after the identification of the retinitis pigmentosa locus, a 

second inherited  retinal d isease , dom inant cysto id  m acular 

dystrophy (CYMD) was mapped to 7p (Kremer et al., 1994). CYMD 

has a phenotype distinct to that of adRP. Initial symptoms in the 

first two decades include a shortened axial length of the eye and 

dilation of retinal capillaries. In later stages of the disease there is 

atrophy of the foveal region, surrounded by a circular oedema 

(tissue filled space). In the very late stages of the disease retinal

pigmentation similar to that in RP is observed.

The condition was mapped to a region similar to that of the RP9 

loci within an interval distal to D7S526 and proximal to D7S493. 

This interval overlaps that originally reported for the RP9 locus 

and on that basis the group reporting the CYMD linkage suggested 

that these two phenotypes could be allelic. The fine mapping 

carried out in the RP9 pedigree described in this chapter refined 

the locus in itially  to a location proximal to D7S526 and 

subsequently proximal to D7S795 . Thus these two conditions 

were definitely not allelic, as illustrated in figure 3.6 (see also 

Inglehearn  et al., 1994). A possible candidate gene for CYMD 

(AQPI) was localised by us within its genetic interval and this is

described in detail in chapter four.
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Figure 3.6

The relative locations of Cystoid macular dystrophy (CYMD) and 

the RP9 locus. Intermarker distances are given in cM and are 

derived from those of (Weissenbach, et al., 1992) except for those 

locating D7S795 and D7S435 which were kindly provided by 

Steve Gerken, University of Utah.
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3.5.2 Putative Wilms’ Tumour Gene
No other genetic conditions have been reported that map to 7p 

that have phenotypes that suggest any relationship to RP, though 

there is evidence for the existence of a tumour suppressor gene in 

the RP9 interval. Chromosomal alterations of 7p that result in 

Wilms tumour (an embryonic kidney tumour) have been reported 

(W ilmore et al., 1994). Specifically a patient has been identified 

that has a balanced translocation between chromosomes 1 and 7, 

( lq42  to 7 p l5 )  in the germline, whilst cells in the tumours are 

observed to have lost much of the short arm of the other 

chromosome 7. Using YAC clones from the RP9 interval the 

translocation breakpoint has been mapped to an interval between 

D7S683 and M S0003/AFM b073zc9 (P. Reynolds et al., 1996, 

Bristol University, submitted).
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Figure 3.7
Reconstructed haplotypes for polymorphic markers spanning the 
RP9 interval. The haplotype highlighted in individual 12 is 
observed in all affected members of the family apart from certain 
individuals representing the key cross-overs as follows. Affected 
persons from the branch 1-5 share the affected haplotype in 
markers proximal to D7S795. In the branch containing 23-25 the 
affected haplotype is observed in markers distal to D7S484 but 
have a recombinant haplotype distal to this marker. A further 
cross-over is observed in 17 that has occurred between D7S1514 
and D7S526. The m arker order is mainly derived from the 
physical map shown in figure 4.1, though this is supported by the 
composite genetic maps produced for the last "Chromosome 7 
Workshop" (Tsui et al, 1994).



Development of New Genetic Markers
Despite the number of polymorphic m icrosatellites w ith in  the 
critical interval the physical interval was still of the order of 2-3 
Mb. In order to reduce the size of the candidate region, an attempt 
was made to develop additional polymorphic markers. It has been 
reported  that inter-A/w PCR products are useful sources of 
m icrosatellite  markers (de-Souza, et al 1994). Two previously 
described primers were used to generate the A lu  products (Cole, 
et al 1991). A primer, A le l,  derived from the 5' end  of a 
consensus Alu  sequence (GCCTCCCAAAGTGCTGGGATTACAG) 
reading upstream and a primer Ale3 derived from the 3' end 
(CCA(T/C)TGCACTCCAGCCTGGG) reading downstream. The primers 
were used both separately and together, to generate a wide 
variety of products from YACs spanning the critical region 
(yWSS3586, 1564, 1397, 3029 and 3215). The PCR reactions were 
performed with a profile of 95°C for 10 s, 65°C for 15 s and 72°C 
for 90 secs for 35 cycles, products were cloned into the pGEM-T 
vector and sequenced using a Pharm acia  ALF au tom ated  
sequencer. The chromatogram output was inspected visually for 
po ten tia lly  polym orphic short tandem  repeats. Two products 
derived from yWSS3029 were selected for further work because 
they contained tracts of polymeric CA. STS primers were designed 
for an Ale3 product containing a (CA)22 tract from YAC yWSS3029, 
amplifying a product of approximately 241 bp. This STS was 
designated MS0003 (D7S3023). The STS was shown to amplify 
from its parent YAC and overlapping clones (see figure 4.1). 
Analysis in the RP9 family showed it to have 7 alleles in the
restricted family panel. This is almost certainly an underestimate
of its complexity, because only three of the 23 individuals typed 
were from outside of the family. This marker did not detect either 
of the two critical cross-overs. A second microsatellite developed 
from yWSS3029, designated MS0002 (D7S3038), was found not to 
be polymorphic. This is probably a result of the imperfect nature 
of its repeat region, namely (T G )gA G (T G )4 . Whilst not used as a 
genetic marker it proved to be a useful STS for physical mapping. 
The two critical crossovers seen in the RP9 family both occur in 
untyped meioses, this leaves open the possibility that a crossover
has occurred to an allele of identical size. At the end of this

8 9



analysis a total of seven markers, physically within the RP9 
interval displayed no apparent recombination with respect to 
disease^.^'^^Thus the minimum extent of the critical region could not 
be further refined. For further progress in this project it is 
therefore vital for further families to be linked to this locus. The 
number of highly informative markers within the critical region 
makes detailed analysis of such families straightforward. Without 
new refinement data, the physical size of the RP9 interval makes 
a positional cloning strategy extremely difficult to implement. For 
this reason other projects to investigate inherited retinal 
degeneration were implemented, these are described in chapters 
5 and 6.
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Chapter IV

A YAC Contig Spanning the RP9
Locus

4.1 Cloning In Yeast Artificial Chromosomes
Study of the human genome, which contains approximately 3000 

Mb of DNA, has been profoundly changed by the development of 

the yeast artific ial chrom osome (YAC) cloning system. This 

exploits the ability of the yeast Saccharomyces cerevisiae  to stably 

m aintain  recom binant chrom osom es which consist largely  of 

exogenous DNA. As the efficiency of a physical mapping project is 

highly dependent on the length of the clones analysed, the ability 

of this system to accommodate inserts of 1 Mb and greater is 

especially significant.

4.1.1 YAC Libraries
YAC libraries rely on vectors incorporating three types of c is -  

acting DNA sequences. These are telom eres, origins of DNA 

replication (autonomous replicating sequences), and centromeres. 

Large fragments of DNA inserted at the appropriate site into YAC 

vectors are replicated stably as part of the yeast chromosome set. 

In such libraries the vector sequences constitute only a small 

fraction of the total length of the molecule (Burke et al., 1987). 

The cloning vector that has almost always been used, pYAC4, is 

based on the bacterial plasmid pBR322. This allows propagation of 

the vector in E. coli by standard procedures. The cloning site is in 

the middle of an intron of a suppresser tRNA gene (sup4 ochre). 

Cloning into this site inactivates this gene and this process can be
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assayed by using a host strain which has a mutation at the a d e 2  

locus. In the presence of adenine (and absence of a functional 

suppressor tRNA) these strains produce a red pigment, but if the 

mutation is suppressed then white colonies are produced. Thus 

only cells which have a recombinant insert in the pYAC4 vector 

are red.

YAC libraries are difficult and laborious to construct and for this 

reason relatively few are in widespread use. This has had the 

beneficial effect of forcing different mapping groups to use 

common library resources, which has made parallel work more 

easily integrated. However contig building with YACs is made 

more difficult by the presence of DNA segments not contiguous in 

the source DNA. YACs do not exclude one another, so it is common 

for more than one YAC to be maintained in a cell. A more frequent 

problem  is chim aerism , where DNA segments from different 

locations are contiguous in the YAC clone. This is mainly thought 

to arise by recombination in vivo between repeated sequences 

(Green et al., 1991).

4.1.2 Identifying Specific Ciones
A key part of the utility of YAC libraries is the ability to quickly 

identify  specific clones. W hilst this was originally  achieved 

through hybridisation of random arrays of clones, significant 

savings in effort can be achieved by first picking clones into 

ordered arrays in microtitre plates. These can then be plated onto 

filters using robotic devices (Bentley et al., 1992). Further 

increases in clone isolation efficiency have been achieved by 

adopting clone pooling strategies that enable screening by PCR to 

be achieved. In the original demonstration of this (Green and
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Olson, 1990b), an initial screen of the library was done by testing 

36 pools, each pool representing 1920 clones. Subsets (each of 384 

clones) of all pools scoring positive in the first round were then 

tested in a second round of PCR screening. This identified which 

pool(s) of 384 clones contained the clone(s) of interest. The clone 

was then identified by hybridisation of a single filter containing 

an array of clones from the microtitre plates. Modifications to this 

approach utilised PCR pools representing rows and columns of the 

microtitre plates to identify the exact location of positive clones 

by PCR, eliminating the hybridisation step (Bentley, et al., 1992).

4.1.3 STS Content Mapping
Single YAC clones from specific locations can be analysed to 

determine the degree of overlap between them and from this sets 

can be defined that span a contiguous region ("contig"). The most 

powerful m ethod to achieve this is by iden tify ing  unique 

sequence tagged sites (STSs) (Olson, et al., 1989) which are 

present in two or more YACs by PCR analysis (Green & Olson, 

1990a). This STS content approach which has been used for most 

of the physical mapping studies perform ed to date, has two 

advantages over other strategies. Firstly it is inherently scalable, 

being equally applicable to genome wide maps and to contigs 

across defined  in tervals . Secondly when contigs are being 

constructed across discrete intervals that are defined by p re 

existing genetic markers, then chimaerism does not affect the 

progress of contig building, since only segments of DNA from that 

interval are "seen" by the PCR assay. This of course is not the case 

where random STSs are being utilised in a global genome wide 

approach, which explains why all of the whole genome physical
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maps are based at least in part on STSs derived from genetic maps

(Cohen, et al., 1993; Hudson, et al., 1995).

The average clone size has a important influence on both the 

ability to bridge gaps between STS landmarks and on the final 

reso lu tion  of the map. Obviously  larger clones make the 

establishment of links between STSs easier, but they also have the 

effect of reducing the final achievable resolution. Small clones 

conversely require many more STS landmarks to build the map 

but the resolution is much higher. A paradox of the most widely 

used library, the CEPH mega-Y AC library (so named because of its 

average insert size) is that because of its high rate of chimaerism 

there is effectively a greater size range of inserts in the library 

enabling both the ability to bridge large gaps and to still maintain 

reso lu tion .

Other strategies have been devised to facilitate contig building, 

but they are much more time consuming and have been mainly

used to confirm relationships between clones already established 

by STS content. Clones can be defined by fingerprint patterns of 

restriction fragments containing repeat sequences. These can be 

displayed by Southern analysis of YACs using repetitive sequence 

probes (B ellanné-C hante lo t et al., 1992). A related PCR based 

strategy utilises primers specific to the ends of A l u  repeats

(Ledbetter et al., 1990; Nelson et al., 1989). "Alu-PCR" as it is 

known can be used to generate fingerprints of YACs from 

amplification of sequences that are sufficiently close together. 

Additionally the unique sequence between the repetitive DNA can 

be easily converted to an STS (Cole et al., 1991).
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The generation of YAC end specific STSs has been essential to the 

process of extending out from the ends of existing contigs. The 

most widely used m ethodologies to achieve this rely on the 

ligation of a universal adapter to restriction fragmented YACs then 

PCR am plification  betw een the adapter and vector specific  

primers. However the STSs generated from YAC ends have to be 

used with caution because of the possibility of chimaerism. This 

further underlines the advantage of having a high degree of clone 

and STS redundancy in a contig to ensure its authenticity.

4.2 Construction of the RP9 interval YAC Contig
The construction of a YAC contig across the RP9 interval facilitated 

analysis of the region in two ways. Firstly the genetic location of 

the disease had been refined as much as was possible using all 

m arkers on existing genetic maps, hence the lim it on the

resolution of the RP9 location was entirely dependant on those 

maps. To further refine the locus using markers not placed on the 

then current genetic maps it seemed likely that an ability to

determine their physical location would be necessary as in many 

cases their genetic location relative to existing markers was 

imprecise. Secondly, a contiguous set of clones across the critical 

disease region would provide a powerful tool to localise non-

polymorphic map elements such as ESTs or existing genes to the 

interval, enabling the development of a transcriptional map of the 

region.

It was evident for the reasons outlined above that the map should 

be developed from clone STS content and that the initial STSs

analysed should be the microsatellite markers used for the genetic
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mapping. Twenty one YACs from a chromosome 7 YAC resource 

(Green et al., 1995; Green et al., 1994) were therefore selected on 

the basis that they contained either D7S690, D7S683, D7S656, 

D7S460, D7S497 or D7S484. These YAC clones formed four 

ap p a ren tly  unconnec ted  con tigs  a round D 7S 484 , D 7S 497 ,

D7S460/D7S656/D7S683 and D7S690 (all of the YAC clones 

eventually used in the contig are listed in table 4.2). In order to 

join and extend these contigs, eight YAC insert terminal sequences 

were determined and STSs generated from them (these STSs are 

shown in table 4.1). A simple method was developed for YAC end 

sequencing, which relies on the linear am plification of DNA 

adjacent to the vector arms with a vector arm primer, then the 

ability of the same primer to anneal non-specifically  in the 

linearly  am plified  single stranded product. This m ethod is 

described in detail in section 2.5.2 of chapter two.Two additional 

STSs were generated from Alu  PCR products of selected YACs. One 

of these STSs (MS0003) contained a (CA)n tract which was shown 

to be polymorphic but was uninformative in the RP9 family. From 

the initial STS content of these YAC clones a single contig was 

assembled. To increase clone redundancy at critical points and to 

fu r ther  resolve STS order, seven new YAC clones were 

incorporated, four from the ICI YAC library (Anand et al., 1990) 

and three from the CEPH/Généthon physical map (Cohen, et al.,

1993).
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Lab id NCBI id Accession
number

Primers Size

1211L A  5 8 2 8  U 10575

1211RA  7 0 3 8  U 1 5 2 9 9

3 029 L A  5 8 2 9  U 10 5 7 6

3029R A  5 8 2 5  U 10 5 7 2

3043R A  5 8 2 7  U 1 0 5 7 4

2609R A  5 8 2 4  U 10571

3586R A  1 0 5 9 6  U 10573

3586D  1 0 5 9 3  G 05104

1767LA  3 8 2  G 00382

M S 0002  7 0 3 0  G 01545

M S0003 1 0 6 6 0  G 05166

TGGCCATACTTGATGGGAGA 1 2 8

CCACCCGAAAGTCCTTAATCTA 

GGGATTAGCCTGAGGATGACC 2 4 4

GTTGCAGCCATTACAGTTGTG 

CCTCCTCAAGCACAATCCATGTTAG 9  4

TGTAGACTGGCACCAAACCCTC 

CAGGGAGTTAGTGGAGCATGG 1 4 4

GGCTCCGATGCCACTGGAC 

TACCAAATGATTAGTTCCATT 2 3  9

GTCCAGGTCTACTGACATCT 

GCTTTTGCACGTGAGAACAGG 1 7 7

AGTGGGCTACAAGGAACATGG 

TTTTAAACCCTATAAAAGAGGAG 1 5  8

TCCCTCTGATTGTTACAGC 

AGCTTTAAATCCTATAAAAGAGTTT 1 8 4

TCCCTCTGATTGTTACAGC 

GAAGAAAGCAATGTTCCAG 6 8

CATTGTATTGCCGTTGTC 

GAAGTGAGTGTGGTCATGGTGC 1 8 7

AAGCATTAATATTGAAATACA 

CAGCAATGCCAAGATTCAAACCAG 2 4 1

TCACCCCAGGAGATCAGTTGTTGG

Table 4.1

Primer sequences of STSs developed in this study and located 

within the RP9 contig. STS Lab_id’s prefixed by numbers are YAC 

end STSs, the number relating to the parent YAC clone id. NCBI_id 

refers to the data held in dbSTS and the accession number to that 

data held in GenBank. All microsatellite primer sequences from 

published sources are in Appendix 1.
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YAC id Library Piate number Size(
3E-G9 ICI 3E G9
16B-C5 ICI 16B C5 4 1 0
26F -H 4 ICI 26F H4
30G-D3 ICI 30G D3
6 6 9 _ g _ 6 CEPH 669_g_6
8 9 4 _ f _ l l CEPH 8 9 4 _ f _ I I 15 70
9 61 _ f_ 5 CEPH 9 6 I_ f_ 5 17 20
yW SS298 WUL D89 G7 8 0 0
yW SS443 WUL D56 C8 6 8 0
yW SS798 HCLL G 2/D /11 5 0 0
yW SS1211 HCLL G 6 /H /4 2 4 0
yW SS1397 HCLL G 8 /H /4 3 1 0
yW S S 1564 HCLL G 6 /H /4 1 5 6 4
yW SS1767 HCLL G 1 2 /H /2 4 5 0
yW SS2535 CEPH 7 3 9 _ b _ 1 2 8 0 0
yW SS2550 HCLL G 21 /C /8 8 5 0
yW SS2580 HCLL G 2 1 /F /2 1 20 0
yW SS2597 CEPH 7 5 7 _ h _ l l 1 100
yW SS2609 CEPH 762 _g_ 9 14 5 0
yW SS3011 CEPH 8 0 8 _ c _ l l 140 0
yW S S 3029 CEPH 810_f_9 1 100
yW SS3043 CEPH 812_f_5 9 0 0
yW SS3215 CEPH 84 9 _ a_ 2 1500
yW SS3255 CEPH 860_ f_ 6 1 0 00
yW SS3263 CEPH 8 6 7_a_ 6 1 000
yW SS3586 HCLL G 3 2 /D /9 6 8 0
yW SS3715 HCLL G 3 3 /G /9 2 0 0
yW SS4037 HCLL G 37 /C /7 2 0 0

Table 4.2

Identity of YACs incorporated in the contig, plate locations and 

s i z e s  a re  sh o w n  w h e re  k n o w n .
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As detailed genetic maps assigned new PCR based markers to the 

region, these were incorporated as STS data points into the 

existing contig. Also three (CA)n repeats rejected by Généthon on 

polymorphic criteria have been placed in this region by other 

resea rch e rs  (H udson , et al.,  1995) and their localisation is 

confirmed in this contig. In addition one chromosome 7 specific 

fetal brain EST (D7S603E) has been placed in the contig.

All of this data was incorporated into the single contig shown in 

figure 4.1. Table 4.1 gives details of new STSs developed during 

the course of this work, whilst table 4.2 gives details of the YAC 

clones which make up the contig. Since the contig has been

assembled solely on the basis of STS content, it is not possible to 

infer the exact physical size of any given interval. However from 

YAC sizes it is possible to estimate the minimum and maximum 

extent of both the contig and the RP9 interval. The maximum size

is that defined by the shortest tiling path of overlapping YACs. For

the total contig this would involve YACs yWSS3011, 3586, 1564, 

1397, 1211, 298 and 961_f_5, with a total size assum ing

negligible overlap of 5.8 Mb. For the RP9 interval this would 

involve YACs yWSS3586, 1564, 1397, 3029, and 2597 with a total 

size of 3.8 Mb. The minimum size is defined by the total length of 

a set of non-overlapping YACs which lie within the contig but do 

not quite extend to each end. For the total contig this involves 

YACs yWSS3011, 1767, 3029, and 298 with a cumulative size of 

3.75 Mb, while the RP9 interval includes YACs yWSS3029 and 

1564, total size 1.75 Mb. Taking the mid-point between these two 

figures gives estimates of 4.8 Mb for the total contig and 2.75 Mb
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for the RP9 interval. In each case this analysis assumes no 

chimearism and is therefore only an approximation.
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Legend to figure 4.1
A YAC contig encompassing the RP9 region and adjacent markers. The heavy horizontal line represents the 
chromosome, with the RP9 locus interval denoted by the hatched area below this line. Above it are STSs in the 
order in which they occur in the contig. In all but five cases the physical order could be determined uniquely. 
Where two STSs proved inseparable with the data available they are assigned to a single position. The lighter 
horizontal lines represent YACs, with sizes given where known (kb). A filled rectangle on the end of a YAC 
indicates a terminal sequence STS. In the case of yWSS2609 an end is not indicated because it was not possible 
to determine which end had been cloned. Vertical lines show the position of STSs in YAC clones. The shaded 
regions indicate the location of the duplicated segment discussed in section 4.3. Since this contig is based purely 
on STS content it is not drawn to scale and intervals may vary widely in size. For instance the STSs D7S460 and
121 IRA have now been identified in a single cosmid, so the interval between them is less than 40kb. YAC
clones with the prefix yWSS are derived from the chromosome 7 YAC resource. This consists of YACs from 
several genomic libraries together with clones from a chromosome 7 hybrid cell line library. Those from the 
hybrid cell line library are principally identified by their yWSS number. The other YACs from the chromosome 
7 YAC resource also have plate numbers from their library of origin. YACs yWSS298 and 443 correspond to 
Washington University clones D89G7 and D56C8. YACs yWSS2597, 3011, 3043, 3255, 2535, 2609, 3029, 3215 
and 3263 correspond to CEPH clones 7 5 7 _ h _ ll ,  808_c_ ll ,  812_f_05, 860_f_06, 739_b_12, 762_g_09, 810_f_09, 
849_a_02 and 867_a_06 respectively. However, as in some cases these clones have come from mixed wells and
are now unique clones their yWSS identity is preferred. YACs 16BC5, 3EG9, 26FH4 and 30GD3 were isolated
from the ICI YAC library. The remaining three YAC clones came directly from the CEPH YAC library, with plate 
numbers shown in italics.
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4.2.1 Verification of the Integrity of the Contig
W hilst STS content provides a powerful method to establish 

overlaps between clones, part of this power derives from the fact 

that rearranged or chimaeric clones do not affect the process. Cells 

which contain more than one YAC or where a single YAC contains 

co-ligated inserts are invisible to the PCR assay. Obviously where 

further work is dependent on the integrity of individual clones 

and there is a choice of which to use, some attempt must be made 

to determine those which are most suitable for more detailed 

analysis. The most widely used hybridisation protocol to identify 

overlaps between clones is repetitive sequence fingerprin ting  

(B e llan n é -C h an te lo t ,  et al., 1992; Wada et al., 1990). In this, 

restriction digests of clone DNA are hybridised with a repetitive 

sequence to generate a characteristic set of bands.

A subset of YACs were defined that covered the critical region 

with a minimum amount of redundancy. DNA from these clones 

was digested with E c o R l  and run on 0.8% agarose gels using 

conventional electrophoresis. A cloned LI LINE element* was used 

to produce a fingerprint which is shown in figure 4.2. It was clear 

from the pattern generated that the clones in the contig appeared 

to be genuinely overlapping and that there was no strong 

evidence for chimearism from this analysis.

* Kindly provided by Gtinter Zehetner.
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Figure 4.2

Autoradiograph of YACs from the contig digested with Eco  RI and 

probed with an LI repeat clone to generate a fingerprint. The 

clones are arranged to illustrate the redundancy in coverage, from 

the distal section of the contig (around D7S795) at the left hand 

side to the proximal part at the right. Significant band sharing is 

observed between groups of clones related on the basis of STS 

content. Lanes from left to right contain DNA from YAC clones; (1) 

yWSS3215, (2) 298, (3) 4037, (4) 2597, (5) 3E-G9, (6) 798, (7) 

961_f:5, (8) 16B-C5, (9) 3715, (10) 3029, (11) 1211, (12) 1397, 

(13) 894_f_ ll,  (14) 1564, (15) 1767, (16) 26F-H4, (17) 3586 and 

(18 ) 3 0 1 1 .
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4.3 3586RA Duplication

During the process of contig assembly it became apparent that the 

original primers that defined the right arm terminal STS of 

yW SS3586 am plified  products from  two physica lly  d is tinc t 

locations in the contig. The two sets of PCR products could be 

differentiated by the fortuitous discovery that there were three 

A l u l  sites in PCR products from the proximal locus and four sites 

in those from the distal locus. PCR products generated with 

3586RA primers from the distal locus were cloned and sequenced,

and it was found that two base substitutions and a 3 bp in se r t io n  

event d is tingu ished  the two sequences. New prim ers were 

designed that exp lo ited  the 3bp difference to give unique 

products from each of the two sites. The second site has been 

assigned the id 3586D. The locations of these two distinct yet 

closely related STSs are highlighted in figure 4.1. Subsequently it 

was shown that under non-stringent PCR conditions, the PCR 

primers for the EST D7S603E and those for the random A /w -P C R  

derived STS - sW SS1732, both physically close to 3586RA, also 

amplified products from the duplicated region.

4.3.1 Homologous Duplications in Other Primates
By amplifying and sequencing PCR products from other primate 

species it was hoped that it might be possible to determine 

whether they also had a homologous region duplicated and to 

provide evidence as to how old the human duplication event was.

Of the three STSs known to lie in the duplication, only sWSS1732 

was capable of producing a product from other primate species. 

Genomic DNA was available from three species; two from the old 

w orld , rhesus {Macaca m u l la t ta )  and talapoin { M i o p i t h e c u s
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ta lapoin)  and the new world species marmoset (Callithrix jacchus) .  

