
Identification of connexin gene 

mutations in a linkage study of 

inherited cataract

Donna S. Mackay 

B.Sc.

A thesis submitted to the University of London for the Degree of

Doctor of Philosophy

Department of Molecular Genetics 

Institute of Ophthalmology 

University College London 

University of London 

Bath Street 

London EClV  9EL

September 1998



ProQuest Number: U642187

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 complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U642187

Published by ProQuest LLC(2015). 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



Dedication

Dedication

Clan Mackay

‘To my family, for all the love 
and support throughout this Ph.D.



Declaration

Declaration

I declare that this thesis submitted for the degree of Doctor of 

Philosophy is my own composition and save as otherwise stated 

the data presented herein is my own original work.

Donna S. Mackay B.Sc.



Abstract

Abstract

Autosomal dominant cataract (ADC) is a clinically and genetically heterogeneous 

disease. Families with ADC were collected from Moorfields Eye hospital, London and 

separated into eight phenotypic groups. The most common phenotypic group was the 

pulverulent cataract, an opacity dust-like in nature. The aim of this study was to identify 

the genes responsible for the pulverulent phenotype.

Genetic linkage analysis using microsatellite markers was used to perform a whole 

genome search to map a new locus (CZP3) to chromosome 13q, near the candidate gene 

GJA3. Families A and E mapped to CZP3. The entire coding sequence of the human 

GJA3 gene was identified so that mutation analysis could be performed. Analysis of the 

coding region in family A identified an A-^G transition, predicting an asparagine to 

serine change at codon 63 (N63S) and introducing a Mwo 7 restriction site that segregated 

with the disease. Sequence analysis in family E showed the insertion of a C at position 

1137 (1137insC), predicted to cause a ffameshift leading to the extension of encoded 

peptide by 31 amino acids, creating a novel stretch of 87 amino acids at the end of the 

peptide. This sequence change caused the introduction of a Bst X I  restriction site that 

segregated with the disease.

Families O and C were identified as descendants of the original family used in the 

identification of the first locus for ADC, CZPl. Microsatellite markers were used to 

genetically refine CZPl to chromosome lq21, near the candidate gene GJA8. Mutation 

screening of this gene identified a C—>T transition segregating with the disease in these 

two families, predicting a proline to serine change at position 88 (P88S). This sequence 

change caused the introduction of a Mnl I  restriction site. A third family (CCT) mapped 

to CZPl. Mutation analysis identified a G->A transition in codon 48 changing an 

gukvn.cG^to a lysine (E'48K) and removing a FoA: 7 restriction site.

This study has shown that mutations in two connexins known to be expressed in the lens 

fibre cells GJA3 and GJA8, are involved in ADC. This is the first time that connexins in 

the lens have been implicated in human cataract, suggesting that these proteins have 

important function in maintaining the normal lens transparency.
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Introduction

Chapter 1 

Introduction

1.1 Genetic linkage analysis and eye disease

In the intense research effort to identify the genes responsible for inherited diseases, 

the eye as an organ has become an area of great activity. The eye is a complex organ, 

made up of many different cell types, leading to the possibility of a large number of 

genetic diseases associated with it. Checking the database Online Mendelian 

Inheritance in Man (OMIM) (http://www.ncbi.nlm.gov.omim/) with keywords shows 

how important the eye is in human genetic disease (Table 1.1).

Table 1.1 A search of OMIM using keywords.

Keyword Number of entries

Eye 384

Eyes 1044

Vision 155

Lens 109

Cataract 178

Retina 204

Eye Disease 193

Ophthalmology has played an important historical role in human genetics having 

provided the first modem description of a familial disease (protanopia in 1798), the 

first disease mapped to a specific chromosome (colour vision deficiency, deduced to

18
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Introduction

be on the X chromosome by Wilson in 1911), the first textbook of human genetics (by 

Waardenberg in 1932), the linkage of one human disease to another trait (haemophila 

to colour vision deficiency in 1947) the first human disease linkage to an autosome 

(autosomal dominant cataract linked to the Duffy blood group in 1963) and the first 

human disease to show digenic inheritance (mutations in two genes appeared to be 

necessary to cause one type of retinitis pigmentosa) (Damji & Allingham, 1997).

In recent years, research into retinal disease has been frenzied, but research into the 

anterior segment diseases especially those of the lens, has lagged behind. Diseases of 

the lens, especially inherited cataract, are now being studied due to advancement of 

genetic linkage analysis techniques.

1.2 The lens

To understand the phenotypic descriptions of inherited cataract, a basic knowledge of 

the embryology and structure of the lens is needed.

1.2.1 Embryology of the lens

The formation of the lens starts with the induction of the ectoderm by the chora- 

mesoderm causing it to thicken into a neural plate that goes on to form a neural tube. 

The anterior portion of the neural tube grows rapidly and forms lateral évaginations 

that become the optic vesicle (Donaldson, 1976). It is thought that the optic vesicle 

induces the formation of the lens. The lens is derived from the surface ectoderm that 

also gives rise to the comeal epithelium, the conjunctiva and the lacrimal gland cells. 

When the optic vesicle meets the overlying superficial ectoderm, the ectoderm 

thickens to form the lens plate or placode (Figure 1.1). This placode then starts to 

invaginate, forming the lens pit. This process continues until the pit closes and a 

complete lens vesicle is formed. The lens vesicle then loses its connection with the 

superficial ectoderm from which it was derived and the paraxial mesoderm moves in- 

between the two. After this, cells from the posterior wall of the lens vesicle elongate
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Figure 1.1 Diagram showing the early events in mouse eye development.
A. E9-9.5 (E9-9.5), the lens placode becomes apparant.
B. E9.5-10, the area of the lens placode has enlarged.
C. El 0.5, the central part of the lens placode indents to form the lens pit 

and the optic vesicle invaginates to form the optic cup.
D. E l l .5, the lens pit is converted into the lens vesicle, which is suiTounded 

by a capsule.
E. El 3.5, the lens comprises of anterior cuboidal epithelial cells and posterior 

elongating fibre cells. (Taken from Cveki & Piatigorsky, 1996).
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Introduction

and begin to fill the cavity of the lens vesicle. These cells are called the primary lens 

fibre cells. This is completed by the seventh week of fetal development. These cells 

form the part of the adult lens called the embryonic nucleus (Figure 1.2b).

Cells at the anterior of the lens vesicle do not form primary fibre cells, they form the 

epithelial layer. These cells only divide at a narrowly defined area lying anteriorly to 

the lens equator. These cells begin to undergo mitotic division, becoming elongated 

and moving in both directions. At the anterior side, they move beneath the 

undifferentiated epithelial cells, whereas at the posterior side they insert themselves 

just below the posterior capsule. These are the secondary fibre cells. As each cell 

elongates, its base that faces towards the capsule becomes broader and the result is 

that the cell orientation changes by 90 degrees. This allows the basal end of the cell 

to grow and extend towards the capsule while the head grows towards the lens 

epithelium.

1.2.2 Structure of the lens

The lens is an avascular, transparent biconvex structure situated behind the iris and 

pupil, separating the aqueous humour from the vitreous body. The lens is held in 

place by the zonular ligaments. As it is avascular, the aqueous humour is the source 

of nutrients for the lens and accepts its waste products. The function of the lens is to 

focus light onto the retina and for good vision the lens must be transparent. The 

equatorial diameter for the adult lens is about 9-10 mm and its thickness is 3.5-4 mm 

and not perfectly spherical (Donaldson, 1976). The anterior surface is more flattened, 

while the posterior surface is more curved. At the exact centres of each surface are 

the anterior and posterior poles with the line joining these poles called the axis 

(Donaldson, 1976).

The structure of the lens can be separated into three parts, the lens capsule, the lens 

epithelium and the lens fibres (figure 1.2a). The human lens capsule is non-cellular

21



Figure 1.2 The lens

Introduction
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Figure 1.2a Diagrammatic section through the lens. (Taken from Harding, 1991)
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Adult n u c leu s

Cortex

C apsu le

Fetal n u c leu s

Figure 1.2b. Diagrammatic representation of a partially dissected adult lens 
(cross section) showing its various anatomic components.
(Taken from Donaldson, 1976)
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Introduction

and a product of the lens. It is a transparent basement membrane (a basal lamina) 

surrounding the lens. Part of its function is to control the shape of the lens as well as 

allowing the passage of small molecules. The major components of the lens capsule 

are collagen type IV, laminin, entactin, heparan sulphate proteoglycan and 

fibronectin.

The lens epithelium is a single layer of epithelial cells located immediately behind the 

anterior capsule. These cells, cuboidal in shape, are only found on the anterior 

surface. These cells divide at the equator, and become columnar in shape. They 

elongate and migrate throughout life to form lens fibre cells. Lens fibre cell 

differentiation is characterised by the loss of the nucleus and other cell organelles 

(Bassnett & Beebe, 1992). The fibre cells make up the major cellular component of 

the lens. The region of the lens composed of fibre cells that have lost their organelles 

is called the organelle-free zone (OFZ) (Bassnett & Mataic, 1997). Lens fibre cell 

differentiation is also characterised by the massive accumulation of soluble crystallins 

and the synthesis of major intrinsic protein (MIP), lipids and other components of the 

lens (Berman, 1991). Lens fibre cells are long ribbon like cells that are slightly 

tapered at their anterior and posterior ends. New fibre cells are laid down in 

concentric layers, burying the older cells. No cells are lost from the lens.

Structurally, the lens is divided into different regions based on when the cells were 

laid down (Figure 1.2b). The cells at the centre of the lens form the embryonic 

nucleus. These are primary fibre cells, laid down in the first three months of life. 

Cells laid down in fetal life form the fetal nucleus. The infantile nucleus contains 

cells from the last few weeks in fetal life to puberty, while the adult nucleus is 

puberty to early adult life. The cortex of the lens represents fibre cells laid down after 

the adult nucleus is complete at 20-25 years old. It contains fibres that are anteriorly 

laid down between the adult nucleus and the subcapsular epithelium and posteriorly 

between the nucleus and the lens capsule (Donaldson, 1976). Secondary fibre cells
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Introduction

make up the cortex and the last three nuclei. The cortex continues to grow throughout 

life. Both the weight and the thickness of the lens increase steadily with age.

The fihre cells extend from the anterior to the posterior surface. As the cells are not 

long enough, the junctions of the ends of the lens fibres form the sutures. Sutures start 

to appear at 8-9 weeks of fetal life. The sutures of the lens extend from the inner 

portion of the fetal nucleus out to the lens capsule. Until birth, the addition of lens cell 

layers creates a suture plane with a symmetrical Y pattern in the anterior section and a 

symmetrical inverted Y pattern at the posterior section. After birth, suture formation 

pattern becomes very complex and irregular. During childhood, it is seen as a ‘simple 

star’ suture pattern (six branches). A nine branch pattern is generated by young 

childhood with a 12 or more complex pattern generated after that (Garland et al., 

1996). Each nucleus as well as the cortex has its own unique pattern that can be used 

to identify each region as there are no distinct morphological markers or barriers 

between the regions (Berman, 1991). These sutures are visible by slit lamp 

biomicroscopy, due to the slight scattering of light that they cause.

1.3 Transparency of the lens.

The lens needs to be transparent so that light can reach the retina. The lens is 

transparent because it neither absorbs nor scatters significant amount of light in the 

visible region of the spectrum (Berman, 1991). This lack of absorbance is due to the 

absence of molecular energy levels in the appropriate range for the absorption of 

photons. Everything from the cornea to the vitreous body is transparent although 

their properties are grossly different. Fihre cells have no organelles, so there are no 

mitochondrial pigments to absorb or scatter light. Much of the transparency of the 

lens is due to the specialised packaging of the crystallins in the cells, a , (3 and y 

crystallins are closely packaged and bind a large proportion of the water in the lens.
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There are many interdependent factors responsible for maintaining lens transparency, 

among them the packaging of crystallins, the maintenance of ion pumps and 

membrane permeability. The arrangement of the lens fibres is also important to give 

the minimum amount of extracellular space. The total lens extracellular space is only 

1.3% (Phelps Brown & Bron, 1996). Increased separation of the fibres would cause 

light to scatter.

1.4 The Lens and Disease

1.4.1 What is a cataract?

The most common lens disease, is a cataract. Simply, a cataract is the clouding of a 

lens, changing it from a clear transparent lens to an opacity. A cataract can be any 

light-scattering opacity of the lens, not necessarily having an effect on vision.

Cataract is still a major cause of blindness worldwide in spite of the existence of 

cataract surgery for thousands of years. About 40% of the estimated 42 million blind 

people are blind from cataract: 13 million in developing countries and 4 million in 

developed countries (Hym?n, 1987). It is a condition usually associated with old age 

in the developed world, treatable by surgery. In developing countries it is the major 

cause of blindness, due to the lack of effective treatment, malnutrition and infectious 

diseases. Of interest in the developed world is the effect of cataract on the visual 

system in childhood. Infantile cataracts not only blur the retinal image, but also 

disrupt the development of the visual pathways in the central nervous system. The 

prevalence of infantile cataract has been reported to be as high as 6 to as low as 1.2 

cases per 10,000 births (Lambert & Drack, 1996).

1.4.2 Cataract as a genetic disease

Although not always considered a common genetic disease, in the developed world, 

congenital cataract is considered the most common eye disorder in infants (Lund et 

al, 1992), with approximately a third of cases being inherited (Reese et al, 1987).

25



Introduction

All three modes of inheritance, autosomal dominant, autosomal recessive and X- 

linked inheritance can be found for cataract, although autosomal dominant inheritance 

accounts for most of the cases. To date, there are ten independent genetic loci for 

autosomal dominant cataract (ADC) that have been mapped using genetic linkage 

analysis in a family with an inherited form of cataract and no other clinical symptoms. 

As well as these loci (section 1.7) autosomal dominant cataracts have been associated 

with high serum ferritin levels (Bonneau et al, 1995) and microcomea (Polomeno & 

Cummings, 1979). Mutations in homeobox genes have also been associated with 

ADC. The homeobox gene PAX6 is known to cause autosomal dominant aniridia and 

maps to 1 lpl3 (Jordon et al, 1992). Cataracts are often seen in aniridia patients. In 

one family with two PAX6 mutations segregating, affected members either had the 

very severe phenotype, anophthalmia, or aniridia or just cataract. Analysis of this 

family showed that this was due to a gene dosage effect, with cataract affected 

individuals inheriting the less severe mutation (Glaser et al., 1994). A mutation in the 

PAX6 gene has also been shown to cause autosomal dominant keratitis, of which 

cataract is a symptom (Mi&ayans et a l, 1995). The P1TX3 homeobox gene has been 

shown to be involved in anterior segment mesenchymal dysgenesis in one family and 

ADC in another (Semina et a i, 1998)

Recessive forms are rare, but have been identified in inbred communities, such as the 

juvenile cataract in Hutterites (Pearce et al., 1987). A recessive form of cataract has 

been mapped to the li blood group locus, where the cataract phenotype is associated 

with the I phenotype in the Japanese population (Ogata et al, 1979). The I blood 

group maps to 9q21 (OMIM). Deficiency of enzymes such as galactokinase 

(Stambolian et a l, 1995) have manifested themselves as recessive congenital cataract.

X-linked inheritance is represented by Nance-Horan Syndrome, which maps to Xp21- 

p22 (Stambolian et al., 1990). Affected males have dense nuclear cataracts and 

frequently microcomea and dental abnormalities, while carrier females may show
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posterior Y-sutural cataracts. Other cataract pedigrees with males more severely 

affected than females are thought of as showing X linked inheritance, but no linkage 

analysis has been undertaken (OMIM).

Cataracts are often seen as a feature of many other genetic conditions. Cataracts 

occur at a higher rate in diabetic patients and in many metabolic disorders 

(homocystinuria, Lesch-Nyhan syndrome). In the renal disorder, Lowe’s 

oculocerebrorenal syndrome, total cataracts are seen. Cataracts are also commonly 

seen in Alports syndrome. In myotonic dystrophy, cataracts are a prominent feature 

and may be the first and only evidence of disease in a family. Cataract is associated 

with a number of skin disorders. The association is not unexpected since the lens is 

of ectodermal origin. Icthyosis, Wemer syndrome and Cockayne syndrome all have 

cataract as a symptom. Central nervous system disorders with cataracts include 

Neurofibromatosis type II and Marinesco-Sjogren syndrome.

Cataracts are also associated with chromosomal disorders. Chromosomal disorders 

occur in about 1 in 160 newborn infants (Thompson & Thompson, 1980). Cataracts 

are a feature of trisomy 13, 18 and 21. Opacities have also been associated with 

deletions of the short arm of chromosome 4 and 5, of the long arm of chromosome 13 

and either the short or long arm of chromosome 18 (Phelps Brown & Bron, 1996). 

Inherited translocations are also associated with autosomal dominant cataract and will 

be discussed later (Chapter 3).

1.4.3 Causes of cataract

Apart from old age and part of a genetic syndrome, there are many other causes of 

cataract. Infectious diseases such as rubella can lead to cataracts in infants and 

transient cataracts can occur occasionally in premature infants (Lambert & Drack, 

1996). Many drugs and chemicals are known to cause a cataract. Some of these 

cataracts have a characteristic appearance. Some of the known drugs that can cause 

an opacity include corticosteroids, anticholinesterases, and some of the antimalarial

27



Introduction

drugs (Phelps Brown & Bron, 1996). Accumulation of metal ions such as calcium, 

copper and iron also cause cataract. Chemicals found in cigarette smoke are thought 

to increase the risk for nuclear cataract (Flaye et al., 1989). Epidemiology studies 

have also indicated that moderate alcohol consumption is a risk factor (Harding, 

1988). Other epidemiological studies have suggested that nutrition plays a role in the 

development of cataract. There is also contradictory data for the involvement of UV 

light from exposure to the sunlight in cataract formation (Harding, 1991). Trauma is 

another major cause of cataract. This can include physical damage caused by 

concussion, penetration of the lens by a sharp object or by a high velocity foreign 

body. Electric shock and radiation also damage the lens and lead to cataract (Phelps 

Brown & Bron, 1996).

1.4.4 Other lens defects

As well as cataract, the lens can suffer from anomalies in size and shape. Conditions 

affecting the size of the lens include aphakia (no lens), microphakia (small lens) or 

duplication of the lens. Conditions involving misshape of the lens include, 

abnormalities in the curvature of the central part of the lens either called lenticonus or 

lentiglobus depending on the abnormality. Coloboma of the lens is a uniocular 

condition where there is an indentation of the lens periphery. Ectopia lentis is the 

partial displacement (subluxation) or total displacement (luxation) of the lens. All 

these conditions can be seen as an isolated defect, inherited in a Mendelian fashion or 

occur in association with other defects as part of a syndrome. Many of these 

conditions also have cataracts associated with them.
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1.5. Identifying disease genes

1.5.1 The human genome

The human haploid genome is 3 x 10  ̂ bp, the DNA separated into 22 autosomal 

chromosomes and a sex chromosome. The human genome is complex. It is thought 

that only 5-10% of the genome codes for functional genes. The rest of the genome is 

repetitive DNA of unknown function. The complexity of the genome increases with 

evolutionary complexity. This means that the search for a disease gene is a difficult 

task and an understanding of the organisation of the human genome is important.

Repetitive DNA can be separated into groups depending on the type of repeat, the 

number of copies and location (tandem or interspersed) in the genome.

Tandemly repeated DNA is known as satellite DNA and is found in the centromeric 

and heterochromatic regions of chromosomes. Highly repetitive tandem repeats such 

as the alphoid sequences (171 bp satellite) make up the bulk of heterochromatin. The 

telomeres consist of tandem repeats of TTAGGG (Tyler-Smith & Willard, 1993). The 

33 bp minisatellite can be tandemly repeated covering up to 30,000 bp. This repeat is 

originally derived from an intron in the myoglobin gene. This minisatellite is 

polymorphic and can be used in DNA fingerprinting. Other tandem repeats include 

microsatellites. Dinucleotide repeats (AC„) are used in genetic linkage analysis, and 

trinucleotide repeats are associated with genetic disease.

The interspersed repetitive elements are separated into two groups by size. SINE’s 

are short interspersed elements and the Alu repeat is an example. The Alu repeat is 

300 bp and there are several thousand copies in the human genome (Houck et a l, 

1979). l i n e ’s are long interspersed elements and the LI is an example. The LI 

repeat is 6400 bp in length and there are 3,000-4,000 copies (Adams et al., 1980).
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Some gene families can be considered as moderately repeated DNA. Genes encoding 

abundant products are often tandemly repeated. Few hundred copies of ribosomal 

RNA genes (rRNA) are found on the short arms of acrocentric chromosomes. rRNA 

genes are not translated. Translated gene families that are tandemly repeated include 

the haemoglobins, actins, and the crystallins.

As well as repetitive DNA, human genes consist of exons and introns. Only exons 

are translated, and the number and size of the introns vary. Human genes also have 5' 

and y  untranslated regions. Pseudogenes are also present. Pseudogenes are closely 

related to functional genes, but are non-functional due to accumulations of mutations 

following duplication of the gene or lacking the introns and regulatory elements of the 

functional gene (processed pseudogene).

Therefore in the human genome, functional genes cover a very small amount of DNA 

surrounded by different types of repetitive DNA, pseudogenes and regulatory 

elements. Many techniques have been designed to focus on the identification of 

expressed sequences in the genome.

The search for the genes involved in inherited cataract does not differ from mapping 

the genes responsible for any other genetic disease. For any disease with a genetic 

component, after identification of affected families, the next stage is to identify the 

gene(s) responsible for the condition. Mapping strategies used in the identification of 

a disease gene depend on the available information the investigator has on the disease. 

Depending on the biochemical evidence, the availability of affected individuals and 

affected families and other indications on what might be the cause of the condition, 

one of four mapping strategies can be used using a variety of molecular biology 

techniques.

30



Introduction

1.5.2 Functional cloning

The earliest disease genes were identified using functional cloning techniques. 

Functional cloning identifies the gene based on the biochemical defect associated 

with the disease. At no point is the chromosomal location of the disease gene needed 

for the gene’s identification. Classic examples are the haemoglobinopathies, and 

inborn errors of metabolism, where the defective blood group or enzyme has been 

identified by standard biochemical means. Once the protein was known, the gene 

and its chromosomal localisation could be ascertained. Unfortunately apart from 

conditions caused by an obvious biochemical defect, functional cloning has a limited 

use.

1.5.3 Candidate gene cloning

This method also depends on partial functional information about the disease, not 

enough to identify the disease gene immediately, but enough to create a list of likely 

candidates. These candidates can then be screened at the biochemical level or at the 

nucleotide level for the identification of the mutation. A recent example of this is the 

demonstration that the dominantly inherited familial cancer syndrome of Li & 

Fraumeni is due to germline missense mutations in the p53 gene (Malkin et al., 1990). 

In the candidate gene approach, no gene position information is utilised.

1.5.4 Positional cloning

Positional cloning assumes no functional information and must locate the responsible 

gene solely on the basis of map position. Genetic mapping using linkage analysis 

techniques (section 1.6) is used to identify a region of the human genome associated 

with the genetic disease in question. The aim of genetic mapping is to map the disease 

gene to the smallest genetic interval by identifying recombination events in the 

pedigree. Genetic distances are expressed in centimorgans (cM). Two loci that are 

one cM apart will show one per cent recombination. Averaged over the whole human 

genome, one cM corresponds to one megabase (Mb) of DNA, although this varies in
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some regions of the genome. In a gene rich region this can contain up to 50 genes 

(Martin-Gallardo et ah, 1992), thus presenting a formidable task. Therefore the 

smaller the disease interval, the smaller the amount of DNA in which the disease gene 

could reside. This step can be aided by chromosomal rearrangements that can position 

the disease locus to as little as hundreds of kilobases (Collins, 1995).

The next step is to search the disease interval for genes. This can be done by making 

a physical map of the interval (section 1.5.6) and/or by looking for positional 

candidate genes that map to the region (section 1.5.5). The first success in positional 

cloning was the identification of the gene responsible for X-linked chronic 

granulomatous disease (Royer-Pokora et al., 1986).

1.5.5 Positional candidate cloning

The positional candidate approach is becoming the most common and productive way 

to identify disease genes. It relies on using genetic linkage analysis to map the 

disease to the smallest genetic interval. A search of the databases can identify genes 

already known to be mapped to this region. An ideal candidate gene is one that not 

only maps to the disease interval, but is also expressed in the tissue the disease 

affects.

This technique will become more valuable each year as the number of mapped genes 

increases. The production of transcript maps will help in the positional candidate 

gene approach. Numerous techniques have been developed to isolate transcripts 

(cDNAs) that only represent 5-10% of the total human genome (Bodmer, 1981). 

cDNAs are partially sequenced and catalogued as expressed sequenced tagged sites 

(ESTs). These ESTs are then mapped to their chromosomal regions, providing even 

more candidate genes. Once a candidate positional gene has been shown to share 

some relationship (expression pattern, synteny with a mouse mutant), this gene moves 

to the top of the candidate list and should be screened for mutations (section 1.5.7).
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1.5.6 Physical mapping

If there are no candidate genes in the region, or a mutation cannot be found in the 

candidate genes identified, the next step is to physically map the region in an attempt 

to identify new genes in the region. Human genomic DNA from the region can be 

isolated and cut using restriction endonucleases into small fragments of DNA, which 

can be cloned into a vector. A collection of clones covering a genome is known as a 

library. Clones containing DNA mapping to the disease interval are identified by 

screening the library, with a fragment of DNA known to map to the interval. In most 

cases, the fragment of DNA used is one of the microsatellite markers known to be 

linked to the disease. Any fragment of DNA for which the sequence is known is 

called a sequence tagged site (STS). Every time a clone is identified, human DNA 

sequenced from the clone can be used as the STS for the next round of screening the 

library. A set of overlapping clones is called a contig (Davies & Read, 1992).

The choice of vector (YAC, PAC, BAC, cosmid) is dependent on the size of the 

interval and the size of the fragments of genomic DNA. The yeast artificial 

chromosome (YAC) has been the vector of choice for contig mapping. The vector 

can hold large inserts up to 2 million base pairs allowing cloning to occur over a long 

range (Burke et al., 1987). Restriction mapping with the aid of pulse field gel 

electrophoresis (Schwartz & Cantor, 1984) has enabled fingerprinting of such clones 

and the ability to estimate the physical distances involved. There has been an effort to 

construct an integrated physical map of the human genome using YACs. Presently 

these contigs cover up to 90% of the genome (Chumakov et al., 1995). The main 

problem with YACs is that some human DNA is unclonable in yeast. YACs also tend 

to be chimaeric (containing more than one fragment of human DNA). This has lead 

to the use of additional vector systems that have smaller insert sizes and are less likely 

to be chimaeric. These vector systems include PI artificial chromosomes (PACs - 

-100 kb inserts), bacterial artificial chromosomes (BACs - -120 kb insert), and 

cosmids (-35 kb inserts).
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Clones containing DNA of interest can be mapped back to the region of linkage by a 

variety of techniques. The cloned fragment can be radioactively labelled and 

hybridised directly to a spread of metaphase chromosomes {in situ hybridisation). Its 

cytogenetic localisation can be worked out by examining the spread under a 

microscope. Fluorescent labelling has largely superseded radiolabelling. Fluorescent 

in situ hybridisation (FISH) is a powerful technique for physical mapping.

Somatic cell hybrids are another widely used mapping technique. When rodent and 

humans cells in culture are fused in the presence of polyethylene glycol, the resulting 

heterokaryons are unstable and tend to lose the human chromosomes in a random 

way. Eventually stable cell lines are produced which contain a full set of rodent 

chromosomes plus a few human chromosomes. Once the human chromosomes 

present have been characterised, these stable cell lines can be used to test where a 

cloned piece of DNA maps (Davies & Read, 1992). Radiation hybrids are even more 

useful for mapping. They are produced in the same way as somatic cell hybrids 

except that before fusion the human cells are irradiated to fragment their DNA. After 

fusion, fragmented human DNA integrates into the rodent genome, producing a much 

finer mapping tool (Wicking & Williams^ 1991).

The most difficult part of any positional cloning project is the identification of coding 

regions in the critical interval. A variety of strategies have been used in the past. 

These techniques include random sequencing of the clones from the contig. Analysis 

of this sequence can then take place looking for sequences that may belong to genes. 

Various computer programs have been designed for this use (Mallon & Strivens, 

1998). The GRAIL program is one exon prediction program (Uberbacher et al., 

1991).

Traditional methods of gene detection include CpG island mapping and exon trapping 

(Boehm, 1998). CpG island mapping takes advantage of the cosegregation of CpG 

islands in the vicinity of genes (Larsen et al., 1992). CpG islands are short dispersed
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regions of immethylated DNA with a high frequency of CpG dinucleotides relative to 

the whole genome. They are associated with 5' ends of almost all housekeeping 

genes and 40% of tissue specific genes (Bird, 1986). Exon trapping takes advantage 

of the fact that all mammalian genes are interrupted by introns removed from RNA 

transcripts by the process of splicing. This method involves the detection of splice 

sites and is useful for the identification of genes not characterised by CpG islands or 

where the level of expression is low (Duyk et al., 1990, Buckler et al., 1991).

Other methods used are based on the identification of cDNAs mapping to the region. 

Direct sequencing of cDNA libraries use the genomic clones identified as radioactive 

hybridisation probes. This method is useful when the candidate region is large, and 

was used to isolate cDNAs from the Huntington disease region (Snell et al., 1993). 

Direct cDNA selection (Lovett et al., 1991) utilises genomic DNA to capture cDNA 

via hybridisation, and PCR to identify transcription products. This allows cDNAs 

from the disease interval to be identified.

None of these techniques used in modem cloning would be possible without the 

polymerase chain reaction. The polymerase chain reaction (PCR) since its discovery 

(Mullis & Faloora, 1987) has made a profound effect on molecular biology and can be 

considered the foundation of many modem molecular biology techniques.

1.5.7 Mutation analysis

Once a candidate gene has been identified, the gene must be screened for a mutation. 

Many techniques have been developed for this purpose.

With the advancement of the speed and accuracy of sequencing in recent years, direct 

sequencing of the gene in affected individuals has become a commonly used method. 

This method is quick and accurate especially on small genes. When a sequence 

change has been identified that changes a restriction enzyme site, the change can be 

easily tested in the affected individuals by a simple restriction enzyme analysis.
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Sequence analysis is always used whatever the method of mutation detection, as it is 

the only method that can directly identify the single base change, deletion or 

insertion.

Other methods of mutation analysis are based on the mutation causing some 

structure/conformational change to the DNA, RNA or protein.

Single strand conformation polymorphism analysis (SSCP) is based on the fact that

ssDNA tends to fold up into complex structures (Orita et al., 1989). These structures

are dependent on nucleotide sequence. Any sequence change would produce ssDNA

with a different structure which on a non denaturing gel would have a different

mobility to the wild-type. It is rapid, simple and nonradioactive, but is less efficient

than other methods in detecting changes. Denaturing gradient gel electrophoresis

(DGGE) takes the wild-type and mutant dsDNA, denatures (by high temperature or a

chemical dénaturant) and mixes the DNA. Theoretically, homoduplexes and
c

heteroduplexes (one strand of wild-type, one of mutant) should be formed (Fisher & 

Lerman, 1980). When these duplexes are run on a denaturing gel with a gradient, the 

hetro- and homoduplexes separate. It is a rapid, efficient (95% detected), non

radioactive way to look for sequence changes. Both SSCP and DGGE can only test 

small fragments of DNA (200-500 bp) and cannot localise the site of the mutation. 

Heteroduplex analysis is a variation on SSCP (Keen et al., 1991). Small fragments of 

DNA are amplified, denatured and allowed to renature. Any mismatches in the 

heteroduplex cause a slower migration on polyacrylamide gel. Heteroduplex analysis 

has the same drawbacks as SSCP and DGGE.

Other techniques include RNase A cleavage of mismatch heteroduplexes formed 

between RNA (probe) and DNA (test), chemical mismatch cleavage of 

heteroduplexes and the protein truncation test that detects truncating mutations 

(Davis & Read, 1992).
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1.6 Genetic linkage analysis

1.6.1 Theory of genetic linkage analysis

The use of genetic linkage analysis to map disease genes is based on Mendel’s law of 

independent assortment that states that genes on different chromosomes show 50% 

recombination. Genes or loci that are physically linked do not obey Mendel’s 2nd 

law. Loci that are physically linked on a chromosome can become separated if the 

distance between them is large enough for a recombination event to occur. 

Recombination, the basis of linkage, occurs at meiosis. Chiasmata form between the 

homologous chromatids at given points along the tetrad (Mange & Mange, 1990). 

The number of chiasmata per tetrad ranges between 1-4 with an average of 2 per 

autosome in males (Sturt, 1976). Each chiasmata represents a place where non-sister 

chromatids have broken and rejoined in a criss-cross fashion. This exchange of DNA 

between non-sister chromatids is called a crossover (a recombination event), and it is 

this process that allows linkage analysis to map disease genes.

