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Thesis summary

Cataract is an opacification of the ocular lens and is classified as congenital cataract (CC)
or as age-related cataract (ARC) depending on the age-of-onset. Causative mutations and
SNPs in EPHA2 have been implicated in congenital and age-related cataract, respectively.
EPHA2 encodes a tyrosine kinase receptor which is expressed in lens cells and plays an
important role in lens development. The main objective of this project was to investigate

the role of EPHAZ2 in congenital and age-related cataract development.

CC causing mutations in EPHA2 were previously reported through linkage and candidate-
gene analysis including a mutation reported in an Australian family. However, the genetic
contribution of mutations in EPHA2 to CC cases in Australia is unknown. To determine
this, EPHA2 gene was screened for mutations in a South-Eastern Australian cohort of CC
cases. We found two families, each with a novel mutation and two new families with a
previously reported causative mutation in EPHA2. The mutations in EPHA2 accounted for

4.7% of CC cases in South-Eastern Australia.

Further, we investigated the effect of two previously reported and three mutations found in
this study on EPHAZ2 localisation. EPHAZ2 is highly expressed in epithelial cells and
interacts with cell-junction proteins. Therefore we analysed the effect of these mutations in
epithelial cell lines. Two mutant proteins localised in the perinuclear region and co-

localised with a cis-golgi marker. These mutations possibly delay recruitment of mutant




EPHAZ2 to the cell membrane affecting its function. The other three mutations localised to

the cell periphery as the wild-type protein.

Environmental factors namely, age, gender and ultraviolet-B (UV-B) radiation are
associated with increased risk of ARC development and also affect EPHA2 expression. We
investigated if these environmental factors interact with EPHA2 and consequently affect
ARC development using an Epha2” mice. These mice, on FVB/NJ background, were
reported to develop ARC between 5-8 months of age while Epha2*’™ mice had clear lenses
until 14 months of age. However, we found that Epha2” and Epha2*"" mice on C57BL/6J
background developed cataract by 4 months and 8 months of age, respectively, likely
attributable to differences in the background strain compared to the previous report.
Consistent with previous reports, diffused localisation of cell-junction proteins in Epha2
knockout lenses suggested that lack of Epha2 may affect lens cellular junctions.
Accumulation of a partial Epha2 fusion protein, generated as a result of the knockout, may
contribute to the difference in phenotype observed in Epha2 knockout mouse strains.
Additionally, gender had a small effect on cataract progression in Epha2 knockout mice.
UV-B exposure of Epha2*" and Epha2*"* mice demonstrated a dose-dependent difference
in cataract development in both the genotypes and no difference in UV-B-induced cataract

between the two genotypes.

Overall, mutations in EPHA2 contribute to a significant proportion of CC in South-Eastern
Australia. Analysis of causative mutations and studies in Epha2’ mouse suggest a role of
Epha2 at cell-junctions in the lens, disruption of which results in cataract. Additionally,

this study demonstrates an effect of age and gender on Epha2 mediated ARC development.
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1.1 The Eye

The eye is an organ responsible for vision (1). Figure 1.1(a) shows anatomy of the human
eye (2). It consists of two segments; the anterior segment comprising the cornea, iris,
ciliary body and the lens and posterior segment comprising the choroid, retina, optic nerve
and the sclera. The lens is a crystalline structure responsible for refraction and focusing
light on the retina. It is held in its place by suspensory ligaments and accommodates, with
the help of the ciliary body. The anterior chamber between the cornea and the lens is filled
with a viscous fluid, aqueous humor, which provides nutrients to the lens and maintains the
pressure in the eye. The gel-like vitreous humor in the posterior chamber between the lens

and the retina help maintain the shape of the eye.

The work in this thesis is related to the ocular lens which plays an essential role in

maintaining clear vision.

1.2 The Lens

1.2.1 Lens structure

The ocular lens is made up of an outer capsule, a layer of anterior epithelial cells and lens
fiber cells (3). Figure 1.1(b) shows the structure of the human lens. The lens capsule, an
elastic fibrillar structure, is a thickened basement membrane secreted by the lens epithelial
cells (3). A highly regulated proliferation of lens epithelial cells gives rise to fiber cells
which make the bulk of the lens. The fiber cells form concentric zones of varying

refractive index and appear hexagonal in cross-section.




a) Choroid
pE—— Retina
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Figure 1.1: Gross anatomy of the eye and the lens.

a) A schematic diagram of the human eye. The figure shows outer fibrous (white),
middle choroid (blue) and inner neural (red) layers of the eye with different parts
marked. Taken from Kolb H., Gross Anatomy of the eye, 2005 (2). b) A schematic
diagram of the lens anatomy. The lens is encapsulated by the outer lens capsule
(Cap). The anterior surface of the lens has a layer of epithelial cells (Ep). These
cells divide at the lens equator at the germinative zone (GZ) to give rise to
differentiating (dLF) and elongating (eLF) lens fiber cells. The elongating cells
lose their organelles to form the organelle free zone (OFZ). The fiber cells migrate
to form the anterior (aS) and posterior (pS) suture. The centre of the lens comprises
of the primary (pLF) lens fiber cells. Taken from: Bassnett et al., Phil Trans R Soc
B, 2011, 366. (7).




The lens is an avascular tissue with no neural innervation that derives its nutrients from the
aqueous and vitreous humors (4). It is primarily made up of highly soluble proteins which
maintain lens clarity. Lens proteins account for 33% of its net weight and are primarily
composed of alpha (o), beta (B) and gamma (y) crystallins (5, 6). The o and B crystallin

molecules oligomerise to form water soluble high molecular weight aggregates (6).

Additionally, orderly arrangement of denucleated fiber cells, narrow inter-fiber spaces,
absence of vacuoles and an efficient cell-cell communication in the lens plays an important

role in maintaining its transparency and hence clear vision (5, 7).

1.2.2 Lens morphogenesis and development

The lens develops from a specialized surface ectoderm known as lens ectoderm, which
overlays the optic vesicle (8). Studies conducted in developing mouse lens show that by
embryonic day 9 (E9) the optic vesicle extends towards the lens ectoderm (Figure 1.2a)
(9). Thickening of the lens ectoderm by middle of E9 leads to formation of the lens placode
(Figure 1.2b). The lens placode invaginates along with the optic vesicle to form the lens pit
in the optic cup by middle of E10 (Figure 1.2c). Distinct layers of the retina also begin to
be formed by this stage. The lens pit then detaches itself from the surface ectoderm to form

the lens vesicle by middle of E11 (Figure 1.2d and Figure 1.3a) (10).

Lens progenitor cells from the posterior pole of the vesicle exit the cell cycle and
differentiate to form primary fiber cells. These cells elongate into the lumen of the lens
vesicle towards the anterior and form the embryonal lens nucleus (Figure 1.3b and c). The

cells in the anterior of the lens vesicle form the anterior lens epithelium. The lens epithelial
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Figure 1.2: Schematic representation of lens morphogenesis

a) The surface ectoderm is laid on the neural ectoderm. The central region of
surface ectoderm thickens near the optic vesicle forming the lens placode b) The
lens placode enlarges and the optic vesicle forms the early optic cup. ¢) The lens
placode then invaginates with the neural ectoderm forming the lens pit. A distinct
neural layers also begins to develop by this stage. d) The lens pit then detaches
from the optic vesicle forming the lens vesicle. Taken from Gilbert SF. Induction
and Competence. In: Developmental Biology (9).
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Primary fibers lens capsule
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lens fiber
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Figure 1.3: Schematic representation of stages of mouse lens differentiation

a) Shows lens vesicle formed by the lens epithelial cells. b) and c) show the
elongation of primary fiber cells in the posterior of the lens giving it a distinct
polarity. d) illustrates cell division at the lens equator leading to formation of
differentiated secondary fiber cells. e) shows an adult lens with continuous cell
division at the lens equator and migration of cells to the lens cortex indicated by
arrows. Taken from Gilbert SF. Development of the vertebrate Eye. In:
Developmental Biology (10).




cells, in the anterior and primary fiber cells, in the posterior, lead to establishment of a
distinct polarity in the lens. The anterior and posterior surfaces of the lens merge at the lens
equator. Lens epithelial cells divide at the lens equator generating newly formed cells
which further differentiate to form secondary fiber cells. These cells then migrate to the
region around the lens nucleus, forming the lens cortex (Figure 1.3d). Fiber cells elongate
and lose their organelles after differentiation and become metabolically inactive forming an
organelle free zone (11, 12). As the lens develops, lens sutures are formed as a result of

terminal ends of the secondary lens fibers ending against each other (Figure 1.3e).

Cells in the central region of the lens epithelium are believed to be stem-cell like and do
not divide, however they retain the ability to divide in response to an injury. Cells around
the central lens epithelium and in the equatorial region proliferate and help in normal lens
maintenance (13). The lens grows in size throughout life as the newly generated fiber cells
are added to the lens cortex and the older fiber cells move towards the centre (14). As
shown in Figure 1.4, the Oxford system of grading divides the cortical region of the lens
into different zones from C1-C4, where C1 is under the capsule and C4 is perinuclear (15).
The zone C1 comprises of two zones namely, C1 o and C1 . These cortical zones form
regions of high, zone C1 and C3, and low, zone C2 and C4, light scattering. The

continuous growth of the lens leads to a constant increase in thickness of zone C2 (16).

Lens induction and development occurs under the influence of various molecules and a
synergy of signalling pathways. A gradient of fibroblast growth factor (FGF) in the antero-
posterior direction in the eye induces proliferation of lens epithelial cells in low levels of
FGF and facilitates epithelial cell migration and fiber cell differentiation in high levels of

FGF (17, 18). Apart from FGF, Wnt-Frizzle signalling has been identified to contribute in




)
20 yrs

65 yrs

Figure 1.4: Schematic representation of cortical zones in a young and aged
lens

The figure represents the cortical zones defined according to the Oxford System in
a cross-section of a young (top half) and aged (bottom half) lens. The cortical
region of the lens can be further divided into zones C1-C4. Due to difficulty in
distinguishing zone C4 from the nuclear layer, only layers C1-C3 are shown in the
figure. The region behind the anterior capsule and in front of the posterior capsule
is zone C1, which is further divided into C1 a and C1 B. An increase in zone C2 is
observed with age. a: Anterior; p: posterior. Taken from Dubbelman et al., 2003,
Vis Res, 43 (16)




lens epithelial cell differentiation (19, 20). Further, a host of growth factors lead to
induction of various signalling pathways regulating lens cell proliferation and

differentiation (21-31).

1.2.3 Lens function and physiology

In addition to its function as a refractive tissue, the lens affects growth of the eye and
development of other ocular tissues. The absence of the lens leads to development of only
a scleral-like tissue instead of the cornea (32). Lens development also affects the position
of the retina in the eye (33). The presence of live lens cells also facilitates accumulation of

vitreous volume which in turn helps in developing normal sized eye (34).

Formation of organelle free zone, credited to the orderly removal of cell organelles, plays a
critical role in lens transparency (35). All the fiber cells within the organelle free zone are
suggested to have fused membranes to ease transport of molecules (36). In contrast, in the
lens cortex, fiber cells only in a single layer of the cortex have fused membranes to
facilitate the transfer of molecules (37). lonic balance in the lens is preserved through ionic
pumps such as Na'/K* and Ca" ATPase (5). Its osmotic balance is maintained through
presence of gap junctions and aquaporin channels, which assist in transfer of water and
other small molecules across the membranes. The lens is exposed to oxidative stress and
xenobiotics throughout life despite which it continues to remain transparent. This suggests
an important role of free radical scavenging molecules in combating the oxidative stress.
Glutathione (GSH) is the most abundant antioxidant molecule in the lens (38). The GSH

and reduced nicotinamide adenine dinucleotide phosphate (NADPH) dependent enzyme




systems facilitate removal of reactive oxygen species and presence of mechanisms for
DNA repair and removal of damaged proteins assist in elimination of by-products of

oxidative stress (39-41).

Together these unique qualities of the ocular lens contribute to its clarity. Disruption of
processes involved in lens induction and development or alteration of its structural
properties result in loss of lens transparency. Cataract is an opacification of the ocular lens

that impairs vision and is the focus of this thesis.

1.3 Cataract

Cataract causes obstruction in the light path leading to blurred vision and is the major
cause of blindness worldwide (42). Cataract development is usually associated with
breakdown of lens microarchitecture or abnormal protein aggregation. It commonly occurs
as a result of aging processes (age-related cataract). Rarely, it can be present from birth or

develop during childhood or early in life (early-onset cataract).

Cataract is treated surgically by phacoemulsification. This involves breaking up the
affected lens using an ultrasonic probe and aspirating its contents. The lens is then replaced

by an artificial intraocular lens.

Early-onset cataract is the most common cause of treatable visual impairment in children

and accounts for half of the cases of childhood blindness in the world (43, 44).

10

——
| —



1.3.1 Early-onset cataract

Early-onset cataract is classified as congenital if it is present from birth and as pediatric or
juvenile, respectively, if it develops during early childhood or in adolescence (45). All
three forms of early-onset cataract are referred to as congenital cataract in this thesis.
Congenital cataract occurs at a rate of 1-6 per 10,000 births in developed countries and 5-
15 per 10,000 births in developing countries (43). In the absence of a timely referral to an
ophthalmologist, cataract can interfere with normal visual development in children
resulting in amblyopia (or lazy eye; due to lack of stimulation of the nerve pathways from
an eye to the brain) or nystagmus (involuntary eye movements) (46). Post-operative
complications of cataract surgery such as glaucoma (damage to the retina and optic nerve),
develop in a proportion of cases and may potentially lead to blindness (47). The age at
presentation and surgery with other factors might be critical in determining the probability
of developing secondary glaucoma (48, 49). Along with treatment costs, long-term

rehabilitation and visual assistance are required for patients (50).

The phenotype of congenital cataract is determined by the position and appearance of the
lens opacity (51). Nuclear cataract, which is opacity in the lens nucleus, indicates
deregulation of early processes in lens development whereas opacity in the cortex of the
lens affecting the newly formed secondary fiber cells, referred to as cortical cataract,
indicates deregulation of a later event in lens development. Total cataract is the complete
opacity of the nucleus and cortex of the lens. Opacification of the discrete lamellae formed
as a result of concentric deposition of secondary fiber cells, are referred to as lamellar
cataract, and may be pulverulent or dot-like in appearance. Sutural opacities occur due to

opacification of the anterior and/or posterior sutures. Posterior polar cataract as the name
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suggests affects the posterior pole of the lens and is thought to develop due to degeneration
of fiber cells or necrosis of migrating cells (52). On the other hand, abnormal detachment
of lens vesicle from the surface ectoderm during lens development may result in opacity at

the anterior pole of the lens referred to as anterior polar cataract (53).

Congenital cataract can occur due to a metabolic disorder, intrauterine infection, exposure
to toxins, trauma during development or genetic abnormality (44). The underlying cause of
a proportion of congenital cataracts is still unknown leading to difficulty in management of
such cases. Vitamin A deficiency and intrauterine infections such as rubella,
cytomegalovirus and toxoplasmosis contribute to avoidable causes of congenital cataract
especially in developing countries (54, 55). Vitamin A supplementation and immunization
programs have been instrumental in lowering the incidence of such cataracts. Up to a
quarter of congenital cataracts are caused due to genetic mutations (56) and are referred to

as inherited congenital cataracts.

1.3.1.1 Inherited congenital cataracts

Inherited congenital cataracts are genetically and phenotypically heterogeneous (57). They
may have autosomal dominant, autosomal recessive or X-linked modes of inheritance (58).

These can occur as part of a syndrome or in isolation.

In syndromic congenital cataract, cataract may be associated with other systemic or ocular
abnormalities (59, 60). However, it may not be clearly distinguishable from isolated

cataract when first diagnosed due to the progressive development of the anomalies. To
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date, causative mutations in at least 150 genes have been reported and genes for at least

eight congenital cataract causing syndromes are still unknown (58).

1.3.1.1.1 Isolated congenital cataract

Mutations in genes can also lead to isolated cataract. The same mutation can lead to
different cataract phenotypes in different families or within the same family (45). At least
24 known genes with mostly missense or frameshift causative mutations have been
reported so far (58). In addition, linkage to at least nine loci with an unknown causative
gene is known to date (58). Most of the inherited isolated cataracts follow an autosomal
dominant mode of inheritance. Nearly 50% of the isolated congenital cataract causing
mutations have been reported in at least 11 different crystallin genes (58). These mutations
typically result in nuclear or lamellar opacities. A quarter of the known causative mutations
are in genes encoding for membrane proteins and gap junction proteins (45). Genes
encoding membrane associated proteins, cytoskeletal proteins, transcription factors and
cytoplasmic proteins are also known to harbor congenital cataract causing mutations. All
these causative genes have been predominantly identified through linkage analysis and
candidate gene analysis. Lately, whole exome sequencing has emerged as a novel tool to
identify causative mutations in affected families especially with limited family history and
accessible genetic material (61-63). Appendix 1.1 lists all the genes, mutations in which
have been reported to cause isolated congenital cataracts. EPH receptor A2 (EPHA2) gene

is the most recently identified congenital cataract causing gene (64-69).
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1.3.1.2 Molecular effects of causative mutations

Mutation in a gene may result in a gain or a loss of function of the mutant protein and
suggest a role of the causative gene in lens development. Lens development involves a well
regulated orderly expression of different genes at various stages of lens morphogenesis

which may relate to the diverse congenital cataract phenotypes (70).

Studies both in vitro, by over-expressing the mutant gene in cultured cells or in vivo, by
generating transgenic or knockout animal models have assisted in determining the
functional effects of causative mutations in a gene. For example, analysis of the R116H
mutation in the CRYAA gene revealed modification of secondary structure, chaperone
activity and aggregation state of the mutant protein in a cell culture system (71). These
results suggested that increased self-aggregation of the mutant protein and co-aggregation
with target proteins was probably the underlying cause of cataract development. Similarly
analysis of lenses from a knock-in mouse model of R49C mutation in the CRYAA gene
revealed decreased solubility of some crystallin proteins and increased cell death in the
lens due to the presence of the mutation (72). These results again suggest that causative
mutations in the CRYAA gene promote insoluble protein aggregation perhaps leading to
cell apoptosis. Such studies also enable identification of key role of the wild-type protein in
lens induction, development and/or maintenance of lens transparency and its role in

cataractogenesis (70).
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1.3.2 Age-related cataract

Age-related cataract (ARC) begins to develop in people over ~ 45 years of age due to
progressive damage to the lens over time (73). Phenotypically it is classified as cortical,
nuclear or posterior subcapsular cataract. Cortical and nuclear opacifications have been
described above (Section 1.3.1). Subcapsular cataract refers to opacification of the
posterior pole of the cortex close to the posterior capsule. ARC accounts for approximately
48% of blindness in the world. (74). In the United States alone, people affected with
cataract are estimated to be 30.1 million by 2020 (75). Due to lack of awareness and access
to surgeries the disease burden is significantly more in developing countries (76, 77).
Although usually successful, cataract surgery in older patients may lead to post-surgical
complication such as posterior subcapsular cataract (78). With an increasing aging world
population, visual impairment due to age-related cataract imposes a social, physical and

medical burden on societies (74).

1.3.2.1 Changes in lens with age and Age-related cataract

The ocular lens grows throughout life without shedding damaged cells. Therefore it is
important that mechanisms to recoup the damage due to various environmental insults are

in place, failure of these can lead to lens opacity.

There is an exponential increase in light scattering by ocular lens with age (79). Older
lenses have a stiffer nucleus possibly due to high proportion of cholesterol, reduced water
content and altered lipid content in the cell membranes (80-82). The increased rigidity of

the membranes might affect function of various membrane bound or membrane interacting
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proteins. Reduced elasticity of the lens nucleus with age leads to decline in lens
accommodation and hence presbyopia or age-related long sightedness (83). The age-related
discolouration of lens nucleus is attributed to changes in lens proteins or perhaps
generation of chromophores contributing to age-related nuclear cataract (84). Additionally,
there is a significant decrease with age in antioxidant compound GSH levels in the lens
nucleus (85) which may lead to accumulation of damage due to oxidative stress over time.
This is also supported by the observations that proteins from older lenses have more post-
translational modifications including oxidation as compared to younger lenses (86, 87).
The formation of a barrier in the lens around middle age restricts the transport of small
molecules such as antioxidants and scavenging molecules from the cortex to the lens
nucleus rendering the lens nucleus susceptible to age-related changes and environmental

insults.(88).

Unlike the deeper cortex, the superficial cortex of the lens has adequate supply of nutrients
and antioxidant molecules (5). Cortical opacities are generally not uniform indicating
variability in the nature of damage to the fiber cells. It has been suggested that stiffness of
the lens causes mechanical stress at the nuclear-cortical interface during accommodation,
thus leading to breakdown of cortical fiber cell arrangement and hence cortical cataract (5).
The opaque fiber cells have increased amounts of free Ca™ which could possibly lead to
increased protein aggregation (89). However, due to lack of enough evidence it is difficult
to predict if these theories explain the cause or effect of cortical cataract development and

need further investigation.

Cataract, once developed is irreversible. Even though the mechanism of ARC development

is unclear, increased oxidative stress is known to play a role in the process (90, 91). Due to
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the economic burden and social impact of cataract surgery, recent focus has been on
preventing development or delaying progression of cataract by the use of various
pharmacologically active compounds such as Vitamin C and E, several plant derived
compounds and other compounds with antioxidant properties (92-110). However, none of
these compounds have convincingly demonstrated an effect on human cataract

development or progression.

Epidemiological studies provide insight into factors involved in ARC development.
Several studies have reported inter-racial differences in the prevalence of ARC phenotypes.
In Icelandic, Japanese, Chinese, African-Americans and African-Caribbean populations
cortical cataract is more prevalent than nuclear cataract while in Caucasian Americans
nuclear cataract is more common (111-115). In the Singaporean-Malay population
incidence of both cortical and nuclear cataracts were comparable and they were at a higher
overall risk of developing ARC as compared to Asian and Caucasian populations (111,
114). In an Indian population, the total incidence of cataract was approximately 73% with a
higher prevalence of nuclear cataract (116). The differences in prevalence among
populations are believed to be due to differences in lifestyle, environment and genetic

backgrounds.

1.3.2.2 Environmental risk factors

Epidemiological studies suggest an important role of environmental modifiers in the

likelihood of developing ARC. A complex gene-environment interaction contributes to
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ARC thus necessitating an understanding of the modifiable risk factors, some of which are

discussed below.

Ultraviolet light (UV) exposure is a known risk factor for developing cortical cataract
(117). It is difficult to quantify long-term UV exposure over years due to differences in
length of exposure and protection used by individuals. Nonetheless, UV exposure over a
period of time causes most damage in the nasal quadrant in the anterior cortex of the lens
(118), thought to be due to oxidative stress following the exposure (115). Reduction in the
amount and stability of the UV filters in the lens with age leads to an increased
susceptibility to UV-induced ARC (119-124). It has been reported to contribute an

attributable risk of 10% in an Australian population (125).

Diabetes increases the risk of developing cortical and posterior subcapsular or mixed
cataracts (126-128). The risk of cataract development is associated with both, the duration
of diabetes and levels of glycated hemoglobin (129). Increased accumulation of glycated
end products, altered gene regulation, oxidative nitrosative stress and increased osmotic
stress in the lens are some of the suggested mechanisms of cataract development related to
diabetes (130-134). Association of 15 loci with diabetic cataract in a Taiwanese population
demonstrates genetic susceptibility to this form of cataract (135). The association of

diabetes with cataract also exhibits vulnerability of the lens to metabolic stresses.

Smoking is associated with development of nuclear and subcapsular cataract (136-138).
Approximately 20% of cataracts in the U.S. are attributed to smoking (139). The oxidative
stress induced by smoking or the tobacco by-products may lead to the increased risk of

ARC (140). Epidemiological studies show a dose-response association of smoking with
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cataractogenesis and reduced risk of cataract development on cessation of smoking (141,
142). These observations suggest that changes to the lens due to smoking are reversible and

perhaps can be avoided.

Multiple epidemiological studies have reported a greater risk of ARC development in
women (116, 143-146) and a protective effect of hormone replacement therapy (HRT) in
cataractogenesis (117, 147). Conversely, some studies report either no or increased
association between HRT and cataract development (148-150). This discrepancy in
associations could either be due to a small protective effect of HRT or due to differences in
the study designs. However a meta-analysis of the existing studies suggests that there is a

protective effect of HRT in nuclear cataract (151).

Apart from the well-established risk factors, there are emerging factors associated with the
risk of cataract development. Myopia or shortsightedness is associated with an increased
risk of developing nuclear and subcapsular cataract in multiple populations (152-154).
Epigenetic regulation of CRYAA in myopic patients may contribute to their increased
susceptibility to cataractogenesis (155). Interestingly, Pseudoexfoliation Syndrome,
another ocular condition which is characterized by accumulation of fibrillar deposits on the
anterior surface of the lens, is also associated with increased risk of developing nuclear
cataract in multiple populations (156-159). Use of corticosteroids for treatment of
glaucoma, along with drugs used for treatment of hypertension and diabetes, also lead to an
elevated risk of usually nuclear cataract (160-162). However, it is not entirely clear if the
presence of the disease or administration of drugs is associated with the increased risk. In
addition to other ocular and systemic diseases, various lifestyle factors are associated with

increased risk of developing cataract. A high socio-economic status is associated with
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lower risk of developing cataract probably due to better nutrition linked to the affluent
lifestyle (137, 147, 163). Interestingly, moderate alcohol consumption is associated with a
lower risk of developing cataract as compared to high or no consumption of alcohol (164).
A case-control study in a Greek population and another study in American women
demonstrated predisposition to cataract development due to a high fat diet (165, 166). The

understanding of these associations is still evolving and requires further studies.

1.3.2.3 Genetic risk factors

Apart from the above mentioned environmental modifiers, genetic predisposition places
some individuals at an increased risk of development of ARC. In twin studies heritability
of age-related cortical cataract was reported to be 53%-58% and that of nuclear cataract to
be 14%-48% (167). In addition, familial aggregation of cortical and nuclear cataracts
suggests involvement of genetic factors (168, 169). Variants in genes involved in isolated
or syndromic congenital cataract, such as GALT (9p13), Solute carrier family 16 member
12 (SLC16A12; 10923), HSF4 (16g21), CRYAA (21g22) and mutations in GJA3 (6¢21),
GJAS8 (1g21) and LIM2 (19913) have been associated, in different populations, with ARC
(170-175). In addition, other functionally important genes in the lens such as antioxidant
genes, Superoxide dismutase 1 (SOD1; 21g22), Glutathione peroxidase (GPX, 3p21l),
Catalase (CAT, 11p13) and ldoleamine 2,3 dioxygenase (IDO; 8p12) or genes known to
play a role in protein processing such as 5,10-methylenetetrahydrofolate reductase
(MTHFR; 1p36) have been associated with ARC through case-control studies (176-178).
However, these associations also have not been replicated. Variants in another free-radical

scavenging gene Glutathione S-transferase mu-1 (GSTM1, 1p13.3) have been reported to

( )
| 20 )



contribute to development of ARC in multiple studies (179-181). Similarly N-
acetyltransferase type 2 (NAT2, 8p22), which removes free radicals by acetylation and
genes encoding for DNA repair enzymes such as Xeroderma pigmentosum
complementation group D (XPD; 19q13) and X-ray repair complementing defective in
chinese hamster 1 (XRCC; 19qg13) have each been associated with ARC in at least two
case-control studies (182-185). Association of obesity associated gene, Fat-mass and
obesity associated (FTO; 16g12) with ARC again demonstrates a gene-environment
interaction in ARC development (186, 187). Association of microRNAs (miRNA), which
are small non-coding RNA molecules, such as Let7a with ARC has also been reported in a
Japanese population (188). Downregulation of CRYAA expression due to methylation of its
promoter in nuclear cataracts, provide evidence of epigenetics regulation in cataract
development (174). These associations indicate the varied processes involved in age-

related cataract development.

A genome-wide linkage study in affected families identified a locus on chromosome 1p
linked to age-related cortical cataract (189). A subsequent study reported mutations in the
EPHA2 gene to cause congenital cataract and association of the common variants in the
gene to be associated with age-related cortical cataract (68). Association of EPHA2 with
ARC has been independently replicated in Chinese, Indian, American, British and
Australian populations (190-192). In the present work, the effect of environmental factors

on EPHA2 mediated cataractogenesis was investigated.
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1.3.2.4 Understanding interaction of multiple factors in ARC development

The complex gene-environment or gene-gene interactions which determine an individual’s
risk of development of ARC can be further understood using animal models of ARC. The
influence of environmental modifiers such as UV exposure and diabetes on cataract
development has been demonstrated in several rodent models of cataract (193-195). The
damage caused due to UV exposure and the repair mechanisms in the ocular lens have
been investigated in multiple studies (196-199). In addition to providing proof of
association of diabetes with increased susceptibility to cataract development, studies in
diabetic rodent models facilitate investigation of common molecular pathways affected by

both the diseases (131, 200, 201).

Various mouse mutants have been generated for studying age-related progression of
cataract. Some of the most studied models of ARC include Emory mouse and Senescence
Accelerated Mouse. Emory mouse is a well characterized model for ARC (202). This
mouse develops spontaneous autosomal dominant anterior cortical cataract at 5-6 months
of age progressively developing to complete opacity. Emory mouse has been used to
demonstrate gender-related differences and effect of UV-B exposure on cataract
development and progression (203, 204). Senescence Accelerated Mouse provides a model
for accelerated aging. Two strains of Senescence Accelerated Mouse develop cataract due
to degeneration of the lens cortex leading to mature cataract with age (205, 206). However,

the underlying genetic abnormality in both these mouse models is unknown.

Some mice with a known genetic defect develop ARC. For example, mouse lacking
antioxidant gene glutathione peroxidase-1 (Gpx) or transcription factor Clock gene develop

ARC (207, 208). These two mouse mutants demonstrate the effect of oxidative stress and
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circadian clock, respectively, on cataract development. Mouse lacking DNA repair
enzymes such as mice with mutated ataxia telangiectasia (Atm) are rendered more sensitive
to developing cataracts upon irradiation (209). Recently, mouse carrying mutation in the
crystallin gene Cryba2, mutations in which cause congenital cataract in humans, was
reported to develop ARC (210). Likewise, LEGSKO mouse characterized by lack of GSH

synthesis begins to develop nuclear cataract from 4 months of age (211).

Multiple strains of the Epha2 knockout mouse are available and exhibit different lens
phenotypes (191, 212-214). At least three of these strains develop progressive cataract
demonstrating the effect of lack of Epha2 in the lens. To further understand the
mechanisms of cataractogenesis, the work in this thesis focuses on role of EPHA2 in

cataract development.

1.4 The EPHA2 gene and Cataract

The EPHA2 gene located on 1p36, is the only gene that has been reproducibly implicated
in both congenital and age-related forms of cataract. Congenital cataract causing mutations
in the gene, with both autosomal dominant or recessive mode of inheritance, have been
identified in families from different ethnicities (64-69). These include both missense and
frameshift mutations that lead to either posterior polar, nuclear, progressive posterior,
zonular or total cataract. A congenital cataract causing mutation in the gene was reported in
an Australian family by our group (65). Additionally, at least four of these causative
mutations led to destabilization and aggregation of mutant EPHAZ2 protein and impaired

cell migration (215). EPHA2 has also been associated with an increased risk of age-related
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cortical or posterior subcapsular cataract development in multiple populations including in
an Australian cohort (68, 190-192). The associated single nucleotide polymorphisms
(SNPs) are present in the exons, introns and in the untranscribed region (UTR) of the gene.
Whether involvement of EPHAZ in both forms of cataract could provide understanding of a
link between congenital and age-related cataract remains to be investigated. The Epha2”
mice also develop cataract (191, 213) or exhibit altered lens shape, lens cell migration and
refractive properties (212); further demonstrating importance of Eph signalling in lens

development and lens homeostasis.

At the commencement of this study the function of EPHA2 in the lens and its role in
cataract development is not well understood. We wanted to further examine how defects in

the gene lead to both congenital and age-related cataract.

