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Abstract

Abstract

Comeal dystrophies are inherited disorders characterised by progressive
accumulation of deposits in the cornea causing visual impairment. They occur in
either an autosomal dominant or recessive form and are usually manifested in the
first few decades of life. The present classification is solely based on the layer or
layers of the cornea involved. This study aimed at better understanding of the
underlying molecular basis of such disorders via linkage to specific chromosomal
loci and then mutation screening of the disease genes by means of amplification of
the genomic DNA using polymerase chain reaction and then sequencing and
restriction enzyme digest analysis.

A family with a combined cornea plana and microphthalmia phenotype was mapped
to the autosomal recessive cornea plana (CNA2) locus on 12g21. A novel mutation
in KERA gene (CNAZ2) has also been identified. The phenotype described is wider
than that previously reported for KERA mutations and represents the first description
of a structural protein causing microphthalmia.

Mutation screening of a new carbohydrate sulfotransferase 6 gene (CHST6) in 5
families with autosomal recessive macular corneal dystrophy (MCD) type I has
revealed 6 novel missense mutations, 4 homozygous and 2 compound heterozygous.
This study provides further evidence that CHST6 is the MCD gene and the loss of
gene function by these mutations may result in production of abnormal keratan
sulfate, which would account for the MCD phenotype.

Analysis of a human transforming growth factor- -induced gene (BIGH3) in 36
patients with lattice corneal dystrophy type I (LCDI), Avellino corneal dystrophy
(ACD), granular corneal dystrophy (GCD), and Reis-Bucklers’ corneal dystrophy
(RBCD) has revealed 4 heterozygous missense mutations. In conclusion, molecular
genetics may provide a more accurate basis for the diagnosis and classification of
corneal dystrophies. This work contributes to our understanding of the role of
specific genes in corneal transparency and may help to identify novel therapeutic

approaches for these dystrophies that cause significant visual impairment.
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Introduction

Chapter 1

1.1 General introduction

Molecular genetics is revolutionising our understanding of the classification and
pathophysiology of ophthalmic diseases, particularly corneal disorders. One of the most
important blinding corneal disorders is corneal dystrophy by virtue of its interference
with corneal transparency. The present classification of corneal dystrophy, based largely
on the clinical description of the phenotype, is being replaced with a more rational
classification based on genetic background.

Advances in molecular knowledge of corneal dystrophy via the recognition of corneal
disease genes and of fundamental defects in their DNA will undoubtedly lead to a better
understanding of normal corneal physiology and pathobiology. Once the genes for
specific corneal dystrophy are identified, it will be possible to develop cell culture and
animal models to study the function of the relevant genes. This will ultimately lead to
the design of better, innovative methods for the treatment of corneal dystrophy using
logical strategies with chemical agents or methods of gene therapy.

The work in this thesis concerns mapping the gene for a family that presented with a
combined phenotype with cornea plana and microphthalmia. This is followed by a case
report of an intrafamilial phenotypic variation in a family presenting with two types of
corneal dystrophies. Then Phenotypic and genotypic characterisation of families and
sporadic patients with autosomal dominant stromal corneal dystrophy via slit lamp
biomicroscopic examination and mutational screening of BIGH3 gene, the disease gene

for a number of stromal corneal dystrophies, is presented. And finally mutation
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Introduction

screening of the carbohydrate sulfotransferase 6 gene (CHST6), the gene implicated in
the pathogenesis of macular corneal dystrophy, an example of autosomal recessive
stromal dystrophy.

Therefore in the following sections an overview of the genetic concepts behind the
project will be described with more emphasis given to the phenotype of the patients
involved in this study and the strategies employed for the identification of the disease
gene. The reader will also be introduced to the structure and function of the cornea,

clinical, pathological and genetic background of corneal dystrophy.

1.2 Cornea

1.2.1 Gross Anatomy

The cornea is a transparent avascular tissue with a smooth convex outer surface and
concave inner surface, which resembles a small watch glass. It covers the anterior one
sixth of the outer coat of the eye and is continuous with the white opaque sclera at the
limbus. It is slightly elliptical, measures about 12.5x11.5 mm with an average thickness
of 0.52 mm in the centre and 1 mm in the periphery.

The main function of the cornea is optical as it accounts for 70% of the total refractive
power of the eye. The regular anterior corneal curvature and the optically smooth quality
of the overlying tear film are the main factors that enable the cornea to maintain its

strength, transparency and refractive power.

1.2.2 Microscopic anatomy
The cornea consists of five layers: epithelium, Bowman's membrane, stroma, Descemet's

membrane and endothelium (Figure 1.1).
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Introduction

1.2.2.1 Epithelium

The surface of the cornea is covered by stratified squamous non-keratinising epithelium
that constitutes 10% of the corneal thickness. It is 50-52 pum thick and is formed of five
to seven layers which can be divided morphologically into three types of cells: columnar
basal, polygonal wing and squamous superficial. Normally the basal cells are mitotically
active, so they produce the daughter cells that move forward to become the wing cells
that migrate anteriorly to become the flattened squamous cells that then slough into the
tear film. The superficial cells represent the highest level of differentiation that graduate
into transitional epithelium at the limbus and then into conjunctival epithelium.

For the corneal epithelium to act as a mechanical barrier to foreign materials and to
create a smooth transparent optical surface, the corneal epithelial cells must be tightly
adherent to each other and to the underlying structures. This is facilitated by several
types of specialised junctions that can be divided into three classes: occluding, anchoring
and communicating (Randall ez al., 1998). The occluding junctions are found between
the optical portion of basal cells, between basal and wing cells and between the wing
and the squamous cells. Anchoring junctions include zonula adherence and
desmosomes. Communicating junctions include synapses and gap junctions. The
cytoskeleton in the cytoplasm of the corneal epithelium is made up of three types of
protein filaments: intermediate filaments, microtubules and actin filaments (Gipson and
Joyce, 2000). The most important is the intermediate filaments as they provide the
structural framework of the cytoplasm of the epithelial cells and they are also a

component of desmosome and hemidesmosomes. These intermediate filaments are
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formed by the pairing of two specific keratin proteins, type I or acidic and type II or

basic. These keratins provide a structural framework for the corneal epithelium.

1.2.2.2 Bowman's membrane

Bowman's layer is an acellular zone 8-10 pm thick that forms an interface between the
basal lamina of the epithelium and the cellular stroma. Both epithelial cells and stromal
keratocytes are believed to have a role in the laying down and maintenance of Bowman's
layer (Rodrigues et al., 1982; Tisdale et al., 1988). Bowman's membrane contains
collagen type I, V, and VII and chondroitin sulfate proteoglycans. This layer along with
the stroma may help the cornea to maintain a fixed shape, thereby enabling it to perform

its optical function.

1.2.2.3 Stroma

The stroma constitutes about 90% of corneal thickness. It is about S00 um thick, formed
of regularly arranged lamellae of collagen bundles, stromal cells and ground substance.
The collagen bundles account for 80% of the dry weight of the cornea. Collagen type I
and V are the predominant fibrillar collagens in the stroma, although small amounts of
other fibrillar collagens such as type IlI, VI and XII may be present (Trelstad et al.,
1972; Zimmermann et al., 1986). The ground substance surrounding the collagen fibrils
is composed of proteoglycans. Keratan sulfate with its core protein lumican and
chondroitin sulfate with its core protein decorin are the predominant proteoglycans
within the corneal stroma in a ratio of approximately 3:1 (Hassell et al., 1992). These
proteoglycans play a role in maintaining the ordered spacing of collagen fibrils that is

thought to be necessary for the maintenance of corneal transparency. The predominant
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cell type in the corneal stoma are the keratocytes which are flat cells, derived from
neural crest, that lie between collagen bundles. In response to stromal injury, the
keratocytes migrate into the wound area and undergo transformation into fibroblasts,
which contribute to scar formation by proliferation and collagen production (Randall et
al., 1998). In addition to keratocytes, polymorphonuclear leucocytes, plasma cells and

macrophages in small numbers are seen in the normal stroma.

1.2.2.4 Descemet's membrane

Descemet's membrane is approximately 10 pm thick in adults, consists of thick
extracellular matrix, which is synthesised and secreted by the corneal endothelium. Its
peripheral terminus is known as Schwalbe's line. Normal Descemet's membrane has two
morphologic components an anterior banded zone secreted in utero at about 4 months of
gestation and is 3 pum thick and a posterior homogenous zone, which is produced after
birth and thickens progressively with age. It contains type IV and type VIII collagen and
fibronectin. The fibronectin may play a role in maintaining the endothelium in a uniform
monolayer and in attaching it to the Descemet's membrane (Maurice, 1987). In contrast
to Bowman's layer, Descemet's membrane is easily detached from the stroma and

regenerate readily after injury.

1.2.2.5 Endothelium

The corneal endothelium forms a single layer of cuboidal cells on the posterior corneal
surface. The endothelial cells are about 10 um height at birth; flatten with age to about 4
pm in adults. The cell density decreases from approximately 3500-4000 cells/mm?” at

birth to 2500-3000 cells/mm? in the adult cornea. This increase in cell area and decrease
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in cell density is due to gradual decrease in the endothelial cell population with age or
trauma so, the adjacent cells spread out to cover the vacant areas (Cox et al., 1972; Grass
and Robinson, 1988). The numerous mitochondria within the cytoplasm of the
endothelial cells reflect its main function for maintaining the relatively low level of

stromal hydration necessary for corneal transparency.

1.2.3 Corneal transparency

The cornea transmits approximately 90% of the visible spectrum of light waves that
enter it. To perform such function, the cornea must be transparent through interaction of
anatomical and physiological factors. First, the presence of a continuous sheet of
epithelium on its anterior surface inhibits diffusion of water and solutions from tears into
the stroma. Secondly, the regular arrangement of stromal collagen bundles which is
maintained by the relatively low level of stromal hydration. Also, organisation of tissue
proteoglycans in the collagen matrix that maintain the collagen fibrils in an orderly
lamellar array plays an important role. Lastly the endothelial pump, which retards the
flow of aqueous into the stroma, determines the level of hydration of the

glycosaminoglycans and thus transparency.

1.2.4 Development of the cornea

The heterogeneous tissues that constitute the human eye are derived embryologically
from surface ectoderm, neural ectoderm, neural crest, and mesodermal mesenchyme. For
successful corneal development, the lens must be present; its loss before mesenchymal

invasion results in microphthalmos and opaque cornea (Zinn and Mockel, 1975).
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Corneal development begins at approximately 5 to 6 weeks of gestation by invagination
of the surface ectoderm into the optic cup producing the lens vesicle, which
subsequently detaches from the overlying surface ectoderm (O’Rahilly, 1983). Then a
basal lamina is formed from a faint amorphous line beneath the surface ectoderm, by this
time the surface ectoderm can be referred to as epithelium. The detachment of the lens
vesicle induces the basal layer of the epithelium to secrete collagen fibrils to fill the
space between the developing epithelium and the anterior surface of the lens forming the
incipient corneal stroma (Millin et al., 1986). At approximately 6 weeks of gestation,
mesenchymal cells derived from the neural crest, which are situated at the margins of the
rim of the optic cup, migrate into the developing eye beneath the basal lamina of the
corneal epithelium to form the corneal endothelium. This event marks the first of the
three successive waves of ingrowth of the neural crest cells into the developing eye
(Figure 1.2). The second wave forms the iris and the papillary membrane. So by 39 days,
the cornea consists of two-layered epithelium, an acellular matrix of collagen and an
endothelial layer consisting of two or three layers of cells (Figure 1.3).

The acellular stroma expands possibly as a result of hydration of the increasing amounts
of extracellular matrix (Figure 1.3). This setting prepares the way for the migration of
mesenchymal (future keratocytes) from the rim of the optic cup marking the third wave
of migration (Figure 1.2) (Hay, 1980). By the 7' weeks the mesenchymal cells are
arranged as four to five incomplete layers and a few collagen fibrils are present. By 3
months of gestation, the epithelium consists of two to three layers of cells, the stroma
has 25-30 layers of keratocytes that are arranged more regularly in the posterior half, and
a thin uneven Descemet's membrane is present between the most posterior keratocyte

and the now monolayer endothelium. Initially the endothelium is formed of a strand of
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1.2.5 Metabolism and physiology of the cornea

Corneal avascularity is an important factor for maintenance of its transparency. Despite
this avascularity, the cornea can obtain its nutritious requirements through its
metabolically active epithelial and endothelial cells (Nishida, 1997). Energy is required
by such cells in order to supply their metabolic needs. Therefore, the supply of glucose
and oxygen is essential to maintain the normal functions of the cornea. All layers of the
cornea obtain oxygen through the anterior corneal surface, primarily by diffusion from
tear fluid and from the limbal vessels. The direct exposure of the tear fluid to the
atmosphere is essential for the supply of oxygen to the cornea (Nishida, 1997). Glucose
and most other nutritious substances are obtained through the posterior corneal surface
by diffusion through the aqueous humor. An exception is retinol, which is supplied by
tears to superficial epithelial cells. Without the retinol the epithelial cells become
keratinised and dysfunctional (Ubels and MacRae, 1984).

The surface of the cornea is covered by the tear fluid which protects the cornea from
dehydration and maintains the smooth epithelial surface. The tear film is about 0.7 mm
thick and consists of three layers: a superficial lipid layer, a middle aqueous layer and an
inner mucin rich glycocalyx layer (Van Setten and Schultz, 1994). It contains many
biologically important factors and active substances. Therefore, it serves not only as a
lubricant and nutritional source for the corneal epithelium but also as a source of the
regulatory factors for the maintenance and repair of the corneal epithelium (Nishida,
1997).

Corneal stroma normally is kept in a relatively deturgesced and therefore, optically
transparent state. It naturally imbibes water because of two forces: first, the

glycosaminoglycans exert an osmotic pressure that pulls water into the stroma; second,
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Introduction

1.3 Corneal dystrophy: A phenotypic review

Corneal dystrophies are a genetically and clinically heterogeneous group of disorders.
Most corneal dystrophies are inherited as an autosomal dominant trait. The autosomal
dominant pattern of corneal dystrophies accounts for the variable expressivity, not only
among unrelated affected individuals but also within a single family and even between
the two eyes of the same patient (Waring III and Mbekeani, 1998).

By conventional definition, corneal dystrophies are primary corneal diseases
unassociated with prior inflammation or trauma, or with systemic diseases. This
definition distinguishes readily between dystrophy and degeneration. A dystrophy has
been defined as a condition of deficiency of tissue nutrition, whereas degeneration
indicates degradation, or passage from a higher structure to a lower one (Alexander and
Messenger, 1957).

Clinically, corneal dystrophy occurs most frequently bilaterally and is manifested around
the time of puberty, progressing slowly throughout life (Mc-Tigue, 1967).

