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Summary

The main aims of this thesis were to examine the role of the Visual System
Homeobox gene 1 (V5X1) in keratoconus and development using molecular biology
techniques and biophysics. The opportunity existed to examine a ¥sx/ knockout mouse using
X-ray diffraction to see whether the structure of the cornea was altered due to the removal of
this gene. Upon examination with X-ray diffraction further experiments were devised in
order to clarify possible interactions of other genes that may play a part in keratoconus
pathogenesis. The interfibrillar and intermolecular collagen spacings and the average
collagen fibril diameters between Vsx/ knockout mice and background matched littermate
controls were compared. There were no statistical differences found in all cases. Thisisa
similar finding to human keratoconic corneas when compared with normal controls. It was
found that the Vsx/ knockout mouse had significant alterations to the preferential alignment
of collagen fibrils and altered corneal collagen mass distribution. This also is similar to
human keratoconic comneas, strengthening the proposition that the ¥sx/ knockout mouse is a
model system for keratoconus. Additionally, significantly altered expression levels of the
genes HSF1, Hsp47 and Agp5 were found along with no expression of Col8a2.

It was believed that the initial fault that allows keratoconus to develop occurs during
development, so to explore this normal mouse development was explored using X-ray
diffraction to map the collagen fibrils of the cornea as it develops in postnatal stages. This
would provide a good baseline for future experiments. In addition to this, initial investigation
of the expression of the ¥sx/ gene was undertaken to see whether it may play a role in
development. It was found that the annulus of collagen fibrils that plays an important role in
maintaining the structure of the cornea starts to develop at postnatal day 10 in the mouse and
continues until maturity. It was also found that there is a significant alteration in expression
of Vsx1 which occurs in development between postnatal day 5 and day 12.

Lastly a population of keratoconus patients in South Wales were screened for
mutations in the Vsx/ gene. Mutations in Vsx/ have been observed in other studies and this
investigation was undertaken in order to clarify the ongoing debate into mﬁtations in Vsxl
and their link to keratoconus. In the study presented here a number of previously identified
polymorphisms were discovered in out cohort of patients but no polymorphism was deemed

to be a disease causing mutation.
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Chapter 1: Introduction

Keratoconus is a bilateral corneal thinning disease that presents generally in
the late teens and progresses until the third or fourth decade of life, when it usually
arrests. There is no difference in the prevalence between males and females and i1t
affects 1 in 2000 people (Claoue et al., 1990; Gorskova and Sevostianov, 1998,
Haugen, 1992; Lindquist et al., 1991; Nielsen et al., 2007, Pearson et al., 2000; Rivera
and Mendoza, 2004; Saini et al., 2004; Simmons et al., 1989; Yahalom et al., 2005).
The disease causes the comnea to be misshapen and cone- like, protruding from the eye
instead of having a uniformly curved surface. This changes the refractive properties
of the cornea causing blurred vision. People with early keratoconus typically notice a
minor blurring of their vision and initially seek corrective treatment. If keratoconus is
suspected then slit lamp examination and comeal topography would reveal other signs
associated with keratoconus such as distortions of the cornea and possible scarring,
More advanced signs of keratoconus such as Fleischer ring, Vogt’s striae and
Munson’s sign follow as the disease progresses (Castroviejo, 1949; Gorban, 1973;
Green, 1947, Iwaszkiewicz et al., 1992; Knapp, 1929; Puchkowskaya and Titarenko,
1986; Tomalla and Cagnolati, 2007; Wygledowska-Promienska, 2005).

The classification of keratoconus has always posed a problem in that the
symptoms of keratoconus have all the traditional hallmarks of being an inflammatory
disease, except that in keratoconus the damage caused is non-inflammatory. It is
probably better to think of keratoconus as an ectasia, which is a change in shape.
However, for the purposes of this thesis it shall be herein described as a disease rather
than an ectasia. It is a little-understood disease with an uncertain cause, and its
progression following diagnosis is unpredictable. Keratoconus normally presents in
one eye first, however, keratoconus is a bilateral disorder. In reported cases of
monocular keratoconus the progression in the ‘unaffected’ eye is usually at a much
lower level than that of the other eye (Mahon and Kent, 2004; Phillips, 2003). The
deterioration in the patients’ vision at later stages can be incredibly detrimental to
their daily lives with some reaching a refractive error of 72 diopters. In most cases,
and according to the severity, corrective contact lenses are effective enough to allow
the patient to continue to function normally if they are able to wear them comfortably.

In early stages of the disease vision can be corrected with glasses, but there

comes a point where the progression prevents any meaningful correction to be
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achieved and contact lenses are the only solution prior to surgery. Further progression
of the disease may require surgery such as corneal grafting and in these cases there are
a number of surgical techniques that exist to try to correct the patients’ vision.

Despite its uncertainties, keratoconus can be managed with a variety of clinical and
surgical techniques, but this is less than ideal and ultimately early identification and
prevention of onset would be the best solution. To this end, many researchers have
been looking into the potential causes of keratoconus with the aim of finding a single
or collection of targets that may be used as early identifiers and treatment points.

Genetics is increasingly becoming more important in the study of diseases and
is playing an important role in the research on keratoconus. Current studies of
keratoconus have involved collecting cohorts of patients, either individuals or families
that have one or more sufferers with the condition (Aldave et al., 2007a; Aldave et al.,
2006; Bisceglia et al., 2005, Brancati et al., 2004; Heon et al., 2002; Hosseini et al.,
2008; Liskova et al., 2007a; Nguyen et al., 2007; Tang et al., 2008; Tang et al., 2005,
Udar et al., 2006; Udar et al., 2004). Studies on cohorts of families are especially
useful as a first step in identifying possible genes that could be involved in the
disease. These studies aim to identify genes based on their inheritance patterns
through linkage analysis. Linkage analysis allows areas of chromosomes to be
tracked to see if they segregate between affected and non-affected individuals. Once
an area has been found, it can be cross examined with established databases of genes
within that area and candidate genes selected based on their functionality. Once these
genes have been selected they are screened within affected patients to see if there are
any mutations within the coding sequence. This is compared to the coding sequences
of unaffected individuals who act as controls to see if the mutations segregate with the
disease. If they do then it can be said with some certainty that the gene is disease
causing and can be studied further.

In addition to genetics the use of biophysical techniques such as X-ray
diffraction has been employed to examine the ultrastructure of corneas of both
keratoconus affected and non-affected individuals. These results have provided
unique insights into the collagen structures that make up the cornea and demonstrate
the way the corneal shape is maintained though its structural arrangement (Beecher et
al., 2005; Beecher et al., 2006; Boote et al., 2005; Boote et al., 2004; Boote et al.,
2003; Boote et al., 2006; Boote et al., 2008; Connon et al., 2003a; Connon and Meek,
2003; Connon et al., 2003b; Daxer and Fratzl, 1997; Fullwood and Meek, 1993;

10
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Fullwood et al., 1990; Fullwood et al., 1993; Fullwood et al., 1992; Hayes et al.,
2007a; Hayes et al., 2007b; Meek et al., 1987, Meek and Boote, 2004; Meek et al.,
1982; Meek et al., 1986; Meek et al., 1981; Meek and Newton, 1999; Meek and
Quantock, 2001; Meek et al., 2003b; Meek et al., 2005). This has allowed researchers
to demonstrate that the structure in keratoconus affected comeas is different from
unaffected controls in that the cornea is thinner and demonstrates an altered collagen
fibril alignment. This indicates that there could be underlying defects within the
cornea of keratoconus patients, which may be linked to altered or impaired gene
expression.