1.5 Eph-ephrin molecules

EPHA2 belongs to the Eph family of receptor tyrosine kinases. Eph receptors are the
largest family of receptor tyrosine kinases (216). These are of two types- EphA and EphB
receptors. Nine EphA (EphAl-8 and EphA10) and 5 EphB receptors are known to date
(216). An Eph receptor typically consists of an extracellular region containing a globular
ligand binding, a cysteine-rich and three fibronectin-rich domains followed by a
transmembrane segment and an intracellular region containing, a tyrosine kinase, sterile
alpha motif (SAM) and a PSD-95, DLG, ZO-1 (PDZ) domain (Figure 1.5a) (216, 217).
Eph receptors interact with either a glycosylphosphatidylinositol (GPI) anchored Ephrin-A

or transmembrane Ephrin-B ligand (Figure 1.5a). Five Ephrin-A and 3 Ephrin-B ligands
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are known to date. Usually an EphA or EphB receptor expressed on a cell respectively
interacts with an Ephrin-A or Ephrin-B ligand expressed on a neighbouring cell.
Exceptions to this are EphA4 and EphB2 receptors which respectively interact with
Ephrin-B1 and Ephrin-A5 ligands (218, 219). EphA2 is known to interact with Ephrin-Al
and Ephrin-A5 (220). Several Eph receptors and their Ephrin ligands are known to be
expressed in the ocular lens; Ephrin-Al, A3-4 and B1-3 ligands and EphB2-3 receptors are
only expressed in lens epithelial cells while EphA2-4, B4, B6 receptors and Ephrin-A5
ligand are expressed in both lens epithelial and fiber cells (213, 221). The function of these

receptors and ligands in the lens is not clearly understood.

1.5.1 Eph-Ephrin signalling and its roles

The Eph-Ephrin interaction leads to bidirectional signalling, forward signalling in the
receptor bearing cell and reverse signalling in the ligand bearing cell (Figure 1.5b) (217).
The receptor-ligand interaction leads to dimerization and oligomerisation of the receptor-
ligand complex leading to formation of a signalling cluster (Figure 1.5d). This leads to
activation of numerous signalling cascades (Figure 1.6). The signalling is terminated by
internalization and degradation of the receptor-ligand complex in the receptor bearing cell
or by cleavage of the extracellular domain of either the receptor or ligand by
metalloproteases (Figure 1.5c). Occasionally, the receptor and ligand on the same cell

interact with each other leading to downregulation of Eph-ephrin signalling (222).
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Figure 1.5: Structural domains and signalling through Eph-ephrin
molecules

a) Shows the structural domains of Eph receptors and their Ephrin ligands. The
receptor comprises of ligand-binding (green or violet), cysteine-rich (yellow),
fibronectin-rich type Il domains (grey), a transmembrane region (TM region)
followed by the kinase (blue), SAM (white) and PDZ domain. Ephrin-A ligands
are GPIl-anchored and consist of a receptor binding domain (yellow). Ephrin-B
ligands comprise of a receptor binding domain (red), transmembrane segment,
cytoplasmic region (orange) and a PDZ domain. The dashed arrows indicate
interaction of EphA receptors with Ephrin-B ligands and of EphB receptors with
Ephrin-A ligands b) shows the interaction of Eph receptor with its Ephrin ligand
on the neighbouring cell. This interaction leads to forward signalling in the
receptor bearing cell and reverse signalling in the ligand bearing cell. Interaction
of the receptor and ligand in the same cell leads to cis-inhibition. c) shows
termination of signalling that occurs by enzymatic cleavage of the extracellular
domain and endocytosis of the receptor-ligand complex by receptor bearing cell
leading to repulsion of neighbouring cells that plays an important role in cell
sorting and cell migration. d) shows the receptor-ligand interaction leading to
dimerization and oligomerisation of the receptor-ligand complex, and finally
formation of a signalling cluster. This signalling cluster activates several
signalling cascades. Adapted from Pitulescu and Adams, 2010, Genes Dev, 24.
(216)
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Figure 1.6: EphA-ephrin-A signalling pathways

EphA receptors interact with their respective Ephrin ligands to bring about cell
signalling. Signalling in the receptor bearing cell is called forward signalling and
in the ligand bearing cell is called reverse signalling. The figure illustrates
various downstream effectors involved in cell signalling mediated through EphA-
ephrin-A molecules. The different types of effector molecules are indicated in the
receptor bearing cell. This signalling plays a critical role in cell adhesion and
repulsion, migration, survival and epithelial to mesenchymal transformation.
Taken from Pasquale, 2010, Nat Rev Cancer, 10. (215)
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Alternatively, the receptor can act independently of the ligand by interacting with other
signalling pathways. For example, Epha2 interacts with Src-kinase pathway and Epidermal
Growth Factor Receptor (EGFR) pathway (223, 224). Reverse signalling via the Ephrin
ligand generally acts through the Src kinase pathway (225). There are only a few studies
reporting effect of EphrinA reverse signalling (226). Ephrin B reverse signalling is known
to contribute to tumour invasion by altering gene transcription, promoting cell migration

and slowing down cell-junction formation (227-230).

The Eph-ephrin signalling is known to play a vital role in numerous developmental,
physiological and pathological processes by mainly modulating epithelial cell adhesion and
repulsion. This signalling has an important role during development in defining tissue
boundaries through cell sorting by careful regulation of the adhesive and repulsive forces
between cells (231). Additionally, through modulation of cell cytoskeleton, cell-cell and
cell-substrate adhesion/repulsion and cell protusion dynamics this signalling plays a critical
role in various cellular processes (225). Studies suggest the importance of this signalling in
cell migration, cell spreading and survival, regulating immune response, repair after
injuries and cell homeostasis (232-239). Eph-ephrin signalling also regulates epithelial-to-

mesenchymal transition and therefore has a key role in diseases such as cancer (216).

1.5.2 EPHAZ2 signalling and its function
The EPHAZ2 protein, formerly known as epithelial cell kinase (eck), is a 130 kDa
transmembrane receptor which is known to interact with its Ephrin-A ligands. The EPHA2

gene is highly expressed during gastrulation, in rhombomeres of the hindbrain during
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development, embryonic stem cells, embryonic spinal cord and retina (240). Its expression
is more restricted to proliferating epithelial cells during development and in adult tissues
(241). Adult epithelial cells in the ovary, kidney, lung and colon express low levels of

EPHA2 (242-246).

EPHAZ2 signalling is involved in several biological processes. Upregulation of EPHA2
receptor expression was identified in a screen of human cancer cells (247). The gene is
frequently overexpressed in breast, ovarian, esophageal, lung, glioblastoma, colorectal and
prostate cancers and the expression correlates with the metastatic potential and poor
survival. Therefore EPHA2 serves as a potential drug target for cancer treatment (248-
254). Its expression in tumors also promotes angiogenesis (252, 255, 256). Exogenous
overexpression of the protein in non-metastatic cells results in their oncogenic
transformation (257). Activated EPHA2 upregulates expression of extracellular matrix
protein, fibronectin, thereby increasing cell-matrix adhesion and promoting malignancy
(258). Crosstalk with other oncogenic pathways like EGFR or Src-kinase pathways is
thought to lead to its metastatic potential (223, 224). Expression of the unphosphorylated
protein in cancer cells indicates silencing of EphA2 forward signalling that contributes to
its tumorigenic potential (256, 259, 260). The chromosomal region 1p36, where the
EPHA2 gene is located, is frequently deleted in a number of cancerous cells resulting in
loss of EPHA2 function (261). Therefore EPHA2 potentially acts as an oncogene and a

tumor suppressor depending on the stage of cancer.

Similar to other Eph-ephrin molecules, EPHAZ2 is essential for neural development. Its
interaction with a guanine-exchange factor, Tiam1, leads to neurite outgrowth in cultured

cells (262). The signalling regulates insulin secretion thereby playing an important role in
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glucose homeostasis (234). Due to its involvement in cell communication, this signalling is
vital for bone homeostasis (263). EPHA2 signalling is essential in cell migration and
adhesion and thus has an important role in maintaining epithelial cell homeostasis and cell-
junctions (264-267). Oxidation of EPHA2 due to oxidative stress in old heart progenitor

cells affects internalization of the receptor-ligand complex impairing cell migration (268).

Epha2 expression is conserved between human and mouse lens (191). In the mouse lens it
is expressed in lens epithelial cells and superficial fiber cells with limited expression in
mature fiber cells (212). Epha2” mouse have lens opacification (191, 213, 214) and/or
disrupted lens architecture resulting in altered suture formation and smaller lenses (212).
These results demonstrate the importance of Epha2 in lens development and in maintaining

lens homeostasis.

1.6 Hypothesis and aims of the project

The genetic link between EPHA2 with cataract is well-established but the mechanism of
cataract development is not well understood. The main objective of the work presented in
this thesis was to elucidate the role of EPHAZ2 in congenital and ARC development. This
was investigated by adopting three approaches, that is, human genetic study, examining
effects of causative mutations in a cell culture system and analyzing effects of
environmental modifiers in a knockout mouse model. The human lens grows throughout
life; cell migration, homeostasis and effective cell-cell communication play a critical role
in maintaining lens transparency. Disruption of EPHA2 function in the lens may affect

these cellular processes, hence leading to cataract development.
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At the initiation of this work, a few families from different ethnic backgrounds were
known to have congenital cataract causing mutations in the gene. This included an
Australian family, mutations in which were reported by our group. However, the overall
genetic burden of mutations in EPHAZ2 to congenital cataract was unknown. Therefore we
investigated the genetic contribution of EPHA2 to congenital cataract in an Australian
cohort. Moreover, recently, the effect of four causative mutations in EPHA2 has been
analysed in cell lines which do not form established cell-junctions (215). As EPHAZ2 is
expressed in a variety of epithelial cells, we performed localisation analysis of mutant
EPHAZ2 proteins in epithelial cell lines to examine the potential effect of the causative

mutations on protein function.

Apart from genetic association of SNPs in EPHA2 with age-related cortical cataract,
EPHAZ2 and ARC are associated with a common set of environmental risk factors. Previous
work in cultured cells and mouse lens has been instrumental in demonstrating that age,
estrogen (female hormone) and UV exposure affect Epha2 expression (191, 269, 270).
Interestingly, these three environmental modifiers are also known risk factors for
developing ARC (74). Therefore we investigated if an interaction of these environmental
factors with Epha2 affects ARC development. For this we analysed the effect of inevitable
and modifiable risk factors namely age, gender and UV exposure on Epha2 mediated

cataract development using an Epha2 knockout mouse model.

The following chapters describe the results of each of these studies.
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2. Genetic contribution of mutations in
the EPHAZ2 gene to inherited cataracts

IN South-Eastern Australia

Please note that the work presented in this chapter has been published.
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2.1.Introduction

Inherited congenital cataract causing genes are mapped/identified either through linkage
analysis in large families or by candidate gene analysis (58). One of the most recently
identified causative genes is the EPHA2 gene, mutations in which have only been reported
in the last six years. As described in Chapter 1, section 1.5, the gene encodes a
transmembrane tyrosine kinase receptor comprising a ligand binding, a cysteine-rich and
three fibronectin-rich domains followed by a transmembrane segment, the juxtamembrane
region, a tyrosine kinase, SAM and a PDZ domain (216). Causative mutation in the
EPHA2 gene was first identified through linkage analysis in a European-American family
with autosomal dominant posterior polar congenital cataract (68). This family was found to
carry a missense change, ¢.2842G>T (p.G948W), in the SAM domain of the protein.
Following this initial report, mutations in EPHA2 have been reported to cause congenital
cataract in multiple families and lead to diverse cataract phenotypes. A missense mutation,
€.2819C>T (p.T940I), in a Chinese family and a frameshift mutation, ¢.2915 2916delTG
(p.V972GfsX39), in a British family both lead to autosomal dominant posterior polar
cataract (65) while another missense mutation, ¢.2668C>T (p.R890C), also in a Chinese
family leads to autosomal dominant progressive posterior cataract (67). An Australian
family with autosomal dominant total cataract was found to carry a splicing mutation
€.2826-9G>A (p.D942fsXC71) in EPHA2 by our group (65). This family was from our
South-Eastern Australian cohort of congenital cataract cases and the causative gene in the

family was previously mapped to chromosome 1p through linkage analysis (271).

33

——
| —



Recently, a duplication mutation ¢.2925dupC (p.1976HfsX37) leading to C-terminal

extension of the protein was reported in another Caucasian family from Unites States (69) .

Autosomal recessive mode of inheritance of mutations in EPHA2 has also been reported in
two families. These include a Pakistani family with nuclear cataract carrying a missense
mutation ¢.2353 G>A (p.A785T) (66) and a Saudi Arabian family with unknown cataract

phenotype carrying a missense mutation ¢.1405T>C (p.Y469H) (64).

A few studies have examined the genetic burden of mutations in a causative gene on
congenital cataract in different cohorts. Screening of crystallin genes, mutations in which
are a significant contributor to congenital cataract, in an Australian and Indian cohort of
cases revealed a mutation frequency of 5.2% and 16.6%, respectively (272, 273). With the
advent of exome sequencing, similar studies examining the frequency of causative genes
have been performed in cohorts from other countries (62, 64, 274). However, these
mutations only account for a small proportion of congenital cataract cases. As is evident,
mutations in the EPHA2 gene have been found in families from different ethnic
backgrounds however, no studies have examined the overall genetic burden of mutations in
EPHAZ2 to congenital cataract. We wanted to analyse the frequency of mutations in EPHA2
in congenital cataract cases in Australia. For this, we screened a South-Eastern Australian

cohort of inherited cataract cases for causative mutations in the gene.
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2.2. Materials and Methods

2.2.1. Patient recruitment

Ethics approval for the study was obtained from the Southern Adelaide Clinical Human
Research Ethics Committee and the Royal Victorian Eye and Ear Hospital (RVEEH)
Human Research Ethics Committee. Probands with familial cataract and their family
members were recruited from the Flinders Medical Centre (Adelaide), Women’s and
Children’s Hospital (Adelaide), Royal Children’s Hospital (Melbourne) and RVEEH
(Melbourne) over the past 14 years. RVEEH also served as a tertiary referral center for
patients from Tasmania. Family history of the disease in all the families was available
through previous clinical records. All participants gave written informed consent to be

included in the study.

2.2.2. Control cohorts
Normal South Australian (NSA) controls were healthy individuals above the age of 50
years recruited from around Adelaide, Australia, with no record of congenital cataract

surgery. Out of the 270 controls screened, 64 individuals had age-related cataract.

Blue Mountains Eye Study (BMES) is an Australian population-based study (275). The
participants were recruited since 1996 from the Blue Mountains region west of Sydney,
Australia. A survey of vision and common eye diseases was conducted for all the
participants with a follow-up after 10 years. This study comprised of both age-related

cataract cases and controls. In the present study DNA samples from the BMES cohort were
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used for screening the rare variant found in Exon 17 of EPHA2 gene. All cases with
diabetes were excluded from the study. Age-related cataract cases above the age of 50
years with cortical cataract in >25% in either eye were used as cases. Individuals above the

age of 65 years with no cataract of any phenotype were used as controls.

2.2.3. DNA extraction

Genomic DNA (gDNA) of recruited individuals was extracted from either whole blood
using QlAamp DNA blood maxi kit (QIAGEN Pty Ltd, VIC, Australia) or saliva using
Oragene collection kit (DNA Genotek, ON, Canada) or buccal swab using Gentra

PureGene Reagent (QIAGEN Pty Ltd, VIC, Australia).

DNA samples with sub-optimal quantity were amplified using illustra™ GenomiPhi™
DNA amplification kit (GE Healthcare, NSW, Australia). One to five microliters of gDNA
was mixed with sample buffer to make up a volume of 10 ul and denatured at 95°C for 3
minutes. The master mix with 9 ul reaction buffer and 1 ul Phi29 DNA polymerase
enzyme was added to this mixture and the mixture was amplified at 30°C for 90 minutes.

The enzyme was deactivated at 65°C for 10 minutes.

The suitability of the old and pre-amplified gDNA samples to be used for sequencing was
determined by polymerase chain reaction (PCR) amplification of Exon 6 of the EPHA2
gene. In-house EPHA2 primers were used for the amplification reaction (Refer to
Appendix 2.1). Forty nanograms of old gDNA or 2 pl of one-tenth dilution of pre-
amplified gDNA was amplified using 0.25 units (U) of HotStar Tag Plus DNA polymerase

(QIAGEN Pty Ltd, VIC, Australia) in the presence of 1 x reaction buffer (QIAGEN Pty
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Ltd, VIC, Australia), 0.1 mM dNTP mix (QIAGEN Pty Ltd, VIC, Australia) and 0.5 uM of
each primer (Geneworks Pty. Ltd., Adelaide, Australia) in a total 20 ul volume. HotStar
Taqg Plus DNA polymerase was activated at 95°C for 5 minutes, followed by denaturation
at 95°C for 30 seconds, annealing at 57°C for 30 seconds and extension at 72°C at 30
seconds for 30 cycles. This was followed by post-extension at 72°C for 10 minutes and
incubation at 4°C for 5 minutes. PCR products were visualized on a 1% agarose gel
prepared by dissolving 1 g agarose (Promega, VIC, Australia) in 100 ml Tris-Borate-
Ethylenediaminetetraacetic acid (EDTA); (TBE) buffer (See Appendix 3.1). The
concentration of pre-amplified DNA was estimated by the intensity of PCR product on the
agarose gel while the concentration of gDNA samples was spectrophotometrically

determined using SmartSpec™ Plus (BioRad Laboratories Pty Ltd, NSW, Australia).

2.2.4. Mutation screening

Eighty four probands with inherited cataract were included in this study. All 17 exons
including the intron-exon boundaries of the EPHA2 gene (GenBank accession
NM_004431.3) were amplified by PCR and sequenced at the Australian Genomics
Research Facility (AGRF; QLD, Australia; 68 cases) or in-house (16 cases) by direct
sequencing using BigDye Terminators (Applied Biosystems, VIC, Australia). One
microgram gDNA or one-tenth dilution of the pre-amplified gDNA from cases, in a total
volume of 100 ul each was sent to the AGRF for sequencing. The sequencing of 16 index
cases using in-house primers was performed by Ms Kate Laurie, Flinders University,

Adelaide, Australia. Sequences of the primers used for sequencing in-house and at AGRF
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are listed in Appendix 2.1 and 2.2, respectively. Forty nanograms of gDNA was used for

amplification.

All samples that failed to produce a sequence using automated systems at AGRF were
sequenced using in-house primers. Exons 1 tol7 were amplified by PCR as described
previously in section 2.2.3. The amplification of Exonl7 was performed for 35 cycles. The
PCR products were visualized on a 1% agarose gel. The PCR products were prepared for
sequencing by removing excess primers and unused dNTPs by treatment with 10 U
Exonuclease I (New England Biolabs, Genesearch Pty Ltd, QLD, Australia) and 2 U of
Shrimp Alkaline Phosphatase (SAP) (USB®, Millennium Science Pty. Ltd., VIC,

Australia) at 37°C for 1 hour followed by enzyme deactivation at 65°C for 15 minutes.

2.2.5. Sequencing analysis

Sequence of exons of the EPHA2 gene in the probands was compared with the reference
sequence NM_004431.3 using Sequencher 4.1.0 (Gene Codes Corporation, MI, USA). All
non-synonymous changes were examined for their presence in dbSNP build 132 (276).
Any novel or potentially disease causing variants in an individual were further assessed for
segregation with the disease in other available affected and unaffected family members by
direct sequencing as described above. The segregating mutations were assessed in controls

using Custom Tagman® or SNaPshot assay.
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2.2.6. Custom Tagman assay

The variant ¢.1751C>T in Exon 10 was screened in NSA controls using a custom
Tagman® assay (Applied Biosystems, VIC, Australia). The forward and reverse primers
along with allele specific probes were designed using Custom Tagman® assay design tool
(Refer to Appendix 2.3 for sequence of the probes). The 40 x SNP assay was diluted with
an equal volume of 1 M Tris-EDTA (TE) buffer to obtain a 20 x concentration of the
assay. Forty nanograms DNA was amplified using 5 pl of 2 x Tagman genotyping mix
(Applied Biosystems, VIC, Australia) and 0.5 pl of 20 x SNP genotyping assay in a total
10 pl volume. AmpliTag Gold Enzyme was activated at 95°C for 10 minutes, followed by
40 cycles of denaturation for 15 seconds at 92°C and annealing/extension for 1 minute at
60°C. The assay was performed on a StepOne Plus RealTime PCR System (Applied
Biosystems, VIC, Australia) and results were analysed using StepOne software v2.1

(Applied Biosystems, VIC, Australia).

2.2.7. SNaPshot assay

The variant ¢.2875G>A in Exon 17 was screened in 217 NSA controls and in additional
150 BMES age-related cataract cases and 271 BMES controls using SNaPshot assay
(Applied Biosystems, VIC, Australia). The region around the variant was amplified using
the same primers as used for in-house sequencing. The PCR products were prepared for
SNaPshot reaction by removing excess primers and unused dNTPs by treatment with
Exonuclease and SAP as described previously in section 2.2.4. The SNaPshot reaction was
performed under the following conditions using a probe with sequence- 5’-TCC TTG AGT

CCC AGC AGG CTG TAG G 3’; Assay conditions used were as follows: 25 cycles of
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denaturation at 96°C for 10 seconds, annealing at 50°C for 5 seconds and extension at
60°C for 30 seconds. The excess primers and nucleotides were removed by treatment with
Exonuclease and SAP as described previously. These amplified fragments were then
electrophoresed on a ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, VIC,
Australia) with GS120 LIZ™ size standards and results analysed using Peak Scanner

software v1.0 (Applied Biosystems, VIC, Australia).

2.2.8. Haplotype analysis

Haplotype analysis was performed, in the family previously reported to carry the splice
mutation ¢.2826-9G>A (Family 16) and two new families (Family 42 and Family 83)
found to carry the same mutation in this study, to determine if the mutation was inherited
from a common ancestor in these families (65). DNA from all available affected and
unaffected family members was used for the analysis. Four microsatellite markers namely
D1S228, D1S507, D1S436 and D1S2644 in the chromosome region 1p36 were typed
(271). Primers for D1S228, D1S507 and D1S2644 markers were fluorescently labelled
with FAM fluorophore and for D1S436 marker with HEX fluorophore (Geneworks Pty.
Ltd., Adelaide, Australia). Forty nanograms or 4 pl of one-tenth dilution of the pre-
amplified gDNA was used as template to amplify the microsatellite markers of interest
using PCR. The reaction was set-up as mentioned in section 2.2.3 and amplified by
denaturation at 95°C for 30 seconds, annealing at 57°C for 30 seconds and extension at
72°C for 30 seconds for 35 cycles (D1S436) or 30 cycles (D1S228, D1S507, D1S2644)

(277). The amplified fragments were pooled for analysis by mixing 1 in 15 dilution of PCR
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product carrying D1S507 marker and 1 in 7.5 dilution of fragments carrying D1S436 in
one pool; 1 in 15 dilution of each PCR products carrying D1S228 and D1S2644 marker in
the second pool. The samples were electrophoresed on an ABI PRISM3100 Genetic
Analyser (Applied Biosystems, CA, USA) and results analysed using Peak Scanner

software v1.0 with ROX labelled GS500 size standards.

2.2.9. Bioinformatics analysis

CLUSTALW was used to perform multiple sequence alignment of EPHAZ2 protein
sequence from human (GenPept accession NP_004422.2), mouse (GenPept accession
NP_034269.2), aquatic frog (GenPept accession AAH75556.1), rhesus monkey (GenPept
accession NP_001035768.1), chicken (GenPept accession XP_001234814.2) and
zebrafish (GenPept accession NP_571490.1) (278). Pathogenicity of the novel mutations or
variants was predicted using Sorting Intolerant from Tolerant (SIFT) and Polymorphism

Phenotyping v2 (PolyPhen2) softwares (279, 280).

2.3.Results

Our cohort of congenital cataract cases comprised of both sporadic cases and familial
congenital cataract cases with autosomal dominant or recessive mode of inheritance. All
cases were recruited from the South-Eastern Australian states of South Australia, Victoria
and Tasmania. As majority of the reported causative mutations in the gene show an
autosomal dominant inheritance, for the purpose of this study, only familial cases with

autosomal dominant inheritance were selected. Eighty four index cases were screened for
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mutations in all exons of the EPHA2 gene. We found non-synonymous variants ¢.493G>A
in Exon 3 (rs150790360) in probands from family 41 and family 75 and ¢.2837G>A in
Exon 17 (rs149692543) in proband from family 111. These variants did not segregate with
the disease in the respective families and hence were not causative. These variants were
subsequently identified in a large-scale exome sequencing project which genotyped
controls and patients with heart, lung and blood disorder (281). We also found commonly
occurring SNPs rs116039767, rs2230597, rs5643737, rs10907223, rs2291805 and
rs3503325 in our cohort of cases. Additionally, we found three causative mutations in the

EPHA2 gene in four families in this cohort.

2.3.1. Family 115

The proband from family 115 (Figure 2.1a) presented with nuclear cataract. The sequence
analysis of the proband 115-1 revealed a novel missense mutation ¢.1751C>T in Exon 10
of the EPHA2 gene shown in Figure 2.1b). Another affected individual 115-2 was also
found to carry the same mutation. This mutation was absent in 270 NSA controls. This
substitution leads to a missense change p.P594L, of a highly conserved proline residue in
the juxtamembrane domain of the protein (Figure 2.1c). The change was predicted as
“probably damaging” by Polyphen2 with a score of 0.997 (sensitivity: 0.41; specificity:
0.98) and “not tolerated” by SIFT. Although both proline and leucine are non-polar amino
acids, the hydrocarbon side chain of both the residues is structurally distinct. Thus this

mutation is likely to have functional effects on the EPHAZ2 protein.
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Figure 2.1: Causative mutation in EPHAZ2 in Family 115

a) Pedigree of the Family 115. Solid boxes and circles indicate affected individuals. The
individuals from whom DNA was available have been given a number. The proband is
marked with a red arrow. b) Sequence chromatogram showing the normal (top panel)
and mutated (bottom panel) EPHA2 sequence. ¢.1751C>T mutation is marked with an
arrow. The mutation leads to change in a codon, marked by a box, substituting a proline
by a leucine at position 584 in the protein. The translation reading frame is marked with
brackets in the normal and mutated sequence. c) ClustalW alignment of the region of
the human EPHAZ2 protein including residue 584 and orthologous region in other
species showing conservation of the mutated residue across species.
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2.3.2. Family 42 and 83

The proband from family 42 (Figure 2.2a), 42-1, presented with nuclear cataract. Recently,
another affected individual from this family, 42-12, also presented with nuclear cataract
(Figure 2.2b). There wasn’t any information available about phenotype of cataract in the
proband from family 83, 83-9. But another affected individual from the family, 83-1,
presented with nuclear cataract. On sequencing the EPHA2 gene we found a splice
mutation, ¢.2826-9G>A, in intron 16 in probands from both the families which also
segregated with the disease in these families. This splice mutation leads to a 7 bp insertion
in the transcript leading to a frameshift in the EPHAZ2 protein. This results in the addition
of 71 amino acids at the C-terminal of the EPHA2 protein. The same splice mutation was
previously reported by our research group in an Australian family, Family 16, from this
cohort (65). This mutation has been suggested to affect protein function by altering protein

stability and affecting cell migration (215).

As the three families (previously reported family 16 and family 42 and 83 from this study)
were from the same cohort we hypothesized that they could be related to each other. To
investigate this, microsatellite analysis was performed. Microsatellite markers are variable
repeat regions in the genome which are inherited in families in a Mendelian fashion (282).
Four microsatellite markers spanning a 5 Mbp region in and around EPHA2 were typed in
the affected and unaffected individuals from the three families (Figure 2.3). We found that
the disease haplotype in the three families was different suggesting that these are three
independent families. These results suggest that the mutation, ¢.2826-9G>A, has occurred

multiple times in the population.
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Figure 2.2: Congenital cataract in Family 42

a) Pedigree of the Family 42. Solid boxes and circles indicate affected individuals. The
individuals from whom DNA was available have been given a number. The proband is
marked with a red arrow. b) Cataract phenotype of 42-12 showing nuclear cataract.
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Figure 2.3: Haplotype analysis in Families 16, 83 and 42

Pedigree of the Family a) 16 b) 83 and c) 42. Solid boxes and circles represent
affected family members. The individuals from whom DNA was available were given
a number. Family 83 and 42, from the present study, carry the same splice mutation
€.2826-9G>A as was previously reported in Family 16. The numbers represent the
length of microsatellite repeat in each individual and the sequence of the numbers
shows the haplotype of each family; red represents the diseased allele and black
represents the normal allele. Haplotypes of members of each family at microsatellite
markers D1S228, D1S507, D1S436 and D1S2644 are shown. The haplotype carrying
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the segregating disease allele is different in the three families.

46

——
| —




2.3.3. Family 74

The proband 74-2 (Figure 2.4a) presented with subcapsular and cortical opacities at 17
years of age. Another affected family member, 74-1, presented with bilateral posterior
subcapsular cataract at 20 years of age. A substitution, ¢.2875G>A, was found in exon 17
of the gene in both the affected family members (Figure 2.4b). This change alters a highly
conserved alanine, a non-polar amino acid, residue to a threonine, a polar amino acid,
residue (p.A959T) in the SAM domain of the protein (Figure 2.4c). The variant was found
to be “probably damaging” by PolyPhen2 with a score of 0.995 (sensitivity: 0.68;
specificity: 0.97) and “not tolerated” by SIFT. This change was found in two NSA controls
which were also found to have age-related cataract. This variant is located one base-pair
upstream to a synonymous SNP, rs3754334, which is associated with age-related cataract
in multiple populations (68, 191, 283). Therefore to further explore if the associated SNP,
rs3754334, was tagging the rare variant rs139787163 found in Family 74, additional age-
related cataract cases and controls from the BMES cohort were screened for the presence
of the variant. However, the variant was absent in all the BMES age-related cortical
cataract cases and controls screened. Moreover, this variant (rs139787163) was found only
in 3 out of 10,000 European American and African American participants screened in a
large-scale Exome sequencing project (281). The participants in the Exome sequencing
project were not screened for presence of cataract and it is possible that the three
individuals carrying the variant were also affected with cataract. These findings suggest
that rs139787163 is present at a low frequency in the normal population and perhaps its

presence predisposes the individual to cataract development.
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Figure 2.4: Causative mutation in EPHA2 in Family 74

a) Pedigree of the Family 74. Solid boxes and circles indicate affected individuals. The
individuals from whom DNA was available have been given a number. The proband is
marked with a red arrow. b) Sequence chromatogram showing the normal (top panel)
and mutated (bottom panel) EPHA2 sequence. The variant ¢.2875G>A is marked by an
arrow. The variant leads to change in a codon, marked by a box, substituting an alanine
residue by a threonine in the protein at position 959. The translation reading frame is
marked with brackets in the normal and mutated sequence. ¢) ClustalW alignment of
the region of human EPHAZ including residue 959 showing conservation of the alanine
residue across species.
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Overall, we found that mutations in the EPHA2 gene lead to 4.7% of inherited cataracts in
this South-Eastern Australian cohort. Table 2.1 summarizes all the known mutations in the

EPHA2 gene, including the ones identified in the present study.

2.4.Discussion

We investigated the contribution of mutations in the EPHA2 gene to congenital cataract in
an Australian cohort. Most of the autosomal dominant congenital cataract causing
mutations identified to date, affect the SAM and/or PDZ domain of the protein. These
mutations affect protein stability, mutant protein localisation on ligand stimulation and cell
migration (215). Two mutations with autosomal recessive inheritance affect the
fibronectin-rich domain or the tyrosine kinase domain of the protein but no study,

demonstrating the functional effect of these mutations, has been reported so far (64, 66).

