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ABSTRACT:

Background: Human inherited congenital cataract is phenotypically heterogeneous most likely 

reflecting a complex underlying genotype. The visual prognosis for childhood cataract of all 

aetiologies is poor. There is however very hmited information about the outcome of patients with 

isolated congenital cataract.

Aims: (1) to establish the phenotypic variability of human inherited cataract (HIC).

(2) to determine the visual outcome and surgical complications.

(3) to identify and characterise novel genes implicated in cataract.

Methods: HIC families were identifled from hospital databases. All individuals provided a history 

and underwent an ocular examination. Linkage analysis, mutation detection and functional analysis of 

mutations identified were undertaken using appropriate expression systems.

Results: (1) 586 individuals (284 affected) from 76 pedigrees participated. Cataract phenotypes could 

be categorised as one of ten distinct phenotypes. (2) The visual outcome and surgical complication 

rate was found to be significantly better in our group of isolated cataracts when compared to congenital 

cataracts of all aetiologies. (3) Novel cataract loci were identified on {a) 12q and different missense 

mutations in the MIP gene identifled in two families. Functional analysis showed that the mutants 

abolish the water channel function of the protein, {b) 2q. Candidate gene screening of the 2q locus did 

not reveal a mutation within the y-crystallin gene cluster, (c) Xp. {d) 1 Ip. (e) lOq. (/) 1 Iq.

(4) Linkage to known cataract loci was excluded in two other families.

Conclusions: This stucfy has enabled categorisation of HIC into ten phenotypes. It has shown that 

patients have better visual and surgical outcomes than those with cataracts of other aetiologies 

probably due to the lack of attendant developmental abnormalities and because surgery may often be 

delayed. Four novel cataract loci have been identifled. The recognition of mutations in MIP conflrms 

the importance of this protein in both normal lens physiology and cataractogenesis. Furthermore, the 

functional analyses provide a molecular basis for the cataracts observed.
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Preface and Statement of Originality

"We shall not cease from exploration.

And the end of all our exploring will be to arrive where we started, 

and know the place for the first time ” -  T.S. Eliot

During the preparation of this thesis, rapid and significant advances in the world of genetics have been 

seen; indeed the Millenium year was greeted by the publication of the draft sequence of the human 

genome. The large number of genes now imphcated in human disease have meant that new linkages 

have begun to assume lesser impact with more emphasis on the functional implications of mutations 

{functional genomics) and the advent of proteomics.

Given this context, this project has evolved from linkage analysis-based to a more functional approach. 

Nevertheless, our strategy to unravel the complex genetics of age-related cataract by first identifying 

the genes responsible for its childhood counterpart (a Mendelian disorder) remains essentially 

reductionist in approach.

The work presented in 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.
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To Beth
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1. Introduction
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1,1 Congenital cataract; general features

Cataract is the term used to describe opacification of the crystaUine lens of the eye. Opacities vary in 

morphology, are often confined to a portion of the lens and may be static or progressive. Cataract 

reduces optical performance, most commonly manifested b> decreased visual acuity, glare and 

decreased contrast sensitivity. The condition is only treatable at present surgical removal. In 

adults, cataract is the commonest cause of visual impairment world-wide\

Congenital cataract is the commonest treatable cause of childhood blindness in Europe and the USA 

with a prevalence of 1-6 cases per 10 000 live births^ Presentation is most usual in early infency, 

with static or slowly progressive lens opacities that are most commonly bilateral and symmetrical. The 

degree of deprivational amblyopia that arises without appropriate management depends upon the 

position of the opacity within the lens and the density of opacification'’. In general, the more 

posteriorly located and dense an opacity, the greater the impact on visual function'’. It is estimated that 

despite surgical removal and subsequent optical correction, a third of patients with congenital cataract 

will remain legally blind^.

Inherited cataract accounts for around half of all congenital cataracts® and is a recognised feature of 

almost two hundred genetic diseases , including galactosaemia, Nance-Horan and Down syndromes. 

In most instances, however, cataract is inherited non-syndromically as an isolated abnormality (figure 

1). In non-consanguineous populations, the majority of inherited cataract shows autosomal dominant 

inheritance. Many apparently sporadic congenital cataracts might also have a genetic basis® *.

Nettleship and Ogilvie published the first description of a family with inherited cataract in 1906 .̂ 

Later, Nettleship described a genealogically distinct femily with a similar phenotype. This family was 

re-investigated in 1963, and the disease shown to co-segregate with the Duffy blood group locus’

This became the first human autosomal disease to be genetically linked when in 1968, the Duffy locus 

was assigned to chromosome 1 ".
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Figure 1: overview o f human 
cataract categorisation
In this project, families were chosen with 
specifically isolated inherited childhood cataract

\ 7
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It is now evident that inherited congenital cataract is both phenotypically and genetically 

heterogeneous. Furthermore, recent advances in our understanding of the genetics of human cataract, 

in particular this inherited congenital form, together with the development of an array of animal 

models have provided valuable new insights into normal vertebrate lens biology and the mechanisms 

that underlie cataract formation.

Current knowledge of the lens is extensive. This introduction is therefore tailored to provide specific 

details to appreciate the questions addressed by this project, the strategy (for example the construction 

of a candidate gene list) and to interpret results obtained.
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1.2 Lens morphogenesis and anatomy

Studies of lens embryology and gene expression have made important contributions to our current 

understanding of the developmental periods during which the lens is susceptible to adverse influences, 

thus helping to explain the observed spatial and temporal patterns of cataract. In the human, lens 

organogenesis (figure 2) begins in the 4mm embryo (fourth week of gestation) with thickening of the 

surface ectoderm overlying the optic vesicle to form the epithelial cells of the lens placode’  ̂

Invagination of this area produces the lens pit, which closes over to form the lens vesicle. A temporary 

connection with the surface ectoderm is retained (the lens stalk).

Cells lining the posterior wall lose their nuclei and rapidly elongate, obliterating the cavity of the 

vesicle to form primary lens fibres’ ̂  Secondary lens fibres are subsequently produced throughout 

life by division of anterior lens epithelial cells in the equatorial zone of the lens and form lamellae, 

compacting more central fibres’  ̂ Mature lens fibres do not divide and there is minimal turnover of 

their protein constituents. Points at which secondary lens fibres come into apposition result in lines of 

optical discontinuity or “sutures”’*. A capsule of mesenchymal origin surrounds the lens. Successful 

organogenesis results in a transparent biconvex lens suspended in the eye ty  zonular ligaments, 

between the aqueous humour and the vitreous body. Exchange of waste products and nutrients occurs 

with the aqueous humor across the semi-permeable lens capsule’ .̂

Secondary lens fibre formation does not result in optical homogeneity. Instead, concentric zones of 

varying refractive index develop whose interfaces can be clearly delineated^® . The zones correspond 

to different developmental stages, although controversy remains about their precise nature.

1.2.1 Lens anatomy and optics

Clinically, the lens has a convenient geography (figure 3). It has an equator and the summit or centre 

of each of its two convex faces, fi'ont and back, are described as the anterior and posterior poles 

respectively. Several zones or regions of the lens are identifiable (figure 4), which are consistent with 

the chronology of lens development. In practice however, it can be quite difficult to discern the
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Figure 2: lens development
In humans, lens organogenesis begins 
in the fourth week o f gestation with
a, thickening of the surface ectoderm 
overlying the optic vesicle to form
b, the lens placode;
c, this area begins to invaginate 
(the lens pit) and eventually closes 
overto form
d, the lens vesicle;
e, cells lining the posterior wall of
the lens \ esicle rapidly elongate to form 
the primar} lens fibres (embry onic nucleus). 
Thereafter, throughout life, secondary 
lens fibres differentiate from equatorial 
epithelial cells forming concentric lamellae 
around the embr\ onic nucleus
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boundaries of these zones with any degree of accuracy*^. A nomenclature that best reflects the cataract 

phenotypes observed, and one that has a biochemical and histological basis, proposes that the lens 

consists of two parts: the nucleus, which is the total lens at birth, comprising embryonic and fetal parts, 

and the cortex that is laid down subsequently^^. Cortical lens matter directly adjacent to the capsule is 

sometimes called “subcapsular”.

The optics of the lens can be described by “thin lens” mathematics. Figure 5 shows how incident light 

is brought to a focus. The normal human eye has an overall refractive power of about 58 dioptres. The 

cornea contributes the largest component and the lens about 19 dioptres. Changes in the tension of the 

suspensory ligaments, which are under neuromuscular control, allow the lens to change shape. This 

process, known as accommodation, alters the power of the lens and enables light incident from close 

objects to be brought to a focus on the retina^^

1.3 Molecular and ceil biology of the lens

1.3.1 Developmental regulators

The lens forms through a temporally and spatially regulated pattern of differentiation, co-ordinated by 

several growth factors, fibroblast growth factors FGFl, -2, -3 and activin, and homeobox transcription 

factors PAX6, S1X3, S1X5 and PITX3. The roles of PAXf^, OPTX2 and retinoic acid in transcriptional 

regulation are less well established. In turn, the presence of the developing lens appears to be crucial 

for the normal development of other ocular structures.

The presence of transcripts of three subtypes of FGF in the developing optic cup and vesiclê ® suggests 

an important role for these growth factors in normal lens development. There is evidence now that 

lens fibre differentiation and subsequent survival is dependent upon their activity^ .̂

PAX proteins are multifunctional transcription factors, critical for numerous developmental processes 

in animals^. All share a similar strucutre defined by paired, homeo- and octa- domains. PAX6, 

encoded by a gene on 1 lpl3, is essential for early eye determination^^, the specification of ocular
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Figure 3: gross anatomy o f the adult lens, a, in transverse section; 
h, quarter segment removed to show developmental stages 
(reproduced from Harding, 1991)
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Figure 4; the adult lens consists o f clinically discernable regions 
a, lens viewed anteroposteriorly; h, lens in cross-section
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Figure 5: the optics o f the human lens can be described by thin lens theory. 
The cardinal rays o f light (drawn) from an object are brought to a focus on
the retina
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tissues and normal eye development in vertebrates^^. Heterozygous mutations in PAX6 are associated 

with abnormalities in vertebrates such as aniridia and microphthalmia^® . Homozygous PAX6 

mutations are lethal and are associated with severe brain defects and a complete absence of the eyes^ .̂ 

Furthermore, targeted expression of the Drosophila PAX6 homologue, eyeless, produces 

supernumerary eyes, suggesting that PAX6 is a key regulatory gene for eye morphogenesis^^.

The precise role of PAX6 in later ocular development is not completely known. It appears to be 

involved in the regulation of lens crystallin expression both as an activator '̂* and a repressor^^. 

Indeed, mutations resulting in premature truncation of the PAX6 protein have recently been implicated 

in the development of human cataract.

Of the other homeobox (HOX) genes, P1TX3 (10q25) is e?q>ressed in lens placode and forming lens 

pit  ̂ ; S1X3 is expressed in the optic vesicle and anterior neural platê ® and OPTX2 is expressed in the 

lens placode and optic vesicle. All appear to play important sequential roles in the induction of eye 

and lens development. SIX5 is not expressed during this developmental process but has been detected 

in adult anterior epithelial lens cells, where the cfysfunction of its protein product has been implicated 

in the development of human cataract^®.

Retinoic acid (RA) has been shown to play an important role in vertebrate development, cellular 

growth and differentiation by respecifying the anterior-posterior axis, stimulating mirrored axis 

duplication and modulating HOX gene expression. RA has also been implicated in the control of the 

differentiation of pluripotential germ-layer cells with excess or insufficient concentrations resulting in 

the abnormal development of certain structures including amongst others, the eye"*®.

Cellular signalling by RA and its isoforms (retinoids) is transduced 1^ direct binding of RA 

transcription factors (RAR’s, retinoic acid receptors)"̂ * to RA and retinoid X response elements 

(RARE’s and RXRE’s respectively) in the promoter regions of target genes or by regulating 

production of secondary transcription factors, such as AP-2'* .̂ At present, the chromosomal 

localisation of three RAR’s is known in humans; the cellular retinoic acid binding proteins (CRABP) 

-1 and -2  have been assigned to 15q24 and lq21.3 respectively"*  ̂and retinoic acid induced -2  (RAI2)
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to Expression of these proteins in the lens is not established however ectopic expression of

CRABP-1 in lens epithelial cells is cataractogenic in mice, hypervitaminosis A in late human fetal life 

induces congenital cataract formation''^ and retinoic acid has been directly implicated as a regulator of 

crystallin expression"**̂ .

Transparency of the lens results from the highly ordered arrangement of the macro-molecular 

components of constituent cells and the regular arrangement of lens fibres. Mature lens fibres are 

hexagonal in cross-section (figure 6), and being devoid of nuclei and organelles to reduce light 

scattering, are metabolically inactive. Protein accounts for a third of the wet weight of the lens, nearly 

double that found in other tissues"* .

Lens cell physiology is entirely directed to the maintenance of this architecture serving to minimise 

oxidative stress (catalase"**, glutathione redox cycle"*̂  and the mercaptopuric pathway), and changes in 

hydration and electrolyte imbalance^®. Metabolic activity is highest in the lens epithelium, an elaborate 

system of gap junctions allowing communication with the metabolically inert cells deep within the 

lens"*̂ .

1.3.2 Crystallins

Crystallins, the main cytoplasmic proteins, are a heterogeneous group of highly stable water-soluble 

molecules thought originally to be selectively expressed in the lens to provide transparency^’ It is 

now clear that crystallins are found in many tissues where they subserve other functions^^ For

example, cxB-crystallin is now known to be a member of the small (<30kDa) heat shock protein family 

where it has roles in many tisues protecting cells from stress^ .̂ Interestingly, there is now convincing 

evidence that in addition to its role in lens transparency, a-ciystallin also functions as a molecular 

chaperone guiding the correct packing of other crystallins and folding of the cytoskeleton^. This 

multiple use of a distinct protein encoded by a single gene, termed “gene sharing”, seems likely to be 

widespread in the lens, cornea and other ocular tissues^ . In humans, crystallins are categorised into a, 

P and Y subgroups. P- and y-crystallin are closely related globular proteins whose two domain 

structure is distinguished by four, stable, torqued p-pleated sheets known as “greek key motifs”. These
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Figure 6: lens fibre connexins and connexon formation

a, mature lens fibres are hexagonal in cross-section 
and at least in part transparency is achieved by their resultant 
tight and regular packing, 
h, highlights adjacent 
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cell membranes where 
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assembled to form hetero- 
hexamers (connexons).
By associating with a 
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membrane (gap junction) 
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motifs enable crystallin molecules to associate in highly compact oligomers whose light-scattering 

properties are further reduced by the internalisation of all hydrophobic residues^^. The a-crystallin 

molecule does not contain these motifs suggesting that it is not closely related to p- and y-ciystallins '̂*.

1.3.3 Cytoskeleton

The structural framewodc of the cuboidal lens epithelial cells is composed of cytoskeletal proteins 

typical of most mammalian cells^*; actin-based thin filments, microtubules and vimentin based 

intermediate filaments. However, secondary lens fibre differentiation, elongation and compaction are 

accompanied by radical alterations in the expression of several components of this cytoskeletal 

architecture. Immunocytochemical and in situ hybridisation indicate that these cytoskeletal proteins 

disappear from the fibre cell shortly after differentiation^^ ̂  and are replaced by CP49 (phakinin) and 

CPI 15/CP95 (filensin) which assemble to form a novel structure referred to as the beaded filament^V 

This structure differs from other intermediate filaments and appears to have the ability to interact with 

a-crystallin. The role of a-crystallin, the most abundant protein in the lens, is not yet clear, but its 

function as a chaperone protein has recently been linked to the dynamics of mammalian cytoskeleton 

assembly because correct folding of cytoskeletal proteins is dependent upon its presence^^

1.3.4 Membrane proteins

Maintenance of lens cell homeostasis is reliant upon the presence of an extensive array of membrane 

channels comprising “thin” and “gap” junctions. Thin junctions regulate the highly selective transfer 

of water molecules across cell membranes. In the human lens, 1^ far the most abundant of these 

junctional components are MIP, the major intrinsic protein of the lens (previously referred to as 

MP26)^ and LIM-2 (variously referred to as MPI9, MP20, MPI8 and MPIT)®^" .̂ LIM-2 is the most 

abundant integral membrane protein of the lens, first described as a fibre-specific component of bovine 

lens®̂ . Its function remains unknown, though it has been shown to co-localise with gap junctions in 

distinct regions of the lens and some role in gap junction formation or maintenance is suggested^®. 

Recently, mutations in the gene encoding the murine homologue, Lim-2, have been shown to result in 

cataractogenesis in the To3 mouse model \
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1.3.4.1 The major intrinsic protein of the lens (MIP): Aquaporin-0 (AOPO)

A significant advance in cataract genetics was the discovery that the Cai ’̂’ {Fraser originally 

Shrivellecf^) and (lens opacity mutation mouse^^) phenotypes result from mutations in the 

murine M/? gene, localised to lOq, a region syntenic with human chromosome

Cytogenetically, the position of the human gene homologue, MIP, primarily and abundantly expressed 

in the lens, has been refined to 12ql4. Its protein product, the major intrinsic protein of the lens 

(MIP/AQPO) belongs to the aquaporin family of channel proteins crucial for controlling the influx and 

efflux of water across ceU membranes^^. Numerous other aquaporins have been identified and the 

widespread presence of these chaimels suggests an important physiological role \  For these reasons, 

the MIP gene is considered a strong candidate for human cataractogenesis in families that are linked to 

12ql4.

1.3.4.1.1 Spontaneously-occurring murine Mip mutants

The Caf'' mouse (also known as Catf'', Shrivelled or Svl, as wrinkling of the lens capsule is also 

observed) has a transposon-induced splice site mutation that results in the replacement of the C- 

terminus with 55 novel amino acids. The genomic structure of the Fraser mouse Mip gene is shown in 

figure 7, below. The mouse transposable element, ETn {embryo transposori) inserts into intron 3 and 

thus, the translated hybrid protein consists of the products of exons 1, 2, 3 and a 5’ section of the 

transposon (sequence alignment indicates that this section is identical to the long terminal repeat, LTR, 

of ETn). It appears that the Caf'' lens adopts an alternative polyadenylation signal close to an in frame 

stop codon within the LTR sequence. Exon 4 is not translated though the contribution of the insert 

results in a protein almost the same length (261 amino acids) as that of the wild-type (263 amino 

acids)^ .̂ The resulting fusion protein lacks most of the sixth transmembrane and carboxy-terminal 

domains of the wild-type AQPO, including a major phosphorylation site at serine 235.
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Figure 7 : genom ic structure o f  the Cat^'' M ip  gene  
show ing the m ouse transposable elem ent Etn inserted  
within intron 3

ETn
intron 1 „ _ mtron 2

intron 3

Mouse transposable elements have been shown to disrupt several other mouse genes including those 

for the muscle chloride channel in myotonic {adr) mice, leptin in obese {pb2,J) mice and Fas antigen in 

lymphoproliferation {Ipr) mice However the Ca^'^ mutant appears to be the only example where a 

portion is actually translated into protein. Whether the AQPO-LTH fusion protein impacts on water 

transport, results in a targeting defect or has a direct cytotoxic effect is unknown.

The lop  mouse {lens opacity) has a dominant missense mutation. A G ^ C  transition at nucleotide 151 

results in a non-conservative amino acid substitution at position 51 (Ala51Pro). Sequence comparison 

with other species show that at this position, alanine is the consensus residue whereas proline is never 

encoded. The mutation appears to result in mis-targeting o f the protein and accumulation in the 

endoplasmic reticulum of the lens fibre celf^. The precise mechanism by which this results in cataract 

formation is not known.

In both Cat^''and lop  mutants, lens opacification is first observed near the anterior pole at embryonic 

days 13 and 14 which progresses to involve the whole lens. In mice homozygous for the mutations, 

lens fibre degeneration and a concomitant reduction in overall lens volume are also seen (figure 8)^ .̂
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Figure 8: the Fraser mouse is a spontaneously occurring dominant mouse 
cataract model in which the mouse transposable element HTn has inserted 
into intron 3 o f AqpO^ the mouse homologue o f the human lens-specific 
aquaporin AOPO MIP. The resulting protein consists o f the products o f  
exons 1, 2 and 3 and a portion o f HTn. Exon 4 is not transcribed.
A, mice heterozygous for the mutation have lens opacities;
B, shows a cross-section through a clear normal mouse lens
C\ shows a similar section through a lens from the Fraser mouse. Marked 
lens opacification is seen. In this mouse, homozygous for the mutation, a 
reduction in overall lens volume is also observed.
(hy courtesy of Prof P. AgreJ
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1.3.4.1.2 The aquaporin gene superfemily

The aquaporin gene superfamily encodes over 150 transmembrane proteins that are ubiquitously 

expressed in almost aU tissue types and have been identified in mammals, fish, reptiles, plants*^, 

bacteria*’, yeast*  ̂and protozoa*^. With the exception of aquaporin-6*^, all aquaporins localise to the 

cell membrane. The amino acid signature of the aquaporins is the N-P-A amino acid sequence motif^ . 

Aquaporins share a significant degree of sequence conservation suggesting that the proteins subserve 

not only a critical physiological role, but also how important amino acid sequence conservation is to 

the fimction of the molecule.

Figure 9 shows two plants of the genus, Arabidopsis thaliana, propagated hydroponically*^. The 

morphology of the left-hand plant expressing antisense RNA to aquaporin Piplb (which regulates root 

water uptake) is identical to the control (right) except for the compensatory five-fold amplification of 

root arborisation.

In many instances a cell may express several différent aquaporins*^. The tissue distribution of 

aquaporins in the eye is shown in figure 10.

Nature has achieved in aquaporin proteins the seemingly impossible functional combination of a 

molecule that is able to transport water molecules in a highly selective manner \  Ciyoelectron 

crystallographic analysis has taken appreciation of the structure of human aquaporin-1 to a resolution 

of 4.5Â where it is possible to predict that water selectivity is conferred by the narrowness of the 

channel. Furthermore water molecules pass as a chain through the channel linked by hydrogen 

bonding, except where two asparagine molecules protrude. These residues interrupt the chain, thus 

inhibiting proton transit through the molecule* .
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Figure 9: over one hundred and fifty members of the aquaporin gene 
family have now been identified in animals, bacteria and plants.
A graphic example o f their roles in water homeostasis is shown here.
a, shows a four month old wild-type Arabidopsis thaliana plant prop- 
ogated hydroponically showing root arborisation proportionate to leaf area;
b, in contrast, this plant is expressing antisense RNA to the plant aquaporin 
Piplb, which facilitates root water uptake -  a compensatory five-fold 
increase in root arborisation.
(by courtesy, Prof P. Agre)
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Figure 10: the aquaporin family o f proteins mediate the 
bi-directional flux o f water across cell membranes. In the 
eye there is a high degree o f tissue-specific expression. 
Image shows sagittal section through the human eye 
transecting the optic nerve and cornea
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It is clear however that certain aquaporins can be shown experimentally to be permeable to other 

solutes (glycerol and carbon dioxide), probably because their central pore is wider and lacks the 

structure that confers water-selectivity. The physiological significance of these multi-fimctional 

“aquaglyceroproteins” (AQP-3, AQP-7, AQP-9 in humans) is not known** *® but the abundance of 

such polypeptides in the basolateral membranes of cells lining kddn^ collecting ducts and 

nasopharyngeal mucosa implicates important roles in renal water reabsorption and mucosal secretions 

respectively^®^.
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1.3.4.1.3 The roles of aquaporins in mammals

Aquaporins have been implicated in renal water secretion and reabsorption, cerebrospinal fluid and 

aqueous humor fluid cfynamics, lacrimation, the generation of pulmonary secretions^'. 

Pathophysiologically, it is hypothesised that aquaporins play a critical role in many conditions 

resulting in abnormal fluid retention, for example congestive cardiac failure^®.

1.3.4.1.4 Human aquaporin mutations

Of the ten aquaporins identified^, only aquaporin-2 has so far been implicated in human disease. 

Expression of AQP2 is restricted to the principal cells of the renal collecting system. In response to 

the hormone vasopressin (anti-diuretic hormone or ADH) acting through a basolateral membrane V2 

receptor, intracellular vesicles containing AQP2 have been shown to redistribute to the cell surface 

thus facilitating water transport. In nephrogenic diabetes insipidus (NDI) the kidney is insensitive to 

vasopressin resulting the secretion of large volumes of dilute urine^^. A number of patients with 

recessive NDI have now been identified, the majority of which have mutations in residues in the 

aqueous pore domains of the AQP2 protein^. In some cases abnormal traflicking of the protein is also 

seen, usually resulting in sequestration of the mutant in the endoplasmic reticulum and subsequent 

degradation. In the heterozygous state, enough wild-type functional AQP2 reaches the membrane 

(figure 58).

A single family with dominantly inherited NDI was recently identified with a mutation in the C- 

terminus of AQP2. In this instance, the mutant protein is appropriately translated and normally 

trafficked from the endoplasmic reticulum to the Golgi apparatus. However, here it co-oligomerises 

with the product of the normal allele, thereby restricting trafficking of both polypeptides^^ explaining 

the dominant nature of the mutation.

The Colton blood group antigens are now known to be polymorphisms of aquaporin-1 present in the 

red blood cell membrane. Interestingly, the null-phenotype, in which aquaporin-1 function is
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abolished by mutations that can be shown in vitro to reduce ery throcyte resistance to changes in 

osmolarity, does not result in a clinically recognisable phenotype^. This evidence has lead some to 

raise the possibility that some aquaporins are physiologically redundant whereby other mechanisms are 

able to compensate for their dy sfunction. Our evidence that mutations in aquaporin-0 underlie cataract 

fonnation (details below), runs contrary to this and serves to confirm the important physiological role 

of these proteins.

1.3.4.1.5 MIP (AQPO), the founder aquaporin

The human M IP  gene encoding MIP (AQPO) is located on 12ql4, close to several of the genes 

encoding the other aquaporins (see table 1) suggesting that may in part the family has evolved by 

duplication. The coding sequence consists of four exons which obey the ATG start codon and CT/AG 

rule. The 5 ’ promoter region contains TATA and GC boxes.

Table 1: chromosomal locations o f human aquaporins

Chromosomal location

18qll.2-ql2.l

MIP is synthesised as a 26kDa pre-cursor degraded to a 22kDa functional protein. Individual MIP 

molecules eo-oligomerise to form homo-tetramers, which are transported to the cell membrane. In
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contrast to some other channel proteins, where such association is essential for the formation of a 

central pore or channel, monomeric MEP, like other aquaporins, has the capacity to transport water^. 

Thus, tetramer formation may confer additional protein stability allowing for example, more 

hydrophilic aspects of the protein to be internalised to the core of the oligomer.

The aquaporins share a high degree of sequence homology and it is predicted that all aquaporins share 

a common topology consisting of six transmembrane domains joined by five connecting loops (figure 

11). Aquaporin-1 is perhaps the best-characterised member of the family. Functional and three- 

dimensional reconstructions of AQPl suggest that the monomeric protein assumes an hourglass 

configuration (figure 12) formed by its six highly tilted transmembrane a-helices. Folding in this way 

is thought to bring into close proximity amino acids E17, QlOl, N76, N192 and E142 (the equivalent 

of E134 in MIP) in the core of the protein. This provides a chain of polar residues from the 

cytoplasmic to the extracellular spaces that may form the water channel. T146 (the equivalent of T138 

in MIP) may lie close enough to QlOl to participate in or stabilise the channel \  Central depressions 

on both the extra- and intra-cellular aspects of the molecule are hypothesised to form the entrance and 

exits for the water molecules^.

1.3.4.1.6 Water channel properties of MBP and its role in the lens

Since the cloning of MIP cDNA^, the role of MIP in the lens has been debated. Sequence homology 

with other aquaporins suggests the protein fimctions primarily as a water channel. Immunolocalisation 

studies of Xenopus laevis oocytes injected with bovine MIP cRNA show that the protein is targeted to 

the plasma membrane. When compared with water-injected (negative control) oocytes, MIP- 

expressing oocytes consistently exhibit a reversible (bi-directional) fourfold increase in osmotic water 

permeability, Pf, by a facilitated energy-independent pathway (qualitatively similar to other 

aquaporins) while showing no evidence of ion channel activity^. Thus MIP may contribute to the 

maintenance of lens transparency enhancing uptake of intercellular water by adjacent lens fibre 

cells.
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Figure 11 : Domain structure o f the aquaporins. Protein modelling suggests 
that the mature protein consists o f six transmembrane domains.
Numbers denote transmembrane domains 
Letters denote connecting loops
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Figure 12: structure o f MIP/AQPO
a, at the cell membrane, the protein is predicted to consist of six tilted transmembrane helices (blue checked bars) 
joined by intervening loops (continuous and dotted black lines)
b, folding in this way is thought to create an “hourglass” shape with a central water channel
c, finally individual AQP molecules co-oligomerise to form homotetramers at the cell membrane
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The P/of MEP is strikingly low compared to other aquaporins, for example, AQPlwhich is located in 

the lens anterior epithelial ceUs and exhibits a more than 30-fold increase in P f.  Such close proximity 

of MIP-expressing ceUs to AQPl-expressing cells suggests functional cooperativity though this has yet 

to be elucidated^. This relatively low level of water transport mediated 1^ MIP has led some to 

suggest other roles for the protein in the lens. Indeed, since MIP constitutes greater than 50% of the 

lens fibre cell membrane protein, it is possible that the molecule subserves an additional structural role.

The localisation of MIP in gap-junctional plaques suggest that the protein may have a second role in 

cell-to-ceU coupling^ ’ . Indeed the surface topology of MEP molecules has recently been proposed to 

contribute to this function and may enable direct transfer of water molecules between the cytoplasms 

of adjacent cells’®̂.

1.3.4.1.7 Xenopus laevis oocyte expression system

Xenopus oocytes are large, robust single cell systems whose cellular translational apparatus can be 

harnessed to express a variety of proteins cRNA micro-injection. The cells do not express native 

aquaporins, have a low basal water permeability and traffic exogenous aquaporins to the plasma 

membrane, features that have made oocytes the gold standard system for the qualitative and 

quantitative examination of aquaporin water functionality. The experimental protocol is detailed 

below (see Materials and Methods). In overview, harvested oocytes are micro-injected with cRNA. 

Once the relevant aquaporin has been expressed, oocyte volume swells when exposed to hypo-osmolar 

conditions (figures 13 and 14). Such swelling is reversible and linear over time aUowing a calculation 

of aquaporin-related water transport to be made.
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Figure 13; Oocyte swelling. Transfer o f an oocyte expressing aquaporin at 
its cell surface from a, an isotonic to h, a hypotonic environment will result 
in the aquaporin-mediated flux of water molecules down the osmotic gradient 
into the cytoplasm.
This change in volume is measurable and reversible.

water

water

1.3 .4.2 Gap junctions

Gap junctions allow ions, second messengers and small metabolites to be shared between cells. These 

intercellular channels are formed from two oligomeric membrane protein assemblies, called 

connexons. which span the plasma membranes o f two adjacent cells to join in a narrow extracellular 

“gap” *® (̂figure 6). Connexons are formed from connexins. a highly related multigene family with at 

least 13 members'^. Connexins 46 and 50 are found in the human lens. Considerable progress has 

been made in our understanding of the complex molecular switches that control the formation and 

permeability of these channels. Furthermore, analysis o f the mechanisms o f channel assembly has 

revealed the diversity of inter-connexin interactions and provided insights into the selectivity o f their 

gating behaviour'®^. Orthologs of human connexin 43 have been shown to be expressed in bovine, 

ovine and murine lens'^ in addition to the smooth muscle myocardium of the h e a r t T h i s  connexin 

should therefore be considered a candidate for human cataractogenesis.
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oocyte

Figure 14: montage o f the same oocyte which has been micro-injected with 
5ng human aquaporin-1 mRNA and has been shown by Western blotting 
and immunofluorescence to have translated and targeted to the membrane 
mature AQPl protein, a, in isotonic media (resting on orange background, 
white illumination); 6, after 20secs transfer to hypotonic media. Marked 
swelling is observed, indeed the left-hand portion of themembrane has 
ruptured.
(by courtesy Dr M. Yasui)
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Numerous other less well characterised membrane channels and proteins are known and summary of 

these may be foimd in the candidate gene list (table 6).

1.3.5 Novel lens epithelial specific proteins

Using a subtractive cDNA cloning strategy, a novel lens epithelial specific protein, LEP503, has been 

identified. The 6.9kDa protein of unknown function is encoded by a gene on human chromosome 1 

with two exons. The deduced protein sequences show high identity between mouse, human and rat. 

Western blot analysis and immunolocahsation studies show that LEP503 is expressed in the lens 

epithelium most abundantly in the immediate postnatal period’®*.

1.4 Mouse models of cataractogenesis

Animal models (figure 15) are valuable tools with which to stucfy human disease’®̂. The detailed 

information available re a d in g  eye development in the mouse and the fact that cataracts are easily 

identified in this animal, make it an ideal candidate for the stu(^ of cataractogenesis. Furthermore, the 

extensive regions of synteny that exist between the human and mouse genomes facilitate comparative 

mapping and enable identification of novel candidate loci for human cataract. Studies of the molecular 

and developmental pathobiology of mouse cataract models are also likely to reveal mechanisms 

underlying human cataract development.

While spontaneous mouse cataract mutants are recognised, new strains can be developed by irradiation 

(X-ray, y-ray) or by the use of chemical agents such as ethylnitrosourea. In most instances, dominant 

mutations are generated, a corollary of the inheritance pattern observed in humans and suggestive that 

the mutated genes encode proteins with structural roles. A notable exception is the Nakano (net) 

mouse, where the cataract is due to a recessive mutation mapped to chromosome 16. At present, no 

suitable candidate gene has been identified, though biochemically, defects in lens Na-K-ATPase 

enzyme activity are suspected” ®.
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Figure 15: mouse cataract models:
a, the Fraser mouse with lens opacity (image courtesy of Prof P. Agre)
b, mouse eye with dense mouse cataract viewed through dilated pupil;
c, a method of detecting visual compromise. A mouse with good 
vision sees the apparent black edge of the “visual cliff’ and will not cross, 
in contrast to a mouse with poor vision moving by proprioception and touch 
alone moving across the perspex surface unperturbed;
d, a litter of mice with dominantly inherited cataract 
(images B, C, D courtesy of Dr C. Thaung)
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Almost one hundred cataract mutants have now been engineered with abnormalities of development’ ’ ’, 

immunity” ,̂ growth”  ̂and physiology (defects in membrane transport” \  cytoskeleton”  ̂and 

cytoplasmic proteins” ^ ” ®). It is reassuring that the genetic defects so far identified (table 2) mirror 

those implicated in human cataract. For example, mouse y-crystallin’’  ̂and connexin’ ®̂ gene 

mutations result in phenotypes not dissimilar to their human counterpart. The data confirm the crucial 

role that studies of mouse models will play in revealing human cataractogenic mechanisms. However, 

it will be only be known with hindsight whether many more of these laboratory-induced strains will be 

found to parallel spontaneously occurring mutations or whether transgenic models will prove more 

informative. A listing of mouse mutants is shown in table 3.

Table 2: mouse cataract mutations

Mouse Mutated 
Model Mouse Gene

Mouse
Phenotype

Reference Human
Phenotype

No2 connexin 50 nuclear 120 pulverulent

Cary yE-crystallin total opacity 
with
microphthalmia

119 Coppock­
like

Catr'° y-E crystallin eye lens
obsolescence
(microphakia)

121

ok Pitx3 aphakia 122 total

oc3 (x3-connexin 
(connexin 46)

nuclear 123 pulverulent

Po PA3 crystallin nuclear 124 sutural

lopl8 oA-crystallin nuclear 125 zonular
central
nuclear

Philly (Phil) /3B2-crystallin nuclear 126 cerulean / 
Coppock­
like
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Table 3: mouse cataract mutants (on this and next page)

Mouse
Chromosome

Mutant Phenotype Genetic Defect Human Synteny

Catï
Catr^

Cat2T
CatT^
Catr
CatT°^
Cat2‘°‘
Catf°

Lop4
Sey
Cm

No2

Cur
Tan
dyl

Philly (Phil/^^

Npp

To3

total opacity with microphthalmia 
nuclear opacity

nuclear zonular
nuclear and anterior sutural
radial opacity
nuclear opacity 2
total opacity with lens vacuoles
eye lens obsolescence(microphakia)

speckled nucleus 
small eye 
coloboma

nuclear opacity

cataract and curly whiskers 
total cataract with microphthalmia 
dysgenic, recessive'^'

nuclear opacity

nuclear and posterior polar

total opacity

cryge
crygb]
cryga

CR YG / CCLn o  127

119

crystallin single 
nucleotide deletion 
predicted to destroy the 4̂  
greek key motif̂ *̂

cp49
Pax6^

filensin on chromosome 20
llp lS
20p l2 ‘̂ ®

lq21*“

130

fiBl-crystallin^

8q

P-crystallin on 22q' 

4 (p l6-q 2iy^

Lim2, MPIO129



LAto

Mouse
Chromosome

Mutant Phenotype Genetic Defect Human Synteny

10 Ca/^

Cat-3'^'’
Cat-3'̂
To2 or Cats 
Cat-3

progressive lens fibre degeneration MIP 
and opacity beginning anteriorly 
cataract with vacuoles anteriœly

total opacity
total cataract and micro^Athalmia

M IP on l2q ’'“ ^̂ ^̂ ^

12q22'^
I2q2l"^
6q21-q27'^’
12q̂ ®̂

12 Or 14q24‘̂ ^

14 rlc ruptured lens induced cataract 13qll-12*^

16 Opj

Coc

16p or 22q
CATM locus at the t(2;16) breakpoint 
near 16pl3.3 or mutation in CRYM 
onl6pl3.11-pl2.3'^^
3q2‘^^

17
19

Lop 18 
ak

lens opacity ccA-crystallin 
aphakia’̂ ^

21q22‘̂ ^
10

X Xcat primary fibre cell degeneration 
resulting in nuclear opacity

Xp22.1-p22.3
near Nance-Horan locus '̂^

Unassiffued mutants:

Mi (microphthalmosf^ ,̂ opb (open brain/^, eyl (eyeless/^^^ ,̂ net/ cac/Caf“ (Nakano cataract, recessive/"  ̂ Em (Emory cataract/^ ,̂ Lop2, 3, 5, 6, 7, 
8, 9, 10 (lens opacity)̂ ^̂ , Acc, Apc-1, Apo, Apoc (anterior polar cataracts), Asc-1 and-2 (anterior sutural cataracts). Cad (milky white cataract)̂ ^̂ .



1.5 The mokcular genetics of inherited cataract

In 1963, Renwick and Lawler described in their seminal publication the co-segregation o f inherited 

cataract with the Duffy blood group locus® This became the first autosomal disease to be 

genetically linked in man when in 1968, the Duffy locus was assigned to chromosome 1 

Subsequent development of advanced molecular biological techniques has facilitated the 

identification of a large number of independent cataract loci and mutati<Mis. hi most cases a 

candidate gene approach has been used once linkage has been established. There are however 

several practical considerations when mapping human cataract genes. A  significant proportion of 

cataract mutations appear de novo often making family size small. Whilst penetrance in all 

phenotypes is high, ejqiressivity, age of onset and rate o f progression are variable making careful 

ophthalmic evaluation critical. In addition, surgical modification of the disease and the absence of 

reliable reproducible quahtative and quantitative measures o f the disorder can hamper appropriate 

classification.