The prevalence of corneal dystrophy among different population cannot be predicted
because there are few studies documenting the frequency with which corneal dystrophy
occur. However the reported data are considered as a measure of the prevalence of those
cases severe enough to need keratoplasty.

Corneal dystrophies are classified according to the layer or layers of the cornea
involved. So, the disease phenotype can be categorised according to anatomy of the

cormnea.
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1.3.1 Epithelial dystrophies
Epithelial dystrophies are characterised by intraepithelial cysts and multiple layers of
subepithelial basement membrane and fibrillar tissue. They include Meesmann's

dystrophy, Cogan's map-dot-fingerprint, and band-shaped dystrophy.

1.3.1.1 Meesmann's dystrophy

Meesmann's corneal dystrophy is a rare, juvenile, autosomal dominant disorder, first
described clinically by Pameijer in 1935. It has a strong penetrance but variable
expressivity (Wittebol ez al., 1987a). It appears during the first year of life, manifesting
as tiny epithelial vesicles that gradually spread throughout the corneal epithelium, which
can be visualised by retro-illumination and slit lamp examination (Figure 1.5). Visual
acuity remains good in most of cases, with some blurring as recurrent punctate erosions
may lead to lacrimation, blepharospasm and photophobia (Corden e al., 2000).
Meesmann's dystrophy has been found to be caused by mutations in two keratin genes,
keratin 3 (12q31) and keratin 12 (17q21) (Table 1.1) (Irvine e? al., 1997; Nishida et al.,
1997). Both keratins 3 and 12 encode cytoskeletal proteins and they are specifically
expressed within the corneal keratocytes, which are regarded as markers of advanced
corneal epithelial differentiation. Mutations result in focal aggregation of keratin within
the cytoplasm of the corneal epithelium that form the characteristic "peculiar substance"
detected by transmission electron microscopy (Rodrigues et al., 1987; Schermer et al.,

1986).
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1.3.1.2 Epithelial basement membrane dystrophies

Epithelial basement membrane dystrophy (also known as Cogan microcystic dystrophy
or Map-dot-finger-print dystrophy) is the most common of all anterior corneal
dystrophies. The term map-dot-finger-print dystrophy is descriptive of the
biomicroscopically visible features of intraepithelial microcysts (dots), subepithelial
ridges (finger-prints) (Figure 1.6), and geographic opacities (maps) (Rodrigues et al.,
1974).

The disorder occurs bilaterally with autosomal dominant pattern of inheritance showing
variable penetrance (Laibson and Krachmer, 1975). Clinically most patients are
asymptomatic, and the map changes are faint. The second most common clinical
presentation is transient blurring of vision when the epithelium dries as in hot dry and
windy conditions. The least common form of this disorder occurs in patients between the
ages of 20 and 40 years where they develop painful recurrent epithelial erosions, most
commonly on awakening (Waring et al., 1978). Half of the patients who develop
recurrent erosions may have map dot fingerprint dystrophy; conversely 10% of patients
with map dot fingerprint dystrophy have recurrent erosions (Weblin ez al., 1981).

The pathogenesis of epithelial basement membrane dystrophy is probably the synthesis
of abnormal basement membrane and adhesion complexes by the dystrophic epithelium.
Epithelial cells adjacent to the aberrant basement membrane have intracellular junctions
but do not form hemidesmosomes. Consequently, epithelial erosions result, as the
epithelial cells are poorly adherent to their basement membrane (Fogle et al., 1975).
Familial cases of map-dot-fingerprint dystrophy with early onset have been described,
but no definite information is currently available about genetic linkage (Gupta and

Hodge, 1999).
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1.3.1.3 Band-shaped dystrophy

Band-shaped or microcystic dystrophy or Lisch dystrophy is an epithelial dystrophy
characterised by bilateral or unilateral gray opacities in the form of a band, a feather and
a whorl (Lisch et al., 1992). In retro-illumination, the opacities appear as an intra-
epithelial and densely crowded clear microcysts (Robin e? al., 1994).

The condition was reported in five family members and three unrelated patients from
Germany. Visual acuity was severely reduced in three of the reported patients.
Microcystic dystrophy is clinically distinct from Meesmann's and epithelial basement
membrane dystrophies (Waring III and Mbekeani, 1998). Recently Lisch et al. (2000)
reported a family with a total of 48 members, excluded linkage for the keratin K3 and

K12 genes and revealed linkage with a maximum LOD score of 2.93 at Xp22.3.

1.3.2 Bowman's layer dystrophies
Dystrophies that primarily affect Bowman's layer include Reis-Biicklers' dystrophy,

Honeycomb dystrophy of Theil and Behnke and Grayson-Wilbrandt dystrophy.

1.3.2.1 Reis-Biicklers' corneal dystrophy (type I Bowman's layer, CDBI)

Reis and Biicklers first described Reis-Biicklers’ corneal dystrophy (CDBI) as an

autosomal dominant disorder with strong penetrance. Its initial manifestations are in

early childhood in which the patient has recurrent corneal erosions but retains relatively

good vision. The erosions occur approximately three to four times a year and gradually
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decrease in frequency over 5 to 20 years of age but vision usually begins to deteriorate
when patients are in their twenties (Yamaguchi e al., 1982; Moller, 1989a).

Clinically the corneal appearance in early stages is characterised by bilaterally
symmetric fine reticular opacification at the level of Bowman's membrane. As the
disease progresses Bowman's layer becomes replaced by scar tissue by mid life. Slit
lamp examination usually discloses focal grey-white subepithelial opacities with a
geographic configuration that occupy the central cornea and spread paracentrally (Figure
1.7) (Kanai et al., 1973; Yamaguchi et al., 1980).

Histopathologically the lesions are characterised by a marked pink stain with Masson's
trichrome and the presence of rod shaped bodies on transmission electron microscopy.
The ultrastructural findings of rod-shaped bodies are similar to those observed in the
superficial variant of granular corneal dystrophy (CDGGI). As a result, CDBI may be
confused with a superficial variant of CDGGI (Bron and Rabinowitz, 1996).

The nature and location of the primary abnormality in Reis-Biicklers' dystrophy is
unclear. It has been suggested that the superficial keratocytes produce abnormal collagen
fibrils, damaging the Bowman's layer, with secondary epithelial injury. Another
possibility is that a primary epithelial cell abnormality leads to recurrent epithelial
erosions, with secondary activation of stromal cells, leading to deposition of
fibrocellular material and absorption of Bowman's layer (Cogan et al., 1964; Gurrey,
1965). Kuchle et al. (1995) described two forms of Bowman layer dystrophies, CDBI
(geographic or "true" Reis-Biicklers' dystrophy) and CDBII (honeycomb-shaped or
Theil-Behnke dystrophy)

The chromosomal locus for CDBII has been mapped to 5q31 by linkage analysis (Small

et al., 1996). Subsequently, it has been reported that the original or the geographic form
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of CDB is caused by heterozygous R124L point mutation of the BIGH3 gene (Okada et

al., 1998a) (Table 1.1).

1.3.2.2 Honeycomb dystrophy of Thiel and Behnke (type II Bowman's layer,
CDBII)

Honeycomb dystrophy was first described by Thiel and Behnke in 1967 as a bilateral,
subepithelial dystrophy transmitted as an autosomal dominant trait. It begins in
childhood and runs a progressive course of recurrent erosions and decrease in vision. Slit
lamp examination reveals bilaterally symmetrical, central, confluent honeycdmb
opacities with grey interlacing lines punctuated by clearer zones. Anterior extension of
the subepithelial grey material leads to thinning of the corneal epithelium (Stocker and
Holt, 1955).

Histopathologically, the most characteristic finding is the subepithelial accumulation of
atypical, fine, curly, collagen filaments. These curly fibres are considered
pathognomonic of type Il Bowman's layer dystrophy (Kuchle et al., 1995).

The pathogenesis of CDBII is unknown however, the primary lesion may be due to
fragmentation of the collagen fibrils of Bowman's layer and the epithelial lesion may
occur secondarily (Yamaguchi et al., 1980). CDBII has been reported to be caused by
heterozygous R555Q point mutation of the BIGH3 gene (Munier et al., 1997). Recently,
a new locus for Thiel-Behnke has been mapped to a small region on chromosome

10g23-q24 (Yee et al., 1997) (Table 1.1).
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1.3.2.3 Grayson-Wilbrandt dystrophy

Grayson and Wilbrandt in 1966 described an anterior membrane dystrophy in two
generations family with autosomal dominant inheritance. The onset of the disease does
not occur until 10 or 11 years of age, and erosions are infrequent. Slit lamp examination
reveals polymorphic opacities at the level of Bowman's layer and clear cornea between
the opacities. The disorder is considered as an attenuated form of CDB. However, it
differs from most cases of CDB in its later onset, infrequency of erosions, variable effect

on vision, and normal corneal sensation (Grayson and Wilbrandt, 1966)
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Introduction

1.3.3 Stromal dystrophies
Stromal corneal dystrophies are hereditary disorders characterised by deposition of
abnormal substance within the keratocytes or among the collagen fibrils. The nature of

this substance varies according to each type of dystrophy.

1.3.3.1 Granular corneal dystrophy (CDGGI)

Granular corneal dystrophy, also known as Groenouw dystrophy type I (CDGGI) or
breadcrumb dystrophy is an autosomal dominant disorder with 100% penetrance
(Moller, 1990). It was originally described by Groenouw as a noduli corneae owing to
its characteristic sugar granule-like opacities located centrally in the cornea. Bilateral,
symmetrical, sharply demarcated, grey white opacities develop in the first and second
decades (Figure 1.8). As time progresses the opacities progress, coalesce, and involve
the deeper stromal layers. Histologically, Masson trichrome positive materials and rod
shaped bodies are present between stromal keratocytes (Jones and Zimmerman, 1961).
Granular dystrophy has been identified as another type of corneal dystrophy caused by
mutations in the BIGH3 gene. Recently, it has been reported that the typical form of
CDGGQI is caused by mutation at codon 555 (arginine to tryptophan) in the BIGH3 gene
(Munier et al., 1997). Okada et al. (1998b) reported a homozygous mutation in the same
codon resulted in a severe placoid type of the disease and Stewart et al. (1999a)
described a form of CDGGI with R124S mutation in the BIGH3 gene and an atypical
form of CDGGI with R124H mutation reported previously for ACD but with no lattice

features as determined by histopathological examination.
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1.3.3.2 Lattice corneal dystrophy (LCD)
Lattice corneal dystrophy is the most common stromal dystrophy. It has been subdivided

into five types.

1.3.3.2.1 Lattice corneal dystrophy type I (LCD type I)

LCD type I has an autosomal dominant mode of inheritance with variable expressivity.
The disease presents toward the end of the first or second decade of life and slowly
progresses to cause discomfort and visual impairment, usually before the sixth decade. It
is characterised by thin greyish, linear branching deposits of amyloid material that
progressively accumulate in the subepithelial and stromal layers of the cornea (Durand
et al., 1985) (Figure 1.9). The specific cause of the amyloid deposits is unclear,
however, they may be secondary to collagen degeneration or produced by abnormal
keratocytes.

Histopathologically the white dots and lattice lines consist of amyloid in the corneal
stroma, which is confirmed histochemically by the pink to orange staining of the
deposits by Congo red (Waring III and Mbekeani, 1998).

Recent studies have shown that LCD results from BI/GH3 gene mutations and that an
R124C mutation was detected in LCDI in both Caucasian and Japanese families (Munier
et el., 1997; Hotta et al., 1998; Korvatska et al., 1998; Gupta et al., 1998; Afshari et al.,
2001). In addition, a different mutation, L518P, in the BIGH3 gene has been reported to

cause LCDI (Endo et al., 1999; Hirano et al., 2000).
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1.3.3.2.2 Lattice corneal dystrophy type II (LCD type II)

Lattice corneal dystrophy type II was originally described by Meretoja (1969) and has
been called familial amyloid polyneuropathy type IV or Finnish-type familial
amyloidosis. The disease has an autosorﬁal dominant pattern of inheritance and is
characterised by accumulation of amyloid material in the cornea and other parts of the
body giving rise to systemic manifestation including cranial and peripheral neuropathies,
skin changes such as lichen amyloidosis, cutis laxa, blepharochalasis, protruding lips
and mask facies (Starck and Kenyon, 1991). The condition begins in the third decade of
life with randomly scattered short fine glassy lines, which are sparse, more delicate and
more radially oriented than those in LCD type I (Waring IIl and Mbekeani, 1998)
(Figure 1.10).

The condition is caused by mutations in gelsolin gene (GSN) on the long arm of

chromosome 9 (9q34) (Maury et al., 1990; dela-Chapelle et al., 1992).

1.3.3.2.3 Lattice corneal dystrophy type III (LCD type III)

It is inherited as an autosomal recessive trait and has a late adult onset (70-90 years). It
was recently reported in two Japanese families with no evidence of systemic
amyloidosis (Waring III and Mbekeani, 1998). The disorder occurs unilaterally or
bilaterally in the form of thick, ropy lattice lines extending from limbus to limbus.
Visual acuity is not greatly affected until the sixth decade and corneal erosions are rare
(Hida et al., 1987). The nature of the amyloid and the gene responsible for this disorder

have not been determined (Kawasaki et al., 1999).
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1.3.3.2.4 Lattice corneal dystrophy type IIIA (LCD type 1I1A)

This type of dystrophy is different from LCD type III as the pattern of inheritance is
autosomal dominant, corneal erosions represent a substantial component of the disease
and the occurrence is mainly in Caucasian (Stock et al., 1991). Thick lattice lines that
traverse the cornea from limbus to limbus characterise this form of dystrophy (Figure
1.11).

Lattice type IIIA is associated with P501T, N622H, H626R, A546T mutations in the
BIGH3 gene (Yamamoto et al., 1998; Stewart et al., 1999b; Kawasaki et al., 1999;

Schmitt-Bernard et al., 2000; Dighiero et al., 2000a).

1.3.3.2.5 Lattice corneal dystrophy type IV (LCD type IV)

This is another type of late onset atypical LCD characterised by large nodular and lattice
shaped deposits in the deep corneal stroma of the pupillary zone (Fujiki ef al., 1998a). It
has an autosomal dominant pattern of inheritance and is associated with L527R mutation

in the BIGH3 gene (Fujiki et al., 1998a; Hirano et al., 2001).
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1.3.3.3 Avellino corneal dystrophy (ACD)

This is also called granular corneal dystrophy type II or combined lattice granular
corneal dystrophy. The disorder has been called ACD after the Italian province near
Naples where the first affected families to be identified originated (Folberg et al., 1988).
It has an autosomal dominant pattern with high penetrance. Patients present, in their first
or second decade of life, with well circumscribed central anterior stromal opacities and
deeper lattice like lines (Figure 1.12). In tissue sections rod-shaped crystalloid bodies
accumulate in the corneal stroma together with amyloid deposits (Holland ef al., 1992;
Rosenwasser et al., 1993).