This thesis aims to investigate one of the identified candidate genes for
keratoconus, Visual System Homeobox 1 (V8X/7), and explore a potential animal
model of keratoconus by structural and genetic investigations. It also aims to
investigate the possible causes and development of keratoconus by examining the
structure of mouse corneas using X-ray diffraction in development. Lastly, both sets
of information will be combined to examine what role ¥sx/ has to play in the
pathogenesis of keratoconus and whether the possible defects that could occur within

keratoconus can be linked back to any genetic anomalies that are found in the gene.
1.1 The Comea

1.1.1 Corneal Development

The formation of the cornea occurs during the last series of major inducing
events of the eye during embryogenesis. These inducing events allow the surface
ectoderm at the front of the eye to become a transparent, multilayered structure with a
complex extracellular matrix (Carlson, 2004). The basal ectodermal cells increase in
height and begin to secrete epithelial derived collagen types I, II and IX to form the
primary stroma. Neural crest cells around the lip of the optic cup migrate centrally
between the primary stroma and the lens capsule. These cells form the corneal
endothelium which is the posterior- most layer of the cornea. The endothelium is
important for the remaining developmental process to occur. Once fully formed the
endothelium secretes into the primary stroma a large amount of hyaluronic acid.
Hyaluronic acid has great water binding properties and causes the primary stroma to
swell (See fig 1.1).
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Jack Sheppard

1.1.5 The structure of the cornea in mice

In mice the average collagen fibril diameter was reported to be 35.5nm in 3
month old balb/c mice and about 37nm in age matched SKC mice (Quantock et al.,
2003). The interfibrillar spacing was stated to be at an average of SOnm. The
arrangement of collagen fibrils within different species are different, which is
suggested to be linked to the differences in visual acuity. Species with high visual
acuity seem to have a more complicated fibril patterning (Hayes et al. 2007). In the
mouse the fibril patterning appears to be circumferential around the centre of the

cornea which extends all the way to the limbus.

1.2 Keratoconus

1.2.1 Epidemiology

The characteristic onset of keratoconus occurs in the second decade of life and
continues to progress for two decades when it usually arrests. It is the most prevalent
comneal disorder in the western world and is the leading cause for corneal surgery.
The progression of the disease can vary from person to person and can also vary in
severity. It is normally an isolated disease, but has been known to be linked to a
variety of other disorders, such as Down syndrome (Rabinowitz, 1998). The
incidence of keratoconus seems to vary between widely between reports and
researchers have tried to see if there is any predisposition from race or gender without
any success. Keratoconus normally presents in one eye and then becomes fully
bilateral. Monocular cases are rare and are most likely bilateral with one eye below
clinical detection.

1.2.2 Clinical features

The clinical features of KC are varied and depend on the stage of the disorder.
In early stages patients could present with irregular astigmatism or a minor blurring of
visions. In the moderate to late stages of keratoconus stromal thinning, conical

protrusion, Fleischer’s ring and fine vertical lines in the deep stroma and Descemet’s
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Jack Sheppard

diseases and wound healing, which has led investigators to think that oxidative stress
plays a large role in its onset and progression. There are also indications that in
keratoconus there are corneal components that are altered that reduce the eye’s
capability to counteract generated free radicals and oxidative stress. ALDH3 and
extracellular forms of superoxide dismutase (SOD) are reported to be reduced in
keratoconus (Behndig et al., 2001; Behndig et al., 1998; Gondhowiardjo and van
Haeringen, 1993; Gondhowiardjo et al., 1993). There has yet to be any evidence that
demonstrates how these oxidative products accumulate in the cornea or how a
detriment in these corneal components affects the comea’s susceptibility to UV
damage. Apart from the damage induced by UV light there is also evidence from
stress induced reactive oxygen species. It has been suggested that the thinning
process that occurs in the cornea is related to an increase in degradative enzymes such
as catalase (Kenney et al., 2005) and a decrease in degradative inhibitors (Opbroek et
al., 1993; Sawaguchi et al., 1990), both of which are linked to oxidative stress.

The studies on oxidative stress have led to an identification of a candidate
gene on chromosome 21, the superoxide dismutase 1 (SOD1) gene. Superoxide
dismutase catalyses the dismutation of superoxide into oxygen and hydrogen and is an
important antioxidant defence in nearly all cells. A unique genomic deletion within
intron 2 close to the 5' splice junction of the SOD1 gene was identified in three
patients with keratoconus and mRNA from 1 affected individual had two transcript
splice variants (LE2 and LE2E3) that others have shown to code for proteins lacking
the active site of the SOD1 enzyme (Udar et al., 2006). The reported deletion
segregated with affected individuals and was not present in 312 control chromosomes
indicating it is a good candidate for future study.

1.4 Genetic associations of keratoconus

1.4. 1 Mapped loci of keratoconus

Keratoconus in the general population is sporadic, however positive family
history has been reported in 6% to 8% of patients. In the families that have reported
keratoconus it is mostly inherited in an autosomal dominant fashion, however there
have been rare cases where autosomal recessive inheritance is the cause. It is also
worth mentioning that rare sporadic cases have emerged where keratoconus has been

associated with rare chromosomal translocations (Morrison et al., 2001). Several

20



Jack Sheppard

linkage studies have been carried out on families that have one or more members
affected by keratoconus in an attempt to identify candidate genes and loci for the
disease. Tyynismaa et al (2002) performed a genome wide linkage study on 42
affected and 34 unaffected individuals in 20 Finnish families that were known to
exhibit keratoconus. The family members affected presented with autosomal
dominant keratoconus. The conclusion of the study was that a possible gene for the
disease mapped to chromosome 16q23-g23.1. A possible gene family to emerge from
this study is the ADAMT (a disintegrin and metalloproteinase with thrombospondin
motif) gene family that does map to both the disease region in this study and in the
study performed by (Tyynismaa et al., 2002). The linkage study ruled out loci for
genes on 18p and 21q. This is interesting, as a study carried out by (Rabinowitz et al.,
1992) reported a locus for keratoconus near the centromere of chromosome 21. The
study that identified the locus for 18p used an association approach on eight unrelated
individuals with keratoconus (Fullerton et al., 2002).

Another study performed by Hughes et al (2003) described a family of 30
individuals, 16 of which were affected. The affected individuals were assessed on
two occasions with a five year interval. A genome wide linkage screen found a
potential locus for the disease gene on chromosome 15¢22.33-24.2. The disease
interval mapped was 6.5Mb and four candidate genes were selected for screening;
CTSH, CRABP1, IREB2 and RASGRF1. All were excluded through DNA
sequencing as the cause of keratoconus in the family. Patients described in this study
also presented with cataracts. The region that this gene maps to is exceedingly gene
rich (Hughes et al., 2003) and so there are a number of possible candidate genes for
cataracts and keratoconus. The disease interval was reduced further to 5.5Mb that
excluded 28 positional candidates and a further 23 candidate genes were excluded
through direct sequencing (Dash et al., 2006). This family of genes is interesting as it
has both disintegrin and metalloproteinase activity which have both been reported to
be altered in keratoconus (Hughes et al., 2003).

