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ABSTRACT:

Background: Human inherited congenital cataract is phenotypically heterogencous most likely
reflecting a complex underlying genotype. The visual prognosis for childhood cataract of all
actiologies is poor. There is however very limited 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 identified 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 (@) 12q and different missense
mutations in the MIP gene identified 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 ycrystallin gene cluster. (c) Xp. (d) 11p. (e) 10q. (/) 11q.

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

Conclusions: This study 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 actiologies
probably due to the lack of attendant developmental abnormalities and because surgery may often be
delayed. 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.
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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 implicated 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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1. Introduction
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1.1 Congenital cataract; general features

Cataract is the term used to describe opacification of the crystalline 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 by decreased visual acuity, glare and
decreased contrast sensitivity. The condition is only treatable at present by 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 infancy,
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 galactosaecmia, 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 family 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 of human

cataract categorisation
In this project, families were chosen with
specifically isolated inherited childhood cataract

Childhood or Adult
(age-related)

Inherited Other

LSy

Isolated Syndromic

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 normatl 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's'’. 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 by 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, front 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

26



% &

% +"& % ? 3 "+, %

% 3 , " % &+ ( & +
"y ok % S ) -

% - $- (>

% " )
P% - $ # () & --* -"
n) "o

% - ) e

T R '8
% ) @ _ $ (_* _n , "oy )
% $ A -+ 1 o
% o+ = % "&,%"& - + = O
_ + (++ + B & -
$ % - - - T ST

&( % @ & - &

+

++ $

?

$"-

B &

"



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 cell 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 FGF1, -2, -3 and activin, and homeobox transcription
factors PAX6, SIX3, SIX5 and PITX3. The roles of PAX2*, 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 vesicle” 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 11p13, is essential for early eye determination®, the specification of ocular
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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 P4X6 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, PITX3 (10g25) is expressed in lens placode and forming lens
pit’’; SIX3 is expressed in the optic vesicle and anterior neural plate® 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. SIX3 is not expressed during this developmental process but has been detected
in adult anterior epithelial lens cells, where the dysfunction 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 by 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 threc RAR’s is known in humans; the cellular retinoic acid binding proteins (CRABP)

—1 and -2 have been assigned to 15q24 and 1q21.3 respectively* and retinoic acid induced —2 (R412)
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to Xp22*. 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” >2. It is
now clear that crystallins are found in many tissues where they subserve other functions™ **. For
example, aB-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~crystallin 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 .,
B and y subgroups. - 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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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 f- and y-crystallins™*.

1.3.3 Cytoskeleton

The structural framework 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
CP115/CP95 (filensin) which assemble to form a novel structure referred to as the beaded filament®'.
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
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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, by 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 MP19, MP20, MP18 and MP17)°*%,  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 703 mouse model”.
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1.3.4.1 The major intrinsic protein of the lens (MIP): Aquaporin-0 (AQP0)

A significant advance in cataract genetics was the discovery that the Cat™ (Fraser originally
Shrivelled’?y and Caf? (lens opacity mutation mouse’”) phenotypes result from mutations in the

murine Mip gene, localised to 10q, a region syntenic with human chromosome 12q"* 7.

Cytogenetically, the position of the human gene homologue, MIP, primarily and abundantly expressed
in the lens, has been refined to 12q14. 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 cell membranes’®. Numerous other aquaporins have been identified and the
widespread presence of these channels 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

12q14.

1.3.4.1.1 Spontaneously-occurring murine Mip mutants

The Caf’™ mouse (also known as Cat2™, Shrivelled or Svi, 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 transposon) 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). Tt appears that the Car’" 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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1.3.4.1.2 The aquaporin gene superfamily

The aquaporin gene superfamily encodes over 150 transmembrane proteins that are ubiquitously
expressed in almost all 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 .
Adquaporins 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 function 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 different 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”’. Cryoelectron
crystallographic analysis has taken appreciation of the structure of human aquaporin-1 to a resolution
of 4.5A 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®’.

37



+

& 4T
%) 2
L% 7 $-
%"?  +"& "
(%*( "8
" = %

?7% % +

( )

%a ( ( (+ o+
(o .=
+ % - ? % "
% "-(? -(D *$
- I
$- 7$ ’
? &% 3 D
% !