1.5.1 Mapped genes

A complete listing of the mutations so far imphcated in human cataract is given in table 4 below.

1.5.1.1 Connexin genes

The report of the co-segregation of pulverulent cataract with the Duffy blood group locus in a 

single English kindred*® ** has been described above.

Recently, the Duffy blood group locus has been refined to lq22-23*^ and lies close to the gap 

junction a-8 (GJA8) gene at 1 q21.1. GJA8 encodes connexin protein 50 which primarily and 

abundantly expressed in human lens*̂  ̂and therefore is considered a strong candidate gene for 

human cataractogenesis. Indeed a missense mutation (C->T transition at nucleotide 262) in this
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Table 4: identified human cataract mutations; atl mutations are autosomal dominant

Locus Gene Protein Mutation Number of 
Mutations

Phenotype OMIM Number Reference

Iq21-q25 GJA8 Connexin 50 missense 2 pulverulent 600897(11622) 75

2q33-q35 CRYGC yC-crystallin missense 1 Coppock-like 604307 (123660) 156157

2q33-q35 CRYGC yC-crystallin missense 1 aceuliform 604307 157

2q33-q35 CRYGD yD-crystallin missense 1 nuclear 123690 158

3q21-q22 CP49 BFSP-2 missaise/
deletion

2 lamellar/nuclear 603212 159160

10q24-25 PITX3 Pitx3 missense 1 total 602669 37

13q ll-q l3 GJA3 Connexin 46 missense 2 pulverulent 121015(601885) 161

1 7 q ll.l-q l2 CRYBAl PA3 crystallin splice site 1 sutural 600881 162

21q22.3 CRYAA aA-crystallin missense 1 zonular central 
nuclear

123580 163

22q ll.2 CRYBB2 PB2-crystallin chain
termination

1 cerulean 123620 (601547) 164

22q ll.2 CRYBB2 P-crystallin missense 1 Coppock-like 604307 165
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gene has been shown to underly cataract formation in this family. The mutation results in the 

substitution of serine for proline at codon 88, which lies within the jAiylogenetically conserved 

second transmembrane region o f the protein'^. A  feature o f the mature lens cell is its metabolic 

inactivity. It is likely therefore that the connexin 50 mutation results in altered function with 

subsequent disruption of cell homeostasis observed as a loss of clarity. Further evidence to 

implicate this protein in human cataractogenesis has been provided by the identification of another 

mutation in an ethnically unrelated family (Pakistani) with pulverulent cataract'predicted to 

disrupt connexon-connexon interactions by altering the electrical charge distribution in the 

extracellular loop of the protein.

A mutation in the gene coding for another gap junction protein, connexin 46, has recently been 

shown to underlie pulverulent cataract development in two families linked to 13q'^. In the first 

family, an A to G transition at nucleotide 188 results in the non-conservative substitution serine 

for asparagine at codon 63'®'. This missense mutation hes in the first extracellular loop o f  the 

protein, believed to mediate the intermembrane coupling of connexon hemi-charmels'® .̂ In the 

second family, insertion of a cytosine after nucleotide 1137 is predicted to cause a fiame shift 

immediately after codon 379. This results in the mis-translation o f the final 56 amino acids and 

the addition o f 31 amino acids to the C-terminus of the mutant protein before an in-frame 

translation stop codon is detected. Further evidence o f the importance o f connexin 46 in human 

cataract is provided by the report o f a third mutation, C560T (PI 87L), in a family also with 

pulverulent cataract'̂ ®.

1.5.1.2 Crystallin genes

The y-crystallin gene cluster located in region 2q33-35 consists o f genes y-A, -B, -C, -D, -E, -F and 

a gene fragment y-G (figure 16). Only y-C and y-D encode abundant proteins while y-E and y-F 

are pseudr^enes by virtue o f in-frame stop codons (the y-F lacks a promoter as well). The 

Coppock-like cataract (pulverulent) was mapped to chromosome 2q33-35 close to the y-D and y-E 

genes'^' and a number o f sequence changes identified in and around the y-E pseudogene TATA 

box. These were considered by the authors to be mutations and were predicted to result in an order
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of magnitude increase in promoter activity raising the level of expression of this gene to 30% of 

that of the y-D gene. The resultant mutant protein is a 6kDa N-terminal y-crystallin fragment, the 

accumulation and precipitation of which was thought likely to cause cataract‘s .  The activation of 

a pseudogene in this way was regarded as a unique pathogenic mutational mechanism. Recently 

however, similar sequence changes were identified in a panel of control patients suggesting in fact 

(hat they represented pi^lymorphisms of no functional sigmticancc. Indeed, a missense mutation in 

y-C crystallin has now been shown to be responsible for the disease in this family'^ .̂

Figure 16; the y-crystallin genes on 2q33-35
I he cluster consists of 7 genes: yC and yD are abundantly expressed in the lens. yE and yF are 
pseudogenes and are not thought to be expressed. yG is a non coding gene fragment

in frame stop 
codon in exon 2

i i
abundantly
expressed

yA yB yC yD yE
Y

pseudogenes

$

lacks promoter 
as well

Two forms of congenital cataract, cerulean and pulverulent, have been mapped to a region of 

chromosome 22q that contains three p-crystallin genes'^ and missense mutations identified in 

the crystallin pB2 gene. ITiis finding is consistent with the fact that only its protein product is 

highly expressed in the adult lens. TTie G to A transition in the antisense strand of the first 

nucleotide of codon 155 creates a stop ctxion that truncated the protein by 51 residues. 

Significantly, linkage to this and the 17q24 loci have been excluded in other families with cerulean 

cataract confirming that a further gene(s) remains to be identified in this form of cataract.

More recently, a missense mutation in the crystallin aA  gene has been identified*®  ̂ in a family 

described as having congenital zonular nuclear opacities. The nucleotide transition results in the 

substitution of an arginine at position 116 for a more negatively charged sulthydry 1-group-forming
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cysteine. It is hypothesised that this change increases a-crystallin aggregation or interferes with 

chaperone activities.

A large Danish family with nuclear cataract has been assigned by linkage studies to the interval 

1 pter-1 p36, within which lies the gene ENOl This gene has been considered a candidate 

because, by the process o f “gene sharing” (described above), it encodes not only red cell enolase 1 

but also x-ciystallin. However, despite its widespread expression within the lenses of vertebrate 

species, t-ciystallin is not expressed in the human lens. Indeed, the only femily described with 

hereditary red cell enolase deficiency shows no evidence o f cataract. Linkage to the lp36 locus 

has also been shown in a family with posterior polar c a ta r a c t 'T h is  suggests that either two 

genes lie within this locus or, more interestingly, that distinct mutaticois within a single gene have 

resulted in the different phenotypes observed. While the chromosomal location o f many o f the 

other crystallin genes is now known, no mutations causing cataract have yet been identified.

1.5.1.3 Transcription factOTS

The identification of a mutation in the human gene PITX3 in a family with total cataract is the first 

to imphcate a developmental regulator gene with congenital cataract. P1TX3 is a member o f the 

homeobox gene family RIEG/PITX and has been localised to chromosome 10q24-25. A G  to A 

transition was identified that results in the substitution of serine for asparagine at codon 13. The 

mutation is not within the crucial homeodomain of the protein but does occur in a highly 

conserved position and is purported to result in the modulation o f a DNA-binding site ot inhibition 

of protein-protein complex formation^’.
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1.5.1.4 Genes encoding cytoskeletal proteins

The mature lens fibre cell cytoskeleton consists o f a unique intermediate beaded filament 

configuration formed by the association o f BFSP-2 (CP49 or phakinin) and filensin. The recent 

identification of two mutations in the BFSP-2 gene (missense: C to T in exon 4 resulting in 

R287W’̂ ®; deletion: A233 ref '“ ) strongly suggests mutations in its companion filensin, which 

maps to chromosome 20, will soon be reported.

1.5.2 Other chromosomal loci

Congenital cataract famihes have been mapped to several loci within which as yet no candidate 

gene has been identified. Two families with autosomal dominant cataract have shown linkage to 

the lp36 locus, the first with a posterior polar jhenotype (Zn,ax=3.48, 0=0)*’  ̂and the other a large 

Danish family named Volkmaim (2 ^ = 1 4 .0 4 , 0^3^=0.025, O^mak-O), with progressive zonular and 

nuclear opacities (probably pulverulent)*^ .̂ In the latter family, a mutation was sought in x- 

crystallin, which is not expressed in the human lens but lies within this locus. Perhaps, not 

surprisingly, no mutation was identified. Another Danish family, first reported by Mamer’̂ '*, with 

primarily lamellar cataract, shows strong linkage to the haptoglobin locus on 16q22.1 (Z ^ = 8 .33 , 

0=0.05)*^ .̂

Another three famihes with dominantly inherited cataracts have beai mapped to chromosome 17. 

The first, with anterior polar cataract, shows linkage to 17pl 3 (multipoint lod score=5.2)*^®, the 

second with lamellar edacities maps to 17ql l-q l2  (Zmax=3.9, 0=0)*^ ,̂ distinct from the third 

family with the blue-dot phenotype, mapped to 17q24*^.

Anterior polar cataract has also been reported in association with an a{^>arently balanced 

chromosomal translocation t(2;14)(p25;q24)*’ .̂ Following the recognitioa o f a female with 

multiple abnormalities, including congenital cataract in association with a terminal deletion of
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chromosome 14, it has been argued that a cataract locus must therefore reside in the region 

14q24’®°.

The recognition of another family with a reciprocal translocation has identified a further cataract 

locus on 16p*®̂  In this family, a balanced translocation, t(2;16Xp22.3;pl3.3), was observed in 

four individuals; three had partial trisomy 2p derived fi'om this translocatiai and two individuals 

had a normal karyotype. All patients with translocations had cataracts and those with the normal 

karyotype had not, suggesting the cataract-causing gene lay in the region 16pl3.3. Other 

chromosomal regions 2q23, 4pl4, l lp l3 ,1 8 q l 1-12 are also considered to have significant 

relationships with congenital cataracts though no candidate genes have been identified'^.

Autosomal recessive forms of inherited cataract have been reported in several genealogically 

distinct populations^ and seem particularly prevalent in the Japanese. Linkage to the I- blood 

group (at 9q21) has been suggested ( Z ^ = 3 A ,  8=0)'^

1.5.2.1 X-linked cataract

The existence of X-linked non-syndromic congenital cataract remains contentious. A number of 

pedigrees have been reported, though in many, other modes of inheritance appear more likely. The 

recognition of chromosomal deletions of varying size in this region and the resulting phenotypes 

observed, suggest that a cataract locus may reside within the region Xp22.3-p21.1 It has been 

suggested however that X-linked cataract is either synonymous with or closely related to the 

Nance-Horan syndrome, mapped to Xp.

NHS (OMIM 302350) is a rare X-linked disease characterised by severe congenital cataract with 

(a) microcomea or microphthalmia, (b) distinctive dental anomalies (crown shaped permanent 

teeth), (c) evocative features, (d) anteverted pinnae o f the ears, and (e) mental retardation in some. 

Cataracts are fully penetrant in heterozygous females and are confined to the posterior Y- 

sutures'^ '^. The variable phenotype has led some to suggest that NHS is a contiguous gene 

syndrome but there is little genetic evidence to bade this up'^.
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Table 5: mapped loci for human ADCC without candidate genes

g

Phenotvne Locus Inheritance OMIM Number Reference

Volkmann (pulverulent) lp36 autosomal dominant 115665 172

Posterior polar lp36 autosomal dominant 116600 173

Unknown 6 , 1-blood group autosomal recessive 110800 190

locus
Anterica- polar 14q24 translocation 115650 179

Unknown 16pl3.3 translocation 156850 181

Mamer 16q22.1 autosomal dominant 116800 175

Posterior polar 16q22.1 autosomal dcxninant 116800 175

Anterior polar 17pl3 autosomal dominant 601202 176

Zonular-sutural (lamellar) 17qll-12 autosomal dominant 600881 177

Cerulean 17q24 autosomal dominant 115660 178

Posterior polar 20pl2-ql2 autosomal dominant 191

Sutural (lamellar) Xpter- Xqter X-linked recessive 302200 192

(possibly synonymous (the recognition o f
with Nance-Horan various deletions
syndrome) probably refine the

region to Xp22.3-21.1 refs )



Linkage studies have refined the NHS disease locus to a 3.5cM interval on Xp22.2 between the 

microsatelhte markers DXS1053 and 0X8443^®"* a region syntenic with the mouse cataract 

disease locusXca^^^. The gene responsible has not been identified. Recently, the RAI2, retinoic 

acid induced gene 2, has been ex c lu d e d 'F ig u r e  17 shows the relevant region of the X 

chromosome with disease intervals that coincide with the NHS disease interval. Several diseases 

with certain similar features have been mapped to intervals that coincide (oral-facial-digital 

syndrome OMIM 311200; non-specific X-hnked mental retardation 19, OMIM 300114) raising the 

possibility that they are allehc.

1.5.2.2 Other cataract genes

Linkage exclusion data on other families with autosomal dominant cataract have been reported, 

strongly supporting the supposition that several cataract genes remain to be identified'® .̂

1.5.3 Cataract in complex anterior segment anomalies

1.5.3.1 PAX6, Aniridia, Peter’s and Rieger’s syndromes

Studies confirm the key role o f normal lens development in directing eye embryogenesis'®* '®®. It 

is not surprising therefore that cataract is found in association with microphthalmia, microcomea, 

persistence o f the piçillary membrane and certain comeal dystrophies.

Furthermore, syndromes resulting fi'om abnormahties of those factors that regulate eye 

development are also associated with cataract. Aniridia, in which partial or total absence of the iris 

is associated with a number of other ocular (foveal hypoplasia, peripheral retinal detachment and 

cataract) and systemic abnormahties (most importantly Wilm’s tumour), is known to result from a 

variety o f mutations within the homeobox gene, PAX6^^. There are several other homeobox genes
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DXS996
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Figure 17: 
the Nanee Horan disease interval

NHS= Nance-Horan locus
MRX19= X linked mental retardation
0FD1 = Oral-facial-digital syndrome

Retinoic acid induced 2 gene
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that are essential for early eye determination^^, the specification o f ocular tissues and eye 

development in vertebrates^®.

A point mutation in the PAX6  gene (Arg26Gly) is also responsible for Peter’s anomaly, in which 

variable adhesions are observed between the cataractous lens, iris and an area of comeal 

endothelial defect. A mutation that results in Ser353Ter substitution underlies the syndrome of 

congenital cataract and late-onset comeal dystrophy^.

Rieger’s syndrome, in which cataract, glaucoma and a spectrum o f anterior segment dysgeneses 

are found in association with characteristic facies and hypodontia, is genetically heterogeneous. 

Family studies and analysis of cytogenetic abnormalities in certain individuals have revealed that 

mutations within the homeobox gene PITX2/RŒG1 on 4q25 underlie most caseŝ ®®. A  family with 

anterior segment mesodermal dysgenesis, ASMD (cataract, comeal opacity and anteriorly placed 

Schwalbe’s line) also maps to the Rieger locus on 4q. The possibility that this form of ASMD is in 

fact a Rieger variant is given weight by the report o f another family with ASMD with a mutation 

in the homeobox gene PITX3 on lOq̂ .̂

A second Rieger locus on 13ql4 has been identified but no graie yet implicated^®\ Interestingly, 

several eye disorders associated with primary congenital glaucoma including the Rieger eye 

anomaly have been mapped to 6p25, suggesting that either they are allelic, or a cluster of “eye” 

genes resides in this region. In support o f the former, mutations in the transcription factor, 

forkhead-related activator, FREAC-7/FOXE-2 (drosophila homologue FAîfL7), have recently been 

shown in patients with Rieger’s anomaly, Axenfeld anomaly and iris hypoplasia.

1.5.3.2 Nanophthalmos and microphthalmia

Nanophthalmos or “simple microphthalmia” ®̂̂ is an uncommon ocular condition characterised by 

a small eye with (a) a reduced axial length, (b) high hyperopia (+7.00 D to + 13.00 D), (c) a high 

lens/eye volume ratio, and (d) a high incidence of angle closure glaucoma^®  ̂ and (e) 

characteristic yellow macula pigmentation, chorioretinal folds and crowded optic discŝ ®̂ . Ocular
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ultrasound commonly reveals a thickened sclera composed of abnormal collagen fibrilŝ ®̂  which 

may obstruct the outflow of blood through the vortex veins resulting in recurrent or persistent 

choroidal effusions and non-rhegmatogenous retinal detachments^® .̂ The surgical management o f  

patients with this condition is complex as sight threatening posterior segment complications 

commonly comphcate cataract and glaucoma surgery^®*.

Nanophthalmos, which is usually isolated and bilateral may be inherited as a sporadic, autosomal 

dominant or recessive condition. Linkage analysis o f a single dominant family has assigned a 

locus (NNO l) for nanophthalmos to 11 pi 3 (an interval close to but excluding the PAX6  gene)^® .̂ 

No candidate gene is known to lie within the disease locus, though it is possible that elements that 

regulate and control PAX6  expression may he within the N N O l region (V van Heyningen, 

personal canmunication).

Nanophthamos has been reported as an autosomal recessive trait in association with a progressive 

pigmentary retinal degeneration (characterised by nyctalopia, visual field restricticm and cystic 

macular degeneration and atrophy)̂ ®®. No association with cataracts has yet been reported.

Nanophthalmos is distinct from the more common congenital microphthalmia (CMIC) which often 

occurs in association with other ocular (coloboma, cataracts, sclerocomea) and systemic 

abnormalities (cardiac defects, cleft lip). Other microphthalmia phenotypes include congenital 

cystic eye, anophthalmos and microphthalmos (small ^e)^'®. Linkage analysis o f a single 

Pakistani family has assigned a locus for recessive microphthalmos to 14q32 (excluding the 

CH Xl 0 and M ITF  gene loci)^' '.

Strong candidate genes and loci for other families with these conditions include PAX6  (1 Ip 13, 

small eye mouse), NNOl (1 lp l3), arMi (14q32, recessive micrqîhthalmia locus), CHXIO (\Aq, 

ocular retardation m ouse),M /TF( 14q, microphthalmia mouse), OPTX2 (14q), E Y A l (eya, 

drosophila eyes absent mutant).
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1.6 Candidate genes for human isolated cataract

When applying positional cloning techniques, as in this project, it is critical to construct a 

complete list of all possible genes that could be implicated in the disease o f interest. Such a list 

can be drawn up for congenital cataract, the backbone of which will recognise the increasing 

genetic heterogeneity of the condition and include all mapped loci and mutations. Any other gene 

expressed in the lens should be considered. However, by limiting the remit o f this project to 

families with cataract present in isolation, genes expressed in a lens-specific maimer or highly 

expressed in the lens assume greater importance. These will include those described above which 

control lens development and growth (the developmental regulators), the structural proteins in the 

lens (the crystallins, the cytoskeletal proteins), the membrane proteins and any genes identified in 

animal models o f cataract. The current list of candidate genes and loci for human inherited 

cataract is shown below in table 6. A continuing problem is that most studies of tissue expression 

do not include the lensand thus some candidates may be overlooked.
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Table 6: cataract candidate genes and loci (listed by chromosomal locus)
(on this and next two pages)

Location Symbol Name

lp36

lp36

lp36

lp36

lp32

lp31-22

lq21-25

lq32.2

2p25

2p22.3

2q31

2q33-35
2q33-35
2q33-35
2q33-35
2q33-35
2q33-35
2q33-35

2q34-36

3q21-25

3

4q28-31

6q

10pl3

10q25

l lp l3

H q 21.1-23.2 

12ql3-14

CCP

ccv

FTHl

SCNNld

FKHL-7

CRYZ

CAE1,CX50
CZPl

PROXl

CAPl

CATM

Sp3

CRYGA
CRYGB
CRYGC
CRYGD
CCL
CRYGEPl
CRYGFPl

CRYGBA2

CP49

CRYGS

PITX2/RIEG1

CX43

VIM

PITX3

PAX-6

CRYA2

MIP, AQPO

cataract, posterior polar type 

cataract, Volkmann type (pulverulent) 

ferritin heavy chain polypeptide 1 

non-gated sodium channel Id 

forkhead-like factor-7 transcription factor 

crystallin, Ç 

connexin 50
cataract, zonular pulverulent 1

developmental regulator

cataract, anterior polar 1

cataract (with microphthalmia)

M IP  gene regulatory factor

crystallin yA 
crystallin yB 
crystallin yC 
crystallin yD
cataract, Coppock-like (nuclear) 
crystallin, yE pseudogene 1 
crystallin, yF pseudogene 1

crystallin (3A2

phakinin, beaded filament structural 
protein LIFL-2

crystallin yS

RIG/PITX homeobox gene

connexin 43

vimentin

RIEG/PITX homeobox gene 

PAX homeobox gene 

crystallin o2

major intrinsic protein, aquaporin
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Location Symbol Name

13qll-12

14q24

15q24

16pl3.3

I6pl3 11-12.3

16q21.1

17pl3-12

17pl3
17pl3

17pl3

17q ll.l-1 2

17qll-12

17q24

19

19qll.2

19ql3.3-13.4

19ql3.4

20ql3.2

20

21q22.3

22ql 1.2-12.1 
22ql 1.2-12.1 
22ql 1.2-12.1 
22ql 1.2-12.1 
22ql 1.2-12.1

22q

CX46, CZP connexin 46, cataract, zonular
pulverulent 2 

CAPl cataract, anterior polar I

CRABPl cellular retinoic acid binding protein-1

CATM cataract (with microphthalmia)

CRYM crystallin p

CTM cataract, M am er type (pulverulent)

CAP cataract, anterior polar

SERCA 2b and 3 sarcoplasmic reticulum Câ  ̂-ATPases
12-LOX 12-lipoxygenase

15-LOX 15-lipoxygenase

CRYBAl crystallin pAl

CCZS catarcKt, zonular sutural (lamellar)

CCAl cataract, cerulean 1

KCNC3 K-gated channel AF055989

SIX3 Dystrophia myotonica gene

Kv3.3 K channel

LIM2 lens integral membrane protein 2

hDRKl Kv2.1 K channel

CPI 15, LIFL-H filensin

CRYAl crystallin a l

CRYBBl crystallin pBl
CRYBB2 crystallin pB2
CRYBB2P crystallin pB2 pseudogene
CRYBB3 crystallin pB3
CRYBA4 crystallin |3A4

cataract, cerulean 2
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Other candidates known to be expressed for which the chromosomal location is unresolved:

IRKlCIC-4 Cl channel

Potassium channel KCNBl AF026005

Potassium voltage gated channel (delayed rectifier) subfamily S, member 3 locus 3790

ôEF-lCa activated K channel AF026002.1

Chloride ion induction system AF026003.1

MIF, macrophage inhibitory factor, early lens development

Aldose reductase

Retinoic acid

Thiol transferase

Mercaptopuric pathway

Glutathione reductase

Syntaxin 4

Cl channel protein AAB88807 

Chloride channel CLC4 AF170492.1 AAD50981 

Dihydroxyacetonephosphate acyltransferase 

Lens epithelial cell protein AAD38378 

EYA2, EYA3 and EYA4 proteins 

Lens epithelial derived growth factor
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1.7 Inherited non-ayndromic cataract phenotypes

Classification of human inherited cataract is difficult because o f the wide variation in 

morphologies observed though a number of observers have proposed classification systems'

The lens develops by the formation o f an embryonic nucleus during morphogenesis, around 

which lens fibres are deposited throughout life, initially forming the fetal nuclear region and 

thereafter the cortex (figures 3 and 4). Animal models suggest that the genes so far implicated in 

cataractogenesis are expressed in a time-ordered, sequential fashion"C ategorisation therefore, 

more weighted towards the location of opacification rather than appearance will accommodate 

these developmental considerations and best reflect the underlying genotype. Such a system is 

also clinically convenient.

1.7.1 Nuclear cataract

Cataract affecting the nucleus is common and suggests an abnormality of gene expression in early 

development. Opacities are inherited in an autosomal dominant manner and may be confluent or 

discrete. Affected individuals show bilateral symmetrical involvement with variable expressivity. 

An exception is the pulverulent cataract where the type and distribution of the opacities can vary 

not only between family members but also between eyes o f the same patient'^’ .

Pulverulent cataract derives its name from the dust-like ‘"pulverised” appearance of the opacities, 

which can be found in any part o f the lens. Largely historical attempts have been made to sub- 

classify this form o f cataract to reflect possible aetiologic differences. The first detailed 

description of an affected family was published by Nettleship in 1906^. In this, the Coppock 

family, the cataract was confined to the embryonic nucleus and has been termed central 

pulverulent^^®; in all probability, the phenotype described as Doyne’s discoid cataract^^’ The 

Coppock family has not been the subject o f a published linkage study, unlike the genealogically 

unrelated pedigree whose cataract has been described as Coppock-like^'^ which has been 

linked to the crystallin gene cluster region on 2q. It is o f note that the Coppock phenotype and the 

cataract investigated by Renwick and Lawler in the “Ev family from Southern England”'® have
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become synonymous in the literature. However, the latter involves the larger fetal nucleus with 

opacification increasing in density towards the periphery and is therefore identical to the family 

with zonular pulverulent cataract described by Pooŝ ^̂

Many other families with pulverulent cataract have now been described^ 227-229  -g ^lear is that 

significant intra- and inter- familial variation, both in the distribution o f the cataract and the degree 

of opacification, distinguish this phenotype fi'om all others.

1.7.2 Lamellar cataract

The concentric deposition of secondary lens fibres that occurs during growth o f the normal lens 

results in the formation of lamellae. Opacities confined to a specific lamella therefore reflect a 

short period of developmental disturbance (usually during the foetal period) resulting in usually 

symmetrical bilateral lens opacification. Lamellar cataracts have also been called zonular, 

perinuclear, polymorphic^^® or Mamer's cataract' '̂*). Commonly, cataract occurs at the anterior 

and posterior Y sutures and may be associated with cortical riders. The degree of (Reification is 

variable and visual acuity may be well preserved or reduced enough to require surgiœl 

intervention^^ ̂ .

1.7.3 Cortical cataract

Cataract limited to the cortex is rare and differs firom lamellar cataract since opacification is 

limited to a sector o f outer cortical, often inferior, lens fibres, adjacent to the lens capsule. The 

nucleus is unaffected. The pathogenesis is unknown but its distribution, early onset and 

subsequent progression suggest an abnormality o f the later stages of lens development.

1.7.4 Polar cataract

The presence o f families with cataract limited to either the anterior or posterior pole is less 

amenable to explanation in terms of lens development. Anterior polar cataracts are bilateral.
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usually symmetrical, well-circumscribed lens (^ c ities  that are rarely progressive and can be 

inherited as dominant, recessive or X-linked traits®̂ ® Larger opacities often have a pyramidal 

shape, the apex o f which may extend into the anterior chamber’’  ̂ Associations with 

micrqihthalmia^^^ and astigmatism^^ implicate a gene involved in anterior segment development. 

Visual ftmction is usually well preserved^^.

Families with posterior polar cataracts are less common. Affected individuals have bilateral, 

symmetrical lens opacities, which are usually inherited as a dominant trait. Since opacification is 

close to the optically crucial, nodal point of the eye, vision is commonly reduced^. In some 

families, progressive accumulation of further posterior cortical opacities can lead to total cataract 

formation’

1.7.5 Blue dot cataract

The blue-dot cataract, first described by Vogt^^ is not truly congenital, but develops in childhood 

and progresses through early life^^. The discrete pinhead-shaped blue-white cqiacities are 

distributed throughout the lens becoming more numerous in the cortex where they may form large 

cuneiform (wedge-like) shapes in the mid-periphery. Within a pedigree, this phenotype is 

consistent in its distribution but variable in its severity. Acuity is usually well preserved; cataract 

extraction, if necessary, only being required in adult life and associated with a good outcome^^^^.

1.7.6 CoraUiform cataract

A peculiar and rare form of cataract, “coralliform”, originally described by Nettleship^^®, is 

characterised by finger-like protuberances extending from the nucleus that resemble sea coral̂ ^̂  

The visual impact is variable but cataract extraction is usually required in the early years of

life.
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1.7.7 “Total” cataract

“Total” cataract, that is lens opacity apparently affecting both nuclear and cortical regions, has 

been reported in families both with autosomal dominant^^ as well as X-linked recessive congenital 

c a t a r a c t ' I t  has also been reported as the end result o f the progression of the phenotypes outlined 

above.

Other phenotypes have been described in isolated cases, but not documented in families.

1.8 Genotype-phepotype correlations

Development and growth of the lens throughout life seem to rely upon the sequential time-limited 

expression of a number of genes. The spatial and temporal patterns o f cataract observed are, 

therefore, likely to be consequent upon the expression of a mutant form of one o f these genes. So 

far, consistent with this view, no single gene has been implicated in two widely-varying patterns of 

cataract, though several genes, for example, the genes encoding connexins 46 and 50 are observed 

to produce the same phenotype. While it seems likely that different mutations in the same gene 

would cause cataracts of the same general pattern, mapping of both posterior polar and pulverulent 

zonular nuclear cataracts to lp36 and evidence from other genes, for example peripherin/RDS, 

mutations within which cause retinitis pigmentosa^"*', cone-rod dystrophŷ "*̂  and other retinal 

degenerations.^"* ,̂ suggest that this mught not be the case in every instance.

The manner by which mutations in lens genes result in cataract formation has yet to be established. 

Dysfunction o f any element essential for the maintenance of transparency to visible hght could 

result in opacification. With current evidence, it is tempting to speculate that this may occur in 

three ways. A mutant protein, for example a crystallin, may lose its optical properties or feil to 

interact appropriately with its intracellular environment. The failure of mutant proteins such as 

cytoskeletal proteins, to facilitate crystallin packing may result in loss o f optical homogeneity. 

Disturbances in transmembrane signal transduction, for example due to mutated connexin proteins.
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may result in disturbances of cell homeostasis, the accumulation of abnormal precipitates or frank 

disruption of cell architecture. It is possible to envisage how such mutations may result in some of 

the patterns o f cataract observed. How polar cataracts form and why opacification may in some 

cases progress, is less well understood.

It is apparent that whilst each phenotype may be mapped to more than one locus, no single gene 

has been implicated in more than one phenotype. This is interesting because it suggests not only 

that novel linkage will be found for nuclear, lamellar, coralliform and cortical cataracts, but also 

because it provides an insight into the spatial and temporal expression patterns o f lens genes.

The identification of fiirther novel mutations in the genes coding for the crystallins, lens cell 

membrane and cytoskeletal proteins as well as genes expressing factors that regulate development 

is likely. Furthermore, a diverse collection o f animal cataract models (mostly mice) has been 

developed. The high degree of synteny between human and mouse genomes suggests that linkage 

studies in these pedigrees will reveal many further candidate loci for human disease.

1.9 Management and visual outcome from congenital cataract

Surgery is advocated for those cataracts causing significant visual compromise^. Complications 

are more common in children than adults, reflecting both the technical problems associated with 

surgery on the infant eye and the more marked inflammatory and healing responses of the young. 

Late complications such as glaucoma, retinal detachment and comeal decompensation may be 

more frequent because children have many post-opaative years to hvê "̂ . The reported incidence 

of glaucoma, both open and closed angle ranges from 6-24%(ref. There are no reliable

statistics for the incidence of retinal detachment (RD) after paediatric cataract surgery but it has 

been estimated that the mean interval from cataract extraction to RD is around thirty yearŝ '*’. It 

has also been suggested that the detachment rate in children following cataract surgery is similar to 

that in adults but the incidence of this complication in childhood is likely to be an underestimate 

given the relatively short follow-up periods of most studieŝ "̂ .̂
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Despite surgical intervention and appropriate optical correction, up to one third of patients with 

bilateral congenital cataracts will remain legally blind^. Even the most optimistic studies suggest 

that only 32% of patients will achieve a visual acuity o f 20/40 or better̂ '*®. Deprivational 

amblyopia is the major cause o f poor outcomê "*̂ "̂ '̂. Early treatment (within six weeks of birth) 

appears to result in a better visual outcome than later surgery at least for lens opacities that are 

complete or very dense at birtĥ ^̂ . Less severe lens opacities may have a better outcome if  

surgery is delayed until later childhood.

In most studies (table 7), outcome and comphcation rates have been generated from consecutive 

series of patients with infantile cataracts of all aetiologies^^^^^ .̂ In only one recent study were the 

results o f surgery for isolated and syndromic cataract compared. In this retrospective analysis of 

46 patients, children who underwent surgery for isolated cataract appeared to have a better visual 

outcome than those with cataract associated with a syndrome.

1.9.1 Genetic counselling for congenital cataract

Genetic counselling in congenital cataract is usually straightforward when the abnormality is 

confined to the lens and there is a positive family history. Most families show autosomal 

dominant inheritance and the status of at risk individuals can readily be assigned by careful slit 

lamp examination after pupillary dilatation. Variabihty in disease expression is common and 

asymptomatic individuals should not be assumed to be unaffected. X-hnked and recessive forms 

of inherited cataract are rare and may be recognised when there is an appropriate family history.

Genetic counselling in isolated cases is more problematic. Most unilateral cataract is non-genetic 

but patients with bilateral cataract in whom there is no family history should undergo further 

investigation to elucidate the cause^. Firstly, both parents and any siblings should undergo dilated 

sht lamp examination to exclude mild congenital opacities; the presence of such opacities will 

confirm the familial nature of the cataract and allow accurate counselling of recurrence risks.
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Table 7; visual outcomes from congenital cataract surgerv

Number 
of patients

14 eyes

23 eyes

Best corrected visual acuity (%)

Better than
20/40
32

Worse than 
20/200 
22

Mean visual acuity 20/30

a #

70% with visual acuity of 6/18 or better



If other family members are normal the child should be reviewed by a dysmorphologist or 

paediatrician to rule out any other clinical features that may suggest a multisystem disorder associated 

with cataract. Routine investigations include plasma urea and electrolytes, urinary amino acids (to 

exclude Lowe’s syndrome in male infants), urinary reducing sugars (to exclude galactosaemia) and a 

screen for congenital infection, particularly rubella^. Other investigations may be required depending 

on other clinical findings. In the absence of a family history and where investigations prove normal, 

the risk of recurrence in subsequent pregnancies is extremely small.

When counselling adults with congenital cataract about the risk to their offspring, it is again important 

to review other relatives and where possible examine clinical records to exclude any syndromic forms 

of cataract or non-genetic aetiology. In adults without a family history, the risk of having an affected 

child is very small if the cataract is unilateral. The risk is higher in bilateral cases as some may 

represent new autosomal dominant mutations; the precise risk is difficult to quantify. Many of the 

adults seeking advice will have had multiple operations in childhood and still have severe visual 

impairment; they may have reservations about putting their own child through a similar experience. 

However, improvements in cataract surgery and optical management have resulted in greatly improved 

visual outcome and multiple operations are rarely necessary^“ . This improved prognosis should be 

discussed and it is important that the newborn child is examined by an ophthalmologist in the first few 

weeks of life to exclude cataract as the long term prognosis in infants that require early surgery is 

improved if surgery is performed promptly.
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1.10 Strategies for identifying human disease genes

The problems facing those interested in identifying human disease genes are firstly one of scale -  the 

human haploid genome consists of 3 x 10  ̂base pairs divided amongst 22 autosomes and sex 

chromosomes X and Y- and secondly one of complexity -  only 5-10% of the genome codes for 

functional genes, the remainder has uncertain function, partly consisting of repeated DNA sequences. 

A detailed analysis of the structure and function of the human genome is beyond the scope of this 

discussion. Several excellent accounts are available^* .̂

There are in essence two broad approaches employed to identify human disease-related genes; 

functional cloning and positional cloning.

1.10.1 Functional cloning

Functional cloning has largely been limited to biochemical defects or inborn errors of metabolism 

where the precise biochemical defect has been established. Evidence implicates a particular gene as a 

“candidate” for the disease and it may then be screened.

1.10.1.1 Functional candidate gene cloning

This method extends the scope of functional cloning. Again, the precise defect need not be known. A 

candidate gene list is constructed based on the observed abnormality for example, hyperferritinaemia 

suggests genes involved in iron metabolism. Additionally, candidates may be human homologs of 

genes imphcated in animal models of disease, for example, the Fraser mouse and AfTP (discussed 

earlier), or from genes implicated in similar human disease phenotypes. Each gene can then be 

screened directly.
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1.10.2 Positional cloning

Positional cloning assumes no functional information about a gene or its protein products, but relies 

instead on locating the gene solely on the basis of map position using genetic linkage analysis. The 

aim of genetic mapping is to assign the disease locus to the smallest genetic interval by identifying 

recombination events in the pedigree^® .̂ Several strategies may then be employed to identify the 

disease-causing gene^^.

1.10.2.1 Positional candidate cloning

With collective efforts to decode the human genome^^, this methodology has become increasingly 

powerful. Once linkage analysis has refined the disease interval to its smallest, a genome database 

search can be undertaken to identify “candidate” genes within the region. The ideal candidate is one 

that lies within interval and is expressed in the tissue of interest^^. The identification of a number of 

large, extended pedigrees with isolated human inherited cataract facilitated the use of this technique in 

this project as it was possible to construct a candidate list primarily consisting of genes expressed 

principally in the lensand genes homologous to those implicated in animal models of cataractogenesis.

1.10.2.2 Physical mapping

This strategy has become less popular as more genes are identified. However, it may be the only 

option where either no mutation is found in candidate genes or no candidates can be identified. A map 

of the sub-chromosomal region is constructed screening the libraries available from the genome

centres. The relevant clones (packaged within suitable vectors, YAC and BAG, yeast and bacterial 

artificial chromosomes respectively) are freely available. These can be ordered sequentially ty  

identifying overlapping segments using several methods including end probes, fingerprinting, colony 

hybridization and STS content (an STS or sequence tagged site: a polymorphic DNA sequence that 

allows comparison between physical, genetic and genomic maps^^ ). High resolution physical maps
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can then be created by cloning the DNA into smaller fragments in higher fidelity vectors for example, 

bacterial and PI -derived artificial chromosomes (B ACs and FACs respectively)^^ Coding regions 

within the contig are then identified by one or more of a variety of methods: ESTs (expressed sequence 

tag, a type of STS, derived from cDNA libraries of expressed sequences^^®) exon trapping, CpG island 

mapping and computer-assisted sequence analysis.

1.10.3 The positional candidate approach

1.10.3.1 Genetic markers

A genetic marker is any heritable character that may be used to track the inheritance of a particular 

segment of DNA Linkage analysis further requires that a marker can be easily studied, for example 

DNA from a blood sample or buccal smear.