To start a genome search you need a family with a disease showing Mendelian 

inheritance. You need to assume that the disease is caused by a single gene 

(homogenous) and that the correct diagnosis for each family member has been 

obtained. In mapping, much depends on the quality of the pedigree. A minimum 

number of meiosis (-15-20) limits linkage to medium and large sized families. To 

achieve the significant lod score of 3, a minimum of 10 informative meioses are 

required, 1 to determine the phase (the allele that seems to be inherited with the 

disease) and 9 to contribute to the lod score. Lod scores are calculated under various 

hypotheses, moving the marker and disease gene further away from each other, and 

testing for signs of linkage. The measure of that distance is theta. At theta (0) equals 

0 (no genetic distance between the two loci), each meiosis can give a lod score of 0.3.
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1.6.2 Types of Genetic markers

A genetic marker is essentially any inherited character used to track the inheritance of 

a particular segment of DNA. For linkage analysis, the marker must be easily studied 

on a readily available material (e.g., DNA extracted from a blood sample), be 

inherited in one of the simple Mendelian patterns and be polymorphic (Davies & 

Read, 1992).

The informativeness of a marker is given by it's PIC (polymorphic information 

content). The PIC measures the probability that the marker will be heterozygous in 

the parent so that it will be informative in the children. Informativeness is maximised 

if the marker has many alleles and each allele is relatively common in the general 

population. For genetic linkage analysis a PIC of above 0.70 is useful.

The first genetic markers to be used in linkage analysis were blood groups e.g., Rh, 

Duffy, but these are not highly polymorphic and the numbers limited. Blood groups 

only allowed limited linkage analysis, i.e., linkage to a chromosome. Protein 

polymorphism’s were also used in early linkage studies, but like blood groups their 

usefulness was limited. Now, DNA polymorphism’s are used. The first was RFLP’s 

(Restriction Fragment Length Polymorphisms) (Bdstein et al., 1980). They were 

discovered when genomic DNA was cut with bacterial restriction enzymes and the 

size of the fragments produced were found to differ between individuals.

Today most linkage studies use VNTR’s (Variable Number of Tandem Repeats). 

Types of polymorphic VNTR’s commonly used are the tetranucleotide repeats 

(GATA’s) and the dinucleotide repeats (AC„). The complete genetic maps published 

by ffénéthon (Dib et al., 1996) consist of dinucleotide repeats, genetically linked to 

each other in the genome. These markers now have such a good coverage of the 

genome that genetic linkage analysis can be performed on an inherited disease in a 

single family.
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1.6.3 Linkage analysis

Linkage is the measurement of the non-random assortment of genes at meiosis. This 

is detected as non-random segregation of loci in offspring. Two genetic loci are said 

to be linked if they segregate together in pedigrees more often than by random 

chance. This happens if they lie close together on the same chromosome. The results 

of a linkage study are lod scores (known as Z scores) for a pair of loci with a range of 

different recombination values (Davies & Read, 1992).

Lod stands for the logarithm to the base 10 of the odds that the two loci are linked at 

that recombination fraction rather than unlinked. At a recombination fraction (0) of 

zero, the two loci are linked, but 0=0.50 is equal to independent assortment. The 

theory of the lod score method was worked out by Morton in 1955 (Morton, 1955). 

Computer programs such as MLINK (Lathrop et a i, 1984) calculate the overall 

likelihood of the data based on two alternative assumptions, either that the two loci 

are linked at a given recombination fraction, or that they are unlinked. The ratio of 

these two likelihoods is the odds that the loci are linked. The logarithm to the base 10 

of these odds is the lod score. The lod score (denoted as Z) is calculated for various 

recombination fractions (0 ), with the maximum lod score (Z^ax) occurring at the most 

likely recombination fraction (Omax)-

A lod score of zero means that the assumptions of linkage or no linkage are the same 

(logio (1)=0). A positive lod score favours linkage whereas a negative lod score 

provides evidence against linkage.

A lod score of 3 is considered significant for linkage. A lod of 3 means that the odds 

must be 1000:1 in favour of linkage. Morton chose this threshold of 3, as this gives 

an overall probability of linkage of 95%. The reason for this lies in the low prior 

probability that the two loci are unlinked. In typical human linkage analysis, there is
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about a 1 in 50 chance that two randomly chosen loci will happen to lie close enough 

on the same chromosome to show linkage.

One of the advantages of using lod scores is that they can be added together. The 

likelihood of two independent sets of data is the likelihood of the first multiplied by 

the likelihood of the second, and multiplying likelihoods corresponds to adding 

logarithms. This means that the lod scores from different families with the same 

phenotype can be added together.

1.6.4 Multipoint linkage analysis

Various other analyses can be used to study inherited conditions. In this project, 

along with two-point analysis, multipoint linkage analysis was regularly used. This 

method uses information from three or more loci (disease locus and two or more 

markers). Multipoint can be used to order the loci, which cannot be done simply by 

looking at the two-point lod scores. A multipoint program (Curtis & Curling, 1992) 

takes the disease locus and a fixed framework of marker loci and moves the disease 

locus along the map, calculating the lod score at every position. These values can be 

used to draw a graph with the peaks showing the most likely location of the disease 

locus. This is yet another calculation that provides evidence as to where in a disease 

interval the gene may lie.
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1.7 Linkage analysis and ADC

The identification of patterns of inheritance in cataract families has led to the 

possibility of collecting these families to identify genes involved in cataract. The lens 

as a tissue is made up of one cell type, and many genes have already been described 

as having a lens-specific or lens-preferred expression. This observation means that 

there are already good candidate genes for inherited cataract. These genes will be 

discussed in chapter 3.

The search for the genes responsible for autosomal dominant cataract (ADC) can be 

considered one of the oldest in human autosomal genetics with the first linkage 

published in 1963. At the start of the century, ophthalmologists such as Nettleship 

began publishing pedigrees with inherited cataract. Some of these original pedigrees 

(Nettleship & Ogilvie, 1906., Nettleship, 1909., Harman, 1910., Smith, 1910) were 

used to identify the first genetic loci. Ten loci have now been mapped in the human 

genome (Table 1.2). Some loci have more than one phenotype mapped to it and some 

phenotypes have mapped to more than one locus indicating the genetic heterogeneity 

of ADC. When loci with pulverulent phenotypes (covered in the rest of the thesis) are 

removed, other cataract phenotypes have been mapped to eight loci, and these loci, 

scattered throughout the genome, are discussed below.
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Table 1.2 Known genetic loci mapped by linkage analysis for ADC. 

Disease gene is listed if known.

Locus Phenotype Gene
Symbol

Gene Reference

lp36 Volkmann CCK Eiberg et a l, 1995
Posterior Polar lonides et al., 1997

lq21 Zonular
Pulverulent

CZP7 Gap junction 
alpha 8

Renwick & Lawler, 1963 
Shiels et a l, 1998 
Chapter 4 of thesis

2q32-36 Coppock-like CCI yE crystallin 
pseudogene

Lubsen et al., 1987 
Brakenhoff et al., 1994 
Chapter 3 of thesis

Congenital
polymorphic

fC C Rogaev er a/., 1996

Aculeiform Héon et al., 1997
13qll Zonular

pulverulent
CZP3 Gap junction 

alpha 3
Mackay et al., 1997 
Mackay étal., 1998 
Chapter 5 of thesis

16q22.1 Posterior polar CCDA Maumenee, 1979
Progressive C/tM Eiberg et al., 1988

17pl3 Anterior Polar Berry et al., 1996
17qll-
ql2

Zonular and 
Sutural

CCZ^ (3A3/A1
crystallin

Padmaeta/., 1995 
Kcoinabiran et al., 1998

17q24 Cerulean Armitage et al., 1995
21q22.3 Zonular Sutural aA crystallin Litter a/., 1998
22q Cerulean CC/12 [3B2

crystallin
Eiberg et al., 1995 
Litt et al., 1997
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1.7.1 lp36 locus

This locus was first identified in 1995. It is a clinically heterogeneous locus with two 

clinically different phenotypes mapping to it. There are no obvious candidate genes 

already mapped to lp36.

This locus is known as the Volkmann locus, after the Volkmann family from 

Denmark. The family with congenital cataracts was first described in the early 1900’s 

and could be traced back to a Mr. Volkmann, bom in 1730. A description of the 

family now spanning 10 generations with 426 individuals and preliminary linkage 

analysis was published in 1992 (Lund et a l, 1992). Linkage was not found to 18 

polymorphic blood group and serum markers or to gamma crystallin. The Volkmann 

cataract (CCV) is characterised by a progressive central and zonular cataract, with 

opacities both in the embryonic, fetal and juvenile nuclei and around the anterior and 

posterior Y-sutures. The cataract was transmitted as a dominant Mendelian trait, with 

a highly variable expression ranging from hardly recognisable opacities in the lens to 

dense cataracts. A penetrance of 0.90 was calculated from skipped generations in the 

pedigree.

This investigation was extended on the introduction of microsatellite markers (Eiberg 

et al, 1995). After excluding -95% of the autosomal genome using 300 polymorphic 

markers in 91 family members, linkage was found to D1S214 (Zmax=4.87). This 

located CCV in the telomeric region of chromosome lp36 and placed the locus by 

multipoint in the interval lpter-CCT-(18.2 cM)-DlS214.

One candidate gene mapped to this region of chromosome 1 is enolase 1 (ENOl). 

ENOl or 2-phospho-D-glycerate hydrolase codes for tau crystallin in some species 

(Wistow et a i, 1988). Although deficiency of enolase, known as hereditary red cell 

enolase partial deficiency, is found as an inherited genetic disorder, no cataract is 

associated with it (Lachant et al, 1986). CCV patients did not show any abnormal 

ENOl levels or activity.
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Figure 1.3 The lp36 locus.
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The second phenotype mapping to this region is a posterior polar cataract {CTPA). 

The posterior polar cataract is a clinically distinct opacity located at the back of the 

lens. Because of its proximity to the optical centre of the eye this opacity can have a 

marked effect on visual acuity. This phenotype is commonly seen in age-related 

cataract (Klein et al., 1992) as well as inherited conditions such as neurofibromatosis 

type 2 (Ragge et al., 1995) and some of the retinal degenerations (Heckenlively, 

1982).

Linkage analysis was performed on a three generation family of English descent, with 

ten affected and three unaffected members (lonides et al, 1997). The opacity was 

bilateral in all cases and consisted of a well defined plaque confined to the posterior 

pole of the lens that varied from 0.5-3 mm in diameter. After excluding a number of 

candidate regions, positive lod scores were found with markers from lp36. The 

maximum two-point lod score was with the marker D1S508 (Z^ax^S.M at 6max̂  

0.00). With haplotype analysis the interval was given between D1S2845 and Ipter. 

The CTPA locus overlaps with the CCL locus (Figure 1.3). Although mapping to the 

same region as CCV, CTPA is clinically distinct to CCV.
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1.7.2 Gamma crystallin cluster on 2q32-q36

The gamma crystallin cluster has been associated with ADC in humans since the 

linkage of the Coppock-like cataract (CCL) to the cluster in 1987 (Lubsen et al., 

1987). A mutation was identified in the yE crystallin pseudogene that segregated with 

the cataract in the original family (Brakenhoff et a l, 1994). The history of this 

linkage is discussed in chapter 3 (Section 3.3), along with new data refining this 

locus. Since the original linkage, two other very different phenotypes have been 

mapped to this region (figure 1.4). The candidate genes for these two phenotypes 

include the six gamma crystallin genes and the beta A2 crystallin gene.

Figure 1.4 The gamma crystallin locus

_ _ D2S1363

D2S72

-  -  CRYGl

TNPl

-  -  D2S128

-  -  D2S126

CCL 
22.2 cM

\PCC 
cM

Aculeiform 
Cataract 
34 cM

Families used in the PCC (polymorphic congenital cataract) linkage (Rogaev et al., 

1996) were obtained from the Turkmen population in Russia. Three families were 

collected, the largest containing 254 members of which 103 were affected. The 

opacity was transmitted as an autosomal dominant trait through seven generations 

with virtually complete dominance. The cataract present in these families was 

characterised by a partial opacity of the lens, which had a variable location on the
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periphery between the fetal nucleus of the lens and the equator. The form of the 

opacity was irregular and looked similar to a bunch of grapes or a lump of cotton. 

The opacity was located simultaneously in the different lens layers with the colour of 

the opacity varying from shining crystal-like to snow-white. The cataract was non

progressive and non-nuclear.

Linkage was found to the glucagon gene on chromosome 2q. Since the y crystallin 

cluster mapped nearby, additional markers were then studied. A polymorphic marker 

in the yA crystallin gene, CRYGl, showed no recombination (Z^ax^ 10.62 Omax̂ O.OO). 

Multipoint analysis placed the PCC gene within or near CRYGl between TNPl and 

D2S72. No mutation has yet been identified.

A third phenotype mapping to the gamma crystallin cluster is the aculeiform cataract. 

This phenotype is characterised by fibre-glass or needle-like crystals projecting in 

different directions but always through the axial region of the lens and originating 

from the core. Several abstracts (Héon et al., 1997, Billingsley et al., 1997, 

Billingsley et al., 1998) have documented linkage in three families with this 

phenotype to 2q32-q36. A maximum two-point lod score of 6.12 at D2S389 was 

found. A genetic interval of 34 cM flanked by markers D2S1363 and D2S126 has 

been identified. The most recent abstract reported a region of shared disease 

haplotype between the two families that could reduce the interval to 7 cM.

1.7.3 16q22.1 locus near Haptoglobin

Two early linkages to the haptoglobin locus (HP) for two different phenotypes have 

been published. Both of the linkages were performed before the introduction of 

microsatellite markers. There are no obvious candidate genes in the region.

The family used in the first linkage was originally described by Maumenee in 1979. 

The family had posterior polar cataract (CCDN) transmitted as an autosomal
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dominant trait over four generations. When tested with 13 polymorphic blood groups 

and enzymes as markers, no recombinants were found between CCDN and HP. A lod 

score of 1.8 was obtained. A later abstract reported a lod score of 2.109 at Omax̂ O. 10 

(Richards e/n/., 1984). This was the second locus identified for ADC.

A second linkage to this locus gave yet another example of genetic heterogeneity. 

This progressive cataract (gene symbol CAM) was first described by Mamer (1949) in 

a very large family, mainly situated in the Koge region, south of Copenhagen. The 

cataract was autosomal dominant with complete penetrance. The morphology was 

described as zonular, central, stellate, or with an anterior polar opacity (Mamer, 

1949). Mohr (1954) found no linkage with seven blood group systems (including 

Duffy).

Linkage was found using nine generations of the family with 104 affected and 85 

non-affected individuals (Eiberg et al., 1988). A positive lod score was found with 

HP (Haptoglobin) of 8.31 at Omax^0.05. For most members CAM  followed allele 

HP*1. HP is located on 16q22, placing the C4Mlocus nearby (McGill et al., 1984).

Recently a deletion of the band region 16q23.1 has been associated with bilateral 

cataracts (Monaghan et al., 1997). 16q deletions usually cause severe growth and 

developmental abnormalities. This case included some of these usual abnormalities, 

but also included cataract, not reported before. The introduction of cataracts in this 

patient may mean that the deletion includes or dismpts the CAM/CCDN locus, which 

may assist in the isolation of the disease gene for this locus.
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1.7.4 CTAA2 locus on 17pl3.

Anterior polar cataract is a clinically well recognised opacity located at the front of 

the lens and represents 3-14% of all congenital cataract (Jaafar & Robb, 1984). It is 

also associated with other genetic eye diseases including aniridia and Peter’s 

anomaly. Congenital anterior polar cataract has also been shown to segregate with an 

unbalanced 3; 18 translocation (Rubin et al., 1994) as well as dysmorphic features, 

and as an isolated symptom in a balanced reciprocal 2; 14 translocation (CTAAl) 

(Moross et al., 1984).

The family used in the linkage to 17pl3 consisted of 28 family members in a 4 

generation family with 16 affected individuals. The anterior polar cataract varied in 

size from 0.5 to 4 mm in diameter and was bilateral in all but one case. The cataract 

was usually present at birth or developed within the first few months of life, but did 

not progress. Inheritance was autosomal dominant and fully penetrant. There was no 

evidence of other ocular or systemic abnormalities.

Eleven loci known to be involved with cataract were excluded before positive lod 

scores were obtained with the markers D17S799 and D17S798. Multipoint linkage 

analysis gave a maximum lod score of 5.2 placing the disease locus (CTAA2) in a 13 

cM interval between D17S849 and D17S796. (Berry et al., 1996). There are no 

obvious candidate genes in the region. This region seems to be a hotspot for ocular 

disease with at least four retinal diseases mapping to this region. Cone-rod dystrophy, 

Leber’s congenital amaurosis. Central areolar choroidal dystrophy and Retinitis 

Pigmentosa all map to 17pl2-pl3 (Kelsell et al., 1997, Camuzat et al., 1995, Lotery 

et ah, 1996, Kojis et al., 1996).
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1.7.5 CCZS locus on 17qll-qI2

A three generation family (Padma et al., 1995) with isolated autosomal dominant 

cataract with both zonular and sutural opacities was used in linkage analysis. Zonular 

cataracts show opacification in a discrete layer of fibre cells whereas sutural opacities 

show opacification of the sutures. Opacities seen in this family varied from a uniform 

dense opacity to a collection of fine dots forming a hazy cloud. All affected members 

showed a zonular cataract that measured 3.5-4 mm in diameter, an erect Y-shaped 

anterior sutural cataract and an invert Y-shaped sutural cataract. The fetal and 

embryonic nuclei within the zonular cataract were clear except for a few dust like 

white opacities.

After excluding Duffy, y crystallins and haptoglobin, glutathione reductase, alpha-A 

and beta-B2 and B3 crystallins, linkage was found to two markers near the beta- 

A3/A1 crystallin gene on 17q. Lod scores greater than 3 were found with the 

markers D17S805 and NFL  Multipoint linkage analysis places the locus near 

D17S805. The locus was localised to a 17 cM region on 17ql l-q l2  with the crystallin 

genes as good candidates.

In an abstract in 1998, a mutation in the beta-A3/Al gene in this family was presented 

(Kannabiran et al. 1998). A G ^ A  transition in the conserved GT dinucleotide, the 

donor splice site junction, located at the 5' end of intron 3. The mutation introduced 

a novel Nla III restriction site, which cosegregated with the disease in the pedigree.
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1.7.6 CCAl locus on 17q24

Cerulean cataract (CCA) is an autosomal dominant early onset, progressive cataract 

characterised by blue or white opacifications in the nucleus and cortex of the lens and 

inherited with complete penetrance. A cerulean cataract was first described by Vogt 

(1922). This type is best described as a developmental cataract as they appear after 

birth. The opacity progresses throughout the adult lens nucleus and the cortex 

forming concentric layers.

The family used in this linkage was first described by Kivlin et al., (1985) who 

excluded linkage to a number of markers. The family of 41 affected and 37 

unaffected individuals were later used in a whole genome search for the CCAl locus. 

Linkage was found to D17S784 (Armitage et al., 1995). Multipoint linkage analysis 

gave a lod score of 13.71 for the region flanked by D17S802 and D17S836 mapping 

CCAl to 17q24. The gene for the enzyme galactokinase maps to the region and is 

known to be involved in autosomal recessive cataract (Stambolian et al., 1995) 

Levels of the enzyme in this family were found to be normal.

CCAl maps to a 6 cM interval on 17q24, with no other obvious candidate genes.

1.7.7 CRYAA locus on 21q22.3

A 4 generation family with a congenital zonular central nuclear opacity mapped to 

chromosome 21q22.3 (Litt et al., 1998). Markers D21S212 and D21S171 gave two- 

point lod scores above 5.0. The aA  crystallin gene was known to be flanked by 

D21S212 and D21S171 on the yeast artificial chromosome based physical map of 

chromosome 21q (Chumakov et al., 1992). Primers were designed from published 

partial genomic sequence and full length cDNA to amplify the coding regions of the 

CRYAA gene for mutation screening.
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Sequence analysis of the three exons identified a C ^ T  transition at position 413, 

changing an arginine at codon 116 to a cysteine. Allele-specific oligonucleotides 

(ASO’s) were designed to test the presence of the mutation in the pedigree. This 

change cosegregated with the disease in the pedigree, and was not detected in 111 

unrelated normal individuals (Litt et a l, 1998).

A rgllô  is conserved in all aA  crystallins from 28 mammalian species as well as 

chicken and frog. This arginine is one of two arginines thought to play a role the 

building of salt bridges between aA  subunits. Substitution of Argl 16 by cysteine 

would be expected to disrupt one of these salt bridges and might also lead to the 

formation of additional disulphide bonds, destabilising the native structure of the aA  

polypeptide.

1.7.8 CCA2 locus on 22q.

The original family used in the second linkage for the cerulean phenotype was 

reported in 1990 (Bodker et al., 1990) and included 35 affected and 124 unaffected 

individuals. The family was interesting because two affected cousins in the family 

had married and produced a daughter with microphthalmia, microcomea and total 

congenital cataract. This more severe phenotype suggested that this individual had 

inherited two copies of the dominant mutation. This is a rare example of 

homozygosity of a dominant mutation without mental retardation or congenital 

malformations. Preliminary linkage analysis using polymorphic blood groups and 

enzymes did not find linkage.

This second linkage of a cerulean cataract used a branch of this family that included 

24 affected individuals (Kramer et al., 1996). Several candidate regions were 

excluded until linkage was found to D22S315 in the region of the p crystallin gene 

cluster on chromosome 22q. Maximum multipoint scores occurred at the markers 

D22S258 (Zmax=7.59) and CRYBB2 {Z^^=1.S3). One individual was found to carry
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the disease chromosome but seemed to be unaffected and therefore was an 

asymptomatic carrier. This reduced penetrance can often be identified in large 

autosomal dominant families. This was also seen in CCV (Eiberg et al, 1995). The 

affected offspring from the first cousin marriage had inherited the disease 

chromosome from each of her parents, making her homozygous for all markers tested 

in this region.

The CCA2 locus was mapped to a 7 cM region between T0P1P2 and D22S35L 

Three beta crystallin genes, CRYBB2, CRYBB3 and CRYBB2P1 mapped to this 

region. CRYBB2 was screened first due to its strong expression in the human adult 

lens. A mouse cataract mutation was already associated with the pB2 gene causing 

the cataract found in the Philly mouse (Chambers & Russell, 1991). Although the 

cDNA for the human CRYBB2 was available on the databases, the intron/exon 

structure of the human gene was unknown. All beta crystallin genes share a common 

gene structure, so it was assumed that it would be similar to the rat pBl gene with a S' 

non-coding exon and five coding exons (den Dunnen et al., 1986). Primers were 

designed from the rat sequence and used to amplify and sequence the human gene 

from a yeast artificial chromosome (YAC) clone containing a sequence tagged site 

(STS) for CRYBB2.

To identify the mutation, PGR products from the affected homozygote were 

sequenced. This individual turned out to be homozygous for the mutation. A G ^ A  

transition was identified at the first base in glutamine 155, creating a premature stop 

codon, which would truncate the protein by 51 amino acids (Litt et al., 1997). The 

mutation also created a Bfa I restriction site. This was used to test other family 

members for the mutation. In all, 13 family members who were affected were 

heterozygous for the change. This mutation was not tested in a larger sample of the 

population. It is thought that the change would lead to a major structural change to 

the protein making it unlikely that it is just a polymorphism in the population.
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1.8 Aim of Study

Through the eye clinics at Moorfields Eye Hospital, over 150 patients were identified 

with autosomal dominant cataract. Where possible, pedigrees were built around the 

proband to be used in genetic linkage analysis.

Families were divided into eight broad phenotypic groups, and DNA samples 

collected with a view to be used in genetic linkage analysis.

This study concentrated on the phenotype that seemed most common in the families 

collected, the pulverulent cataract. Six families large enough for linkage analysis 

have been included in this study and chapters 3-5 will present the results of linkage 

analysis and mutation analysis of the candidate genes.
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Chapter 2 

Methods & Materials

2.1 Extraction of DNA

2.1.1 From Blood Samples

Venous blood samples were collected in 10 ml tubes containing sodium EDTA and 

stored at -20°C until required. Before DNA extraction, samples were thawed to room 

temperature and transferred into 50 ml sterile Falcon tubes. To these tubes, 40 ml of 

Reagent A (10 mM Tris-HCl pH 8.0, 320 mM sucrose, 5 mM MgCl2, 1% Triton X- 

100) was added and mixed by inverting before centrifuging at 4000 x g for 10 

minutes at room temperature. The supernatant was transferred to 5 ml screw capped 

tubes and 500 pi of 5M sodium perchlorate was added. The tubes were then rotary 

mixed at room temperature for 15 minutes, followed by 25 minutes at 65°C. The 

tubes were cooled on ice and 2 ml of chloroform and 300 pi of Nucleon silica 

suspension (Scotlab, Scotland) were added and rotary mixed at room temperature for 

a further 5 minutes. Following centrifugation at 1400 x g for 6 minutes, the 

supernatant containing the DNA was carefully aspirated into a universal tube and two 

volumes of absolute ethanol added. After careful mixing, the DNA, visible as a 

precipitate, was removed with a sterile needle into a clean 1.5 ml microftige tube and 

rinsed with 70% ethanol. When the DNA was needed, the 70% ethanol was carefully 

removed, the tube and DNA air dried, then resuspended in 400 pi of sterile distilled 

water.

2.1.2 Small scale preparation of plasmid DNA using the alkaline lysis mini-prep 

method.

Single bacterial colonies were grown overnight on LB agar plates containing 

ampicillin were chosen and used to inoculate 5 ml of LB broth supplemented with
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ampicillin (100 pg/ml) and grown overnight at 37°C with shaking at 250 rpm 

(revolutions per minute). Cloned DNA was extracted from the plasmids using the 

QIAprep plasmid kit (Qiagen, Germany). The cells were collected by centrifugation 

at 3000 X g for 5 minutes. The pelleted bacterial cells were resuspended in 250 pi of 

the cell resuspension buffer PI. The cells were then lysed in 250 pi NaOH/SDS 

(Buffer P2) in the presence of RNase A, inverting the tube several times until the 

solution became clear. The lysate was then neutralised by adding 350 pi of Buffer 

N3. This buffer has a high salt concentration that causes the denatured proteins, 

chromosomal DNA, cellular debris and SDS to precipitate. This precipitate was 

separated from plasmid DNA by centrifugation at 10 000 x g for 10 minutes. The 

clear supernatant was then transferred to a QIAprep spin column. During 

centrifugation, the plasmid DNA becomes absorbed into the silica-gel membrane of 

the spin column, whereas RNA, cellular proteins and metabolites are not retained and 

are found in the flow-through. Salts are washed away by the buffer PE. When using 

E.coli strains with high levels of nuclease activity or high carbohydrate content such 

as the JM109, an additional wash with the buffer PB is required. After one or two 

centrifugation steps to remove the wash buffer(s), the DNA can be eluted using 50 pi 

of H2O or 10 mM Tris-HCl. The eluted DNA could then be used in restriction 

analysis (section 2 .6) or sequence analysis (section 2 .8).

2.2 Polymerase Chain Reaction (PCR)

2.2.1 Standard PCR protocol

A discussion on the principles of PCR can be found in many molecular biology 

textbooks. In this work standard parameters and reaction conditions were used, 

changing when necessary to optimise the conditions to produce the desired product.

PCR was usually carried out in 50 pi reaction containing Ix PCR buffer (either KCl 

or NH4 from Bioline), 1.5 mM MgCl2 (Bioline), 200 uM of each dNTP (Promega), 50
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pmoles of each primer, 0.5 units of Taq polymerase (Bioline) and -100 ng of DNA. 

The standard reaction conditions consisted of an initial denaturing step of 94°C of 5 

minutes, followed by 30 cycles of 94°C for 30 seconds, annealing for 30 seconds 

(temperature dependent on primers being used), and extension at 72°C for 5 minutes. 

The length and number of cycles varied from PCR to PCR depending on the length of 

the PCR product and the quantity needed. The reaction was completed with a final 

extension at 72°C for 5 minutes. A Hybaid Omnigene thermal cycler or a Perkin- 

Elmer Cetus system 2400 or 9600 thermal cycler were used for all PCR analyses.

2.2.2 Design of PCR primers

One of the essential prerequisites for a successful PCR is the design and use of the 

PCR primers. PCR primers should generally be between 18-30 nucleotides long, with 

around 40-60 % GC content. All the primers designed in this study followed these 

two rules and in all cases the estimated melting temperature (T^) was calculated using 

the simple formula,

= 2°C X  (A+T) + 4°C X  (G+C).

Primers pairs were designed with similar T^ values. An annealing temperature of 5°C 

below the estimated T^ was used as a starting point, although it was found that the 

optimal Tm could be above or below this value.

The sequence of primers designed for this study are stated at the relevant points in the 

result chapters. Sequences for the microsatellite primers can be found on various 

databases (Dib et aL, 1996).
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2.3 Fractionation of DNA

2.3.1 Agarose gel electrophoresis

This method was used to visualise PCR products, restriction enzyme digests and 

mini-prep DNA. Appropriate agarose concentrations used for separating DNA 

fragments of various sizes are listed below.

Agarose (%) Range of resolution of linear DNA (kb)

0.3 5.0-60

0.6 1.0-20

1.0 0.5-10

1.5 0.2-6.0

2.0 0 . 1- 2.0

3.0 0.05-<0.1

The gel was prepared by mixing the appropriate amount of electrophoresis-grade 

agarose (Biorad) in Ix THE buffer and melting the mix in a microwave oven. On 

cooling to 50°C, ethidium bromide (10 mg/ml) was added and the gel poured into a 

sealed casting tray containing a comb. When set, the gel was placed in an

electrophoresis tank (Pharmecia) containing Ix TBE buffer. Samples were mixed 

with lOx loading dye (2 pi of lOx ficoll orange loading dye was used for 20  pi 

samples). An appropriate molecular size marker was also loaded. 10 bp, 100 bp and 

the 1 kb DNA ladders were used (Gibco BRL). Electrophoresis was carried out until 

the required resolution was achieved following the rule of 5 volts per cm of gel as a 

guide. The DNA was visualised using on a UV transilluminater and photographed 

using a Polaroid MP4 camera with an orange filter and Kodak plus-X film.
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2.3.2 Denaturing polyacrylamide gel electrophoresis

This was used for the resolution of microsatellites in genetic linkage analysis.

The gel plates were washed, ethanol wiped, with the back plate containing the buffer 

reservoir silanised (Sigmacote, Sigma) and assembled with spacers according to 

manufacturer's instructions (Biorad, UK). For a 6% gel, 150 ml of gel solution was 

used containing 99 ml of Sequgel diluent (National Diagnostics), 36 ml of Sequgel 

concentrate (National Diagnostics) and 15 ml of 1 Ox TBE to pour a standard Biorad 

48 X  68 cm apparatus. To 25 ml of this solution, 150 pi of 25% APS (Ammonium 

Persulphate) (Sigma) and 150 pi of TEMED (N’N ’N ’N ’tetramethlethylenediamine) 

(Sigma) was added and poured into the casting tray to form the seal. The remaining 

125 ml was mixed with 500 pi of 25% of APS and 56 pi of TEMED and poured 

carefully into the gel plates. The castle well comb was placed in between the plates 

and the apparatus left at an angle to set. When set, the casting tray was removed and 

the plates placed into a buffer tank, and both the tank and reservoir filled with Ix 

TBE buffer. The gel was prerun until it reached 55°C. The comb was then removed, 

the wells flushed out, and 2-3 pi of denatured sample, in formamide loading dye, 

loaded into the wells. On completion, the plates were separated, and the gel stuck to 

the front plate was fixed for 10 minutes in a solution of 10% methanol, 10% acetic 

acid. The gel was removed onto 3MM Whattman paper, wrapped in clingfilm and 

vacuum dried at 80°C for 1-2 hours. The gel was then exposed to Fuji X-ray film and 

left for a time dependent on the strength of the radioactive signal.

2.4 Purification of DNA

2.4.1 Ethanol precipitation

Ethanol precipitation was used to isolate labelled DNA for automated sequencing 

(Section 2.8), and for concentrating DNA for restriction digest analysis (Section 2.6). 

A precipitate was formed by leaving a mixture of the sample, salt and ethanol at low
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temperature. The precipitated salt of the nucleic acid is then sedimented by 

centrifugation, the ethanol supernatant removed, and the nucleic acid pellet 

resuspended in the appropriate buffer.

For cleaning of sequencing products, a 1.5 ml microcentrifuge tube was prepared with 

the product of the sequencing reaction, 1 pi of 3 M sodium acetate (NaOAc), pH 4.6 

and 25 pi of 95% ethanol (EtOH). This mixture was then placed on ice for 10 minutes 

and centrifuged at maximum speed for 10-30 minutes. The supernatant was then 

carefully aspirated and discarded. The pellet was rinsed with 125 pi of 75% EtOH, 

and centrifuged for 10 minutes. All the ethanol was removed and the pellet air dried.

To concentrate restriction digest products, 0.1 volumes of 3 M NaOAc and 4 volumes 

of 100% EtOH were added to the completed digest. The mixture was placed on ice 

for 10-15 minutes. The tube was centrifuged at top speed for 30 minutes and the 

supernatant removed. The pellet was washed with 250 pi 70% EtOH, centrifuged for 

10 minutes and all the EtOH removed. The pellet was air dried, and when needed, 

resuspended in the appropriate volume of buffer and run on agarose to separate the 

digestion products (Section 2.6).

2.4.2 Use of Qiagen gel extraction/PCR purification kits

The QIAquick spin kits were used to isolate PCR products straight from the reaction 

or from agarose gels. Both kits worked on the same principle, of the DNA binding to 

the silica gel membrane found in the spin columns.