A fourth study identified an Italian pedigree with 11 members who had
autosomal dominant keratoconus and identified a locus which mapped to chromosome
3pl4-q13 (Brancati et al., 2004). Seven individuals of this study were diagnosed with
definite keratoconus and the other four were identified as having “forme fruste”
keratoconus, which is a term used to describe subtle topographic anomalies in people
related to keratoconus patients. A candidate gene within this locus is COL8A1, which
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codes for human a1 (VII) chain of type VIII collagen. The collagen encoding genes
do make good candidates for keratoconus as other collagen genes have been
implicated in two forms of corneal dystrophy Fuchs Endothelial Corneal Dystrophy
(FECD) and Congenital Hereditary Comeal Dystrophy (CHED) (Biswas et al., 2001).
However, mutation analysis of COL8A1 did not show any mutations that were
considered to be disease causing, although a G to T change was detected in nine
affected individuals. This was thought to be a polymorphic variant (Brancati et al.,
2004). Linkage to all other suspected keratoconus loci in this study was excluded.

1.4.2 Genes linked with keratoconus

There are a number of other candidate genes that may, by virtue of their
position within mapped genetic loci (2p24, 3pl14-q13, 15922, 16q23, 20p11 and 21q)
(Biswas et al., 2001; Brancati et al., 2004; Hughes et al., 2003; Rabinowitz et al.,
1992; Tyynismaa et al., 2002) or by their proposed function, be implicated in the
genetic aetiology of keratoconus. A list of possible candidate genes based on genetic

mapping and function is provided in Table 1.

Locus Name Known function Ref. GenelD

3pl4—ql3 COL8AI Human alphal(VIID) (Brancati et al., 2004) 1295
chain of type VIII
collagen

15q22.33- CTSH Cathepsin H gene, (Hughes et al., 2003) 1512
24.2 cysteine-dependent
intracellular protease that
is responsible for
intracellular protein
degradation and tumover

15q22.33- CRABP1 Cellular retinoic acid Hughes et al. 2003 1381
242 binding protein 1 gene,
its product is one of a
family of six vitamin A-
binding proteins. Is
thought to be involved in
retinoic acid-mediated
differentiation

and proliferation
processes

15q22.33- IREB2 iron-responsive element | Hughes et al. 2003 3658
24.2 binding protein 2 gene

15922.33- RASGRF1 Ras guanine nucleotide Hughes et al. 2003 5923
242 releasing factor gene,
shares homology with
the guanine nucleotide
exchange activator son-
of-sevenless in

22




Jack Sheppard

Drosophila
melanogaster, which is
involved in the sevenless
signalling pathway in
developing
photoreceptors. It also
shares similarity with
mouse son-of-sevenless
(Sos1), mutations of
which dominantly
enhance the weak allele
of Egfr causing
distinctive eye defects
including lens opacity
and eye dysmorphology

15q22.33-
24.2

DKFZP434H204

ADAMTS family,

Hughes et al. 2003

11173

15q22.33-
24.2

ADAMTS7

ADAMTS family,
disintegrin and
metalloprotease activity

Hughes et al. 2003

11173

15q22.33-
242

ADAMTS18

ADAMTS family,
disintegrin and
metalloprotease activity

Hughes et al. 2003

170692

16922.3-
q23.1

LCAT

Lecithin-cholesterol
acyltransferase gene is
responsible for fish-eye
disease with corneal
lesions

(Tyynismaa et al., 2002)

3931

16q22.3-
q23.1

TAT

Tyrosine
aminotransferase gene
causes tyrosinemia,
which is characterised by
herpetiform corneal
ulcers.

(Tyynismaa et al., 2002)

6898

16q22.3-
q23.1

CHST6

Carbohydrate
sulfotransferase 6 gene
identified as the
causative gene for
macular corneal
dystrophy types I and II

(Tyynismaa et al., 2002)

4166

2p24

OSR1

Encodes odd-skipped
related 1, a putative
transcription factor
which possesses a
homeobox domain

(Hutchings et al., 2005)

130497

2p24

ARHB (RhoB)

Actin reorganisation.
Possible candidate gene
since it stimulates actin
stress fibre formation and
focal adhesion points.
Mutationsin RhoB could
explain structural defects
observed in KC corneas.
However, this gene is
expressed in many other
tissues whereits
functions are highly
important, so it seems
unlikely that mutations
would lead to symptoms

(Hutchings et al., 2005)

11852

23




Jack Sheppard

restricted to the cornea
2p24 GDF-7 Control of cell (Hutchings et al., 2005) 151449
differentiation, GDF-7
(growth differentiation
factor 7) is a good
candidate gene dueto the
existence of TGF-8
domains in its sequence.
TGF-B and related
proteins have already
been investigated for
their possible implication
in KC because of their
importance in the corneal
epithelium but to no
avail. However, probable
roles for GDF-7 have
been identified so far in
the rhesus monkey
neocortex, in seminal
vesicle differentiation,
and in commissural
interneuron growth in the
mouse spinal cord where
dysfunction of this
protein leads to aberrant
development of the
mouse embryo.
Therefore, it seems
improbable that a gene
essential to nervous
system development
could confer only a
corneal phenotype when
mutated in man.
6p25 GMDS GDP-mannose 4,6~ Ferrini et el. 2005 ARVO 2762
dehydratase, positional abstract
candidate 1d of a potential KC/PPCD
locus on 6p25.
6p25 SERPINB6 serine (or cysteine) Ferrini et el. 2005 ARVO 5269
proteinase inhibitor, abstract
clade B (ovalbumin), 1d of a potential KC/PPCD
member 6 locus on 6p25.
6p25 RIPK1 receptor (TNFRSF)- Ferrini et el. 2005 ARVO 8737
interacting serine- abstract
threonine kinase 1 1d of a potential KC/PPCD
locus on 6p25.
6p25 BPHL bipheny! hydrolase-like Ferrini et el. 2005 ARVO 670
(serine hydrolase; breast | abstract
epithelial mucin- 1d of a potential KC/PPCD
associated antigen) locus on 6p25.
6p25 CDYL chromodomain protein, Ferrini et el. 2005 ARVO 9425
Y-like abstract
Id of a potential KC/PPCD
locus on 6p25.
6p25 FARS2 phenylalanine-tRNA Ferrini et el. 2005 ARVO 10667
synthetase 1 abstract
(mitochondrial) 1d of a potential KC/PPCD
locus on 6p25.
6p25 RREB1 ras responsive element Ferrini et el. 2005 ARVO 6239
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housekeeping and inducible genes (Dynan and Tjian, 1983; Whitelock et al., 1997).
Spl expression is known to vary widely among different cell types and increased
expression has been associated with late stage differentiation (Edmund, 1988; Saffer
et al,, 1991, Saffer et al., 1990). The increase of Sp/ was mostly observed in the
epithelium of the comea. However the specific role of Sp! is unclear in keratoconus,
but of interest is that the binding sites of Sp/ have been shown to be present in the
regulatory sequences of many enzyme and inhibitory genes that are affected in
keratoconus (Whitelock et al., 1997). The lack of any differences in expression of the
other transcription factors tested in this study is interesting as two of these, AP/ and
NF-xB, are known to be induced under stress conditions. Their lack of expression
contests some theories that environmental factors such as eye rubbing play a role in
the cause and progression of keratoconus (Sawaguchi et al., 1994; Whitelock et al.,
1997), although there is a great amount of evidence for both sides of the argument.