In this study we found the first autosomal dominant mutation ¢.1751C>T (p.P594L) in
Exon 10 of the gene affecting the juxtamembrane region of the protein.
Autophosphorylation of tyrosine residues in the juxtamembrane domain of EphB receptor,
regulates its activity (284). Similarly, tyrosine residues closest to the altered proline
residue, at positions 588 and 594 of human EPHAZ2 are phosphorylated (285). Targeted
mutants of murine EphA2 at these tyrosine residues affect receptor interaction with
downstream signalling molecules like Vav guanidine exchange factors (286). The presence
of this novel mutation could alter the phosphorylation profiles of neighbouring tyrosine

residues which may affect protein activation and downstream signalling leading to cataract
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Table 2.1: Summary of the reported congenital cataract causing mutations in the EPHA2 gene

DNA change Protein change Location in protein domain | Inheritance Phenotype Reference
€.1405C>T p.Y469H Fibronectin rich 111 Recessive N/A (64)
c.1751C>T p.P584L Juxtamembrane Dominant Nuclear Dave et al.
€.2353G>A p.A785T Tyrosine kinase Recessive Nuclear (66)
€.2668C>T p. R890C Between tyrosine kinase and | Dominant Posterior polar (67)

SAM domain
€.2819C>T p.T940I SAM Dominant Posterior polar (65)
€.2826-9G>A p.D942fsXC71 SAM Dominant Total (65)
€.2842G>T p.G948W SAM Dominant Posterior polar (68) and
Dave et al.
€.2875G>A p.A959T SAM Dominant Subcapsular and Cortical | Dave et al.
€.2915 2916delTG | p.vV972GfsX39 SAM Dominant Posterior polar (65)
€.2925dupC p.1976HfsX37 PDZ Dominant Zonular (69)
( ]
( 0 )




in the family. Additionally, alteration of the proline residue may affect protein

conformation (287).

Interestingly, we found two new families carrying the same splice mutation which was
previously reported in an Australian family (65). Haplotype analysis of the families
demonstrated that the mutation was an independent event in the three families. The
affected individual 83-8 from Family 83 has a different haplotype at the centromeric
marker D1S228 and telomeric markers D1S2644 but still carries the segregating alleles at
the two markers closest to EPHA2. A mutational event at the distal markers could explain
this discrepancy (288). Also, individual 16-6, from Family 16, was reported as unaffected
in the previous study (271). However, it was found to carry the same disease haplotype as
the affected individuals from the family. The presence of the mutation in this individual
was confirmed by direct sequencing of the EPHA2 gene. The mutation may have

incomplete penetrance in the individual 16-6.

Lastly, we found a rare non-synonymous variant rs139787163 in the gene in family 74.
This variant was also found in two NSA controls. One of them had age-related anterior
cortical cataract and the other had mild congenital and age-related cataract. The individual
with congenital cataract underwent cataract surgery at 70 years of the age indicating that
the cataract did not cause any vision impairment early in life. This variant was not present
in any of the BMES cases and controls screened. The affected individuals in Family 74
were diagnosed in their teenage years suggesting that the variant led to late-onset
congenital cataract in the family. A Chinese family first diagnosed at 10 years of age with

progressive posterior cataract was found to carry a missense mutation, p.R890C in the
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SAM domain of EPHA2 (67). This suggests that alteration of some residues in the gene
may be susceptible to other genetic factors, which determine the onset of cataract in the
affected individuals. Additionally, it is worth noting that the variant rs139787163 was
found only in cataract affected individuals indicating that it may be altering susceptibility
to cataract development depending on the presence of other environmental and/or genetic
risk factors. A previously reported non-synonymous variant, R721Q, which alters a residue
in the kinase domain of the protein, is associated with age-related cataract and leads to
aggregation of the mutant protein (191). Similarly rs139787163 may have functional
effects on the EPHA2 protein by affecting phosphorylation states of a tyrosine residue
located downstream of this variant at amino acid position 960 altering downstream
signalling through EPHAZ2. As the variant rs139787163 is present in both congenital and
age-related cataract cases it also provides a link between congenital and age-related

cataract making it an interesting candidate for further studies.

2.5.Conclusions

In conclusion, the results from the present study reveal that mutations in EPHA2 account
for a significant proportion of inherited cataract cases in South-Eastern Australia. In
comparison to a previous study which reported frequency of mutations in crystallin genes
in a subset of the same cohort (272), this study demonstrates that the frequency of
mutations in EPHA2 is comparable to the group of crystallin genes taken together in this
population. These results also suggest that although mutations in the crystallin genes are
thought to be the highest contributors to congenital cataract, mutations in other relatively

novel causative genes such as EPHA2 might account for a significant proportion of
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congenital cataracts. It would be interesting to analyse the contribution of mutations in this
gene in congenital cataract cohorts from other ethnicities. These frequencies will be a
better indicator of contribution of mutations in EPHA2 to congenital cataract in the global
population. Further analysis of how these causative mutations lead to congenital cataract
will help in understanding mechanisms for cataract development and role of EPHAZ2 in

lens development and homeostasis.
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3. Effect of congenital cataract causing
mutations on subcellular localisation of

the EPHAZ protein
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3.1. Introduction

EPHAZ2 is a transmembrane tyrosine kinase receptor expressed in a variety of epithelial
cells where it localizes to the cell periphery (246, 289). It interacts with cell-junction
proteins and plays an important role in development and maintenance of epithelia (290-

293).

Epithelial cells communicate with neighbouring cells through three types of cell-cell
junctions from the apical to lateral membranes. These include tight junctions (TJ), which
define epithelial cell polarity and regulate paracellular permeability; adherens junctions
(AJ), which are responsible for cell-cell adhesion and maintaining integrity of TJs and
desmosomes which provide anchoring sites for intermediate filaments (294). TJs are
composed of transmembrane proteins occludin, claudins and junction adhesion molecules
while AJs are composed of cadherin and nectin-based adhesion complexes. Interaction of
EPHA2 with the TJ protein, Claudin-4, in fibroblast and epithelial cell lines increases
paracellular permeability by delaying recruitment of Claudin-4 to TJs (295). An Al
protein, E-cadherin, regulates EPHAZ2 activation and localisation in epithelial cells (259,
296). Additionally, over-expression of EPHA2 destabilizes E-cadherin-based junctions
promoting malignancy in epithelial cells (297). Activation of Ezrin, a protein involved in
regulation of actin cytoskeleton, is also regulated by EPHAZ signalling and in turn affects
epithelial cell polarity (298). These reports provide evidence for the role of EPHAZ2 in

regulating cellular junctions.
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The integrity of cellular junctions plays a critical role in maintaining cell-cell
communication and homeostasis in the lens (7). As mentioned in Chapter 1, section 1.2.2,
ocular lens comprises of a monolayer of lens epithelial cells and bulk of the lens consists of
differentiated fiber cells (8). The fiber cells are metabolically inactive and therefore rely on
cellular contacts for transport of organic and inorganic molecules across cells. Epha2 plays
an important role in lens cell-cell junctions as lack of the protein in Epha2” mice results in
altered localisation of E-cadherin and an AJ-associated protein, beta(p)-catenin, in lens
epithelial cells (214); N-cadherin, an AJ protein homologous to E-cadherin expressed in

lens fiber cells, has diffused localisation in Epha2”” mice (191).

EPHA2 harbors congenital cataract causing mutations including mutations found in the
genetic study in Chapter 2 (64-68). The causative mutations in EPHA2 may affect the
formation and integrity of cellular contacts in the lens. Functional effects of four causative
mutations namely, ¢.2842G>T, c. 2819C>T, ¢.2915 2916delTG and ¢.2826-9G>A in the
SAM domain of EPHA2 have been previously reported (215). These mutations lead to
destabilization of the mutant protein and impair cell migration in transfected human
fibroblast and/or mouse lens epithelial cells. They were found to have no effect on receptor
activation but led to reduced phosphorylation of Akt, a downstream effector molecule in
EPHAZ2 signalling. Additionally, unlike the ectopically expressed wild-type protein which
localised in the cytoplasm, the mutant proteins were found to form aggregates in Epha2”"
mouse embryonic fibroblast (MEF) cells. EPHA2 localises to the cell periphery in lens
fiber and epithelial cells in vivo (191, 212, 214). Since the wild-type EPHAZ2 protein

localised in the cytoplasm in the MEF cells, altered localisation of mutant EPHA2 proteins
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in these cells may not be an accurate representation of potential effects of the causative

mutations.

In the present study, we further investigated the effect of congenital cataract causing
mutations on subcellular localisation of EPHA2. EPHA2 has been reported to localise in
the cytoplasm in cultured human (SRA01/04) and mouse (TN4) lens epithelial cells (299).
In contrast, it localises to the cell periphery in cultured cells with established cell-junctions
such as Madin Darby Canine Kidney (MDCK) cells and human adenocarcinoma (Caco2)
cells (290, 299, 300).which is similar to its localisation in the lens in vivo. Therefore the
effect of causative mutations on protein localisation was examined in these two cultured

epithelial cells which polarize and form well-established cell-junctions.

We analysed the effect of five causative mutations, including the three mutations found in
our genetic study (Chapter 2) and two previously reported mutations. We found that two

mutations had a severe effect on protein localisation.

3.2. Materials and Methods

3.2.1. PCR-based mutagenesis

EPHA2-Myc was cloned into pQCXIP (Clontech Laboratories Inc., CA, USA) using the
cloning strategy illustrated in Figure 3.1. This construct was generated by Dr. Raman
Kumar, Neurogenetics Research Program, School of Paediatrics and Reproductive Health,

University of Adelaide and Dr. Sarah Martin Department of Ophthalmology, Flinders
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Figure 3.1: Schematic of generation of EPHA2-Myc in pQCXIP

EPHA2 was amplified from SRA01/04 human lens epithelial cell cDNA and
cloned into pcDNA3.1 Myc/HisA(-) at Xhol and Hindll sites. EPHA2-Myc
(indicated in peach) from this construct was amplified using primers against the
wild-type sequence which also introduced Pacl restriction enzyme (RE) sites on
either side of the cDNA fragment. This was then cloned into pTOPO® TA
(Invitrogen, Life Technologies Australia Pty Ltd., VIC, Australia). pTOPO®
carrying the EPHA2-Myc fragment was then digested with Pacl RE to release
EPHA2-Myc cDNA flanked by Pacl RE sites. This fragment was then cloned in the
multiple cloning site of pQCXIP carrying PGK-EGFP (EGFP indicated in green
and PGK promoter indicated in red) at Pacl RE sites. Transcription of EPHA2-Myc
was driven by the CMV promoter (indicated in blue). The arrows represent the
direction of transcription of CMV-EPHA2-Myc and PGK-EGFP expression
cassettes. The EGFP and EPHA2-Myc genes were transcribed in opposite
orientations.
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University. The expression of wild-type Myc-tagged EPHAZ2 protein with a Myc-tag at the
C-terminus was driven by the human cytomegalovirus (CMV) promoter. The construct
encoded Enhanced Green Fluorescent Protein (EGFP) in a different expression cassette
under the phosphoglycerate kinase (PGK) promoter. This plasmid construct is referred to

as wild-type construct in this chapter.

Five mutations namely, c¢.1751C>T (p.P594L), ¢.2826-9G>A (p.D942fsXC71),
C.2875G>A (p.A959T), ¢.2819C>T (p.T9401) and c.2915_2916delTG (p.V972GfsXC39)
were separately introduced in the wild-type EPHA2-Myc cDNA by PCR-based
mutagenesis. Figure 3.2 illustrates a schematic of the PCR-based mutagenesis method
(301). To introduce each mutation, two separate PCRs were performed on wild-type
EPHA2 cDNA template to generate overlapping PCR products carrying the desired
mutation. Primers used to introduce ¢.1751C>T or ¢.2819C>T mutations also created a
new restriction enzyme site utilizing degeneracy of codons, which served as a diagnostic
site in screening of mutant clones. The overlapping PCR products were used as template
for a PCR 3 to generate mutant EPHA2 cDNA fragments. The sequences of primers are
listed in the Appendix 2.4. The primers used for the two rounds of PCR, PCR 1 and PCR 2,
for generation of each mutant fragment and the respective amplification conditions are

listed in Table 3.1.
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Figure 3.2: Schematic representation of PCR-based mutagenesis

Two separate first round PCRs (PCR 1 and PCR 2) were set up using forward
primer A and reverse primer B or forward primer C and reverse primer D, with
wild-type cDNA as a template. Forward primer C and reverse primer B, used in the
two separate PCRs, carried the desired mutation. The first round PCRs gave rise to
overlapping products carrying the mutation. These products were used as template
for a second round of PCR using the forward primer A and reverse primer D which
resulted in a PCR product carrying the desired mutation. This mutated fragment
was cloned into the expression construct by replacing the corresponding wild-type
fragment.
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Table 3.1: Primer combinations used for generating mutant EPHA2 cDNA fragments and the respective annealing
temperatures for PCR. The expected sizes of the PCR products are indicated.

Mutation PCR Forward Primer Reverse primer Annealing Expected size of
round Temperature | PCR product (bp)
PCR1 Eph Exon10Mut Fwd | Eph1751 Rev 64°C 807
¢.1751C>T; (p.P594L),
PCR2 Eph1751 Fwd Eph exon1l0Mut Rev | 64°C 305
PCR3 Eph Exon10Mut Fwd | Eph exon1l0Mut Rev | 64°C 1079
PCR1 Eph Mut Fwd Eph2819 Rev 58°C 194
€.2819C>T; (T9401)
PCR2 Eph2819 Fwd Eph Bglll Rev 52°C 206
PCR3 Eph Mut Fwd Eph Bglll Rev 58°C 366
PCR1 Eph Mut Fwd Eph2826 mod Rev 64°C 191
€.2826-9G>A; (D942fsXC71)
PCR2 Eph2826 mod Fwd Eph Bglll Myc Rev 64°C 264
PCR3 Eph Mut Fwd Eph Bglll Myc Rev 64°C 448
PCR1 Eph Mut Fwd Eph2875 Rev 64°C 257
C.2875G>A; (p.A959T)
PCR2 Eph2875 Fwd Eph Bglll Rev 60°C 139
PCR3 Eph Mut Fwd Eph Bglll Rev 64°C 366
€.2915 2916delTG; PCR1 Eph Mut Fwd Eph2915 Rev 52°C 290
(VO72GFSXC39) PCR2 Eph2915 Fwd Eph Bglll Myc Rev | 52°C 194
PCR3 Eph Mut Fwd Eph Bglll Myc Rev 58°C 439
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3.2.2. Primer preparation

The lyophilized primers were obtained from GeneWorks Pty Ltd, SA, Australia. They were
dissolved in autoclaved Milli-Q water and incubated at 37°C for 30 minutes. The
concentration of the primers was spectrophotometrically determined using SmartSpec™

Plus spectrophotometer (BioRad Laboratories Pty Ltd, NSW, Australia).

3.2.3. Polymerase chain reaction

GC-RICH PCR System (Roche Diagnostics Australia Pty Ltd, NSW, Australia) was used
to perform all the PCRs. For ¢.1751C>T, ¢.2819C>T and ¢.2875G>A mutations wild-type
construct carrying EPHA2-Myc was used as a template. The mutations, ¢.2826-9G>A and
€.2915 2916delTG, lead to a frameshift resulting in the addition of 71 and 39 amino acids,
respectively, in the mutant protein. As these two mutant fragments would include
additional nucleotides encoding for the frameshift which were not present in the wild-type
EPHA2, total cDNA from SRA01/04 cells was used as a template for the PCR 1 and PCR
2. This enabled amplification of cDNA fragment beyond the wild-type EPHA2, which
included the extra nucleotides added due to the frameshift.

One-hundred-seventy nanograms of the wild-type construct or 0.5 pl cDNA from
SRAQ01/04 cells was used as template for PCR 1 and PCR 2 in a total 25 pl volume. The
desired region was amplified using 1 U of GC-Rich PCR system enzyme mix (a mixture of
Taq DNA polymerase and Tgo DNA polymerase) in the presence of 1 x PCR buffer, 0.1

mM of dNTP mix and 0.5 uM of each primer. The enzyme was activated at 95°C for 3

minutes. Denaturation at 95°C for 30 seconds, followed by annealing for 30 seconds and
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extension at 68°C for 30 seconds for 25 cycles. Annealing temperature employed for each
primer pair is listed in Table 3.1. This was followed by a post-extension for 7 minutes at
68°C and incubation at 4°C for 5 minutes. All PCR products were analysed on a 1.2%
agarose gel prepared in TBE buffer. Products of PCR 1 and PCR 2 were purified using
Wizard® SV Gel and PCR Clean-Up System (Promega, VIC, Australia). Briefly, equal
volume of the PCR product was mixed with the membrane binding solution; applied to the
SV Minicolumn assembly and incubated at room temperature for 1 minute. It was then
centrifuged at 18000 x g for 1 minute and the flow-through was discarded. Next, the
minicolumn was washed with 700 pl of membrane wash solution followed by
centrifugation at 18000 x g for 1 minute. After discarding the flow-through the
minicolumn was washed with 500 pul of membrane wash solution and centrifuged at 18000
x g for 5 minutes. The flow-through was again discarded and the minicolumn was
centrifuged briefly to remove the residual wash solution. Following this, the minicolumn
was incubated with 30 ul of Milli-Q water for 1 minute and centrifuged at 18000 x g for 1
minute to elute the DNA. The DNA concentration was estimated spectrophotometrically as
described in section 3.2.2.

Twenty five nanograms of the PCR 1 and PCR 2 products were used as templates for PCR
3. Using the same reaction composition and amplification conditions as PCR 1 and PCR 2,
the amplification was performed for 20 cycles. The mutant EPHA2 cDNA fragment
obtained after PCR 3 was purified using Wizard® SV Gel and PCR Clean-Up System
(Promega, VIC, Australia) according to manufacturer’s protocol as described above and
eluted in 30 pl Milli-Q water. Concentration of the eluted DNA was estimated

spectrophotometrically as described in section 3.2.2 and then used for cloning. The outer
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reverse primer (Eph Bglll Rev and Eph Bglll Myc Rev) used for PCR-based mutagenesis
introduced a Bglll restriction enzyme site utilizing degeneracy of codons. As a result the
mutant fragments with ¢.2819C>T, ¢.2826-9G>A, ¢.2875G>A and ¢.2915 2916delTG

mutations carried a Bglll restriction enzyme site which was later used for cloning.

3.2.4. Recombinant DNA Cloning of mutant EPHA2 fragments in pQCXIP

The products of PCR 3, except the mutant fragment carrying ¢.2875G>A, were cloned into
the wild-type construct by replacing the corresponding fragment in wild-type EPHA2-Myc
cDNA. Table 3.2 lists the restriction enzymes used for cloning each fragment. To clone
EPHA2 cDNA fragments carrying ¢.2819C>T, ¢.2826-9G>A and ¢.2915 2916delTG
mutations, 4 pug DNA of the wild-type construct was double digested using 5 U of BstZ171
(New England Biolabs Inc, MA, USA) and 100 U of BamHI (New England Biolabs Inc,
MA, USA) in a 40 ul volume, in the presence of 1 x enzyme buffer 4 (New England
Biolabs Inc, MA, USA) at 37°C for one hour. To prevent incompletely digested wild-type
construct from self-ligating, the 5’phosphate was removed by treatment with 1.5-2 U SAP
in the presence of 1 x enzyme buffer in a total volume of 50 pl for 45 minutes at 37°C;
followed by enzyme inactivation for 15 minutes at 65°C. Two-hundred nanograms of the
respective mutant EPHA2 cDNA fragments were digested using 7.5 U BstZ171 and 15 U
Bglll in the presence of 1 x enzyme buffer 4 in a 40 pl volume for one hour at 37°C.
BamHI and Bglll produce compatible cohesive ends upon digestion and therefore can be

used for cloning fragments.
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Plasmid DNA of the mutant EPHA2 construct carrying ¢.2819C>T mutation was used as a
parent vector to clone the fragment carrying ¢.2875G>A mutation. The vector and insert
were prepared for cloning as described above.

To clone EPHA2 carrying ¢.1751C>T mutation, both the wild-type construct (500 ng) and
the mutant fragment (190 ng) were digested with 10 U and 5 U of BstXI, respectively, for
one hour at 37°C in a 50 pl and 20 pl reaction, respectively. Similar to other mutant clones,

the vector was treated with SAP before use for cloning.

Table 3.2: Restriction enzyme sites used for cloning mutated cDNA fragments

Mutation in Digested Parent vector Digested

EPHAZ2 fragment | restriction sites restriction sites
in the insert in the vector

c.1751C>T BstXI Wild-type EPHA2-Myc BstXI

€.2819C>T BstX171/BamHI | Wild-type EPHA2-Myc BstX171/Bglll

€.2826-9G>A BstX171/BamHI | Wild-type EPHA2-Myc BstX171/Bglll

€.2875G>A BstX171/BamHI | Mutant EPHA2-Myc with | BstX171/Bglll

€.2819C>T mutation
€.2915 2916delTG | BstX171/BamHI | Wild-type EPHA2-Myc BstX171/Bglll

The digested mutant EPHA2 cDNA fragments (inserts) and the digested vector were size
separated on a 0.8% agarose gel prepared in TBE buffer. The specific DNA bands were
excised and extracted from the agarose gel using Wizard® SV Gel and PCR Clean-Up
System (Promega, VIC, Australia). The clean-up protocol was similar to the clean-up of
PCR products apart from the first step, where the DNA gel slice was dissolved in

membrane binding solution (10 pl of solution per 10 mg of gel slice) at 65°C. The DNA
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was eluted in 30 pl Milli-Q water. The concentration of eluted insert and vector DNA was
determined spectrophotometrically as described in section 3.2.2.

Ligations were set-up on ice using the digested insert and 100 ng of the digested vector in
the presence of 400 U T4 DNA ligase (New England Biolabs Inc, MA, USA) and 1 x
enzyme buffer in a total 20 pl volume. The vector to insert molar ratio was maintained at
1:3. The following formula was used to calculate the amount of insert used for setting up
the ligation.

Amount of Insert (ng) = (Amount of vector (ng) x size of the insert (bp) x insert: vector)/
size of the vector (bp)

The ligations were incubated overnight at 4°C. The ligations of digested vector with and
without T4 DNA ligase was used as negative controls. The following day ligated DNA was
precipitated using 10% volume of 3 M sodium acetate pH 5.2, 2 pl glycogen and three
volumes of 95% ethanol. The mixture was chilled at -80°C for at least an hour and DNA
was pelleted by centrifugation at 18000 x g for 10 minutes. The DNA pellet was washed
thrice with 70% ethanol to remove all the salts, air dried and then resuspended in 5 pl
Milli-Q water. Two microlitre of ligation was electroporated in 20 pl of ElectroMAX™
DH5a™ cells (Invitrogen, Life Technologies Australia Pty Ltd, VIC, Australia) in Gene
Pulser/MicroPulser Cuvettes. The cells were electroporated at 1.8 kV using MicroPulser™
Electroporator (BioRad Laboratories Pty Ltd, NSW, Australia) followed by immediate
addition of 500 ul Super Optimal Broth with Catabolite repression (SOC; Invitrogen, Life
Technologies Australia Pty Ltd, VIC, Australia) medium. After incubation at 37°C for 45
minutes, the bacteria were plated on LB agar plates (See Appendix 3.2) supplemented with

100 pg/ml ampicillin. The plates were incubated at 37°C overnight to allow the bacteria to
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form colonies. On the following day, the ratio of number of colonies on the positive agar
plate, that is transformants electroporated with the ligation containing vector and insert, to
the negative control, that is transformants electroporated with ligation containing only
vector with T4 DNA ligase, was determined. This ratio of colonies determined the number

of bacterial colonies to be cultured to screen for the mutant construct.

3.24.1. Screening of mutant clones

The bacterial colonies were cultured in 2 ml LB media (See Appendix 3.3) supplemented
with 100 pg/ml ampicillin at 37°C overnight to select for the recombinant clones. For
extraction of plasmid DNA, the cultures were transferred to eppendorf tubes and
centrifuged at 18000 x g for 2 minutes. The supernatant was discarded by vacuum suction
and the bacterial pellet was resuspended in 100 pl of Buffer P1 (See Appendix 3.4) by
vortexing. Then, 200 pl of P2 (See Appendix 3.5) was added, mixed by gently inverting
the tube a few times and kept on ice for 5 minutes to lyse the cells. Following this 150 pl
of Buffer P3 (See Appendix 3.6) was added to precipitate chromosomal DNA which was
pelleted by centrifugation at 18000 x g for 10 minutes. The supernatant was transferred to
a fresh tube and 95% ethanol was added to precipitate plasmid DNA. The DNA was
pelleted by centrifugation at 18000 x g for 10 minutes. The DNA pellet was washed thrice
with 70% ethanol, air dried and resuspended in 20 ul of Milli-Q water. The presence of
mutant EPHA2 cDNA fragment was determined by restriction enzyme digestion, as listed
in Table 3.3. Two microlitre of resuspended plasmid DNA was subjected to restriction
enzyme digestion with 10-50 U of the restriction enzyme in presence of 1 x enzyme

reaction buffer and RNase cocktail™ enzyme mix (0.04 U RNase A and 1.6 U RNase T1,;
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Ambion, Life Technologies Australia Pty Ltd, VIC, Australia) in a total 10 pl volume for
one hour at 37°C. For constructs carrying EPHA2 with ¢.1751C>T mutation, the vector
and insert prepared for cloning had symmetrical cohesive ends which could lead to ligation
of the insert in either orientation. Therefore in this case the restriction enzyme digestion

was also used to screen for clones with the desired orientation of the insert.

Table 3.3: Restriction enzymes used for screening of mutant EPHA2 clones. DNA
fragment sizes from mutant and wild-type constructs are indicated.

Mutation in Restriction Expected DNA Expected DNA
EPHA2 enzyme/s for fragment size from | fragment sizes from
screening mutant construct | Wild-type construct
c.1751C>T BamHI 1.1 kb and 10.5 kb 60 bp and 11.6 kb
€.2819C>T EcoRV 1.6 kb, 2.3 kb and 7.7 | 3.9 kb and 7.7 kb
kb
€.2826-9G>A BamHI and EcoRI | 140 bp and 11.5 kb 70 bp and 11.59 kb
€.2875G>A EcoRV 3.9kband 7.7 kb 1.6 kb, 2.3 kb and
7.7 kb
€.2915 2916delTG | BamHI and EcoRI | 140 bp and 11.5 kb 70 bp and 11.59 kb

The positive clones were cultured in 5 ml LB media supplemented with 100 pg/ml
ampicillin. The plasmid DNA was extracted using QIAprep® Spin Miniprep Kit
(QIAGEN Pty Ltd Australia, VIC, Australia). Briefly, bacterial cells were harvested by
centrifugation at 18000 x g for 2 minutes. The bacterial cell pellet was then resuspended in

250 pl of Buffer P1 by vortexing and lysed using 250 ul of Buffer P2 followed by gentle
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mixing by inverting the tube. The chromosomal DNA was pelleted by addition of Buffer
N3 followed by centrifugation at 18000 x g for 10 minutes. The supernatant was applied to
the QIlAprep Spin column; centrifuged at 18000 x g for 1 minute and the flow-though was
discarded. The column was washed with 500 ul of Buffer PB followed by centrifugation at
18000 x g for 1 minute. After discarding the flow-through the column was washed again
using 750 pl of Buffer PB. The flow-through was discarded after centrifugation at 18000 x
g for 1 minute. The column was centrifuged for an additional minute to remove the
residual wash buffer. The DNA was then eluted in 30 pl of Milli-Q water. To confirm the
presence of the mutation, the plasmid DNA was sequenced by Sanger sequencing using
ABI PRISM Model 3100 Version 3.7 Genetic analyser (Applied Biosystems, VIC,
Australia). The Eph Mut Fwd primer was used for sequencing all except the recombinant
clones carrying the ¢.1751C>T mutation. These clones were sequenced using Eph Exon10
Mut Fwd primer. The plasmid DNA of the clones carrying the desired mutation was used

for further study.

3.2.5. Cell culture

The human embryonic kidney 293A (HEK293A) cells and Madin Darby Canine Kidney
(MDCK) epithelial cells were available in the laboratory. Human colorectal
adenocarcinoma (Caco2) epithelial cells were a kind gift from Ms. Monica Dreimanis
(Department of Haematology, Flinders University, Adelaide). All the cell lines were
cultured in Dulbecco’s Modified Eagle’s medium (DMEM; GIBCO, Life Technologies
Australia Pty Ltd., VIC, Australia) supplemented with 10% fetal bovine serum and

penicillin/streptomycin (10,000 U/ml penicillin and 10,000 pg/ml of streptomycin; Life
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Technologies Australia Pty Ltd., VIC, Australia). Cell cultures were maintained in a
humidified atmosphere at 37°C and 5% CO, For maintenance, the HEK293A cells were
washed with phosphate buffer saline (PBS; See Appendix 3.7), dissociated using 0.05%
Gibco ® Trypsin-EDTA (Life Technologies Australia Pty Ltd., VIC, Australia) twice a
week and seeded at a ratio of 1:5. MDCK and Caco2 cells were dissociated using 0.25%
Gibco ® Trypsin-EDTA (Life Technologies Australia Pty Ltd., VIC, Australia) once a
week and seeded at a ratio of 1:10 and 1:5, respectively. MDCK and Caco?2 cells were re-

fed with fresh culture medium once a week.

3.2.6. Transfection of wild-type and mutant EPHA2 constructs in cells

For protein expression studies, 4x10° HEK293A were seeded in six-well tissue culture
plates (Corning® Costar® cell culture plates) and grown in culture media without
antibiotics for 2-3 days. 70-80% confluent HEK293A cells were transfected with wild-type
or mutant EPHA2-Myc construct using Lipofectamine® 2000 (Invitrogen, Life
Technologies Australia Pty Ltd., VIC, Australia). HEK293A cells transfected with a
pEGFP-c1 (Clontech Laboratories Inc., CA, USA) or wild-type EPHA2-Myc cloned into
pcDNA3.1 Myc/HisA(-) were used as a positive control for transfection and EPHA2

protein expression, respectively.

For protein localisation studies, 4x10°> MDCK or Caco2 cells were seeded onto glass
coverslips placed in six-well tissue culture plates in culture media without antibiotics for
three days. 90-95% confluent Caco2 and MDCK cells were transfected with wild-type or

mutant EPHA2-Myc constructs using Lipofectamine® 2000.
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Briefly for transfection, 4 pg of plasmid DNA and 10 pl Lipofectamine® 2000 Reagent
were each diluted in Opti-MEM® (Invitrogen, Life Technologies Australia Pty Ltd., VIC,
Australia) in a total volume of 250 pl each. These mixtures were incubated at room
temperature for 5 minutes. Following this, the diluted DNA and Lipofectamine® 2000®
Reagent were mixed and incubated at room temperature for 15-20 minutes to allow the
formation of DNA-lipid complexes. These complexes were then added to the cells. The
DNA-lipid complexes were removed from HEK293A cells after an hour and cells were re-
fed with fresh culture media. The complexes were left on MDCK and Caco2 cells till they

were used for localisation analysis.

HEK293A cells were harvested for protein extraction 24 hours and 48 hours after
transfection. For this, the cells were dissociated using 0.05% Gibco Trypsin-EDTA and
pelleted by centrifugation at 200 x g for 5 minutes. The supernatant was discarded by
vacuum suction and the cell pellets were washed with PBS. The cells were again
centrifuged at 200 x g for 5 minutes and the supernatant was discarded. The obtained cell

pellets were stored at -80°C until used for protein extraction.

3.2.7. Protein extraction and denaturing gel electrophoresis

Total cellular proteins were extracted from transfected HEK293A cells in 100 pl of radio-
immunoprecipitation assay (RIPA) buffer [10 mM HEPES pH 7.5, 150 mM sodium
chloride, 2 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate (SDS), 25 x protease inhibitor cocktail (Roche Diagnostics Australia Pty

Ltd., Castle Hill, Australia), 57 uM phenylmethylsulfonyl fluoride, 2 mM sodium
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orthovanadate, 10 mM sodium pyrophosphate and 20 mM sodium fluoride]. The cells were
lysed on ice for 30 minutes and then the tubes were centrifuged at 18000 x g for 10
minutes at 4°C to pellet the cell debris. The supernatant was transferred to fresh eppendorf
tubes and protein concentration estimated by Bicinchoninic acid (BCA) Protein assay
(Thermo Fischer Scientific, VIC, Australia) according to manufacturer’s protocol using
bovine serum albumin (BSA) standards. Forty micrograms of total soluble protein was size
separated on a 8% gel (See Appendix 3.10 and 3.11) by SDS-Polyacrylamide Gel
Electrophoresis (PAGE). The gel was prepared according to the Laemelli method (302)
using 29:1 Acrylamide:Bisacrylamide (BioRad Laboratories Pty Ltd, NSW, Australia).
The gels were electrophoresed using a miniVE Integrated Vertical Electrophoresis unit
(Hoefer Inc, MA, USA) in electrophoresis buffer (See Appendix 3.13) for an hour at 250 V

using Powerpac™ Basic (BioRad Laboratories Pty Ltd, NSW, Australia).