In order to detect recombinants and non-recombinants between marker and disease loci in the progeny, 

at least one of the parents must be doubly heterozygous, that is possess two different alleles at each 

marker locus. Thus, a marker’s usefidness or informativeness depends on the number of its alleles and 

their gene frequencies in the population. Informativeness is quantified by its polymorphic information 

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

so that it will be informative in the children and is described by the equation.

PIC= 1 - Z p / - Z
f = l  r= l

where pi and pj are the population frequencies of the /th andyth alleles.

Informativeness is maximised if the marker has many alleles, which are equally represented in the 

general population. Efficient linkage analysis requires genetic markers with PIC values above 0.70.
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As has been described much o f the human genome consists o f tandemly repeated sequences o f DNA  

and these have been well-categorised (table 8).

Table 8; repeated DNA sequences in the human genome271

Repeat size (basepairs)

, " T '

It has been long recognised that the number of repeats at a certain point in the genome may vary 

betw een individuals and de fa c to  may be utilised as a polymorphic marker. This feature is not only 

heritable but also shows a low spontaneous mutation rate (5 x 10  ̂-  10^) making such repeats ideal. 

The broad dispersal of highly polymorphic microsatellite DNA repeats (either di-, tri- or tetra- 

nucleotide) in the human genome together with their relative ease o f detection has lead to the wide 

acceptance o f these as markers used for linkage studies.

80



1.10.3.2 Genetic maps of the human genome

The identification of a large number o f these genetic markers has lead several authors to compile 

marker maps that span the known genome (relevant genetic maps utilised in the project are shown 

below in table 9).

Table 9: marker maps of the human genome272

Genetlion

CHLC/GenetiK)ii/Centre d’ 
Polymo^hisme Humain (CEPH)

Getiethon

Year of  
publication

Number of 
markers
1123

2066

5840

5264

1.10.3.3 Linkage analysis

At the pachytene phase of meiotic cell division, homologous pairs of maternal and paternal 

chromosomes, lying in close apposition, become physically connected at specific points (chiasmata) 

and a reciprocal exchange or recombination o f genetic material is observed'^^. Chiasmata are thus the 

physical expression o f a crossover point. Since two genes lying far apart on a chromosome are more 

likely to be separated by a recombination event than genes in close proximity, the result is not only the 

introduction of enormous genetic variation but also the non-random assortment or recombination of 

genetic material. Linkage analysis is the measurement o f this process detected as non-random 

segregation o f loci in offspring’ '̂’. Two genetic loci are said to be linked if they segregate together in 

pedigrees more often than by chance.
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The mathematical measure of linkage is the led score (Z), which is the logio of the odds that the two 

loci are linked at a certain recombination fraction (0) rather than unlinked. The two loci are regarded 

as linked at 0=0 and independently assorted at 0 = 0.50.

A lod score of zero indicates that assumptions of linkage or no linkage are the same. A positive lod 

score favours linkage. A negative lod score provides evidence against linkage. In human genetic 

linkage analysis, there is a relatively low prior probability (approximately 1 in 50 chance) that two loci 

chosen at random are unlinked. Therefore, conventionally a lod score of three or more (odds in favour 

of linkage are more than 1000:1) which ecpiates to an overall probability of linkage of greater than or 

equal to 95% is regarded as significant. A lod score of -2 or greater provides significant evidence that 

two loci are unlinked. A major advantage of the use of lod scores is that if a single gene is implicated 

in a disease, Z values from different pedigrees may be added. Several widely available computer 

programs are available for example the FASTLINK package which includes the MLINK two-point lod 

score calculation program^^^.

Extended, multigenerational families are the most efQcient for human linkage studies since the yield of 

informative chromosomes is higher and it is often possible to infer parental phase information from the 

determination of grand-parental genotypes. Furthermore, the utilisation of single kindreds minimises 

the possibility that genes at more than one locus might be involved.

Linkage analysis may be undertaken between a disease locus and a single polymorphic genetic marker 

(two-point) or several (multi-point)^^^ A detailed discussion of the merits and drawbacks of each 

may be found elsewhere though the advent of dense highly informative marker maps has rendered 

multi-point linkage analysis relatively obsolete. Its utilisation in this project was reserved for instances 

where it was important to define the disease interval and when markers proved uninformative for a 

particular family.
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Once a disease gene has been successfully assigned to a particular sub-chromosomal region, the 

genetic interval may be refined 1^ genotyping with further markers to discover the boundaries within 

which no recombination events are observed or ty  examining linkage disequilibrium between the 

disease and the linked genetic markers. Nowadays, such strategies are often not necessary since the 

large number of genes whose map position has been defined means it is common to find a candidate 

gene within the defined disease interval (the positional candidate gene approach).

1.10.4 Identifying disease-causing mutations

A number of confirmatory steps must be taken to conclude that a sequence alteration in a gene is 

disease causing. The change must co-segregate with the disease within the pedigree and must not be 

present in a panel of unrelated control individuals ascertained from an ethnically similar background. 

Convenient methods to demonstrate co-segregation include direct DNA sequencing, single-stranded 

conformational polymorphism (SSCP), denaturing gradient gel electrophoresis (DGGE) or 

heteroduplex analysis^ . In addition, mutations can result in the introduction or loss of a restriction 

enzyme binding site. Thus a mutation may be detected by digesting the relevant DNA sequence in the 

presence of the enzyme.

There are a number of ways that changes in the genetic code are known to produce abnormal 

expression of a gene (table 10) and it is highly likely that a sequence alteration detected will conform 

to one of these mechanisms. Finally, gene expression studies must confirm disturbed physiology of 

the protein of interest.
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Table 10: Sequence alterations affecting the expression of a gene"

laim

Examine
a-crystallin
Duchenne muscular dystrophy 
FKHL-7
Duchenne muscular dy strophy 
haemophilia A 
Fragile X 
(3 globin
Hb-Constant Spring
PAX3
PAX3
P globin
PAX3
PAX3
Connexin 50
Familial hyperproinsulinaemia 
Cystic fibrosis
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1.11 Aims:

(1) to establish the phenotypic variabiUty of human inherited cataract

(2) to determine the visual outcome and surgical complications for patients with

this condition.

(3) to identify and characterise novel underlying mutations.
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2. Materials and Methods
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2.1 Ethical committee approval

Prior to the commencement of patient ascertainment, the ethical committee of Moorfields Eye Hospital 

granted approval for the study (protocol number 183).

2.2 The patient sample

The majority of probands with isolated non-syndromic congenital cataract were identified from the 

Moorfields Genetic Eye Database. The database is a record of patients with genetic eye disease that 

have attended the Moorfields Eye Hospital Genetic Clinic. The genetic clinic is a tertiary referral 

clinic for the purposes of genetic counseling. At the first visit, details of the proband are collected 

using a standardized proforma including a pedigree of the family and the address of each proband at 

the time of clinic attendance.

Other patients were identified from those attending the general outpatient clinics at Moorfields Eye 

Hospital. Several other families were identified from the genetic clinic registers of Birmingham 

Women’s and Royal Devon and Exeter Hospitals.

2.3 Identification of families

All families with definite evidence of hereditary isolated non-syndromic cataract were considered 

eligible. Those with cataracts associated with either ocular or systemic syndromes were excluded.

Pedigrees were divided into two groups based on size. Families with more than eleven meioses and 

involvement through three or more generations were suitable for linkage analysis and eveiy effort was 

made to ascertain all members. Other families were collected for the purposes of generating a large
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panel suitable for mutation screening. Many sporadic cases of congenital cataract have a genetic basis 

and a number of these were also collected for mutation screening.

The correct current address and status of each patient was meticulously sought using the hospital 

information systems, general practitioner databases and directory enquiries. Each proband was sent a 

contact letter together with a form to be returned in an enclosed stamped addressed envelope (appendix 

1). All those who consented to participate were then telephoned using the contact number they 

provided. Other members within a family, once identified, were contacted ty  letter and given the 

choice to participate or decline.

impropriate consent for patients’ participation was sought from relevant health care practitioners.

2.3.1 Making contact with the Coppock family

2.3.1.2 Preliminary enquiries

In 1906, Nettleship and the Right Reverend Ogilvie visited the village of Headington (Quarry, about 2 

miles from Oxford city center to examine a family with cataracts. Since then, no contact with the 

family has subsequently been described. In order to identify living members of the family for this 

stu<fy, enquiries were made at the Clinical Genetics Service and Eye Infirmary at Oxford. The Oxford 

telephone directory was used to obtain details of Coppock family members and contact letters sent to 

each inviting a reply.

2.3.1.2 Survey of Headington Ouarrv

Subsequently, through contact with a local public house ""The Masons Arm^, a visit was made and 

members of direct descendants of the original family examined. Indicated relationships were then 

cross-checked using the 1900 census information (Family Records Centre, formerly St Catherine’s

88



House, No 1 Myddleton Street, London, ECl). The census records provide details of the names and 

ages of all members of each household in the UK at the time. Birth records give the place, date and 

parental names; death records provide date and often next-of-kin.

2.4 Examination

All participating individuals were invited to attend Moorfields Eye Hospital for an examination.

Where this was inconvenient, arrangements were made for families to be examined either at their local 

hospital or in their home.

Prior to each examination, informed written consent was obtained. All family members, both those 

affected and those unaffected (including relevant spouses) underwent a full ophthalmic assessment 

including visual acuity (distance and near) and slit lamp examination with dilation where not contra­

indicated (1% tropicamide instilled more than twenty minutes beforehand; 0.5% cyclopentolate for 

children under 3 years, 1% cyclopentolate for other children). Examinations at home were performed 

using a portable slit lamp (Clement Clarke).

Patients with glaucoma were identified if they were taking anti-glaucoma medications, had evidence of 

previous glaucoma surgery or a diagnosis of glaucoma documented in their hospital records. 

Tonometry and optic disc assessment was performed when possible.

Using a proforma, data regarding demographic details age at diagnosis, surgical procedures and 

complications, cataract phenotype and other relevant ocular abnormalities were collated.

All participating individuals received personal written thanks (appendix 1) and expenses were paid 

upon request.
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2.S Sample collection

2.5.1 For DNA extraction

20mls of venous blood were collected from each adult (lOmls or less from each child) in EDTA 

impregnated vials using the Vacuette vacutainer blood collection system and stored at -20°C until 

required.

Where samples could not be collected in this maimer, Cytobrushes (Medscand MD) were used to 

collect buccal cells. Each Cytobrush consists of a nylon brush mounted on a plastic stick. To obtain a 

sample, the brush was swept along the buccal mucosa for 30 seconds (3 cytobrushes per patient). 

Ideally, the sample was collected at least three hours after the last meal. Samples were then transferred 

to sterile 0.9% saline solution for carriage to the laboratory and storage at -20°C.

In several cases, usually spouses of affected family members, it was not possible for convenient 

arrangements to be made and in this situation patients gave their consent for blood samples to be 

collected at their general practitioner’s surgery. Stamped addressed secured boxes were provided to 

ensure the safe passage of samples to the laboratory.

2.5.2 For histological analysis and creation of lens epithelial cell lines

Since the advent of small incision phacoemulsification cataract surgery for adults and lensectomy- 

vitrectomy for visually-significant childhood cataract, it has become increasingly challenging to obtain 

intact lens fibres. Where possible, groups of lens fibres usually in the form of so-called “soft lens 

matter” (usually cortical) were obtained at the time of surgery and placed directly into 10% 

formaldehyde solution. Samples were then mounted in paraffin blocks for histological analysis (my 

thanks to Dr Brian Clark, Consultant Pathologist, Moorfields Eye Hospital).
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In contrast, the development of continuous curvilinear capsulorrhexis, enables the ready harvesting of 

anterior epithelial cells and these were sent to Dr Roy Quinlan, University of Dundee for 

transformation in immortalised cells lines.

2.6 Pedigree collation

Family pedigrees were collated using Cyrillic 2.1.3 pedigree analysis software (Cherwell Scientific 

Publishing Ltd, The Magdalen Centre, Oxford Science Park, Oxford 0X4 4GA).

2.7 DNA extraction from venous blood

DNA extraction was performed using the Nucleon 11 kit (Scotlab Bioscience). Ten millilitre aliquots, 

thawed to room temperature were transferred to 50ml falcon tubes (Greiner) and the volume made up 

to 40mls by the addition of sterile reagent A (lOmM Tris-HCl pH 8.0, 320mM sucrose, 5mM MgCl2, 

1% Triton X-100). After mixing by inversion, the mixture was centrifuged (4000 xg, 4 min, 4°C).

The supernatant was removed and the pellet re-suspended in 1ml of reagent B (provided) and 

transferred to a 2ml screw-topped centrifuge tube. 500pi of 5M sodium perchlorate was added and the 

sample mixed again by hand. The volume was then made up to 2.5mls ty  adding 24; 1 

chloroform:isoamyl alcohol and emulsified by inversion. 300pl Nucleon® resin (provided) was then 

layered on top and the mixture centrifuged (4000 xg, 3 min, 4°C). The aqueous phase was recovered 

into a universal tube and two volumes of absolute ethanol added. Mixing precipitated the DNA, which 

was removed with a spatula, and dissolved overnight in 400pi distilled water at 4®C in a 1.5ml- 

eppendorff tube.
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2.8 DNA extraction from buccal swabs

Three buccal swabs (Medscand MD) taken from each patient were stored in 2.5mls 0.9% saline at -  

20°C. Samples were thawed to room temperature prior to extraction. A combination of inversion, 

vortexing and pipetting was used to suspend the buccal cells in the 0.9% saline which was then 

removed to a fresh tube and centrifuged at 1000 x g for 2 minutes. The pellet was then transferred to 

an eppendorff containing 600pl PBS.

DNA extraction was then performed using the QIAamp DNA mini kit. 20pl of QIAGEN protease 

solution (provided) and 600pi buffer AL (provided) were added and mixed ty  vortexing for 15 

seconds. Samples were then incubated at 56°C for 10 minutes following which 600pl absolute ethanol 

was added and the mixture, in 700pi aliquots, transferred to a QIAamp spin column and centrifuged at 

6000 X g  for 1 minute. The flow through was discarded and 500pl buffer AWl (provided) added to the 

spin column and centrifuged at 6000 x g  for 1 minute. The flow through was again discarded and 

500pl buffer AW2 (provided) added to the spin column and centrifuged at 20000 x g for 3 minutes. 

The spin column was then transferred to a fresh collection tube and centrifuged at 20000 x g for a 

further minute to remove residual buffer. 150pl of distilled autoclaved water was then added to the 

centre of the pellets in the spin column and the flow through collected by centrifugation at 20000 x g  in 

a 1.5ml eppendorff. Typical DNA yields were lOpg/pl.

2.9 Construction of a panel of affected individuals and a panel of controls:

For the purpose of screening other ascertained families for the study that may carry a newly identified 

mutation, a panel was constructed which consisted of one affected and one unaffected member (where 

possible) of each family ascertained. 20pl of each DNA sample was diluted five-fold in dH20  and 

stored at -20°C. The panel is shown in appendix 3.
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In order to confirm that a mutation was not a sequence variant present in the general population, a 

panel of fifty (unaffected) spouses was compiled in the above fashion.

2,10 Linkage analysis

2.10.1 Polymerase chain reaction (PCR)

Detailed discussion of the principles of PCR can be found elsewhere^ \  In this work, standard 

parameters and reaction conditions were used and adapted where necessary.

The standard PCR mix (12pl) contained 200ng DNA, 2.5pmol of each primer, 50mM MgClz, 250pM 

of each dNTP and 0.6U of Taq DNA polymerase in NH» buffer. Standard PCR conditions were: 1 

cycle at 95°C for 5 min (stage 1), 30 cycles at 95®C for 1 min, 52 or 55°C for 1 min, 72°C for Imin 

(stage 2), then 1 cycle at 72°C for 5 min (stage 3). PCR was performed using Hybaid Omnigene or 

Perkin Elmer Cetus thermal cyclers.

2.10.2 Microsatellite markers

To exclude candidate loci by linkage analysis. Online databases were consulted to identify two 

microsatellite markers (preferably tetranucleotides - Research Genetics and Co-operative Human 

Linkage (Zentre - spaced no more than lOcM from each other) that spanned the genetic interval. Where 

appropriate other markers within the interval were employed to confirm exclusion.

For the purposes of genome screening the full set of Genethon tetranucleotide microsatellite markers 

(Research Genetics) which are spaced at approximately lOcM interval were used.
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2.10.3 DNA fractionation

2.10.3.1 Agarose gel electrophoresis

In order to visualise PCR products and restriction enzyme digests, agarose gel concentrations 

appropriate to the resolution required (typically 2%) were made by melting electrophoresis grade 

agarose (Biorad) in 1 x TAE buffer. On cooling to below 50°C lOmg/ml ethidium bromide was added 

and the mixture poured into a sealed casting tray containing a lOpl well-forming comb. 2pi of ficoU 

loading (^e (15% ficoll, 50mg bromophenol blue, 50mg xylene cyanol) was added to each lOpl PCR 

sample immediately prior to loading. Product size recognition was aided by the use of a Ikb ladder 

(<|)xl74/Haein, CibaBRL). Electrophoresis was carried out until the required resolution was achieved 

(rule of thumb; 5 V/cm gel). DNA was visualised on an ultra-violet transilluminator and photographed 

with a Polaroid MP4 camera with an orange filter and Kodak plus X-film.

2.10.3.2 SDS-tx)lvacrvlamide gel electrophoresis

50cm X 38cm gel plates (Biorad) were cleaned and assembled with 0.75mm spacers according to the 

manufacturer’s instructions. A non-denaturing 6% polyacrylamide gel (100ml Protogel [National 

Diagnostics], 260ml distilled water, 40ml lOxTBE, 1400pi 25% ammonium persulphate, 160p,l 

TEMED) was then poured between the plates and once set, pre-run in a continuous electrophoresis 

tank containing IxTBE for at least 30 min. 2 pi of ficoll loading dÿe (15% ficoll, 50mg bromophenol 

blue, 50mg xylene cyanol) was added to each lOp.1 PCR sample immediately prior to loading. Product 

size recognition was aided by the use of a Ikb ladder ((|)xl74/Haein, CibaBRL). Electrophoresis was 

undertaken at lOOW, 55°C for up to 3 hours depending on the size of the PCR products. The gel was 

then cut and stained for 10 min in a tank containing 3ml of lOmg/ml ethidium bromide in 1 litre 

IxTBE. DNA was visualised on an ultra-violet transilluminator and photographed with a Polaroid MP4 

camera with an orange filter and Kodak plus X-film.
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2.10.3.3 Linkage analysis

Pedigree data was collated using the software program Cyrillic 2.1.3 (Cherwell Scientific Publishing 

Ltd., The Magdalen Center, Oxford Science Park, Oxford 0X4 4GA). Two point and multipoint lod 

scores were calculated using the programs MLINK^^  ̂andyl/Zegro^^*.

2.11 Sequence analysis of candidate genes

2.11.1 Primer design

PCR primers were designed whose 5' end lay more than 30 nucleotides from the coding start (forward) 

and end (reverse) of an exon and which would yield an end product of between 200-400 base pairs to 

enable amplification of the entire coding region.

The following default parameters were used:

a) Primer lengths were designed to be unique for the human genome and varied from 17mer to 24mer, 

according to the formula:

2N(0.25)" = 1

where for any given nucleic acid sequence of length, N, containing only the four normal nucleotides, 

the segment length, n, is necessary to define a unique sequence.

b) to avoid 3’ pentamer instability, false priming, dimérisation and secondary structure formation, the 

pentamer AG was set below -8.5kCal/mol.
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c) Primers with discrete 3’ 7mer were preferred to avoid false priming.

d) The estimated melting point of each primer (Tm) was calculated using the formula,

T„ =  r c x  (A+T)+  r C x ( G  + C).

Ideally, primer pairs were designed with similar Tn, values. An annealing temperature 5°C below the 

estimated Tm was used as a starting point.

Online human genome databases (NCBI Genbank) were consulted to obtain the complete intron and 

exon sequences for each gene of interest. Where this was not readily available or only partially 

published, exons were reconstructed from full length mRNA and intron boundaries characterised by 

utilising BLAST sequence comparison software to identify human clones localised to the genomic 

region of interest.

2.11.2 PCR conditions

The standard PCR mix (50|il) contained 200ng DNA, 2.5pmol of each primer, 50mM MgCL, 250|iM 

of each dNTP and 0.6U of Taq DNA polymerase in NH4 buffer. Standard PCR conditions were: 1 

cycle at 95°C for 5 min (stage 1), 30 cycles at 95°C for 1 min, 58 or 60°C for 1 min, 72°C for 1 min 

(stage 2), then 1 cycle at 72°C for 5 min (stage 3). PCR was performed using Hybaid Omnigene or 

Perkin Elmer Cetus thermal cyclers.

2.11.3 DNA purification using the QIAGEN QIAquick PCR purification kit

5 volumes of buffer PB (provided) were added to 1 volume of each sample and placed in a QIAquick 

spin column and centrifuged at 6000 x g for 60 seconds. The buffer provides the correct conditions to 

bind the DNA to the membrane in the spin column. The flow-through was discarded and 0.75ml
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buffer PE (provided) added to the column and centrifuged 6000 x g  for 60 seconds. The flow-through 

was discarded and the column centrifuged again at 6000 x g  for 60 seconds. To elute the DNA 50̂ ,1 of 

distilled autoclaved water was added to the centre of the spin column placed within a 1.5ml eppendorff 

and centrifuged at 6000 x g  for 60 seconds.

2.11.4 Cycle sequencing

4 pi of “big” dye (ABI PRISM cfye terminator cycle sequencing kit with Amplitaq DNA polymerase 

FS) and 1.6pmol primer was added to 1 pg purified DNA The reaction performed in either a Perkin 

Elmer Cetus 2400 or 9600 consisted of 25 cycles (96°C for 10 sec, 50°C for 5 sec and extension at 

60°C for 4 min). The mix was then held at 4°C. Samples were transferred to a 0.5ml-microfuge tube 

and excess nucleotides removed with an absolute and 70% ethanol wash.

2.11.5 Direct sequencing using the Sanger dideoxy chain termination method and fluorescent 

ABI373 sequencer

The gel plates were cleaned meticulously in non-fluorescent detergents and assembled in accordance 

with the manufacturers instructions. 50ml of a 6% SDS-polyacrylamide gel (40ml Sequagel-6 and 

10ml Sequagel-complete, National diagnostics) was mixed with 40mg ammonium persulphate and 

poured between the plates. The gel, once set, was installed in the ABI sequencer and following an 

initial scan to exclude imperfections was pre-run for 1 hour. 4pl of formamide/EDTA loading dye was 

added to each lyophilised sample and the DNA denatured at 95°C for 5 min and immediately placed on 

ice. 1.2pl of each sample was loaded and sequence analysis undertaken over 12 hours. Data was 

collated and analysed using the sequencing software installed on an Apple Macintosh computer.
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2.11.6 Mutation detection

2.11.6.1 Direct sequence comparison

Following Ihe identification of a non-synonymous sequence alteration in two affected individuals from 

a family and its absence in an unaffected family member, DNA from the whole family was sequenced 

to confirmation segregation o f the mutation. Furthermore, one hundred normal unrelated control 

individuals were also sequenced to show that the mutation alteration was not present. Final 

confirmation was provided b> restriction digest analysis.

2.11.6.2 Restriction enzyme digestion

Restriction digests were performed according to each manufacturer’s instructions as summarised in 

table 11 and visualised on a 2% agarose gel.

Table 11 ; restrietion enzyme conditions

Recognition site

Ï  ̂ CCTnAGG
. t

" ,  i
' ' AGATCT

t

Incubation
Conditions 'c /

3 T C ,  2 hours f

. .. 3TC , 2 hours

2.11.6.3 Heteroduplex analysis

The gel plates were cleaned and assembled according to the manufacturers instructions and gels poured 

(see solutions section below, setting time 90 mins). Thirty samples can be loaded on one double gel 

rig. 5|jJ o f loading dye was added to 10pi of each PCR sample directly prior to loading and the gels run 

at 120 V (best resolution) for around 24 hours depending on PCR fragment size. Gels were then cut 

and stained for 10 min in a tank containing 3ml o f lOmg/ml ethidium bromide in 1 litre IxTBE. DNA
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was visualised on a UV transiUuminator and photographed with a Polaroid MP4 camera with an 

orange filter and Kodak plus X-film.

2.12 Functional characterisation of the MIP mutations using 2ixenopus oocyte expression system

A general overview of the strate©^ is shown overleaf (figure 18). The xenopus oocyte expression 

system was chosen be cause it represents a well-validated system for the characterisation of aquaporin 

fimction^.

2.12.1 Oocyte harvesting

Adult female xenopus frogs were kept in accordance with Johns Hopkins Medical Institute regulations 

for the care and management of animals. An adult female (10-14cms long) that had previously not 

undergone oophorectomy, was selected and anaesthetised by burying in ice at 4°C for 1 hour. Under 

sterile conditions, an oblique inguinal incision was made and the peritoneal cavity entered using blunt 

dissection. Approximately 400 oocytes were delivered through the incision and excised using blunt 

scissors to a petridish containing calcium-free OR-2 at 37°C. Peritoneal and abdominal incisions were 

repaired using interrupted 4-0 silk sutures and the xenopus allowed to recover on a slope head-up in air 

for 1 hour before being returned to its water tank.

The harvested oocytes were then separated into small clumps (of approximately ten) using two pairs of 

non-toothed forceps and transferred to a 50ml tube containing 20mls of collagenase (2mg/ml, Sigma) 

solution. The mixture was swirled for 1 hour or until aU oocytes had separated (the collagenase 

solution was refreshed every 15 minutes).

The oocytes were then rinsed five times with calcium-free OR-2 and three times with MBS before 

being laid out once more in a petridish. Using a wide-mouthed fire-polished Pasteur pipette, healthy
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Figure 18: Overview of the protoeoi for funetional eharacterisation 
of MIP mutants using xenopus oocyte expression system

jmXenopus oocytes harvested
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dc-folliculated oocytes were selected and incubated overnight (animal poles up) in a culture dish, 

gently swirled on an orbital shaker at 20°C.

2.12.2 Microiniection of mRNA

Selected oocytes, cultured for 24 hours in MBS were separated into groups of twenty using a wide­

mouthed fire-polished pasteur pipette and arranged on a coarse plastic mesh secured with tape to the 

bottom of a small petridish containing enough MBS to fiilly submerge all cells.

Figure 19: fashioning 
of glass microinjection 
needle
The glass rod is heated 
between
tw o platinum electrodes. 
When the glass melts, 
it elongates under the 
weight
attached to  its lower end

platinum heating 
electrode
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Fine glass injection needles were fashioned by heating the centre of a 1mm glass rod to red hot and 

drawing out the glass to narrow its calibre as shown below (figure 19) mRNA for injection was drawn 

up into the needle tip containing a bung of mineral oil. By viewing through a low power 

biomicroscope, oocytes were carefully positioned and the needle inserted and a single injection of 

cRNA dissolved in 50nl water delivered Oocytes were tlien cultured (as described above) for 3 days.

2.12.3 Oocyte water permeability (swelling) assay

Individual oocytes were transferred (maintaining a constant temperature of 22°C) to approximately 

20ml isotonic normal saline (2G0mM) for 5mins using a wide-mouthed fire-polished Pasteur pipette 

and then to 20ml hypotonic saline (70mM) in a petridish placed for the swelling assay. Using a low- 

powered video biomicroscope (Axiovertl35TV, Zeiss), the oocyte was briskly centred and its image 

focused on the television viewing screen. Measurements of the changing oocyte cross-sectional area 

were made using The Metamorph Imaging System 3.5 for Windows 95 (Universal Imaging 

Corporation, 502 Brandywine Parkway, West Chester, PA, USA). The software makes a reading 

every 5 seconds for I min. The coefficient of water permeability (P/) was calculated from the changes 

in volume between 15 and 30 seconds, the initial volume (Fo = 9 x 10-4 cm^), the initial oocyte surface 

area (S= 0.045 cm^) and the molar volume of water K  = 18 cm  ̂/ mol) using the equation:

P/= [Vo X d(VA^o)dtJ/ [Sx  Vy,x (osmi„-  osrriout)]

It is anticipated that healthy oocytes swell in hypo-osmolar conditions in a linear fashion. By plotting 

all volume measurements against time, unhealthy oocytes could be excluded from the assay.

Oocytes were then returned to isotonic conditions and frozen in minimal media at -20°C prior to 

inclusion in the immunofluorescence protocol (see below).
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2.12.4 Western blotting of membrane-bound MIP protein

2.12.4.1 Sample preparation

1ml of homogenisation buffer was added to 10 oocytes and the mixture homogenised using a glass 

pipette before centrifugation (735 x g, 4°C, 5mins). The pellet containing yolk proteins was discarded 

and the supernatant recovered and further centrifuged (16000 x g, 4°C, 20mins). The hpid layer and 

supernatant were then discarded and the pellet containing the membrane protein fraction re-suspended 

in the original volume of homogenisation buffer and centrifuged (16000 x g, 4°C, 20mins). With the 

supernatant discarded the pellet was suspended in 100pi 5% SDS solubilisation buffer at 37°C for 

30mins. Samples could then be stored at -20°C for later use.

Prior to gel loading, 25pl 5x Western blotting loading buffer (containing DTT) was added to each 

sample and heated to 60°C in a water bath for 15 minutes to ensure full protein solubilisation.

2.12.4.2 Gel electrophoresis:

The electrophoresis plates were cleaned and assembled according to the manufacturer’s instructions 

(Mini protein II cell gel rig. Biorad) for a 1mm gel thickness. A 12% acrylamide resolving gel with 

4.0M urea was poured and allowed to polymerise with the surface covered with 2ml isopropanol to 

ensure a smooth surface and prevent gel dehydration. With the isopropanol removed, a 4% acrylamide 

stacking gel with 2.0M urea was poured and a 20pl comb inserted. Once polymerised, the comb was 

removed and the wells immediately flushed with electrophoresis buffer.

2pi of each sample were loaded and run through the stacking gel at lOOV and resolved at 200V 

thereafter. Details of the electrophoresis buffer are given in the solutions section below.
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2.12.4.3 Protein transfer:

Transfer o f protein from the gel to a nitrocellulose membrane was performed using a Transferblot SD 

semi-dry transfer cell (Biorad), running at 250mA for 30mins according to the diagram below (figure 

20). Each fibre pad and the membrane were pre-soaked in 80ml of 80% transfer buffer, 20% 

methanol.

Figure 20; transfer to nitrocellulose membrane
Protein in the gel is transferred to a nitrocellulose membrane laid 
underneath, bv electrophoresis in a semi-drv transfer cell

3 mm fibre pad 

nitrocellulose membrane 

3 mm fibre pad

2.12.4.4 Antibody probing

Once blotting was complete, the nitrocellulose membrane was incubated at RT in 20mls of primary 

antibod) solution (1:10000 dilution affinity purified rabbit anti-human MIP monoclonal antibod) , 

kindly provided by Dr J Kuczak) for 1 hour, gently swirled. The membrane was then washed using 

60mls wash buffer twice briefly, twice for 15 minutes then twice for 5 minutes. The membrane was 

then probed with the secondary antibody solution (1:100 donkey anti-rabbit Ig/HRP in 5% fat free 

milk, Amersham. UK) for 1 hour, gently swirled, and the washing protocol repeated.
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2.12.4.5 Detection using ECL Western blotting analysis system (Amersham. UK)

All excess fluid was drained and the membrane washed in 3ml Amersham detection 1 and 2 for Imin 

following which it was wrapped in plastic film and exposed to film (Kodak X-OMAT AR SxlOinch) 

for 20sec, Imin, 5min and 30min.

2.12.4.6 Protein quantitation

To estimate the quantity of protein in the solubilised samples, electrophoresis was undertaken 

according to the Western blotting protocol detailed above. The gel was then immersed in 100ml of 

Coomassie blue dye overnight and then de-stained by washing with a 10% acetic acid 10% isopropanol 

solution.

2.12.5 Immunofluorescence

Five of each of the groups of oocytes (following recovery from the swelling assay) were transferred to 

small petridishes containing 10ml of fixing solution and incubated at RT for 4 hours. Oocytes were 

then transferred to fresh petridishes containing 10ml of 100% methanol and incubated for 24 hours at -  

20°C.

Oocytes were rehydrated by transfer to new petridishes containing 10ml PBS for 2 hours was followed 

by incubation in lOOmM sodium borohydride (NaBHt) for 24 hours at RT in a fume hood. Oocytes 

were recovered to 10ml PBS once more and bisected using a scalpel and incubated for 24 hours at 4°C 

with polyclonal antiserum specific to the C-terminal of bovine AQPO at 1:3,000 dilution in 2% (w/v) 

bovine serum albumin in PBS. The sample was then washed with at least 6 changes of PBS for 36 h 

with gentle agitation, and incubated for 24 h in 500pi 1:100 fluorescein 5’-isothiocyanate-conjugate 

goat anti-rabbit IgG (40 pg/ml in PBS with bovine serum albumin).
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Oocytes were mounted on microscope slides according to the Molecular Probes Slow Fade Light Anti­

fade kit. Oocytes were pre-incubated with equilibration buffer for 5 minutes. Oocytes were then 

arranged (bisected side up) in 100pi of buffer A (previously aj^lied) to a 0.5 mm well slide and 

covered with a No. 1 cover slip. Excess fluid was blotted away and the slide sealed with nail varnish 

applied to the edges of the cover slip. Fixed oocytes were viewed under a Zeiss Laser Scanning 

Microscope 410.

2.12.6 Preparation of MIP mRNA (wild-type and mutant)

2.12.6 .1 Site-directed mutagenesis

0.03 pg of human MIP cDNA was kindly provided by Dr G Wistow (NIH, Bethesda, Maryland, USA) 

using the following protocol (included here for completeness):

A lens cDNA library was preparedfrom RNA isolatedfrom lenses of a 40 year old human (Life 

Technologies, Gaithersburg, MD) cloned into the pCMVSPORTô vector. Expressed sequence tag 

(EST) analysis showed the presence of AQPO in the library. To obtain a complete coding sequence, 

specific primers were designed from published genomic sequence (Accession U36308) and from EST 

data.

hM IP  5 ' ;  AGATCTGTGACCATCCCCCCTGCCATGTGG 

hM IP 3 ' :  AGATCTCTACAGGGCTTGGGTGTTCAGTTC

Template DNA was produced from 1x1 (f cfu of the un-normalised lens library in LB/ampicillin 

followed by plasmid isolation using Turbo Prep (Qiagen, Valencia, CA). Amplification by polymerase 

chain reaction was performed using AmpHTaq (PE Biosystems, Foster City, CA) and a dilution series
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o f the template DNA. The product o f expected size (821 bp) was subcloned using the pCR2.1 TOPO 

cloning system (Invitrogen, Carlsbad, CA) and verified by restriction digestion and sequencing.

Bovine MIP was provided by Professor Peter Agre (John’s Hopkins Medical Institute, Baltimore, 

Marv land, USA). Human MIP cDNA with EcoRI and BstElI linkers was cloned into pXBG cloning 

vector bv J-J Chung (John’s Hopkins Medical Institute, Baltimore, Mary land, USA), see figure 21.
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Mutations were introduced into the wild-type hMIP by site-directed mutagenesis (Chameleon Double 

Stranded Site-Directed Mutagenesis Kit, Stratagene Cloning Systems, 11011 North Torrey Pines Rd, 

La Jolia CA, USA) with specific 5'-phoshorylated primers.

E 134G : CGTCAGGAAGATCCCCACTGTGGTTGC 

T 138R : CGAACTGGAGCCTCAGGAAGATCTCC

The presence of the mutations was confirmed by direct sequencing. An overview of the principle 

employed in this kit is shown in figure 22.

Stepl: the plasmid containing MIP is denatured and the primers annealed

Both control and experimental reaction mixes were incubated in microcentrifuge tubes at 100°C in a 

water bath for 5mins and then at 25°C for 30mins.

Step 2: the new strand is extended and ligated

7pl of nucleotide mix is first added and stirred followed by 3 pi of freshly prepared enzyme mix (T7 

DNA polymerase, T7 DNA ligase, single-stranded binding protein, enzyme dilution buffer, provided), 

centrifuged (1000 x g, 30secs) and incubated at 37°C for 60 mins. The T4 DNA ligase was then 

inactivated by heating to 80°C for 15 mins.

Step 3: a restriction digest is performed with the selection restriction digest to linearise the 

remaining parental plasmid

20U of Seal restriction enzyme was then added and the total volume made up to 60pl with dH20 and 

incubated at 37°C for 1 hour.
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+

Unique selection site 

Target site for mutation

Mutagenic primer

Figure 22: site directed mutagenesis protocol 
The protocol relies upon a vector with a unique 
restriction site
Stepl: the plasmid containing MIF is denatured and 
the primers annealed
Step 2: the new strand is extended and ligated 
Step 3: a restriction digest is performed with the 
selection restriction digest to linearise the remaining 
parental plasmid
Step 4: DNA is then transformed into XlmutS competent 
cells and cultured
Step 5: DNA is recovered from transformants and 
restriction digest is re-performed 
Step 6: DNA is transformed into XLl-Blue competent 
cells and colonies screened for desired mutation
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Step 4: DNA is then transformed into XlmutS competent cells and cultured

XlmutS cells on ice were gently mixed and then 90^1 transferred to two Falcon 2059 polypropylene 

tubes (provided). 1.5jil p-mercaptoethanol was then added to each aliquot of cells and gently mixed 

for lOmins. 6pi of both the control and experimental reaction mixes were then added to the cells, 

mixed and incubated on ice for 30mins, 42°C for 45 seconds and then ice for 2mins. 0.9ml SOC 

medium (provided) was then added to each and the mixture incubated at 37°C for 1 hour, gently 

shaken.

100 pi of both the control and experimental transformations were then plated onto X-gal and IPTG 

containing LB-ampicillin agar plates (20mg/l ampicillin) and incubated overnight at 3TC. Successful 

transformation yielded approximately 50% colonies displaying the blue mutation (about 500 colonies 

in total).

Step 5: DNA is recovered from transformants and restriction digest is re-performed

The remaining transformation mixture was plated to 3 ml of 2x YT broth and incubated overnight at 

37°C, gently shaken. Plasmid DNA was then isolated using QIAGEN QIAquick miniprep kit 

(described above).

lOpl of the resulting control and experimental DNA was then digested with 20U Seal restriction 

enzyme (together with 1 pi of 1 Ox mutagenesis buffer and 9pl dHaO) and incubated overnight at 3TC.

Step 6: DNA is transformed into XLl-Blue competent cells and colonies screened for desired 

mutation

Two aliquots of 40pi of XLl-Blue competent cells, on ice, were transferred to Falcon 2059 

polypropylene tubes and 0.68pl of P-mercaptoethanol added and incubated for lOmins on ice. 4pi of
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each of the control and experimental reaction mixtures were added and mixed on ice for 30mins, 42"C 

for 45 secs, then ice for 2mins. Addition of 0.45ml SOC medium was followed by a further period o f  

incubation at 3TC  for 1 hour

100pi of the control transformation was then plated onto X-gal and IPTG containing LB-ampicillin 

agar plates (20mg'1 ampicillin) and incubated oveniiglit at 37"C to verify the Lac phenotype.