For the purification of desired DNA straight from the PCR tube, 5 volumes of the 

buffer PB was added to the PCR and mixed. Buffer PB provided the correct buffer 

conditions for the binding of the DNA to the membrane. The mix was then applied 

to the column and centrifuged at maximum speed for 1 minute. The flow-through 

was discarded and 0.75 ml of buffer PE was added and centrifuged for 1 minute.
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washing away any salts or excess nucleotides. After a final centrifugation, the DNA 

was eluted in 50 \i\ of H2O or 10 mM Tris-HCl, and kept at -20°C until needed.

Gel extraction of PCR products was used when the PCR gave multiple bands. The 

products of the PCR were separated on the appropriate % agarose gel. The correct 

band was identified by size and excised using a clean sharp scalpel. The gel slice was 

weighed and 3 volumes of the buffer QG were added to 1 volume of gel, where 100 

mg of gel equaled 100 pi of solution. Buffer QG solubilised the gel slice and 

provided the appropriate conditions for binding of DNA to the silica membrane. It 

also contained a pH indicator, as the pH of the solution can affect the efficiency of 

DNA binding. The agarose gel slice was dissolved by incubating at 50°C for 10 

minutes. The mix was then added to the spin column and centifuged for 1 minute. 

As before, the colunm was then washed with 0.75 ml of buffer PE and DNA eluted as 

above.

2.5 Microsatellite analysis

2.5.1 Radioactive detection by 5' end labelling of primer

Microsatellite markers were chosen from the most recent Généthon map (Dib et al,. 

1996). Primers designed to amplify the CA repeats were obtained commercially 

(Genosys, UK) or from the HGMP resource centre. 2.5 pmoles of either the forward 

or reverse primer was end labelled in a 20 pi reaction containing Ix T4 PNK reaction 

buffer (Bioline), 10 pCi[gamma32P]ATP (600 Ci/mmole, Amersham) and 5 units of 

T4 polynucleotide kinase (PNK) (Bioline). The reaction was incubated at 37°C for 

40-60 minutes. This kinase mixture was then added to a PCR master mixture.
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2.5.2 Microsatellite PCR

Microsatellite PCR took place in a 10 pi reaction, containing 100 ng of genomic 

DNA to which 8 pi of a PCR master mix containing the labelled primer as well as all 

the other PCR essentials, was added (Section 2.2.1).

Most microsatellite primer pairs worked at an annealing temperature of 55°C. A 

reduction in the annealing temperature occurred when the primer pair had not 

worked. In some cases the system was too messy due to nonspecific amplification. 

This led to a ladder of bands that usually could be distinguished from the real bands. 

In some cases, the annealing temperature was increased so that the microsatellite 

bands were easier to read and score.

After amplification was complete, 4 pi of formamide loading dye was added and the 

sample denatured before loading onto a 6% denaturing polyacrylamide gel (Section 

2.3.2).

2.5.3 Genetic linkage analysis

After the microsatellite allele system had been scored in the family, the alleles were 

entered into the LINKSYS (Attwood and Byrant, 1988) and LINKAGE (Lathrop et 

aL, 1984) packages for the calculation of a lod score. Allele frequencies of all 

markers were estimated from the data from normal spouses of affected family 

members. The LINKS YS program allows the genotypic data, allele frequencies and 

pedigree information to be packaged correctly so that it can be read by the LINKAGE 

package. The LINKAGE package included programs such as MLINK, for the 

calculation of two-point lod scores and ILINK for the calculation of the maximum lod 

score. For multipoint linkage analysis, the program LINKMAP was used. As this 

method is time consuming, these calculations were processed through the FASTMAP 

(Curtis and Gurling, 1992) package and performed through the facilities at the HGMP 

Resource centre.
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2.6 Digestion of DNA with restriction enzymes

This protocol was used for the analysis of sub-cloned DNA and PCR products. A 

typical digest of 20  pi, contained Ix appropriate restriction buffer, 2-10  units of the 

appropriate enzyme with the necessary amount of DNA. Bovine Serum Albumin 

(BSA) was occasionally added to enhance the activity of the enzyme. The reactions 

were incubated for 1-2 hours at the appropriate temperature. Products were visualised 

by agarose gel electrophoresis. Table 2.1 shows the restriction enzymes and their 

conditions, which were used during this work.

Table 2.1 Restriction enzymes used.

Name of 
enzyme

Recognition site Incubation
conditions

Use Company

E c o m 5'GiAATTC
3'GTTAAtG

3TC  for 1 hr Excising insert from 
pGEM-T easy vector

Gibco BRL

M n ll 5'CCTC(N)74-
3'GGAG(N),t

37°C for 1-2 hrs See Chapter 4 Amersham

S f i l 5'GGCCNNNNJ.NGGCC
3'CCGGNtNNNNCCGG

50°C for 1-2 hrs See Chapter 4 Gibco BRL

F o k l 5'GGATG(N),i
3'CCTAC(N),3t

3TC  for 1-2 hrs See Chapter 4 Amersham

Mwo I 5'GCNNNNNiNNGC
3'CGNNtNNNNNCG

60°C for 1-2 hrs See Chapter 5 New
England
Biolabs

BstXL 5'CCANNNNN4-NTGG
3'GGTNtNNNNNACC

55°C for 1-2 hrs See Chapter 5 New
England
Biolabs

62



Methods & Materials

2.7 Subcloning PCR fragments using the pGEM vector kit

All subcloning was performed using the pGEM®-T Easy Vector System (Promega), 

which has ampicillin resistance and allows blue/white selection for inserts.

2.7.1 Ligation of insert into vector

Ligation was performed following manufacturer's recommendations. Insert DNA was 

cleaned using protocols as described in section 2.4.2. A 1:1 molar ratio of insert 

DNA to vector was attempted for each ligation. A 10 p.1 reaction was set up 

containing Ix T4 DNA ligase buffer, 50 ng of pGEM®-T easy vector (50 ng/p.1), 50 

ng of insert DNA and 3 units of T4 DNA Ligase (3 weiss units/jil). The reaction was 

incubated overnight at 4°C.

2.7.2 Transformation of competent E, coli

Transformation of high efficiency JM109 competent cells (Promega) was achieved 

by mixing 2 pi of ligation reaction with 50 pi of competent cells. The mixture of 

cells and vector was incubated on ice for 20 minutes, before being heat shocked at 

42°C for 45 seconds. After incubation on ice for a further 2 minutes, 950 pi of SOC 

medium (or LB Broth) was added. This was then left for 1.5 hours with shaking (150 

rpm) at 37°C to allow expression of antibiotic resistance. Between 100-150 pi of 

transformation culture was plated out onto LB/agar and ampicillin plates.

2.7.3 Growth media and selection of recombinants

LB (Luria-Bertaini) broth and agar were used throughout this work. 1 litre of LB 

broth was prepared by mixing 10 g tryptone, 5 g of yeast extract, 10 g of sodium 

chloride and 1 litre of distilled water and then sterilised by autoclaving at 15 psi for 

20 minutes. For 1 litre of LB/agar, for LB plates, 15 g of agar was added before 

autoclaving. Plates were prepared for blue/white selection. To 200 ml of LB agar, 1
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ml of 20 mg/ml ampicillin (final concentration 100 |Lig/ml)(Amersham), 1 ml of 25 

mg/ml IPTG (final concentration 5 mM) and 200 pi of 100 mg/ml X-gal (final 

concentration 100 pg/ml) were added. IPTG and X-gal were obtained from Gibco 

BRL and prepared according to manufacturer’s instructions. Plates were poured using 

aseptic techniques when the molten LB/agar was about 40-45°C.

Cells were plated using aseptic techniques and a glass cell spreader. These plates 

were allowed to sit at room temperature for 30 minutes to allow them to dry, then 

incubated upside down at 37°C for 16 hours. White colonies (those containing an 

insert) were picked with a sterile pipette tip which was placed in a 15 ml falcon tube 

with 5 ml of LB broth and 25 pi of 20 mg/ml of ampicillin (final concentration 100 

pg/ml). These cultures were then left at 37°C for 16 hours with shaking (250 rpm). 

Minipreps of these cultures is described in section 2.1.2. Colonies were then screened 

for the presence of a correct size insert by restriction analysis with the enzyme Eco RI 

(See section 2.6). The vector has two Eco RI sites, one of either side of the multiple 

cloning site causing the excision of the insert.

2.8 Sequencing using the Sanger dideoxy chain termination method (Sanger et 

ai 1977) and the fluorescent ABI sequencer

This method uses the incorporation of fluorescently tagged nucleotides in a cycle 

sequencing reaction. The labelled DNA can then be detected and analysed by a laser 

and the sequence worked out.

Preparation of DNA for sequencing: PCR products were cleaned as described in 

section 2.4.2. Plasmid DNA was cleaned as described in section 2.1.2.

Cycle sequencing: These reactions were performed on a Perkin-Elemer Cetus 2400 

or 9600. The cycle sequencing reactions consisted of 10 pi reactions containing 4 pi
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of reaction mix (from ABI Prism™ dye terminator cycle sequencing kit with 

Amplitaq® DNA polymerase FS), 1.6 pmole of primer and ~1 pg purified DNA. The 

cycling consisted of 25 cycles of dénaturation at 96°C for 10 seconds, annealing at 

50°C for 5 seconds and extension at 60°C for 4 minutes. The sequencing reaction 

was then transferred to a 0.5 ml microfuge tube and cleaned to remove excess 

nucleotides by a standard ethanol precipitation method (Section 2.4.1). The dried 

samples were kept at -20°C for up to a week before analysis.

Electrophoresis and automated analysis: The gel plates were cleaned and

assembled according to Manufacturer’s instructions. 50 ml of polyacrylamide gel 

solution (40 ml Sequagel-6 and 10 ml Sequgel-complete, National Diagnostics) was 

mixed with 0.04 g of Ammonium Persulphate and poured between the gel plates with 

the aid of a 50 ml syringe to form a 6% gel. The well former was inserted and the gel 

left to set for 1-2 hours. Once set, the outside of the plates were cleaned, placed 

within the electrophoresis tank and the gel pre-run for up to 1 hour. It is important 

that the plates are clean to reduce background fluorescence, so the plates are checked 

by the plate scan throughout the pre-run. 4 pi of formamide/EDTA loading dye was 

added to the dried samples, denatured at 95 °C for 3 minutes and placed on ice before 

loading. Sequencing reactions were carried out in Ix TBE for 12 hours. Analysis of 

data was performed using Apple Macintosh computer software linked to the 

sequencer.
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LB-Broth (1 litre)

lOgNaCl

10 g Bactotryptone

5 g Yeast

LB-Agar

LB broth with 15 g/L Bactoagar

IX TBE

89 mM Tris base 

89 mM boric acid 

2 mM EDTA

Formamide loading dye (50 ml)

49 ml Formamide 

1 ml 0.5 M EDTA 

Xylene cyanol 50 mg 

Bromophenol blue 50 mg

2.10 Electronic databases used

These are the addresses for the electronic databases used during this study.

Human genome mapping project, http://www.hgmp.mrc.ac.uk/

The human gene mutation database, http://www.uwcm.ac.uk/uwcm/hgmdO.html/ 

GDB (Human genome database), http://www.gdb.org/

Gene Nomenclature Committee, http://www.ucl.ac.uk/nomenclature/

OMIM (Online Mendelian Inheritance in Man, http://www.ncbi.nlm.nih.gov/Gmim/ 

GenBank, http : //www.ncbi. nlm. nih. gov/Entrez/

Généthon, http://www.genethon.fr/
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Chapter 3 

Genetic Linkage Analysis of the Pulverulent Cataract

3.1 Project overview

Families with autosomal dominant cataract (ADC) were collected through the genetic 

clinics held at Moorfields Eye Hospital. These families were collected to be used in 

genetic linkage analysis. Defining phenotypes in inherited cataract is a difficult task, 

with many different clinical classification systems available. These classification 

systems were designed for individuals rather than families, and do not cover the 

clinical variability seen in ADC. Through the collection of families for linkage 

analysis, the phenotypes were classified into eight groups broadly based on the 

position and appearance of the opacity; anterior polar, posterior polar, pulverulent, 

nuclear, blue-dot (cerulean), cortical, coralliform and lamellar (lonides et aL, 1996). 

Originally cataract phenotypes were named after the affected family (Coppock or 

Volkmann) or after the ophthalmologist who studied them (Mamer). Recently 

mapped cataracts have been named by the phenotype, as seen through a slit-lamp.

Out of all the families collected for this study, one phenotype appeared at a higher 

frequency than the others. The pulverulent phenotype was the most common and so 

was considered worthy of study. A pulverulent cataract can be described as a dust

like or pulverised opacity, which can be scattered throughout the lens or localised to a 

particular region or zone of the lens (zonular). Because of the nature of the opacity, 

this cataract, shows great heterogeneity between families, between individuals in a 

family and even between the eyes of an individual.

For linkage analysis, the structure of the pedigree and the individuals from whom 

DNA is collected is extremely important and some thought needs to be put in to the
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individuals who need to be targeted. As well as affected members of the family, 

collection of spouses and any unaffected members is useful. Information from these 

individuals can allow phase to be identified and they are useful in haplotype analysis.

Six families were initially placed in this group. Two of these families (S and A) had 

more than 15 meioses, making them large enough to be considered for genome 

screening for linkage. The other four families (O, C, E and Z) had less than 15 

meiosis and were considered for screening candidate loci. A seventh family (CCT) 

collected through collaboration with colleagues in Pakistan was added to this group 

owing to its phenotype being described as pulverulent. These families and their 

phenotypes will be discussed in this chapter.

3.2 Experimental design

3.2.1 Use of a candidate region map

Before embarking on a genome search, a list of candidate regions needs to be 

compiled to help to start the search. The candidate region map for autosomal 

dominant cataract is shown in table 3.1. This map contains cataract loci and lens 

genes whose cytogenetic location is known. The candidate region map covers 

approximately 25% of the human genome. These candidate regions were divided into 

five phases for linkage analysis according to their importance and completed in order.

3.2.1.1 Phase 1

This phase contains the cataract loci that have already been mapped. Since these 

regions have been identified by linkage analysis in families with ADC, they are 

considered the most important and so are screened first. These loci are mentioned in 

chapter 1, and in the results chapters (Chapters 3-5).

68



Table 3.1 Candidate

Genetic Linkage Analysis o f the Pulverulent Cataract

region list for autosomal dominant cataract
rCATMAPT

Locus Symbol Name/Description References
lp36 C C V Cataract congenital, Volkmann type Eiberg et ah, 1995
lp36 CTPA Cataract, congenital, posterior polar lonides e t aL, 1997
Ip31-p22 CRYZ Zeta crystallin Heinzmann et al., 1994
lq21 GJA8 Connexin 50 Geyere/ûf/., 1997
lq21 C Z P l Cataract, zonular pulverulent 1 Renwick & Lawler 1963
2p25 C T A A l Cataract, anterior polar 11(2;14) Moross e t al., 1984
2p22.3 C A TM Cataract, congenital with microphthalmia, Yokoyamae/o/., 1992 

t(2;16)
2q32-q36 CRYGA Gamma A crystallin For the cluster:

CRYGB Gamma B crystallin den Dunnen e t al., 1986
CRYG C
CRYG D
C R Y G E P l
C R Y G F P l

Gamma C crystallin
Gamma D crystallin
Gamma E crystallin pseudogene 1
Gamma F crystallin psueodgene 1

Shiloh e t al., 1986

2q32-q26 C C I Cataract, Coppock-like Lubsen e t al., 1987
C C P Cataract, congenital, polymorphic 

Cataract, congenital, Aquleiform
Rogaev e t al., 1995 
Heon e t al., 1997

2q34-q36 CRYBA2 Beta A2 crystallin Hulsebos e ta l . ,  1995
3p26.2 t(3;4) Reese e t al., 1987
3q21-q25 C P 49 Phakinin (CP49 kD) Hess e t a l., 1995
3 G RYGS Gamma S crystallin Wijnen^/a/., 1989
4pl5 t(3;4) Resse e t al., 1987
Hq22.1-q23.2 CRYA2 Alpha 2 crystallin
12ql3-ql4 M IP Major intrinsic protein Griffen & Shiels 1992
13qll GJA3 Connexin 46 Mignon et al., 1996
14q24 C T A A l Cataract, anterior polar 1 t(2;14) Moross e t al., 1984
16pl3.3 C A TM Cataract, congenital with microphthalmia, 

t(2;16)
Yokoyama et al., 1992

16pl3.11-pl2.3 C R YM Mu crystallin Chen e ta l . ,  1992
16q22.1 C T M Cataract, Mamer type Eiberg e ta l . ,  1988
17pl3-pl2 CTAA2 Cataract, anterior polar BQvry e t al., 1996
17qll.l-ql2 CRYBA3/A1 Beta A3/A1 crystallin Sparkes e t al., 1986
17qll-ql2 CCZS Cataract, congenital, zonular, sutural Padmae/ûr/., 1995
17q24 C C A l Cataract, congenital, cerulean type 1 Armitage e t al., 1995
19ql3.4 LIM 2 Lens integral membrane protein 2 Lieuallen e ta l . ,  1994
20 C P 49 Filensin (CP94 kD) Hess e t al., 1995
21q22.3 CR YA l Alpha 1 crystallin Quax-Jeuken e ta l . ,  1985
22q ll.2-ql2.1 C R YB B l Beta B1 crystallin Bijlsma e/flf/., 1993
22q ll.2-ql2.2 CRYBB2 Beta B2 crystallin Hulsebos e t al., 1991
22q CCA2 Cataract, congenital, cerulean type 2 Kramer e t al., 1996
22q ll.2-ql2.2 CRYBB2P1 Beta B2 crystallin pseudogene Bijlsma e/a/., 1993
22q ll.2-ql2.2 CRYBB3 Beta B3 crystallin Hulsebos et al., 1991
22qll.2-ql3.1 CRYBA4 Beta A4 crystallin Bijlsma et a l., 1993
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3.2.1.2 Phase 2

This phase contains the crystallin genes whose exact cytogenetic location is known. 

These are important candidate genes as they make up 90% of the soluble structural 

protein in the human lens (Wistow & Piatigorsky, 1988). The crystallins are 

separated into different groups, the ubiquitous crystallins represented in all vertebrate 

lenses (a, p and y) and those present in certain species, the taxon specific cystallins. 

All the ubiquitous crystallins are considered as candidate genes in human cataract due 

to their high expression in the lens. The unique spatial arrangement and short range 

order of these molecules are thought to be important for the maintenance of the 

transparency and refractive properties of the lens (Delaye & Tardieu, 1983). The 

functional importance of crystallins is also reflected by their evolutionary 

conservation. These water soluble proteins are long living, stable and resistant to the 

effects to light, radicals and heat.

30-40% of the lens soluble protein is alpha crystallin (Bloemendal, 1981). Two genes 

produce peptides of a molecular weight of 29kD, which aggregates up to 800 kD. 

Alpha crystallins are expressed early in development of the lens, but are also 

expressed in other tissues (Kato et al., 1991). These genes show sequence homology 

to small (15-30 kD) heat shock proteins (Ingolia & Craig, 1982), suggesting another 

role for alpha crystallins in the lens as well as its structural role, a  crystallins have 

been shown to function as molecular chaperones (Horwitz, 1992).

The beta and gamma crystallins are related and form the py superfamily. These 

genes seem to be exclusively expressed in the lens and show homology to the 

bacterial coat protein S of myxococcus xanthus (Wistow et al., 1985). Both beta and 

gamma have multiple genes in the human genome, and these are listed in table 3.1.

Crystallin genes are considered good candidate genes for human cataract due to 

crystallin mutations involved in cataractogenesis in other species. Mice with
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inherited cataract have been shown to map to the three main crystallin families. 

Lop 18 strain has been mapped to mouse chromosome 17, syntenic to the human 

21q22.3, the band region containing the a  A crystallin gene (Chang et al., 1996). A 12 

bp in frame deletion in the pB2 gene causes a cataract in the Philly mouse (Chambers 

and Russell, 1991). Many mouse cataract strains are associated with the gamma 

crystallin gene cluster. A frameshift has been identified in the yE crystallin gene in 

the ELO mouse (Cartier et ah, 1992). In the Cat2^^P mouse mapping to the same 

cluster, no mutation has been identified yet, although decreased levels on y crystallin 

mRNA has been found (Santhiya et al., 1995). The autosomal dominant Coc mutant 

mouse maps to mouse chromosome 16, syntenic to human chromosome 3 (Sidjanin et 

al., 1997). The yS crystallin gene is known to map to chromosome 3 (Wijnen et al., 

1989). The Opj mouse also maps to mouse chromosome 16 (Kerscher et al., 1996), 

near to the yS gene (Sinha et al., 1998).

Some of these crystallins have been ‘knocked out’ by targeted deletions of the gene 

by homologous recombination. Both the aA  (Brady et al., 1997) and aB (Brady & 

Warwrousek, 1997) genes have been disrupted in mice. Surprisingly, only in the aA  

knockout mouse is a cataract phenotype seen, although a recent abstract on the aB 

mouse suggests that the mouse develops a severe fatal phenotype later in life. 

(Wawrousek & Brady, 1998).

Some of the taxon specific crystallins also find themselves on the list since they are 

expressed in the human lens, but not at high enough levels to be considered as 

fimctioning as a crystallin. Zeta crystallin is the major component of the lenses of 

Guinea pigs and Camels. It is an example of gene sharing, in that one gene codes for 

both zeta crystallin and the enzyme quinone reductase. In the Guinea pig, the gene 

has two promoters, one for specific high level expression in the lens (this promoter is 

not present in the human gene) and a promoter for enzymatic levels in numerous 

tissues. In Guinea pigs a congenital cataract is associated with the loss of zeta
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crystallin (Huang et a l, 1990). In humans the gene maps to Ip22-p31 (Heinzmann et 

al., 1994). Mu crystallin is found in the lenses of Australian marsupials. In humans 

the gene is conserved and maps to 16pl3.11-pl2.3 (Chen et al., 1992). Human mu- 

crystallin is expressed in neural tissue, muscle and kidney, and has been detected in 

the human lens epithelium, but not at high enough levels to be considered in a 

structural role as a crystallin (Seqovia et al., 1997).

3.2.1.3 Phase 3

This phase contains all other lens expressed genes whose cytogenetic location is 

known. The lens as an organ has been extensively studied and proteins highly 

expressed in the lens have been identified. Many of these proteins are lens specific or 

lens preferred in their expression pattern. Therefore they deserve to be included in a 

candidate gene list for ADC.

This phase includes the lens membrane proteins. MIP stands for Major Intrinsic 

Protein and accounts for up to 80% of the total membrane protein in the lens 

(Broekhuyse et al., 1976). The human gene maps to 12ql2-ql4 (Griffin & Shiels, 

1992). In the mouse, MIP has been associated with inherited cataract (Shiels & 

Bassnett, 1996). LIM2 (Lens Integral membrane protein 2), sometimes referred to as 

MP 17-20, is the second most highly expressed membrane protein. In humans, the 

gene maps to 19ql3.4 (Lieuallen et al., 1994). An inherited cataract in mice has been 

associated with LIM2 (Steele et al., 1997).

The lens fibre cells contain gap junctions for communication. Two connexin genes 

are expressed in the lens fibre cells, GJA3 and GJA8. These genes are highly 

expressed in the lens, and are considered lens-preferred in their expression. These 

genes map to 13qll (Mignon et a l, 1996) and lq21.1 (Geyer et a l, 1997) 

respectively.
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Two intermediate filament proteins are included on this list because they are highly 

expressed in the lens and are lens-specific. Phakinin (CP49) and Filensin (CP94) 

form beaded filaments in the lens in conjunction with Vimentin. CP49 and CP94 

map to 3q21-q25 and chromosome 20 respectively (Hess et al., 1995). Over 

expression of intermediate filaments in the mouse has been shown to cause cataract 

(Capetanaki a/., 1989).

This phase also contains translocation breakpoints associated with autosomal 

dominant cataract. Three translocations are included in this list (Moross et al., 1984, 

Reese et al., 1987, Yokoyama et al., 1992). Each translocation defines two candidate 

regions.

3.2.1.4 Phase 4

This phase contains the chromosomes that have regions of exclusion from phases 1-3. 

Chromosomes such as 1,2,16,17,21 and 22 have large candidate regions included in 

the other three phases. These chromosomes were completely excluded before moving 

onto phase 5.

3.2.1.5 Phase 5

This phase includes everything else on the candidate region map and the 

chromosomes not mentioned on the map, chromosomes 5, 6 , 7, 8 , 10, 15 and 18.

3.2.2 Choice of microsatellite markers

The loci outlined in table 3.1 were chosen to be screened first. Microsatellite markers 

were chosen every 5-10 cM throughout the regions. Markers with a PIC of above 

0.70 were chosen as these had the most chance of being polymorphic in the families. 

For the mapped cataract loci, markers mentioned in previous papers were used. 

Genetic linkage analysis in all these families was carried out as stated in Chapter 2.
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The CATMAP was used in the whole genome search undertaken for the largest 

family in the pulverulent group. For the smaller families, candidate regions defined 

in phase 1 were screened for signs of linkage.

3.3 Family S

3.3.1 Introduction

The second largest family in the pulverulent group, Family S, has 21 DNA samples, 

17 meioses and 11 affected individuals (Figure 3.1). The family was collected at the 

same time as the other families in the study. It was recognised from the pedigree 

structure and family surnames to be the Coppock-like (CCL) family originally 

described by Harman in 1910. Blood samples were first collected in the 1980s by the 

ophthalmologist Renwick and used in linkage analysis by N. Lubsen’s group (Lubsen 

et al., 1987). The cataract (Figure 3.2) was named the Coppock-like cataract due to 

its similarity in appearance to the Coppock cataract and was linked to the gamma 

crystallin gene cluster on 2q33-q35 by Lubsen in 1987. In family S, mildly affected 

individuals had dust-like opacities throughout the embryonic and fetal nuclei, whilst 

the more severely affected individuals had a dense central opacity surrounded by a 

haze of fine powdery opacities.

The aim of continuing to study this family was to confirm that family S was part of 

the original CCL family, and to identify the microsatellite markers for the CCL locus. 

The original linkage was performed using restriction fragment length polymorphisms 

(RFLPs). To confirm this linkage, microsatellite markers covering the gamma 

crystallin region on chromosome 2q were tested for linkage to the cataract phenotype 

in family S.

3.3.2 Historical outline

The Coppock-like cataract was first described in 1910 by Harman in the Forman 

family. He described the opacity as primarily affecting the embryonic nucleus of the
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Figure 3.2

A photograph showing an example of the pulverulent cataract seen in 

family S.
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lens, was present at birth and virtually non-progressive (Harman 1910, Smith 1910). 

This family was re-examined and updated by Renwick and used in linkage analysis 

(Lubsen et a l, 1987).

Lubsen et al., used RFLPs to link this family to the y crystallin cluster. This cluster 

on 2q33-q35 contains a family of six genes, yA to yE and a quarter gene fragment yG 

(Brakenhoff et al., 1990). Two of these genes yE and yF, are pseudogenes due to 

inframe stop codons. yF also lacks a working promoter. The y crystallin cluster 

contains two polymorphic Taq I sites and these were used to link CCL to the cluster.

All affected individuals in the CCL family were found to have inherited a 

combination of different sized restriction fragments known as haplotype P. At the 

time of publication, the P haplotype was not detected in 26 normal individuals, 

although it has since been found in the general population (Brakenhoff et al., 1994). 

Based on the RFLP data, a lod score of 7.58 at 0=0.00 was calculated for the 

segregation of haplotype P with CCL. This was the first linkage of a human cataract 

phenotype to a crystallin locus. The y crystallin cluster contained strong candidate 

genes for CCL, both by their position in the genome and their expression in the lens. 

The development of the cataract in this family correlated well with the early 

expression of the y crystallins in the lens.

In 1994, a sequence change was published which was only found in affected members 

of the CCL family. Although it was known that the P haplotype was located in the y 

crystallin cluster, the physical position of the Taq I sites within this cluster were 

unknown. These Taq I sites were mapped to the yD and Vj/yE genes, identifying these 

two genes as the prime candidates for this cataract locus.

Analysis of the yD gene and v|/yE gene was undertaken. The yD gene is the most 

active gamma crystallin gene in man. Sequence analysis of the gene and promoter
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along with expression in COS (a monkey cell line that allows expression of a 

mammalian gene attached to a SV40 promoter) cells showed that the yD gene was not 

responsible for the CCL phenotype.

They next looked at the v|/yE gene, a pseudogene due to an in-frame stop codon in the 

second exon (Meakin et al., 1985), but has all the necessary sequence elements for 

transcription and translation. Expression of the vj/yE gene in normal embryonic human 

lenses was identified by northern blotting. ij/yE was detected at levels 30 times less 

than the yD transcript. They concluded that the yyE was active and yielded a 

properly spliced transcript in the normal human lens.

To check the presence of the yyE protein in vivo, the gene was expressed in COS 

cells. A protein of approximately 12 kD was detected. Antibodies raised to the \|/yE 

fragment were used to detect this protein on a blue-stained SDS gel of human lens 

extract. The antiserum reacted with two proteins (12 and 8 kD) from the water 

soluble fraction of the embryonic human lens. This data was considered suggestive of 

the presence of yyE protein in the normal lens, or possibly that it was picking up 

degradation products of the yC or yD products [although only the C-terminal half of 

the yD protein has ever been reported (Srivastava et al., 1992)].

To investigate this further, the v}/yE gene (CRYGEPl) was cloned from the P (disease) 

and S (wild-type) haplotypes and functionally characterised. No sequence changes 

segregating with the disease could be detected. The inframe stop codon was 

preserved in the P allele. As the SV40/\|/yE(P) fusion gene produced a properly 

spliced transcript, they concluded that the transcript of the v|/yE(P) gene was 

functionally equivalent to that of the wild-type.

Sequence analysis of the promoter region of the v|/yE(P) gene identified a sequence 

change. The TATA box had been restored to TATATA from TAT AC A [found in the 

v|/yE(Q) sequence, (Meakin et al., 1985)]. To check that this affected the activity of
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the Vj/yE promoter, the promoters from the P and S haplotypes were used to drive the 

expression of the chloramphenicol acetyltransferase (CAT) gene in rat lens epithelial 

cells. A yD/CAT construct was also transfected for comparison. The promoter of the 

mutant allele was found to be 10 times more active than the promoter of the wild- 

type, reaching about half the level of the yD gene. Such a high promoter activity 

would turn the vj/yE transcript level from low abundance to high abundance in the 

human lens. If the RNA was not degraded before translation, the level of the 

polypeptide would be expected to increase accordingly.

Originally the P haplotype was unique to the CCL family, but later P alleles were 

been detected in normal unrelated individuals (Brakenhoff et al., 1994). These P 

alleles were amplified, cloned and sequenced. In all ten that were studied, none had 

the TATA box mutation, making the C->T transition in the TATA box specific for 

the P allele associated with the CCL cataract, indicating that the sequence change was 

responsible for the cataract phenotype.

3.3.3 Results of new genetic linkage analysis

Microsatellite markers were chosen 5 cM apart, covering the gamma crystallin region 

that was estimated to cover approximately 55 cM on 2q33-q35. Positive two-point lod 

scores were first obtained with the markers D2S157 (Zj^^=5.2S, Gmax̂ O.OO) and 

D2S128 (Zmax^^-83, 0max̂ O.OO). Other markers in this region were chosen from the 

Généthon map (Dib et al., 1996) to refine the CCL locus (Table 3.2). The highest 

two-point lod scores occurred at D2S157 (Zmax^^-^^; ®max^^-^^) 

D2S371{Z^^=^5.\2, 0max^^-^^) separated by 1 cM.

The two-point lod scores and the haplotyped pedigree (Figure 3.3), places CCL 

between the markers D2S72 and D2S126.
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Table 3.2 Two-point lod scores (Z) for family S and markers from 
chromosome 2q. Maximum two-point lod scores shown in bold.

LOD SCORE AT 8 =

Marker cM .00 .01 .05 .10 .20 .30 .40 Zmax ®max

D2S72
6.0

-00 -3.09 -0.18 -0.51 -0.06 0.06 0.06 0.07 0.35

D2S325
0.5

3.34 3.26 2.90 2.44 1.56 0.87 0.40 3.34 0.00

0.1
2.76 2.71 2.49 2.22 1.76 1.08 0.51 2.76 0.00

D2S2208
1.1

1.65 3.00 3.36 3.25 2.65 1.83 0.90 3.37 0.00

D2S157
0.1

5.28 5.19 4.28 4.34 3.31 2.19 1.01 5.28 0.00

D2S2321
0.8

2.41 233 2.01 1.61 0.81 0.27 0.01 2.41 0.00

D2S371
3.6

5.12 5.03 4.67 4.20 3.18 2.08 0.93 5.12 0.00

D2S128
10.0

2 j3 2.75 2.42 2.00 1.17 0.46 0.09 2.83 0.00

D2S126 -00 -0.60 0.62 0.98 1.04 0.80 0.44 1.07 0.16
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Multipoint linkage analysis using the markers D2S72, D2S157, D2S371 and D2S126 

gave a maximum lod score of 5.66 occurring at the markers D2S157 and D2S371 and 

in the interval between them, placing the disease interval between the maximum two- 

point lod scores (Figure 3.4).

