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ABSTRACT

Purpose: Cataracts are a key feature of type 1 myotonidrdghy (DM1),
however, little is known about the mechanisms whinHerlie their development.
This project aims to verify the suitability of lerell lines derived from DM1
patients as a model for the disease and to use tbhesvestigate the mechanisms
which lead to cataract development.

Methods: Experiments were conducted using four DM1 and foomtrol cell
lines derived by SV40 transformation of human lepghelial cells (LECs). The
DML1 cell lines were characterised by measuring geqeession using QRT-PCR
and identifying foci formation of triplet repeat RNvia FISH. Activation of
signalling pathways was analysed using Westerntitpt Active signalling
pathways were inhibited to examine their rolesah growth, death and apoptosis
which were measured using BCA, LDH and TUNEL assagpectively.
Results:Human LECs expressé&MPK and transcripts formed foci in the nuclei
of DM1 cells; however, no evidence of alternatipécng was found. DM1 LECs
had significantly longer population doubling timesd a shorter lifespan
compared to controls. Serum deprivation led todased levels of apoptotic cell
death in DM1 LECs. DM1 LECs released autocrine aigrg factors which
activated the Akt pathway in the non-virally tramshed lens cell line FHL124.
Levels of pAkt and pJNK were subsequently showiédoelevated in the DM1
cell line, DMCatl. However, levels of Akt activiyeclined during the culture
period. Inhibition of the PI3K/Akt pathway in DMCated to increased levels of
apoptotic cell death.

Conclusions: DM1 LECs require signalling via the PI3K/Akt pataw for
survival. Sustained activation of JNK and decregqsintivation of Akt could be
responsible for the longer population doubling snaed shorter lifespan of DM1
LECs. Increased LEC death could underlie catamachdtion through a loss of
homeostatic control in DM1 lenses.
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CHAPTER 1
INTRODUCTION

1.1 The human eye

The eye is a highly specialised organ which dstaad interprets photic
stimuli to allow us to perceive vision. The eyeats light energy and converts it
into electrical signals which are sent to the brama processed so that we can
visualise our surrounding environment. The indiadstructures within the eye
(see figure 1.1) are either involved in the trarssion and focusing of light and
generation of signals, or in the nourishment argpett of the tissues within the
eye (Forresteet al., 2002).

The adult human eye is roughly spherical with arditer of around 24
mm; it has an average volume of 6.5 ml and a mk3sb0g and is separated into
anterior and posterior segments. The smaller amtes@gment consists of the
conjunctiva, cornea, iris, lens and aqueous humihis. segment is separated into
the anterior and posterior chambers by the irist the chambers remain
connected via the pupil. The anterior chamberassitace between the cornea and
iris and the posterior chamber is the space betweeriris and the lens; both
chambers are filled with aqueous humour. The lapgesterior segment consists
of the sclera, choroid, retina and vitreous hun{éorrestet al., 2002).

The outermost layer of the posterior segment isthera and this joins the
transparent cornea and conjunctiva which form titeronost layer of the anterior
segment. Together these form a layer called th@uib coat which protects the
eye. Beneath the fibrous coat are two further kgyie first of which is known as
the vascular coat and is made up of the chorolidygibody and iris. The choroid
is highly vascularised to nourish the outer layarthe retina and is pigmented to
reduce light scatter within the eye. The ciliarydbdolds the lens in place and
produces aqueous humour, which bathes the lendillnthe anterior segment.
The iris is the coloured part of the eye and castaiphincter and dilator muscles
that control the size of the pupil and therefore #imount of light that enters the

eye. The innermost layer of the posterior segmerkniown as the neural coat
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which consists of the retina. The retina has alitigomplex, layered structure
which contains the photoreceptor cells known as ardl cones. The region of the
retina known as the macula is responsible for kighal acuity and contains a pit
called the fovea where light rays are focused. rEiea is responsible for turning
light into electrical signals that are passed ® bhain via neurones in the optic
nerve which exits the retina at the blind spot (Esteret al., 2002).

Cornea

Posterior chamber Anterior chamber

agueous humour
Zonular (ag )

fibres
Ciliary muscle
Suspensory

ligament
Retina

Choroid Vitreous

humour
Sclera

™~

Hyaloid

Optic disc

Optic nerve

blood vessels

Figure 1.1 — A diagrammatic representation of the iman eye, showing the main structures
and their relative positions within the eye. The ey consists of three outer coats: the fibrous
coat (sclera and cornea); the vascular coat (chomiand iris); and neural coat (retina), which

encase the remaining structures of the eye, includj the lens. The vitreous and aqueous
humours provide nourishment and support and maintamn the shape of the eye (image from

http://en.wikipedia.org/wiki/Eye).

The three layers surround and house the remaimingponents that make

up the eye. These include the lens, which is resiptnfor focusing light on to
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the retina; the agueous humour, which supportsnandshes the structures of the
anterior segment of the eye; and the vitreous humuatnich supports the

structures of the posterior segment of the eye.

1.1.2 The passage of light through the eye

Light of wavelengths that are visible to the huneye is found in a
relatively small region of the electromagnetic gpen between 400 and 700 nm
and corresponds to a colour range of violet to kéght with wavelengths below
400 nm, such as ultraviolet (UV) light, is filteredt by the cornea and lens as its
high energy would be damaging to the retina (Yar®&fDuker, 2009). Light
enters the eye through the conjunctiva and cornk&hware the transparent
coverings of the eye. The cornea is responsibleti@-thirds of the eye’s
refractive power, but unlike the lens its focusixed (Forresteet al., 2002). The
light passes through the clear aqueous humour lE@mount of light that can
pass through the pupil is determined by the musmfiéke iris. The iris contracts
or dilates to enable more or less light to passatd® the back of the eye
depending on lighting conditions. In low light thes dilates to allow more light
to enter the eye and in bright light the iris cants to restrict the amount of light
that enters the eye.

Light passes through the lens which is a transpatencture responsible
for the remaining refractive power of the eye. Walithe cornea, the lens is
capable of altering its shape, and therefore retr@apower, in order to bring light
from varying distances to focus on the same pdirthe retina. The light then
passes into the vitreous humour, a clear gelatinoaigrial, which fills the space
between the lens and the retina. The vitreous huroonsists mainly of water
(over 98%) and a matrix of type Il collagen fibrasd hyaluronic acid, which
increases its viscosity to 2-4 times that of watene (Forrestegt al., 2002). This
enables it to fulfil its role of maintaining theagie of the eye.

When focused light reaches the retina it is dikd¢tethe macula region
and particularly the pit of the fovea. The retisathe photosensitive part of the
eye and consists of ten distinct layers contaimmany different cell types (see
figure 1.2). The retina is responsible for turniigit energy into electrical signals
which can be interpreted by the brain. Light pasbesugh several layers of
retinal cells before reaching the photoreceptoiscl the back of the retina. The
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outermost layer of the retina (situated nearerlihek of the eye) consists of
retinal pigment epithelial (RPE) cells which contgigment (melanin) and are
responsible for capturing stray light to avoid tigitatter within the eye. Other
roles of the RPE cells include: the phagocytosisoafer segments of the
photoreceptor cells; the turnover of vitamin A regd for the production of
photopigment; and the provision of a barrier betwé® blood vessels of the

choroid and the retina.

pigment
epithelium
rods
cones

outer limiting
membrane
Miiller cells

horizontal

cells

bipolar
cells

amacrine
cells

light path

ganglion
cells

nerve fiber
layer —s

inner limiting -
membrane

Figure 1.2 — A diagrammatic representation of thetsucture of the retina. The retina is made
up of a pigmented epithelial cell layer and severalayers of neuronal cells connected by
synapses. The cells convert light energy into eleal signals which are passed to the brain
via the ganglion cell axons which exit the eye ahé blind spot and form the optic nerve

(image from http://psych.hanover.edu/Presentation$/oiceFound/images/retina2.jpg).

Most of the light that passes through the layerthefretina is captured by
the two types of photoreceptor cell known as rauts @nes. Rod cells are highly
sensitive and can be activated by a single photdighd. For this reason they are
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mainly used for vision in low light intensity. Cowrells are less sensitive to light
but allow the perception of colour. There are thygees of cone cell, each being
sensitive to a different part of the visible ligggectrum. The photoreceptor cells
contain photopigments which are activated by diiférwavelengths of light,
causing the closure of N@hannels, hyperpolarisation and the reductioronict
release of the neurotransmitter glutamate ontol&ipand horizontal cells. The
bipolar cells pass the signal via a graded potetdiseither amacrine cells or
directly to ganglion cells which fire action poteds when stimulated. The
ganglion cells have long axons which exit the elytha optic disk and form the
optic nerve which goes to the lateral geniculateeus situated in the thalamus of
the brain. The lateral geniculate nucleus is thecgssing centre for visual
information and sends the signals via the opticataah to the visual cortex where

further analysis and interpretation occurs.

1.2 The human lens

The lens is derived from surface ectoderm whichrlesethe optic vesicle
and forms the lens placode during development.niatire lens is a transparent,
avascular tissue situated behind the iris and antfof the vitreous body in the
anterior segment of the eye. The lens has an eillpviconvex shape with the
anterior surface being less curved than the paostefihe adult human lens is
approximately 10 mm in diameter and has a widthrofund 4 mm (Forrestet
al., 2002). It is held in place by the zonule fibreieh are attached to the lens
capsule (just in front of the equatorial line) akaend and the ciliary body at the
other. The lens is nourished by vitreous humouritenposterior surface and
aqueous humour on its anterior surface. As the dees not have its own blood
supply, all of the nutrients it receives come fritra surrounding humours.

The function of the lens is to focus light onte tfetina. In order to focus
light from varying distances at the same pointléms is able to alter its shape by
a process known as accommodation. When the ciiirgcle contracts, tension in
the zonules is reduced and the lens relaxes tora spherical shape to focus light
from near objects. At rest (relaxed), the lens l[agefractive power of
approximately 15 dioptres, which is altered wherchainges shape. When the

ciliary muscle relaxes the converse is true anditenin the zonules increases to
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flatten the lens enabling light from distant obgetd be focused. Ciliary muscle
contraction is activated by the parasympathetigoes system via the oculomotor
nerve and relaxation is under the control of theggthetic nervous system.

Structurally the lens has three main componehts:capsule; the anterior
epithelium; and the fibres (see figure 1.3). Alletha components have a structure
that has evolved to maintain transparency of the.le

DCapsule .Germinative cells D Cortical fibres
.Epithelial cells .Elongating fibres I:lNucleus

Figure 1.3 — A diagrammatic representation of the bman lens. A layer of metabolically
active epithelial cells (blue) are found on the ametior surface of the lens. Some of these cells,
known as the germinative cells (pink), continuallydivide throughout life. They elongate (red)
and migrate, forming new fibre cells (yellow) thatbecome part of the fibre mass. The
original embryonic fibres form the nucleus (pale y#ow) of the lens. The lens is surrounded

by the lens capsule (grey) (image from Maidmersgt al. (2004)).

1.2.1 The lens capsule

The lens capsule is a transparent, smooth, basementbrane that
surrounds the entire lens and protects it fromcindes viruses and bacteria. The
lens capsule acts as a reservoir of growth faaats provides epitopes for lens
cell surface receptors which encourage cell sulvigaowth and migration

(Danysh & Duncan, 2009). The membrane also acts sslectively permeable
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barrier to allow the movement of metabolic subssand waste between the lens
and the humours of the eye due to the lack of blegkels that would usually
perform this task. The lens epithelial cells slowhpduce and turnover the matrix
material of the thick, elastic lens capsule. Thpsose is mainly composed of
laminin and type IV collagen, but also containsogien and several heparan
sulphate proteoglycans (Danysh & Duncan, 2009).thlokness of the adult lens
capsule varies from around 2 um at the posteride pw around 30 pm at the

anterior pole.

1.2.2 The lens epithelium

The lens epithelium is a monolayer of tightly pagkcuboidal epithelial
cells which cover the anterior surface of the lefise epithelium is divided into
three parts: the non-dividing epithelial cells ated in the central anterior region;
the germinative dividing cells which surround theangd the differentiating cells
which elongate into new fibre cells at the equatoregion. The cells in the
germinative zone grow throughout life, resultinghew fibre cells being added to
the fibre cell mass which increases in size with. ag

The lens epithelial cells (LECs) are responsible moaintenance of
homeostatic control of the lens. The LECs reguletels of ions, nutrients and
water and maintain the osmolarity and volume ofléms. A gradient of sodium
ions (Nd) and potassium ions {Kexists across the lens with high levels of Na
at the posterior where it enters by diffusion aighiK" at the anterior. The LECs
contain N&/K* ATPase pumps which pump Naut into the aqueous humour and
K" ions in. This results in a negative resting pagnvhich enables the cells to
maintain their volume (Bhat, 2001). A concentratigradient of calcium ions
(C&™) is also necessary for normal lens cell functiathuhe intracellular levels
being over 1000-fold lower than extracellular lesv@Paterson & Delamere, 2004).
The gradient is maintained via plasma membran&-g&&Pase (PMCA) and
Na'/Ca#* exchangers (NCX), which pump €aout of the cell and
sarcoplasmic/endoplasmic reticulum?GATPase (SERCA) pumps, which pump
Cc&" into the endoplasmic reticulum (ER) calcium stRhodes & Sanderson,
2009).

LECs produce the antioxidant glutathione to protegainst oxidative

insults which can inhibit the pumps that maintdia ton gradients and therefore
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lead to a loss of homeostasis within the lens (Dela & Tamiya, 2004; Marian
et al., 2007).

1.2.3 The lens fibres

The lens fibres constitute the overwhelming bulkhef lens. Mature fibre
cells are long and thin in shape, stretching frbm dnterior to the posterior pole
of the lens, reaching up to 12 mm in length, buhva diameter of only 4-@m.
The ends of mature fibre cells meet anteriorlyhatlens epithelium or posteriorly
at the capsule where they overlap at the antendrpesterior sutures, forming a
new growth shell. The fibre cells are tightly padke layers, called laminae, and
linked to each other laterally by many gap junciiaand channels formed by
connexins and major intrinsic protein 26 (MIP26heTgap junctions allow rapid
communication between the cells of the lens, alhgwsolute and ionic transfer
from cell to cell. Neighbouring fibre cells are @lgpined by ball-and-socket
junctions and membranous interdigitations alongy tlhéeral edges which provide
stability and structure (Forrestetral., 2002). MIP26 acts as a water channel and
also plays a role in the formation of gap junctiotie organisation of the lens
protein y-crystallin and in cell to cell adhesion to limihter-fibore space
(Golestaneret al., 2004). The highly ordered arrangement of theefibells and
the lack of extracellular space ensures the trargpg of the lens (Forrestetral.,
2002).

Fibre cells differentiate and elongate from theidihng LECs at the
equator of the lens. The equatorial cells contitmelivide and new fibres are
continually added to the fibre mass, leading tonanease in lens size throughout
life. Since all cells are retained by the lensrdilaells laid down in the embryo
and foetus are still found in the adult lens andhfthe central, denser nucleus.

As the fibre cells differentiate and mature theynthesise crystallins,
water channel and gap junctional proteins and gifddismantle their organelles
(Rao & Maddala, 2006). The lens fibres become padaekith crystallins, which
are water soluble proteins that increase the rm@feandex of the lens and
maintain transparency. The main crystallins foumdhe human eye are, B-,
andy-crystallins. Theo-crystallins are members of the small heat shockepr

family and also have roles as molecular chaperaomieish may be of importance
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in protecting lens proteins and preventing theiecppitation during ageing
(Andley, 2007).

The organisation of the proteins that maintain dpamency is dependent
on the fibre cell cytoskeleton, which performs affading role. Further roles of
the cytoskeleton include regulation of fibre cdlape, elongation and migration.
The cytoskeleton consists of actin, vimentin ancecin microfilaments,
microtubules and intermediate filaments, as welkas specific beaded filaments
(Forresteret al., 2002; Rao & Maddala, 2006).

The highly ordered structure of the componentdefléns is crucial to its
transparency. Loss of homeostasis in levels of ants water and the loss of the
tightly packed structure of the lens fibres cardleaa loss of transparency due to

light scatter.

1.2.4 The ageing lens

As the human lens ages, several changes occur waichmpact on vision.
The most common changes that occur in the ageintahuens are increases in
stiffness, colouring and light scatter (VrenserQ20 The refractive power of the
lens decreases with age from 15 dioptres duringhytmu6-8 at around 40 years of
age and 2-0 at around 60 years of age (Forrestr, 2002; Yanoff & Duker,
2009).

The condition presbyopia is the inability to foaus near objects, which
arises due to a loss of elasticity of the lens agle; in particular the hardening of
the nucleus of the lens. The decrease in lensi@tasts also accompanied by
atrophy of the ciliary muscle fibres (Forresgtral., 2002). Reading glasses are
then required in order to view close objects iruacThe level ofi-crystallin also
decreases with age, which coincides with an ineréastiffness. During ageing,
the level of freen-crystallin decreases as it binds to degraded imote prevent
them from precipitating. At around 40 years of agdreea-crystallin is found in
the lens and after this point the level of stiffn@sthe lens increases dramatically
(Truscott, 2009). With no free-crystallin to act as a molecular chaperone, levels
of insoluble proteins that cause light scatter begiincrease.

The lens becomes increasingly yellow with age doe iricreased
absorption of light at the blue end of the specteud increased light scattering as

the cells begin to lose their highly ordered swuet The UV light filter, 3-
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hydroxykynurenine-3-B-glucoside (3HKG), becomes covalently bound to lens
proteins during ageing, producing a yellow pigmemhich contributes to
colouration and also to the development of ageedlauclear cataract (Yanoff &
Duker, 2009).

The formation of both nuclear and cortical catardtas been linked to
ageing. The hardening of the lens could alter ther fof water, ions and anti-
oxidants through the fluid cell membranes by afferthe activity of membrane
bound proteins involved in their transport. Thisuldo result in a loss of
homeostasis and an increase in reactive oxygeniespeleading to nuclear
cataract. Also the hardening of the lens nucleuddcoesult in shearing and
ruptures between the hard nucleus and the softeexcduring attempts to focus
and accommodate, leading to cortical cataract €boiis2009).

The density of the LEC layer decreases with agh@surface of the lens
increases and the proliferative capacity of thengeaitive cells decreases. As a
result the epithelial cells flatten to maintain ecage of the lens (Yanoff & Duker,
2009). The LEC layer is responsible for the maiatex®@ of homeostasis of ion
and water levels within the lens. A thinning epitilecell layer is likely to
contribute to cataract formation due to a lossarhbostasis (Lét al., 1995).

1.3 Cataract

Cataract is an opacity in the lens which obstrtiotspassage of light and
causes light scattering (see figure 1.4). The leesomes cloudy and opaque,
resulting in a loss of visual acuity and contrastsstivity. Cataract can result in
varying degrees of visual impairment, ranging frolorred vision to blindness.

Cataract is the leading cause of blindness worldwigsponsible for
almost 50% of cases, and it is estimated that lliomipeople are currently
rendered blind due to the condition (Jagital., 1996). In developed countries the
prevalence of blindness due to cataract is lowmlpst developing countries,
however, prevalence is much higher, as treatmenbisreadily available. The
incidence of cataract increases with age and duthee shown that the risk of
developing cataracts increases with every decadédeohfter 40 years of age
(McCarty et al., 1999; Kleinet al., 2002). A study by McCartgt al. (1999)
showed that 2-3% of people tested had cataractdestthe ages of 40-49, which
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increased to 100% in people tested over the a§6.0A similar study by Kleiret

al. (2002) showed that the incidence of cataract aved-year period between the
ages of 43-54 was between 14-19%, compared to 8g&f0those studied over

the age of 75. The impact of this data becomesrappavhen the continual

increase in life expectancy, and therefore an ag@opulation, is taken into

account.

Figure 1.4 — Image of a cataractous lens. Cataract an opacity of the lens, which obstructs
the passage of light, causing scattering. This reltsiin a cloudy appearance to the lens which
can be seen behind the pupil of the eye (indicatedy the arrow) (image from
http://www.aapos.org/client_data/files/182_cataradt.jpg).

Although the greatest risk factor for developingacact is age, many
others have been indentified including: environrakstresses, such as exposure
to UV light, oxidative stress and radiation; geoatihanges, such as mutations in
crystallin genes; physical trauma; toxic substansash as selenite; and certain
medical conditions, such as diabetes. With an ageapulation the prevalence of
cataract is increasing and with no current cure, dhly treatment is surgical

removal.
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Posterior

Figure 1.5 — A schematic diagram of the human lenshowing the relative positions of the
various types of cataract. Nuclear cataracts (NC) ra located in the nucleus of the lens.
Cortical cataracts can either be anterior (ACC) orposterior (PCC). Posterior subcapsular

cataracts (PSC) are located at the posterior of thiens (image from Das Guptat al. (2004)).

Cataracts are classified by their position in tbes and are normally
regarded as either nuclear, cortical, posteriocapsular, or a mixture of these
(see figure 1.5). Nuclear cataract affects theeughbf the lens and is most often
associated with oxidative damage and age-relatedngds, such as the
accumulation of large high molecular weight proteggregates. Cortical cataracts
are also most commonly age-related and occur ircahtecal fibres of the lens as
the result of degeneration and liquefaction of fibees. A breakdown in ion
homeostasis leads to an influx of “Caand N& ions, with the increase in
intracellular C&" resulting in activation of Ca-activated proteagealpains)
which break down the fibre cell protein. Corticplokes form when groups of
fibre cells are affected (Naumamh al., 2008). Posterior subcapsular cataracts
(PSC) form near the posterior edge of the lenslaad to high levels of glare.
PSCs are the result of the appearance of granaterial and vacuoles in the lens,
but are often associated with other types of catat@ading to a classification of
mixed cataract. The development of PSCs has bewedito age, diabetes
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mellitus, intraocular inflammation, smoking and wdecorticosteroids (Hodget
al., 1995; Delcourtt al., 2000; Hennigt al., 2004).

1.3.1 Cataract surgery

Surgical removal of cataracts is the most commaraipn performed by
the National Health Service (NHS) in the UK. ArouB@0 000 are performed
every year, and with each operation costing arofn@d0 to £1200, this is an
incredible financial burden on the NHS.

Cataract surgery lasts around 15 minutes and i®mpeed under local
anaesthetic. The most common method is extra-capstdtaract extraction
(ECCE), which removes the fibre mass, but leavesc#psular bag (lens capsule)
in place to house an artificial intraocular len®l() (see figure 1.6a and b). The
cataract operation can be briefly described asvial small incisions are made in
the front of the eye to enable access to the ledsaaviscoelastic substance is
injected into the anterior chamber to maintain spaod pressure during the
procedure. A capsulorhexis is performed on the, lertgere a circular piece of
tissue is removed from the anterior surface, wiichtains the anterior epithelial
cells attached to the lens capsule. A balancedsshltion is injected into the lens
to separate the capsule from the fibres and torapthe nucleus from the cortex
in a process known as hydrodissection and hydratioe. Phacoemulsification is
then performed on the fibre mass. An ultrasonicigtevs inserted into the
capsular bag to breakdown the fibres which are #spirated. The majority of the
lens is removed during surgery, leaving only thetgor capsule and a small
amount of the anterior capsule. This is referredddhe capsular bag. A folded
IOL is then inserted into the capsular bag, wherenfolds and assumes its

position in the visual axis (Benjamin & Little, ZD0

1.3.2 Posterior capsule opacification

A common complication of cataract surgery is teeomdary loss of vision
that occurs in a significant proportion of patienBuring cataract surgery a
portion of the anterior capsule of the lens is &ftpart of the capsular bag (see
figure 1.6b). LECs attached to the lens capsuled#fecult to remove during
surgery and subsequently mount a wound healingonsgpwhere they attempt to

recover the denuded areas of the anterior capguteultiplying and migrating. In
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doing so, some migrate onto the surface of the &4l also onto the previously
cell free posterior capsule where they encroaclo ¢im¢ visual axis and cause
fibrotic changes to the matrix (see figure 1.6a)ntaction of the capsule forms

wrinkles which scatter light (Wormstomeal., 2009).

a

Supporting loops
(haptics)

N\

Intraocular lens

b

Residual lens
epithelial cells

Anterior capsule

Supporting loops Capsular wrinkling
(haptics)

Figure 1.6 — A diagrammatic representation of a cagular bag and the development of
posterior capsule opacification (PCO) (a) An intragular lens (IOL) with the supporting
loops (haptics) which hold it in place following inplantation. The dotted line indicates the
area where the cross section seen in images b andvas taken (b) Modern cataract surgery
forms a capsular bag which comprises of the posteni capsule and a portion of the anterior
capsule. The capsular bag is used to house an IO{c) The residual LECs multiply following
surgery and migrate onto the previously cell free psterior capsule, resulting in wrinkling
and light scatter in a condition known as PCO (imag adapted and modified from

Wormstone (2002)).
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The incidence of PCO is significantly higher in pger patient groups,
most likely due to the increased growth capacityheifr cells. The incidence of
PCO in patients under 40 years of age is as higf0&s compared to less than
40% in patients over 60 years old (Wormstone, 2002)

PCO is treated using a neodymium-yttrium-aluminwemagt (Nd-YAG)
laser which is used to remove a section of thegpmstcapsule to clear the visual
axis. Nd-YAG treatment is not without risk (e.gtimal detachment) and also
costs the NHS a considerable amount each yearemtiem of PCO by more

effective removal of LECs and better IOL desigthis focus of current research.

1.4 Myotonic Dystrophy

Myotonic dystrophy (DM, also known as dystrophigatonica) is the
most common form of adult muscular dystrophy, dffer around 1 in 8000
people worldwide. It is an autosomal, dominanthhearnted, neuromuscular
disorder. DM is characterised by myotonia (a diffig in relaxing the muscles
following contraction), muscle weakness and atrofghwasting of the muscles),
cardiac conduction defects and the developmentrefsenile cataracts. Other
symptoms include mental retardation, testiculaomty, frontal balding and
insulin resistance. DM is a multisystemic diseaai#ecting many tissues and
organs within the body.

DM is a highly variable disease with the rangeyhptoms, age of onset
and severity of symptoms varying from person tosper (Harper, 2001).
Symptoms can present at any time from birth toagd and vary from mild to
severe. In its mildest form, the disease may pteséh only pre-senile cataract.
In its most severe form the disease may be preseiirth, causing mental
retardation, muscle weakness and respiratory pmbleDM can shorten life
expectancy, but this is most significant in paseaffected from a young age. DM
patients have an increased risk of respiratoryandiac diseases and of sudden
death from heart failure (Meola, 2000).