5pl. 50pl and 200pi of the experimental transformation were plated onto agar plates and incubated 

overniglit at 3TC. Colonies with the blue mutation were easily identified and plasmid DNA recovered 

for in vitro transcription using the QIAGEN QIAquick miniprep kit (described above).

2.12.6.2 Primers used for mutagenesis:

The primers used for the site-directed mutagenesis are shown in table 12.

Table 12: primers used for site-directed mutagenesis 

W m #  Sequence (5’ - 3 ’)

GGG GCC GCT GTG CTG TAT AGC

GGC ACC CTT GAG GAC AGA CAG

\  CGA ACT GGA GCC TCA GGA AGA TCT CC

CGT CAG GAA GAT CCC CAC TGT GGT TGC

2.12.6.3 In vitro transcription:

20ng of pXBG containing human MIP with was linearised by digestion with lOpl Xbal restriction 

enzyme, lOpl Xbal buffer made up to a total volume o f 100pi with dHzO at 3T C  for 4 hours. The 

DNA was then cleaned by one 100% and one 70% ethanol wash (described above) before re­

suspension in 50pl DEPC H2O. In vitro transcription master mix was then added and incubated for 90 

mins at 3TC. Addition o f Ipl of T3 RNA polymerase was followed by further incubation for 60 mins.

I l l



2.5|il RNasin and 4pi Dnasel were then added and incubated for 20 mins. The reaction was then 

cessated by the addition of 5 pi lOOmM EDTA. RNA was then cleaned up using the QIAGEN RNeasy 

kit.

2.13 Creation of a cDNA bank derived from mouse lens mRNA

2.13.1 Recovery of lenses

Mouse lenses were obtained from the enucleated eyes of freshly killed RDS mice. Lenses were 

isolated by circumferential pars plana incision followed by surgical zonulysis. Fresh specimens were 

“snap” frozen in liquid nitrogen and stored at -80°C before use.

2.13.2 mRNA extraction using QuickPrep Micro mRNA Purification kit (Pharmacia)

All equipment was freshly prepared, DEPC (diethyl ftyrocarbonate) treated and autoclaved. The 

extraction buffer (guanidinium isothiocyanate-based) was equilibrated to 37°C and a 0.4 ml aliquot 

taken and immediately placed on ice in an eppendorff containing the lenses. The lenses were then 

homogenised using a plastic stick or glass pestle and mortar followed by repeated drawing through a 

25 gauge needle with a two ml syringe. 0.8ml elution buffer was added to the extract and mixed 

thoroughly. The extracted sample was centrifiiged at 6000 x g for 1 min in parallel with 1ml of the 

Oligo (dT)-cellulose slurry provided The buffer was removed from atop the 01igo-(dT)-cellulose and 

1ml of the cleared cellular homogenate added and mixed for 3 mins followed by centrifugation for 10 

secs at 6000 x g. The supernatant was removed and 1ml of High Salt buffer added and the pellet 

resuspended followed by centrifugation, 6000 x g. This wash cycle was repeated for a total of 5 times 

followed by two washes with Low Salt buffer. The pellet was resuspended in 0.3ml of Low Salt buffer 

and pipetted to a MicroSpin column placed in a microcentrifuge tube and centrifuged 6000 x g  for 10 

secs. The flow through was discarded and 0.5ml Low Salt buffer washes repeated three times. 0.2ml
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of Elution buffer (at 65°C) was then centrifuged through the column to recover the extracted mRNA in 

a fresh eppendorff.

lOpl glycogen, 40pl potassium acetate and 1ml absolute ethanol (chilled to -20°C) was then added to 

the sample for 1 hour. The precipitated mRNA was then collected by centrifugation at 4°C, 6000 x g  

for 5 mins and stored at -80°C prior to use.

2.13.3 Synthesis of cDNA using 5V3* RACE fit (Boehringer Mannheim) and Recombinant 

RNasin Ribonuclease inhibitor (Promega)

The cDNA synthesis mixture was pipetted into a sterile eppendorff on ice and mixed. The mixture was 

then briefly centrifuged and incubated at 55°C for 1 hour (synthesis stage) followed ly  lOmins at 65°C 

(inactivation stage). The newly synthesised cDNA was then stored at -20°C prior to use in PGR 

reactions.

2.14 Protein prediction

The Windows based protein prediction and sequence analysis software, DNAstar (DNASTAR Inc) and 

the online PredictProtein programs^^^ (phd@maple.bioc.columbia.edu) were used to assess the effect 

of mutations on the structure and function of proteins.
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2.15 General laboratory solutions

IxTBE

89mM Tris base 

89nM boric acid 

2mM EDTA

TE bnlTer

lOmMTris-HCl 

ImM EDTA 

p ll 8.0

IxTAE

89mM Tris base 

2mM EDTA

Phosphate huflered saline

8gNaCl 

0.2g KCl 

1.44gNa2HP04

made up to 1 litre with distilled water 

pH 7.4 with HCl

(autoclaved 20 min at 151b/sq. inch)

Ficoll loading dye

15% ficoll

50mg bromophenol blue 

50mg xylene cyanol

Formamide/EDTA loading dye

49ml formamide 

1ml 0.5M EDTA  

50mg xylene cyanol 

50mg bromophenol blue

1 double Heteroduplex gel

Urea 15g

Water 40ml

10xTBE6ml 

MDE 50ml

Gel plug: to lOOOpl of gel mix, 

lOpl 10% APS and 3 pi TEMED 

Gel: to remainder, 440pl 10% APS, 44pl 

TEMED

Preparation of xenopus oocytes 

from frog:

Calcium-free OR 2

NaCl lOOmM 5.8; 

KCl 2.0mM  

MgCl2 1 OmM 

Hepes 5.0mM

Water

pH 7.5, 200mosm

2ml ImM stock 

1ml ImM stock 

50ml lOOmM 

stock 

914ml
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MBS (Modified Barth s solution) Western blotting:

NaCl 88.0mM

KCl l.OmM

NaHC0 3  2.4mM

Tris-Cl 15.OmM, pH 7.6

Ca(N0 3 ) 2  0.3mM

CaCl2 0.4mM

MgS0 4  0.8mM  

Napenecillin lOOpg/ml 

Streptomycin 

sulphate lOOpg/ml 

pH 7.5, 200-230mosm

Immnnobiotting solutions:

Tissue homogenisation bufTer

NaP04 7.5mM

EDTA ImM

Aprotinin 2mg/ml

PMSF (phenylmethylsulphonyl 

fluoride) 174mg/ml

Leupeptin 2mg/ml

Pepstatin A 2mg/ml

1ml per 10 oocytes

5% SDS solubilisation buffer (50ml)

SDS 5%

water

Tris-HCl, pH 8.0 20mM  

EDTA, pH 8.0 5mM

5x loading buffer

SDS 5%

Glycerol 30%

Tris, pH 8.0 50mM

Bromophenol

Blue 0.05%

12% acrylamide resolving gel with 4.0M 

urea

acrylamide 12%

Tris, pH 8.0 0.39M

SDS 0.1%

Urea 4.0M

TEMED4pl (added just prior to loading) 

35% APS 400pl

Made iq) to 6ml with water

4% acrylamide stacking gel with 4.0M 

urea

acrylamide 4%

Tris, pH 8.0 0.13M

SDS 0.1%

TEMED 2 pi (added just prior to loading) 

35% APS 200pl

Made up to 2ml with water
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Electrophoresis buffer

Tris 25mM

Glycine 190mM

Na azide ImM

SDS 0.1%

Transfer buffer

Tris, pH 7.4 20mM 

NaOAc IQmM

EDTA l.OmM

SDS 0.02%

Site-directed mutagenesis:

lOx mutagenesis buffer

Tris-acetate,

pH7.5 lOOmM

MgOAc lOOmM

KOAc 500mM

Enzyme dilution buffer

Tris-HCl 20mM

KCl 190mM

P-mercaptoethanol lOmM

DTT 

EDTA 

50% glycerol

ImM

O.lmM

SOB medium

Tryptone 20.0g

Yeast extract 5.0g

NaCl 0.5g

IMMgCl] 10ml

IM MgSO^ 10ml

made up to 11 with dHzO

SOC medium

SOB medium 

20% glucose 2ml

Nucleotide mix

DNTP 2.86mM

rATP 4.34mM

1.43x mutagenesis buffer

Tryptone 16g

Made rç) to 11 with dHjO, pH 7.5 with 2M

NaOH

2xYT broth

NaCl lOg

Yeast extract lOg
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Immunofluorescence:

Fixing solution

PIPES 80mM

NaEGTA 5mM

MgC12 ImM

Formaldehyde 3.7%

Triton-X-lOO 0.2%

In vitro transcription:

In vitro transcription master mix

5x T3 reaction buffer 20pl

lOx ACU (lOmM) g (2mM) 

nucleotide mix lOgl

SOmMDTT lOgl

40U/gl RNasin 2.5gl

SOU/gl T3 RNA polymerase 2pl

10mMm’G(5’)ppp(5’Xj 6pl
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2.16 Online databases used

Table 13: literature searching and general information: I-

Human Genome M^aping Project
. W-

HttD://www.humD.mrc ac.uk/

Human Mutation DataWse HttD://www uwcm ac uk/uwcm/hamdU html
#

National Center for Biological % Http://www. ncbi.nlm.nih.gov/
' -

Information (NCBI)

The Genome Database Htto://www. adb.org/

Online Mendelian Inheritance ^ Http://www.ncbi.nlm.nih. aov/Omim/

In man (OMIM)

Genbank Http://www. ncbi. nl m. nih. gov/Genbank

Genethon HttD://www. genethon. fr/

Co-operative Human HttD://www chic org/

Linkage Centre (CHLC)

Entrez database Http://www. ncbi. nlm. nih. gov/Entrez/

Whitehead Institute/MlT Genome Http://www-seq wi mit edu/public relcase/bychrom html

Sequencing Project #

ExPasy
*

Http://www expasy. ch/prosite/

Table 14; Bio-Informatics and X-chromosome:
. .  # #

Sanger Centre X chromosome database ̂

MRC Human Genetics ...%

http://www.sanger.ac.uk/HGP/ChrX/

http://www.hgu.mrc.ac.uk/

Integrated X chromosonfô database 

Human chromosome launchpad  ̂ ^

Baylor Human Genome Sequencing Centre 

Ensembl Genome Server.,

Predict Protein m *

http://ixdb. mpimg-berlin-dahlem. mpg.de/ 

http://www.oml. gov/hgmis/launchpad/ 

http://www.hgsc.bcm.tmc.edu/ 

http://www.ensembl.org/
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3. Results
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3.1 Pedigrees and phenotypes

Five hundred and eighty six patients participated from 79 pedigrees (77 Caucasian, 2 Asian). 

Sixty five pedigrees were drawn from those areas directly served by Moorfields Eye Hospital.

The remainder originated from the following counties; Kent, Hampshire, Devon, Oxfordshire, 

West Midlands, Greater Manchester, Merseyside, Nottinghamshire, Derbysliire, Tyneside, 

County Code, and Dublin.

The median age of participants was 43 years (range 0-91). Two hundred and eighty four 

individuals were found to be affected, 184 unaffected and 118 were spouses. All affected 

individuals could be classified as one of ten different phenotypes: anterior polar, posterior polar, 

lamellar, nuclear, coralliform, pulverulent, blue-dot, cortical, polymorphic or lattice as shown in 

table 15. Cataract was fully penetrant though expressivity was variable in all pedigrees. The 

morphology of the cataract in affected individuals within any single pedigree was the consistent 

for all except the pulverulent pedigrees (see below). In only one of the pedigrees (family N) were 

other ocular or systemic abnormalities present.

Autosomal dominant inheritance was suspected in all but one pedigree by the presence of affected 

individuals in successive generations, male-to-male transmission and equal numbers of affected 

males and females within each family. Inheritance in family J, appeared X-Iinked (see results 

3.6).

A complete listing of all pedigrees ascertained is shown in figure 23.
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Figure 23 (on this and next pages): Pedigrees ascertained.
Each pedigree is denoted by a unique identifier (a single letter 
for large pedigrees considered suitable for linkage analysis; 
a number prefixed with ‘S’ for small families). Standard symbol 
conventions are observed. Squares and circles denote males and 
females respectively. Blackened symbols denote affected individuals. 
Deceased family members have a diagonal line through them.
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Table 15: phenotypic distribution of patients

3.1.1 Clinical appearances

Ten phenotypes could be recognised that included all the pedigrees seen in the study. These 

phenotypes were anterior polar, posterior polar, nuclear, lamellar, coralliform, blue-dot (cerulean), 

cortical, pulverulent, polymorphic and lattice. The morphology o f the cataract in affected individuals 

within any single pedigree was the same for all except the pulverulent and polymorphic pedigrees, 

varying only in the severity and density of the opacity. In pedigrees with the pulverulent phenotype 

there was considerable variation in the cataract morphology amongst affected individuals from the 

same pedigree. Penetrance was uniformly very high. Autosomal dominant inheritance was supported 

in many cases by affected individuals in successive generations, equal numbers o f affected males and 

females, and the presence o f male-to-male transmission.
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3 .1.1.1 Anterior polar cataract (figure 24a)

Affected individuals had bilateral, symmetrical, well-circumscribed lens opacities. Larger 

opacities were pyramidal in shape and extended into the anterior chamber. Microphthalmia as an 

associated feature was not observed.

3 .1.1.2 Posterior polar cataract (figure 246 and c)

Affected individuals had bilateral, symmetrical, well-circumscribed opacities located close to the 

posterior pole involving the capsule and/or posterior lens cortex. Families with posterior polar 

cataract were much more common in our series and fell broadly into two groups, stationary and 

progressive. In the latter group, spreading cortical extensions of the cataract were observed that 

eventually became confluent to result in total cataract formation.

3 .1.1.3 Nuclear cataract (figure 24d)

Inherited nuclear cataracts show wide chnical variation, even between members of the same 

family, though the distribution of opacities is consistent. In some of our families, opacification 

was confluent and dense whilst in others, within the same family, it was more punctate. It can be 

clinically difficult to determine a precise demarcation between the nucleus i.e. that part of the lens 

formed in utero, and the surrounding cortex laid down thereafter. However, in these famihes, the 

edge of opacification appeared to clearly delineate this transition.

3.1.1.4 Lamellar cataract (figure 24e and h)

The concentric deposition of secondary lens fibres that occurs during growth of the normal lens 

results in the formation of lamellae. Opacities confined to a specific lamella therefore reflect a
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short period of developmental disturbance resulting in usually symmetrical bilateral lens 

opacification. Interestingly, in some cases cortical riders may also be observed. Lamellar 

cataracts are also called zonular or peri-nuclear cataract. In our families, cataract showed wide 

variations in expressivity, where some individuals had complete lamellar opacification whilst in 

others only the anterior and posterior Y sutures were opacified.

3.1.1.5 Coralliform cataract

Patients with this rare form of congenital cataract also known as aceuUform cataract, have finger­

like opacities that extend from an opacified nucleus. In one of the families, no affected 

individuals were still phakic and description of the cataract was taken from hospital records.

3.1.1.6 Pulverulent cataract (figure 24/! g. k and D

Pulverulent cataracts are characterised by powdery (pulverised) opacities that may be found in 

any part of the lens. Pedigrees affected by pulverulent cataract showed wide intra-familial 

variation in the cataract phenotype and although some affected individuals from these families 

had cataracts similar to lamellar or nuclear cataract, pedigrees were classified as pulverulent if the 

majority of affected individuals had fine, powdery opacities.

3.1.1.7 Blue-dot cataract (figure 24/)

The blue-dot or cerulean cataract is not truly congenital, but develops in childhood and progresses 

through early life. The discrete pinhead-shaped blue-white opacities are distributed throughout 

the lens becoming more numerous in the cortex where they may form large cuneiform (wedge­

like) shapes in the mid-periphery. Within our pedigrees, this phenotype was consistent in its 

distribution but variable in its severity.
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3.1.1.8 Cortical cataract (figure 24/)

In only one of the femilies studied was cataract limited to the cortex. This phenotype differs from 

lamellar cataract since opacification is limited to a sector of outer cortical, often superior, lens 

fibres, adjacent to the lens capsule. The nucleus was unaffected

3.1.1.9 Polymorphic and lattice cataracts

These two phenotypes have not previously been described as inherited traits and are therefore 

dealt with in more detail in the next chapter.
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1 0  m m  ( a p p r o x )

F i g u r e  2 4 :  a u t o s o m a l  d o m i n a n t  c o n g e n i t a l  c a t a r a c t  p h e n o t y p e s

a )  S l i t  l a m p  ( a b o v e )  a n d  r e t r o i l l u m i n a t i o n  ( b e l o w )  v i e w  o f  a n t e r i o r  p o l a r  c a t a r a c t  

( 4 7  y e a r  o l d  f e m a l e )

b )  S l i t  l a m p  a n d  r e l r o i i l u m i n a t i o n  v i e w  o f  a  s t a t i o n a r y  p o s t e r i o r  p o l a r  c a t a r a c t  

( 4 9  y e a r  o l d  f e m a l e )

c )  S l i t  l a m p  v i e w  o f  a  p r o g r e s s i v e  p o s t e r i o r  p o l a r  c a t a r a c t  ( 9  y e a r  o l d  f e m a l e )

d )  S l i t  l a m p  a n d  r e t r o i l l u m i n a t i o n  v i e w  o f  a  d e n s e  n u c l e a r  c a t a r a c t  ( 1 4  y e a r  o l d  m a l e )

e )  S l i t  l a m p  a n d  r e t r o i l l u m i n a t i o n  v i e w  o f  n u c l e a r  o p a c i t i e s  ( 5 0  y e a r  o l d  f e m a l e )

f )  S l i t  l a m p  a n d  r e t r o i l l u m i n a t i o n  v i e w  o f  t h e  C o p p o c k - l i k e  ( p u l v e r u l e n t )  c a t a r a c t  w i t h  

f i n e  n u c l e a r  o p a c i t i e s  ( 2 4  y e a r  o l d  f e m a l e )

g )  S l i t  l a m p  a n d  r d r o i l l u m i n a t i o n  v i e w  o f  t h e  C o p p o d c - l i k e  c a t a r a c t  w i t h  d e n s e  c e n t r a l  

o p a c i t i e s  ( 6  y e a r  o l d  f e m a l e )

h )  S l i t  l a m p  v i e w  o f  l a m e l l a r  c a t a r a c t

i )  S l i t  l a m p  v i e w  o f  a  b l u e - d o t  ( c e r u l e a n )  c a t a r a c t  ( 3 2  y e a r  o l d  m a l e )

j )  S l i t  l a m p  a n d  r e t r o i l l u m i n a t i o n  v i e w  o f  a  c o r t i c a l  c a t a r a c t  ( 4 5  y e a r  o l d  f e m a l e )  

k )  S l i t  l a m p  v i e w  o f  a  f i n e  p u l v e r u l e n t  c a t a r a c t  ( 3 2  y e a r  o l d  m a l e )

I )  S l i t  l a m p  v i e w  o f  l a r g e  p u l v e r u l e n t  o p a c i t i e s  ( 1 2  y e a r  o l d  f e m a l e )
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3,2 Novel cataract phenotypes

3.2.1 Polymorphic cataract

The cataract observed in family A could not be satisfactorily placed into any previously described 

phenotypic category and given its variable appearance was described as “polymorphic”. The cataract 

in this family was subsequently mapped to 12q and a mutation identified in MIP, the major intrinsic 

protein of the lens (see below. Results 3.4).

In the family, autosomal dominant inheritance was supported ty  the presence of affected male and 

female individuals in each generation and male-to-male transmission. The disease showed both 

complete penetrance and highly variable expressivity.

Opacification of the lens was bilateral in all affected cases and consisted of discrete progressive 

punctate lens opacities limited to mid and peripheral lamellae. In addition, some of those affected had 

asymmetric anterior and posterior polar opacification. One young female had predominantly cortical 

cataract and another had serpiginous nuclear opacities. The clinical spectrum of the phenotype is 

shown in figure 25. Hospital records indicated that the opacity was present at birth or developed 

within the first year of life. Visual acuity in the unoperated eyes of those affected ranged from 6/6 to 

6/24. No affected individuals have developed strabismus or retinal detachment. There was no 

evidence of other ocular or systemic abnormalities.
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Figure 25: the polymorphic cataract phcnotvpc.

Punctate mid and peripheral opacities in: 
a direct illumination (34 year old female); 
h retroillumination (same patient as a)\ 
c  slit beam illumination (17 year old female); 
d  slit beam illumination (46 year old female); 
e  serpiginous nuclear opacities (24 year old female);
/ anterior polar cataract (same patient as e);
g  retroillumination view o f serpiginous nuclear opacities (same patient as e); 
h retroillumination view o f anterior polar cataract in patient with predominantly 
cortical opacification

137



Three individuals had undergone bilateral lensectomy in childhood, aged 1 month (left and right 

best corrected visual acuities 6/9, 6/12 respectively), 4 months (6/6 , 6/9; subsequently developed 

well-controlled aphakic glaucoma) and 15 years (HM, 6/9). Right extracapsular cataract 

extraction had been performed on two patients in adulthood (aged 55 and 72 years, each 

achieving best corrected visual acuity of 6/6).

Opacification of the lens was bilateral in all affected cases and consisted of discrete progressive 

punctate lens opacities limited to mid- and peripheral lamellae. In addition, some of those 

affected had asymmetric anterior and posterior polar opacification. One young female had 

predominantly cortical cataract and another had serpiginous nuclear opacities. Hospital records 

indicated that opacification was present at birth or developed within the first year of life.

Table 16 shows that although final visual outcome for these individuals did not differ 

significantly from the visual acuities achieved by members of the other family with a different 

missense mutation in MIP, only 5 out of 10 affected had required surgery to prevent deprivational 

amblyopia.
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Table 16: best corrected visual outcome for patients with a, polymorphic cataract; b, lamellar 

cataract with different missense mutation in MIP.

Age
(years)

72
55 m i l
45
45
35
27
15

16/6 , 
l 6 / m

11 6 / 9 #
16 *'6/6 J
1

LeA
6/6 (pseudophakic) 
6/6 (pseudophakic) 
HM (aphakic)
6/9  
6/12 
6/9  
6/9
6/6 (aphakic)
6/6

^Al^cled
(years)

IV: 1

# 3 "

Uft
I 6/9 (pseudophakic) 
 ̂ 6/6 (pseudophakic) 

6/9 (pseudophakic) 
6/9 (aphakic)
6/12 (aphakic)
6/18 (aphakic)

3.2.2 Lattice cataract

Figure 26 shows examples of the fully penetrant autosomal dominant cataract phenotype evident in the 

three-generation family, P. All affected individuals show inter linking progressive lines o f cortical 

opacification. Such a pattern was clearly distinct from other phenotypes.
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Figure 26: the lattiee eataract phenotype. Intertwining bands o f  
Anterior and posterior cortical cataract are shown (six year old 
female), a, in retroillumination; b, in diffuse illumination
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3.2.3 The search for the “Coppocks”

In 1906, Nettleship and Ogilvie published the first description of a family with isolated autosomal 

dominant congenital cataract. In this, the “Coppock” family, cataract was central with sutural and mid­

peripheral opacities. The authors examined over three hundred individuals who all lived in 

Headington Quarry. Although we ascertained that members of the original pedigree had been followed 

for many years at the Oxford Eye Infirmary, the Coppock family had never been the subject of a 

linkage study.

A number of enquiries were made to trace the family. These included a search of the Oxford eye and 

genetic database (my thanks to Dr C Chapman and Professor A Bron for their help), a mailshot to all 

those sumamed Coppock who appeared in the Oxford telephone directories (my thanks to all those 

individuals who kindly replied). Finally a visit was made to the Masons Arms pub in Headington 

Quarry where it was possible to examine several of the direct descendants of the original family and 

also advertise for Anther information.

Dominantly inherited very peripheral punctate lens opacities were identified in three individuals in 

three generations of “Coppocks” directly descended from the family described by Nettleship and 

Ogilvie.

Despite these extensive enquiries no individual with the “Coppock” phenotype could be identified 

Furthermore, it was concluded unlikely that any affected individual was still alive. The pedigree 

(family S31) examined is shown in figure 27.
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Figure 27: Coppock pedigree.
+ symbols indicate those individuals examined 
"  denotes individual with punctate peripheral lens opacities

William Coppock 
IV: 6 in original ^  
Nettleship pedigree^^

d 1888

o - ■ D  0-

Ô -

❖

u O - r - 0

□ [5 S’ S

§ o

6 - r - a

-0

□  d -T -o
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3.3 Visual outcome and complications

Two hundred and eighty seven patients with isolated human inherited cataract participated in the stutfy. 

All had bilateral involvement except one patient who had a unilateral left cataract (family J, see results 

3.6). One the basis of clinical and genetic information this individual was categorised as a phenocopy 

and was not included in the analysis.

For the purposes of gene mapping, all members of each family were screened This revealed nine 

asymptomatic individuals with previously undiagnosed cataracts requiring no clinical intervention.

The 28 patients fi'om small families that were ascertained for the purpose of generating a panel for 

mutation screening were excluded from analyses as were the six individuals from family N who had 

other severe ocular anomalies in addition to cataract.

Two hundred and fifty two individuals were therefore included, of which 211 (83.7%) had undergone 

cataract extraction, giving 387 eyes in total.

3.3.1 Age at diagnosis

An accurate age at diagnosis of cataract was available for 238 (94.4%) patients and of this group 201 

(84.5%, 366 eyes) had undergone cataract surgery. The median age at which cataract was diagnosed 

was 4.2 years (range 0-51). The median age at diagnosis for those who underwent surgery was 4.0 

years (range 0-72). Table 17 shows how age at surgery relates to final best corrected visual acuity.
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Table 17: age at surgen and final visual acuit>

*55

Final best corrected visual acuitv

m m  15.2

6/18 6/36

18.5

# 0



3.3.2 Visual outcome

A visual acuity was measurable in 216 patients (85.7%). Data were most frequently unavailable 

owing to the difficulty of obtaining accurate acuities in young children. A summary of the final 

bestcorrected visual acuity (VA) achieved is shown for each phenotype in table 18.

Table 18: final visual acuity by phenotype

♦* . \ i ?
6/i
be

% (all eyes) achieving 
final best corrected 

visual acuity
6/12 or 
better

,  ̂ ‘jf 44.4

LamelLu'
s

Nuclear

CoraÛi#m(

69.7

CFor
worse

^ 22.2

Overall 50.1% (46.8% of those operated) achieved a VA o f20/40 or better, 35.9% (36.1% of those 

operated) a VA between 20/50 and 20/2(X) and 14.0% (17.1% of those operated) worse than 

20/200. 14 patients (5.5%), all of whom had undergone bilateral cataract surgery, were blind as 

defined by WHO criteria (categories 3, 4, 5)̂ ®°, (table 19).
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I'able 19; patients blind by WHO criteria

Number of patients

RetiiSl
Amblycmia #

Total 1

3.3.3 Glaucoma

Eighteen patients (7.1%, 36 eyes) developed secondary glaucoma (open or closed angle). Fourteen 

of these had undergone multiple procedures following initial cataract extraction (table 20). Two 

patients with previously undiagnosed glaucoma were identified,

3.3.4 Retinal detachment

A histor) of retinal detachment was present in 8 patients (3.2%), with a mean age at surgery of 1.6 

years and a mean time from surgery to detachment of 24.8 years (range 0-49). Details are 

provided in table 3.3.3a. None of those with un-operated cataracts developed glaucoma or retinal 

detachment.
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Glaucoma isâSSiSiÉ
Intenal from 
cataract

to RD

Number of affected 
individuals

Number of affected 
individuals

3,1,1,53, 1,4,3

40, 40, 21

1,5, 1,2, 18

A'3, 1, 1, 2, 1, 18 , 1, 1, 1, 1, 1, 1 
1
7,3

Table 20; prevalence of glaucoma and retinal detachment by phenot>pe



3.4 Missense mutations in the human aquaporin AQPO gene (MIPi underlie autosomal dominant 

“polymorphic” and lamellar cataracts on 12q

3.4.1 Linkage analysis

After excluding a number of candidate loci for cataract in family A (table 21), a positive two-point lod 

score was obtained using the tetranucleotide marker D12S1052 (Z = 2.71 at 0 = 0). The marker is 

located on chromosome 12ql4 and lies genetically close and centromeric to ÛieAdlP gene encoding the 

major intrinsic protein of the lens (MIP). At 10.5cM telomeric to this marker, one definite 

recombination event is observed with marker D12S1064, indicating that the disease locus might lie 

either between these maricers or centromeric to D12S1052. Lod scores for markers spanning this 

interval and located above marker D12S1052 are shown in table 22.

The significantly positive lod score at marker D12S1676 (Z = 3.91 at 0 = 0) and the single 

recombination event observed with marker D12S375 indicate that the disease locus for cataract in this 

family lies in the 15.5cM genetic interval encompassing MIP and bounded by markers DI2S375 and 

D12S1064 (figure 28).
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Table 21: cataract candidate gene exclusion data: tAvo-point lod scores for linkage between the 

polymorphic cataract locus and candidate gene markers in family A

!

78G09

D3S1744

, D3S2427

?D4S16#

Candidate

Volkmann, PPG 

locus 

' Pulverulent

y-crystallin

yS-crystallin

Phakinin

RlEGl

PITX3

PAX6
'r

a 2-crystallin

DUS4464

m 0.19

^-0.44

immi

0.018

-0.10

-0.06
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Table 22; two-point lod scores for linkage between the C P U  locus and chromosome 12q markers in 

family A. Genetic distances shown are between adjacent markers.

Genetic

Distance

D12S375

DUS1052

5.0

D12S1|0P

! d 12S1676

, D12S92 

D12S80
^2.34

D12S1064 -0.70
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Figure 28; abridged pedigree of family A showing segregation of 12q microsatellite markers, listed in 

descending order from the centromere. Bar beside alleles indicates disease haplotype.

B —i - ^

Disease hai^otype

D12S375
D12S1052
D12S1700
D12S1676
D12S92
D12S80

D12S1064

o -
2 3
3 4
3 3
3 5  
5 3
3 4  
??

&
1 3 
4 4 
1 3
3 3  
1 3
3 4  
??

U — i
3 1 3 3  3 1
4 4 3 4  3 4
4 1 12 12
6 3 2 4  4 2
1 3 3 4  3 4
3 3 3 3  13
3 4 2 2  ? ?

3 1
3 4  
1 I
2 3  
3 1 
3 3
2 4

?? 
3 3  
1 3 
2 3
3 5  
3 3  
??

3 3
4 4
2 4
4 3
4 3
3 3
2 4

3 3
3 4  
1 4 
2 6  
3 3  
3 3  
2 3

3 3
3 4  
1 2 
2 4  
3 4
3 3
3 4

3 3
3 2  
1 3 
2 3
3 3  
3 2  
4 6

3 4
3 2  
2 3
3 3  
3 3  
2 3  
6 2

3 3
3 2  
1 2
2 3
3 3  
3 2
2 4

D -
2 3  
3 4  
2 2 
2 3  
3 3  
1 3 
5 5

2 3
4 4
2 3
2 4  
3 4  
3 3  
5 4

r U r - O □
3 4 3 3 2 3
3 3 3 2 4 5
1 1 3 3 3 3
2 4 6 I 1 6
3 3 3 3 2 3
3 1 3 3 3 3
2 4 3 5 2 4

3 2  
3 4  
1 2 
22
3 3  
3 3  
2 5

4 3  
3 3  
1 3 
4 6  
3 3  
I 3 
2 3
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3.4.2 Sequence analysis and screening of congenital cataract panel

Sequence analysis of the M IP  gene (PCR primers are shown in table 23) in family A revealed a 

missense mutation that segregated with the disease.

Table 23: PCR primers used for mutation screening o f the A//P gene

Forward primer
5 ’ —3 ’

m GTCCAC CCA GAC AAG GCC
ATG

, CCT TTG CAC AGT TGC ACC 
CTGCG

3,%  ' TTA CAA CTG TGT CTT TTG
' 4 . CAG ATG

4  f  TAT TCC TTT TCT CTT TCT ACA
#  GOT

Anneal-ing 
' temp ÇC)

The C—>G transition at position 3795 (exon 2) results in a threonine-to-arginine substitution at codon 

138 (T138R, figure 296). The mutation results in the introduction o f an A o c / restriction enzyme site 

(figure 31). Figure 29c shows a restriction fragment length analysis o f M /P  exon 2 o f members of  

family A digested in the presence o f the enzyme confirming co-segregation of disease and mutation. 

Only one band is seen in unaffected individuals as no digestion takes place. However, three bands 

arise in affected individuals. The upper band corresponds to the normal allele and has the same 

migration pattern as the band seen in unaffected individuals. The two other bands correspond to the 

two fragments generated by digestion o f the mutant allele.

Screening o f our panel of families with dominant congenital cataract identified one other unrelated 

family with a different co-segregating mutation in the M IP  gene. In this family (J) all affected 

individuals were found to have an A ^ G  transversion at position 3783 (exon 2) that results in the 

substitution o f glutamic acid for glycine at codon 134, E134G (figure 306). The mutation results in the
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loss of a Bglll restriction enzyme binding site (figure 31). Figure 30c shows a restriction fragment 

length analysis of MIP exon 2 of members of family J digested in the presence of the enzyme, 

confirming segregation disease with mutation. Two distinct bands are seen in unaffected members of 

the family corresponding to the fragments resulting from digestion of both alleles of exon 2. In 

contrast, the mutant exon of affected individuals is not digested and is seen as third band whose 

migration characteristics are slower than the other two bands.

To identify whether the mutation was a sequence variation present in the normal population a panel of 

one hundred normal controls from an ethnically similar backgound and without evidence of eye 

disease was constructed using spouses of individuals participating in this and other studies within the 

epartmnt. Examples of the restriction fi-agment length analyses for both enzymes are shown in figure 

32. Neither mutation is a variant observed in our control population.

Haplotype analysis (figure 28 and 33) of both families indicated that the cataract locus (designated 

congenital polymorphic /  lamellar cataract locus 1, CPLl) probably hes in the genetic interval 

D12S375-D12S1064 (15.5cM) (table 24a). The combined LOD score at marker D12S1676 was 6.02. 

A limited candidate gene screen had been performed previously on family J (table 246). The cataract 

phenotype of family A has a lrea^  been described (examples are shown in figure 25). Examples of the 

stationary lamellar cataract in family J are shown in figure 34.
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Figure 29; antisense sequence analysis and restriction digest ofM /P  gene, family A 
(arrow highlights mutation): 
a, unaffected individual from family A;
h, C - ^  transition resulting in threonine-to-arginine at codon 138 (T138R) in affected 
individual from family A;
c, restriction fragment-length analysis showing gain o f an AocI site that co-segregates 
with affected individuals (blackened symbols) in family A

a

b
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Figure 30; antisense sequence analysis and restriction digest ofM /P  gene, family J 
(arrow highlights mutation):
a, unaffected individual from family J;
b, A ^ G  transversion resulting in a glutamic acid-to-glycine at codon 134 (E134G);
c, restriction fragment-length analysis showing loss o f a Bglll site that co-segregates with 
affected individuals in family J.

a
. A G A T C  T C C A C  T G T G  G

160
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Figure 31 : exon 2 MIP restriction maps
a, restriction map o f segment o f exon 2 MIP wild-type sequence

(O 00
— a. o  =  —Ê = 

0. 010) a.

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

2 A Q I  S □ A s  A I C I  I  Q C I  Q A C G C T C C A G T T

A, restriction map of segment o f exon 2 MIP A3783G (E134G) mutant
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Figure 32(on this and following page): restriction fragment 
length analyses o f exon MIP.
One hundred controls samples were digested with 
a, AocI. In the wild-type situation, no restriction site is 
present, no digestion occurs and a single band is evident (five 
examples are shown numbered 1-5), in contrast to the three bands 
seen in the positive control (an individual heterozygous for the 
mutation C3795G, denoted by symbol +)

-2CX)bp ---------- i ÿ jg p
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/?, Bglll. In the wild-type situation, a single restriction site 
is present and two bands are evident (four examples are shown, 
numbered 1-4), in contrast to the three bands in the positive control 
individual (an individual heterozygous for the mutation A3783G , 
denoted by symbol +).

+ + 1

-20()bp -------
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Table 24; two-point lod scores for linkage between a\ the CPLl locus and chromosome 12q markers in 

family J, h\ the CPU locus and cataract candidate genes. Genetic distances shown are between 

adjacent markers.

Genetic 

Distance 

(cM)

- ; ; 0.05 0.2 0 4

-3.24 -1.33 -0 19

0.84 0.61 ' 0 24
0.00 0.(X) %m , " 0 00
1.93 h iA 1.34  ̂ 045

0.54

0.84

0.65

kO.47 >, 0.32

0.61

0.74

K #  0 10 

' #  0 24

 ̂ ....

Candidate

Volkmann, PPG 

locus

Pulverulent

y-crystallin 

rS<0 'slallin

0.05 0.2 0.4

-2.44
■ 4 %

-111 -0.13

-0.98 -0.17 -0.05

-1.91 i -0.47 -0.08

-1.23 I -0.23 0.02

-0.52 -0.09 -0.01

-1.19 -0.27 ■* * if -0.07
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Figure 33: abridged pedigree o f family J showing segregation o f 12q microsatellite markers, listed in 

descending order from the centromere. Bar beside alleles indicates haplotype.

Disease haplotype

D12S375
D12S1052
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D12S1676
D12S92
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Figure 34: lamellar cataract phenotype (family J), a, diffuse illumination (30 
year old female); b, oblique section through lens (9 year old male); c, 
retroillumination (same child) showing opacified lamellae and fine sutural 
cataracts
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3.4.3 Conservation of the mutated residues amongst other human aquaporins and between MIP 

orthologs

The human aquaporin gene superfamily encodes ten sequence-related members (AQP -0 to -9). Figure 

35 shows that Glu 134 (E) is conserved in all aquaporins except the aquaglyceroporins AQP -3, -7, -9 

and that Tyr 138 (T) is conserved in all members.

Phylogenetically, both residues are highly conserved in mammals, reptiles and bacteria, suggesting 

their roles are critical for aquaporin function (figure 36).

3.4.4 Predictive modelling of the mutant proteins

Both missense mutations result in the substitution of amino acids in the fourth transmembrane region 

of the protein (figure 37) that differ in both size and charge. Substitution of negatively charged residue 

glutamate (El42, MIP E l34) with glycine, a smaller and uncharged residue, eliminates a fixed charge 

lining the aqueous pathway (figure 38). Replacement of the polar residue threonine (T146, MDP T138) 

with the large residue arginine, introduces a strong positive charge in the channel (figure 38).