All species produced an approximately identical size band to that 

produced in human. The PCR products were sequenced both 

directly from the amplification products and from cloned copies to 

confirm the sequence. The multiple alignment shown in figure 4.3 

clearly shows that the sequence in the m arm oset was more 

diverged than any of the other sequences. To display their 

relationship to each other the sequences were analysed using the 

UPGMA (unweighted pair group method with arithmetic mean) 

m ethod . This s tra tegy  genera tes  a tree rep resen tin g  the 

evolutionary relationships between sequences from a multiple 

alignment (shown in figure 4.3). PCR products were also cloned 

from two different YACs that contained the duplicated human loci 

(yWSS3586 and yWSS2550). The two human loci differed at eight 

positions out of 200. The phylogenetic tree generated from the 

human and primate sequences is shown in figure 4.4. The length 

of horizontal lines connecting one sequence to another is 

proportional to the estim ated genetic distance betw een the 

sequ en ces .
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Figure 4.3

M ultip le  a lignm ent of the sequences genera ted  from  the 

sWSS1732 STS.

0.005
talapoin

0.008

0.005
rhesus0.012

0.0130.025 1732_14

0.024
1732_65

0.049
marmoset

Figure 4.4

The phylogenetic tree generated from the alignment using the 

UPGMA method. In the case of the two human sequences 1732_65 

is the distal copy near to D7S795 and 1732_14 is the copy near to 

D7S484.
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The result of the alignment suggests that the distal locus, 1732_65 

is the progenitor sequence, being closest to a hypothetical common 

ancestral sequence. The other inference is that the divergence 

between the human sequences had begun before the split with 

the old world monkeys (rhesus and talapoin). This would imply 

that there should also be evidence of a duplication in them but no 

heterozygous bases were observed in the direct sequence from 

the PCR products. This could be explained in several ways. Firstly, 

the tree is based on a relatively small set of data and because of 

this the location of the branch points should be treated with 

caution. Alternatively the duplication could be present but as a 

result of changes altering the 3' bases of the primer binding sites,

only one allele is amplifying. The least likely explanation would be

that there had been a duplication but that there had been no 

divergence between the loci. The first explanation seems the most 

likely though the second cannot be disproved. Other than this 

d iscrepancy , the tree seems to reflect accepted evolutionary  

relationships, with the New World marmoset monkey having the 

most diverged sequence and the old world monkeys rhesus and 

talapoin being most closely related. The estimated time for the 

split between the Old and New World lines is thought to be around 

30-40 million years.

Regional duplication of relatively short segments outside of 

tandem arrays is increasingly recognised as a feature of the large

scale structure of the genome (Lundin, 1993; Lupski et al., 1996).

For example on the long arm of the X chromosome the middle and 

long-wavelength photopigment genes are thought to have arisen 

from the duplication of an original single locus (Nathans, et al. .
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1986b). Regional duplication has also been identified  as a 

mechanism in human disease. The peripheral neuropathy Charcot- 

Marie-Tooth (CMT) disease occurs as a result of the duplication of 

a 1.5 Mb region in chromosome 1 7 p l l .2 -p l2 .  The duplicated 

region is flanked by two copies of a 30 kb repeat sequence in 

tandem orientation (Patel and Lupski, 1994).

The size of the duplicated segment in 7 p l4  is at least of the order 

of five kilobases since no PCR products could be generated using 

combinations of primers from duplicated STSs (D7D603E, 3586RA 

and sWSS1732) using a long extension time. Whether a single 

gene locus or a larger region has been duplicated here is not clear 

though the STS 3586RA has marginally significant matches at both 

a peptide and nucleotide level to nucleolin (discussed in section 

4.5.2) so it appears that possibly a gene is involved.

4.4 Amplification Products From D7S656
The vast majority of PCR assays used in this study produced 

unambiguous single amplification products. A notable exception to 

this was observed with the (CA)n microsatellite D7S656. W hilst 

there were clear product bands at the correct size of around 250 

bp, most of the products generated from a genomic DNA target 

were in a series of bands larger than 250 bp. It was noticed that if 

DNA from YAC clones containing the markers D7S526 and D7S632 

(yWSS922, 1545 and 2056) was tested with primers for D7S656, a 

single band of around 500 bp was generated (see figure 4.5). This 

band was not evident in the PCR products from genomic DNA. The 

PCR product was cloned and sequenced to reveal a product size of 

518 bp and this was designated 656dup. It was thought that the
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sequence might show some similarity to the D7S656 sequence 

since there was clearly some homology where the primers had 

annealed. However, despite rigorous analysis of the sequence no 

significant similarities were observed between them. Dot plot 

analysis did indicate a region of apparent homology between the 

two sequences (shown in figure 4.6) but this is only as a result of 

the tract of (CA)n in D7S656 revealing a CA rich region in the 

656.dup sequence (shown in figure 4.7).

No repetitive elements were detected in either sequence using the 

PYTHIA software (Jurka et al., 1992; Milosavljevic, 1993). The 

explanation for the non-specificity of the PCR reaction is not clear, 

though absence of the true target sequence in the YACs may allow 

a distantly related sequence to amplify. The sequence of the other 

product bands from genomic DNA were not determined and as 

such it is not therefore possible to say whether they are related 

either to the D7S656 sequence or the 656dup sequence.
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1 7 8

Figure 4.5
Ethidium bromide stained agarose gel showing PCR products 
generated by the microsatellite marker D7S656 from genomic 
DNA and several YAC clones. From left to right the tracks contain; 
human genomic DNA homozygous for the smallest D7S656 allele, 
genomic DNA homozygous for the largest D7S656 allele (the bands 
at the bottom of the lane are the actual polymorphic products in 
each case); lanes 3-5 contain the 500bp product from YACs 
yWSS922, 1545 and 2056; lane 6 was generated from yWSS 1211 
which is negative for any D7S656 sites; lanes 7 and 8 are products 
from the YACs yWSS2535 and 3029 both of which are from the 
CEPH mega-Y AC library, (the two different sized bands 
dem onstra te  that the DNA from which the library was 
constructed, came from an individual heterozygous at D7S656). 
The size marker in lane 9 is c|)X174 cut with Hae  III.
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656.dup (0 to 518)

Figure 4.6

Dot plot of the D7S656 sequence against the 656.dup sequence 

(Base Window: 25 Stringency: 15 Points).

D7 S 65 6 CACACACACACATGNACACACACACACATAGACACACACACACATCTTTGCAAA GGT
6 5 6dup cac;gtgtatgcacaagcaaacacataagcacatgcacacacacccctgtacacctctagt

★ ★ *  ★ ★  *  *  * * * * *  *  *  *  * * * * * * * * *  * *  *  *  *  * *

Figure 4.7

The CA rich regions of the D7S656 and 656.dup sequences aligned 

using the program CLUSTAL-W (Thompson et al., 1994).
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4.5 Candidate Genes and ESTs at the RP9 Locus
4.5.1 HFBCK70
This clone was selected for further study because an STS in the 

contig (D7S603E) was derived from it. The clone came from a 17- 

18 wk gestation fetal brain library (Stratagene cat#936206), 

which was both oligo-dT and random  primed. It had been 

partially sequenced in the first demonstration of the EST approach 

to human gene identification (Adams, et aL, 1992). The D7S603E 

STS had already been used to locate it on chromosome 7 using 

som atic cell hybrid panels, at the A m erican  Type Culture 

Collection. Before the STS was located in the YAC contig it had 

been sublocalised to 7pl4-15  using a panel of chromosome 7 

specific somatic cell hybrids (Patel, et al., 1995). The YAC content 

PCRs indicated that the true D7S603E site was located in the distal 

copy of the 3586RA duplicated element, but that there was a less 

strongly amplifying band from the proximal copy, as described in 

section 4.3.

The complete sequence of 908 bp was obtained by sequencing 

from T7, T3, the STS primers and a single sequencing primer 

AGAGGTAAGGAAGTTGCAGA (bases 264-283). The sequence has 

been deposited in dbEST under the lab_id I 0 0 _ 0 2 ,  accession 

number H52869 and NCBI_id 354079. No poly-A tail was present, 

and no significant open reading frames were identified. BLAST 

searches of nucleotide databases revealed a high degree of 

hom ology to many other sequences which appeared to have 

nothing in common. This is normally an indication of the presence 

of a repetitive element, on the basis of this, the sequence was 

submitted to the PYTHIA repeat identification server (Jurka, et al. .
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1992; Milosavljevic, 1993), and part of the alignment generated in 

the analysis is presented in figure 4.8. A positive identification 

was made of a MER37, a medium reiteration frequency repeat 

accounting for 533 bp of HFBCK70 from base 375 to the end of the 

sequence. The MER37 human repeat fam ily  was orig inally  

reported as a 119 bp element in the 3' end of the B a t 2  gene 

(located in the HLA Class III region) that showed close homology 

to two other sequences* (Iris et al., 1993). Subsequently it has 

become clear that the element present in the B a i l  gene had been 

disrupted by Alu  insertions. Now a much longer sequence of 1872 

bp, based on homologies to an element found in the second intron 

of the C R B 4 gene (on chromosome 21) has been proposed to 

redefine the MER37 repeat family (Lutfalla et al., 1995).

Since the non MER37 sequence in HFBCK70 couldn't be linked to 

any other ESTs, and contained no significant open reading frames 

it is not possible to say whether it is part of a gene. It is still 

possible that it represents genomic contamination of the cDNA 

library from which it was isolated. It is also unclear whether it is 

related in any way to the potential nucleolin like sequence that is 

also found in the duplicated region.

Calmodulin retropseudogene 5 ’ flank and a complement receptor 1-like 
protein intron.
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MER3702 732 1090 HFBCK70 550 908 0.77 0.17 1.73 359 191.24 #

TGA— CTCTTGTTAAGGGCTAA-GTAGCTGGTGACTTTAAGTTGAAGCCAACACTGGATT-ACCATTTTG *** ********* I * I **** *1*1*1 I ***** *** ********** I * * *** ***** I * I
TGACTCTCTTGTTAGGACCTAATGCAACCAGTGAC— TAACTTGAAGCCAATA-TTCATTGACCATGCTA

AAAATCAGAGAGCTCTTAAGAATTA-TCCAAATCTACTCTGCCTGTGCTCTACAAATGGAGCAACAAAGC ****** ** 11*1 *********** * I ************* I I** **********************
AAAATCCTAGGACCCTTAAGAATTACACTAAATCTACTCTGCACATGATCTACAAATGGAGCAACAAAGC

CTGGAGGACG-GCACATCTGTTTACAGCATGGTTTACTGAATATTTTAAGCCCAGTATTAAGACCTACTG 
**I * * * * *** ******** I ****** I**I****I ******* ****** * **I ********** 
CTAG-GTAAGAGCAAATCTGTTT-TAGCATGATTCACTGGATATTTTCAGCCCATTCTTGAGACCTACTG

CTCAGGATAAAAAGTTTTCTCTCAAAATATTACCTCTCATTGACAATGTACCTGGTTCCCCAAGAACTCT **** ** ****** **I * I *********** I I ********** I**I**I ***** * *** I***
CTCA-GAAAAAAAGATTCATTTCAAAATATTATTGCTCATTGACAGTGCACTTGGTTACAAAAGTGCTCG

GATGGAGATTTAAAAGGAAATTAATGCTGTTTTCATGCCCTGCTAACACAACATCCATTCTGTAG-CCAT * I ******* * I*** I ********** I I ****** ************ I****I I ***** I** ****
GGTGGAGATGGATGAGGTGATTAATGCTGCCTTCATG-CCTGCTAACACAGCATCTGTTCTGCAGCCCAT

GGGTCAAGGAGTTAT 
* I I ******** I**
GAAGCAAGGAGTCAT

& Containing 280 matches, 12 gaps and 71 mismatches including 41 transitions 

MER3702 552 731 HFBCK70 375 549 0.84 0.17 2.18 180 106.71 #

TGAAAATATGGCAAGTTATCCAGAAGATCTAGCTAAAATCTAGCTAAAATGATGAAGGTGGATACTCTAA 
* * * I * I * ************************** ** ** *** * ****** * I * ****
TGTAGAAGTTGCAAGTTATCCAGAAGATCTAGCTAACAT-------AACTGAGGCAGGTGGCTGCACTAA

ACAACAGATTTTTAATGTAGATGAAACAACCTTCTATT---- AAGATGTCATCTAGGACTTTCATAGTT
************ I * I**I ******** * I ******* I * ********************* I****
ACAACAGATTTTCAGTGCAGATGAAAAAGCCTTCTACTGGAAGAAGATGTCATCTAGGACTTTCCCAGTT

ACAGAGGAGAAGTCAATGCCTGGCTTCAAAGCTTCAAAGAACAGG 
*** ************ *********** I * ****** I ***** 

— AGA-GAGAAGTCAATGGCTGGCTTCAAAACATCAAAGGACAGG

& Containing 146 matches, 4 gaps and 24 mismatches including 11 transitions

Figure 4.8

Alignment of the HFBCK70 repeat with a MER37 consensus as 

generated in the PYTHIA program. T ransitions between the 

sequences are represented by ( I )  and identities by (*).
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4.5.2 Nucleolin Homology In 3586RA
The sequence of 3586RA is significant in that it is the only one of 

the YAC end STSs to show any homology to an existing protein. 

Slight but significant homology is shown to the human nucleolin 

gene (see figure 4.9). The nucleolin protein is involved in the 

control of transcrip tion  of ribosom al RNA genes by RNA 

polymerase I, in ribosome maturation and assembly and has been 

assigned to chromosome 2q l2 -q ter  (Srivastava et al., 1990). No 

homology was detected to ESTs other than to those from the 

original nucleolin gene. This may imply that this is not a genuine 

transcribed sequence or that its transcript is not represented in 

existing cDNA libraries.
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Sum
Reading High Probability

Sequences producing High-scoring Segment Pairs : Frame Score P(N) N

gplM13757|CIUC23A_1 Chinese hamster C23 nucleolin, gl... +1 44 2.4e-05 3
sp|P19338|NUCL_HUMAN NUCLEOLIN (PROTEIN C23). +1 44 0.00023 3
>gp|M13757|CIUC23A_1 Chinese hamster C23 nucleolin, glycine rich region. 

[Cricetus cricetus]
Length = 192

Plus Strand HSPs;

Score = 44 (20.2 bits). Expect = 2.4e-05, Sum P(3) = 2.4e-05 
Identities = 9/14 (64%), Positives = 11/14 (78%), Frame = +1

Query; 136 MKGLSKDTTTRRLK 177 
+KGLS+DTT LK 

Sbjct: 54 VKGLSEDTTEETLK 67

Score = 38 (17.5 bits). Expect = 2.4e-05, Sum P(3) = 2.4e-05 
Identities = 8/12 (66%), Positives = 8/12 (66%), Frame = +2

Query: 8 FTLFEGAKEVLN 43
F FE AKE LN 

Sbjct: 8 FASFEDAKEALN 19

Score = 31 (14.3 bits). Expect = 2.4e-05, Sum P(3) = 2.4e-05 
Identities = 7/13 (53%), Positives = 9/13 (69%), Frame = +1

Query: 49 KRGV*GTAIKLEL 87
KR + G I+LEL 

Sbjct: 23 KREIEGRTIRLEL 35

Figure 4.9

Part of the BLASTX output of 3586RA against the NCBI Non- 

redundant protein  database (com prising  PD B +Sw issProt+PIR + 

SPUpdate+GenPept+GPUpdate on Wed Jan 17).

115



RP9 YAC Contig

4.5.3 Aquaporin
As part of the program to identify the RP9 gene, it was necessary 

to determine the precise location of genes that had already been 

localised to 7p l3 -15  by in situ hybridisation. One of these, 

aquaporin  { A Q P 1)  acts as a water selective, trans-membrane 

channel (Moon et al., 1993) and is expressed in many tissues. 

Studies have shown that there is only a single A Q Pl gene locus, 

which had been localised by in situ hybridisation to chromosome 

7 p l4  (Deen et al., 1994; Moon, et al., 1993) though its precise 

position relative to other loci was unknown.

The group that localised the A Q Pl gene to 7 p l4  (Deen, et al . ,

1994), had also identified six simple tandem repeat containing 

sequences in a cosmid that contained the entire A Q Pl gene. In 

order to identify a polymorphic marker so that A Q Pl could be 

placed genetically relative to RP9. Primers were designed to 

amplify the longest and least interrupted of the tandem repeats 

(Accession no. Z21985) to give a PCR product size of 86bp. The 

allele size was determined in twenty population controls. However 

there was no variation in size in the panel, so this repeat was not 

significantly polymorphic.

This STS was then used to physically place AQPl relative to YACs 

in the RP9 contig. Whilst it did not localise to YACs that spanned 

the RP9 interval, the STS was present on three YACs that were 

located just distal to the RP9 locus (shown in figure 4.10). All 

three of these YACs contained the micro-satellite marker D7S526 

and in addition two of them also contained the marker D7S632. 

Both of these markers were from the first whole genome micro

satellite map developed by Généthon (Weissenbach, et al., 1992).
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It was therefore possible to deduce from the contig that AQ Pl was 

proximal to D7S632, but its position relative to D7S526 was 

ambiguous (see figure 4.10).

A quaporin is known to be expressed in a diverse range of 

secretory and absorptive epithelia, including some within the eye 

(N ielsen et al., 1993), and it has been proposed as a possible 

candidate for conditions that involve an imbalance of ocular fluid 

movement (Stamer et al., 1994). Whilst the localisation of AQ Pl 

presented here would exclude it as a candidate for the RP9 gene, 

another group has mapped a condition known as dominant cystoid 

macular dystrophy (CYMD) to the interval, D7S526-D7S493, which 

overlaps with the A Q P l gene localisa tion  determ ined here 

(Kremer, et al., 1994). CYMD is characterised by an early onset 

cystoid macular oedema, and it has been suggested that the 

disease  may involve a dysfunction of the retinal pigm ent 

epithelium. On the basis of the AQPl localisation described here 

and the role of this protein in fluid movement, the aquaporin gene 

should be considered a candidate for CYMD.
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tel D7S632 D7S526

yWSS1545 (400kb) 

yWSS922 (370kb)

yWSS2056 (370kb)

AQP1

Figure 4.10

Schematic diagram showing the three YACs containing the A Q Pl 

locus (YAC nomenclature as in (Green, et al., 1994)).
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4.5.4 NIB1288
As part of a genome wide STS mapping strategy a group at the 

W hitehead Institute (MIT) have mapped more than 11,000 STSs

to YACs in the CEPH library (Hudson, et al., 1995). Amongst these 

were a group of expressed sequence tags (ESTs) from a human 

infant brain cDNA library (Soares et al., 1994). The YAC addresses 

of one of these ESTs, NIB 1288, placed it close to D7S484 and thus 

made it a possible candidate for the RP9 gene. The STS primers

were obtained from Research Genetics and the parent cDNA clone

from J. Sikela (University of Colorado). Mapping of the STS in our 

YAC contig placed it clearly proximal to D7S484 and thus excluded 

it as a candidate for the RP9 gene. However by this time

sequencing of the cDNA was underway and as it was under two 

kilobases long the decision was taken to complete it in order to 

contribute to the expression map of the region.

All of the sequence was obtained manually, the total length being 

1832 bp. The sequence was deposited in dbEST under the id 

I0 0 _ 0 1  and has an accession number H52870 and NCBI_ID; 

354080. Besides the sequence obtained from the M I 3 primers, 

two forward and two reverse internal sequencing primers were 

s y n th e s i s e d * .  These primers were also used as STS primers in 

genomic DNA to show that the sequence was uninterrupted by 

any introns. The cDNA library had been oligo dT primed so a tract 

of 20 A residues were present at the 3' end. A putative

* SEQF.l CACCCAGCTAATGAGTCTG 1498-1480
SEQF.2 AGCCTGGAGTCAACAATC 1094-1077
SEQR.l AAACACGACTCGACTGCA 317-334
SEQR.2 ATAAGTCAATAGCAGAGAG 718-736

F and R refer to the direction from the M13f primer, not to the likely 
direction of transcription.
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polyadenylation signal sequence of AATAAA was present twenty 

bases before the poly-A tail. Analysis of the sequence revealed no 

significant open reading frames and it is therefore unlikely that it 

contained any protein coding sequence. Searching a translated A lu  

database using the program BLASTX revealed that there was an 

A l u  repeat towards the start of the sequence. To identify the 

boundaries of the A l u  the sequence was analysed using the 

PYTHIA server (version 2.5), PYTHIA identifies human repetitive 

elements and can also assign A lu  sequences to individual sub

groups (Jurka, et al., 1992; Milosavljevic, 1993). An A lu  element 

was identified in reverse orientation between bases 261 and 499. 

This sequence was analysed using the Alu  identification option of 

PYTHIA. The full output including the alignment with a consensus 

Alu  sequence is shown in figure 4.11.
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(1) Alignment of Alu sequences against Alu consensus (consensus is on top)

top; locus: CONSENSUS beginning: 70 end: 289 length: 220 
bottom: locus : lOO Ol beginning: 1 end: 239 length: 239 
localindels: 25 mismatches: 46 transitions: 29

@70 @80 @90 @100 @110 @120
GTCAGGA-- GTTC--GAGACCAGCCTGGCCAACATG-GTGAAACCCCG----TCT------CTACTAA
* * * * * * *  * * * *  * * * « * * * * *  * * ; *  * * * *  * *  * * • * * * •  *  ;  *  * * * *  * *

GTCAGAAACTGTTCTCAGAGGCCAGCATGACGCTCATGCCTGTAATCCCAGAACTTTGGGAGGCTGCAAA
@10 @20 @30 @40 @50 @60 @70

@130 @140 @150 @160 @170 @180 @190
AAATACAAAAATTAGCCGGGCGTGGTGGCGCGCGCCTGTAATCCCAGCTACTCGGGAGGCTGAGGCAGGA 
**************** ̂ ̂ * ******* • ** • ****** • ******** ̂ ***** • * * • ************* 
AAATACAAAAATTAGCACG— GTGGTGGTGCACGCCTGCAATCCCAGATACTCAGGGGGCTGAGGCAGGA 

@80 @90 @100 @110 @120 @130

@200 @210 @220 @230 @240 @250 @260
GAATCGCTTGAACCCGGGAGGCGGAGGTTGCAGT-GAGCCGAGATCGCGCCACTGCACTCCAGCCTGGGC 
*:*:;******;**,*;* **: ,****;****** * * * ^^********************** 
GGACTGCTTGAGCCAGAG-GGTTGAGGCTGCAGTCGAGTCGTGTTTTGGCCACCGCACTCCAGCCTGGGC 
@140 @150 @160 @170 @180 @190 @200

@270 @280
GACAGAGCGAGACTCCGTCT CAAAAAAA
• *•••***•****•*•****  ̂*******
AATGAAGCAAGACCCTGTCTGGGGGAAAAAAA 

@210 @220 @230

(2) Alu subfamily identification:

An Alu sequence is identified by performing Alu
a series of decisions as illustrated / #\
on the right. Each decision leads to J S
the placement of the sequence in a more /# \
specific subfamily. As an exairple, the decisions Sbc Spqx
leading to the identification of an Sbl sequence /# \ / \
are marked by '#’. (SbO denotes the members Sb Sc Sx Spq
of Sb that are neither Sbl nor Sb2.) /# \ / \

SbOSbl Sb2 Sp Sq
/#  \

SbO Sbl

pos: 57 65 70 71 94 101 120 163 194 204 214 215 220 233 275 277
J: * * * * * * * *
S: * * * * *

weight: 5 18 5 9 20 2 5 12 22 20 7 1 7 6 6 8

Figure 4.11

Analysis of the A lu element in NIB1288 ( I0 0_0 1 ) using

family identification function of the PYTHIA server
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The analysis identified this as an A lu -}  with its 5' end truncated. 

The A lu -}  family is the thought to represent the oldest family of 

Alu elements in comparison to their predicted 7SL RNA progenitor 

(Britten et al., 1988; Jurka and Smith, 1988).

The lack of any open reading frame and the presence of an A l u  

element suggested that this was either the 3' untranslated region 

of a gene or represented genomic contamination of the cDNA

library. On the basis that the former was more likely, the 260 bp

at the 5' end of the clone before the A lu  was targeted for further 

analysis .

4.5.4.1 NIB1288 and CDC10 cDNA Overlap
Searching non-redundant DNA and protein databases using 

BLASTN and BLASTX respective ly  revealed no s ign ifican t

homologies (i.e. p-values lO'^ or less). However at about this time. 

The Institute of Genome Research released 83 million bp of EST 

sequences (Adams et al., 1995). These data have been integrated 

with sequence from public databases to generate a non-redundant 

composite set of searchable data. Searching this database via the 

Human cDNA Database (HCD) server resulted in identification of 

strong matches to a series of ESTs overlapping with the human

homologue of the yeast gene CDCIO (Nakatsuru et al., 1994). Cell 

division cycle protein 10 is a key component of the eukaryotic cell 

division apparatus.
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HCD Number Putative Identification

THC118314 cell division cycle protein 10

%Sim %Id Prob. 