The degradative enzymes that were found to be up regulated in keratoconus
comeas include lysosomal acid phosphates (LAP) acid esterase, acid lipase and
cathepsins B and G (Sawaguchi et al., 1989; Zhou et al., 1998). The reduced
inhibitors are a1-proteinase inhibitor (a/-PI) and a2-macroglobulin. Sp/ expression
may be directly related to a1-PI down regulation in keratoconus corneas (Maruyama
etal, 2001). It has been suggested that an increase in the net activities of serine and
cysteine proteinases that are capable of digesting gelatin, casein and extracellular
matrix elements may be responsible for the thinning and loss of protein in keratoconus
comeas (Zhou et al., 1998).

1.5 Vsx1/VSX1 a gene implicated in ocular disorders

1.5.1 Chx/Vsx family

These genes belong to the paired-like class of homeodomain transcription
factors and contain a homeodomain and a CVC domain. Among this class are the
genes Chx10, ceh-10, VsxI and Vsx2. All are known to play a part in ocular
development. As the CVC domain is highly conserved in its length and its position
relative to the homeodomain, it has led these genes to be further categorised as Prd-
L:CVC, to distinguish them from other Prd-L genes. Due to sequence homology
Chx10 is suggested to be the mouse homologue of Vsx2 (Levine et al., 1997).

Homozygous expression of Chx/0 has been associated with micropthalmia in both
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mouse and human (Burmeister et al., 1996; Percin, 2001). In the retina loss of ChxI0
impairs the proliferation of retinal progenitor cells and prevents the specification,
differentiation or maintenance of rod and cone bi-polar cells (Bone-Larson et al.,
2000; Burmeister et al., 1996). Vsx! was first discovered in the goldfish retina and
was found to have similarities to the ceh-/0 gene of C.elegans in the homeodomain
and the 55 amino acids that follow the homeodomain termed the CVC domain
(Levine et al. 1997). The function of the CVC domain is unknown but it is thought
that it might have DNA binding properties or be used in protein-protein interactions.
It was found to be expressed in the inner nuclear layer of the goldfish retina. ¥sx/
expression was first found in a subset of progenitor cells that give rise to cells in the
outer half of the retina (Levine et al. 1997).

1.5.2 Human homologue VSX1

Two independent studies have characterised the human homologue of VSX1.
Semina et al (2000) used a degenerate PCR approach to isolate the ¥SX/ gene from a
human embryonic craniofacial library. Also in the same year Hayashi et al (2000)
found the same gene using a yeast one-hybrid screen of a bovine retinal cDNA library
to isolate the bovine ¥sx/ and termed it RINX for retinal inner nuclear layer
homeobox. They then performed RT-PCR on the human cDNA homologue of RINX
to determine the human sequence. Expression analysis was carried out in both studies
producing rather different results. Semina et al (2000) found that ¥'SX/ transcripts
were found in embryonic craniofacial, adult retinal and corneal cDNAs, which was
thought accurate as it corresponds well with expression of other known CVC genes.
However this contrasts with the expression analysis carried out by Hayashi et al
(2000) who found that ¥SX1 was exclusively only found in the inner nuclear layer of
the retina and did not find any expression anywhere else. This seems to be supported
by Chow et al. (2001) who also didn’t find any expression of ¥SX/ in the comea but
only in the retina, specifically within the cone bipolar cells of the inner nuclear layer.
A possible explanation for the difference in expression could be that both the work by
Hayashi et al. (2000) and Chow et al (2001) were carried out on different cell lines
and cDNA libraries than to that used by Semina et al. (2000). Their studies involved
animal models to derive the human VSX! sequence as well. This difference in

expression seems to be controversial with no consensus in sight without additional

27



| # I 86620
| # 1 86620
# /
=7 7
21>0! ( R A(B5A
/* | 8666% 2@>80! (
o # # /)
5(A
461 S 5
> 1 3.3 I3 ! ! 0 I+
! 0 3 J 3
> | 3 --(3
5 )+2
76 , ,
/) ! 86660! 5 # #
) oo ;
5,8 #(:BE:, 2!
/* 1 86660! (
3 oo 3
# , ' 3 '
/ ! 86670!
# L 0
[ # ! 86620 o
| #

! 86660!

! 866<0!



Jack Sheppard

They found that Vsx/ was essential for late differentiation and function of OFF-cone
bipolar cells by regulating, either directly or indirectly 4 proteins expressed by OFF-
cone bipolar cells, recoverin, NK3R, Netol and CaB5. Vsx/ is critical in the function
of the OFF visual pathway, however not all OFF-cone bipolar function is dependent
on VsxlI and there is a possibility that other molecules are responsible. There is
evidence to suggest there is an intrinsic regulatory feedback loop for the generation of
cone bipolar cells (Ohtoshi et al., 2004). There has been speculation and some
evidence that ¥SX/ in humans works as a gene suppresser (Dorval et al., 2005). This
study was conducted to investigate the similar transcription factor CHX/0 and found
that when tethered to a promoter by its HD it was able to repress multiple classes of
activators in different immortalised cell lines. As the V'SX/ gene contains closely
related domains it was also able to repress transcription. It is interesting to find that
the mutation R166W that impairs DNA binding hindered repressor function in this
study.

1.5.5 VSX1 mapping in humans

The human homologue of ¥5X! has been mapped to chromosome 20p11-q11
by radiation hybrid mapping (Semina et al 2000). There can be no doubt as to its
location as it was also mapped to 20p11.2 by Hayashi et al (2000) (See fig 1.9). Some
other genes in this interval are thrombomodulin (Jackman et al., 1987) and cystatin 3
& 5 (Abalain et al., 2000; Aghamohammadzadeh et al., 2004; Freije et al., 1993). The
two other genes, ¥5X/and Tcf8 are known to be linked to ocular diseases, congenital
hereditary endothelial dystrophy (CHED) (Toma et al., 1995) and PPCD (Heon et al.,
1995).
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The G160D mutation lies on the N-terminal side of the homeodomain and the
P247R mutation is a change to the CVC domain. These two mutations were found to
be sequence changes that in combination produced a severe phenotype in the patient
(Heon et al., 2002). The other two mutations, L159M and R166W, correspond to
amino acid changes and with the G160D mutation lie within the positively charged
nuclear localisation signal (Héon et al. 2002). Seven other polymorphic changes were
identified but were not specific for any disease (Heon et al. 2002).