1.4.1 The history of DM
DM was first described as an independent disordistinct from other

myotonic diseases in 1909. Hans Steinert repoiitezlgases of the disease, where
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he observed a similar distribution of muscle weaknand atrophy and weak
speech. He also described testicular atrophy im éduhe cases (referred to in
Harper, 2001). The disease was described indepdyndanthe same year by
Frederick Batten and H.P. Gibb (Batten & Gibb, 1909

In 1911 J.G. Greenfield recognised cataract agngpt®om of DM after
observing a high prevalence of cataract in a |éagaly affected by the disease.
The systemic nature of DM was first noted in 1932Hh Curschmann, who
considered cataract and testicular atrophy to Bem of generalised endocrine
disturbance. In 1918 B. Fleischer described catsriacprevious generations of
patients who had otherwise appeared unaffectetdgisease and was the first to
describe the phenomenon called anticipation, whieeeseverity of the disease
increases from generation to generation (refelwed Harper, 2001).

Mental retardation and cardiac conduction deflet$ been linked to DM
in numerous studies by 1950. In 1960 the congefotah of the disease and its
maternal transmission were described by T.M. Vaffieferred to in Harper,
2001). By this point the clinical features of DMdhlaeen well described, although
the genetic mutation underlying the disease wdk astmystery. The genetic
mutation behind DM was discovered in 1992, howegeme of the patients
suffering from the disease were not shown to ctimiymutation (Aslanidigt al.,
1992; Brooket al., 1992; Buxtoret al., 1992; Mahadevad al., 1992). In 2001, a
rarer second mutation resulting in DM symptoms wigsovered (Liquorkt al.,
2001). The two forms of the disease were renamdygpasl (DM1) (also known
as Steinert’'s disease) and type 2 (DM2) (also kn@snproximal myotonic

myopathy).

1.4.2 Clinical features of DM

The multisystemic nature of DM means that a paten present with any
of the symptoms associated with the disease, wbah lead to difficulty in
making a diagnosis as specialists in particulaagrsuch as ophthalmologists and
cardiologists, may not be aware of the conditiondierse range of clinical
features are associated with DM. Many of the symgtobserved are common to
both forms of the disease, however, some preseahliy one form of DM and

many symptoms vary in severity or location.
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Skeletal muscle weakness, wasting, myotonia andga common in DM,
although the pattern of muscle involvement variesveen the two forms. In
DML1 the facial and distal limb muscles are moseetid, with proximal skeletal
muscle weakness occurring as the disease progrdasesntrast, weakness of
proximal skeletal muscles is more prominent thastadli muscles in DM2
(Machuca-Tziliet al., 2005). In both forms, muscles of the neck anddkaare
affected and facial muscles show signs of weaknesksiding ptosis (drooping of
the eyelid), albeit milder in DM2. Muscle biopsi#em both DM1 and DM2
patients show similar histological features suchfiase atrophy (some with
pyknotic nuclear clumps), central nucleation (somes$ arranged in chains) and
extreme variations in fibre size. Replacement ofrotc muscle tissue with
fibrotic and adipose tissue can also be observedM1 it is mainly type 1
muscle fibres affected, compared to type 2 musidees in DM2 (Wells &
Ashizawa, 2006). Involvement of the smooth mussleaen in DM1 but not in
DM2 and includes dysmotility of the gastrointestirteact resulting in, for
example, diarrhoea, constipation and gallstonest hppotension (Wells &
Ashizawa, 2006). Muscle pain is also observed ithldorms of the disease.
Myotonia, which is a difficulty in relaxing the melss due to an increase in the
frequency of action potentials, is present in Hotims of DM; however, it is more
severe and symptomatic in DM1 patients. Myotoniaasised by spontaneous
electrical discharges in the muscles that wax aadenmostly waning in DM2)
in frequency and amplitude, which is detected bgcbmyography (EMG)
(Logigianet al., 2007). The abnormal electrical activity resulighe inability to
relax the muscles, causing for example the sustagnie following a handshake.
Myotonia affects distal muscles more than proximat can also affect facial
muscles, tongue and bulbar muscles (which contadking, chewing and
swallowing) (Machuca-Tzilet al., 2005; Logigianet al., 2007). Myotonia often
improves during repetitive exercise of the affeateascles, known as the ‘warm
up’ effect. The severity of myotonia is positivelgrrelated with muscle weakness
in DM1, but this is not the case in DM2 (Logigietral., 2007).

The cardiac muscle is also affected by DM, resgltin cardiac
arrhythmias, cardiomyopathy and conduction defegtéch can all cause sudden
death in DM patients. Cardiac conduction defecte atiagnosed by

electrocardiography (ECG) and are common to bottmg$oof the disease,
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however, around 75% of DM1 patients suffer condurctblocks, compared to
only 20% of DM2 patients (Wells & Ashizawa, 2006).

A key feature of DM is cataract formation, which abserved in both
forms of the disease and in mildly affected patieibhtcan be the only sign or
symptom of DM. The cataract that forms is distimcits early stages from other
types of cataract and can be easily seen undéasig examination.

Central nervous system (CNS) abnormalities are rmpominent in DM1,
with degenerative CNS changes leading to mentardation, depression,
hypersomnia and anxiety disorders (Wells & Ashiza)6).

Endocrine abnormalities are common in DM. Abnorglacose tolerance
is present in both forms of the disease and canhtleaiabetes mellitus, which is
more common in DM2. Hypotestosteronism with elegdatevels of follicle-
stimulating hormone (FSH), frontal balding and itegar atrophy are also
common to both forms. Hyperhidrosis (excessivelteweé perspiration) is found
mainly in DM2 (Wells & Ashizawa, 2006). The occurce of pilomatricomas,
which are benign calcifying epitheliomas of therHailicle, appear to be more
common in DM1 patients than in the general pubitihas also been suggested
that DM1 is linked to certain types of cancer withses of thymoma and
neoplasms of the parotid gland, parathyroid andoillybeing the most commonly
reported (Harper, 2001; Muelleral., 2009).

A congenital form of DM, where development of tibetus is affected and
signs and symptoms are present from birth, is @dgn in DM1. During
pregnancy, mothers may notice reduced foetal momeraed polyhydramnios
(excess of amniotic fluid). Following birth, clirdtcharacteristics of this form of
the disease include hypotonia (low muscle toneltiaguin being ‘floppy’ at
birth); talipes; a tented upper lip; a high-arclpadiate; bilateral facial weakness;
problems with swallowing, breathing and sucklingeedal incontinence and
mental retardation (Machuca-Tzikt al., 2005; Schara & Schoser, 2006).
Interestingly, neither myotonia nor cataracts aesent at birth but both develop
after the first decade of life.

Diagnosis of DM is made after clinical examinatioasd tests have
confirmed the presence of many of the clinicaldesd described above (See table
1.1 for a summary of the major clinical featuresaasated with the two forms of

the disease). Genetic tests which can identifyutigerlying genetic mutations are
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also available and are commonly used to confirmfilgings and differentiate
between the two forms as variability in the presgnsymptoms make a positive

diagnosis almost impossible.

Feature DM1 DM2
Muscle
Distal muscles affected initially + -
Proximal muscles affected initially - +
Myotonia + *
Weakness + +
Atrophy + *
Pain + +
Type 1 muscle fibres affected + -
Type 2 muscle fibres affected - +
Heart
Cardiac conduction defects + +
Eye
Cataract + +

Central nervous system

Cognitive dysfunction + *
Hypersomnia + +
Mental retardation + -
Endocrine system
Insulin resistance + +
Testicular atrophy + +
Frontal balding + +
Hyperhidrosis - +
Thyroid dysfunction + +

Genetic features
Congenitive form + -

Anticipation + -

Table 1.1 — A summary of the major clinical feature associated with the two forms of DM.

— = absent, + = present to a mild degree, + = presen
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1.4.3 The genetic mutations underlying DM

Two distinct mutations are known to cause DM, lt@sy in two forms of
the disease. DML1 is the most prevalent form (resibbe for around 98% of
cases), although in some countries, such as Gerarahy?oland, the incidence of
the two forms is approximately equal. The mutatithat underlie DM are a type
of mutation known as a repeat expansion, which rapeat sequences found
within DNA that are unstable and of variable lengthere are over 20 disorders
caused by repeat expansions, including fragile Xdeyme and the cerebellar
ataxias. DM1 is caused by the expansion of a ayeiymine-guanine (CTG)
triplet repeat located in the 3’ untranslated rag{dTR) of theDMPK gene on
chromosome 19 (Brooét al., 1992). DM2, however, results from a CCTG repeat
located in the first intron of théNF9 gene on chromosome 3 (Liquast al.,
2001). Therefore, the mutations underlying botim®iof DM are located in non-
coding regions of genes, which are transcribed RIWA but are not translated
into protein. Despite the differences in the segeeand location of the repeats
that cause the two forms of DM, they share manythaf same symptoms
(summarised in table 1.1). Those of DM1, howevppear to be more severe than
those of DM2.

The inheritance of both mutations is autosomalidant, which means an
affected individual will have one normal copy oéthene and one containing the
repeat mutation. There is, therefore, a 50% chasfcan affected individual
passing the disease to their offspring, with maled females having an equal
chance of inheriting the disease.

A small, stable CTG repeat in tHeMPK gene is present in normal
individuals, varying in length from 5-37 repeatdVID patients, however, have
unstable repeats with lengths starting at 50 anding to over 1000. Repeats in
the region of 38-50 do not result in DM1, but aoesidered a premutation which
could lead to the development of the disease inréugenerations (Wells &
Ashizawa, 2006). Repeat numbers in DM2 can be ntargier and range from 75
to 11 000. In normal individuals the repeat traghim the ZNF9 gene is shorter
(< 26 repeats) and interrupted with GCTG and/or TCT@ifs (Liquori et al.,
2001).

The repeat regions that cause DM are unstable aaskd towards
expansion. The repeats expand in the somatic okl individual during their
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lifetime and also between generations, particularhen passed maternally. The
number of repeats also varies depending on celltssde type. For example,
cells in skeletal muscle, heart and brain have ifsigmtly larger repeat
expansions than leukocytes (Thorntenal., 1994). This is known as somatic
mosaicism. Expansions during the lifetime of an ivittbal and somatic
mosaicism are more pronounced in DM2 (Wells & Aalia, 2006).

Figure 1.7 — A family affected by DM1 showing antiipation where the severity of the disease
increases in subsequent generations. The grandmothdright) is only mildly affected,
whereas the mother (left) shows signs of classic iltdonset DM1, such as weakened facial
muscles. The congenitally affected child has a chaateristic tented upper lip and talipes
(image from Jordeet al. (2000)).

In DM1 the expansion of repeats between generati@ssilts in a

phenomenon known as anticipation, where the sgvefithe disease increases
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from generation to generation due to increasingaemumbers. There is little
evidence of this in DM2, despite the much larggest numbers associated with
this form of the disease. Anticipation results iloren severe symptoms and an
earlier onset with successive generations leadirigree different forms of DM1.:
mild; adult onset; and congenital (see figure 1llAgividuals with the mild form
are born with between 50 and 100 repeats, thode tivit adult onset form have
200 to 500 and those with the severe congenitath foave over 1000 repeats
(Harperet al., 2004).

In DM1, the transmission of repeats from generationgeneration is
different when passed maternally or paternally. éa¢p in the range of 50 to 80
are most likely to expand when passed paternalgreas larger repeats of more
than 100 are most likely to expand when passedrrale (Harperet al., 2004).
The congenital form of DM1 is almost exclusivelyspad on by the mother,
suggesting that oocytes with large triplet repeatsain viable, but sperm with the

same sized repeats are unable to produce offs(viagla, 2000).

1.4.4 Molecular diagnosis of DM

Variability between the two forms of DM results the requirement of
genetic testing for an accurate diagnosis. DNAste@stolve amplification across
the repeat expansion at the DM1 or DM2 locus bymelrase chain reaction
(PCR), which reveals either two normal sized afleteunaffected individuals, or
a single allele in affected individuals as alletemtaining large repeats do not
amplify. To distinguish between affected individuahd unaffected homozygotes
(15% of the population in DM2) which also preserithwa single band on PCR,
Southern blot analysis is used. Somatic mosaicis®@NM2 may cause a smear
from the expanded allele using this method andetbes requires an additional
repeat assay where the area containing the repeamplified by PCR with
reverse primers at various sites within the CCTfeat tract and the product is

probed with specific internal oligonucleotide prelf@vells & Ashizawa, 2006).

1.5 Myotonic dystrophy type 1

DML1 is the most prevalent form of DM and has bestimated to be the

cause of 98% of cases. The following chapters isf ttiesis are aimed solely at
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describing DM1 and at elucidating the mechanisnisrgethe effects of the CTG

triplet repeat expansion.

1.5.1 The DM1 gene locus

The DM1 locus (see figure 1.8) is located in a geich region of
chromosome 19g13.3 within tHBMPK (dystrophia myotonica protein kinase)
gene, which is flanked upstream by DRIWD (dystrophia myotonica-containing
WD repeat motif) gene (formally known gene 59) and downstream by ti#&X5
(sine oculis homeobox homolog 5) gene (formallywnasDMAHP). All three
genes are located within a region spanning onlii10

DMWD DMPK SIX5

| ] | |

Exons 1 2 3 4 5 1 234 5 6 78 9 10 11121314 15 1 2 3

5

Figure 1.8 — A diagrammatic representation of the M1 locus. The CTG triplet repeat is
located within exon 15 of theDMPK gene.

The DMPK gene is around 13 kb in length and contains 15&x®he
mutation is found within the final exon which enesdhe 3° UTR of th®MPK
MRNA. The DMPK gene encodes a serine/threonine protein kinaséchwh
belongs to the AGC kinase family (the collectivemeafor cAMP-dependent
protein kinase A, cGMP-dependent protein kinasar@, phospholipid-dependent
protein kinase C) and is closely related to otheases that interact with members
of the Rho family of small GTPases (van Hergeal., 2005). There are 6 major
isoforms and 1 minor isoform of DMPK resulting fromcombination of three
alternative splicing events (see figure 1.9). Gf thajor isoforms, four encode

proteins of around 74 kDa and the final two, whagle predominantly found in
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smooth muscle, encode proteins of around 68 kD&in&let al., 2009). The
seventh minor isoform is only found in humans anésdnot contain the triplet
repeat in its 3" UTR. The predicted sequence of BMghows five distinct
domains, three of which are conserved between rissfoa leucine-rich N-
terminus; a serine/threonine protein kinase domamd a coiled-coil region.
Alternative splicing controls the inclusion of thi@al two domains which are
isoform specific. These are the VSGGG motif and Gheerminal tail, of which
there are three forms (the seventh isoform coniinsther unique C terminal tail)
(Elkins et al., 2009). The C terminal domain controls the sulbéaillocalisation
of the DMPK protein (Wansingt al., 2003; van Herpeat al., 2005). The smooth
muscle isoforms have a short C terminal tail ofydhlamino acids, which targets
them to the cytoplasm. Of the other two tail formag is hydrophobic which
targets to the ER, and one is hydrophilic whichdbito the mitochondrial outer
membrane (Kaliman & Llagostera, 2008).

DMPK has been shown to be expressed in detectable @sniouthe eye
and in skeletal, smooth and cardiac muscle in hsm@unneet al., 1996;
Winchesteret al., 1999; Lamet al., 2000). More sensitive methods used to
analyse expression in mice, have shown DMPK to laéspresent in brain, testis,
thymus, pituitary, skin, lung and liver (Sarketr al., 2004a). The function of
DMPK is not certain but overexpression BMPK in undifferentiated mouse
muscle cells resulted in expression of skeletalaledspecific genes suggesting a
role for DMPK in the myogenic pathway (Bushal., 1996). A study conducted
on skeletal muscle cells froompk knockout mice also revealed a possible role
for DMPK in the modulation of G4 homeostasis and events of excitation-
contraction coupling (Bendees al., 1997). Overexpression studies carried out in
human lens cells resulted in blebbing of the plasmeambrane, suggesting a
further role in reorganisation of the actin cytdsken and plasma membrane (Jin
et al., 2000). The reorganisation of the cytoskeletoransimportant factor in
synaptic plasticity and studies have shown that Bivify also play a role in this,
which could be relevant to the cognitive impairmebserved in DM1 (Schulet
al., 2003). Further studies have identified possihblesgrates for DMPK which
include phospholemman, phospholamban and the baggstibunit of myosin
phosphatase (Mounsey al., 2000; Muranyiet al., 2001; Kalimanet al., 2005).
DMPK has also been shown to phosphorylate histohenHsitro (Dunneet al.,
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1994). A novel heat shock protein, designated nmjotdystrophy protein kinase
binding protein (MKBP), was shown to bind and aaterDMPK in vitro. MKBP
was found to be highly expressed in human hearts&etétal muscle (Suzulet
al., 1998). Recently, DMPK has been shown to bindth@ioheat shock proteins
including aB-crystallin, which is predominantly expressed e iens, heart and

skeletal muscle, which are all tissues affecte®®i (Forneret al., 2010).

VSGGG
extension  motif
Leu-rich to kinase coiled C-terminal

domain  Ser/Thr kinase domain domain coil tail

DMPK A

DMPK B

DMPK C

DMPK D

DMPK E

DMPK F

minor, only in humans:

DMPK G

— tail 4

Figure 1.9 — A diagrammatic representation of the ptein domain organisation of DMPK
isoforms produced by alternative splicing of theDMPK gene. DMPK A-F are the major
isoforms, whereas DMPK G is a minor isoform only fand in humans. All isoforms share a
leucine-rich N-terminal domain, a serine/threonineprotein kinase domain and a coiled-coil
region. Alternative splicing events lead to the @sence or absence of a VSGGG motif within
the kinase domain and the production of three diffeent C-terminal tails, with a fourth

unique tail exclusive to the minor G isoform (imagdrom Wells & Ashizawa (2006)).

Immediately downstream of thBMPK gene is the gen&X5 which
contains 3 exons and encodes a homeodomain caorgairanscription factor.
SX5 contains a Six domain (SD) which lies immediaféiyerminal to a Six-type
homeodomain (HD), which are both required for bigdito specific DNA
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sequences and also to transcriptional coactivdkasiakamiet al., 2000). SIX5
can also act as a transcriptional repressor thrmtghactions between the SD and
Groucho family corepressors (Satoal., 2002). SIX5 has been shown to bind to
the Nd/K* ATPaseol subunit geneATP1A1) regulatory element (ARE) and the
myogenic enhancing factor 3 (MEF3) consensus seglewhich regulate
expression of genes suchABP1Al, myogenin, aldolase A and cardiac troponin
C (Harriset al., 2000).9X5 is expressed in human skeletal and heart musge, e
and brain (Thorntomet al., 1997; Winchesteet al., 1999). The mouse homologue
has also been shown to be expressed in the telséeewit is proposed to play a
role in spermatogenic cell survival and spermiogengSarkaet al., 2004b).

Upstream o DMPK is the genddMWD which is around 11 kb in length
and contains 5 exons (Jansgtml., 1995). The protein encoded by this gene has a
proline rich N-terminal domain and contains four WBpeat units, but its
function is unknownDMWD is most prominently expressed in the brain and
testis, but also in the heart, liver, kidney andesp (Shawet al., 1993;
Westerlakeret al., 2003). High levels of the protein DMWD have bdeuand in
maturing and mature neurones, especially in thedmtén projections which
contain many synapses, leading to speculation ithat involved in neuronal
development (Westerlakahal., 2003).

1.5.2 How does the DNA triplet repeat cause DM1?

Despite the discovery of the mutation that undsi1, the pathological
mechanisms that lead to the wide array of symptee&n in the disease is the
subject of much debate. Many theories exist to arphow the expansion of a
DNA triplet repeat could cause the multisystemife@t observed in DM1 but
there are currently three main hypotheses to axglas: a reduction ilDMPK
expression; a reduction in expression of the neighhg genesS X5 andDMWD;
or a gain of function by the mutaBtMPK mRNA. There is support for all three
hypotheses but whether the effects seen in thergatcan be attributed to only

one or a combination of these is unknown.

1.5.2.1DMPK haploinsufficiency
As the repeat is found within thi@MPK gene, the most obvious theory for

the cause of DM1 is an effect ans on theDMPK gene resulting in a change in
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the DMPK protein. As the repeat is located in a-noding region of th®MPK
gene, the disease is unlikely to be the result ghia of function through the
production of a mutant protein. However, it coul the result of a reduction in
the expression dDMPK or a reduction in the translation BMPK mRNA into
protein.

Studies have shown that mutddMPK mRNA forms highly stable foci
which are retained in the nucleus, however, a twlesof around 150 repeats has
to be reached before this is observed (Taekjal., 1995; Daviset al., 1997,
Hamshereet al., 1997). The retention of transcripts only occusf the affected
allele, whereas those from the normal allele ate tbpass into the cytoplasm,
making them available for translation. Some muteamscripts have been found
within the cytoplasm but only as the result of thieakdown of the nuclear
envelope during cell division, however, many of tissues affected by DM1 are
predominantly composed of postmitotic cells, theretthe retention of transcripts
most likely results in haploinsufficiency DIMPK (Daviset al., 1997).

Despite the evidence for this hypothesis it is kelli to be sufficient to
cause DM1 alone as no case of DM1 has ever beemnstwobe the result of a
point mutation in thdOMPK gene (Day & Ranum, 2005). Studies carried out in
mice have shown that knockouts of one or both edlef Dmpk result in only
mild effects and development seemed unaffectedséimnal., 1996; Reddt al .,
1996; Berulet al., 1999; Llagosterat al., 2007). The study by Jansetral. (1996)
showed only minor muscle fibre size changes intaalulizygous Dmpk"') mice,
whereas Reddgt al. (1996) showed a progressive, late onset, skaiegapathy,
which was compared to the adult onset form of DBérul et al. (1999) showed
that Dmpk”™ mice develop cardiac conduction defects whichatse characteristic
of the human form of the disease. Subsequentlgia@amyocytes isolated from
Dmpk*~ and Dmpk™ mice were shown to display abnormalities in* Naannel
gating and CH cycling, both of which were implicated in the dadysfunction
observed in DM1 (Leet al., 2003; Pallet al., 2003). A more recent study by
Llagosteraet al. (2007) showed thabmpk” mice exhibit impaired insulin
signalling and have an abnormal glucose tolerantiehwvcould be linked to the
insulin resistance which leads to diabetes in DBdspite the features seen in the
mouse models, none of the studies have shown theadl signs and symptoms
characteristic of DM1, such as myotonia and catatacs therefore unlikely that
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all of the effects seen in DM1 are the result gflbesufficiency ofDMPK, but it
is possible that this contributes to the effects.

1.5.2.2 Reduced expression & X5 and DMWD

The second hypothesis aimed at describing theecalM1 is acis-
acting effect on the surrounding genes at the Ddtld. The genes at the locus
are so close that the 3’ terminus of DRIWD gene overlaps with the promoter of
the DMPK gene and the 3’ terminus of tHeMPK gene overlaps with the
promoter of theSl X5 gene (Shavet al., 1993; Boucheet al., 1995; Frischet al.,
2001). The expansion of the CTG repeat has beegestay to result in changes
to the higher-order structure of the DNA, resultinghanges in expression levels
of the surrounding genes, known as the ‘field-affethe extended CTG repeats
seen in DM1 have been shown to create the strokgestn natural nucleosome
positioning signal which attracts nucleosome as$emb vitro (Wang et al.,
1994). The wrapping of the CTG repeat around nsdeees results in alterations
to the local chromatin structure which limits thecessibility and formation of
transcriptional complexes and could therefore lithi¢ expression of all three
genes at the DM1 locus.

The promoter region d8X5 contains an exceptionally large (around 3.5
kb) CpG island (cytosine and guanine nucleotidesep by phosphodiester
bonds), which is interrupted by the CTG repeat @auet al., 1995). The triplet
repeat expansion has been shown to alter the chirosteucture around the site,
making the DNA in the region less accessible tdearqroteins, such as DNase |
(Otten & Tapscott, 1995). Many studies have lookedhe expression levels of
SX5 in DM1 and the majority have shown a reductioexpression (Hamshegt
al., 1997; Kleseret al., 1997; Thorntoret al., 1997; Erikssoret al., 1999; Inukai
et al., 2000; Frischet al., 2001; Rhodest al., 2006). Thorntoret al. (1997)
showed that expression of the DM1-linked allelarmigoblasts of DM1 patients
was reduced and in some cases approached compbatgvation, however,
expression was not reduced in a DM1 patient wismall CTG expansion<(80
repeats) and no muscle weakness. Surprisingly eKlessal. (1997) and Inukagt
al. (2000) showed that expressionSbK5 was actually reduced by more than half,
suggesting that expression from the normal alleds wlso somehow affected.
Conflicting studies by Hamsheet al. (1997) and Erikssost al. (1999) showed
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no difference in levels o8 X5 expression in DM1 cell lines and skeletal muscle
samples compared to controls.

Knock-out studies performed in mice have shown paatial @x5™) or
complete §ix5") loss ofSx5 results in the development of some of the sigms an
symptoms characteristic of DM1. Bo8ix5" and Sx5" mice develop cataracts
and the incidence and severity of lens opacitiesevahown to increase with
decreasing@x5 dosage (Klesemnt al., 2000; Sarkaet al., 2000). A further study
has shown that max5" mice are sterile and suffer from testicular atsophd
both x5 andSix5” mice were shown to have increased FSH levels éBatk
al., 2004b). These are all characteristic symptoni3M1; however, it is unlikely
that a loss 08 X5 alone could cause DM1 due to the lack of any ababties in
skeletal muscle function.

In the field-effect model, levels @MWD expression are also predicted to
be affected by the change in local chromatin stmectAgain, a number of studies
have looked at expression levels DMWD and have had conflicting results
(Hamshereet al., 1997; Alwazzaret al., 1999; Erikssoret al., 1999; Frisclet al.,
2001). Hamsheret al. (1997) and Frisclet al. (2001) showed that there was no
difference in levels oDMWD expression between DM1 and control cell lines and
Erikssonet al. (1999) showed considerable overlap in expresgwoels$ in skeletal
muscle biopsies from DM1 patients and control irdlrals. However, Erikssogt
al. (1999) did show that there was a strong inverseetaiion between repeat size
and DMWD expression in the patient samples. Alwazeaal. (1999) performed
allele-specific analysis in both nuclear and cyasptic compartments of DM1
and control fibroblast cell lines. No differencesaseen in levels of transcripts in
the nuclear fraction, but a reduction in expressidr20-50% from the DM1-
linked allele was seen in the cytoplasmic fractido.correlation was seen in this
study between repeat size and expression levéieicell lines.