3.2.8. Western blotting

For Western blotting, after SDS-PAGE the proteins were transferred on to Hybond-C Extra
nitrocellulose (GE Healthcare Australia Pty Ltd.,, NSW, Australia) or Polyvinyidine
fluoride-low fluorescence (PVDF-LF) membrane (BioRad Laboratories Pty Ltd, NSW,
Australia) in Western transfer buffer (See Appendix 3.14 and 3.15) using a Trans-Blot®
Turbo™ Transfer Starter System (BioRad Laboratories Pty Ltd, NSW, Australia) at 25 V,
1 A for 30 minutes.

The membrane was blocked in 5% skim milk (blocking buffer) made in 1 x Tris Buffered
Saline and Tween 20 (TBST; See Appendix 3.16) for an hour and hybridised with the

mouse anti-Myc (1:500, Cell Signaling Technology, Inc, MA, USA) primary antibody
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diluted in blocking buffer, for 1 hour. After three washes in 1 x TBST for 10 minutes each,
the blots were hybridised with the donkey anti-mouse 1gG conjugated with horse-radish
peroxidase (HRP) (1:500, Jackson ImmunoResearch, Laboratories, Inc PA, USA)
secondary antibody diluted in blocking buffer, for 1 hour. The blots were washed three
times in 1 x TBST for 10 minutes each and were developed using SuperSignal West Pico
Chemiluminescent substrate (Thermo Fisher Scientific, VIC, Australia) or Amersham™
ECL™ Prime western blotting reagent (GE Healthcare Australia Pty Ltd, NSW, Australia).
The signal was imaged using ImageQuant LAS 4000 Imager (GE Healthcare Australia Pty
Ltd, NSW, Australia). The images were edited using Multi Gauge v3.0 software (Fujifilm

Life Science, USA) and Microsoft PowerPoint (Microsoft Pty. Ltd., NSW, Australia).

3.2.9. Immunofluorescence labelling

For immunollabelling, MDCK or Caco2 cells grown on coverslips were washed twice with
cold PBS and then fixed in 4% paraformaldehyde/PBS for 15 minutes at room temperature.
The cells were then washed three times with PBS and permeabilised with 0.4% Triton X-
100/PBS for 5 minutes. This was followed by three washes with PBS for 2 minutes each
after which the cells were blocked with 5% goat or donkey serum in PBS for 10 minutes.
The choice of serum used for blocking was dependent on the host animal used to generate
the secondary antibody. The cells were then washed with PBS and hybridised with the
primary antibody diluted in 1% goat or donkey serum/PBS for 1 hour followed by
hybridisation with the secondary antibody diluted in PBS for 1 hour. The cells were
washed with PBS three times for, 5 minute each, after each hybridisation. Ectopically

expressed EPHA2-Myc was detected by hybridisation with a mouse anti-Myc (1:2000 for
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MDCK and 1:1500 for Caco2 cells; Cell Signaling Technology, Inc, MA, USA) primary
antibody and goat anti-mouse 1gG conjugated with Alexa Flour 594 (1:500, Invitrogen,
Life Technologies Australia Pty Ltd., VIC, Australia) or donkey anti-mouse IgG
conjugated with Cy5 (1:50, Jackson ImmunoResearch, Laboratories, Inc PA, USA)

secondary antibody.

For double labelling of the cells for EPHA2-Myc and the cis-golgi apparatus, the fixation,
permeabilisation and blocking of cells was performed as described above. The primary
antibody hybridisation was performed simultaneously with both the antibodies for 2 hours
followed by sequential hybridisation with each secondary antibody for an hour each.
EPHA2-Myc was labelled using a mouse anti-Myc primary antibody as described above
and detected with the donkey anti-mouse 1gG conjugated with Cy5 (1:50) secondary
antibody. Cis-golgi apparatus was labelled using a rabbit anti-GM130 antibody (1:1000,
Abcam®, MA, USA), a cis-golgi marker, and donkey anti-rabbit 1gG conjugated with
Alexa Flour 555 (1:1000, Invitrogen, Life Technologies Pty Ltd, VIC, Australia) secondary
antibody. Transfected cells single-labelled to detect EPHA2-Myc and untransfected cells
single-labelled to detect cis-golgi were used as positive controls. To ensure no cross-
reactivity, the secondary antibodies used to detect the proteins were swapped. Mock
transfected cells hybridised with only the secondary antibodies was used as negative

controls.

After labelling the cells were mounted in Prolong Gold Antifade reagent with DAPI
(Invitrogen, Life Technologies Australia Pty Ltd., VIC, Australia) and imaged on a Leica
SP5 confocal microscope (Leica Microsystems Pty Ltd, NSW, Australia) using a 63 X

objective. 405 nm Diode was used to excite DAPI, DPSS 561 laser for Alexa Flour 594
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and Alexa Flour 555 and HeNe 633 laser to excite Cy5. The emission spectra for DAPI,
Alexa Flour 594, Alexa Flour 555 and Cy5 were set at 408-488 nm, 585-700 nm, 565-620
nm and 645-730 nm, respectively. The images were captured using Leica Application Suite

(LAS) microscope software (Leica Microsystems Pty Ltd, NSW, Australia).

3.3.Results

In the present study, we examined the effect of causative mutations with autosomal
dominant inheritance, as in this case presence of only one mutant allele would be sufficient
to analyse the functional effect of the mutation. Two missense mutations, ¢.2819C>T
(p.T9401) and ¢.2842G>T (p.G948W), and a frameshift mutation, ¢.2915 2916delTG
(p.V972GfsXC39), in the SAM domain of the protein were reported prior to the
commencement of this study. Therefore to analyse the effect of two different types of
mutations on protein function we chose to examine the effect of p.T940l and
p.V972GfsXC39 mutation. In addition, we analysed the effect of three mutations namely,
€.1751C>T (p.P594L), ¢.2826-9G>A (p.D942fsXC71) and ¢.2875G>A (p.A959T) found

in the genetic study described in Chapter 2.

3.3.1. Generation of mutant EPHA2 cDNA fragments and constructs

PCR-based mutagenesis was performed to generate mutant EPHA2 cDNA fragments.
Figure 3.2 schematically shows the process of PCR-based mutagenesis and Figure 3.3
shows representative images of PCR 1, 2and PCR 3 products for introducing ¢.2819C>T

mutation in the wild-type EPHA2 cDNA fragment. The mutant EPHA2 cDNA fragments
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Figure 3.3: Amplification of cDNA for introducing mutations using PCR-based
mutagenesis

a) Products of PCR 1 and PCR 2 generated by PCR-based mutagenesis for
introducing ¢.2819C>T mutation. Wild-type construct carrying EPHA2-Myc was
used as template for PCR. PCR 1 was performed using primers Eph Mut Fwd and
Eph2819 Rev; PCR 2 was performed using primers Eph2819 Fwd and Eph Myc
Rev. The reverse primer used for PCR 1 (Eph2819 Rev) and forward primer for
PCR 2 (Eph2819 Fwd) were designed to carry the desired mutation. The primers,
Eph Mut Fwd and Eph Myc Rev, were specific to the wild-type sequence. The PCR
products of expected sizes of 194 bp and 206 bp were obtained by PCR 1 and PCR
2, respectively. The 194 bp sized product migrated slower than expected on the
agarose gel, perhaps due to a large amount of the product loaded on the gel. b)
Product of PCR 3 generated by PCR-based mutagenesis carrying ¢.2819C>T
mutation. Equal amounts of the overlapping products of PCR 1 and PCR 2 were
used as template for PCR 3. The primers Eph Mut Fwd and Eph Myc Rev were
used for amplification. The expected PCR product of 366 bp was observed. PCRs
without template were used as negative controls. Product sizes and DNA molecular
size markers (M) are indicated in base pairs (bp).
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carrying ¢.1751C>T, ¢.2826-9G>A, ¢.2875G>A, or ¢.2915 2916delTG mutation were
similarly generated by PCR-based mutagenesis. These mutant fragments were then cloned
into pQCXIP by replacing the corresponding wild-type fragment in the EPHA2 cDNA.
Table 3.2 lists the restriction enzyme sites used for cloning the mutated fragments. The
ratio of recombinant clones transformed with the ligation of the digested vector and insert
in the presence of ligase (positive) and of only digested vector with the ligase (negative
control) was 700:91 for ¢.1751C>T, 336:90 for ¢.2819C>T, 298:2 for ¢.2826-9G>A, 92:2

for ¢.2875G>A, and 35:6 for ¢.2915_2916del TG mutation.

Twelve recombinant clones each of EPHA2 carrying ¢.1751C>T, ¢.2819C>T, .2826-
9G>A and ¢.2915 2916delTG mutation and 24 clones of EPHA2 carrying ¢.2875G>A
mutation were screened for the presence of the mutant cDNA by diagnostic restriction
digestion (Table 3.3). Based on the results from this screening, plasmid DNA of up to 8
clones of each mutation likely to carry the desired mutant construct were sequenced.
Sequence chromatograms of plasmid DNA of mutant EPHA2 clones shown in Figure 3.4
illustrates the mutations inserted in wild-type cDNA. The sequencing was performed to
confirm the presence of mutation in the constructs and absence of any PCR-introduced
errors. Up to three positive clones of each mutation were used for protein expression

analysis.

3.3.2. Protein expression analysis of mutant EPHAZ2 clones
Next, we wanted to determine if the mutant constructs express the desired mutant EPHA2

protein. The expression of the mutant proteins was analysed in transiently transfected
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Figure 3.4: Sequence chromatograms of mutant EPHA2 cDNA from
recombinant clones carrying the desired mutation
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Panels illustrate sequence chromatograms of wild-type (top) and mutated (bottom)
EPHA2-Myc cDNA carrying ¢.1751C>T, ¢.2819C>T, ¢.2826-9G>A, ¢.2875G>A or
€.2915 2916delTG mutation as indicated. The altered nucleotides introduced by PCR-
based mutagenesis are boxed in black. The nucleotides boxed in the wild-type
sequence chromatogram in the panel for ¢.2826-9G>A mutation, mark the nucleotides
flanking the insertion. Similarly, the boxed nucleotides in the wild-type sequence in
the panel showing ¢.2915 2916delTG mutation are the nucleotides which are deleted
as a result of the mutation. The reading-frame in the wild-type and mutant sequence is
indicated by brackets.
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HEK?293A cells at 24 hours and 48 hours after transfection by western blotting using an
anti-Myc antibody. Three clones each of constructs carrying ¢.1751C>T, ¢.2819C>T,
€.2826-9G>A or ¢.2915 2916delTG mutation and one clone of the construct carrying
€.2875G>A mutation were analysed for protein expression. The construct expressing wild-
type EPHA2-Myc was used as a positive control for EPHA2 expression; pEGFP-C1
transfected and mock transfected cells served as a negative control. All mutant constructs
expressed the mutant protein band of the expected size of about 130 kDa as shown in
Figure 3.5. Hybridisation of the blots with an anti-GFP antibody showed that all clones
except the one carrying ¢.2875G>A mutation expressed varying amounts of GFP (data not

shown).

3.3.3. Localisation of mutant EPHAZ2 protein

Next, we analysed subcellular localisation of the mutant EPHAZ2 proteins. Similar to the
lens epithelial and fiber cells, EPHA2 plays an important role in cellular junctions in
cultured epithelial cells (259, 295, 296). Therefore localisation of ectopically expressed
Myc-tagged wild-type and mutant EPHA2 was analysed in two epithelial cell lines, namely
MDCK and Caco2 cells. The results of immunolabelling performed at 24 hours after
transfection in both the cell lines are shown in Figure 3.6 and Figure 3.7, respectively.
Mock transfected cells labelled with only the secondary antibodies were used as the

negative control.
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Figure 3.5: Expression of EPHA2-Myc protein from mutant constructs.

Cell lysates of HEK293A cells transiently transfected with mutant EPHA2-Myc
constructs were analysed at 24 hours (1) and 48 hours (2) post-transfection. Equal
amount of protein from each sample was loaded. The proteins were size separated
by SDS-PAGE. Western blotting was performed with mouse anti-Myc primary
antibody and HRP-conjugated anti-mouse IgG secondary antibody. Three clones
each with EPHAZ2 carrying mutation p.P594L a), p.T940I b), p.D942fsXC71 c), or
p.V972GfsXC39 e) and a clone carrying p.A959T d) mutation were analysed for
mutant EPHAZ2 protein expression. Protein extracts of mock transfected cells and
cells transfected with the pEGFP-C1 construct were used as negative controls. Cells
transfected with pcDNA3.1 Myc/His(-) carrying wild-type EPHA2-Myc were used
as positive control. The position of protein standards are as indicated; kDa- kilo
Dalton.
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In MDCK cells, the wild-type EPHA2-Myc protein localised in the periphery and/or in the
cytoplasmic vesicles as shown in top left panel in Figure 3.6. EPHAZ2 is packaged in
secretory vesicles for its transport to the membrane and may be degraded in endocytic
vesicles (303). Localisation of the wild-type EPHA2-Myc in the cytoplasmic vesicles may
indicate its presence in either secretory or endocytic vesicles. As EPHAZ2 is an integral
membrane protein (225), the peripheral localisation is consistent with integration of
EPHAZ2 in the cell membrane. Likewise, cells expressing mutant EPHA2 protein with
p.P594L, p.A959T or p.V972GfsX39 mutation showed presence of the mutant protein in
the cell periphery and cytoplasm (Figure 3.6, asterisk in second image in the top row,
second and third image in the second row). In addition, a few cells also exhibited some
perinuclear localisation of the protein (Figure 3.6, triangle in second image in the top row,
second and third image in the second row). This may be due to over-expression of the
ectopically expressed protein. In contrast, the cells expressing mutant protein carrying
p.T940I or p.D942fsXC71 mutation exhibited predominantly perinuclear localisation along
with some localisation in the cytoplasm and the cell periphery (Figure 3.6,arrows in the
third image in the top row and first image in the second row). Similar localisation pattern
of all the mutant EPHAZ2 proteins was observed in Caco2 cells (Figure 3.7). We did not
observe any GFP expression in either of the two cell lines perhaps due to low level
expression from the GFP expression cassette. To determine its expression,

immunolabelling using an anti-GFP primary antibody may be performed.
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Figure 3.6: Localisation of wild-type and mutant EPHAZ2 protein in MDCK
cells

Ectopically expressed EPHA2-Myc (red) in MDCK cells was detected using a
mouse anti-Myc antibody and anti-mouse 1gG conjugated with Alexa Flour 594.
Nucleus (blue) was labelled with DAPI. Mock transfected cells labelled only with
anti-mouse 1gG conjugated with Alexa Flour 594 were used as negative control
(third row). Cell expressing wild-type EPHA2-Myc served as a positive control (top
left panel). p.P594L (second image in the top row), p.A959T (second image in the
second row) and pV972fsX39 (third image in the second row) mutant EPHA2-Myc
proteins show peripheral and cytoplasmic localisation similar to the wild-type
protein (marked with asterisks). A few cells showing perinuclear localisation,
possibly due to over-expression of the mutant protein, are marked by triangles.
p.T940I (top right panel) and p.D942fsXC71 (first image in the second row) mutant
EPHA2-Myc is seen predominantly in the perinuclear region (marked with arrows).
The figure illustrates representative images from two independent experiments.
Scale-bar, 20 pm
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Figure 3.7: Localisation of wild-type and mutant EPHA2 protein in Caco?2 cells

Ectopically expressed EPHA2-Myc (cyan) was detected in Caco2 cells using a
mouse anti-Myc antibody and anti-mouse IgG conjugated with Cy5. Nucleus (blue)
was labelled with DAPI. Mock transfected cells labelled only with anti-mouse 1gG
conjugated with Cy5 were used as negative control (third row). Cells expressing
wild-type EPHA2-Myc were used as positive control (top left panel). As observed in
MDCK cells, EPHA2-Myc with p.P594L (second image in the first row), p.A959T
(second image in the second row) or pVV972fsX39 (third image in the second row)
mutation show peripheral and cytoplasmic localisation similar to the wild-type
protein (marked with asterisks). A few cells showing perinuclear localisation of
these mutant proteins, likely to be due to over-expression, are marked by triangles.
p.T940I (top right panel) and p.D942fsXC71 (first image in the second row) mutant
EPHA2-Myc is seen mostly in the perinuclear region (marked with arrows) with
some mutant protein present in the cell periphery. The figure shows representative
images from two independent experiments. Scale-bar, 20 um
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3.3.4. Co-localisation analysis of mutant EPHA2 proteins

The perinuclear aggregation of two mutant proteins, with p.T940l or p.D942fsXC71
mutation, suggested that the proteins were being retained in a cellular organelle near the
nucleus. The pattern of localisation of the mutant proteins resembled that of the golgi
apparatus (304). Therefore to determine if these mutant EPHAZ2 proteins are accumulated
in the golgi apparatus, we performed co-localisation with a cis-golgi marker, GM130. This
analysis was performed in both MDCK and Caco2 cells. Mutant and wild-type EPHA2
was labelled using an anti-Myc antibody while the cis-golgi marker was immunolabelled
using an anti-GM130 antibody.

In MDCK cells, dual labelling of wild-type and mutant EPHA2 protein with the cis-golgi
marker revealed no co-localisation of the cis-golgi marker with wild-type or mutant
proteins carrying p.P594L, p.A959T or p.V972GfsX39 mutation (Figure 3.8). The mutant
proteins localised to the cell periphery and cytoplasm as was observed on single labelling
described in section 3.3.3. However, we observed some co-localisation of the mutant
proteins with p.T9401 or p.D942fsXC71 mutation with the cis-golgi marker as shown in
Figure 3.9 (arrows). This indicated that some of the mutant protein was retained in the cis-
golgi apparatus Additionally, a small proportion of cells showed peripheral localisation of
these two mutant proteins indicating delayed recruitment of the mutant protein to the cell
membrane (Figure 3.9, second and fourth row). The cells single-labelled for both the

proteins, were used as positive controls.
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Figure 3.8: Co-localisation of wild-type and mutant EPHAZ2 proteins with cis-
golgi marker in MDCK cells

Ectopically expressed EPHA2-Myc (cyan) in MDCK cells was detected using a
mouse anti-Myc antibody and anti-mouse IgG conjugated with Cy5; cis-golgi
apparatus (red) was detected using a rabbit anti-GM130 cis golgi marker and an anti-
rabbit 1gG conjugated with Alexa Flour 555. Nucleus (blue) was labelled with DAPI.
EPHA2-Myc with p.P594L (second row), p.A959T (third row) or p.V972GfsX39
(fourth row) mutation show peripheral and cytoplasmic localisation similar to the
wild-type protein (first row). No co-localisation with the cis-golgi marker was
observed in cells expressing these mutant proteins (Merge). The figure presents
representative images from two independent experiments. Scale-bar, 20 um
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EPHA2-Myc GM130 Nucleus

Figure 3.9: Co-localisation of mutant EPHA2 protein and cis-golgi marker in
MDCK cells

p.T940I

p.D942fsXC71

Ectopically expressed EPHA2-Myc (cyan) was detected using a mouse anti-Myc
antibody and an anti-mouse 1gG conjugated with Cy5; cis-golgi apparatus (red) was
detected using a rabbit anti-GM130 cis-golgi marker and an anti-rabbit 1gG
conjugated with Alexa Flour 555. Nucleus (blue) was labelled with DAPI. EPHA2-
Myc carrying p.T9401 and p.D942fsXC71 mutation mis-localise in the perinuclear
space and show some co-localisation (white) with the cis-golgi marker as shown in
the merged image in the first and third row (arrow). Second and the fourth row
show a few cells expressing these mutant proteins with peripheral and cytoplasmic
localisation. The figure illustrates representative images from two independent
experiments. Scale-bar, 20 um
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The positive control cells showed perinuclear localisation of GM130 and peripheral and
predominantly perinuclear localisation of mutant EPHA2 with p.T9401 (Figure 3.10, first
and second row). The cells labelled by swapping the secondary antibodies used for
detection of the two proteins demonstrated that the secondary antibodies did not exhibit
any cross-reactivity (Figure 3.10, third and fourth row). Cells labelled with only the
secondary antibodies also showed minimal background (Figure 3.10, fifth row).

We observed similar results for wild-type and all the mutant EPHAZ2 proteins in Caco?2
cells as illustrated in Figure 3.11 and Figure 3.12. The co-localisation, of mutant EPHA2
protein with cis-golgi apparatus, detected in cells expressing mutant protein carrying
p.A959T or p.V972GfsX39 mutation may again be due to overexpression of the
ectopically expressed protein; although this was not observed for wild-type or other mutant
proteins. The positive controls showed expected labelling and the negative controls showed
minimal background as illustrated in are Figure 3.13. Overall, our results show that
p.T940I and p.D942fsXC71 mutations in the EPHA2 protein have a more severe effect on
protein localisation in epithelial cells compared to the other mutations analysed in the

present study.
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EPHA2-Myc GM130 Nucleus

Mouse anti-Myc with
anti-mouse IgG Cy5
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with anti-rabbit IgG
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Cy5

Anti-mouse IgG Cy5
and Anti-rabbit IgG

Figure 3.10: Positive and negative controls for co-localisation of EPHA2-
Myc protein with cis-golgi marker in MDCK cells

MDCK cells ectopically expressing EPHA2 protein with p.T9401 mutation
(cyan) were labelled with mouse anti-Myc antibody detected using an anti-
mouse 1gG conjugated with Cy5 (positive control, first row) or anti-rabbit 1gG
conjugated with Alexa Flour 555 (control for cross-reactivity of the secondary
antibody, third row). The cis-golgi apparatus (red) was detected using a rabbit
anti-GM130 and an anti-rabbit IgG conjugated with Alexa Flour 555 (positive
control, second row) or anti-mouse 1gG conjugated with Cy5 (control for cross-
reactivity of the secondary antibody, fourth row). Mock transfected cells
labelled only with both the secondary antibodies were used as negative control.
Nucleus (blue) was labelled with DAPI. The figure shows representative
images of controls from two independent experiments. Scale-bar, 20 um
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Figure 3.11: Co-localisation of wild-type and mutant EPHA2 protein with cis-
golgi marker in Caco?2 cells

Wild-type

p.A959T

p.VI72GfsX39

Transiently transfected Caco?2 cells were labelled with a mouse anti-Myc antibody
and an anti-mouse Cy5 to detect EPHA2-Myc (cyan); and with a rabbit anti-GM130
cis-golgi marker and an anti-rabbit 1gG conjugated with Alexa Flour 555 to detect
the cis-golgi apparatus (red). Nucleus (blue) was labelled with DAPI. EPHA2-Myc
carrying p.P594L (second row), p.A959T (third row) or p.V972GfsX39 (fourth
row) mutation show peripheral and cytoplasmic localisation comparable to the wild-
type EPHA2-Myc protein (first row). The cells expressing mutant EPHA2-Myc
carrying p.A959T and p.V972GfsX39 mutation demonstrate perinuclear
localisation along with presence of the protein in the cell periphery. These cells
show some co-localisation with the cis-golgi marker (white in the merged images)
suggesting that this is the normal route of post-translational processing of EPHA2
protein. The figure shows representative images from two independent experiments.
Scale-bar, 20 pm
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EPHA2-Myc GM130 Nucleus Merge
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Figure 3.12: Co-localisation of mutant EPHA2 proteins with cis-golgi marker in
CaCoz2 cells

Ectopically expressed EPHA2-Myc (cyan) was detected using a mouse anti-Myc
antibody and an anti-mouse 1gG conjugated with Cy5; cis-golgi apparatus (red) was
detected using a rabbit anti-GM130 cis-golgi marker and an anti-rabbit Alexa Flour
555. Nucleus (blue) was labelled with DAPI. Mutant EPHA2-Myc proteins with
p.T9401 and p.D942fsXC71 mutation predominantly mis-localise in the perinuclear
region and show some co-localisation with the cis-golgi marker. Merged image in the
first and third rows illustrates the co-localisation in white marked by arrows. A few
cells expressing these mutant proteins also exhibited peripheral and cytoplasmic
localisation shown in the second and the fourth rows. The figure shows
representative images from two independent experiments. Scale-bar, 20 um

90

——
| —



EPHA2-Myc GM130

Mouse anti-Myc with
anti-mouse IgG Cy5

Rabbit anti-GM130
with anti-rabbit IgG

Alexa 555

Mouse anti-Myc
with anti-rabbit IgG
Alexa 555

Rabbit anti-
GM130 with anti-
mouse IgG Cy5

Anti-mouse IgG Cy5
and Anti-rabbit IgG
Alexa 555

Figure 3.13: Positive and negative controls for co-localisation of EPHA2-Myc
protein with cis-golgi marker in Caco?2 cells

Caco?2 cells ectopically expressing EPHA2 protein with p.T940l mutation (cyan)
were labelled with mouse anti-Myc antibody detected using an anti-mouse 1gG
conjugated with Cy5 (positive control, first row) or anti-rabbit 1gG conjugated with
Alexa Flour 555 (control for cross-reactivity of the secondary antibody, third row).
The cis-golgi apparatus (red) was detected using a rabbit anti-GM130 and an anti-
rabbit 1gG conjugated with Alexa Flour 555 (positive control, second row) or anti-
mouse 1gG conjugated with Cy5 (control for cross-reactivity of the secondary
antibody, fourth row). Mock transfected cells labelled only with both the secondary
antibodies used as negative control. Nucleus (blue) was labelled with DAPI. The
figure shows representative images of controls from two independent experiments.
Scale-bar, 20 pm
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3.4.Discussion

In this study, the effect of five congenital cataract causing mutations in EPHA2 on
subcellular localisation of the resultant mutant proteins was analysed in MDCK and Caco?2
epithelial cells. These included mutant proteins carrying p.P594L (c.1751C>T) mutation in
the juxtamembrane domain, p.T9401 (c.2918C>T), p.D942fsXC71 (c.2826-9G>A) and
p.A959T (c.2875G>A) mutations in the SAM domain and p.V972GfsXC39

(c.2915 2916delTG) mutation in the PDZ domain of EPHAZ2.

Previously reported functional analysis of p.T940l, p.D942fsXC71 and p.V972GfsXC39
mutation in HEK293A and oaTN4 cells revealed that these mutations rendered the mutant
protein insoluble and resulted in protein aggregation in the cytoplasm (215). The mutant
proteins were reported to have a reduced half-life and degradation through the proteosomal

pathway.

Upon subcellular localisation analysis, we found that the EPHAZ2 proteins carrying p.T940I
or p.D942fsXC71 mutation mis-localised to the perinuclear space and co-localised with
GM130, a cis-golgi marker both in MDCK and Caco2 epithelial cells. Some mutant protein
was also found in the cell membrane, however it may be incapable of triggering cellular
signalling due to the presence of the mutation. These results are consistent with previous
findings (215). Membrane proteins such as EPHAZ2 are partially translated in the cytoplasm
and undergo co-translational transport on the rough endoplasmic reticulum (RER) and then
transported to the golgi apparatus for further processing (303). The proteins are folded and

glycosylated in the ER and then transported to the golgi apparatus for further
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glycosylation. The golgi apparatus comprises of cisternae which are organized in the cis,
medial and trans fashion providing a distinct polarity to the organelle (303). The cis-
cisternae proximal to the ER receive the folded glycosylated protein from the ER whereas
the mis-folded proteins are retained in the ER. The proteins are modified by a series of
enzymes as they pass through the medial and trans-golgi network and are finally
transported to their final destination in the cell through packaging in the secretary vesicles,
which in the case of EPHA2 is the cell membrane. Therefore co-localisation of these two
mutant proteins with the cis-golgi marker suggests altered folding or glycosylation of the

proteins.

The SAM domain of EPHA2 protein has five helical loops in its secondary structure (305).
The mutations, p.T940l and p.D942fsXC71, are located in or in proximity to the helical
loop 4 in the protein (Figure 3.14). The frameshift due to p.D942fsXC71 mutation alters
residues not only in helix 4 but in helix 5 as well; including residues predicted to be critical
for the intramolecular interactions (305). The p.T940l mutation alters a neutral polar amino
acid residue threonine preceding the helical loop 4 to a highly hydrophobic amino acid
residue isoleucine, which may again have implication on the protein structure. These
mutations perhaps, affect mutant protein folding and post-translational modifications
leading to its retention in the perinuclear region of the ER/Golgi network. This is consistent
with the previously reported reduced solubility of both these mutant proteins perhaps due
to altered protein conformation (215). However, neither of these mutant proteins showed
complete co-localisation with the cis-golgi marker suggesting that they could be either
retained in the ER or in mid/trans-golgi network during transport to the cell membrane.

Performing co-localisation studies with markers for ER, mid/trans-golgi may help in
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Figure 3.14: Structural domains of EPHA2 and location of the mutations
analysed in the study

Schematic representation of the ligand binding (brown), fibronectin (purple),
transmembrane segment (sky blue), kinase (dark blue), SAM (red) and the PDZ
domain (grey) of the EPHA2 protein. The position of mutations identified in our
genetic study, namely p.P594L (green star), p.D942fsXC71 and p.A959T is
highlighted in green. The two previously reported mutations p.T9401 and
p.V972GfsXC39 are highlighted in orange. p.P594L mutant protein affects a residue
in the juxtamembrane region of the protein, however does not affect protein
localisation. The mutant proteins mis-localising to the perinuclear region carry
p.T940I and p.D942fsXC71 mutation which affects the helix 4 in the SAM domain.
Mutant protein with p.A959T alters a residue in helix 5 in the SAM domain and
with p.V972GfsXC39 affects residues in the PDZ domain of EPHA2 but show no
effect on protein localisation.
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further deciphering the fate of these two mutant proteins. Whether the aggregated
localisation reflects degradation of the misfolded protein by the proteosomal pathway as
has been reported previously, needs further investigation (215). Further, the other mutant
EPHAZ2 proteins with p.P594L, p.A959T or p.vV972GfsXC39 mutation localised to the cell
periphery or cytoplasm similar to the wild-type protein. In addition to cell periphery, the
wild-type and mutant EPHAZ2 proteins were found in the perinuclear space in transfected
cells. This may be explained by over-expression of the ectopically expressed protein which
perhaps also leads to the co-localisation observed with the cis-golgi marker. The
localisation of these mutants in the perinuclear region is different from the EPHA2 proteins
with p.T9401 and p. D942fsXC71 mutations as the latter two mutants show minimal
protein in the cell periphery, which may lead to insufficient signalling. Even though these
three mutant proteins do not affect protein localisation these mutants may still have
functional effects. For example, the mutant p.A959T alters a residue downstream of an
isoleucine, at position 958, predicted to be important for intramolecular interactions (305).
Therefore this mutation could potentially disrupt such interactions. As mentioned in
Chapter 2, section 2.4, the p.P594L mutant may alter phosphorylation states of tyrosine
residues and affect protein activation and signalling. EPHAZ2 is activated by interaction
with its Ephrin ligand which leads to oligomerisation and cell signalling (225). It is
possible that after reaching the cell periphery these mutant proteins have impaired ability to
form signalling clusters or interact with other downstream signalling molecules, thus
disrupting cell signalling. For instance, p.vV972GfsXC39 mutation alters residues in the

PDZ domain of EPHA2. PDZ domains of proteins are key regulators of their interactions
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with other molecules (306). A previous report has demonstrated that addition of 15 amino
acids to the C-terminal of EPHB2 leads to loss of interaction with a ras-binding protein
Afadin (AF6) known to play a role in cellular junctions (307). The functional effect of
p.V972GfsXC39 mutation has been examined previously (215), whereas the possible

effects of p.P594L and p.A959T mutation are a matter for future investigation.