3.3.4 Sequence analysis of CCL

Analysis of a 578 bp fragment from the CRYGEP gene containing the CCL mutation 

took place to confirm that the change was still inherited with the disease. Primers 

(table 3.3) were designed to amplify the TATA box mutation and the premature stop 

codon (Figure 3.5).

These primers were used to amplify fragments from affected and unaffected members 

of the CCL family. These fragments was then sequenced as described in Chapter 2. 

In all affected individuals tested, the TATA box change (TAT AC A to TATATA) was 

found, and the premature stop codon was still present and inffame with the ATG 

(Figure 3.6).

3.3.5 Conclusions

These lod scores confirm that Family S maps to the CCL locus and also identifies 

microsatellite markers for CCL. This information will be useful for future screenings 

of the CCL locus in other autosomal dominant cataract families as identifies the 

linked microsatellite markers. The identification of these markers also gives a 

refined genetic localisation for CCL and CRYGEP, which was previously unknown. 

The physical localisation of these loci can be estimated by the known location of 

some of the microsatellite markers on chromosome 2. D2S157 and D2S128 have 

both been mapped to the band region 2q35 (GDB, http://www.gdb.org/ 1996). As 

these markers genetically flank CCL and CRYGEP, these two loci can be placed in 

2q35. Sequence analysis of members of this family have confirmed the presence of a 

change in the non functional TATA box from TATACA to TATATA.
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Figure 3.5 yE crystallin pseudogene sequence (Brakenhoff et aL, 1994).

t c g a a a g c t t t a g a g a g t c t a a a a g a a a a c a t a c a a t a a a c c g t c c c a c c 50

c c c a c c c c t a c a g t c a t t a t a t g g a a c a g a g a g a g a g a g a a a a a a a a a a t 100

g c c c t t g c t c c t c g g g g g c c c c t t t t g c t g c g g t t c t t g c c a a c a c a g c a 150

g c c c t c c t g c
t

t a t a c a g c c c c g c c g c g c c g c c g c c c c a c c c g c t c a g c c c 2 0 0

c g c c t t g c g c c c a g c c a g c c ATGGGGAAGg t g a g c c c a g c c c g c g c c c c c 2 5 0

c g g t a g c t c c c t g c t a g g c g g g g g c c g g a g a c t g g g g c a g g g g c a g g c c t 3 0 0

g t g a g a c c t c g c c t t g c c t c g c c t t g c c t t gcag AT C AC C CTCTACGAGG 3 5 0

ACCGGGGCTT CCAGGGCCGC CACTACGAAT GCAGCAGCGA CCACCCCAAC 4 0 0

CTGCAGCCCT ACTTGAGCCG CTGCAACTCG GCGCGCGTGG ACAGCGGCTG 45 0

CTGGGTGCTC TATGAGCAGC CCAACTACTC GGGCCTCCAG TAGTTCCTGC 50 0

GCCGCGGCGA CTATGCCGAC CACCAGCAGT GGATGGGCCT CAGCGACTCG 5 5 0

GTCCGCTCCT GCCGCCTCAT CCCCCACgtg a g t g c a g t c c c g c c g g t c c c 60 0

t t c c g t g c c c g c g a g t c g c a t c a g t g a t c c a c g t g g a t g a t t c a c a c g a c 6 50

Position of primers are shown underlined. TATA box (TATACA) and premature 
stop codon are in bold. Exonic sequences (221-229 and 335-577) are shown in 
upper case and intronic sequences in lower case.

Position in sequence Direction Sequence
54-74 Forward 5'ACCCCTACAGTCATTATATGG
131-151 Forward 5'CGGTTCTTGCCAACACAGCAG
319-339 Reverse 5'GTGATCTGCAAGGCAAGGCGA
611-631 Reverse 5TGGATCACTGATGCGACTCGC

Table 3.3 Primers used in the amplification of the CCL mutation in 
family S.
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Figure 3.6
Sequence analysis of the yE crystallin pseudogene in family S.

G G G  G T G T A T A
1 9 0

T A T A N A G C C C
1 1 0

Wild-type 
TATACA 

(Antisense Strand TGTATA)

Mutant 
TATACA 
(Sense Strand)

Electropherograms showing the TATA box in an unaffected (left) and 
an affected (right) individual in family S.

;
A C T A  G I G  G A G  

1 6 0

A A G T A G T G G  A G  
1 6 0

Wild-type Mutant

Electropherograms showing the stop codon TAG (Antisense strand, 
CTA shown by arrow) in an unaffected (left) and an affected (right) 
individual in family S.
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3.4 Families O & C, and the CCT family

Family O was a small family containing only 6 DNA samples, with 4 affecteds, 1 

unaffected and 1 spouse. At this size it was too small to screen candidate regions. At 

five meioses, it was hard to ascertain any meaningful results from any microsatellite 

markers run on the family, as a calculation of lod scores could not take place and the 

informativeness of each marker was reduced by the size of the family. An effort was 

made to increase the size of this family for linkage analysis. Family C was identified 

in this attempt to increase the size of family O. Twelve DNA samples were available 

from family C, 6 affected, 5 unaffected and 1 spouse. These two pedigrees are shown 

in figure 3.7. These families will be discussed in Chapter 4 along with linkage data 

and mutation screening. Families O and C are branches of the original Ev. pedigree 

used in the identification of the first locus for ADC (Renwick & Lawler, 1963).

At the time of collecting members for this pedigree, all affected individuals had been 

operated on, so no photograph of the phenotype exists. Hospital records showed that 

the cataract was present at birth or developed in infancy and that there was no family 

history of other ocular or systemic abnormalities. However, a representation of the 

phenotype of this cataract has been previously published (figure 3.8).

A small pulverulent family from Pakistan (CCT family) was included with families O 

and C due to its description of the phenotype. Unfortunately no photographs of the 

opacity in this family exists, but hospital records described a classic pulverulent 

phenotype identical to the cataract in the Ev. pedigree. Only 15 DNA samples were 

available for this family (figure 3.9) including 10 affected individuals, 2 unaffected 

individuals and 3 spouses. The cataract was bilateral in all cases and all individuals 

were operated on by the age of three. Analysis of this family will be presented in 

chapter 4.

86



Genetic Linkage Analysis o f the Pulverulent Cataract

Figure 3.7. Families O and C, with DNA samples indicated. 
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Figure 3.8

Diagrammatic representation of the CZPl phenotype. (Taken from 
Waardenburg, 1961).
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Figure 3.9 
Pedigree structure of the CCT family, with DNA samples indicated

D N A  D N A  D N A  D N A  D N A  D N A  D N A

--------
111:1 111:2

1 D N A D N A  1

D NA

1:2

D N A  D N A□ I
11:2 11:3 11:4

1:3
O

111:4 111:5
Ï

D N A  D N A  D N A  D N A

O •  II o

o
111:6 111:7

I

IV:1 IV:2 IV:3 IV:4 IV:5

89



Genetic Linkage Analysis o f the Pulverulent Cataract

3.5 Family A

During this study, Family A became the largest pedigree consisting of 27 DNA 

samples of whom 18 were affected, 5 were unaffected and 4 were spouses. The 

pedigree structure is shown in figure 3.10 with the available DNA samples indicated.

An example of the opacity seen in this family is shown in figure 3.11. Sixteen 

affected and seven unaffected members underwent a full ophthalmological 

examination. The cataract was bilateral in all cases. The opacity in this family 

showed high variability between affected individuals. The cataract can be described 

as fine dust-like opacities scattered throughout the lens. The opacity was seen as 

having a lamellar distribution with a clear cortex and minimal involvement of the 

nucleus, but some individuals had a clear nucleus with fine opacities seen in the 

cortex. In some very mild cases, the opacities were clustered around the anterior and 

posterior Y sutures in the nucleus.

Hospital records indicated that the cataract was present at birth or developed within 

the first few months of life, and there was no family history of other ocular or 

systemic abnormalities.

This family was chosen to be used in a whole genome search for the disease locus and 

results of this study and subsequent mutation analysis is described in chapter 5.
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Figure 3.10 Pedigree structure of family A, with DNA samples indicated
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Figure 3.11

A photograph showing an example of the pulverulent phenotype seen 

in family A.

/
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3.6 Family E

Family E (figure 3.12) is one of four pulverulent families considered too small for 

genome linkage analysis due to its size and therefore only used to screen candidate 

loci. This pedigree has 18 DNA samples including 10 affected individuals, 5 

unaffected individuals and 3 spouses.

The photograph in figure 3.13 shows that the pulverulent phenotype seen in members 

of this family. The cataract had powdery opacities throughout the lens, although they 

were more abunck\nt in the fetal nucleus. The opacities appear coarse and granular in 

the fetal nucleus of the lens with fine dust-like opacities visible in the cortex of the 

lens.

Hospital records confirmed that this bilateral cataract was present at birth or 

developed in infancy and there was no family history of other ocular or systemic 

abnormalities. The cataract was inherited in an autosomal dominant fashion with 

complete penetrance.

Results of genetic linkage analysis and mutation screening will be presented in 

chapter 5.
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Figure 3.12 Pedigree structure o f fam ily E, with DNA sam ples indicated.
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Figure 3.13

A photograph showing an example of the pulverulent phenotype seen 

in family E.
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3.7 Family Z

Family Z was a 4 generation family with 16 DNA samples consisting of 7 affected 

and 6 unaffected, as well as 3 spouses (figure 3.14.).

This family’s phenotype can be described as a classical pulverulent cataract. All 

affected individuals had fine dust-like opacities predominately in the fetal nucleus, 

but also in the cortex, with moderate opacification of the Y sutures. Unfortunately, 

no photographs exist of this phenotype.

Linkage analysis on the three pulverulent loci, CZPl, CZP3 and CCL shows that this 

family does not link to any of these three regions. Table 3.4 shows negative two- 

point lod scores for markers run on this family. Family Z may identify a new locus 

for the pulverulent cataract.

V

Table 3.4 Two-point lod scores (Z) between family Z and pulerulent candidate 
regions.

LOD SCORE AT 8 =

Marker .00 .05 .10 .20 .30 .40

CZPl
D1S305 -00 -5.16 -3.44 -1.79 -0.30 -0.34
D1S484 -00 -2.95 -1.93 -0.95 -0.44 -0.15

CCL
D2S157 -00 -1.04 -0.54 -0.13 0.02 0.05

-00 -0.17 0.26 0.50 0.46 0.27
-00 -0.33 0.07 0.24 0.17 0.05

CZP3
D13S175 -00 -2.84 -1.76 -0.81 -0.36 -0.13
D13S1275 -00 -3.10 -1.80 -0.73 -0.29 -0.10
D13S217 -00 -3.76 -2.35 -1.09 -0.51 -0.20
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Figure 3.14 Pedigree structure of family Z, indicating DNA samples.
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3.8 Summary

Seven families with the pulverulent phenotype were collected from eye clinics with a 

view to be used in genetic linkage analysis.

Descriptions of the cataract in these families show how variable the pulverulent 

phenotype is.

Family S was found to be a branch of the family used to map the CCL locus. 

Sequence analysis showed that the same sequence change published (Brakenhoff et 

a l, 1994) was present in family S.

Two families O and C are descendants of the original Ev. Family, used to define the 

CZPl locus.

The CCT family collected from Pakistan showed a phenotype similar to one 

described in the Ev. Family.

Families A and E were collected in the hope that they could identify a new locus for 

the pulverulent phenotype.

Family Z does not map to any of the known pulverulent loci, indicating that it may 

represent a new locus for the pulverulent cataract.
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Chapter 4

CZPl Locus and GJA8 on Chromosome Iq

4.1 Historical overview

The CZPl (originally CAEl) locus has its place in history by not only being the first 

locus identified for autosomal dominant cataract, but the first disease locus to be 

linked to an autosome. Renwick and Lawler (1963) used the only genetic markers 

available to them, namely blood groups, on a family with a zonular pulverulent 

phenotype, and demonstrated that it was tightly linked to the Duffy blood group. The 

blood group was later assigned to chromosome 1 (Donahue et ah, 1968).

The family used in this first cataract linkage had been one of many families afflicted 

with cataract to be described in papers published by the ophthalmologist Nettleship in 

the early 1900’s. In 1909, the family originally from Berkshire, was described as 

having an opacity that could be seen in four generations and had been identified in 

some individuals at birth (Nettleship, 1909). The opacity was described as 'uniform 

with slight variations in all those affected; the shell of the opacity dense’ with the 

cortex being ‘clear’ and the cataract was described as ‘lamellar’.

For the linkage in 1963, Renwick retraced this family known as the Ev. family. 

Renwick described the opacity with the use of a slit lamp as ‘each cataract was 

composed of innumerable powdery opacities, the appearance being as depicted for a 

zonular pulverulent cataract.’ The opacity was bilateral in all cases and showed 

autosomal dominant inheritance with complete penetrance.

Blood and saliva samples were taken from over 100 individuals in this family and 

tested for linkage with several blood group systems. Strong evidence was found for
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linkage between the opacity and the Duffy blood group locus {FY) with a lod score of 

3.78 at 00- The cataract was found to be associated with the FYB allele and

the Fy(a-) phenotype.

Since 1963, this family and phenotype have been described many times in the 

literature. The Ev. phenotype has also been described as total nuclear (Renwick, 

1970), and was considered to be identical to the Doyne’s “discoid” cataract, which 

presents as a circular spotted disk in the centre of the lens (Adams, 1942). This 

phenotype is also thought to be similar to the Coppock cataract first described in 1906 

(Nettleship & Ogilvie, 1906). This has led to confusion in the literature where it has 

been stated that the Coppock family maps to the CZPl locus. There is no evidence to 

suggest that the Ev. and the Coppock families are related in any way and descriptions
A,

of the phenotype from early records are similar but identical. The Coppock cataract is 

thought to be confined to the embryonic lens, whereas the Ev. opacity involves the 

larger fetal nucleus. According to the OMIM database, the Coppock pedigree does 

not link to FY (OMIM).

Analysis of other cataract families at the time did not show linkage to the FY locus, 

indicating genetic heterogeneity in ADC (Renwick & Lawler, 1963., Hammerstein & 

Scholz, 1974., Huntzinger et al., 1977). One study on a group of ADC families tested 

for linkage to three chromosome 1 markers. Although FY was uninformative in one 

of the families, a lod score of 2.70 at 6=0.00 was found with Iqh (Conneally et a l, 

1978), indicating that a locus on chromosome 1 was important in inherited cataract in 

humans.

The mutation responsible for the cataract phenotype linked to FY has never been 

identified. The gene for connexinSO, GJA8, has been mapped to chromosome 1 

(Church et al., 1995), making it an attractive candidate gene for the CZPl locus.
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GJA8 is one of two connexin genes expressed in the lens fibre cells (White et ah, 

1992).

4.2 Aim of Study

The aim of the study was to find families with a pulverulent phenotype and to see 

whether these families were descendants of the original Ev. Family, in a bid to refine 

the genetic interval of CZPl and to test the hypothesis of GJA8 as the disease causing 

gene.

Two small families were identified from the registers at Moorfields Eye Hospital and 

Great Ormond Street Hospital in London, and identified as members of two branches 

of the pedigree published by Renwick (figure 4.1).

Linkage analysis was undertaken in these two families using microsatellite markers 

from the lq2 region (GDB) (Dib et aL, 1996), covering the band regions q22-q23 

where the Duffy blood group had recently been mapped by fluorescent in situ 

hybridisation (Mathew et aL, 1994). Linkage analysis was carried out as described in 

the Methods and Materials chapter.

4.3 Connexin50/GX4^

Connexin50/Gy^5 was a candidate gene for this locus due to its preferred expression 

in the lens (White et aL, 1992) and that the gene through somatic cell hybrids had 

been assigned to chromosome 1 (Church et aL, 1995). Further refinement of the 

locus came with the mapping of the mouse homologue gja8 to a region of mouse 

chromosome 3, syntenic to human Iql2-q21 (Kerscher et aL, 1995). After this work 

had started, further refinement of the human gene mapped GJA8 to lq21.1 (Geyer et 

aL, 1997). GJA8 and its role in the lens will be discussed in chapter 6 .
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Figure 4.1 Original Ev. Pedigree as published by Renwick & Lawler in 1963. 
The blue line indicates the four generations published by Nettleship in 1909. 
The red line indicates the two branches used in this study.
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CZPl locus and GJA8 on chromosome Iq

4.4 Confirmation of linkage to lq2

4.4.1 Linkage analysis of CZPl

Microsatellite markers were chosen every 5 cM covering the band regions Iq21-q25, 

where the database (GDB) placed the CZPl locus. These markers were used to 

screen families O and C (discussed in chapter 3). Markers between D1S305 and 

D1S238 were used to screen the two families for signs of linkage. As the sizes of the 

families were small, many markers were uninformative, but in family O, an affected 

individual VI-8 was recombinant for the marker D1S484 and markers distal to it. 

D1S305 did not show any recombinants, although VI-8 was uninformative for this 

marker. More markers were chosen, proximal to D1S305, at which time it was 

realised that a region of shared haplotype between these two families occurred 

proximal to the marker D1S305. Figure 4.2 shows the position of some of these 

markers in relation to each other. Individual VII-1 was found to be recombinant with 

the marker D1S495, identifying a disease interval between D1S495 and D1S484. All 

informative markers for this region (those with a PIC above 0.70) were used to screen 

this region for linkage in the two families. Lod scores from the markers used on the 

abridged pedigree are shown in table 4.1.

The maximum positive two-point lod score was found with the marker DISZBC^ 

(Zmax^4.52, Qmax̂ O.OO). Lod scores over three were found with the surrounding 

markers D1S250, D1S2687, D1S189, D lSSllp , D1S2344, D1S2696, D1S2715 and 

D1S272L

4.4.2 Haplofype and multipoint analysis of CZPl

Haplotype analysis of some of these markers is shown in figure 4.3. No recombinants 

were found between the markers D1S2746 and D1S2771, with the two recombinant 

individuals, VII-1 and VI-8 being informative at these markers. At D1S2771, the 

disease in each branch segregated with a different disease allele (1 or 4), indicating an
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CZPl locus and GJA8 on chromosome Iq

Figure 4.2
A diagram showing the position o f chromosome Iq markers 
in relation to each other and the position o f disease intervals 
for CZPl and the CCT family.
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CZPl locus and GJA8 on chromosome Iq

Table 4.1 Two-point lod scores (Z) for linkage between chromosome 1 markers and 
CZPl, Genetic distances are shown in cM. Maximum two-point lod scores are shown in 
bold.

LOD SCORE AT 0 =

Marker cM .00 .01 .05 .10 .20 .30 .40 Zmax ®max

D1S2746
1.1

0.0

-00 1.19 1.66 1.65 1.31 0.84 0.34 1.68 0.07

D1S250 3.52 3.46 3.19 2.84 2.10 1.31 0.52 3.52 0.00

D1S2687
0.6

3.89 3.81 3.50 3.10 2.27 1.41 0.58 3.89 0.00

D1S189
0.1

3.34 3.27 3.02 2.69 2.00 1.27 0.52. 3.34 0.00

D1S2744
1.1

1.0

1.56 1.53 1.40 1.23 0.89 0.54 0.20 1.56 0.00

D1S252 2.05 2.00 1.80 1.56 1.07 0.84 0.28 2.05 0.00

D1S2669
1.3

4.52 4.43 4.09 3.65 2.72 2.24 0.76 4.52 0.00

D1S514
1.1

0.0

4.48 4.40 4.07 3.64 2.73 1.77 0.77 4.48 0.00

D1S2344 3.63 3.56 3.25 2.86 2.05 1.21 0.42 3.63 0.00

DIS2696 3.49 3.44 3.22 2.91 2.21 1.44 0.65 3.49 0.00

D1S442 1.07 1.04 0.95 0.84 0.62 0.41 0.20 1.07 0.00

DIS498
0.1

1.53 1.50 1.36 1.18 0.84 0.52 0.24 1.53 0.00

D1S2345
2.7

2.23 2.16 1.90 1.57 0.90 0.30 0.00 2.23 0.00

D1S2346
0.6

2.21 2.17 1.97 1.72 1.22 0.75 0.34 2.21 0.00

D1S305
0.0

2.34 2.28 2.05 1.76 1.17 0.62 0.20 2.34 0.00

D1S2715
1.6

3.78 3.70 3.38 2.96 2.09 1.19 0.40 3.78 0.00

D1S2721
1.6

3.83 3.75 3.42 2.99 2.08 1.15 0.35 3.83 0.00

D1S2624
0.1

0.67 0.65 0.60 0.53 0.39 0.26 0.13 0.67 0.00

D1S506
2.7

1.11 1.09 0.99 0.86 0.59 0.33 0.11 1.11 0.00

D1S2635
2.7

0.93 0.92 0.86 0.76 0.53 0.31 0.13 0.93 0.00

D1S2771 -00 -1.84 -0.57 -0.14 0.11 0.12 0.07 0.13 0.25
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V I I I Figure 4.3 CZPl pedigree showing the segregation 
of six markers on chromosome Iq.
Disease haplotype is shown by a box.

Individuals with numbers in brackets are members of the 
pedigree published by Renwick & Lawler 1963.
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CZPl locus and GJA8 on chromosome Iq

ancestral crossover. Haplotype analysis places the CZPl locus in the interval 

D1S2746-D1S2771, covering a genetic distance of approximately 20.6 cM (Dib et aL, 

1996). None of these microsatellite markers have been physically mapped, so a more 

precise cytogenetic location for CZPl cannot be given.

Genetically the Duffy blood group maps between the markers D1S305 and D1S210 

(GDB). So this linkage data places the CZPl locus proximal to the F F  locus, towards 

the centromere.

Multipoint linkage analysis on the CZPl family using the markers D1S2746, 

D1S2669, D1S442 and D1S2771 gave a maximum lod score of 5.52 at marker 

D1S2669. This is shown in figure 4.4 with the idiogram of chromosome 1 showing 

the predicted position of CZPl.

4.5 Screening for mutations in GJA8

4.5.1 Preliminary screening for mutation

The confirmation of linkage of the CZPl family to lq21 led to the screening of GJA8 

for the disease causing mutation. The full coding sequence of GJA8 was cloned and 

published in 1995 (Church et aL, 1995). As no untranslated sequence is published 

for either the 5' or 3' ends of the second exon that contains the complete protein 

coding sequence, primers were designed to the 5' and 3' end of the coding region. 

These primers and others used in the sequencing of GJA8 are shown in table 4.2.

The 1.3 kb single coding exon was amplified for all eighteen individuals in the 

pedigree. This fragment was then directly sequenced from the PCR product, but also 

subcloned into a pGEM vector to allow comparisons between the electropherograms 

of double stranded DNA and the two alleles for easier identification of heterozygotes. 

The 1.3 kb PCR product and subcloned fragments were then sequenced fluorescently
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CZPl locus and GJA8 on chromosome Iq

in a search for sequence differences between affected and unaffected individuals from 

the CZPl family, using the primers in table 4.2.

Table 4.2 Primers used in amplification and sequencing of GJA8

Codon Direction Sequence 5'-3'
1-7 Forward TATGGGCGACTGGAGTTTCCT
77-83 Forward CTCTGGGTGCTGCAGATCATC
97-103 Reverse CTCCATGCGGACCTACTCCAC
102-108 Reverse GCTTTTGCGCTTCTCCTCCA
169-175 Forward CACTACCTGTACGGGTTC
209-215 Reverse CACAGAGGCCACAGACAACAT
257-263 Forward GTCTCCTCCATCCAGAAAGCC
312-318 Reverse CTCTTGGTAGCCCCGGGACAA
428-stop Reverse TCATACGGTTAGATCGTCTGA

4.5.2 Sequence changes identified, different to the published GJA8 sequence

While mutation screening GJA8, a number of sequence changes were identified that 

could not be associated with the disease. These changes compared to the published 

sequence with the position of the mutation is shown in figure 4.5.

Two sequence changes were identified next to each other around codon 110. At 

codon 110 all individuals sequenced had the amino acid glutamic acid (GAG) instead 

of the published aspartic acid (GAG), indicating a C->G transversion at nucleotide 

330. This was seen in all individuals regardless of disease status. The next amino 

acid in all individuals sequenced was an alanine (GCG), not present in the original 

published sequence, before rejoining the published GJA8 sequence, increasing the 

predicted length for the human GJA8 protein from 432 to 433 amino acids. Alanine 

111 was therefore an inserted amino acid which was seen in all individuals 

sequenced, and always seen with the glutamic acid at position 110. Alignments of 

various GJA8 sequences from the mouse (White et aL, 1992), chick (Jiang et aL,
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ATG GGC GAC TGG AGT TTC CTG GGG AAC ATC TTG GAG GAG GTG

C ZPl locus and GJA8

AAT GAG CAC TCC ACC

on crhomc 

GTC 60
M G D W S F L G N I L E E V N E H S T V 2 0

ATC GGC AGA GTC TGG CTC ACC GTG CTT TTC ATC TTC CGG ATC CTC ATC CTT GGC ACG GCC 1 2 0
I  == G == R := V == W == L := T == V == L == F == I  == F == R == I  == L == I  == L == G == T == A 40

GCA GAG TTC GTG TGG GGG GAT

K
A
GAG CAA TCC

F o k  I
i

GAC TTC GTG TGC AAC ACC CAG CAG CCT GGC 1 8 0
A E F V W G D E Q S D F V C N T Q Q P G 60

TGC
G

GAA AAC GTC TGC TAC GAC GAG GCC TTT CCC ATC TCC CAC ATT CGC CTC TGG GTG CTG 2 4 0
C E N V C Y D E A F P I  == S == H == I  == R == L == W == V == L =: 80

GAG ATC ATC TTC GTC TCC ACC

S
T
CCG TCC

M n l  :
i

CTG ATG

C

TAC GTG GGG CAC GCG GTG CAC TAC GTG 3 0 0
Q == I  == I  := F == V == S == T == P == S == L == M == Y == V == G == H == A == V H Y V 1 0 0

CGC ATG GAG GAG AAG CGC AAA AGC CGC

D
C

GAG GCG GAG GAG CTG GGC CAG CAG GCG GGG ACT 3 6 0
R M E E K R K S R E A E E L G Q Q A G T 1 2 0

AAC GGC GGC CCG GAC CAG GGC AGC GTC AAG AAG AGC AGC GGC AGC AAA GGC ACT AAG AAG 4 2 0
N G G P D Q G S V K K S S G S K G T K K 1 4 0

TTC CGG CTG GAG GGG ACC CTG CTG AGG ACC TAC ATC TGC CAC ATC ATC TTC AAG ACC CTC 4 8 0
F R L == E == G == T == L == L == R == T == Y == I  == C == H == I  == I  == F == K == T == L == 1 6 0

TTT GAA GTG GGC TTC ATC GTG GGC CAC TAC TTC CTG TAC GGG TTC CGG ATC CTG CCT CTG 5 4 0
F == E == V == G == F == I  == V == G == H == Y == F == L == Y == G == F R I L P L 1 8 0

TAC CGC TGC AGC CGG TGG CCC TGC CCC AAT GTG GTG GAC TGC TTC GTG TCC CGG CCC ACG 6 0 0
Y R C S R W P C p N V V D C F V S R P T 2 0 0

GAG AAA ACC ATC TTC ATC CTG TTC ATG TTG TCT GTG GCC TGT GTG TCC CTA TTC CTC AAC 6 6 0
E K T = I  == F == I  == L == F == M == L = S == V == A == S == V == S == L == F == L == N == 2 2 0

GTG ATG GAG TTG

S
A
GGC CAC

S f i  I
i

CTG GGC CTG AAG GGG ATC CGG TCT GCC TTG AAG AGG CCT GTA 7 2 0
V == M E L G H L G L K G I R S A L K R P V 2 4 0

GAG CAG CGC CTG GGG GAG ATT CCT GAG AAA TCC CTC CAC TCC ATT GCT GTC TCC TCC ATC 7 8 0
E Q P L G E I P E K S L H S I A V S S I 2 6 0

CAG AAA GCC AAG GGC TAT CAG
T

CTC CTA GAA GAA GAG AAA ATC GTT TCC CAC TAT TTC CCC 8 4 0
Q K A K G Y Q L L E E E K I V S H Y F P 2 8 0

TTG ACC GAG GTT GGG ATG GTG GAG ACC AGC CCA CTG CCT GCC AAG CCT TTC AAT CAG TTC 9 0 0
L T E V G M V E T S P L P A K P F N Q F 3 0 0

GAG GAG AAG ATC AGC ACA GGA CCC CTG GGG GAC TTG TCC CGG GGC TAC CAA GAG ACA CTG 9 6 0
E E K I S T G p L G D L S R G Y Q E T L 3 2 0

CCT TCC TAC GCT CAG GTG GGG GCA CAA GAA GTG GAG GGC GAG GGG CCG CCT GCA GAG GAG 1 0 2 0
P S Y A Q V G A Q E V E G E G P P A E E 3 4 0

GGA GCC GAA CCC GAG GTG GGA GAG AAG AAG GAG GAA GCA GAG AGG CTG ACC ACG GAG GAG 1 0 8 0
G A E P E V G E K K E E A E R L T T E E 3 6 0

CAG GAG AAG GTG GCC GTG CCA GAG GGG GAG AAA GTA GAG ACC CCC GGA GTG GAT AAG GAG 1 1 4 0
Q E K V A V P E G E K V E T P G V D K E 3 8 0

GGT GAA AAA GAA GAG CCG CAG TGG GAG AAG GTG TCA AAG CAA GGG CTG CCA GCT GAG AAG 1 2 0 0
G E K E E P Q S E K V S K Q G L P A E K 4 0 0

ACA CCT TCA CTG TGT CCA GAG CTG ACA ACA GAT GAT GCC AGA CCC CTG AGC AGG CTA AGC 1 2 6 0
T P S L C P E L T T D D A R P L S R L S 4 2 0
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Figure 4.5. Human GJA8 sequence showing both mutations (bold), restriction sites for 
Mnl \ ,S f i \  and Fok I, sequence changes (bold) and primer positions(underiined).
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1994) and sheep (Yang & Louis, 1996), showed that EllO - A l l l  are conserved in 

GJA8 sequences, suggesting that this sequence at codons 110-111 is the correct 

human sequence.

Another amino acid change was identified in a different part of the exon. Codon 224 

in the original GJA8 sequence is a glycine (GGC). In all individuals sequenced a 

G ^ A  transition at nucleotide 673 resulted in the substitution of the glycine (GGC) 

for a serine (AGC). This sequence change was found to introduce a novel Sfi 1 

restriction site, allowing this to be tested for segregation with the phenotype. Based 

on the published sequence there is no ^  1 site in the coding exon of GJA8. The 

introduction of a site produced two bands of 679 bp and 620 bp in size, rather than the

1.3 kb fragment that represents the coding region. All individuals in the family 

regardless of disease status showed the two bands produced by the new Sfi 1 site 

(Figure 4.6). This result was confirmed in 25 unrelated normal individuals.

4.5.3 Identification of P88S mutation in CZPl

While comparing the direct sequence from the PCR product and the subcloned 

material, a C—>T transition at nucleotide 262 was identified in all affected individuals, 

changing the proline (CCG) at codon 88 to a serine (TCG). Electropherograms 

showing the mutant and wild-type sequence are shown in figure 4.7. This mutation 

also introduced a restriction site for the enzyme Mnl 1, allowing this enzyme to be 

used as a simple test for the presence of the suspected mutation. An 81 bp fragment 

containing codon 88 was amplified using the primers for codons 77-87 and 93-107. In 

the wild-type sequence, the Mnl 1 enzyme did not cut the 81 bp fragment produced by 

these primers. The C-T change at nucleotide 262 on one chromosome in an affected 

individual introduced a new Mnl 1 restriction site at nucleotide 270, causing the 81 bp 

fragment to be cut into two fragments of 42 bp and 39 bp in size. The results of the 

digest in the CZPl family is shown in Figure 4.7. It shows that all affected

111



CZPl locus and GJA8 on chromosome Iq

Figure 4.6
d

Restriction analysis of the enzyme 5/? I in indiviiials from the 

CZPl family.

M VI-2 VI-3 VI-4 VI-5 VI-6 VI-7 VII-2 VIII 1

Individuals from the CZPl pedigree as shown in figure 4.3.

VI-2, VI-5, VII-2, VIII-I are affected individuals

The complete coding region was amplified (1302 bp) and digested. 
All DNA regardless of disease status was completely digested to 

produce two bands of 679 bp and 620 bp.

The digest was run on 2% agarose gel with the 100 bp marker (M) 
for sizing, the brightest band in the marker lane is 600 bp.
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a P r o ' " h S e r « «
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m m n n m c e n o m o o m e m m o m

- 42/39

Figure 4.7 Sequence analysis of GJA8 in the CZPl family.

a. Electropherogram of the wild-type allele showing a proline (CCG) at 
codon 88.

b. Electropherogram of the mutant allele showing a C-^T transition 
(arrow) resulting in the substitution of serine (TCG) at codon 88 and the 
introduction of a Mnl 1 restriction site.

c. Results of the restriction analysis showing the gain of a Mnl I site that 
cosegregates with affected individuals heterozygous for the P88S mutation 
(81 bp and 42/39 bp) but not with unaffected individuals and spouses (81 
bp).
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individuals in the family have an 81 bp fragment with 42 bp and 39 bp fragments, a 

pattern not seen in any of the unaffected members of the family or spouses.

This Mnl 1 restriction enzyme test was also used to test 102 unaffected and unrelated 

individuals for the presence of the mutation. None of these individuals showed the 

characteristic pattern given by affected members of the CZPl family.