95.3 94.1 9.2e-52

Alignment 1:
THC118314(2281 - 2535 of 2673) cell division cycle protein 10 
Your_Query(l - 255 of 257)
%Match = 97.0
%Identity = 98.4 %Similarity = 99.2
Matches = 251 Mismatches = 2 Conservative Sub.s = 2
Gaps = 0 InDels = 0

2290 2300 2310 2320 2330 2340
2281 GTATTGTAAAAAATTCACATAATAAACGATGTTGTGATGTAATATTGTGTGAGGTCTTAA 2340

IIIIIIIIMIIIIIIIIMIIIIMIMMIIIIIIIIIIIIIIIIIIIMIIMIIII
1 GTATTGTAAAAAATTCACATAATAAACGATGTTGTGATGTAATATTGTGTGAGGTCTTAA 60

10

2350

20

2360

30

2370

40

2380

50

2390

60

2400
2341 ATATCCTACAGTCGATGTACAAGAGTAGAGTATGTTTGGGAAGAAACTTTTCAGCTTAAG 2400

IMMIIIIIIIIIIIIIIIIIIMIIIIIIMIIMIIi l l l l l l l l l l l l l l l l l l l l
61 ATATCCTACAGTCGATGTACAAGAGTAGAGTATGTTTGGGAAGAAACTTTTCAGCTTAAG 120

70

2410

80

2420

90

2430

100

2440

110

2450

120

2460
2401 TTTGCCTCCTCTACAATGACATCTTTTATATGCTTGTNTNATTGAGAATGCATATGTGCT 2460

IIIIIIIIIIIIIIMMIIIIIIIMIIIMIIIII.MM IMMIIIIIIIMII121 TTTGCCTCCTCTACAATGACATCTTTTATATGCTTGTCTCATTTAGAATGCATATGTGCT 180
130

2470

140

2480

150

2490

160

2500

170

2510

180

2520
2461 GATTTTCTAATTTAAGAGATACCATATCTCTCTATTCATTTCTATCTCTCATTTGTATGC 2520

IIMIIIIIMMMMIIIIIIIIMMMIMIIIIMIIIIIIIIIIIIIIIIIIII
181 GATTTTCTAATTTAAGAGATACCATATCTCTCTATTCATTTCTATCTCTCATTTGTATGC 240

190 200 210 220 230 240

2530
2521 TTATTTTTCTGAGGA 2535

l l l l l l l l l l l l l  I241 TTATTTTTCTGAGAA 255 
250

Figure 4.12

Part of the TIGR cDNA analysis output for I0 0 _ 0 1 .  The alignment 

shows the first 255 bp of I0 0 _ 0 1  with a consensus sequence 

generated from ESTs showing likely identity with the human 

CDCIO gene.
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A single cDNA has already been identified  as the human 

hom ologue of yeast CDCIO (N akatsuru, et al., 1994). It is a 

transcrip t apparently ubiquitously expressed in human tissue. 

Northern blot analysis described in the report of the human 

homologue had shown a 2.4 kb transcript, so it was suggested that 

the 2314 bp sequence reported was likely to represent a full 

length transcript. I0 0_0 1  has a 41 bp overlap with the 3' UTR of 

that sequence, giving a putative transcript length of 4106 bp. As 

several other ESTs also overlap in that region it seems quite likely 

that they are contiguous (see figure 4.13). One hypothesis would 

be that there are alternative poly adénylation sites in the gene, 

giving rise to alternative transcript lengths. Why the longer 

transcript was not observed in the published northern blot data is 

unclear. It could be that the relative level of expression of the 

longer transcript is much lower than the shorter one and that it 

simply was not detectable on the northern blot. Alternatively, it 

could be that the longer transcript is only expressed at restricted 

developmental time points or within a restricted set of brain cells. 

However, there is still a possibility these ESTs are simply genomic 

DNA contamination of cDNA libraries.
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RP9 YAC Contig

4.6 Contig Caveats
Whilst the majority of the physical map presented here appears to 

be robust, there are some remaining weak aspects. The interval 

between D7S484 and 3586RA is still only covered by a single 

clone (yW SS3586), despite  considerab le  e ffo rt  to iden tify  

additional YAC clones from both the CEPH and ICI libraries. No 

further work is planned to reinforce this region, so it will remain a 

possibility that this clone is possibly non-contiguous. As the main 

function of the contig appears to be to confirm the map positions 

of ESTs from radiation hybrid maps, the possible presence of gaps 

in coverage is a very real problem.

The regional duplications that have been identified (at 3586RA 

and D7S656) open the possibility that there may be others. Where 

the sites are located physically distant from each other this does 

not presen t too many d ifficu lties  in in te rp re ta tion . If the 

alternative sites are close to one another, correct assignment of 

the order of map elements is im peded, but as has been 

demonstrated sequencing of clone specific PCR products should 

allow site specific STSs to be designed.
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Chapter V 

A Mutation Screen of the 
Peripherin-RDS Gene

5.1 The rds Mouse
The mouse mutant retinal  degenerat ion slow {rds) ,  originally  

described by van Nie, et al. in 1978, displays a phenotype which is 

confined to rod and cone photoreceptors. It shows abnormal 

development of both rods and cones followed by a slow retinal 

degeneration. Whilst originally described as a recessive disorder, a 

m ilder phenotype is observed in heterozygotes suggesting a 

semidominant, dose dependent condition (Hawkins et al., 1985).

5.1.1 Identification of the Peripherin-RDS Gene
In 1989 a subtractive hybridisation strategy was used to isolate a 

ph o to recep to r  specific  transcrip t,  w hich  m apped to m ouse 

chromosome 17 where the rds  locus is located (Travis, et al. ,  

1989). The coding region of this gene in rds  mice was shown to be 

interrupted by a 10 kb insertion, providing strong evidence that 

this putative null allele was the rds  gene. Analysis of the normal 

rds  transcript revealed a 92.5% amino acid sequence identity with 

peripherin , a protein first identified in bovine photoreceptors 

(Connell et al., 1991). Immunocytochemical studies suggested a 

cellular location in the rim region of bovine rod outer segment

* An expanded version o f some of the material in this chapter w ill appear 
shortly as a review  article.
Keen, T. J. and Inglehearn, C. F. (1996). Mutations and polym orphisms in 
the human peripherin-RDS gene and their involvem ent in inherited  
retinal degeneration. Hum. Mutat .  (in press).
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discs - hence the name "peripherin". Analysis of the mouse and 

bovine amino acid sequences suggested it was an integral 

m em brane  g lycopro te in  with four po ten tia l  t ransm em brane  

domains. Both amino and carboxy termini lie on the cytoplasmic 

side of the disc membrane, whilst between the third and fourth 

transmembrane domains on the intradiscal side is a large loop of 

approximately 142 amino acids (Travis, et al., 1991). Analysis by 

SDS-PAGE indicates that the active protein consists of two 

subunits linked together by one or more disulphide bonds. The 

second subunit may be another peripherin-RDS molecule or may 

be ROM l (rod outer membrane 1), a protein which also localises to 

the rod outer segment and which has strong sequence homology 

to peripherin-RDS (Bascom, et al., 1992). These observations have 

led to the currently favoured hypothesis that peripherin-RDS 

functions as a structural protein, with in tradiscal loops of 

molecules on one side of the disc linking either with peripherin- 

RDS or ROMl molecules on the other side to hold the rod discs or 

cone lamellae in their flattened form (Travis, et al., 1991), as 

shown in figure 5.1.
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Intradiscal loop

Gly

.Transm em brane
dom ain

NH2'

Disc m em brane

Rod disc

Figure 5.1

Schemat ic  representation of the likely structure of the peripher in 

RDS molecule in the disc membrane.
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5.2 Peripherin-RDS and Human Disease
The complete human peripherin-RDS mRNA sequence is known 

and has a chromosomal location at 6 p l2  (Travis et al., 1991). 

Given its involvement in a mouse retinal degeneration, R D S  was 

clearly a candidate for mutations leading to human Retinitis 

pigmentosa and macular degeneration.

Two sim ultaneous reports identified  m utations in autosom al 

dominant Retinitis Pigmentosa (adRP) families (Farrar, et al., 1991; 

K a jiw ara , et al., 1991). Subsequently , several groups have 

re p o r te d  p e r ip h e r in -R D S  m u ta t io n s  in v a r io u s  m a c u la r  

phenotypes (Kajiwara et al., 1993; Nichols et al., 1993c; Wells, e t  

al.,  1993), a not unexpected result since it was observed in the rds  

heterozygote mouse that the phenotype was most prominent in 

the central retina (Hawkins, et al., 1985). P e r ip h e r in -R D S  

mutations have also been implicated in digenic RP when present 

in patients who are compound heterozygotes at this and the ROMl 

loci (Kajiwara, et al., 1994a). Many peripherin-RDS mutations have 

now been reported in human retinal degeneration patients as well 

as three apparently non-pathogenic amino-acid polymorphisms.

5.3 Peripherin-RDS Mutation Spectrum
At least 39 pathogenic R D S  mutations have now appeared in the 

literature, including those which cause adRP, digenic RP and 

various macular phenotypes (reviewed in table 5.1).These include 

26 single base substitutions causing m issense m utations, two 

single base substitutions creating termination codons, 5 single 

amino-acid deletions, 2 larger in-frame deletions (of 9 and 12 

base pairs) and 4 small insertion-deletion events which change

13 1
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the reading frame. The majority of these mutations occur in the 

large intra-discal loop, between codons 122 and 263, as shown in 

figure 5.2. Of the 31 single base substitutions and single amino- 

acid deletions, 27 are within or adjacent to this part of the 

molecule. This region is encoded by the 3' end of exon 1 and exon 

2. In contrast, no pathogenic missense m utations have been 

identified in the third exon. This may suggest that the sequence is 

less critical in this region of the protein or that disease associated 

m utations are difficult to detect against the background of 

polym orphic variation present. The am ino-acid polym orphism s 

Glu304Gln, Lys310Arg and Gly338Asp in exon 3 are each present 

at a frequency of approximately 50% in the normal population. 

They have been investigated for possible involvem ent in age 

related macular dystrophy (ARMD) but no correlation was found 

(Sawyer et al., 1995). Screening of RDS in a panel of ARMD 

patients has also revealed a Ile32Val mutation in one patient, but 

without further evidence causation has not been proven in this 

case.

1 3 2



Legend to table 5.1

Pathogenic and polymorphic changes in the human peripherin-

RDS gene. Point mutations that alter or delete single amino-acids 

are identified by their codon number, while insertions or deletions 

that change the read ing  fram e are iden tified  by the first 

nucleotide deleted or that preceding an insertion (all numbers

relate to the original cDNA sequence published by Travis et al 

1991). Where the exact base change was not given in the original 

report an lUPAC nucleotide code has been inferred from the 

amino acid substitution. CACD refers to central areolar choroidal

dystrophy, RP to retinitis pigmentosa and ARMD to Age-related

m acular dystrophy.
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Mutation Nucleotide change Phenotype Reference
Arg13Trp
He32Val
Leu45Phe
Met67del
Gly68Arg
Cys118del
Leu126Arg
Arg142Trp
Lys153Arg
Lys153del
Asp157Asn
Cys165Tyr
Gly167Asp
Arg172Trp
Arg172Gly
Arg172Gln
Asp173Val
Tyr184Ser
Leu185Pro
Lys193del
856del12
Pro210Ser
Pro210Arg
Phe211 Leu
Ser212Gly
Cys214Ser
Pro216Ser
Pro216Leu
Pro219del
Arg220Gln
Asn244His
Asn244Lys
Gly266Asp
Glu304Gln
1154del9
Lys310Arg
Gly338Asp

Arg46Ter
Tyr258Ter

313delTG
658insTACT
1137delTG
1160delT

CGG-^TGGat277  
ATC -» GTC at 334 
CTC TTC at 373 
deletion of AT G at 439 
GGG —> MGG at 442 
deletion of TGC at 592 
CTG GGG at 617 
C G G ^T G G at664  
AAG AGG at 698 
deletion of AAG at 697 
GAG AAG at 709 
T G G ^ T A G at734  
GGG ^  GAG at 740 
G G G ^TG G at754  
G G G G G G  at 754 
GGG ^  GAG 755 
GAG-^GTGat758  
TAG ^  TGG at 791 
G TG -*G G G at794  
deletion of AAA at 817 
deletion of 12bp at 856 
GGT - *  TGT at 868 
GGT - *  GGT at 869 
TTG TTR at 873 
AGG ^  GGG at 874 
TGG ^  TGG at 881 
GGT TGT at 886 
GGT GTT at 887 
deletion of GGA at 895 
GGG GAG at 899 
AAG GAG at 970 
AAG — AAA at 972 
G G T G A T  at 1038 
GAG ^  GAG at 1150 
deletion of 9bp at 1154 
A A G A G G  at 1169 
G G G G A G  at 1253

GGA
TAG

TGA at 376 
TAAat1014

deletion of TG at 313 
insertion of 4bp at 658 
deletion of TG at 1137 
deletion of ntl 160

RP digenic + R0M 1 ArglBHis 
ARMD?
RP digenic + RO M l Ibp  del 
Cone rod dystrophy 
Pattern dystrophy-cone-rod 
RP 
RP
CACD
RP
Variable
Pattern dystrophy 
RP
Butterfly dystrophy 
Macular dystrophy 
Butterfly dystrophy 
Macular dystrophy 
RP
Cone rod dystrophy 
RP digenic + romi 
Cone rod dystrophy 
RP 
RP
Foveomacular dystrophy
RP
RP
RP
RP
RP
RP
Pattern dystrophy
RP
RP
RP
Polymorphism
RP
Polymorphism
Polymorphism

RP
Adult vitelliform

Punctata albescans 
Pattern dystrophy 
Butterfly dystrophy 
RP

Jacobson et al (1995) 
Kajiwara et al (1994) 
Jacobson et al (1995) 
Jacobson et al (1994) 
Cideciyan et al (1995) 
Farrar et al (1991) 
Kajiwara et al (1992) 
Hoyng et al (1995) 
Jacobson et al (1994) 
Weleber et al (1993) 
Cideciyan et al (1995) 
Souied et al (1995) 
Nichols et al (1993c) 
Wells et al (1993) 
Nichols et al (1993b) 
Wells et al (1993) 
Grüning et al (1994) 
W ada et al (1995) 
Kajiwara et al (1991) 
Jacobson et al (1994) 
Gannon et al (1993) 
K em p eta l (1994)
Feist et al (1994) 
Souied et al (1995) 
Farrar et al (1992)
Saga et al (1993) 
Fishman et al (1994) 
Kajiwara et al (1991) 
Kajiwara et al (1991) 
Cideciyan et al (1995) 
Nakazawa et al (1994) 
Kikawa et al (1994) 
Kajiwara et al (1992) 
Jordan et al (1992) 
Heinzmann et al (1995) 
Jordan et al (1992) 
Jordan et al (1992)

Meins et al (1993) 
Wells et al (1993)

Kajiwara et al (1993) 
Keen et al (1994) 
Nichols et al (1993a) 
Grüning et al (1994)

Table 5.1

1 3 3



Peripherin-RDS Mutation Screen

1160delT.
OOOH

1154del9

1137delTG

fcg313delTG

y  %
A rg46T er ^ Tyr258Ter

658insTACT

856del12

Figure 5.2

A s c h e m a t i c  r e p re se n ta t io n  o f  the  p e r ip h e r in - r d s  m o le c u le  

showing the locations of the mutations  and polymorphisms listed 

in table 5.1. Frame shift mutations are indicated here to represent 

their  position in the transcript  rather than to reflect  any potential 

p r o t e i n  p r o d u c t  ( A d a p t e d  f r o m  M o l d a y  1 9 9 4 ) .
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5.4 Families and Screening Method
This Study set out to investigate the incidence of peripherin-RDS 

mutations in a panel of twenty three unrelated families affected 

by various forms of pattern and m acular dystrophy. Pattern 

dystrophys are m ild d iseases which are charac te r ised  by 

abnormal accumulation of extracellular material at the level of the 

retinal pigment epithelium, the associated visual defect, loss of 

central acuity is normally not severe. The patients with macular 

dystrophy were generally much more severely affected with 

significant early loss of vision. The families were selected from a 

large registry of patients with retinal phenotypes that has been 

collected at Moorfields Eye Hospital. The "heteroduplex" method 

was selected to screen for potential m utations. It relies on 

heteroduplex molecules forming in the PCR reaction between the 

mutant and wild type PCR products. Electrophoresis of the PCR 

products using a Hydrolink gel (AT Biochem) allows visualisation 

of the heteroduplex molecules as slower migrating bands (Keen, e t  

al. ,  1991). PCR primers were designed from the cDNA sequence 

(Travis, et at., 1991) and the small amount of intronic sequence 

that is known (Kajiwara, et at., 1991). The first exon was split into 

two segments, to produce smaller PCR products that would allow 

more sensitive detection of mutations. In contrast exons two and 

three were small enough to be screened as single products (see 

table 5.2).
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Location Primer sequences Size

Exon IR

Exon IL

Exon 2

Exon 3

GCCAAGTATGCCAGATGGAAG 505-525 350 b p

ATAGCTCTGACCCCAGGACTG 5’ in tro n  1 

TTGGGGTGGGAGCTGTGCTGT 190-210 364 b p

AGATAGCCAGGTACGGCTTCA 553-533 

AAGCCCATCTCCAGCTGTCTG 3 ' in tro n  1 313 b p

CTTACCCTCTACCCCCAGCTG 5' in tro n  2 

AGATTGCCTCTAAATCTCCT 3’ in tro n  2 308 b p

GATCCACGTTTCTTGGAGTG 1343-1324

Table 5.2

Prim ers used in the peripherin-RDS mutation screen. W here 

primers are derived from intronic sequence the relative end of 

the intron is indicated. Primers located in exons are followed by 

numbers showing the position in the cDNA sequence.

1 3 6



Peripherin-RDS Mutation Screen

5.5 Mutations Identified
All of the peripherin-RDS exons were screened for heterozygous 

variation in two patients from each family. Besides the common 

polym orphism s in the third exon, one potentially  pathogenic 

change in the first exon was detected. A single individual from a 

family affected by a pattern dystrophy appeared to have a small 

insertion mutation in the 5' segment of the first exon. The rest of 

the pedigree  was exam ined, com prising  a fu rther  th irteen  

individuals, though two members were excluded from the analysis 

because they were under twenty five years old at which age 

accurate clinical diagnosis is difficult in this condition. The 

mutation was present in all affected members of the family and 

absent from those unaffected. It was also not present in 118 other 

fam ilies with assorted retinal dystrophies and fifty  normal 

controls. This provides strong evidence that this variant is 

causative of disease. Direct sequencing of exon 1 PCR products 

from an affected individual revealed the duplication of a 4 bp 

segment TACT at nucleotide 658 (Keen, et al., 1994). This would 

be predicted to change the reading fram e from  codon 140 

onwards. Though the tyrosine residue at codon 140 would be 

unchanged the new reading frame would potentially code for 

e igh t new am ino acids before  a te rm ina tion  codon was 

encountered (Tyr, Leu, Leu, Pro, Gly, His, Arg, His, Pro).
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Figure 5.3

Nucleotide sequence from the reverse strand of the altered region 

in the peripherin-RDS gene. The sequence from the heterozygous 

mutant 658insTACT is shown on the left, while to the right is a 

normal homozygous control. The sequence beyond the inserted 4 

bp segment (AGTA on this strand) is duplicated and displaced 

upward relative to that in the control. The sequence in both cases 

is arranged from left to right ACGT.
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B

Figure 5.4
a) Pedigree of the family in which the 658insTACT mutation 
segregates with pattern dystrophy. Affected individuals are 
indicated by solid symbols. The two affected individuals at the 
right of the diagram were genetically affected but were under 25
years old so were excluded from clinical evaluation.

b) Ethidium bromide stained gel photograph of 11 members of the 
pattern dystrophy family, showing PCR products from the 5' half 
of exon 1 run on a hydrolink gel. Whilst the 4 bp difference 
between the homoduplex molecules is only just resolved, the two
heteroduplex molecules are significantly displaced, both from the
homoduplexes and from each other.
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5.6 Correlation of Mutation and Phenotype
The phenotypes that are associated  with m uta tions in the 

peripherin-RDS gene can be grouped into four broad categories. 

The largest group of mutations appear to manifest their effect in 

the peripheral retina and are associated with a RP phenotype of 

night blindness, visual field constriction and retinal pigmentation. 

In contrast, the second group of mutations are associated with 

phenotypes that affect primarily or solely the central retina. This 

inc ludes  pheno types  tha t m an ifes ted  ex c lu s iv e ly  in cone 

photoreceptors and those that also later affect rod cells as well. 

Mutations associated with these first two groups are generally 

(21/22) point mutations or small deletions in the large intradiscal 

loop (see figure 5.2). The third phenotypic group is known as 

digenic RP and is associated with only three point mutations, two 

of which are outside the intradiscal loop. These have been 

observed in sporadic/recessive type RP fam ilies as compound 

heterozygotes with mutations in the ROM l gene. This gene codes 

for a protein that exhibits a strong similarity to peripherin-RDS 

both in its sequence and in tissue distribution and it is known to 

interact with the peripherin-RDS protein (Bascom, et al., 1992).

5.6.1 The Putative Effect of SSBInsTACT
The phenotype in the family with the 658insTACT mutation 

described in this study, falls into the fourth phenotypic category, 

comprising mild conditions that appear to be most similar to that 

found in the r d s  mouse. They are characterised by abnormal 

accumulation of extracellular material primarily in the macular at 

the level of the retinal pigment epithelium, often with minimal 

photoreceptor dysfunction. Despite the mild phenotype the mode
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of inheritance is clearly dominant in all cases. Other examples 

w ould  be the m issense  changes A s p l5 7 A s n ,  G ly l6 7 A s p ,  

A rg l7 2 G ly  and Arg220Gln in the intradiscal loop and the 

nonsense mutations Tyr258Ter, 313delTG and 1137delTG. The rds  

mouse mutation is caused by insertion of a 9.2kb repetitive 

e lem en t into  exon 2 generating  a te rm ina tion  codon in

approximately the same place in the molecule as is with 658in 

TACT. There is some evidence to suggest that the mutant r d s  

protein is not stably translated and represents a null allele (Ma, e t  

al.,  1995). The rds  mouse has enlarged phagosomes in the retinal 

p igm ent ep ithelium  containing large am ounts of shed disc 

material (Hawkins, et at., 1985). Similar material may well be the 

source  of the unusual deposits  observed  in the pattern  

dystrophies. In light of the observations in the rds  mouse, it is 

possib le  that the phenotype in this fam ily  reflects haplo-

insufficiency as a result of a null allele which does not result in a 

functional protein product. It has also been suggested that a likely 

result of a premature termination codon is a greatly reduced level 

of expression (McIntosh et al., 1993), whilst mutations causing 

adRP and macular degeneration may result from "gain of function" 

in an aberrant protein product.

The d is tr ibu tion  of accum ulated  m ateria l varies m arkedly  

between the various sub-types of pattern dystrophy. W hether 

this can be explained by differential activity of a small amount of 

residual protein product between the peripheral and m acular

region or whether it reflects factors other than peripherin-RDS 

mutation is unclear. The increasing realisation that the mode of

inheritance of peripherin-RDS m utations may not be simply
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dominant, as most clearly exhibited by the reports of digenic 

inheritance with ROM l (Jacobson, et al., 1995a; Kajiwara, et al.,  

1994a), may suggest that the differences between these putative 

'null' phenotypes may reflect the genetic background in the 

fam ily .

5.6.2 Incidence of Peripherin-RDS Mutations
That only one disease causing mutation was detected in this study 

may indicate  that the level of m acular disease caused by 

peripherin-RDS mutations is quite low, at around 4%. There are no 

firm estimates for the level of incidence in the literature but 

anecdotal evidence would suggest 4% is broadly in line with other 

studies. Perhaps significantly, the incidence of peripherin-RDS 

mutations in adRP also appears to be around 5% or less (Kajiwara, 

et al., 1991; Souied, et al., 1995). Of course this is dependent on 

the mutation detection efficiency, the heteroduplex method has 

been estimated to be at least 60-70% efficient, which is not 

substantially less than other methods currently used.
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Chapter VI 

CAG repeat expansion and 
autosomal dominant RP

6.1 Expanded CAG Repeats and Human Disease
Expansion of (CAG)n triplet repeats within the coding sequences of 

genes cause at least five neuro-degenerative diseases, including X- 

linked spinal and bulbar muscular atrophy (La-Spada et al., 1991), 

Huntingtons disease (Huntington’s Disease Collaborative Research 

Group, 1993), dentatorubral-pallidoluysian atrophy (Koide et at., 

1994), spinocerebellar ataxia (Banfi et al., 1994) and Machado- 

Joseph disease (Kawaguchi et al., 1994). These diseases are all 

characterised by the loss of specific sub-populations of neurons 

(Ross, 1995). Most of these disorders display dominant inheritance 

which is usually associated with gain of function in the altered 

protein (Ambrose et al., 1994). These tracts of (CAG)n code for 

polyglutam ine, the function of which is unknown. Glutamine 

repeats are far more common than repeats of any other amino 

acid (Green and Wang, 1994). The length of repeats is poorly 

conserved in hom ologous genes from d ifferent species. For 

example, the mouse| h u n t in g t in  gene only contains seven repeats, 

compared to the 13-36 residues that are normal in man (Barnes e t  

al., 1994).
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6.1.1 Anticipation in Neurodegenerative Diseases
A common feature of some of these neuro-degenerative disorders 

is a progressive increase in severity of the condition through 

successive generations. This phenomenon, known as anticipation, 

has been shown to be indicative of expanding repetitive elements 

u nderly in g  the pa tho log ica l process (H u n t in g to n ’s D isease  

Collaborative Research Group, 1993; Koide, et al., 1994). In triplet 

repeat expansion (TRE) diseases where an tic ipa tion  is not 

observed, the size of an expansion is known to correlate well with 

the clinical severity (La-Spada, et al., 1991; Orr et al., 1993).

The retina is largely an outgrowth from the brain and is 

susceptible to an extremely wide range of inherited diseases that 

affect it alone or syndromically with other systems. It would seem 

likely that at least in part some of these conditions could be the 

result of expanding CAG repeats. This study set out to investigate 

their involvement in small panel of families affected by autosomal 

dominant retinitis pigmentosa.