New mutations in ¥SX/ were isolated in an African American family who also
demonstrated craniofacial abnormalities. Mintz-Hittner et al (2004) found through
sequencing of patients DNA two new variations in the ¥SX/ gene and characterised
them to be disease causing, however this is a little speculative. For a mutation to be
disease causing, the mutation has to be fully characterised and functional studies have
to be performed. This was the first time that ¥SX/ has been demonstrated to have a
mutation in conjunction with visible craniofacial abnormalities (Mintz-Hittner et al.,
2004). Clinical assessment showed that phenotypic variation between the patients
varied greatly with a range of different changes: wide interpupillary distance, unusual
pinnate, empty sella turcica, hypertelorism and other anterior segment disorders
(Mintz-Hittner et al 2004). The patients were also found to have abnormal retinal and
auditory bipolar cells, which in the case of retinal bi-polar cells are known to be
reliant on correct ¥SX! expression (Chow et al., 2004). The family in the study had
both keratoconus and PPCD. The new mutation found was A2568S and it occurs in
the CVC domain of ¥SX/. The other mutation found was considered a variation as it
does not occur in a critical region and was seen in a few control subjects (Mintz-
Hittner et al., 2004).
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its association with keratoconus. In a recent study three previously described
sequence changes that were thought to be disease causing L159M, R166W and
H244R were shown to appear in unaffected controls. This does not confirm the
previous findings and casts serious doubt as to the associations between these changes
and keratoconus (Tang et al. 2008). Also in a recent familial study where a large
family with keratoconus affected individuals were screened no causative mutations
were found when compared with non affected controls (Liskova et al. 2007). A
similar experiment in 100 unrelated patients failed to find any associated sequence
changes and only found one previously mentioned polymorphism (Aldave et al.,
2006). All the published material so far that casts doubt on VsxI’s involvement
suggest that other genetic factors are most likely involved but stop short at stating that

VSX1 is not associated with keratoconus.

1.7 Current treatments

The current outlook for treatments for keratoconus is promising and can be
broken down into two stages; refractive management and surgery. Keratoconus
cannot be cured but it can be managed up to a point before its severity forces surgery
to be the only option to maintain vision for the patient. When the progression
becomes too severe the only option is surgical treatment. Currently there are many
options depending on the severity of the disease and they all involve strengthening the
weakened areas of the comea and slowing or halting its progression further. The
standard technique is surgery that looks to replace part or the whole of the cornea
although this method has its disadvantages. The newest technique that has been
developed involves enhancing the rigidity of the comea in the stroma by inducing
cross links to form between the collagen fibrils. This locks the comea in place
preventing further progression. For corneal collagen cross linking the technique that
has received most study is the use of ultraviolet A and riboflavin although this
technique is in its infancy and is not in mainstream use.

The basic principle of the technique is to induce cross links to form between
the collagen fibrils that act to harden and stabilize the tissue so that the overall shape
of the cornea is prevented from degenerating further. Cross linking in this way is a

widespread method that sees applications in a range of disciplines from materials

34



Jack Sheppard

science to dentistry. The treatment works by generating reactive oxygen species
(ROS) using UVA at 370nm and the photosensitiser riboflavin that induce covalent
bonds bridging amino groups of fibrils (Wollensak, 2006). Clinical studies of this
procedure are positive with studies encompassing over 200 patients to date indicating
a halt and sometimes slight reversal of progression (Wollensak et al., 2003). In one
study it was demonstrated in vivo that there was an increase in rigidity (Braun et al.
2005). As well as clinical studies the biochemical, mechanical and morphological
effects have also been examined although more testing is probably needed. This
method of treatment is the most promising to date but does require long term
evaluation to see if it is going to become the treatment of choice for keratoconus
patients at least until a method of reversal or identification and prevention can be
found.

The largest drawback with this technique is that it works by generating ROS
and the effects of this have already started to be investigated. Keratocyte apoptosis
has been observed down to 300um 1 day postoperatively and this is sometimes seen
clinically by a mild comea edema (Wollensak et al., 2004). Also the location of the
induced crosslinks plays a factor in this treatment, as it is suggested that the
crosslinking effect is mainly seen in the anterior part of the stroma. Although this
does not pose that much of a problem in the general population of patients the
treatment may not work for acute keratoconus patients as the crosslinking effect does
not happen at a sufficient enough depth as was observed in single patient (Wollensak
etal., 2004). As with all treatments it is not without its side effects and risks
especially to the eye with the involvement of UV light. The phototoxic damage of
UV light is well known however the majority of it is filtered out, with nearly all UVB
light absorbed by the epithelium. As the treatment uses UVA light this risk is
removed and the damage posed by UVA itself is drastically minimised in the
crosslinking process with the use of riboflavin. This results in only 7% of UVA
transmission across the comea (Wollensak 2006). Experiments on rabbit comneas
have demonstrated that any subsequent damage can be avoided if the stromal
thickness of the comea is greater that 400um thick. This can be achieved by
performing pachymetry on the patient before each operation.

More established operations exist although they are more invasive than
collagen crosslinking. The techniques that exist all aim to either enhance/correct
nigidity or involve replacing the cornea altogether. To enhance the rigidity of the
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comea intracorneal ring segments (Intacs IRCS) can be placed into the comea. They
work on the basis of acting like a splint for the cornea increasing the mechanical
strength and increasing the corneal symmetry (depending on their placement) to
correct the curvature of the comnea and restore vision. This method of treatment is
useful for patients that are contact lens intolerant and this method of correction may
delay or remove the need for a full penetrating comeal operation. This method of
correcting disease is still being improved on and may take several iterations in order
to get right for each patient, depending on the segment size, placement or number of
segments to be used. The effect of IRCS appears to be effective through at least 2
years following their insertion (Colin et al., 2000) however there is evidence that
central region thinning continues, either due to the natural progression of the disease
or due to comeal stretching from segment insertion.

Once the progression of keratoconus is beyond the use of IRCS then corneal
augmentation or replacement is the next solution. These methods provide a
permanent replacement on the weakened corneal tissue which can be generally
divided into two categories, lamellar keratoplasty or penetrating keratoplasty. Full
penetrating keratoplasty is associated with good long-term outcomes with graft
survival of over 90% (Pramanik et al., 2006). However the underlying reasons for the
remaining 10% of graft rejection are due to removal of the corneal endothelium,
which is generally unnecessary as keratoconus is a stromal disorder. An anterior
lamellar keratoplasty that only replaces the front of the cornea is ideal. Currently full
penetrating keratoplasty produces better post operative vision but the use of
automated surgical techniques and the development and refinement of lamellar
keratoplasty is making the gap smaller. It is thought that lamellar keratoplasty will
eventually become the method of choice for treating the disease at later stages with

the exception of corneas that have previously developed hydrops.
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1.8 A summary of methods used in disease investigation

1.8.1 The use of animal models to study human diseases

One of the best (if not only) way to study genetic changes is through the use of
an animal model of a disease. There are many other techniques that exist looking
often at the simple interactions between two molecules, but these interactions do not
take into account the environment in which they exist. It is for this reason that even
the use of cell and organ cultures are not useful as cell cultures lack the complex
interactions across cell types and tissues and organ cultures cannot be sustained for
the long periods of time often necessary to study disease. Therefore it is left to
generated animal models to provide the conditions and interactions needed to test
hypotheses about disease. The generation of a specific animal model for a particular
disease is very time consuming and needs thorough investigations to firstly determine
whether it is an accurate model for a specific disease; then secondly to see what
changes are present when matched to a healthy wild type of the same genetic
backgrounds. Currently many different animals have been used as models for disease,
but the main one of interest when connected with keratoconus is the mouse.