To date, all cases studied with molecular genetic techniques have a mutation in codon
124 of BIGH3 in which histidine replaces arginine (Munier et al., 1997; Korvatska et al.,

1998; Afshari et al., 2001).

1.3.3.4 Macular corneal dystrophy (MCD)

Macular corneal dystrophy (MCD; OMIM 217800) is also known as Groenouw
dystrophy type II. It is the least common of the classic stromal dystrophies. The corneal
changes are usually noted between 3 and 9 years of age, when a diffuse clouding and
aggregations of greyish-white, irregularly shaped spots, are seen in the central
superficial stroma (Figure 1.13). With time the cornea becomes increasingly cloudy and
vision is severely impaired by the second decade of life (Jones and Zimmerman, 1961).
Three distinct immunophenotypes (MCD types I, IA, and II) have been identified based
on the immunohistochemical reactivity of the corneal tissue to an anti-keratan sulfate
antibody and keratan sulfate (KS) levels in cornea and serum (Yang ef al., 1988;

Jonasson et al., 1996; Klintworth et al., 1997). In MCD type I neither the cornea nor the
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serum contain appreciable levels of KS, while in MCD type II KS is present in cornea
and serum. MCD type IA has no detectable KS in serum or in the corneal stroma but the
accumulations within the keratocytes react with the anti-keratan sulfate antibody. MCD
type I has been mapped to human chromosme 16 (16q21) and type II has been suggested
to be allelic with MCD type I (Vance et al., 1996; Liu et al., 1998a; Liu et al., 2000a).
Recently, Akama et al. (2000) identified a carbohydrate sulfotransferase 6 gene
(CHST6) within the MCD critical region. Several mutations have been identified within
the coding region of CHST6 in patients with MCD type I (Akama et al., 2000; Liu ef al.,
2000b; Bao et al., 2001) and two DNA rearrangements in the upstream region of CHST6

were found in MCD type Il (Akama et al., 2000).

1.3.3.5 Fleck corneal dystrophy (Mouchetée or speckled corneal dystrophy)

Fleck dystrophy is a rare autosomal dominant dystrophy which was first described by
Francois and Neetens in 1957 in 31 members of a single pedigree. The condition is
usually noted as an incidental finding on routine examination as vision is unaffected and
corneal sensitivity is normal. Fleck like dystrophic lesions was found throughout all
layers of the central and peripheral corneal stroma but not affecting the epithelium,
Bowman's membrane, Descemet's membrane or the endothelium (Laibson, 1997)
(Figure 1.14).

Histopathological examination reveals abnormal keratocytes that on transmission
electron microscopy appear to contain a fibrillogranular substance within
intracytoplasmic  vacuoles (Laibson, 1997). Histochemical staining shows

glycosaminoglycans and lipids within these vacuoles. Based on these histological
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findings, fleck dystrophy appears to be a storage disorder that involves

glycosaminoglycans and complex lipids which is limited to the cornea.

1.3.3.6 Central crystalline dystrophy of Schnyder's

Central crystalline dystrophy is a dominantly inherited disorder and is one of the most
rare and least severe type of stromal corneal dystrophies. Characteristic findings were
initially described by VanWent and Wibout in 1924 and later by Schnyder in 1939 who
clarified the entity and documented its stable and asymptomatic clinical course (Laibson,
1997). It is characterised by bilateral clouding of the central cornea, arcus lipoides
and/or visible crystalline deposits of cholesterol in the stroma and suggested to be
caused by an accumulation of phospholipids, unesterified cholesterol and cholesterol
ester in the corneal stroma (Laibson, 1997) (Figure 1.15). Recently, the dystrophy has
been linked to chromosome 1 but the disease gene has yet to be identified (Shearman et

al., 1996).
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1.3.4 Endothelial dystrophy

The importance of corneal endothelial dystrophy arises because disturbance of the
endothelial function can reduce vision markedly as a result of loss of corneal clarity.
Three types of corneal dystrophy have been identified, Fuchs’ corneal dystrophy,
congenital hereditary endothelial dystrophy (CHED) and posterior polymorphous

corneal dystrophy (PPD).

1.3.4.1 Fuchs' dystrophy

Fuchs’ endothelial dystrophy is a bilateral condition that is usually observed in the fifth
or sixth decade and is more common in females. The clinical and pathologic hallmarks
of Fuchs’ corneal dystrophy are focal thickenings of Descemet's membrane known as
corneal guttatac that are seen as wart-like endothelial excrescences (Vogt, 1981). As
corneal endothelial function decreases, stromal oedema manifests resulting in
subepithelial and epithelial bullae (Figure 1.16), which rupture and cause pain. In the
late stages of the disease, subepithelial scar formation lessens the formation of bullae but
also decreases visual acuity (Miller and Krachmer, 1998). The condition is thought to be
inherited in an autosomal dominant fashion. Genetic linkage information is not yet

available however, mitochondrial defects might underlie the disorder (Albin, 1998).

1.3.4.2 Congenital hereditary endothelial dystrophy (CHED)
CHED is characterised clinically by bilateral, diffuse corneal oedema in which the
corneal thickness is two or three times greater than normal, but corneal diameter is not

enlarged with grey white ground glass appearance of the cornea that extends to the
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periphery (Waring et al., 1978) (Figure 1.17). It can be inherited in both autosomal
dominant and autosomal recessive forms. The autosomal dominant form (CHEDI)
presents during the first two years with photophobia and lacrimation. However, sensory
nystagmus does not develop as the corneas are clear at birth. In contrast, the recessive
form (CHED2) is more common and more severe and is associated with nystagmus
(Judisch and Maumenee, 1978).

Histopathologically CHED is characterised by profound thickening of Descemet's
membrane and degeneration of the endothelium (Stainer et al., 1982; Sedundo et al.,
1994). CHED1 has been mapped to pericentromeric region of chromosome 20 (20p11-
q11.2) in an area overlapping a gene for autosomal dominant posterior polymorphous

dystrophy (Toma et al., 1995).

1.3.4.3 Posterior polymorphous dystrophy (PPD)

PPD was first reported by Koeppe in 1916 as an uncommon, congenital disorder of
Descemet's membrane and corneal endothelium (Laibson, 1997). It is transmitted in an
autosomal dominant fashion but recessive pattern of inheritance has been demonstrated.
In some cases, prese;tation occurs as cloudy cornea at birth (Liakos and Casey, 1978).
However visual impairment is minimal and slowly progressive, so the age of onset is
difficult to determine. The corneal lesions are of various shapes, some of which are
vesicular or annular with surrounding halos, at the level of Descemet's membrane
(Figure 1.18). PPD patients usually demonstrate normal vision, which rarely requires
keratoplasty. It has been suggested that abnormal differentiation of the embryonal

precursors of the endothelial cells or endothelial cell transformation into epithelial like

cells might underlie the pathogenesis of PPD (Grayson, 1974; Bahn et al., 1984).
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Recently PPD has been mapped to the pericentromeric region of human chromosome 20
(20 q11) which is the same locus for CHED1(Table 1.1). This raises the possibility that

PPD may be allelic to CHEDI.
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1.3.5 Ectatic dystrophies

1.3.5.1 Keratoconus

Keratoconus is a non inflammatory comeal thinning disorder which is characterised in
its most advanced stages by a localised conical protrusion of the cornea. The cone may
be small or large, round or oval, and is located either near the visual axis or inferior to it
(Figure 1.19) (Perry et al., 1980; Wilson et al., 1991). The prevalence of keratoconus in
the general population has been estimated to be between 4 and 600 per 100,000
(Kennedy et al., 1986). Irregular astigmatism and high myopia are among the
characteristics of keratoconus. Falls and Allen (1969) reported a family with irregular
dominant inheritance through two generations. Also, keratoconus has been reported in
seven sets of monozygotic twins. In five sets, both twins are affected (Bourne and

Michels, 1982; Harrison e al., 1989).

1.3.5.2 Keratoglobus

A bilateral corneal ecstatic disorder characterised by a globoid protrusion of a clear,
diffusely thin cornea of normal to moderately increased diameter. The corneal stroma is
one-third to one-fifth normal thickness and is most attenuated near the limbus (Figure
1.20). Keratoconus and keratoglobus may be genetically linked in some cases (Biglan et
al., 1977). Cavara, (1950) reported a father with keratoglobus and a son with
keratoconus. Both keratoconus and keratoglobus may be associated with Ileber

congenital amaurosis or with blue sclera syndrome (Biglan et al., 1977).

56



Introduction

1.3.5.3 Megalocornea

A corneal disorder in which the corneal diameter is greater than or equal to 13 mm
(Figure 1.21). It is most commonly transmitted as an X-linked recessive disorder, and
for that reason, 90% of affected patients are males (Meire, 1994). It is associated with
numerous ocular and systemic disorders. The entire anterior segment is
disproportionately larger than the rest of the eye (Vail, 1931). Megalocornea is usually
bilateral, non progressive and the cornea remains clear except over sites of tears in
Descemet’s membrane. The locus for megalocornea has been identified on chromosome

Xql2 (Mackey et al., 1991).

1.4 Anomalous corneal development

1.4.1 Cornea plana

Cornea plana is a rare congenital anomaly in which the cornea is flat with a corneal
curvature of less than 43 diopters, the radius of curvature may reach levels as low as 20
or 30 diopters. The limbal landmarks are also obscured, simulating microcornea.
Peripheral sclerisation of the cornea is almost always present and the condition is
indistinguishable clinically from peripheral sclerocornea. The former terminology is
used more frequently in Europe while the latter is more common in the United States
(Forsius et al., 1998).

In cornea plana, the anterior chamber is shallow by virtue of the low corneal dome.
Cornea plana occurs in two forms: a severe autosomal recessive form (CNA2, OMIM
217300) and a milder autosomal dominant form (CNA1, OMIM 121400) (McKusick,

1994). Both types share many clinical features including reduction of the corneal power,
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broadening of the limbus, frequent hyperopia and arcus lipoides at an early age
(Tahvanainen, 1996). In the autosomal dominant type, visual acuity may be normal, the
corneal parenchyma is clear and the diopteric power of the cornea is nearly 3-7 diopters
less than the normal value (normal diopteric power of the cornea is 43 diopters) (Forsius
et al., 1998). On the other hand, in the recessive form a markedly reduced refractive
power to about 20-30 diopters, widened limbal zone, smaller corneal diameter, strong
hyperopia, shallow anterior chamber and rounded opaque central thickening nearly 5
mm in diameter are observed (Forsius et al., 1998). The autosomal recessive form also
features concurrent anterior segment abnormalities including iris coloboma, congenital
cataract and occasional posterior segment coloboma. However the most distinctive
feature of the recessive form is the presence of central corneal opacity (Forsius ef al.,
1998).

Histological findings in cornea plana include acanthosis, keratinisation of the corneal
epithelium, defects in Bowman's membrane and vascularisation of the superficial stroma
(Tahvanainen et al., 1995a).

A flattened cornea has been reported to occur secondary to other malformation of the

eye, for example in patients with blue sclera, or as a part of Ehlers-Danlos syndrome

(Villanueva et al., 1997). It also features concurrent anterior segment abnormalities,

including iris colobomas, congenital cataract, and occasional posterior segment

colobomas.
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1.4.2 Microphthalmia

Congenital microphthalmia is an ocular malformation characterised by reduced axial
length of the globe (Figure 1.22) (Weiss et al., 1989a; Weiss et al., 1989b; Warburg,
1993) with a reported prevalence at birth of 1.5 per 10,000 (Kallen e al., 1996). The
condition is presumed to develop as a result of incomplete invagination of the optic
vesicle into the optic cup, or defective closure of the optic vesicle, occurring between the
second and the sixth weeks of gestation (Warburg, 1993). However not all cases of
microphthalmia are genetic since environmental teratogens have been implicated in its
development such as viral infection (rubella, cytomegalovirus, and toxoplasma) and
drugs (for example alcohol, thialodomide and retinoic acid) (Warburg, 1993). The
severity of the condition often ranges from mild to severe microphhalmia
(anophthalmia) within a single family, suggesting variable gene expression (Warburg,
1993). Also, microphthalmia is often asymmetric or unilateral, suggesting that non
genetic factors may also contribute to the phenotype (Warburg, 1993).

Up to 80% of microphthalmia occur as part of syndromes that include systemic
malformations, especially cardiac defects, microcephaly, and hydrocephaly.
Chromosomal abnormalities of virtually all the chromosomes may result in syndromic
microphthalmia, trisomy 13 being the most frequently observed (Warburg, 1993). The
remaining percentage of microphthalmia cases represents the isolated form which is
frequently associated with other ocular abnormalities-namely, cataracts, microcornea,
sclerocornea, retinal coloboma, and optic nerve coloboma (Warburg, 1993). Most cases
of isolated microphthalmia are sporadic however, a few families with autosomal

dominat (Vingolo et al., 1994; Othman et al., 1998), autosomal recessive (Zlotogara et

59



Introduction

al., 1994; Bessant et al., 1998) or more seldom, X-linked trait (Hoefnagle et al., 1963)

have been reported.

1.4.3 Sclerocornea

Sclerocornea is an uncommon non-progressive congenital malformation of the anterior
segment of the eye. Usually it applies to a peripheral, white, vascularised 1 to 2 mm
corneal rim that blends with the sclera, obliterating the limbus and the scleral sulcus. The
central cornea generally is normal in appearance, and there is a fairly distinct transition
between the two zones (Elliot ef al., 1985). The opacification affects full-thickness stroma
and commonly severely limits visualisation of the posterior corneal surface and the intra-
ocular structures. Sclerocornea falls into four broad groups: isolated sclerocornea,
sclerocornea plana, peripheral sclerocornea with anterior chamber cleavage abnormality
and total sclerocornea in which the entire cornea is opaque and vascularised (Figure 1.23).
It has been reported as either an autosomal dominant (OMIM 181700) or recessive
(OMIM 269400) (Elliot et al., 1985). It has been described in association with isolated
microphthalmia in three pedigrees (Pearce, 1991) and as a part of the MIDAS
(microphthalmia, dermal aplasia, and sclerocornea) syndrome, which may be seen in
females with an Xp22 deletion (Happle et al., 1993).