All the investigations in the present work were performed on transiently transfected cells.
Similar analysis may also be conducted in other relevant cell lines such as human lens cell
lines (HLE-B3) or mouse lens epithelial cell lines such as 17EM15 and 21EM15.
Additional studies examining the effect of these mutants on cell-junctions in cells,
transiently or stably expressing the mutant EPHAZ2 proteins, may assist in deciphering the

mechanism of cataract development.

3.5.Conclusion

In the present study, only mutant proteins with p.T9401 and p.D942fsXC71 mutation were
predominantly present in perinuclear region which may affect role of EPHAZ2 in cellular
junctions resulting in cataract. The mutant EPHAZ2 proteins carrying p.P594L, p.A959T
and p.V972GfsXC39 mutation localised similar to the wild-type protein and may disrupt
signalling through EPHAZ2. The results from this study are different from what has been
previously reported and demonstrate the importance of utilizing a functionally relevant cell

culture system for localisation analysis.
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4. Effect of age and gender on Epha2

mediated age-related cataract
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4.1 Introduction

Age-related cataract (ARC) is a multifactorial disease; interplay of well-established
environmental risk factors such as age, female gender, smoking, ultraviolet light exposure
and diabetes with genetic factors contribute to cataract development. These environmental
risk factors and genetic factors have been explained in more detail in Chapter 1, section

1.3.2.2 and section 1.3.2.3, respectively.

Recently association of SNPs in the EPHA2 gene with ARC was reported. As mentioned in
Chapter 2, section 2.1, mutations in the gene were initially identified through linkage
analysis as a cause of congenital cataract. This chromosomal locus was previously reported
to be associated with age-related cortical cataract (189). Therefore role of EPHAZ2 in age-
related cataract was examined through candidate gene association studies. SNPs in EPHA2
were found to be associated with age-related cortical cataract in an Italian (68), American,
British and an Australian cohort (191). Association of SNPs in the gene with ARC has not
only been reported in Caucasian but in Asian populations such as Han Chinese (190) and
Indian (192). The SNPs associated in the different populations are listed in Table 4.1.
EPHA2 is the only gene which has been reproducibly implicated in ARC in multiple

populations.
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Table 4.1: SNPs in the EPHA2 gene associated with ARC in different populations.

Population Cataract Associated SNPs Locationin | Reference
Phenotype the gene
Italian Cortical rs7543472, rs11260867, | Downstream (68)
rs3754334 and Exon 17
American Cortical rs3768293, rs6603867, | Intron3-4 and (191)
rs6678616 Exon 3,
British Cortical rs3754334 Exon 17 (191)
Australian Cortical rs7548209 Downstream (191)
Chinese Cortical rs477558, rs7548209 Upstream and (190)
Downstream
Indian Cortical and rs7543472, rs11260867 | Downstream (192)
posterior

subcapsular
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Additionally, studies in Epha2” mice have suggested a role of Eph signalling in
maintaining lens cell homeostasis (191, 212, 213). Epha2” mice (Strain: B6;129P2-
Epha2®t(<STO8)BYS) ' developed by secretary gene trap method, on FVB/NJ background were
reported to develop progressive age-related cortical cataract from 5 months of age while
Epha2*" mice did not develop cataract until 14 months of age (191). Additionally,

+/+

compared to Epha2*’* lenses, the lenses of Epha2’ mouse were found to have upregulated
expression of Heat Shock Protein 25 (HSP25) suggesting increased stress in the lens due to
lack of functional Epha2. The same study found another Epha2"' mouse strain,
Epha2Ct(ROSABetageo)CNSYIW - ganarated using gene trapping by an insertion in intron 1 on
C57BL/6J background, developed progressive cataract with similar morphology; however,
the age at which these mice develop cataract was not mentioned in the report (191). These
studies provide substantial evidence for the importance of Epha2 signalling in maintaining

lens clarity.

As the name suggests, increasing age increases the risk of all phenotypes of ARC and
female gender is associated with higher risk of mainly cortical cataract in multiple
population-based studies (117, 145-147). Interestingly, both age and gender also affect
EPHAZ2 expression and/or signalling. Epha2 expression reduces with age in mouse lens
(191) and female hormone estrogen negatively regulates EPHAZ2 signalling in vitro in
cultured mammary epithelial cells (270). Therefore we wanted to investigate if interaction
between these environmental factors and EPHA2 gene could be the underlying cause of
cataract development in humans. In this study we used a knockout mouse model which
served as a tool for studying the role of environmental factors in Epha2 mediated ARC

development.
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4.2 Materials and Methods

4.2.1 Epha2®tcSTOBYS or KSTO85 strain

The KST085 line of Epha2” mice on C57BL/6J background was received from Mutant
Mouse Regional Resources Centers, U.S.A. The KST085 strain was generated via
secretory trap method by insertion of -galactosidase and neomycin phosphotransferase (-
geo) reporter gene cassette between Exon 5 and Exon 6 of mouse Epha2 gene as illustrated
in Figure 4.1 (308, 309). The inserted bicistronic vector carried the human placental
alkaline phosphatase (PLAP) gene following an internal ribosome entry site (IRES) after
the B-geo cassette. This vector insertion leads to independent translation of the partial
Epha2 protein fused to f-geo and the PLAP protein. The fusion protein is expected to be
inserted in the lumen in endoplasmic reticulum retaining its f-galactosidase activity (310).
Lack of ability of the truncated Epha2 fusion protein to reach the cell membrane renders it

functionally inactive.

4.2.2 Animal maintenance
Ethics approval for the project was obtained from the Animal Welfare Committee, Flinders
University, Adelaide. All procedures using mice were performed in accordance with the

Australian code of practice for the care and use of animals for scientific purposes (311).
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Figure 4.1: Strategy for generation of KST085 mouse strain

pGT1ltm carrying f-geo (fusion between p-galactosidase and neomycin
phosphotransferase) and human placental alkaline phosphatase (PLAP) following
an internal ribosome entry site (IRES) was inserted in intron 5 of the Epha2 gene.
This leads to independent translation of a partial Epha2 fusion protein and the PLAP
protein. Adapted from Leighton et al., 2001, Nature, 410. (301).
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The mice were housed in a Physical containment level 2 (PC2) room in the Flinders
Animal Facility, School of Medicine. The mice had unrestricted access to water and feed,
were exposed to a 12 hour light-dark cycle and an ambient temperature of 24°C. The mice

were monitored weekly for their general well-being.

4.2.3 Animal Breeding

Litters from Epha2*" x Epha2*"", Epha2*" x Epha2*"*, Epha2** x Epha2*"* and Epha2” x
Epha2** breeder pairs were used for the study. All the breeder pairs bred normally except
pair Epha2”™ x Epha2*"~ which only bred using a female Epha2” mice. The Epha2” x
Epha2” pairs did not breed successfully. Occasionally mice were also found to have
Peter’s anomaly (1.7%) or anophthalmos (0.34%) and were not used for any experiments.
The breeder pairs producing offspring with anophthalmos were not used for further

breeding or experiments. All the other mice developed normally without any abnormalities.

4.2.4 DNA extraction from mouse tissue for genotyping

Ear-notches or tail-tips from 2-3 weeks old mice were obtained and stored at -20°C till
used for extractions. For DNA extraction, the tissues were incubated in 500 pl of lysis
buffer (0.1 M Tris-HCI pH 8.3, 0.2 M NaCl, 0.005 M EDTA, 0.2% SDS, 100 pg/ml
Proteinase K) at 55°C overnight. The following day, lysates were centrifuged at 18000 x g
for 10 minutes. The supernatant was incubated with equal volume of isopropanol for 1
minute and then centrifuged at 18000 x g for 10 minutes. DNA pellets obtained were

washed twice with chilled 70% ethanol to remove residual salts and left for drying at room

103

——
| —



temperature. Dried DNA pellets were resuspended in 50 pl of Milli-Q water and used for

genotyping.

4.25 Bfsp2 and Epha2 genotyping

The KSTO085 mice were generated on a B6;129P mixed genetic background. The 129 mice
carry a deletion mutation in the Beaded filament structural protein 2 (Bfsp2) gene leading
to disruption of the encoded CP49 protein that results in cataract (312, 313). Therefore to
determine if the KSTO085 strain used in this study carried this mutation, Bfsp2 genotyping
was performed as previously reported (312). PCR-based genotyping was performed for the
two genes as illustrated in Figure 4.2 a) and b). Bfsp2 was genotyped using primers
CP49fwd, CP49Rev and CP49MutR. The expected sizes of the PCR product from the
wild-type and mutant allele were 905 bp and 386 bp, respectively. See Appendix 2.5 for
sequences of the primers. Likewise, Epha2 genotyping was performed using primers
M30828F, M30828WTR and M30828MutR. The expected PCR products of 200 bp in size
corresponding to wild-type allele and 400 bp in size corresponding to mutant allele, were
used to distinguish between Epha2*’*, Epha2™, and Epha2” mice. Sequences of the

primers are listed in Appendix 2.6.

Forty nanograms (determined spectrophotometrically as described previously in Chapter 2,
section 2.2.3) or 2 pl of extracted DNA was amplified by PCR. The PCR was set-up as
previously described in Chapter 2, section 2.2.3 in a total 10 pl volume. The Hot Star Taq

Plus polymerase enzyme was activated at 95°C for 5 minutes. Denaturation was performed

at 95°C for 30 seconds, followed by annealing for 30 seconds at 61°C for Epha2 and 68°C
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for Bfsp2 genotyping and extension at 72°C for 30 seconds for 35 cycles. A post-extension
at 72°C for 1 minute was followed by incubation at 4°C for 5 minutes. PCR products of

Epha2 and Bfsp2 genotyping were, respectively, analysed on 1.4% and 1% agarose gels

prepared in TBE.

4.2.6 Slit-lamp examinations

Mice were mildly sedated by isofluorane inhalation in an anesthetic pot and then
anesthetized by an intraperitoneal injection of 10% Ketamine (Lyppard Australia Pty. Ltd.,
SA, Australia) at 75 mg/kg body weight and 100 pl of 10% Medetomidine (Troy
Laboratories Pty. Ltd.,, NSW, Australia) followed by induction of mydriasis with 1%
tropicamide (Bausch & Lomb Pty. Ltd., NSW, Australia). Their eyes were examined on a
photo-slit lamp biomicroscope (Topcon Medical Systems Inc., NJ, U.S.A.) and lenses were
clinically graded. Cortical cataract was graded using the Lens Opacities Classification
System (LOCS) Il (314). All mice were examined within 5-10 minutes of drug
administration. Examination was performed by an observer blinded to the genotype, gender

and age of mice.

The observations were recorded by digital photography at 40 x magnification using EZ
Capture software (Topcon Medical Systems Inc., NJ, U.S.A.) with flash set to maximum
level. Three images were documented for each eye, photo-slit lamp settings for which are

listed below.

1. Diffused illumination: Maximum slit width with slit height 5 was set for the first

image. The diffusion filter was on with light angle set at 35°.
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2. Cross-section illumination of the lens: Slit width of 2 mm and slit height 2 was used
for the second image. For this image the diffusion filter was off and the light angle
set at 45°

3. Retroillumination: For this, the slit width was set to 3 or 5 mm and slit height 5.

Again the diffusion filter was off with camera perpendicular to the eye.

After examination the mice were revived with an intraperitoneal injection of 100 pl of 10%
Atipamizole (Troy Laboratories Pty. Ltd., NSW, Australia). The mice were monitored for
revival after administration of the drug and for general well-being at least 24 hours after

examination.

4.2.7 Tissue collection

Mice were euthanized by isofluorane inhalation and tissues dissected under a dissecting
microscope. To dissect the lens, an incision was made in the sclera with a scalpel blade and
the cornea was dissected with the help of a toothed forceps and vannas dissecting scissors.
The lens was then removed using the forcep and snap frozen in liquid nitrogen. The lenses

were stored at -80°C till further use for protein extraction

For histological and immunofluorescence analysis, whole eyes were removed using a
splinter forcep and a general laboratory dissecting scissor. The orbital tissue covering the
optic nerve was dissected by vannas dissecting scissors The enucleated eyes were pierced
at the back with a 25G needle and fixed in 10% Neutral Buffered Formalin (NBF; see
Appendix 3.17). After fixation for 24-72 hours at room temperature, the eyes were washed

thrice with 1x PBS and stored in 70% ethanol at 4°C till paraffin embedded.
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4.2.8 Tissue embedding and sectioning

For embedding, whole eyes were first transferred to histology cassettes (ProSci Tech Pty
Ltd, QLD, Australia). They were then dehydrated in 80% ethanol (1 hour), 90% ethanol (1
hour) and 100% ethanol (1 x 2 hours and 1 x 1 hour); followed by incubation in
chloroform overnight. The following day cassettes with eyes were transferred to molten
wax (Paraplast tissue embedding medium, Tyco healthcare Group, Mansfield, MA, USA)
for 30 minutes at 64°C. Then they were left in molten wax under vacuum at pressure 90
kPa (2 x 1 hour) followed by embedding in wax blocks. 7 pum thick serial tissue sections
were cut on a microtome (Leica RM2/35; Leica Microsystems, Gladesville, NSW,
Australia) and collected on Superfrost Plus (Menzel-Glaser, Thermo Fisher Scientific
Australia Pty Ltd, VIC, Australia) slides. The sections were dehydrated at 37°C overnight
and then stored at room temperature. The tissue sections were used for experiments within

12 months of sectioning.

4.2.9 Histological analysis

For histological analysis, tissue sections were stained with haematoxylin (See Appendix
3.18) and eosin (See Appendix 3.19) to stain the nuclei and cytoplasm, respectively. The
sections were dewaxed in xylene (2 x 2 minutes) and hydrated in 100% ethanol (2 x 2
minutes), 90% ethanol (1 x 2 minutes) and 70% ethanol (1 x 2 minutes). They were then
rinsed in deionized water (dH,O; 1 x 2 minutes) before staining with haematoxylin (1 x 10

minutes). After a rinse in dH,O to remove excess stain, the sections were dipped in lithium
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carbonate to remove non-specific staining. They were then rinsed in dH,O (1 x 1 minute)
and stained with eosin (1 x 2 minutes). After removal of excess stain by rinsing in dH;0,
they were dehydrated in 100% ethanol (3 x 1 minute). The sections were cleared to
minimize light refraction while imaging by treatment with xylene (2 x 1 minute) and
mounted using DePex mounting medium (BDH laboratory Supplies, Poole, UK). The
slides were imaged using 40 x objectives on an Olympus Brightfield BX50 upright
microscope (Olympus Australia Pty. Ltd., VIC, Australia) equipped with QImaging RTV 5
megapixel Digital Camera (QImaging, BC, Canada). The QCapture software (QImaging,

BC, Canada) was used for capturing images.

4.2.10 Immunolabelling

Tissue sections were incubated at 65°C for 10-40 minutes to enhance tissue adherence to
the slide. They were then dewaxed in Xylene (2 x 2 minutes) and hydrated in 100%
ethanol (2 x 5 minutes), 90% ethanol (2 x 2 minutes) and 70% ethanol (1 x 2 minutes).
The sections were then incubated in PBS before performing antigen retrieval. Antigens
were retrieved by heat-induced epitope retrieval. The epitopes for N-cadherin and beta (B) -
catenin were retrieved using 0.01M citrate buffer with 0.05% Tween 20, pH 6 (See
Appendix 3.20) and those for Epha2 and B-galactosidase were retrieved using the Target
Retrieval Solution, pH 9 (Dako Australia Pty Ltd, NSW, Australia). The citrate buffer
retrieval solution was heated in a microwave (Panasonic Australia, SA, Australia; Power
output: 1100W) at high setting for 1 minute and 30 seconds, to heat the buffer to at least
65°C. The sections were then immersed in the buffer and heated in the microwave for 10

minutes at medium-low settings. For alkaline solution based antigen retrieval, the target
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retrieval solution was heated in the microwave at high setting for 4 minutes to heat the
buffer to at least 95°C. The sections were then immersed in the buffer and heated in the
microwave for 15 minutes at medium-low settings. After performing antigen retrieval, the

sections were left at room temperature to cool down before labelling.

For labelling, the sections were blocked for 30 minutes in blocking buffer consisting of 3%
goat or donkey serum (Sigma-Aldrich Pty Ltd, NSW, Australia) prepared in wash buffer
(0.1% BSA in PBS). The choice of serum used in the blocking buffer was dependent on the
host animal used to generate the secondary antibody. The sections were labelled using
mouse anti-B-catenin (1:200, BD Transduction Laboratories, CA, U.S.A.) or mouse anti-N-
cadherin (1:200, Life Technologies Australia Pty Ltd, VIC, Australia) or goat anti-mEpha2
(1:40, R&D Systems, Inc, MN, USA) or rabbit anti-B-galactosidase (1:250, Novus
Biologicals, CO, USA) primary antibody diluted in the appropriate blocking buffer at 4°C
overnight. Equivalent amount of mouse, goat or rabbit IgG diluted in blocking buffer was
used as a negative control. The sections were washed thrice for 5 minutes each in wash
buffer. This was followed by hybridization with the anti-mouse or anti-goat 19G
conjugated with Alexa Flour 488 (1:1000, Life Technologies Australia Pty Ltd, VIC,
Australia) or anti-rabbit 1gG conjugated with Alexa Flour 594 (1:1000, Life Technologies
Australia Pty Ltd, VIC, Australia) secondary antibody diluted in wash buffer. After
hybridization, the sections were washed thrice for 5 minutes each in wash buffer and
mounted in Prolong AntiFade with DAPI (Life Technologies Australia Pty Ltd, VIC,
Australia). The labelled sections were imaged using a 63 x objective on a Leica TCS SP5
Spectral Confocal Microscope (Leica Microsystems Pty Ltd, NSW, Australia) equipped

with Leica Application Suite (Leica Microsystems Pty Ltd, NSW, Australia) software for
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image capture. DAPI was excited using 405 laser, Alexa Flour 488 was excited with the
argon laser and Alexa Flour 594 was excited using DPSS 561 laser line. The emission
spectrum for DAPI, Alexa Flour 488 and Alexa Flour 594 was set to 408-488 nm, 492-561
nm and 565-645 nm, respectively. Adobe Photoshop was used to enhance the brightness

and contrast of the images used to prepare the figures presented in this thesis.

4.2.11 Protein extraction and Western blotting

Mouse lenses were homogenised using a tissue grinder pestle in 50 ul of RIPA buffer
(Refer to Chapter 3, Section 3.2.7 for buffer recipe). The homogenate was left on ice for 30
minutes to ensure complete extraction of proteins followed by centrifugation at 18000 x g
for 10 minutes at 4°C to pellet the cell debris. The supernatant was transferred to fresh
eppendorf tubes and protein concentration estimated by BCA Protein assay (Thermo
Fischer Scientific, VIC, Australia) using BSA standards according to manufacturer’s
protocol. Forty micrograms of total soluble lens protein was size separated on 4-15% Mini-
PROTEAN® TGX Stain-Free™ precast gels (BioRad Laboratories Pty Ltd, NSW,

Australia) by SDS- PAGE.

For Western blotting, the proteins were transferred on to PVDF-LF membrane as described
in Chapter 3, Section 3.2.8. The membrane was blocked in 5% skim milk made in TBST
for 1 hour. To detect Epha2, the blot was first developed after hybridisation with only
rabbit anti-goat 1gG conjugated with biotin (1:500, Dako Australia Pty Ltd, NSW,
Australia) for 1 hour and Streptavidin (SA) conjugated with HRP (1:1000, Dako Australia

Pty Ltd, NSW, Australia) for 20 minutes. Following this, it developed after hybridisation
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with the goat anti-mEpha2 (1:1000, R&D Systems, Inc, MN, USA) primary antibody for 1
hour followed by the rabbit anti-goat 19gG conjugated with biotin (1 hour, 1:500) and SA-
HRP (20 minute, 1:1000). To examine P-galactosidase expression, the membrane was
hybridised with a rabbit anti-B-galactosidase (1:500, Novus Biologicals, CO, USA)
primary antibody and HRP-conjugated goat anti-rabbit IgG (1:20,000, Rocklands
Immunochemicals Inc, PA, USA) secondary antibody for 1 hour each. The blots were
washed thrice for 5 minutes each with TBST between hybridisations. Blots were developed
using Amersham™ ECL™ Prime western blotting reagent (GE Healthcare Australia Pty
Ltd, NSW, Australia). The signal was imaged using ImageQuant LAS 4000 Imager (GE

Healthcare Australia Pty Ltd, NSW, Australia)

4.2.12 Statistical analysis

All statistical analysis was performed using IBM Statistical Package for the Social Science
(SPSS) Statistics 19. The normality of distribution of cataract grades was analysed by
Shapiro-Wilk statistical test. As the data was not normally distributed, non-parametric tests

were used for all the analysis.

The effect of age on cataract grades in mice of different age-groups was analysed using
Mann-Whitney U test. The effect of Epha2 genotype at each age was analysed using
Kruskal-Wallis statistical test and significant differences were further assessed using
Mann-Whitney U test. The effect of age on cataract progression in mice of each genotype
was analysed using Friedman test and any significant difference was further assessed by
Wilcoxon Signed Ranks test. The effect of gender on cataract progression was analysed at

each age using Mann-Whitney U test.
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4.3 Results

4.3.1 Bfsp2 and Epha2 genotyping

Bfsp2 genotyping was performed, because as mentioned in section 4.2.5, the KST085 mice
are generated on a B6;129P strain background and may carry a mutation in the Bfsp2 gene
found in the 129 strain. The mutation leads to deletion of the splice site in intron 1 of the
gene leading to complete deletion of exon 2 from the mutated transcript (312). Bfsp2
genotyping was performed in the first and second generation of KST085 breeders. Figure
4.2a) illustrates a schematic of the wild-type and mutant Bfsp2 gDNA with the position of
primers used for genotyping and expected sizes of PCR products. A representative agarose
gel with PCR products obtained from gDNA of KST085 breeders and 129 strain is also
shown. CP49*"* mice exhibited a 905 bp product corresponding to the wild-type allele and
CP49™ mice showed presence of a 386 bp PCR product corresponding to the mutant allele.
All KSTO085 breeders were found to carry the wild-type allele for Bfsp2 gene. Hence Bfsp2

genotyping was not performed in the successive generations.

Epha2 genotyping was performed for all litters except for the ones obtained by breeding of
Epha2*™* x Epha2*™* or Epha2” x Epha2** mice. Figure 4.2b) shows wild-type and
mutant Epha2 alleles with the position of primers used for genotyping and the expected
sizes of PCR products. The figure also illustrates an image of representative genotyping
results of a KST085 litter. The Epha2*™* mice exhibited a product 200 bp in size

corresponding to the wild-type allele; Epha2* mice showed a 400 bp product
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Figure 4.2: Bfsp2 and Epha2 genotyping

a) Depicts a schematic of Bfsp2 gDNA in wild-type, C57BL/6J, and mutant, 129,
mice. The black arrows indicate the position of primers used for genotyping. The red
double arrow represents the expected PCR product sizes from each gDNA. The 129
mice carry a deletion in Intron 1 and start of exon 2 which leads to deletion of Exon
2 in the transcript. A representative agarose gel shows the wild-type allele amplified
from the gDNA of KSTO085 breeders used for this study. Mutant allele amplified
from gDNA of 129 mice served as positive control. b) illustrates schematic of
gDNA, primer positions and PCR product sizes for Epha2 genotyping as described
above. A representative agarose gel shows wild-type allele amplified from gDNA of
Epha2*’* mice, both wild-type and mutant alleles from gDNA of Epha2* and
mutant allele from gDNA of Epha2” mice. PCRs with no template were used as
negative controls. Product sizes and DNA molecular size markers (M) are as
indicated in base pairs (bp).
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corresponding to the mutant allele along with a 200 bp sized product consistent with the
wild-type allele; Epha2” mice exhibited only a product 400 bp in size corresponding to the

mutant allele.

4.3.2 Effect of age on cataract development and progression

The KST085 mice on FVB/NJ background were previously reported to develop
progressive cortical cataract from 5 months of age, while the Epha2*™" mice did not
develop cataract until 14 months of age (191). Therefore we wanted to investigate, whether

+/+

Epha2*" mice older than 14 months develop cataract. For this study, Epha2*’* and
Epha2*"" mice were examined for cataract development. However, our preliminary results
showed that Epha2*” mice developed cataract at an earlier age than 14 months, which

precluded the need for examination until 14 months of age.

4.3.2.1 Cataract development in mice of different ages

Groups of 2, 4, 6, 8, 10 and 12 months old Epha2*"* and Epha2*" mice were examined for
cataract development. Epha2*™* mice of each age presented with mild anterior cortical
cataract (grade 0-2). Two, four and six months old Epha2*" mice exhibited only mild
anterior cortical cataract but 8 months old Epha2*" mice presented with severe anterior
cortical cataract (grade 4-5). Severe anterior cortical cataract was observed in 10 and 12
months old Epha2*" mice as well. The phenotype of cataract in Epha2*’* and Epha2*”
mice at each age is presented in Figure 4.3. Five to eleven mice were examined in each

group; variation in the number of mice examined in each group was due to the availability
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2 months 4 months 6 months 8 months

10 months 12 months

HET

Figure 4.3: Anterior cortical cataract development in Epha2*’* and Epha2*" mice of different ages

Representative images of cataract phenotype in 2, 4, 6, 8, 10 and 12 months old Epha2*’* (WT; top row) and Epha2*" (HET; bottom
row) mice. The age of mice is indicated above each column. Two, four and six months old Epha2™* and Epha2*"" mice showed mild
anterior cortical cataract. Eight, ten and twelve months old Epha2*" mice developed severe cataract while Epha2*’* mice had
relatively clear lenses till 12 months of age.
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of mice at the required age. The average cataract grade (ACG), calculated as an average of
the anterior cortical cataract grade of both the eyes for each mouse, was used for statistical
analysis. Both the genotypes developed similar grades of cataract at 2 months (Mean ACG
in Epha2**mice = 0.7 + 0.58; Epha2*"” mice =0.6 + 0.77; p = 0.474 , Figure 4.4a), 4
months (Mean ACG in Epha2** mice = 1.3 + 0.5; Epha2* mice = 1.4 + 0.45; p = 0.96,
Figure 4.4b) and 6 months (Mean ACG in Epha2** mice = 1.6 + 0.7; Epha2*" mice = 1.9
+ 0.9; p = 0.439, Figure 4.4c) of age. Hence, no significant difference was observed
between the two genotypes at these ages. Eight months old Epha2*” mice developed a
mean ACG of 4.3 = 0.37 which was significantly higher than mean ACG of 0.43% 0.39 in

the Epha2** mice (p =0.001) (Figure 4.4d).

A similar statistically significant difference between the two genotypes was observed in 10
months (p = 0.001) and 12 months old (p = 0.004) mice (Figure 4.4e and f). The Epha2™’*
mice developed low grades of cataract ranging between 0-2 however these grades varied

+/+

between ages. For example, 4, 6 and 10 months old Epha2™™ mice developed higher

+/+

grades of cataract as compared to 2, 8 and 12 months old Epha2™" mice. As this
experiment was performed over a period of more than a year, this difference may be due to

observational variation in grading lower grades (0-2) of cataract over time.

Consistent with previous report (191), the Epha2 knockout mice developed only anterior
cortical cataract. However, this study demonstrated that 8 months old Epha2*"~ mice of the
KSTO085 strain on C57BL/6J background develop severe cataract, which was different
from what had been previously reported in this strain (191). The results of this study
prompted us to determine cataract progression in Epha2*’*, Epha2*” and Epha2” mice

over time
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Figure 4.4: Comparison of cataract severity in Epha2*”* and Epha2*~ mice of

different ages

Two, four, six, eight, ten and twelve months old Epha2™* (WT) and Epha2*"" (HET)
mice were examined for cataract development. Mean ACG at these ages are plotted in
the graph and error bars depict the standard deviation in each group. The number of
mice examined in each group is indicated at the bottom of each bar. Comparison of
data at each age by Mann-Whitney U test showed a significant difference between 8,
10 and 12 months old Epha2** and Epha2*’" mice.
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4.3.2.2 Cataract development and progression in mice over time

Epha2*’* (n = 18), Epha2*" (n = 25) and Epha2” (n = 19) mice were monitored for
development and progression to severe anterior cortical cataract (grade 4-5). Majority of
the Epha2*"* and Epha2*"~ mice were monitored bimonthly from 4 months until 8 months
of age and a subset of these mice (Epha2*"* n=3; Epha2*’" n=9) were monitored bimonthly
from 2 months until 8 months of age. This was based on the results described in section
4.3.2.1, which revealed that Epha2*’* and Epha2*"" mice developed similar grades of
cataract up to 4 months of age. All Epha2” mice were monitored monthly from 2 months

until 4 months of age.

Figure 4.5 illustrates the phenotype of cataract in the three genotypes of mice at different
ages over time. Figure 4.6 graphically shows the mean ACG at each age. For the purpose
of statistical analysis the data for Epha2” mice at 4 months were used at 6 and 8 months of
age. This was based on the assumption that cataract severity in Epha2” mice will not
reduce from what it was at 4 months of age. Similarly the data for Epha2*™* (n = 15) and
Epha2* (n = 16) mice at 4 months of age were used at 2 months of age assuming that their
cataract severity at 2 months would not be worse than that at 4 months of age. Cataract
progression was compared using either ACG or the cataract grade of the severe eye. ACG
was calculated as mentioned in section 4.3.2.1. Comparison of the ACG data in mice by
Kruskal-Wallis statistical test revealed a significant difference between the three genotypes
at each age. Table 4.2 lists the p values obtained at each age. This difference was further
evaluated by Mann-Whitney U test to determine the difference between individual

genotypes.

118

——
| —



2 months 4 months 8 months

WT

HET

HOMO

Figure 4.5: Anterior cortical cataract progression in Epha2**, Epha2*" and Epha2™
mice over time

Representative images of Epha2*’* (WT:; first row) and Epha2*"~ (HET; second row) mice
at 2, 4 and 8 months of age and Epha2” (HOMO; third row) mice at 2 and 4 months of
age, are shown. The age of mice is indicated above each column. Epha2” mice
progressively develop severe anterior cortical cataract by 4 months of age while Epha2*”
mice develop severe cataract by 8 months of age. Epha2*’* mice which continue to have
relatively clear lenses until 8 months of age.
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Figure 4.6: Comparison of cataract severity in Epha2*’*, Epha2* and Epha2™
mice over time

Epha2*™* and Epha2*" mice were monitored bimonthly for cataract progression
from 2 until 8 months of age. Epha2” mice were monitored monthly for cataract
progression from 2 until 4 months of age. Mean ACG at 2, 4, 6 and 8 months are
plotted in the graph. The error bars represent standard deviation. Comparison of the
data by Kruskal-Wallis test revealed a significant effect of Epha2 genotype at each
age with p values of 0.009, 3.3 x 10™ 1.2 x 10™°and 9.1 x 10™°at 2, 4, 6, and 8
months, respectively. Comparing the data by Friedman test revealed a significant
effect of age on cataract progression in Epha2*’*, Epha2*"and Epha2” mice with p
values of 0.006, 3.3 x 10™*%and 2.5 x 10, respectively.

120

——
| —



Table 4.2: Comparison of cataract development between genotypes at each
examined age; Epha2*’* (n = 18), Epha2*" (n = 25) and Epha2” (n = 19)

Age p values*; WT vs p values** for multiple comparisons
HET vs HOMO
WTvVvs HET |WTvs HOMO | HET vs HOMO
2 months | 0.009 0.002 0.047 0.456
4 months |3.3x107 0.003 1.03 x 107 1.08 x 10°®
6 months | 1.2 x 10 1.4 x10™ 9.4 x 10° 2.3x10°
8 months | 9.1x 10" 1.6 x10°® 1x107 0.329

* From Kruskal-Wallis test; ** From Mann-Whitney U test; Epha2™* (WT), Epha2*"
(HET), Epha2”” (HOMO)

Table 4.3: Comparison of cataract development in Epha2*’*, Epha2*" and Epha2™
mice over time; Epha2** (n = 18), Epha2*" (n = 25) and Epha2” (n = 19)

Genotype | p values *; 2 vs 4 vs p values ** for multiple comparisons
6 vs 8 months
2 monthsvs4 | 4monthsvs6 | 6 monthsvs8
months months months
Epha2** 0.006 N/A 0.002 0.2
Epha2”" [33x10" N/A 25x 10" 1.2x107°
Epha2™” 2.5x 10" 1.2 x 10™ N/A N/A

* From Friedman Test; ** From Wilcoxon Signed Ranks Test
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As three comparisons were performed, an adjusted alpha (o) level of <0.016 (0.05/3) was
used. Mice of all the three genotypes developed similar cataract grades by 2 months of age
(Mean ACG in Epha2*’* mice = 1.26 + 0.76; in Epha2* mice = 0.6 + 0.57; and in Epha2”
mice=0.97 + 0.65). Therefore a statistically significant difference between the three
genotypes observed by Kruskal-Wallis test and between Epha2*"* and Epha2*" mice as
determined by Mann-Whitney U test at 2 months of age may be due to observational

variation.