4.6 Linkage analysis of a second family

4.6.1 Linkage analysis of the CCT family

A family (named CCT) with autosomal dominant pulverulent cataract from Pakistan 

was tested for linkage to known cataract loci. Microsatellite markers from the CZPl 

region showed linkage to this family (figure 4.8).

The two-point lod scores for these markers are shown in table 4.3. No recombinants 

were found between the markers D1S2746 and D1S194. The maximum positive two- 

point lod score of 3.01 at Omax'̂ O.OO occurred at many of the markers as shown in the 

table of lod scores (table 4.3). Therefore the CCT family interval coincides with the 

CZPl genetic interval.

Various combinations of markers were analysed using multipoint linkage analysis in a 

bid to identify the likely position of the CCT disease locus. All attempts used the 

recombinant markers and 1 or more of the markers where the maximum two-point lod 

score was achieved. All combinations did not increase the two point lod score of 

3.01. An example is shown in figure 4.9, where the markers D1S2746, D1S498, 

D1S2624 and D1S194 gave a maximum lod score of 3.01 at D1S498 and D1S2624.
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Figure 4.8 Haplotype analysis showing the segregation 
of seven chromosome 1 markers with disease in the CCT 
family.

Disease haplotype is indicated by the black bar.

Disease Haplotype

D1S2746
D1S250
D1S189
D1S514
D1S2721
D1S2771
D1S194

5 
2 
4
6 
2 
2 
4

o
111:2

Ï

1:2

11:2

111:3
O

111:4

IV: 1 IV:2 IV:3 IV:4

□
11:3 11:4

3 0 5 2 4 3
1 I2 3 4 1
6 I4 3 4 6
4 l e 4 7 4
1 | 2 5 6 1
1 | 2 2 2 1
2 _ I4 2 3 2

Ï
111:5

O
111:6

IV:5

I
111:7

115



CZPl locus and GJA8 on chromosome Iq

Table 4.3 Two-point lod scores (Z) for linkage between CCT family and 
chromosome Iq markers. Genetic distances between markers are shown in cM. 
Maximum two-point lod scores are shown in bold.

LOD SCORE A T 8 =

Marker cM .00 .01 .05 .10 .20 .30 .40 Zmax ^max

DIS2746
1.1

0.0

-00 0.96 1.47 1.51 1.28 0.89 0.44 1.52 0.08

D1S250 3.01 2.96 2.74 2.46 1.86 1.20 0.54 3.01 0.00

D1S2881
0.6

3.01 2.96 2.74 2.46 1.86 1.20 0.54 3.01 0.00

D1SI89
1.2

2.20 2.16 2.00 1.80 1.37 0.90 0.42 2.20 0.00

DIS252
2.3

1.59 1.60 1.59 1.50 1.20 0.79 0.35 1.61 0.02

D1S514
1.1

1.1

1.1

2.8

2.54 2.49 2.27 2.00 1.40 0.78 0.24 2.54 0.00

DIS2696 1.92 1.88 1.72 1.50 1.05 0.59 0.18 1.92 0.00

D1S442 2.25 2.22 2.08 1.90 1.49 1.01 0.49 2.25 0.00

D1S498 3.01 2.96 2.74 2.46 1.86 1.20 0.54 3.01 0.00

D1S2346
0.6

2.25 2.22 2.08 1.90 1.49 1.01 0.48 2.25 0.00

D1S305
1.6

1.6

0.1

2.7

3.01 2.96 2.74 2.46 1.86 1.20 0.54 3.01 0.00

DJS2721 3.01 2.96 2.74 2.46 1.86 1.20 0.54 3.01 0.00

D1S2624 3.01 2.96 2.74 2.46 1.86 1.20 0.54 3.01 0.00

D1S506 2.51 2.47 2.29 2.06 1.58 1.05 0.50 2.51 0.00

D1S2635
2.7

0.84 0.82 0.76 0.68 0.49 0.29 0.09 0.84 0.00

DIS2771
0.0

0.82 0.80 0.75 0.67 0.49 0.29 0.10 0.82 0.00

D1S2707
1.1

9 .4

3.01 2.96 2.74 2.46 1.86 1.20 0.54 3.01 0.00

D1S484 -0.14 -0.13 -0.11 -0.08 -0.04 -0.02 0.00 0.00 0.40

DIS194 -00 0.44 0.94 0.99 0.75 0.39 0.10 0.99 0.10
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CZPl locus and GJA8 on chromosome Iq

Study of the disease haplotype showed that the CCT family did not share any of its 

haplotype with the CZPl family. This indicates that the disease arose separately in 

this family, which could have been predicted from their distinct ethnic origins.

4.6.2 Screening GJA8 for mutations in CCT

This family was then screened in the same way as CZPl for a mutation in GJA8.

These individuals did have the sequence changes discussed in section 4.5.2. All 

members sequenced possessed the El 10-All 1 and serine at codon 225, providing 

more evidence that these amino acids are part of the correct human sequence for 

GJA8.

Sequence analysis showed that members of this family did not have the CZPl P88S 

mutation. A G->A transition at nucleotide 142 in all affected individuals was 

identified. This sequence change is predicted to cause the replacement of a glutamic 

acid at codon 48 for a lysine. The G—>A change also caused the removal of a 

restriction site for the enzyme Fok I. A 324 bp fragment containing codon 48 was 

amplified with primers for codons 1-7 and 102-108 and digested with Fok I to test 

whether the loss of the restriction site segregated with the cataract in this family. All 

affected individuals showed the gain of a Z23 bp fragment (Figure 4.10) due to the 

loss of the Fok I restriction site.

The loss of this Fok I restriction site was not seen in 25 unaffected and unrelated 

individuals.
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a
Glu48 Fok 1

G G  G G A T G A  G C A A T C C G A C
1 9 0

Lys ̂ *8
G G G G A F A A  G C A A T C C G A

11:2 111:1 111:2 IV:1 IV:2 IV:3
•  ■  O  □  •  •

1:5 111:6 IV:5 111:7 11:3
■ o •  ■ □

- 2 3 3  bp
- 173 bp

- 91 b p
- 6 0  bp

Figure 4.10 Sequence analysis of GJA8 in the CCT family.

a. Electropherogram of the wild-type allele showing a glutamic acid (GAG) at 
codon 48.

b. Electropherogram of the mutant allele showing a G ^ A  transition (arrow) 
resulting in the substitution of lysine (AAG) at codon 48 and the removal of a 
Fok I restriction site.

c. Results of the restriction analysis showing the loss of a Fok I site that 
cosegregates with affected individuals heterozygous for the E48K mutation 
(extra band at 233 bp, as well as bands at 173 bp, 91 bp and 60 bp) but not 
with unaffected individuals and spouses (bands at 173 bp, 91 bp and 60 bp). 
Individual 11:3 is absent from the digest due to lack of available DNA for 
analysis. Sequence analysis did show the G ^ A  transition.
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4.7 Summary

Families O and C have been identified as descendants of the original Ev. Family, first 

described by Nettleship in 1909 and then used to link the CZPl locus to the Duffy 

blood group by Renwick & Lawler in 1963.

Using genetic linkage analysis and microsatellite markers, the CZPl locus has been 

genetically refined to a 20.6 cM interval defined by the markers D1S2746 and 

D1S2771.

GJA8 was chosen for mutation screening based on its expression in the lens and 

position in the genome.

Sequence analysis identified a C->T transition at nucleotide 262 segregating with the 

disease. This nucleotide change would lead to the nonconservative substitution of 

proline for serine (P88S).

This sequence change also introduced a restriction site for the enzyme Mnl I. 

Restriction analysis confirmed that this change was present only in affected 

individuals and not detected in 102 unrelated normal individuals.

Other sequence changes unrelated to disease status were also identified. D1 lOE along 

with the insertion of an alanine at codon 111 was found in all individuals tested. This 

increased the peptide from 432 to 433 amino acids. EllO and A l l l  are conserved all 

other known GJA8 sequences.

An G ^ A  transition at nucleotide 225 (S225G) resulted in a serine to glycine change. 

This introduced a novel Sfi 1 site. Analysis showed the presence of S225G regardless 

of disease status.
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A Pakistani family with a classic pulverulent phenotype mapped to CZPl.

Analysis of this family showed that the sequence changes in GJA8 unrelated to 

disease were also present in a different ethnic group.

A G->A transition at nucleotide 142 (E48K) was identified segregating with the 

cataract in the CCT family.

This sequence change resulted in the loss of a restriction site for the enzyme Fok I.

Restriction analysis showed the cosegregation of the loss of the site with the cataract.

The loss of this site was not detected in 25 unrelated normal individuals.
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Chapter 5

CZP3 locus and GJA3 on chromosome 13q

5.1 Aim of study

In a search to discover more about the pulverulent phenotype discussed in chapter 3, 

the largest family in this phenotypic group was chosen to be used in genetic linkage 

analysis to identify the locus responsible for the phenotype in this family. The 

CATMAP discussed in chapter 3 was used as a framework to begin a whole genome 

search. Family A was used to screen the candidate loci listed in CATMAP using 

microsatellite markers thought to lie in the candidate regions.

In addition, a second smaller pulverulent cataract family (E) was examined for 

linkage to known loci.

The pedigrees structures and phenotypes of families A and E were described in 

chapter 3 (sections 3.5 and 3.6 respectively).

5.2 Connexin A6IGJA3

During this study, GJA3 was identified as a possible candidate gene for the 

pulverulent phenotype. GJA3 is one of two connexin genes known to be expressed in 

lens fibre cells and was included as a candidate gene in CATMAP. Originally GJA3 

was mapped to human chromosome 13 by somatic cell hybrids (Willecke et aL, 

1990). In situ hybridisation of GJA3 refined this locus to 13ql l-ql2 (Mignon et aL,

1996). In both these localisations, mapping was performed using the rat GJA3 gene 

as a probe. The sequence of the human gene (either at the amino acid or nucleotide
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level) was not known. Discussion of GJA3 in the lens and its relevance in inherited 

cataract will be discussed in chapter 6.

5.3 Genetic linkage analysis of family A

Family A is the largest family in the pulverulent group as well as the largest in the 

cataract study. This family was therefore chosen to identify a locus for the pulverulent 

phenotype.

Although clinically this cataract is different to the pulverulent cataracts previously 

mapped, namely CZPl and CCL, these two loci along with the gamma crystallin 

cluster were screened first for signs of linkage. Exclusion of these regions was 

obtained. The genome was then screened for linkage following the five phases already 

defined (section 3.2.1) choosing microsatellite markers every 5-10 cM. Phases 4 and 

5 were attempted simultaneously.

For each marker, recombinants were counted and lod scores calculated for the whole 

family, and for the affected only members. This was done to exclude any possibility 

of misdiagnosis. As some members of this family have a very mild phenotype, there 

could have been some affected members wrongly identified as unaffected (section 

5.5).

In all, 235 markers were run on this family during the genome search. They excluded 

approximately 90% of the autosomal genome. These markers are listed with their 

exclusion lod scores in table 5.1.

The whole of chromosome 13 was screened using microsatellite markers in search of 

the disease locus. A marker corresponding to the pericentric region of chromosome 

13, D13S175, gave a maximum positive two-point lod score of 3.53 at 0max= 0.00.
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Table 5.1 Exclusion lod scores for Family A. Calculations involved all family 
members involved in the study. Chr stands for chromosome.

L od score at 0  =

M arker 0.00 0.05 0.10 0.20 0.30 0.40

Chr. 1
D1S243 -00 -5.35 -3.41 -1.66 -0.79 -0.29
D1S468 -00 -1.99 -0.79 0.07 0.26 0.17
D1S214 -00 -10.04 -6.75 -3.50 -1.75 -0.67
D1S199 -00 -5.30 -3.58 -1.97 -1.05 -0.40
D1S234 -00 -4.00 -2.42 -1.06 -0.46 -0.15
D1S201 -00 -4.50 -2.88 -1.47 -0.80 -0.37
D1S463 -00 -1.15 -0.65 -0.25 -0.09 -0.02
D1S200 -00 -2.74 -1.73 -0.89 -0.49 -0.29
D1S220 -00 -10.53 -6.87 -3.49 -1.75 -0.68
D1S209 -00 -2.65 -1.60 -0.71 -0.31 -0.10
D1S488 -00 -4.75 -2.45 -0.60 0.05 0.17
D1S236 -00 -3.41 -2.02 0.89 -0.47 -0.25
D1S305 -00 -6.21 -3.96 -1.90 -0.88 -0.30
D1S484 -00 -4.19 -2.37 -0.86 -0.26 -0.04
D1S196 -00 -2.19 -1.38 -0.63 -0.26 -0.07
D1S210 -00 -5.87 -3.40 -1.28 -0.39 -0.07
D1S238 -00 -4.00 -2.29 -0.82 -0.23 -0.01
D1S229 -00 -4.21 -2.56 -1.08 -0.42 -0.12
D1S304 -00 -2.80 -1.45 -0.35 0.04 0.10
Chr. 2
D2S162 -00 -5.07 -2.94 -1.11 -0.35 -0.06
D2S131 -00 -3.65 -2.14 -0.77 -0.19 0.02
D2S320 -00 -1.57 -0.40 0.38 0.48 0.28
D2S171 -00 -0.27 0.35 0.66 0.53 0.27
D2S144 -00 -1.98 -0.56 0.40 0.53 0.32
D2S165 -00 -1.65 -0.64 0.05 0.21 0.14
D2S177 -00 -6.15 -3.79 -1.82 -0.92 -0.35
D2S134 -00 -3.09 -1.77 -0.58 -0.08 0.07
D2S139 -00 -5.85 -3.21 -0.96 -0.06 0.20
D2S160 -00 -5.15 -3.03 -1.22 -0.44 -0.10
D2S150 -00 -7.10 -4.37 -1.90 -0.74 -0.17
D2S142 -00 -3.60 -2.32 -0.97 -0.36 -0.11
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Lod score at 0 =

Marker 0 .00 0.05 0 .10 0 .20 0 .3 0 0 .40

Chr.2
D2S111 -00 -4.82 -3.10 -1.51 -0.69 -0.23
D2S326 -00 -8.08 -5.17 -2.51 -1.16 -0.38
D2S371 -00 -8.44 -5.54 -2.84 -1.43 -0.51
D2S128 -00 -6.25 -4.13 -2.09 -1.03 -0.38
D2S126 -00 -1.75 -1.00 -0.40 -0.14 -0.03
D2S159 -00 -1.17 -0.60 -0.19 -0.07 -0.03
D2S206 -00 -2.62 -1.36 -0.36 0.02 0.10
D2S338 -00 -4.21 -2.37 -0.86 -0.26 -0.05
D2S125 -00 -8.24 -5.29 -2.55 -1.17 -0.39
C hr.3
D3S1297 -00 -3.44 -1.77 -0.59 0.00 0.06
D3S1304 -00 -1.55 -0.42 0.38 0.51 0.35
D3S1263 -00 -3.77 -2.27 -0.91 -0.29 -0.02
D3S1283 -00 -2.92 -1.34 -0.09 0.30 0.28
D3S1289 -00 -3.20 -2.00 -0.86 -0.29 -0.03
D3S1271 -00 -6.66 -4.01 -1.69 -0.64 -0.15
D3S1551 -00 -4.94 -2.79 -0.94 -0.17 0.09
D3S1316 -00 -1.53 -0.82 -0.29 -0.10 -0.02
D3S1279 -00 -3.96 -2.13 -0.63 -0.06 0.09
D3S1282 -00 -1.63 -0.93 -0.37 -0.16 -0.07
D3S1262 -00 -3.49 -2.17 -1.03 -0.50 -0.21
D3S1265 -00 -4.37 -2.31 -0.65 -0.02 0.14
Chr. 4
D4S394 -00 -0.34 0.29 0.62 0.51 0.27
D4S425 -00 -6.86 -4.59 -2.43 -1.25 -0.48
D4S428 -00 -4.14 -2.55 -1.23 -0.65 -0.29
D4S409 -00 -6.00 -3.97 -2.05 -1.02 -0.38
D4S395 -00 -4.23 -2.26 -0.64 -0.06 0.08
D4S421 -00 -1.13 -0.26 0.44 0.58 0.41
D4S406 -00 -7.19 -4.25 -1.74 -0.64 -0.14
D4S430 -00 -8.35 -5.18 -2.32 -0.97 -0.28
D4S1565 -00 -7.89 -4.83 -2.05 -0.76 -0.15
D4S413 -00 -1.45 -0.29 0.47 0.53 0.31
D4S622 -00 -2.95 -1.48 -0.37 -0.04 0.02
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L od score at 0  =

M arker 0 .0 0 0.05 0 .10 0 .20 0 .30 0 .40

Chr. 4
D4S415 -00 -3.07 -1.50 -0.27 0.10 0.10
D4S408 -00 -3.60 -1.70 -0.15 0.33 0.33
Chr. 5
D5S392 -00 -3.49 -1.71 -0.36 -0.01 -0.05
D5S405 -00 -2.33 -0.95 0.05 0.24 0.11
D5S426 -00 -1.84 -0.06 0.25 0.44 0.31
D5S418 -00 -1.74 -0.69 0.05 0.15 0.02
D5S407 -00 -0.38 0.49 0.98 0.88 0.47
D5S431 -00 -1.86 -0.93 -0.17 0.09 0.10
D5S428 -00 -5.28 -2.94 -0.98 -0.17 0.00
D5S409 -00 -3.33 -1.77 -0.44 0.06 0.15
D5S421 -00 -4.06 -2.20 -1.22 0.02 0.18
D5S414 -00 -6.48 -4.22 -2.02 -0.89 -0.27
D5S400 -00 -4.27 -2.42 -0.54 0.13 0.24
D5S408 -00 -3.32 -2.18 -1.13 -0.58 -0.23
Chr. 6
D6S277 -00 -5.21 -3.05 -1.17 -0.36 -0.03
D6S338 -00 -3.61 -2.10 -0.85 -0.30 -0.09
D6S276 -00 -6.32 -3.88 -1.65 -0.63 -0.15
D6S282 -00 -5.32 -2.89 -0.97 -0.24 -0.01
D6S286 -00 -7.62 -4.84 -2.28 -1.01 -0.34
D6S268 -00 -2.73 -1.52 -0.58 -0.18 -0.01
D6S262 -00 -6.67 -3.95 -1.57 -0.53 -0.08
D6S292 -00 -1.92 -0.69 0.16 0.29 0.15
D6S279 -00 -3.82 -2.22 -0.86 -0.28 -0.04
D6S290 -00 -5.68 -3.28 -1.25 -0.42 -0.11
D6S305 -00 -3.63 -2.10 -0.77 -0.23 -0.03
D6S264 -00 -0.50 -0.23 0.00 0.07 0.06
D6S281 -00 -2.89 -1.82 -0.87 -0.40 -0.13
Chr. 7
D7S531 -00 -3.17 -1.44 -0.13 0.25 0.23
D7S513 -00 -4.23 -2.19 -0.54 0.05 0.18
D7S493 -00 -7.27 -4.53 -2.08 -0.95 -0.36
D7S484 -00 -5.44 -3.50 -1.70 -0.77 -0.26
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Lod score at 0 =

Marker 0.00 0.05 0.10 0.20 0.30 0.40

Chr. 7
D7S519 -00 -10.29 -6.65 -3.29 -1.57 -0.55
D7S669 -00 -6.14 -4.02 -2.00 -0.92 -0.29
D7S524 -00 -8.10 -5.22 -2.53 -1.16 -0.39
D7S486 -00 -5.02 -3.10 -1.36 -0.54 -0.14
D7S684 -00 -4.63 -2.55 -0.84 -0.21 -0.06
D7S483 -00 -7.22 -4.53 -2.21 -1.16 -0.53
Chr. 8
D8S504 -00 -3.89 -2.56 -1.29 -0.63 -0.25
D8S277 -00 -5.21 -3.11 -1.22 -0.37 -0.02
D8S503 -00 -2.34 -1.24 -0.31 0.05 0.13
D8S261 -00 -0.97 -0.01 0.58 0.57 0.29
D8S258 -00 -0.16 0.21 0.36 0.29 0.16
D8S283 -00 -4.25 -2.38 -0.80 -0.17 0.04
D8S285 -oo -1.91 -1.26 -0.64 -0.31 -0.12
D8S260 -00 -1.30 -0.64 -0.24 -0.04 0.07
D8S273 -00 -7.67 -4.71 -2.12 -0.98 -0.40
D8S281 -00 -2.80 -1.75 -0.84 -0.40 -0.13
D8S284 -00 -4.67 -2.78 -1.15 -0.43 -0.09
D8S272 -00 -5.45 -3.54 -1.66 -0.71 -0.21
Chr. 9
D9S168 -00 -4.70 -2.79 -1.13 -0.41 -0.10
D9S156 -00 -5.90 -3.37 -1.17 -0.25 0.08
D9S171 -00 -1.49 -0.70 0.01 0.27 0.24
D9S43 -00 -4.78 -2.70 -0.98 -0.30 -0.04
D9S175 -00 -1.89 -0.73 0.07 0.25 0.20
D9S196 -00 -2.43 -1.59 -0.83 -0.46 -0.20
D9S176 -00 -0.24 0.22 0.48 0.42 0.24
D9S160 -00 0.29 0.40 0.33 0.17 0.03
D9S159 -00 -3.33 -3.33 -0.75 -0.16 -0.09
D9S158 -00 -5.66 -5.66 -1.42 -0.56 -0.15
Chr. 10
D10S249 -00 -1.95 -0.10 0.03 0.22 0.17
D10S189 -00 -5.23 -3.06 -1.19 -0.37 -0.04
D10S191 -00 -1.87 -0.88 -0.12 0.11 0.11

127



CZP3 locus and GJA3 on chromosome 13q

L od score at 0 =

M arker 0.00 0.05 0.10 0.20 0.30 0.40

Chr. 10
D10S604 -00 -9.81 -6.46 -3.24 -1.56 -0.58
D10S537 -00 -7.28 -4.40 -1.82 -0.65 -0.11
D10S192 -00 -3.59 -2.03 -0.71 -0.16 0.04
D10S190 -00 -2.68 -1.45 -0.33 0.11 0.18
D10S209 -00 -1.34 -0.77 -0.27 -0.07 0.01
D10S217 -00 0.61 1.00 1.12 0.91 0.52
D10S212 -00 -2.70 -1.30 -0.25 0.07 0.11
Chr. 11
D11S922 -00 -8.53 -5.43 -2.56 -1.14 -0.36
D11S928 -00 -6.03 -3.78 -1.72 -0.72 -0.20
D11S905 -00 -8.86 -5.63 -2.66 -1.20 -0.39
D11S901 -00 -6.96 -4.46 -2.19 -1.05 -0.38
D11S1347 -00 -6.45 -3.86 -1.69 -0.73 -0.20
D11S925 -00 -3.30 -1.77 -0.47 0.05 0.18
D11S934 -oo -3.17 -1.84 -0.72 -0.28 -0.08
D11S968 -00 -5.12 -3.40 -1.67 -0.77 -0.29
Chr. 12
D12S99 -00 -3.59 -2.03 -0.74 -0.21 -0.01
D12S77 -00 -5.40 -3.30 -1.54 -0.81 -0.45
D12S358 -00 -1.44 -0.72 -0.21 -0.01 0.06
D12S364 -00 -5.77 -3.29 -1.18 -0.31 0.02
D12S87 -00 -0.04 0.35 0.48 0.33 0.12
D12S339 -00 -2.50 -0.97 0.13 0.31 0.08
D12S90 -00 -5.74 -3.33 -1.27 -0.39 -0.04
D12S80 -00 -2.07 -0.77 0.15 0.34 0.23
D12S95 -00 -1.57 -0.56 0.21 0.40 0.36
D12S338 -00 -5.42 -3.39 -1.53 -0.64 -0.19
D12S342 -00 -4.56 -2.89 -1.32 -0.56 -0.17
D12S97 -00 -4.88 -2.89 -1.14 -0.39 -0.07
Chr. 13
D13S175 -00 232 2.44 2.04 1.32 0.51
D13S217 -00 -3.00 -1.44 -0.20 0.19 0.20
D13S218 -00 -4.35 -2.36 -0.71 -0.09 0.09
D13S153 -00 -2.91 -1.10 0.28 0.65 0.51
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L od score at 0 =

M arker 0.00 0.05 0.10 0.20 0.30 0.40

Chr. 13
D13S160 -00 -4.06 -2.21 -0.67 -0.09 0.08
D13S158 -00 -5.93 -4.19 -2.15 -0.92 -0.25
D13S285 -00 -5.21 -3.12 -1.33 -0.53 -0.14
Chr. 14
D14S72 -00 -3.47 -2.01 -0.61 0.07 0.18
D14S64 -00 -1.22 -0.29 0.37 0.48 0.33
D14S80 -00 -2.24 -0.68 0.46 0.68 0.47
D14S70 -00 -1.67 -0.48 0.34 0.47 0.28
D14S269 -00 -3.65 -2.28 -0.97 -0.39 -0.14
D14S66 -00 -2.11 -1.29 -0.59 -0.27 -0.09
D14S274 -00 -5.69 -3.74 -1.83 -0.84 -0.29
D14S63 -00 -2.16 -0.96 -0.09 0.12 0.08
D14S73 -00 -5.85 -3.95 -2.09 -1.05 -0.40
D14S78 -00 -4.24 -2.61 -1.20 -0.56 -0.23
Chr. 15
D15S128 -00 -8.03 -5.25 -2.69 -1.38 -0.56
D15S165 -00 -0.01 0.08 0.02 -0.09 -0.14
D15S118 -00 -2.52 -1.44 -0.56 -0.25 -0.13
D15S117 -00 -4.10 -2.52 -1.13 -0.48 -0.15
D15S114 -00 -3.52 -2.14 -0.94 -0.40 -0.12
D15S130 -00 -6.75 -4.02 -1.61 -0.53 -0.05
D15S120 -00 -4.16 -2.17 -0.42 0.21 0.28
Chr. 16
D16S521 -00 -5.54 -3.39 -1.54 -0.72 -0.30
D16S414 -00 -2.04 -1.26 -0.57 -0.23 -0.06
D16S405 -00 -6.50 -4.26 -2.16 -1.06 -0.38
D16S517 -00 -8.63 -5.52 -2.65 -1.20 -0.40
D16S503 -00 -4.13 -2.74 -1.36 -0.64 -0.23
D16S515 -00 -2.78 -1.32 -0.26 -0.01 0.01
D16S507 1.37 1.23 1.09 0.81 0.52 0.26
D16S422 -00 -5.25 -3.04 -1.12 -0.29 0.03
D16S413 -00 -1.29 -0.47 0.12 0.23 0.17
Chr. 17
D17S849 -00 -4.74 -2.84 -1.18 -0.44 -0.10
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L od score at 0 =

M arker 0.00 0.05 0.10 0.20 0.30 0.40

Chr. 17
D17S796 -00 -2.70 -1.46 -0.49 -0.14 -0.02
D17S786 -00 -1.08 -0.61 -0.22 -0.03 0.03
D17S804 -00 -2.10 -0.72 0.25 0.41 0.24
D17S799 -00 -3.06 -1.89 -0.84 -0.36 -0.12
D17S839 -00 -4.32 -2.50 -0.99 -0.38 -0.11
D17S805 -00 -3.58 -1.98 -0.68 -0.18 -0.02
D17S798 -00 -3.98 -2.61 -1.35 -0.68 -0.26
D17S787 -00 -2.87 -1.38 -0.26 0.03 0.02
D17S789 -00 -5.44 -3.41 -1.52 -0.60 -0.15
D17S785 -00 -5.21 -3.08 -1.26 -0.48 -0.14
D17S802 -00 -3.30 -1.74 -0.49 -0.05 0.03
D17S836 -00 -2.80 -1.52 -0.48 -0.09 0.03
D17S784 -00 -4.12 -2.31 -0.83 -0.26 -0.05
Chr. 18
D18S54 -00 -9.07 -5.73 -2.70 -1.23 -0.42
D18S62 -00 -3.16 -1.76 -0.59 -0.15 -0.01
D18S53 -00 -5.97 -3.78 -1.84 -0.92 -0.38
D18S57 -00 -6.09 -3.84 -1.77 -0.76 -0.23
D18S64 -00 -5.87 -3.45 -1.37 -0.48 -0.13
D18S61 -00 -2.99 -1.40 -0.14 0.25 0.25
D18S58 -00 -4.06 -2.03 -0.42 0.11 0.19
Chr. 19
D19S216 -00 -6.16 -3.90 -1.83 -0.82 -0.27
D19S221 -00 -4.87 -2.78 -1.04 -0.33 -0.06
D19S212 -00 -1.31 -0.61 -0.13 -0.01 0.01
D19S225 -00 -4.04 -2.38 -0.81 -0.16 0.05
D19S220 -00 -2.28 -1.18 -0.23 0.14 0.20
APOCII -00 -3.73 -2.41 -1.23 -0.62 -0.22
D19S180 -00 -2.39 -1.19 -0.23 0.11 0.15
D19S572 -00 -5.96 -3.53 -1.42 -0.50 -0.10
D19S214 -00 -1.59 -0.89 -0.30 -0.07 -0.01
D19S218 0.48 0.58 0.58 0.33 0.23 0.05
Chr. 20
D20S105 -00 -0.05 0.59 0.91 0.77 0.43
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L od score at 0 =

M arker 0.00 0.05 0.10 0.20 0.30 0.40

Chr. 20
D20S199 -00 -3.83 -2.25 -0.92 -0.31 -0.03
D20S95 -00 -3.55 -1.94 -0.60 -0.08 0.08
D20S186 -00 -6.80 -4.51 -2.34 -1.16 -0.41
D20S112 -00 -6.15 -4.03 -2.13 -1.12 -0.45
D20S107 -00 -2.00 -1.17 -0.45 -0.14 -0.01
D20S888 -00 -5.20 -3.16 -1.29 -0.43 -0.05
D20S100 -00 -2.46 -1.26 -0.30 0.03 0.10
D29S171 -00 -4.34 -2.32 -0.68 -0.10 0.01
Chr. 21
D21S214 -00 -4.48 -2.69 -1.06 -0.33 -0.02
D21S65 -00 -3.33 -1.92 -0.69 -0.17 0.02
D21S1255 -00 -2.61 -1.28 -0.24 0.08 0.09
D21S266 -00 -2.37 -1.58 -0.84 -0.42 -0.14
D21S1260 -00 -4.45 -2.71 -1.11 -0.38 -0.06
Chr. 22
D22S315 -00 -5.83 -4.02 -2.17 -1.11 -0.44
D22S278 -00 -3.09 -1.80 -0.74 -0.31 -0.11
D22S277 -00 -2.35 -1.11 -0.11 0.21 0.22
D22S272 -00 -2.30 -1.24 -0.33 0.05 0.14
D22S282 -00 -2.20 -1.38 -0.67 -0.34 -0.13
D22S274 -00 -3.81 -2.43 -1.10 -0.46 -0.15
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D13S175 has been cytogenetically mapped to 13qll (GDB 1997). The two-point lod 

scores for D13S175 and other markers in the region are shown in table 5.2.

This locus was first named CZP, which stands for Cataract, Zonular, Pulverulent 

(Mackay et al., 1996). Subsequently, it has been designated CZP3 (Cataract, Zonular 

Pulverulent 3) or CAE3 (OMIM No. 601885) by the Gene Nomeclature Committee 

(1997) to accomodate two other cataracts described in the genetic databases, i.e., 

CZPl or CAE I  (OMIM No. 11620) and CAE2 (GDB 1997).

5.4 Haplotype and multipoint analysis of CZP3

Haplotype analysis for some of these markers is shown in Figure 5.1 along with the 

pedigree. Individual III-8 was found to be recombinant at D13S1236 and all markers 

distal to it. No recombinants could be found between D13S1236 and the end of 

chromosome 13. Chromosome 13 is an acrocentric chromosome. Its short arm 

accounts for approximately 15% of the chromosome with only rRNA genes present 

(Petrukhin et al., 1993), indicating that that CZP3 locus was unlikely to map to the p 

arm. Therefore, haplotype analysis defined a disease interval between D13S1236- 

cen-13pter.

Multipoint linkage analysis using the markers D13S1316, D13S175 and D13S1243 

gave a maximum lod score of 5.49 at the marker D13S175, placing the CZP3 locus at 

this marker (Figure 5.2).
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Table 5.2 Two-point lod scores (Z) between family A and 
chromosome 13 markers. The maximum two-point lod 
score is shown in bold.

LOD SCORE AT 0 =

Marker .00 .01 .05 .10 .20 .30 .40 ^max ^max

cen

D13S1316 2.39 Z33 2.10 1.80 1.19 0.60 0.15 239 0.00

D13S175 3.53 3.46 3.18 2.81 1.99 1.10 0.29 3.53 0.00

D13S1236 -00 3.68 3.98 3.79 3.04 2.04 0.89 3.98 0.05

D13S1275 -00 1.03 1.53 1.56 1.29 0.88 0.45 1.56 0.10

D13S292 0.95 0.98 1.04 1.02 0.86 0.60 0.30 1.04 0.05

D13S1243 -00 1.02 1.95 2.14 1.91 1.36 0.65 2.14 0.10

D13S283 -00 1.64 2.69 2.85 2.48 1.73 0.77 2.85 0.10

D13S217 -00 -5.12 -1.87 -0.67 0.17 0.34 0.22 0.34 0.30
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Figure 5.1 Haplotype analysis of seven chromosome 13 markers showing segregation with disease in family A.