Histopathologically, absence of the Bowman's layer and greater diameter of the collagen
fibrils in the deeper than the superficial stroma is a distinctive criterion between the
sclerocornea and cornea plana or normal cornea (Kanai et al., 1971; Sharkey et al.,

1992; Vingolo et al., 1994).
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1.4.4 Genetics of cornea plana and microphthalmia

The gene for autosomal recessive form of cornea plana in Finnish population was
assigned by linkage analysis to the approximately 3 cM interval between markers D12S82
and D12S327 on chromosome 12 (Tahvanainen et al., 1995a, 1996) Based on linkage
disequilibrium analysis, the critical region for CNA2 was further narrowed defining a
critical interval 0.08-0.6 cM in length. Although linkage to this locus was initially
excluded in two other families with autosomal dominant form, a Cuban family with
dominantly inherited cornea plana was mapped to the same small region to which CNA2
had been assigned (Tahvanainen et al., 1996). Recently keratocan has been described as
the disease gene for CNA2. No mutations have been identified in CNAI (Pellagata ef al.,
2000).

By linkage analysis the first locus for autosomal dominant nanophthalmos was identified
on chromosome 11 (Othman et al., 1998) and that for autosomal recessive on
chromosome 1432 (Bessant et al., 1998). Another locus for autosomal dominant
colobomatous microphthalmia has been mapped on chromosome 15q12-q15 (Morle e? al.,
2000). Recently mutations in the retinal homeobox gene CHX10 that disturb its function
have been identified in two families presenting with non syndromic microphthalmia and
mutations in both alleles of the RX gene were identified in a patient with severe

congenital microphthalmia (Voronina and Mathers, 2000).
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1.5 Genetics of corneal dystrophy

The genetic classification of corneal dystrophies via recognition of corneal disease gene
will lead to a better understanding of the pathogenesis of those dystrophies that cause
significant visual disturbances. The following table lists the main types of corneal
dystrophies according to their gene loci, OMIM number, the disease gene and the

mutation detected (Table 1.1).
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Table 1.1 Genetics of major types of corneal dystrophy, their OMIM numbers, gene loci and the reported mutations

Corneal dystrophy phenotype OMIM Gene locus Disease gene  Mutations
Number
Epithelial dystrophies
Meesmann’s dystrophy 122100 12q13 Keratin 3 E509K
17q12 Keratin 12 R135T, R135G,
R1351, V143L,
MI129T, Y429D,
L140R
Map dot finger print dystrophy 121820
Bowman’s layer dystrophies
Reis Bucklers’ dystrophy 121900 5931 BIGH3 R124L, AF540,
G623D
Thiel-Behnke dystrophy 602082 5931, and R555Q
10923-q24
Stromal dystrophies
Granular corneal dystrophy type I 121900 5q31 BIGH3 R555W, R124S
Lattice corneal dystrophy
Lattice dystrophy type I 122200 5931 BIGH3 R124C, L518P
Lattice dystrophy type II 105120 9934 Gelsolin D187N, D187Y,
G654A
Lattice dystrophy type III
Lattice dystrophy type IITA 122200 5q31 BIGH3 P501T, AG622H,
H626A, A546T
Lattice dystrophy type IV 5931 BIGH3 L527R
Avellino corneal dystrophy 121900 5q31 BIGH3 R124H
Macular corneal dystrophy
MCD type ] frame shift after
217800 16921 137A,K174R,
D203E, E274K,
CHST6 R211W,
MCD type IA A128V, R166P,
707-708ins
C165S, V66D,
F67V
R127C
MCD type Il R50C,
replacement of 5'
region, deletion of
5' region
Fleck corneal dystrophy 121850
Schnyder’s Crystalline dystrophy 121800 1p34.1-p36
Endothelial dystrophy
Fuchs’ dystrophy 136800
Congenital hereditary endothelial dystrophy
Typel 121700 20pl1.2-q11.2
Type II 217700  20pl1.2-qil.2
Posterior polymorphous dystrophy 122000 20p11.2-q11.2
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1.6 Mapping single gene disorder by linkage analysis

1.6.1 History of linkage analysis

Genetic linkage can be defined as the tendency for alleles close together on the same
chromosome to be transmitted together, as an intact unit through meiosis. It was not
recognised until nearly half a century after Mendel's pioneering work on the inheritance
of seven characteristics in pea plants. In 1905 Bateson et al., were the first to publish
data on the inheritance of two characteristics that did not assort independently during
gamete formation, but it was Thomas Hunt Morgan who interpreted such phenomenon
in terms of exchanges between homologous chromosomes for which he used the term
"crossing over" (Morgan and Catell, 1912). A year later, Sturtavent (1913) produced the
first genetic map, using data on recombination frequencies on Dorsophila. The genetic
recombination events or the chiasmata were interpreted by Janseens (1909) (McConkey,
1993) and then modified by Robin Holliday (1964). The first human autosomal linkage
groups were identified by pedigree analysis in the 1950s and all of them involved one or
another of the blood groups because they were the most polymorphic loci known at this
time.

1.6.2 Linkage analysis

The principal value in genetic linkage in human and medical genetics is to aid in
identifying, mapping, and diagnosing the genes responsible for inherited diseases. The
method rests on the concept that two genes located near to one another on the same
chromosome will be inherited together, unless they are separated at meiosis by a
recombination event. During germ cell formation, specifically during prophase of the
first meiotic cell division, homologous pairs of chromosomes undergo synapsis. At this

time, each chromosome consists of two chromatids joined only at their centromeres; thus
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there are four chromatides, in each pair of chromosomes. While the chromosomes are
synapsed, crossing over may occur between any two non-sister chromatids. Thus one
crossover creates two recombinant chromatids and leaves two non-recombinant, giving
50% recombinants. The overall frequency of recombinant chromosomes in one
individual or in a population is called recombination fraction (RF) or (8). If two genes
on the same chromosome are close enough so that the RF is less than 50%, the two
genes are genetically linked. However, if two loci are so far apart on the same
chromosome that crossovers between them produces an RF value of 50%, such genes
are genetically unlinked (assort independently). We cannot distinguish genes that assort
independently because they are on different chromosomes from those that assort
independently because they are far apart on the same chromosome.

1.6.3 Genetic and physical map distances

The strength of linkage can be used as a unit of measurement to distinguish how close
genetically different loci are to each other. This unit of map distance was suggested as a
reflection of physical distance. However, the frequency of recombination is not constant
along the length of a chromosome or throughout the genome. Thus genetic distance
(measured as percentage recombination) and physical distance (measured in base pairs
or chromosome bands) are different map parameters.

When linkage is estimated between two syntenic loci the frequency of recombination
expressed as a percentage over a given number of meioses defines the recombination
fraction (0) between the two loci. For example, if 6 value is 0.1, it translates into ten

recombination events in 100 meioses. The observed 0 value is converted into genetic

distance (cM) by using a mapping function. Therefore a 6 value of 0.01 corresponds to a
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genetic distance of 1cM. In a physical term, a genetic distance of 1 cM corresponds to
approximately 10° bp of DNA. On average it is estimated that the genetic length of a
chromosome will be approximately 100-300cM. Finally as a general rule the
recombination events are expected to be 1-3 per chromosome per meiosis such that a
chromosome inherited by a child from his father or mother is usually different from the
two copies of that chromosome in the paternal or maternal genome.

1.6.4 Genetic markers

1.6.4.1 Requirements for genetic mapping

There are two major requirements for carrying out a linkage analysis. (i) a family must
be informative for the loci being considered and (ii) the particular alignment of alleles in
the parent (the phase) must be known or able to be determined. Eleven meiosis are
sufficient to give evidence of linkage if there are no recombinants, but 85 meiosis would
be needed to give equally strong evidence of linkage if the recombination fraction was
0.3. Thus, mapping requires markers spaced at intervals no greater than about 20 cM
across the genome. Useful marker must be highly polymorphic and can be scored easily
and cheaply using readily available materials. The informativeness of a marker is
indicated by its polymorphic information content (PIC). The PIC value of a marker is
calculated from the number of alleles and their frequencies in the population and is
related to the mean repeat length of the marker. To be of use in linkage analysis the PIC
value of a genetic marker needs to be 0.7-0.8 (70-80% heterozygosity) (Botstein et al.,
1980). Thus, the PIC of a marker is given by the formula:

PIC= 1- £ Pi2- =", =" 2Pi’Pj* where Pi and Pj are population frequencies of the i"

and j" alleles.
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1.6.4.2 Restriction fragment length polymorphism (RFLPs)

The first generations of DNA markers were restriction fragment length polymorphisms
or RFLPs (Botstein et al., 1980). They depend on DNA polymorphisms between
individuals that can be detected as variations in the length of DNA fragments after
digestion with sequence specific restriction endonucleases. The polymorphisms in a
restriction enzyme cleavage site generated codominant alleles. These codominant alleles
are a very useful property of marker loci, because heterozygotes can be distinguished

from homozygotes. However, RFLPs suffer from limited informativeness.

1.6.4.3 Variable number of tandem repeats (VNTRSs) or minisatellites

Much higher levels of heterozygosity are associated with a different type of
polymorphism that occurs in repeated sequences known as minisatellites (Jeffreys et al.,
1985). The term, variable number of tandem repeats, or VNTRs (Nakamura et al., 1987)
describes these polymorphisms. These minisatellites consist of tandem repeats of
oligonucleotide sequences that are usually 10-60 bp long; the number of repeats varies
from less than ten to several dozen. So, the occurrence of these markers is caused by the
number of repetitions of the unit sequence between two invariant cleavage sites.
However these markers suffer from the fact that they are difficult to handle by standard
PCR protocols because large alleles may fail to amplify and they must be detected by
hybridisation which is time consuming analytical process. Additionally they tend to be
clustered in the subtelomeric regions of chromosomes. This leads to the discovery of

microsatellites to overcome the limitations by VNTRs.
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1.6.4.4 Microsatellite markers (short tandem repeat polymorphisms [STRPs])

Microsatellites are another class of tandem repeats which are simple in sequence (1-4)
bp and are randomly distributed throughout the genome. They may be mono, di, tri, or
tetra nucleotide repeats. Of the mononucleotide repeats, runs of A and of T are very
common and they account for 0.3% of the nuclear genome. By contrast, runs of C and of
G are very much rarer. In the case of nucleotide repeats, arrays of the CA or TG repeats
are very common, accounting for 0.5% of the genome and are highly polymorphic.
CT/AG are also common occurring once every 50 kb and accounting of 0.2% of the
genome, but CG/GC repeats are very rare. These dinucleatide repeat sequences are liable
to replication slippage during PCR amplification, which make results difficult to read.
So the tri and tetranucleotide repeats which are highly polymorphic are considered the
markers of choice because they usually give clearer results with a single band from each

allele.

1.6.4.5 Single nucleotide polymorphisms (biallelic markers) or SNPs

SNPs are genetic markers which have two alleles hence the term biallelic, therefore a
plus/minus assay is required for their genotyping. They vary in their polymorphism rates
which is based on a single nucleotide change at the sequence level, that could range in
frequency from 50% to 100% (Kruglyak, 1997). To overcome the lower polymorphism
rates of SNPs the maps of biallelic markers need to be about 2.25-2.5 times the density
of microsatellites to provide a comparable information content. The main advantages of
SNPs over microsatellites is the amenability of their assay to automation and their great

abundance, which is estimated on average to be one every kilobase pair.

69



Introduction

With improvements in technology, screening of denser maps may prove to be useful for

homozygosity mapping and to be cheaper than the use of microsatellites.

1.6.5 Linkage analysis for autosomal dominant diseases

In dealing with an autosomal dominant disease particularly in a family with only one
affected parent, the genotype of each child at the disease locus will be evident from the
child’s phenotype. For each informative family in a linkage study, it is necessary to
calculate the likelihood that the observed progeny genotypes have arisen from linked
genes, with a given frequency of recombinants, L (RF) and the likelihood that the
observed progeny genotypes could have arisen from unlinked genes (i.e. by independent
assortment), L (0.5). If the ratio L (RF)/L (0.5) is more than 1, it indicates that linkage is
more likely; if it is less than 1, then non linkage is more likely. For each informative
family this odds ratio can be calculated and the overall odds can be obtained by
multiplying all the individual odds together. However the method of lods by the use of
logarithms rather than the raw odds ratio has more advantages (Morton, 1955). The lod
score “Z (RF)” is equal to log [L (RF)/L (0.5)]. Conventionally a lod score of 3 (odds=
1000:1) is considered to be “proof” of linkage, and a lod score of 2 (odds= 100:1) is
“strong evidence” and a score of -2 is taken as proof that two loci are not linked at the

RF value that leads to that score.

1.6.6 Linkage analysis for autosomal recessive diseases
In autosomal recessive diseases the linkage analysis calculations are more complicated.
This is due to the fact that dealing with an autosomal recessive disease, the genotype for

the unaffected children at the disease locus is not known as it may be either homozygous
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for the normal allele or heterozygous. This means that for double heterozygous parents,
the unaffected offspring cannot be used to deduce the linkage phase. However, the
presence of unaffected offspring in a pedigree involving a recessive genetic disease is
not without value but provides less information than in dominant disease pedigrees. So,
to demonstrate linkage between a marker locus and an autosomal recessive disease more
individuals are required than for an autosomal dominant disease. In rare recessive
diseases which do not provide enough material for standard linkage analysis
homozygosity mapping can be used to demonstrate linkage (Lander and Botstein, 1987).
The method requires DNA of affected individuals and polymorphic markers of high
heterozygosity. Such individuals have a high probability of being homozygous for any
given allele by descent and the rarer the genetic disease, the higher the proportion of
affected individuals who are homozygous by descent. The detection of homozygosity by
descent, by evaluating regions in which a contiguous stretch of markers are homozygous
is now facilitated by the fact that dense maps of highly polymorphic markers are

available.

1.6.7 Two point mapping to locate a disease locus

Lod scores are the statistical measure of the evidence for linkage. The lod score (Z) was
introduced by Morton (1955) as the logarithm of the odds that the loci are linked (with
recombination fraction 0) rather than unlinked (recombination fraction 0.5). Lod scores
are calculated by looking at each meiosis in turn and comparing the likelihood of the
observed genotypes on the alternative hypothesis of linkage (with recombination

fraction 0) or no linkage. Human linkage analysis, except in the very simplest cases, is
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entirely dependant on computer programs (the Elston-Stewart algorithm) for handling
branching trees of genotype probabilities given a pedigree structure and a table of gene
frequencies. The best known programs for data handling are Cyrillic and MLINK (see

section 2.8.2).

1.6.8 Evidence of genetic heterogeneity

At the present time the most frequent use of linkage analysis is the mapping of genes
responsible for diseases. Another important use is the detection of heterogeneity
resulting from a clinical phenotype being caused by defects at two or more genetic loci.
Certain diseases are caused by abnormalities in two or more unlinked or very loosely
linked genes, so the observed RF in different families will sometimes be very different
from the overall RF calculated for the rest of the families that have been analysed
(Morton, 1956). The recognition of heterogeneity is essential in elucidating the

molecular basis of a disease.