By 4 months of age the Epha2”” mice developed severe anterior cortical cataract with mean
ACG of 4.8 + 0.26 while both Epha2** and Epha2*"~ mice presented with mild anterior
cortical cataract with mean ACG of 1.3 = 0.7 and 0.73 = 0.56, respectively. Further,
monitoring of these mice revealed that the Epha2™ mice progressively developed anterior
cortical cataract and presented with severe cataract by 8 months of age with mean ACG of
2.4 + 1.5 at 6 months and 4.7 + 0.43 at 8 months of age. The Epha2*"* mice still presented
with mild cortical cataract with mean ACG of 0.5 + 0.56 and 0.69 + 0.6 respectively at 6
months and 8 months of age. A high standard deviation in the Epha2*" mice at this age

also demonstrates a large variation in grades of cataract observed at this age.

Next, the data was compared using Friedman test to analyse the change in cataract grade in
each genotype over time. Table 4.3 lists the p values for each comparison. We found a
significant effect of age in each genotype. Wilcoxon Signed Ranks test was performed to
determine the difference between two successive ages. We found a statistically significant
difference between cataract grades of Epha2*’” mice at 6 months of age as compared to
their grades at 4 months and 8 months of age. As expected, the cataract grades of Epha2™

mice at 2 months were significantly different from their cataract grades at 4 months of age.
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A statistically significant difference observed in Epha2™" mice with age may be due to

+/+

observational bias in grading lower grades of cataract. The mean ACG in Epha2™" mice at
4 months is higher than at 6 or 8 months of age; further supporting that the cataract
observed in these mice is not age-related. As the data of Epha2™* and Epha2*"~ mice at 4
months was used at 2 months of age and of Epha2”" mice at 4 months was used at 6 and 8
months of age, the comparison between these ages in the respective genotypes was not

applicable. Overall, these results demonstrated that age of the mouse affects Epha2

mediated cataract development and progression.

Similar results were obtained on performing this test using cataract grade of the severe eye.

The results from this analysis are shown in Appendix 4.1and 4.2.

4.3.3 Effect of gender on cataract development and progression

The data from Epha2**, Epha2*"- and Epha2” mice monitored for cataract progression
were also used to determine gender-related differences in cataract progression. Figure 4.7
shows graphical representation of the mean ACG in the three genotypes. Either ACG or
cataract grade in the severe eye was analysed using the test. The p values for each genotype

are listed in Table 4.4, Table 4.5 and Table 4.6.

We found that both male (n = 9) and female (n = 9) Epha2** mice developed only mild
anterior cortical cataract with ACG ranging from 0-2 until 8 months of age. There was no

+/+

difference in cataract progression between Epha2™" male and female mice. Unlike

Epha2**mice, analysis of ACG data of Epha2*" mice (males; n = 13, females; n = 12)
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Figure 4.7: Comparison of progression of cataract between genders in Epha2™",
Epha2*" and Epha2” mice.

Epha2*"* and Epha2*" mice were monitored bimonthly for cataract progression from
4 to 8 months of age. Epha2’” mice were monitored monthly from 2 to 4 months of
age. The graphs show ACG in a) Epha2™*, b) Epha2*" and c) Epha2” male and
female mice at different ages. Mann-Whitney U test on the data at these ages showed
no difference between the two genders in Epha2*’* and Epha2” mice at any age. A
significant difference with a p value of 0.041 was observed between Epha2™" males
and females mice at 4 months of age. There was no difference between the two
genders at 6 months and 8 months of age. Error bars represent standard deviation.
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Table 4.4: Comparison of cataract development in Epha2™" male and female mice. p
values determined by Mann-Whitney U test are indicated; Males (n = 9) and Females
(n=9)

Data analysed 4 months 6 months 8 months
ACG 0.108 0.680 0.787
Cataract grade of severe eye 0.085 0.489 0.796

Table 4.5: Comparison of cataract development in Epha2*" male and female mice. p
values determined by Mann-Whitney U test are indicated; Males (n = 13) and
Females (n = 12)

Data analysed 4 months 6 months 8 months
ACG 0.041 0.585 0.105
Cataract grade of severe eye 0.034 0.526 0.009

Table 4.6: Comparison of cataract development in Epha2” male and female mice. p
values determined by Mann-Whitney U test are indicated; Males (n = 9) and Females
(n=10)

Data analysed 2 months 3 months 4 months
ACG 0.074 0.173 0.129
Cataract grade of severe eye 0.939 0.211 0.105
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revealed a significant difference between the two genders at 4 months of age (Mean ACG
in males = 0.96 + 0.6 and in females = 0.47 + 0.4) with a p value of 0.041. There was a lot
of variation in the cataract grades in Epha2*" mice at 6 months of age which was also
evident from their standard deviations (1.4 and 1.7 in males and females, respectively). The
females developed higher grades of cataract at 8 months of age (4.9 £ 0.17) as compared to
the males (4.5 + 0.5). However, there was no significant difference between the two
genders at 6 months or 8 months of age. The results obtained by statistical analysis of
cataract grade of the severe eye were slightly different and are shown in Figure 4.8. A
significant difference between the two genders was noted in Epha2*” mice both at 4

months (p = 0.034) and 8 months of age (p = 0.009).

The analysis on Epha2” mice (males; n = 9, females; n = 10) revealed no significant
difference between the two genders at any age. However, similar to the trend in Epha2*"
mice, Epha2” female mice presented with lower grade of cataract compared to males at 2
months of age (Mean ACG in males = 0.97 £ 0.7 and in females = 0.5 £ 0.6) but developed
higher grades of cataract by 4 months of age (Mean ACG in males = 4.7 £ 0.26 and in

females = 4.9 £ 0.3).

Overall, these results indicate that there is a small effect of gender on cataract development
and progression. This effect of gender was only observed in Epha2*"" mice indicating that
lack of Epha2 and gender together might have an effect on cataract development and

progression.
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Figure 4.8: Comparison of progression of cataract in the severe eye between
genders in Epha2**, Epha2*" and Epha2” mice

Epha2*’* and Epha2*" mice were monitored bimonthly for cataract progression
from 4 until 8 months of age. Epha2”” mice were monitored monthly from 2 until
4 months of age. The graphs show mean cataract grade of severe eye in a)
Epha2*™*, b) Epha2*" and c¢) Epha2” male and female mice at different ages.
Mann-Whitney U test on the data at these ages showed no difference between the
two genders in Epha2*’* and Epha2” mice. A significant difference with a p value
of 0.034 and 0.009 was observed between Epha2*" male and female mice at 4 and
8 months of age, respectively. There was no difference between the two genders in
Epha2*" mice at 6 months of age. Error bars represent standard deviation.
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4.3.4 Analysis of Epha2 knockout mouse lenses

To further understand the effect of loss of functional Epha2 on lens architecture in the
Epha2 knockout mice, histological and immunofluorescence analysis was performed on
lenses of mice of all the three Epha2 genotypes. We observed only mild cataract in
Epha2**and Epha2*"" mice but severe cataract in Epha2” mice by 4 months of age and

+/+

Epha2*" mice developed severe cataract by 10 months of age. Therefore, Epha2*'*,
Epha2*" and Epha2” mouse lenses were analysed at 4 months of age; lenses of Epha2*’*
and Epha2*" mice were also analysed at 10 months of age. Lenses of at least two mice of

each genotype were analysed at each age.

4.3.4.1 Histological analysis

Figure 4.9 shows results of Haematoxylin and Eosin staining of lens sections from the
three genotypes. On histological analysis of the lens, no obvious differences were observed
in lenses of 4 months old Epha2** and Epha2*" mice. These lenses showed normal
morphology of lens epithelial and fiber cells. In contrast, the lenses of 4 months old Epha2’
" mice showed gross disorganisation of fiber cell arrangement and exhibited presence of
vacuoles, observed as white spaces, in the lens epithelial cells. Similar to lenses of Epha2™
mice, disorganisation of fiber cell packing was observed in the anterior cortex in lenses of

+/+

10 months old Epha2*" mice; whereas lenses of 10 months old Epha2*’* mice exhibited
normal lens epithelial and fiber cell morphology. These observations were consistent with

increased severity of cataract in Epha2*” and Epha2” mice at 10 months and 4 months of
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Figure 4.9: Histological analysis of Epha2*’*, Epha2*" and Epha2” lenses

Lens sections of 4 months old Epha2™* (WT), Epha2*" (HET) and Epha2”
(HOMO) mice and 10 months old Epha2** and Epha2™" mice were analysed by
heamatoxylin and eosin staining. Representative images of lens sections from each
genotype at 4 months and 10 months of age are shown in the figure. Blue
heamatoxylin staining shows the nuclei and pink eosin staining shows the
cytoplasm of lens epithelial and fiber cells. The lens capsule, lens epithelial cells
and lens fiber cells are indicated by arrow in the lens section of 4 months old
Epha2*™* mouse. Lenses of 4 months old Epha2” and 10 months old Epha2*’~ mice
illustrate disruption of fiber cell arrangement. Scale-bar 20 um
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age, respectively. The lenses of 4 months old Epha2” mice showed the presence of more
nucleated fiber cells as compared to 4 months old Epha2*" and Epha2*’* mouse lenses. As
the sections used for this analysis were closer to the lens equator, the fiber cells in the
region may still be undergoing enucleation. Histological analysis revealed disruption of
lens architecture in cataractous lenses however, morphology of fiber cells could not be

clearly defined. Therefore these lenses were further analysed by immunolabelling.

4.3.4.2 Immunofluorescence labelling

Immunofluorescence labelling in lenses from Epha2+/+, Epha2+" and Epha2"' mice was
performed to understand the effect of absence of full-length functional Epha2 on cellular
junctions. N-cadherin is a cellular junction protein and B-catenin is a junction associated
protein (315, 316). Localisation of both these proteins to the cell periphery is an indicator
of integrity of cellular junction. Figure 4.10 illustrates results of labelling of N-cadherin in
Epha2™’*, Epha2*" and Epha2™ lenses. Lens sections labelled with mouse 1gG instead of
the primary antibody were used as negative controls (bottom right panel). N-cadherin was
primarily expressed in the cell periphery in cortical fiber cells in 4 months and 10 months
old lenses. Labelling in lenses of 4 months old Epha2™*and Epha2*" mice showed
arrangement of fiber cells in meridional rows (first and second image in the top row).
However, in lenses of 4 months old Epha2” mice there was a distinct difference in the
shape of fiber cells (third image in the top row). The newly formed cortical fiber cells were

+/+

larger in size and were disorganized. The lenses of 10 months old Epha2™" mice showed
normal arrangement of fiber cells in meridional rows whereas cortical region in 10 months

old Epha2*" mouse lenses showed presence of enlarged and disarrayed fiber cells (first and
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Figure 4.10: Immunofluorescence labelling of N-cadherin in lenses of Epha2*’*, Epha2*- and Epha2” mice

Lens sections of 4 months old Epha2*™™* (WT), Epha2*” (HET) and Epha2” (HOMO) and 10 months old Epha2**and
Epha2*" were labelled with a mouse anti-N-cadherin antibody. Sections probed with mouse IgG were used as negative
control. Representative images of lens section from each genotype at 4 months or 10 months are shown in the figure. N-
cadherin labelling delineates the cell periphery showing presence of bigger and disorganized fiber cells at 4 months in Epha2
"and at 10 months in Epha2*” lenses. The lenses of Epha2*’* mice at both the ages and Epha2™" mice at 4 months show
presence of well packed fiber cells arranged in meridional rows. Green is N-cadherin hybridised to secondary antibody
conjugated with Alexa Flour 488 and blue is DAPI stained nuclei. Scale-bar 20um
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second image bottom panel). The areas of disorganized fiber cells were similar to those
observed in Epha2” lenses. Overall, there was distinct difference in lens architecture
between lenses of 10 months old Epha2*" and 4 months old Epha2” mice compared to the
lenses of Epha2*’* mice at both the ages. p-catenin labelling also revealed similar results as
shown in Figure 4.11. These results suggest that loss of functional Epha2 affects cellular
morphology and fiber cell arrangement with age and hence contributes to cataract

development.

4.3.5 Epha2 expression analysis in mutant lenses

Next, Epha2 localisation was analysed in lenses of Epha2*’*, Epha2*"~ and Epha2” mice.
Figure 4.12 shows labelling of Epha2 in lenses of 4 months old Epha2*’*, Epha2*" and
Epha2” mice (top row) and 10 months old lenses of Epha2*"* and Epha2*"" mice (bottom

+/+

row). Epha2 was present in lens epithelial cells in lenses of Epha2™" mice at both the ages.

Similar to the localisation of N-cadherin and B-catenin, Epha2 was also observed in the cell

+/+

periphery of fiber cells in lenses of 4 months and 10 months old Epha2™™ mice (first image
in the top and bottom row). This localisation was consistent with previous reports (191,
212) and further emphasizes an important role of Epha2 in the lens cell junctions.
However, in lenses of 4 and 10 months old Epha2*" mice, besides its presence in cell
periphery, Epha2 protein was also present as inclusions in lens epithelial and fiber cells
(second image in the top and bottom row). Similar inclusions were also observed in lenses
of 4 months old Epha2” mice (third image in the top row). Lens sections labelled with only

goat 1gG instead of the primary antibody were used as negative control (bottom right

image). We suspected that these inclusions were due to the partial Epha2 fusion protein
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Figure 4.11: Immunofluorescence labelling of B-catenin in lenses of Epha2*’*, Epha2* and Epha2” mice

Lens sections from 4 months old Epha2*’* (WT), Epha2*” (HET) and Epha2” (HOMO) and 10 months old Epha2*"*and
Epha2*” were labelled with mouse anti-B-catenin antibody. Lens sections probed with mouse IgG were used as negative
control. The figure shows representative images of lens section from each genotype at both the ages. Similar to N-cadherin, [3-
catenin labelling also shows lack of fiber cell arrangement in 4 months old Epha2” and 10 months old Epha2*’ lenses. Lens
sections of Epha2™* mice at both the ages and of 4 months old Epha2*"~ mice show normal fiber cell shape and arrangement.
Green is B -catenin hybridised to Alexa Flour 488 conjugated secondary antibody and blue is DAPI stained nuclei. Scale-bar
20um
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Figure 4.12: Immunofluorescence labelling of Epha2 in lenses of Epha2**, Epha2*" and Epha2” mice

Lens sections of 4 months old Epha2*™* (WT), Epha2*” (HET) and Epha2” (HOMO) and 10 months old Epha2*™*and
Epha2*" were labelled with anti-mEpha2 antibody. Sections hybridised with the goat IgG were used as negative control.
Representative images of lens section from each genotype at each age are illustrated in the figure. The lenses of 4 months and
10 months old Epha2*"* mice show presence of Epha2 in lens epithelial cells and in the periphery of fiber cells. Lenses of 4
months old Epha2*" mice exhibit presence of the Epha2 in both lens epithelial and lens fiber cells. These lenses also show
presence of inclusions in the lens cells. Similar inclusions were observed in 4 months old Epha2’ and 10 months old Epha2*"
mice. These inclusions may be the partial Epha2 fusion protein. Green is Epha2 detected using Alexa Flour 488 conjugated
secondary antibody and blue is DAPI stained nuclei. Scale-bar 20pum
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produced as a result of the knockout. To further investigate this, the lenses were also
labelled for B-galactosidase reporter protein and Figure 4.13 illustrates the results of this
labelling. This labelling also exhibited the presence of similar inclusions in lens epithelial
and fiber cells in lenses of 4 months and 10 months old Epha2*" mice (second image in the
top and bottom row) and 4 months old Epha2”” mice (third image in the top row). Lenses
of Epha2*™* mice were not expected to have any [-galactosidase reporter protein. The

+/+

labelling in Epha2™™ mouse lenses (first image in the top and bottom row) was comparable
to the lenses hybridized with rabbit 1gG used as controls (fourth image in the top and

bottom row) and hence was considered background labelling.

To further confirm the presence of the partial Epha2 fusion protein, we examined its
expression in lenses from Epha2 knockout mice by western blotting. Lenses from three
mice of each genotype at 2 months of age were used for the analysis; as the results from
progression study, described in section 4.3.2.2, revealed that there was no phenotypic

difference between the three genotypes at this age.

Results of the analysis are presented in Figure 4.14. On hybridization with the anti-mEpha2
antibody (Figure 4.14a) we found a faint protein band around 130 kDa in size in lenses of
Epha2**and Epha2*"" mice which was consistent with the size of the full-length Epha2
protein. Epha2 expression reduces with age in lens (191) and a faint band corresponding to
the full-length protein was detected in a previous report. A protein band around 200 kDa,
indicated by arrow, was differentially expressed with highest expression in lenses of

+/+

Epha2” mice, intermediate in Epha2*" mice and completely absent in Epha2*’* mice. This
protein band perhaps corresponded to the partial Epha2 fusion protein seen as inclusions in

Epha2 knockout lenses. The partial Epha2 fusion protein consists of a part of the Epha2
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Rabbit IgG

4 months

10 months

Figure 4.13: Immunofluorescence labelling of p-galactosidase in lenses of Epha2*’*, Epha2* and Epha2™ mice.

Lens sections of 4 months old Epha2*"* (WT), Epha2*"" (HET) and Epha2” (HOMO) and 10 months old Epha2*"*and Epha2*"
were labelled with anti-B-galactosidase antibody. Sections probed with rabbit 1gG were used as controls. Representative images
of lens section from each genotype at 4 months or 10 months are illustrated in the figure. The labelling in Epha2** mice were
comparable to the negative controls. Lenses of 4 months old Epha2” and Epha2*" mice and 10 months old Epha2*" mice
demonstrate presence of inclusions which may be the Epha2 fusion protein. Red is beta-galactosidase detected using Alexa
Flour 594 conjugated secondary antibody and blue is DAPI stained nuclei. Scale-bar 20 um
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Figure 4.14: Epha2 expression analysis in lenses of Epha2*’*, Epha2*" and
Epha2” mice

Lens homogenates of three 2 months old Epha2™* (WT), Epha2*’ (HET) and Epha2’
" (HOMO) mice were analysed for Epha2 and fusion protein expression. Forty
micrograms of lens protein was size separated by SDS-PAGE and hybridized with a)
goat anti-mEpha2 primary and anti-goat biotin and SA-HRP secondary antibody; b)
anti-goat biotin and SA-HRP; c) rabbit anti f-galactosidase primary and anti-rabbit
HRP secondary antibody. Arrow in panel a) illustrates the partial Epha2 fusion
protein around 200 kDa in size in HOMO and HET lenses. The partial Epha2 fusion
protein migrated slower than its expected size of 163 kDa. The WT and HET mouse
lenses show presence of the full-length Epha2 protein 130 kDa in size marked by an
asterisk. A non-specific band ~ 50 kDa due to hybridisation with the primary
antibody was also observed. The other bands observed on the blot were due to non-
specific hybridisation of the secondary antibody and are also observed in panel b.
Panel b) shows the non-specific bands of < 150 kDa and ~ 75 kDa due to
hybridisation with the secondary antibody. Panel c¢) depicts the fusion protein,
marked by an arrow, in lens proteins from Epha2*" and Epha2” mice. This protein
band is likely to be the same band as detected by the anti-mEpha2 antibody in panel
a). 1, 2 and 3 indicate the three mice of each genotypes used for expression analysis.
The molecular weight standards are as marked. kDa is kilo dalton.
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ectodomain fused to the B-galactosidase reporter protein. This fusion protein was expected
to be around 163 kDa in size but possibly migrated slower than its expected size perhaps
due to post-translational modifications. A non-specific band of around 50 kDa due to the
primary antibody was present in all the samples. In addition, we also observed non-specific
bands due to the secondary antibody illustrated in the Figure 4.14b). Hybridization with the
anti-B-galactosidase antibody also revealed the presence of protein band corresponding to
the fusion protein at around 200 kDa. These results suggest that both anti-mEpha2 and

anti-B-galactosidase antibody detected the presence of the same fusion protein band.

4.4 Discussion

The involvement of EPHA2 in cataract development in both human and mouse provides
evidence for a crucial role of Epha2 signalling in the lens. In the present study we used an
Epha2 knockout mice strain, B6;129P2-Epha2®'STO%9BY (KST085) to investigate if
environmental modifiers such as age and gender influence Epha2 signalling in the lens and
affect cataract development and progression. These mice have been previously shown to
have increased susceptibility to skin cancers (317) and increased Epha2 expression in the
Kidney in Epha2+" mice following renal ischemia-reperfusion injury (318). The KST085
strain used in the present study had been generated on a B6; 129P mixed background. As
mentioned previously, the 129 strain carry a cataract causing splice site mutation in the
Bfsp2 gene (312, 313). The mice used in our study developed cataract much sooner than
previously reported (191). Therefore Bfsp2 genotyping was performed to know if mutation
in Bfsp2 was the underlying cause of the early-onset of cataract. The results showed that all

mice bred for obtaining experimental animals were wild-type for Bfsp2 and did not carry
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the mutation. Additionally an examination of mice soon after administration of the
anesthetic drugs also ensured that the cataract phenotype was not anesthetic induced (319).
Hence the phenotype of the KST085 mice in the present study was contributed to by their

Epha2 genotype.

Upon monitoring cataract progression in Epha2*’*, Epha2*" and Epha2’ mice, we
observed a significant effect of age and Epha2 genotype on cataract. We found that Epha2’
"and Epha2*" mice developed progressive anterior cortical cataract presenting with severe
cataract by 4 months and 8 months of age, respectively. This was further supported by
histological and immunofluorescence analysis of cataractous lenses from Epha2” and
Epha2*" mice which revealed altered shape, size and packing of fiber cells. Similar
disorganisation of cells along with disruption of meridional rows and lens fulcrum was
previously reported in the GFP+Epha2’ mice at postnatal day 21 (Strain: C57BL/6;
12956-Epha2™ ™ developed by vector insertion in exon 5 of Epha2) (213, 214). However,
another study using Epha2” mice of the same strain but without GFP incorporated in the
genome, reported that the mice did not develop cataract till 10 months of age but presented
with abnormal lens suture formation due to altered cell migration (212). Epha2 plays an
important role in cell migration during development (320). Congenital cataract causing
mutations in EPHA2 affect phosphorylation of Akt, a downstream effector molecule in c-
src signalling pathway, which is involved in cell migration (215, 321, 322). Consistently,
lenses from homozygous knockout mice were previously reported to have reduced amounts
of phosphorylated c-Src and cytoskeletal proteins such as cortactin and actin, important for
cell motility (214). Overall, findings in Epha2 knockout lenses from the present and

previously reported studies suggest that lack of Epha2 in the lens may lead to
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dysregulation of lens cell migration, disrupting lens architecture and hence contribute to

cataract development.

Further, on Epha2 expression analysis in the lenses from Epha2 knockout mice, we found
presence of the partial Epha2 fusion protein. The fusion protein migrated slower than its
expected size. Similar slower migration of high molecular weight proteins has been
previously reported (323). Immunolabelling analysis showed presence of the fusion protein
in lens epithelial and fiber cells. The fusion protein was expected to be in the cytoplasm of
the cells (308). However, it was difficult to determine if the protein was present in the
plasma membrane or the cytoplasm in these cells. The accumulation of this protein over
time may be contributing to the severity of phenotype and differences in rate of cataract

progression between Epha2*’ and Epha2” mice.

A previous study reported that in the same KST085 strain on FVB/NJ background, the
Epha2*" mice did not develop cataract until 14 months of age while the Epha2” mice
progressively developed cortical cataract from 5 months of age (191). In the present study,
the KST085 Epha2*” and Epha2” mice on C57BL/6J background developed severe
anterior cortical cataract by 8 months and 4 months of age, respectively. This difference in
rate of cataract progression between the KST085 mice used in the two studies may be due

to the difference in genetic background of the mice used in these studies.

Similar background and/or underlying mutation related differences in phenotype have been
also observed in Ephrin-A5" mice. Ephrin-A5 is a ligand for Epha2 (225). Ephrin-A5™"
mice on FVB/NJ background developed nuclear cataract (221) while GFP+ Ephrin-A5"

mice on C57BL/6J background present with an anterior polar opacity in their lenses (213).
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The site of GFP integration in the genome in these mice is also not known (213). Loss of
the ligand, Ephrin-A5, leads to epithelial-mesenchymal transformation of cells with an
aberrant cell growth in the anterior polar region (213). Additionally, analysis of postnatal
lenses of Ephrin-A5" mice on FVB/NJ background revealed presence of disordered fiber
cells but no effect on lens epithelial cells (324). On the other hand, GFP+ Ephrin-A5"
mice on C57BL/6J background have normal lens fiber cells but show disrupted lens
epithelial cell layer homeostasis (213). These mice also show disruption of E-cadherin and

[-catenin based junctions in the lens epithelial cells (213).

Difference in phenotype in Epha2” mouse strains have also been found in previous reports
depending on the mutation in Epha2 resulting in the knockout (191, 212-214). As
mentioned earlier, a Epha2” mice on C57BL/6J background (Strain: C57BL/6; 12956-
Epha2™™" have transparent lenses up to 12 months of age but present with small lenses
and reduced lens refraction compared to their wild-type counterparts (212). Interestingly,
GFP positive (GFP+) Epha2” mice of the same strain on C57BL/6J background develop
nuclear cataract (213). However, the genomic position of GFP integration or the age of

cataract development in these mice was not reported.

The GFP+ transgenic mice, which were intercrossed with the Epha2 and Ephrin-A5
knockout mice to generate their GFP+ counterparts, were not examined for presence of
cataract (325). However unlikely, but differences in phenotypes in both GFP+ Epha2” and
GFP+ Ephrin-A5" mice as compared to their GFP negative counterparts, may be
attributed to insertion of an additional GFP gene in the mouse genome. The analysis of

Epha2 and Ephrin-A5 knockout lenses suggests that the Eph-Ephrin signalling is crucial
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for lens fiber cell organization and architecture of the lens which is important for

maintaining lens transparency.

Next, we wanted to understand if gender had an effect on rate of cataract progression in
each Epha2 genotype. Interestingly, we noted different results depending on how the data
were analysed. Utilising ACG facilitated equal representation of cataract grades in both the
eyes and the analysis revealed a marginally significant effect of gender in Epha2™" mice.
Analysis of the cataract grade of the severe eye may perhaps be more biologically relevant
as it defined the severity of the disease. This analysis in Epha2*’" mice again revealed a
significant effect of gender both at 4 months and 8 months of age. Although marginally
significant, differences in cataract progression between genders was only observed in
Epha2*" mice suggesting that Epha2 genotype of the mice might have a role to play in this
difference. Slower progression of cataract in the Epha2*’” mice as compared to Epha2”
mice also helped demonstrate a small gender-related difference in cataract progression.
Increasing the number of Epha2” mice monitored for cataract progression and a more
regular examination will help determine gender-related difference in these mice. Similarly,

more frequent examination of Epha2*’ mice might reduce the variation observed in this

group.

A small effect of gender on cataract progression is consistent to what is observed in
humans (117, 145-147). Estrogen receptors are expressed in human and mouse lens
epithelium (326, 327) suggesting that the hormone has a function in the lens. In breast
cancer cell lines overexpression of estrogen leads to repression of Epha2 (270, 328).
However, the effect of estrogen in an aging lens is not known. Difference in levels of

estrogen between the two genders is the most apparent explanation. Reduced estrogen in
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post-postmenopausal years renders females more susceptible to various diseases including
cataract (329-331). However, the Epha2*" mice demonstrating these differences may be
pre- or close to menopausal age. Perhaps, a synergistic effect of both lack of Epha2 and
changes in estrogen levels could modulate the progression of cataract. Further investigation
of the downstream effector molecules of both Epha2 and estrogen might reveal their role in

cataract development.

4.5 Conclusion

Overall, results from this study clearly demonstrate a dosage effect of Epha2 on cataract
progression. This study shows a distinct effect of age and a small effect of gender on
Epha2 mediated cataract. In addition, accumulation of the fusion protein in the knockout
lenses might contribute to the severity of cataract phenotype. Consistent with previous
reports, we found that loss of functional Epha2 disrupts lens architecture affecting cataract

development.
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5. Effect of ultraviolet light on Epha2

mediated age-related cataract
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5.1.Introduction

Exposure to ultraviolet (UV) radiation has been established as a risk factor for
development of age-related cataract (ARC) (117, 118, 125). UV radiation reaching the
earth comprises of UV-A (400-315 nm), UV-B (315-280 nm) and UV-C (280-100 nm).
Out of these three, only UV-A and UV-B penetrate through the atmosphere and reach the
earth. In the eye, the cornea absorbs all UV radiation below 295 nm and radiation up to 400
nm is absorbed by the lens (332). With thinning of the ozone layer, atmospheric protection
from UV radiation is being lost, causing more UV radiation to reach the earth (333). This
in turn leads to increased daily exposure, especially in populations living at higher altitudes
or involved in outdoor occupations, which increases susceptibility to UV-induced cataract
(334, 335). Exposure to UV-B specifically is associated with an increased risk of
development of cortical cataract in humans (115, 125). However, it is difficult to estimate
the minimum UV-B exposure sufficient to cause cataract mostly due to the difficulty in
quantifying the regular UV-B exposure for an individual. Therefore studies in animal
models have been employed for investigating the doses of UV radiation sufficient to cause

cataract and possible mechanisms of damage to the crystalline lens (196, 198, 336, 337).

The amount of UV radiation transmitted to the lens is different in animal models than in
humans due to the differences in corneal thickness and general anatomy of the eye between
species (338). Nevertheless, similar to humans, UV-B is found to be more cataractogenic

than UV-A in animal models (339).
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Various studies in animal models have demonstrated damage in the ocular lens due to UV-
B light exposure (332, 336). Unlike UV-A exposed lenses, bovine lenses exposed to
repeated low-dose UV-B demonstrate altered light transmittance (340). Similarly, albino
mice exposed to a chronic dose of UV-B developed posterior cataract while UV-A
exposure was weakly cataractogenic (195). Additionally, increasing doses of UV-B lead to
an exponential increase in the forward scattering of light by exposed rat lenses (341). Age-
dependent modulation in sensitivity to UV-induced cataract has been also reported in rats
(342). Apoptosis or necrosis is thought to be the main cause of UV radiation mediated
damage in rodent lenses (198, 343). Oxidative stress, metabolic imbalance and post-
translational modification of lens proteins are some of the known effects of UV exposure
on rodent lens that eventually contribute to cataract development (197). Alterations in the
human lens in response to UV exposure still need to be determined. However, a vast
majority of the studies in rodents have demonstrated damage to the lens caused by a single
above-threshold dose of UV-B (198, 199, 344, 345); threshold dose is the minimum dose
adequate to cause cataract. Only a few studies have investigated effects of repeated below-
threshold doses of UV-B exposure on the lens (346), which is comparable to the UV

exposure in humans.

In addition to environmental modifiers such as UV-B exposure, the development of ARC
in humans is also influenced by genetic factors. As described in Chapter 4, genetic
variation in the EPHA2 gene is associated with age-related cataract in humans (65, 68,
191). Epha2 is important for UV-induced apoptosis and is up-regulated upon UV exposure

in cultured cells (269). However, whether or not UV exposure of the lens leads to an
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increased risk of Epha2 mediated cataract development is unknown. In the present study

this association was explored in the Epha2 knockout mice.