6.2 Repeat Expansion Detection
The technique of "repeat expansion detection" can be used to 

determine the if there are expanded repeats in the genomes of 

affected individuals (Schalling, et al., 1993). In this, the presence 

of triplet repeat expansions anywhere in an individuals genome is 

demonstrated as a series of ligated (CTG)iv oligomers. These are 

generated in a thermal cycling reaction containing genomic DNA, a 

( C T G ) i 7 oligomer and a thermally stable DNA ligase. Extended 

tracts of CAG in the genomic DNA allow (CTG)iv oligomers to align 

themselves adjacent to each other, making them a substrate for
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the ligase. A single ligation product generates a (CTG )34  band, 

which is the upper limit of what has not previously been 

associated with disease, the single ligation product also serves as a 

positive control for the ligation reaction.
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(CTG)-|7 Oligomers

t Annealing

--------------------- . . . . .
CAG repeat

Ligation

Dénaturation

---------------------  . . .

T

Cycling

RED Products

Figure 6.1

R ep re se n ta t io n  of the p rocess  of  the g enera t ion  o f  l iga t ion  

products in repeat expansion detection adapted from Schall ing,  e t  

a / . ,  1993.
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6.3 RP Families investigated by RED
Nine dominant autosomal dominant RP families were studied, in 

four of the families, the disease locus has been previously mapped 

to one of the following RP loci, 7p (RP9) (Inglehearn, et al., 1993), 

7q (RPIO) (Jordan et al., 1993), 19q ( R P l l )  (Al-Maghtheh et al., 

1994), 17p (RP13) (Greenberg et al., 1994). In the remaining five 

fam ilies, the chromosomal locations of the disease loci were

unknown but all of them had been screened for and found

negative for rhodopsin or peripherin-RDS mutations. Significantly, 

amongst the group of unlinked families there was one in which 

there was a clear increase in severity of the disease in the lower 

generations (figure 6.2a). The possible observation of anticipation 

in this family may indicate the presence of an expanded repeat. In 

addition, with both the RP9 and R P l l  adRP phenotypes there

exists considerable variability in the disease phenotype, both in 

severity and age of onset (Evans, et al., 1995; Kim, et al., 1995). It 

could therefore be hypothesised that the variability might be 

explained by dynamic variation o f |a n  expanding and contracting

CAG repeat.

The repeat expansion detection method (RED) was carried out as 

previously described (Morris, et al., 1995; Schalling, et al., 1993). 

W herever possible two affected individuals were studied from 

each of the families. However REDs requires quite large quantities 

of DNA so in some families this was not possible. In the families 

where the disease penetrance was variable (RP9 and R P l l ) ,  

severely affected individuals were studied to maximise the chance 

of observing an expansion were one present.
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6.4 Expansions Detected
Ligation products of 255 bp (5 oligos ligated) were seen in two 

sibs from the adRP family that appeared to display anticipation. 

On the strength of this result the rest of the available members of 

the pedigree were tested. It was found that the source of the 

expanded allele in the family was a "married in", normal 

individual, and that the triplet expansion had been inherited by 

both his normal and affected descendants, those with expansions 

are indicated by a in figure 6.2. One normal RED carrier 

(indicated by a in figure 6.2) displays only RED bands 

indicative of a repeat of 204 bp (4 oligos). This probably indicates 

that there is dynamic variation at this particular locus. Ligation 

products that would be indicative of a pathogenic CAG expansion 

were not seen in any of the other dominant RP families, though in 

all cases the single ligation product was present indicating that the 

oligomer ligation reaction had occurred with that DNA sample.
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Figure 6.2

The pedigree of the adRP family with structure suggestive of 

an tic ipa tion . Those indiv iduals w ith (CAG)n expansions are 

indicated by an asterisk. The two boxed sibling sisters in the 

bottom generation are severely affected and their DNA generated 

the RED products in lanes 9 and 10 of figure 6.3. Whilst they and 

the rest of the family have ligations of 5 (CTG)i7 oligos their 

b r o th e r  m a rk e d  w ith  a ( “ • ” ) o n ly  g e n e r a te s  4x  l ig a t i o n s .
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r « _ I

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 6.3

A u to ra d io g ra p h  of the l iga tion p roduc ts  genera ted  in a RED  

e x p e r im e n t .  The  sam p les  are a r ran g ed  in pairs  of  a f fe c ted  

individuals from adRP famil ies.  Lanes 9 and 10 contain products  

gene ra ted  f rom  the tw o severe ly  a f fec ted  s ib lings  f r o m  the 

p e d i g r e e  in f i g u r e  6 . 2 .
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6.5 Exclusion of CAG Repeat Expansion In this Study
If (CAG)n expansion was the underlying cause of RP at the RP9, 

10, 11 or 13 loci or in any of the unmapped adRP families tested, 

it would be expected that all affected members of such a family 

would have a repeat expansion above the normal range, consistent 

with a dominant mode of inheritance. The negative results from 

this study therefore suggest that expanded (CAG)n repeats are not 

the cause of disease in this group of adRP families. The detection 

of a non-pathogenic expansion makes it highly probable that 

expansions would have been detected, had they been present. 

However, whilst (CAG)n expansions do not cause RP in the families 

we have studied, they remain strong candidates to underlie some 

forms of inherited retinal degeneration.

E xpansions beyond the (CAG)34 level occur in the normal

population in about 25% of individuals (Morris, et al., 1995). In 

the original report describing the RED technique, an anonymous 

(CAG)n expansion was genetically linked to a locus on chromosome 

18 in a CEPH family. Due to a lack of informative meioses in the 

pedigree studied here, it was not possible to show that the 

expansion observed was also linked to chromosome 18. It remains 

to be seen whether there is a single active locus where non-

pathogenic expansions occur or if such expansion events occur 

throughout the genome.

In this study it was assumed that fully dom inant expression 

would be the most likely model for the effect of a expanded

(C A G )n  repeat in a retinal gene. Whilst this has been the mode of

expression in the neurodegenerative  d iseases that have been 

characterised so far ,  recent reports have im plicated  (CAG)n
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repeats as risk factors in schizophrenia (M orris, et al., 1995; 

O ’Donovan et al., 1995) and bipolar affective disorder (Lindblad e t  

al . ,  1995). It might thus also be appropriate to study the relative 

occurrence of expanded repeats in a multi-factorial retinal disease 

such as age-related macular dystrophy.
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Chapter VII 

General Discussion

7.1 RP9 - Where Now?
This project set out to identify the defective gene underlying the 

pathogenesis of RP9 autosomal dominant retinitis pigmentosa. The 

overall strategy was to define the RP9 locus as closely as possible 

using genetic markers then to clone the entire genetic interval in a 

YAC contig, then to establish a transcriptional map across the 

same interval. From the array of genes localised in the critical 

region, strong candidates would be identified and screened for

mutations both in the RP9 family itself and in a large panel of 

patients with a variety of retinal degenerations. The critical

problem encountered with this project was that only a single RP9

fam ily had been identified, severely lim iting the num ber of 

meiotic events that were available to localise the disease locus.

Strenuous efforts have been made to identify other pedigrees 

mapping to this locus or an unknown branch of the existing 

family, with no success.

Compounding the lack of other family material is the structure of 

the existing pedigree. Because the recombinations that define the 

interval have occurred in unsampled meioses, there is no way of 

knowing which genetic interval contains these cross-overs. The 

result of this is that we have only been able to define an exclusive 

location where the m utation cannot lie. The apparently low 

incidence of this locus can be explained in several ways; it could 

be random sampling error in the small number of families that
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are large enough to be assigned to any locus. Alternatively, severe 

phenotypes may be very rare from mutations at this locus and the 

RP9 pedigree that we have been studying may well represent an 

extreme form of those possible. This could result in the majority 

of individuals with a defect at this locus having recessive disease 

(or none at all) and existing as isolated cases. A less likely 

explanation might be that most mutations at this locus are lethal, 

though this seems unlikely considering the mild phenotype

observed in the RP9 pedigree.

The large amount of uncharacterised DNA in the critical interval 

presents many difficulties to the identification of the RP9 gene.

The only information we know about it, is that affected members 

of the family have a mutated or deleted copy and that the result 

of the mutation leads in most individuals to a slow degenerative 

affect in the retina. The gene product may not even be expressed 

in the retina at all. For example the retina contains a very high 

proportion  of desaturated  fatty  acids, the prim ary site for 

synthesis of which is in the liver. It is possible to imagine a

situation where a deficit of a circulating factor has a specific

deleterious effect on the retina (McColl and Converse, 1995).

Most available evidence points to the RP9 interval lying at the 

7p l4 -15  boundary (Grzeschik et al., 1994; Tsui et al., 1995). The 

7 p l4  band is Giemsa -\-ve or a dark staining and these are thought 

to be gene poor (Bickmore and Sumner, 1989). This may account 

for the relative lack of genes mapping to the RP9 interval. In 

contrast, there appears to be a gene cluster just distal to the RP9 

interval around the markers D7S632 and D7S526 (Keen et al..
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1995; Patel, et al., 1995; Wajnrajch et al., 1994), which may be 

more representative of the G -ve p l5 .

The presence of a tandem ly repeated  segm ent, apparen tly  

flanking the majority of the critical region could possibly suggest 

that the pathogenic event in RP9 involves a regional duplication. A 

precedent for this is made by the case of Charcot-Marie-Tooth 

disease, which can be the result of the duplication of a 1.5 Mb 

region flanked by two copies of a 30 kb tandem repeat (Patel & 

Lupski, 1994). There has been no cytogenetic investigation in any 

patients from the RP9 pedigree, it is important that this is carried 

out as soon as possible to exclude the possibility of a visible 

cytogenetic alteration. As yet, the tandem repeat has been only 

superficially investigated. Long range restriction mapping would 

provide more detailed information as to its size and boundaries. If 

this analysis was also carried out in an affected member of the 

RP9 family it would be possible to rigorously investigate the 

possibility of a regional duplication.

This project like others in genetics should be revolutionised by the 

availability of complete or nearly complete gene maps over the 

next few years. The vast majority of this will be generated via 

mapping of ESTs onto a framework map of microsatellites using 

panels of radiation hybrids. This will naturally be followed by the 

full sequence of the human genome, of which a significant 

proportion should be completed in the next five years. The 

exploitation of the potential candidate genes so made available 

will depend on substantial im provem ents in the techniques 

available to detect novel mutations. Present techniques mostly 

relying on the detection of conformational changes in relatively
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small PCR products are not well suited to large scale use and in 

any case are not 100% effective. The most promising technologies 

seem to be those that are based on enzym atic cleavage of 

heteroduplex PCR products. That said as DNA sequencing becomes 

faster and cheaper it may be easier just to sequence genes of 

interest despite the redundancy of much of the information.

A selection of the STSs from the critical region have been used by 

other members of this group to identify cosmid clones from a 

chromosome 7 specific library. These clones have been tested for 

the presence of rare (CpG island) cutting enzymes, including E ag  I 

and S a c  II. By sequencing DNA adjacent to these sites a human 

homologue of a gene first identified in the rat prostate gland 

(RV Pl) has been identified within the RP9 interval. At the present 

time the precise tissue expression pattern of hRVPl is not known, 

but EST data would suggest it is found in greatest abundance in 

the spleen, pancreas and liver. There is no evidence yet as to 

whether it is found at all in the retina. Nevertheless it is the only 

candidate gene in the region and is being analysed for possible 

mutations in the RP9 family.

Once a single mutated (duplicated/deleted) gene is identified , 

what further investigation occurs will depend on the nature of the 

gene and the gene product. Whatever it is, the priority initially 

will be to identify the spectrum of other RP9 mutations in our 

large collection of pedigrees and individuals affected by retinal 

degenerations. It is possible that its primary sequence will 

indicate that it is a human gene with a well defined function or a 

direct homologue of one in a model organism. What is more likely
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is that there will be only indirect inferences that can be made 

from its primary sequence but its exact metabolic role will be 

unknown. These might include whether it is soluble or membrane 

bound and whether it contains characteristic motifs which are 

likely functional domains. Analysis “in silico” can at best only 

suggest possible roles based on existing models, though with such 

analysis it should be easier to ask relevant questions which can 

then be addressed through experimentation.

The complete sequence of the yeast S a c ch a ro m yces  cerev is ia e

genome is now known and also that of a large part of the 

nematode Caenorhabditis elegans.  There is potentially up to a 25% 

chance that there will be a yeast gene that will be very similar to 

the RP9 gene (Bassett et al., 1996). There is of course a much

higher likelihood that it will have a counterpart in C. elegans.  

These model organisms provide much easier routes to discovering 

basic biological knowledge than investigations in vertebrates. 

There is no known mouse retinal degeneration that maps to the 

region on mouse chromosome 6 (telomeric to the h o x a  cluster) 

that is syntenic with the human 7p l4 -15  region. So it seems 

unlikely that there is an existing model organism for the RP9 

condition. That said, it has become relatively straight forward in 

recent years to generate a mutant animal by the process of gene 

targeting (Capecchi, 1989). This is the process by which specified 

changes are introduced into the sequence of a chosen gene. 

Knocking out the function of a gene enables the evaluation of the 

effect on the organism of an aberrant product or that of greatly

reduced level of protein. The production of a specific model

organism should allow investigation of the very early stages in the
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cellular defect, as well as providing the ultimate proof of causation 

(important if there is still only one affected family).

7.2 Peripherin-RDS
Many more mutations in the peripherin-RDS gene are likely to be 

discovered and the most likely consequence of this is likely to be 

a greater appreciation of its involvement of as a component of 

multifactorial disease. If more members of this gene family are 

identified, these are also likely candidates to be involved in

retinal degeneration. Whilst the rds  mouse appears to be a good 

model for the human phenotypes that are associated with null 

alleles, it is not directly comparable with the missense mutations 

that represen t the m ajority  of the m utations observed . To 

overcom e this lim ita tion  several groups are a ttem pting  to 

generate mice with specific mutations analogous to those found in 

h u m a n s .

While the majority of phenotypes associated with peripherin-RDS 

mutations are observed as dominant conditions, the discovery of

digenic RP implied far greater complexity than had previously 

been thought. In addition, for at least five of the mutations only a 

single individual has been observed, so that disease causation by 

these mutations alone cannot be said to be proven. It is therefore 

possible that a significant proportion of disease at this locus is

complex, with peripherin-RDS mutations acting in combination 

with mutations in ROM l or other genes to give rise to retinal 

degeneration . This could also explain the variability  in the

pheno types  a ssoc ia ted  w ith m uta tions such as M et6 7 d e l,  

Gly68Arg or Lysl53del. Peripherin-RDS mutations are associated
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with a wide range of retinal phenotypes, yet are only found in a 

small proportion of patients with each of these phenotypes. In 

many cases the disease and mutation co-segregate in a manner 

consistent with dominant fully penetrant expression, yet where 

such data is unavailable disease causation cannot be assumed. 

Future work will determine what proportion of disease involving 

this locus is complex, what other genes might be involved in 

in te rac tion  with the peripherin-R D S m olecule  and w hether 

polymorphisms might play a role along with other genes in the 

known com plex  re tinopath ies  such as age-re la ted  m acu la r  

d y s tro p h y .

This complexity makes prospects for the treatment of peripherin- 

RDS conditions seem remote. Complete rescue of the defect in the 

homozygous rds  mouse has been demonstrated via the production 

of a transgenic animal with a wild type rd s  gene driven by an 

opsin promoter (Travis, et al., 1992). However a gene therapy 

approach for the dominant human conditions such as the use of 

antisense RNA, might need to be mutation specific and may 

ultimately fail because of the involvement of mutations in other 

genes in the condition. It is possible that the night vision of 

patients would benefit from vitamin A therapy such has been 

demonstrated with Sorsby’s fundus dystrophy (Jacobson, et al . ,  

1995b), or that a therapy for peripherin-RDS retinopathies might 

arise from an approach targeted to prevent apoptotic cell death. 

Apoptosis has been shown to be the common end point for retinal 

degenerations in the rds  mouse and other animal models (Chang, 

et al., 1993; Portera-Cailliau, et al., 1994). Such a widely applicable 

therapy may also result from the identification of other genes
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im p lica ted  by linkage analysis  in ped ig rees w ith re tina l 

degeneration and from greater understanding of normal retinal 

function which should result from such research.

7.3 CAG Repeat Expansions
Whilst no pathogenic expansions of triplet repeats were detected 

in the study presented  here, only adRP phenotypes were 

investigated and then only for (CAG)n repeats. It is still likely that 

an expanding repetitive element could be associated with a retinal 

degeneration. The identification of simple repeat tracts in coding 

regions of retinal cDNA libraries will expedite the identification of 

pathogenic expansions in pedigrees where their involvement has 

been implicated by RED, or where there is strong evidence for 

anticipation with the phenotype.
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Appendix
PCR Primers For STSs in the RP9 Intervai

STS Primer sequences Size Accession no.
D7S2251

D 7S2250

D7S484

D7S497

A F M 067xa9

D7S656

D7S683

A FM b073zc9

D7S690

A F M 1 9 0 y h 2

D 7S2252

D 7S1496

D 7S460

D7S474

D 7S474alt

D7S795

CGGAAAGTGGGCATTT 1 6  4

GTAGTGAGAGCCCCTGA 

ACATGGTCTGGATGTAGTCA 1 5 7

CTAGTTGTCTTTCTGATCTGTCCTC 

GCTGAGCAAGGCATTGTTT 1 0 5

TGCGTTTGATCGAAGCAGA 

CAAGCTCTGTGTGTGTGTGA 1 0 5

GGACCTCTGAAACCCTTCTA 

CTTTGCCACAATCTTACACA 1 4  9

TCTTGGGGTTTAATTGCTTT 

TGGACACCCAAACTGCC 2 6 9

TGGGAGCCTCAGGAAGC 

TTTTAGGCTTATCAAACGGG 2 6 0

GGTGTCTGTCTACATCCAACTG 

AGCTAAAACAGAACCACTTAAGGC 2 2 9

TGAATAAAATGAATGGGCAG 

TGCTGGGCTTCATACC 2 7 0

AAACTTTTATTTTGCTTATGTGG 

AGCTGAATCTATGATAGAGGTGCT 1 6 7

GAACTCCCTCAGGTTTGTGG 

TCTGTTGGGCCACAAG 2 4 8

ACTTAATCAGTGGTAGTAAGATGAG 

AGAGACTTGACTGTGGATGTTC 1 2 2

TTATTCATTCATCCACTGATGG 

AATACCCCAAGGGGTGGTAA 1 9  0

CATTGATGAACAGTTCAAGCA 

CCCAAAGTACTGGGATTACA 1 3 0

TTCAAGTGTTACTGTACTGC 

ATTACAGGTGTGAGCCACCATGCC 1 5 4

TGTTTGGGGTTGGAAGATGTCAC 

TAAATGCCTGGAGTCTGGAG 2 3  0

TCACAGAAACCCAATCCACT

Z 51549

Z 50962

Z16548

Z 16776

Z66598

Z23867

Z 24312

Z67551

Z24551

Z 52620

M 8 7 7 5 2

L 0 1 0 0 5

G 08620
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D7S817

D 7S1514

GATA86D01

A Q P l

A M P H

IGFBPl

INHBA

sW SS1732

M S 0003

M S 0002

D7S603E

TTGGGACCTCTTATTTTCCA 1 6 6

GGGTTCTGCAGAGAAACAGA 

GAACCCAAGAGACAGAAGT 3 9 2

GCCTAACTCCCCTGACTA 

GATAGGTGCAGCAAACCACT 3 8 4

CTGCCCTCACTTGGACTTAA 

GGCACTGAGAGGTGTGGC 8 6

ATGCTGGCAAACACATGCAC 

CCTCCCACCAATTCTAAAGT 5 0 2

TCGTGCTATCTGTCATCTCA 

AAGGAGCTTGGGTCACCCAG 3 6 8

AAGCACATACTGTATCCAGG 

TTGAAAGGGCCCATCACAGG 1 8 8

TGACCACCTGCACACGATTG 

TTTGTCTAGCAGATTAGAAATTTGC 2 5  0  

AAAGAATTATACCATGAGTAGGCTG 

TCACCCCAGGAGATCAGTTGTTGG 2  4  1

CAGCAATGCCAAGATTCAAACCAG 

GAAGTGAGTGTGGTCATGGTGC 1 8 7

AAGCATTAATATTGAAATACA 

TGGCTGGTTTGATCTTCC 1 3  0

AAAGCTAGGCCTCTTATGCC

L 3073 1

G 10084

Z21985

M 7 4 5 8 7

M 1 3 4 3 6

G 05166

G 01545
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Further Refinement of the Location for Autosomal Dominant 
Retinitis Pigmentosa on Chromosome 7p (RP9)
Chris F. Inglehearn,* T. Jeffrey Keen,* Mai Al-Maghtheh,* Cheryl Y. Gregory,* Marcelle R. Jay,^ 
Anthony T. Moore,^ Alan C. Blrd,^ and Shorn! S. Bhattacharya*

•Department of Molecular Genetics and ^Department of Clinical Ophthalmology, Institute of Ophthalmology, London

Summary

A form of autosomal dominant retinitis pigmentosa (adRP) mapping to chromosome 7p was recently reported by 
this laboratory, in a single large family from southeastern England. Further sampling of the family and the use 
a number of genetic markers from 7p have facilitated the construction of a series of multipoint linkage maps 
of the region with the most likely disease gene location. From this and haplotype data, the locus can now be 
placed between the markers D7S484 and D7S526, in an interval estimated to be 1.6-4 cM. Genetic distances 
between the markers previously reported to be linked to this region and those described in the recent whole- 
genome poly-CA map were estimated from data in this and other families. These data should assist in the 
construction of a physical map of the region and will help to identify candidate genes for the 7p adRP locus.

Introduction

Retinitis pigmentosa (RP) is the name given to a group 
of inherited retinal dystrophies characterized by pho
toreceptor atrophy and pigment deposition in the reti
nal periphery. Patients experience narrowing of visual 
fields (tunnel vision) and night blindness, often pro
gressing to complete blindness in later life. RP can be 
inherited in X-linked, autosomal dominant, and auto
somal recessive modes. In addition, there is both clini
cal and genetic heterogeneity within each category. 
Within the autosomal dominant category, the disease 
can be caused by mutations in rhodopsin (Dryja et al. 
1990,1991; Sung et al. 1991; Inglehearn et al. 1992) and 
rds/peripherin (Farrar et al. 1991; Kajiwara et al. 1991; 
Wells et al. 1992). Other autosomal dominant RP 
(adRP) families have revealed linkage to markers on 
chromosomes Seen (Blanton et al. 1991), 7p (Inglehearn 
et al. 1993), and 7q (Jordan et al. 1993).

The report of adRP on chromosome 7p was based on
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linkage to the disease in a large family, known as 
“adRP7,” from southeastern England, to two microsat
ellite markers D7S435 and D7S460 (Weber et al. 1990; 
Hudson et al. 1992). D7S435 has been physically lo
cated to 7pl3-15.1, and we were able to demonstrate 
close linkage between this and D7S460. This locus has 
now been given the name “RP9” (MIM 180104). Re
cently, two second-generation human linkage maps 
have been made available to the research community. 
One uses previously existing markers and places these 
relative to new ones identified by researchers of the 
NIH /CEPH  Collaborative Mapping Group (1992). 
D7S435 is already located on this map. The other is 
based entirely on a new set of highly informative poly- 
CA markers cloned by Weissenbach et al. (1992). In 
order to place the disease locus more accurately, we 
have used markers which are derived from the second 
of these maps and which span a 38-cM region of chro
mosome 7p (converted by the Kosambi mapping func
tion). In addition, we have now sampled nine further 
affected individuals and two normal spouses from fam
ily adRP7 (fig. 1).

Patients and Methods
The phenotype in the adRP family known as adRP7, 

which shows linkage to chromosome 7p, has been de
scribed elsewhere (Moore et al. 1993), It has wide varia-
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Figure I Pedigree showing all o f the members o f family adRP7 w ho were used in this analysis. Only gene carriers and their parents are 
included, so this is not a complete pedigree o f the family. Males are represented by squares, females by circles; affected family members are 
shown as blackened symbols.

tion in severity of disease in gene carriers. To avoid 
problems generated by failure to detect the disease phe
notype, only affected individuals were used for DNA  
analysis. For more accurate estimation of genetic dis
tances between 7p markers, linkage data in four other 
families were also analyzed. These included two genera
tions of a family with Usher syndrome, two generations 
of a family with adRP, a five-generation adRP pedigree, 
and a four-generation X-linked RP pedigree, totaling 97 
potentially informative meioses. Allele frequencies 
were estimated from spouses of members of adRP7 
and from a panel of 49 unrelated individuals of British 
origin.

Patient DMAs were prepared from peripheral blood 
lymphocytes by standard protocols. Marker systems 
were typed in the family by PCR amplification of the 
microsatellite region by using one unlabeled primer and 
one kinase labeled with y-^^P ATP. The protocol used 
to amplify consisted of 30 cycles of 94°C for 1 min for 
denaturing, 55°C for 1 min for annealing, and 72°C for 
1 min for extension, for all systems except D7S460, 
which amplified optimally at the slightly lower anneal
ing temperature of 52°C. Products were size fraction
ated on 6% acrylamide denaturing gels run at 40°C - 
50°C in 5.3 M urea. Where possible, marker analyses 
were combined in twos or threes, and, to date, no com
bination was found not to work.

Data were prepared for linkage analysis using the 
Linksys Data Management package (Attwood and 
Bryant 1988). Analysis was performed using the LINK
AGE package, version 5 (Lathrop et al. 1984).