Disease chromosome is shown by the black bar. Disease Haplotype
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5.5 Change in marker order

The marker order presented here is different to the marker order published in the 

original linkage paper (Mackay et al., 1997). The original order of markers was based 

on the published Généthon order (Dib et al., 1996), as there were no informative 

recombinants to ascertain correct marker order.

The results of sequence and digest analysis (section 5.9.1) led to a clinical re

examination of ‘unaffected’ male III-8 in the published pedigree (Mackay et al., 

1997) at Moorfields Eye Hospital. This examination revealed a very faint opacity that 

was not detected when the initial blood extraction and opthalmological examination 

took place at his home (A. lonides, Personal communication 1998). Initial 

haplotyping of individual III-8 had shown that he did not have the disease haplotype, 

although at many markers there was a possibility that he could have inherited the 

disease allele due to the homozygosity of his mother, or due to both himself and his 

mother poscessing the same alleles at that locus. The Généthon order of markers 

(Dib et a l,  1996) in the CZP3 region was D13S1316-D13S1236-D13S175-D13S1275. 

On closer inspection, it was noted that III-8 had the disease allele at D13S1316 and 

D13S175 but not at D13S1236. By reordering the markers to D13S1316-D13S175- 

D13S1236 in agreement with other linkages to the region (Kibar et a l,  1996., 

Guilford et a l,  1995., Carrasquillo et a l, 1997), III-8 clearly had a disease haplotype 

and refined the interval significantly from Dii5'72^5-cen-13pter (Mackay et a l,

1997) to D7i*S'72id-cen-13pter (figure 5.1).

The revised order of linking markers and the CZP3 locus are shown on the idiogram 

in Figure 5.3.
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Figure 5.3 Idiogram of human chromosome 13, showing the 
genetic distances in cM between the linking markers, and the 
calculated position of the CZP3 locus.

Distances taken from Carrasquillo et ah ̂ 1997.
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5.6. Linkage of a second family to CZP3

One of the smaller families mentioned in chapter 3 was tested for linkage to this 

region. Family E with 15 meiosis was large enough to test candidate regions for 

linkage. Markers were run on the three pulverulent loci, CZPl, CCL and the newly 

identified CZP3 locus. Negative lod scores were obtained for the CZPl and CCL 

loci. A positive lod score was obtained with the marker D13S175 (Zmax^3.91, 

Omax̂ O.OO). Other markers in the CZP3 region were then tested on this family. In all, 

lod scores above 3 were found at five markers in the region (table 5.3), confirming 

linkage of this family to CZP3.

Haplotype analysis (figure 5.4) showed that there are no recombinants between the 

markers D13S1316 and D13S283, giving a genetic interval larger than CZP3 region 

defined by Family A.

Multipoint linkage analysis with the markers D13S1316, D13S175 and D13S217 gave 

a maximum lod score of 3.92 at the markers D13S1316 and D13S175 (Figure 5.5).

By combining the maximum multipoint lod scores for the two families, a maximum 

lod score of 9.41 at D13S175 can be achieved.
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Table 5.3 Two-point lod score (Z) between family E and 
chromosome 13 markers. Maximum two-point lod scores 
are shown in bold.

LOD SCORE AT 0 =

Marker .00 .01 .05 .10 .20 .30 .40 ^max ®max

cen

D13S1316 3.37 3.31 3.06 2.73 2.02 1.23 0.49 3.37 0.00

D13S175 3.91 3.85 3.60 3.27 2.56 1.76 0.89 3.91 0.00

D13S1236 0.90 0.89 0.84 0.77 0.61 0.44 0.24 0.90 0.00

D13S1275 3.91 3.85 3.60 3.27 2.56 1.76 0.89 3.91 0.00

D13S292 3.91 3.85 3.60 3.27 2.56 1.76 0.89 3.91 0.00

D13S1243 2.91 2.07 1.93 1.74 1.33 0.88 0.41 2.11 0.00

D13S283 3.61 3.55 3.30 2.97 2.26 1.47 0.65 3.61 0.00

D13S217 -00 -1.62 -0.33 0.13 0.43 0.43 0.27 0.45 0.25
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Figure 5.4 Haplotype analysis o f eight chromosome 13 markers showing segregation o f disease in family E.

Disease chromosome is shown by the black bar.
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CZP3 locus and GJA3 on chromosome 13q

5.7 Cloning of human GJA3

The mapping of two families to the pericentric region of chromosome 13 led to the 

need to screen the GJA3 gene for mutations. A search of the databases showed that 

the human sequence (either amino acid or nucleotide) was not available, but that the 

coding sequences for GJA3 from the mouse (GDB), rat (Paul et al., 1991), chick (Rup 

et ah, 1993) and cow (Gupta et ah, 1994) had been published.

All known connexin genes have a common structure of two exons separated by a 

large intron, with the entire coding region contained in the second exon (Beyer, 

1993). Each connexin fits the general model proposed for a connexin (section 6.2), 

which is a polypeptide that transverses the plasma membrane four times with the N- 

and C- termini facing the cytoplasm (Yeager & Gilula, 1992). Alignments of amino 

acid sequence from various connexins have shown high sequence homology between 

the N-terminus, the four transmembrane domains and the extracellular loops. The 

cyto plasmic loop and the C-terminus are variable between connexins. Three 

conserved cysteines in each of the extracellular loops are used to align the different 

connexins (Kumar & Gilula, 1996).

To identify the coding sequence for this gene so that it could be screened for 

mutations, alignments of nucleic acid and amino acid sequences for GJA3 (mouse, 

rat, chick and cow) were used to identify regions specific to GJA3. These regions 

were then compared to sequences from the other known human connexins, and 

unique regions for GJA3 were chosen to design primers for amplification (table 5.4).

These GJA3 specific primers were used to amplify GJA3 fragments from human 

genomic DNA. Fragments of the correct predicted size based on the mouse sequence 

were cloned and sequenced. In most cases these fragments were not GJA3, sequence 

analysis identified these fragments as other human connexins. A 603 bp PCR product 

was amplified by primers designed to codons 29-35 and 223-229. This fragment

142



CZP3 locus and GJA3 on chromosome 13q

showed high sequence homology to the other GJA3 sequences, and did not match any 

of the known human connexin sequences.

Table 5.4 Primers used in cloning and mutation screening GJA3

Codon Direction Sequence 5'-3'
1 -7 Forward ATGGGCGACTGGAGCTTTCT

29 -3 6 Forward CTGTTCATCTTCCGCATTTTGGT
96 -102 Reverse TTCCATGCGCACGATGTGCAGCA

110-116 Forward GAGGAGGAGGAGCAGCTGAAG
124 -130 Forward GAGCCACCGCAGGACAATCC
123 -129 Reverse TTGTCCTGCGGTGGCTCCTT
185 -192 Forward CCTGCCCCAACACGGTGGACT G
223 - 229 Reverse CTTCTTCCAGCCCAGGTGGTA
229 - 235 Forward AAGCTCAAGCAGGGCGTGAC
254 - 260 Forward CCCTGCCCCCCAGCTCCC
316 - 323 Forward AACGGCCACCACCACCTGCTGAT
329 - 335 Reverse GCTCGGCCGCCTGGTTGG
375 - 383 Reverse CCAGACTGCTGCCGCTCCCATCCA
430- 435 Reverse CTAGATGGCCAAGTCCTCCGG

5’ UTR Forward TGCGGACCCGGCACTCAGC
3’ UTR Reverse CTGGGACTTTCAGGTTCTATCTGC

To check that GJAS-Yike. sequences could be amplified from this 603 bp region, 

human specific primers (codons 124-130 and 123-129) based on this sequence were 

designed and used in conjunction with primers based on codons 29-35 and 223-229 

on human genomic DNA. Fragments amplified were sequenced and were found to 

be identical to the original 603 bp fragment.

The GJA8 start primer for codons 1-7 (See Chapter 4) was used to amplify from the 

start of the coding region to the primer covering codons 123-129, allowing the N- 

terminus to be identified. This was possible due to the observation that the lens 

connexins in other species share the N-terminus sequence (Rup et al., 1993). This 

new fragment increased the known human GJA3 sequence from 603 bp to 687 bp.
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Attempts to amplify the 3' end of the coding exon based on alignments to design 

primers proved difficult as the 3' ends of connexins are variable, even between the 

other GJA3 sequences. All attempts failed, with each PCR giving multiple products 

indicating that the primers were not specific enough. The 3' end of GJA3 is also very 

GC rich that led to amplification problems.

5.8 PI Clone

A PI clone mapping to a physical map of 13qll, was identified independently (Z. 

Kibar & G. Rouleau, personal communication 1997) in the search for the gene 

responsible for the inherited skin condition, Hidrotic Ectodermal Dysplasia (HED). 

Analysis of this clone showed it contained sequence with high homology to other 

GJA3 genes, and could be perfectly aligned with the 687 bp fragment previously 

discussed, providing evidence that this clone contained the coding region of the 

human GJA3 gene. 3728 bp of sequence contained 1780 bp of the large intron 

followed by an open reading frame with some 3' untranslated sequence. This allowed 

primers to be designed to sequence considered to be from the 3' end of the human 

GJA3 gene. Amplification between primers for codons 1-7, 29-35 with these new 3' 

end primers on human genomic DNA proved successful, giving single bands of the 

correct size. Sequencing of these bands identified the 3' end of the human GJA3 

gene. An open reading frame of 1305 bp was identified. The complete coding 

sequence for the human GJA3 is shown in figure 5.6. This sequence codes for a 435 

amino acid protein, longer than the mouse, rat and cow GJA3 proteins. Based on this 

amino acid sequence, the predicted molecular mass for human GJA3 is 47 435 Da.

Alignments between the human GJA3 and other GJA3 sequences showed a high 

homology for the conserved regions (Figure 5.7). An alignment between the human 

and mouse amino acid sequences showed a 70.6% identity and 88.0% similarity.
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ATG GGC GAC TGG AGC TTT CTG GGA AGA CTC TTA GAA AAT GCA CAG GAG CAC TCC ACG GTC 60
M G D W S F L G R L L E N A Q E H S T V - 2 0

ATC GGC AAG GTT TGG CTG ACC GTG CTG TTC ATC TTC CGC ATT TTG GTG CTG GGG GCC GCG 1 2 0
- I  ■- G -- K •-  V ■- W -- L ■- T -- V ■- L ■- F ■- I  ■- F ■- R ■- I  ■- L -- V -- L ■- G ■- A -■ A - 4 0

GCC GAG GAC GTG TGG GGC GAT GAG CAG TCA GAC TTC ACC TGC AAC ACC CAG CAG CCG GGC 1 8 0
-A E D V W G D E Q S D F T C N T Q Q P G 60

TGC GAG AAC GTC TGC TAC GAC AGG GCC TTC CCC ATC TCC CAC ATC CGC TTC TGG GCG CTG 2 4 0
C E N V C Y D R A F P I S H I  -- R ■- F ■- W ■- A -■ L - 8 0

GAG ATC ATC TTC GTG TCC ACG CCC ACC CTC ATC TAC CTG GGC CAC GTG CTG CAC ATC GTG 3 0 0
-Q  ■- I  -- I  ■-  F ■-  V •- S -- T -- P ■- T •- L -- I  •- Y -- L -- G ■- H -- V -- L H I V 1 0 0

CGC ATG GAG GAG AAG AAG AAA GAG AGG GAG GAG GAG GAG CAG CTG AAG AGA GAG AGC CCC 3 6 0
R M E E K K K E R E E E E Q L K R E S P 1 2 0

AGC CGC AAG GAG CCA CCG CAG GAC AAT CCC TTG TCG CGG GAC GAC CGC GGC AGG GTG CGC 4 2 0
S P K E P P Q D N P S S R D D R G R V R 1 4 0

ATG GCC GGC GCG CTG CTG CGG ACC TAC GTC TTC AAC ATC ATC TTC AAG ACG CTG TTC GAG 4 8 0
M ■- A -- G ■-  A ■-  L -- L ■- R ■- T ■- Y ■- V -- F •- N ■- I  ■- I  ■- F ■- K ■- T --  L •- F -■ E - 1 6 0

GTG GGC TTC ATC GCC GGC CAG TAC TTT CTG TAC GGC TTC GAG CTG AAG CCG CTC TAC CGC 5 4 0
-V  -- G ■- F ■-  I  ■- A ■- G ■- Q ■- Y ■- F ■- L ■- Y ■- G ■- F E L Q P L Y R 1 8 0

TGC GAC CGC TGG CCC TGC CCC AAC ACG GTG GAC TGC TTC ATC TCC AGG CCC ACG GAG AAG 6 0 0
C D R W P C P N T V D C F I S R P T E K 2 0 0

ACC ATC TTC ATC ATC TTC ATG CTG GCG GTG GCC TGC GCG TCA CTG CTG CTC AAC ATG CTG 6 6 0
T -- I  -- F ■-  I  ■- I  -- F ■- M -- L ■- A ■- V -- A ■- C ■- A ■- S ■- L ■- L ■- L ■-  N ■- M -■ L 2 2 0

GAG ATG TAC CAC CTG GGC TGG AAG AAG CTC AAG CAG GGC GTG ACC AGC CGC CTC GGC CCG 7 2 0
E I Y H L G W K K L K Q G V T S R L G P 2 4 0

GAC GCC TCC GAG GCC CCG CTG GGG ACA GCC GAT CCC CCG CCC CTG CCC CCC AGC TCC CGG 7 8 0
D A S E A P L G T A D P P P L P P S S R 2 6 0

CCG CGC GCC GTT GCC ATC GGG TTC CCC CCC TAC TAT GCG CAC ACC GCT GCG CCC CTG GGA 8 4 0
P P A V A I G F P P Y Y A H T A A P L G 2 8 0

CAG GCC CGC GCC GTG GGC TAC CCC GGG GCC CCG CCA CCA GCC GCG GAC TTC AAA ATG CTA 9 0 0
Q A R A V G Y P G A P P P A A D F K M L 3 0 0

GCC CTG ACC GAG GCG CGC GGA AAG GGC CAG TCC GCC AAG CTC TAC AAC GGC CAC CAC CAC 9 6 0
A L T E A R G K G Q S A K L Y N G H H H 3 2 0

CTG CTG ATG ACT GAG CAG AAC TGG GCC AAC CAG GCG GCC GAG CGG CAG CCC CCG GCG CTC 1 0 2 0
L L M T E Q N W A N Q A A E R Q P P A L 3 4 0

AAG GCT TAC CCG GCA GCG TCC ACG CCT GCA GCC CCC AGC CCC GTC GGC AGC AGC TCC CCG 1 0 8 0
K A Y P A A S T P A A P S P V G S S S P 3 6 0

CCA CTC GCG CAC GAG GCT GAG GCG GGC GCG GCG CCC CTG CTG CTG GAT GGG AGC GGC AGC 1 1 4 0
P L A H E A E A G A A P L L L D G S G S 3 8 0

AGT CTG GAG GGG AGC GCC CTG GCA GGG ACC CCC GAG GAG GAG GAG CAG GCC GTG ACC ACC 1 2 0 0
S L E G S A L A G T P E E E E Q A V T T 4 0 0

GCG GCC CAG ATG CAC CAG CCG CCC TTG CCC CTC GGA GAC CCA GGT CGG GCC AGC AAG GCC 1 2 6 0
A A Q M H Q P P L P L G D P G R A S K A 4 2 0

AGC AGG GCC AGC AGC GGG CGG GCC AGA CCG GAG GAC TTG GCC ATC TAG 1 3 0 5
S R A S S G R A R P E D L A I * 4 3 5

Figure 5.6 Human GJA3 sequence. Dashes indicate putative 
transmembrane domains.
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Figure 5.7 Amino acid alignment between the human GJA3 and 
other GJA3 amino acid sequences. Transmembrane domains 
indicated by the solid lines.
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5.9 Identification of mutations in GJA3

The identification of both 5' and 3' untranslated sequence allowed primers to be 

designed outside the coding region to amplify the single coding exon (Table 5.4). 

These primers were used to amplify DNA from affected and unaffected members of 

the two families for mutation screening.

5.9.1 Family A

Sequence analysis of this family identified an A ^ G  transition at nucleotide 188 that 

segregated with the cataract. This single base change in codon 63 changed the codon 

from asparagine (AAC) to serine (AGC) (Figure 5.8). N63S was seen in all affected 

individuals sequenced. This sequence change introduced a site for the restriction 

enzyme Mwo I allowing a simple test for the presence or absence of the mutation. A 

225 bp PCR product was amplified using primers for codons 29-35 and 96-102. The 

fragment contained codon 63 but no other Mwo I sites. It was digested in all 

members of the family as described in section 2.6. An A->G transition would cause 

the 225 bp to be cut into two fragments of 101 bp and 124 bp in size. All affected 

members showed three bands of the correct sizes compared to unaffected individuals 

and spouses who showed only the uncut PCR fragment (figure 5.8).

This Mwo I  digest was used to test whether this sequence change was in the general 

population. Two hundred unrelated normal chromosomes were tested and found not 

to have the A-^G transition.

N63 is a conserved amino acid in connexins, and is predicted to be in the highly 

conserved first extracellular loop. All GJA3 sequences have an asparagine at either 

codon position 61, 62 or 63, as well as all human connexins except for Cx32 (GJBl).
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Figure 5.8 Sequence analysis of the GJA3 in family A.

a Asn
6 3

Mwo  S e r
G G C T G  C G  A G  A N C  G ' C

1 6 0

III
3 7 8 9 10 11

- 225 bp

- 124 bp
- 101 bp

2 4 5 6 7 8 9 10 11 12
i \  m m  o m o m n m u m

8 9 10

a. Electropherogram showing the heterozygote sequence (sense strand) from an 

affected individual showing the heterozygous peak (A ^G ) (double headed arrow), 

the N63S change and the introduction of a Mwo 1 restriction site

b Results of the restriction analysis for three generations of family A. The gain of a 

Mwo I site cosegregates with affected individuals heterozygous for the N63S 

mutation (225 bp and 124/101 bp) but not with unaffected individuals or spouses 

(225 bp)
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5.9.2 Family E

Sequencing of family E showed that this family did not have the A-^G transition in 

codon 63. A search of the rest of the coding sequence identified an insertion of a 

cytosine at nucleotide 1137 (1137insC) (Figure 5.9), This insertion caused a 

frameshift that changed the last 56 amino acids of GJA3. The insertion also meant 

that the stop codon was not recognised, therefore extending the protein coding 

sequence by another 31 amino acids. In all, one allele of GJA3 in affected individuals 

in family E was longer than the wild-type and would produce a protein with 87 

different amino acids when compared to the wild-type. An alignment of the wild-type 

GJA3 amino acid sequence and the mutant amino acid sequence is shown in figure 

5.10, with the point mutation for family A.

The insertion of a C at nucleotide 1137 introduced a restriction site for the enzyme 

Bst XI. This allowed the presence of this insertion to be tested in the family. The 

region containing the insertion was amplified in a 625 bp fragment containing no 

other restriction sites for Bst XI, using the primers 229-235 and 430-435 The 

introduction of the site in one allele would cause the 625 bp fragment to be cut into 

fragments of 460 bp and 165 bp. All affected members showed three bands of the 

correct sizes compared to the unaffected individuals and spouses who showed only 

the uncut PCR fragment (Figure 5.9).

Two hundred unrelated normal chromosomes tested for the change were negative for 

the Bst XI digest.
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Figure 5.9 Sequence analysis of the GJA3 in family E.

a. Electropherogram showing the wild-type allele (antisense strand) showing 
translation of an inframe glycine (5'GGC) and serine (5'AGC) at codons 379 and 
380, respectively.

a
C C A G A C T G C T G C C G C T

^70

A 1

L ûl Ï

BstXl
C C A  G A C T G C  " G G C C G C  

320

1:1 11:1 11:2 11:3 11:4 11:5 11:6 11:7 111:1o □ • o □
- 625 bp
- 460 bp

- 165 bp

111:2 111:3 111:4 111:5 111:6 111:7 111:8 111:9 111:10ommoe om#

b. Electropherogram showing the mutant allele (antisense strand) showing the 
insertion of a G (arrow) after coding nucleotide 1137 (i.e., 1137insC on sense 
strand) and the introduction of a Bst XI site.

c. Restriction analysis showing the gain of a Bst XI site that cosegregates with 
affected individuals heterozygous for the 1137insC (625 bp, 460 bp and 165 bp) 
but not in unaffected individuals and spouses (625 bp).
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Bst X I
;

Q S G G E R P G R D P R G  
GAG TCT GGA GGG GAG CGC CCT GGC AGG GAC CCC CGA GGf
AGT CTG GAG GGG AGC GGC CTG GGA GGG AGG GGG GAG GAG
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P P A  D R T * 4 6 6
CCA CCA GCA GAT AGA ACC TGA 1 3 9 8

Figure 5.10 Human GJA3 sequence showing both mutations (N63S and 1137insC), 
restriction sites for Mwo I and Bst XI. Dashes indicate putative transmembrane 
domains.
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5.10 Summary

A whole genome search identified a novel locus for autosomal dominant pulverulent 

cataract in families A and E.

CZP3 (Cataract Zonular Pulverulent 3) mapped to the pericentric region of 

chromosome 13 to the microsatellite marker D13S175. D13S175 has been physically 

mapped to 13qll.

The Cx46 (GJA3) gene had been mapped to 13qll-ql2 (Mignon et al. 1996), 

providing a candidate for CZP3.

A  search of the databases showed that the coding sequence for human GJA3 was 

unknown.

Using primers designed from alignments for GJA3 sequences from other species, the 

N-terminus of the coding region of human GJA3 was identified.

A P I clone mapping to 13q was found to contain GJA3 allowing identification of the 

C- terminal sequence of GJA3.

Human GJA3 coding sequence is 1305 bp in length, encoding a protein of 435 amino 

acids with a predicted molecular mass of 47,435 Da.

Mutation screening in family A identified an A ^ G  transition at nucleotide 188, 

changing codon 63 from an asparagine to a serine and introducing a Mwo I  restriction 

site.

In family E, an insertion of a cytosine at position 1137 was found to segregate with 

the disease. This 1137insC mutation is predicted to cause a frameshift extending the 

coding region by 31 amino acids and changing the last 87 amino acids of the protein.
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Chapter 6 

Discussion

6.1 Summary of results

Genetic linkage analysis was carried out on seven pulverulent ADC families (A, C, E, 

O, S, Z and CCT). Four of these families mapped to two known loci for cataract, 

namely CZPl and CCL on chromosomes Iq and 2q respectively. The mutation 

responsible for CCL on 2q had already been identified (Brakenhoff et al., 1994). 

Family S was confirmed as a branch of the original CCL family. Genetic linkage 

analysis on this family allowed microsatellite markers to be identified for this locus 

and the underlying promoter mutation was confirmed.

The CZPl locus was the first autosomal disease locus to be mapped in humans 

(Renwick & Lawler, 1963). Families O and C were found to be distantly related 

branches of the original family used for linkage analysis. These two families refined 

the genetic mapping of CZPl and led to the first identification of a mutation in the 

gene for connexinSO (GJA8). Another family (CCT) from Pakistan was also mapped 

to CZPl and a second mutation in GJA8 was identified.

Families A and E identified a new locus {CZP3) for pulverulent cataract that mapped 

to the pericentric region of chromosome 13, close to the gene for connexin46 (GJA3). 

The single coding exon for GJA3 was cloned for the first time and two distinct 

mutations were identified. This work has provided the first direct evidence that 

connexin genes are involved in human inherited cataract.
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6.2 The connexin gene family

Connexins are a family of proteins that form gap junctions between cells. There are 

at least thirteen known members of the connexin family that have been identified in 

rodents alone (Kumar & Gilula, 1996), with at least twenty different connexins found 

in Genbank (1998) fiom organisms including the skate, frog, chicken and thale grass 

(Table 6.1).

Two nomenclature systems exist for the naming of the connexins (Table 6.1). One is 

based on the molecular mass of the polypeptide predicted by the cloned DNA 

sequence. The other is based on sequence homology, separating connexins into two 

families named alpha and beta (Kumar & Gilula, 1996).

Each connexin gene so far discovered has a common structure, consisting of two 

exons separated by a large intron [11.42 kb in the case of mouse Cx40 (Seul et al., 

1997)]. The first exon contains only a short 5' untranslated region, with the second 

exon containing the entire coding sequence (Spray & Dermietzel, 1995). The only 

exception to this rule seems to be the skate Cx35, which has an intron in the coding 

region (O’Brien et a l, 1996).

There has been limited analysis of the transcriptional regulation of connexins. 

Regulatory elements for some of the mouse connexins have been identified. The 

mouse Cx40 promoter has a consensus TATA box (Seul et al., 1997), although it is 

missing from the promoters of Cx32 (Miller et al., 1988) and Cx26 (Hennemann et 

a l, 1992). Multiple putative transcription factor binding sites have also been 

identified, including SPl, AP-1, AP-2, CTF (CCAAT box transcription factor), 

C/EBP (CCAAT/enhancer binding protein), Y-box and MRE (metal response 

element). In mouse Cx40, half-palindromic glucocortoid and thyroid response 

elements have been found with potential binding sites for C-myc and p53 (Seul et a l.
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Table 6.1 Summary of different connexins as found on Genbank.

Alpha/Beta Connexin Species Amino acid 
num ber

G JA l Cx43 Human 382
Cx43 Mouse 382
Cx43 Rat 382
Cx43 chicken 381
Cx43 Cow 383
Cx43 Giant Danio 382
Cx43 Frog 379

GJA2 Cx38 Frog 334
GJA3 Cx46 Human 435

Cx46 Mouse 417
Cx46 Rat 416
Cx56 Chicken 510
Cx44 Cow 402

GJA4 Cx37 Human 333
Cx37 Mouse 333
Cx37 Rat 333

GJA5 Cx40 Human 358
Cx40 Mouse 358
Cx40 Rat 356
Cx42 Chicken 369
Cx40 Dog/Wolf 357

GJA6 Cx45 Human 396
Cx45 Mouse 396
Cx45 Chicken 394
Cx45 Dog/Wolf 396

GJA7 Cx33 Rat 286
GJA8 Cx50 Human 433

Cx50 Mouse 440
Cx45.6 Chicken 400
Cx49 Sheep 440
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Alpha/Beta Connexin Species Amino acid 
number

G JBl Cx32 Human 283
Cx32 Mouse 283
Cx32 Rat 283
Cx32 Oow 284
Cx30 Frog 264

GJB2 Cx26 Human 226
Cx26 Mouse 226
0x26 Rat 226
0x26 Sheep 226

GJB3 0x31 Mouse 270
0x31 Rat 270

GJB4 0x31.1 Mouse 271
0x31.1 Rat 271

GJB5 0x30.3 Mouse 266
0x30.3 Rat 265

Connexins yet to be awarded an alpha or beta status

0x30 Mouse 261
0x36 Mouse 321
0x36 Rat 321
0x41 Frog 352
0x35 Skate 302
0x34.7 Perch
0x35 Perch
0x43.4 Zebrafish 380
0x32.2 Oroaker 285
0x32.7 Oroaker 283
0x32 Thale Oress 280
0x46.6 Human 436
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1997). Comparison of the promoter region of the 0x26 gene between mice and 

humans have shown that it is highly conserved (Kiang et al., 1997).

Connexins share a common topology (Figure 6.1a). Each connexin polypeptide 

transverses the lipid bilayer four times (M1-M4) with both N- and C- termini facing 

the cytoplasm (Yeager & Gilula, 1992). The extracellular loops (El and E2) have 

three cysteines that are characteristic of connexins. E l, E2, all the transmembrane 

domains and the N-terminus show high homology between the different species with 

the intracellular loop (IL) and the C-terminus identifying the uniqueness of each 

connexin discovered. The properties of the gap junction are defined by the connexins 

involved.

6.3 Connexins and Gap junctions

6.3.1 What are gap junctions?

Gap junctions mediate communication between cells by allowing inorganic ions and 

other small water soluble molecules to pass directly from the cytoplasm of one cell to 

the cytoplasm of another. These channels are constructed by hemichannels aligning 

between two cells. This channel or gap junction allows the transfer of ions (electric 

coupling), small metabolites and second messenger molecules (cAMP, IP3) to pass

through. The pore size is thought to be about 1.5 nm, which would allow molecules 

less than 1 kDa to pass through. This would include inorganic ions (Na"*", K"̂ , Ca^+) 

sugars, amino acids, nucleotides and vitamins. Gap junctions have been found in 

practically all animal models and in large numbers in most cell types except for some 

terminally differentiated cells such as mature skeletal muscle, spermatozoa and 

erythrocytes (Kumar & Gilula, 1996). Gap junctions are believed to be critical for 

diverse behaviours including the propagation of excitation in cardiac muscle and in 

smooth muscle and central nervous system (CNS) neurons, regulation of early 

developmental events, oncogenic transformation and cell growth, and diffusional
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Figure 6.1 Connexin and gap junction structure

I

à m

Figure 6, la. Connexin topology.
A, A diagram showing the topology of a connexin.
B A model showing the arrangement of transmembrane domains in a gap junction.

Connexon Homomeric 

Channel Homotypic

Heteromeric

Homotypic

Homomeric

Heterotypc

Heteromeric

Heterotypic

Figure 6,1b. Schematic drawing of the possible arrangements of two connexins (one 
red, one blue) in a gap junction.
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feeding and signalling in avascular tissue (Paul, 1995).

Gap junctions have been observed where the plasma membranes of adjacent cells 

come into close apposition. In freeze fracture studies, the gap junction appears as a 

dense array of particles in the plasma membrane of one cell, with the corresponding 

pits in the membrane of the adjacent cells (White et al., 1995).

6.3.2 Connexin and Gap junction structure

Gap junctions consist of two hemichannels or connexons each made up of six 

connexin molecules (figure 6.1a). Connexins show different patterns of distribution 

and developmental expression, as well as forming channels with differing biophysical 

characteristics. The properties of the gap junction are defined by the connexins 

involved. The two extracellular loops (El and E2) are thought to be involved in 

initiating the interaction between connexons of adjacent cells. Transmembrane 

domain, M3, has an amphipathic character suggesting that it contributes to the lining 

of the channel.

Each connexon (hemichannel) is made up of six connexin molecules. These 

connexins are thought to oligomerise in the trans golgi to form the connexon (Jiang & 

Goodenough, 1996). As most cells express more than one type of connexin, this 

leads to the possibility of connexons made up of different connexins assembling in 

vivo. Therefore a homomeric connexon is composed of the same connexins, whereas 

a heteromeric is composed of different connexins. A gap junction can be described as 

homotypic when composed of identical connexons or heterotypic when composed of 

different connexons (figure 6.1b). The production of heterotypic channels although 

readily seen in in vitro experiments, seems to be a selective process. It is thought that 

alpha connexins will only form channels with alphas, and beta connexins will only 

form channels with betas. The process becomes more complicated with the 

observation that not all alphas can form heterotypic channels with each other, with the
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same found with the beta connexins. For example, Cx43 (a l)  forms channels with 

Cx37 (a4), and Cx37 interacts with Cx40 (a5), But Cx40 and Cx43 cannot form 

functional channels (Bruzzone et al., 1993). Cx50 (a8) cannot form heterotypic 

channels with Cx43 (a l), while Cx46 (a3) is compatible with both Cx43 and Cx50 

(White et al., 1994). Compatibility between connexins is thought to be due to the E2 

domain. Since different connexins have different permeability properties, it is 

thought that gap junctions containing different connexins will have unique 

physiological properties. The difference in permeability between connexins has been 

shown in vitro in two cell lines of osteoblastic origin that expressed different 

connexins. Each cell line showed equivalent levels of electrical coupling, but cells 

expressing Cx43 freely transferred microinjected Lucifer Yellow (457 Daltons) while 

cells expressing Cx45 could not (Steinberg et al., 1994).

6.3.3 Study of connexin function

To understand how gap junctions work, connexins have been studied in in vitro 

expression systems. A powerful system for studying gap junction function involves 

the expression of injected connexin mRNA into paired Xenopus oocytes and the 

subsequent study of the channels induced between the two cells (Werner et al., 1985, 

Dahl et al., 1987). The oocyte system allows for direct measurement of cell-cell 

communication, both by the transfer of a recognisable solute (a dye) or the transfer of 

an electrical current. It also allows the comparison between the function of different 

connexins, both in the case of wild-type and mutant connexins. As the cell type is the 

same, any measured difference between different connexins should be due to that 

connexins unique set of properties. By injecting mRNA from two different 

connexins, the properties of heterotypic channels can also be studied (Swenson et al., 

1989).

Mammalian cell lines have also been used to study the function of mammalian 

connexins. The main problem here is that you do not want the endogenous
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mammalian gap junctions conducting. Cell lines such as the HeLa cell line show very 

low gap junctional conductance (Eckert et al., 1993), whereas the NIH3T3 cell line 

only expresses Cx43 (Sullivan & Lo, 1995). Experiments have already shown that 

cultured HeLa cells can be induced to form functional gap junctions through the 

expression of murine connexin DNA (Elfgang et al., 1995, Cao et al., 1998).

The gap junctions formed in these two expression systems can be detected by 

measuring the permeability of the junction formed and its conductance. 