90



Figure 10: the aquaporin family of proteins mediate the
bi-directional flux of water across cell membranes. In the
eye there is a high degree of 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-functional

“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 kidney 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 dynamics, 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 72
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 numbser 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 trafficking 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 reticutum 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 arc 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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contrast to some other channel proteins, where such association is essential for the formation of a
central pore or channel, monomeric MIP, 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 AQP1 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, Q101, 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 Q101 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 MIP 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 functions 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, Py, 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 by enhancing uptake of intercellular water by adjacent lens fibre

cells.
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The Py of MIP is strikingly low compared to other aquaporins, for example, AQP1which is located in
the lens anterior epithelial cells and exhibits a more than 30-fold increase in P Such close proximity
of MIP-expressing cells to AQP1-expressing cells suggests functional cooperativity though this has yet
to be elucidated®. This relatively low level of water transport mediated by 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-cell coupling™'®'. Indeed the surface topology of MIP 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 The 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 by 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 cocytes 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 allowing a calculation

of aquaporin-related water transport to be made.
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Numerous other less well characterised membrane channels and proteins are known and summary of

these may be found 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 immunolocalisation 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 study human disease'®. The detailed
information available regarding eye development in the mouse and the fact that cataracts are easily
identified in this animal, make it an ideal candidate for the study 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 (nct)
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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Almost one hundred cataract mutants have now been engineered with abnormalities of development''',

114

immunity''?, growth''® and physiology (defects in membrane transport'', cytoskeleton''® and

116-118:

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

19 and connexin'? gene

those implicated in human cataract. For example, mouse y-crystallin
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 Mouse Reference Human
Model Mouse Gene Phenotype Phenotype
No2 connexin 50 nuclear 120 pulverulent
Cat2' yE-crystallin total opacity e Coppock-
with like
microphthalmia
Cat2® »E crystallin eye lens 12!
obsolescence
(microphakia)
ak Pitx3 aphakia 12 total
a3 a3-connexin nuclear 13 pulverulent
(connexin 46)
Po A3 crystallin nuclear 124 sutural
lop18 aA-crystallin nuclear 1% zonular
central
nuclear
Philly (Phil) PB2-crystallin nuclear 126 cerulean /
Coppock-
like

50
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Table 3: mouse cataract mutants (on this and next page)

Mouse Mutant Phenotype Genetic Defect Human Synteny
Chromosome
1 Cat? total opacity with microphthalmia cryge'” CRYG/ccLM
Cat?* nuclear opacity crygh'’
CatFNU-436 erga®
Cat2” nuclear zonular
Cat2” nuclear and anterior sutural
Cat2” radial opacity
Cat2™ nuclear opacity 2
Cat2”! total opacity with lens vacuoles
Cat2” eye lens obsolescence(microphakia) *E crystallin single
nucleotide deletion
predicted to destroy the 4™
greek key motif'®!
2 Lop4 speckled nucleus cp49 filensin on chromosome 20'*°
Sey small eye Pax6® 11p13
Cm coloboma 20p12'%
3 No2 nuclear opacity 1q21'%
4 Cur cataract and curly whiskers'? 9
Tem total cataract with microphthalmia 8q"°
dyl dysgenic, recessive'!
5 Philly (Phil)** nuclear opacity [Bl-crystallin'®® B-crystallin on 22q'*
Npp nuclear and posterior polar 4 (p16-g21)'®
7 To3 total opacity Lim2, MP10"™®



(43

Mouse Mutant Phenotype Genetic Defect Human Synteny
Chromosome
10 Caf” progressive lens fibre degeneration MIP MIP on 12q"* 134!
Caf” and opacity beginning anteriorly
Cat-3"° cataract with vacuoles anteriorly 12q22"%¢
Cat-3" 12q21"
To2 or Cat5 total opacity 6q21-q27'7
Cat-3 total cataract and microphthalmia 12¢'®
12 Or 14q24"®
14 rlc ruptured lens induced cataract 13q11-12'°
16 Opjf 16p or 22q
CATM locus at the t(2;16) breakpoint
near 16p13.3 or mutation in CRYM
on 16Pl3.11-p12.3129
Coc 32"
17 Lopi8 lens opacity oA-crystallin 21q22'%
19 ak aphakia'¥ Pitx.?gzm 10
X Xcat primary fibre cell degeneration Xp22.1-p22.3

resulting in nuclear opacity

near Nance-Horan locus'*

Unassigned mutants:
Mi (microphthalmos)“s, opb (open brain)'®, eyl (eyeless)'