1.7 The Human Genome Project

The Human Genome Project is an international project whose ultimate aim is to obtain a
complete description of the human genome by DNA sequencing. The main goals of the
Human Genome Project are generation of high resolution genetic maps, production of a
variety of physical maps, determination of complete sequence of the human DNA and of
the DNA of selected living organisms, development of support technologies for human
genome research and expansion of communication networks and database capacities.

The Human Genome Project represents a great source of information on the structure of

the genome including microsatellite maps, physical maps and gene maps. Individual
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gene function and regulation can often be postulated through information on gene
structure and database comparison with gene families. With the development of
mutation screening techniques, an expected benefit of the Human Genome Project
would be to alter radically the current approach to medical care, from one of treating
advanced disease to preventing disease based on the identification of individuals risk
(Guyer and Collins, 1993). The draft sequence of the human genome including the full
sequencing of chromosome 21 and 22 has been achieved (Hattori er al, 2000). Two
publications of the human genome draft sequence were generated by the HGP
(International Human Genome Sequencing Consortium 2001) and Celera Genomics
(Venter et al., 2001).

The achievement so far has already produced a vast amount of information, at least there
appears to be about 30,000-40,000 genes in the human genome, much less than the
predicted 100,000 (Antequera and Bird 1994; Liang et al., 2000). Moreover, the recent
draft of the genome provided an estimate of 65,000-75,000 transcriptional units, with
sequences containing 4% (Wright et al., 2001).

As part of the Human Genome Project, partial and complete gene sequences from
multiple tissue types have been sequenced and deposited in databases such as dbest and
UniGene (see http://www.ncbi.nlm.nih.gov/). These data, together with the draft human
genome sequence can often place a candidate gene within a disease interval. This
bioinformatic approach has now superseded.

1.7.1 Microsatellite maps

The identification of a large number of genetic markers has led several authors to

compile marker maps that span the genome. For example Généthon have produced
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human genetic map based on linked (CA), repeat markers which can be accessed

through WWW-URL:http://www.genethon.fr/; FTP:ftp.genethon.fr. Another genetic
map is CHLC (Co-operative Human Linkage Centre) in which collaborative human
genetic map database containing genotypes, marker data and linkage server, are co-

ordinated. A number of these maps are presented in table 1.2.

Table 1.2 Markers map of the human genome

Research grouping Year of publication = Number of markers
Co-operative human linkage center 1994 1123

(CHLC)

Genethon 1994 2066
CHLC/Genethon/Centre  d’Etude  du 1994 5840

Polymorphisme Humain (CEPH)

Genethon 1996 5264

1.7.2 Identification of genes

Four general strategies can be described for identifying disease genes, these are
functional cloning, positional cloning, position-independant candidate gene approaches,
and positional candidate gene approaches. The choice of the method for identifying the
disease gene depends on the available resources and the information known about the
pathogenesis of the disease. Initially candidate genes have to be identified and then
tested individually for evidence that implicates them as the disease locus. In this study

positional candidate gene approaches were used as a strategy for identifying the disease
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gene. The method relies on the fact that confidence in a particular candidate disease gene
is increased if it can be shown to map to the same subchromosomal region as the disease
gene. With more and more human genes being assigned to subchromosomal locations,
there is high chance that database searches will reveal one or more possible candidate

genes in the appropriate location.

1.7.3 Mutation screening

Mutation screening techniques are based on testing DNA samples from a panel of
patients and control subjects. After amplifying the coding DNA obtained from genomic
or cDNA, the products are then subjected to any of the mutation screening procedures. If
the correct gene is tested, samples from patients will usually show a variety of different
mutations and consequently deleterious effect on gene expression will result. Then the
conclusion that the gene being tested really is the locus for the disease becomes
inescapable, if the identified mutations are absent from the control samples.

Methods for general mutation screening, other than simple sequencing, usually test for
differences between the sequence under test and some standard sequence. Heteroduplex
analysis is based on the fact that the electrophoretic mobility of heteroduplexes in
polyacrylamide gels is less than that of homoduplexes, and they can be detected as extra
slow moving bands. Insertions, deletions, single base substitutions can be detected by
this method if fragments of under 200bp are tested (Keen ez al; 1991). Single-strand
conformational polymorphism analysis (SSCP) is another method of mutation detection
which is based on the fact that there is a tendency of the single stranded DNA to fold up
and form complex structures stabilised by weak hydrogen bonds. The electrophoretic

mobilities of such structures on nondenaturing gels will depend not only on their chain
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lengths but also on their conformations (Scheffield er al; 1993). In some single gene
disorders the responsible mutation eliminates a restriction enzyme recognition site.
Although this approach is of paramount importance to prove the mutation identified by
other methods, it is of limited use clinically as it is relatively rare for mutations to occur

within the recognition sequence of restriction endonucleases.

1.7.3.1 Identifying disease-causing mutations

A number of confirmatory steps must be taken to conclude that a sequence alteration in a
gene is a disease causing. The change must cosegregate with the disease within the
pedigree and must not be present in a panel of unrelated control individuals ascertained
from an ethnically similar background. Coﬁvenient methods to demonstrate
cosegregation include direct DNA sequencing, single strand conformational
polymorphism (SSCP), denaturing gradient gel electrophoresis (DGGE) or heteroduplex
analysis (Keen et al., 1991). 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 enzyme. Finally, gene expression studies

must confirm disturbed physiology of the protein of interest.

1.8 Aims of the study

The work presented in this study is aimed at better understanding of corneal dystrophy,
one of the blinding conditions in ophthalmology, which very often necessitates a graft.
Unfortunately some grafts are unsuccessful and the patients require a second or a third
and even a fourth surgery. Consequently a reasonable number of patients are registered

blind and most of them are disabled by this ocular problem.
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Identifying the disease gene is an important step and is required prior to the development
of effective genotherapy, which could be the ultimate hope of the generations of many
patients who inherited such a condition.

Moreover, when the gene is known genetic testing of at-risk individuals will be possible;
allowing early detection and treatment. This study included, (i) linkage analysis of a
family with microphthalmia and cornea plana phenotype and identification of the
underlying genetic defect, (ii) mutation screening of BIGH3 gene in a number of patients
and families with 5q linked corneal dystrophies and (iii) CHST6 gene screening in 5

families with MCD.
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Chapter 2

Materials and Methods

2.1 Extraction of DNA

2.1.1 Extraction of DNA from peripheral blood lymphocytes

DNA was extracted from venous blood in EDTA, based on a standard protocol
(Sambrook et al., 1989). Blood samples were collected in 10 ml sterile tubes containing
1 ml, 0.5 M EDTA (ethylene diamine tetra-acetic acid) then either extracted
immediately upon arrival in the laboratory or stored at —80 °C until required. A Nucleon
extraction kit (Scotlab, Scotland) was used to carry out all extractions. Before DNA
extraction, samples were kept at room temperature until completely thawed. For cell
preparation from the whole blood the samples were transferred to 50 ml sterile falcon
tubes and 40 ml of reagent A (0.05 M Tris-Hcl pH 8.0, 1.6 M Sucrose, 0.025 M MgCl,,
5 % Triton X-100) was added. After mixing by inversion for 4 minutes at room
temperature, the tubes were centrifuged at 1300 x g for 4 minutes and the resulting
supernatant was discarded carefully leaving a lymphocyte cell pellet. For cell lysis 2 ml
of reagent B (0.4 M Tris HCL pH 8.0, 0.06 M EDTA, 0.15 M NaCl, 1% SDS) was
added to resuspend the pellet. The pellet was broken using a clean plastic Pasteur pipette
and the lysate was transferred to 5 ml screw-capped polypropylene tubes. For
deproteinization of the cells 500 pl of 5 M sodium perchlorate was added and mixed
manually by inverting for at least 7 times. For DNA extraction 2 ml of chloroform was
added and mixed for at least 5 times by manual inversion and then 300 ul of Nucleon

resin was added and without re-mixing the phases the tubes were centrifuged at 1300 x g
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for 3 minutes. The upper phases containing the DNA were then transferred carefully to
7.5 ml fresh tubes and two volumes of cold absolute ethanol (100%) were added to
precipitate the DNA. After mixing several times the DNA strands became visible and
then picked out with a sterile needle to be transferred to 1.5 ml eppendorf tubes with the
patients identification and number. They were then washed with 70% ethanol, allowed
to dry, resuspended in a suitable amount of sterile distilled water (200-400 pl) depending
on the size of the pellet and allowed to dissolve at 4 °C. These DNA stocks were stored
at- 80 °C while 1/5 dilution was kept at 4 °C for routine usage. The concentration after
resuspension was determined by electrophoresis of an aliquot in an agarose gel and

comparing the resultant band intensity with aliquots of known concentration.

2.1.2 Extraction of DNA from buccal smears

Buccal smears were collected by means of cotton swabs. The persons providing the
samples should not consume any food or drink for at least 30 minutes prior to sample
collection. The swabs were firmly scraped against the inside of each check 6 times and
air-dried for at least 2 hours after collection. A QIAamp DNA Mini Kit (Qiagen, Ltd,
UK) was used to carry out all extraction steps. The swabs were separated from their
sticks with scissors and placed in 2 ml microcentrifuge tubes, then 400 pl PBS
(Phosphate Buffered Saline), 20 ul Qiagen Protease stock solution and 400 ul Buffer AL
were added. The samples were mixed immediately by vortexing for 15 seconds and
incubated at 56 °C for 10 minutes, then briefly centrifuged to remove drops from inside
the lid. 400 pl absolute ethanol was added to the previous mixture and followed by brief
centrifuging at 6000 x g. 700 ul of the mixture was carefully applied to QlAamp spin

columns with their 2 ml collection tubes then centrifuged at 6000 x g for 1 minute. The
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flow-through was discarded and the columns were placed in a clean 2 ml collection
tubes. 700 pl of the remaining mixture from the last step, and 500 ul Buffer AW1 were
applied to the columns and centrifuged at 6000 x g for 1 minute. The flow-through was
discarded and 500 ul Buffer AW2 was added to the columns and then centrifuged at
20,000 x g for 3 minutes. The flow-through was discarded and QIAamp spin columns
were placed in a clean 1.5 ml microcentrifuge tubes. Prior to centrifuging at 6000 x g for
1 minute 150 pl Buffer AE was added to the columns to elute DNA. The eluted DNA
was stored at ~20 °C until required. Typically, one buccal swab yields 0.5- 3.5 pg of
DNA in 150 pl of buffer (3-23 ng/ul). (PBS, AL, AW1, AW2, and AE Buffers provided

by Qiagen, no formulation available).

2.2 DNA amplification by polymerase chain reaction (PCR)

2.2.1 The PCR reaction

In 1985 Saiki et al. described an in vitro DNA enzymatic amplification technique known
as polymerase chain reaction. In only a few hours this technique can isolate and amplify
a specific segment of DNA by as much as 10°® fold. Its ability to amplify small amounts
of DNA even from single cells has revolutionised the analysis of clinical and biological
material. PCR has been applied to the high-efficiency cloning of genomic sequences, the
direct sequencing of mitochondrial and genomic DNA, and the analysis of nucleotide
sequence and the rapid detection of viral pathogens.

PCR amplification involves two oligonucleotide primers that flank the DNA segment of
interest and repeat cycles of heat denaturation of the DNA, annealing of the primers to

their complementary sequences and extension of the annealed primers with DNA
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polymerase 1. The primers are designed to hybridise to opposite strands of the target
sequence and are oriented so that DNA synthesis by the polymerase proceeds across the
region between the primers, effectively doubling the amount of that DNA segment.
Since the extension products are also complementary to and capable of binding primers,
successive cycles of amplification continue to double the amount of DNA synthesised in
the previous cycle. This results in an exponential accumulation of the DNA segment,
approximately 2" where n is the number of cycles of amplification. Because the primers
are physically incorporated into the ends of the extension product, they define the
primary product of the reaction, a discrete fragment whose length is the distance
between the 5° termini of the primers on the target sequence. The technological
development of thermostable DNA polymerase isolated from the bacterium Thermus
aquaticus (Saiki et al., 1988) has substantially improved the performance of the
procedure. Unlike the thermolabile Klenow fragment of E.coli DNA polymerase, Taq
polymerase retains its activity after heat denaturation of the DNA and does not need to
be replaced during each cycle. In addition to amplifying the reaction the higher
temperature optimum of this enzyme (70-75 °C) significantly increases the specificity,
yield and length of DNA fragments that can be amplified.

The technique is limited by the fact that the sequence flanking the DNA section of
interest has to be known and be unique and the methods only amplifies efficiently up to
3 kb. PCR amplification of microsatellite repeat sequences is now the method of choice
in linkage analysis. Several microsatellite products can be amplified together in one
reaction and visualised as distinct allele systems on one polyacrylamide gel allowing for

rapid linkage analysis using a number of systems simultaneously.
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2.2.2 Standard parameters for PCR

PCR was carried out using the standard parameters and any alterations were stated
whenever necessary. PCR was carried out in a 50 pl reaction volume consisting of 1X
buffer (10X NH4 buffer, Bioline), 1.5 mM MgCl, (Bioline), 0.2 mM dNTPs (dATP,
dCTP, dGTP and dTTP, Promega), 25 pmoles of each primer, 0.5 unit of 7aq
polymerase (Bioline) and ~100 ng of DNA. One drop of mineral oil was added to the
reaction mixture if using a thermal cycler without a heated lid to prevent evaporation.
The thermal cycling steps were carried out using a Hybaid Omnigene Thermal Cycler.
Incubation was carried out in three cyclical steps: initial denaturation step at 94 °C for 3
minutes, followed by 30-35 cycles of denaturation at 94 °C for 1 minute, annealing for 1
minute at the optimum temperature and extension at 72 °C for 1 minute and final
extension step at 72 °C for 5 minutes. The optimum annealing temperature depends on
the length of the primer and its GC content and it was determined to be 1 °C or 2 °C less
than the lower melting temperature (Tm) of either of the two primers or can be
calculated depending on the nucleotide sequence using the following equation Tm=

4(C+G)+2(A+T).

2.2.3 Primer design

Primer3 Output (www-genome.wi.mit.edu/cgi-bin/primer) program was used for
designing all primers in this thesis. PCR primers should be generally between 18-30
nucleotides long and have a 40-60% GC content in order to optimise the chances of
successful PCR. All primers designed in this thesis conformed to these criteria.

Primer pairs were designed to have similar Tm values. An estimate of annealing

temperature of 5 °C below the estimated Tm was used as starting point for PCR
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optimisation. Base complementarity of the two bases at the extreme 3’ end of the two
primers should be avoided. Otherwise primer dimers can result, reducing amplification

efficiency. Primers were synthesised commercially by Cruachem or GenoSys.