In the light of its sequence similarity to aquaporin-1, the structure of which is known from 

crystallographic studies, wild-type MIP is expected to have six transmembrane a-helices linked by five 

connecting loops (A to E). Predictions of secondary structure and hydophobicity of MIP indicate this 

to be the case (figure 38). Both mutations occur within the putative fourth transmembrane domain 

(TH4). However, they are not predicted to alter significantly the hydrophobicity of this domain or the 

secondary or tertiary structure of the protein (figure 38).
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Figure 35: Alignment of MIP (AQPO) with other human aquaporins shows that the residues 
E134 (boxed) and T138 (boxed) are highly conserved. The table is organised so that the 
aquaglyceroproteins AQP -3, -7 and -9, which have been shown experimentally to be 
permeable to molecules in addition to water, appear below the hashed line.
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Figure 36: Sequence homology comparisons between mammalian and reptilian MIP sequences 
Indicate that residues 134 and 138 are highly conserved (boxed)
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Figure 37: MIP secondary structure predictions suggest the protein has six transmembrane 
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trammemhrane regions 1-6 and connecting loops A-E are labelled
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3,5 Functional analysis of mutations detected in the MIP/AQPO gene

The Xenopus laevis oocyte swelling assay was employed to assess possible functional consequences of 

the E134G and T138R substitutions. The cDNA encoding the human MIP/AQPO protein from a 

human lens library was cloned into the Xenopus laevis expression vector. Coefficients of osmotic 

water permeability (P f)  were calculated from measurements of oocyte swelling after transfer from 200 

mosM to 70 mosM modified Barth’s solution.

3.5.1 Preliminary experiments

AQPl and most other mammalian aquaporins are known to exhibit a 10-20 fold increase in water 

permeability using this system^^’. However non-human AQPO orthologs have previously been noted 

1^ multiple laboratories to exhibit much smaller increases in P/^ ̂

In each of six experiments, (using 15 -  20 oocytes in each e?q)erimental group) oocytes injected with 

5ng of human AQPO cRNA exhibited approximately a three-fold increase in osmotic water 

permeability (injected Pf : control Pf ratio = 31:12). Oocytes injected with 5ng bovine AQPO cRNA 

exhibited an approximately four-fold increase (injected P f  : control P f  ratio = 42:12), in water 

permeability (figure 39). Water and uninjected oocytes showed no increase in water permeability 

above basal levels.

3.5.2 Water permeabilities of oocytes expressing mutant MIP

Oocytes injected with 5ng of E134G or T138R mutant cRNA had water permeabilities similar to 

control oocytes. Oocytes co-injected with 5ng of wild-type AQPO cRNA plus 5ng of E134G or T138R 

mutant cRNA showed intermediate water permeabilities (injected P f  : control P f  ratio = 13 :10 and 

12:10 respectively).
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Figure 39: osmotic water permeability o ïXenopus laevis oocytes injected with cRNAs 
and incubated for three days; a, control oocytes were uninjected or water injected, 
hMIP/APQO (human MIP), bMIP (bovine MIP), E134G, and T138R oocytes were 
injected with 5ng of the indicated cRNAs. AQPO + E134G, and AQPO + T138R denote 
oocytes injected with 5ng of wild-type AQPO cRNA and 5ng of mutant cRNA;
6, effect of acidification of the pH on
The coefficients of osmotic water permeability were determined by the swelling assay 
of 15-20 oocytes after transfer from 200mosM to TOmosM modified Barth’s solution. 
Statistical significance when compared to wild-type AQPO: (*) p<0.01; (**) p<0.001.

a

□ pH 7.5

uninjected water injected bM IP hM lP  T138R E134G h M lP ^ 1 3 8 R  hM IP/E134G

□ pH 7.5
□ pH 6.0

uninjected bMIP hMIP
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3.5.3 No change in water permeability is observed by varying injected cRNA in the range 2.5ng -  

20ng

A series of experiments were performed in which the amount of cRNA injected (bMIP, hMIP, mutant 

MtPs) was varied (2.5ng, 5ng, lOng, 15ng and 20ng). Within this range, for each cRNA type, no 

gradient in induced water permeability was observed (data not shown).

3.5.4 Acidification of the environment facilitates wild-type aquaporin-0 induced water 
permeability

Reducing the pH of the MBS test media to 6.0 from 7.5 increased the observed / y  induced by both 

bovine and human AQPO. T138R and E134G water permeabilities were unchanged (figure 39).

3.5.5 Western blotting of oocyte whole membrane fractions

Oocyte membranes were analysed on immunoblots incubated with rabbit antiserum specific for the C- 

terminus of AQPO (figure 40). Membranes from control oocytes exhibited no immunoreactivity on 

immunoblots. After three days incubation, immunoblots of membranes from oocytes injected with 

wild-type AQPO cRNA exhibited a strong band at 28kDa. In contrast, immunoblots of membranes 

from oocytes injected similarly with E134G or T138R mutant cRNA exhibited 28kDa with reduced 

intensity; in all experiments, the band from T138R oocytes was less intense than from E134G oocytes.

In each of four experiments, immunoblots of oocytes co-injected with wild-type AQPO cRNA plus the 

E134G mutant cRNA exhibited a 28kDa band of equal or greater intensity than oocytes injected with 

only wild-type AQPO cRNA In contrast, immunoblots of oocytes co-injected with wild-type AQPO 

cRNA plus the T138R mutant cRNA always had a 28kDa band of lower intensity (figure 40).
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Figure 40; SDS-PAGE immunoblot of membranes prepared after the swelling assay 
and incubated with anti-serum specific for the C-terminus of AQPO.
Specific bands at 28kDa are shown. Sample loading was equalised based on 
Coomassie blue staining. Immunoblot band intensities were compared by 
Densitometry and normalising to wild-type AQPO (1.0), E134G (0.6), T138R (0.5), 
AQPO + E134G (1.1), and AQPO + T138R (0.5).

30kDa
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3.5.6 Immunohistochemical analyses

The likelihood that the mutant proteins fail to trafBc to the oocyte plasma membrane was studied by 

confocal immunofluorescence microscopy (figure 41). Control oocytes exhibited negligible 

immunofluorescence, whereas oocytes injected with wild-type AQI^ cRNA had a sharp rim of 

immunofluorescence at the plasma membrane with negligible signal over the cytoplasmic space. 

Oocytes injected with E134G or TI38R cRNA showed immunofluorescence over the cytoplasmic 

space but no signal at the plasma membrane. Oocytes injected with wild-type AQPO cRNA plus 

E134G or T138R mutant cRNA exhibited immunofluorescence at the plasma membrane as well as 

over the cytoplasmic space.

3.5.7 Histology of the T138R lens

The architecture of cortical lens fibres of a patient with the T138R mutation (individual 111:2) appeared 

normal (figure 42) when compared to a normal lens (data not shown). Importantly, there was no 

change in cell size or morphology and the extracellular space was not increased. The only possible 

abnormal fimding was an increased number of “baUoon” cells, suggestive of increased cellular 

destruction.
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Control AQPO

E134G T138R

AOPO+E134G AQP0+T138R

Figure 41: anti-AQPO confocal immunofluorescence o f Xenopus laevis 
oocytes injected with cRNAs and incubated for three days before fixation 
And incubation with antibody.
Control oocytes were injected with 50nl o f  water without cRNA.
AQPO, E134G and T138R oocytes were injected with 5ng o f  the 
indicated cRNAs. AQPO + E134G, AQPO + T138R oocytes were 
injected with 5ng o f  wild-type AQPO cRNA and 5ng o f  mutant cRNA. 
Control oocytes exhibited no immunoreactivity, whereas oocytes injected 
with wild-type AQPO cRNA exhibited a sharp rim o f immuno­
fluorescence at the plasma membrane. Oocytes injected with E134G or 
T138R cRNA only exhibited immunofluorescence over the 
cytoplasmic space. Oocytes injected with wild-type AQPO cRNA 
plus E134G or T138R mutant cRNA exhibited immunofluorescence 
at both the plasma membrane and throughout the cytoplasmic space.
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Figure 42: histology o f the MIP-T138R lens showing well preserved 
lens fibres o f normal architecture (spaces between fibres are artefactual);
a, longitudinal/oblique section (lOOx magnification), individual 111:2;
b, same lens, longitudinal section (200x magnification)
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3.6 Mapping of a family with X-linked cataracts

3.6.1 Clinical evaluation

Using the Birmingham Women’s Hospital Clinical Genetics Service database, details of a large four- 

generation family with apparently isolated autosomal dominant congenital cataract were obtained 

(family J). On clinical evaluation however, it became apparent that all affected males had required 

cataract extraction in the first few months of life with a uniformly poor outcome (table 25). This 

finding contrasted markedly with affected females who had very mild central nuclear opacities 

requiring no treatment until typically the sixth decade. Such observations raised the possibihty that 

inheritance was indeed X-linked with full penetrance in heterozygotes. Unfortunately, none of the 

affected males had children and thus there had been no opportunity for male-to-male transmission.

3.6.2 The phenotype

In support of X-linked inheritance, the phenotype was distinct from any seen previously. The only 

phakic members of the family were female and in each, cataracts were very slowly progressive, fan­

shaped and nuclear in distribution (figure 43, unfortunately, at the time of writing no individuals were 

available for photography). Interestingly, four of the six affected males had a ventriculo-septal defect 

(VSD) and other cardiac developmental anomalies. No other family members gave a history of cardiac 

anomalies.

The complete pedigree is shown below (figure 44, including those individuals who did not wish to 

participate in the analysis). Individual V;5 was designated a phenocopy since both her mother and 

grandmother were clinically unaffected and she had a different cataract phenotype.
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Table 25; age and best-corrected visual acuity for affected individuals in family J

Age
f i i"

years

6/36 gy

IV: 12
IV: 14 6/6%, ’
IV: 18

BCVALens status : Age^ Age 
operated

NLO 
NLO 
NLO
No cataract 
NLQ 
NLO 
Xphakic 
NLO

moitths

AiAakic

Pseudo-
phakic
NLO
NLO
NLO
No cataract
NLO
NLO
aphakic
NLO
aphakic
aphakic
Pseudo-
phakic

No cataract
NLO
NLO
aphakic
Fan shaped
opacity
aphakic14 f HM##:; aphakic #At tarth

BCVA= best corrected visual acuity, NLO= nuclear lens opacities

^6 wedcs 
'  2 months 

I year

At birth

3 months

2 months
6/24 1 Pseodo-^,^1^ 

' phaidc
1 year

6/5 INo cataract,^
6/6 ^NLO
6/5 ^ N L O l ^
6/60  ̂At birth At birth
6/18 IPseudo-“J # 2 years

6/18 At birth

3.6.3 Linkage analysis

As an initial strategy, we performed X-chromosome linkage analysis on this family using the Genethon 

lOcM tetranucleotides marker set. The X-chromosome haplotype for the abridged family is shown in 

figure 45. Although the disease appeared fully penetrant in heterozygous females, linkage analysis 

was modelled as an X-linked recessive disorder. Lod scores are shown in table 26.

One recombinant (individual 34) is observed with marker DXS9902 (GATAI75EX)3:CHLC). With 

marker DXSG AT A124B04, two different recombinants are observed (5 and 30). Such findings raised
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Figure 43: the X-linked cataract phenotype.
a, slit lamp view (diffuse illumination) of heterozygous 
50 year old female show ing fan o f nuclear lens 
opacification (arrowed);
b, same eye (lower magnification), lens in retroillumination 
The same pattern o f opacification was observed in all 
heterozygous females. All hemizygous males had required 
cataract extraction in the first few weeks o f life.

a

4 t.4,-»

5 m m

2 . 5 m m
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Figure 44; the unabridged X-linked pedigree

'-J

Blackened symbols denote severely affected males,
Females with mild lens opacities are denoted by symbols with central dots 
+ = phenocopy
o = normal slit lamp examination 
- = declined to participate



Figure 45: X-chromosome haplotype 
family J (abridged)
Markers listed in order from pter
(? refer to undetermined alleles)

DXS6789
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the possibility that the disease locus lies either between these markers or more likely centromeric to 

DXS9902, since DXSGATA124B04 is uninformative for individual 34, who may thus still be a 

recombinant at this map position.

Linkage analysis using markers across this interval provided strong evidence that the disease locus 

indeed lay centromeric to DXS9902, most probably residing between this marker and DXS999 (at 

which individual 34 is no longer a recombinant but a cross-over is observed with his mother, 

individual 28). Markers within this locus confirmed linkage of the family to this chromosomal region 

Xp22.13 (Z=3.64 at 0=0 for marker DXS8036, table 27).

Interestingly, no recombinants are observed at marker DXS7103 (though critically the marker is 

uninformative for both individuals 5 and 34). Adjacent di-nucleotide markers excluded linkage.

Haplotype analysis of the abridged family is shown in figure 46 and lod scores for the relevant markers 

in table 27. A map of the region is shown in figure 47 together with multipoint linkage plot (calculated 

by minimizing software memory requirements by simulating genotypes using but minimum numbers 

of alleles.
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Table 26; lod scores for linkage between the X-linked cataract locus and Genethon tetranucleotide markers for the X  chromosome ordered Xpter to 

Xqter. Disease gene frequenc)' 0.0001.

cc
o

. . .

. m '

LOD score (Z) at recombination (0) of

0.70§ 0.72

-0.54 0.02
0.00 0.00
-1.37 -0.43

- -

-2.47 -1.21
-1.06 0.02
0.54 0.53
- -

0.78 
0.47 
0.78

4> .32%  -0.15 
O . I Z ^  0.16
0.00%,$ 0.00 
-0.23 % -0.17

-0.58 
0.244 \  0.35 
0 ) l 3 ^ -  0.33

0 #
0 /0
0 #
m

&0&
0:02

.0 .49:



Figure 46; X-linked pedigree. 
Haplotype across disease interval

(Disease haplotype is boxed,
? refer to undetermined alleles)
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Figure 47: Xp22 ideogram, top, with multipoint linkage lod score plot (calculated using 
Allegro multipoint linkage analysis software, DF Gudbjartsson, Decode, Iceland) for 
microsatellite markers ordered from the telomere (Xpter), below. Marker map positions (cM) 
are derived from the sex averaged Marshfield map and beneath are given the pedigree numbers of 
recombinant individuals (figures in italics are implied recombinants on the basis of haplotype 
analysis with crossovers minimised.



3.6.4 Mutation screening

3.6.4.1 Identifying candidate genes within the disease interval

Using a bioinformatics approach, lists of those genes definitely within the disease interval and those 

close or possibly included in the locus were constructed (table 28).
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Table 28: genes definitely within or possibly within the Xp22.2 disease locus (as at 29 July 2000)

The disease is indicated in instances where mutations have been identified. Strong candidates are indicated in bold.

GENE NAME EXPRESSION DISEASE XR.

00

DXS1053, 25.6 cM anchored marker

CALB3

FIR
SIGMAIB
PIGA

FIGF

BMX
PHKA2
STAT6

STK9

calbindinS (vitamin D-dependent 
calcium binding protein) 
pirin
clathrin adapter complex 1, sigma lb 
phospati^linositol glycan, class A

c-fos induced growth factor 
(vascular endothelial growth factor) 
BMX non-receptor tyrosine kinase 
phosphorylase kinase, alpha 2 
signal transducer and activator 
of transcription 
serine/threonine kinase 9

kidney, placenta, intestine 
uterus

heart, lung, intestine

bone marrow, probably 
liver

brain, lung, kidney

Paroxysmal
nocturnal haemoglobinuria

glycogenosis

22.2

22.1

22.2
22 .2-1

22

CX43P

RAI2

connexin 43 pseudozene

retinoic acid induced 2 brain, lung, kidney, 
heart

22

DXS999, 28.1 cM anchored marker



Possibly within disease interval:

GENE NAME EXPRESSION DISEASE Xp

FTLL2 ferritin light polypeptide-like 2 22.3-2
GPM6B glycoprotein M6B neurons and glia excluded from Rett syndrome 22.2
HCCS holocytochrome C synthetase excluded from Rett syndrome 22.2
MLS microphthalmia with linear skin defects
ZFX zinc finger protein possibly gonadal 22.2-
21.3
HOMO hypomagnasaemia,

hypocalcaemia
22.2

INE2 inactivation escape-2 brain 22.2
KFSD keratosis follicularis spinulosa decalvans multiple eye probs 22.2-13
CND comeal dermoids cornea 22.2-1
PDHAl pyruvate dehydrogenase E l -alpha pyruvate dehydrogenase

polypeptide-1 deficiency 22.2-1
PHEX phosphate regulating gene hereditary

hypophosphataemia 22.2-1
PPEFl protein phosphatase EF hand 

calcium binding domain
retinoschisis excluded 22.2-1

PRTS Partington syndrome 22.2-1
RPS6KA3 serine/threonine kinase gene Coffin-Lowry syn 22.2-1
XLRSl retinoschisis 22.2-1
SEDL sedlin spondylo­

epiphyseal dysplasia 
tarda 22.2-1

RP15 RP15 22.13-11
MEHMO MEHMO syndrome 22.13-1
GDXY gonadal dysgenesis 22.11-2
CA5B carbonic anhydrase (mitochondrial) pancreas, glands, spinal cord 22.1
SAT Spermine N(l)-acety! transferase 22.1
EIF2S3 eukaryotic translation initiation factor 2 ?testis 22.2-1
CMTX2 Charcot-Marie-T ooth 22.2

00
0\



00
-J

GENE NAME EXPRESSION DISEASE Xd

FCPl F-cell production 1 rbc Heterocellular hereditary 
persistence of fetal 
haemoglobin 22.2

GLRA2 glycine receptor (chloride channel brain 22.1-2
MAGEB family melanoma antigen tumours 21.3
MJD4 MJD4-PEN Machado-Joseph 

Disease related 4 22.1
MLS microphthalmia 

with linear skin defects
22.2

RDXP2 radixin pseudogene 2 21.3
CLCN4 chloride channel 4 skeletal muscle, brain 22.3
DXS1283E GS2 all tissues 22.3
EMWX Episodic-muscle weakness episodic muscle 

weakness
22.3

IL3RA interleuldn-3 receptor haem cells 22.3
OFDl oral-facial digital syndrome 1 oral-facial digital 

syndrome 1
22.3-2

KALI Kallmann syndrome-1 Kallmann syndrome 22.3
OAl Ocular albinism OA 22.3
APXL apical protein, Xenopus laevis-like OA 22.3
OASD Ocular albinism and sensorineural deafness OA 22.3
PKXl Protein kinase 1 chondrodysplasia 22.3
TBLl Transducin beta like 1 OA-like + deafness 22.3
ZNFXY Zinc finger X and Y Opitz syndrome 22.3
ARHGAP6 GTPase-activating protein, RHO, 6 all tissues, preferentially 22.3

skeletal muscle, ? eye
ARSD/E/F arylsulphatase -D, -E, -F ARSE; chondrodysplasia 

punctata 22.3
AMELX amelogenin teeth 22.3-1
ASMT acetyl-serotonin O-

methyltransferase pineal and retina 22.3
ASMT 1 acetyl-serotonin O-

methyltransferase-like pineal and retina 22.3



GENE NAME EXPRESSION DISEASE Xfi.

GRPR
PRPS2

Others:

gastrin-releasing polypeptide factor bone, brain
phosphoribosyl synthetase all tissues 22.3-2

00
00

APT6M8-9

ASSP4
CODl
EEF1B4
ETF1P3
GAPDLIO
GDXY
GK
GPXLl
GUCY2F
KRT18LI
PFKFBl
PLS3
POLA
TMSL7
U2AF1RS2

UHXl

ATPase lysosomal membrane sector 
associated protein M8-9
arginosuccinate synthetase pseudogene 4 
cone dystrophy locus 1 
eukaryotic translation elongation factor 
SUP45L4
glyceraldehyde-3 -phospate dehydrogenase-like 10 
testis-determining factor 
glycerol kinase
glutathione peroxidase pseudogene 1 
RetGC-2 
keratin 19-like 1 
phosphofructokinase 
platin (T isoform)
DNA polymerase alpha 
thymosin-like 7 
U2 small nuclear ribonucleoprotein 
Auxiliary factor, small subunit 2 
ubiquitin carboxyl-terminal hydrolase 1 retina

ribosomes, all tissues

Swyer syndrome 
glycerol kinase deficiency

22.1-3

22 . 11-2
22.3-3

probably lethal in hemizygous males 
brain, possibly cytoskeleton

22.1-3 

21.1

21 .2-2



3.6.4.2 Screening of the gene encoding the retinoic acid induced transcription factor. RA12

The cnlire coding region ( 1 exon, 1960 base pairs) and 377 base pairs of the 5’ upstream region were

amplified with the following primers (adapted from Walpole et al.^ )̂.

Table 29: primers designed to amplify the RAI2 gene

m L
Forward primer
5’ -3 ’

GTCTGACATAGCAACTTGGAC

TCCCTGGTTAACTAAAACGTGG

CTACGTCATGACCACCAGG

GTCAGCCTCCTCCTGGCTAT

CAGTCCCTATTCCCATCCCC

CTAGACCTGTCAGTGGCAGC

GCCAGCCCAACCACCCCAG

AnnealReverse prunsï

GAAAGACtmKTGCTCCAGCAD ;̂ 60 

cMXkfiùK&xmsx  ̂
GGAGCTGAACTTCGATTCAOA"

GCCACTGGGAAGTTTCTCCAT 

rCCGCCTGGGACTCGCCCAC:

AAAGGTGGCCAGCCGTTG

GCTTTAATGGAATATTGGGTGAA , GTGCAAACAAACATTTA^GTGA 60

TAAAGTTAAAGAAAGTGAACTC CACltTGIXKK:AAÎGAAÀATAGC ' 60 
CC

Two affected hemizygous males and one unaffected female were amplified using each primer pair. No 

sequence changes were detected.
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3.7 Mapping a locus for coralliform cataract

Ascertainment of a four-generation family (family C) with coralliform (synonymous with aceuliform) 

cataract facilitated linkage analysis. This is a branch of the family described ly  Nettleship, 1909^^ .̂

3.7.1 Linkage analysis

After excluding several candidate loci (table 29), we obtained uninformative data for markers around 

the y-crystallin gene cluster on 2q33. As an adjunct therefore, linkage analysis was performed using 

the marker D2S325 which lies within the interval. A significantly positive two-point lod scores was 

obtained for this marker (Z(max)=3.47 at 0=0) and the genetic interval of the disease locus 

subsequently defined as D2S2261 - D2S339 (which encompasses the y-crystallin gene cluster and the 

PA2-crystallin gene).

Table 30 details the two-point lod scores for linkage between the coralliform cataract locus and 

chromosome 2q33-35 markers.

The pedigree and disease haplotype is shown in figure 48.

Figure 49 shows a sex-averaged genetic map of the region.
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Table 30; two-point lod scores for linkage between a, the coralliform cataract locus and candidate gene 

markers in family C; h, the coralliformcataract locus and chromosome 2q33-35 markers

a

LOD score (Z) at recombination (0) of

-0.05

one allele only

0.1

-1.59

-2.18

-1.35

0.05

&

t i l !
'I

' \ 0.3 

ÿ  4 -0.55

: :
0.10

Genetic

Distance 

(cM)

 ̂ 0.4 

? 0.10 

0.00 

0.24 

0.30 

0.45 

0.49 

0.24 

#  0.00 

 ̂ 0.29 

W 0.17

# 0.00#  6.0

#  2.9 E 1.06 0.71

^  2.72

m  1.51
r . 0.00

m m  5.0 I 0.87
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Figure 49: linkage map o f the coralliform cataract locus on 2q33-35 
which spans the gamma-crystallin gene cluster. 

cM values are similar for both males and females

2q33-35

marker cM

D2S226

5.0

D2S11

6.0

D2S2237

D2S369
D2S325
D2S2321
D2S371

2.9

5.0

D2S2250

5.0

D2S339
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Figure 48: abridged pedigree of family C showing segregation of 2q33-35 
microsatellite markers, listed in descending order from the centromere

D i s e a s e  h a p l o t y p e

D 2 S 2 2 6 1  

D 2 S 1 1 8  1

D 2 S 2 2 3 7  1

D 2 S 3 6 9  2

D 2 S 3 2 5  3

D 2 S 2 3 2 1  1

D 2 S 3 7 1  3

D 2 S 2 3 1 9  1

D 2 S 2 2 5 0  3

D 2 S 3 3 9

-0

------W
111:1 1112
4 4 3 4
1 1 ? ?
1 1 1 3
2 3 1 1
3 2 2 3
1 1 2 3
31 2 3
1 1 ? ?
3 2 1 3
3 4 3 4

□ □
3 5  
1 1
2 3
3 3
2 4  
2 3  
1 3 
1 1 
??
3 4

3 5  
1 1
2 3  
3 3
2 4  
2 3  
1 3 
1 1 
? ?  
3 3

O

-0
3 3  
? ?  
1 3 
3 3  
1 3 
3 3  
3 3  
1 1 
3 3  
2 4

111:5 111:7 111:8

? ? 4 6 1 5
1 1 1 1 1 1
1 3 1 3 3 3
2 2 2 3 1 2
3 2 3 2 3 4
1 1 1 1 2 2
3 3 3 3 3 3
1 1 1 1 1 1
3 2 3 2 4 4
3 4 3 4 2 2

□ 6  ■ 1
IV:1 IV:2 IV:3 IV:4 IV:S IV:6 IV:7

4 3 4 3 ? ? 41 6 5 4 5
1 1 1 1 1 1 1 1 1 1 1 1
1 3 ? ? 1 3 3 3 1 3 1 3
2 2 3 3 ? ? 2 3 2 2 21
3 2 ? ? ? ? 3 2 3 3 3 4
1 2 ? ? 1 3 ? ? 1 2 ? ?
3 2 1 2 31 3 3 3 3 3 3
1 1 1 1 1 1 1 1 1 1 1 1
3 3 ? ? ? ? 4 2 3 3 3 4
3 3 4 3 ? ? 2 4 3 2 4 2

3 2  
1 1
3 2
3 3  
22  
2 2  
21 
1 1
3 3
3 4

3 2  
1 1
3 2  
1 1 
2 3  
2 3  
2 3  
1 1
3 3  
31
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3.7.2 Mutation screening

The interval encompasses the y-crystallin gene locus which includes genes y-A, -B, -C, -D, -E, -F and a 

gene fragment y-G. Only y-C and y-D encode abundant proteins in the lens while y-E and y-F are 

pseudogenes. Direct sequencing of each of the genes was undertaken in the following order of priority 

y-C, y-D, y-A, y-B. Table 31 below shows the primers used.

No mutation was detected in the following y-crystallin gene: A, B, C, D. A non­

segregating synonymous nucleotide polymorphism was detected in yC exon 3, A to 0  

at position 507 (Argl70Arg)
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Table 31 : primers designed to amplify the coding regions of the y-crystallin genes

‘ Forward primer 
' 5 '-3 '

CTA TCA TAG TAG ATG 
CTA ATC A

CCA GCT GAC TGT CTA 
CTGT

GAC AGA CCA GCT CGC 
ACA

CAC AGC AAC CAG AAA 
ACATC

CTC CAT GCT CCC ACA 
TCTT

TGT TTA CTC TTG CGT 
TTTCTG

TGC ATA AAA TCC CCT 
TACCG

ATC ACC TTC TAT GAG 
GAC AGG

CCG AGT AGA CAG TCT 
CCC

GGG CCC CTT TTG TGC GG

GCC TTG CCT TGC AGA 
TCA

CAC ACT TGC TTT TCT 
TCT TCT T

f t "I ^

A c a

C M

GOO GAC TCT qOC <K3C A

Annealing 
temp CO
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3.8 Mapping of a family with cataracts, nanophthalmia.» retinitis pigmentosa and acute-on- 

chromic glaucoma

Using the Birmingham Women’s Hospital Chnical Genetics Service database, details of a three- 

generation pedigree with apparently isolated autosomal dominant congenital cataract were obtained 

(family N). On clinical evaluation however, it became clear that segregating with cataract formation in 

the individuals were several other ocular anomahes.

3.8.1 Clinical evaluation

The fully penetrant ocular phenotype is shown in figure 50 and comprised bilateral, symmetrical 

nanophthalmia, microcomea, acute on chronic glaucoma in older individuals and pulverulent-like lens 

opacities which became visually significant by about thirty years of age. Significant variability in 

expressivity was observed in the degree of nanophthalmia. Fundal appearances consisted of peripheral 

“bone-spicule” intra-retinal pigment epithehal migration, posterior pole staphyloma with large, flat and 

irregularly edged optics discs. Several members of the family were attended for more extensive 

evaluation and the results for those affected are summarized in table 32. The ocular examinations of 

individuals ascribed as unaffected were otherwise normal.

196



Table 32: clinical evaluation of the phenotype

i l

Mm

111:3

Affected 
39
Female
Bilateral cataract 
extraction and 
glaucoma filtration
6/36 
+ 13D

Affected

None

6/9  
-0.75/ 
-0.25 
x090

6/9 
-4.25/ 
+2.00x0  
80
Normal 
8 h  
8.25 V 
Clear

8.5 h 9 h
8.25 V  8  7 5 v
Clear, flat blebs 
superiorly 
D&Q

Aphakic Few punctate 
opacities

l ^ g e ,  p a l e ,  f l a t ,  i r r e g u l a r  b o r d e r s ,  a t t e n u a t e d  v a s c u l a t u r e  w i t h  a b n o r m a l  

b r a n d l i n g

G e n e r a l i s e d  r e t i n a l  t h i n n i n g  a t  p o s t e r i o r  p o l e ,  w i t f i  b o n e - s p i c u l e  i n t r a - r e t i n a l  

p i g m e n t  e p i t h e l i a l  m i g r a t i o n  p r e - e q u a t o n a l l y  w i t h  d e m a r c a t i o n  I m e

22.68

P o s t e r i o r  s t a p h y l o m a  

r i g h t  e y e ,  r e t i n a  

a t t a c h e d ,  h i ^ l y  

r e f l e c t i v e  d i s c ,  s c l e r a  

a p p e a r s  n o n n a l  

t h i c k n e s s

Yes

23.04
■ m i 22.82

y n,
) V' A 

N o  s t a p h y l o m a ,  

o t h e r w i s e  a s  f o r  1 11 :3

S e v e r e l y  a b n o r m a l  r o d  

a n d  c o n e  h R C i s  w i t h  

o n l y  m i n i m a l  r e s p o n s e s  

t o  t h e  b r i g h t e s t  s t i m u l i

150%
( s u b ­

n o r m a l )
reliable

A l l  r e s p o n s e  a m p l i t u d e s  

w e r e  s u b n M m a l

Normal values. Refraction: 0.00 D; corneal diamter: 11.5mm ; axutl length: 22.5 -  24.5mm
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Figure 50; the phenotype: nanophthalmia, cataract, retinitis pigmentosa: a, the nanophthalmic eye 
(15 year old female);
b, consequences of glaucoma and cataract, the end point of multiple surgical procedures: aphakia, peripheral iridectomy 
and shallow bleb from glaucoma filtration surgery (39 year old female);
c, fine pulverulent lens opacities (15 year old female);
d, posterior pole (10 year old male) showing large flat optic disc with irregular margins, narrowed vasculature and 
surrounding retinal thinning;
e (10 year old male) and/(15 year old female), peripheral bone-spicule intraretinal pigment epithelial migration.
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3.8.2 Linkage analysis

After excluding linkage to the microphthalmia locus on chromosome 14 (table 33), significantly 

positive two-point lod scores were obtained for markers spanning the NNOl locus on 1 Ip (ZnBx=3.01 

at 0=0 for markers D11S1765 and D11S4191, table 34) and the disease interval defined as 1 Ipter -  

D11S908 (33cM). The pedigree and disease haplotype are shown in figure 51. The disease interval 

includes the PAX6 gene locus. The abihty to exclude this locus is hmited ty  family size and the 

infomativity of adjacent markers. The results of direct sequencing of the PAX6 gene in this family are 

eagerly awaited.

Figure 51 : pedigree of family N showing segregation of 1 Ip markers ordered from the telomere

(bars beside alleles indicate disease haplotype, ? refers to undetermined allele)

Q

Disease haplotype

D11S926
D11S4170
D11S1765
D11S1883
D11S1313
D11S4174
D11S4191
D11S1337

o

r

o

□ ■ n
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Table 33: cataract candidate gene exclusion data: two-point lod scores for linkage between the disease locus and candidate gene markers

LOD score (Z) at recombination (9) of
0.3

-0.30^^^ -0.13 

'0 .22% ^  0.15
0

Table 34: two-point lod scores for linkage between the disease locus and 1 Ip markers ordered from 1 Ipter

N)
o
o

' O'- T.

0.25
? One allele onlv 

3.01

One allele only

2.46 
0.91 
2.31

2.46 
0.91

-0.21

LOD score (Z) at recombination 
0.3

0.13

1.16
' 0.69 0.56

1.08

0 i m  " 6
. 0.48 a .  0.34

0.070.0* i

;  0.5

o m m r  0.46
.0.21 %  0.10



3,9 Mapping of a family with progressive posterior polar cataract

3.9.1 Linkage analysis

After excluding several candidate loci for posterior polar cataract (table 35), significantly positive two- 

point lod scores were obtained in family G (progressive posterior polar cataract) with Z ^ =  3.91 at 

marker D10S192 (Table 36). Figure 52 shows the pedigree with disease haplotype.

Table 35; cataract candidate gene exclusion data: two-point lod scores for linkage between the 
polymorphic cataract locus and candidate gene markers in family G

Candidate

0.2

'  ̂ Volkmann, PPC -149 0 25  ̂ 0 32

locus

3PI13R * -4 37PPC and 

Mamer locus 

Putative PPC 

% locus

-2.99 4).78

»  ^.09 -1.12 ; * 2  ^.20

4). 17

Table 36: two-point lod scores for linkage between the posterior polar cataract locus and markers 
in family G

Candidate

PITX3

0.06

0.2

g  0.81 0.15

}  2.49 0.77

K 0.03 0.00
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Figure 52: pedigree and disease haplotype family G for lOq 
markers listed from the centromere

K)
S

AFMa053yg5
D10S192
D10S540

(5 S '

22 
61 
1 3

□
AFMa053yg5 12 12 12
D10S192 5 1 5 1 5 6
D10S540 2 3 2 3 2 1

s  s  ^
AFMa053yg5 12 
D10S192 2 3
D10S540 1 2

i D-
1 2 
57  
1 2

-O
1 2 
56  
22

4> £ J

D-i—O
21 
35  
32

~ i  D - r i
1 2 
36  
22

Ô

21

O-
21
46



3.9.2 Direct sequencing

Exon/intron boundaries for the PITX3 gene are not published. Using the complete CDS o f the PITX3 

mRNA sequence, the HGMP BLAST software identified the human PAC clone A L160011 

(chromosome 10q25) as containing the complete PITX3 coding sequence. The genomic structure of 

the gene could then be defined and primers designed to amplify the entire coding region (906 

nucleotides. 302 amino acids. 1187 nucleotides including the 5 ’ and 3 ’ -UTRs, figure 53, table 37). 

The gene consists of 4 exons interspersed b) the three short introns.