1% et/ cac/Caf™® (Nakano cataract, recessive)® '*, Em (Emory cataract)'™, Lop2, 3, 5, 6, 7,

8, 9, 10 (lens opacity)'>, Acc, Ape-1, Apo, Apoc (anterior polar cataracts), Asc-1 and -2 (anterior sutural cataracts), Cad (milky white cataract)'™.




1.5 The molecular genetics of inherited cataract

In 1963, Renwick and Lawler described in their seminal publication the co-segregation of 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 mutations. In 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, expressivity, age of onset and rate of progression are variable making careful
ophthalmic evaluation critical. In addition, surgical modification of the disease and the absence of
reliable reproducible qualitative and quantitative measures of the disorder can hamper appropriate

classification.

1.5.1 Mapped genes

A complete listing of the mutations so far implicated 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 1g22-23'> and lies close to the gap
Junction a-8 (GJAS8) gene at 1q21.1. 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: all mutations are autosomal dominant

Locus Gene Protein Mutation Number of Phenotype OMIM Number Reference
Mutations

1q21-q25 GJAS Connexin 50  missense 2 pulverulent 600897 (11622) 7

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

2433-q35 CRYGC yC-crystallin ~ missense 1 aceuliform 604307 157

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

3q21-q22 CP49 BFSP-2 missense/ 2 lamellar/nuclear 603212 159 160
deletion

10q24-25 PITX3 Pitx3 missense 1 total 602669 ¥

13qi1-q13 GJA3 Connexin 46  missense 2 pulverulent 121015 (601885) ol

17q11.1-q12  CRYBAI BA3 crystallin  splice site 1 sutural 600881 162

21q22.3 CRYAA aA-crystallin  missense 1 zonular central 123580 163

nuclear

22q11.2 CRYBB2 BB2-crystallin  chain 1 cerulean 123620 (601547) o4
termination

22q11.2 CRYBB2 B-crystallin missense 1 Coppock-like 604307 165



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 phylogenetically conserved
second transmembrane region of the protein'®. A feature of 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 of serine
for asparagine at codon 63'%'. This missense mutation lies in the first extracellular loop of the
protein, believed to mediate the intermembrane coupling of connexon hemi-channels'®. In the
second family, insertion of a cytosine after nucleotide 1137 is predicted to cause a frame shift
immediately after codon 379. This results in the mis-translation of the final 56 amino acids and
the addition of 31 amino acids to the C-terminus of the mutant protein before an in-frame
translation stop codon is detected. Further evidence of the importance of connexin 46 in human
cataract is provided by the report of a third mutation, C560T (P187L), in a family also with

pulverulent cataract'™.

1.5.1.2 Crystallin genes

The y-crystallin gene cluster located in region 2g33-35 consists of 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 pseudogenes by virtue of 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 of 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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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
1pter-1p36, within which lies the gene ENO1'2. This gene has been considered a candidate
because, by the process of “gene sharing” (described above), it encodes not only red cell enolase 1
but also z-crystallin. However, despite its widespread expression within the lenses of vertebrate
species, t-crystallin is not expressed in the human lens. Indeed, the only family described with
hereditary red cell enolase deficiency shows no evidence of cataract. Linkage to the 1p36 locus
has also been shown in a family with posterior polar cataract'™®. This suggests that either two
genes lie within this locus or, more interestingly, that distinct mutations within a single gene have
resulted in the different phenotypes observed. While the chromosomal location of many of the

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

1.5.1.3 Transcription factors

The identification of a mutation in the human gene PITX3 in a family with total cataract is the first
to implicate a developmental regulator gene with congenital cataract. PITX3 is a member of the
homeobox gene family RIEG/PITX and has been localised to chromosome 10q24-25. AGto 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 of a DNA-binding site or 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 of a unique intermediate beaded filament
configuration formed by the association of 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 families 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 1p36 locus, the first with a posterior polar phenotype (Zp=3.48, 6=0)!"* and the other a large
Danish family named Volkmann (Z,,,,=14.04, 6,,,.=0.025, B¢, =0), with progressive zonular and
nuclear opacities (probably pulverulent)!”?. In the latter family, a mutation was sought in t-
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 Marner'”, with
primarily lamellar cataract, shows strong linkage to the haptoglobin locus on 16q22.1 (Z,,,,=8.33,

6=0.05)"".