CNS abnormalities are common in DM1 with featurashsas variable
cognitive dysfunction (including memory loss, low€r and mental retardation),
somnolence, anxiety disorders and cerebral whitéemkesions being associated
with the disease (Harper, 2001). DMWD is found rhain the brain and changes
in DMWD expression levels could result in the CNS abnatresalobserved. The
inverse correlation between repeat size BMMWD expression in DM1 patients

samples observed by Eriksson et al. (1999) couldsiee to describe why mental

45



retardation is such a prominent feature in congémiM1 where repeat sizes are
very large, compared to lower 1Qs which are seepahents with adult onset
DM1. There are at present no mouse models to eltecidny possible effects
caused by a loss @iIMWD.

The field-effect hypothesis aims to describe thétisystemic effects seen
in DM1 by the loss of multiple genes at the DM1uschowever, there are still
symptoms of DM1 that have not been observed in monedels. One of the
characteristic features of DM1 is myotonia, whias mot been described by this
theory. The theory also fails to explain how a secéorm of DM, DM2, can
present with almost identical symptoms such as amyat cataract and cardiac
abnormalities, without having any link to the DMicuis or the genes within it. It
is clear that although the field-effect model coudaplain some of the
multisystemic effects observed in DM1, a furthethpgenic mechanism must be
present to explain the remaining effects.

1.5.2.3 Toxic gain of function byDMPK mRNA

The final theory to describe the cause of DM1 &stthns-acting effect of
the repeat at the mRNA level. The DNA triplet repmatranscribed into RNA,
resulting in a CUG, repeat which is proposed to form stable seconskaugtures
that sequester specific RNA binding proteins inamgf-function manner. The
proteins sequestered by the CUG repeats haveirofggicing and could explain
the altered splice patterns which are observedMid DThe toxic gain of function
hypothesis has the greatest support as the caufMotnd current research
efforts are mostly focused in this area.

Evidence for this theory came from a study wheqgaaded (around 250
repeats) and non-expanded (5 repeats) repeats ingged into a genomic
fragment containing the human skeletal actin (H8§&)e and were expressed in
the muscle of transgenic mice (Manketal., 2000). The expanded repeats were
inserted into the final exon of the HSA gene betwt® termination codon and
polyadenylation site to mimic the situation seerthe DMPK gene, but without
involving any of the genes that are normally assed with DM1. Mankodet al.
(2000) showed that the presence of long tripleeatp caused myotonia in mice
as early as 4 weeks of age, which did not occshort-repeat or wild-type mice.

Myotonia was not observed in any of the previousiseomodels for the disease
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involving knock-outs of the genes at the DML1 loclike transcripts were also
observed to form foci and be retained in the niglas is seen with the mutated
DMPK transcripts in DM1.

The expanded CUG repeats have been shown to ftabieshairpin
structures where the repeat tract folds back @if iéd results in double-stranded
RNA (dsRNA) with GC and CG base pairs separated byJunismatches (Tian
et al., 2000). The dsRNA structures have been shownnid toi and activate PKR,
which is the dsRNA-activated protein kinase. PKRinsgolved in the viral
response pathway which aims to prevent or slowl viegplication through
initiating mechanisms such as increased mRNA degji@ad and apoptosis (Tian
et al., 2000). The CUG repeats have also been shownnib tbi RNA-binding
proteins from two families known as CUG-BP1 and E3-Rke factors (CELF)
and muscleblind-like (MBNL) proteins (Timchenleb al., 1996; Miller et al.,
2000). Both families are involved in the regulati@inalternative splicing events
during mRNA processing. The misregulation of splicevents is a characteristic
of DM1, where the splicing patterns for a subsetrahscripts revert to those
observed during embryonic development. The MBNLtgirs, MBNL1, MBNL2
and MBNL3, bind to the dsRNA formed by the CUG rageand have been
shown to co-localise with the foci produced by mufaMPK transcripts in DM1
cells (Fardaeiet al., 2001; Fardaeiet al., 2002). The MBNL proteins are
sequestered by the mutddVIPK transcripts and are unable to perform their usual
functions. MBNL proteins regulate alternative splge of muscle-specific
chloride channel (CIC-1), cardiac troponin T (TNNT&keletal muscle troponin
T (TNNT3), insulin receptor (IR) and Tau)((Kanadiaet al., 2003; Hoet al.,
2004; Jianget al., 2004; Dansithonget al., 2005; Dhaenenst al., 2008).
Interestingly, the DrosophildMBNL homologue,muscleblind, is essential for
terminal differentiation of muscle and the photeqgors of the eye, which are
two tissues affected by DM1 in humans (Begemanal., 1997; Arteroet al.,
1998). In contrast to the MBNL proteins, CUG-birgliproteins 1 and 2 (CUG-
BP1/2) are not sequestered by the CUG repeatqugltha small fraction may
localise to foci as they have been shown to binsirigle-stranded RNA (ssRNA)
at the base of the CUG repeat hairpin (Timcheetkal., 1996; Luet al., 1999;
Michalowski et al., 1999; Fardaeiet al., 2001). In DM1, CUG-BP1/2 are
translocated to the nucleus of DM1 cells where thaye been shown to be
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hyperphosphorylated by PKC (Timchenlkb al., 1996; Robertst al., 1997;
Philips et al., 1998; Kuyumcu-Martinezt al., 2007). Phosphorylation of CUG-
BP1/2 increases their half life, resulting in theiccumulation and therefore
increased levels of activity. Despite the increiasactivity, levels of CUG-BP1/2
MRNA were not affected in DM1 (Timchenlah al., 2001a). CUG-BP1/2 act
antagonistically to MBNL proteins in the splicing ®NNT2, IR and CIC-1
(Philips et al., 1998; Savkuet al., 2001; Charlet-Bet al., 2002; Hoet al., 2004;
Dansithonget al., 2005; Paulet al., 2006). Foetal splicing patterns of these
transcripts are observed in DM1 and may contribothe cardiac abnormalities,
insulin resistance and myotonia which are commaitufes of the disease.
Evidence for the toxic RNA theory comes from a kmmd mouse model
for Mbnl1 which was shown to develop cataracts with dust-liqacities,
myotonia and altered regulation of mRNA splicing todnscripts for CIC-1,
TNNT3 and TNNT2 (Kanadiat al., 2003). A knockout mouse model fistbnl2
has also been shown to develop myotonia, displstplbgical features of muscle
such as increased numbers of central nuclei anteased fibre size and show
altered regulation of mMRNA splicing of transcrigg CIC-1 (Haoet al., 2008).
Down-regulation oMBNL1/2 expression in normal human myoblasts using small
interfering RNA (siRNA) resulted in abnormal IR gphg, as did overexpression
of CUG-BP1 (Dansithonget al., 2005). In the same study it was also shown that
MBNL1 down-regulation caused disaggregation of 70% ef fibci formed in
DM1 cells, compared to 25% followingBNL2 downregulation, suggesting that
MBNLL1 plays a key role in foci formation and mainémce (Dansithongt al.,
2005). Morpholino antisense oligonucleotides halg® deen used to block the
interaction of Mbnl1 with CUG repeats in the tramsig mouse model of DM1
where CUG repeats were inserted into the HSA gdoelear foci were reduced
and Mbnll was redistributed, allowing the regulatiof splicing events to be
corrected (Wheeleet al., 2009). MBNL proteins have also been shown to co-
localise with mutant transcripts in nuclear focdamave been implicated in the
abnormal splicing of CIC-1 and IR in DM2 (Mankadial., 2001; Fardaegt al.,
2002; Mankodet al., 2002; Savkuet al., 2004). The toxic gain of function model
could therefore explain the similarities betweer ttvo forms of DM, as the
production of foci and sequestration of MBNL proteioccur irrespective of the

genes that are affected by the repeat mutations.
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Interestingly, DM-like symptoms were induced in niggenic mice
overexpressindPMPK containing a normal number of CTG repeats (11atye
DMPK transcripts were found to accumulate over time symptoms became
apparent in ageing mice between 11-15 months glchp®ms included muscle
myopathy and myotonia, hypertrophic cardiomyopadimg a reduction in the
tolerated workload of the mice. The authors suggkshat this was due to the
accumulation oDMPK transcripts containing smaller repeats which miedtc
the effects of those containing larger CUG repé&at®M1 (O'Cochlainet al.,
2004). A separate group have also shown that tleeegpression of a normal
DMPK 3 UTR containing 5 CTG repeats leads to DM-likgmptoms in
transgenic mice, however, these effects were netdagendent. This study
showed that the transgenic mice developed myotasiaarly as 2 days after the
induction of transgene expression and sudden déahto cardiac conduction
defects occurred after 4-6 weeks (Mahadestah., 2006). A subsequent study by
the same group showed that overexpression of tmai®MPK 3’ UTR induced
expression of the cardiac-specific transcriptioctda NKX2-5 which resulted in
reduced levels of connexin 43 and connexin 40 (Va@aal., 2008). Connexins
are important components of gap junctions whichrageliired for the propogation
of electrical impulses in the heart. In the sanuegthe level of NKX2-5 was also
found to be greater in the hearts of human DMlepé#diand it was also present in
DM1 skeletal muscle, but not in controls (Yada&val., 2008). Although the data
described here appears to show that the CTG repeatsot responsible for the

symptoms of DM1, it indicates that a gain of funotby theDMPK transcripts is.

1.6 The eye and myotonic dystrophy

The eye is one of the many systems affected by BMiLa wide range of
ocular problems can occur. Symptoms in the eyeudwlcataract, retinal
degeneration, low intraocular pressure, enophths|rptosis, epiphora, corneal
lesions, extraocular myotonia and muscle weaknedsahnormal central control
of eye movement (Harper, 2001). Not all of the acuhbnormalities may be
present and many of them go unnoticed by the sirfférut a reliable symptom

present in the majority of patients, and even ios¢hunaffected by the more
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general muscle symptoms, is cataract. Cataractst iesa loss of visual acuity
and contrast sensitivity which can make everydakdaery difficult.

1.6.1 Cataract and myotonic dystrophy

Cataracts were first linked to DM1 over one hundyedrs ago and since
then have formed the basis of the phenomenon afigation in the disease.
Cataract is a characteristic symptom of DM1 anchewecurs in the adult onset
form with minimally expanded CTG repeats, linkingemingly unaffected
individuals to the disease (Harpatral., 2004). Cataracts are therefore often found
in older generations of affected individuals and ba used to identify the line by
which the disease was inherited, enabling otheriljamembers who may be
affected by the disease to be identified. DM1 @at® normally present at an
earlier age than is usually associated with serdtaracts and have been seen in
DML1 patients from their second decade of life ordsar

The cataract that forms in DML1 is very distinctiveits early stages and
cataract detection using slit-lamp examination weédely used as a diagnostic
tool before genetic tests became available. The Dthract is still used to
identify new families with DM1 through minimally faicted patients (Kidet al.,
1995). In its early stages the DM1 cataract presesith white or multicoloured
iridescent scattered dust-like opacities (see &idgud0a), which are mainly found
in the posterior subcapsular region of the leng (ggure 1.5). As the cataract
develops the opacities increase in size and nuanmbicortical spokes (see figure
1.10b) and star-shaped opacities form, which clbhedens and eventually form a
mature cataract. At this stage the cataract istimgjuishable from those of other
causes as the iridescent opacities can no longsedye (Harper, 2001).

Ultrastructural analysis of cataractous lensesnfidM1 patients using
electron microscopy revealed that the characterdtst-like iridescent opacities
are actually whorls of plasma membrane. The whafrlslasma membrane were
found in fibre cells from about 10 fibres deep witlthe lens and contained
cytoplasm. LECs had poorly delineated plasma mendsraand were shown to
contain nuclei with clumped chromatin, degeneratmtpchondria and enlarged

intracellular clefts or cristernae (Eshaghehal., 1978).
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Figure 1.10 — Slit-lamp photographs of DM1 cataract. (a) A DM1 cataract in its early stages,
showing the white and iridescent scattered dust-lik opacities which distinguish it from most
other types of cataract (diffuse illumination). (b) A DM1 cataract at a slightly later stage
where cortical spokes have begun to form and the attered opacities become less

conspicuous (retro-illumination) (images from http//www.onjoph.com).

The underlying cause of cataract formation in DMIunknown. At the
molecular level, botDMPK and SX5 have been shown to be expressed in the
eye and in particular in the lens. Conflicting lésexist as to whethddMPK is
actually expressed in the lens, but studies hageslit to be expressed in human,
bovine and mouse lenses (Duratal., 1996; Abest al., 1999; Winchesteet al.,
1999; Sarkakt al., 2004a; Rhodest al., 2006).9X5 has been implicated in the
development of DM1 cataracts due to its role asramstription factor in
regulatingATP1A1 expression. IATP1A1 expression is altered it could affect the
ion balance in the lens and lead to cataract (Wisidnet al., 1999). Two
different studies conducted at the same time shawatSx5 knockout mouse
models developed cataracts, however, the catavduth formed were nuclear
and not posterior subcapsular as is seen in DMiumans (Klesergt al., 2000;
Sarkaret al., 2000). RNA extracted from the mouse models wasl us analyse
steady-statétplal mRNA levels and had conflicting results. Klessral. (2000)
showed that there was no difference in steady-$tatds, whereas Sarkat al.
(2000) showed that steady-state levels increasedfasction of decreasin§x5
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dosage. The role @ X5 andATP1A1 in DM cataract is therefore still the subject
of debate. Overexpression BIMPK in lens cells has been shown to result in
apoptotic-like blebbing and actin cytoskeleton gamisation, resulting in
speculation that DMPK may play a role in the bremaiwd of organelles during
lens fibre differentiation (Jiret al., 2000). If this was the case then it has been
proposed that reduced levels of DMPK could resultataract formation due to
the decreased removal of intracellular membraresihg to the retention of
organelles which can obscure vision (&nal., 2000). Loss of DMPK, if its
predicted role is true, could therefore account ttoe observations from the
ultrastructural studies which showed that the s@mt particles were light
reflecting membranous structures derived from tlasmpa membrane (Eshaghian
et al., 1978).If DMPK is indeed expressed in the lens then mutant RNAdco
also accumulate and sequester MBNL proteins as rshiowother tissues.
Interestingly, aMbnl1 knockout mouse model developed cataracts whictvetio
the distinctive iridescent opacities normally olser in DM (Kanadiaet al.,
2003). TheMBNL homologue inDrosophila, known asmuscleblind, is essential
for muscle and eye differentiation, which wouldicede a role for MBNL in the
vertebrate eye.

At the cellular level, studies on cataracts in gahbave pointed at a loss
of cells from the lens epithelium in the developmen cataract due to the
resulting loss of homeostasis in levels of ions aater (Konofskyet al., 1987; Li
et al., 1995). Capsulorhexis samples from cataract patiere shown to have a
significantly greater percentage of apoptotic celdlsnpared to normal controls
and LEC death was shown to precede cataract dewelapin cultured rat lenses
(Li et al., 1995). Loss of cells from the LEC layer was shdwrbe particularly
relevant in the development of subcapsular catarastthe cell densities were
much lower when compared to those of nuclear cettékaonofskyet al., 1987).

A study in DM1 lenses by Abet al. (1999) has indeed shown that DM1 cataract
patients have reduced LEC densities and this wa® moticeable in a patient
with an earlier onset of the disease. The LECs Mil[patients were also shown
to be larger and were therefore able to maintaiei@ge of the anterior surface of
the lens, however, it is likely that a reduced nembf LECs are unable to
maintain the balance of ions and water which ial\t lens transparency (Alee

al., 1999).
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Although cataracts are such a common feature in Dbtihgenitally
affected children do not present with cataractighkand do not develop them
within the first decade of life (Harper, 2001). $hwould indicate that the repeat
expansion does not affect the development of the &ad must therefore exert its
effects postnatally. A study by Abet al. (1999) showed thaDMPK mRNA
extracted from DM1 LECs had larger repeats thanh eéktracted from peripheral
blood of the same patients (Abeal., 1999). A study on cultured DM1 LECs has
also shown that they contain large triplet rep&atdhhe DMPK gene even in the
earliest passage sampled, which are highly unstatdeexpand during culture
(Rhodeset al., 2006). This data would indicate that the lensubject to tissue-
specific somatic mosaicism which results in largpeat numbers. This could
explain the sensitivity of the lens to even smafjpegat numbers as they could
expand greatly compared to those found in otheudis, increasing their effects
during the lifetime of the patient.

Cataract development results in a loss in visality, but cataracts are
one of the most easily treated symptoms of DM1.pReghis, the sensitivity of
the lens to even the smallest of expansions irtriplet repeat makes it an ideal

tissue in which to study the mechanisms behindlibease.

1.7 Aims

Despite cataract being a key feature of DM1, \wtlg is known about the
mechanisms which underlie their development indisease. This project aims to
verify the suitability of lens cell lines derivetbin DM1 patients as a model for
the disease and to use these cell lines to inastipe mechanisms which lead to

cataract development.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Cell lines and culture

A number of cell lines were obtained and employedai variety of
experimental procedures to elucidate the effectsthef DM1 triplet repeat

mutation on cellular signalling.

2.1.1 Cell lines

Four DM1 and four control cell lines were derivieg simian virus 40
(SV40) transformation of human LECs. Capsulorhesxiscimens were obtained
from DM1 patients immediately following cataractrgery and from non-
cataractous post mortem donor lenses. The tranafamns were performed by Dr
A. R. Prescott (University of Dundee, UK) as folkvthe cells on capsulorhexis
specimens were immortalised using adenovirus 128\Wbrid virus, which was
added directly to each specimen in a 24-well migpplate. SV40 immortalises
cells via the production of large T antigen whidnds to and inactivates the
tumour suppressor proteins retinoblastoma profgRb) and p53. Once the cells
had migrated and covered over 50% of the well ({@8ks) they were trypsinised
and transferred into a 6-well plate. Once the agléched confluency they were
passaged into larger flasks until a sufficient nemaf cells could be frozen. The
four DM1 cell lines named DMCatl-DMCat4 were ob&rfrom patients aged
67, 33, 31 and 69 respectively. The four contrdl loees named CCatl-CCat4
were obtained from donors aged 28, 43, 32 and 8&yespectively.

A further human lens cell line, FHL124 (obtainednfr Dr J. R. Reddan,
Oakland University, Michigan, USA), was also usedhis study. The FHL124
cell line is a spontaneously transformed human tatfisline derived from foetal
capsule-epithelial explants (Reddaral., 1999).
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2.1.2 Cell culture

Cells stored under liquid nitrogen were brought fopm frozen and
cultured in 75 crh flasks (Nunc, Roskilde, Denmark) in Eagle’s Minimu
Essential Medium (EMEM) (Sigma-Aldrich, Poole, DetrsUK) supplemented
with 10% Foetal Calf Serum (FCS) (Gibco, PaislegnfRewshire, UK) (5% FCS
for FHL124 cells) and 5Qg/ml gentamicin antibiotic (Sigma-Aldrich). Medium
was changed twice per week and cultures were nia@utan an incubator at 35°C
in an atmosphere of 5% GOCells were passaged weekly by rinsing with
Dulbecco’s phosphate buffered saline (DPBS, Sigruaigh), followed by
treatment with trypsin-ethylenediaminetetraacettecd dEDTA) (0.05% trypsin
and 0.02% EDTA in Hank’s balanced salt solutiongn®&-Aldrich) for 2-3
minutes to detach the cells from the flask. Thepgny was neutralised with
EMEM supplemented with 10% FCS and the cell suspansas transferred to a
universal tube. Cell number was estimated usinga@amocytometer. The cell
suspension was centrifuged at 1000 rpm for 5 mgwded the pellet was
resuspended in EMEM supplemented with 10% FCS. Nasks were seeded
with known densities of cells and growth curvesveing population doublings
were created from the cell counts. The cell suspansas also used to seed cells
onto coverslips (VWR International, Lutterworth,itestershire, UK) or culture
dishes (Corning Incorporated, Corning, NY, USA).leéss stated otherwise, all
cells were cultured in EMEM supplemented with 10%SF and 1 pl/ml

gentamicin.

2.1.3 Conditioned medium (CM) collection

To obtain CM, cells in 75 cfrflasks were rinsed three times with 20 ml of
serum-free (SF) EMEM before incubating in 10 mISKF EMEM for 24 hours.
CM was collected in universal tubes and centrifuge@lO00 rpm for 5 minutes to
remove particulates. The supernatant was eithed usenediately or stored at
20°C until required. CM was also collected fromr8B diameter culture dishes

by the same method.
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2.2 Cell treatment

A range of chemical activators and inhibitors ofagiety of cell signalling
molecules were employed to study the effects diqdar signalling pathways on

cell growth and death.

Concentration(s)

Compound name Function IC5/ECs5, used Company
Activator of
740Y-P phosphatidylinositol 3- 25 mg/ml 50 mg/ml Tocris
kinase (PI3K)
Inhibitor of the insulin-like Sigma-
AG1024 growth factor 1 receptor 0.4 uM 1 uM Algdrich
(IGFR-1)
Fibroblast Growth Fibroblast growth factor Sigma-
Factor-Basic (bFGF)  (FGF) receptor ligand US060aml  Anghul Aldrich
LY294002 Inhibitor of PI3K 1.4 M 25 uM Tocris

Inhibitor of mitogen-
PD98059 activated protein kinase 2-7 uM 10 uM Tocris
kinase 1 (MEK1)

Inhibitor of mammalian

Rapamycin target of rapamycin 25nM 25 nM and 50 nM Tocris
(mTOR)
SP600125 TmhibiboraEgsbin. - 40-90 nM 1 uM and 10 uM Tocris

terminal kinase (JNK)

Inhibitor of FGF receptor 1

SU5402 (FGFRL)

10-20 yM 10 uM Calbiochem

Table 2.1 — Chemical and biological activators andhhibitors of cell signalling used in cell

growth experiments.

2.2.1 Cell growth experiments

To test the effects of various compounds on thkiel¢eof cell growth and
death, cells were seeded into 35 mm diameter euttigshes. Cells were cultured
for up to one week until they reached 60-70% carfy. The medium was
replaced with SF medium without phenol red (Sigmdriah) for 24 hours before
the cells were exposed to experimental conditi@ns48 hours. Following this,
the experimental culture medium was collected a@oded at 4°C and the cells
were rinsed in Phosphate Buffered Saline (PBS, @X¥®asingstoke, Hampshire,
UK) before being lysed in 1 ml of 0.1 M NaOH. Thysates were stored at 4°C.
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Total protein was measured using a bicinchoninicl §BCA) assay (Pierce,
Cramlington, Northumberland, UK) and the level adthte dehydrogenase (LDH)
was measured using a Cytotoxicity Detection kit dR®g Burgess Hill, West
Sussex, UK). Additionally, some of the dishes wigsed in Mammalian Protein
Extraction Reagent (MPER, Pierce) for Western laloalysis as described in
section 2.8. Compounds tested in this way are sumsethin table 2.1.

2.2.2 Bicinchoninic acid (BCA) protein assay

The protein concentration in cell lysates was mieitged using a BCA
protein assay (Pierce), which is a colorimetricagsased on the reduction of
CU?* to CU" by protein. The assay was performed accordingeartanufacturer’s
instructions described as follows: a series ofddaas ranging from 1-1000 pg/ml
were prepared by diluting a 2 mg/ml Bovine Serunbukhin (BSA, Sigma-
Aldrich) stock made up in either MPER (Pierce) dt M NaOH, depending on
the method of cell lysis. Either 10 ul of cell lysaxtracted in MPER or 20 ul of
cell lysate extracted in 0.1 M NaOH were pipetteid ia 96-well microtitre plate.
The samples were made up to 50 pl with the apmtgprolume of HO. The
standards were tested in triplicate and the samipleduplicate. The working
reagent was prepared by mixing Reagent A and Ré&jena ratio of 50:1 and
200 pl was added to each well. The plate was gehtken for 1 minute to mix
the samples and working reagent together and vasiticubated at 37°C for 1
hour. The plate was allowed to cool and the absadat 562 nm was read on a
Wallac 1420 VICTOR multilabel plate counter using WorkOut 1.5 softevar
(Perkin Elmer, Waltham, MA, USA). A standard cumwas constructed and the

concentration of protein in the samples was caledla

2.2.3 Lactate dehydrogenase (LDH) assay

Cell death was quantified using a Cytotoxicity &mton kit (Roche)
which is a colorimetric assay of LDH activity rebeal from the cytosol of
damaged cells. The assay was performed accordinghgéo manufacturer’'s
instructions described as follows: cell medium wesllected in 1.5 ml
microcentrifuge tubes and briefly vortexed befoetn centrifuged for 5 minutes
at 13 000 rpm. The supernatants were collectedstoréd at 4°C until required.
100 pl of each sample was added to a 96-well micegplate. For background
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correction 100 pl of fresh medium, along with ammpounds used, was also
added in triplicate. The reaction mixture was predaby mixing the catalyst
(diaphorase/NAD) and dye solution (iodotetrazolium chloride andiam lactate)
at a ratio of 1:45 and 100 pul of this was adde@doh sample. The plate was
incubated in the dark for up to 30 minutes at raemperature. The reaction was
terminated by addition of 50 pl of 1 N hydrochloacid (HCI) to each well. The
absorbance of the reaction product was measuré80abm using a Wallac 1420
VICTOR? multilabel plate counter and WorkOut 1.5 softwéerkin Elmer).

2.2.4 Cell growth with conditioned medium (CM)

CM was applied to FHL124 cells which had been graw8F medium for
24 hours. After 48 hours the cells were lysed mllof 0.1 M NaOH and protein
levels were measured using a BCA assay (descnibselction 2.2.2).

To analyse the effects of CM addition on cell signg in the FHL124
cells using Western blotting (described in sec@d), cells were lysed in 400
of MPER (Pierce).

2.3 TagMan® Quantitative real time polymerase chain reactionQRT-PCR)

The technique of QRT-PCR was used to analyse gepression levels in
the cell lines. The TagM&n QRT-PCR system is based on the use of a
fluorogenic-labelled oligonucleotide probe whichshea fluorescent reporter dye
on the 5 end and a quencher dye on the 3’ end.nWihiact the reporter and
quencher dyes are in close proximity and fluoreseeaf the reporter dye is
guenched via fluorescence resonance energy traif$R&T) by the quencher dye.
Each reaction requires gene specific primers aodgs. The primers anneal to the
cDNA and amplify the region between the primerse Tgrobe anneals to a
sequence within the amplified region and is cledwedhe 5’ nuclease activity of
Taqg DNA polymerase during primer extension. Cleavafjthe probe results in
separation of the quencher and reporter dyes, atpfluorescence of the reporter
dye. During each PCR cycle a number of probesheltcleaved and the level of
fluorescence will increase in proportion to the amtoof message present for the
gene of interest. The fluorescent signal is reabride a total of 40 cycles. The

point at which the fluorescent signal increasessatibe background is referred to
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as the threshold cycle {Cvalue and is used as a measure of the startnpgléte

present in each sample. The TagMan process is stsauan figure 2.1.