2.3 Fractionation of DNA by gel electrophoresis

2.3.1 Agarose gel electrophoresis

This method was used to visualise PCR products, restriction enzyme digests and to
estimate DNA concentrations. PCR products were first checked by electrophoresis on a
1-3% agarose gel. The appropriate agarose concentrations used for separating DNA
fragments of various sizes are shown in table 2.1.

Table 2.1 Agarose gel concentrations for separating DNA fragments

Agarose [%(w/v)]  Range of resolution of linear DNA (kb)

0.3 5.0-60
0.6 1.0-20
1.0 0.5-10
1.5 0.2-6.0
2.0 0.1-2.0
3.0 0.05 - <0.1

2% agarose gel electrophoresis was prepared according to the following protocol. 2 gm
of agarose (Biorad) was weighted in a clean bottle and 100 ml of 1x TAE buffer (tris
acetate EDTA) was added. The mixture was heated in a microwave oven on full power

for 2 minutes and then cooled to about 50 °C before adding ethidium bromide to a final
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concentration of 0.5 ug/ml. The cooled mixture was poured into a sealed loading tray
with a comb in place and allowed to set for 30 minutes to polymerise. Then the seals and
the comb were removed from the gel and it was placed in an electrophoresis tank (Gel
electrophoresis apparatus GNA-200, Pharmacia, Sweden) containing sufficient 1x TAE
buffer, with the wells positioned near the cathode. DNA samples were prepared by
adding an appropriate amount of 10X loading dye (2 ul of dye for 20 pl samples) and
were loaded into wells, with the addition of an appropriate size marker (Jx174/Haelll,
advanced Biotechnology's Ltd) into one well. Electrophoresis was carried out at 100 V
for 45 minutes or until the required resolution had been achieved. Gels were
photographed on an UV transilluminator using a Polaroid MP4 Instant Camera System

with an orange filter and Kodak plus-X film.

2.3.2 Non denaturing polyacrylamide gel electrophoresis

The non-denaturing polyacrylamide gel electrophoresis is used for resolution of non-
radioactive microsatellite PCR products in genetic linkage analysis. The concentration of
acrylamide that should be prepared to provide maximum resolution of single stranded

DNA fragments is shown in table 2.2.
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Table 2.2 The Acrylamide concentrations prepared to provide maximum resolution of

single stranded DNA fragments.

Acrylamide (%)  Sizerange resolved = Comigration of Comigration of
(bp) Xylene cyanol bromophenol Blue
marker (bp) marker (bp)

3.5 500- 1000 230 50

5.0 40- 250 130 32

8.0 30-200 80 22

12.0 20- 100 35 10

15.0 12-75 30 8

20.0 3-50 22 6

The two gel plates (40x60 cm) were washed with detergent prior to use and their inner
aspects were wiped with 100% ethanol. The back plate containing the buffer reservoir
was then coated with a seleconising agent - dichlorodimethyl - sialine (sigmacoat,
Sigma). The spacers (2x0.4 mm) were placed appropriately before assembling the gel
plates. Then, the assembled gel plates were clamped together and placed horizontally
ensuring that they were well balanced. 6% gels were used routinely, 200 ml of 6% gel
solution was prepared with 130 ml distilled water, 50 ml acrylamide solution (Protogel,
EC890), 20 ml 10X TBE, 700 ul 25% ammonium persulphate (APS), and 80 pl of
tetramethylethylenediamine (TEMED, Sigma). Once the TEMED was added the mixture
was poured immediately between the two glass plates using a 60 ml syringe avoiding the

formation of air bubbles. A 60 well comb was inserted into the top of the gel to form the
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sample lanes. The gel was left to set for 45-60 minutes. Then, the polymerised gel was
placed vertically and fixed in the buffer tank after removing the casting tray. The buffer
reservoir of the apparatus was filled with 2 litres of 1X TBE and the apparatus connected
to the power supply. The gel was pre-run for 30 minutes at 100 W before removing the
comb and flushing the wells. 5 ul of the PCR products was added to 3 ul of 15% ficoll
dye (15% ficoll, 0.15% Xylene cyanol, and 0.15% bromophenol blue) and then loaded
into the wells together with ladder (equal volumes of @x174 Haelll and the ficoll dye) to
mark sample order. Electrophoresis was carried out at 100 W for the required length of
time. The duration of run varied from 3-4 hours depending on the size of DNA fragment
to be resolved. Bromophenol blue and Xylene cyanol both of which are present within
the loading dye act as indicators of resolution (see table 2.2). On run completion the
plates were separated and the gel was cut appropriately and transferred very carefully
into a tank with 500 ml 1X TBE and 3-6 drops of ethidium bromide were added.
Staining was allowed to continue for 20-30 minutes for better resolution of bands. Gels
were photographed on an UV transilluminator using a Polaroid MP4 camera with an

orange film and Kodak plus X film.

2.4 Purification of DNA

2.4.1 Phenol chloroform extraction and ethanol precipitation

(a) Phenol chloroform extraction

This method removes impurities such as proteins and salts from DNA solutions. For
small volumes of DNA (such as restriction enzyme digests) the extracted volume was

increased to 200 pul by the addition of sterile 1X TE to prevent DNA loss. Large volumes
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of DNA were extracted directly. An equal volume of phenol chloroform isoamyl (25:
24: 1) was added and mixed by inversion prior to centrifugation at 6000 rpm for 3
minutes. The top aqueous layer was then carefully removed to a clean 1.5 ml eppendorf
and an equal volume of chloroform was added, mixed and centrifuged as before. The
phenol extraction was repeated 2-3 times prior to the chloroform stage if the protein
content of the sample was high. After the chloroform extraction the top DNA containing
aqueous layer was removed into a clean 1.5 ml eppendorf and subjected to ethanol
precipitation.

(b) Ethanol precipitation

Two volumes of cold absolute ethanol and 1/10 th volume of 3 M sodium acetate was
added and the DNA solution was placed at —80 °C for 30 minutes to allow DNA
precipitation. (The addition of salt and freezing at —80 ° C to facilitate DNA precipitation
was only performed when purifying small quantities of DNA such as restriction digests
of DNA, and PCR products). After freezing, the DNA precipitate was centrifuged at
10,000 x g for 15 minutes to pellet the DNA. The pellet was rinsed in 70% ethanol then
air-dried and dissolved in the required volume of sterile distilled water for subsequent

use.

24.2 Use of Sephacryl microspin columns (Sephacryl-S400 HR columns,
Pharmacia, UK)

These columns were routinely used for purification of PCR products by removal of
excess primers, unincorporated dNTPs, and “primer dimers” prior to sequencing.

The Sephacryl ® HR resin (sephacryl equilibrated in TE buffer, pH 7.6) was first

resuspended in the column by tapping. The screw cap of the column was then loosened
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and the base snapped before placing the column inside an open 1.5 ml eppendorf and
centrifuging at 3000 rpm for 1 minute. The column was removed to a clean open
eppendorf and 30 pl of DNA sample was applied to the top centre of the compacted bed

before centrifuging for 1 minute to elute out the DNA.

2.4.3 Use of Qiagen gel extraction/PCR purification Kits

The QIlAquick spin columns (Qiagen, Ltd, UK) were used to purify single or double
stranded PCR products ranging from 100 bp to 10 kb from primers, nucleotides,
polymerases and salts prior to sequencing.

For purification of DNA form the PCR reaction, 5 volumes of Buffer PB, which provide
the correct buffer conditions for DNA binding to the membrane, was added to 1 volume
of the PCR reaction and mixed. The mix was then applied to the QIAquick spin columns
and centrifuged at 10,000 x g for 30-60 seconds. The flow-through was discarded and
750 ul Buffer PE was added and centrifuged at 10,000 x g for 30-60 seconds. Additional
centrifugation at maximum speed for 1 minute is recommended after the flow-through
was discarded to get rid of the residual ethanol from the Buffer PE. The columns were
then placed in a clean 1.5 ml eppendorf and prior to centrifuging for 1 minute at 10.000
x g 30 pl elution buffer was added to the centre of each column to elute the DNA (the
average elution volume was 28 pl). The eluted DNA was kept at -20 °C to avoid DNA
degradation in the absence of a buffering reagent until required. (PB, PE and elution

buffers provided by Qiagen, no formulation available)
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2.5 Restriction enzyme digests of DNA

Restriction digests were performed on genomic DNA and on PCR products. For PCR
product digests, a total volume of 20 pl containing 2 pl 10X appropriate buffer, 0.2 pl
1X Bovine Serum Albumin (BSA) to enhance the enzyme activity, 10 pl DNA (10 pg),
0.5- 1.0 pl of the appropriate enzyme (5- 10 units) and 7.3 pl distilled water was used.
The reactions were then incubated for at least 2 hours or overnight at the specified
temperature for the enzyme (usually 37 °C). After heat inactivation the products of the
restriction digest were visualised by agarose gel electrophoresis (section 2.3.1) or by non
denaturing polyacrylamide gel electrophoresis (section 2.3.2). Enzymes were obtained

from Promega (UK), and New England Biolabs (UK).

2.6 Mutation detection techniques

2.6.1 Heteroduplex analysis method

Mutation detection by heteroduplex using denaturing gel electrophoresis is based upon
conformational differences that occur in the DNA molecule as a result of insertions,
deletions, or single base pair mismatches. After standard PCR amplification, of both the
normal and mutated allele, the PCR products were denatured and allowed to reanneal by
leaving them to cool down slowly at room temperature. Hetroduplexes are formed when
a normal DNA strand anneals with a mutated complementary strand. These
heteroduplexes migrate at a lower rate on acrylamide than the corresponding
homoduplexes.

Heteroduplexes optimum resolution is achieved with 100-400 bp PCR fragments. First

the glass plates (24x18 cm, Hoefer, UK) were washed with soap and water, dried and
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wiped with 100% ethanol. They were vertically assembled in sets of two, consisting of
two outside plates and one inner plate set and then clamped within the casting tray with
the spacers 1.00 mm thick in-between. 100 ml of gel solution was prepared by the
addition of 50 ml MDE gel solution (J.T Baker, USA), 6 ml 10X TBE, and 40 ml of
sterile distilled water to 15 gm of urea. Prior to the addition of APS and TEMED, 1.5 ml
of the gel solution was transferred to 1.5 ml eppendorf, to which 10 ul of 10 % APS and
5 pl of TEMED were added then, poured into each plate to form a plug at the base. 440
pl of 10% APS and 44 pl of TEMED were added to the remaining gel solution mixed
and poured between the gel plates avoiding air bubble formation. An appropriate comb
(20 well Imm Hoefe) was inserted and clamped into place and the gel was allowed to set
for 1 hour. The comb was removed after gel polymerisation and the wells rinsed
thoroughly in 1X TBE. The upper and lower reservoir were filled with the buffer (1X
TBE) and 10 pl of DNA sample containing 100-200 ng of PCR product in 5 ul of green
loading dye (40% sucrose, 0.25% Orange G, 0.25% Xylene cyanol and 0.25%
bromophenol blue dye) was loaded into each well. Two lanes were reserved for the size
marker @X174 Haelll and positive control containing a known heteroduplex DNA. The
gel cassette was mounted on the electrophoresis apparatus and allowed to run for 16-20
hours at 150 V (10-15 mA), Xylene cyanol and bromophenol blue that comigrates with a
230 bp fragment were used as an indicator. When the run was completed, the power was
switched off and the plates were separated. The gels were stained with ethidium bromide

(0.5 pg/ml) for 10-15 minutes and UV photographed.
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2.6.2 Single strand conformation polymorphism analysis (SSCP)

SSCP analysis enables the detection of DNA mutations in PCR products based upon the
observation of mobility shifts caused by mutation induced changes of tertiary structure
of the single stranded DNA. The sensitivity of SSCP depends on the temperature and the
ionic environment as these physical conditions are the most important for the DNA
single stranded tertiary structure to show the appearance of new bands in
autoradiograms. The plates were prepared as above, then 100 ml non denaturing
polyacrylamide gel was prepared by the addition of 10 ml, 50% glycerol, 33 ml protogel,
6 ml 10X TBE and 51 ml of sterile distilled water. Prior to the addition of APS and
TEMED 1 ml of the gel solution was mixed with 10 ul 10% APS and 5 pl TEMED and
poured between the plates to form a plug at the base. 400 ul of 10% APS and 40 pl of
TEMED were added to the remaining gel solution, mixed and poured between the gel
plates avoiding the formation of air bubbles. After 20 well comb was inserted and
clamped into place the gel was allowed to polymerise for 2 hours. The comb was then
carefully removed from the gel and the wells were washed thoroughly with 1X TBE
using a syringe. The gel cassette was mounted on the electrophoresis apparatus and
sufficient 1X TBE was added to the upper and lower buffer compartments. 1.5 pl of the
PCR products was added to an equal volume of SSCP dye (800 pl of {95% deionized
formamide, 0.05% bromophenol blue, 0.05% Xylene cyanol, 20 mM EDTA}+200 pl
100 mM NaOH). 3 pl of the sample dye mix was heated up to 95 °C for 5 minutes to
denature them and suddenly cooled down by putting on ice to prevent re-annealing of
the DNA strands and then 2-3 pl of the denatured samples was loaded into the gel. The
gel was allowed to run at 100 V (5 mA) in cold room for 20-24 hours for the best

resolution. When the run was completed the power was switched off and the plates were
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separated. For silver staining the gel was transferred very carefully into a tank
containing 500 ml (10% ethanol, 1% acetic acid) to be fixed for 10 minutes and then
washed with distilled water. The gel was then transferred to silver staining solution (1
gm silver nitrate/S00 ml distilled water) to be stained for exactly 30 minutes then
washed with distilled water. Lastly, the gel was transferred into a tank with the
developing solution (15 gm NaOH, 5 ml formaldehyde, and 995 ml distilled water) to be
stained until the banding pattern was resolved and then washed with water. The fixed gel
was then transferred onto a 3 MM Whatmann paper, wrapped in cling film and dried

under a vacuum of 80 °C for 1- 2 hours and then stored to be scanned.