Another three families with dominantly inherited cataracts have been mapped to chromosome 17.
The first, with anterior polar cataract, shows linkage to 17p13 (multipoint lod score=5.2)'", the
second with lamellar opacities maps to 17q11-q12 (Z,,=3.9, 6=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 apparently balanced
chromosomal translocation (2;14)p25;q24)'”. Following the recognition of 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

14¢24'®.

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;16)p22.3;p13.3), was observed in
four individuals; three had partial trisomy 2p derived from this translocation 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 16p13.3. Other
chromosomal regions 2q23, 4pl4, 11p13, 18q11-12 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 9g21) has been suggested (Zy,,,=3.4, 6=0)'% 184,

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) microcornea or microphthalmia, (b) distinctive dental anomalies (crown shaped permanent
teeth), (c) evocative features, (d) anteverted pinnae of the ears, and (e) mental retardation in some.
Cataracts are fully penetrant in heterozygous females and are confined to the posterior Y-
sutures'®'%8. The variable phenotype has led some to suggest that NHS is a contiguous gene

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

eno e

Volkmann (pulverulent)
Posterior polar
Unknown

Anterior polar
Unknown

Marmner

Posterior polar
Anterior polar
Zonular-sutural (lamellar)
Cerulean

Posterior polar
Sutural (lamellar)
(possibly synonymous
with Nance-Horan
syndrome)

Locus

1p36

1p36

6, I-blood group
locus

14q24

16p13.3

16g22.1

16q22.1

17p13

17q11-12

17q24

20p12-q12

Xpter- Xqter

(the recognition of
various deletions
probably refine the

Inherjtance

autosomal dominant
autosomal dominant
autosomal recessive

translocation
translocation
autosomal dominant
autosomal dominant
autosomal dominant
autosomal dominant
autosomal dominant
autosomal dominant
X-linked recessive

region to Xp22.3-21.1 refs ''%)

OMIM Number

115665
116600
110800

115650
156850
116800
116800
601202
600881
115660

302200

Reference

1712
173
190

179
181
175
175
176
177
178
191
192



Linkage studies have refined the NHS disease locus to a 3.5cM interval on Xp22.2 between the
microsatellite markers DXS1053 and DXS443'%4 1%, a region syntenic with the mouse cataract
disease locus Xear'®®. The gene responsible has not been identified. Recently, the R412, retinoic
acid induced gene 2, has been excluded!®. Figure 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-linked mental retardation 19, OMIM 3001 14) raising the

possibility that they are allelic.

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 of normal lens development in directing eye embryogenesis'®® '°. It
is not surprising therefore that cataract is found in association with microphthalmia, microcornea,

persistence of the pupillary membrane and certain corneal dystrophies.

Furthermore, syndromes resulting from abnormalities 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 abnormalities (most importantly Wilm’s tumour), is known to result from a

variety of mutations within the homeobox gene, PAX6>. There are several other homeobox genes
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that are essential for early eye determination®, the specification of 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 corneal
endothelial defect. A mutation that results in Ser353Ter substitution underlies the syndrome of

congenital cataract and late-onset corneal dystrophy’.

Rieger’s syndrome, in which cataract, glaucoma and a spectrum of 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/RIEGI on 4q25 underlie most cases®™. A family with
anterior segment mesodermal dysgenesis, ASMD (cataract, corneal 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 of another family with ASMD with a mutation

in the homeobox gene PITX3 on 10q”".

A second Rieger locus on 13q14 has been identified but no gene 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 of the former, mutations in the transcription factor,
forkhead-related activator, FREAC-7/FOXE-2 (drosophila homologue FKHL7), 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 ()

characteristic yellow macula pigmentation, chorioretinal folds and crowded optic discs?%. Ocular
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ultrasound commonly reveals a thickened sclera composed of abnormal collagen fibrils’® 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 of
patients with this condition is complex as sight threatening posterior segment complications

commonly complicate cataract and glaucoma surgery”®s.