Microinjection of tracer molecules such as lucifer yellow, propidium iodide, ethidium 

bromide and DAPI (4,6-diamidino-2-phenyl-indole dihydrochloride (Elfgang et al.,

1995) have been used to detect the formation of channels and the permeability of the 

channel. Measurement of gap junctional conductance occurs using a double whole

cell patch clamp procedure (Spray et al., 1981). A current is introduced into one cell, 

and the speed of conductance to the other cell is measured, giving an estimate of the 

number of gap junctions that have been formed.

A comparison between the two ways that connexins have been studied in vitro 

concluded that the different permeabilities to dyes seen in three mammalian 

connexins (rat Cx26, rat Cx32 and mouse Cx45) was not dependent on the expression 

system used (Cao et ah, 1998).

6.3.4 Formation of gap junctions

The formation of a membrane channel is known to be a complex event. The 

integration of the protein into a membrane depends on the polypeptide being in the 

correct orientation and properly folded. As a gap junction contains more than one 

polypeptide, the assembly of parts is a complicated process because of composition, 

stoichiometry and arrangement of subunits. These channels also go through various 

posttranslational modifications and then these peptides need to be trafficked to the 

correct subcellular location. This means that the assembly must be a multistep 

process, further complicated in the case of the gap junctions in that two connexons are
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needed to be assembled separately in different cells and then aligned, for a functional 

channel to be produced (Kumar & Gilula, 1996).

Integration into the rough endoplasmic reticulum (ER) is normally the first event in 

the biosynthesis of an integral membrane protein. In cells infected with the rat GJBl 

connexin, assembled oligomers have been found in the ER (Kumar et al., 1995). In 

contrast, other studies have found that oliogomerisation seems to occur in the trans 

golgi complex (Musil and Goodenough, 1993). Details of the transport of connexins 

from the Golgi complex to the cell surface remains largely unknown. The role of 

phosphorylation has been indicated in the transport of connexins to the membrane 

(Musil et al., 1990b). Other studies have shown that phosphorylation is not required 

for transport but is important in the maintenance and assembly of gap junctions 

(Musil and Goodenough 1991), as well as gating.

At arrival at the cell surface and incorporation into the plasma membrane, the 

connexon has the potential to form a gap junction with connexons in adjacent cells. 

The speed at which these channels can be formed suggests that there may be help 

from cell adhesion molecules (Musil et al., 1990a). The mechanism by which these 

molecules would work is yet to be determined.

6.3.5 Factors affecting connexin function

Connexin diversity allows each gap junction to have a different permeabilities to 

molecules needing to pass from one cell to another. Various factors are known to 

affect the function of gap junctions. Junctions are affected by pH sensitivity 

(coupling is sensitive to cytoplasmic acidification) (Mathias et al., 1991). Deletions of 

parts of the C-terminus have been shown to cause a significant loss of pH sensitivity 

in Cx43 (Liu et al., 1993). Histidines present in the cytoplasmic loop have also been 

indicated in having a role in pH gating (Ek et al., 1994).
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Connexins are known to undergo phosphorylation that could affect function. Most of 

the phosphorylation affects serine residues in the C-terminus (Goodenough et al.,

1996), although other residues are affected. Some connexins are known to be 

phosphorylated by tyrosine kinases (Musil, 1994). These phosphorylation events 

along with other posttranslational modifications, such as palmitoylation, may induce 

conformational changes that influence conductance and permeability properties of the 

connexin. Phosphorylation is known to be responsible for the conversion of Chick 

lens Cx43 from the 42 kD (gene product) to the 45 kD form (most common form of 

Cx43 in the lens) (Musil et al., 1990a).

Calcium is one of the cytoplasmic factors known to be important in gap junction

function (Loewenstein 1981). Câ "*" plays a dual role of gating the channel and being 

transferred by diffusion through the channel.

Other factors thought to pay a role in the regulation of gap junctions include 

transjunctional voltage, alkanols, low ATP and arachidonic acid (Liu et al., 1993).

6.4 Targeted disruption of connexin genes in the mouse.

In an attempt to understand the function of gap junctions and their importance to the 

organism, targeted deletions of many of the connexins have been made in mice. 

Table 6.2 gives a summary of the effect of these deletions.

The important connexins to this study are the connexins known to be expressed in the 

lens, Cx43, Cx46 and Cx50. Cx43 deficient mice are prenatal lethal, due to cardiac 

malformations (Reaume et al., 1995). Originally it is thought that there are no 

important changes in the lens. Closer study of the lenses of surviving Cx43(-/-) mice 

have revealed vacuoles present in the lens, similar to abnormalities observed at early 

stages in cataract development (Gao & Spray, 1998). Cx46 and Cx50 deficient mice
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Table 6.2 Summary of the effects of homozygous targeted deletion 
of connexin genes in mice.

Protein Phenotype Reference

Cx26 / GJB2 Embryonic lethal between 10-11 days post 
coitum. Impaired glucose transport in the 
labyrinth region of the placenta.

Gabriel et al., 1998

Cx32 / G JB l Viable and fertile. Reduced amount of 
hepatic glucose mobilization from glycogen 
stores due to defective spreading of signals 
triggered by stimulation of the sympathetic 
nerve in the liver.

Nelles et al., 1996 
Anzini et al., 1997

Cx37 / GJA4 Viable, but the females infertile. Lack of 
mature ovarian follicles, failure to ovulate, 
development of numerous inappropriate 
corporea lutea.

Sim one/a/., 1997

Cx40 / GJA5 Viable and fertile, but shows 
electrocardiographic abnormalities

Sim one/a/., 1998

Cx43 / G JA l Perinatal lethal. Obstruction of the right 
ventricular outflow tract and of the 
pulmonary artery.

Reaume et al., 1995

Cx46 / GJA3 Viable and fertile. Development of nuclear 
cataracts at four weeks of age.

Gong et al., 1997

Cx50 / G JA8 Viable and fertile. Microphthalmia and 
nuclear cataract present at all ages.

White et al., 1997
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are viable and fertile. Homozyotes deficient of either Cx46 or Cx50 develop cataracts 

(Gong et al., 1997, White et al., 1997).

Heart and neural tube defects are features of transgenic mice overexpressing the gene 

for Cx43 (Ewart et al., 1997). Breeding the Cx43 transgene mouse to the Cx43 

knockout showed that the transgene could partially complement the Cx43 deletion, 

extending the lifespan of the Cx43 deficient mice. Too little or too much Cx43 seems 

to cause heart defects in the mouse.

These studies show that in certain tissues, gap junctional communication must be 

mediated by a specific connexin to ensure appropriate function.

6.5 Connexins and human disease

Removing particular connexins in mice has been shown to lead to defects. In 

humans, changes in gap junction number have been noted in cancer, cardiac ischemia 

and cardiac hypertrophy (Kumar & Gilula, 1996). Recently connexin genes have 

been implicated in inherited disease. As well as Cx46 and Cx50 and their role in 

inherited cataract, three other connexins have been shown to be involved in three very 

different inherited diseases (Table 6.3).

6.5.1 Cx32 and X-linked Charcot-Marie-Tooth disease

Charcot-Marie-Tooth (GMT) is a disease of the peripheral nerves that affects both 

motor and sensory nerve function. It is the most common hereditary peripheral 

neuropathy occurring in the population with an incidence of 1:2500 individuals 

(Spray & Dermietzel, 1995). In this disease myelin degenerates, associated with 

schwann cell defects. Various genetic forms exist and there are three main loci. 

CMTIA, the most common form, maps to 17p 11.2-12 and involves the peripheral 

myelin protein PMP22 (Lupiski et al., 1991) CMTIB maps to Iq and the Pq gene, a
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Table 6.3 Connexin genes known to be involved in human genetic 

disease

Connexin Chromosomal

localisation

Disease Disease

locus

Reference

Cx32 X qlS.l X-linked Charcot- 

Marie-Tooth neuropathy

CMTX Bergoffen e/fl/., 1993

Cx43 6q21-q23.2 Visceroatrial heterotaxia VAH Britz-Cunningham et 

a l, 1995

Cx26 13qll Autosomal dominant 

and recessive 

nonsyndromic 

neurosensory deafness

DFNBl

DFNA3

Kelsell et a l, 1997

Cx50 lq21 Autosomal dominant 

zonular pulverulent 

cataract

CZPl Shiels et a l, 1998 

(Chapter 4 of thesis)

Cx46 13qll Autosomal dominant 

zonular pulverulent 

cataract

CZP3 Mackay et a l, 1998 

(Chapter 5 of thesis)
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myelin constituent (Hayasaja et al., 1993). The X-linked form {CMTX) maps to the 

pericentric region of the X chromosome, to the same region as GJBl (Cx32). 

Mutations in this gene were first identified in 1993 (Bergoffen et al., 1993). To date, 

65 different amino acid substitutions have been identified in all parts of the 

protein,along with 6 deletions and two mutations in the regulatory region of Cx32 

(HGMD, Krawczak & Copper 1997).

Cx32 is widely expressed in many tissues (liver, exocrine, pancreas and the 

epithelium of the gastrointestinal tract) which do not seem to be significantly affected 

in CMTX as well in the peripheral nervous system where it is found in Schwann cells. 

Also Cx32 seems to be a major component of the gap junctions found in 

oligodendrocytes and in some neurons, yet the CNS is fine in CMTX patients. It is 

thought that other connexins in these tissues must compensate functionally for the 

loss of Cx32. Alternatively the mutations found in Cx32 might result in the specific 

loss of function in the peripheral myelin sheath because of the tissues unique 

structural organization or metabolic requirements or both. It is thought that maybe 

Cx32 could also be functioning as hemichannels, as Cx46 has been seen to do when 

expressed in oocytes (Paul et al., 1991). Cx32 is also thought to have three promoters 

which work in a cell type specific manner (Neuhaus et al., 1995).

One idea on how Cx32 mutations cause CMTX is based on the structure of myelin. 

Myelin is the multilammellar structure that surrounds axons and increases axonal 

conduction velocity. It is formed by the spiral wrapping of the cell membrane of 

myelinating schwann cells in the peripheral nervous system (PNS). The compact 

myelin in the PNS contains periodic interruptions called Schmidt-Lanterman incisures 

(Peters et al., 1991). In the PNS, Cx32 is found in the paranodal myelin loops and 

Schmidt-Lanterman incisures of myelinating Schwann cells. Junctions made of Cx32 

form between these incisures. It is thought that a shorter path from the schwann cell 

body to its distal process is formed by these intracellular gap junctions directly 

connecting adjacent wraps of myelin at the incisures (Scherer et al., 1995). Since
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they link opposed layers of the same cell, these could be called ‘reflexive’ gap 

junctions that have also been described in the kidney and other tissues (Majack & 

Larsen, 1980). Cx32 mutations in CMTX patients could mean that these reflexive 

gap junctions are disrupted and the diffusion of nutients and signalling molecules is
t o

insufficient causing the cell degenerate .

With the discovery of numerous mutations in Cx32, expression studies have begun 

comparing the function of some of the mutants to the wild-type Cx32 function. 

Many of the mutants have been shown to be non-functional with some of the mutants 

showing a dominant negative effect (Omari et al., 1996, Bruzzone et a l, 1994), 

thought to be acting by forming heteromeric channels with the wild-type Cx32 and 

reducing the function of the heteromeric gap junction. Trafficking has also been 

shown to be a problem for some of the mutants (Deschenes et a l, 1997). When Cx32 

mutants were expressed in a communication-incompetent cell line, PC12J, protein 

from some mutants did not make it to the membrane, either due to a problem in 

translation or rapid degradation after transcription. Other mutants involving missense 

mutations in the N-terminus and third and fourth transmembrane domains were 

characterised by the cytoplasmic accumulation of Cx32 and the absence of cell 

surface expression, indicating that these domains may play an important role in 

trafficking.

Recently, some of the mutants have been shown to form channels with near normal 

junctional conductance (Oh et al., 1997). Single channel studies of these mutants 

have shown a reduction in junctional permeability caused by a decrease in pore size 

or open channel probability. This would mean the permeation of secondary 

messenger molecules such as cAMP, IP3, cGMP or Ca^  ̂could be reduced or absent in 

Schwann cells expressing the mutant Cx32. cAMP is thought to be important in the 

function of schwann cell by inducing the expression of genes needed to myelination, 

and the promoter of Cx32 has two cAMP response elements.
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6.5.2 Cx43 and Visceroatrial heterotaxia (VAH) syndrome

Heterotaxia is a syndrome of multiple malformations in which the developing embryo 

fails to establish normal left-right asymmetry in the heart. The search for the genes 

responsible has led to the study of connexins expressed in the heart. Clinically, VAH 

represents a spectrum of conditions, some asymptomatic and some incompatible with 

life. The more severe asplenia and polysplenia syndromes have an estimated 

incidence of 1 in 10000 to 1 in 20000 live births, or about 1% of all congenital heart 

defects (OMIM). VAH is usually sporadic, but inherited cases have been seen. 

Evidence for multiple loci is based on comparative mapping and cases associated with 

translocations that suggests that heterotaxia is clinically and genetically 

heterogeneous.

VAH manifests itself in many different degrees of severity ranging from mild to even 

lethal. If inherited it seems to be in an autosomal recessive form. Disrupting the 

Cx43 gene in the mouse leads to fatal heart abnormalities (Reaume et al., 1995).

In 1995, point mutations in serine and threonine residues in the C-terminus of Cx43 

were reported in patients with congenital heart conditions (Britz-Cunningham et al., 

1995). Patients with a variety of congenital heart anomalies who had recently had 

heart surgery were screened for mutations in the C-terminus of Cx43. There are 

several predicted consensus sites for phosphorylation in the C-terminus of Cx43. 

Between residues 362-376 there are three Arg-X-Ser-Ser sequences. Phosphorylation 

of Cx43 is known to be important for function. DNA from these patients was 

extracted from heart tissue presumably removed during surgery. These sequences 

were then compared to sequences from 25 normal individuals. All 25 normal 

individuals had the same amino acid sequence as the published Cx43 sequence (Beyer 

et al., 1987). Out of 30 heart surgery patients tested 7 had sequence changes, six of 

these patients had visceroatrial heterotaxia. Five of the six patients with various 

forms of VAH had the S364P sequence change that could not be found in 49 normal 

individuals. A second mutation of E352G was present in two other patients. In most
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of the patients, two mutations were identified, indicating that the condition was 

recessive. All the mutations were within amino acids 326-373 of the Cx43 protein. 

Many of the mutations present in these patients involved serine or threonine residues, 

which could alter potential consensus sites for phosphorylation.

To test whether the most common sequence change S364P affected function, 

communication deficient L929 cells were transfected with mutant DNA. Northern 

blotting detected transcript in the transfected cells. The fluorescent dye, Lucifer 

yellow was used to determine gap junctional communication. Cells expressing 

nonnal Cx43 transferred dye to neighbouring cells much more often than the 

untransfected cells. Injection of the enzyme cAMP-dependent protein kinase 

increased the dye transfer, whereas the introduction of protein kinase C did not. In the 

mutant cells, dye transfer less efficient than the wild-type. In contrast, dye transfer in 

mutant cells was unaffected by the injection of cAMP-dependent protein kinase, but 

was significantly increased by the injection of protein kinase C. From this data it 

was suggested that the mutations identified in VAH did not affect the channel 

forming properties of Cx43, but did seem to lead to a difference in the response to 

two different protein kinases

Since then various groups have tried to identify mutations in C-terminus of VAH 

patients but with no success (Casey & Ballabio, 1995., Penman Splitt et a l, 1995, 

Gebbia et ah, 1996, Penman Splitt et a i, 1997). This could mean that Cx43 is not 

responsible for heterotaxia cases, or that mutations in these patients are in another part 

of the gene.

6.5.3 Cx26 and non-syndromic deafness

The discovery of mutations in the human connexin 26 {GJB2) in a family with non

syndromic deafness identified the third connexin involved with human disease 

(Kelsell et aL, 1997). Severe deafness or hearing impairment is the most prevalent 

inherited sensory disorder, affecting about 1 in 1000 children (Morton, 1991).
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A Caucasian pedigree had been identified with two diseases segregating, autosomal 

dominant palmoplantar keratoderma and congenital sensorineuronal deafness. The 

inheritance pattern showed that these diseases were not co-segregating. The family 

was linked by haplotype analysis to chromosome 13qll-ql2 , already containing two 

deafness loci, DFNA3 (Chaib et al., 1994) and DFNBl (Guilford et al., 1994). The 

gene for Cx26 (GJB2) mapped to the region and had been shown to expressed in the 

suprabasal layer of the epidermis.

Immunostaining of the rat cochlea with antibodies against Cx26 had shown that two 

groups of cochlear cells expressed Cx26 (Kikuchi et al., 1995). The first group were 

nonsensory epithelial cells that included the interdental cells of the spiral limbus, 

inner sulcus cells, organ of Corti supporting cells, outer sulcus cells and cells within 

the root process of the spiral ligament. The second group of cells were connective 

tissue cells, including the fibrocytes of the spiral limbus and spiral ligament, the basel 

and intermediate cells of the stria vascularis and the mesenchymal cells lining the 

scala vestibuli. This observation supported the hypothesis that Cx26 mediates the 

recycling of endolymphatic potassium ions transiting the hair cells during the 

transduction process (Schulte & Stell, 1994., Spicer & Schulte, 1996).

GJB2 was screened in three diseases, deafness, Palmoplantar keratoderma and 

Clouston’s hidrotic ectodermal dysplasia (HED) which also mapped to the region 

(Kibar et al., 1996). No sequence change was found in the HED pedigrees, but in 

deaf individuals, a T->C substitution at nucleotide 101 was found causing a 

methionine (ATG) to threonine (ACG) (M34T) change (Kelsell et al., 1997). This 

change was not observed in 80 unrelated chromosomes. This methionine, in the first 

transmembrane domain, is conserved in GJB2 and GJBl in all species, suggesting it 

may be important for GJB2 activity.

As DFNBl also mapped to the locus, three autosomal recessive deaf families were
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also screened for mutations. In the first large consanguineous family of Pakistani 

origin, all affected individuals were found to be homozygous for a G—>A substitution 

in codon 77 that resulted in the introduction of a premature stop codon (W77X) in the 

second transmembrane domain of GJB2. Both parents were heterozygous for the 

change and it was not present in 80 unrelated chromosomes. A search of the GJB2 

coding region in two other consanguineous Pakistani families showed that all affected 

individuals were homozygous for a G->A substitution at codon 24 that also resulted 

in a premature stop codon (W24X). This time the introduction of the stop codon 

occurred in the first transmembrane domain.

Mutations in the GJBl gene represent a major cause of recessively inherited deafness 

with a total of 17 mutations now listed on mutation databases (HGMD, Krawczak & 

Cooper 1997). Studies have indicated that the DFNBl locus causes 20% of all 

childhood deafness and may have a carrier rate as high as 2.8% (Kelley et ah, 1998). 

One specific mutation, 30delG accounts for about 70% of the GJB2 mutant alleles 

(Denoyelle et al., 1997). The high prevalence of the mutation is thought to arise from 

a mutation hot spot rather than a founder effect.

Recently, the only dominant mutation (M34T) was found in the general population 

(Scott et al., 1998, Kelley et al., 1998) bringing into question whether GJB2 is 

responsible for the DFNA3 locus. This M34T mutation is associated with Cx32 and 

CMTX. In vitro expression studies involving this mutant indicated that the mutation 

seems to reduce the junctional permeability by decreasing the open channel 

probability (Oh et al., 1997). The position of GJB2 as the disease gene for the 

DFNA3 locus has been strengthened by the discovery of a second dominant mutation 

(Denoyelle et al., 1998). A tryptophan to cysteine substitution at codon 44 was 

detected in two families from the same region in France. This mutation introduces 

another cysteine into the first extracellular loop, which may interfere with the 

formation of the normal disuphide bonds.
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6.5.4 Connexins and cataract

Due to its avascular nature, the lens is considered to be very dependent on gap 

junction mediated cell to cell communication to ensure that the metabolically active 

epithelium is able to maintain the biochemical homeostasis with the lens fibre cells 

(Goodenough et al., 1980). It has been demonstrated that abnormalities in this 

communication can result in cataract formation (Maisel, 1985). In the lens, there ore 

only two differentiated cell types that express three connexins, making it one of the 

least complicated systems in which to study intercellular communication.

Cx43 {GJAl) was found to be expressed in the lens epithelium (Beyer et al., 1989). 

In 1985, Kistler et al., discovered a 70 kD polypeptide MP70 in the lens. N-terminal 

amino acid sequence showed homology to the connexin family (Kistler et al., 1988). 

MP70 was finally identified as Cx50 {GJA8) in the mouse (White et al., 1992). The 

final connexin expressed in the lens was identified in 1991. Cx46 {GJA3), was 

originally cloned from Rat lens cDNA (Paul et al., 1991). Cx50 and Cx46 are found 

in the lens fibre cells.

Cx43 is widely expressed in the body, especially in the heart (Beyer et al,. 1987). 

Cx46 is known to be expressed in the heart (myocardium) and in the kidney (Paul et 

al, 1991). Initially it was thought that Cx50 expression was restricted to the lens 

(White et al., 1992). Recently gap junctions containing Cx50 have been detected in 

the comeal epithelium (Dong et al., 1994) and in Müller cells and astrocytes of the 

retina (Schutte et al., 1998). Cx46 and Cx50 are highly expressed in the lens, 

showing a lens preferred expression. Cx50 cannot form heterotypic channels with 

Cx43, while Cx46 can form channels both Cx43 and Cx50 (White et al., 1994) It is 

thought that Cx50 and Cx46 can form heterotypic channels in the lens. Purification 

of gap junctions from a bovine lens identified channels made of these two connexins 

(Konig & Zampighi, 1995).
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Hemichannels made of either Cx46 or Cx50 have a unique property. Unlike the other 

connexins, hemichannels made of either of these connexins are functional (Paul et al., 

1991, Ebihara et al., 1995). This has been shown by expressing the cDNA of the 

connexin in a Xenopus oocyte. Usually two oocytes are needed to allow a functional 

channel to form between the cells. Cx46 and Cx50 can form functional hemichannels 

in a single oocyte and without appropriate buffering the oocyte will lyse within 16-24 

hours (Paul et al., 1991). It has been noted that the properties shown by the 

hemichannels in this expression system are similar to the properties of the gap 

junction made of the same connexin (Ebihara et al., 1995).

In this study, the two lens fibre cell connexins, Cx46 and Cx50 have been associated 

with the pulverulent phenotype in autosomal dominant cataract.

In the gene for Cx46 {GJAS), mutation analysis in family A identified an A->G 

change at nucleotide 188, changing a highly conserved asparagine at codon 63 to a 

serine. N63S is a relatively conservative change as both are neutral and polar under 

physiological conditions (Semina et al., 1998). N63 is predicted to lie in the first 

extracellular loop, thought to be involved in docking between connexons. Therefore, 

the N63S mutation may impair coupling of Cx46 hemichannels in the lens. 

Mutations in Cx32 and Cx26 have been found in the first extracellular loop in CMTX 

and DFNA3 respectively (Fairweather et al., 1994, Denoyelle et al., 1997) as well as 

in GJA8 in the CCT family (see below) indicating the importance of this loop in 

normal connexin function.

The discovery of a 1 bp insertion at nucleotide 1137 at codon 380 in family E 

strengthened GJA3's position as the disease gene at this locus. The insertion of a C is 

predicted to cause a frameshift, losing the stop codon at 436. The next stop codon in 

frame does not occur until nucleotide position 1399, increasing the coding region by 

90 bp, extending the peptide by 30 amino acids. In all, the last 87 amino acids will be
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different between the wild-type and the mutant allele in family E. A BLAST analysis 

of the amino acid sequence of this variant C-terminus failed to detect homology with 

any other proteins. Frameshifts in Cx32 and Cx26 have been associated with CMTX 

and DFNBl (Fairweather et al., 1994, Zelante et al., 1997). These frameshifts differ 

from 1137insC, as they are due to small deletions leading to premature translation 

stop codons. Not only does the 1137insC mutation increase the length and change the 

composition of the GJA3 protein, it also changes potential phosphorylation sites.

The GJA3 gene may be associated with inherited cataract in mice. Recently, two 

forms of autosomal recessive cataract have been mapped to a region on mouse 

chromosome 14 that is syntenic with human 13qll. The Lens Rupture 2 mutation 

(Ir2) has been mapped to mouse chromosome 14, with the authors stating that Gja3 is 

a candidate gene (Song et al., 1997). The second phenotype mapping to this locus is 

rupture of lens cataract (rlc) and this mutation may be allelic with lr2 (Matsushima et 

al., 1996). Mutation screening of the mouse Gja3 gene in these mice will confirm its 

responsibility for these severe phenotypes. The difference in modes of inheritance 

seen in the human and mouse cataracts could be due to the differences in size and 

shape between the mouse lens and the human lens. It also could be that the GJA3 

locus could be responsible for both dominant and recessive forms of cataract, as the 

GJB2 locus is for deafness.

Disruption of the Gja3 gene in the mouse by homologous recombination has shown 

that removal of this gene product leads to proteolysis and cataractogenesis in mice 

(Gong et al., 1997). Although the absence of Cx46 protein had no obvious influence 

on the early stages of lens formation and the differentiation of fibres, mice 

homozygous for the disrupted Gja3 gene developed nuclear cataracts that were 

associated with the proteolysis of crystallins. The heterozygotes showed no sign of 

cataract up to 8 months of age.
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Although the CZPl locus had been known for some time, its actual location on 

chromosome 1 and the gene responsible for the phenotype was unknown. The 

discovery that families O and C were part of the original family allowed genetic 

refinement of the CZPl region, and the identification of Cx50 {GJA8) as the disease 

causing gene at this locus.

Mutation screening of GJA8 in the CZPl family identified a C-^T transition at 

nucleotide 262, changing a conserved proline to a serine at codon 88. This is a
or

nonconservative substitution of polar amino acid for a polar one. A proline at 

codon 88 (or codon 87 for Cx26 and Cx32) is found in all connexins known, 

suggesting that this proline is important for connexin function. Proline 88 lies in the 

second transmembrane domain.

Mutations involving this proline in the gene for Cx32 have been identified in CMTX 

patients (Bort et al., 1997). Other codons in this transmembrane domain have also 

been found to be associated with disease in CMTX and Cx32, and DFNBl and Cx26 

(Bort et a l, 1997, Kelsell et al., 1997, Carrasquillo et al., 1997).

In vitro mutateigenesis of this proline in the rat Cx26 gene and expression in Xenopus 

oocytes showed that this proline had an involvement in the voltage gating properties 

of gap junctions (Suchyna et al., 1993). Substituting pro line at position 87 for either 

leucine, glycine, isoleucine, alanine or valine changed the voltage properties of the 

gap junction compared to the wild-type. None of these changes stopped the six 

connexin subunits forming the connexon, formation of the gap junction with the 

adjacent cell, or the ability of the junction to close in response to pH. The authors 

suggested that the change in voltage gating properties occurred because of the 

removal of the structural conformation on the transmembrane inflicted by the proline.
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The identification of a second pulverulent family mapping to this locus offered not 

only a second mutation, but one of a different ethnic origin. A G—>A transition at 

nucleotide 142 in this Pakistani family is predicted to change a glutamic acid (acidic 

with a negatively charged group) for a lysine (basic with a positively charged group) 

at codon 48 in the first extracellular loop. This family also helped to confirm the 

other sequence changes identified in the CZPl family as part of the GJA8 wild-type 

sequence.

Like GJA3, this locus is believed to be involved in inherited cataract in mice. A 

D47A mutation has been associated with the nuclear opacity 2 {No2) mouse (Steele et 

al., 1998). Disruption to the Gja8 gene in mice has shown a nuclear cataract in mice 

homozygous for the disrupted gene as well as microphthalmia. (White et al., 1997).

CZPl and CZP3 are the first loci responsible for ADC in humans where mutations 

have been identified in genes other than crystallins. Evidence to support the role of 

connexins in cataract can be drawn from many areas. In both of the lens connexins, 

mutations have been identified in two families. In all the mutations, normal unrelated 

individuals were tested for the presence of the sequence change by a restriction digest. 

The reason behind testing unrelated unaffected individuals was to see whether the 

sequence change was present in the general population without disease, which would 

indicate that the sequence change was a polymorphism and not a mutation. For all 

four connexin mutations, the characteristic restriction pattern indicative of the 

sequence change was not seen outside that family. Identifying a change in a 

particular enzyme’s restriction pattern associated with a mutation can be a relatively 

easy way for checking for that change in the family and in the general population.

Gap junctions are known to be essential for the function of particular tissues. Both 

their association with other human genetic diseases and the phenotypes produced by 

targeted deletions of connexins in mice underline this. The lens as a tissue is isolated
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from the rest of the eye, in that is does not have a blood supply and that cells in the 

centre of the lens have lost all organelles. Maintaining homeostasis can therefore be 

considered essential in the lens. To achieve this, there must be communication 

between the cells in the centre and those which are still metabolically active on the 

surface. Therefore any defect in communication could jeopardise homeostasis and 

therefore lead to the formation of an opacity.

In conditions such as CMTX, compensation by other connexins is thought to be one of 

the explanations for why not all tissues expressing Cx32 are affected. In the lens 

fibre cells, there is only Cx50 and Cx46 expressed. If only 50% of one of the 

connexins in the lens is mutated, why is compensation not occurring? Of course it 

may be, which could explain the dust-like opacities scattered throughout the lens, 

rather than a total opacity occurring. It may be that Cx50 and Cx46 in the lens do not 

form mixed channels and therefore the reduction of homotypic channels of one 

connexin causes instability in the lens. It may be that the presence of a mutant form 

blocks any normal function. These are questions that are unable to be answered at 

this time.
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6.6 Future Work

Before any conclusions on the relationship between these lens connexin mutations 

and the formation of an opacity can be made, functional analysis on the mutants as 

well as the wild-type sequences will need to be undertaken. The majority of the work 

on connexins so far have involved species (mouse, rat, chick and cow) other than 

humans. Therefore before analysis of the human mutants of Cx50 and Cx46 can take 

place, the ground work using the wild-type human Cx50 and Cx46 would need to be 

performed. This is especially true of Cx46, as the sequence for the human protein 

was unknown until now.

6.6.1 Use of in vitro expression systems

Functionally, there are two methods that have been previously used to test the 

function of gap junctions in vitro, the paired Xenopus oocyte expression system and 

expression in human cell lines (See section 6.3.3). Both of these systems would allow 

wild-type human Cx46 and Cx50 to be tested separately and together, and then in 

various combinations with the mutants to see whether functional channels could be 

made. Both of these expression systems have been shown to be comparable in the 

results that they produce (Cao et a l, 1998).

6.6.2 Expression in a whole lens

The best system to test the function of the wild-type and mutant connexins would be 

to express them in a whole lens. If the connexin in question could be injected into an 

embryonic lens, the expression of the connexin could be monitored during lens 

differentiation. An attempt to develop an in vivo model system in which exogenous 

proteins can be expressed in an embryonic chick lens has been published (Jiang & 

Goodenough, 1998). Lens development offers a unique time frame in which to infect 

the primary lens cells with a retrovirus carrying your desired connexin. The 

embryonic lens is formed when the lens placode (originating from ectoderm) 

invaginates to form the lens pit, which separates from the ectoderm as the lens vesicle
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(section 1.2.1). At this stage, the lens is a hollow sphere of cells with a lumen, into 

which the virions can be injected. Preliminary work has shown that with the use of 

RCAS(A), a replicon-competent avian retrovirus, expression of chick lens connexins 

can be detected in the same cellular locations as their endogenous counterparts. Cx43 

accumulated only in the lens epithelium, with Cx45.6 (chick GJA8) and Cx56 (chick 

GJA3) accumulating in the lens fibre cells.

The use of this system, or a system based on this, possibly with a mammalian lens 

(e.g., mouse) could be useful in the investigation of these mutants.

6.6.3 Future linkage analysis

As well as functional studies on human lens connexins and the mutations associated 

with the pulverulent cataract, future genetic linkage analysis is still important. Family 

Z is the only family in this study that has still not been mapped to a locus. Since this 

family does not map to any of the other known pulverulent loci (CZPl, CCL, CZP3), 

it indicates the existence of at least one more locus for this phenotype. This family 

may map to one of the other cataract loci, or to another candidate gene. Since 

connexins are now strongly associated with this phenotype, the third connexin in the 

lens, Cx43 should from now on be included in the candidate gene list.

This work has clearly shown that the lens connexins have an important role in 

inherited cataract. Both the GJA3 and GJA8 genes are responsible for a cataract 

phenotype in more than one ADC family, with the scope for more families in the 

future to be identified. Mutations in these two loci could account for a large 

percentage of ADC cases.

Ultimately, it will be important to determine the role of lens connexin genes in age- 

related cataract, which remains the major cause of vision impairment and blindness 

worldwide.
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Summary

Inherited cataract is a clinically and genetically heteroge
neous disease that most often presents as a congenital 
autosomal dominant trait. Here we report the linkage 
of a new locus for dominant “zonular pulverulent” cata
ract (CZP) to chromosome 13. To map the CZP locus 
we performed molecular-genetic linkage analysis using 
microsatellite markers in a five-generation English pedi
gree. After exclusion of eight known loci and several 
candidate genes for autosomal dominant cataract, we 
obtained significantly positive LOD scores (Z) for mark
ers D13S175 (maximum Z [Z^ad -  4.06; maximum 
recombination frequency [0maJ = 0) and D13S1236 
(Zmax = 5.75, 0 m a x  = 0). Multipoint analysis gave Ẑ ax 
= 6.62 (0max = 0) at marker D13S175. Haplotype data 
indicated that CZP probably lies in the centromeric re
gion of chromosome 13, provocatively close to the gene 
for lens connexin46.

introduction

Congenital or infantile cataract is a significant cause of 
visual impairment and blindness in childhood, with an 
estimated prevalence of 1-6/10,000 live births (Lambert 
and Drack 1996). As many as half of all congenital 
cataract cases may have a genetic cause either as part 
of a systemic disease (e.g., Lowe oculocerebrorenal syn
drome) or as a nonsyndromic Mendelian trait (McKu- 
sick 1996). All three types of Mendelian inheritance 
have been reported for cataract; however, autosomal 
dominant transmission appears to be the most frequent 
(Merin 1991).