Results

To locate markers D7S460 and D7S435, previously 
linked to 7p adRP, on the second-generation poly-CA 
genome map of Weissenbach et al. (1992), we selected 
five suitable families, including adRP7, and typed all 
sampled members for D7S435, D7S460, and 11 poly- 
CAs spanning the 7p region (data not shown). From this 
analysis, marker D7S435 was found to be genetically 
indistinguishable from D7S526, with a two-point lod 
score of 13.8 and no recombination. Similarly, marker 
D7S460 mapped along with markers D7S484 and 
D7S497, with two-point lod scores of 21.5 and 9.9, 
respectively, again with no recombination. A map of 
this chromosomal region is presented in figure 2.

The lod scores between the disease locus and all o f  
these markers were then calculated in family adRP7. 
These data are shown in table 1. Two markers, D7S460 
and D7S485, show very tight linkage to the disease 
locus, giving two-point lod scores of 7.3 and 7.8, respec
tively, with no recombination. Two other markers, 
D7S484 and D7S526, show linkage at 1.4 cM  and 3.3
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Figure 2 ideogram of human chromosome 7, with an ex
panded genetic map o f the region to which adRP localizes. Distances 
(i.e., 0) are those published by Weissenbach et al. (1992). The two 
markers shown in italics are those originally linked to this locus.

cM (by the Kosambi mapping function), with lod scores 
of 14.5 and 8.7, respectively.

A subset of these markers was then used to generate a 
multipoint map of the region, in order to identify the 
most likely location o f the disease gene. The complex
ity of the family, the number of loci, and the number of 
alleles detected by each marker system was such that it

was not possible to pool all the data available. To sim
plify the data analysis, rare alleles coming from unaf
fected spouses were renamed as though they were the 
same as the commoner unlinked alleles already segregat
ing in the family. This reduced allele frequencies down 
to three or four for each marker system. Multipoint 
analysis was then performed as a series of six three- 
point analyses, with two markers and the disease, in 
order to calculate the likelihood of the disease gene 
being situated between these two markers. Seven of the 
most informative markers which spanned the region 
were used in this way on the U.K. Human Genome 
Mapping Project computing facility (described by Ry- 
savy et al. 1992). To simplify the presentation of these 
data we have plotted on a single graph the between- 
marker intervals of each of the six graphs, as shown in 
figure 3. This is not a single multipoint analysis, and 
therefore lod scores between intervals cannot be di
rectly compared. Nevertheless, these analyses give ten
tative evidence for a likely disease locus in the interval 
D7S484-D7S526, with a peak lod score of 17.8. This 
hypothesis is supported by haplotype analysis (data not 
shown), with two crossovers being identified by 
markers distal to the disease locus, including D7S526 
and one different crossover identified by D7S484 and 
other markers proximal to this interval. The recombina
tion fraction (0) for this interval is estimated by Weis
senbach and coworkers to be .04. Recalculating this 
interval in a collection ô f our own families, we obtained 
a peak lod score of 23.7 at 0 = .016. However, the 1-lod 
(90%) confidence limit for this 0 was .002-.06.

Table I

Lod Scores between the Disease Locus and 7p Markers in adRP7

M arker

Lo d  Sc o re  a t  0 =

0
1-Lo d  Co n f id e n c e  

Lim it.00 .01 .05 .10 .20 .30 .40

D7S493 .......... -0 0 -4 .3 2 .50 1.92 2.31 1.68 .79 .17 2.36 .08-.33
D7S529 .......... — 00 -2 .7 4 1.24 2.21 2.13 1.36 .57 .14 2.35 .06-.30
D7S516 .......... -0 0 1.02 2.02 2.06 1.53 .87 .35 .08 2.10 .01-.26
D7S435 .......... — 00 3.23 4.47 4.31 3.13 1.76 .64 .06 4.49 .01-.17
D7S526 .......... — 00 8.24 8.58 7.85 5.75 3.50 1.46 .03 8.67 .005-. 11
D7S460 .......... 7.29 7.08 6.28 5.30 3.46 1.88 .71 .00 7.29 .00-.05
D7S484 .......... - 0 0 14.52 13.93 12.57 9.38 5.93 2.58 .01 14.54 .00-.06
D7S497 .......... 2.85 2.74 2.35 1.88 1.09 .52 .18 .00 2.85 .OO-.IO
D7S528 .......... — 00 3.94 4.01 3.54 2.39 1.32 .50 .03 4.10 .002-. 13
D7S510 .......... - 0 0 4.14 4.69 4.24 2.89 1.60 .63 .04 4.70 .006-.14
D7S485 .......... 7.82 7.61 6.78 5.77 3.85 2.16 .84 .00 7.82 .00-.04
D7S521 .......... - 0 0 6.74 6.59 5.83 4.09 2.43 1.02 .02 6.83 .OOl-.lO
D7S519 .......... -0 0 - .6 7 2.67 3.38 2.96 1.88 .79 .12 3.41 .05-.25
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Figure 3 P oo led  resu lts o f  a series o f  six  th ree-p o int analyses, o f  adR P , against tw o  markers in fam ily ad R P 7. Each set o f  sy m b o ls  
represents th e central interval o f  a d ifferent th ree-p o int analysis, w h ile  data o u tsid e  th e tw o  m arkers have n o t been  p lo tted , to  a llo w  representa
tion  on  a single graph.

Discussion

The data presented dem onstrate that adRP in family 
adRP7 maps to the interval between markers D7S484 
and D7S526. The 0 value of this interval has been esti
mated by others to  be .04, while this study estimates it 
to  be .016 with a 1-lod confidence interval o f 0 = .002- 
.06. In addition, the disease gene in this family has now 
been located relative to  m arkers on both of the high-res- 
olution human genom e maps currently available (N IH / 
CEPH Collaborative M apping G roup 1992; W eissen
bach et al. 1992). Since bo th  markers map immediately 
distal to the anchor m arker TCRG, which is physically 
located to 7 p l5 , the physical localization of the disease

gene has also been refined. This inform ation will assist 
in determ ining w hether chrom osom e 7-specific retinal 
cDNAs such as those published by Zheng et al. (1992) 
are candidates for the disease locus. Also, this study has 
identified a highly inform ative set of m arkers which will 
quickly determ ine w hether other families are linked to  
this locus. The markers D7S460, D7S526, and D7S484 
can be amplified and resolved together, w ith allele sizes 
of 196-180 bp, 135-125 bp, and 113-99  bp, respec
tively, when they are used in a PCR pro toco l w ith an 
annealing tem perature o f 54°C  (data n o t shown).

It is interesting to note that D7S484 gives a lod score 
nearly twice that given by any o ther m arker, even 
though it detects one crossover with the disease locus.
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This is a result of the unusual structure of family 
adRP7, which has been traced back many generations 
through extended relationships (loops) which inevita
bly cannot be sampled. When, for a given marker, a 
disease is linked to the same rare allele in all branches of 
the family, the MLINK program considers it likely that 
there has been no crossover in these unsampled loops 
and therefore scores them as nonrecombinant. This 
problem illustrates the importance of knowing the ap
propriate allele frequencies when such a family is used, 
as discussed elsewhere (Knowles et al. 1992; Ott 1992). 
For this reason, we estimated the frequencies from a 
random sample of ~ 1 2 0  chromosomes derived from 
the population of origin, rather than using frequencies 
available in the Johns Hopkins Genome Database.

The interval within which the disease must lie is now 
sufficiently small to consider physical mapping and po
sitional cloning. To this end we now have Y AC clones 
containing the markers described and are seeking to 
establish contiguous maps of the regions around 
markers D7S484 and D7S526. These maps will be start
ing points for a Y AC-based chromosome walk in order 
to clone the region containing the adRP gene. This ap
proach should lead to the identification of a gene impli
cated in adRP, which in turn will give further insights 
into other inherited eye diseases and into normal pho
toreceptor function.
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Letters to the Editor

Am.J. Hum. Genet. 55:581-582,1994

Loci for Autosomal Dominant Retinitis Pigmentosa 
and Dominant Cystold Macular Dystrophy on 
Chromosome 7p Are Not Allelic

To the Editor:
We recently described a new locus for autosomal domi
nant retinitis pigmentosa (adRP) on chromosome 7p in a 
large English pedigree (Inglehearn et al. 1993). The pheno
type in this family has been described by Moore et al.
(1993) and is unusual in that there is wide variation in se
verity in different patients. Subsequently, Kremer et al.
(1994) described a locus for dominant cystoid macular 
dystrophy (DCMD), also on 7p, in several Dutch families. 
The markers used in each study were different, but the 
localizations for adRP and DCMD appeared to be similar. 
This observation was of particular interest in the light of 
our own and other laboratories’ recent studies on the 
range of peripheral and central retinal degenerations that 
are caused by different mutations at the peripherin/rds lo
cus (Kajiwara et al. 1993; Nichols et al. 1993; Wells et al.
1993). Much of the discussion in the paper by Kremer et 
al. was therefore given over to speculation on the possibil
ity that these two different disorders were allelic mutations 
in the same gene.

However, in the April edition of the Journal, we pub
lished a further refinement of the localization for the 7p 
adRP locus, to a 2-cM interval between markers D7S526 
and D7S484 (Inglehearn et al. 1994). The disease is clearly 
proximal to D7S526, since this marker shows two cross
overs with the disease locus in the family and since these 
same crossovers are apparent with other more distal mark
ers on 7p. The DCMD locus, on the other hand, had been 
shown by haplotype analysis to be distal to D7S526, with

the most likely interval being between D7S516 and 
D7S493, some 8 cM distal to D7S526. We would therefore 
like to highlight the fact that these are clearly two different 
genetic eye-disease loci, mapping ~ 1 0  cM apart on chro
mosome 7p.

C h r is  I n g l e h e a r n ,  T . J e f f r e y  K e e n ,  
M a i A l - M a g h t h e h ,  a n d  S h o m i B h a t t a c h a r y a  

Department o f Molecular Genetics 
Institute o f  Ophthalmology 
London

Acknowledgment

We gratefully acknowledge the assistance of the Wellcome 
Trust (grant 0 3 5 5 3 5 /Z /9 2 /Z ) in funding this research.

References

Inglehearn CF, Carter SA, Keen TJ, Lindsey J, Stephenson AM, 
Bashir R, Al-Maghtheh M , et al (1993) A new locus for autoso
mal dominant retinitis pigmentosa on chromosome 7p. Nature 
Genet 4:51-53

Inglehearn CF, Keen TJ, Al-Maghtheh M, Gregory GY, Jay MR, 
Moore AT, Bird AC, et al (1994) Further refinement of the 
location for autosomal dominant retinitis pigmentosa on chro
mosome 7p (RP9). Am J Hum Genet 54:675-680

Kajiwara K, Sandberg MA, Berson EL, Dryja TP (1993) A null 
mutation in the human perpherin/RDS gene in a family with 
autosomal dominant retinitis punctata albescens. Nature 
Genet 3:208-212

581



582 Letters to the Editor

Kremer H, Pinckers A, Van den Helm B, Deutman AF, Ropers 
H H , Mariman ECM (1994) Localisation of the gene for domi
nant cystoid macular dystrophy on chromosome 7p. Hum Mol 
Genet 3:299-302

M oore AT, Fitzke FW, Jay MR, Arden GB, Inglehearn CF, Keen 
TJ, Bhattacharya SS, et al (1993) Autosomal dominant retinitis 
pigmentosa with apparent incomplete penetrance: a clinical, 
electrophysiological, psychophysical and molecular genetic 
study. Br J Ophthalmol 77:473-479

Nichols BE, Sheffield VC, Vandenburgh K, Drack AV, Kimura 
AE, Stone EM (1993) Butterfly-shaped pigment dystrophy of 
the fovea caused by a point mutation in codon 167 of the Rds 
gene. Nature Genet 3:202-207

Wells J, Wroblewski J, Keen TJ, Inglehearn CF, Jubb C, Eckstein 
A, Jay MR, et al (1993) Mutations in the human retinal degen
eration slow (RDS) gene can cause either retinitis pigmentosa 
or macular dystrophy. Nature Genet 3:213-218

©  1994 by The American Society o f  Human Genetics. All rights reserved. 
0 0 0 2 -9 2 9 7 /9 4 /5 5 0 3 -0 0 2 0 $ 2 .0 0

Am.J. Hum. Genet. 55:582-583,1994

The Exact Numbers of Possible Microsatelllte 
Motifs

To the Editor:

M icrosate llites can be defined as tandem ly repeated  D N A  
w ith  lengths o f repeat un its o f < 6  bp (Litt and  Luty 1989; 
Beckm ann and  W eber 1992). M icrosatellites have been 
show n to  be very useful in gene m apping (e.g., see W eber 
an d  M ay 1989; W eissenbach e t al. 1992), because o f  the ir 
high abundance , w idespread d istribu tion , and  high h e te ro 
zygosities in the  genom es o f  various organism s (Stalling e t 
al. 1991).

Several efforts have been m ade to  study the  d istribu tions 
and  frequencies o f m icrosatellites in the genom es o f  vari
ous organism s by searching the existing G enB ank se
quences (W eber and  M ay  1989; W eber 1990; B eckm ann 
and  W eb er 1992; K alaitsidaki et al. 1992). T his is even 
m ore im p o rtan t fo r trinuc leo tide  repeat sequences, since 
several diseases (e.g., fragile X syndrom e, H u n tin g to n  dis
ease, etc.; Riggins e t al. 1992) have now  been described 
to  be due  to  trip le t expansions. H ow ever, the  num bers o f 
possib le m icrosatellite m otifs  (repeats) in several pub lica
tions are inconsisten t w ith  each o th e r (Edw ards et al. 
1991; B eckm ann and  W eber 1992; K alaitsidaki e t al.

1992), and  this may raise questions on  the  accuracy  of the 
results o f such study. F or exam ple, B eckm ann an d  W eber
(1992) sta ted  th a t there are 10 trin u c leo tid e  m otifs and  
32 te tranucleo tide  m otifs, w hile K alaitsidaki e t al. (1992) 
show ed th a t there are 14 possible tr in u c leo tid e  m otifs and  
56 te tranucleo tide  m otifs. H ere  w e give th e  exact num ber 
o f  possible m icrosatellite m otifs an d  list all th o se  m otifs 
fo r m ono-, di-, tri-, te tra-, and  pen tan u c leo tid e  m icrosat
ellite loci.

Theoretically , there are 4 ,1 6 , 6 4 ,2 5 6 ,1 ,0 2 4 , and  4,096 
possible m otifs fo r m ono-, di-, tri-, te tra-, pen ta-, and 
hexanucleo tide repeats, respectively. H ow ever, because 
m icrosatellites are tandem ly repeated , som e m otifs are ac
tually equivalent to  o thers. T w o rules can be used to  iden
tify w hether m otif A is equivalent to  m o tif  B. M o tif  A is 
considered equivalent to  m otif B w hen (1) m o tif  A is in
versely com plem entary to  m otif B o r  (2) m o tif  A is differ
en t from  m otif B o r the inversely com plem entary  sequence 
o f  m o tif B by fram eshift. F or exam ple, (GAAA)n is equiva
lent to  (AGAA)n o r (AAGA)„, to  (AAAG)„ o r  (TTTC)n, to  
(TTCT)n o r (TCTT)n, o r to  (CTTT)„. In o th e r  w ords, the 
eight m otifs are equivalent. N o te  th a t (AGAG)„ is consid
ered a d inucleo tide m otif instead o f  a te tran u cleo tid e  m o
tif, and  the same logic is used to  identify  the  m otifs in this 
report.

T he repeat units and the num bers (in parentheses) o f 
possible m ono-, di-, tri-, te tra-, an d  pen tan u c leo tid e  m o
tifs are listed in the A ppendix. T h e  “ alphabetically  m ini
m al” form  o f listing, follow ed in th is A ppendix , is recom 
m ended for a general descrip tion  o f m icrosate llite repeats, 
since it provides uniform ity o f nom encla tu re . F u rthe r
m ore, hom ology o f repeats a t d ifferent disease loci (e.g., 
CCG in the FRAXA locus vs. GGC in the  FRA XE locus) 
may be traced by adopting  the nom encla tu re  used in this 
A ppendix. T he num ber o f hexanucleo tide  m otifs is 350, 
b u t the repeat units are n o t listed because o f the  space 
lim it (it is available on  request). L ikewise, theo re tical num 
bers o f different hepta- and oc tanuc leo tide  repeat m otifs 
w ould  be 1,170 and  4,140, respectively.
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The dom inant re tin itis  p igm entosa  locu s RP9 has 
p rev iou sly  h een  loca lized  to 7 p l3 -p l5 , in  th e in terval 
D 7S526-D 7S484. We n ow  report refinem ent o f th e lo 
cus to  th e in terval D 7S795-D 7S484 and a YAC con tig  
o f approxim ately  4.8 Mh sp an n in g  th is  reg ion  and ex 
ten d in g  b oth  d ista lly  an d  proxim ally  from  it. The con 
tig  w as con stru cted  by STS con ten t m apping and p h ys
ica lly  orders 29 STSs in  28 YAC clones. The order o f  
polym orphic m arkers in  th e c on tig  is con sisten t w ith  a 
g en etic  m ap that has b een  assem bled  u sin g  haplotype  
data from  th e  CEPH p ed igrees. This con tig  w ill pro
v id e a prim ary resource for th e  con stru ction  o f a tran
scrip tion a l m ap o f th is  reg ion  and for th e  id en tifica
tion  o f th e d efective gen e  cau sin g  th is form  o f adRP.
© 1995 A cadem ic Press, Inc.

INTRODUCTION

Retinitis pigmentosa (RP) is a heterogeneous inher
ited disorder of vision, characterized by night blind
ness, visual field loss, and pigmentation in the periph
eral retina (Bird, 1988). To date there are seven pub
lished loci for the dominant form of RP. These are the 
rhodopsin and RDS-peripherin genes and five other loci 
defined by linkage analysis on chromosomes 7p, 7q, 8q, 
17p, and 19q (Rosenfeld et al., 1994; Greenberg et at.,
1994). The locus on chromosome 7p, which has been 
assigned the locus symbol RP9, was first reported by 
this group in a single adRP pedigree and had been 
refined to an interval of approximately 4 cM between 
markers D7S526 (distal) and D7S484 (proximal) (In
glehearn et a i,  1994).

Since no obvious candidate RP genes have been 
mapped in the RP9 interval, we proceeded with further 
genetic and physical analysis to identify the causative 
gene. Additional markers were obtained from all of the

' To whom correspondence should he addressed. Telephone: 071 
608 6920. Fax: 071 608 6863.

available high-resolution genetic maps (Gyapay et at., 
1994; Cooperative Human Linkage (lenter, 1994; Ma- 
tise et at., 1994; Buetow et at., 1994; Utah Marker De
velopment Group, 1995; Tsui and Grzeschik, 1995). 
YACs used in this research were either derived from a 
chromosome 7 YAC resource (Green et al., 1994,1995), 
isolated from the ICI YAC library (Anand et al., 1990), 
or were CEPH mega-YACs placed in the region on the 
CEPH/Généthon physical map (Cohen et al., 1993). By 
meiotic breakpoint analysis with the CEPH genotypic 
data, we have developed a high-resolution genetic map 
with 22 loci fianking the RP9 locus. Haplotype analysis 
in affected RP pedigrees with the new microsatellites 
placed RP9 on all of the published genetic maps and 
further refined the locus to the interval D7S795 (distal) 
to D7S484 (proximal). Subsequently, using microsatel
lite markers, 11 new STSs, and an EST, we have as
sembled an STS content contig of 28 YACs spanning 
the RP9 region and extending over approximately 4.8 
Mb of chromosome 7p.

MATERIALS AND METHODS

Pedigree analysis in the RP9 fam ily. The RP9 pedigree used in 
this study and the phenotype associated with it have been described 
elsewhere (Jay et al., 1992; Moore et al., 1993). Microsatellites were 
typed by PCR amplification (30 cycles of 94, 55, and 72°C, with 30 s 
at each step) with incorporation of [u-^^P]dCTP during the reaction. 
Alleles were resolved by size fractionation on a 6% polyacrylamide 
denaturing gel and then visualized by autoradiography.

Genetic m ap construction in the CEPH pedigrees. A two-step algo
rithm was used for construction of a genetic map fianking the RP9 
region of chromosome 7 (Gerken et al., 1995). First, the method of 
location scores (Lathrop et al., 1985) was used to identify published 
PCR-based genetic markers that showed high likelihoods for localiza
tion to the D7S526-D7S528 interval. Genotypic data for this study 
were obtained from the CHLC database, version 2.5, or from the 
Utah database (Utah Group, 1995). Next, the order of markers was 
determined by sorting segregation patterns and by minimizing dou
ble-recombination events using a meiotic breakpoint mapping panel 
for the D7S529-D7S667 interval and the computer programs RBU- 
ILD and CSORT (Eisner et al., 1995). Genotypic data for this analysis 
were retrieved from the CEPH (version 7) and CHLC (version 2.5) 
databases. Any multiple recombinant chromosomes whose crossovers
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could not be verified by data from independent laboratories were 
excluded from the mapping panel. Finally, the support for the order 
of markers on the genetic map was tested using LINKAGE (version 
5.1) by determining the odds against inversion of adjacent loci. Geno
typic data from the full CEPH families were used for this analysis 
and to estimate the recombination fraction. Data for the most infor
mative locus was used when two or more loci were clustered (not 
separated by a recombination event).

YAC DNA isolation and analysis. For analysis of STS content, 
YAC DNA was extracted in solution, while intact yeast chromosomes 
were prepared in agarose plugs for sizing of YAC inserts on pulsed- 
field gels. YACs were sized on a 1% agarose gel run on a Bio-Rad 
CHEF pulsed-field apparatus with 16- to 22-h run times, 5 V/cm, 
and a pulse time ramped from 60 to 90 s (Birren and Lai, 1993). 
YAC sizes were estimated hy comparison of their mobility relative 
to yeast chromosome size standards. STS content of YACs was deter
mined by PCR amplification and resolution on 2% Nusieve agarose 
gels, with detection by ethidium bromide staining.

Characterization o f  YAC insert term inal ST Ss a n d  A lu  PCR p ro d 
uct STSs. Tbe conventional method for isolating YAC insert termi
nal sequences involves the creation of a library of YAC restriction 
fragments to which “vectorette” units have been ligated, followed by 
PCR amplification using a pYAC4 vector arm primer against the 
vectorette primer (Riley et al., 1990). We have developed a simpler 
method that relies on the linear amplification of DNA adjacent to 
the vector arms with a vector arm primer, and the ability of the same 
primer to anneal nonspecifically (at 40°C) in the linearly amplified 
single-stranded product. Five hundred nanograms of YAC DNA in 
solution was subjected to linear amplification in the presence of only 
a single vector primer, either for the right arm (ata tag gcg cca gca 
acc gca cct gtg gc) or the left arm (cac ccg ttc teg gag cac tgt ccg acc 
gc). This amplification was achieved by 100 cycles of 10 s at 95°C, 
15 s at 65°C, and 30 s at 72°C in a Perkin-Elm er 9600 thermal 
cycler. At this point fresh Tag polymerase was added to the reaction, 
and a further 5 cycles of 10 s at 95°C, 15 s at 40°C, and 45 s at 72°C 
was carried out. The initial cycling profile was then resumed for a 
further 35 cycles. The resulting products were sequenced using [y- 
32p]ATp end-labeled primers internal to those used in the amplifica
tion (for the left arm, gtt ggt tta  agg cgc aag, and for the right arm, 
gtc gaa cgc ccg ate tea ag). Direct sequencing was performed with 
a Pharmacia T7 sequencing kit using the manufacturer’s protocol. 
Primers were then selected from the resultant sequence to produce 
STSs with products as large as possible.

Three additional STSs were isolated by A lu  PCR of YACs in the 
contig. Fragments amplified vsdth primers Ale 1 (gcc tcc caa agt get 
ggg att aca g) or Ale 3 (cca t/ctg cac tcc age ctg gg) were cloned and 
then sequenced.
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FIG. 1. High-resolution genetic map for region around chromo
some 7 p l3 -p l5 . The map is scaled in centimorgans according to the 
Haldane mapping function. Loci that show no recombination with 
others are bracketed. The odds against the inversion of adjacent loci 
were determined from the most informative locus for each cluster. 
The locations of markers that did not have unique orders are shown 
to the side of the map. While errors in the genotypic data could lead 
to an incorrect order, only a single possible solution was obtained, 
indicating that the data did not contain any errors that resulted 
in a close double-recombination event. Also, although only single 
recombination events separated some of the clusters, the odds were 
>1000:1 against inversion of adjacent loci in the region of the RP9 
locus. Haplotypes in the linked family resolved a series of blocks of 
linked markers and confirmed the order shown in this analysis. In 
one case the adRP family data improve on the CEPH information 
shown by placing D7S2252 distal to both D7S817 and D7S795 (data 
not shown). Markers contained within the YAC contig are indicated 
hy asterisks.

RESULTS

To facilitate the localization of the RP9 locus and to 
initiate the development of a YAC contig, a genetic map 
was constructed using genotypic data available for the 
CEPH families. The genetic map consisted of 22 loci, 
of which 18 were linearly ordered into 12 clusters 
spaced an average of 3 cM between clusters (Fig. 1). 
Two clusters, which contained 3 and 5 loci, showed no 
recombination between markers in the clusters. The 
locations of four loci that could not be uniquely ordered 
are shown. Support for the order of loci was significant, 
with odds greater than 200:1 against inversion of adja
cent loci. Using the new microsatellites and this com
prehensive map in the RP9 family, we have obtained 
a further refinement of the locus as follows: telomere-  
D7S526-D7S795-RP9-D7S484-centrom ere. This is 
illustrated by the haplotype analysis in Fig. 2, The four

polymorphic microsatellites within the RP9 interval, 
D7S683, D7S656, D7S460, and D7S497, are uninfor
mative for both the proximal and the distal crossovers.