Polymerisation
R = Reporter
Q = Quencher
Forward primer Probe
I
3’ 5
5’ 3
4+——

Reverse primer

Strand displacement

3’ 50
5 3’

Cleavage

Polymerisation completed

® —~_~9

A

Figure 2.1 — A summary diagram of the principles bkind the TagMan RT-PCR system. The
probe anneals to the cDNA but is displaced and clead during primer extension. The

quencher and reporter dyes are separated, enablinpe fluorescence of the reporter dye.

2.3.1 RNA extraction
Cells were seeded into 60 mm diameter cultureedisind grown for one
week before the medium was replaced with SF medarm24 hours. Cells were
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exposed to experimental conditions and RNA wasaeted using an RNeasy
Mini kit (Qiagen, Crawley, West Sussex, UK) accaglito the manufacturer’s
protocol described as follows: the medium was aspir and the cell membranes
were disrupted by addition of 600 pl of buffer RLWith 10 pl/ml B-
mercaptoethanol. The dishes were scraped andshte/were collected in 1.5 ml
microcentrifuge tubes. The samples were homogenigeteing vortexed and
passed through a 20-gauge needle (0.9 mm dianatézast 5 times. An equal
volume of 70% ethanol was added to the homogersaetple to aid the binding
of RNA to the membrane of the spin column. The tlysmas passed through the
columns by centrifuging for 15 seconds at 10 00®.rphe flow through was
discarded and 350 pul of buffer RW1 was appliech®dolumn. The column was
centrifuged for 15 seconds at 10 000 rpm and tbe through discarded. On
column DNase digestion was performed using an Riffase DNase | kit
(Qiagen). The DNase stock solution and buffer RD&eamixed in a ratio of 1:7
and a total of 80 pl was then applied to each coland incubated for 15 minutes
at room temperature. Following this, a further 380f buffer RW1 was added
and the column was centrifuged for 15 seconds &0D0rpm. The flow through
was discarded and 500 ul of buffer RPE was addecach column and
centrifuged for 15 seconds at 10 000 rpm. A furth@® pl of buffer RPE was
added and the column was centrifuged for 2 minate 000 rpm followed by a
further 1 minute in a new collection tube to drg tmembrane. The column was
transferred to an RNase free 1.5 ml microcentrifuudpee and the RNA was eluted
in 30-50 pul of RNase free water. The column wasidpu 1l minute at 10 000 rpm
and the RNA was then stored &°C. The quantity of RNA was measured using
a NanoDrop ND-1000 spectrophotometer (NanoDropmiidjton, DE, USA).

2.3.2 Reverse transcriptase-polymerase chain reagti (RT-PCR)

RNA was reverse transcribed into cDNA using a ZDD-DNA engine
(MJ research, Reno, NV, USA). A total of 1 pg of Rikh 10 pl of RNase-free
water was added to a thin-walled nuclease-freeaogrtrifuge tube. To this, 1 pl
of Random primers (Invitrogen, Paisley, RenfrewshidK) and 1 pl of 10 mM
dNTP Mix (Bioline, London, UK) were added and mixbd flicking the tube.
The contents were collected at the bottom of thee thy briefly centrifuging

before heating the mixture to 65°C for 5 minuted #ren quickly chilling on ice.
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Then 4 ul of 5X First-strand buffer, 2 pl of 0.1 Mthiothreitol (DTT) and 1 pl
RNasirf’ Ribonuclease Inhibitor (Promega, Southampton, Hding, UK) were
added before incubating at 25°C for 10 minutesofedld by 42°C for 2 minutes.
Following this, 1 ul of SuperScriptll reverse transcriptase (Invitrogen) was

added and the mixture was incubated at 42°C fanbutes and then at 70°C for

15 minutes. The cDNA product was store®2afC.

Gene Symbol  Gene Name Assay Identification number(s)
CLCNI Chloride channel 1, skeletal Hs00163961 ml
muscle -
CUG-BP1 CUG triplet repeat, RNA Hs00198069 ml
binding protein 1 -
CUG-BP2 CUG triplet repeat, RNA Hs00272516_ml
binding protein 2 -
Dystrophia myotonica-protein
DMPK . Hs01094334 g1 and Hs00189385_ml1
kinase -
FGFRI1 Fibroblast growth factor Hs00241111 m1
receptor 1 -
IR Insulin receptor Hs00169631 m1 and Hs00961550 m1
MBNL1 Muscleblind-like 1 Hs00253287 ml
MBNL?2 Muscleblind-like 2 Hs01058996 ml
RYRI Ryanodine receptor 1 (skeletal) Hs00166991 ml
RYR2 Ryanodine receptor 2 (cardiac) Hs00181461 ml
RYR3 Ryanodine receptor 3 Hs00168821 ml
Assay by design
SIX5 SIX homeobox 5 Forward primer: 5'-GCTGCCTTCGGCCACT-3

Reverse primer: 5'-GCCACACCCGTCACGAT-3'
Probe: 5'-CCCCAGGAAACTTC-3'

Table 2.2 — The genes analysed by TagMan QRT-PCRh& assay identification numbers for

the probes purchased from Applied Biosystems are sd shown.
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2.3.3 TagMar?® Quantitative real time PCR (QRT-PCR)

Gene expression levels were measured using QRT-PRRMarf)
performed using a standard run on a 7500 Fast Rew-PCR System (Applied
Biosystems, Warrington, Cheshire, UK). A total oh§ of sample cDNA was
loaded per well of a MicroAnfp Optical 96-Well Reaction Plate (Applied
Biosystems), except for those of the standard cwhieh had varying amounts of
cDNA and those for analysis dBS which had 1 ng per well. Gene-specific
primers and probes (Applied Biosystems) were useddasure expression levels
(see table 2.2 for a list of genes assayed). Theeps and probes were mixed
with Mastermix (Applied Biosystems) containing tbemponents necessary for
the PCR reaction to give a total reaction volume®sful. The reactions were
performed under the following conditions: 50°C frminutes, 95°C for 10
minutes followed by 40 cycles consisting of 95°C 16 seconds and 60°C for 1
minute. The threshold cycle {Cvalues were obtained and the results were

normalised to th&8S expression values.

2.4 Northern blot

The technique of Northern blotting was used to iconthe expression
levels of theDMPK gene previously analysed by TagMan QRT-PCR. Gel
electrophoresis separates RNA by size and followtragnsfer to a blotting
membrane the RNA of interest is detected using diolabelled probe

complimentary to the target sequence.

2.4.1 RNA extraction
RNA was extracted as previously described in se@i3.1.

2.4.2 Agarose/formaldehyde gel electrophoresis

A 1.2% agarose gel was made in an RNase free dantaining 6.6%
formaldehyde and 1x MOPS (0.02 M MOPS (3-[N-morptabropanesulfonic
acid) (pH 7.0), 5 mM sodium acetate and 1 mM EDPA 8.0) in DEPC treated
H20). Once the gel had set it was immersed in runiiaifer (1x MOPS and
0.74% formaldehyde in ¥ with ethidium bromide). The samples (§:§ of
RNA) were concentrated to a volume of (around)l $y vacuum drying in a
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Concentrator 5301 (Eppendorf, Histon, Cambridge,).URhe samples were
mixed with a mastermix (1x MOPS, 7.4% formaldehys@% formamide) and a
denaturation reaction was performed where they viated to 65°C for 10
minutes. The samples were chilled on ice for 5 teswbefore being combined
with 10% gel loading buffer (50% glycerol, 10 mM EBR (pH 8.0) and 0.4%

(w/v) bromophenol blue) and loaded onto the agageteThe gel was run at 100
V for approximately 2%z hours until the blue dyecdtead the end of the gel. The
gel was removed from the tank and washed twicdaerile distilled HBO for 45

minutes.

Welght
Tissue paper Glass plate
— Whatman filter paper
. /
Plastic wrap H 20x SSC “ j Reservoir

Figure 2.2 — A diagram of the capillary transfer sgtem used to transfer RNA from the gel to

the blotting membrane.

2.4.3 Capillary transfer of RNA to blotting membrane

A capillary transfer system was set up as folloisee figure 2.2): a
reservoir was filled with 20x saline-sodium citré&SC, 175.3g of NaCl, 88.2g of
sodium citrate in 800 ml distilled @) and a glass plate was rested on top. A long
piece of Whatman filter paper was soaked in 20x &8€ placed over the glass
plate with the ends in the 20x SSC reservoir toagca wick. The gel was turned
upside down onto the filter paper and the surroupdireas were covered with
clingfilm. A piece of Hybond-N membrane (GE Healhe, Chalfont St Giles,
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Buckinghamshire, UK) was placed on top after digpim H,O followed by 20x
SSC. One layer of wet Whatman filter paper wasqaaan top followed by two
dry layers. Air bubbles were removed and a 5 croktbtack of tissue paper was
placed on top. A glass plate was placed over thisveeighed down with a 1 kg
weight. The RNA was left to transfer over night.eTiollowing day the blotting
system was dismantled and the membrane was renadtexdthe position of the
wells had been marked. The membrane was surroundéter paper and baked
in an incubator at 80°C for 2 hours to cross-ling RNA to the membrane. The

blot was stored at room temperature.

2.4.4 Probe synthesis

Custom made primers specific RMPK and GAPDH transcripts were
purchased from Invitrogen with the following seqoces (obtained from Krodt
al., 2007): DMPK (forward, 5-AGGCTTAAGGAGGTCCGACTG-3Breverse,
5-GCGAAGTGCAGCTGCGTGATC-3), GAPDH (forward, 5'-
GAAGGTGAAGGTCGGAGT-3; reverse, 5-GAAGATGGTGATGGGAN TC-
3’). The primer sequences were aligned with theiseges of all known transcript
variants of DMPK and GAPDH mRNA (using ClustalW software, URL -
www.ebi.ac.uk/clustalw/ and the NCBI nucleotide wisb URL -
www.ncbi.nim.nih.gov/sites/entrez?db=NucleotideheTprimer sequences were
located within homologous sites of the transcrgoiants found.

The probes were amplified by a PCR reaction whearkcbntaining 20 ng
of cDNA template was added to 2&bH,0, 10ul HF 5x PCR buffer, Jul 10x
dNTP (2 mM), 2.5l 10 uM forward primer, 2.5. 10 uM reverse primer and 0.5
ul Phusion’ Taq polymerase (Finnzymes Oy, Espoo, Finland). AGR reactions
were performed on a PTC-200 DNA engine (MJ resgafetr amplification of
the DMPK transcript probe the PCR conditions were as fato@8°C for 30
seconds, 34 cycles of 98°C for 10 seconds, 68°Gdmseconds and 72°C for 1
minute, followed by 72°C for 5 minutes and 7°C luhi tubes were removed. For
amplification of theGAPDH transcript probe the PCR conditions were as fatow
98°C for 30 seconds, followed by 34 cycles of 98%C10 seconds, 60°C for 30
seconds and 72°C for 1 minute, followed by 72°C5faninutes and 7°C until the
tubes were removed. The PCR products were runI% agarose gel and bands

at the appropriate sizes were excised.
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The DNA product was extracted from the gel usin@quick gel
extraction kit (Qiagen) according to the manufaetisrinstructions described as
follows: for every 100 mg of gel 300 of buffer QG was added. The gel was
dissolved by heating to 50°C for 10 minutes withastonal mixing before 10
of isopropanol was added per 100 mg of gel. Theptarwas applied to a
QIAquick spin column in a 2 ml collection tube whiwas centrifuged for 1 min.
The flow-through was discarded and 500of Buffer QG was added to the
column and centrifuged for 1 min to remove the agar To wash the sample, 750
ul of Buffer PE was added to the column and cergeflifor 1 minute. The flow-
through was discarded and the column was centdffiggean additional 1 minute.
The QIAquick column was placed into a clean 1.5mdrocentrifuge tube. To
elute the DNA, 50ul of water was added to the centre of the membaark
allowed to rest for 1 minute. The column was cénged for 1 minute and the
eluant was stored &0°C.

To sequence the DNA, a set of reactions were geatontaining 3ul of
DNA, 2 ul of 5x buffer, 2ul H,O, 1ul primer, 1ul Big Dye v3.1 and 1l Y2 Big
Dye (Applied Biosystems). Two reactions were setfapboth the DMPK and
GAPDH probe amplification products, one containing forward primer and one
containing the reverse primer. The mixtures weratdtw to 96°C for 4 minutes
followed by 24 cycles of 96°C for 30 seconds, 5Cl5 seconds and 60°C for 4
minutes; the samples were then chilled at 4°C.prbducts were sent to the John
Innes Centre Genome Laboratory (Colney, NorwichrfdNk) for sequencing on
an ABI 3730 high throughput sequencer (Applied Bstsms). The results were
viewed on Chromas Lite software (URL -
www.technelysium.com.au/chromas_lite.html) and slequences obtained were
put into BLAST (URL - www.ncbhi.nlm.nih.gov/blast/\The probe sequences
showed specificity for the RNA they were designenl danneal to. The
concentration of DNA in the samples was measuréugus Qubit Fluorometer

(Invitrogen).

2.4.5 Pre-hybridisation and probe preparation

The membrane was placed in a glass tube with & tdL TRAhyb®-Oligo
hybridisation buffer (Ambion, Huntingdon, Cambridgae, UK) pre-
hybridisation solution and incubated at 42°C fdrd@irs rotating. The probe was
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prepared by denaturing 50 ng of DNA in a total woduof 45ul by heating to
100°C for 10 minutes. The DNA was immediately pthoa ice for 3 minutes and
then centrifuged briefly to collect the sampleta bottom of the tube. A Ready-
To-Go DNA labelling bead (GE Healthcare) containimgffer, dATP, dGTP,
dTTP, FPLCpure Klenow Fragment (7-12 units) and random
oligodeoxyribonucleotides was placed in a tube 4hdl of denatured DNA was
added along with &l of [a-**P]dCTP. The tube was mixed by gently pipetting up
and down and was then incubated at 37°C for 30 tesnurhe reaction was
stopped by adding pl of 0.2 M EDTA (pH 8). Unincorporated oligonucletgs
were removed by passing the mixture through a Skpha&-50 DNA grade

column by centrifuging at 2000 rpm for 2 minutes.

2.4.6 Hybridisation and detection

The DNA was denatured by heating to 97°C for 5 teisunefore cooling
on ice for 3 minutes. The probe was added dirdotiyre pre-hybridisation buffer,
mixed thoroughly and left to hybridise with the mmane overnight at 42°C
rotating.

The following day the probe solution was removed dhe blot was
washed twice with 2x SSC with 0.1% sodium dodeayplsate (SDS, Sigma-
Aldrich) for 10 minutes at 42°C, followed by two stees with 0.1x SSC with
0.1% SDS for 15 minutes at 42°C. The membrane wapped in clingfilm and
placed in a cassette with an intensifying screen3fdhours. The bands were
visualised using a Molecular Imager FX Pro Plushw@uantity One 4.5.1
software (Bio-Rad, Hemel Hempstead, HertfordsHifK). The intensity of the
bands was analysed using Kodak 1D 3.5 softwaredKddochester, NY, USA).

2.4.7 Membrane stripping
The membrane was stripped to be re-probed fderdifit transcripts by

washing repeatedly in boiling water until no radibé&ty was measured.

2.5 Fluorescentin Situ Hybridisation (FISH)

To detect mutanDMPK transcripts with large CUG repeats the technique
of FISH was used. The technique involves the usefforescently labelled CAG
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probe complimentary to the CUG repeat in RIPK transcripts (protocol as
described by Hol&t al. (2007)). The probe is applied to the cells to cetke
transcripts and their position within the cell.

Cells were seeded onto 12-16 mm round glass dgem=nd grown for
one week before the medium was replaced with SHumedor 24 hours. The
cells were exposed to experimental conditions fdrhburs. The cells were
washed in diethylpyrocarbonate (DEPC, Sigma-Aldricteated PBS (100 pl
DEPC in 100 ml PBS) before being fixed in 4% fordeddyde in DEPC treated
PBS for 25 minutes at room temperature. The fieatias aspirated and the cells
were washed three times for 5 minutes with DEPG@té&ee PBS with gentle
agitation. The coverslips were stored at 4°C ogérni

Cells were permeabilised in 1 ml of 0.2% Tritonl®0 in DEPC treated
PBS for 5 minutes at room temperature. The coyersiiere then rinsed twice for
5 minutes with 2x SSC with gentle agitation. TheCS8as aspirated and 500 pl
of denaturation solution (40% formamide in 2x S8@} applied for 10 minutes.
The denaturation solution was aspirated and 3@@ hybridisation solution (10%
dextran sulphate, 40% formamide, 0.2% BSA, 0.1 rhdierring sperm DNA
(Sigma-Aldrich), 0.1 mg/ml baker’'s yeast transféMAR (Sigma-Aldrich), 4 mM
ribonucleoside vanadyl complexes (Sigma-Aldricl)) 2M (CAG), Alexa 555
labelled probe in 2xSSC) was added. A plastic cyemwas placed over the
solution to ensure even coverage and to preventsohgion drying out. The
coverslips were placed in a humidified chamber iaedbated overnight at 37°C
protected from light. The following day the coversl were rinsed three times
with DEPC treated PBS for 5 minutes each with geagitation. The nuclei were
labelled by addition of 100 ul of ,8-diamidino-2-phenylindole dihydrochloride
(DAPI, 1:200) in DEPC treated PBS for 30 minutelse Toverslips were washed
three times for 5 minutes with DEPC treated PBS raodnted onto glass slides
using Hydromount (National Diagnostics, Hessle, Rébire, UK). The slides
were dried at room temperature for 30 minutes amaged on a charge-coupled
device (CCD) upright Zeiss fluorescence microscopt an attached digital
camera and Axiovision 4.7 software (Zeiss, Oberkogliermany).
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2.6 PCR of the insulin receptor (R) mRNA

In order to analyse alternative splicinglBfmRNA the technique of PCR
was used. The technique involves amplificationl®ftranscript cDNA. PCR
products are separated by gel electrophoresis landatio of the two isoforms
calculated (protocol as described by Sawtwal., 2001).

2.6.1 RNA extraction
RNA was extracted from cells as previously desttilm section 2.3.1.

2.6.2 Reverse transcriptase-polymerase chain reaati (RT-PCR)

RNA was reverse transcribed into cDNA as describhesction 2.3.2.

2.6.3 PCR ofiR mRNA

PCR was carried out to amplify a region from ex@fsto 12 of thdR
MRNA. A total of 200 ng of cDNA (in 4l) was mixed with 0.l each of 5QuM
forward primer (5-CCAAAGACAGACTCTCAGAT-3) and rearse primer (5'-
AACATCGCCAAGGGACCTGC-3) (Invitrogen), 0.4l of 100 mM dNTP mix,
5 ul of MgCl, free PCR reaction buffer x10, 1ubof 50 mM MgCh and 0.25ul
of Tag DNA Polymerase (5 Wl (Bioline). The volume was made up to hD
with H,O before mixing and briefly centrifuging to collettte solution at the
bottom of the tube. The DNA was amplified using®BCP200 DNA engine (MJ
research) by heating to 94°C for 4 minutes, folldwg 30 cycles of 95°C for 30
seconds, 60°C for 30 seconds and 72°C for 30 sectireh 72°C for 10 minutes.

The samples were stored 20°C.

2.6.4 Agarose gel electrophoresis

The PCR products were separated by electrophavasss4% agarose gel
with TAE running buffer containing ethidium bromidé total of 10ul of PCR
product was mixed with fl of 5x loading buffer before loading onto the gel
alongside a Hyperladder IV 1 kB ladder (Biolinehelgel was run at 80 V until
the bands had separated. Images were taken on &ddSiluminator and the

intensity was analysed using Kodak 1D 3.5 sciantifiaging software (Kodak).
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2.7 Terminal deoxynucleotidyl transferase dUTP nickend labelling (TUNEL)

assay

Apoptotic cells were detected and quantified usinUNEL assay. The
technique detects DNA fragmentation which occursringu the ordered
breakdown of cells during apoptotic cell death. Wkige DNA is fragmented 3'-
OH groups are exposed to which the terminal deostgadidyl transferase (TdT)
can add fluorescein-12-dUTP. The fluorescein-12¥8Udan then be detected
using fluorescence microscopy.

Cells were seeded onto glass coverslips and gfomwone week until the
medium was replaced with SF medium for 24 hour® Gélls were exposed to
experimental conditions for 24 hours and then fiked% formaldehyde in PBS
for 25 minutes at room temperature. The fixatives aapirated and the cells were
washed three times with PBS for 5 minutes each \gihtle agitation. The
coverslips were stored at 4°C overnight. A DeadEmduorometric TUNEL
System (Promega) was used to detect and quantdptaegic cells within cell
populations according to the manufacturer’s ingtoms described as follows: the
cells were permeabilised by addition of 1 ml of%.Zriton X-100 in PBS for 5
minutes at room temperature. The coverslips wergheah twice with PBS for 5
minutes each with gentle agitation. The PBS wasovau and 100 pl of
Equilibration Buffer was added to each coverslip 3610 minutes. The edge of
each coverslip was blotted on tissue paper to remihe majority of the
Equilibration Buffer before 50 ul of rTdT reactionix was added. The rTdT
reaction mix contained 45 pl Equilibration Bufférul Nucleotide Mix and 1 pl
rTdT enzyme per reaction. A plastic coverslip wéaced over the solution to
ensure even distribution of the mix. The coversiyge placed in a humidified
chamber and incubated for 1 hour and were protefcoed light from this step
onwards. The reaction was terminated by immergiegcoverslips in 2x SSC for
15 minutes at room temperature. The coverslips wexshed three times with
PBS for 5 minutes each with gentle agitation. Te# ouclei and F-actin were
labelled by the addition of 100 ul of DAPI (1:2080d Texas Red-X phalloidin
(1:100) diluted in PBS for 15 minutes. The cov@slivere washed three times
with PBS for 5 minutes each with gentle agitatiowl anounted onto glass slides

using Hydromount. The slides were dried at roomptemature for 30 minutes and
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then imaged on a CCD upright Zeiss fluorescenceastope with an attached
digital camera and Axiovision 4.7 software (Zeiss).

2.8 Western blot

In order to detect the presence, absence andafotivof particular
proteins of interest within the lysates of cell gpdes, the Western blot technique
was used. The technique is based on the bindiagpoimary antibody specific to
the protein of interest and its subsequent detediipa secondary antibody. The
Western blot gives information about the size anel telative amount of the

protein of interest in different samples.

2.8.1 Cell lysis

Cells were grown in 35 mm culture dishes and sibgeto experimental
conditions as previously described (see sectiorilR.Zhe cells were rinsed in
ice-cold PBS and lysed in MPER with 10 pl/ml of Halotease inhibitor cocktail,
10 pl/ml of Halt phosphatase inhibitor cocktail ah@ pl/ml EDTA (5 mM)
(Pierce). Dishes were scraped and lysates werected in 1.5 ml microcentrifuge
tubes (Eppendorf) and centrifuged at 13 000 rpmlf@orminutes at 4°C. The
supernatant was stored &0°C. Protein concentration was measured using a
bicinchoninic acid (BCA) protein assay (Pierce)@ading to the manufacturer’s
protocol described in section 2.2.2.

2.8.2 SDS PAGE

Protein samples were heated to 100°C for 5 minwids 20% sample
buffer (4% SDS, 0.01% bromophenol blue, 30% glygert2.5% B-
mercaptoethanol and 160 mM tris pH 6.8) and loadedgside DualVue Western
Blotting Markers (GE Healthcare) on a 10% precadyacrylamide protein gel
(Pierce). Gels were subjected to electrophoresassMini-PROTEAN 3 cell (Bio-
Rad) run at a constant 100 V and a current of 18Qoer gel at room temperature
until the loading dye reached the bottom of the gel
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2.8.3 Protein transfer

The gel was removed from the tank and placedansfer buffer solution
(48 mM Tris, 39 mM glycine, 4% methanol and 0.0375®S, pH 8.3) for 15
minutes. Proteins were transferred onto a polyuieyle difluoride (PVDF)
membrane (Perkin Elmer) by sandwiching the gel #m PVDF membrane
(activated in 100% methanol), between thick filgapers. The sandwich was
placed on a trans-blot semi-dry transfer cell (Ra@ad) and run at a constant 15 V

and a current of 0.3 A per gel for 30 minutes.

2.8.4 Blocking and antibody incubation

Following protein transfer the gels were discar@ed the PVDF was
rinsed three times for 5 minutes in PBS and blodked. hour in PBS-T (100 ml
PBS, 0.5 g Marvel milk powder and 50 pl Tw&e20) at room temperature with
gentle agitation. The primary antibody made upBSP was left on overnight at
4°C with gentle agitation. The antibodies usedhis study are summarised in
table 2.3.

The following day the membrane was allowed to retio room
temperature before washing three times for 15 magubh PBS-T with gentle
agitation. The secondary antibody conjugated tedradish peroxidase was made
up in PBS-T at a concentration of 1:1250. The mamérwas incubated in the
secondary antibody for one hour at room temperatite gentle agitation. A
further two 15 minute washes with PBS-T were cdroat before a final wash in
PBS with 10 pl/ml Tweeh20 (Sigma-Aldrich) for 10 minutes.

2.8.5 Detection

ECL plus western blotting detection reagents (GEltHeare) were mixed
at a ratio of 40:1 of solutions A and B respecgvahd a volume of 0.1 ml/cm
was pipetted onto the membrane and allowed to faesb6 minutes at room
temperature in the dark. The membrane was blottéal tcssue paper before being
placed in a film cartridge. In a darkroom the meamer was exposed to
Amersham Hyperfilm ECL photographic paper (GE Heate) which was then
passed through Kodak GBX developer and replenisbkrtion (Kodak), SB 80
indicator stop bath (Photosol, Basildon, Essex, @k Hypam fixer (liford,

Mobberley, Cheshire, UK). The revealed bands weenrsed and the intensity

71



was analysed densitometrically using Kodak 1D &i&mndific imaging software

(Kodak).