At least eight independent loci for autosomal domi
nant cataract have been genetically mapped, and these 
show considerable inter- and intrafamilial phenotypic

variation (Francois 1982; Lund et al. 1992; Scott et al.
1994). Clinically distinct types of autosomal dominant 
cataract, however, have been closely linked genetically, 
raising the possibility of allelic heterogeneity. The Volk- 
mann “zonular progressive” cataract (Eiberg et al.
1995) and a “posterior polar” cataract (lonides et al. 
1997) map to Ip, the Coppock-like “nuclear pulveru
lent” cataract (Brackenhoff et al. 1994) and a “polymor
phic lamellar” cataract (Rogaev et al. 1996) map to 2q, 
and the Marner zonular progressive cataract (Eiberg et 
al. 1989) and a posterior polar cataract (Maumenee 
1979) map to 16q. In contrast, clinically similar types 
of autosomal dominant cataract have been shown to be 
genetically distinct. “Cerulean” cataract has been 
mapped to 17q (Armitage et al, 1995) and 22q (Kramer 
et al. 1996), whereas “anterior polar” cataract has been 
linked to 17p (Berry et al. 1996) and also is associated 
with a balanced reciprocal 2; 14 chromosome transloca
tion (Moross et al. 1984). Finally, a “zonular sutural” 
cataract has been mapped to 17q (Padma et al. 1996), 
and a “zonular pulverulent” cataract has been linked to 
Iq (Renwick and Lawler 1963).

Clinical descriptions of inherited cataract, by use of 
a slit lamp, are based on the physical appearance and 
location of opacities within the lens. The term “zonular” 
is used to describe opacities that are confined to one or 
more discrete zones of the lens, other than at the poles 
(e.g., “lamellar,” affecting a zone that encircles the cen
ter or nucleus of the lens). The term “pulverulent” refers 
to finely pulverized or powdery dustlike opacities that 
can be either zonular or widely dispersed throughout 
the lens. To obtain further insight into the etiology of 
autosomal dominant cataract, we performed linkage 
analysis on a five-generation family of English descent 
with zonular pulverulent cataract and identified a new 
locus on chromosome 13.
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Subjects and Methods

Pedigree and Diagnosis 
The cataract family was ascertained through the ge

netic database at Moorfields Eye Hospital, London. Au
tosomal dominant inheritance was supported by the 
presence of affected individuals in each generation.
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Figure 1 Abridged pedigree of the zonular-pulverulent-cataract family used in this study, showing the segregation of six chromosome 
13 markers listed in descending order from the centromeric end. Squares and circles symbolize males and females, respectively; and unblackened 
and blackened symbols denote unaffected and affected individuals, respectively.

equal numbers of affected males and females, and male- 
to-male transmission (fig. 1). Sixteen affected and seven 
unaffected members of the family underwent a full oph- 
thalmological examination by one of us (A.I.). The cata
ract, which was bilateral in all cases, consisted of fine 
dustlike opacities that varied considerably with respect 
to their zonular location in the lens. In some affected 
individuals the dustlike opacities formed a lamellar dis
tribution with a clear peripheral cortex and minimal 
involvement of the central nucleus of the lens. Others 
had more widely spread dustlike opacities extending 
into the cortex, with no demarcation of the nucleus. In 
very mild cases, the dustlike opacities were clustered 
only around the anterior and posterior Y-shaped sutures 
of the lens nucleus. Hospital records indicated that usu
ally the cataract either was present at birth or developed 
within the first few months of life, and there was no 
family history of other ocular or systemic abnormalities.

Genotyping
Blood samples, taken with informed consent and local 

ethical approval, were collected in Vacuette EDTA tubes 
(Greiner), and leukocyte genomic DNA was extracted 
by use of the Nucleon II kit (Scotlab Bioscience). Gén- 
éthon microsatellite markers (Dib et al. 1996) were am
plified by PGR in an Omnigene thermal cycler (Hybaid).

PGR reactions (10 pi in 96-well microtiter plates) con
tained 100-200 ng genomic DNA, I X PGR buffer (50 
mM KCL, 10 mM Tris-HCL pH 9.0, 0.15% Triton-X- 
100, and 1.5 mM MgCb), 250 pM of each dNTP, 2.5 
pmol each of forward and reverse primers, and 0.5 U 
Taq DNA polymerase. For radiolabeled markers the for
ward primer was 5'-end labeled (37°C for 30 min) with 
[y.32p]ATP (Redivue, ~IIO terabecquerels/mmol; Am- 
ersham) by use of I U T4 polynucleotide kinase (PNK; 
Promega)/pl in 30 pi of I X PNK buffer (70 mM Tris- 
HCL pH 7.6, 10 mM MgCl2 , and 5 mM DTT) prior to 
amplification. PGR conditions were I cycle at 94°C for 
3 min, followed by 30 cycles at 94°C for I min, 50- 
55°C for I min, and 72°C for I min and then I cycle 
at 72°C for 5 min. Radiolabeled PGR products were 
separated on denaturing 6% polyacrylamide sequencing 
gels (National Diagnostics) by use of a SequiGen rig 
(BioRad) and were detected by autoradiography. Alter
natively, unlabeled PGR products were separated on 
nondenaturing 8% polyacrylamide gels and were 
detected by ethidium bromide staining and UV photog
raphy.

Linkage Analysis 
Pedigree and genotype data were collated by use of 

the LINKSYS (version 3.1) data-management package

1
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Table 1

Two-Point Z  Values for Linkage between CZP and Chromosome 13 Markers

Genetic 
D istance® 

Marker (cM)

Z AT 0 =

.00 .01 .05 .10 .20 .30 .40 Zmax Omax
,2.39 2.33 2.10 1.80 1.19 .60 .15 2.39 .00
5.75 5.65 5.26 4.75 3.64 2.40 1.05 5.75 .00
4.06 3.97 3.64 3.21 2.28 1.55 .61 4.06 .00
3.07 3.02 2.79 2.49 1.85 1.16 .52 3.07 .00
2.17 2.14 1.99 1.80 1.37 .89 .40 2.17 .00

1.02 1.95 2.14 1.91 1.36 .65 2.14 .10
3.63 3.97 3.80 3.08 2.10 .93 3.97 .05

1 —00 -5.12 -1.87 -.67 .17 .34 .22 .34 .30

D 13S1316,
D13S1236\
D13S175
D13S127S
D13S292
D13S1243
D13S283
D13S217 ’

4.2
3.2
1.4 
2.6

.1

.1
7.5

' Sex averaged, from Dib et al. (1996).

LS4 (Atwood and Bryant 1988), and linkage analysis 
was performed by use of the LINKAGE (version 5.1) 
package of programs (Lathrop et al. 1984). Allele fre
quencies for all markers were estimated on the basis of 
data from the normal spouses of affected family mem
bers. A gene frequency of .0001 and a full penetrance 
were assumed for the cataract locus. 0 Values between 
males and females were assumed to be equal. Two-point 
Z values were calculated by use of the MLINK and 
ILINK subprograms. Multipoint Z values were com
puted by use of the LINKMAP subprogram run on the 
UK Human Genome Mapping Project (HGMP) Re
source Centre computing facilities (Rysavy et al. 1992).

Results

For linkage analysis, 27 members of the pedigree (fig. 
1), including 16 affected individuals, 7 unaffected indi
viduals, and 4 spouses, were genotyped with microsatel
lite markers from the Généthon (AC)„ map (Dib et al.
1996). We first excluded linkage of this cataract pheno
type with the zonular pulverulent cataract locus on Iq, 
using markers D 15305 (Z = -3 .9 6 ,0  = .1) and D1S210 
(Z = -3 .40 , 0 = .1), which flank the Duffy blood- 
group locus (Human Genome Database 1996). We then 
proceeded to exclude other known loci and candidate 
genes for autosomal dominant cataract (McKusick
1996) on Ip (Volkmann cataract and ^-crystallin), 2q (y- 
crystallin), 3q (phakinin), l lq  (a2-crystallin), 12q (lens 
major intrinsic protein), 16p (|i-crystallin), 16q (Marner 
cataract), 17p (anterior polar cataract), 17q (zonular 
sutural cataract, pA3/Al-crystallin, and cerulean cata
ract type 1), 19q (lens integral membrane protein 2), 
21q (al-crystallin), and 22q (cerulean cataract type 2 
and P-crystallin). We also excluded the remainder of 
chromosome 3 (yS-crystallin), all of chromosome 20 (fi- 
lensin), and part of chromosome 13 (connexin46). In 
all, ~200 markers were used at 5-10-cM  intervals

across the candidate regions before we detected a sig
nificantly positive Z value for marker D13S175 (Ẑ ax 
= 4.06; Oniax = 0), which cytogenetically has been 
mapped to band region q l l  adjacent to the centromere 
of chromosome 13 (Human Genome Database 1996). 
The seven other Généthon markers in this region of 
chromosome 13 immediately were genotyped in the fam
ily; and the two-point Z values of all eight marker loci 
are summarized in table 1. The two-point Z âx was 
obtained with marker D13S1236 (Ẑ ax = 5.75; Ô ax 
= 0). Multipoint analysis using markers D13S1236, 
D13S175, and D13S1243 (fig. 2) yielded Ẑ ax = 6.62 
( 0m ax  = 0) at D13S175.

Haplotype analysis (fig. 1) detected one unaffected 
individual (5.3) and seven affected individuals (3.1, 4.2, 
4.10, 5.6, 5.7, 5.9, and 5.10) who were obligate recom
binants with the most distal marker, D13S217, in the 
region. However, only one affected individual (5.7) was 
recombinant for markers D13S283 and D13S1243, 
which lie increasingly proximal to D13S217. No indi
viduals recombinant for the cataract locus and the re-

Figure 2 Multipoint linkage analysis between the CZP locus 
and chromosome 13 microsatellite markers, D13S1236-{3.2 cM)- 
D13S175-(4.1 cM)-D13S1243.
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pter

_  D13S1316
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_  D 13S1236
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Figure 3 Idiogram of chromosome 13, showing the genetic dis
tances (in cM) between both three microsatellite markers and the 
calculated position of the CZP gene, in the centromeric region.

maining markers in the 11.5-cM interval between 
D13S1243 and D13S1316were observed. Chromosome 
13 is one of five human chromosomes that are regarded 
as acrocentric—that is, lacking in a well-defined short 
arm—and D13S1316 is the most proximal marker 
available from the Généthon map (Dib et al. 1996). 
Thus, the combined Z-value and haplotype data indi
cated that the cataract locus probably lies in the genetic 
interval between D13S1243 and the centromeric end 
of chromosome 13— that is, D13S1243-(0.1 cM)- 
D135292-(2.6 cM)-D1351273-(1.4 cM)-DU517J-(3.2 
cM)-D1351236-(4.2cM)-D13S1316-cen-13pter(fig.3).

Discussion

Using molecular-genetic linkage analysis, we have lo
calized a gene responsible for autosomal dominant zo
nular pulverulent cataract (CZP) to the centromeric re
gion of chromosome 13. CZP is characterized by 
dustlike opacities showing considerable intrafamilial 
variation, and it shares certain clinical features with the 
zonular pulverulent cataract linked to Iq (Renwick and 
Lawler 1963), which first was described by Nettleship 
(1909). The linkage of CZP to 13cen has identified a 
new locus for zonular pulverulent cataract and brings 
the current number of mapped loci for autosomal domi
nant cataract in humans to at least nine, with no obvious 
candidate genes at four of these loci.

The crystallin genes encode >90% of the cytosolic 
protein in the lens and, therefore, provide likely candi
date genes for inherited cataract. Indeed, the first cata
ract mutation to be proposed in humans involves novel 
activation of the yE-crystallin pseudogene, to give the

pulverulent opacities that are confined to the central 
nucleus of the lens in the Coppock-like cataract (Brack
enhoff et al. 1994). In addition, the [3A3/A1 crystallin 
gene is a strong candidate for zonular sutural cataract 
on 17q (Padma et al. 1996), and a cerulean cataract 
maps close to the p-crystallin gene cluster on 22q 
(Kramer et al. 1996). Furthermore, dominant mutations 
in the PB2-, yE-, and -̂crystallin genes have been associ
ated with cataract in the Philly mouse (Chambers and 
Russell 1991), the eye lens-obsolescence mouse (Cartier 
et al. 1992), and the 13/N guinea pig (Rodriguez et al. 
1992), respectively. However, the discovery that muta
tions in the gene for lens major intrinsic protein cause 
cataract in the mouse (Shiels and Bassnett 1996) sup
ports the notion that lens genes other than those for 
crystallins also may be involved in human inherited cata
ract.

The CZP locus identified here was discovered during 
a candidate-gene search of chromosome 13, to which 
the gene for connexin46 (CX46) had been assigned pre
viously (Schwartz et al. 1992). CX46 is abundantly ex
pressed in lens-fiber cells and at low levels in heart and 
kidney (Paul et al. 1991). Recently, the cytogenetic local
ization of CX46 has been refined to band region q ll-  
ql2, close to the centromere of chromosome 13 (Mi
gnon et al. 1996). Thus, CX46 represents a strong candi
date gene for CZP and indeed may be syntenic (Mouse 
Genome Database 1996) with the rupture of the lens- 
cataract gene on mouse chromosome 14 (Matsushima 
et al. 1996). It is also noteworthy that the lens CX50 
gene has been assigned to chromosome 1 (Church et al. 
1995) and, therefore, represents an attractive candidate 
gene for the zonular pulverulent cataract that is linked 
to the Duffy blood group on Iq (Renwick and Lawler 
1963). Moreover, disease-causing mutations in the hu
man CX32 and CX43 genes have been shown to under
lie X-linked Charcot-Marie-T ooth neuropathy (Bergof- 
fen et al. 1993) and visceroatrial heterotaxia syndrome 
(Britz-Cunningham et al. 1995), respectively. Currently, 
we are sequencing the CX46 gene for mutations in the 
CZP family and are identifying additional informative 
markers in the region, to enable fine mapping and, ulti
mately, positional cloning of the authentic cataract gene 
if CX46 is excluded.
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Summary

CZPl, a locus for autosomal dominant “zonular pul
verulent” cataract, previously had been linked with the 
Duffy blood-group-antigen locus on chromosome Iq. 
Here we report genetic refinement of the CZPl locus 
and show that the underlying mutation is present in 
G/A8, the gene for connexinSO. To map the CZPl locus 
we performed linkage analysis using microsatellite mark
ers on two distantly related branches of the original Ev. 
pedigree, which now spans eight generations. Signifi
cantly positive two-point LOD score (Z) values were 
obtained for markers D1S2669 (maximum Z [Z^^] = 
4.52; maximum recombination frequency = 0) and 
D1S514 (Ẑ ax = 4.48; 6^^ = 0). Multipoint analysis 
gave Z,nax = 5.22 = 0) at marker D1S2669. Hap-
lotyping indicated that CZPl probably fies in the genetic 
interval DlS2746-(20.6 cM)-DlS2771.  Sequence anal
ysis of the entire protein-coding region of the GJA8 gene 
from the pedigree detected a C-»T transition in codon 
88, which introduced a novel Mntl restriction-enzyme 
site that also cosegregated with the cataract. This mis
sense mutation is predicted to result in the nonconser
vative substitution of serine for a phylogenetically con
served proline (P88S). These studies provide the first 
direct evidence that GJA8 plays a vital role in the main
tenance of human lens transparency and identify the 
genetic defect believed to underlie the first inherited dis
ease to be linked to a human autosome.
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Introduction

Inherited cataract is a genetically heterogeneous lens dis
ease that most often presents as a congenital, autosomal 
dominant Mendelian trait showing considerable inter- 
and intrafamilial clinical variation and high penetrance 
(Francois 1982; Merin 1991; Lund et al. 1992; Scott et 
al. 1994). At least nine independent loci for autosomal 
dominant cataract (ADC) have been mapped on human 
chromosomes Ip (Eiberg et al. 1995; lonides et al. 1997), 
Iq (Renwick and Lawler 1963; OMIM 1997), 2q (Lub- 
sen et al. 1987; Rogaev et al. 1996), 13q (Mackay et al. 
1997), 16q (Marner et al. 1989), 17p (Berry et al. 1996), 
17q ll-q l2  (Padma et al. 1995), 17q24 (Armitage et al. 
1995), and 22q (Kramer et al. 1996).

Mutations in crystallin genes, which encode >90% of 
lens cytoplasmic proteins, have been identified at two of 
these ADC loci. Novel activation of the yE-crystallin 
pseudogene, on 2q, has been associated with the “Cop
pock-like” cataract (Brackenhoff et al. 1994), and a pre
mature chain-termination mutation in the j8B2-crystallin 
gene, on 22q, has been associated with “cerulean” cat
aract (Litt et al. 1997). In addition, the i8A3/Al crystallin 
gene, on 17qll)3-ql2, represents a strong candidate for 
“zonular sutural” cataract (Padma et al. 1995). Domi
nant mutations in the j8B2-, yE-, and ^-crystallin genes 
have also been associated with inherited cataract in the 
Philly mouse (Chambers and Russell 1991), the eye- 
lens-obsolescence mouse (Cartier et al. 1992), and the 
guinea-pig (Rodriguez et al. 1992), respectively. The dis
covery, however, of dominant cataract-causing muta
tions in the mouse genes for lens major intrinsic protein 
(Shiels and Bassnett 1996) and for lens intrinsic 
membrane protein 2 (Steele et al. 1997) indicates that 
lens genes other than those for crystallins may also be 
involved in human inherited cataract.

More than 30 years ago, a gene for “zonular pulver
ulent” cataract (CZPl; formerly “CAEl” [MIM 
116200]) was shown to cosegregate in an autosomal 
dominant manner with the Duffy blood-group antigen 
in a six-generation English kindred (Renwick and Lawler 
1963). Subsequently, the Duffy gene (FY) was linked to
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chromosome 1 (Donahue et al. 1968), making CZPl the 
first inherited disease to be linked to a human autosome 
(Renwick 1970). More recently, FY has been cytoge
netically localized to Iq22-q23 (Mathew et al. 1994), 
and GJA8, the gene for gap-junction protein alpha-8 
(MIM 600897), which encodes a connexin protein 
(Cx50) that is ~50 kD and that is primarily and abun
dantly expressed in the lens (White et al. 1992), has also 
been assigned to human chromosome 1 (Church et al.
1995). In addition, the mouse homologue for GJA8 
{Gja8) has been mapped to a chromosome 3 region that 
is reported to be syntenic with human chromosome 
Iql2-q21 (Kerscher et al. 1995). Thus, the predicted 
chromosomal location and the lens preferred expression 
of GJA8 suggest that it is a likely candidate gene for 
CZPl. In order to directly test this hypothesis, we have 
performed linkage analysis to genetically refine the 
CZPl locus and have followed this by sequence analysis 
to identify the underlying mutation in the G]A8 gene.

Subjects and Methods

Pedigree and Diagnosis

Using the registers at Moorfields Eye Hospital and 
Great Ormond Street Hospital (both in London), we 
traced two distantly related branches (fig. 1) of the orig
inal Ev. cataract family first described, in four genera
tions, by Nettleship (1909) and then, in six generations, 
by Renwick and Lawler (1963). Although all of the af
fected family members traced in this study had under
gone lens surgery, hospital records confirmed that the 
cataract usually either was present at birth or developed 
in infancy and that there was no family history of other 
ocular or systemic abnormalities. Autosomal dominant 
inheritance of the cataract was supported by the presence 
of affected individuals in each of the eight generations, 
equal numbers of affected males and females, and male- 
to-male transmission.

Historically, the Ev. cataract has been described as 
“lamellar” (Nettleship 1909) and then, after the inven
tion of the slit lamp, either as zonular pulverulent with 
innumerable powdery opacities located in the nuclear 
(central) and perinuclear (lamellar) zones of the lens 
(Renwick and Lawler 1963) or as total nuclear cataract 
(Renwick 1970). It has been assumed (Waardenburg 
1961) that the zonular pulverulent cataract of the Ev. 
pedigree is identical to Doyne’s “discoid” cataract, 
which presents as a circular spotted disk in the center 
of the lens (Adams 1942) and is characteristic of the 
genealogically unrelated Coppock pedigree first de
scribed by Nettleship and Ogilvie (1906). Indeed the 
Coppock and Ev. cataracts have become synonymous; 
however, the former is confined to the tiny embryonic 
lens, whereas the latter involves the larger fetal lens.
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DIS514 4
DIS272I 3
D1S2771 1/4

Figure 1 Abridged pedigree of the CZPl (Ev.) family used in 
this study, showing segregation of six microsatellite markers on chro
mosome Iq, listed in descending order from the centromere. Squares 
and circles symbolize males and females, respectively; and unblackened 
and blackened symbols denote unaffected and affected individuals, 
respectively. Bracketed numbers denote individuals from the original 
Ev. pedigree constructed by Renwick and Lawler (1963).

which is more comparable in size to the nucleus of the 
adult lens. In addition, there is no conclusive evidence 
that the Coppock cataract is also linked to FY (Renwick 
1970; also see MIM 116200).

Genotyping and Linkage Analysis

PCR-based genotyping using Généthon microsatellite 
markers (Dib et al. 1996) followed by linkage analysis, 
by means of the LINKAGE package of programs (La
throp et al. 1984; Atwood and Bryant 1988), was per
formed essentially as described elsewhere (Mackay et al.
1997).

Sequencing

Exon 2 of the GJA8 gene was amplified from genomic 
DNA by PGR using primers for codons 1-7 and 
428-stop (table 1). PGR conditions were as follows: 1
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Table 1

PCR Primers Used for Mutation Screening of the CJA8 
Coding Exon

Codon Direction Sequence
1-7 Forward 5'-TATGGGCGACTGGAGTTTCCT
77-83 Forward 5'-CTCTGGGTGCTGCAGATCATC
97-103 Reverse 5'-CTCCATGCGGACGTAGTGCAC
102-108 Reverse 5, TGcmTGCGCrrCTCCTCCA
169-175 Forward 5'-CACTAC'TTCCTGTACGGGTTC
209-215 Reverse 5'-CACAGAGGCCACAGACAACAT
257-263 Forward 5'-GTCTCCTCCATCCAGAAAGCC
312-318 Reverse 5,-CTCTTGGTAGCCCCGGGACAA
428-stop Reverse 5'-TCATACGGTTAGATCGTCTGA

cycle at 94°C for 5 min; 30 cycles at 94°C for 1 min, 
60°C for 1 min, and 72°C for 1 min; and then 1 cycle 
at 72°C for 5 min. PCR products of appropriate size 
were purified from agarose gels by means of the QIA- 
quick gel-extraction kit (Qiagen) and then were TA sub
cloned by means of the pGEM-T vector system II (Pro- 
mega). Plasmid DNA was purified by means of the 
QIAprep spin miniprep kit (Qiagen), and insert DNA 
was sequenced by means of the DyeDeoxy-terminator 
Taq FS cycle sequencing kit (Perkin-Elmer) and an ABI 
377 automated sequencer. T7 and SP6 primers were used 
to sequence the 5' and 3' ends of the insert, and inter
nal primers for codons 77-83, 102-108, 169-175, 
209-215,257-263, and 312-318 (table 1) were used to 
obtain overlapping sequence in both directions.

Restriction Analysis

Flanking primers for codons 77-83 and 97-103 (table 
1) were used to amplify the novel Mnll site in affected 
individuals and to exclude the 28 other Mnll sites within 
the coding exon of the wild-type GJA8 gene. PCR prod

ucts of appropriate size (81 bp) were purified by means 
of the QIAquick PCR kit and then were digested with 
Mntl (0.2 U/ml) at 37°C for 1 h, and the resulting re
striction fragments (39 bp and 42 bp) were separated in 
4% agarose gels stained with ethidium-bromide. The 
exon 2 fragment (1.3 kb) used for sequencing above was 
digested with Sfil (1 U/ml) at 50°C for 2 h, and the 
resulting restriction fragments (620 bp and 680 bp) were 
separated in 1% agarose-ethidium bromide gels.

Results

CZPl Linkage Analysis

Eighteen members of the pedigree, including 10 af
fected individuals, 6 unaffected individuals, and 2 
spouses (fig. 1), were genotyped by means of 13 micro
satellite markers from the Généthon (AC)„ map (Dib et 
al. 1996) of chromosome 1. The two-point maximum 
LOD score (table 2) was obtained with marker 
D1S2669 (Ẑ iax = 4.52; maximum recombination frac
tion = 0 ). Multipoint analysis using markers 
D1S2746, D1S2669, D1S442, and D1S2771 (fig. 2) 
yielded = 5.22 (0^  ̂ = 0) at D1S2669. These mi
crosatellite marker-derived values compare favor
ably with that determined elsewhere [Ẑ ^̂  = 3.78; 0̂,1% 
= 0) with the Duffy blood-group alloantigen markers 
(Renwick and Lawler 1963).

Haplotype analysis (fig. 1 ) detected one affected male 
(VI-8) who was recombinant with regard to marker 
D1S2771 and another affected male (VII-1) who was 
recombinant with regard to marker D1S2746. Notably, 
the disease allele at D1S2771 differs in each family 
branch descended from affected females III-2 (allele 1) 
and III-4 (allele 4), suggesting that a recombination event

Table 2

Two-Point Z  Values for Linkage between CZPl and Chromosome Iq  Markers

M a r k e r

G e n e t ic

DISTANCE'

(cM)
LOD S c o r e  a t  R e c o m b in a t io n  o f

Zmax.00 .01 .05 .10 .20 .30 .40
D1S2746 1.1 1.19 1.66 1.65 1.31 .84 .34 1.68 .07
D1S250 .6 3.52 3.46 3.19 2.84 2.10 1.31 .52 3.52 .00
01 8 1 8 9 2.2 3.34 3.27 3.02 2.69 2.00 1.27 .52 3.34 .00
D1S2669 1.3 4.52 4.43 4.09 3.65 2.72 2.24 .76 4.52 .00
D1S514 1.1 4.48 4.40 4.07 3.64 2.73 1.77 .77 4.48 .00
D1S2696 1.1 3.49 3.44 3.22 2.91 2.21 1.44 .65 3.49 .00
D1S442 1.2 1.07 1.04 .95 .84 .62 .41 .20 1.07 .00
D1S2345 3.3 2.23 2.16 1.90 1.57 .90 .30 .00 2.23 .00
D1S305 1.6 2.34 2.28 2.05 1.76 1.17 .62 .20 2.34 .0
D1S2721 1.7 3.83 3.75 3.42 2.99 2.08 1.15 .35 3.83 .00
D1S506 2.7 1.11 1.09 .99 .86 .59 .33 .11 1.11 .00
0 1 8 2 6 3 5 2.7 .93 .92 .86 .76 .53 .31 .13 .93 .00
0182771 -1.84 -.57 -.14 .11 .12 .07 .13 .25
“ Between the marker directly to the left and that directly below it; values are sex-averaged 

and are from Dib et al. (1996).
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Figure 2 Multipoint linkage analysis between the CZPl locus and chromosome Iq microsatellite markers. An idiogram of human 
chromosome 1 shows the predicted cytogenetic location of CZPl, on the basis of both linkage to FY at Iq22-q23 (Mathew et al. 1994) and 
synteny of Iql2-q21 with Cja8 on mouse chromosome 3 (Kerscher et al. 1995).

had also occurred in an ancestor of those individuals 
genotyped in this study. However, no individuals recom
binant for the cataract locus and five other markers lo
cated between D1S2746 and D1S2771 were observed. 
Thus, the combined LOD-score value and haplotype 
data indicated that CZPl probably lies in the genetic 
interval DlS2746-(20.6 cM)-DlS2771 (fig. 2).

GjA8 Sequence Analysis

In search of the CZPl mutation, we amplified the 
single protein-coding exon of the GJA8 gene from all 
18 haplotyped members of the family who are depicted 
in figure 1. Sequence analysis of the resulting ~1.3-kb 
fragments revealed four significant changes from the 
published human GJA8 sequence (Church et al. 1995). 
First, a C~>C transversion at nucleotide 330 resulted in 
the conservative change of aspartate (CAC) to glutamate 
(CAG) at codon 110 (DllOE). Second, an additional

codon for alanine (GCG) was detected at nucleotides 
331-333 (A lll) , extending the published human CJA8 
protein sequence from 432 to 433 amino acids. Both 
E lio  and A l l l  were also found to be conserved in the 
other known CJA8 sequences, from mouse (White et al. 
1992), sheep (Yang and Louis 1996), and chicken (Jiang 
et al. 1994). Furthermore, these changes were present in 
both affected and unaffected members of the pedigree, 
indicating that neither DllOE nor A l l l  is the CZPl 
mutation. Third, an A^C transition at nucleotide 673 
resulted in both the nonconservative substitution of gly
cine (CGC) for serine (ACC) at codon 225 (S225G) and 
the introduction of a unique Sfil restriction-enzyme site 
(CCCCN^iNCCCC). Restriction analysis confirmed 
that this change was present in both affected and un
affected members of the pedigree, and it was also de
tected in 25 unrelated normal individuals (data not 
shown), effectively excluding S225C as the CZPl mu-
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Figure 3 Sequence analysis of the CJA8 gene from the CZPl pedigree shown in figure 1. a, Wild-type allele showing a phylogenetically 
conserved proline (GCG) at codon 88. b, CZPl allele showing a C^T transition {arrow) that results in the substitution of serine (TCG) at 
codon 88. c, Restriction-fragment-length analysis showing gain of an Mnll site (CCTCN^^ in b) that cosegregates with affected individuals 
{blackened symbols) heterozygous for the P88S mutation (81 bp and 39/42 bp) but not with unaffected individuals and spouses (81 bp).

ration. Finally, a C-»T transition at nucleotide 262 re
sulted in both a nonconservative substitution of serine 
for proline at codon 88 (P88S) and the introduction of 
an Mnll restriction site (fig. 3). Restriction analysis con
firmed that this change was present only in affected 
members of the pedigree (fig. 3), and it was not detected 
in 102 unrelated normal individuals (data not shown), 
indicating that P88S is the CZPl mutation rather than 
a GJA8 polymorphism.

D iscussion

Using a combination of linkage and sequence analyses 
we have genetically refined the CZPl locus to a 20-cM 
interval between markers D1S2746 and D1S2771 on 
the long arm of chromosome 1 and have identified a 
P88S missense mutation in GJA8, the gene for Cx50, 
that cosegregates with the cataract. Our data give a ge- 
netic-map location for GJA8 and constitute the first re
port implicating a connexin gene in human inherited 
cataract.

The connexin-gene family encodes gap-junc- 
tion-channel proteins that mediate the intercellular 
transport of small (<1 kD) biomolecules, including ions, 
metabolites, and second messengers in diverse vertebrate 
tissues such as the brain, heart, liver, and lens (for a

recent review, see Kumar and Gilula 1997). At least eight 
genes for connexins of varying molecular mass (-26-50 
kD) have been identified in humans, and mutations in 
the genes for Cx26 (G/B2), Cx32 (G/Bl), and Cx43 
(GJAl) have been associated with certain forms of sen
sorineural deafness (Kelsell et al. 1997; Zelante et al.
1997), Charcot-Marie-Tooth neuropathy (Bergoffen et 
al. 1993), and visceroatrial heterotaxia (Britz-Cunning
ham et al. 1995), respectively.

The P88S mutation identified here is centrally located 
within the putative second transmembrane domain (M2) 
of Cx50. Sequence comparison of all the known verte
brate connexins shows that this M2 proline is strictly 
conserved at either codon 87, codon 88, or codon 89, 
across species including the zebrafish, frog, chicken, and 
mouse (GenBank accession numbers 1008909,117709, 
544115, and 117716 httpVncbi.nln.nih.gov/entrez/). In 
vitro mutagenesis of this phylogenetically conserved pro
line, supports the view that it functions in voltage gating 
of gap -junctions (Suchyna et al. 1993). Significantly, 
inherited P87S (Bort et al. 1997; Janssen et al. 1997) 
and P87A (Nelis et al. 1997) mutations in the human 
Cx32 gene have been associated with Schwann-cell dys
function and peripheral nerve degeneration in X-linked 
dominant Charcot-Marie-Tooth disease. These obser-
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vations raise the possibility that mutation of the M2 
proline may impair voltage-dependent opening and clos
ing of gap junctions in electrically excitable tissues. 
However, both the physiological significance of such 
voltage gating in the noninnervated lens and its role in 
cataractogenesis remain to be established.

Note added in proof.—During the preparation of the 
manuscript of this article, Geyer et al. (1997) reported 
cytogenetic mapping of the human Cx50 gene to band 
region I q l l . l ,  and White et al. (1997) reported that 
Cx50-deficient mice develop cataract.
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