Mouse models have been developed since the early 1980°s and have always
been one of the favoured animal species to be used as disease models mainly due to
their gestation time, size, lifespan and constant use in scientific experimentation.
From a genetic standpoint, the mouse has major advantages over other experimental
animals as its genome is better known than that of other species and has been fully
mapped and sequenced in recent years. It can be manipulated by the modern
techniques of genetic engineering and is easy, quick and relatively cheap to produce
large quantities of mice for systematic studies. Thus, transgenic techniques have made
it possible to study consequences of specific mutations in genes coding for structural
components of ocular connective tissues in mice. As these changes in mice have been
shown to resemble those in human diseases, mouse models are likely to provide
efficient tools for pathogenetic studies on human disorders affecting the extracellular
matrix. Despite this there are drawbacks in using mice to study corneal diseases in
humans.

Some species of mice have some inbred abnormalities themselves that must be

bred out in order to provide a clean background to work with, so it is much easier to
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explore any new characteristics that manifest afier any changes have been made to its
genome. Two strains of note are the C57/black 6 strain and the 129/s1 strain (Jackson
Laboratories ME). The genetic background of the mice being used is often important

as they do differ slightly and some are prone to inherent conditions such as blindness.

1.8.2 Generation of mutant mouse models for disease investigation

The generation of knockout mice is important for the analysis of the function
of many unknown genes. A knockout mouse or transgenic animal is generated by
replacing both alleles of a particular gene with an inactive allele. This is done by
using homologous recombination to replace one allele which is then followed by two
or more generations of selective breeding until a breeding pair is isolated that has both
alleles of the targeted gene knocked out. These knockout mice allow researchers to
determine the role of a particular gene by observing the phenotype of individuals that
lack the gene completely.

In many cases, the functions of a particular gene can be fully understood only
if a mutant animal that does not express the gene can be obtained. Whereas genes
used to be discovered through identification of mutant phenotypes, it is now far more
common to discover and isolate the normal gene and then determine its function by
replacing it in vivo with a defective copy. This procedure is has been made possible
by two fairly recent developments: a powerful strategy to select for targeted mutation
by homologous recombination, and the development of continuously growing lines of
embryonic stem cells (ES cells) (Evans and Kaufman, 1981). These are embryonic
cells which, on implantation into a blastocyst, can give rise to all cell lineages in a
chimeric mouse.

The technique of gene targeting takes advantage of homologous
recombination. Cloned copies of the target gene are altered to make them
nonfunctional, for example by the introduction of a stop codon that truncates the
protein making it inactive, and are then introduced into the ES cell where they
recombine with the homologous gene in the cell’s genome, replacing the normal gene
with a nonfunctional copy. Homologous recombination is a rare event in mammalian
cells, and thus a powerful selection strategy is required to detect those cells in which it
has occurred. Most commonly, the introduced gene construct has its sequence

disrupted by an inserted antibiotic resistance gene such as that for neomycin
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resistance. If this construct undergoes homologous recombination with the
endogenous copy of the gene, the endogenous gene is disrupted but the antibiotic
resistance gene remains functional, allowing cells that have incorporated the gene to
be selected in culture for resistance to the neomycin like drug G418. However,
antibiotic resistance on its own shows only that the cells have taken up and integrated
the neomycin-resistance gene. To be able to select for those cells in which
homologous recombination has occurred, the ends of the construct usually carry the
thymidine kinase gene from the herpes simplex virus (HSV-tk). Cells that incorporate
DNA randomly usually retain the entire DNA construct including HSV-tk, whereas
homologous recombination between the construct and cellular DNA, the desired
result, involves the exchange of homologous DNA sequences so that the non-
homologous HSV-tk genes at the ends of the construct are eliminated. Cells carrying
HSV-tk are killed by the antiviral drug gancyclovir, and so cells that have undergone
homologous recombination have the unique feature of being resistant to both
neomycin and gancyclovir, allowing them to be selected efficiently when these drugs
are added to the cultures.

This technique can be used to produce homozygous mutant cells in which the
effects of knocking-out a specific gene can be analyzed. Diploid cells in which both
copies of a gene have been mutated by homologous recombination can be selected
after transfection with a mixture of constructs in which the gene to be targeted has
been disrupted by one or other of two different antibiotic-resistance genes. Having
obtained a mutant cell with a functional defect, the defect can be ascribed definitively
to the mutated gene if the mutant phenotype can be reverted with a copy of the normal
gene transfected into the mutant cell. Restoration of function means that the defect in
the mutant gene has been complemented by the normal gene’s function. This
technique is very powerful as it allows the gene that is being transferred to be mutated
in precise ways to determine which parts of the protein are required for function.

To knock out a gene in vivo, it is only necessary to disrupt one copy of the
cellular gene in an ES cell. ES cells carrying the mutant gene are produced by
targeted mutation, and injected into a blastocyst which is incorporated into the
developing embryo and contribute to all tissues of the resulting chimeric offspring,
including those of the germline. The mutated gene can therefore be transmitted to
some of the offspring of the original chimera, and further breeding of the mutant gene
to produce homozygous mice that completely lack the expression of that particular
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gene product. The effects of the absence of the gene’s function can then be studied.
In addition, the parts of the gene which are essential for its function can be identified
by determining whether function can be restored by introducing different mutated
copies of the gene back into the genome by transgenesis.

A second powerful technique achieves tissue-specific or developmentally
regulated gene deletion by employing the DNA sequences and enzymes used by
bacteriophage P1 to excise itself from a host cell’s genome. Integrated bacteriophage
P1 DNA is flanked by recombination signal sequences called loxP sites. A
recombinase, Cre, recognizes these sites, cuts the DNA and joins the two ends, thus
excising the intervening DNA in the form of a circle. This mechanism can be adapted
to allow the deletion of specific genes in a transgenic animal only in certain tissues or
at certain times development. First, loxP sites flanking a gene, or perhaps just a single
exon, are introduced by homologous recombination. Usually, the introduction of
these sequences into flanking or intronic DNA does not disrupt the normal function of
the gene. Mice containing such loxP mutant genes are then mated with mice made
transgenic for the Cre recombinase, under the control of a tissue specific or inducible
promoter. When the Cre recombinase is active, either in the appropriate tissue or
when induced, it excises the DNA between the inserted loxP sites, thus inactivating
the gene or exon. Thus, for example, using a T-cell specific promoter to drive
expression of the Cre recombinase, a gene can be deleted only in T cells, while

remaining functional in all other cells of the animal.
1.8.3 Generation of a knockout model for keratoconus

It is easier to create a mouse model for a disease when that particular disease
has a well characterised mode of inheritance established via family tree studies and
linkage analysis has established a link with a causative gene. It is much more difficult
to assess the potential value of a created model for a disease if the cause of the disease
is complex or if you are trying to study a collection of changes that present themselves
as a wrapped up syndrome or disorder. As keratoconus is such a disease creating a
model for it in the past has been quite difficult. Currently, a single mouse model has
been proposed for keratoconus based on the resulting mouse’s clinical features
(Tachibana et al., 2002) and 2 models have the potential to be disease models based
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on the virtue of the gene that was knocked out in order to create them (Chow et al.,
2004; Ohtoshi et al., 2004; Ramalho et al., 2004).