Results in Chapter 4 describe effect of age and gender on cataract development in Epha2
knockout mouse. The present study examined susceptibility of Epha2 knockout mice on
C57BL/6J background to cataract development on exposure to multiple below-threshold
doses of UV-B. We found that the severity of cataract was associated with the dose of UV-

B administered but was unaffected by the Epha2 genotype of the mouse.

5.2.Materials and Methods

5.2.1. Animals
Ethics approval for the project was obtained from the Animal Welfare Committee, Flinders
University, Adelaide. Epha2*™™* and Epha2™" mice from the B6;129P2-Epha2CtKST089Byg
(KSTO085) strain were used for this study. Animal breeding, maintenance and genotyping

were performed as described in Chapter 4, sections 4.2.1- 4.2.5.

5.2.2. UV-B treatment of mice
A UV-B exposure station designed and built by the Department of Biomedical
Engineering, Flinders Medical Centre, Adelaide, Australia, was used for this study. The
exposure station comprised of a trolley with two shelves (Figure 5.1a). Two 20 W UV-B

broadband (290-315 nm) fluorescent lamps (Philips TL 20 W/12 RS SLV) mounted below
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the top shelf of the trolley were used as a source of UV-B. The dose of UV-B exposure was
monitored using a UV X digital Radiometer attached to the UV X series sensor (UVP Inc,
CA, USA; Figure 5.1b). The output recorded by the radiometer was logged using the 0 to
2.5V Tiny Talk data logger (Gemini data Loggers Ltd, West Sussex, U.K.) and was used
to determine the treatment duration. The recording from the logger, with a maximum
reading of 2 V, was used to determine the output UV-B radiation from the lamps. A timer
was used to control exposure times and hence the final dose of UV-B administered. For
example, if the recording from the data logger was 0.0027 V with the radiometer set to
record a maximum of 20 mW/cm?; the treatment duration for a final dose of 0.05 J/cm?

was calculated as follows:

A reading of 2 V in the data logger is equivalent to 20 mW/cm?
Therefore, 1 V = 10 mW/cm?

0.0027 V = 0.027 mW/cm? or 0.027 x 10" J/cm? per second

So, a UV-B dose of 0.027 x 10°° J/cm? is administered in 1 second
Therefore a dose of 0.05 J/cm? will be administered in:

(0.05 x 1)/ (0.027 x 10) = 1851.8 seconds = 30 minutes 52 seconds

A polycarbonate animal holder with a capacity to hold twelve mice in separate slots was
used to expose mice to UV-B (Figure 5.1c). A mesh was placed on top of the animal
holder, with minimum UV-B attenuation, to restrain the mice in the slots. The same mesh
was also placed on top of the UV X sensor, to ensure accurate estimation of the UV-B dose

administered.
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UVX digital
Radiometer

Figure 5.1: Set-up used for UV-B treatment of mice

The figure illustrates a) UV-B exposure station with the UVX radiometer, data
logger, UV X sensor and the animal holder indicated by arrows; b) UVX radiometer
and sensor used to record UV-B dose of each treatment; ¢) Animal holders used to
restrain mice for the duration of UV-B treatment. Each mouse was held in a
separate slot and a metal mesh on the top was used to restrain the mice.
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The Maximum Tolerable dose or MTD>.3.16, Which determines the threshold dose of UV-B
for avoidance of cataract, is 2.9 kJ/m? for C57BL/6J mice (347, 348); UV-B doses lower

+/+

than this MTD,3.16 Were used for the present study. Three weeks old Epha2™™ mice were
treated with UV-B dose of 0.1 J/cm?, every alternate day, three times a week for two
weeks. With the exception of this treatment regimen, all the subsequent treatments were
performed after installation of a 0.25 mm thick PTFE (Teflon) layer to cover the UV-B

lamps. This teflon layer attenuated 48% of the total power of the UV-B radiation.

Five week old, Epha2*"* and Epha2™" mice were exposed to 0.05 J/cm?, 0.025 J/cm? or
0.0125 J/cm? dose of UV-B seven times, every third or fourth day. The UV-B treated mice
were monitored weekly for their well-being and observations were recorded on a clinical

record sheet.

5.2.3. Slit-lamp examinations

Clinical cataract grading in untreated and UV-B treated mice were conducted 24-48 hours
after the last treatment that is at 9 weeks of age. This was followed by a subsequent
examination at 13-16 weeks of age. As the UV-B dose of 0.1 J/cm? was administered to 3
week old mice, their after treatment and follow-up examinations were conducted at 6
weeks and then at 10-12 weeks of age, respectively.

For examinations, mice were anesthetized and revived after examination as described in
Chapter 4, section 4.2.6. Anterior polar and cortical cataracts were graded separately in all
the treated and untreated mice. Cortical cataract was clinically graded as described in

Chapter 4, section 4.2.6. Due to unavailability of a standard clinical grading system for
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anterior polar cataract, we developed a grading system based on the size of the anterior
polar opacity as a measure of cataract severity. Depending on the severity, anterior polar
cataract was assigned a grade between 0-3, with O representing no anterior polar cataract
and 3 indicating severe anterior polar cataract. Figure 5.2 illustrates examples of each of
the grades of anterior polar cataract. The lenses were graded by an observer blinded to the
UV-B treatment doses and genotypes of mice. Cataract was either clinically examined or
graded through photographs. The observations were recorded by digital photography as

described in Chapter 4, section 4.2.6.

5.24. Histological analysis
After their last examination, the UV-B treated and untreated mice were euthanized by
isofluorane inhalation. Whole eyes were enucleated and fixed in 10% NBF as described in
Chapter 4 section 4.2.7. The eyes were paraffin embedded, sectioned and used for

histological analysis as described in sections 4.2.8 and 4.2.9.

The slides were imaged using 20x objectives on an Olympus Brightfield BX50 Upright
microscope equipped with Qlmaging RTV 5 megapixel Digital Camera (QImaging, BC,

Canada) and QCapture software (QImaging, BC, Canada) for capturing images.
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Grade 0O Grade 1 Grade 2 Grade 3

Figure 5.2: Grading system for anterior polar cataract

The figure shows representative images of cross-section illumination of the lens.
Each image shows a cross-section of the cornea (bright arc) on the anterior side,
followed by the anterior chamber (dark region) and then the lens. Anterior polar
cataract in the lens is indicated by arrows. The cataract grade assigned to each
image is indicated above the image. This grading system was used to grade
anterior polar cataract in UV-B treated mice.
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5.2.5. Statistical analysis
All statistical analysis was performed using IBM Statistical Package for the Social Science
(SPSS) Statistics 19. The average anterior cortical and anterior polar cataract grade of both
the eyes was used for analysis. The normality of distribution was estimated by Shapiro-
Wilk statistical test. As the data was not normally distributed, non-parametric tests were

used for all the comparisons.

+/+

The effect of different UV-B doses on cataract development in Epha2** and Epha2*’" mice
was analysed using the Kruskal-Wallis statistical test, with individual comparisons
performed using Mann-Whitney U test. The difference in cataract development within a
group (for example Epha2*™* mice treated with UV-B dose of 0.05 J/lcm?) at the two time
points was analysed using Wilcoxon Signed Ranks test. The difference between cataract

development in UV-B treated Epha2*"* and Epha2*" mice was analysed using Mann-

Whitney U test at each time-point.

5.3. Results

We examined the effect of UV-B exposure on Epha2 mediated cataract using the Epha2
knockout mouse as a model. Three or five weeks old mice received repeated whole body
exposure of different doses of UV-B. The repeated below-threshold exposures were

administered to reproduce a regular repeated exposure in humans.
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The results described in Chapter 4, section 4.3.2.2 reveal an age-dependent progression in
anterior cortical cataract in Epha2"' and Epha2+" mice, with development of severe
cataract by 4 months and 8 months of age, respectively. The slower progression to severe
cataract in Epha2™" mice, as compared to the Epha2” mice, made it easier to eliminate the
effect of age on cataract and evaluate only the effect of UV-B exposure on cataract
progression. Therefore we investigated susceptibility to UV-B induced cataract only in

Epha2*" mice; Epha2*’* mice were used as controls.

Three week old Epha2™* (n = 6) mice received UV-B dose of 0.1 J/cm? seven times, twice
a week every 3-4 days. Severe epithelial erosion as observed on examination of these mice
at 24-48 hours after completion of their treatment. As a result it was not possible to grade
their lenses for cataract. The data from these mice were not included in the analysis.
Thereafter, to attenuate the radiation intensity a teflon sheet was used and older (five week
old) mice were used for UV-B treatments. UV-B doses lower than 0.1 J/cm?® were

administered to examine the effect on ocular lens.

The Epha2*™* and Epha2*" mice were treated thrice a week every alternate day seven
times. Cataract was graded in lenses of all UV-B exposed mice at 24-48 hours after the last
exposure, followed by an examination at least a month after their last exposure. To avoid
gender bias equal numbers of male and female mice were used in each treatment group,
except in the group of Epha2*"* mice treated with the UV-B dose of 0.025 J/cm? (6 males

+/+

and 2 females). However, as there was no difference between genders in Epha2™" mice, it
is unlikely that the skewness towards males in this treatment group would have affected the

results.
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5.3.1. Effect of different doses of UV-B on cataract development
Mice were exposed to one of the three different doses of UV-B - 0.05 J/cm?, 0.025 J/cm?
and 0.0125 J/cm?. At least 8 mice of each genotype were included in each treatment group.
These mice developed either anterior polar or mild anterior cortical cataract. Figure 5.3 and
Figure 5.4 illustrate the effect of UV-B dose on anterior polar and cortical cataract
respectively at 9 weeks and 13-16 weeks of age. Figure 5.4 also depicts the mild epithelial
erosion in the cornea in the UV-B treated mice. The exposure to different doses of UV-B

+/+

resulted in differences in cataract development. Epha2** and Epha2*"~ mice exposed to the
UV-B dose of 0.05 J/cm?® developed anterior polar cataract with mild anterior cortical
cataract. Similarly, mice exposed to 0.025 J/cm? dose developed either anterior polar with
mild anterior cortical cataract or only mild anterior cortical cataract. However, Epha2™*
and Epha2*" mice exposed to the lowest dose of 0.0125 J/cm?® developed only mild

+/+

anterior cortical cataract apart from one Epha2™" mice that developed grade 1-2 anterior
polar cataract. The cornea of mice exposed to both the 0.05 J/cm? and 0.025 J/cm? doses
showed slight punctate epithelial erosion 24-48 hours after the last exposure but this did
not interfere with their cataract grading. Moreover, the cornea of treated mice healed by

their follow-up eye examination. Eyes exposed to UV-B dose of 0.0125 J/cm? did not

develop any corneal abnormality.
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Figure 5.3: Anterior polar cataract in UV-B treated Epha2** and Epha2*" mice

Representative images of anterior polar cataract in untreated and UV-B treated
Epha2*™* (WT) and Epha2*" (HET) mice are shown. The UV-B dose administered is
indicated on the top of each column. Anterior polar cataract was observed both at 9
weeks and 13-16 weeks of age in Epha2*’* mice (shown in the first and third row)
and Epha2*"” mice (shown in the second and fourth row). Most of the untreated mice
and ones treated with the UV-B dose of 0.0125 J/cm? did not develop anterior polar
cataract. Mice of both the genotypes exposed to UV-B dose of 0.05 J/cm? or 0.025
Jlcm? developed anterior polar cataract.
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Figure 5.4: Anterior cortical cataract in UV-B treated Epha2** and Epha2*"
mice

Representative images of anterior cortical cataract developed in untreated and UV-B
treated Epha2** (WT) and Epha2*” (HET) mice. All the treated and untreated mice
developed mild anterior cortical cataract, which may be anaesthetic induced. There
was no difference in grades of anterior cortical cataract between the untreated and
UV-B treated mice. Mice treated with UV-B dose of 0.05 J/cm® and 0.025 J/cm?
showed mild corneal epithelial erosion at their first examination. The cornea healed
and was normal by the follow-up examination.
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The average anterior cortical cataract grade in each mouse and the mean of average grade
of anterior cortical cataract in both Epha2*’* and Epha2*" mice are listed in Table 5.1.
Figure 5.5 graphically illustrate the spread of grades of anterior cortical cataract developed
in the UV-B treated and untreated groups of mice of both the genotypes. On comparison of
anterior cortical cataract grades by Kruskal-Wallis statistical test no significant difference
was observed between the treated and untreated Epha2*™* (p = 0.693 at 9 weeks and 0.902
at 13-16 weeks of age) and Epha2* (p = 1 at 9 weeks and 0.681 at 13-16 weeks of age)
mice. This suggests that cortical cataract in these mice was not altered by the UV-B
treatment and was perhaps anesthetic induced. Hence this data was not analysed to

compare cataract grades between the two time-points or between genotypes.

The average anterior polar cataract grades of each mouse and the mean of average grade of
anterior polar cataract are listed in Table 5.2. The observed variation in sensitivity to UV-B
within groups indicated by the high standard deviations has been reported in previous
studies (349). Additionally, the treatment doses ranged from 0.0112-0.0137 J/cm? for an
expected dose of 0.0125 J/cm?; 0.022-0.0268 J/cm? for 0.025 J/cm? and 0.045-0.055 J/cm?
for 0.05 J/cm?. This variability in the administered doses may account for the variation
observed in cataract grades. Figure 5.6 depicts the spread of grades of anterior polar
cataract. Upon analysis by Kruskal-Wallis statistical test we found a significant difference
between different treatment groups in Epha2™* mice at 9 weeks (p = 0.026) and 13-16
weeks of age (p = 0.001). Further, multiple comparisons for comparing untreated mice
with each of the three groups of UV-B treated mice, Mann-Whitney U test was performed.
An adjusted o level of <0.016 (0.05/3) was set for the difference to be statistically

significant.
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Table 5.1: Average grade of anterior cortical cataract in untreated and UV-B treated mice

Genotype Dose of UV-B | Number of Average cortical Mean £SD Average cortical Mean +SD at
mice cataract grade of | at 9 weeks cataract grade of 13-16 weeks
each mouse at 9 each mouse at 13-
weeks 16 weeks
Epha2 *™* 0 15,2,15,1,2,2, |17+0.4 2,1,1.25,2.25,2,2, | 1.7+0.4

15,25,15 152,15

0.0125 1,2,1.5,05, 15, 1.6 £0.64 2,1.25,2.25,1.75,2, | 1.8 £0.35
2,15,2 2,2.25,15

0.025 2.25,25,2,2,15, [19+£04 2,2,2.25,2,2.25,0, |1.7+0.76
2.25,1.5,1.25 1.25,2

0.05 2,2,2,2,2,2, 1.7+04 2,2,15,15,2.5, 1.7+05
1.75,1.5 2.25,15,1

Epha2 *" 0 2,15,2.5,1.25, 1.8+0.4 0.75, 1.5, 1, 2.25, 1.5+0.6

2.25,15,2,2 1.25,25,1.75,1.5

0.0125 1.5,1.75, 1.75, 2, 1.9+£0.23 2,15,2,2.25, 175 |1.7+£0.34
2.25,2,2,2 15,15,1.25

0.025 2,2,1,175,2,2, 1.8+£0.35 1.75,1.75,15,1.75, |15+£0.3
2,2 2,15,15,1

0.05 2,15,2,2,1.75, 1.9+£0.32 2,2,15,15,1.5, 1.7+£0.24
15,25,2 1.75,2,2
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Figure 5.5: Distribution of anterior cortical cataract grades in untreated and

UV-B exposed Epha2** and Epha2* mice

Scatter plots show the distribution of grades of anterior cortical cataract in untreated
and UV-B treated Epha2*’* and Epha2*" mice. The untreated and UV-B treated
Epha2*™* (top row) and Epha2*’" (bottom row) mice developed mild anterior cortical
cataract. The mice developed comparable grades of cortical cataract at both, 9 (top
left and bottom left panel) weeks and 13-16 weeks (top right and bottom right panel)
of age. Some points on the graphs also represent cataract grades of multiple animals.
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Table 5.2: Average anterior polar cataract grade in untreated and UV-B treated mice

Genotype Dose of UV-B | Number of Average anterior Mean £SD Average anterior Mean £SD
mice polar cataract at 9 weeks | polar cataract grade at 13-16
grade of each of each mouse at 13- weeks
mouse at 9 weeks 16 weeks
Epha2 *™* 0 9 0 0 0 0
0.0125 8 0,0,0,0,1,0,0,0 0.1+£0.35 0,0,0,0,2,0,0,0 0.25+0.7
0.025 8 0.75,1.75,2,0,0,0, | 0.5+0.8 1.5, 2.5, 2.25, 0.25, 08+11
0,0 0,0,0,0
0.05 8 0,0,25,25,0,0.5, 09+11 25,2,2,2,0,2,1.75, |1.7+£0.7
0.5,1.25 2
Epha2 *" 0 8 0 0 0,0,0,0,0,1,0,0 0.1+£0.35
0.0125 8 0 0 0 0
0.025 8 0,0.75,15, 1.5, 0.68 £ 0.63 0,0.5,0.75, 1.25, 1.75, | 0.5+ 0.67
0.75,1,0,0 0,0,0
0.05 8 0.75,1.25,1,2,1.75, | 1.5+ 05 15,15,1.75,2,1.75 |15+£0.6
1.25,2,2 2,1.25,0
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Figure 5.6: Distribution of anterior polar cataract grades in untreated and UV-
B exposed Epha2*’* and Epha2*" mice

Scatter plots show the distribution of grades of anterior polar cataract in untreated
and UV-B treated Epha2*™* (top row) and Epha2*’" (bottom row) mice. The UV-B
treated mice developed anterior polar cataract as a result of the exposure. The
graphs indicate the grades of anterior polar cataract at the two time-points, at 9
weeks (top left and bottom left panel) and 13-16 weeks (top right and bottom right
panel) of age. UV-B treated Epha2*’* mice developed higher grades of anterior
polar cataract on their follow-up examinations while untreated mice presented with
no anterior polar cataract at both the time-points. UV-B treated Epha2*" mice
developed similar grades of anterior polar cataract on their follow-up examinations.
One untreated Epha2*"" mice also developed anterior polar cataract at 13-16 weeks
of age. Some points on the graph also represent cataract grades of multiple animals.
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The results revealed significant differences in the grade of anterior polar cataract between
the untreated Epha2™* mice and the group treated with UV-B dose of 0.05 J/cm? at both
the time-points. There was no difference between the untreated and the group treated with
the UV-B dose of 0.025 J/cm? at the two time-points; perhaps due to variation in the
anterior polar cataract grades of the mice treated with 0.025 J/cm® UV-B dose. There was
no difference between untreated and mice treated with the UV-B dose of 0.0125 J/cm? as
majority of mice in this treatment group did not develop any anterior polar cataract. Table
5.3 lists the p values obtained from these comparisons. Similarly in Epha2* mice a
significant difference was observed between treatment groups at 9 weeks (p value = 3.2 x
10°) and 13-16 weeks (p value = 4.5 x 10™) of age. A significant difference was observed
between untreated and groups treated with 0.025 J/cm? and 0.05 J/cm? dose of UV-B at
both the time-points. Table 5.3 lists the p values obtained from comparisons between

different treatment groups.
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Table 5.3: Comparison of anterior polar cataract between different treatment
groups in Epha2** and Epha2*" mice. p values form Mann-Whitney U test are
indicated; n = 8 per group

Comparisons

Epha2 ** mice

Epha2 " mice

9 weeks 13-16 weeks 9 weeks 13-16 weeks
0vs 0.0125 0.289 0.289 1 0.317
0 vs 0.025 0.05 0.02 0.01 0.0125
0vs0.05 0.007 0.001 3.1x10" 0.002
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5.3.2. Effect of genotype and time for repair on cataract in UV-B exposed
mice

We further analysed the data to determine if Epha2 genotype of the treated mice had an
effect on susceptibility to cataract development on UV-B exposure. The data in Epha2**
and Epha2*” mice at both the time-points was compared by Mann-Whitney U test. Table
5.4 lists the p values from these comparisons and the results of the analysis are graphically
depicted in Figure 5.7. In all the UV-B treated groups, Epha2*’* and Epha2*" mice
developed similar grades of anterior polar cataract at both the time-points and no

significant difference was observed between the two genotypes. These results suggest that

the Epha2*" mice do not have increased susceptibility to UV-B induced cataract.

Next, to determine the effect of time of repair in the UV-B treated mice, Wilcoxon Signed

+/+

Ranks Test was used to compare the grades of anterior polar cataract in Epha2™ and
Epha2*" mice. Table 5.5 lists the p values obtained from these comparisons. Over 60% of
Epha2™* mice exposed to the 0.05 J/cm?® dose developed anterior polar cataract 24-48
hours after the last exposure, whereas close to 90% of these mice were found have these

+/+

opacities at their follow-up examination. This was because two Epha2™" mice which did

not develop anterior polar opacities at their first examination, presented with these

+/+

opacities at their second examination. Therefore Epha2™" mice had higher grades of
anterior polar cataract at the subsequent examination (Mean 1.7 + 0.7) compared to when
first examined (Mean 0.9 + 1.1). In the group of Epha2*" mice treated with the UV-B dose
of 0.05 J/cm?, all the mice developed anterior polar cataract. However, one Epha2*’~ mice

recovered the damage caused due to UV-B exposure and was found to have no anterior
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Table 5.4: Comparison of anterior polar cataract between the two genotypes. p
values of Mann-Whitney U test are indicated; n = 8 per group

Dose of UV-B (J/cm?) 9 weeks 13-16 weeks
0.0125 0.317 0.317
0.025 0.612 0.736
0.05 0.168 0.069

Table 5.5: Comparison of anterior polar cataract grade at the two time-points. p
values from Wilcoxon Signed Ranks test are indicated; n = 8 per group

Genotype Dose of UV-B (J/cm?)
0.0125 0.025 0.05

Epha2+’+ 0.317 0.063 0.063

Epha2*" 1 0.414 0.829
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Figure 5.7: Comparison of anterior polar cataract in UV-B treated Epha2*’* and
Epha2™" mice.

Anterior polar cataract grades in UV-B exposed Epha2™* and Epha2*" mice at a) 9
weeks and b) 13-16 weeks of age. The UV-B doses are indicated on the x-axis and the
grades of anterior polar cataract are indicated on the y-axis. Both the Epha2*’* and
Epha2*"" mice developed comparable grades of anterior polar cataract at both the time-
points.
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polar cataract by the follow-up examination. However, these differences between the two
time points, in both the Epha2*™* and Epha2*" mice, were not statistically significant.
Further, in Epha2*"* mice exposed to 0.025 J/cm? dose, only close to 40% mice developed
anterior polar opacities while 50% of these mice presented with anterior polar cataract on
their second examination. Over 60% of Epha2*™" mice treated with this UV-B dose
developed anterior polar cataract; 50% of them presented with these opacities by the
follow-up examination. However, again these differences were not statistically significant.
Nevertheless, these observations suggest that even multiple treatments with this below-

threshold dose of UV-B can lead to permanent damage in the lens.

+/+

Lastly, in groups of Epha2*™* and Epha2*"" mice exposed to 0.0125 J/cm? dose only one
Epha2*™* mouse developed anterior polar cataract and presented with similar grade of
anterior polar cataract at the follow-up examination; thus indicating that this dose does not

cause any damage to the lens.

5.3.3. Histological analysis

Histological analysis was performed on two lenses each from untreated mice and Epha2*’*
and Epha2*” mice treated with UV-B dose of 0.025 J/cm? and 0.05 J/cm?. The Epha2**
and Epha2*" mice treated with the lowest dose of 0.0125 J/cm? did not show any
difference as compared to the untreated mice and therefore were not included in the
analysis. After their second examination, the lenses of untreated and treated mice were

examined by haematoxylin and eosin staining. Figure 5.8 illustrates the results of this

analysis. We found that the untreated and lenses from mice treated with UV-B dose of
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0.025 J/cm? showed normal morphology of lens epithelial and lens fiber cells (first and
second column). These lenses perhaps show presence of vacuoles (white spaces) at the
epithelial-fiber interface which are not observed in untreated lenses. The lenses of
Epha2*™* and Epha2*" mice treated with UV-B dose of 0.05 J/cm? exhibited epithelial cell
hyperplasia (third column). This growth of epithelial cells invaginates into the anterior
fiber cells and disrupts their arrangement. Lack of presence of vacuoles in lenses treated
with 0.05 J/cm? dose of UV-B is perhaps due to a more localised lesion in these lenses. The
equatorial and posterior regions of the lens appeared normal in all the treated and untreated

lenses.

Overall these results show that repeated exposure to even below-threshold dose of UV-B
leads to cataract. The phenotype of cataract is dependent on the dose of UV-B and perhaps
on the time given to the ocular lens to repair damage between two exposures. However, the

Epha2 genotype of the mouse did not have any effect of the nature of damage to the lens.
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Figure 5.8: Histological analysis of untreated and UV-B treated lenses

Lenses of untreated and UV-B exposed Epha2™* (WT) and Epha2™" (HET) mice
were analysed by heamatoxylin and eosin staining. Representative images of the
pupillary region of the lens section of each genotype are shown. The dose of UV-B is
indicated above each column. Blue heamatoxylin staining shows the nuclei and pink
eosin staining shows the cytoplasm of lens epithelial and fiber cells. Cornea of the
untreated and UV treated eyes, visible in some sections, is indicated. Lenses of mice
treated with UV-B dose of 0.025 Jicm® perhaps show some disruption of the
epithelial-fiber cell interphase as indicated by the arrow. An inset of the region is also
shown in the image. Lenses of Epha2*™* and Epha2™" mice treated with the UV-B
dose of 0.05 J/cm? show aberrant lens epithelial cell growth (indicated by arrows)
which disrupts the arrangement of the underlying fiber cells. Scale-bar 50 pm

170

——
| —



5.4.Discussion

A complex interaction of environmental stress factors and genetic factors influence the
development of ARC. Epha2 knockout mouse was used as a model to determine an
interaction between UV and Epha2 and its effect on cataract development. Epha2™* and
Epha2*” mice were exposed to three different below-threshold doses of UV-B and
examined for cataract 24-48 hours after and at least a month after the last exposure. The
effect of different UV-B doses, time of repair and Epha2 genotype was examined on

cataract development.

The results described in Chapter 4, section 4.3.2 demonstrated that the Epha2 knockout
mice were susceptible to anterior cortical cataract. The mice used in the present study for
treatment, examinations and histological analysis were up to 4 months of age. The
untreated Epha2*"* and Epha2*"~ mice were found to have comparable grades of anterior
cortical cataract by 4 months of age as described in Chapter 4, section 4.3.2.1. Therefore
any difference in cortical cataract, if observed in this study, was attributed to exposure to
UV-B. However, we did not observe any difference in anterior cortical cataract
development between untreated and UV-B treated Epha2*’* and Epha2*"~ mice. Instead,
we observed dose-dependent differences in anterior polar cataract development due to
repeated below-threshold dose of UV-B in both the genotypes. The difference in damage to
the lens in response to different UV-B doses observed in the histological analysis further
supported the dose-dependent difference observed in anterior polar cataract grades. We
observed epithelial hyperplasia in lenses treated with the 0.05 J/cm? dose. This is consistent

with previous studies which have reported that aberrant cell divisions causes multi-layering
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under the capsule by the mitotically quiescent lens epithelial cells in response to UV
exposure (199, 339). Additionally, we noted a possible disruption of the epithelial-fiber
cell interphase in lenses treated with 0.025 J/cm?® dose. Swelling of the fiber cells or
accumulation of cellular debris in the region has been reported to contribute to the anterior
cortical opacity observed at 24-48 hours after last exposure (196, 339). UV exposure to a
single above-threshold dose in rats has been found to activate repair mechanism in the lens
which removes the damaged cells by apoptosis leading to disappearance of the cortical
cataract by subsequent examination (196, 199). However, we did not observe any
alterations in grades of anterior cortical cataract on UV-B exposure suggesting that the
doses and treatment regime used in the present study either do not affect cortical cataract

development or activate mechanisms to repair the damage.

Exposures of above or close-to threshold dose of UV radiation, with inter-exposure time of
either three days and one day, respectively, has been reported to be most damaging to rat
lens (350, 351). However, few studies demonstrate the effect of multiple below-threshold
UV-B exposures on lens (346). In the present study mice were exposed to below-threshold
UV-B dose of 0.05 J/cm?, 0.025 J/cm®and 0.0125 J/cm?, seven times, every third or fourth
day. A simple additive effect of the multiple treatments of 0.05 J/cm? 0.025 J/cm? and
0.0125 J/cm? dose results in a cumulative doses of 0.35 J/cm?, 0.175 J/cm? and 0.0875
Jlcm?, respectively. We found that a close-to-threshold cumulative dose of 0.35 J/cm? and
0.175 J/cm? led to anterior polar cataract. These findings are consistent with the phenotype

of cataract observed in previous reports (199, 339, 349, 350).

Rodent lenses exposed to UV-B dose of 0.2 J/cm? /2 days for a period of at least two

months were reported to develop anterior polar cataract (339). This is consistent with our
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findings where multiple exposures of even below-threshold doses of 0.05 J/cm? and 0.025
Jlem? are sufficient to cause permanent damage to the lens. The presence of anterior polar
cataract with multiple exposures to 0.05 J/cm? and 0.025 J/cm? dose indicates permanent
damage to the lens epithelium which could not be repaired. No significant effect of
multiple exposures of UV-B dose of 0.0125 J/lcm? suggests that either the dose was too low
to initiate any response in the lens or the lens can rapidly repair with the damage caused by

exposure to this dose.

The forward light scattering by a UV-B exposed lens is also affected by latency period
after the exposure (349, 352). One week after exposure is suggested to be the optimal time
to record observations related to lenticular changes which remain unchanged between 1
week to 32 weeks of latency, following a dose of 0.05 J/cm? in rat lens (352). This suggests
that with exposure to below-threshold doses of UVR the observations do not change over a
long latency period. In this work we observed changes 24-48 hours and approximately a

+/+

month after exposure. Interestingly, in the group of Epha2** mice treated with 0.05 J/cm?
and 0.025 J/cm? dose of UV-B, we found an increased number of mice with anterior polar
cataract with an overall higher grade of anterior polar cataract at the follow-up
examination. This suggests that lenses from these mice demonstrated a delayed response to
UV-B exposure or the latency period facilitated in demonstrating the accumulated damage
due to exposure to UV-B. We did not observe any significant effect of time available for
repair on grades of anterior polar cataract recorded on the subsequent examination in

Epha2*"" mice suggesting permanent damage to the lens caused by the UV-B doses used in

the study. However, comparison of morphological, physiological and molecular

173

——
| —



characteristics of the UV-B treated lens at the two time-points may demonstrate differences

over time.

Previous studies (191, 212-214) and work in this project reported in Chapter 4 have
demonstrated that Epha2 knockout mice are susceptible to cataract development perhaps
due to disruption of lens homeostasis and architecture. We further investigated if UV-B
exposure alters their susceptibility to cataract development. Our results show that Epha2*"

mice did not demonstrate increased susceptibility to UV-induced cataract.

A majority of studies have been performed by UV treatment of anaesthetized animals. In
addition to having more control on the dose of UV delivered to the lens, the contralateral
eye of the anaesthetized animal had served as an untreated control. Nevertheless, anesthetic
drugs have been shown to influence the cataract phenotype in animals (353). In the present
study, we performed exposure of anaesthetized mice in an attempt to replicate the UV
exposure in humans. The treatment regime used in the present study is perhaps most

similar to daily exposure in humans.

We did not measure the forward light scattering from the lenses of UV-B exposed mice.
Therefore these results can’t be directly compared to the majority of studies conducted in
animal models. Additionally, dark field microscopy or scanning electron microscopy of the
UV-B treated lenses may assist in evaluating damage to the lens due to the different doses
of UV-B. Testing other treatment regimens by altering the inter-exposure days or
extending the exposures might lead to a better understanding of the effect of Epha2

genotype on cataractogenesis due to UV-B treatment. Other treatment regimens and UV-B
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+/+

doses may lead to a different phenotype in both Epha2*™* and Epha2*"~ mice and provides

grounds for further investigations.