Antibody Description M., (kDa) Dilution Company

Anti-p-Actin Rabbit, polyclonal 45 1:1000 Cell Signaling Technology
Anti-phospho-Ald 1/PKBo (zserd 73) Rabbit, monoclonal 60 1:1000 Upstate

Anti-Aktl/PKBo Rabbit, monoclonal 60 1:1000 Upstate
Anti-phospho-p44/42 MAPK (Thr202/Tyr204) Mouse, monoclonal 42.44 1:2000 Cell Signaling Technology
Anti-p44/42 MAPK Rabbit, polyclonal 42,44 1:1000 Cell Signaling Technology
Anti-phospho-p38 MAP Kinase (Thr180/Tyr182)  Rabbit, polyclonal 43 1:1000 Cell Signaling Technology
Anti-p38 MAP Kinase Rabbit, polyclonal 43 1:1000 Cell Signaling Technology
Anti-phospho-p70 56 Kinase (Thr389) Rabbit, polyclonal 70,85 1:1000 Cell Signaling Technology
Anti-phospho-PKC (pan) (I Ser660) Rabbit, polyclonal 78,80,82,85 1:1000 Cell Signaling Technology
Anti-PKC Mouse. monoclonal 78,80,82,85 1:200 Santa Cruz Biotechnology
Anti-PTEN Rabbit, polyclonal 54 1:1000 Cell Signaling Technology
Anti-phospho-SAPK/INK (Thr183/Tyr185) Rabbit, monoclonal 46.54 1:1000 Cell Signaling Technology
Anti-SAPK/INK Rabbit, monoclonal 46,54 1:1000 Cell Signaling Technology
Anti-Mouse IgG HRP conjugate Sheep, secondary - 1:1250 GE Healthcare

Anti-Rabbit IgG HRP conjugate Donkey, secondary - 1:1250 GE Healthcare

Table 2.3 — A summary of the antibodies used for thdetection of proteins via Western blots.
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2.8.6 Membrane stripping

Membranes were stripped to be re-probed with cdhébodies using Re-
blot Strong solution (Millipore, Watford, Hertfordise, UK) which was left on
the membrane for 20-25 minutes. The membrane waskédl by two 5 minute

washes with PBS-T before being placed in the nerigry antibody.

2.9 bFGF estimation by the enzyme-linked immunosodnt assay (ELISA)

The level of bFGF in conditioned medium was meagwsing an ELISA.
The technique involves the use of a primary antybsgecific to the protein of
interest which is bound to the surface of the wella 96-well plate. The samples
are added to the wells and if the protein of irgere present it will bind to the
antibody. An enzyme-linked antibody is then pipetieto the wells which also
binds to the protein of interest. Addition of aregme substrate produces a colour
change proportional to the amount of protein odliest present.

A Quantikin€ human FGF basic (bFGF) ELISA kit (R&D Systems,
Abingdon, UK) was used to quantify the levels of3ffreleased into the medium
by the cells. Conditioned medium (CM) was collectexin cells after 24 hours
and was centrifuged at 13000 rpm for 5 minutes. Jingernatant was removed
and frozen ai20°C until required. The bFGF ELISA kit was usedading to the
manufacturer's protocol described as follows: aw@d- microplate pre-coated
with a monoclonal antibody specific to bFGF wasigal and 100 pl of Assay
Diluent RD1-43 was added to each well. A seriess@indards with known
concentrations of bFGF were prepared from a bFG&kstolution. Each test was
performed in duplicate and 100 ul of the standardsamples were added to each
well. The wells were covered with an adhesive stng incubated for 2 hours at
room temperature. Each well was aspirated and washié 400 pl of wash
buffer which was repeated three times for a tofdbar washes. The plate was
blotted to remove as much wash buffer as possiiere adding 200 pl of bFGF
Conjugate to each well. The wells were covered vaith adhesive strip and
incubated for 2 hours at room temperature. The vedsp was repeated before
200 pl of Substrate Solution was added to each Wh# plate was incubated for
30 minutes at room temperature protected from lgtibre 50 pl of Stop Solution
was added. The absorbance was determined using lacWat20 VICTOR
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multilabel plate counter and WorkOut 1.5 softwara avavelength of 450 nm. A
standard curve was constructed and used to detertininlevels of bFGF in the

CM samples.
2.10 Statistical analysis

Student’s T-test analysis was performed using Exseftware (Microsoft,
Redmond, WA, USA) to determine any statistical etiéhce between two
experimental groups. Statistical analysis of mldtipxperimental groups was
performed by one-way analysis of variance (ANOVAthwTukey's post-hoc
analysis using SPSS 16.0 (SPSS Inc., Chicago, BRA)U Significance was

assessed using a p value<d.05.
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CHAPTER 3
CHARACTERISATION OF DM1 LENS
EPITHELIAL CELLS

3.1 Introduction

Diseases can be modelled in a variety of diffexeays in order to study
the mechanisms which underlie them. This includsshriques such as the
culturing of tissues and primary cells from patsrhe immortalisation of cells to
produce cell lines and the production of animal eledto mimic disease.
Although all of these techniques are valuable weaech, the availability and
lifespan of primary cells from patients is oftemiied and the use of animal
models poses an ethical dilemma as well as posioblgms with differences
between species. Therefore, in this study, cebdslimave been produced from
primary human LECs (as described in section 2.fol13tudy the mechanisms
behind cataract development in DM1.

The use ofin vitro studies using cell lines in research has become
commonplace due to the availability of cells, tteses with which they can be
maintained, the speed with which results can baiodtl and the relatively low
cost of experiments. However, cell lines must baratterised in order to verify
their origin and to show that they possess chaiatits that are relevant to the

disease they represent.

3.1.1 Molecular characterisation of DM1 lens epithiaal cells

The cell lines used in this study were producechfidM1 patient samples
and normal donor lenses. To confirm their origirstualy by Rhodest al. (2006)
confirmed the presence and length of the expand@dttrepeat in the DM1 lens
cell lines and showed its absence in the conthwtsugh Small Pool-PCR analysis
of repeat length variation (see figure 3.1a). Thetiwls were confirmed to have
small stable normal alleles, whereas the DM1 ¢e#ld contained large unstable

expanded alleles even in the earliest passage sdnguggesting that the primary
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cells from which they were derived also contairergé triplet repeats (Rhodeis
al., 2006).
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Figure 3.1 — Characterisation of DM1 lens epitheliacells. (a) Small Pool-PCR analysis of

CTG repeat length at passage 10, showing 8 react®rfor each cell line. No detectable

expanded alleles were found in the control cell lies (data not shown), whereas the DM1 cell

lines were shown to contain large triplet repeatddMCatl had two major alleles of 1480 and

450 repeats, DMCat2 had three major alleles of 144030 and 450 repeats, DMCat3 had a

single major allele of 2950 repeats and DMCat4 hativo major alleles of 1590 and 880
repeats (image from Rhodegt al. (2006)). (b) QRT-PCR analysis of mMRNA expressiomdm
CRYAA normalised to 18S expression, showing expression in all cell lineggsted (Dr. J.D.
Rhodes and Dr. L.M. Hodgkinson, unpublished data).
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Further characterisation performed by Rhodesl. (2006) showed that
the DM1 lens cells expressed mRNA frddMPK, DMWD and SX5, but only
SX5 was found to have reduced levels of both mRNA pradein. To confirm
their lens cell origins, the expression of the g€&#/AA, which encodes the
protein aA-crystallin was analysediA-crystallin is found in native LECs and
expression ofCRYAA was found in all of the DM1 and control cell linessted
(see figure 3.1b, Dr. J.D. Rhodes and Dr. L.M. Hadgpn, unpublished data).

3.1.1.1 Triplet repeat-containingDMPK transcripts form
nuclear foci in DM1 lens epithelial cells

Many reports have shown thBIMPK transcripts accumulate in discrete
foci in the nuclei of DM1 cells. Foci ddMPK transcripts have been found in
cultured fibroblasts and myoblasts; in cells froeat, spinal cord, brain, gall
bladder smooth muscle and skeletal muscle from Opdtents; and in muscle
cells and trophoblasts cultured from DM1 foetuskangjaet al., 1995; Daviset
al., 1997; Hamsheret al., 1997; Furlinget al., 2001b; Liquoriet al., 2001; Jiang
et al., 2004; Mankodiet al., 2005; Bonifaziet al., 2006; Wheeleet al., 2007a;
Cardaniet al., 2008). These studies indicate that all tissuastwshow symptoms
of the disease could have foci DMPK transcripts retained in the nuclei. As the
lens is affected by DM1, and cataracts are a chenatic symptom of the disease,
it would be interesting to confirm whether lensle@xpres©MPK and whether
or not triplet repeat-containifigMPK transcripts accumulate in foci.

The formation of nuclear foci in DM1 is associateith sequestration of
the MBNL proteins (MBNL1, MBNL2 and MBNL3) and ineased levels of
CUG-BP proteins (CUG-BP1 and CUG-BP2). MBNL progiaccumulate in
nuclear foci as they bind to the stem of the dsRbifned by the CUG repeats in
DMPK transcripts (Milleret al., 2000; Fardaegt al., 2001; Fardaegt al., 2002;
Yuanet al., 2007). In humangylIBNL1 andMBNL2 show widespread expression
in all tissues tested, including pancreas, kidrekeletal muscle, liver, lung,
placenta, brain and heart, bMBNL3 is almost exclusively expressed in the
placenta (Fardaedt al., 2002).MBNL1 was shown to be expressed in the mouse
eye but there is no data available for expressi@ngMBNL genes in the human
lens (Miller et al., 2000). Unlike MBNL proteins, CUG-BP1/2 are notmgted

into nuclear foci, despite being shown to bind @JG)s repeats (Timchenket
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al., 1996; Luet al.,, 1999; Michalowskiet al., 1999; Fardaeet al., 2001).
Interestingly, CUG-BP1 levels were actually shovwn te increased in both
cultured cells expressing CUG repeats and in DMarthgssue, with greater
levels being observed with increasing repeat nusmpEmchenkoet al., 2001a).
Greater levels of CUG-BP1 have also been foundatetal muscle tissue from
DML1 patients and in cultured DM1 myoblasts (Saw#ual., 2001; Dansithongt
al., 2005). Analysis ofCUG-BP1 expression showed that levels of mMRNA were
not affected and instead an increase in the Halili CUG-BP1 was shown to be
responsible for increased protein levels (Timcheetkal., 2001a). The increased
protein half-life was shown to result from an irage in the steady state levels of
the protein due to hyperphosphorylation (Kuyumcudiviaz et al., 2007). In
humans,CUG-BP1 expression was found in all tissues tested, inetudiver,
skeletal muscle and spleen, with high levels ofreggion in the brain and heart
(Robertset al., 1997). Widespread expression @/G-BP1 was also found in
mice (Laddet al., 2001). In humanLUG-BP2 is expressed predominantly in the
heart, with low levels of expression found in thaib and skeletal muscle (Lef
al., 1999). In contrast, in mous€UG-BP2 was expressed in all tissues tested
including heart, brain, spleen, lung, liver, skalahuscle and testis (Let al.,
1999; Laddet al., 2001). No data is available for the expressio@ld6G-BP1/2 in
the eye or lens.

If DMPK is expressed in lens cells and foci of the trapscare shown to
form, then it is possible that the active leveldMBNL and CUG-BP proteins will

be disturbed if they too are expressed in the lens.

3.1.1.2 Altered splicing events in DM1

Both MBNL and CUG-BP proteins are involved in thegulation of
splicing events, many of which are disrupted in DMMhe sequestration of
MBNL and increased levels of CUG-BP result in thismegulation of splicing,
where the splicing patterns of certain transcriggert back to that observed
during embryonic development. Alternative spliciggnerates protein isoforms
with different biological properties, and embryomsoforms are likely to have
different levels of sensitivity and action compatedtheir adult counterparts. It
has been suggested that the altered splicing pattdrcertain proteins in DM1

contributes to the observed phenotype of the deselasr example, the altered
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splicing of CIC-1 could cause the myotonia whichaigharacteristic feature of
DM1,; altered splicing of IR could lead to insuli@esistance and diabetes which is
observed in the disease; and altered splicing ahagline receptor 1 (RYR1)
could be involved in the myopathy associated witi1D(Savkuret al., 2001;
Mankodi et al., 2002; Kimuraet al., 2005). If MBNL and CUG-BP proteins are
found in the lens then it is possible that spligoagterns could be altered, leading
to changes in the lens which could result in theetigpment of cataract.

Myotonia is caused by hyperexcitability in musdlbres leading to
repetitive action potentials which result in invalary after-contractions. These
effects have been linked to impaired transmembrameductance of either
chloride or sodium ions (Franket al., 1991; Charlet-Bet al., 2002; Mankodi,
2008). A number of non-dystrophic myotonias areseduby mutations in the
CLCN1 gene, which encodes the chloride ion channel Cléndl theSCN4A gene
which encodes a skeletal muscle sodium ion chafmahkodi, 2008). A study
using human skeletal muscle tissue from DM1 patishbwed that SCN4A was
present in membrane fractions extracted from this,aghereas CIC-1 was absent
or present at greatly reduced levels compared tmaloskeletal muscles (Charlet-
B et al.,, 2002). Studies in mice and humans have shown @i&t1 is
alternatively spliced in DM1. In mice expressinggla CUG repeats a broad
spectrum of altered splicing events were obserwtth, the inclusion of a novel
exon, designated “7a”, being the most common (Mdnkob al., 2002). In the
same study Mankodit al. (2002) showed that patients with both DM1 and DM2
had a high frequency of alternative isoforms of @l@nd that severely affected
DM1 patients had aberrant splicing in 100% of tbNA&s examined. The most
common alternative splicing event was the inclusiérthe 7a exon, which was
accompanied by the inclusion of another novel edesijgnated “6b” (Mankodit
al., 2002). Intron 2 (located between exons 2 and&®) also shown to be retained
in skeletal muscle tissue from DM1 patients (CheBlet al., 2002). In the same
study it was shown that coexpression of CUG-BP w&itblC-1 intron 2 minigene
in a normal fibroblast cell line resulted in refentof intron 2 (Charlet-Bat al.,
2002). AMbnl1 knockout in mice showed increased inclusion ofreka in CIC-1
and myotonia (Kanadiet al., 2003). The insertion of novel exons and retentibn
intron 2 result in the insertion of premature stopgons and degradation of CIC-1

MRNAs by nonsense-mediated decay, leading to thecesl levels of CIC-1 seen
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in DM1 skeletal muscle (Charlet-& al., 2002). The correction of CIC-1 splicing
by morpholino antisense oligonucleotides in micgared the full-length reading
frame and increased CIC-1 expression, thereforeirgditing myotonia (Wheeler
et al., 2007b). These results strongly support a rolelBNL1 and CUG-BP1 in
the alternative splicing of CIC-1 transcripts leagto myotonia in DM1. As the
misregulated splicing of CIC-1 transcripts in DMslgroposed to be the cause of
myotonia, which is a major symptom of the diseé&sepuld be interesting to see
whether the mis-splicing event could be the cadssher symptoms, such as the
development of cataract in the lens. In the ldms |ével of Clis important for the
maintenance of a constant cell volume and alteratio CI are thought to result
in cataract development through a loss of osmajiglierium (Zhang & Jacob,
1997). If CIC-1 channels are expressed in the bms the splicing pattern is
disturbed then this could result in disturbancesGh levels and cataract
development.

Transcripts of thei-subunit of IR are also subject to alternative spg
where exon 11 can either be excluded to produderisoA (IR-A), or included to
produce isoform B (IR-B). The A isoform has a higrafinity for insulin,
however, it has a lower signalling capacity anddfare it is the B isoform which
results in an increased level of insulin sensigidnd is expressed predominantly
in insulin responsive tissues (Saviaial., 2001). A switch from the predominant
IR-B in normal skeletal muscle, to IR-A in DM1 s&#&dl muscle was shown to
occur and was linked to the increased steady-$¢awls of CUG-BP1 in the
disease, although the same switch in isoforms wats abserved in DM1
fibroblasts (Savkuret al., 2001). A further study showed that MBNL1 and
MBNL2 act antagonistically with CUG-BP1 in the rdafion of IR exon 11
inclusion (Dansithonget al., 2005). Down-regulation of MBNL1/2 and
overexpression of CUG-BP1 were both shown to resultecreased inclusion of
exon 11 in normal human myoblasts. Rescue expetsr&hiowed that loss of
MBNL1 was the primary cause of the aberrant IRcapdj with overexpression of
CUG-BP1 playing a secondary role (iaal., 2004; Dansithongt al., 2005; Paul
et al., 2006). In the rat lens, insulin plays a role ime tmaintenance of
differentiation in fibre cells and activates thartscription of crystallin genes
which maintain transparency during ageing by bigdolamaged proteins to
prevent their precipitation (Leendegsal., 1997; Civilet al., 2000). In bovine
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lens epithelial cells, insulin has been shown tovate the phosphatidylinositol 3-
kinase signalling pathway, which is involved in \sual, growth and
differentiation. Insulin receptors are also foundhe human lens (Naeser, 1997).
Insulin-like growth factor-1 (IGF-1) can also bitwl IR and is present in the lens
(Pavelicet al., 2007). Changes in signalling levels from the limsteceptor could
therefore be linked to cataract through possiblerations in levels of the
crystallin proteins or through disturbed cellulaggnalling resulting in a reduction
in survival, growth or differentiation in LECs. Fdhis reason, it would be
interesting to see whether the ratio of IR isoforsnaltered in DM1 lens cells.

A suggested cause of skeletal muscle wasting in1D# the altered
splicing of RYR1, which is a Garelease channel situated in the sarcoplasmic
reticulum (SR). RYRL1 is stimulated to release’'Geom the SR in myocytes
following the generation of an action potentialisTstimulates muscle contraction
in a process known as excitation-contraction (EGYpting. Two regions of
RYR1, known as ASI and ASIl, are variably spliceddadevelopmentally
regulated (Futatsuggt al., 1995). The ASI region is absent in the juvendarf
and present in the adult form. In DM1 muscle theepile form of RYR1 is
overexpressed and was shown to have a lower lelvelctivity which was
analysed by assessing the open probability of kaamel (Kimuraet al., 2005).
Interestingly, voltage-activated Eaelease during EC coupling was shown to be
significantly increased in myocytes expressingjtheenile form of RYR1 and it
was suggested that the ASI region forms a regylatmdule which contributes to
EC coupling, and therefore, its absence facilitatesnger EC coupling (Kimura
et al., 2009). Levels of G in cultured myocytes from DM1 patients were found
to be elevated when compared to normal controtsofket al., 1990). Alterations
in EC coupling could result in the increased leveisC&* observed in DM1
muscle cells and could lead to muscle degenerdimugh increased activation
of C&"* dependent proteases (Kimusiaal., 2009). An increase in activation of
Cd* dependent proteases could cause myopathy throughbteakdown of
proteins in the muscle cells. RYRL1 is primarily eegsed in skeletal muscle, but
Is also expressed in the brain and at low levethenheart (Futatsugt al., 1995).
There are two further forms of ryanodine recepkmown as RYR2, which is
mainly expressed in the heart, and RYR3, which @emwidely expressed in
tissues including the heart, brain and skeletalaleu@ulhuntyet al., 2006). A
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study found expression of RYR1 in a human lenslwedl but found greater levels
of expression of RYR3 and showed that the recepteese involved in the
regulation of intracellular G4 levels (Qu & Zhang, 2003). Excessive levels of
Cd" in the lens can lead to cataract formation alsoutsh activation of C&
dependent proteases, such as calpains, which loteak fibre cell proteins
(Biswas et al., 2005). For this reason it would be interestingse® whether
ryanodine receptors are present in our human lelis and, if so, whether the

splicing patterns are the same in DM1 and coneli$c

3.1.2 Cellular characterisation of DM1 lens epithehl cells

At the cellular level, studies on cataracts in gahbave pointed at a loss
of cells from the lens epithelium in the developmen cataract due to the
resulting loss of homeostasis in levels of ionsaater (Konofskyet al., 1987; Li
et al.,, 1995). Loss of cells from the LEC layer was shawnbe particularly
relevant in the development of subcapsular catmras the cell densities were
much lower when compared to those of nuclear cettékanofskyet al., 1987).
A study by Abeet al. (1999) investigated the density of the LEC layenative
human lenses from DM1 patients with cataract. Telegwed that DM1 lenses
contained fewer cells in the LEC layer than thasenfage matched control lenses
with senile cataract (Abet al., 1999). A significant decrease in cell density was
observed with DM1 lenses having an average density2274 cells/mrh
compared to 4627 cells/nfnin the control lenses. The decrease in cell degnsit
was also shown to be more prominent in a patietit an earlier onset of the
disease and more severe symptoms. Despite theadedrecell density, coverage
of the lens was maintained by an increase in cadl @beet al., 1999). This data
would suggest that a reduced number of LECs mayeadufficient to maintain
the balance of ions and water which is vital tosldransparency, therefore
resulting in cataract formation in DM1. Rhodetsal. (2006) characterised the
growth of most of the lens epithelial cell linesedsn this study and showed that
the DM1 cell lines had longer doubling times congolato the controls (Rhodes
al., 2006). The rate of growth of the DML1 cell lindscabegan to decline at a
much earlier stage and continued to decline upibiat was reached where there
were not enough cells remaining to start the nesspge (Rhodezt al., 2006).
This data indicates that behaviour of the celldimesimilar to the situation seen
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invivo and it would be interesting to see whether thefuwther control cell lines
employed in this study confirm these findings.

The decrease in density of DM1 LECs could be dua ttecrease in cell
proliferation or an increase in cell death. Cekithecan occur either via apoptosis,
which is the orderly breakdown of the cell into pfmtic bodies which can be
phagocytosed (also known as programmed cell deathjia necrosis, which is
characterised by the early breakdown of the plasmebrane resulting in the
release of the cell contents. Interestingly, cam$igxis samples from non-DM1
cataract patients were shown to have a signifigagtieater percentage of
apoptotic cells compared to normal controls €tial., 1995). To elucidate
whether apoptosis of LECs preceded cataract deweloporvice versa, Li et al.
(1995) performed experiments using cultured rasdésn Hydrogen peroxide was
used to induce cataract formation and was shovimgger apoptosis in the LECs
prior to cataract development (& al., 1995). Rhodest al. (2006) investigated
whether reduced levels of cell proliferation orrgesed levels of cell death were
responsible for the reduced population doublingeges observed in the DM1 lens
cell lines and found that fold stimulation of grémby 10% FCS was similar
across the cell lines, but release of LDH was iase€, indicating increased levels
of cell death were the cause (Rhoekal., 2006). As cell death was implicated in
the reduced population doubling times, it would ibieresting to establish the

mode by which it occurs, i.e. apoptosis or necrosis

3.2 Aims

The aim of this chapter is to establish whether @M1 and control cell
lines are a valid model in which to study the dsseaExpression levels of the
genes at the DM1 locus will be analysed and a pginaam is to show whether
DMPK is expressed in the lens cell lines and whetla@stripts form foci as seen
in other affected cell types. If foci form then isplg patterns may be altered
within the lens and therefore these secondary tsfigicthe triplet repeat will also
be investigated in order to establish whether timay be the underlying cause of
cataract formation. Cell growth, proliferation ageath of the lens cell lines will
also be investigated as these are thought to impadataract formation in the

native human lens.
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3.3 Results

3.3.1S1X5 and DMPK expression in DM1 lens epithelial cells

QRT-PCR showed tha X5 is expressed in human LECs, however, in
contrast to previous reports, no difference in egpion levels was observed
between the control and DM1 cell lines (see figBr2, expression analysed at
days 8, 50 and 78 of the culture period showngaorg 3.9) (Rhodedt al., 2006).
The previous study by Rhodetsal. (2006) used only two of the control cell lines
(CCatl and CCat2), but recently, two further cantrell lines were obtained
(CCat3 and CCat4) and revealed that the lev8l X% expression in the DM1 cell
lines falls within the range of normal expressiaiues. The mean expression
value across the control cell lines was 5.10 + I&8®9itrary units) compared to
3.91 + 0.43 (arbitrary units) across the DM1 cele$. This data would indicate
that reduced expression @ X5 is unlikely to be responsible for cataract
formation in the lens as previously proposed (Wasthret al., 1999; Kleseret
al., 2000).

Normalised SIX5
expression values
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4
3,
2,
11NN
0,

Figure 3.2 —SIX5 is expressed in DM1 lens epithelial cells. QRT-PCRnalysis of mMRNA

expression fromSI X5 normalised to 18S expression.SI X5 was expressed in both control and
DM1 lens cells and no difference was observed in gnession levels between the two groups

(n =3, data expressed as mean + SEM of three ingendent experiments).
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Figure 3.3 —DMPK is expressed in DM1 lens epithelial cells. (a) QRPCR analysis of
mMRNA expression fromDMPK normalised to 18S expression (n = 3, data expressed as mean
+ SEM of three independent experiments). (b) Northa blot analysis of mMRNA expression
from DMPK. Graph shows the bands analysed densitometricalgnd normalised to GAPDH
MRNA levels.

85



Using both QRT-PCR and Northern blot analysis tectdMPK mRNA,
DMPK was shown to be expressed in human LECs (see fgj8)eln both cases
there was no significant difference in expresserels between DM1 and control
LECs. Two separate probes crossing different exountaries were used to
detect DMPK transcripts by QRT-PCR. Probes were selected tsscithe
boundaries of exons 2-3 and 8-9 (see table 2.2tHer assay identification
numbers). Both probes detected similar levelDBIPK expression so the results
are shown for only one of the probes (see figuda)3.The mean expression value
across the control cell lines was 21.98 + 1.96i{janty units) compared to 26.46 +
1.05 (arbitrary units) across the DML1 cell linesing Northern blot analysis (see
figure 3.3b), one band of the same size was obdearvall of the cell lines, but
surprisingly no larger bands were observed in tiMLzells. A larger band, or
smear, representing transcripts of differing lendépending on the size of the
triplet repeat, would have been expected due tolatge repeats found in the
DMPK mutant allele. The lack of this band could indécatproblem in the RNA
extraction procedure as the mutant transcripts possibly subjected to
mechanical damage or it could indicate inefficisansfer of the larger RNAs to
the membrane. From the band detected, the meaasvafuranscript levels across
the control cell lines was 4.74 = 0.14 (arbitrarnjits) compared to 5.74 + 0.40
(arbitrary units) across the DM1 cell lines. Despitot showing expression of
mutant DMPK transcripts, both Northern blotting and QRT-PCRws&d that
DMPK was expressed in human LECs. Both techniques Ipctsiaowed that
expression oDMPK was higher in DM1 LECs, although this was notistiatally
significant. The presence BIMPK mRNA in human lens cells indicates that foci

of transcripts may form in DM1 nuclei.

Figure 3.4 —DMPK transcripts form nuclear foci in DM1 lens epithelal cells. Triplet repeat
RNA was detected using fluorescenda situ hybridisation with a (CAG) 1, alexa 555 labelled
oligonucleotide probe (red) in nuclei counterstaing with DAPI (blue). No foci were observed
in control lens cells (a) CCatl and (b) CCat2, hower, foci (indicated by white arrows) were
detected in DM1 lens cells (c) DMCatl, (d) DMCat2e) DMCat3 and (f) DMCat4 (bar = 20
pm). (g) Summary of mean number of foci (n = 2, dataexpressed as mean of two
independent experiments, statistical analysis wasepformed by Student’'s T test, ** p < 0.01

relative to controls).
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Figure 3.4 — see previous page for figure legend
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3.3.2 Formation of nuclear foci of mutantDMPK transcripts in DM1

lens epithelial cells

Fluorescencen situ hybridisation (FISH) of lens cells with (CAg)alexa
555 labelled oligonucleotide probes revealed nudiee of DMPK transcripts in
all DM1 cell lines, but these were absent in thatads (see figure 3.4). This
confirms that the muta@MPK allele is expressed in the DM1 cells, despite not
being detected during Northern blot analysi®MPK expression. In all cell lines
a very diffuse cytoplasmic staining could be sdsmyever, bright and distinct
spots of staining were found only in the nucleiDi1 cells. Many of the foci
were found at the very edge of the nucleus, howeatéempts to produce a 3D
image of the nuclei to visualise the position & tbci in more detail using laser
scanning confocal microscopy failed as the signas wf insufficient intensity.
The nuclear foci ranged in size from 0.5 tau® and the number of foci ranged
from O to as many as 24 per cell, with an averdg2©per cell (a minimum of

153 cells were counted per cell line).