In 2002 a mouse model was derived for keratoconus that used an inbred line of
spontaneous mutant mice with keratoconus-like corneas as progenitors for an eventual
use as a keratoconus model; this was achieved through repeated sibling mating
(Tachibana et al. 2002). Morphology, cell growth, apoptosis of keratocytes and
protein expression was examined in the corneas of these mice. Androgen dependency
was also examined in this model as it was observed that the keratoconus phenotype
was observed almost exclusively in sexually mature male mice. The phenotype in
these mice is inherited in an autosomal recessive manner and the link with androgen
dependency was investigated. In order to test their hypothesis male mice underwent
castration and female mice were injected with testosterone at approximately 4 weeks
of age. This resulted in female mice displaying the keratoconus phenotype at a much
weaker level then in their male counterparts. However keratoconus did not develop in
the castrated males. Macroscopically corneas were graded for their appearance and to
the extent that a cone formed. It was found that at the early stages the comeas became
cloudy and was then followed by protrusion. The changes seen appeared to be only
occurring in the males with few female mice developing cones. Histological
examinations revealed that the central regions of the comea in the males were often
thinned although they ranged and could also be edematous and thick. Where thinning
was observed it was mainly due to a decrease of thickness in the stroma. Expression
of c-fos was enhanced in these corneas mirroring the findings in human keratoconic
patients. Collagen fibril diameters and interfibrillar spacings were examined in these
mice and found to be slightly larger than wiid type controls (Quantock et al. 2003).

1.8.4 Vsx1 knock-out mouse model

Recently two knock out mouse models for ¥sx/ have been created to study the
effects of silencing the expression of the Vsx/ gene (Chow et al., 2004; Ohtoshi et al.,
2004). The mouse model created by Chow et al. was initially created to determine the
function of Vsx/ in the formation of the retina as previous expression studies indicated
that it was expressed in the inner nuclear layer. Although this model was created with
the retina in mind it is a valuable tool in assisting any investigation where this gene is

concerned. However at present no corneal defects have been reported in the Vsx/ null
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mice (Chow et al. 2004) but no thorough examinations or studies were carried out.
This leaves a great opportunity to further study this model.

In generation of the null mice gene targeting by homologous recombination
was performed in R1 embryonic stem cells using established techniques (Chow et al.
2004). Targeting constructs were derived from the pPNT vector containing a
neomycin resistance cassette for G418-mediated positive selection and a thymidine
kinase cassette for gancyclovir-mediated negative selection of embryonic stem cell
homologous recombinants. After homologous recombination a mutated Vsx/ allele
lacking 359bp from exon 1 and all of exons 2-4 was created. This completely
eliminates the homeodomain and the first 46 amino acids of the CVC domain
rendering the gene a complete null (Chow et al. 2004). Chimeric mice were generated
by blastocyst injection of homologous recombinant embryonic stem cells and the
resulting mice were bred with either the 129/SvimJ mouse strain or the outbred Black
Swiss mice (Chow et al. 2004).

The Vsx/ null mice produced demonstrated no behavioural or neurological
defects and in contrast with human missense mutations the null mice had no corneal
abnormalities grossly or at the histological level using light microscopy and EM
(Chow et al. 2004). Corneal tissues from two month old Vsx/ KO and WT controls
were examined by haematoxylin/eosin staining and transmission electron microscopy.
No significant changes were observed in the corneal epithelium, stroma or
endothelium by light microscopy and no changes were observed under electron
microscopy. However it should be noted that the areas examined by electron
microscopy was the centre of the cornea (personal communication, Dr Chow) and this
is not the site where one would expect any structural defects to occur in keratoconus
as they are mostly seen in the paracentral regions in human keratoconics. Also with
the inherent thinness of murine comeas the thinning that is observed with keratoconus
corneas in humans may also not be apparent. Publications on the other mouse model
were released a month after the KO model produced by Chow et al. This mouse
model was also created to look at Vsx/ in retinal expression and two mouse mutants
were created; the first replacing the homeodomain and CVC domain with a loxP
sequence. The second mutant was created by replacing part of the homeodomain with
a lacZ expression cassette. They too observed that Vsx! is necessary for late stage
differentiation of cone bipolar cells (Ohtoshi et al. 2004). The mechanisms offered to
explain the regulation of off cone bipolar cells is that ¥sx/ could be part of a negative
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1.9 Aims of thesis

e To provide data on the development of the mouse cornea using various
investigative techniques with focus on a few key genes of interest.

e To test the idea that keratoconus has a genetic cause through use of existing
animal models and investigative techniques.

e To screen a local population of keratoconus patients to investigate whether
mutations in Vsx/ can be found.

e To expand on the possible causes of keratoconus and identify any potential
targets for therapy.
1.10 Hypothesis

1. Vsxl is involved in normal cormeal formation
2. VsxI mutations are associated with keratoconus

3. VsxI Knockout mice demonstrate phenotypic features of keratoconus
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Chapter 2: General materials and methods

2.1 Semi-quantitative PCR

PCR was carried out using 12.5ul of PCR BioMix™ Red kit (Bioline, UK).
The reaction kit comprises BIOTAQ™ DNA Polymerase, 2mM dNTPs, 32mM
(NH4) 2S0, 125mM Tris-HCI (pH 8.8 at 25°C), 0.02% Tween 20, 4mM MgCl2,
Stabilizer and an inert dye. To this was added 2ul of DNA and 1.5ul 20uM of both
forward and reverse primers. The total reaction volume was brought up to 25pul with
the addition of 8l of sdH2O and then the samples were vortexed and spun down.
They were then placed in a thermocycler for 35 cycles of denaturing at 97°C,
annealing and strand extension at 72°C. Annealing temperatures as well as sequence
for primers are given separately in each chapter. PCR products were then stored in

the fridge or held at 4°C until separated via agarose gel electrophoresis.

2.2 Agarose gel electrophoresis

PCR product samples were separated on either a 2% agarose gel prepared by
adding 4g of agarose to 200ml of 1XTBE buffer. Products were stained by ethidium
bromide (2 pl, 10mg/ml) and separated in TBE buffer at 150 volts for ~ 40 minutes.
Quantification of bands and size estimates were made possible by running out 7ul of
DNA Hyperladder™ IV (Bioline, UK) on each gel.

2.3 Quantitative RT-PCR

Quantitative PCR was carried out on the Roto-Gene™ (Corbett Research) in a
similar fashion to semi-quantitative PCR described above. The difference lies in the
detection method and incorporation of a fluorescent dye that monitors the level of
product in real time as the reaction is running. In all reactions cDNA was amplified
using Sigma SYBR® Green Jumpstart™ Taq ReadyMix™ (20 mM Tris-HCI, pH 8.3,
100 mM KCI, 3 mM MgCl2, 0.002% gelatin, 0.4 mM of each dNTP, stabilizers, 0.06
unit/ml 7ag DNA Polymerase, JumpStart Taq antibody). The reaction mixes
consisted of 2pul of cDNA, 1.25ul 20uM of the forward and reverse primers
respectively, 12.5ul of the ready mix and 8ul of dd H,0 to bring the reaction to a total
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volume of 25ul, which is half of the recommended manufacturer’s instructions. The
most important part of quantitative PCR is in the analysis of the product. There is an
initial hold of 95°C for 2 minutes followed by denaturation at 95°C, annealing and
extension at 72°C. Annealing temperatures are dependent on primer sequences and

are given in the relevant methods sections in subsequent chapters.
2.3.1 Establishing which method to use for analysis of amplified products

The quantification of gene-specific mnRNA expression is one of the major
issues in life sciences research. Quantitative real-time RT-PCR (qPCR) has been
widely used, allowing fast, accurate and sensitive mRNA quantification with a high
throughput of samples. Unfortunately, the issue of real-time PCR data analysis is
often underestimated by researchers leading to inaccurate expression levels. The two
most commonly used methods of data analysis for the expression of genes are the
standard curve method and the comparative Cr cycle threshold (22%T) method. Both

of these methods have their advantages and disadvantages, which is why other
researchers have tried to look at better methods for data analysis. A third method
called the comparative quantification method (Ramakers et al., 2003) was also
considered for the data analysis.