Table 37: PITX3 primers

f   ̂ Forward primer 
' f 5 '--3 'Mr

. Annealing
. ■ . -__________________________5 V 3 *  : .J ,[  • iemp(°C)

' M f ' }  t a g  CTA AGC CGC AGA
T T T T T A

55

<n

À TAT

TTTTTA  
' AGA ATA TGC GCT GGC 

TTGG
ACC GCC TTT CTC CCG

GCC GTC TCC TGC CCT

GGG TCA TTT TGA CTG 
(GXTTT

'G&c ' t .  ' s

] '  ^ 6 '  •’’- f

TCATC

Direct sequencing o f P/T.Y3 exons 3 and 4 did not reveal a sequence change. Probably owing to the 

high G/C content o f exons 1 and 2, no sequence data is yet available.
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Figure 53: PITX3 gene structure 
(derived from PAC clone AL 160011 )

1 7 0 9 4 1  GGAGGGACTC TGGTGCTCCA CCGCGGCGTC GTGGCCGACA CCGGCTACGG TCGGTCCATC
1 7 1 0 0 1  GGCCAAAGGG TGCAGGGGGC GTGCGTGCGT GGAGAAACGA CGTCCTTAGG GCCCGACGGG
1 7 1 0 6 1  GCTGGACCTC ATCCCCCCCA CCACTCACCC TGACTCAGGG ATCTTCGGAC CTGGGAGTGT
1 7 1 1 2 1  AGCAAGGACA TGTAGGTCGA GCGGACATCT GTCACCCCCT CCTACTTCCC TTCTCCTGAG

exon
1 7 1 1 8 1  TTCGCGTTGA AACTTAGTAG TGCGGAAGCT GTCTGGCGCG TGCAAATAAA GTAAATAGAA
1 7 1 2 4 1  ACTTTTGCTC CCTCCCCTTC GGACCTCTTC CGCCCTACCC GGTTCCCACT CAACCGGGGG
1 7 1 3 0 1  CX3CCTCGACC AGGGACAAGG ACCGAAATCA GGGTCCCCGC GCCAGACACA CATCCCGGAT
1 7 1 3 6 1  CAGGTGGGGA GTCCCGACCC TCCCCTTCCG G G ^A G G A C TC G G CC ^G G ^^G G G TCG A C G G
1 7 1 4 2 1  GTTTGTGGGG AAAGTCTGGG AOGCCGCCCT CGTl'CGGTCA GT'i'TTAC'i'GG GGTCAGGCGC

1 7 1 4 8 1
1 7 1 5 4 1
1 7 1 6 0 1
1 7 1 6 6 1
1 7 1 7 2 1
1 7 1 7 8 1
1 7 1 8 4 1
1 7 1 9 0 1
1 7 1 9 6 1
1 7 2 0 2 1
1 7 2 0 8 1

CTCCGACACT
CCGGAAAGGT
CGCCCCATCG
AATGTGCCCA
CTCCGTATTC"
GGGGGCGGGT
CTCCCGTGGT
CCGGGGTGCA
TCTCGGAACC
TGGTCGGGGG
AGCGCGAAGG

TAGCAACGGG
GCCGCATGAC
ACTTCCTCCG
GGGCTATCTG
œGTCfCTCTG
âÔGGGACGTC
ACCTCCGCCG
ACTGGCTCAA
CGCCGGTGAA
GCTCGCCGCG
CGGTAAACCG

GGCGGGAGCC
CGTGCCTGAT
CACGACAAAC
CATCCCCCTT
CCGGGGCCTC

"bcGGGGTCCG
CTACCTCGAC
CTTCCGCTTA
CGGCATGCTC
GCGCTTCGAC
CGCGGCCAAG

CCTACTAGAT
TCCAACœAC
CGAAACTCGG
CTŒX3CCGTC
CTGTGCCGCC
GGACCGTGCC
CXIACCGCTCT
CCTTTCCAGA
ATCX3GCCCCA
GGAAACGTAT
AACTTGGTGT

GCCCGCCCCG
GGCCCCCGCC
CGTCCGACCG
GGCGCCGCCG
GGCCTCGGTC
ACGGGCCCCG
TCTGCCCGAC
ACCGCCGCTC
TGTGGAGGAG
CGAGCCGGAC
g g a c g c c c g t

GOGAGTATGC
GGGCACGTGT
GTCCGAGCTC
C03CCGCCGG
GGGCCCœCC
TCGGCGCCGC
GCTTCGGTCT
GCCGCCCCGT
CATCCCGCCG
GACCGACGCG
GCCCTCTTTC

1 7 2 1 4 1
1 7 2 2 0 1
1 7 2 2 6 1
1 7 2 3 2 1
1 7 2 3 8 1
1 7 2 4 4 1
1 7 2 5 0 1

CGCCAGTCCC
GGTCGGCCCC
TCCTCGCGTG
CCGCGGTCCC
TCTGCCACAG
CGACCTCCAA
GGCCCCAGGC

GGGCCCCGGC
GGGACGCCAG
CCTCAGGCCC
AGACCGCCCT
TCCCGGCTTC
CCGCCCGTTC
TCCCTCCCCC

CCAGGGTCGC
TTATTTGCTC
CAGCCTCTTG
GTCATCCTAC
TTCGCGCGCC
TCTGGCGCAC
GTCCACCCCA

CGACTTCCCG
TACTCCACCG
TCTTCCGCGC
CCCAACTCCT
AGGCTCATCA
CCCGACGCCG
CCTTGGCGAC

CCCGGTGGGG
ATCTCTGCCC
CCGCCGACCT
CCCCACCACT
TCCCTCGTCA
GGCCTCGGTC
CGGAGGCCCA

CTGCCCCGAA
CACCCTCCCT
GGCTCAGTAG
CCCCTTCCTC
CCCTCGTCTC
CCAGGCCCCA
GCGTCCGACT

1 7 2 5 6 1
1 7 2 6 2 1
1 7 2 6 8 1
1 7 2 7 4 1
1 7 2 8 0 1
1 7 2 8 6 1
1 7 2 9 2 1

CGCGCCTCCC
AGCCACTCCA
GAGACCTTCC
GCGACGAAGA
AAAAGACTCA
AGAGGCCGAG
CAGGGTGGGC

GGGCGCGCCC
ACCAGGTGTG
AGCGGAGATC
AAAAGTCGCT
GACCCCCGGT
CCCCTGGAGG
GTGACCCCTA

ACGCTCAGCG
CCGCTAGAGG
GAGGACATCG
TGGCAGGAGA
CCCACCCCCG
ATTCGGTGAG
CTTCGACAAT

CCCAGACCTC
AGCGCGCACG
ACGACCGACC
CCCCTCGGCG
TCCAGTGTCT
CGACCGAGGG
ACAGGACGTG

TCGTATGGGC
AGTACAGCCC
ACTTCACGCA
GCCCGTCGCT
CGCGGGTTCG_
TGGCCCCGAC
GGGGCCTTCC

GTGCGCCCGG
CATCGCCAAG
CGCGACGGCG
TCGGCTCCGG
CTO^GTA'^
GGGTCGGCCC
CCCGCGCGAA

1 7 2 9 8 1
1 7 3 0 4 1

1 7 3 1 0 1
1 7 3 1 6 1
1 7 3 2 2 1
1 7 3 2 8 1
1 7 3 3 4 1
1 7 3 4 0 1
1 7 3 4 6 1

t g g c g a c a c g  a g g a c c g g g a

CAGACTGTCG CTGTCCCGTC

CCTCCCTCCC
CCGAATCGAT
CGGCATTTCG
CTGCGTATCC
AAATGACGAC
ATTATTTTTA
CCCTCCGGGT

GAGACCTCCG
CCAGGGTCGT
ACCCCGACGC
ACGTACGACT
CCTTGATCTT
CATCTGATAT
CCGCCGACCT

ACGTCGGCAC
CCGAGGCCCG

CTCTCTTCTG
CGCAAAGGAG
ACCCCGAGGA
CTCCAAGAGA
GACACGGTCC
CCGGCCCGCG
AGTGGACTCC

GAGACCCTCG
GAGACGGAGC

TGTCTGGTCC
CATTTAAGGG
ATCCTATTTT
CGTATCTATA
ATATGTCAAC
TCACCGAGTG
AGTCCTCAAG

ACCCCGACGC
GACTCGTCCG

CATTACCCCC
ACCGCGGAAA
AGCCCTTTAT
TATTTGATCT
CCCAAGTTAT
CGGACATTAG
CTCTGGTCGG

CTCACGGTCG
GCTTCAGGTA

3 5 ’
ATTTTAGAGG
GAGTTGGGGT
CGTAGGATTC
GAAGCAAAGC
AAATAACTTA
GGTCGTGAAA
ACCGGTTGTA

exon

exon 3 A 
exon 3B 
exon 4

denotes direction of«
transcription

 ̂pnmers
exons m bold
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3.10 Screening of a panel of inherited cataract patients for mutations in filensin and LEP503

3.10.1 Primers

The genes encoding the lens cytoskelelal protein, filensin is considered a strong candidate for human 

cataractogenesis. A recently discovered lens-epithclial specific protein LEP503 (of as yet unknown 

function) was also screened as a possible candidate for cataractogenesis. Primers were designed 

(tables 38 and 39) to amplify the entire coding regions of each gene.

Table 38: LEP503 primers

Forward primer 
5' -3 '

0  Annealing temp 
CC)

CAC TAG AGO CAG CTC 
CCA
ccc AGC CCA ATT GCC ATC iTTA GAC ACtTAT AAT CTT ^  58

GGG

Table 39: filensin primers 

Forward primer
5’ - 3 ’ _______________
ATG TAG CGG CGC AGC TAC 
AGC AGC GCC ATG CCG G

CAT GTG AAA GCA TGG TAG 
TT
CAT TGC AGG AAG CTG ATG f 
AAGGCC
TGA GAA TGT TTT CCC TCC 
CCCAA
CAT GAG TCT GAC TCT GGC 
(TFT CT
TGC CCA CAG AC A AC A ACT 
CTG GA
TGA CCT CTG TTT GGC TTG 
TT
TTA TAC TTG AAT TTC TGC 
CTG
TGA GAA GCC CCA AAA 
GAGC I
TTA GAG AAT GGG CAG GTG : 
G
CAG TGG AAG TGC TGG AAT 
G

TTAAC

' i r

o e :  55

r m

Annealing temp
CC)
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3.10.2 Heteroduplex Analysis

3.10.2.1 LEP503

No heteroduplexes were detected in either exon 1 or exon 2

3.10.2.2 Filensin

The following non-segregating nucleotide substitutions were detected in the coding region of filensin 

(table 40)

Table 40; filensin nucleotide substitutions

Nucleotide IMieOtkfe i  Codon
-

Substitution

Amino

A

AAC->A

i  GGT-»A

Sequencing of DNA of all relatives indicated that the sequence change did not segregate with disease 

(data not shown). The exon 7 G76A nucleotide substitution results in the conservative substitution. 

G345S and would appear to be a common polymorphism. Direct sequencing o f all relatives (data not 

shown) revealed a number of affected and unaffected individuals who were homozygous for the 

sequence change. Furthermore, the population prevalence o f the polymorphism in our 100 controls 

was 22%, established by direct sequencing.
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Figure 54 shows the conservation o f glycine at position 345 amongst other mammalian filensin 

orthologs. Table 41 and figure 55 summarise the significant findings of PredictProtein  protein

prediction and DNAStar Protean software respectively.

Table 41 ; summary of PredictProtein  protein modelling of filensin

0

s|< " .V I

. Filensin 0345S fileœiil
I " ■> I  ̂ '

IT'"'?'

No

% o f pairwise sequence identity with human filensin

Figure 54 shows that the glycine at position 345 is conserved in bovine but not 
in rat or chick filensin proteins (results of NCBI BLAST alignment).

328 ^
chick P V T L F T Q I Y R P V Q P Q A S I R

328
r a t p i S L I T P S H G A S L S L G S N

328
human P I P L F T Q S H G V S L S T G S

328
bovine P I T L Y T A S H G A S L S P R H G  

Consensus P I t L f T q S H G .  S L S  . g S q

G R D I T Q A M Q E

V K D L T S L E N E

G K D L T R A L Q D

G K D L T R A V Q D  

G K D L T r A .  Q d
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Figure 55: filensin protein modelling

a, wild-type filensin

> T S A F IE T P IP L F 7 Q 3 H G ^ S L S T G S b 3 K )L T R A L C D IT A A K P R Q K A L P K N V P P R K E I I*

A

B

(E

1 . l f

□ Alpha, Regions - Garnier-Robson
#  Alpha, Regions - Chou-Fasman 

a  Beta, Regions - Garnier-Robson
■ Beta, Regions - Chou-Fasman

□ Coil, Regions - Garnier-Robson
□Turn, Regions - Garnier-Robson

■Turn, Regions - Chou-Fasman

5 ^ 3 ------

0 Flexibility Plot - Karplus-Schulz 

□ Flexible Regions - Karplus-Schulz

□Average - Charge

■ Positive Region - Charge 
0  □ Negative Region - Charge

b, filensin-G345S

>TSAFIETPIPLFTQSHG/SLSTGSSaOLlRALCDITAAKPRQKALPKNVPRRKEI I*

I— n

CHZ3 □

1 .1 4

1

AVkYT/VVh, A AWA"

□Alpha, Regions - Garnier-Robson
■Alpha, Regions - Chou-Fasman

□ Beta, Regions - Garnier-Robson
■  Beta, Regions - Chou-Fasman

□ Coil, Regions - Garnier-Robson
□Turn, Regions - Garnier-Robson

■Turn, Regions - Chou-Fasman

H Flexibility Plot - Karplus-Schulz 

□ Flexible Regions - Karplus-Schulz

□Average - Charge

■ Positive Region - Charge 
O □ Negative Region - Charge

site o f  polymorphism

208



3.11 Cataract candidate gene screening

A number o f families were screened for genetic linkage to candidate loci and the exclusion data is 

presented here.

Table 42 lists the candidate genes excluded and the tetranucleotidc markers chosen that span the gene 

interv al o f interest. Marker pairs approximately lOcM apart were chosen in each case. Linkage to all 

cataract candidate loci was excluded in the following families: M (tables 43 and 44), E (table 45 and 

46), O (tables 47 and 48).

Table 42: cataract candidate genes and loci excluded: chromosomal location, tetranuclucleotide marker 
pairs (with maximum amplified size)
(on this and following page)

gene/locus^ phenotype

i
D1S468me Volkmann, 

posterior polar 
pulverulent

nuclear, lamellar, 
Coppock-like

lamellar/
sutural

Rieger’s
syndrome

total
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12ql4 
i 12ql4

; 13ql3

 ̂ 3
 ̂  ̂ 16q22 

I I6q22
j I

* I I7p l3
 ̂ 17pl3

17qll

I 17q24 
 ̂ 17q24

’ismmimm

phenotype 

polymorphic

r pulverulent

pulverulent 
posterior polar

I  anterior polar 
cataract

sutural

cerulean

I central nuclear

cerulean
Cop^xx:k-like

210



Table 43: family M lod scores for linkage to cataract candidate genes

LOD score (Z) at recombination (0) ofMaiker

D1S468 .

D1S2141

One allele only

.GATA 
I24F08 
D2S427

GATA^

D3S3053

D3S2427

D4S1644

D10S12I3

D10S1248

D1IS19«1

-00

ATA34E08 

D11S1998

DUS4464 %  -00

D12S1052 « #  ^
^  « 

DI281064 a p  -00

D13S1493 V -ooA
D13S894
f
0 î3S 317 i:

-00D13S80O

D16S748 ^

D16S764'

D16S402^^^

D16S539

-2.51 

0.09 

-0.10 

-0.57 

-1.66 

-1.30 

-0.10 

0.85 

-1.37 

, -2.22

-2.18 -1.37

-1,061. -0.95

-0.91  ̂ -0.42 

-0.30 

^2.05 -1.01

-2.34 -1.37

-0.08

-0.79

-1.33

-2.50

-2.34

-0.79

0.49

-2.18

-3.6K

■Ol55

One allele only

-00 i - I . I l

-00 t e s f è j f ;

%  :  '
-00 - 0 . 6 3  '

-0.36

-0.16

-0.94 

-0.83 .

#^6.48"0

4 t7 0 .#

0.20

-0.57

-0.52

0.48

-0.77

-1^75

0.14

0.20

-0.19

-1.21

-0.77

0.20

0.97

-0.93

-1,46

-0.93 
& '' 

- 0.01

-1.24 

0.14 

0.35 

0.03 

-0.91 

-0.44 

0.34 

0.97 

-0.65 

-0.97 

-0.65 

0.16 

-0.18 % -0.05

%.48

- 0.10

-0.16

-0.44

-0.01

-0.32 

-0.

0.48
l

-0.49

0.68

-0.87
%

0.12

0.38

0.15

-0.67

■0.23

o - ' l
OM

-0,45

-0.62

-0.45

10.25

0.01

^-0.05

003

'■

%

0.30 0.40

-0 15 # .05 0.01 0.02

-0.21 # 1 4  , -0.08

0.41 . 0.31 sW‘- 0.18 :o o 8
.

-0.30 -0 .16 -0.07 W .02

0.65 0.% 0.42 0.23

-0.61 -0.40
.g: ' #

-0.23 -0.11

0.08 0.05 " 0.02 0.01

0.36 0.29 0.20 0.10

0.22 0.22 0.18 0.11

-0.48 -0.33 -0.20 -0.09

-0.09 -0.01 0.03 0.03

0.36 0.29 0.20 0.10

0.79 0.64 0.46 0.24

-0.31 ■0.20 -0.12 ^ 0 5

-0.38

-0.31

0.28

0.04

-0.02

0.14

“0-22,3,^ -0.10

"0.20 

-0. 

(0.2

-0.08

-0.12

0.20

0.03

t4 0 ,0 1 ^  0.00 

;0:%8:^ 0.17

-0.01 w 0.03

0.16 0.27 2 S 0.20

-1.04 -Ô.70# -0.46 •0.28 -0.15

0.15 0.21 m 0.14

0.01

% 0 0 #  

'O v l# #  

'"0.02 % '

0.08#
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LOD score (Z) at recombinalion (0) of

-0.04

-0.97

ijlif r ' $
% -1.78

-1.04

-1.04 -0.46

D21S1446 -0.13-0.37

GCTloew

Additional markers:

Tentatively positive lod scores are obtained for markers spanning the PAX6 gene locus on 1 Ip 

(Z,nax=0 97 at 0=0.15 for marker ATA34E08). However the same recombinants persist for the 

intervening marker D11S1999 and new cross-overs appear in adjacent markers (D11S2362 and 

D11 SI985). Table 44 summarises the lod scores for these markers.

Table 44; family M: lod scores for linkage to additional markers

LOD score (Z) at recombination (0) of

-0.57

m  -2.00

0.30 : 0 0.40 0*5

-0.18 ; @ 0.01 00$

0.38 i 0 0.23

-0.53 •O il Ê -0 .17 3 #
m
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Table 45; family E lod scores for linkage to cataract candidate genes

Marker ^

DIS468

DIS2I41

LOD score (Z) at recombination (0) of

GATA
l24F0a^^
D2S427

G AT A 
178609 
DIS1744

D3S3Ô53 

D3S2427 

D4S2623 "

D4S1644 

DIOS 1213 

D10S1248 

D1IS1981 

ATA34E08I ; 

D11S1998

D12S1052là%
*)  ̂ Sm-v*
D12S1064 jlP 

D13S1493 ' 1

-00

Ô.05 . 0.1 0.15 0.20 0,25

 ̂ A f ;

0.30

-0.28 -0.07 -0.03 0.07 0.09 0.09

-2.81 -1.53 A ^ -0.48 -0.10

-285 -1.85 -0.84 -0.45 -0 .2 2 # -0.09
^ ■ 

-2.66 -1.39 -0.75 -0.37 -0.14 0.00

-1.42 -0.90 -0.62
S' -

-0.45 ;:-042,# -0.23

-0 88 -0.40 -0.15 -0.02 0.05 ^ 0.07

-2.78 -1.69 -140 -0.73 -0.28

-1.53 -0.80 -0.43 -0.22 -0 09 -0.02

-1.22 -0.58 -0.31 -0.19 -0.12 -0.08

-0.39 -0.21 -0.15 -0.12 -0,10 -0.07

-1.35 -0.79 -048 -0.29 -0.16 -0.08

-1,35

-0.22

-0.76

-0.04

-0 44 ...

0 .0 3 #

-0.25

0.05

-0.13 

006 ^

-0.05

0.06

-1.65 -0.89 -0.52 -0.31 -0.11

-1.91 -1.00 -0.54 -0.27 -0.10 -0.01

-1.59

-2.09

-0.86

-1.25

-0.98

-0.79 #
, ,

-0.61

-0.30

-0.51

-0.40

« i l .
-0.31

-0.11

-0.18

-0.16

D13S894i '

D13S317 1

D13S800

%D16S748

One allele only 

■oo -0.47 

-<» , -2.30

D16S764ÿ.,, 

D16S402"^L^' 

.D16S539,^W&

One allele only 

-X) -1.82\

-00 ^-0.91

-0.14

-1.37

-0.89

-1.01

-1.05

-0.47

0.00%,^ 0.07 

-0.55

-0.6^ -0.42

0.08

-0.34

::;0;28%: -0.18

0.07

-0.19

-0.04

-0.17

% 2 6 %  -0.15ahftW#....

j0.08 »  0.05

-0.00 

-0.03 -0.01

0.07 ' 0.09

-0,16 -0.10

0.07 0.04

-0.15 -0.07

0.02  ̂

-0.05 

-0.04 

-0.03 

-0.01 

0.05 

-0.06"

0.04

-0.02

-0.02

-0.01

0.00

0.04

-0.03

W 3j@ 0.05

-0.06 -0.03

- O l f l  -008

-0.09 '& -0.04 

,-0.09 -0.04

^0.05 0.03

-0,10,., -0.04

-0.00-  0.00 
"-0.09.f -0.04

4)05 -0.03

0.45

0.03 «Î 

0.02 

-0.00

0.07

-0.05
i .

0.01

-0.02

0.03

-0.01

-0.00

-0,00

0.00

0.02

-0.01

0.03

0.01 , 

-0.

-ô roo

-0.01
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LOD score (Z) at recombination (0) of

0.29

One allele only

^  4 »

0.19 ^4*^ \  ' 0.10 0.05 .. 0.01

-1.90 -0.76

1

-0.28 -0.06

-0.98 -0.25 -0.04 -0.00

-0.64 -0.16 -0.02 j 0.00

-1.19 -0.49 -0.18 -0.04

0.02 0.39 0.38 0.22

-1.32 -0.47 -0.14 | # s S -0.02

-0.07 -0.00 -0.01 p w ' f -0.00

-0.74 |- 0 .« -0.21 -0.05 -0.01

-2.94 1 -1.41 W ' -0.64 -0.22

-2.66 -1.16
!

-0.45 -0.11

-0.23 -0.01 0.04 0.02

-#.00

Additional markers:

Inconclusive exclusion data were obtained for the lp36 locus. Although there is no phenotypic 

correlation between the families an additional marker was examined which confirmed no linkage to 

this locus. Table 46 summarises the lod scores for these markers.

Table 46; family E: lod scores for linkage to additional markers

LOD score (Z) at recombination (0) of

4 M :  ÔJÔ i t s  0.30 'M S /  /  0.40

-0.35 - # 0 6  0.01
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Table 47; family O lod scores for linkage to cataract candidate genes

LOD score (Z) at recombination (0) of

WÔ5

Marker t

0.1 0.20 0.30 (. 0.40 0.45 ,

D1S468 ' 

DIS2141

g a t a 5   ̂ -

■̂3 f

124F08

GATA 
178G09 
D3S1744

D3S3053

D3S2427

D4S2623
m-

D4S1644

D10S1213

D10S1248

D11SI981

AfA34E08

DHS1998 
» #  '*1 
D11S4464^^

D12S1052

D12S1064 - o o

-00

-00

-0.57 -0.36

-1.92

-0 21 

-1.31

-0.21

-0.91

-0.18 ;
-

f 4 j 3M'

-0 14

-0.42

-0.11 . -0.05

-0.15

-0.01 r  

-0.06

-00 -1.34 -0.64 -0.32 -0.14 yo.05 ^ -0.00 0.03

-00 -2.12 -0.98 -0.67 -0.44 -0.15 : 4^ ,06#

-00 -2-19 -1.36 -0.91^ -0.62 -0.26 -0.07 "0.02 (

-00 -0.23 -0.07 -0.00 0.02 0,03 0.03 -0.02^:g 0.02 0.01

-00 -0.49 -0.01 # 0 7 0.10 0.08 0.04

-00 -2.92 -1.61 -0.93 -0.53 -0 28 -0.14 -0,06 -0.03 -002

-00 -1.56 -0.73 ■0.31 -0.07 0,06 0.13 0.15 0.13 -0.07

-00 -2.44 -1.47 -0.95 -0.61 -0.38 -0.22 -0.12 -0.05
i

-0.01

One allele only

-00 -3.02 -1.88 -1.26 -0.85 -0.56 -0.35 -0.21 -0.10 -0.03

-00 -1.74 -1.16 -0.84 -0.62 -0.46 -0.34 -0.23% -0.15 -0.07

-00

- o o

-<X)

^D13SI493 #  - o o

^  , 
D13S894 -00

D13S317» ■*? 

M>l6S748i -3.284'

-0.84

-1.45 -0.04

0.04

0^45
. Æ 

-0.62

rl.89  $  -0 99

A -
-033

-0.52 -0.26

-1.72

0.05

0.38

-0.45

0.081 ̂  0.14 

^ 0 6  %  0 .19

0.05
i
0.30 

- 0 .3 l \  -0.20

0.04

0.21

-0 09 

0.01

0.13

0.21

- 0.01

D16S764

D 168^2 -00
.

D16S539 ?

-2 :5 3 4  -1.81

^ - U l

-0.14

0.14

-0.25

rl.28 f  -0.88

#  0.20

. 0.15

M).08

0.02
# .
0.11

-009,

0.08

0.13

'-^oÿ

.#1

0.05
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LOD score (Z) at recombinalion (0) of

1 -0.14 

! -0.07

-2.17

A -1 .0 6 -0.44 -0.19

0 ,4

-0.59

-0.84 X ' 0.02-0.24

-1.02 r  $ -0.12-0.39

1.21 0.53

-0.12-0.67

/  -0.36

% -0.08

A #
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Additional markers:

The exclusion data for the lp36 posterior polar cataract locus were inconclusive. Two additional 

markers (D IS 160, D1S243) telomeric to D1S468 were therefore examined. A positive lod score 

(Zmax= 1.28 at 0-0.15) for marker D19S254 indicated the possibilit) o f more telomeric linkage. There 

is only one marker below (D19S246) and linkage is excluded. Table 48 summarises the lod scores for 

these markers.

Table 48: family O: lod scores for linkage to additional markers

»

LOD score (Z) at recombination (0) o f

- 0.68

- 1.01

- 2.88

-1.40

-2.33

0.1^ 0.20

^ 3

-1.37

0.30
' %

4 - 0.10

,1 -0.40 g  -0.14

-0.65 

- 0.20

l l i l  -0.42

~ -0.03
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3.12 Mapping a locus for stationary posterior polar cataract (family O)

Table 49: Genome-wide linkage search family O. Additional markers used are shown in italics 

Marker LOD score (Z) at recombination (0) of

r -Q  0.Ô5 0.1 0.15 0.20 0.25 0.30 0:35 0.40 0.45

Chromosome 1

D1S468

D1S1612

D1S1597

D1S552

D1S1622 -00

GATA129H04 - o o  

D1S2134 -00

D1S1665 -00

D1S1728 -00

D1S551 -00

D1S1588 - o o

D1S1631 - o o

GATA176G01 - o o  

D1S534 -00

DIS1679 -00

DIS1677 -ex,

DIS1589

D1S518 -00

D1S1660 -00

D1S1678 - o o

GATA - o o

124F08
D1S2141 ^  - o o

D1S549 -00

DIS3462 -00

-0.57

-1.45

-5.00

-3.58

-3.29

-1.94

-0.67

-1.46

-5.40

-3.89

-3.72

-0.63

-2.50

-2.58

-4.40

-1.38

-3.10

-1.75

-1.58

-3.08

-1.34
#

-3.04
m .

-0.54

-2.74

-0.36

-0.73

-3.11

-2.25

-2.15

-0.92

- 0.22

-0.94

-3.60

-2.63

-2.51

-0.36

-1.51

-1.67

-2.75

-0.83

-1.97

-0.75

-0.73

-1.99

-0.64

-1.92

-0.29

-1.78

- 0.21 

-0.39 

-2.05 

-1.55 

-1.51 

-0.40 

-0.03 

- 0.66 

-2.52 

-1.90 

-1.82 

-0.23 

-LOO 

-1 15 

-1.85 

-0.54 

-1.35 

-<L26 

-0.31 

-1.39 

-0.32

-1.31

-0.17

-1.23

- 0.21

- 0.20

-1.36

-1.09

-1.08

■0.11

0.05

-0.48

-1.80

-1.40

-1.34

-0.16

-0.70

-0.81

-1.27

-0.35

-0.94

0.01

-0.07

- 1.00

-0.14

-0.91

-0.11

-0.87

-0.18

-0.09

-0.88

-0.78

-0.78

0.07

0.08

-0.35

-1.28

-1.02

-0.98

■0.13

-0.49

-0.56

-0.86

-0.22

-0.64

0.16

0.06

-0.72

-0.05

-0.63

-0.07

-0.60

■0.14

-0.07

■0.55

-0.55

-0.54

0.16

0.08

-0.25

-0.88

-0.73

■0.69

-0.11

-0.34

-0.38

-0.57

-0.13

-0.42

0.23

0.12

-0.51

-0.00
-0.42

-0.04

-0.40

- 0.11

-0.03

-0.31

-0.37

-0.35

0.19

0.06

-0.17

-0.57

-0.50

-0.47

-0.09

-0.23

-0.24

-0.36

-0,07

-0.26

0.23

0.14

-0.34

0.02

-0.26

- 0.02

-0.25

-0.05 

0.01 

-0.15 

- 0.22 

- 0.21 

0.17 

0.03 

- 0.10 

-0.33 

-0.30 

■0.28 

-0.07 

-0.14 

-0.13 

- 0.21 

-0.03 

-0.14 

0.19 

0.12 

- 0.21 

0.03

-0.15

- 0.01

-0.14

- 0.01 

0.00 

-0.05 

- 0.11 

-0.09 

0.11 

0.01 

-0.05 

-0.14 

-0.14 

-0.13 

-0.04 

-0.06 

-0.05 

- 0.10 

-0.01 

-0.06 

0.11  ̂

0.07 

-0.09

o .o iW  

■0.06 

-0.00 

-0.06

m
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Maiker LOD score (Z) at recombination (0) of

0 0.05 0.1 0.15 0.20 0.25 0.30 0.35 0.40 0.45

D1S235 - 0 0 -0.99 -0.48 -0.24 -0.10 -0 03 0.00 0.01 0.01 0.00

DIS1609 

Chromosome 2

- 0 0 -3.06 -1.95 -1.34 -0.94 -0.65 -0.43 -0.27 -0.15 -0.06

GATA165C07 - 0 0 -5.52 -3.57 -2.49 -1.78 -1.27 -0.88 -0.59 -0.35 -0.16

GATA116B01 - o o -3.45 -2.09 -1.36 -0.88 -0.56 -0.33 -0.18 -0.08 -0.02

D2S1400 - o o -2.69 -1.63 -1.07 -0.72 -0.47 -0.30 ■0.17 -0.08 -0.03

D2S405 - 0 0 -0.32 -0.12 -0.04 -0.01 0.00 0.00 0.00 -0.00 -0.00

D2S1788 - 0 0 -2.03 -1.01 -0.49 -0.19 -0.00 0.10 0.14 0.13 0.09

D2S1356 - o o -3.39 -2.23 -I 58 -1.15 -0.84 -0.61 -0.42 -0.26 -0.13

D2S2739 - 0 0 -4.68 -3.12 -1.62 -1.16 -0.81 -0.54 -0.31 -0.14

D2S441 - o o -1.64 -0.88 -0.51 -0.29 -0.15 -0.07 -0.02 0.01 0.01

D2SI394 - o o -1.08 -0.58 -0.32 -0.17 -0.08 -0.02 0.01 0.02 0.02

D2S1777 - 0 0 -1.17 -0.67 -0.42 -0.27 -0.17 -0.10 -0.05 -0.02 -0.01

D2S1790 - 0 0 -0.84 -0.31 -0.07 0.06 0.11 0.12 0.11 0.09 0.05

D2S410 - 0 0 M .17 -1.38 -0.98 -0.72 -0.55 -0.42 -0.32 -0.22 -0.12

D2S1328 - 0 0 -1.73 -1.01 -0.67 -0.48 -0.38 -0.31 -0.26 -0.21 -0.12

D2S1334 - 0 0 -1.99 -1.00 -0.51 -0.23 -0.06 0.03 0.07 0.08 0.05

D2S442 - 0 0 -0.65 -0.23 -0.06 0.02 0.06 0.08 0.08 0.06 0.04

D2S1353 - 0 0 -2.43 -1.42 -0.92 ^ -0.61 -0.40 -0.26 -0.15 -0.08 -0.03

D2S1776 éi. - 0 0 -2.14 -1.33 -0.90 -0.62 -0.42 -0.28 -0.18 -0.10 -0,04

D2S1391 . # - 0 0 -0.85 -0.36 -0 12 -0.01 0.07 0.10 0.10 0.08
%

0.04

GATA30E06 - o o -0.47 -0.23 -0.12 -0.05 -0.01 0.02 0.02 0.02 0.02^

D2S434 - o o -1.40 -0.65 -0.27 -0.06 0.07 0.13 0.15 0.13 008

D2S1363 - o o -1.50 -0.97 -0.53 -0.41
#

-0.34 -0.22 -0.17 -0.09

D2S427 - o o -3.35 -2.12 -1.43 -0.98 -0.67 ^  -0.44 -0.27 -0.15 -0.06

GATA
178G09^

- 0 0 -2.19 -1.36 -0.91 -0.62 -0.41 -0.26 -0.15 -0.07 -0.02
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Marker LOD score (Z) at recombination (0) of

0.05 0.1 a. 15 Ô2Ô 0.25 O Ô  "035 Ô4Ô 0.45

D2S125 -00 -5.07 -3.28 -2.27 -1.59 -1.09 -0.72 -0.44 -0.24 -0.09

Chromosome 3

GATA148E04 - o o  -3.36 -2.25 -1.49 -1.01 -0.68 -0.45 -0.29 -0.17 -0.07

D3S2406 - o o  -1.25 -0.48 -0.13 0.04 0.11 0.11 0.08 0.03 0.00

GATA128C02 - o o  -3.08 -2.08 -1.51 -1.12 -0.83 -0.61 -0.42 -0.26 -0.12

D3S2459 -00 -2.18 -1.37 -0.93 -0.65 -0.46 -0.32 -0.21 -0.12 -0.06

D3S3045 - o o  -2.14 -1.17 -0.69 -0.43 -0.27 -0.18 -0.13 -0.09 -0.04

D3S2460 -00 -1.68 -0.97 -0.63 -0.44 -0.33 -0.26 -0.21 -0.16 -0.09

D3S1764 ^  -3.92 -2.56 -1.81 -1.33 -0.99 -0.72 -0.50 -0.31 -0.15

D3S1744 -00 -0.23 -0.07 -0.00 0.02 0.03 0.03 0.02 0.02 0.01

D3S1763 - o o  -2.89 -1.80 -1.22 -0.88 -0.58 -0.39 -0.24 -0.13 -0.05

D3S3053 -00 -1.19 -0.49 -0.18 -0.01 0.07 0.10 0.10 0.08 0.04

D3S2427 -00 -2.92 -1.61 -0.93 -0.53 -0.28 -0.14 -0.06 -0.03 -0.02

D£S1311 -4.16 -0.50 -0.21 -0.07 0.01 0.06 0.08 0.08 0.06 0.04

Chromosome 4 

D4S2366 - 0 0 -0.19 0.17 0.28 0.29 0.24 0.17 0.10 0.04 0.00

D4S403 - o o -5.16 -3.37 -2.37 -1.69 -1.20 -0.82 -0.53 -0.30 -0.13

D4S2639 - 0 0 -2.70 -1.53 -0.92 -0.54 -0.30 -0.14 -0.05 0.00 0.02

D4S2397 - 0 0 -0.88 -0.21 -0.08 0.21 0.26 0.26 0.22 0.16 0.08

D4S2632 ' - 0 0 -3.45 -2.09 -1.37 -0.91 -0.60 -0.38 -0.22 -0.12 -0.05

D4S1627 - 0 0 -0.30 0.27 0.46 0.49 0.43 0.32 0.30 0.09 0.02

D4S3248 - 0 0 -0.98 -0.38 -0.09 0.06 0.13 0.15 0.14 0.10 0.06

D4S3243 - 0 0 -2.50 -1.63 -1.07 -0.70 -0.45 -0.27 -0.15 -0.06 -0.01

D4S2361 - o o -4.23 -2.85 -2.00 -1.41 -0.98 -0.65 -0.41 -0.22 -0.09

D4S1647 - 0 0 -2.26 -1.43 -0.99 -0.70 -0.49 -0.34 -0.22 -0.12 -0.05
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Mariner LOD score (Z) at recombination (0) of

D4S2623 ^

D4S2394

D4S1644

D4S1625

D4S1629

D4S2368

D4S2417

D4S408

- o o

D4S1652

0.05

-1.56

-0.98

-2.44

-2.44

-3.74

-1.91

-1.25

-2.16

-1.84

0.1

-0.73

-0.54

-1.47

-1.41

-2.32

-1.14

-0.73

- 1.20

-0.93

0 15

-0.31

-0.36

-0.95

■0.89

-1.56

-0.75

-0.46

-0.69

-0.44

0.20

-0.07

-0.27

-0.61

-0.57

-1.08

-0.58

-0.30

-0.38

-0.15

0.30 0.35 0.40 0.45

0.06 g 0.13 

-0.22 -0.19

-0.38

-0.37

-0.75

-0.34

-0.19

-0.18

0.03

- 0.22

-0.23

-0.51

- 0.22

- 0.11

-0.05

0.13

0 15 0.13 -007

-0.16 -0.13 -0.07

-0.12 -0.05 ■0.01

-0.15 -0.09 -0.04 »

-0.33 -0.19 -0.08

-0.14 -0.08 -0.03

-0.06 -0.03 -0 01

0.01 0.05 0.04

0.16 0.15 0.09

Chromosome 5
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3,13 Creation of a mouse cDNA resource

RNA was extracted from whole mouse lens homogenates and reverse transcription used to create a 

stable cDNA resource. To confirm and establish the quality of RNA extracted, primers were used to 

amplify a region of the mouse actin gene which is ubiquitously expressed in mouse cells. Two mouse 

fibroblast cell lines were used as positive controls and zebrafish DNA used as a negative control 

(figure 56). The primers amplify a region of the gene that spans an intron. Thus if any contaminating 

genomic DNA was present a second heavier band would be observed (figure 56a, arrowed). Dnase 

treatment of the preparation (figure 566) completely eradicated this band.
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Figure 56: detection of mouse y-actin cDNA 
in cDNA of extracted mouse lens mRNA 
a, before DNase; 6, after DNase

Lane;
1(|) xl74/HaeIII ladder
2 negative control
3 positve control (mouse y-actin)
4 positve control (mouse y-actin)
5 mouse cDNA

6 negative control
7 positve control (mouse y-actin)
8 positve control (mouse y-actin)
9 mouse cDNA
* = DNA contamination

Primer aimealing temperature lanes 1-5; 55®C, lanes 6-9: 58®C
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4. Discussion
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4.1 General Comments

This is the largest study of congenital isolated non-syndromic cataract to date. Patients with cataracts 

of other aetiologies were excluded In a two year period five hundred and eighty six individuals from 

79 pedigrees were examined, phenotyped and blood or buccal swab samples taken for DNA extraction 

and linkage analysis and mutation detection.

4.1.1 Project Methodology

There are several methods of mapping human disease genes. As a condition, human inherited cataract 

is particularly genetically heterogeneous. Furthermore, a number of strong candidate genes have yet to 

be implicated in the disease and in all probability a number of presently unknown genes will be shown 

to be cataractogenic. In such circumstances, to maximise the efficiency with which novel mutations 

may be identified, a positional-candidate gene approach was employed where pedigrees were large 

enough for genetic linkage studies. A genome-wide search was then anticipated if linkage to known 

candidate loci was excluded. For small families, direct screening of cataract candidate genes by 

heteroduplex analysis or SSCP is most appropriate.

Particular logistical problems are raised if the disease of interest is uncommon, as is the case with 

inherited cataract where the incidence is probably less than 1 -2  per 10000 live births. However, the 

wealth of clinical material at Moorfields Eye Hospital in addition to the enthusiastic response we have 

received country-wide from clinicians and patients alike, facilitated the identification of a large number 

of families suitable for linkage analysis. It is for these reasons, the methodology for the project was 

chosen.

The project structure is summarised in table 50.
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Table 50; project structure

Activity

a) Establishing protocols
b) Acquiring techniques
c) Identifying families
d) Initial contact letters sent

Patient ascertainment

a) Gene mapping
b) Mutation detection
c) Functional analysis

Patient ascertainment

a) Gene mapping
b) Mutation detection
c) Functional analysis

Preparation for the future
a) future funding
b) collaborations
c) ascertainment o f further clinical material

It was pragmatic to compartmentalise the project since patient ascertainment required a flexibility of 

time that conflicted w ith the rigour of laboratory technique. However many of the small families were 

acquired piecemeal during sections 3 and 5.

4.1.2 Ethical considerations

Careful consideration of the ethics o f the project were made most particularly since the majority of 

individuals examined, ie unaffected individuals and spouses, were not under the care of any consultant 

ophthalmologist. Ethical committee approval for the examination and collection o f tissue samples was 

granted by the Moorfields Eye Hospital ethics committee prior to the commencement o f the study and 

renewed at appropriate intervals.
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Written consent was obtained from all patients. Significant time was spent informing patients of the 

nature and methodology of the study. Furthermore, it was made clear that participation did not 

guarantee that the genetics underlying their condition would be revealed by the study, nor was the 

exercise diagnostic.

Every care was taken to inform patients of the scientific context of the project to avoid unrealistic 

hopes of cure and treatment in the immediate future. This point was particularly pertinent in some 

highly motivated families in whom many individuals were severely visually disabled.

Important issues of patient confidentiality were raised by the project. Firstly, contact letters were sent 

to probands at their current or last known address. To avoid any possible breach of confidentiality, no 

directly identifiable clinical details were included in these letters and a retum-to-sender address always 

shown on each envelope. Examples of the correspondence can be found in appendix I. Secondly, 

clinical information was not divulged to other family members during the course of the stucfy.

Patients were invited to participate in the study by indicating their willingness on a form (included with 

a stamped addressed envelope, see appendix 1). Those that declined were not re-contacted Those that 

did not reply were not pursued In every instance, ophthalmic consultants and GPs were notified of 

their patient’s intent to participate in the project to facilitate communication and to avoid any potential 

research conflict.

Other general ethical considerations regarding for example issues of non-paternity, consanguinity, 

divorce and separation were also heeded.