3.3.3MBNL and CUG-BP expression in DM1 lens epithelial cells

Both MBNL1 andMBNL2 are expressed in control and DM1 LECs and no
difference in expression levels was observed beatwiee two groups (see figure
3.5). The expression level ®MBNL3 was not analysed in the cell lines as its
expression is almost exclusively limited to thecplata in humans (Fardastial.,
2002). The mean expression value RMBNL1 across the control cell lines was
1.03 £ 0.08 (arbitrary units) compared to 1.17 @90(arbitrary units) across the
DM1 cell lines. ForMBNL2, the mean expression value across the control cell
lines was 12.01 £ 1.86 (arbitrary units) compaed3.12 + 0.90 (arbitrary units)
across the DML cell lines.

Both CUG-BP1 and CUG-BP2 are also expressed in control and DM1
LECs, with no difference in expression levels bewéhe two groups (see figure
3.6). The mean expression value @JG-BP1 across the control cell lines was
24.46 * 4.37 (arbitrary units) compared to 21.1%28 (arbitrary units) across the
DML1 cell lines. ForCUG-BP2, the mean expression value across the control cell
lines was 15.59 £ 6.17 (arbitrary units) compaedQ.01 + 4.03 (arbitrary units)
across the DM1 cell lines. Both MBNL and CUG-BP tpios are thought to be

responsible for the altered splicing patterns ohyn@anscripts in DM1 and their
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expression in the lens makes it possible thatredtere splicing may also play a
role in DM1 cataract formation.
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Figure 3.5 -MBNLs are expressed in DM1 lens epithelial cells. QRTERR showed that both
(@) MBNL1 and (b) MBNL2 are expressed in control and DM1 lens epithelial etls.
Expression is shown normalised tol8S expression. There is no observed difference in
expression levels between the two groups (n = 2,tdeexpressed as mean, representative of
two independent experiments).
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Figure 3.6 —CUG-BPs are expressed in DM1 lens epithelial cells. QRTEGR showed that
both (a) CUG-BP1 and (b) CUG-BP2 are expressed in control and DM1 lens epithelialedls.
Expression is shown normalised tol8S expression. There is no observed difference in

expression levels between the two groups (n = 2,td&xpressed as mean).
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3.3.4 Alternative splicing in DM1 lens epithelial ells

A number of alternative splicing events have belearacterised in DM1
and have been shown to cause a variety of the syngphssociated with the
disease. In order to establish whether any of tlveséd play a role in cataract
development, the expression of a number of affegertes were analysed using
QRT-PCR.

Expression ofCLCN1 was not found in any of the human lens cell lines
employed in this study. Expression RYR1 was found in only three of the cell
lines (CCat2, DMCat3 and DMCat4) at very low levétfata not shown).
Expression of two further ryanodine recept®t¥R2 andRYR3, was analysed and
only RYR3 was found to be expressed at low levels (data smatwn). No
alternatively spliced isoforms &YR3 have been described in DM1, however.

Expression of R was found in all of the lens cell lines. QRT-PCRsw
used to analyse the expression levels of the tefnisis of IR, utilising probes
which crossed different exon boundaries (see talf?efor assay identification
numbers). As only IR-B contains exon 11, the fpsibe used crossed the exon
11-12 boundary and would therefore only show exgioesof IR-B. The second
probe used crossed the exon 16-17 boundary, wlichot affected by the
alternative splicing event observed in DM1 and wlothierefore show the total
expression of both IR isoforms. The expressionRo{both isoforms) appears to
be slightly lower in the DM1 LECs (see figure 3,Aajth the exception of CCatl,
however, this is not statistically significant. Theean expression value foR
across the control cell lines was 18.52 + 5.01i{j@nty units) compared to 11.34 +
0.94 (arbitrary units) across the DM1 cell linebeTnean expression value for the
IR-B isoform across the control cell lines was 3200.82 (arbitrary units)
compared to 2.48 + 0.18 (arbitrary units) across M1 cell lines. The
expression of IR-B is more even across the cebslifisee figure 3.7b), and
although it is not possible to accurately compagression levels using different
probes in QRT-PCR, the lower totd® expression values in DM1 cells would
suggest that they actually express less of the lIReform than the control cells.
This is in contrast to the reports in DM1 that shitvat DM1 cells express more

IR-A, leading to insulin resistance and diabetes/karet al., 2001).
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Figure 3.7 —IR is expressed in DM1 lens epithelial cells. QRT-PCBhowed that (a)IR and (b)
specifically the IR-B isoform are expressed in control and DM1 lens cell There is no
observed difference in expression levels betweenethwo groups (n = 2, data expressed as

mean, representative of four independent experimesj.
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Figure 3.8 — Insulin receptor splicing is not alteed in DM1 lens epithelial cells. (a) Schematic
of exon splicing in IR. Primers amplify IR-B (167 Ip, includes exon 11) and IR-A (131 bp,
excludes exon 11). (b) RT-PCR products of IR werelextrophoretically resolved on 4%
agarose gels. The bands were measured densitomedtly and the percentage of IR-B was
calculated and is shown in the graph as an averagé the two samples. The percentage of IR-
B in the DM1 cells fell within the range of those bthe control cells, indicating that IR

splicing is not affected in the lens (n = 2, dataxpressed as mean).
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To investigate the ratio of the expression of tReAl and IR-B isoforms
more accurately, the technique of RT-PCR was usedhiplify a region of théR
transcripts from exon 10 to 12. Exon 11 is 36 noitkes long and therefore the
fragment produced from the IR-A isoform is only 181 long compared to that of
IR-B which is 167 bp (see figure 3.8a). The RT-PQ@Roducts were
electrophoretically resolved and the percentag®d was calculated (see figure
3.8b). Two of the control cell lines, CCatl and @Cahowed almost equal
expression of IR-A and IR-B (a total of 42.8% ar@l186 IR-B respectively),
whereas CCat3 and CCat4 showed much lower levdR-8f (11.3% and 16.0%
respectively), as did all of the DM1 cell lines.elhverage level of IR-B in the
control cell lines was 29.8% * 9.4% compared t&d/¥®+ 3.3% in the DM1 cell
lines. Due to the large spread of the levels oBIR: the control cell lines it
appears that IR splicing is not affected in DM1 I @s is the case in DM1
fibroblasts (Savkuet al., 2001).

3.3.5 Population doubling times of DM1 lens epith&ll cells

To analyse the growth of populations of the aett$ during culture, flasks
were seeded with a set number of cells and wersagas weekly and counted
using a haemocytometer. Population doublings twe® calculated for all of the
human lens cell lines and confirmed the findingsRbiodeset al. (2006) (see
figure 3.9). Passage numbers (P) of the cell latetay O were as follows: CCatl
P=17,CCat2 P =14, CCat3 P = 8, CCat4 P = GHriaM1 cell lines P = 12. At
early passages all of the cell lines were seenetaldubling at a similar rate,
however, after 40 days in culture a clear separatas observed between the
control and DM1 cell lines. At this point the pogatibn doubling times of the
DML cell lines began to slow and were shown toidecht later passages as fewer
cells were harvested than seeded. After 80 dagsiltare three out of four DM1
cell lines no longer had enough cells to startnidnet passage. The control cell line,
CCat4, had also ceased by this point, however, whis not due to a natural
decline in cell numbers as was seen in the DM1lic&s, but rather because they
had grown too fast and reached a confluent stdtad@assaging which caused
the cells to lift off the bottom of the culture$lka The remaining control cell lines
continued to grow well throughout the culture pdrend cell counts were only

stopped once the DM1 cell lines had all ceaseddw gThe lifespan of the DM1
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cell lines was significantly shorter than the cohtell lines (CCat4 was omitted
from this as cell growth was halted abruptly andimt reach a natural decline) (p
< 0.01). The DM1 cell lines survived for an avera§§9.5 + 7.4 days in culture,
whereas the controls cell lines continued to grad were stopped after 101 days
in culture. All four DM1 cell lines were shown tave significantly reduced
doubling times compared to the four control ceiel (p < 0.01). The DM1 cell
lines had an average of 1.51 + 0.10 population hiogk per week compared to
3.52 £ 0.18 in the controls.

3.3.6 Morphology of DM1 lens epithelial cells

Cells were seeded in 35 mm culture dishes on 8ayf Zhe culture period
shown in figure 3.9a. Cells were grown in mediurpgeamented with 10% FCS
for 10 days before light microscope phase imageth@fDM1 and control cell
lines were taken (see figure 3.10). Despite thetfzat the populations of all cell
lines at this point were shown to be growing atilsimrates by analysing the
population doubling times, there are clear diffeemnin the density of the cells
seen in the images. Many more cells can be sethreiimages of the control cell
lines compared to the DM1 cell lines. The contrells are closely packed
together, forming confluent sheets or patches ti.cin contrast, the DML1 cells
are not confluent and are less densely packed.

3.3.7 Cell death in DM1 lens epithelial cells

Cell death in medium supplemented with 10% FCSiar& medium was
analysed in the DM1 and control LECs using a lac@d¢hydrogenase (LDH)
assay. Greater levels of cell death were obserme®M1 cells in medium
supplemented with 10% FCS and SF medium comparedniool cells, however,
neither was statistically significant (see figurd13. In both cell types, levels of
cell death were significantly greater in SF mediwompared to medium
supplemented with 10% FCS (p < 0.05).

Further experiments were repeated using only C@atl DMCatl cells
and reveal that DMCatl has significantly greaterele of cell death in both
medium supplemented with 10% FCS and SF medium aosdpto the control
CCatl (p < 0.01). There was no significant diffeeenn levels of cell death

between conditions in the same cell type (seedi@ut?2).
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Figure 3.9 — Population doubling times of DM1 lengpithelial cells. Cells were grown in 75
cm?’ flasks and counted weekly using a haemocytometea) Passage numbers (P) of the cell
lines at day 0 were as follows: CCatl P = 17, CCaR2= 14, CCat3 P = 8, CCat4 P = 6 and all
DM1 cell lines P = 12. At early passages all celhés were doubling at a similar rate, however,
after 40 days in culture a clear separation was seédetween DM1 and control cell lines. The
population doubling times of the DM1 cell lines slwed and declined at later passages as
fewer cells were harvested than seeded. The lifespaf DM1 cell lines was significantly
shorter than that of the controls (statistical anaysis performed by Student’'s T test, p < 0.05)
(b) The average number of population doublings peweek, showing that DM1 lens cells have
significantly reduced doubling rates compared to catrol lens cells (data expressed as mean *

SEM, statistical analysis was performed by Studens' T test, ** p < 0.01 relative to controls).
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Figure 3.10 — Light microscope phase images of DM&ns epithelial cells. Cells were grown
in medium supplemented with 10% FCS and images wertaken to show the density and
morphology of the DM1 and control lens cells. Th®M1 cell lines () DMCatl, (f) DMCat2,

(g) DMCat3 and (h) DMCat4 never reached a confluenstate, in contrast to the control cell
lines (a) CCatl, (b) CCat2, (c) CCat3 and (d) CCat4
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Figure 3.11 — Cell death in DM1 lens epithelial ckl. All control and DM1 cells were
cultured in SF medium or medium supplemented with @% FCS for 48 hours and levels of
LDH were measured and normalised to total protein aT = 0. Averages across the control
and DM1 cell lines were calculated and reveal sigficantly increased levels of cell death in
SF medium in both control and DM1 cells (n = 4, dat expressed as mean + SEM of three
independent experiments, statistical analysis wasegformed by Student’'s T test, * p < 0.05

relative to medium supplemented with 10% FCS).
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Figure 3.12 — Cell death in DM1 lens epithelial cl. CCatl and DMCatl cells were cultured
in SF medium or medium supplemented with 10% FCS fo48 hours and levels of LDH were
measured and normalised to total protein at T = OCell death was shown to be significantly
increased in DMCatl cells in both SF medium and medm supplemented with 10% FCS (n
= 11, data expressed as mean + SEM of eleven indegent experiments, statistical analysis
was performed by Student’s T test, ** p < 0.01 reldve to CCatl).
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Figure 3.13 — Apoptotic cell death in DM1 lens epitelial cells cultured in medium

supplemented with 10% FCS. (a) Fluorescent microggzhs of cells showing nuclei labelled
with DAPI (blue), apoptotic cells labelled using aFTUNEL assay (green) and F-actin labelled
with Texas red-X phalloidin (red) (bar = 100um). (b) Analysis of TUNEL positive apoptotic

cells (n = 2, data expressed as mean of two indepent experiments).

3.3.8 Apoptosis in DM1 lens epithelial cells

Cell death via apoptosis was analysed in the DhL@ntrol LECs using
a terminal deoxynucleotidyl transferase dUTP nioll &abeling (TUNEL) assay.
Cells were cultured in medium supplemented with 1025 and in SF medium
before being fixed and the assay performed. In omedupplemented with 10%
FCS, similar levels of apoptosis were observedlical lines tested (see figure
3.13). The control cell lines had an average of®#H 0.2% apoptotic cells,
compared to 11.4% + 2.7% apoptotic cells in the Ddéll lines. There was no
significant difference between the two groups. b 8edium all four DM1 cell
lines had greater levels of apoptotic cells thadantrols (see figure 3.14). The
control cell lines had an average of 8.3% = 0.6%pagic cells, compared to
17.4% + 2.8% apoptotic cells in the DM1 cell lindsggwever, this was not
statistically significant. The level of apoptosisthe controls did not appear to be
affected by the medium they were cultured in, vgitmilar levels being observed
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under both conditions. In contrast, the DM1 cefleB had greater levels of
apoptosis in SF medium compared to medium suppledewith 10% FCS,

although this was also not statistically significan
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Figure 3.14 — See next page for figure legend
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Figure 3.14 — Apoptotic cell death in DM1 lens egitelial cells cultured in SF medium. (a)
Fluorescent micrographs of cells showing nuclei lalled with DAPI (blue), apoptotic cells
labelled using a TUNEL assay (green) and F-actin keelled with Texas red-X phalloidin (red)
(bar = 100 pm). (b) Analysis of TUNEL positive apoptotic cells(n = 2, data expressed as

mean of two independent experiments).

Although there is an increase in DM1 cell death aoptosis in SF
medium, the variability in the cell lines preventttuls from being statistically
significant. Therefore, further repeats were coreldiaising only the CCatl and
DMCatl cell lines (see figure 3.15). CCatl was eoas it was typical of the
control cell lines, showing even and consistentwginothroughout the culture
period. The DMCatl cell line was chosen becaud®aih it had a significantly
reduced growth rate compared to the control aadldj it could be sustained over a
greater number of passages than the other DM1 leek, enabling more
experiments to be performed (see figure 3.9). In rsédium, DMCatl had
significantly greater levels of apoptotic cell deatith an average of 21.1% =+
2.1% apoptotic cells compared to only 8.8% + 0.9%CiCatl (p < 0.01). In
medium supplemented with 10% FCS, DMCatl cells haehter levels of
apoptotic cell death, as CCatl had an averageléb & 2.1% apoptotic cells,
compared to 11.4% = 1.4% apoptotic cells in DMCéwdwever, the difference
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was not statistically significant. In CCatl celi®) difference was observed in
levels of apoptosis in either SF medium or mediuppgmented with 10% FCS.

However, in DMCatl cells a significant increasdeawmels of apoptotic cell death

was observed in cells cultured in SF medium conmtpbmenedium supplemented
with 10% FCS (p < 0.01). Interestingly, this dat@gests that the DM1 cells do
not respond to stress, such as that observed dsgnogn starvation, as well as the
controls cells do, resulting in greater levels pbptosis. A lack of serum, and
therefore added growth factors, in the medium waatflire autocrine signalling

in the cells in order to sustain growth. This datald therefore indicate an

impairment in autocrine signalling in the DM1 cells
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Figure 3.15 — Apoptotic cell death in DM1 lens efitelial cells. Semiquantitative analysis of
TUNEL positive apoptotic CCatl and DMCatl cells culured in SF medium and medium

supplemented with 10% FCS. Although apoptotic celdeath was greater in DMCatl cells
cultured in medium supplemented with 10% FCS than Catl cells, this was not significant,
however in cells cultured in SF medium apoptotic dedeath was significantly higher in

DMCatl cells compared to CCatl cells. Apoptotic cetleath was also significantly higher in
DMCatl cells cultured in SF medium compared to thas cultured in medium supplemented
with 10% FCS (n = 6, data expressed as mean * SEM eix independent experiments,
statistical analysis was performed by Student’s Test, ** p < 0.01 relative to CCatl in SF
medium, **p < 0.01 relative to DMCatl in medium supplementegvith 10% FCS).
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3.4 Discussion

Many studies have investigated the role X5 in the lens and have
linked a downregulation in expression to cataracinftion in DM1, adding
weight to the theory that the triplet repeat caudemnges to the local chromatin
structure which results in downregulation of thevdstream gene (Winchestetr
al., 1999; Rhodest al., 2006). Two separate studies us#¥5 knockout mouse
models have reported cataract formation in the, ledsch appeared to confirm
the theory, however, the cataracts seen in the enouxdels did not show the
distinctive characteristics observed in human DMiignts (Klesertt al., 2000;
Sarkaret al., 2000). The iridescent particles were not presedtthe opacity was
located within the nucleus of the lens as opposédtéd posterior subcapsular area
where it forms in humans. Cataracts with iridesag#cities have been shown to
form in a mouse model for DM1, however, it was tlesult of aMbnl1l gene
knockout and no&x5. In this study we have presented evidence thalethed of
SX5 expression in DM1 lens cells is not affected by tihplet repeat (see figure
3.2) and based on this data, we propose that gthau reduction in9X5
expression can lead to cataract formation, it @bably not responsible for the
formation of DM1 cataracts.

Previous reports investigating the expressioDBIPK in the human lens
have been contradictory (Duneeal., 1996; Winchesteet al., 1999; Rhodest
al., 2006). Here, in support of the studies by Duered. (1996) and Rhodes al.
(2006), we have shown by QRT-PCR, Northern blotamgl FISH thaDMPK
MRNA is present in human LECs (see figures 3.32a4l The levels oDMPK
MRNA analysed by QRT-PCR and Northern blotting skdwhat the triplet
repeat had no effect dMPK expression. Surprisingly, the technique of Nomher
blotting failed to detect thBMPK transcripts from the mutant allele, as no larger
band or smear representing transcripts containkpgareded triplet repeats was
seen. The lack of this band is likely due to proidan extracting larger RNAs as
the mutant transcripts are possibly subjected toeased levels of mechanical
damage, resulting in shearing of the mutant RNAst could indicate inefficient
transfer of the larger RNAs to the membrane. Howetlee mutant allele was
shown to be expressed in the DM1 LECs using thienigoe of FISH to detect
the CUG repeats in thBMPK mRNA (see figure 3.4). We have shown that
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DMPK transcripts form foci in DM1 LECs which are trappeithin the nucleus.
This is a significant finding because the formatimihnuclear foci ofDMPK
transcripts is a common feature in cells affectgdDiM1 and is linked to the
sequestration of MBNL proteins and the increasenvaton of CUG-BPs which
are involved in the regulation of splicing everkgr{chenkoet al., 2001a; Fardaei
et al.,, 2002). Changes in the levels of MBNLs and CUG-BEsults in the
production of proteins with different biologicalgmerties due to disruption in the
regulation of splicing events. The production déalatively spliced proteins has
been shown to be the cause of many of the symp&sssciated with DM1 and
could therefore also be the cause of cataract faoman the lens.

The expression of two members of the muscleblimdilfga MNBL1 and
MBNL2, were analysed in this study. We found expresesidmoth genes in all of
the cell lines and the expression levels were ownd to be affected by DM1 (see
figure 3.5). The expression of two members of tfd E family, CUG-BP1 and
CUG-BP2, were also analysed. Again, we found expressioboth genes in all
cell lines (albeit very low foCUG-BP2 in CCat2) and the levels of expression
were not affected by DM1 (see figure 3.6). The egpion levels of the genes
above are not expected to be altered by DM1, beitlekels of active proteins
could be; MBNL proteins are sequestered by the Gejégats and activation of
CUG-BPs is increased. However, the expression edelsplicing regulators in
human lens cells could indicate a role for altaugatplicing events leading to
cataract formation in DM1 lenses.

To investigate the role of alternative splicingcetaract development, we
looked at some of the proteins known to be affebiedlternative splicing events
in DM1 and analysed their expression in human kgpithelial cells. We found
that expression o€ELCN1 was absent in the lens cell lines &R¥R1 was only
expressed in a few of the cells lines at very l@wels and therefore altered
splicing of the protein products CIC-1 and RYR1uidikely to cause cataract
formation. However, the human lens cells were shtwexpressR and both of
the alternatively spliced isoforms were shown topbesent (see figures 3.7 and
3.8). The ratio of IR isoforms in DM1 skeletal miesswas shown to shift towards
the production of IR-A, which results in decreasesulin sensitivity (Savkuet
al., 2001). IR has been found in the epithelial lagérhuman lenses and is

interestingly absent in lenses of diabetic catagtients, although this was
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suggested to be due to lens degeneration causedtasact formation (Naeser,
1997). Insulin has been shown to increase theafateystallin production in the
rat lens and therefore a reduced response to mnsiginalling by production of IR-
A instead of IR-B could result in cataract formati.eenderst al., 1997; Civil

et al., 2000). The ratio of IR isoforms in the human leah lines was analysed by
separating PCR products of the two forms of IR garase gels (see figure 3.8).
Although production of IR-A was shown to be favaliie the DM1 cell lines
with an average of only 19.7% IR-B, it was not #igantly different from the
control cell line average of 29.8%. This was dudhte large spread of the data
from the control cell lines, with two showing amalst equal expression of IR-A
compared to IR-B (CCatl and CCat2) and the otherdiowing a greater bias
towards IR-A expression than most of the DM1 cile$ (CCat3 and CCat4).
Therefore, the splicing pattern of IR was not shdwrbe affected in the DM1
LECs. From our data it appears that splicing pastef proteins in DM1 LECs
are not altered, however, we did not examine th@ession of these proteins in
lens fibre cells where cataract forms and theraraapy proteins affected by mis-
splicing in DM1 that we have not investigated. Eiere we cannot completely
rule out a role for alternative splicing in catarBoemation in DM1.

As no molecular cause underlying cataract formatias so far been
elucidated, we looked at the cellular effects whicbuld result in their
development. Previous studies on cataracts in gehave indicated that a loss of
cells from the lens epithelium results in the depelent of cataract, and in
particular subcapsular cataracts, due to the reguthss of homeostasis in levels
of ions and water (Konofskst al., 1987; Liet al., 1995). A study by Abet al.
(1999) investigated the density of the LEC layemative human lenses from
DML1 patients and showed that DM1 lenses contaiigrdfieantly fewer cells in
the LEC layer than those from age matched conéagds with senile cataract.
Despite the decrease in cell density, coveragd@fildns was maintained by an
increase in cell size (Abet al., 1999). This data would suggest that a reduced
number of LECs may not be sufficient to maintaia balance of ions and water
which is vital to lens transparency, therefore lasy in cataract formation in
DM1. Here, we have shown that DM1 LECs had longeputation doubling
times compared to controls, which confirms the gatsented by Rhodes al.
(2006) (see figure 3.9). We showed that the growetie of DM1 LECs was
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significantly reduced compared to control LECs angdoint was reached where
DM1 cell populations began to slow and decline, cihwas not observed in
controls. DM1 LECs were therefore shown to havegaificantly shorter lifespan
than control LECs. L&t al. (1995) showed that capsulorhexis samples from non-
DM cataract patients had a significantly greatercgetage of apoptotic cells
compared to normal controls and that apoptotic delhth occurred prior to
cataract development. We therefore investigateddleeof apoptotic cell death in
the reduced population doubling times in DM1 LE@ge showed that under
normal culture conditions there was no differencéevels of apoptotic cell death
(see figures 3.13 and 3.15), however, if the ogise cultured in SF medium an
increase in apoptosis was observed in the DM1 ¢rltsnot the controls (see
figures 3.14 and 3.15). This is very interestingtasdicates that DM1 LECs are
less able to withstand stress, such as serum @&pny than normal LECs.

Interestingly, increased susceptibility to streas heen shown in cell lines
transfected with CTG repeats. Studies on mouse lagb transfected with
DMPK containing varying numbers of CTG repeats, sho@&® repeat number-
dependent susceptibility to oxidative stress, tegylin apoptosis (Usuket al.,
2000). Subsequently, it was shown that greaterldeviereactive oxygen species
(ROS) form in cells with larger repeats (160 repgand that these cells activate
the stress-activated protein kinase/c-Jun N-terhkinase (SAPK/JNK) pathways
as opposed to the extracellular signal-relatedepidktinase (ERK) pathway which
was activated in cells transfected with very shepeats (5 repeats) (Usudtial.,
2008). This data is particularly relevant to lerdlscas the lens is subject to
oxidative stress from radiation (e.g. UV) and otkeurces and the production of
ROS is a major contributor to age-related catafi@ohation (Berthoud & Beyer,
2009).

As DM1 LECs show a greatly reduced ability to mainttheir own
survival in the absence of added growth factoiis, ¢buld indicate an impairment
in autocrine signalling. As the lens is not innéeea vascularised or penetrated by
lymphatic vessels, LECs in their native environmarg not likely to receive
many external signals in order to encourage grawturvival (Ishizakiet al.,
1993). Rat LECs have been shown to survive in ceyltand even to divide, in the
absence of signals from other cell types, but evtien cultured at high densities.