To create a YAC contig across this interval, 21 YACs 
from the chromosome 7 YAC resource (Green et al., 
1994, 1995) were selected on the basis that they con
tained D7S690, D7S683, D7S656, D7S460, D7S497, or 
D7S484. These YAC clones formed four apparently un
connected contigs around D7S484, D7S497, D7S460/ 
D7S656/D7S683, and D7S690. To join and extend these 
contigs, seven YAC insert terminal sequences were de
termined and STSs generated from them (Table 1). 
Three additional STSs were generated from Alu PCR 
products of selected YACs. One of these STSs (MS0003) 
contained a (CA)„ tract that was shown to be polymor
phic but was uninformative in the RP9 family. From 
the initial STS content of these YAC clones a single 
contig was assembled. To increase clone redundancy at
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FIG. 2. A subset of the pedigree from the chromosome 7p-linked 
adRP family, showing the critical crossovers that place the disease 
locus. The highlighted alleles represent the haplotype linked to the 
adRP phenotype in each individual. The haplotype on the far right 
was found in the rest of the family (a total of 54 nonrecomhinant 
meicses). The branch on the far left has the linked haplotype at 
D7S484 and proximal to it, hut a crossover has occurred between 
the disease locus and D7S795 together with markers more distal. In 
contrast, the right-hand branch has the linked haplotype in distal 
markers as far as D7S795 hut then shows a crossover between the 
adRP locus and D7S484/D7S521.

critical points and to resolve STS order further, seven 
new YAC clones were incorporated, four from the ICI 
YAC library (Anand et al., 1990) and three from the 
CEPH/Généthon physical map (Cohen et al., 1993). As 
detailed genetic maps assigned new PCR-based mark

ers to the region, these were incorporated as STS data 
points into the existing contig. Also, three (CA)„ repeats 
rejected by Généthon on polymorphic criteria have 
been placed in this region by other researchers 
(Whitehead/MIT Data Release 4,1995), and their local
ization is confirmed in this contig. In addition, one chro
mosome 7-specific fetal brain EST (D7S603E) has been 
placed in the contig.

During the process of contig assembly it became ap
parent that the original primers that defined the right 
arm terminal STS of yWSS3586 amplified products 
from two physically distinct locations in the contig. The 
PCR product from the second location was cloned and 
sequenced, revealing 97% identity between the two 
sites. Two base substitutions and a 3-bp indel event 
distinguished the two sequences. New primers that ex
ploited the 3-bp difference to give unique products from 
each of the two sites were designed. The second site 
has been assigned the id 3586D.

This data set was assembled into the completed con
tig shown in Fig. 3. Since the contig has been assem
bled solely on the basis of STS content, it is not possi
ble to infer the exact physical size of any given inter
val. However, from YAC sizes it is possible to estimate 
the minimum and maximum extent of both the contig 
and the RP9 interval. The maximum size is that de-

TABLE 1

Prim er Sequences o f STSs Not P reviously  P ublished  and U sed in  This Study

Lab id NCBIid. Accession No. Primer Sequences Product size (bp)

3043RA 5827 U10574 taccaaatgattagttccatt
gtccaggtctactgacatc

239

3029RA 5825 U10572 cagggagttagtggagcatgg
ggctccgatgccactggac

144

1211RA 7038 U15299 gggattagcctgaggatgacc
gttgcagccattacagttgtg

244

3029LA 5829 U10576 tgtagactggcaccaaaccct
cctcctcaagcacaatccatgttag

94

121ILA 5828 U10575 tggccatacttgatgggaga
ccacccgaaagtccttaatct

128

3586RA 5826 U10573 ttttaaaccctataaaagaggag
tccctctgattgttacagc

158

2609RA 5824 U10571 gcttttgcacgtgagaacagg
agtgggctacaaggaacatgg

177

sWSS1489 382 G00382 gaagaaagcaatgttccag
cattgtattgccgttgtc

68

AFM067xa9 ctttgccacaatcttacaca
tcttggggtttaattgcttt

149

AFM190yh2p agctgaatctatgatagaggtgct
gaactccctcaggtttgtgg

167

AFMb073zc9 agctaaacagaaccacttaaggc
tgaataaaatgaatgggcag

229

MS0002 7030 G01545 aagcattaatattgaaataca
gaagtgagtgtggtcatggtgc

187

MS0003 10660 G05166 tcaccccaggagatcagttgttgg
cagcaatgccaagattcaaaccag

241

3586D 10593 G05104 agctttaaatcctataaaagagttt
tccctctgattgttacagc

184

Note. The letters LA and RA refer to YAC terminal STSs and denote left and right arms of the YAC insert. The number before these 
letters identifies the parent YAC clone. The STSs sWSS1489, MS0002, and MS0003 are derived from cloned A lu  PCR products of YACs 
from the contig. AFM067xa9, AFM190yh2p, and AFMb073zc9 are Généthon microsatellites that failed polymorphic criteria.
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FIG. 3. A YAC contig encompassing the RP9 region and adjacent markers. The heavy horizontal line represents the chromosome, with 
the RP9 locus interval denoted by the hatched area below this line. Above it are STSs in the order in which they occur in the contig. In all 
but five cases the physical order could be determined uniquely. Where two STSs proved inseparable with the data available, they are 
assigned to a single position. The order of D7S795 and D7S690 is based on the STS content of YACs not included in this study (E.D.G., 
unpublished data). The lighter horizontal lines represent YACs, with sizes given where known (kb). A filled rectangle on the end of a YAC 
indicates a terminal sequence STS. In the case of yWSS2609 an end is not indicated because it was not possible to determine which end 
had been cloned. Vertical lines show the position of STSs in YAC clones. Since this contig is based purely on STS content it is not drawn 
to scale, and intervals may vary widely in size. For instance, the STSs D7S460 and 1211RA have now been identified in a single cosmid, 
so the interval between them is less than 40 kb. YAC clones with the prefix yWSS are derived from the chromosome 7 YAC resource (Green 
et al., 1994, 1995). This consists of YACs from several genomic libraries together with clones from a chromosome 7 hybrid cell line library. 
Those from the hybrid cell line library are identified principally by their yWSS number. The other YACs from the chromosome 7 YAC 
resource also have plate numbers from their library of origin. YACs yWSS298 and 443 correspond to Washington University clones D89G7 
and D56C8. YACs yWSS2597, 3011, 3043, 3255, 2535, 2609, 3029, 3215, and 3263 correspond to CEPH clones 757_h_ll, 808_c_ll, 812_f_05, 
860_f_06, 739 b 12, 762 g_09, 810_f_09, 849 a 02, and 867 a 06, respectively. However, as in some cases these clones have come from 
mixed wells and are now unique clones, their yWSS identity is preferred. YACs 16BC5, 3EG9, 26FH4, and 30GD3 were isolated from the 
ICI YAC library. The remaining three YAC clones came directly from the CEPH YAC library, with plate numbers shown in italics.

fined by the shortest tiling path of overlapping YACs. 
For the total contig this would involve YACs 
yWSSSOll, 3586, 1564, 1397, 1211, 298, and 961_f_5, 
with a total size assuming negligible overlap of 5.8 
Mb. For the RP9 interval this would involve YACs 
yWSS3586, 1564, 1397, 3029, and 2597 with a total 
size of 3.8 Mb. The minimum size is defined by the 
total length of a set of nonoverlapping YACs that lie 
within the contig but do not quite extend to each end. 
For the total contig this involves YACs yWSS3011, 
1767, 3029, and 298 with a cumulative size of 3.75 
Mb, while the RP9 interval includes YACs yWSS3029 
and 1564, total size 1.75 Mb. Taking the midpoint 
between these two figures gives estimates of 4.8 Mb 
for the total contig and 2.75 Mb for the RP9 interval. 
In each case this analysis assumes no chimerism and 
is therefore only an approximation.

DISCUSSION

This manuscript describes the completion of a YAC 
contig encompassing the dominant retinitis pig

mentosa locus RP9 on chromosome 7 p l3 -p l5 . The RP9 
interval is estimated to be approximately 2.75 Mb, 
while the contig extends both distal and proximal to it 
and is estimated to be 4.8 Mb in length. The contig 
includes 28 YACs from three different sources, ordered 
according to STS content using 29 STSs mapping to 
the region. The inclusion of the genetic markers locates 
the RP9 locus on all of the major genetic maps, while 
YAC terminal STSs provide useful reference points to 
determine which of a set of overlapping YACs extends 
the furthest.

The construction of this contig was facilitated by the 
high density of PCR-based genetic markers now avail
able. These together with the 11 new STSs have al
lowed assembly of the contig without the need for ex
tensive YAC walking or restriction mapping to estab
lish overlaps. The use of markers genotyped in the 
CEPH families in a meiotic breakpoint ordering strat
egy has provided additional evidence to confirm the 
order of the STSs. Furthermore, this order is consistent 
with that obtained from high-resolution mapping in a 
radiation hybrid panel (E. D. Green, in preparation).
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The lack of a long-range genomic restriction map 
means that chimerism cannot be excluded in the YACs 
used. However, there are several large YACs in the 
contig that contain 5 or more contiguous STSs and 
whose sizes appear to be internally consistent with 
each other, making chimerism in these YACs unlikely. 
In particular, yWSS3029 contains over 1 Mb of DNA 
from the RP9 interval, including five microsatellites 
that show no recombination with the disease pheno
type. In addition, STSs exist for both ends of this YAC, 
making it highly unlikely to be chimeric and therefore 
a good starting point in the search for candidate genes 
for RP.

The presence in the RP9 region of a segment of dupli
cated sequence presented substantial impediments to 
the correct assembly of clones in the contig. There have 
been several recent reports of local sequence duplica
tions in the literature, suggesting that this kind of 
event may be a common problem in the assembly of 
physical maps. In this case those difficulties were re
solved by sequence analysis to display the unique attri
butes of individual map elements. This facilitated the 
design of an assay that differentiated the discrete loci. 
The extent of the duplication around the end of YAC 
yWSS3586 and in a DNA segment between D7S795 
and D7S603E remains to be determined.

The inclusion of ESTs derived from single-pass se
quencing of cDNA libraries in YAC contigs will proba
bly provide the most rapid route to a transcriptional 
map of the genome. By testing known chromosome 7 
genes and ESTs, we have been able to show the pres
ence of one EST, D7S603E, in this region. Translations 
of the parent sequence do not show significant homol
ogy with any known proteins. No other genes have been 
placed in the RP9 interval to date. In contrast, the 
genes AQPl, GHRHR, and ADCYAPIR have been 
physically localized in YACs containing the markers 
D7S526 or D7S632, immediately distal to the contig 
(Keen et al., 1995; Wajnrajch et al., 1994; Stoffel et 
al., 1994). In situ  localization data for markers in this 
region have in the past been contradictory, but recent 
reports place D7S526 at band 7pl5, while a YAC con
taining marker D7S484 (yWSS3586), which marks the 
proximal end of the RP9 interval, localizes to the 7 p l4 -  
pl5 boundary (Green et al., 1994). 7pl4 is a G-positive 
or “dark staining” band, while 7pl5 is a G-negative 
band when stained with Giemsa dye. It has been sug
gested that G-positive bands contain few genes, while 
the majority of genes lie in the G-negative bands (Bick- 
more and Sumner, 1989). This may therefore imply 
that the RP9 locus lies in band 7pl4, in a region of 
relatively few genes.

Using the YAC clones described here, work is now 
underway to create a transcriptional map of this re
gion. This should facilitate the identification of the de
fective gene causing this form of RP and provide candi
dates for other genetic diseases that may map to this 
region of chromosome 7.

ACKNOWLEDGMENTS

We thank the Wellcome Trust (Grant 035535/2I/92/Z) and the Foun
dation Fighting Blindness of the U.S.A. for funding. We also acknowl
edge the contribution made to this research by the UK Human Ge
nome Mapping Project Resource Centre, the Reference Library Data
base, and Fondation Jean Dausset (CEPH).

REFERENCES

Anand, R., Riley, J. H., Butler, R., Smith, J. C., and Markham,
A. F. (1990). A 3.5 genome equivalent multi access YAC hbrary: 
Construction, characterisation, screening and storage. Nucleic 
A cids Res. 18: 1951-1956.

Bickmore, W. A., and Sumner, A. T. (1989). Mammalian chromosome 
banding and expression of genome organisation. Trends Genet. 5: 
144-148.

Bird, A. C. (1988). Clinical investigation of retinitis pigmentosa. Aws(.
N. Z. J. Ophthalmol. 16: 189-198.

Birren, B., and Lai, E. (1993). “Pulsed Field Gel Electrophoresis: A 
Practical Guide,” Academic Press, San Diego, CA.

Buetow, K. H., Weber, J. L., Ludwigsen, S., Scherpbier-Heddema, 
T., Duyk, G. M., Sheffield, V. C., Wang, Z., and Murray, J. C. 
(1994). Integrated human genome-wide maps constructed using 
the CEPH reference panel. N ature Genet. 6: 391-393.

Cohen, D., Chumakov, L, and Weissenbach, J. (1993). A first-genera
tion physical map of the human genome. N ature  366: 698-701. 

Cooperative Human Linkage Center (CHLC), Généthon, University 
of Utah, Yale University, Centre d’Etude du Polymorphisme Hu
main (CEPH) (1994). A comprehensive human linkage map with 
centimorgan density. Science 265: 2049-2054.

Eisner, T. L, Albertsen, H., Gerken, S. C., Cartwright, P., and White, 
R. (1995). Breakpoint analysis: Precise localisation of genetic 
markers by means of nonstatistical computation using relatively 
few genotypes. Am. J. Hum. Genet. 56: 500-507.

Gerken, S. C., Albertsen, H., Eisner, T., Ballard, L., Holik, P., Law
rence, E., Moore, M., Zhao, X., and White, R. (1995). A strategy for 
constructing high-resolution genetic maps of the human genome: 
A genetic map of chromosome 17p, ordered with meiotic 
breakpoint-mapping panels. Am. J. Hum. Genet. 56: 484-499. 

Green, E. D., Idol, J. R., Mohr-Tidwell, R. M., Braden, V. V., Peluso, 
D. C., Fulton, R. S., Massa, H. F., Magness, C. L., Wilson, A. M., 
Kimura, J., Weissenbach, J., and Trask, B. J. (1994). Integration 
of physical, genetic and cytogenetic maps of human chromosome 
7: Isolation and analysis of yeast artificial chromosome clones for 
117 mapped genetic markers. Hum. Mol. Genet. 3: 489-501. 

Green, E. D., Braden, V. V., Fulton, R. S., Lim, R., Ueltzen, M. S., 
Peluso, D. C., Mohr-Tidwell, R. M., Idol, J. R., Smith, L. M., 
Chumakov, L, Le Paslier, D., Cohen, D., Featherstone, T., and 
Green, P. (1995). A human chromosome 7 yeast artificial chromo
some (YAC) resource: Construction, characterisation and screen
ing. Genomics 25: 170-183.

Greenberg, J., Goliath, R., Beighton, P., and Ramesar, R. (1994). A 
new locus for autosomal dominant retinitis pigmentosa on the 
short arm of chromosome 17. Hum. Mol. Genet. 3: 915-918. 

Gyapay, G., Morissette, J., Vignal, A., Dib, C., Fizames, C., Millas
seau, P., Marc, S., Bemardi, G., Lathrop, M., and Weissenbach, 
J. (1994). The 1993-1994 Généthon human genetic linkage map. 
Nature Genet. 7: 246-339.

Inglehearn, C. F., Keen, T. J., Al-Maghtheh, M., Gregory, C. Y., Jay, 
M. R., Moore, A. T., Bird, A. C., and Bhattacharya, S. S. (1994). 
Further refinement of the location for autosomal dominant retini
tis pigmentosa on chromosome 7p (RP9). Am. J. Hum. Genet. 54: 
675-680.

Jay, M., Bird, A. C., Moore, A. N., and Jay, B. (1992). Nine genera
tions of a family with autosomal dominant retinitis pigmentosa



3 8 8 KEEN ET AL.

and evidence of variable expressivity from census records. J. Med. 
Genet. 29; 906-910.

Keen, T. J., Inglehearn, C. F., Patel, R. J., Green, E. D., Peluso, 
D. C., and Bhattacharya, S. S. (1995). Locahsation of the Aqua- 
porin (AQPl) gene within a YAC contig containing the polymorphic 
markers D7S632 and D7S526. Genomics 25: 599-600.

Kremer, H., Pinckers, A., van den Helm, B., Deutman, A. F., Ropers,
H.-H., and Mariman, C. M. (1994). Localisation of the gene for 
dominant cystoid macular dystrophy on chromosome 7p. Hum. 
Mol. Genet. 3: 299-302.

Lathrop, G. M., Lalouel, J.-M., Julier, C., and Ott, J. (1985). Multi
locus linkage analysis in humans: Detection of linkage and estima
tion of recombination. Am . J. Hum. Genet. 37: 482-498.

Matise, T. C., Berlin, M., and Chakravarti, A. (1994). Automated 
construction of genetic linkage maps using an expert system 
(Multimap): A human genome linkage map. N ature Genet. 6: 384- 
390.

Moore, A. T., Fitzke, F., Jay, M., Arden, G. B., Inglehearn, C. F., 
Keen, T. J., Bhattacharya, S. S., and Bird, A. C. (1993). Autosomal 
dominant retinitis pigmentosa with apparent incomplete pene
trance: A clinical, electrophysiological, psychophysical and molecu
lar genetic study. Br. J. Ophthalmol. 77: 473-479.

Riley, J. H., Butler, R., Ogilvie, D. J., Finniear, R., Jenner, D., Anand,

R., Smith, J. C., and Markham, A. F. (1990). A novel, rapid method 
for the isolation of terminal sequences from yeast artificial chromo
some (YAC) clones. Nucleic A cids Res. 18: 2887-2890.

Rosenfeld, P. J., McKusick, V. A., Amberger, J. S., and Dryja, T. P. 
(1994). Recent advances in the gene map of inherited eye disorders: 
Primary hereditary diseases of the retina, choroid and vitreous. J. 
Med. Genet. 31: 903-915.

Stoffel, M., Espinosa, R., Ill, Trabh, J. B., Le Beau, M. M., and Bell, 
G. I. (1994). Human type 1 pituitary adenylate cyclase activating 
polypeptide receptor (ADCYAPIR): Localization to chromosome 
band 7pl4 and integration into the cytogenetic, physical, and ge
netic map of chromosome 7. Genomics 23: 697-699.

Tsui, L.-C., and Grzeschik, K.-H. (1995). Report on the second inter
national workshop on chromosome 7. Cytogenet. Cell Genet., in 
press.

The Utah Marker Development Group (1995). A collection of ordered 
tetra-nucleotide repeat markers from the human genome. Am. J. 
Hum. G enet, in press.

Wajnrajch, M. P., Chua, S. C., Green, E. D., and Leibel, R. L. (1994). 
Human growth-releasing hormone receptor (GHRHR) maps to a 
YAC at chromosome 7pl5. M amm. (Genome 5: 595.

Whitehead Institute/MIT Centre for Genome Research Human Phys
ical Mapping Project Data Release 4 (January 1995).



BRIEF REPORTS 599

Localization of the Aquaporin 1 
(AQPl) Gene within a YAC Contig 
Containing the Polymorphic Markers 
D7S632 and D7S526
T. Jeffrey Keen,* ’ Chris F. Inglehearn,*
Reshma J. Patel,* Eric D. Green,f
Dale C. Peluso,t and Shomi S. Bhattacharya*

* Department o f  Molecular Genetics, Institute o f Ophthalmology, Bath 
Street, London, EClV 9EL, United Kingdom; and tNational Center for 
Human Genome Research, National Institutes o f Health,
9000 Rockville Pike, Bethesda, Maryland 20892

Received July 27, 1994; revised November 1, 1994

The aquaporin  p ro te in  ac ts  as a  w a te r selective, transm em - 
b rane  channel (5). I t  is expressed in  a  wide range of tissues 
and  organs and  is especially ab u n d an t in  the  an terio r seg
m en t of th e  eye (6, 7). S tud ies have show n th a t  th e re  is only 
a  single A Q P l gene locus, w hich h as  been localized by in situ  
hybrid ization  to  chrom osom e 7 p l4  (1, 5). A study  by Deen et 
al. (1) failed to  identify  any  R FLP a t  th e  A Q P l locus. A 
poly(CA) sequence 400 bp u p stream  of th e  transc rip tion  s ta r t  
site  also proved to  be nonpolym orphic (1). The sam e au tho rs 
identified six o th er sequence-tagged sites from a single cos- 
m id contain ing  th e  en tire  A Q P l gene. These all contained 
rep e a t m otifs, b u t none w as investigated  for possible size 
v aria tion  a t  th a t  tim e.

In  an  a tte m p t to  ob ta in  a  m ore accurate genetic localiza
tion , we designed p rim ers to am plify the  longest and  least 
in te rru p te d  of th ese  rep e a t m otifs (EMBL Accession No. 
Z21985). A forw ard p rim er GGCACTGAGAGGTGTGGC and  
a  reverse p rim er ATGCTGGCAAACACATGCAC gave a prod
uc t size of 86 bp contain ing  the  repeat. PCR analysis in  20 
ind iv iduals revealed  no size varia tion . However, am plifica
tion  of th is  STS from  DNA of YAC clones know n to localize 
to  th e  7 p l4 - p l5  region (2) revealed  th a t  i t  w as located on a  
contig of th ree  YACs also contain ing  th e  m icrosatellite m ark 
ers  D7S632 and  D7S526 (Fig. 1). I t w as possible to deduce 
from  th e  contig th a t  A Q P l is proxim al to D7S632, b u t its  
position re la tive  to  D7S526 is unknow n. The published ge
netic d istance betw een  D7S632 and  D7S526 is only 1 cM (2). 
Therefore, desp ite  A Q P l n o t hav ing  a  polym orphism  directly 
associated  w ith  it, th ese  tw o highly inform ative m icrosatel
lites a re  w ith in  370 (D7S526) and  400 (D7S632) kb of th e  
gene and  therefore w ill allow  its  involvem ent in  inherited  
d isease to be determ ined.

A quaporin  is know n to be expressed in  a  diverse range of 
secretory  and  absorptive ep ithelia , including m any in  the  eye
(6), and  i t  h a s  been proposed as a  possible candidate for condi
tions th a t  involve a n  im balance of ocular fluid m ovem ent
(7). Two eye d isease loci have  recently  been localized to th is  
chrom osom al region. T h is lab  h as  defined th e  region con
ta in in g  a  locus for au tosom al dom inant re tin itis  pigm entosa
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FIG. 1. Schematic diagram showing the three YACs containing 
the AQPl locus and D7S526; two of the YACs also contain D7S632 
(YAC nomenclature as in Green et al. (2)).

(adRP) to lie in  an  in te rv a l flanked by D7S484 to D7S526 
(3). S ubsequen t hap lo type ana lysis in  an  affected fam ily h as  
allowed us to  place D7S690, w hich is absen t from th e  YACs 
in  Fig. 1, proxim al to  D7S526 and  th e  d isease region proxim al 
to D7S690 (d a ta  no t shown). T hus, aquaporin  is excluded as 
a  candidate gene in  th is  fam ily. A nother group h as  m apped 
dom inant cystoid m acu la r dystrophy (DCMD) to the  in te rv a l 
D 7S526-D 7S493 (4), w hich overlaps our physical p lacem ent 
of A Q Pl. DCMD is characterized  by an  early-onset cystoid 
m acu lar oedem a, an d  i t  h a s  been suggested  th a t  th e  d isease 
involves a dysfunction of th e  re tin a l pigm ent epithelium . On 
th e  basis of th e  localization described here and  its  role in  
fluid m ovem ent, th e  aquaporin  gene should therefore be con
sidered a  cand ida te  for DCMD.
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The reg ion a l assignm ents o f  30 exp ressed  seq u en ce  
tags (ESTs) on  hum an chrom osom e 7 w ere determ ined  
hy stu d y in g  th e  segregation  o f  th eir  PCR-am plified  
products in  a panel o f  m ouse som atic ce ll hybrids. 
ESTs are im portant m olecu lar landm arks for p h ysica l 
m apping and can  he con sid ered  as tags to cand idate  
g en es for gen etica lly  lin k ed  hum an in h er ited  d iseases. 
T hese resu lts  contribute further p o ten tia l gen e se 
q u en ces to th e  transcrip tional m ap o f chrom osom e 7.
€> 1995 A cadem ic P ress, Inc.

As a first step toward the identification of all human 
genes, several laboratories have adopted a strategy of 
randomly selecting clones from cDNA libraries and an
alyzing them by single-pass sequencing to produce ex
pressed sequence tags (ESTs) (1, 2, 7). In many cases 
PCR primers have been selected from the sequences 
generated to produce sequence tagged sites (STSs). 
This approach allows researchers to test for the pres
ence of an EST in genomic or cloned DNA. ESTs can 
then be assigned to a chromosome or subchromosomal 
region using somatic cell hybrid panels (9), YAC local
ization (3), or FISH analysis of the original cDNA clone 
(8). Researchers interested in particular subchromoso
mal regions have to date mapped ESTs on chromo
somes X, 6, and 18 (6, 10, 12). Once localized they pro
vide landmarks for physical and expression mapping 
and could be new candidate genes for genetic diseases. 
We adopted the hybrid panel strategy in this study 
to determine the regional assignment of 30 ESTs on 
chromosome 7.