Nanophthalmos, which is usually isolated and bilateral may be inherited as a sporadic, autosomal
dominant or recessive condition. Linkage analysis of a single dominant family has assigned a
locus (NNO1) for nanophthalmos to 11p13 (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 lie within the NNVO! region (V van Heyningen,

personal communication).

Nanophthamos has been reported as an autosomal recessive trait in association with a progressive
pigmentary retinal degeneration (characterised by nyctalopia, visual field restriction 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, sclerocornea) and systemic
abnormalities (cardiac defects, cleft lip). Other microphthalmia phenotypes include congenital
cystic eye, anophthalmos and microphthalmos (small eye)?'®. Linkage analysis of a single
Pakistani family has assigned a locus for recessive microphthalmos to 14q32 (excluding the

CHX10 and MITF gene loci)*'’.

Strong candidate genes and loci for other families with these conditions include PAX6 (11p13,
small eye mouse), NNO1 (11p13), arMi (14932, recessive microphthalmia locus), CHX10 (14q,
ocular retardation mouse), MITF (14q, microphthalmia mouse), OPTX2 (14q), EYAI (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 of 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 of this project to
families with cataract present in isolation, genes expressed in a lens-specific manner 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 of 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)

Leocation Symbol Name
1p36 CCP cataract, posterior polar type
1p36 CCV cataract, Volkmann type (pulverulent)
1p36 FTH1 ferritin heavy chain polypeptide 1
1p36 SCNN1d non-gated sodium channel 1d
1p32 FKHL-7 forkhead-like factor-7 transcription factor
1p31-22 CRYZ crystallin, £
1g21-25 CAE1, CX50 connexin 50

CZP1 cataract, zonular pulverulent 1
1932.2 PROX1 developmental regulator
2p25 CAP1 cataract, anterior polar 1
2p22.3 CATM cataract (with microphthalmia)
2qg31 Sp3 MIP gene regulatory factor
2q33-35 CRYGA crystallin YA
2q33-35 CRYGB crystallin yB
2q33-35 CRYGC crystallin yC
2q33-35 CRYGD crystallin yD
2q33-35 CCL cataract, Coppock-like (nuclear)
2q33-35 CRYGEP1 crystallin, yE pseudogene 1
2q33-35 CRYGFP1 crystallin, YF pseudogene 1
2q34-36 CRYGBA2 crystallin A2
3q21-25 CP49 phakinin, beaded filament structural

protein LIFL-2

3 CRYGS crystallin yS
4q28-31 PITX2/RIEG1 RIG/PITX homeobox gene
6q CX43 connexin 43
10p13 VIM vimentin
10925 PITX3 RIEG/PITX homeobox gene
11p13 PAX-6 PAX homeobox gene
11921.1-23.2 CRYA2 crystallin o2
12q13-14 MIP, AQPO major intrinsic protein, aquaporin



Location Symbel Name

13qi1-12 CX46, CZP connexin 46, cataract, zonular
pulverulent 2

14q24 CAP1 cataract, anterior polar 1

15q24 CRARBP1 cellular retinoic acid binding protein-1

16p13.3 CATM cataract (with microphthalmia)

16p13.11-12.3 CRYM crystallin p

16q21.1 CT™M cataract, Marner type (pulverulent)

17p13-12 CAP cataract, anterior polar

17p13 SERCA 2b and 3 sarcoplasmic reticulum Ca?" -ATPases

17p13 12-LOX 12-lipoxygenase

17p13 15-LOX 15-lipoxygenase

17q11.1-12 CRYBALI crystallin BAl

17q11-12 CCZSs cataract, zonular sutural (lamellar)

17q24 CCAl cataract, cerulean 1

19 KCNC3 K-gated channel AFO55989

19q11.2 SIX3 Dystrophia myotonica gene

19q13.3-13.4 Kv3.3 K channel

19q13.4 LIM2 lens integral membrane protein 2

20q13.2 hDRK1 Kv2.1 K channel

20 CP115, LIFL-H filensin

21q22.3 CRYAI crystallin a1

22q11.2-12.1 CRYBB1 crystallin BB1

22q11.2-12.1 CRYBB2 crystallin BB2

22ql1.2-12.1 CRYBB2P crystallin B2 pseudogene

22q11.2-12.1 CRYBB3 crystallin B3

22q11.2-12.1 CRYBA4 crystallin A4

22q cataract, cerulean 2
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Other candidates known to be expressed for which the chromosomal location is unresolved:

IRK1CIC-4 Cl channel

Potassium channel KCNB1 AFO26005

Potassium voltage gated channel (delayed rectifier) subfamily S, member 3 locus 3790
SEF-1Ca 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-syndromic cataract phenotypes

Classification of human inherited cataract is difficult because of the wide variation in
morphologies observed though a number of observers have proposed classification systems'®” 2!
M9 The lens develops by the formation of 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'!®. Categorisation 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 of the same patient'*’.

Pulverulent cataract derives its name from the dust-like “pulverised” appearance of the opacities,
which can be found in any part of the lens. Largely historical attempts have been made to sub-
classify this form of 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’®! ?2. The
Coppock family has not been the subject of a published linkage study, unlike the genealogically
unrelated pedigree whose cataract has been described as Coppock-like?'* *! 23, which has been
linked to the crystallin gene cluster region on 2q. It is of 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 Poos??® 226,

Many other families with pulverulent cataract have now been described® 222, It is clear is that
significant intra- and inter- familial variation, both in the distribution of the cataract and the degree

of opacification, distinguish this phenotype from all others.

1.7.2 Lamellar cataract

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
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 Marner’s cataract'’*). Commonly, cataract occurs at the anterior
and posterior Y sutures and may be associated with cortical riders. The degree of opacification is
variable and visual acuity may be well preserved or reduced enough to require surgical

intervention®!.

1.7.3 Cortical cataract

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

limited to a sector of 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 of the later stages of lens development.

1.7.4 Polar cataract

The presence of 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 opacities that are rarely progressive and can be
inherited as dominant, recessive or X-linked traits'’*2'®. Larger opacities often have a pyramidal
shape, the apex of which may extend into the anterior chamber'> 176197 Associations with
microphthalmia®? and astigmatism®™> implicate a gene involved in anterior segment development.
Visual function 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

fOl'l'IlBtiOﬂ”s 222224235

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 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 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??°2%,
1.7.6 Coralliform 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 coral®?

. 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
cataract'®’. It has also been reported as the end result of the progression of the phenotypes outlined

above.

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

1.8 Genotype-phenotype 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 of cataract observed are,
therefore, likely to be consequent upon the expression of a mutant form of one of 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 1p36 and evidence from other genes, for example peripherin/RDS,
mutations within which cause retinitis pigmentosa?*!, cone-rod dystrophy**? 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 of any element essential for the maintenance of transparency to visible light 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 fail to
interact appropriately with its intracellular environment. The failure of mutant proteins such as
cytoskeletal proteins, to facilitate crystallin packing may result in loss of 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 of 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 of lens genes.

The identification of further 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 of 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 corneal decompensation may be
more frequent because children have many post-operative years to live?*. The reported incidence
of glaucoma, both open and closed angle ranges from 6-24%(ref. 2*>2%). 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 years?*’. 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 studies*®>.
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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 of 20/40 or better”*. Deprivational
amblyopia is the major cause of poor outcome?**?>!. 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 birth?®2. Less severe lens opacities may have a better outcome if

surgery is delayed until later childhood.

In most studies (table 7), outcome and complication rates have been generated from consecutive
series of patients with infantile cataracts of all aetiologies®>?%. In only one recent study were the
results of 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. Variability in disease expression is common and
asymptomatic individuals should not be assumed to be unaffected. X-linked 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
slit 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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If other family members are normal the child should be reviewed by a dysmorphologist or
pacdiatrician 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 actiology. 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, parily 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 implicated in animal models of disease, for example, the Fraser mouse and MIP (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 strategics may then be employed to identify the

discase-causing gene™*.

1.10.2.1 Positional candidate cloning

With collective efforts to decode the human genomez“, 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 by screening the libraries available from the genome
centres. The relevant clones (packaged within suitable vectors, YAC and BAC, yeast and bacterial
artificial chromosomes respectively) are freely available. These can be ordered sequentially by
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

267

allows comparison between physical, genetic and genomic maps™"). High resolution physical maps
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