Patient information was kept in paper format in ring binder folders and stored in a locked cupboard in 

the Department of Molecular Genetics at the Institute of Ophthalmology. Patients’ samples were also 

stored at the same site.
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4.2 Phenotypes

4.2.1 What is a cataract?

Opacification of part or all of the crystalline lens of the eye is referred to as a cataract. An opacity is 

observed when a significant proportion of light in the visible spectrum, passing through that portion of 

the lens, is reflected. Such a loss of transparency could arise in several ways: (a) the accumulation or 

precipitation of abnormal material as was hypothesised to be the situation following the activation of 

the yE-pseudogene'^^; (b) precipitation of a normal lens constituent either as the result of insolubility, 

for example a mutated crystallin protein or as the result of disturbed homeostasis as may be the case in 

cataracts resulting from coimexin mutations; (c) disturbance of ordered packing of the crystallin arrays, 

essential for transparency. Examples could be a mis-folded mutant crystallin molecule or if a 

cytoskeletal element is mutated; (d) disorganisation of the ordered packing of the lens fibres 

themselves as might result from abnormal cell-to-cell adherence or severe disturbance or the cellular 

environment. In almost all instances functional analyses are still awaited before precise 

pathophysiological mechanisms can be established.

4.2.2 The sample

Sampling in this stucfy was opportunistic and for the most part limited to pedigrees of those probands 

referred to Moorfields Eye Hospital or other regional ophthalmic hospitals. The s tu^  was also limited 

to large families that were suitable for linkage analysis or smaller pedigrees in whom an inheritance 

pattern was clear. Both raise the possibility of ascertainment bias. However, given the large number 

of participants and the very low number of refusals, it is reasonable to assume that this may not have 

affected the distribution of phenotypes, the patient group therefore being representative of the non- 

syndromic inherited cataract population as a whole.
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Overall, we found that nuclear cataract was the most common phenotype. Other frequently 

encountered phenotypes included posterior polar, lamellar and pulverulent. The remainder were 

uncommon. There are several possible explanations for these variations in prevalence. The poor visual 

prognosis for nuclear cataract may result in over-representation of this phenotype due to referral bias 

or this phenotype may encompass several as yet undefrned subgroups of inherited cataract. 

Alternatively, certain phenotypes may be more rare because they may be more biologically 

disadvantageous resulting in eradication of the mutation by selection pressures. Assuming that low- 

copy eukaryotic genomic DNA has a constant mutation rate, it is possible that more (or larger!) genes 

will be implicated in the more common phenotypes.

4.2.3 Phenotypic heterogeneity

This study has revealed the remarkable phenotypic heterogeneity of human inherited cataract. No 

agreed nomenclature for the appearances seen is agreed though several classification and clinical 

grading systems have been suggested, exclusively for adult cataract and mainly for the assessment of 

severity and visual im p a c t '2 1 2 -2 1 9

We propose that all pedigrees with human isolated non-syndromic cataract encountered can be 

classified as one of the ten following types; anterior polar, posterior polar (stationary or progressive), 

nuclear, lamellar, coralliform, blue-dot (cerulean), cortical, pulverulent, polymorphic or lattice. Given 

that some of these phenotypes mainly describe the geographical location of opacification, it is possible 

that subgroups within these categories may exist and further sophistication of this nomenclature is 

therefore anticipated. Other phenotypes not encountered in this stucfy have been reported but have 

either been described in individual cases (and not in families) or are very uncommon. Furthermore, it 

has not been possible to accommodate those eponymous cataracts, such as the “Coppock-like”'^  ̂or 

“Mamer”'^̂  phenotypes since no accurate clinical description is available.
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Although an attempt was made to examine the phenotypes of all family members at risk of inheriting 

the affected gene, the description of intra-familial variation in the phenotypes was limited by the 

number of patients who had alreacfy undergone surgery. This is a limitation inherent in all studies of 

early onset inherited cataract and as detailed a description as possible was obtained from the hospital 

records in such cases.

The penetrance of cataracts in the families was complete though expressivity was highly variable.

With the exception of the polymorphic and pulverulent pedigrees, cataract morphology was consistent 

amongst all individuals within each family. Several authors have described intra-familial clinical 

heterogeneity in human inherited cataract, including inter-ocular variability in some individuals^’  ̂

This was certainly the case with the polymorphic pedigree (see below). Inter-ocular variability in 

the distribution of cataract was observed in the pulverulent pedigrees, though the nature of the “dust­

like” opacification was always preserved.

4.2.4 Novel phenotypes

Two novel phenotypes distinctive for both the distribution and appearance of the opacification were 

defined.

4.2.4.1 “Polvmorphic” cataract

We documented a new inherited cataract phenotype (family A, figure 25) resulting from a mutation in 

the gene that encodes the major intrinsic protein of the lens (MIP), the most abundant membrane 

protein in the mature lens fibre cell. The genetic and functional analyses are described in detail below.

Growth of the crystalline lens throughout life results from the continual elongation and differentiation 

of equatorial epithelial cells to form concentric lamellae. In this way, the lamellar distribution of 

opacities seen in this family most probably reflects a distinct period of disturbance. Given that MIP is
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a marker of secondary lens fibre differentiation, mutations would not be expected to result in 

opacification of the embryonic nucleus and indeed opacification is not observed in this portion of the 

lens in any of the affected members of the family.

To reflect the variable appearance between eyes and amongst individuals, the cataract phenotype was 

termed “polymorphic”. In accordance with the polymorphic nature of opacification, the vision of 

affected individuals was highly variable (table 16) and largely reflected the established relationship 

between position of cataract within the lens and visual handicap^ .̂

The discrete punctate opacities are similar to the pulverulent phenotype, which is characterised by fine 

dust-like opacification. However the opacities in this pedigree are larger and critically, their position 

within the lens is consistent, contrasting markedly with the variable distribution of pulverulent 

opacities. Polar opacification is also not a feature of the pulverulent phenotype.

The phenotype observed in our family is also clearly distinct fî om the incompletely penetrant non­

progressive polymorphic cataract mapped to chromosome 2q33-35 by Rogaev et al̂ °̂ in the Turkmen 

populations of the former Soviet Union. In this cataract opacities resembled lumps of grapes or cotton 

anywhere from the fetal nucleus to the equator. Polar opacification is also not a feature.

Although the mature lens fibre cell is metabolically inert, aquaporin mediated water-transport would be 

expected to continue, as it is not energy dependent. Thus, the progressive nature of the cataract might 

well be explained as the cumulative effect of cellular cfysfimction over time. The presence of polar 

cataract is less easily explained but parallels the distribution observed in the C af’̂ mouse.

Screening our panel of other families with isolated inherited congenital cataract identified a second 

pedigree (family J, figure 33, detailed below) with a different dominant missense mutation in the MIP 

gene^^. Lens opacification in this family was non-progressive and confined to a peri-nuclear lamella. 

Such an observation is intriguing because it is not clear why two missense mutations m similar parts of
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the gene would produce such strikingly different phenotypes. Furthermore, this provides the first 

confirmation of allelic heterogeneity in human inherited cataract.

4.2.4.2 “Lattice” cataract

In this phenotype, opacification, inherited as a fully penetrant autosomal dominant condition, is limited 

to the outermost layers cortical lens fibres (figure 26). The distribution of cataract suggests a defect in 

a gene expressed in later life and would appear to be a very rare phenotype. We have observed in our 

previous studies, another family with a cortical cataract. Contrastingly, opacification in this pedigree 

is limited to a portion of the superior lens cortex. We are in addition, aware of a pair of twins, 

genealogically umelated to this family, with a similar phenotype.

Linkage analysis in these families will be intriguing. A good candidate would be a-crystallin whose 

predominant expression is in the adult lens. Widely expressed lens genes, for example phakinin, 

would be less likely to cause cortical cataract.

4.2 4.3 The “Coppock” cataract

The first description of a family with inherited isolated non-syndromic cataract was provided by 

Nettleship^ in 1906. In this, the “Coppocks”, all were residents of the Oxfordshire village of 

Headington Quarry, Headington. Indeed, of the original 1500 inhabitants, more than 300 were direct 

descendants of the founder. No photographs of the phenotype are available. Nettleship describes the 

cataract as “partial and often incomplete” and the patient is “often unaware ... and frequently shows no 

symptom”. “The opacity takes the form of a sharply-defined circular disc placed deep in the lens 

between the nucleus and the posterior pole.”

Until the 1960s, several of the Cofqjock family routinely attended for ophthalmic examinations at the 

Oxford Eye Infirmary (verbal communication Professor A Bron). Contact was then apparently lost
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and this extensive family has never been the subject of a formal linkage study. Significant efforts were 

therefore made to identify and investigate the Coi^xx:k family. Unfortunately, despite consultation of 

relevant patient databases, a mail-shot and a visit to the village to examine direct descendants of family 

members described in the original article, no evidence of the original cataract could be found. The 

identification of visually insignficant peripheral punctate lens opacities in a grandmother, son and 

grandson is unfortunately unlikely to be of any significance.

It is clear that failure to find the Coppock cataract could be due to sampling error as it was not possible 

to identify all family members. It is probable that a number have moved out of the area and indeed, 

female descendants will have lost their maiden names through marriage. Alternatively, it is possible 

that the underlying mutation has been eliminated by chance or alternatively, confers a significant 

reproductive disadvantage. This latter supposition though is not bom out by our family stucfy.
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4.3 Visual outcome and complications

4.3.1 The outcome for isolated inherited cataract is better than for other cataract aetiologies

This stucfy is the largest series of patients with congenital cataract reported In contrast to previous 

studies, in which cataracts of all aetiologies are included, our cohort consists of only those with 

isolated cataract. While cases were identified retrospectively, we examined all patients to improve 

data accuracy. Although opportunistic sampling of patient databases raises the possibility of 

ascertainment bias, the large number of eyes reported and the high response rate among those 

contacted suggests that our results reasonably reflect those of the study population as a whole. 

Although the outcome and prognosis for an eye is more likely to be similar to its fellow than to the rest 

of the stu(fy group, opacification was commonly asymmetric and un-adjusted data on all eyes is 

presented.

Overall, 50.1% (46.8% of those operated) in this stucfy achieved a VA of 20/40 or better, 35.9%

(36.1% of those operated) a VA between 20/50 and 20/200 and 14.0% (17.1% of those operated) 

worse than 20/200. These results compare favourably with previous reports  ̂ Although visual 

acuity alone is a crude measure of visual fimction, it is probable that eyes affected isolated inherited 

cataract do have a better prognosis; complications are less frequent following surgery (see below) and 

the patterns of opacification are probably less amblyogenic. To corroborate the latter, table 18 shows 

that opacities that are more diffuse or do not lie close to the visual axis (lamellar, pulverulent, 

polymorphic, coralliform and cortical) are associated with a better prognosis for vision.

In a recent study, Rahi et al̂ *̂  established that only 33% of patients in the United Kingdom with 

congenital cataract (all aetiologies) were diagnosed after one year of age. In our stucfy, the mean age at 

diagnosis was 5.2 years and 4.5 years for those who underwent surgery. These results probably reflect 

changing practice and access to healthcare over several decades. However, the diagnosis of cataract 

seems surprisingly delayed given that in every family there was a history of congenital cataract.
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In contrast to other studies^ final visual acuity improved with later surgery in our patients, which 

may to some degree be as a result of improving surgical techniques. It is also likely that our results 

reflect the variable expressivity of dominant cataract. Opacification can be mild and surgical 

intervention reasonably delayed until a better surgical outcome is anticipated In addition, some 

cataracts may be initially inconsequential but later progress, for example the progressive posterior 

polar and polymorphic phenotypes.

The reported incidence of glaucoma following surgery for cataracts of all aetiologies varies from 6- 

24%(ref. Secondary glaucoma can occur soon after surgery, for example pupil block or after

many years (open angle). Eyes with co-existing ocular abnormalities including microphthalmia, 

microcomea, Nance-Horan (“floppy” iris), Lowe’s oculocerebrorenal syndrome (trabecular 

dysgenesis), anterior segment ctysgenesis and persistent hyperplastic primary vitreous have an 

increased risk of developing glaucoma following surgerŷ *̂̂ . The incidence of glaucoma (7.0%) in our 

patients is at the lower limit reported, most likely reflecting the absence of associated ocular 

abnormalities.

In the course of the study secondary open-angle glaucoma was diagnosed de novo in two individuals. 

Since it was not part of the stucty protocol to screen exhaustively for glaucoma, it is conceivable that a 

small number of cases remain undiagnosed.

Glaucoma developed more frequently in patients who underwent surgery before the age of 5 years 

probably because of the technical problems associated with surgeiy on the infant eye. Interestingly, 

the occurrence of glaucoma was exclusively bilateral suggesting that these eyes had some 

predisposition to the development of glaucoma.
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As might be expected, the visual outcome for these patients was significantly prejudiced with only 

24.0% of eyes achieving vision of 6/12 or better (as compared to 51.3% of the patient group as a 

whole) and 20.0% being absolutely blind.

Reports that the retinal detachment (RD) rate following congenital cataract surgery is similar to that 

following adult surgery are probably both anachronistic and underestimates given modem surgical 

techniques and the relatively short follow-up in the paediatric studies '̂' .̂ The incidence in our patients 

was 5.0% and the interval from cataract surgery to detachment was 22.3 years. It is suggested that 

certain surgical approaches and re-operations increase the risk of RD̂ ®̂ . Adding weight to this view, 

the absence of concomitant ocular abnormalities in our patients did not appear to reduce the risk of 

RD. Furthermore, 65% of retinal detachments arose in those patients who underwent surgery before 

the age of 5 years, most likely reflecting the technical problems associated with surgery in this group.

4.3.2 Conclusions

Patients with isolated inherited congenital cataract have a better visual and surgical outcome than those 

with co-existing ocular and systemic abnormalities. The improved prognosis is related in part to the 

lack of other developmental abnormalities of the eye and also to the fact that inherited cataract is often 

partial at birth and surgery may be delayed to later infancy and childhood when there is a lower 

incidence of surgical complications. Certain inherited phenotypes (lamellar, pulverulent, polymorphic, 

coralliform and cortical) also appear to have a better prognosis and this should be bom in mind when 

counselling these families.
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4.4 Missense mutations in the gene encoding MIP. the major intrinsic protein of the lens 

(aguaporin-O) underlie cataract formation in humans

4.4.1 The aquaporin family of water channels

Water is the major component of all life forms, so the entry and exit of water from cells is a 

fundamental process of life. Physiologists have long recognised that plasma membranes of certain 

tissues must have water-selective pores to explain their high degree of water permeability. Attempts to 

identify molecular water channels initially proved difficult and discovery of the first aquaporin water- 

channel protein (AQPl) was serendipitous

Studies of AQPl e?q)ressed mXenopus laevis oocytes demonstrate that this protein is a water-selective 

pore. Analysis of pure AQPl reconstituted into membranes indicates a lack of permeability by other 

solutes including protons. Sequence analysis and membrane crystallographic studies predict a six 

transmembrane-domain protein that folds to resemble an “hourglass” with a central channel \

The presence of AQPl in other tissues has been extensively documented and includes red blood cells, 

proximal tubules and descending loops of Henle in the kidney, aqueous humor-secreting epithelia in 

the eye and vascular endothelia. Humans with mutations in AQPl (identified by the absence of the 

Colton blood group antigens) have a sub-clinical defect in renal urine concentration^^ .̂

Failure to identify AQPl in other water permeable tissues suggested the presence of a number of other 

aquaporins and nine sequence-related members have since been documented. These include 

aquaporin-0, formerly known as MIP, the major intrinsic protein of the lens, which is primarily and 

very abundantly found in the mature lens fibre cell membrane^®.

Prior to identification of mutations in MIP that cause cataracts in humans (discussed below) only 

AQP2 had been implicated in human disease. AQP2 is expressed in the principal cells of the renal
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collecting duct, where vasopressin leads to the re-distribution of intracellular vesicles to the cell 

surface. Individuals with AQP2 mutations suffer from nephrogenic diabetes insipidus^. Interestingly, 

over expression of AQP2 is observed in rodent models of several clinical states such as lithium- 

induced polyuria, congestive heart failure and pregnancy^^.

4.4.2 Mutations in MIP, AQPO

Our data constitutes the first evidence imphcating the major intrinsic protein of the lens, MIP or AQPO, 

in human cataract. MIP is synthesised as a 28kDa precursor and proteolysed by N and C terminal 

cleavage to produce a 22kDa protein which constitutes more than 50% of the total membrane protein. 

Although the monomeric protein has been shown to have water-channel properties (figure 51e), 

crystallographic analyses (figure 51b and 51d) strongly suggest that MIP molecules exist as homo- 

tetramers at the cell membrane^.

The two mutations identified, C3795G and A3783G, result in the substitution of residues (T138R and 

E134G respectively), highly conserved not only amongst other members of the human aquaporin 

family but also between the AQPO proteins from different species (figures 35, 36 and 55a). Alignment 

indicates that the threonine at codon 138 is conserved in all human aquaporins and the glutamic acid at 

codon 134 conserved in all but the aquaglyceroporins AQP -3, -7 and -9.

Based on amino acid sequence similarity, members of the aquaporin family are predicted to share a 

common topology consisting of six transmembrane domains (1-6) connected by five cytoplasmic loops 

(A-E). The two residues, E134 and T138 are located within transmembrane helix 4 (figure 37) and are 

probably equivalent to E142 and T146 respectively in AQPl.

Cryoelectron crystallographic studies^  ̂ have determined the 3D density map of AQPl at 6Â and 

4.5Â which clearly show the monomer consists of six highly tilted, membrane-spanning a-helices that 

form two right handed bundles. The bundles consist of transmembrane helices 1-2-3, 4-5-6 and form
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the aqu^orins:]
• (reprothced courtesy o f ProfP,

U, m u l t i p l e  a l i g n m e n t  o f  1 6 4  A Q P / G L P  s e q u a i c e s  a n d  

s u b s e q u e n t  p h y l o g e n e t i c  a n a l y s e s  y i e l d e d  4 6  s u b t y p e s .  T o  

i d e n t i f y  c r i t i c a l  r e s i d u e s ,  t h e  4 6  c h a r a c t e r i s t i c  s e q u e n c e s  

w e r e  a l i g n e d  a n d  t h e  c o n s e r v a t i o n  o f  e a c h  r e s i d u e  c a l c u l a t e d .  

S e q u e n c e  l o g o s ,  w h o s e  h e i g h t s  a r e  a  m e a s u r e  o f  c o n s e r v a t i o n ,  

a r e  d r a w n  w i t h  t h e  r e s i d u e  n u m b e r s  f o r  A Q P l . T h e y  r e v e a l  

t h e  c o n s e r v a t i o n  p a t t e r n s  o f  h e l i c e s  H I  a n d  1 1 4  

C o l o u r s ;  g r a y ,  h y d r o p h o b i c ;  l i g h t  b l u e ,  p o l a r ;  g r e e n ,  a m i d e ;  

r e d ,  a c i d i c ;  d a r k  b l u e ,  b a s i c .

b, t e t r a g o n a l  a r r a y s  i n  l e n s  f i b e r  c e l l  m e m b r a n e s  a r e  

r e v e a l e d  b y  f r e e z e - f r a c t u r e  t e c h n i q u e s .  T h e  a r r a y s  a r e  

a s s e m b l e d  f r o m  t h e  m a j o r  i n t r i n s i c  p r o t e i n ,  M I P ,  t h e  f i r s t  

m e m b e r  o f  t h e  w a t e r  c h a n n e l  p r o t e i n  f a m i l y  t o  b e  s e q u e n c e d  

( s c a l e  b a r ,  l O O n m )

C, p r o j e c t i o n  m a p s  o f  w a t e r  c h a n n e l  p r o t e i n s  a c q u i r e d  

b y  c r y o - e l c c t r c m  m i c r o s c o p y .  I h e  m a p s  r e v e a l  t h e  s t r u c t u r a l  

s i m i l a r i t y  o f  t h e  p r o t e i n  c o r e  t h a t  i s  e m b e d d e d  i n  t h e  l i p i d  b i  ­

l a y e r  a n d  w e l l  c o n s e r v e d  d u r i n g  s a m p l e  p r e p a r a t i o n  in  s p i t e  

o f  s u r f a c e  t e n s i o n  a n d  i n t o - a c t i o n  w i t h  t h e  s u p p o r t i n g  c a r b o n  

f i l m .  ( A )  T h e  r e d  c e l l  w a t e r  c h a n n e l ,  A Q P l ,  a t  3 . 5  Â  r e s o l u t i o n .  

A Q P l  p a c k s  i n t o  a r r a y s  w i t h  P 4 2 1 2  s y m m e t r y ,  h o u s i n g  t w o  

t e t r a m e r s  p e r  u n i t  c e l l  o f  s i z e  9 6  A. ( B )  I h e  l e n s  f i b e r  c e l l  

w a t e r  c h a n n e l ,  M I P  ( A Q P O ) ,  a t  5 . 7  A r e s o l u t i o n .  A Q P O  

p a c k s  i n t o  P 4  a r r a y s  w i t h  a  s i n g l e  t e t r a m e r  p e r  u n i t  c e l l  

o f  6 4  A s i d e  l e n g t h .  I h e  a r e a  s h o w n  c o m p r i s e s  t w o  u n i t  c e l l s .

( C )  I h e  b a c t e r i a l  w a t e r  c h a n n e l ,  A q p Z ,  a t  8 A r e s o l u t i o n .

A q p Z  i s  p a c k e d  i n  a n  u p - a n d - d o w n  o r i e n t a t i o n ,  a s  i s  A Q P l ,  

i n t o  u n i t  c e l l s  o f  9 4  A  w i d t h .  .4.11 p r o j e c t i o n s  a r e  v i e w e d  

f r o m  t h e  c y t o p l a s m i c  s i d e .

(I, t h e  t e t r a m o - i c  a r r a n g e m e n t  o f  A Q P l  a n d  i t s  m o l e c u l a r  

a r c h i t e c t u r e  i s  d e m o n s t r a t e d  t h r e e - d i m e n s i o n a l l y  a t  6  A  r e s o l u t i o n .

( A )  C y t o p l a s m i c  v i e w  o f  o n e  u n i t  c e l l  c o m p r i s i n g  t h e  c e n t r a l  

t e t r a m e r  a n d  f o u r  m o n o m e r s  i n  t h e  c ^ p o s i t e  o r i e n t a t i o n  a t  t h e  

c o m e r s .  G a p s  w i t h i n  t h e  t e t r a m e r  i n d i c a t e  t h e  m o n o m e r  b o u n d a r y .

( B )  H e l i x  a s s i g n m e n t  d e r i v e d  f r o m  m u l t i p l e  s e q u e n c e  a l i g n m e n t .  

I h e  t w o  N P A  m o t i f s  a r e  s h o w n  i n  t h e  m i d d l e ,  a n d  t h e  h y d r o p h o b i c  

r e s i d u e s  o n  H I  ( F )  a n d  1 1 4  ( L )  a r e  p r o p o s e d  t o  l i e  c l o s e  t o  t h e  

c h a n n e l  ( b l u e  c i r c l e ) .  ( C )  .A t 4 . 5  A r e s o l u t i o n ,  t h e  h e l i c a l  n a t u r e

o f  a  m e m b r a n e - s p a n n i n g  s e g m e n t  i s  r e v e a l e d .

e, s u r f a c e  t o p o g r a p h i e s  o f  w a t e r  c h a n n e l  p r o t e i n s  a r e  d i s t i n c t l y  d i f f é r a i t ,  r e f l e c t i n g  

t h e  d i f f e r e n c e s  i n  t h e i r  s e q u e n c e s  t h a t  a r e  f o u n d  m a i n l y  i n  t h e  h e l i x - c o n n e c t i n g  l o o p s .

( A )  T w o - d i m e n s i o n a l  c r y s t a l s  a s s e m b l e d  f r o m  A Q P O  t e t r a m o - s  p o s s e s s  a  P 4  s y m m e t r y  

w i t h  o n e  t e t r a m e r  p e r  u n i t  c e l l  o f  6 4  A w i d t h .  F o u r  b i - l o b e d  d o m a i n s  p r o t r u d e  b y  1 4  A 
f r o m  t h e  e x t r a c e l l u l a r  s u r f a c e  o f  A Q P O  ( l e f t ) .  T h e y  a r e  i n v o l v e d  i n  a  t o n g u e  a n d  g r o o v e '  

i n t e r a c t i o n  i n j u n c t i o n s  f o r m e d  b y  t w o  p a d c e d  c r y s t a l  l a y e r s .  I h e  c y t o p l a s m i c  s u r f a c e  

e x h i b i t s  f o u r  d o m a i n s  o f  8 A i n  h e i g h t  s u r r o u n d i n g  a  d e p r e s s i o n  a b o u t  t h e  4 - f o l d  a x i s  ( c e n t e r ) .  

C a r b o x y - p e p t i d a s e  Y  t r e a t m e n t  o n  m i c a  r e m o v e s  t h e s e  d o m a i n s  a n d  i d e n t i f i e s  t h e m  a s  

c a r b o x y l i c  ( r i g h t ) .  ( B )  A Q P l  c r y s t a l s  h a v e  a  s y m m e t r y  a n d  a  c o r r u g a t e d  e x t r a c e l l u l a r  

s u r f a c e  w i t h  f o u r  p r o t r u s i o n s  o f  1 2  A i n  h e i g h t  ( l e f t ) .  I h e  c y t o s o l i c  s u r f a c e  w i t h  f o u r  

e l o n g a t e d  p e r i p h e r a l  a n d  f o u r  s m a l l  c e n t r a l  d o m a i n s  p r o d u c e  a  w i n d m i l l - s h a p e d  

s t r u c t u r e  w i t h  a  h e i g h t  o f  6  A ( c e n t r e ) .  I h e  C - t e r m i n u s  i s  l o c a t e d  a t  a  s i m i l a r  p o s i t i o n  

a s  i n  A Q P O .  ( C )  A q p Z  h a s  a n  e x t r a c e l l u l a r  s u r f a c e  w i t h  f o u r  e l o n g a t e d  p e r i p h a a l  p r o t r u s i o n s  

a n d  f o u r  c e n t r a l  p r o t r u s i o n s  o f  7  A i n  h e i g h t  ( l e f t ) .  H o r i z o n t a l  a n d  v e r t i c a l  s c a l i n g  a r e  

i d e n t i c a l ,  b u t  t h e  g r a y  l e v e l  r a n g e  i s  a d a p t e d  t o  g o  f r o m  b l a c k  t o  f u l l  w h i t e  w i t h i n  e a c h  t o p o g r a p h .
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the scaffold of the molecule (figure 57c). They are unusual in that the three helices form a roughly 

linear arrangement but not according to their position in the primary structure with the first helix of 

each bundle sandwiched between the other two helices: 2-1-3 and 5-4-6. The first two helices of each 

bundle (1 and 2, 4 and 5) run almost parallel to each other, tilting roughly to the same direction in the 

membrane. Whereas, the third helix is perpendicularly oriented to the axis defined by the first two and 

strongly cross-interacts with residues of its fellow bundle leading to intimate linking of the two protein 

halves. After helix 2, which crosses the membrane adjacent to helix 1, loop B immediately folds back 

into the membrane positioning an N-P-A motif in the middle of the two helical bundles, close to the 

centre of the lipid bi-layer. Loop E performs similarly thereby establishing the internal “hourglass” 

configuration.

Overall, folding in this way was thought to bring into close proximity several amino acids, principally 

E17, QlOl, N76, N192, E142 (MEP E134) and T146 (MIP T138) in the core of the protein, providing a 

chain of polar residues predicted to line the water pore \  A refinement of this model suggests in fact 

that a highly conserved motif (E x x x T_x x F/L) present in both the first and fourth transmembrane 

domains, lines the aqueous channel within each bundle* .̂ The E and T residues are predicted to reside 

on the internal face of the fourth transmembrane a-helix. Significantly, these residues correspond 

exactly to the sites of the two mutations in our families.

Each of these substitutions will affect the change balance within the pore and might disrupt the passage 

of water molecules through the pore. Replacement of the negatively charged residue glutamate (E142, 

MIP E 134) with glycine, a smaller but uncharged residue, eliminates a fixed charge lining the aqueous 

pathway (figure 38). Replacement of the polar residue threonine (TI46, MIP T138) with the large 

residue arginine, introduces a strong positive charge in the channel (figure 38).

Alternatively, it is possible that the mutant proteins may mis-fold with failure to exit the endoplasmic 

reticulum (ER) or Golgi body. This has been observed experimentally in other mutated membrane
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proteins, such as rhodopsin, the rod photoreceptor integral membrane protein and the cystic fibrosis 

transmembrane conductance regulator (CFTR)^^

The topology of most eukaryotic membrane proteins is established co-translationally in the ER through 

a series of co-ordinated translocation and membrane integration events^ '̂'. For AQPl, the initial 

topology of the protein synthesised in the ER includes four transmembrane a-helices and differs from 

the topology of the mature protein at the cell membrane which has six. Using epitope-tagged AQPl 

constructs, it has been possible to show that maturation of the protein in the ER membrane involves a 

novel topological reorientation of three of the transmembrane domains (TD) and two of the connecting 

loops. During the synthesis of TDs 4-6, TD3 undergoes a progressive 180° rotation in which residues 

at the C-terminusare translocated from the cytosol to the lumen of the ER and vice versa its N- 

terminus, resulting in the mature six-TD protein. This re-orientation process is thought to be co­

ordinated by sequence determinants N-terminal to TD2 and C-terminal to TD3. Although, from 

hydropathy plots, the mutations we have described do not substantially alter the hydrophobicity of 

TD4 as a whole, they do represent a significant change in amino acid size and hydrostatic charge and 

may thus affect topological reorganisation of the protein in the ER̂ ^̂ .

Failure to exit the ER is observed in the spontaneously-occurring mouse cataract mutant, lop, which 

has a dominant missense mutation resulting in the non-conservative substitution of alanine for prohne 

at codon 51̂ .̂ Human AQP2 missense mutants resulting in recessive forms of nephrogenic diabetes 

insipidus are usually retained in the ER (figure 58). Dominant AQP2 mutants are in contrast, 

sequestered at the Golgi apparatus. It is therefore suggested that the ability of this latter mutant to 

hetero-tetramize with wild-type AQP2 impairs further routing of functional water channels to the 

plasma membrane (figure 59), providing an explanation for dominance in this condition^^.

The functional implications for lens fibre physiology of MIP ctysfimction are unknown. The main 

function of aquaporins is most likely to mediate rapid iso-osmolar fluid fluxes between the cytosohc 

and extracellular compartments. The consequences of a significant and geographically variable
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reduction in functional water channels at the plasma membrane may thus be disturbance of water 

homeostasis resulting in for example localised precipitation of the lens crystallin arrays.

4.4.3 Phenotypic considerations

The ocular lens comprises a single layer of epithelial cells on its anterior surface and fibre cells that 

make up its volume. After formation of the embryonic nucleus, equatorial epithelial cells continuously 

elongate and differentiate into layers of new cells, which cover the previously synthesised fibre cells. 

Thus, the oldest fibres are surrounded and embedded into the center of the lens.

Lens opacities in individuals with the T138R mutation are discrete, progressive and distributed 

throughout the lens, implicating widespread ongoing lens fibre cfysfunction. In contrast, the E134G 

cataract is limited to a specific lamella, within lens fibres that differentiated probably around the time 

of birth. This possibly suggests a “sensitive” period of lens development, where the lens fibre cells are 

more susceptible to disturbances in water homeostasis. Alternatively, MIP, which is present in very 

great numbers on the plasma membrane, may subserve a second as yet unknown, perhaps structural, 

role.

4.4.4 Conclusions

The identification of mutations in the MIP gene confirms that the major intrinsic protein of the lens 

plays an important role in the maintenance of optical clarity in the crystalline lens of the human eye. It 

is likely that the observed lens opacities result fi"om abnormal water flux in mature lens fibres and 

possibly to structural changes induced by abnormal MIP molecules within the cell membrane.

It will be intriguing to establish whether MIP has a role in aged-related cataract, where the aetiology 

may be related to periods of dehydration^  ̂ .

247



4.5 Functional impairment of lens aquaporin in these two families with dominaiitJv inherited 

cataracts

In order to establish pathophysiological relevance to cataract formation, ihtXenopus laevis oocyte 

expression system was employed to evaluate functional defects in the mutant proteins, human MIP- 

E134GandMIP-T138R.

Xenopus laevis oocytes which are readily available, robust, large single cells are to date, the best 

method for examining aquaporin function. Previously, many studies have validated the model. 

Critically, it is well established that synthesis and cellular routing of aquaporins mimic that of the 

mammalian cell̂ ® .

4.5.1 Preliminary experiments

Xenopus oocytes do not express aquaporin homologs at the cell membrane and have a low endogenous 

permeability to water molecules. Oocyte studies have established that orthologs of human MIP have a 

lower permeability to water molecules (P/approximately 20 fold less) than other aquaporins, for 

example AQPl^. The Pf induced by human MBP has previously never been established. We therefore 

performed a number of preliminary experiments to calibrate the system.

Western blotting (using a rabbit anti-hMIP antibo^ directed towards MIP C-terminus) of oocyte total 

cell membrane preparations (including endoplasmic reticulum and Golgi apparatus) confirmed 

translation of wild type and both mutant proteins. Figure 39 shows that uninjected and water injected 

oocytes (negative controls) have a low basal water permeability. Oocytes micro-injected with 5ng 

bovine MIP exhibited an approximately four-fold increase in permeability to water when exposed to 

hypo-osmolar conditions at a physiological pH of 7.5. This is in agreement with other reports^. 

Oocytes micro-injected with 5ng human MIP exhibited an approximately three-fold increase in 

permeability to water in the same conditions suggesting that the molecules perform similar roles in the
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lens. Doubling or halving the amount of cRNA injected did not significantly increase water 

permeability suggesting that the oocyte “protein translational apparatus” was saturated and changes in 

P/were not dose-related.

4.5.2 Water permeabilities of oocytes expressing mutant MIP

Oocytes injected with 5ng cRNA of either of the mutants (MIP-T138R and MIP-E134G) abolished 

aquaporin-induced water permeability (figure 39a). Western blotting of total membrane preparations 

showed that less mutant protein was expressed compared to wild-type. However, increasing the cRNA 

micro-injected stepwise to 20ng did not increase Pf above basal levels. These results suggest that the 

mutations either result in disruption of water channel activity as predicted by sequence and structural 

analyses or that the mutant proteins are not trafficked to the cell membrane to participate in water 

transport (or some combination of both).

When wild-type and mutant proteins were co-injected in equal quantities, water permeabilities above 

basal levels were measured. These were however, not more than 25% above base-line, in contrast to 

the 3-fold increase induced by expression of the wild-type alone confirming that the mutants are able 

some means to exert a dominant-negative effect.

Following the report that aquaporin function is further facilitated in more acidic conditions'^, we 

repeated the experiments at pH 6.0. The P j  of oocytes expressing bMIP rose to fivefold basal levels.

A concomitant rise was observed with hMIP (Figure 396). The P f  of mutant-expressing oocytes 

remained at basal levels.

By immunoblots, oocytes co-injected with wild-type and the E134G mutant were observed to express 

equal or greater amounts of MIP protein than oocytes injected with only wild-type AQPO cRNA In 

contrast, immunoblots of oocytes co-injected with wild-type AQPO plus the T138R mutant cRNA 

always showed lower MIP protein expression. Since the antibody employed is directed towards the C-
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terminus of the MIP protein and therefore has no selectivity for wild type or mutant, it was not possible 

to distinguish the relative contributions of each to the immunoblot bands. Nor was it possible to know 

the location of the protein (endoplasmic reticulum or plasma membrane). However, the results suggest 

that the T138R mutation either inhibits biosynthesis or increases degradation.

4.5.3 Immunohistochemical analyses

The possibility that the mutant proteins fail to traffic to the oocyte plasma membrane was investigated 

tty confocal immunofluorescence microscopy. Control oocytes exhibited negligible 

immunofluorescence as expected, whereas oocytes injected with wild-type confirmed correct targeting 

of the protein correctly to the cell membrane.

In contrast, oocytes expressing M1P-E134G or -T138R showed immunofluorescence signal over the 

cytoplasmic space but no signal at the plasma membrane showing that the protein was sequestered in 

the cytosolic compartment and incorrectly targeted Oocytes co-expressing wild-type plus E134G or 

T138R mutant exhibited immunofluorescence signal at the plasma membrane (reduced relatively to 

wild-type alone) as well as signal over the cytoplasmic space. Because the detecting antibotty has no 

selectivity for wild-type or mutant MIP, it was not possible to know the distribution of the proteins in 

either compartment. It is reasonable to deduce however that the major constituent of the plasma 

membrane was wild-type MDP and since qualitatively less MIP was detected here when co-expressed 

with the mutant, it suggests that not only are the mutants not targeted but also that they interfere with 

trafficking of wild-type protein.

4.5.4 Summary

The oocyte swelling studies, immunoblots, and confocal immunofluorescence studies indicate that the 

human mutant polypeptides are expressed less efficiently than the wild-type protein and fail to traffic 

to the plasma membrane. Moreover, when co-expressed, both mutants interfere with function or
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trafficking of the wild-type protein. This is very similar to the pathophysiology underlying cataract 

formation in the lop mouse and in families with dominantly inherited nephrogenic diabetes insipidus 

detailed above. A model of protein trafficking is thus proposed in figure 60.

It is strongly suggested by sequence and structural analyses that that the mutations would disrupt the 

water pore in the aquaporin molecule^^ .̂ However since very little mutant protein appears to reach the 

plasma membrane it is not possible to know whether this is the case.

4.5.5 Phenotypic considerations

These fiinctional analyses provide a coherent explanation of the dominant nature for the missense 

mutations. Furthermore, cataract formation, as the final conunon pathway of lens fibre cfysfimction 

seems a reasonable outcome; a general reduction in membrane water permeability is likely to reduce 

the ability of cells to maintain solute homeostasis. Such a situation has been shown experimentally to 

result in precipitation of normally soluble cytosolic components, for example the crystallins, resulting 

in a loss of transparency/opacification.

Lens opacities in the E134G family are stationary and limited to specific central lamellae, 

corresponding to those fibres that differentiated at an early stage of life, possibly the late fetal period. 

Why the E134G mutation should result in cataract only localised to these lens fibres cannot be 

explained by the experiments. E134 is slightly less conserved phylogenetically than T138. The lens 

may be resistant to the consequences of the E134G mutation except during this developmental interval 

and most rapid period of lens growth^^.

The reduced overall AQPO protein expression seen in the MEP-T138R/wild-type model suggests that it 

may be more disruptive to lens fibre physiology and may in part explain the more severe, widespread 

and progressive opacification observed clinically. Although the mature lens fibre cell is metabohcaUy 

inert, aquaporin water transport would be expected to continue, as it is not energy dependent. Thus,
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the progressive nature of the T138R cataract might well be explained as the cumulative effect of 

cellular (fysfimction over time.