At low densities the cells undergo apoptosis, whsdggests that they rely on
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other LECs for their survival (Ishizakt al., 1993). Human LECs have also been
shown to survive in protein-free medium when cwdturon the lens capsule
(although the lens capsule has subsequently beevnsio contain growth factors
which are available to the LECs (Tholozanal., 2007)) and proliferate and
migrate as occurns vivo (Wormstoneet al., 1997). Lens cells are one of the few
cell types which are capable of surviving and naamihg their phenotype in the
absence of external signals. Chondrocytes arecalgable of this, however, they
do not actively proliferate as is observed in LE[Skizakiet al., 1994). Therefore,
lens cells should be able to actively maintainrtibgn growth and survival in SF
medium, but the DM1 LECs have been shown to undsigyuficantly increased
levels of programmed cell death. An impairment urtoarine signalling may
result in increased levels of apoptosis, eithertdude cells not releasing enough
of their own signalling factors or an impairmenttie way that they respond to
the signalling factors which they produce. It isg@ble that, as is seen in mouse
myoblasts transfected witAMPK containing large triplet repeats, the DM1 lens
cells are activating different pathways in respaiesstress than the controls cells,
resulting in increased levels of cell death (Usaldl., 2008).

From the data described in this chapter, it app#aas the DM1 lens
epithelial cell lines are a good model in whichstady the disease. Expression of
SX5 was not shown to be affected by the triplet repediich means the focus
can be placed oDMPK expression and the downstream affects of mutariimMR
production. The lens cells have been shown to es®IPK, which is also seen
in normal human lenses (Duneeal., 1996; Rhodest al., 2006). The mutant
DMPK transcripts were also shown to form distinct nacléci which is a
common feature in other DM1 cell lines and patsarhples (Tanejet al., 1995;
Davis et al., 1997; Hamsheret al., 1997; Furlinget al., 2001b; Liquoriet al.,
2001; Jianget al., 2004; Mankodet al., 2005; Bonifaziet al., 2006; Wheeleet
al., 2007a; Cardanet al., 2008). Although the characteristic splicing défec
observed in other DM1 cell types have not been dowmnour cell lines, it is not
known to what extent mis-splicing plays a rolehe hative human lens in DM1.
In DM1 fibroblasts,DMPK transcripts have been shown to produce foci which
sequester MBNL proteins in the nuclei. However,ughler study showed that
aberrant IR splicing did not occur in DM1 fibrohissintil they were transformed

to a muscle phenotype, when they then showed eaclswadwards the IR-A
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isoforms (Fardaett al., 2001; Savkuet al., 2001; Fardaedt al., 2002). Therefore,
it is possible that foci may normally be presentsiome cell types without
observing any impact on splicing patterns. Desplite lack of an observed
splicing defect to describe the mechanism behitaraet development in the lens,
the presence of mutaBiMPK mRNA in LECs indicates that it is likely to play a
role in DM1 cataract formation. DM1 LECs were shownhave significantly
reduced population doubling times and serum defoivavas shown to result in
significantly increased levels of apoptotic cellatte This could indicate an

impairment in autocrine signalling which requirestiier investigation.
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CHAPTER 4
AUTOCRINE SIGNALLING IN DM1 LENS
EPITHELIAL CELLS

4.1 Introduction

Cells communicate and bring about changes to thefvaviour through
cell signalling. Decisions made by a cell are thsutt of signalling pathways
which are often complex and consist of signallinglenules, receptors, kinases,
phosphatases, target proteins and more (Allgerk, 2002). Cells communicate
with each other through the release of signallinglecules, such as growth
factors and hormones, which can activate recemorthe surface of other cells.
Cells can communicate to other cell types over lahigtances; known as
endocrine signalling, or short distances; knowmpascrine signalling. Cells can
also signal to other cells of the same type, omg®dves, over short distances;
known as autocrine signalling. The activation afeors triggers a cascade of
signalling within a cell which can bring about chgas in a variety of processes
such as cell motility, proliferation, growth, sural and death. A lack of cellular
signalling can also have serious effects on aaseh certain level of signalling is
required for survival. Cells that do not receive tlevel of signalling required
undergo apoptotic cell death. Cell signalling isréfore tightly controlled,
however, disturbances in cell signalling pathwags occur and could lead to

many different diseases ranging from cancer toalegical disorders.

4.1.1 Cell signalling

In order for cells to respond to the signals tmegeive, they require
receptors on their cell surface which can be amt/dy the signal molecule,
which is also known as a ligand. The three majpesyof cell surface receptor are
ion-channel-linked receptors, which are activatgchdurotransmitters to alter ion
permeability in electrically excitable cells; G prm-linked receptors, which
regulate the activity of target enzymes or ion cig® via a guanosine

trisphosphate (GTP) binding protein (G protein)d a@nzyme-linked receptors,
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which when activated function as enzymes, or aneelil to enzymes, commonly
protein kinases (Albertst al., 2002). The enzyme-linked receptors respond to
ligands known as growth factors, which are linkedsignalling involved in the
growth, proliferation, differentiation and survivaf cells. The largest class of
enzyme-linked receptors are the receptor tyrosinaskes (RTKs) (Albertst al.,
2002). Binding of growth factors to their respeetiRTK usually results in a
conformational change which leads to phosphoryhatibtyrosine residues within
the kinase domain of the receptor, resulting inaiksivation. This triggers the
activation of a cascade of molecules involved ie ttansduction of the signal
within the cell, resulting in a specific biologiaasponse.

4.1.2 Cell signalling in the lens

A number of different growth factors and their RST&re important for cell
signalling within the lens. These include epidermawth factor (EGF), acidic
fibroblast growth factor (aFGF, or FGF-1), bastrdblast growth factor (bFGF,
or FGF-2), hepatocyte growth factor (HGF), insuike growth factor (IGF-1)
and platelet-derived growth factor (PDGF) (Bhughal., 2000; Wormstonet al.,
2000). The growth factors which act upon the leres iavolved in signalling
which results in the maintenance of growth, proéifen and survival of the lens

cells, as well as regulating the processes of iffiation and migration.

4.1.2.1 Paracrine signalling in the lens

Many ocular tissues secrete growth factors ineoaueous and vitreous
humours of the eye. Paracrine signalling from treesdar tissues has been shown
to be important in processes such as proliferatimgration and differentiation of
LECs. PDGF was found to be expressed by the cilgy and iris and its
receptor PDGFR was expressed in LECs (Kabkal., 2002). Studies have
suggested that PDGF plays a role in proliferatioigration and differentiation in
LECs (Reneker & Overbeek, 1996; Kekal., 2002; Xionget al., 2010). Growth
factors found to be present within the aqueousvénebus humours, include IGF-
1 which was found in both the aqueous and vitrdausours from bovine eyes,
with levels in the aqueous being twice that foundhe vitreous (Arnolct al.,
1993). The growth factor EGF was also found to besgnt in the aqueous

humour, but was not found in the vitreous humougj{Ma, 1997). bFGF was
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present in bovine aqueous and vitreous humourk, levels in the vitreous being
greater than that found in the agueous, howevegFaWwas only present in the
vitreous (Schulzt al., 1993).

The aqueous bathes the anterior of the lens wioaltains the LECs and
the vitreous bathes the posterior of the lens wigontains the fibre cells,
therefore, the distribution of growth factors ikelly to affect cellular responses
and the polarity and architecture of the lens.&@mple, bovine vitreous humour,
which contains high levels of bFGF, was shown tuge fibre differentiation in
rat lens epithelial explants but agueous humour it (Schulzet al., 1993).
Different levels of bFGF have been shown to haviemint effects on rat lens
epithelial explants. Proliferation, migration andfatentiation have been shown
to be induced as concentrations of bFGF are inetgawith half maximal
responses for each at 0.15, 3 and 40 ng/ml respic{McAvoy & Chamberlain,
1989). The distribution of bFGF in the aqueous waitictous humours results in
increasing concentrations of bFGF from the anteiaothe posterior of the lens
and is therefore likely to play a major role ineaining the spatial patterns of
proliferation, migration and differentiation (Lowié McAvoy, 1993).

Interestingly, lens cells have been shown to serun culture in the
absence of paracrine signalling factors, indicatimat autocrine signalling plays

an important role in their survival (Ishizadtial., 1993).

4.1.2.2 Autocrine signalling in the lens

Although many growth factors are present withi@ #gjueous and vitreous
humours, the lens has also been shown to synthemsg of its own growth
factors which act in an autocrine manner. The lem#ains just two cell types
(epithelial cells and fibre cells) and is not peattd by blood vessels, lymphatic
vessels or nerves. It is therefore not surprisigd tens cells are some of the only
cell types that do not require signals from othadtscto survive. LECs from young
rats have been shown to survive in culture for weekthe absence of added
serum and proteins when cultured both with and authithe lens capsule. Not
only did the cells survive, but some were also shoovdivide during the culture
period (Ishizakiet al., 1993). A subsequent study also showed that hurksis
could grow in the absence of added serum and psytegaching confluency in

95% of cultures (Wormstonet al., 1997). Human LECs cultured on the capsule

112



could be maintained in the absence of added pratethserum for over a year
(Wormstoneet al., 2001). Although the lens is surrounded by theeags and
vitreous humours which contain growth factors #uat available to the lens, this
data shows that these are not necessary for LE@valror proliferation.
Autocrine signalling must therefore play an impotteole in LEC survival during
culture. Interestingly, rat LECs only survived und®otein- and serum-free
conditions when cultured at high densities. Whehluced at low densities the
LECs underwent apoptotic cell death (Ishizetkal., 1993). This data shows that
although the LECs do not require signals from otfedr types to survive, they do
require signals from other LECs and it was alsonshthat this was not contact
dependent, indicating that factors are being reldkdsy the cells to promote
survival. Survival of low density cultures could peomoted by the addition of
conditioned medium (CM) from high density culturesich raised survival rates
to those of the high density cultures (Ishizetkal., 1993). The factor, or factors,
responsible for increasing survival of LECs in audt were not identified,
however, addition of many of the growth factors wnoto act on LECs, for
example, IGF-1 and bFGF, did not increase survivalicating that these were
either not responsible or were at too low a comegioh to have an effect.

A number of autocrine signalling systems have bdentified in the lens.
Human LECs cultured on the lens capsule have bleanwrsto synthesise bFGF
and the receptor FGFR1 when cultured under proteid-serum-free conditions,
establishing an autocrine signalling system. Whaa system was blocked, a
marked attenuation of growth was observed (Worngsébial., 2001). Autocrine
signalling via aFGF has also been shown to becatitd survival in bovine LECs
(Renaudet al., 1994). EGF and HGF autocrine signalling systemgehalso been
revealed in both human and rabbit lenses and iwrea LECs (Majima, 1995;
Wenget al., 1997; Wormstonet al., 2000). Signalling via EGF and its receptor,
EGFR, was linked to proliferation, whilst signadlivia HGF and its receptor, c-
met, was shown to stimulate proliferation, proteynthesis and migration in
cultured human LECs (Majima, 1995; Wormstael., 2000). Expression of c-
met was found to be upregulated following mechdri@ma, indicating a role
for HGF signalling in wound healing (Wormstors al., 2000). During
development, autocrine signalling via IGF-1 andéiseptor, IGFR-1, in the chick

lens has been shown to be important for the difteagon of fibre cells (Caldest
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al., 1991). A role for autocrine signalling via IGHslLuncertain in adult lenses as
a study in the adult rat lens failed to show exgms of IGF-1 (Danias &
Stylianopoulou, 1990). IGFR-1 is expressed in tdeltahuman lens, but the
expression of IGF-1 was not examined (Bhugaal., 2000). However, cultured
bovine LECs were shown to express both IGFR-1 &1 and signalling via
this pathway was shown to regulate migration, pradtion and differentiation
(Palmadeet al., 1994).

4.1.2.2.1 The EGF signalling pathway

The growth factor EGF binds with high affinity tts receptor EGFR.
EGFR is an RTK which consists of an extracelluigahd binding domain, a
hydrophobic transmembrane domain and an intraeellytosine kinase domain.
Binding of EGF ligands results in receptor dimei@aand autophosphorylation
of the tyrosine kinase domains. The phosphoryldatedsine kinase domains
recruit substrates and docking proteins which tesul the activation of signal
transduction pathways (see figure 4.1) (Carpent&afien, 1990; Lurje & Lenz,
2009). Proteins which are recruited include: phasigiglinositol 3-kinase (PI3K),
which activates the PI3K/Akt signalling pathwaypwth factor receptor-bound
protein 2 (GRB2) and son of sevenless (SOS) whid klirectly or via the
adaptor molecule Src homology 2 domain containimgtgin (Shc), which
activate the mitogen-activated protein kinase (MARKtracellular signal related
kinase (ERK) cascade; phospholipage(ELCy), which results in the production
of diacylglycerol (DAG) and inositol 1,4,5-trispisate (IRB), which activate
protein kinase C (PKC) and €arelease respectively; and Janus kinase (JAK),
which activates signal transducers and activatarstranscription (STAT)
pathways (Carpenter & Cohen, 1990; Lurje & Len2)20

In serum-free conditions EGF has been shown tanpte mitosis in the
LECs of cultured rabbit lenses, revealing a roleaf proliferation (Reddan &
Wilsondziedzic, 1983). EGF has also been shownrtonpte cell growth in a
further study using rabbit LECs (Hongbal., 1993). In cultured human LECs,
EGF has been shown to play a role in cell migratianthe MAPK/ERK and
PI3K/Akt signalling pathways (Jiangt al., 2006). Growth of human LECs

cultured on the lens capsule in serum-free mediasmbdeen shown to be reduced
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in the presence of an EGFR inhibitor (Maidmeinal., 2004). This data indicates
that autocrine signalling via EGF is important gpowth in LECs.

Extracellular

Plasma membrane

Intracellular

Figure 4.1 — The EGF signalling pathway. The bindig of EGF ligands results in
dimerisation of EGF receptors and phosphorylation éintracellular tyrosine kinase domains.
Various proteins can be recruited, including PI3K which activates the PI3K/Akt pathway;
She, GRB2 and SOS which activate the MAPK/ERK sigrling pathway; PLCy which results
in the activation of PKC and the release of C&; and JAK which activates STAT pathways.

4.1.2.2.2 The FGF signalling pathway
The FGFs are a family of 22 small polypeptide dgroviactors, the
majority of which are secreted by cells and binchéparin or heparan sulphate
proteoglycans (HSPG) in the extracellular matrixCK or on the cell surface.
Heparin and HSPG regulate FGF binding to their RTkisown as FGFR1-
FGFR4. The receptors contain an extracellular tigaimding domain composed

of three immunoglobulin-like domains, a stretchaofdic residues, known as the
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acid box, and a positively charged region whichdbito heparin. The receptors
also contain a transmembrane domain and an infwésretlomain containing a
protein tyrosine kinase. Following ligand bindinipe receptors dimerise and
become activated through phosphorylation of thedye residues within the
tyrosine kinase domain (Powees al., 2000; Eswarakumagt al., 2005). The

phosphorylated tyrosine kinase domains recruitowarisignalling molecules,
activating different signalling cascades (see #gdr2). These include: PI3K,
which activates the PI3K/Akt signalling pathwayeg tbocking protein fibroblast
growth factor receptor substrate 2 (FRS2), whidnuies and activates GRB2 and
SOS which activate the MAPK/ERK cascade; and fL@hich results in the

production of DAG and I which activate PKC and Earelease respectively.

Extracellular

Plasma membrane

-------
--------

Intracellular

Figure 4.2 — The FGF signalling pathway. The bindig of FGF ligands results in dimerisation
of FGF receptors and phosphorylation of intracelluar tyrosine kinase domains. Various
proteins can be recruited, including PI3K which acivates the PI3K/Akt pathway, FRS2
which activates the MAPK/ERK signalling pathway and PLCy which results in the

activation of PKC and the release of CA4.
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Neither aFGF or bFGF, which have been shown tonf@itant in lens
cell signalling, contain a signal peptide to enathlem to be secreted by cells,
however, receptors for these growth factors aredoim the plasma membrane,
indicating that they act extracellularly. Mignatt al. (1991) showed that
fibroblast cells produced bFGF and their motilitgsaninhibited by the addition of
bFGF antibodies to the culture medium, revealirad b+GF acted extracellularly
and in an autocrine manner to promote motility.nfrihis data it was suggested
that rather than being secreted by the ER-Golgiesysthe growth factors are
instead released via an exocytotic pathway (Migrehtal., 1991). FGF has also
been shown to be released from damaged or dead[D&imore, 1990).

Both aFGF and bFGF were found to be expressed i @ the bovine
lens and in the surrounding aqueous and vitreoosohts (Schulzt al., 1993). In
bovine LECs, aFGF is thought to act as a survieakdr, being produced at
greater levels by serum deprived cells compareth¢se cultured in medium
supplemented with serum. When antisense primersfgpts aFGF were added
to the serum deprived bovine LECs, cell viabilitgcdeased, indicating that
autocrine signalling involving aFGF is required sarvival (Renauet al., 1994).
The lens capsule has been proposed as a resefuwgiowth factors, including
bFGF, and release of bFGF from the ECM of the dapdwy matrix
metalloproteinase 2 (MMP-2) has also been showieccritical for survival
during serum deprivation in a human lens cell Imdtured on bovine lens
capsules (Tholozagt al., 2007). During serum deprivation, human LECs celiu
on their own capsule were shown to synthesise b&@Fthe receptor, FGFR1,
enabling autocrine signalling via the FGF signgllpathway. When FGFR1 was
blocked using a synthetic inhibitor (SU5402) growdies and the release of
bFGF were reduced (Wormstogtal., 2001). In a cultured human lens cell line,
bFGF was shown to suppress apoptosis induced hymseleprivation via
upregulation of bcl-2 expression (Waetgal., 1999). In rat LECs, bFGF has been
shown to induce proliferation, migration and diffetiation in a concentration-
dependent manner. The half maximal concentratidns~GF shown to induce
proliferation, migration and differentiation werelB, 3 and 40 ng/ml respectively
(McAvoy & Chamberlain, 1989). bFGF induced prolé&gon and differentiation
were later shown to be dependent on the MAPK/ERKway, although a more
recent study showed that both the MAPK/ERK and PABK signalling pathways
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were required for bFGF induced lens fibre differatmn in rat LECs (Lovicu &
McAvoy, 2001; Wanget al., 2009b). During differentiation, bFGF has alsorbee
shown to induce expression of the lens fibre proMIP26 in rat lens epithelial
explants, which is dependent on the MAPK/ERK and RKAINK pathways
(Golestanerlet al., 2004). In porcine lenses, bFGF was also showstrtangly
activate the MAPK/ERK pathway and was shown to Weakctivate the
PI3K/Akt pathway (Zatechka & Lou, 2002a). In humiaBCs, both aFGF and
bFGF increase cell proliferation and differentiationowever, much higher
concentrations of aFGF are required to observetsfl@milar to those seen with
lower concentrations of bFGF (lbara#ti al., 1995). Overall, signalling via the
FGF pathway, and in particular via the ligand bF®GBs been shown to be
important for differentiation, proliferation, migran and survival of LECs,

making it a critical signalling pathway for the fttion of the lens.

4.1.2.2.3 The HGF signalling pathway

HGF is a disulphide-linked heterodimeric proteihiethh binds with high
affinity to its receptor, c-Met. c-Met is an RTK wh consists of an extracellular
a-subunit and #-subunit which has an extracellular region, a membérspanning
segment and an intracellular tyrosine kinase dor(Mmet al., 2003). Binding of
HGF to c-Met results in phosphorylation of the ag#llular domain enabling
homodimerisation of receptors and phosphorylatibthe intracellular tyrosine
kinase domains (Conwagt al., 2006). The activated receptor recruits signalling
proteins such as: PlyCwhich results in the production of DAG and,I®vhich
activate PKC and Garelease respectively; PI3K, which activates th&KPAkt
pathway; GRB2 and SOS which activate the MAPK/ER#hpvay; and STAT3
(see figure 4.3).

Cultured human and rabbit LECs were shown to esgpboth HGF and c-
Met using RT-PCR. Addition of HGF to rabbit LECsuéed in increased levels
of proliferation and the expression of crystalliogeins (Wenget al., 1997).
LECs from porcine capsular bag models were showelemse HGF and addition
of neutralising antibodies to the receptor, c-Metsulted in a reduction in cell
proliferation (Choiet al., 2004). Addition of HGF to cultured human LECs
increased cell proliferation which was also conédnin rat lens epithelial

explants (Chokt al., 2004). HGF was detected in human capsular bagelsod
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cultured in serum-free medium and the receptor,et;Mas also detected in the
epithelial cells. Following mechanical trauma thepression of the receptor
increased in the cells which grew across the ce# fireas, indicating a role in
proliferation and/or migration. In the same stutty addition of HGF to cultured
human LECs under serum-free conditions was showmdeease proliferation,

protein synthesis and migration (Wormstoateal., 2000). HGF was shown to
activate pathways that resulted in ERK, JNK and Ak&tivation which were

linked to cyclin D1 expression (Chat al., 2004). This data indicates that
autocrine signalling via HGF plays a role in celblgeration and also protein

synthesis and migration.

ss ss Extracellular

Plasma membrane

Intracellular

Figure 4.3 — The HGF signalling pathway. The bindig of HGF ligands results in
dimerisation of c-Met receptors and phosphorylation of intracellular tyrosine kinase
domains. Various proteins can be recruited, includig PI3K which activates the PI3K/Akt
pathway; GRB2 and SOS which activate the MAPK/ERK gnalling pathway; PLCy which

results in the activation of PKC and the release ofa’"; and STAT3.
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4.1.2.2.4 The IGF-1 signalling pathway

The growth factor IGF-1 is similar to the hormonsdlin in structure and
function and can bind to both the IGF receptor@HR-1) and the insulin receptor
(IR), although it has lower affinity for IR. IGFR4% an RTK which consists of
two extracellular ligand-bindingr-subunits and two transmembrane tyrosine
kinase domain containingsubunits which are linked to each other by disuleh
bonds. Binding of IGF-1 to IGFR-1 can be regulabgdIGF binding proteins
(IGFBPs), which either bind to IGF-1 or enhancealtdity to bind to the receptor.
Ligand binding results in autophosphorylation of tigrosine kinase domains of
the receptor, activating them and enabling the phaslation of downstream
proteins, such as insulin receptor substrate-1 -@R&nd Shc (Paveliet al.,
2007). IRS-1 activates the PI3K/Akt pathway, wher8ac signals via GRB2 and
SOS to activate Ras and the MAPK/ERK pathway (gped 4.4) (Riedemann &
Macaulay, 2006).

@ Extracellular

SS
SJ Plasma membrane

Intracellular

Figure 4.4 — The IGF-1 signalling pathway. The binthg of IGF-1 ligands to IGFR-1 causes a
conformational change resulting in autophosphorylabn of intracellular tyrosine kinase
domains. Proteins recruited to the activated recepr include IRS-1 which activates the
PI3K/Akt pathway and Shc which recruits GRB2 and SCs which activate the MAPK/ERK

signalling pathway.
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Expression of GF-1 was not detected in the rat lens, however mRNA for
IGFR-1 was found (Burremt al., 1996). IGF-1 was shown to be synthesised and
released by bovine LECs and both IGF-1 and IGFBR£ found in the aqueous
and vitreous humours which surround the lens (Atebhl., 1993; Palmadet al.,
1994). In human LECs, IGFR-1 was found in the ceimbrane by Western
blotting (Bhuyaret al., 2000).

In bovine, chicken and rabbit lens cells, IGF-1s Haeen shown to
stimulate the PI3K/Akt pathway which was linked faroliferation and
differentiation of LECs (Chandrasekher & Bazan, 200handrasekher & Sailaja,
2003). In rabbit LECs, IGF-1 stimulation of the RIBkt pathway was linked to
survival and proliferation, with proliferation bgdinked to the activation of p70
S6 kinase (p70S6K) found downstream of Akt, howetlee p70S6K pathway
had no effect on survival (Chandrasekher & Saildfz04). In the porcine lens,
IGF-1 has been shown to activate both the MAPK/Eitthway and PI3K/Akt
pathway which was linked to proliferation and suali(Zatechka & Lou, 2002a).
In rat LECs, IGF-1 was shown to stimulate prolifema but not differentiation,
which required addition of bFGF (Ciwat al., 2000). By adding increasing levels
of IGF-1 to the rat LECs, IGF-1 was also showmimréase the levels §f andy-
crystallin in relation tou-crystallin, which could predispose the lens toacatt
(Civil et al., 2000). In human LECs, IGF-1 was shown to stinaulatll
proliferation and differentiation (lbarakdt al., 1995). In serum-free conditions
IGF-1 has been shown to promote mitosis in the LBCsultured rabbit lenses,
further indicating the role of IGF-1 in cell prdifation (Reddan &
Wilsondziedzic, 1983). Signalling via the IGF-1 Ipaay has therefore been
shown to influence lens cell proliferation, diffatetion and survival which are

critical to the function of the lens.

4.1.3 Autocrine signalling in DM1 lens epithelial ells

We have shown that DM1 lens epithelial cells hsigaificantly increased
levels of apoptotic cell death compared to contvadhen cultured in protein- and
serum-free medium. We hypothesised that this was tduan impairment in
autocrine signalling which promotes survival. Timspairment could either be
due to the cells not releasing enough autocrinenafligg factors, or not

responding correctly to those that they do releAseautocrine signalling systems
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involving EGF, FGF, HGF and IGF-1 have been idedifin the lens, it is
possible that an impairment in one or more of thegems could result in the

increased levels of apoptotic cell death obsermdgtie DM1 LECs.

4.2 Aims

Under stress conditions, such as serum deprivaiotgcrine signalling
appears to be important for maintaining survivalLEECs. Autocrine signalling
may be impaired in DM1 resulting in increased leved cell death. The role of
autocrine signalling will be investigated furtheittwparticular emphasis on the
FGF pathway which is a known autocrine signallirghgvay established in the

human lens that has previously been shown to isersarvival.

4.3 Results

4.3.1 Autocrine signalling in DM1 lens epithelial ells

To investigate the role of autocrine signallingidg conditions of serum
deprivation, conditioned medium (CM) was collecteam the control and DM1
cell lines after 48 hours and was applied to thetalohuman lens cell line,
FHL124. After 48 hours the cells were lysed andltptotein was calculated as a
measure of cell growth (see figure 4.5a). Culturthg FHL124 cells in SF
medium resulted in a decrease in growth, wheregigjnéficant increase in growth
was observed following addition of 5% FCS (p < 0.@M from all of the DM1
cell lines also caused a significant increase owjn (p < 0.05). Of the control
cell lines, however, only CM from CCatl causedgniicant increase in growth
(p < 0.01). This is interesting because the coraedll lines were growing much
faster than the DM1 cell lines, resulting in mudgher numbers of cells in the
flasks from which CM was collected (see table 4thgrefore, more cells were
available to release factors into the medium. Fongarison, the growth factor
bFGF was also applied to FHL124 cells as it is avkm autocrine signalling
factor involved in growth and survival in the humians. Addition of bFGF (5
ng/ml) caused a slight, but non-significant inceeamscell growth. The data shows
that the cell lines are releasing a factor into thedium which can increase
growth and/or survival in the FHL124 cells.
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Figure 4.5 — The effect of CM from DM1 lens epithéhl cells on FHL124 cell growth. (a) The
growth of FHL124 cells was measured by calculatingptal protein (pg/ml) after 48 hours in

CM. CM from all of the DM1 cell lines caused a sigificant increase in growth. Of the

control cell lines, however, only CM from CCatl caged a significant increase in growth (n =
4, data expressed as mean + SEM, statistical analysvas performed by one-way ANOVA
with Tukey’s test, * p < 0.05 and ** p < 0.01 relatre to T = 0). (b) Growth was normalised to
the number of cells from which the CM was collectecind reveals that the DM1 cell lines
increased growth in FHL124 by a significantly greagér amount per cell than the controls (n =
4, data expressed as mean + SEM, statistical analysvas performed by Student’'s T test, **

p < 0.01 relative to controls).
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FHL124 cell growth was also normalised to the numbkecells from
which the conditioned medium was collected (seéetdbl and figure 4.5b) and
shows that the DM1 cell lines increased growth kygaificantly greater amount
per cell than the controls. This data suggests tt@tDM1 cells are releasing

greater levels of factors that are responsiblenforeasing growth in FHL124 cells.