5.5.Conclusion
In conclusion, to the best of our knowledge this is the first study to demonstrate effect of
repeated exposure to below-threshold UV-B radiation on cataract development in Epha2
knockout mice. Our results demonstrate an dose-dependent effect of UV-B on anterior
polar cataract and suggest that Epha2*" mice do not exhibit increased susceptibility to UV-

induced cataract.
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6. Discussion
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6.1 Brief overview

At the commencement of this project in 2011, EPHA2 was, and still remains, the most
recently identified gene in both congenital and age-related cataract (65, 66, 68, 190, 191).
Since 2011, multiple reports have examined the role of EPHA2 in the lens and in
congenital or age-related cataractogenesis (64, 69, 192, 212-215). Further studies were still
needed to elucidate the commonalities between developments of both the forms of EPHA2
mediated cataract. Therefore the present study investigated the role of EPHA2 gene in
congenital and age-related cataract. We, for the first time, determined the frequency of
mutations in the gene in inherited cataracts in an Australian cohort. Further, functional
effects of the causative mutations were examined in a cell culture system. Additionally, to
understand its role in age-related cataract (ARC), studies were undertaken to ascertain the
interaction of established environmental modifiers with Epha2 and its effect on cataract
development. The important findings from this study and other parallel studies are
discussed in the following sections. Finally, potential relevance of these results to cataract

in humans is discussed.

6.2 Key Findings

The genetic burden due to mutations in EPHA2 on congenital cataract was evaluated in a
South-Eastern Australian cohort of congenital cataract cases. Our findings revealed that

4.7% of inherited cataracts in this cohort were due to mutations in the EPHA2 gene.
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Firstly, these findings showed that frequency of causative mutations in EPHA2 in this
cohort was comparable to mutations in a group of crystallin genes taken together (272). We
identified the underlying cataract causing mutation in four families from our cohort. This
will assist in genetic counselling in these families and in better management of the disease
by regular ocular examination of the individuals carrying the mutations. Genetic testing for
the non-synonymous variant (c.2875G>A; p.A959T) found in both late-onset congenital
and age-related cataract, may help in early detection of mutation carriers who may need
regular monitoring. Of great interest was the splice mutation (c.2826-9G>A,
p.D942fsXC71) as it was previously reported in an Australian family from our cohort (65).
Multiple unrelated families with the same splice mutation in the cohort suggest that this
mutation commonly occurs in the population and may potentially be present in other
affected families. In addition to detecting the carriers, genetic testing for these mutations
will also identify the non-carriers of the mutation and relieve them from future follow-up
examinations. Identification of the rare variant in cataract affected individuals highlighted
that the rate and severity of cataract development can be dependent on other genetic and
environmental factors. Lastly, the mutations, ¢.1751C>T and ¢.2875G>A, found in this
study also add novel mutations to the existing repository of congenital cataract causing

mutations in humans.

The findings of this study may be valuable for establishing genetic screens for other
affected families which will facilitate prenatal or early detection of an affected individual.
Similar studies determining congenital cataract causing mutations in a population/cohort
may further assist in streamlining the genes that should be screened in affected families at

their first presentation.
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Next, in an attempt to further understand the implications of identified mutations on the
protein, we analysed the localisation of five mutant EPHAZ2 proteins in two epithelial cell
lines namely, MDCK and Caco?2 cells which are known to polarize and have established
cell-junctions. Similar to the wild-type protein, EPHA2 with p.P594L, p.A959T or
p.V972GfsXC39 mutation localised to the cell periphery. The mutant proteins carrying
p.T940I or p.D942fsXC71 mutation were predominantly found in the perinuclear region
and demonstrated some co-localisation with the cis-golgi marker in both the cell lines.
These results are different from the previously reported subcellular localisation of mutant

EPHAZ2 proteins (215) suggesting that localisation of these proteins is cell-type dependent.

The presence of p.P594L and p.D942fsXC71 mutation leads to nuclear cataract while
p.V972GfsXC39 and p.T940l mutation lead to posterior polar cataract in humans (65,
354). Perhaps the altered residues affect epithelial cell homeostasis and/or epithelial to
fiber cell transformation and cell migration resulting in the observed cataract phenotype.
Further, in support of this hypothesis, Park et al. had previously reported altered cell

migration of p.D942fsXC71, p.V972GfsXC39 and p.T940l mutant proteins (215).

During lens development, lens epithelial cells in the posterior of the lens elongate and give
rise to the primary fiber cells which constitute the lens nucleus while epithelial cells in the
bow region divide and differentiate into secondary fiber cells which elongate and extend to
the poles (8). Epha2 expression has been detected throughout mouse lens development
(324). In addition to the bow region, high expression of Epha2 was observed in the
posterior pole of the developing lens (324) suggesting a role of the protein in these regions
in the lens. Based on this expression pattern, disruption of EPHA2 function due to presence

of these mutations is likely to lead to the nuclear or posterior polar cataract phenotypes.
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Mutant EPHA2 with p.A959T leads to cortical or posterior subcapsular cataract in teenage
years, which correlates with Epha2 expression in the cortical fiber cells in postnatal and
adult mouse lenses. Although mutant EPHA2 proteins with p.P594L, p.A959T or
p.V972GfsXC39 mutation do not mis-localise, they may disrupt EPHA2 signalling and
affect its role in the cell. The two mutant proteins carrying p.T940l or p.D942fsXC71
mutation demonstrate severe effect on localisation and may lead to delayed recruitment of
the mutant EPHAZ2 to the cell periphery. This can potentially affect cell migration which
may in turn affect lens architecture and lead to cataract. Further investigation using animal
models carrying the causative mutations in EPHA2 may improve our understanding of the

effect of these mutations on lens development.

Furthermore, to understand the involvement of EPHA2 in ARC, we examined effect of
environmental factors namely, age, gender and UV-B exposure on EPHA2 and cataract
development. For this we used an Epha2 knockout mouse model (Strain: KST085). Jun et
al. had previously reported that the Epha2*" mice of KST085 strain on FVB/NJ
background did not develop cataract up to 14 months of age while Epha2” mice developed
cataract by 5-8 months of age (191). In the present study we used the KST085 strain on
C57BL/6J background. We found that compared to relatively clear lenses of Epha2™*
mice, Epha2” mice developed severe cataract by 4 months of age and Epha2*" mice
demonstrated intermediate phenotype and developed severe cataract by 8 months of age.
These differences between genotypes were statistically significant demonstrating a distinct
dosage effect of Epha2 copy number on ARC progression, which was a novel finding. The

difference in age-of-onset of cataract as compared to the previous report is possibly

attributed to differences in genetic background of the mice used in the two studies. Similar,
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genetic background related differences in cataract phenotype have been reported in
Connexin 467, Connexin 507 and Ephrin-A5"" mice as well (221, 355, 356). Changes in
the genetic background leading to altered susceptibility to cataract development once again
suggest that cataract is a multi-genic disease. A comparative molecular analysis between
the mouse strains will provide insight into the genetic modifiers leading to variations in
severity of the phenotype. Similarly, the individuals carrying the rare variant, c.2875G>A,;
p.A959T, found in our genetic study may be susceptible to cataract development in the

presence of other genetic and/or environmental factors.

Interestingly, despite expression of Epha2 in a variety of epithelial cells, the Epha2
knockout mice present only with cataract without any other systemic abnormality. Loss of
Epha2 function in other organs is perhaps compensated by other Eph receptors (289).
However, this loss of function is not compensated for in the lens hence resulting in
cataract. Consistently, no other systemic abnormality has been reported in congenital
cataract patients with causative mutations in EPHA2 yet, indicating a similar compensatory
mechanism in humans. However, ARC phenotype, observed in Epha2 knockout mice, as
opposed to autosomal dominant congenital cataract due to mutations in EPHA2, observed
in humans, likely reflects the differences in mouse and human lens development. It also
suggests that complete absence of functional Epha2, in Epha2 knockout mouse, may lead
to age-related phenotype which is susceptible to genetic and environmental modifiers. In
contrast, mutant EPHA2, present in human congenital cataract cases, may lead to disrupted

EPHAZ2 signalling during lens development resulting in accelerated cataract development.

The molecular analysis of cataractous lenses correlates with the observed cataract

phenotype and is consistent with previous reports (191, 213). The histological and
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immunofluorescence analysis of cataractous lenses suggests that lack of full-length Epha2
in the lens affects its role at cellular junctions resulting in abnormal fiber cell shape and
defects in fiber cell packaging. Cooper et al. reported similar disruption of fiber cell
packing in Ephrin-A5" mice (221) suggesting an important role of Eph-Ephrin signalling
in maintenance of lens architecture. Cheng et al. reported lack of phosphorylated Src (a
non-receptor tyrosine kinase) and cortactin (an actin-binding protein) in lenses of Epha2"'
mice (214). These downstream effector molecules play an important role in regulating cell
migration and maintaining cellular morphology (357, 358). The disruption of lens
architecture observed in the Epha2 knockout mice also correlates with possible effect of
congenital cataract causing mutations on cellular junctions due to mis-localisation of the
mutant proteins found in this study. Park et al. found lack of activation of Akt, a
downstream molecule in the EPHA2 signalling pathway, and altered cell migration due to
the mutant EPHA2 proteins (215). This again supports the hypothesis that EPHA2
signalling may act through Src-Akt signalling pathway in the lens and affect processes
critical for lens homeostasis such as integrity of lens cell-junctions, morphology and

migration.

An intriguing observation was that only newly formed cortical cells exhibited this
disruption while the central fiber cells did not show presence of the protein. This is
consistent with previous report (191, 212, 324) and potentially reflects a function of Epha2
only in the cortical fiber cells in adult lens. Spatial switch in gene expression of other genes
involved in ocular development has been previously reported (359). Whether altered
regulation of Epha2 in response to age is responsible for the observed cataract phenotype

and progression needs further investigation.
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A partial Epha2 fusion protein generated as a result of the knockout was detected in lenses
of Epha2 knockout mice and localised as inclusion in the lens cells. This has not been
reported previously and is a novel finding. The presence of this fusion protein may increase
light scattering in the lenses of Epha2 knockout mice and be a contributing factor to the
severity of cataract phenotype. Analysis of properties of the partial Epha2 fusion protein
such as solubility and half-life may indicate if accumulation of this protein in lenses from

Epha2 knockout mice over time contributes to ARC phenotype.

Furthermore, our findings demonstrate that gender of mice altered ARC progression only
in Epha2*”" mice. We noted that male Epha2™ mice had higher grades of cataract
compared to age-matched female mice up to 6 months of age. However, on their
examination at 8 months, the female mice developed higher grades of cataract than the
male mice. This observation suggests a potential role of gender on Epha2 mediated
cataract progression. Epidemiological studies in humans suggest an increased risk of
cortical cataract development in post-menopausal females and a potential protective effect
of estrogen hormones against cataract (74, 139, 148, 151). However, gender-related
differences in Epha2*’ mice were observed both in pre- and around menopausal ages. Thus
changes in the levels of estrogen may be the underlying molecular basis of this gender-
related difference in cataract progression in Epha2 knockout mice. Estrogen acts through
the c-Src signalling pathway (360), and lack of functional Epha2 in these mice might affect
the downstream signalling. However, in the human scenario post-menopausal females have
an increased risk of cataract development; possibly due to reduced levels of estrogen
affecting this signalling pathway in addition to loss of protection of lens from oxidative

stress due to environmental insults (361, 362).

183

——
| —



In addition to the effect of inevitable risk factors such as age and gender, we examined the
effect of preventable environmental stress from UV-B exposure on cataract development in
Epha2 knockout mice. To the best of our knowledge this is the first study to analyse the
effect of repeated below-threshold dose of UV-B exposure on cataract development in the
Epha2 knockout mice. Our findings suggest that multiple exposures of even below-
threshold UV-B doses of 0.025 J/cm? and 0.05 J/cm? were cataractogenic in both Epha2**
and Epha2*" mice. We demonstrated UV-B dose dependent severity of anterior polar
cataract phenotypes. Previous work in rodents has demonstrated repair in mouse lens after
UV-B exposure (344). However, we did not observe such an effect with the doses and the
treatment regimen used in this study. On the contrary, we noted increase in cataract

+/+

severity in Epha2™" mice on their follow-up examination conducted at least a month after
their last exposure. Perhaps the response of the lens to multiple exposures of below-
threshold dose of UV-B is different from a single above-threshold dose used in other

studies and detailed investigation is needed to understand the difference in response.

A few studies analysing effect of UV-B exposure on genetically susceptible mouse models
have either demonstrated no effect or increased susceptibility to cataract development
(204, 363). Our findings reveal that the Epha2*’ mice do not have increased susceptibility
to UV-B induced cataract. UV-B exposure of Epha2” mice and long-term monitoring of
cataract progression in the UV-B treated Epha2*"- mice may further provide insight to the

effect of UV-B exposures on development of anterior cortical cataract in these mice.

The UV-B exposure in humans is difficult to quantify due to difference in times of
exposure and atmospheric conditions which alter the UV radiation reaching the earth. West

et al. determined the human UV-B exposure in Maryland Sun-Year (MSY) which was a
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measure of the ultraviolet energy that falls on a horizontal surface in Maryland in 1 year
(364). This was equivalent to a daily 0.208 J/cm? dose of UV-B exposure per day and
exposure to 0.01 MSY was found to be associated with a 10% increased risk of
development of cataract. The present study certainly is the most similar to UV-B exposure
in humans. UV exposure in humans is associated with an increased risk of cortical cataract
development. However, UV-B exposure in the Epha2*’* and Epha2*™" mice leads to
anterior polar cataract. The histological analysis of UV-B treated mice lenses revealed that
epithelial hyperplasia may be the underlying cause of anterior polar cataract in mice
exposed to the UV-B dose of 0.05 J/cm® whereas some disruption of epithelial fiber cell
interphase was observed in the lenses of mice treated with the 0.025 J/cm? dose. The
cataract observed in Epha2 knockout mice was over a small period of UV-B exposure
whereas UV-induced cataract in humans is due to accumulated damage to the lens over a
life-time. The UV-induced damage in the epithelial cells may get transmitted to the newly
differentiated fiber cells in the cortex and perhaps explain the cortical cataract phenotype

observed in humans.

We performed detailed characterization of the Epha2 knockout mouse (KST085) strain on
C57BL/6J background enabling us to document cataract progression and changes in lens
architecture over time. With the help of these findings and due to the progressive ARC
cataract in these mice, the KSTO085 strain on C57BL/6J background may prove to be a

model for testing novel therapies for ARC.
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6.3 Overall conclusions

The findings from the present study reveal that Epha2 mediated cataract is susceptible to
both, environmental modifiers such as age and gender and genetic modifiers such as
variances in the genetic background of different mouse strains. A combination of
environmental factors determines the development and progression of EPHA2 mediated
congenital and age-related cataract in humans, as observed in the cataract phenotype of the
rare variant found in the genetic study. These results again demonstrate that cataract is a
multi-factorial disease with arbitrary boundaries set for categorizing congenital and age-
related cataract. An underlying genetic alteration susceptible to a combination of gene-

environment interactions determines the age-of-onset of cataract.
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Appendix 1

1.1: List of genes, mutations in which lead to isolated inherited congenital cataract. Autosomal Dominant (AD); Autosomal recessive

(AR)
POSITION | GENE INHERITANCE EFFECT ON REFERENCE
PROTEIN
Crystallins
21022.3 Alpha Crystallin A (CRYAA) AD/AR Missense (365)
11922.3-23.1 | Alpha Crystallin B (CRYAB) AD/AR Missense/Frameshift | (366)
17q11.2-12 Beta Crystallin A1 (CRYBAL) AD Missense (367)
22q12.1 Beta Crystallin A4 (CRYBAA4) AD Missense (368)
22011.2-12.2 | Beta Crystallin B1 (CRYBB1) AD/AR Missense/Frameshift | (369)
22011.2-12.2 | Beta Crystallin B2 (CRYBB2) AD Missense (370)
22011.2-12.2 | Beta Crystallin B3 (CRYBB3) AR Missense (371)
2033-35 Gamma Crystallin C (CRYGC) AD Missense/Frameshift | (372)
2033-35 Gamma Crystallin D (CRYGD) AD Missense/Frameshift | (372)
3927 Gamma Crystallin S (CRYGS) AD Missense (373)
2033-935 Gamma Crystallin B (CRYGB) AD Frameshift (374)
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Membrane Proteins

13q11 Gap junction alpha-3 (GJA3) AD Missense/Frameshift | (375)
1921.1 Gap junction alpha-8 (GJAS8) AR Missense/Frameshift | (376)
12913 Major intrinsic protein (MIP) AD Missense/Frameshift | (377)
19q Lens intrinsic membrane protein (LIM2) AR Missense (378)
1p36 Ephrin type A receptor-2 (EPHA2) AD/AR Missense/Frameshift | (68)
Membrane associated proteins
16p13.3 Transmembrane protein 114 (TMEM114) AD Missense (379)
20q11.22 Charged multivesicular body protein 4b (CHMP4B) AD Missense (380)
Cytoskeletal proteins
20pl12.1- Filensin (BFSP1) AD Missense (381)
3021-25 Phakinin (BFSP2) AD Missense/Frameshift | (382)
10p13 Vimentin (VIM) AD Missense (383)
Transcription factors
16021-22.1 Heat shock factor protein 4 (HSF4) AD/AR Missense/Frameshift | (384)
Cytoplasmic protein
3p21.31 FYVE and coiled-coil domain containing protein (FYCO1) | AD Missense (385)
9p13 Galactose-1 phosphate uridyltransferase (GALT) AD Missense (175)
9922.33 Tudor Domain containing protein 7 (TDRD7) AD Missense (386)
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Appendix 2: Primer sequences

2.1 Primer sequences for PCR amplification of coding regions of EPHAZ2 for in-house sequencing

Exon Forward Primer (5°-3) Reverse Primer (5’-3’)

1 GGCCCCTTTAAAGACATTCC CGACACCAGGTAGGTTCCAA

2 CTGGAGGGATCCTCACCTTT GTGAGAAGCTGGACCCTGAG

3 F1- GGAGAGCACGAACTGGAAAG R1- AGGCCAGGTAGAAGCCTTTG
F2- GATGAGATCACCGTCAGCAG R2- AGCAGGGATGAGCTTACCAA

4-5 GGGGTGGAAGCAGATTGAA GTCCTCCTTAAGCCCCACCT

6 GGCTCCACGTCCACTTGT TCAGATGGCTGGGTGGTT

7 ATTCCGAGCCTCAGTTTCCT TCCTTTCCCAAGATGTCTCAA

8 CTCTGGAGCCTTCCCAAGT TGAGGAAATGGAGGTTCCTG

9 ACTGGGCCGCATTCTGAG CAGTGCCCTGGGAACACC

10-11 | TGACCTTCTCCTCTGACTCCA GTGGGCACAGTCACAGACAG

12-13 | ACCTTCCCCCATATCTGTGC AGGTGTGCAGGTGAGAGGAC

14 CTTGGCTGCAATGGTCCT AGAGCAAAACTCCGTCTCCA

——
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15 TTCTGGGATGTTCCTGTTCC GTGGCCACTCTACCGAAGTG
16 TCATCCAGGTTAGGGAGCAG GTTCTGCCCTTCTCTTCCAA
17 CCAGAGCTCTCTTGCCCTAC GCAGGGGGAGGAAAGAACTA

2.2 Primer sequences for PCR amplification of coding regions and 3’'UTR of EPHA2 used at AGRF

Exon

Forward Primer (5°-3’)

Reverse Primer (5°-3’)

AGGGCATGAATGAACAGGAG

CTGAAACCGCTTATTCTCCG

TGTCTGAGAGTTGGGGTTCC

GCCAGAGATCCCTCTGACTG

F1- TAGTGCCCTACTCTGCCACC

F2- ACTACGGCACCAACTTCCAG

R1- GGCACCGATATCCTGGAAG

R2- AACCTGGGAATGCAGAACC

4 CTTCTTGCAGGAGCCAGTG GAGGAGTCAGTGCTGTGCTG
5 CAGCACAGCACTGACTCCTC TCTCTAAACACACCCGAGCC
6 CTGTGGAGGATGTGGCTCC GCCATGTCTTCTCTCGTACAAATC
7 GCTAGCTTGGGGTGGTCTC CACACCACTGTCGTGAATCC

——
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8 GGAACTCCCTTGTCATCAGC CGAAGGCATTCCCATTAGAG
9 AGACCTCACTGACCTCCCTG CGAGTGACACAGGATGGATG
10 TCCTCTGACTCCAGAGCACC AAGTCCACTCGCTGCTTCTC
11 CACATATGAGGACCCCAACC GACAGAGCCCCTGCTAAGTG
12 TCAATACCTGTGCCCTCCTC CTGAACTCGCCATCCTTCTC
13 TTCCTTCGGGTAAGGATGTG AGGTGTTCTGCCTCCTGAAG
14 ACCACCAGTGTAAGTTGGGG TAAACTGTCCTCTGCCCAGC
15 AGGCCCTTCCTGTCTGTTTC GTGGCCACTCTACCGAAGTG
16 TGAACCCTACTTGACTGGGC TCTTCCAAGGAGCCTCTTCC
17 CTCTTGCCCTACAGGTCCC TGCTAAGTGCTCAGCTGTGTG
3'UTR | TAGTTCTTCCTCCCCCTGC ACCTCAACACAACCAAGCATC
ACTGGGTGAGACCCAAAGC TCCCAAGACTGAAAGCCAAG
CCCATCTCTCATCCTTTTGG TTGCTGTTCTCCTACCTCCC

——
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2.3 Sequence for primers used for Tagman Assay

Forward Primer (5°-3)

Reverse Primer (5’-3’)

CCCACCCCTTCTCCTTCCA

TGAACTTCAACACAGCCTGGTT

2.4 Sequences of primers used for PCR-based mutagenesis

Mutation

PCR round and primer

Name

Primer Sequence (5’-3’)

c.1751C>T; (p.P594L)

Forward primer for PCR 1

Eph Exon10mut Fwd

CCGTGACCCTGGACGCAATG

Reverse Primer for PCR 1

Eph 1751 Rev

GTGGGGATCCACGTATGTCTTCAGGAGCTTCAG

Forward Primer for PCR 2

Eph1751 Fwd

CTGAAGCTCCTGAAGACATACGTGGATCCCCAC

Reverse primer for PCR 2

Eph Exon10mut Rev

CATGAGCTGGTAGATGGCGGAGG

C.2819C>T; (T9401)

Forward primer for PCR 1

Eph Mut Fwd

TCAAGACCCTGGCTGACTTTGACC

Reverse Primer for PCR 1

Eph2819 Rev

CTTGATATCGTCGTTGATCATCTGCACCACCTTC

Forward primer for PCR 2

Eph2819 Fwd

GAAGGTGGTGCAGATGATCAACGACGATATCAAGAG
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Reverse primer for PCR 2 | Eph Bglll Rev GGGAGAGGGGCGGAATTCCAGATCTGTTAATTAAACTC
€.2826-9G>A,; Forward primer for PCR 1 | Eph Mut Fwd As above
(D942fsXC71), Reverse Primer for PCR 1 | Eph2826 mod Rev CTTGATGTCGCTGTGGGTCGTTGGTCATCTGCACCACCTTCT
Forward primer for PCR 2 | Eph2826 mod Fwd GATGACCAACGACCCACAGAGACATCAAGAGGATTGGGGT
Reverse primer for PCR 2 | Eph Bglll Myc Rev CACACACACACAAGATCTTACAGATCCTCTTCTGAGATGAG
TTTTTGTTCGAAATAAATAAAGTCCCCAGTGGCCCAGCAT
C.2875G>A,; Forward primer for PCR 1 | Eph Mut Fwd As above
(p.A959T) Reverse Primer for PCR 1 | Eph2875 Rev CAGCAGGCTGTAGGTGATGCGC
Forward primer for PCR 2 | Eph2875 Fwd CGCATCACCTACAGCCTGCTGG
Reverse primer for PCR 2 | Eph Bglll Rev As above
€.2915-2916del TG; Forward primer for PCR 1 | Eph Mut Fwd As above

(V972GfsXC39)

Reverse Primer for PCR 1

Eph2915 Rev

GGATCCCCAGTGTTCACCTGGTCCTTGAGTCCCAG

Forward primer for PCR 2

Eph2915 Fwd

GACCAGGTGAACACTGGGGATCCCCATCTGAGC

Reverse primer for PCR 2

Eph Bglll Myc Rev

As above

——
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2.5 Primer sequences for CP49 genotyping

Primer name Sequence (5°-3°)

CP49 Fwd (Forward Primer) TGGGGTTGGGCTAGAAATCTCAGA

CP49 WT Rev (Wild-type Reverse Primer) | TACTCAAAAGGCAGTAGTCCCTGC

CP49 Mut Rev (Mutant Reverse Primer) AGCCCCTACGACCTGATTTTTGAG

2.6 Primer sequences for Epha2 genotyping

Primer name Sequence (5°-37)

M30828F (Forward Primer) CACCTCACTCAGTATAGTGCTCCA

M30828 WT R(Wild-type Reverse Primer) | CGTCTTCCCAGTCATACTCTACTT

M30828 Mut R (Mutant Reverse Primer) CCATACAGTCCTCTTCACATCCAT
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Appendix 3: Buffers recipes

3.1 TBE

Constituents Weight
Tris 54 ¢
Boric Acid 2759
0.5MEDTA 20 ml

The volume was made up to 1 L using dH,0. The solution was autoclaved before use.

3.2 LB Agar
Constituents Weight
Bacto-tryptone 59
Bacto-yeast extract 25¢g
NaCl 50
Bacto agar 59

Dissolved in 350 ml Milli-Q water made up to 500 ml using Milli-Q water. The

solution was autoclaved before use.

3.3 LB Medium
Constituents Weight
Bacto-tryptone 59
Bacto-yeast extract 259
NaCl 59

Dissolved in 350 ml Milli-Q water made up to 500 ml using Milli-Q water. The

solution was autoclaved before use.
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3.4 Solution P1

Constituents

Volume

50 mM Tris HCI pH 8.0

5 ml of 1 M stock

10 mM EDTA pH 8.0

2 ml of 0.5 M stock

Volume was adjusted to 100 ml using Milli-Q water. The solution was autoclaved

before use.

3.5 Solution P2

Constituents

Volume

200 mM NaOH

5 ml of 4M stock

1% SDS

10 ml of 10% stock

Volume was adjusted to 100 ml using Milli-Q water.

3.6 Solution P3

Constituents

Weight/Volume

3M/5M Potassium Acetate

29.44 g

Glacial acetic acid

30 ml

pH was adjusted to 5.5 using KOH and the final volume made up to 100 ml using Milli-

Q water. The solution was autoclaved before use.

3.7 Phosphate Buffered Saline; pH 7.4 (10x%)

Constituents Final concentration Weight
NaH2PO4 19 mM 2.28¢
Na;HPO, 81.3 mM 11.5¢
NaCl 1.3M 75.97 g

The solution was made up to a final volume of 1 litre using Milli-Q water.
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3.8 Separating gel buffer (4x)

Constituents Weight

Tris 18.2¢

SDS 049

Constituents were dissolved in 60 ml Milli-Q water. The pH was adjusted to 8.8 and the

final volume was made up to 100 ml.

3.9 Stacking gel buffer (4x)

Constituents Weight

Tris 6.05¢g

SDS 049

Constituents were dissolved in 40 ml Milli-Q water. pH adjusted to 6.8 and the final

volume made up to 100 ml.

3.10 Separating gel

Constituents 8% gel
29:1 Acrylamide (40%) 1.5 ml
Separating gel buffer (4X) 1.875 ml
Milli-Q water 4.31 ml
APS (20%) 12.5 pl
Temed 10 pl

3.11 Stacking gel

Constituents 4% gel
29:1 Acrylamide (40%) 0.25 ml
Separating gel buffer (4X) 0.625 ml
Milli-Q water 1.6 ml
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APS (20%)

6.25 pl

Temed

2.5 ul

3.12 Gel loading buffer (4x)

Constituents

Volume/Weight

0.25 M Tris-HCI pH 6.8

2.5 ml of 1M Tris-HCI (pH 6.8) stock

8% SDS

800 mg

40% glycerol

4 ml of 10% glycerol stock

20% B-mercaptoethanol

2 ml of 100% B-mercaptoethanol

10% Bromophenol blue

1 ml Bromophenol blue

The final volume was adjusted to 10 ml using Milli-Q water.

3.13 Gel running buffer (10x%)

Constituents Weight
0.25 M Tris 30.275¢g
1.92 M Glycine 144.13 g
1% SDS 10g

pH was adjusted to 8.3 with

Milli-Q water.

HCI and the final volume was made up to 1 litre using

3.14 Towbin Western Transfer Buffer (10x)

Constituents Weight Final concentration
Tris base 30.275¢g 25 mM
Glycine 144.13 ¢ 192 mM

The volume was adjusted to 1

litre using Milli-Q water.
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3.15 Western Transfer Buffer (1x)

Constituents Volume
Western Transfer Buffer (10X) | 50 ml
Methanol 75 ml

The volume was made up to 500 ml using Milli-Q water. The buffer was prepared fresh

before use.

3.16 Western Blotting Buffer (10X TBST)

Constituents Weight Final concentration (1X)
Tris base 60.5¢g 50 mM
NaCl 8769 150 mM

Constituents were dissolved in 800ml Milli-Q water. pH was adjusted to 7.4 with HCI.

One milli-litre tween 20 was added and volume adjusted to 1 litre.

3.17 Neutral Buffered Formalin

Component Volume or weight
Formalin (40%w/v) | 50 ml
NaH,PQO4.H,0 290
NayHPO4 3.25¢
dH,0 450 ml

3.18 Haematoxylin solution (Modified Harris)

Component Volume or weight
Haematoxylin 50
Glycerol 300 ml

Aluminium potassium sulphate | 50 g

Glacial Acetic acid

20 ml
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Sodium iodate 1lg

dH,O 700 ml

Haematoxylin was dissolved in a small amount of 95% ethanol (approximately 95%).
Potassium alum was dissolved in 250 ml water over gentle heat. It was allowed to cool
before adding the remaining water and haematoxylin to it. Sodium iodate, acetic acid
and glycerol were added to the solution in the fume hood. The solution was filtered

through Whatman No.1 paper and stored in dark to preserve.

3.19 Eosin (Stock Solution)

Component

Volume or weight

5% Aqueous Eosin

20 ml

95% Ethanol 360 ml
Na;HPO4 3.25¢
Glacial acetic acid 2ml
1% Phloxin B 5ml

3.20 Citrate buffer

Component Volume or weight
Trisodium citrate (dehydrate) | 2.94 g
Milli-Q water 900 ml

The pH was adjusted to 6 with 1 N HCI. Five-hundred microliter of Tween 20 was

added and the volume was made up to a litre.
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Appendix 4: Statistical analysis

Table 4.1: Comparison of cataract grade of the severe eye between genotypes at

each age. Epha2*’* (n = 18), Epha2*" (n = 25) and Epha2” (n = 19)

Age p* value; WT vs p** value from multiple comparisons
HET vs HOMO
WTvs HET | WTvs HOMO | HET vs HOMO
2 months | 0.003 0.003 0.122 0.202
4 months | 2.6 x 107 0.006 41x%x10° 5.2 x 10°
6 months | 1.2 x 10 1.2x10* 3.8x 10° 2.5x10°
8 months | 4.8 x 10™ 6.1x 107 3.9x10° 0.204

* From Kruskal-Wallis test; ** From Mann-Whitney U test; Epha2™™* (WT), Epha2*”
(HET), Epha2” (HOMO)

Table 4.2: Comparison of cataract grade of the severe eye in Epha2**, Epha2™",

Epha2” mice over time. Epha2*’* (n = 18), Epha2*” (n = 25) and Epha2™ (n = 19)

Genotype | p* value; 2 months p** value from multiple comparisons
vs 4 months vs 6
months vs 8 2monthsvs4 | 4monthsvs6 | 6 months vs 8
months months months months
Epha2™ | 0.005 N/A 0.002 0.131
Epha2” [7.8x10™ N/A 2x10" 5.6 x 107
Epha2™” 25x 10" 1.2x10™ N/A N/A

* From Friedman Test; ** From Wilcoxon Signed Ranks Test
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