Of the 30 ESTs that have been localized in this study, 
25 are brain ESTs first described by Adams et al. (1, 
2). Eighteen of these have been placed on chromosome 
7 previously (4, 5,13), and their primer sequences have

Primers for most of the ESTs used in this study are freely available 
from the HGMP Resource Centre.
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been published elsewhere; 7 have been localized to 
chromosome 7 by Maglott and colleagues (9), and their 
primer sequences are given in Table 1. The remaining 
5 ESTs, 3 brain and 2 liver, have been mapped to chro
mosome 7 using a monochromosomal hybrid panel and 
are described here for the first time. Primer sequences 
for these are also included in Table 1. Regional assign
ments for all ESTs were obtained by PCR analysis on 
a well-established panel of human-mouse hybrid cell 
lines (16). The panel contains 13 cell lines that subdi
vide chromosome 7 into 13 regions. Total mouse and 
human genomic DNA were also included for assay con
trol.

The EST content of individual hybrid cell DNAs was 
tested by PCR amplification, followed by analysis on 
agarose gels. The regional assignments of the ESTs 
were deduced from the patterns of amplification, and 
these are given in Fig. 1. In addition, to check the con
tent of chromosome 7 in the different cell lines, several 
markers and genes with known locations were tested 
in the same way. In each case the pattern of amplifica
tion was consistent with published data. Grzeschik and 
colleagues (15) describe the localization of a large num
ber of chromosome 7 genetic markers in the same hy
brid panel, and by comparison with these data it is also 
possible to deduce approximate genetic locations for 
the ESTs.

Approximately 100 genes have been localized to chro
mosome 7 to date, as well as two large gene clusters 
at the HOXA and TCRG loci (11). This study localizes 
a further 30 expressed sequences on chromosome 7. 
Eight ESTs map to the p arm, 1 to the pericentric re
gion, and 21 to the q arm. These ESTs can now be 
considered positional candidates for chromosome 7 ge
netic diseases and traits in which the causative gene 
has not been found. There are 16 such defects known 
at this time, including cystoid macular dystrophy 
(CYMD), retinitis pigmentosa (RP9 and RPIO), congen
ital chloride diarrhea (CCD), craniosynostosis (CRS),“ 
and osteogenesis imperfecta 4 (014) (11). ESTs from 
human brain cDNAs could be candidates for genes as
sociated with neurological diseases. On this basis it is 
possible to speculate that ESTs 02120, 00601, and
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FIG. 1. A schematic representation of the hybrid cell lines used in this study, with EST localizations shown to the left. The vertical 
bars represent the human content of each cell line. ESTs are identified by their EST numbers or laboratory names and by their locus 
symbols (italics) where these exist. Primer sets for several chromosome 7 genes and microsatellite markers with known locations were also 
tested in this study to confirm the human DNA content of the cell lines. The localizations found, which are consistent with published data, 
are included in this figure. The genes tested were amphiphysin (AMPH), the AH receptor gene (AHR), acyloxyacyl hydrolase (AOAH), the 
human growth hormone-releasing hormone receptor gene (GHRHR), and adenylate cyclase type 1 (ACDYl). The markers tested in this 
study are those marked with an asterisk to the right of the figure. Other markers shown to the right define the upper and lower limits of 
the intervals (15).

06146 might be considered candidates for the RP9 and 
CYMD loci, while EST00167 may be a candidate for 
the RPIO locus. Our own work on physical and genetic 
mapping around the RP9 locus has established that 
EST02120 is in the RP9 interval, while EST00601 lies 
immediately distal to it and is therefore a positional 
candidate for CYMD (unpublished data).

Three of the ESTs regionally assigned in Fig. 1 have 
previously been reported to have substantial sequence 
identity with nucleotide or amino acid sequences in 
database records (1, 2). We have reanalyzed these 
in current DNA and protein sequence databases. 
EST01644 is 99% identical to a 382-bp stretch of the 
cAMP-dependent PK regulatory subunit RI/3 gene 
(PRKARIB). The localization of this EST in this study 
is consistent with the previous localization of 
PRKARIB by genetic analysis to 7pter (14). EST06146

matches the human amphiphysin gene with 99% iden
tity over 334 bp. The localization of this EST is consis
tent with the known location of the amphiphysin gene 
(17). EST06275 was found to have 100% identity in a 
28-amino-acid region with the rat metabotropic gluta
mate receptor 3 gene. The human homolog of this gene 
had not previously been localized so the placing of this 
EST at 7 q ll-q 2 2  represents a tentative new gene as
signment.

The remaining ESTs were also analyzed by BLAST 
searches of DNA and protein databases. No substantial 
new gene homologies were revealed. Two ESTs did 
show homology to the Alu repeat. EST01995 contains 
part of an Alu repeat and has been assigned to loci on 
chromosomes 7, 9, 12, and 20. The multiple sites for 
this EST may reflect a repeated component in the prim
ers, or the cDNA may be a member of a gene family.
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TABLE 1 

Prim ers and P roduct S izes for ESTs N ot P rev iou sly  R eported in  th e  L iterature

EST
identifier Primers

Product 
size (bp)

EST01995 AGTATTCCCCTTCCAGTTCC CACCTGAGCTGTATATGCCA 124
EST02120 GTCAAAAGCCGAGAGAGGC TTCAAAACTTTTCTGCAACTTCC 251
EST02379 GTCCTAAGAACACGCTGTCA AACTGCAAAACACCTGGG 101
EST02419 GACCACAGACTCAATGTGCT CTTTTACTCTAGCGTGAGGAGG 89
EST06146 AGACCTTGCCACCTACAAAG ACTGAGCTCCTTCTTGCAGT 88
EST06238 CCAGATAACGCCTTGGTT GAAGAGCAACATGGGGTACT 88
EST06275 TAATAGGGGCACTAGACTCAGC GAGCAAAAGGACAACCCTAG 114
AAABQRZ AACATCTACTTGGGGATGTAGCCTCC TGTTCTGACTTCAAGGGCTGGC 124
AAAAAKP GCTACTGAAAACTATGCCTCACAGAGC GAGAGTCTTAGCTGTGTTGAGATTTCCA 96
AAADEER TTGAGATTTCACAAGCAATGCGAG AAAGCTACTGAAAACTATGCCGTCACAG 84
AAAFBWR TTCTGAATTCTTAGCAGCGATCTCCA CTGTGTGGCTCTAAGCAGATTACTCACC 124
AAAFENH TGGTTTTGGAATGACGCTAAACTGA TCATTTCATTCCTTGGCTCCAAAC 134

Note. ESTs AAAFBWR and AAAFENH derive from a liver cDNA library, while the rest are from brain cDNAs.

EST01888 is almost entirely composed of Alu se
quences. Nevertheless, the primers used define a 
unique STS that is present in a brain cDNA library.

In summary, we have sublocalized 30 ESTs on chro
mosome 7, including three with substantial sequence 
identity to known genes. As well as providing potential 
candidates for chromosome 7 genetic diseases, these 
ESTs are useful tags for STS content mapping and 
contribute new sequences to the expression map of 
chromosome 7.
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Retinal pattern dystrophy associated with a 4 bp insertion at codon 140 
in the RDS-peripherin gene
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Mutations in the RDS-Peripherin gene have previously been 
reported to cause a wide spectrum of retinal degenerations 
including conditions affecting primarily the periphery of the retina 
(2, 5), those producing macular dystrophies (13), the butterfly 
form of pattern dystrophy (9, 10), retinitis punctata albescans 
(6) and in two cases where a wide range of phenotypes within 
a single family are caused by the same mutation (4, 12). The 
RDS-Peripherin gene encodes a protein localised to the outer 
segment of both rod and cone photoreceptors and is thought to 
be involved in the stabilisation of the disc structure (1, 11). We 
have taken a panel of 23 unrelated families affected by various 
forms of Macular and Pattern dystrophy and screened the RDS- 
Peripherin gene using the heteroduplex detection method 
described previously (7). Oligonucleotide primers were selected 
to flank coding regions of the gene derived from the cDNA and 
intronic sequences published respectively by Travis and 
coworkers (11) and Kajiwara and coworkers (5). An insertion 
mutation was identified in 2 affected members of a family 
diagnosed as having a Retinal Pattern Dystrophy, using a forward 
primer derived from the middle of exon 1 (5'-GCCAA- 
GTATGCCAGATGGAAG-3') and a reverse primer derived 
from the 5' end of intron 1 (5 -ATAGCTCTGACCCCAGGAC- 
TG-3'). Subsequent direct sequencing of the 3' half of exon I 
with the same primers revealed the duplication of a 4 bp segment 
TACT at nucleotides 658-661  (Fig. 1). The altered reading- 
frame generated would leave codon 140 intact but thereafter the 
sequence would encode eight aberrant amino-acid residues before 
a new termination codon is encountered.

Subsequently a further eleven members of the family have been 
sampled although two individuals were excluded from analysis 
because they were younger than twenty five years, before which 
accurate diagnosis is not possible with this condition. The 
mutation was present in all affected members of the family and 
absent from those unaffected. It was also not present in 118 other 
families with assorted retinal degenerations and fifty normal 
controls.

The phenotype in this family is similar to the butterfly shaped 
pattern dystrophies described in families with RDS-peripherin 
mutations Gly-167-Asp and a 2 bp deletion at codon 299 (9, 10). 
Each of these mutations appear to be associated with the 
deposition of material at the level of the RPE but with relatively 
little visual deficit. This effect is also seen in adult vitelliform 
macular dystrophy resulting from a premature termination codon 
(PTC) at codon 258 (13) and in retinitis punctata albescans 
resulting from a 2 bp deletion at codon 25 leading to a PTC (6). 
The rds mouse heterozygote has a large insertion at codon 238, 
and electron microscopy has revealed greatly enlarged 
phagosomes in the RPE containing shed disc material (3). This 
may well be the source of the material accumulating in these 
human conditions.

It is therefore reasonable to hypothesize that in most cases RDS 
mutation disease phenotypes fall into three categories; those 
causing peripheral dystrophies (rod defects), those causing 
macular dystrophies (cone defects) and those with a characteristic 
accumulation of material at the level of the RPE often without 
significant photoreceptor cell loss. It is not clear whether these 
conditions are the direct deleterious effect of an abnormal protein 
product, the result of a deficit of active RDS-peripherin or a 
combination of both. However it has recently been pointed out 
that PTC’s often lead to greatly reduced levels of expression (8). 
Thus an apparently severe alteration to the mRNA transcript 
might lower the expression of aberrant protein and lead to a 
milder phenotype.

Whether the differences in the pattern of accumulated material 
can be explained by a differential activity in rods and cones of 
a small amount of abnormal protein or a positional effect mediated 
by other components of the retina is not known. As new RDS- 
Peripherin mutations are identified in patients with well defined 
clinical phenotypes the exact nature of the pathogenic components 
should become clearer.
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Autosomal Dominant Pattern Dystrophy of the 
Retina Associated With a 4-Base Pair Insertion 
at Codon 140 in the Peripherin/RDS Gene
Robert Y. Kim, MD; Helene Dollfus, MD; T. Jeffrey Keen, PhD; Fred W. Fitzke, PhD;
Geoffrey B. Arden, PhD; Shomi S. Bhattacharya, PhD; Alan C. Bird, MD

O b jective: To define the phenotype of a retinal dystro 
phy associated w ith  a 4 -base  pair insertion  at codon  140 
of the peripherin/R D S gene.

P atien ts: Six affected m em bers spanning  two genera
tio n s  o f a s in g le  fam ily  w ere  ex a m in e d . F ive  w ere  
s tu d ie d  in  d e ta il e lec tro p h y sio lo g ica lly  an d  p sycho - 
physically.

M eth od s: P sychophysical testing  in c lu d ed  co lo r v i
s io n  te s tin g , p h o to p ic  and  sco to p ic  s ta tic  th re sh o ld  
perim etry , and  d ark  adaptom etry. E lectrophysiological 
testing  inc luded  flash and  pattern  electroretinography, 
as well as electrooculography.

R esults: Clinical findings ranged from  sub tle  p igm en
tary changes a t the level of the re tinal p igm ent ep ithe
lium  to m ore w idespread  p igm entary  changes associ
ated w ith  choroidal neovascularization. Those w ith severe 
fundus changes exhib ited  greater abnorm alities in  psy
chophysical and  electrophysiological testing  than  those 
w ith  m inim al fundus changes.

C onclusions: This particu lar peripherin/RD S gene m u 
tation is associated w ith dom inantly inherited pattern  dys
trophy  of the retina. T he phenotypic expression  is vari
able in  a m anner n o t explained by age.

(Arch Ophthalmol. 1995;113:451-455)

From the Institute o f  
O phthalm ology and M oorfields 
Eye Hospital, London,
England.

T h e  PERIPHERIN/RDS gene 
encodes a photorecep tor- 
specific m em brane glyco
p ro te in  believed to be im 
p o rtan t for ou ter-segm ent 

m orphogenesis.^ M utations in  the periph- 
erin/RDS gene have been  im plicated in  a 
v a rie ty  o f in h e r i te d  re tin a l d e g e n e ra 
tions. Follow ing the first reports o f au to 
som al dom inan t re tin itis  pigm entosa as
so c ia te d  w ith  p o in t  m u ta tio n s  in  th e  
peripherin/RDS gene,^'^ m utations associ
ated w ith  o ther phenot)"pes have been re 
p o r t e d . T h e s e  range from  m acu lopa- 
thies^ such  as bu tte rfly ' ® and  adu lt-onset 
foveal pigm ent epithelial dystrophies® to 
diffuse retinal dystrophies such  as re tin i
tis punctata  albescens.^ M ore recently , a 
rem arkable family has been  described in 
w hom  phenotypes consisten t w ith  the d i
agnoses of retinitis pigm entosa, fundus fla- 
v im aculatus, and  p a tte rn  dystrophy  co- 
segregate w ith a deletion  of codon  153 or 
154 in  the peripherin/RD S gene.‘°

T h e  p e r ip h e r in /R D S  m u ta t io n s  
described to date have been e ither po in t 
m u ta tio n s  o r sm all 2 -  to 3 -b a s e  p a ir  
(bp) deletions. H erein , we describe the 
c lin ica l p h en o ty p e  asso c ia ted  w ith  an 
i n s e r t i o n  m u t a t i o n  a f f e c t i n g  th e

peripherin /R D 5 gene— a 4-bp  in se rtio n  
at codon  140 ."

RESULTS

Flash electroretinographic responses for 
the two male subjects (II1-9 and  III-IO) as 
well as for female subject III-16 w ere n o r
mal. In  contrast, female subjects 11-7 and 
111-14 e x h ib i te d  lo w - a m p l i tu d e  r e 
sponses suggestive of w idespread retinal 
d ysfunction  (F igure 3 ) . P atien t III-14 
(who is 20 years younger than patient II-7) 
was the m ore severely affected of the two, 
exhib iting  a delayed flicker response and  
a reduced electrooculography (Table 2 ). 
T hree of the five patien ts un d erw en t p a t
tern  electroretinographic testing, reveal
ing  P-50 am plitudes in  the low -norm al 
range (Table 2).

Color con trast sensitivity  testing  re 
vealed a tritan  defect of varying degrees in 
all five individuals and, in  som e, an  add i
tional m ild p ro tan  defect (Table 2). The

See Patients and Methods 
on next page
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PATIENTS AND METHODS

We surveyed 13 members of an English family 
spanning two generations (Figure 1). Six were 
found to have fundus findings consistent with pat
tern dystrophy of the macula, with abnormalities 
ranging from subtle pigm entary changes at the 
level of the retinal pigment epithelium with loss of 
the foveal reflex to widespread macular pigmen
tary change and yellow deposits at the level of the 
retinal pigment epithelium associated with disci
form scarring (Figure 2 ) .  While ophthalmoscopi- 
cally the peripheral retina was normal in all mem
bers, fluorescein angiography revealed a dark 
choroid in two (111-14 and 111-16). The six affected 
individuals possessed a 4-bp insertion at codon 
140 in the peripherin/RDS gene,“  while the six 
unaffected  ind iv id u als  d id  no t. The affected 
patients all denied nyctalopia or symptoms sugges
tive of prolonged dark adaptation, photophobia, 
loss of peripheral vision, distortion, or color vision 
abnormalities. Patient details are summarized in 
Table 1.

ELECTROPHYSIOLOGICAL TESTING

A standard flash electroretinographic protocoP^-^^ was 
used to obtain traces from dark-adapted rods (blue 
stimulus) and cones (red stimulus), maximal dark- 
adapted responses (white stimulus), oscillatory po
tentials (white stimulus), and responses to a 30-Hz 
flickering white stimulus. Electrooculography and pat
tern electroretinographic testing was performed as de
scribed previously.*'*’' ’

PSYCHOPHYSICAL TESTING

Color contrast sensitivity was evaluated with a com
puter graphics system using broken rings of differ
ent diameters.'® Static threshold perimetry in the light- 
and dark-adapted state as well as dark adaptometry 
was performed using a modified Humphrey auto
mated perimeter (Allergan Humphrey, San Lean
dro, C a l i f ) . F o r  dark-adapted perimetry and dark 
adaptometry, the pupils first were dilated with 1% 
cyclopentolate hydrochloride and 2.5% phenyleph
rine hydrochloride and the patient dark adapted for 
40 minutes. Dark-adapted perimetry was performed 
using a standard Humphrey 30-2 program and size 
5 stimulus with the background illumination turned 
off. Red and blue test stimuli were used to test cone 
and rod sensitivities, respectively. For dark adap
tometry, prebleach thresholds were obtained imme
diately afterward at selected positions. Following a
2-minute exposure to bright white light sufficient to 
bleach 95% of rhodopsin, the recovery of sensitivity 
to both size 3 and size 5 blue test stimuli was followed.

Figure 1 . Pedigree o f a fam ily in wtiich pattern  dystrophy cosegregates  
with a  4 -b a s e  p a ir insertion a t  codon 140 o f  the p e rip h erin /H D S  gene. 
H orizontal hatches indicate patients who were exam ined  a n d  w hose  
genom ic status was determined.

T a b l e  1 .  S u m m a r y  of  P a t i e n t  D e ta i l s

P atient/Sex/ 
A ge, V

Visual Acuity

OD OS Fundus F indings
I I -7 /F /7 9 2 0 /6 0 C o u n tin g

f in g e r s
4 +  y e iio w  d e p o s i t s  a n d  

p ig m e n ta r y  c h a n g e  in 
r ig h t  e y e ;  d i s c i f o r m  s c a r  
in  le f t e y e

II I -9 /M /5 5 2 0 /3 0 2 0 /4 0 A b s e n t  f o v e a l  re f le x  
in  b o th  e y e s

III-1 0 /M /5 1 2 0 /2 0 2 0 /2 0 1 +  y e llo w  d e p o s i t s  
in  b o th  e y e s

I I I -1 4 /F /5 9 2 0 /2 0 0 2 0 /2 0 D is c i fo rm  s c a r  in  r ig h t  e y e ; 
2 +  y e llo w  d e p o s i t s  a n d  
p ig m e n ta r y  c h a n g e  
a n d  d a r k  c h o r o id  
in  le f t  e y e

III -1 6 /F /4 5 2 0 /2 0 2 0 /2 0 4 +  y e llo w  d e p o s i t s  a n d  
p ig m e n ta r y  c h a n g e  
a n d  d a r k  c h o r o id  
in  b o th  e y e s

II I -2 0 /M /4 6 2 0 /1 5 2 0 /1 5 2 +  y e iio w  d e p o s i t s  a n d  
p ig m e n ta r y  c h a n g e  
in  b o th  e y e s

tom etiy  w ere norm al for m ale patien ts  III-10 and  III-20. 
Patient II-7 exhibited depressed photopic sensitivities that 
w ere w orse peripherally  and  in  p articu la r in feronasally , 
patchy  0 .5 -lo g  u n it depression  of sco top ic red  sensitiv i
ties in ferio rly , and  no rm al sco top ic  b lu e  sen s itiv itie s  
( F ig u r e  4  11-7). (Because of fatigue, th is  e lderly  p a 
tien t d id  n o t undergo dark  adaptom etry .) P a tien t 111-14 
exhibited approxim ately 0 .5 -  to 1 .0-log u n it reduced  sen
sitivities in  the central 10° for all th ree fields (F igure  4, 
111-14). D ark adaptom etry  revealed  m ild ly  e leva ted  fi
n a l th resh o ld s w ith  n o rm al k ine tics  ( F ig u r e  5 ) .  P a
tien t 111-16 exhibited  patchy, m ild  dep ressions in  p h o t
op ic sen sitiv itie s  w ith  n o rm al red  a n d  b lu e  sc o to p ic  
sensitiv ities (F igure 4, 111-16). D ark  a d a p to m e try  re 
vealed norm al final thresholds and  k inetics.

C O M M E N T

tritan  defect was m ost ev iden t from  10° to 12° from  fixa
tion. Fem ale patien ts 11-7,111-14, and 111-16 w ere m ore 
severely affected th an  the ir male counterparts.

Static th resho ld  perim etric  testing and  d ark  adap-

In at least som e instances, pattern  dystrophy  of the retina, 
butterfly  dystrophy, and adu lt vitelliform  dystro p h y  are 
allelic d isorders resulting from  different m u ta tions in  the 
peripherin/RD S gene. Butterfly dystrophy  has b een  as
sociated  w ith  Glyl67Asp*^ and  a 2-bp de le tion  affecting 
codons 299 and  300®; adu lt vitelliform  d y stro p h y  w ith  a 
Tyr258Stop mutation®; and pattern  dystrophy (along w ith 
re tin itis  p igm entosa and  fundus flav im aculatus) w ith  a
3-bp deletion  in  codon 153 or 154.'° In  th is rep o rt, we

ARCH OPHTHALMOiyVOL 113, APR 1995
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g
F ig u re  2 . Patient ii-7 : Right eye coior (A) 
and fiuorescein angiogram (B) showing 
linear deposition o f pale material at the 
level o f pigment epithelium or Bruch’s 
membrane. Subretinal fibrosis was in the 
left eye (C). Patient 111-14: Choroidal 
neovascularization in the right eye with 
scattered subretinal pale deposits (D) that 
were hyperfluorescent on fluorescein 
angiography (E). Subretinal deposits alone 
were In the left eye (F, G). A dark choroid 
was present. Patient 111-16: Both eyes 
showed linear deposits o f pale material at 
the fovea (H, I), central hyperfluorescence, 
and a dark choroid (J, K).

have shown that pattern dystrophy of the retina can be 
caused by yet another peripherin/RDS m utation— a 4-bp 
insertion at codon 1404^

The m utation in this family disrupts the peripherin/ 
RDS molecule in the second intradiscal (D2) loop, where 
m ost peripherin/RDS m utations have been reported to

occur. Duplication of the 4-bp sequence TACT at nucleo
tides 658 to 661 alters the peripherin/RDS reading frame. 
W hile codon 140 is left intact, predictably a truncated  
protein w ould be generated containing eight additional 
aberrant am ino acids, w ith a prem ature stop codon ter
m inating the reading fram e." Prem ature te rm ination

ARCH OPHTH.ALMOtA-QL 113, APR 1995  
4=55



N o rm a l

F ig u re  3 .  Flash eiectroretinography (results for maie patients III-9, 
111-10, and 111-20 were normal). Runs correspond to those described 
by Arden et aU^ Runs 4 through 12 are rod-dominant responses to 
blue flashes. Red flashes in runs 17 and 18 elicit early cone-dominant 
responses and later-occurring, slower, rod-mediated responses. White 
flashes In runs 19 and 20 generate mixed rod and cone responses, 
and in run 22, oscillatory potentials (bandpass filters o f 100 to 1600 
Hz). Cone responses in run 31 were produced by a 30-Hz flickering 
white stimulus. A t the bottom right is a calibration standard. The 
horizontal bar indicates 20 milliseconds for runs 4 through 18 and 10 
milliseconds for runs 19 through 31; the vertical bar: 50 ixV for runs 
4, 7, 17, and 18; 100 f iV  for runs 11, 12, 19, and 20; 10 ijlV for run 
22; and 25 pW for run 31.

T ab le  2. P e r c e n t a g e  E le c t r o o c u lo g r a m  (EOG) L igh t- Induced  Rise  in O cu lar  P o te n t i a l ,
P a t te rn  E ie c t r o r e t in o g r a p h y  (PERG) P -5 0  A m p l i tu d e ,  a n d  Color C o n tra s t  S en s i t iv i ty  a t  V a r io u s  D e g r e e s  of Eccentr ic i ty  
for P ro tan  a n d  T r i tan  W ith o u t  Any L u m in a n c e  C h a n g e *

C o lo r C o n tra s t  S e n s i t iv i ty  (P ro ta n  % /T r i ta n  % )

P a tie n t/E y e EOG
r c n u ,

j t V
1

1 ° 2 ° 4 ° 6 ° 8 “ 1 0 °
- " 1

1 2 °

N o rm a lt 1 8 0 1 .5 7 /1 3 1 1 /1 4 1 7 /1 9 1 7 /2 2 16 /2 1 3 2 /4 5 3 8 /3 9
11-7/R 2 1 0 1 .8 1 6 /5 6 2 0 /7 6 2 8 /7 0 2 8 /7 1 3 6 /8 0 6 0 /1 0 0 4 3 /1 0 0
III-9/R 2 6 0 2.1 1 1 /2 0 2 2 /2 2 2 1 /3 0 2 3 /4 0 2 3 /4 6 3 4 /7 8 3 1 /9 0
ill-1 0 /L N D N D 1 3 /2 0 9 /1 8 1 0 /2 6 1 5 /2 5 1 8 /3 0 3 0 /7 3 3 0 /7 5
III-14/L 1 4 0 N D 1 0 /4 5 1 6 /4 5 1 7 /4 5 1 7 /5 0 1 8 /4 7 1 9 /1 0 0 1 8 /1 0 0
ill-1 6 /R 2 1 7 2 .8 1 0 /1 3 1 3 /1 3 1 7 /2 0 3 0 /2 4 2 0 /2 4 5 0 /5 2 1 0 0 /9 6

*As defined by Yu et ND indicates not done. ^Normal, - 2  SDs for EOG and P-50, and +2 SDs for color sensitivities.