In many instances (table 51), the phenotypic appearances of murine cataract do not parallel closely that 

of the human. This is the case with both the Fraser and lop mice, which have progressive nuclear and 

polar opacification respectively. The lack of correlation makes comparison difRcult.

Although distinct from the phenotype resulting from lens-specific connexin mutations, the punctate 

nature and distributional variability of opacification of the T138 mutation has some resemblance. 

Connexins, which co-oligomerise to form connexons, are also membrane proteins, involved in voltage- 

mediated intercellular solute transfer. It is possible that phenotypic similarities arise either from the 

same pathway to cataract formation or a possible intimate functional relationship with aquaporin role 

in maintaining the iso-osmotic cellular environment. Recent evidence suggests that at least some of 

the membrane-bound MIP molecules may, virtue of their surface topology, form tongue-and-groove 

connections with MIP proteins of adjacent cells facilitating intercellular water flux. This mode of 

function is akin to connexins and may explain similarities in cataract phenotypes^ .

Taking the results and clinical observations together provides perhaps a strong clue to the fact that in 

the lens, MIP has been recruited for two different purposes. Firstly as a water channel and secondly as 

a structural protein, involved in maintaining the rigid and highly ordered lens fibre cell membrane but 

mediating cell-to-cell adherence. A model of such “gene sharing” alrea(^ exists in the lens, q.v. the 

crystallins^ .̂
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Figure 58: MIP targeting in
recessive
nephrogenic diabetes 
insipidus

Figure 59: MIP targeting in
dominant
nephrogenic diabetes 
insipidus

Figure 60: MIP targeting in 
dominant 
cataract
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Table 51 : mouse cataract models for which a human homologue is known

to
LA

Mouse Mutated Mouse Reference Human
Model Mouse Gene 

(human gene, if  
different)

Phenotype Phenotype

No2 connexin 50 nuclear 120 pulverulent
Cat2‘ jE-crystallin total opacity 

with
microphthalmia

119 Coppock-like

Cat2‘‘° y-E crystallin eye lens 
obsolescence

121

(microphakia)
122ak PitxS aphakia total

oc3-connexin nuclear 123 pulverulent
(connexin 46)

Po crystallin nuclear 124 sutural
lop 18 (xA-crystallin nuclear 125 zonular central 

nuclear
Philly (Phil) 2-crystallin nuclear 126 cerulean / Coppock-like



4.5.6 Conclusions

The genetic analyses and functional studies of the mutant human proteins confirm that AQPO provides 

critical functions in the human lens. Furthermore, it is unquestionable that the mutations identified in 

the two families are causative of the cataracts observed.

It remains uncertain whether the biochemical differences identified in the E134G and T138R mutants 

are directly responsible for the different clinical features of cataract in the two families. For example, 

it is unclear if the reduction in osmotic water permeability in oocytes expressing both wild-type AQPO 

plus the E134G or T138R mutant polypeptides is only due to reduced membrane trafficking of 

tetramers containing a mix of wild-type and mutant subunits, or whether tetramers containing a mix of 

both subunits simply have a reduction in the unit water permeability. Nevertheless, our studies predict 

that other inherited or acquired defects in the AQPO protein may underlie other forms of congenital 

cataracts in humans. Thus, it may also be informative to determine the deduced amino acid sequence 

encoded by genomic AQPO from cataract patients with predisposing conditions, such as diabetes 

mellitus, as well as from patients with the common, sporadic forms of adult cataract which are 

frequently found in older populations.

4.5.7 Future experimental strategies

We have been able to obtain lens material from a patient with the T138R mutation. H&E staining of 

fixed and mounted sections indicates normal lens fibre architecture. There are however no 

characteristic features that can reliably differentiate between cataractous and non-cataractous fibres. 

Unfortunately, we were unable by the end of this project to obtain human anti-MIP antibocfy. It will 

however be interesting to establish the distribution of MIP in these mature, probably cortical, lens 

fibres. It would be surprising if significant cytoplasmic fluorescence was observed given the absence 

of cellular organelles in these differentiated cells. To quantitate the levels of plasma membrane MIP 

and its distribution, comparison with normal control lenses and with a constitutively expressed protein
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will be necessary. We also hope in the future to be able to obtain lens fibres from a patient with the 

E134G mutation.

Furthermore, the anterior capsule from this patient (with attached anterior epithelial cells) was sent to 

Dr Roy Quinlan, Dundee Hospital to be immortalised in a transformed cell line. Lens epithelial cells 

express only aquaporin-1. When it becomes technically feasible to direct these cells to differentiate 

into mature lens fibres, it may be possible to examine the cellular localisation and function of MIP in 

lens fibres themselves “in vitro”.

The missense mutations detected are predicted to disrupt the channel through which water molecules 

pass. Since the mutant proteins were not trafficked to the cell membrane, we have not been able to 

directly measure abnormahties in water flux. The three-dimensional structure of several aquaporins 

has now been resolved to approximately 4.5 Â. We are engaged in discussions whether it may be 

possible to determine the secondary structure of our mutants by cryoelectron microscopy.

Another strategy would be to reconstitute purified MIP and the T138R/E134G mutants into 

liposomes^^. The osmotic water permeability can then be measured in these proteoliposomes 

compared with control liposomes by for example stopped-flow light scattering^® .̂ It would not be 

useful to express the mutant in known mammalian cells lines and undertake water permeability studies 

as other aquaporins expressed ty  these cells would most likely compensate for any defect in AQPO 

functionality.

The existence of two spontaneously occurring mouse strains with cataract that have mutations in the 

murine ortholog of MIP have disinclined us from creating a knock-in animal model though this 

remains a strategy to stucfy the specific mutations we have detected.

Recent evidence from a twin stu<fy suggests that genotype may contribute up to 50% in determining 

development of adult cataract^® .̂ The primary and abundant expression MIP, the phenotypes and the
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aetiological implication of dehydrational episodes in cataractogenesis^^^, indicate that the gene would 

be a good candidate for this condition. We have already established collaboration with the St Thomas’ 

Twin Study Unit^°  ̂and are currently designing polymorphic markers around the MIP gene locus to 

enable detection of genetic linkage to MIP by transmission disequilibrium^^.

4.6 Mapping of the first family with isolated X~linked cataract

This is the first description of a family with isolated non-syndromic X-linked cataract. The existence of 

familial congenital cataract inherited in this way has been debated. The only possibly convincing X- 

linked pedigree previously described is that by KriU et al^^. In this family, hemizygous males had 

sutural cataracts.

The differential diagnosis of X-linked cataract includes the syndromes of Nance-Horan, Lenz and 

Lowe. It has been suggested on the one hand that X-linked isolated cataract may be synonymous with 

Nance-Horan while others have proposed that since the conditions each map to Xp, all may be due to 

deletions of varying size within the region’*̂ .

In our family, X-linked inheritance (with complete penetrance in heterozygous females) was suggested 

by affected individuals in successive generations, consistently severely affected males (requiring 

cataract surgery in the first months of life), contrasting markedly with asymptomatic or mildly visually 

disabled carrier females. Unfortunately, there were no male offspring bom to affected males. Further 

support was lent by the cataract phenotype that consisted of a sea-fan of nuclear opacity in affected 

females and total opacity in hemizygous males; a combination of appearances not seen in autosomal 

dominant cataract. One female child with a unilateral cataract of a different phenotype, bom to a 

mother and grandmother with no lens opacification was assumed to be a phenocopy.
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Complex congenital cardiac anomalies were also noted in four of the six affected males and were not 

present in any unaffected individuals. The possibility that these abnormalities segregate with cataract 

formation in our family may prove instructive in identifying candidate genes. Several syndromes have 

been documented where congenital cataract and cardiac anomalies form a part. Arrhythmogenic right 

ventricular dysplasia associated with anterior polar cataract has been tentatively mapped to 14q̂ ®̂  ̂  

and the association of cataract, microphthalmia, septal heart defects and deafness has been reported as 

a dominantly inherited syndrome^®  ̂ The oculo-facio-cardio-dental (OFCD) syndrome comprises 

cataract, microphthalmia, facial abnormalities, cardiac defect (atrial septal defect and VSD) together 

with dental abnormalities^®  ̂ Interestingly, the condition appears to be X-linked and is lethal in 

hemizygous males, raising the possibility that a less deleterious mutation in the same gene might 

account for the spectrum of anomalies seen in our family.

To test the inheritance hypothesis, linkage analysis was performed across the X chromosome using the 

Genethon 5-lOcM microsatellite marker set. Linkage to markers at Xp22.2 was detected and disease 

interval refined to lie between DXS9902 and DXS999 (Z„^=3.64 at 0=0 for marker DXS8036). The 

interval {CXN, congenital X-linked nuclear cataract locus) which is less than 2.5cM is encompassed 

by the Nance-Horan locus (DXS1053 -  DXS443)^^^ This most likely suggests that allelic 

heterogeneity within the same gene can result in either isolated cataract or cataract associated with 

other systemic anomalies and thus refines the disease locus. Alternatively, in accord with the Warburg 

hypothesis and with the recognition that a microdeletion of Xp22.3 results in ocular anomalies 

(microphthalmia, sclerocomea) and cardiac anomalies associated with linear skin defects^” , a lens 

gene and one or more other genes may reside within the disease interval.

Although the CXN locus is gene rich, there is no obvious cataract candidate gene. As an initial 

strategy, the retinoic acid induced -2  (RA12) gene was screened. This gene has been considered a 

strong candidate for Nance-Horan though recently excluded’ '̂*. The precise fimction of RAI2 is 

unknown. The protein is one of several transcription factors upregulated by retinoic acid which have 

been implicated in the control of cellular differentiation'^^. RAI2 has been shown to be expressed in
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several tissues including the retina. Its presence in the lens is not established, however evidence that 

hypervitaminosis A in late fetal development results in congenital cataracts and ectopic expression 

produces lens opacification, indicates that RAI2 should be considered a candidate for human 

cataractogenesis'*^. Direct sequencing of the entire coding region including almost four hundred base 

pairs upstream did not reveal a segregating mutation.

A Bio-informatics approach was then used to identify novel genes within the disease internal. The 

PAC clone 245G19 (NCBI: Z92542) contains the sequence for RSI, the retinoschisin gene (mutations 

within which are responsible for X-linked retinoschisis). The gene is positioned within the CXN locus. 

A short distance upstream (120Kb) lies a sequence with homology to connexin 43 (CX43). Connexin 

43 (the actual gene resides on 6ql4) is possibly expressed in the early embryonic human lens nucleus 

and thus activation of this pseudogene might cause cataract’*̂ . Interestingly, CX43 is also found in the 

heart, anomalies of which appear to segregate in our family’®̂. On the basis of sequence evidence the 

sequence on Xp has been termed a CX43 pseudogene (direct submission, C Bird, Sanger Centre, 

Cambridge, UK, 30/11/98); the first exon lacks an ATG start codon (present in CX43) and contains 

two STOP codons a short distance 3’ by virtue of a frame shift induced by a single nucleotide deletion. 

For these reasons, this sequnce was not screened for mutations within the family.

Although the defect underlying X-linked cataract is unknown, it is tempting to speculate about the 

nature and function of the gene involved. Many X-linked dominant diseases are lethal to hemizygous 

males. In many instances, this is presumably because the complete absence or loss of functionality of 

a widely expressed protein is incompatible with life. It is therefore likely that the gene underlying 

cataractogenesis in our family is primarily expressed in the lens.

A number of progenitor cells differentiate to form the structures of the eye. It is suspected that the 

process of Lyonisation occurs shortly afterwards^’ Cataract in our family is fully penetrant in 

heterozygous females. In each case, opacification is similar and limited to a portion of the lens nucleus 

and possibly in those cells derived from one or more lens progenitor cells in which Lyonisation has
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inactivated the non-disease allele^^^^^\ It is not clear however why transparency is maintained 

throughout life in those cortical lens fibre cells derived from those equatorial epithehal cells similarly 

Lyonised, though it is reasonable to suppose that the gene is not expressed in later life.

4.7 Mapping of a family with coralliform cataract to 2q33-q35

This study has shown that the coralliform phenotype is particularly rare amongst Emilies with 

autosomal dominant congenital cataract. We were however fortunate to be able to make contact with a 

branch of the family originally described by Nettleship^^. None of the affected individuals were 

phaldc at the time of examination, so description of the cataract was taken from the original article.

At the time of the stu^ , no mutation had been shown to underlie coralliform cataract formation. 

Given the remarkable phenotypic heterogeneity of the condition and evidence that a single gene could 

be responsible for two distinct phenotypes, a rigorous examination of all candidate loci by linkage 

analysis was appropriate. Following the exclusion of a number these candidate regions, positive lod 

scores (Z^ax  ̂3.47 at 0=0 for D2S325) were obtained for markers within the locus 2q33-q35. The 

interval could not be refined beyond 33.8 cM owing to family size and informativeness of 

microsatellite markers in this region.

The prime cataract candidate genes within this locus are the y-crystallin genes. However, direct 

sequencing of the /-A, y-C and did not reveal a mutation. The sequencing data fi*om the yS- 

crystallin gene is eagerly awaited. In 1994, Brackenhoff et al*̂  ̂described a mutation in the promoter 

region of the ;^-pseudogene. The result was thought to be the abnormal accumulation of the protein 

product of this gene in the lens, giving rise to the Coppock-like cataract. Recently, this data has been 

critically evaluated and instead a missense mutation in the yC-crystallin gene shown to be causative’ 

Candidacy of this gene and the and yG gene fragment is therefore no longer advocated.
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The result suggests that the mutation lies within a non-coding or regulatory element, another as yet 

unidentified gene expressed within the lens resides within the locus or that evidence of linkage has 

occurred as a result of the play of chance. Surveillance continues for publication of any new candidate 

genes within the disease locus.

Interestingly, a family described as having the aceuliform phenotype (synonymous with coralliform) 

has been mapped to the same interval and a missense mutation in the y-D crystallin gene shown to 

underlie cataract f o r m a t i o n ^ T h i s  would strongly implicate the y-crystallin genes as causative in 

our pedigree. However, the published images do not resemble those hand-drawn by Nettleship.

4.8 Mapping a locus for a novel ocular phenotype consisting of cataract, nanopbthalmia, retinitis 

pigmentosa and glaucoma to chromosome l ip

4.8.1 Clinical considerations

The combination of developmental anomalies segregating in this family (N) represents a novel ocular 

phenotype. Nanophthalmia, in which the eye has a reduced ocular volume and axial length is an 

uncommon bilateral ocular finding that usually occurs in isolation. Often the lensiocular-volume ratio 

is high or choroidal effusions may arise, both of which shallow the anterior chamber, narrowing the 

trabecular angle and predisposing to glaucoma^^^ Such a process is likely to account for the acute- 

on-chronic glaucoma in affected individuals in our family.

Retinitis pigmentosa (RP) is a common inherited retinal degeneration. A large number of genes have 

been implicated in its pathogenesis and autosomal dominant, autosomal recessive and X-hnked 

inheritance patterns are seen. RP is characterised by progressive photoreceptor loss resulting in night 

blindness (nyctalopia), progressive visual field constriction and eventual loss of acuity. Typical 

clinical features include depigmentation of the retinal pigment epithelium with intra-retinal bone
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spicule pigmentation, waxy pallor of the optic disc and narrowed retinal vessels^’ The co-segregation 

of an autosomal dominant form of RP with nanophthalmia has not previously been recorded. In our 

family, the distribution of bone-spicule pigmentation was most unusual in that it was peripheral and 

limited posteriorly by a clearly defined band of RPE depigmentation. The optic disc was large, flat, 

pale and irregularly edged and the peripapillary retina and macula thinned.

There are only two reports of nanophthalmia associated with retinal pathology. Mackay et al.^^ 

described seven related individuals with apparently recessive cystic macular and retinal degeneration, 

synechial angle-closure glaucoma and nanophthalmia following an initial report by Ghose et al.^’  ̂of 

an isolated case. In both of these articles, the distribution, appearance and electrophysiology of the 

retinal pathology was distinct from that in our family. It might be argued that in fact the retinal 

changes noted could be secondary phenomena resulting from choroidal efksions. However the 

electrophysiological abnormalities are consistent with a primary retinal (^^strophy.

Cataract and nanophthalmia have also not previously been associated. Significantly, lens opacification 

is often seen in microphthalmic eyes (a more common and closely related congenital ocular anomaly to 

nanophthalmia) suggesting that candidate genes for this condition should be included in any search. 

Cataract is commonly seen in individuals with RP though the phenotype and onset of cataractogenesis 

suggest that in family N there is no aetiological relationship.
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4.8.2 Linkage analysis

The constellation of congenital ocular abnormalities implicates a mutation in a major developmental 

control gene or a defect in its regulation. The candidate list therefore included those transcription 

factors essential for mammalian eye development. We were particularly concerned to exclude linkage 

to the microphthalmia and nanophthalmia loci on 14q (CAJ7C)^” and 1 Ip {NNOlf^ respectively. 

Other strong candidates considered (whose human chromosomal location is known) were PAX6, 

CHXIO, MITF and the human homologues of the drosophila genes sine oculis, (Six3) and eyes absent 

(Eyal, Eya2, Eya3).

After excluding linkage to one of these (table 33), significantly positive lod scores were obtained for 

markers D11S1765 and D11S4191. Owing to family size and informativity of markers, the disease 

interval could not be refined beyond a 33cM interval bounded by 1 Ipter and microsatellite marker 

D11S908 which encompasses the NNOl locus and the coding region of the PAX6 gene. The chance 

that a mutation in PAX6 underlies the phenotype in this family is an intriguing possibility as this would 

the first implication of this master control gene of eye development in inherited retinal pathology. The 

results of direct sequencing are eagerly awaited Another quite plausible possibility is that the 

mutation resides within a control element of the PAX6 gene altering transcriptional regulation and 

resulting in a gene dosage effect.

4.9 Mapping of a family with progressive posterior polar cataract flPPQ

The results of positional candidate-gene linkage analysis performed on a three generation family with 

posterior polar cataract indicate that the gene underlying cataract formation in this pedigree resides at 

chromosomal band 10q25. Previously, human families with dominantly inherited cataracts of this 

appearance have been mapped to lp36’^̂ , 16q^’*, and 20pl2-ql2’ ’̂. In each instance, cataract has 

been stationary, contrasting markedly with the progressive nature of opacification in our family. From
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linkage exclusion data relating to our other families with PPC, we have strong evidence implicating 

other genes in this phenotype (see below).

In 1998, Semina et al.^\ reported the identification of a deletion in the gene encoding the eye 

developmental regulator, PITX3 (ref. responsible for the development of anterior segment 

mesodermal dysgenesis (ASMD). The gene resides within the 10q25 locus. In the same paper, the 

authors concluded that a missense mutation in the same gene which segregated with isolated total 

cataract formation in a mother and her child was causative of opacification in this family.

Our results are therefore the first confirmation that a gene, most likely PITX3, residing on 10q25 is 

responsible for PPC. Furthermore, this is the first description of the genetic mapping of a progressive 

form of this phenotype.

PITX3 gene structure and primer sequences were not made available in the original paper. A 

Bioinformatics approach was therefore used to determine exon-intron boundaries, 5’ and 3’ UTRs and 

promoter region (figure 53). Like other homeobox genes the PITX3 coding region is G/C rich. The 

homeobox region resides in exons 3 and 4.

Direct sequencing of exons 3 and 4 of the gene in our family has not revealed a segregating mutation. 

Amplification of the remaining two exons is eagerly awaited, once technical problems, for example 

primer design, have been overcome. The possibility that the mutation may either reside in a non­

coding region of the gene cannot be excluded though this would be a novel mutational mechanism 

amongst pedigrees with human inherited cataract. The manner by which mutant PITX3 proteins may 

cause cataract is not known. PITX3 clearly has an important role in directing anterior segment 

development in the eye. Evidence suggests that the homologous gene in the mouse, Pitx3, is expressed 

in the developing lens vesicle^ . Alternatively, another gene within the interval, as yet unknown, may 

be responsible.
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4.10 Screening of a panel of inherited cataract patients for mutations in filepsin and LEP503

The feasibility of directly screening a panel of affected individuals for mutations in a particular gene 

demands carefiil consideration. The strategy is most attractive when the panel is large, phenotypically 

homogeneous, the gene of interest is a very strong candidate for the disease, has a coding region which 

is manageable in size and likely to contain the mutation. Investigators must also be confident that any 

sequence change can be shown to be pathogenic, for example co-segregation or linkage analyses, 

control population screening or by functional analysis.

The genes encoding the proteins LEP503 and filensin which meet these criteria were therefore 

screened using heteroduplex analysis. Samples in which heteroduplexes were identified were then 

sequenced. Segregation of any sequence change was then examined within all relatives of the affected 

panel member and a control population screened.

Although the function of LEP503 is unknown, its expression has been shown to be lens specific. The 

gene consists of two exons’ No mutations or polymorphisms were detected in our panel. Althou^, 

it must be conceded that screening in this way does not have a sensitivity of 100%^’ ,̂ in aU probability 

mutations in the coding sequence of this gene are not cataractogenic.

The gene encoding the differentiated lens fibre cell-specific cytoskeletal protein, filensin, is considered 

a very strong candidate for human cataract. The protein assembles with CP49 (phaldnin, BFSP2) to 

form the unique intermediate beaded filament; a mutation in the phaldnin gene has alreacfy been shown 

to cause cataract’^ . The filensin gene has eight exons. The complete gene structure was derived from 

alignment of the mRNA with known genomic clone sequences.

Two polymorphisms were detected The first (exon 6, nucleotide position 806, C ^T , Asn268Asn) is a 

synonymous nucleotide substitution. The second (exon 7, nucleotide position 1035, G->A) results in
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the conservative substitution of serine for glycine at codon 345. This sequence change was present in 

19 unrelated members of our panel of ninety-five families and in 22% of our control population.

The filensin protein has a three-domain structure consisting of a head, a tail and an intervening rod 

segment. Codon 345 resides within the tail domain outside any recognised motif or conserved 

sequence. Comparison of filensin sequences identifies bovine (71%), rat (68%) and chicken (50%) 

orthologs as sharing greatest homology. Alignment with these indicates that glycine at position 345 is 

conserved in bovine filensin but not in rat or chick.

Protein modelling suggests that the amino acid substitution produces some interesting variations in the 

protein. The presence of serine at position 345 introduces a potential phosphorylation site for protein 

kinase C (recognition motif S-G-K) and casein kinase II (S-G-K-D)^^^. Furthermore, the 

polymorphism lies within the area of maximum flexibility of the molecule. Although it does not alter 

this characteristic, the substitution probably foreshortens the turn region and inhibits the formation of a 

coil.

Our genetic evidence therefore corroborates the prediction that these minor changes do not 

significantly affect the structure or fimction of the protein. However, it is entirely possible that the 

deleterious effects of the polymorphism may accumulate over a long period of time predisposing to the 

development of lens opacity later in fife. A reasonable strategy to test this hypothesis would be to look 

for an over-representation of the polymorphism in patients with age-related cataract compared with 

controls. While such a finding would provide further evidence of association, causality might 

plausibly be confirmed by ultrastructural analyses and the stu(fy of animal models.
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4.11 Linkage exclusion data: candidate gene analyses and partial genome-wide scan

Although the number of candidate genes and loci for isolated non-syndromic cataract is large, our 

linkage exclusion data from several large pedigrees suggests that a number of additional genes are yet 

to be identified Specifically, our data excluding linkage in families M (nuclear), E (pulverulent) and 

O (posterior polar) indicate that one or more genes for each of these phenotypes must exist.

4.12 Mapping a family with stationary posterior polar cataract

Having demonstrated exclusion to all candidate regions, family O was chosen for a genome-wide scan 

because the pedigree was large, the phenotype consistent and candidate gene analysis indicated that 

members of the family displayed a high degree of heterozygosity for the microsatelUte markers.

Table 49 shows the lod scores calculated for linkage between the posterior polar cataract locus of 

family O and markers in the Genethon lOcM microsateUite marker set̂ ^̂ . The order of chromosomal 

exclusion was arbitrary. The strategy was first to exclude those chromosomes with cataract candidate 

regions and then to move to the rest. Markers were amplified in a sequential order from the telomere 

using our standard PCR conditions.

Classically, values of 0 between a disease and a marker locus are considered “excluded” (highly 

implausible) if the lod score is less than or equal to -2  (corresponding to a likelihood ratio of 1:100 or 

less)^^'. Thus where markers are closely spaced (~10cM as is in our stutfy), the region of exclusion 

may eventually become continuous (in our case, where Z<=-2 at 0 >=0.05). It is worth bearing in 

mind that this approach assumes independence. In reality, a gene excluded from one region must have 

a higher probability of being in another region of the genome.and therefore the exclusion criterion 

could be less stringent^^ .̂ Haplotype analysis was also employed as an additional safeguard: a double 

recombinant event between closely spaced markers being rare.
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In this “first pass” therefore, a skeleton exclusion map was drawn; thereafter, areas were revisited 

where exclusion was not confirmed or markers did not amplify. Using this methodology, exclusion 

was obtained for chromosomes 1, 2, 19, 20, 21,22 and substantial regions of 3, 4, 5,6, 7, 8,14, 16 and

17. Significantly positive 2-point lod scores were then obtained for markers DllS898 and D11S908 

(1 Iq). The pressure of time did not allow further analysis of this linkage.

5 Future Perspectives

5.1 A vovage towards an understanding of the genotvpe-phenotvpe correlation

Congenital cataract is startlingly heterogeneous, both clinically and genetically. To date, 23 

independent loci and mutations in 11 genes have been identified. Advances in microsatelhte-based 

linkage technology and progress in the mapping of mammalian genomes suggest that the positional- 

candidate gene linkage approach will provide an increasingly efficient and powerfiil methodology for 

the identification of the remaining genes causing human cataracts.

Whilst this s tu ^  has documented ten clearly distinguishable human congenital cataract phenotypes, it 

is an intriguing prospect for the future that functional analyses of the genetic defects identified in our 

families will better elaborate this clearly complex genotype-phenotype interrelationship. In certain 

ways, this study serves to exemplify the critical role molecular genetics has in challenging established 

clinical disease classification systems.

5.2 The genetics of age-related cataract

It is estimated that despite surgical removal and subsequent optical correction, a third of patients with 

congenital cataract will remain legally blind^. The removal of adult cataract with intra-ocular lens 

insertion, though not without risk, carries a much better prognosis and vision is often restored to pre-
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morbid levels. In the developing world however, health provision is often inadequate to meet the eye- 

care needs of the population. Even in developed countries, patients incur significant morbidity fi’om 

cataracts before surgery.

It is hoped that identification of the genetic mutations causing congenital cataract will not only 

improve our understanding of the pathogenesis of infantile cataract and the developmental biology of 

the lens but also adult-onset cataract. Mutations of the TIGR gene^^° were first identified in families 

with juvenile-onset glaucoma and were subsequently found to play a role in the pathogenesis of adult- 

onset glaucoma. More controversially it has been argued that mutations in ihcABCA4 (formally 

ABCR) gene^^’ which cause a juvenile-onset macular dystrophy, may have a role in the pathogenesis of 

age related macular degeneration^^^. Genes implicated in inherited congenital cataract may therefore 

play a role in determining susceptibility to age-related cataract, which is known to have a significant 

genetic component in its aetiology. This is particularly the case with such genes encoding MDP and the 

lens specific connexins as these proteins are expressed in all lens fibres and modulate inter-fibre 

communication and water transport.

In the longer term, the identification of genetic variation associated with a high risk of developing 

cataract may lead to new strategies for the prevention of cataract or for slowing the progression of 

early lens opacity thus reducing the demand for surgery.

We have recently established collaboration with the St Thomas’s United Kingdom Adult Twins Stucfy 

group who have studied and phenotyped 506 pairs of female twins (226 monozygotic and 280 

dizygotic)^^. The study of twins has been described as the “perfect natural e?q)eriment”^̂  ̂fi"om which 

to determine the relative importance of genetic and environmental factors, complex traits and genetic 

diseaseŝ ® .̂ We plan to investigate whether several of the genes implicated in congenital cataract {MIP 

described above) have a role in determining susceptibility to its age-related counterpart by performing 

association studieŝ "̂* utilising transmission disequilibrium^^ of intragenic polymorphic markers, for 

example single nucleotide polymorphisms (SNPs)^®̂ .
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6. Summary and concluding comments

This is the largest stucfy of human inherited cataract yet reported, from which it has been possible to 

construct a clinical classification system based on ten recognisable phenotypes. The study has also 

shown that patients have better visual and surgical outcomes than those with cataracts of other 

aetiologies probably relating the lack of attendant developmental abnormalities and because surgery 

may often be delayed.

The results of our molecular linkage studies show the importance of identifying the genetic defects 

underlying single-gene Mendelian disorders in humans as they often provide incisive insights into 

biological processes and pathophysiological states. Four novel cataract loci have been identified The 

recognition of mutations in MIP confirms the importance of this protein in both normal lens 

physiology and cataractogenesis. Furthermore, the functional analyses provide a molecular basis for 

the cataracts observed

The lens is a unique biological structure, whose highly ordered molecular and cellular components are 

essential for transparency. Although disturbances in lens cell physiology are readily identified as 

opacification or cataract there is still much to leam about the normal structure and function of the lens 

and the mechanism of cataract formation. In the next few years, all the genes involved in inherited 

cataract will be identified Clearly, a detailed understanding will not only be beneficial to those 

affected families (offering opportunities for prenatal diagnosis and better counselling) but is likely to 

lead to novel therapeutic avenues for age-related cataract, the most common cause of blindness in the 

world
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U C L

Department of Molecular Genetics 
Institu te o f O phthalm ology
(Asêociated withMoaiiieldsEyieHospital)

University College London 
11-43 Bath S tree t 

London EClV 9EL 
UK

T elephone +44 (0)171 608 6806 
Fax +44 (0)171 608 6863

30 August 1999

Dear,

Following your recent clinic at Moorfields Eye Hospital with Mr Moore, I write to ask 
for your help in out research study. We are trying to find the  causes of inherited 
cataract.

1 am a member of a team (^doctors and scientists at Moorfields Eye Hospital and the 
Institute of Ophthalmcdogy in London who are undertaking a study to identify the 
genes that cause cataract in families. To do this, we need to examine the eyes of all 
members of a Amily, both those who have cataracts and these that do not. We will 
also ask you to  provide a small sample of Mood.

I would be very grateful if  you would indicate on the enclosed form whether you would 
be interested in helping us and return it to me.

If you have any cpiestions, please do not hesitate to contact me at the  Institute on 0171 
608 6932 or 0585 688847 (mobUe).

Thank you for your help with our study.

Yours sincerely.

FtofetMT S 8 BHltKhlcya - ( k id  of O p o tn a n t
tVoSemrDMHtint
Dr M ) Wanea • Senior Lac tiBcr

Itiephone 017160B 6606 Enuâ #Wuücb@kgmp.mrc.ac.uk 
Tdephom 01716(B 6620 E m dldhunt^uclac.tik 
Tetepbone0171608«9l3 EnMSiawanenOuclK.uk

I would like to help with the study on inherited cataract and wish to discuss this 
further.

Signature.............................................................  Date.

I can be contacted on the following telephone number:

I prefer not to participate m the study on inherited cataract.

Signature. Date.

HJCL

Department of Molecular Genetics
Institu te o f  O phthalm ology  

(Associated with Moorfields Eye Hospital) 
University College London 

11-43 Bath S treet 
London EC1V9EL 

UK
T elephone +44 (0)171 608 6806 

Fax +44 (0)171 608 6863

UC3L
I* . ' '

Department of Molecular Genetics 
In stitu te  o f  O p h th a lm ology
(A nodated  with MoorAalds Eye Hospital)

University College London 
11-43 Bath S tree t 
London EClV 9EL 

UK
T elep h o n e  +44 (0)171 608 6806 

Fax +44 (0)171 608 6863

I consent to  participate in the study into the genetics of congenital cataract 
which involves an eye examination and providing a blood sample.

Name.

Signature...........................................................  Date.

Signature of investigator.

PraiewoT S S Bluttoch«xy« - Hsad W Departmcst 
ProieMorDMHuat 
DrMJW an

Telepboae 0171 6fl6 <806 Email sUutichAlkgmpjnic.ac.itk 
TefephoBe 0171688 <828 Email d.]raat«MLK.ttk 
Tde|dioae 0171 <08 6943 Email m.wanresCBelK.uk

5 Ju ly  1999
Dear Mr

re: study in to  inherited cataract

Just a quick note to thank you all for your help with our study.

If you have any questirais, please do not hesitate to contact me at the Institu te  on 
0171 608 6932.

Best Wishes,

Dr Peter Francis
Clinical Research Fellow
and Honorary Specialist Registrar

PiBfeMox S S Bkattackarya - He#d of Department Tdephone 0171 608 <886 Email *hatath#hgmp.m%c.
PtoiMKr D U  Hsnt Telephone 0171 688 6820 Email d.h«nt««clK.ak
Dr M J Wamen • Senior LKtater Telephone 0171 608 6943 Emailm.warmn^ecLK.sk
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Ihsckyoufirtskii^ltetioodintheBDIAtiteprc^
ïleæe labd ̂  tites wâi narie aid date cflM i
The^ inadartooonrfywlhpcGt offiœKgiMaB^ lieaseseaim
liasticb^wapinhitb^Aii^andsedmlhebcKprovidd The
padagpcmÈmkpoGtedinÂeixxWWiai
lf>aihaw3 a y  qiEries pleasephcne01716086932cr
0585688847

U C IL

Department of Molecular Genetics
Institu te of  Ophthalm ology 

(Asflociated wiA Moorfields Eye Hospital) 
Universify College London 

11-43 Bath Street 
London EClV 9EL 

UK
Telephone +44 (0)171 608 6806 

Fax +44 (0)171 608 6863

INSTRUCTIONS FOR CELL COLLECTION

It is best if the sample is collected early in the m orning prior to 
having a drink

Remove brush from the plastic bag, touching only the "stick" end.

Open mouth and tw irl the brush on the inner cheeks and tongue for 
30 seconds. Be firm but don't scrape so hard  as to  m ake the dbeek 
bleed!

Carefully place the  brush end of the  collector into the  fluid filled 
plastic tube and snap off (this should be quite easy as the brush has 
been scored in the correct position).

Repeat the procedure using the other brushes.

When all brushes are  in the fluid, ensure the container is shut 
tightly, then  re tu rn  it in the  bag, w rapped in bubble-wrap and 
sealed in the box.

PK0&#ofS5Bh#Sxch#Tm HeadolDepmdment TUephime0171606 6B0S nmAS#MwbchOhgnyjmm:.K.nk
PnfBtiorDMHunl Tdephone 0171606 6620 Emiild.himtaud.ac.nk
DrMJ Wmnn-SeiiartMtilKr Tetephon 0171606 6913 Enufl m.waimfla ucLac.nk

3 Februaiy 1999

Dear Mr Coppock,

Please forgive any intrusion, lam  a member of a team of doctors and scientists at 
Moorfields ^  Hbspital and the Institute of Ophthalmology in London. We are 
undertaking a study to identify the causes of inherited oataiact (qiacity of the lens 
in the eye).

In 1906, the first report o f a fomily wth inherited cataract was published in the 
medical literature. This family, by the name of Coppock, came firom the parish of 
Headington Quariy and the villages ofHeadington and Milton/Great Milton in 
Oxfordshire. We are interested In making contact with this family once again.

I would be very gratelbl if you could indicate on the enclosed form whether you 
would be able to help us or if  you have any information that might be of use in 
tracing this family.

Thank you for your help with this study and once again please forgive any intrusion. 
If yon have any questions, please do not hesitate to contact me at the Institute on 
0171 608 6932.

Yours sincerely.

Dr Peter Francis BM BSc FRCOphth
Clinical Research Fellow and Honorary Specialist Registrar
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9 M utation detection in exons 9,10 and 11 of the OPAl gene in patients with normal tension 

glaucoma

9.1 Background

Normal tension glaucoma (NTG) is a subt>pe of glaucoma characterised progressive glaucomatous 

optic nerve damage in the presence of usually a normal or low normal intraocular pressure.

The recent identification of mutations in the OPA1 gene (personal communication, M Votruba, 2000) 

that underlie dominant optic atrophy, a disease primarily of the optic nerve head not dissimilar from 

NTG, point to this gene at a strong candidate for patients with inherited NTG. At present no other 

gene or chromosomal locus is known for this condition.

9.2 Methods

Using the primers shown below, exons 9, 10 and 11 of the OPA I gene of 95 patients with NTG were 

amplified. Heteroduplex analysis was then undertaken (Materials and Methods) as a screening 

method. Heteroduplexes identified were directly sequenced (Materials and Methods) as were other 

members of the family where possible.

9.3 Results

Table 2a shows the primers used to amplify the relevant exons.

' Forward primer 
5 '-3 '

Annealing 
temp (°C)

\ * AGAGCAGCATTA
' CAAATACÎGTTT

m é l  èSÉtm 1% wW #'' GAC AGA TCT GGT
K  11 GT A TGC CCG AC A CGC

58

55
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Heteroduplexes were identified with assurity in individuals 9 and 60 (exon 10,11, intron 10). An extra 

band was seen for individuall 20, but this may have resulted from overflow of some Ikb ladder from 

the adjacent lane. Direct sequencing confirmed the observed change in lane 20 as artifactual. The 

A->C transversion at nucleotide 158568 was observed in both samples 9 and 60 (figure 2a). No 

heteroduplexes were seen in exon 9

9.4 Discussion

The aetiology of normal tension glaucoma is unknown. The disease is primarily one of the optic nerve 

and is characterised by progressive retinal ganghon cell degeneration resulting, if untreated, in 

progressive glaucomatous visual field loss. Although small families with dominantly inherited NTG 

have been described the condition is usually sporadic. Recently, mutations in the OPAl gene have 

been shown to underhe the development of dominant optic atrophy. Similarity in the apparent disease 

processes implicates OPA 7 as a candidate gene for NTG

The results of the heteroduplex analysis and direct sequencing have identified the same sequence 

alteration in intron 10 in two genealogically distinct individuals. Since the missense change occurs 

within a non-coding region, the likehhood is that the transversion represents a polymorphism. 

Pathological significance could be established if the mutation segregates within the family and is not 

shown to be present in a normal control population.
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Figure 2a: sense strand sequence analysis of 
O P A l  exons 10,11 and intron 10 showing: 
a ,  non-segregating C transversion at 
nucleotide 158568(arrowed); b ,  wild-type sequence

a C A A N T A T T

C A A A T A T T
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Table 3a: Direct
sequencing panel

Status

43
’44..
43

47
4$
m
50
$1
52
53
54

59
m
61

i

A
U
A
U
A
U
A
U
A

i  ^  A
U
A
U

I A

lî
i;
I A 

A

90 A
91 U

A
A
A
A

96 A
97 A
98 A

'
A

100 A
iOI A
W A
m A
m A
# A
m A
107 A
loa A
109 A
110 A
a i A
m A
113 A
114 A
a s A
116 A
i i f ; A

A
'119 A
120 A
m A
w J i A

A
W A
IK:#' A

A
11:17 A
im A

A
A

jm- A
A
A

A = affected
U = unaffected
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