The standard curve method of gPCR data analysis uses a standard curve of
known concentrations for each gene that is being examined and the housekeeping
gene. This absolute method of quantification looks to establish the copy number of an
amplicon when compared to the standard curve. The disadvantages of this method is
that it is very resource consuming as standard curves must be used for each time the
target sample is amplified. There is also a need to have consistent and repeatable

standards that do not reflect the true nature of sample amplification (see fig 2.1).
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1/8 1/16

Fig 2.1. Raw expression curves of Agp5 at postnatal days 5, 12 and 17 in murine
comneas. A - expression at pS, B - expression at p12, C - expression at p17. Numbers
indicate dilution factors of the standard curve. X —NTCs and no RT controls.

The expression curves from each sample are then used to form a standard
curve in order to determine the concentration of the unknown samples being tested. It
is important for this do have a low standard deviation in order to produce a standard
curve with good efficiency (see fig 2.2).
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Fig 2.2. Standard curve formed from the raw expression curves of Agp5

The second method is the 22T method. The main advantage of this method
is that only one set of standard curves needs to be prepared and can be used for
multiple amplifications. This method always assumes perfect PCR conditions and the
efficiency to always be 100%, which is not the case. This assumption of efficiency

leads to an over estimation of expression and is therefore less accurate than the
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standard curve method but uses less resources than the standard curve method (Schefe
et al., 2006).

Gene expression in this study was analysed using the comparative
quantification method (Ramakers et al. 2003). This method examines gene expression
by looking at the second differential of the expression curve and uses linear regression
to establish efficiencies (E) for each sample separately and uses this to calculate the C;
values. This method has fewer disadvantages when compared with the other two
methods; the advantages are that it obtains a more accurate efficiency value for each
reaction by using the second differential and compares the test sample directly to the
control. There is no need for standard curves and take off values are more consistent.
This means that less tissue is needed, which is a major advantage in this study as the
amount of tissue is very limited. It should be noted that in all RT-PCR reactions three
time points are used: postnatal days 5, 12 and 17. For each experiment data is firstly
normalised to the housekeeping gene then calibrated to the lowest time point, which
in all cases is postnatal day S. This time point is assigned a value of 1 and all

subsequent reaction values for other time points are ratios to it.

2.3.2 Establishing significance in quantitative PCR (qPCR)

Crvalues (Cn, Cr, Cr) are obtained for each gene of interest and the
housekeeping gene. One of the measured samples is defined as the reference sample
(ref). To compare two samples we calculate three different relative expression ratios
rERs. It is assumed that the calculated rERs for one sample-of-interest are part of a
normal distribution. This is determined as the Crvalues and efficiencies for each gene
are normally distributed. This allows us to calculate an average for a particular gene.
In this case to establish whether expression results are significant all samples were
tested in triplicate and repeated on three separate experiments. To calculate the
significance of expression an unpaired 2-tail ¢ fest was applied. Significance was
established to be P<0.05.
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2.4 Solution preparation

2.4.1 4% paraformaldehyde

8g of solid PFA was added to 100ml of 1xPBS in a conical flask. This was
then placed on a heated stirrer for 2 hours making sure the heat does not exceed 65°C.
If the PF A has not entered the solution then sodium hydroxide was added drop-wise
to the solution until it became clear. This was then filtered into a fresh conical flask.
pH was adjusted to 7.4 and the solution was placed into aliquots and frozen at -20°C
for future use. This method generates 8% paraformaldehyde so to use at its final
concentration of 4% it is diluted with fresh 1xPBS on a heater stirrer as before.

2.4.2 Phosphate buffered solution

PBS was made from the tablet form available from according to the

manufacturer’s instructions.

2.5 Small angle X-Ray Data Collection

Small-angle X-ray diffraction (SAXS) patterns were collected on Station 2.1 at
the UK Synchrotron Source (Daresbury, UK), using a 9m-long camera equipped with
a multiwire gas detector. The X-ray beam had a wavelength of 0.154 nm and a cross
section at the specimen measuring 0.5 mm vertically and 1 mm horizontally.
Specimens were weighed before and after measurement to determine the difference in
wet weight and ensure that samples did not become dehydrated during X-ray
exposure. Samples were placed in airtight Perspex (Databank, UK) chambers with
Mylar (DuPont-Teijin, UK) windows to further minimize tissue dehydration and keep
the sample in a fixed position. Incident X-rays were passed through the anterior
comeal face parallel to the optical axis. Single SAXS patterns were gained from the
centre of each sample. If there was any ambiguity in position due to the size of the
sample a small 0.1mm correction was made and a second SAXS pattern gained. The
pattern that measured the largest interfibrillar reflection value was then used.

Exposure time per data point was 3 minutes.
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packing factor that assumes that the arrangement of fibrils in a lamella approximates

the short-range order of a liquid (Boote et al. 2003).

2.7 Wide angle X-Ray Data collection

Wide angle X-ray diffraction (WAXS) data was collected at the UK
Synchrotron Radiation Source (Daresbury, UK) at the 14.1 station using a 200um x
200um X-ray beam of wavelength 0.1488 nm at right angles to the comea. Rasta
scans were made of the entire surface of the cornea at 0.2mm intervals. In order to
further minimise tissue dehydration during X-ray exposure, wrapped corneas were
positioned in an airtight Perspex (Databank, UK) chambers with Mylar (Dupont-
Teijin, UK) windows. X-ray beam position was determined before samples were
examined. Rasta scans of the entire cornea were performed using a specimen
translation stage (Newport, UK), interfaced with the X-ray camera shutter for 60
second exposures per scan. The resuling WAXS patterns were recorded on a
Quantum 4R CCD detector (ADSC, Poway, CA) located 150 mm behind the
specimen. Depending on the size a minimum of 100 patterns were gained for each
sample. Sample time exposure to the beam was dependent of the age of the tissue and
determined by a test scan before the rasta scans were begun. All tissues used in

WAXS experiments were frozen before testing.

2.8 Wide angle X-Ray data analysis

A typical WAXS pattern from a mouse cornea is shown in fig 2.3. It features
lobes of intensity that are X-ray reflections formed by interference between X-rays
scattered by the regularly arranged collagen molecules lying near-axially within the
stromal fibrils (Meek and Quantock, 2001). The X-rays used penetrates the entire
thickness of the comea so the scattering that is detected is the sum is from fibrils from
each lamella in the path of the beam. Scattering of X-rays occurs at 90° to the
direction of the fibril so each single stromal lamella will produce a pair of diffraction
spots either side of a line representing the long axis of its constituent fibrils. If the
stacked lamellae in the stromal had a homogenous or unordered arrangement, a

circular X-ray scattering pattern of uniform intensity would be produced at the
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