P ho to pic S c o to p ic  Red S cotop ic  Blue

G raytone Sym bols

F ig u re  4 .  Photopic and scotopic static threshold perimetry testing of 
patients 11-7, 111-14, and 111-16. Following standard photopic Humphrey 
30-2 testing (left), dark-adapted eyes were tested with red and blue test 
stimuli on an unlit background to evaluate rods and cones, respectively. 
The grayscale Indicates average sensitivities (with bars indicating range).

T  Controls 
O  Patient (+ 9°. +9°) 
•  Patient ( - 3 ° ,  - 9 ° )

«

2 -

-1 0

T im e, min

F ig u re  5 . Dark adaptometry for patient 111-14. Dark adaptometry was 
performed with a size 5 blue stimulus at two points ( + 9 ° ,+ 9 °  and 
- 3 ° , - 9 ° )  corresponding to Figure 4, 111-14. Prebleach measurements 
were made before baseline.

codons produce no t only qualitatively truncated  p ro 
teins but also can reduce messenger RNA levels, leading 
to quantitative changes.'® Thus, the net effect of the in 
sertion may reflect either a deficiency of product if only
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the n o rm al gene expresses or the  in fluence of abnorm al 
p ro te in  if there is p ro d u ct from  the m u ta n t gene.

T he pa tte rn  of inheritance in  th is family is consis
te n t  w ith  a u to so m a l d o m in a n t in h e r i ta n c e ,  w h ic h  
requ ires th a t half the offspring carry the m u ta n t allele 
over a t least th ree  generations w ith  equal affection of 
m ales and  fem ales and  evidence of transm ission  from  
m ale to m ale. A lthough w e w ere n o t able to docum ent 
e v id e n c e  to  fu lfill a ll th e  c r ite r ia ,  i t  is d if f ic u lt to 
invoke ano ther m ode of inheritance. H istorical assess
m en t of affection is clearly inadequate given tha t only 
tw o su b jec ts  h ad  decreased  v ision  in  one  eye due  to 
disciform  scarring  and the rem ainder w ere asym ptom 
atic.

V is ib le  m o r p h o lo g ic a l  a b n o r m a l i t i e s  w e re  
r e s t r ic te d  to  th e  m a c u la , b u t  tw o  o f  o u r  p a t ie n ts  
( III-14 an d  III-16) exh ib ited  a d a rk  ch o ro id  on  fluo
resce in  angiography.^°’̂  ̂ T he ab n o rm al e lec trophysi- 
ological resu lts in  patien ts II-7 and  III-14 also indicate 
th a t re tin a l d y sfu n c tio n  is m o re  ex ten siv e  th a n  th e  
observed fundus changes w o u ld  suggest. T his is co n 
sis ten t w ith  the expression of p eripherin /rd s p ro te in  in  
b o th  ro d s  an d  cones.^ H o w ev er, w hy  th e  in se r t io n  
m u ta tio n  does n o t cause m ore  severe periphera l re ti
nal degeneration  is unclear. As peripherin /rd s p ro te in  
in te ra c ts  n o n co v a le n tly  w ith  th e  ro d -sp ec ific  m e m 
brane p ro te in  rom-1,^^ peripherin/RD S alleles m ay dif
fer in  th e ir  a b ility  to  in te ra c t  w ith  ro m -1 , p e rh a p s  
leading to different phenotypes.

T he pheno type associated w ith  the 4-bp insertion  
exhibited  variable expressivity. Color con trast sensitiv
ity  testing to detect color v ision  defects 10° to 12° from  
fixation appears to be the m o st sensitive test of retinal 
dysfunction. Paracentral tritan  defects w ere detected even 
w hen  fundus findings w ere m in im al and  electrophysi- 
ological, p e rim etric , and  ad ap to m e tric  find ings w ere 
norm al.

The 4-bp insertion  a t codon  140 in  the peripherin / 
RDS gene associated w ith  dom inan tly  inherited  pattern  
dystrophy  of the  retina described  in  this repo rt exhibits 
variable expressivity th a t is n o t explained by age.
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Autosomal dominant retinitis pigmentosa with 
apparent incomplete penetrance: a clinical, 
electrophysiological, psychophysical, and molecular 
genetic study
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Abstract
Twenty five symptomatic individuals and six 
asymptomatic obligate gene carriers from four 
families with autosomal dominant retinitis pig
mentosa (adRP) showing apparent incomplete 
penetrance have been studied. Symptomatic 
individuals from three families showed early 
onset of night blindness, non-recordable rod 
eiectroretinograms, and marked elevation of 
both rod and cone thresholds in all subjects 
tested. In the fourth family, there was more 
variation in the age of onset of night blindness 
and some symptomatic individuals showed 
well preserved rod and cone function in some 
retinal areas. All asymptomatic individuals 
tested had evidence of mild abnormalities of 
rod and cone function, indicating that these 
families show marked variation in expressivity 
rather than true non-penetrance of the adRP 
gene. No mutations of the rhodopsin or RDS 
genes were found in these families and the 
precise genetic mutation(s) remain to be identi
fied.
(B rJ  Ophthalmol 1993; 77: 473-479)

Clinical and psychophysical studies in autosomal 
dominant retinitis pigmentosa (adRP) have sug
gested that there may be genetic heterogeneity 
within the disorder.'’’ This has been confirmed 
by the finding of mutations in the rhodopsin gene 
on chromosome 3‘ ' and the retinal degeneration 
slow (RDS) gene on chromosome 6*’"' in some 
families with adRP. Some forms of adRP do not 
show linkage to or mutations of either the 
rhodopsin gene or the RDS gene and additional 
genetic mutations remain to be identified.

Most families, including those with known 
mutations, show complete penetrance of the 
adRP gene. In a few families incomplete pene
trance is a notable feature" '’ and it has been 
suggested on the basis of the electroretinographic 
findings that this may be a distinct form of 
ad R P .""

We have studied both symptomatic indi
viduals and asymptomatic obligate gene carriers 
from four families showing apparent incomplete 
penetrance in order to characterise the pattern of

retinal disease in affected family members and to 
investigate rod and cone function in those 
obligate gene carriers who remain asymptomatic 
in the fourth or fifth decade of life. We have also 
investigated whether any of the families show 
mutations of the rhodopsin or RDS genes, or 
linkage to chromosomes 3 orb .

Patients and methods
Twenty five symptomatic individuals (mean age 
32 years; range 13-58 years) and six asympto
matic obligate gene carriers (mean age 46 years; 
range 39-60 years) from four families with 
apparent incomplete penetrance took part in the 
study. In each family there was transmission of 
the disease through at least three generations (Fig 
1), and in three there was evidence of male to 
male transmission * In the fourth, although there 
was no male to male transmission, all the affected 
females had severe disease, suggesting autosomal 
dominant inheritance.

Each subject underwent a full clinical evalua
tion. A variety of investigations including an 
eiectroretinography (ERG), electro-oculography 
(EOG), Goldmann perimetry, and detailed dark 
adapted static perimetry were performed in the 
majority of subjects (subjects with advanced RP 
with extensive field loss did not undergo psycho
physical testing). In addition, photopic flicker 
testing was performed on each of the six asymp
tomatic obligate gene carriers. Detailed Gold
mann perimetry was performed on each eye 
using the IV 4e and I 4e targets. The ERG was
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Figure I Pedigrees o f families 1 ,2 ,3 ,  and 4. •  ■  ; symptomatic individual; 0  ^  ; asymptomatic obligate gene carrier; x  ; propositus; 
by the authors.
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fab le I Age o f  onset o f  night blindness

Onset o f  night blindness

fanuly

I13
■I

< 10 years 11-20 years >21 years
N o o f patients 
examined

4
10
2
9*

•One patient denied any night blindness.

/  IV -4
/  - 4

© IV -4  n ot

performed in accordance with the protocol des
cribed in Arden et al'*’ and the details of the 
method used for photopic flicker are given in 
Tyler et a l f  Dark adapted perimetry was per
formed on one eye (which showed least field loss 
on Goldmann perimetry) of each subject using 
red (dominant wavelength 660 nm, subtending 
0-9°) and green (dominant wavelength 530 nm, 
subtending 0 9°) targets. The pupil was dilated 
with 1% cyclopentolate and the eye dark adapted 
for 40 minutes before starting the test. At least 17 
points at different retinal locations in both upper 
and lower fields were tested in each case. The 
apparatus and method for the dark adapted static 
perimetry have been described previously.'*

Symptomatic members from each family were 
screened for mutations in the rhodopsin and 
RDS genes. Exon sequences were amplified by 
the polymerase chain reaction using primers 
flanking the exons.’ Amplified fragments 
were run on hydrolink gels in order to detect 
mutations as* heteroduplexed fragments of 
normal and mutated DNA sequences.^' This 
method has successfully detected 13 different 
mutations in the rhodopsin and RDS genes in 17 
different families with retinal dystroph ies '"and  
appears to detect the same proportion of m uta
tions in screening of RP families as single strand 
conformation polymorphism (SSCP)” and 
denaturing gradient gel electrophoresis 
(DGGE).’

Linkage analysis was performed on markers

Figure 2 Goldmann field performed on the right eye o f  
subject IV -34 from family 4.

within the rhodopsin and RDS genes in the 
families. The rhodopsin poly-CA tract" and the 
RDS gene poly-T tract" were amplified by the 
polymerase chain reaction in symptomatic family 
members. One primer in each amplification was 
kinase end labelled with *T-y ATP, then samples 
were run on denaturing acrylamide gels. The gels 
were dried and exposed to autoradiographic film 
overnight. Inheritance of alleles relative to the 
disease was analysed using the program L IN K 
AGE, from the LINKAGE package version 
5.10."

Informed consent was obtained after the 
nature of the procedures had been fully 
explained.

Table 2 Affected patients: clinical findings

Family Subject Age
Acuity

Cataract Maculae
Goldrrmnn fields 
( I V  4e target) E  lectroretinogram

1 HI-5 34 6/18;6/18 Yes MO 10 degrees Non-recordable
1 IV-3 18 6/18;6/12 No MH 20 degrees Non-recordable
1 IJI-4 30 6/36;6/36 Yes MA 10 degrees Non-recordable
1 II-5 42 6/18;6/24 Yes MO 10 degrees Non-recordable
2 V IIM 2 39 6/12;6/12 Yes MO 10 degrees N ot performed
2 VIII-47 13 6/5;6/5 No Normal 10 degrees Absent rod, minimal cone responses
2 VII-25 58 6/36;NPL Yes MA 5 degrees N ot performed
2 VIII-30 19 6/9;6/9 No Normal 40 degrees Rod and cone responses
2 VIII-31 22 6/6;6/6 No Normal 40 degrees Rod and cone responses
2 VII-28 33 6/18;6/12 Yes MO 5 degrees Non-recordable
2 VII-26 42 6/18;6/18 Yes MA 5 degrees N ot performed
2 V II-14 46 6/18;6/18 Yes MO 40 degrees Absent rod, reduced cone responses
2 VII-13 56 6/12;6/12 No MO 5 degrees Non-recordable
2 VII-17 24 6/5;6/5 No Normal Full* Non-recordable
3 IV-14 53 6/36;6/36 Yes MA 15 degrees Non-recordable
3 V-2 22 6/6;6/5 No Normal 60 degrees Non-recordable
4 IV -11 37 6/18;6/18 Yes MO 10 degrees Non-recordable
4 III-15 45 6/9;6/9 Yes Normal 5 degrees N ot performed
4 IV-48 19 6/9;6/6 No Normal Full* Absent rod, reduced cone responses
4 IV-34 16 6/6;6/6 No Normal Full* Absent rod, reduced cone responses
4 IV-8 20 6/12;6/12 Yes MO 10 degrees Non-recordable
4 III-3 45 6/18;6/9 Yes MO 10 degrees Non-recordable
4 III-29 40 LP;LP Yes MA < 5  degrees Not performed
4 III-19 18 LPt;6/5 No Normal Full* Absent rod, reduced cone responses
4 IV-43 21 6/6;6/6 No Normal Full* Non-recordable

M O = macular oedema.
M A=macular atrophy.
M H=m acular hole.
*Field loss evident with smaller targets, 
tR ight optic nerve hypoplasia.
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Figure 3 Static perimetry with red (dominant wavelength 
66J nm, subtending 0 9 degrees) target, performed on the 
dark adapted right eye o f subject IV-34 from fam ily 4. The 
symbols represent the extent o f  threshold elevation relative to 
normal in log units. Visual angle in degrees is indicated on the 
vertical axis.

Results

SYM PTOM ATIC FAMILY MEMBERS 

Clinical features
In three families (1, 3, 4) all symptomatic mem
bers had early onset of night blindness and 
evidence of severe disease. Of the 15 patients 
from these families 10 had onset of night blind-

Log e lev a tio n

#  >  3 0 0  0 6 - 1 0
f )  2 1 -3  0 O 0̂ 5
#  1 1 - 2 0

60

Fipcre 4 Static perimetry 
with green!blue (dominant 
wavelength 530 nm, 
subtending 0 9 degrees) 
target, performed on the 
dark adapted right eye o f  
subject IV-34 from fam ily
4. The symbols represent the 
extent o f threshold elevation 
relative to normal in log 
units. Visual angle in 
degrees is indicated on the 
vertical axis. 90

ness before the age of 10 years and in lour th 
onset was before the age of 20 years. One denied 
symptoms of night blindness. In the fourth 
family (family 2) there was a more variable onset 
of symptoms with half the patients developing 
night blindness after the age of 20 years (Table 
1). The results of the clinical examination are 
shown in Table 2. In the majority of patients with 
reduced acuity, this was due to posterior subcap. 
sular lens opacities or macular oedema or trophy 
or a combination of these three factors. J.lacular 
oedema was present in 17 eyes, 26 of the 50 eyes 
had posterior subcapsular lens opacities, and one 
eye was aphakic. The typical fundus features of 
RP were seen in all 50 eyes.

Psychophysical testing and eiectroretinography 
Scotopic and photopic visual field testing showed 
extensive loss of rod and cone function n most 
subjects tested. Only one affected indivi. lal over 
the age of 25 had a visual field greater than 20 
degrees to the larger target (IV 4e) of the 
Goldmann perim eter. A lthough field loss was 
greater with increasing age, severe field loss was 
also seen in young family members (Table 2). 
There were interfamilial and intrafamilial differ
ences in severity. In family 1 all affected family 
members tested, including one 18 year old 
subject, had extensive field loss and this pattern 
of severe disease was also seen in family - r .  Dark 
adapted static perimetry perform ed in four mem
bers of family 1 and eight members of family 4, 
similarly showed widespread elevation of rod and 
cone thresholds throughout the retina even in 
young family members (Figs 2, 3, 4).

The threshold elevations were such that classi
fication into diffuse (type 1) or regional (type 2) 
disease'  ̂was not possible. In family 3 only one 
affected individual underwent dark adapted 
static perimetry and this again showed wide
spread and marked rod and cone threshold 
elevations. In these three families no subject had 
rod or cone thresholds within 1 log unit of normal 
in any area of the visual field tested. In contrast, 
in family 2, there was more variation in the 
severity of disease. One 13 year old boy had 
visual fields, on Goldmann perimetry (IV 4c 
target) reduced to 10 degrees whereas other older 
symptomatic family members had well r ’serA'cd 
fields to the same target (Table 2). anilariy 
scotopic perimetry showed widespread and 
severe rod and cone threshold elevations in some 
subjects while in others there were some areas o f  

the visual field with normal or only mildi) 
elevated rod and cone thresholds. In s u b j e c t s  

with mild disease there was patchy loss of rod and 
cone function consistent with the r e g i o n a  

pattern of disease described by Lyness et al.
Eiectroretinography showed simib i^ter- 

familial variation (Table 2). In families 1 ; 3 , and 
there were no identifiable rod responses in 
subject and most showed non-recordable cone 
responses. Two subjects from family 4 ha 
delayed cone implicit times. In family 2 the EK 
responses were consistent with the findings o 
psychophysical testing. Two subjects with 
disease showed well preserved rod and con  ̂
responses, and all subjects with recordable co 
responses had normal cone b wave implicit tim
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Figure 5 Goldmann field performed on the right eye o f 
subject 111-25 from family 4.

ASYM PTOM ATIC OBLIGATE GENE CARRIERS 

Clinical findings
All six subjects had normal visual acuity, normal 
fundus examination, and normal Goldmann 
fields to the larger target (IV 4e) used (Fig 5). 
Three subjects showed mild peripheral constric
tion and in two there were small mid peripheral 
scotomas to smaller targets (Table 3).

Electrophysiological and psychophysical testing 
The light rise of the EOG showed a mild 
reduction in one or both eyes in three subjects 
(Table 3). The amplitudes of flash ERG were 
normal in five subjects and in one both scotopic 
and photopic responses were just below 2 SD 
from normal. Cone b wave implicit times were 
prolonged in two subjects (Table 4). Dark 
adapted perimetry showed normal rod and cone 
responses at most of the retinal locations studied 
but in each subject there were mild rod threshold 
elevations (maximum threshold elevation T 2 - 
1 - 9 log units) in at least one location. The results 
from a typical subject are shown in Figures 6 and 
7, which can be compared with those of his 16 
year old affected son (Figs 3 and 4). Flicker 
sensitivity was reduced in three subjects partic
ularly at high frequencies (Table 4).

^ Asymptomatic obligate gene carriers: results o f perimetry, photopic flicker, and 
*^^o-oculography{EOG)

Subject Age Goldmann perimetry E O G (R /L ) Photopic flicker

II-3 60 Scotoma I-2e isoptre 241/161 Normal*
HI-3 39 Peripheral constriction 250/271 Relative high frequency

VlI-41
I-4e isoptre loss > 2  SD

40 Peripheral constriction 180/157 Normal*

IV-4
I-2e isoptre

49 Normal 258/235 Normal*
HI-25 41 Small scotoma I-4e 150/170 Relative high frequency

111-27
target loss > 2  SD

49 Peripheral constriction 
I-2e target

200/218 Relative high frequency 
loss > 2  SD

MOLECULAR GENETICS OF THE FAMILIES 

No mutations of the rhodopsin or RDS genes 
were found in any of the four families using the 
hydrolink heteroduplex method. In families 2 ,3 , 
and 4 crossovers occurred between intragenic 
markers within the rhodopsin gene and all four 
families showed crossovers with markers within 
the RDS gene, providing further evidence for the 
exclusion of these genes as the disease locus. 
Family 2 provided data excluding linkage (lod 
score < - 2  0) to rhodopsin and RDS at genetic 
distances of 3 and 4 cM respectively. Families 3’ 
and 4 proved less informative, but did show one 
and two crossovers respectively with the rho
dopsin marker and two crossovers each with the 
RDS m arker, significantly excluding the im 
mediate genetic loci. Similarly, in family 1 one 
crossover was observed with the RDS marker; 
the rhodopsin polymorphism was uninformative 
in this family.

Discussion
In some autosomal dominant disorders indi
viduals known to be carrying the abnormal gene, 
because of the presence of an affected offspring 
and parent, may show no evidence of the disease. 
This non-penetrance may be complete but often 
subtle signs of the disease may be apparent on 
careful examination and investigation or may 
develop with increasing age. The borderline 
between mild expression of a gene and non
penetrance may therefore be difficult to define, 
especially in a disease such as adRP which may 
show a wide range of expression which is usually 
age dependent. Although non-penetrance has 
been described in adRP, there have been few
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Figure 6 Static perimetry with red (dominant wavelength 
660 nm, subtending 0 9 degrees) target, performed on the 
dark adapted right eye o f subject 111-25 from family 4. The 
symbols represent the extent o f  threshold elevation relative to 
normal in log units. Visual angle in degrees is indicated on the 
vertical axis.
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Figure 1 Static perimetry with greenlblue (dominant 
wavelength 530 nm, subtending0-9 degrees) target, 
performed on the dark adapted right eye o f  subject JII-25 
from fam ily 4. The symbols represent the extent o f threshold 
elevation relative to normal in log units. Visual angle in 
degrees is indicated on the vertical axis.

systematic studies of such families. Berson et u/" 
studied one family with incomplete penetrance 
and suggested on the basis of the electro
retinographic findings that this was distinct from 
other forms of adRP showing complete pene
trance. In their family and two others reported 
subsequently'^ young symptomatic individuals 
showed substantially delayed cone implicit 
times. Two asymptomatic individuals age 42 and 
75 years with the abnormal gene had a normal 
ERG and normal rod thresholds at the one 
location tested suggesting that they showed true 
non-penetrance of the gene. The younger patient 
tested 10 years later retained a normal full field 
ERG.'^ The families we have studied are similar 
to those reported by Berson and Sim onoff’ in

Table 4 Asymptomatic obligate gene carriers: amplitude and implicit times o f the flash E R G

Family
Subject
«ye

Scotopic blue Bright flash white Flicker (30 H z)

b amp b imp a amp a imp b amp b imp b amp b imp

1 II-3 R 190 70 180 15 200 55 38 33
L 160 80 160 15 200 55 16 33

1 HI-3 R 270 60 160 15 260 55 32 31
L 250 60 120 15 360 55 32 31

2 VII-41 R 60 60 120 16 80 50 30 35
L 50 60 120 16 80 50 30 35r

3 IV-4 R 260 70 140 15 330 50 35 31
L 225 68 140 16 360 52 40 31

4 HI-25 R 260 66 200 15 240 50 25 32
L 230 66 200 14 360 48 30 30

4 HI-27 R 180 60 240 15 240 50 25 32
L 140 60 200 15 360 48 30 30

Normal mean 319 57 262 15 404 50 43 29
Normal -2S D 141 69 133 20 227 56 10 32

R =right eye.
L =left eye.
a amp=amplitude a wave in microvolts, 
a im p=im plicit time a wave in milliseconds, 
b am p=amplitude b wave in microvolts, 
b im p=im plicit time b wave in milliseconds.

gene are asymptomatic and have a normal fundi 
appearance at an age when they would yf 
expected to show clear signs of the disease 
Although these ‘skipped individuals’ were 
normal on the basis of routine clinical testing, 
contrast to the subjects reported by Berson et'api 
and Berson and Simonoff^ we have been able to 
show that all six subjects show mild electro
physiological or psychophysical abnormalities ol 
retinal function in some retinal locat; is. The 
most consistent abnormality was ele\ àted rod 
thresholds on dark adapted perimetry. The find- 
ing of abnormal cone implicit times on eiectro
retinography and elevated photopic flicker 
thresholds in some subjects is consistent with the 
suggestion of Berson and Simonoff^ that there 
may be early peripheral cone involvement in this 
form of adRP.

In our families we have shown functional 
abnormalities in all mem bers known tc ive the 
abnormal gene indicating that there l- /ariable 
expression of the m utant gene rather than true 
non-penetrance. The question arises whether or 
not such families represent one or more distinct 
subtypes of adRP. On the basis of the findings in 
the asymptomatic obligate gene carriers they can 
be classified as type II or regional (R) type adRP' •' 
but differ from other R type families we have 
studied both in the severity of disease seen in 
young symptomatic family members ar ’ in the 
wide range of disease severity. Although .here is 
some interfamilial variability in the pedigrees 
reported here, they share many similarities, and 
it is possible that they may be caused by muta
tions at a single locus. Variations in the pattern of 
retinal dysfunction have been shown to be com
mon with different m utations in the rhodopsin 
gene^^” and similar allelic heterogeneity may be 
seen in other genetic disorders.” We have 
demonstrated that our families do t have 
mutations of the rhodopsin or RDS g. nes but 
this does not exclude the possibility that muta
tions of gene prom oters or other related regula
tory regions may be responsible. However, in 
three families we have excluded linkage to known 
loci on chromosomes 3 and 6 indicating that 
other genetic loci are involved. Whether or not 
such a wide range of expressions are caused by 
mutations at a single locus will depend upon the 
demonstration of the genetic defects.

One might expect families showing . .  parent 
incomplete penetrance to be those with mil  ̂
disease of late onset, with the ‘skipped indi
viduals’ being at the m ilder end of the disease 
spectrum. However, we have shown that symp" 
tomatic individuals have severe disease often o 
early onset. There m ust therefore be other 
factors, either genetic or environmental, 
influence expression of the mutant gene, lb'- 
extreme intrafamilial variation, witli ounger 
individuals often being severly affected seen ib 
our families make an environmental infiuene^ 
unlikely. Examination of the pedigree 
provides no evidence for anticipation ® 
genomic im printing effects” and it seems mo 
likely that other ‘m odifying’ loci are responsi 
for influencing expression of the primary mu^^  ̂
gene. The identification of these genetic in^ 
actions remains a major challenge.
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Note added on proof:
Since acceptance of this paper the disease locus in 
family 2 has been identified on chromosome 7p 
(Ingiehearn CF, Carter SA, Keen TJ, Lindsey J, 
Stephenson AM, Bashir R, et al. A new locus for 
autosomal dominant retinitis pigmentosa (adRP) 
on chromosome 7p. Nature Genetics 1993, in 
press).