2.6.3 DNA sequencing

This method of mutation detection is based on a laser detection system of flourescently
tagged dideoxyterminators in a cycle sequencing reaction. The detected florescence is
presented as a graphical image on the computer. The ABI 373a DNA sequencer (Perkin
Elmer, USA) was used routinely in this study. PCR was performed and the products
cleaned up using phenol chloroform extraction, S400 microspin columns, or Qiaquick
spin columns as described in sections 2.4.1, 2.4.2, and 2.4.3. Cycle sequencing was
performed in a Perkin - Elmer Cetus 2400 or 9600 PCR machine. The reaction was
carried out in 0.2 ml microfuge tubes. 10 ul reaction volume was prepared containing 4
ul ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Mix (Big dye), 1 pl
4 uM forward or reverse primer, 4 pl purified PCR product and 1 pl distilled sterile
water. The tubes were well capped and placed in the Perkin-Elmer machine and the PCR
was carried out on a specific ABI program. The temperature cycling profile consisted of

25 cycles of denaturation at 96 °C for 10 seconds, 50 °C for 5 seconds, and 60 °C for 4
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minutes. Upon completion of the program the resultant products were transferred to a
sterile 0.5 pl eppendorf to remove residual dye terminators by the standard ethanol
precipitation method. The final reaction volume was completed to 20 pl with deionised
water, then 16 pl deionised water and 64 ul non denatured 95% ethanol were added to
the 20 pl reaction volume at room temperature. The tubes were capped, vortexed briefly
and left at room temperature for 15 minutes to precipitate the extension products. The
capped tubes were centrifuged at the maximum speed for 20 minutes after marking their
orientation. Immediately after centrifugation the supernatants were carefully aspirated
and discarded using a pipettor without disturbing the pellet. 250 pl 70% ethanol was
added to the pellet then, the tubes were capped, vortexed and centrifuged at the
maximum speed for 5- 10 minutes. The supernatants were carefully aspirated and
discarded and the pellets were dried in a vacuum centrifuge for 10-15 minutes or placed
in a heat block at 90 °C for 1 minute. At this stage the samples were used immediately or
kept at —20 °C for a maximum period of seven days prior to analysis. Immediately prior
to loading on the ABI gel, the pellets were resuspended in 3 ul of ABI loading buffer
(deionised formamide and 25 mM EDTA pH 8.0 containing 50 pg/ml blue dextran in a
ratio of 5:1). These samples were then denatured at 95 °C for 5 minutes and snap frozen
on ice prior to loading.

A polyacrylamide gel was prepared. First the plates (35x24 cm) were washed with hot
water only, rinsed with distilled deionised water, dried with one wipe of a white
kimwipe and assembled horizontally with 0.4 mm spacers. In a clean plastic container
50 ml of the 6% acrylamide gel was made as follows: 40 ml sequagel 6, 10 ml sequagel
complete (National diagnostics) and 0.04 gm ammonium persulphate. The solution was

poured between the gel plates with the aid of a syringe. The comb was placed and
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clamped and the gel was allowed to set for 2 hours. Once the gel had polymerised, the
comb was removed very carefully to avoid injury of the gel front. The plates were
cleaned with tap water, then distilled water and left to dry prior to placing them within
the electrophoresis tank. A plate check was done, if this was satisfactory the plate heater
and acrylic bar were connected and the buffer tank fixed. 1000 ml 1X TBE was added to
fill top and bottom buffer tanks then the electrodes were connected. A pre-run of 15
minutes was carried out. Prior to loading, a 48 or 64 well sharks toothcomb was
appropriately positioned into the gel and the wells were rinsed by a syringe containing
1X TBE to clean them from urea. The necessary settings for the run (12 hours, 2500 V,
40 mA and 25 W) and software for data collection were set up and the run was started.
The ready ice kept samples were then loaded into alternate wells, run in for 5 minutes
and then the remaining wells loaded. Analysis of the data was performed using an Apple
Macintosh computer with software linked to the sequencer (ABI Prism). The output
consisted of two files, a text file containing the read sequence and an analysis file
containing the raw data, analysed data and detailed sequence information. The sequence

quality could be judged by electropheogram data present within this file.

2.7 Assay of sulfated keratan sulfate (KS) in serum

2.7.1 Specimens
10 ml venous blood was obtained from the probands of all families with macular corneal
dystrophy (MCD) participated in this study. Serum was obtained by centrifugation and

stored at —20 °C.
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2.7.2 Antibodies
The anti-keratan sulfate antibody, 5-D-4, was obtained from ICN Biomedicals, Ltd. A
secondary antibody, goat antimouse IgG 5 nm gold conjugated (British Biocell

International, UK) was used to visualise the primary antibody.

2.7.3 Inhibition—Enzyme-Linked Immunosorbent Assay (ELISA) for keratan
sulfate detection

Inhibition enzyme-linked immunosorbent assay (ELISA) was carried out on serum
samples to determine whether keratan sulfate was present.

A 96-well ELISA plate was coated with Aggrecan (Sigma Chemical Co.) and was left to
incubate at room temperature overnight. The inhibition mixture, consisting of duplicates
of serial dilutions of each of the samples, plus the primary antibody to keratan sulfate
(5-D-4), was incubated at room temperature for 1 hour and then overnight at 4 °C. 5-D-4
was used at a concentration of 1:5000 in a diluent phosphate buffered saline (PBS)
buffer containing 1% bovine serum albumin (BSA), 0.05% Tween 20, and 0.05 M
EDTA, pH 5.3. A standard also was prepared consisting of serial dilutions of a keratan
sulfate fraction extracted from bovine articular cartilage.

The next day the plate was washed automatically with PBS buffer containing 0.05%
Tween 20 pH 6, and coated with the diluent buffer for 1 hour at room temperature to
block non specific binding. The inhibition mixtures were allowed to reach room
temperature and were added to the washed plate after the blocking step. The plate was
incubated at room temperature for 10 minutes before washing. The secondary antibody,
goat anti-mouse peroxidase IgG (Sigma), in the diluent buffer, was incubated in the plate

for 1 hour at room temperature. The plate was again washed and the enzyme substrate,
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ABTS (2, 2’-Azino-di-[3-ethylbenzthiazoline sulphonate 6] Roche Molecular
Biochemicals), was added to the plate and left for 10 minutes at room temperature to
produce a measurable colour change. The reaction was killed by the addition of sulfuric
acid and the plates were read automatically at 410 nm with a reference wavelength of

490 nm on a ICN Flow plate reader.

2.8 Computer aided analysis

2.8.1 Computational analysis of DNA sequence

Analysis of nucleic acid sequences was mainly performed using Geneworks ™ (version
4.45). This software developed for Apple Macintosh computer, was used to align
sequences of different PCR products in order to identify overlapping regions and also to
identify restriction sites in sequences. BLAST/BLASTN/FASTA programs (Altschul et
al., 1990) accessible through internet site HGMP, were consistently used to compare
sequences with entries in the GeneBank database for homologies. This was of marked
importance when designing primers, since primers with homologies to repetitive
sequences had to be avoided, primer sequences that did not have any homology to
sequences present in the database most often proved to bind only at the desired target
region.

2.8.2 Linkage computer programs (Cyrillic and MLINK)

Markers used for linkage analysis in this study were analysed using Cyrillic software.
Each pedigree and its disease allocation was entered and copies were made of these
family files. Genotype information for each marker was then entered on each individual

sampled. Locuslib and phenolib files containing the information on the phenotype and
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microsatellite marker characteristics were made (LINKSYS) (Attwood and Bryant,

1988). PED and DAT files were created and exported to the LINKAGE subdirectory.

2.9 Buffers and solutions

TAE (Tris acetate EDTA)
50X TAE stock solution
1210 Tris base

285.5 ml acetic acid

500 ml 0.5 M EDTA, pH 8.0
TBE (Tris borate EDTA)
10X TBE stock solution
108.0 gm Tris base

55.0 gm boric acid

8.3 gm Na, EDTA

TE buffer

10 mM Tris-HCI (required pH)
1 mM EDTA (pH 8.0)

PCR buffer (10X)

100 mM Tris-HCI (pH 8.4)
500 mM KCl

15 mM MgCl,

Phenol chloroform isoamyl

25 ml equilibrated phenol
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24 ml chloroform

1 ml isoamyl alcohol
2.10 Electronic data base information

GenBank: http//www.ncbi.nlm.nih.gov/rentrz

Genethon: http://www.genethon.fr/

Human Genome Mapping Project (HGMP): http://www.hgmp.mrc.ac.uk

Human Genome Database (GDB): http://www.gdb.org

Online Mendelian inheritance in Man (OMIM): http://www.ncbi.nlm.nih.gov/Omim/
Research Genetics (http://www.resgen.com)

Whitehead (http://www.ncbi.nlm.nih.gov)

www-genome.wi.mit.edu/cgi-bin/primer

UniBLAST: http://gcg.tigem.it/INIBLAST/uniblast.html
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Chapter 3
A novel mutation in keratocan causes autosomal recessive

cornea plana and microphthalmia

3.1 Introduction

3.1.1 Cornea plana

Cornea plana is a rare condition in which there is a degree of flattening of the normally
convex corneal surface (Forsius et al., 1998). It is inherited either as an autosomal
dominant (CNA1, OMIM 121400) or autosomal recessive trait (CNA2, OMIM 217300)
(McKusick 1994; Tahvanainen e al., 1995a). The autosomal recessive form of the
condition exhibits the more severe phenotype and is accompanied by a degree of corneal
opacity and sclerocornea (OMIM 181700) (Elliot ez al., 1985).

Both forms of comea plana share many clinical features including reduced corneal
curvature leading to hypermetropia, indistinct corneal limbus and arcus lipoides at an
early age. However, in addition to the mode of inheritance, the diseases may be
distinguished by the more severe symptoms of the recessive form, particularly a rounded
and opaque central corneal thickening with a diameter of up to 5 mm (see section 1.4.1).
The recessive form may also occur in conjunction with other malformations in the eye or
elsewhere in the body (see section 1.4.1).

Although recessively inherited cornea plana is a rare disease in most countries, Finland
forms an exception, with the majority of all reported cases and the largest pedigrees
originated from. (Eriksson et al., 1973; Tahvanainen et al., 1995a; Tahvanainen et al.,

1995b; Tahvanainen et al., 1996). The reason why cornea plana is relatively common,
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particularly in northern Finland, is that it was populated about 2000 years ago by small
groups of settlers who interbred rapidly, resulting in unmasking of genetic mutations,
including those leading to cornea plana (Forsius et al., 1998). As a result more than 30
hereditary diseases including cornea plana, which are rare in other countries, are
relatively common in Finland (Norio et al., 1973; de la Chapelle, 1993). The phenotype
of the affected people is classical (see section 1.4.1), with extremely low corneal
refraction due to flattening of the ocular curvature as the most prominent sign.

The pathogenesis of cornea plana is unknown, but the embryological development of the
cornea may give some clues (section 1.2.4). At the sixth embryonic week neural crest
cells differentiate to form a large portion of the anterior segment of the eye. Crest cells
and mesoderm migrate into the developing eye in three waves after the basement
membrane of the surface ectoderm and the lens vesicle separate. The first wave of crest
cells differentiates to form the corneal endothelium. The cells of the second wave
contribute to the development of the iris and the third wave gives rise to the corneal
keratocytes (Bahn et al., 1984). Abnormalities arising from either faulty migration or
function of the first wave of neural crest cells have been hypothesised as a cause of

cornea plana (Hittner et al., 1982; Bahn e al., 1984; Salmon ef al., 1988).

3.1.2 Genetics of cornea plana

3.1.2.1 Autosomal dominant inheritance

In all described autosomal dominant (CNAT1) cases the disease is mild compared to
recessive forms. The corneal power varied from 34 to 40 diopters (emmetropic range of
corneal power is from 38 to 48 diopters). The cornea is clear, but the limbal zone is

broad and the horizontal corneal diameter varies from 10 to 11.5 mm (normal horizontal
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corneal diameter 11.75 mm, normal vertical 10.6 mm). The condition was first described
in a woman and her two daughters by Barkan and Borley (1936). Later, two large
pedigrees with a total of 13 affected members of both sexes, were reported (Larsen and

Eriksen, 1948).

3.1.2.2 Autosomal recessive inheritance

This form of inheritance produces a more severe form of the disease (CNA2). The first
report was in 1909 by Broekema in his dissertation on hyperopia. A family was
presented with three affected brothers whose parents had normal corneas. The mode of

inheritance thus appeared to be autosomal recessive (Eriksson et al., 1973).

3.1.2.3 Identification of the gene for cornea plana

At the start of this study the gene for cornea plana had not been identified, however,
both the autosomal dominant and recessive forms of the disease in the Finnish
population had been linked to chromosome 12. The autosomal recessive form of the
disease was first assigned by linkage analysis to an approximately 10 c¢cM interval
between markers D12S82 and D12S327 on chromosome 12q21 (Tahvanainen et al.,
1995a). Further analysis using the current Genethon map, has refined this interval to
approximately 3 cM (Tahvanainen et al., 1995b). Subsequently, linkage disequilibrium
studies further narrowed the critical region for CNA2 to within 0.04-0.3 cM of marker
D12S351, defining a critical interval of 0.08-0.6 cM (Tahvanainen ef al., 1995b).

Linkage to this locus was initially excluded in two Finnish families with the autosomal
dominant form of the disease (Tahvanainen et al., 1996). Later, a Cuban family with

dominantly inherited cornea plana was linked to the same small region on chromosome
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12921 to which CNA2 had been assigned. From these studies, it was concluded that there
must be at least two genes causing autosomal dominant cornea plana (Tahvanainen et al.,
1996).

Recently KERA, encoding keratocan, on chromosome 12 has been identified as the gene
for CNA2. Two different mutations (N247S and Q147X) have been identified in a
Finish family and an American patient respectively with CNA2 (Pellegata et al., 2000).

To date no gene has been identified for CNA1.

3.1.3 Microphthalmia
The work described includes the study of a Bangladeshi family with a combination
phenotype of shortened axial length and small globe in addition to comea plana. The

phenotype and genetic characteristics of microphthalmia are thus described.

3.1.3.1 Phenotype of microphthalmia

Microphthalmia is a rare heterogeneous group of congenital disorders in which the axial
diameter of the eye is reduced to less than the age-adjusted 95™ percentile (Warburg,
1993). The condition occurs either as an isolated ocular form (also known as
nanophthalmos) or in conjunction with a diverse range of systemic malformations
examples of which include mental retardation (OMIM 251500), oesophageal atresia
(OMIM 600992) and dwarfism (OMIM 309700). The isolated form is frequently
associated with other ocular abnormalities (see section 1.4.2). The prevalence of all
types of microphthalmia in the Caucasian population is estimated to be between 1.2 —

1.8 cases per 10,000 births (De Wals and Lechat, 1987; Stoll et al., 1992).
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3.1.3.2 Genetics of microphthalmia

Autosomal dominant, autosomal recessive and X-linked inheritance patterns have been
reported for microphthalmia (Duke-Elder, 1964; Kimbrough et al., 1979; Singh et al.,
1982; Vingolo ef al., 1994). The first locus to be identified was for autosomal dominant
microphthalmia/nanophthalmia (NNO1, OMIM 600165) on chromosome 11p (Othman
et al., 1998). Subsequently, the locus for autosomal recessive microphthalmia (arCMIC,
OMIM 251600) has been localised to chromosome 14q32 (Bessant et al., 1998).
Another form of autosomal dominantly inherited microphthalmia, colobomatous
microphthalmia (adCMIC, OMIM 600165), has been mapped to chromosome 15q12-
ql5 (Morle et al., 2000). Recently mutations in the retinal homeobox gene (CHX10,
OMIM 142993) have been identified in two families presenting with non-syndromic

severe microphthalmia. (Percin et al., 2000).

3.1.4 Small leucine-rich proteoglycans (SLRPs)

Small leucine-rich proteoglycans (SLRPs) gene family comprises at least nine members
which, although structurally related have evolved from different genes, acquired unique
functions and have undergone a significant degree of structural sophistication. The
proteoglycans encoded by these genes represent a number of structurally related proteins,
SLRPs, that are typically components of the interstitial matrix of the cornea. Members of
this family share a series of 24-amino acid leucine rich repeats (LRRs) that make up the
central portion of each protein. They perform functions as diverse as maintaining the
mineralised matrix of bones and teeth, the transparency of the cornea, the tensile strength

of the skin and tendon and the viscoelasticity of the blood vessels.
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Transparency of the cornea, according to the lattice model of Maurice (1957), is based
on the presence of collagen fibrils of small and regular diameter (22.5-35 mm) spaced at
regular intervals (42-44 nm). The SLRPs have long been thought to be key regulators of
both fibril diameter and interfibrillar spacing during collagen fibrillogenesis (Rada et al.,
1993). It has been proposed that this results from the bifunctional character of SLRPs,
whereby the core protein binds to the collagen fibrils and the highly-charged
glycosaminoglycan side-chains (GAGs) regulate interfibrillar spacing, thus contributing
to the precise topology of the fibrils in the cornea.

Three classes of SLRPs can be identified based on several criteria including their
sequence conservation, the presence of a distinct cysteine-rich cluster in the N-terminal

region, the number of the LRRs and genomic organization (Iozzo, 1997)(Figure 3.1).

3.1.4.1 Class I SLRPs

This group includes decorin (Krusius and Ruoslahti, 1986) and biglycan (Fisher et al.,
1989), which shows the highest degree of sequence conservation (~57% identity to each
other). All members have a pro-peptide, which is highly conserved across species and
functions as a recognition signal for xylotransferase, the first enzyme involved in the
synthesis of GAG side chains. The presence of 10 LRRs flanked by cysteine rich regions
and an N-terminal Cys consensus sequence that is unique (CX3CXCX6C) and different
from the other two classes are the most distinctive features of this group. Another notable
feature is that they are encoded by genes composed of 8 exons with the exon/intron

junctions in highly conserved positions.
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3.1.4.2 Class II SLRPs

This group comprises five members that can be further divided into three distinct
subfamilies. Fibromodulin and lumican constitute the first subfamily and exhibit ~48%
protein sequence identity; keratocan and the primary structure of the basic leucine-rich
repeat protein (PRELP) (Bengtsson et al., 1995) constitute the second subfamily with
~55% primary sequence identity, whilst osteoadherin (Sommarin ez al., 1998) represents
a distinct subfamily with 37-42% primary sequence identity to the other class II
members. Members have a cysteine-rich consensus (CX3CXCX9C) just in front of the
LRRs. Class II members are primarily substituted with KS chains, and polylactosamine,
essentially an unsulfated KS can be found in both fibromodulin and keratocan. Finally,

class Il members are encoded by only 3 exons, with a large central exon encoding nearly

all the 10 LRRs (Oldberg et al., 1989; Bengtsson et al., 1995).

3.1.4.3 Class III SLRPs

Epiphycan/PG-Lb (Kurita et al., 1996) and mimecan/osteoglycin (Johnson et al., 1997),
which exhibit only ~40% protein sequence identity to each other, are the two members
of this class. These proteoglycans can be distinguished from the other two classes by a
different cysteine- rich consensus (CX,CXCX¢C) and by the presence of only 6 LRRs.
In addition they are encoded by a gene containing 7 exons and the LRRs are encoded by

only 3 exons.
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Decorin gene
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Biglycan
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Lumican
Class II I II I
‘ Keratocan | Cx3 CxCw C
PRELP
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Class III Epiphycan I II IMIvVyY VI VI
’ coccnc | 0 10
Mimecan
LRR

Figure 3.1 A dendogram representing the three classes of SLRP genes. Roman numerals
indicate exon numbers. The 5'- and 3'-exons encoding untranslated regions are represented
by black rectangles. The consensus sequences for the N-terminal cysteine-rich regions are
given inside rectangles . Oval circles represent the LRR motifs.
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3.1.5 KERA

KERA, previously been cloned in bovine and mouse (Corpuz et al., 1996; Liu et al.,
1998), has been assigned to human chromosome 12q22 by using fluorescence in situ
hybridisation (FISH) (Tasheva et al., 2000a). The two other proteoglycan genes
important to corneal function, decorin (DCN) and lumican (LUM), also reside on human
chromosome 12 at bands q22 and q23 (Tasheva et al., 1999; Tasheva et al., 2000b;
Tasheva et al, 2000c; Long et al., 2000). The gene has been isolated by establishing a
BAC contig spanning the interval between D12S82 and D12S351. The complete
genomic sequence and exon organisation of KERA were obtained by sequencing the
BAC clone RPCI11-91705. KERA is expressed in several ocular tissues including the
cornea and sclera as well as in the trachea. Also, it is present in low levels in the
intestine, skeletal muscle, ovary and lung.

Human KERA spans 6.6 kb and is composed of 3 exons. Exon 1 is untranslated and exon
2 contains the start codon and encodes both the N-terminal peptide sequence and the
central leucine-rich domain comprising 10 LRR motifs (Figure 3.2). The predicted
protein is 352 amino acids (Pellegata et al., 2000).

Mutations in KERA have recently been shown to be responsible for CNA2. A single
nucleotide substitution was found in exon 2 comprising an A—G transition at codon
247, resulting in an amino acid change from Asn (N) to Ser (S). This amino acid
substitution affects the N residue in the LRR consensus motif (LXXLXLXXNL) a
highly conserved amino acid. A second homozygous missense mutation was found in
exon 2 comprising a C—T transition at codon 174 resulting in a premature stop and a

truncated protein of only 173 amino acids. No potentially disease-causing mutations
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have been found in the coding region, intron-exon boundaries or the 5' and 3'
untranslated regions (UTRs) of KERA in subjects with CNA1 (Pellegata et al., 2000).

Keratocan, the protein product of KERA, is an SLRP that interacts with specialised
collagens to produce transparent corneal structure. Keratocan together with lumican and
mimecan represent the major KS-containing proteoglycans (KSPGs) of the vertebrate
cornea. They share many common structural motifs like the central LRRs and conserved
N-linked glycosylation. They diversify in the N- and C-terminal domains and in their
sites of KS-substitution. The differences between keratocan, lumican and mimecan
imply that each individual KSPG member may have a distinct role in regulating corneal

stromal collagen fibrillogenesis, and therefore, corneal transparency.
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3.3 Patients and methods

3.3.1 Family and clinical data

The family studied is a consanguineous pedigree originating from Bangladesh which
displays an autosomal recessive pattern of inheritance (see figure 3.4). The parents are
first cousins and neither they nor their relatives (apart from four of their offspring) are
affected. The other three children are unaffected.

The family members were examined in the UK and ophthalmic examination included
slit-lamp biomicroscopy, gonioscopy, measurement of intraocular pressure, optic disc
assessment and B-scan ultrasonography to determine axial length. Axial length
measurement in addition to the clinical appearance of reduced globe size, cornea plana
and sclerocornea, were the criteria to assign an individual as affected (Figure 3.3a and
b).

The clinical characteristics of the four affected individuals are as follows: their mean age
was 7 years (range 3-12) and all exhibited bilateral cornea plana with a varying degree
of corneal opacity centrally and peripherally, sclerocornea and microphthalmia (mean
axial length 19.3 mm, range 18.6 - 22.3 mm, normal 24.2 mm in male and 23.9 mm in
female) (Larsen, 1971). All four also had reduced visual acuity, ranging from Snellen
6/24 to 6/60 in the better eye, hypermetropia and intraocular pressure within normal
limits (Table 3.1). None of them had undergone ocular surgery and there was no
evidence of posterior segment changes. No systemic features associated with
microphthalmia, such as mental retardation, were present in this pedigree.

Examination of other siblings revealed healthy anterior and posterior segment and no

systemic abnormalities.
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Table 3.1 Ocular features of affected individuals in the family

Patient Age Visual Corneal Corneal Anterior  Refractive  Axial
No (Yrs)/ acuity diameter opacity chamber state length
Sex depth
IV-1 6/M R 4/60 9.5 mm Centraland 1.3 mm 18.2 mm
L6/24 8.5mm peripheral 2.2 mm 18.7 mm
V-2 7/F R3/60 9.0 mm Peripheral 1.2 mm 20.3 mm
o
L6/36  8.5mm 20mm & 20.3 mm
5
IvV-3 3/F R6/48 9.0 mm Peripheral 1.4 mm ?3 18.3 mm
L6/60 9.5 mm 2.1 mm Eg: 18.7 mm
V-4 12/F R6/36 10.25mm Centraland 3.5 mm 22.3 mm

L6/36 10.25 mm  peripheral 3.0 mm 21.7 mm
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3.3.2 Methods

3.3.2.1 Genotyping

Genomic DNA was extracted from venous blood or buccal mucosa samples (see
sections 2.1.1 and 2.1.2), and amplified using the following tri/tetranucleotide repeat
markers spanning known genetic loci for arCMIC, NNOI1, CNA2, and adCMIC.
Chromosome 14: D14S987, D14S65, D14S267, D14S1025, D14S77 and D14S78
(arCMIC); chromosome 11: D11S1313, D11S903, D11S4191, and D11S987 (NNO1);
chromosome 12 D12S92, D12S351, D12S322, D12S95, D12S327, and PAH (CNA2);
and chromosome 15 AFMb293ygl, and AFM312zd9 (adCMIC) (all from Research
Genetics, Huntsville, USA) (see table 3.2). PCR reactions were performed as described
(section 2.2) and the annealing temperatures ranged from 50°C -60°C. The amplified
PCR products were separated on 6% non-denaturing polyacrylamide gels by
electrophoresis and were visualised by staining with ethidium bromide (see section

2.3.2). Subsequent genotyping was performed manually.

3.3.2.2 Linkage analysis

Pedigree data was collated with Cyrillic and two point linkage analysis performed using
the MLINK component of the LINKAGE program, version 5.1 (Lathrop and Lalouel
1984) using an autosomal recessive model, equal allele frequencies, a gene frequgncy of

0.0001 and a mutation rate of 0.000001.
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Table 3.2 Markers on chromosomes 11, 12, 14 and 15 used for the linkage study

Marker Annealing Tm  Location Heterozygosity Sequence length (bp)
D11S1313 55°C 11p13-11pl2 0.8520 184
D11S903 55°C 11p13-11q13 0.7500 99
D11S4191  55°C 11pter-11qter 0.8800 111
D11S987 55°C 11pter-11qter 0.8200 82
D12S322 55°C 12pter-12qter 0.6741 169
D12S327 50°C 12q21-12g22 0.8501 182
D12S351 55°C 12pter-12qter 0.75 164
PAH 50°C 12q22-12q24.2 0.5 200
D12S95 58 °C 12p13.2-12q24.33  0.7667 146
D12S92 50 °C 12p13.2-12q24.1  0.7702 188
D14S987 55°C 14pter-14qter 0.7633 308
D14S65 55°C 14q32.1-14q32.1  0.8035 125
D14S267 55°C 14q32-14q32 0.9005 224
D14S77 57 °C 14q24-14q244 0.9390 203
D14S1025 57°C 14qter-14qter 0. 8700 135
D14S78 55°C 14932.1-14q32.2  0.6793 211
AFMb293ygl  55°C 15pter-15qter 0.8700 165
AFM312zd9 53°C 15pter-15qter 0.7500 299
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3.3.2.3 Mutation screening of KERA by sequencing

PCR amplification of the KERA gene sequence was performed using published primers
(Pellegata et al., 2000). The primer sequences, genomic locations, annealing
temperatures, and predicted product lengths (bp) are listed in Table 3.3. After
purification  samples were sequenced  bi-directionally with  fluorescent
dideoxynucleotides on an ABI 373 automated sequencer using standard conditions (see
section 2.6.3).

Table 3.3 Primers used for amplification of KERA

Primer Primer Genomic Sequence (5°->37) Tm Predicted

name No. locations product
lengths (bp)

KERA 1fw 1 5" region fw Tggtgactgggacgagtagg  61.12 273

KERA 1rev 2 Intron 1rev  Citttttcagaatagggttttgg 57.04

KERA2Efw 3 Intron 1fw  Tgttgacatatttcacctcttce  59.42 477

KERA 2Erev 4 Exon2rev  Agggctcctttttcaattcc 59.53

KERA2Gfw 5 Exon2fw Ctgtaggtgctataatggcagg 58.81 522

KERA2Arev 6 Exon2rev Gggtcaggttctccagattg 59.51

KERA2Ctw 7 Exon2fw Ggaggtaccttctccattge 57 576

KERA2Brev 8 Intron2 rev  Gggcaacacatttgctcttc 60.65

KERA2Ffw 9 Exon2fw Ctcatgcagctaaacatgge 5945 292

KERA2Frev 10 Exon2rev Gatcaaggtgaaggtgctgc  60.8

KERA 3fw 11 Intron2fw Ttgggggaaacagatagg 59.9 463

KERA 3r 12 3'UTRrev Gaaaatggtggccgagage 66.9
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3.4 Results

3.4.1 Linkage of the family to the known locus for cornea plana

Haplotype analysis based on six polymorphic markers around the known locus for
CNA2 in the following order (Centro-D12S92-D125351-D12S322-D12S95-D128327-
PAH-Telo) showed segregation with disease for CNA2 locus (Figure 3.4). A region of
homozygosity of approximately 1 cM for markers D12S351, D12S322, and D12S95 that
includes the CNA2 locus (Figure 3.5) was noted. Markers PAH, D12S95, D12S351, and
D12S322 segregate with the disease in the family (Figure 3.6a and b).

Positive LOD scores were obtained with markers in a region on chromosome 12q21
spanning approximately 3 cM. The maximum two-point LOD scores were obtained with
markers D12S95 and D12S327 (2.18 at 6 = 0) as these markers were the most

informative. Markers and the LOD scores are summarised in table 3.4.
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Figure 3.4 Pedigree of a four-generation consanguineous family from Bangladesh with
autosomal recessive cornea plana and microphthalmia, showing haplotypes for the

polymorphic markers on chromosome 12q21.
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