Number of
Cell line cells per flask
(millions)
CCatl 4.8
CCat2 8.6
CCat3 11.3
CCat4 3.0
DMCatl 2.0
DMCat2 3.2
DMCat3 2.1
DMCat4 2.7

Table 4.1 — The number of cells per flask from whic CM was collected.

4.3.2 Signalling pathways activated by CM in FHL12£ells

To investigate the signalling pathways activateddd§ from control and
DML1 lens cell lines, CM collected over 24 hours \applied to FHL124 cells and
protein was collected after 10 minutes. Levelsaivated downstream signalling
molecules were examined using Western blotting. Thkfrom both control and
DM1 cell lines activated downstream signalling pelis in FHL124 cells
resulting in phosphorylation of Akt and ERK1/2 (degure 4.6). No significant
difference was observed between the levels of @mbin of either Akt or ERK1/2
following addition of control or DM1 CM.
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Figure 4.6 — Signalling pathways activated in FHL12 cells by CM. Protein levels of (a) pAkt
and (b) pERK were examined by Western blotting andanalysed densitometrically. Graphs
show the activated protein levels normalised to thietotal protein control. A B actin loading
control was included but is not shown. Both Akt andERK1/2 were activated in FHL124 cells
by addition of CM for 10 minutes. No significant dfference was observed between control
and DM1 CM.
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The CM from DM1 cell lines significantly increasggdowth in FHL124
cells, and it was therefore expected that greatezl$ of activation of the major
pathways involved in growth and survival would h#esn observed. As this was
not found, the CM was diluted to see whether makienels of activation had
been reached, which were masking any differencasntlay have been seen. CM
was diluted with SF medium to give 100%, 75%, 5@%%6 and 0% CM and was
applied to FHL124 cells for 10 minutes. The levefspAkt, pERK, pJNK and
pPKC were examined by Western blotting (data fro@atl and DMCatl is
shown in figure 4.7).

Levels of pAkt were shown to increase with insieg concentrations of
CM, with higher levels seen following addition oMCfrom DM1 cell lines
compared to control cell lines. Akt is activated dosimilar level following
addition of 100% CM from both CCatl and DMCatl, lewer, it is possible that
this represents the maximal level of Akt activationthe FHL124 cells. The
dilutions of CM reveal that the factor responsifidle causing Akt activation is
more potent in the DMCatl CM as the level of atiora does not decrease as
quickly as is seen with the control CM.

Levels of pERK were also found to increase with reéasing
concentrations of CM in both control and DM1 ceflels, however, levels of
pPERK were also very high following addition of 0%MC(SF medium), which
could either be due to the stress caused by a ehaingnedium, or a reaction to
the lack of growth factors present in the mediurthdugh levels of pERK were
higher following addition of 100% CCatl CM compateddMCatl CM, neither
was very different from the level observed follogid% CM addition.

Levels of both pJNK and pPKC appeared to be uogteby the addition
of different concentrations of CM, indicating thaio factors capable of
stimulating the pathways responsible for theineatton are present in CM.

A Western blot performed using the 75% CM samfii@s each cell line
revealed that DM1 CM results in a significant irage in levels of pAkt in
FHL124 cells compared to control CM (p < 0.05) (fgare 4.8). No significant
difference in pERK levels between DM1 and contrdll @ere observed at this

dilution (data not shown).
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Figure 4.7 — Signalling pathways activated in FHL12 cells by CM. CM from CCatl and
DMCatl cell lines was diluted with SF medium to gig 100%, 75%, 50%, 25% and 0% CM
which was applied to FHL124 cells for 10 minutesa) Western blotting was used to examine
the activation of Akt, ERK1/2, JNK and PKC. Bands vere analysed densitometrically and
activated protein levels were normalised to their dtal protein control. Levels of both (b)
pAkt and (c) pERK increased with increasing concemttions of CM, however, pERK levels
also increased following addition of 0% CM. Levelof pAkt were higher with addition of
DMCatl CM compared to CCatl CM until a maximal respnse was reached. Levels of (d)
pJNK and (e) pPKC were unaffected by CM. (f) Levelof pAkt were significantly increased
following addition of 75% dilutions of DM1 CM compared to control CM (statistical analysis

was performed by Student’s T test, * p < 0.05 relate to control CM).

4.3.3 Autocrine signalling via the FGF pathway in iman lens

epithelial cells

CM collected from all of the DM1 cell lines sigiwi&ntly increased growth
in FHL124 cells, indicating that factors were relked by the cells into the medium.
These factors are capable of activating the PI3Kf#gdthway which likely leads
to the increased levels of cell growth and/or staliOf the autocrine signalling
systems known to be active in the human lens, ail signal via the PI3K/Akt
pathway. As the FGF signalling pathway is well etterised in the lens and has

been shown to encourage growth and survival in LE¥@sinvestigated its role in
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CM stimulated events (Wareg al., 1999; Wormstonet al., 2001; Tholozamt al.,
2007).

4.3.3.1 Release of bFGF by DM1 lens epithelial czll

CM was collected from cells seeded in culture eksli{after weekly
passaging) every 21 days during the culture pestamvn in figure 3.9, beginning
at day 7 and ending on day 70. CM was collectenh fitee culture dishes after 24
hours. Levels of bFGF in the CM were measured uaimgELISA. bFGF was
detected in CM from each cell line, but was ab$esmh SF medium (see figure
4.8a). The control cell lines released an averdd@e3d pg/ml £ 0.21 pg/ml bFGF
compared to an average of 1.31 pg/ml = 0.73 pghkGHb released by the DM1
cell lines. This data confirms that the LECs reéeb§GF which could increase
growth in FHL124 cells, however, the differencethe levels of bFGF released
between the control and DM1 lens cells was notissizdlly significant.
Interestingly, the levels of bFGF released by tBkdsdncreased over increasing
passage numbers, which was especially evidenteidi1 cell lines (see figure
4.8b). Levels of bFGF increased over the culturgodan all four DM1 cell lines,
whereas levels only increased in two of the founte® cell lines, CCat3 and
CCat4. The average values for control and DM1 loedks at each point in culture
reveals a 55.3 fold increase in release of bFGBNHL cells from day 10 to day
73, compared to only a 10.5 fold increase in therob cells.

As CM from LECs seeded at high densities has bbewrs to increase
survival in cultures seeded at low densities, tfiece of cell number on bFGF
release was analysed in the cell lines (Ishizakil., 1993). Culture flasks were
seeded with either 5 000, 10 000 or 20 000 celiscp@ of CCatl or DMCatl
cells. CM was collected from the flasks after 24uisoand levels bFGF were
measured using an ELISA (see figure 4.9a). The eadre lysed and total protein
from each flask was calculated as a measure ofleaBity (see figure 4.9b). The
level of bFGF in the CM was normalised to the tgiatein value extracted from
each flask and the data shows that there is nateffiecell density on bFGF
release in the densities tested (see figure 4(3a)s seeded at a density of 5 000
cells per crireleased the same level of bFGF per pg of praeithose seeded at
20 000 cells per cim however, the level of bFGF released by both tgles

seeded at a density of 10 000 cells pef wms slightly lower. The average level
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of bFGF released per microgram of protein from QGadlls was 0.02 pg/ml *
0.003 pg/ml compared to 0.08 pg/ml £ 0.007 pg/mifroMCatl cells which was
significantly higher (p < 0.01, statistical anafysvas performed by Student’s T-
test).
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Figure 4.8 — The release of bFGF from DML1 lens epielial cells. Levels of bFGF in the CM

after 24 hours were analysed using an ELISA and nonalised to the total protein values

extracted from each dish. (a) Both control and DM1ens cells released bFGF into the culture
medium, however, no significant difference was fouhbetween DM1 and control lens cells (n
= 4, data expressed as mean + SEM). (b) Levels df®F released from the cells increased
during the culture period, which was especially edent in the DM1 cell lines. After 73 days
in culture, control cells released an average of 1®times more bFGF than after 10 days in

culture, compared to 55.3 times more in DM1 cells(= 4, data expressed as mean + SEM).
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Figure 4.9 — bFGF release is directly proportionato cell density. CM was collected from
CCatl and DMCat1 cells seeded at different densitse(5 000, 10 000 and 20 000 cells per9m
(@) bFGF in CM was measured using an ELISA. (b) Tal protein from each flask was
calculated as a measure of cell density (n = 3, daexpressed as mean + SEM). (c) bFGF
release was normalised to total protein levels reaéing that bFGF release is directly
proportional to cell density. DMCatl cells releasssignificantly greater levels of bFGF than

CcCatl cells (n = 3, statistical analysis was perfared by Student’s T-test, p < 0.01).
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4.3.3.2 Expression of FGFR1 in DM1 lens epitheliaells
As all of the cell lines were shown to release bFBE presence of the receptor
FGFR1 was tested by QRT-PCR analysisF@FR1 expressionFGFRL was
found to be expressed in all of the cell linesjuding FHL124 cells (see figure
4.10). This data reveals that autocrine signallirgbFGF is possible in the cell
lines and could cause the growth effects obserwedhb addition of CM to
FHL124 cells.
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Figure 4.10 —FGFR1 is expressed in DM1 lens epithelial cells. QRT-PCRhowed that

FGFR1 was expressed in both control and DM1 lens cellsd was also expressed in FHL124
cells. There was no significant difference obserdein expression levels between control and
DM1 lens cells (n = 2, data expressed as mean, repentative of two independent

experiments).

4.3.3.3 FGFR1 inhibition following CM addition in FHL124
cells
To investigate the relationship between bFGF awgvth and/or survival

in FHL124 cells, CM was applied to the cells in fresence of an inhibitor of
FGF signalling, known as SU5402, which blocks tyre@dine kinase activity of
FGFR1 (Mohammadét al., 1997). CM from CCatl and DMCatl was applied to
FHL124 cells in the presence and absence of SURMD2AM). To rule out the
effects of the solvent dimethyl sulphoxide (DMS@)PMSO (1ul/ml) control
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was also applied to the FHL124 cells. After 48 lsotwmtal protein was calculated
as a measure of cell growth (see figure 4.11a).f@kh both CCatl and DMCatl
cells stimulated an increase in FHL124 cell grovwtbwever, in the presence of
SU5402 (1uM), the stimulation from CM was significantly deased (p< 0.05)
when compared to the relevant DMSO control. FHLT24 growth was also
reduced in SF medium and medium supplemented WABFo(5 ng/ml) in the
presence of SU5402 compared to the relevant DMS3@alp however, this was
not statistically significant. The effects of tht1@n FHL124 cell growth was not
completely blocked following FGFR1 inhibition asllcgrowth was still above
that observed following addition of SF medium ie thresence of SU5402. This
data indicates that other growth factors are rekdry the cells which do not act
via FGFRL1.

The release of LDH into the medium was measuredee whether
reduced FHL124 cell growth following FGFR1 inhibii was due to increased
cell death or reduced proliferation. The LDH levetsre similar in each condition,
showing that levels of cell death were not affedigdcFGFR1 inhibition. This data
indicates that the reduction in FHL124 cell groitiowing FGFR1 inhibition
was due to the reduced proliferative capacity efablls and not due to increased
cell death. However, the effects of CM on cellvsal with and without FGFR1
inhibition were not analysed due to the presendeDdd already in the CM.

As inhibition of FGF signalling caused a reductionthe proliferative
capacity of the FHL124 cells following addition 6M, the signalling pathways
activated following SU5402 addition were also exaadi by Western blotting (see
figure 4.12). FHL124 cells were exposed to SF nmdimedium supplemented
with bFGF (5 ng/ml) and CM from DMCatl cells in theesence and absence of
SU5402 (1QuMm) for 10 minutes before the cells were lysed araten extracted.

Levels of pAkt did not increase following additiamf SF medium to
FHL124 cells (see figure 4.12a). Addition of bFGHe Ito an increase in pAkt
levels, however, levels were increased to a muehtgr extent by the addition of
DMCatl CM. In the presence of SU5402 the levelgpAkt following bFGF
addition were reduced, but levels were still eledatollowing DMCatl CM
addition. This data indicates that stimulation dkt Aollowing DMCatl CM
addition is partially due to signalling via FGF,viever, other factors capable of
activating the PI3K/Akt pathway must also be présethe CM.
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Figure 4.11 — The effect of CM from DM1 lens epith@l cells on FHL124 cell growth
following FGFR1 inhibition over 48 hours. (a) WhenSU5402 (1uM) was added to CM from
CCatl and DMCatl cell lines FHL124 cell growth wassignificantly decreased when
compared to the relevant DMSO (1ul/ml) control (n = 4, data expressed as mean + SEM,
statistical analysis was performed by one-way ANOVAvith Tukey’s test, * p < 0.05 and ** p
< 0.01 relative to the relevant DMSO control/ p < 0.05 relative to T = 0). (b) LDH levels
were not affected by SU5402 (1M) (n = 4, data expressed as mean + SEM).
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Figure 4.12 — Signalling pathways activated in FHL24 cells by CM following FGFR1
inhibition. Protein levels of (a) pAkt and (b) pERK were examined by Western blotting and
analysed densitometrically. Graphs show the activatl protein levels normalised to their
total protein control. A B actin loading control was included but is not show. Addition of

DMCatl CM for 10 minutes stimulated activation of Akt and ERK1/2 and in the presence of
SU5402 (10 uM) neither pAkt or pERK levels were ratrned to baseline levels, however,

greater levels of pAkt remained compared to pERK.

136



Addition of SF medium to FHL124 cells resulted m iacrease in levels
of pERK when compared to baseline levels (T = ()e Taddition of bFGF
resulted in a considerable increase in pERK |lewdlen compared to SF medium,
whereas levels of pERK following addition of DMC4aEM fell between those of
bFGF and SF medium. In the presence of SU5402 déheld of pERK were
returned to baseline levels (T = 0) following b&Fk medium and bFGF addition.
Interestingly, the levels of pERK were still slightlevated after DMCatl CM
addition in the presence of SU5402. This data atdi that the stimulation of
ERK1/2 following DMCatl CM addition was only paitiadue to signalling via
the FGF signalling pathway (see figure 4.12b).

4.3.4 FGF signalling in DM1 lens epithelial cells

In order to investigate the role of FGF signallinghe control and DM1
lens cells in both SF medium and medium supplendentth 10% FCS, the cells
were grown in the presence and absence of SU54DENM] for 24 hours. Cells
were lysed and total protein was extracted as asumeaof cell growth. Protein
values for each cell line were normalised to the U value and average values
across the control and the DM1 cell lines were wdated. A reduction in cell
growth was observed in both cell types with SU5403F medium, however, this
was not statistically significant when comparedhe DMSO (1ul/ml) controls
(see figure 4.13a). In medium supplemented with 1B&S, no effect was
observed from the addition of SU5402. Levels of LibHhe medium were also
calculated as a measure of cell death. LDH value® wormalised to the T =0
protein value for each cell line in order to obsetlve LDH released peig/ml of
protein (see figure 4.13b). The T = 0 values wérasen to normalise to as a bias
would be introduced by normalising to the proteatues from the same dish due
to the reduction in cell number (and thereforeltptatein) that occurs during cell
death. A slight increase in cell death was obsemdubth control and DM1 cells
in SF medium with SU5402, but not with SU5402 indimen supplemented with
10% FCS, however, this was also not significanthélgh neither is statistically
significant, the slight decrease in cell growth ancdrease in cell death during
FGFR1 inhibition may indicate that signalling viaet FGF pathway is more
important in both control and DM1 cells in the afise of added growth factors,
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indicating that autocrine signalling via the FGRhpeay occurs in the control and
DM1 LECs.
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Figure 4.13 — The effect of FGFR1 inhibition on DM1lens epithelial cells over 24 hours. (a)
Cell growth was measured by calculating the total ptein (pg/ml) in cell lysates after 24
hours. Protein values were normalised to the T = @alue for each cell line and averages were
calculated. Addition of SU5402 (1uM) had no significant effect on cell growth. (b) LH
release was measured to analyse cell death and lisverere normalised to the total protein
levels at T = 0. There was no significant differerecin levels of cell death following addition of
SU5402 (n = 4, data expressed as mean + SEM, statal analysis was performed by one-
way ANOVA with Tukey’s test).
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Figure 4.14 - The effect of FGFR1 inhibition on DM1lens epithelial cells over 48 hours. (a)
Cell growth was measured by calculating the total tein (pg/ml) in cell lysates after 48
hours. Protein values were normalised to the T = @alue for each cell line and averages were
calculated. Addition of SU5402 (1QuM) resulted in a significant decrease in cell growt of
both CCatl and DMCatl cells, however, DMCatl had gnificantly lower levels of cell
growth following SU5402 addition compared to CCatXn = 4, data expressed as mean + SEM
of four independent experiments, statistical analys was performed by one-way ANOVA
with Tukey’s test, * p < 0.05 and ** p < 0.01 relave to the relevant DMSO control,”* p <
0.01 relative to CCatl treated with SU5402 (1M)). (b) LDH release was measured to
analyse cell death and levels were normalised todHotal protein levels at T = 0. Addition of
SU5402 resulted in a slight increase in levels oklt death but this was not statistically
significant (n = 4, data expressed as mean + SEM fufur independent experiments, statistical

analysis was performed by one-way ANOVA with Tukes test).
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As the small effect seen after FGFRL1 inhibitiom 1 hours was not
statistically significant, further experiments weperformed on CCatl and
DMCatl cells to analyse the effect of FGFR1 inhdpitin SF medium for 48
hours (see figure 4.14). The data shows that grasviignificantly reduced in
both CCatl (p < 0.01) and DMCatl (p < 0.05) callSF medium with SU5402
(10 uM) compared to the relevant DMSO controls. Intenggy, cell growth
following FGFR1 inhibition was also shown to bersfigantly lower in DMCatl
cells than CCatl cells (p < 0.05). A slight inceeas LDH levels was also
observed following addition of SU5402, however,stiwas not statistically
significant. The data implies that an autocrine F&ghalling loop is engaged
when the cells are cultured in SF medium whichhislved in cell growth, but

that it is not critical to their survival.

4.3.5 IGF-1 signalling in DM1 lens epithelial cells

As signalling via FGF did not appear to be critibar survival in SF
medium, the role of another growth factor, IGF-Iieh is also important for
survival in lens cells was analysed. As with theFRgathway, the IGF-1 pathway
can also signal via the PI3K/Akt pathway, whictactivated by DM1 CM. CCatl
and DMCatl cells were grown in SF medium in thespnee and absence of the
IGFR-1 inhibitor AG1024 (1uM) for 48 hours. Normalised protein values show
that cell growth was decreased in the presence@i0®4, especially in CCatl
cells, however, this was not found to be statiflficignificant (see figure 4.15a).
There was no difference in LDH levels, indicatihgttcell death was not affected
by IGFR-1 inhibition (see figure 4.15b).
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Figure 4.15 - The effect of IGFR-1 inhibition on DML lens epithelial cells over 48 hours. (a)
Cell growth was measured by calculating the total tein (pg/ml) in cell lysates after 48
hours. Protein values were normalised to the T = @alue for each cell line and averages were
calculated. Although addition of AG1024 (1uM) resulted in a decrease in cell growth of both
CCatl and DMCatl cells, the difference was not statically significant. (b) LDH release was
measured to analyse cell death and levels were noatised to the total protein levels at T = 0.
Addition of AG1024 had no significant effect on céldeath (n = 3, data expressed as mean *
SEM of three independent experiments, statistical raalysis was performed by one-way
ANOVA with Tukey’s test).
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4.4 Discussion

DML1 lens epithelial cells have significantly inased levels of apoptotic
cell death when cultured in SF medium comparedtudrols (see figure 3.15). No
significant difference in levels of apoptosis waers between control and DM1
cell lines when cultured in medium supplementechwib% FCS. It can be
hypothesised that this was due to an impairmemtuiocrine signalling which is
required for survival in SF medium. This could eitthe due to the cells not
releasing enough of their own signalling factorsanrimpairment in the way that
they respond to the signalling factors which thegdpce. Here we have shown
that DM1 lens epithelial cells are releasing fagtimto their environment which
are capable of increasing levels of cell growth/angurvival in the non-virally
transformed lens cell line FHL124 (see figure 4B)is data indicates that it is
not an impaired ability to release autocrine sigmgl factors that results in
increased levels of cell death, but rather a rediwadality to respond to these
factors.

As well as increasing cell growth and/or surviwvalFHL124 cells, the
factors released by DM1 LECs were shown to actisgmalling pathways in
FHL124 cells resulting in significantly greater é&s of Akt activation compared
to controls (see figure 4.7f). Akt is downstreamRI8K and this data indicates
that the PI3K/Akt pathway is involved in growth &mdsurvival in FHL124 cells.
It has been shown previously that signalling via tRI3BK/Akt pathway is
important for both growth and survival in rabbitdarat LECs (Chandrasekher &
Sailaja, 2003, 2004; lyengetral., 2006).

To elucidate the mechanisms behind the increaapaptotic cell death in
SF medium, we investigated the role of a known @ute signalling system in
the lens: the FGF pathway. Autocrine signallingwi&F is likely to occur in the
cell lines as all were shown to release bFGF ampdess the receptor FGFR1 (see
figures 4.8a and 4.10). The DM1 cell line, DMCattas shown to release
significantly more bFGF than the control, CCatld ahe DM1 cell lines were
shown to release more bFGF at later passages, bBowey significant difference
was seen when all of the cell lines were analysggéther (see figures 4.9 and
4.8b). The cell lines released a relatively loweleaf bFGF (0.17-3.17 pg/ml),

however, very few cell types have been shown teass# bFGF and this is
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therefore an interesting finding (Rogeljal., 1988). The release of bFGF may be
a feature of lens cells as human LECs culturedheir tapsule have also been
shown to release bFGF (Wormstoateal., 2001). As bFGF has also been shown
to be released from dead or damaged cells, thisotame ruled out from our
experiments (D'Amore, 1990). The observed levelblB&F in the CM could
therefore be due to release from dead cells andartoile autocrine signalling
system. However, evidence that an FGF autocrinealligg system does exist in
the LECs comes from the inhibition of FGFR1 in tbell lines themselves.
FGFR1 inhibition had no effect on cell growth inllgecultured in medium
supplemented with 10% FCS, but a decrease in ot was observed in cells
cultured in SF medium with the inhibitor and thissvfound to be significant
when repeated in CCatl and DMCatl cells (see fggdrg3 and 4.14). This data
shows that in the presence of serum which contaier growth factors,
signalling via FGFRL1 is not required for cell growimost likely due to other
activated signalling pathways which can compengatés loss. However, in SF
medium the only growth factors available are thiteet the cells can synthesise
themselves, revealing that signalling must occua WGFR1 under these
conditions in order for a reduction in cell growmih be observed. This data
indicates that autocrine signalling via FGFR1 igsent in the cells and is
important for cell growth but is not critical fdueir survival.

Extensive investigations indicate that althougbnalling via the FGF
pathway plays a role in growth in human LECs, iuidikely that the factors
released by DM1 LECs signal via this pathway. Addit of medium
supplemented with bFGF (5 ng/ml) at much greateeltethan those released
from the cells themselves had no significant effeetFHL124 cell growth or
survival (see figures 4.5 and 4.11). This is intcast to the addition of bFGF (10
ng/ml) to rabbit LECs, which increased proliferatiboy 70-80% and was
significantly blocked by the PI3K inhibitors, worémnin (200 nM) and
LY294002 (10uM) (Chandrasekher & Sailaja, 2003). Addition of @ rat
LECs, has been shown to induce proliferation, nignaand differentiation in a
concentration-dependent manner. The half maximalce&atrations of bFGF
shown to induce proliferation, migration and diffietiation were 0.15, 3 and 40
ng/ml respectively (McAvoy & Chamberlain, 1989).tlifle same is true in human

LECs, this may account for the absence in growithudation by addition of 5
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ng/ml of bFGF as bFGF at this concentration wowddult in a response of
migration and differentiation which were not exaadnn the FHL124 cells. The
FHL124 cells may also be producing and releasingbEhemselves and addition
of further bFGF may therefore have no added effatthough the addition of

bFGF had no significant effect on the FHL124 cehg, addition of DM1 CM did,

and as it contained much lower levels of bFGF, daita would indicate that it is
not the factor responsible for increasing growtll/an survival in the FHL124

cells. Further to this data, inhibition of FGFR1RRL124 cells treated with CM

resulted in a decrease in cell growth and/or satveand also resulted in a
reduction in active levels of the downstream silgmglmolecules Akt and ERK

(see figures 4.11 and 4.12). However, levels ofmjnowere still greater than
those observed with the FGFR1 inhibitor in SF medalone and levels of pAkt
and pERK were also not completely returned to lraselevels. This data
indicates that other factors must be present in BB which activate Akt and

ERK independently of FGFRL1 to increase growth.

As FGF does not appear to be the factor reledyethe DM1 LECs
which increases growth and/or survival, we inveded the role of the IGF-1
pathway in the DM1 cells as it has also been shtwmwvsignal via the PI3K/Akt
pathway to mediate growth and survival in LECs (@irasekher & Bazan, 2000;
Chandrasekher & Sailaja, 2004). Inhibition of IGEResulted in reduced cell
growth in the cell lines, which was more notablethe control cell line CCatl
compared to DMCatl, however, this was not significegsee figure 4.15). No
difference was observed in levels of cell deatticating that signalling via IGF-
1 may play a role in growth but not in survivallikCs cultured in SF medium.
This is in contrast to a study conducted on ralhiCs which showed that
signalling via IGF-1 stimulated the PI3K/Akt pathyvand suppressed apoptosis
to increase survival (Chandrasekher & Sailaja, 200&spite the fact that the
presence of IGF-1 in the CM or the effect of intifig signalling via IGFR-1 in
FHL124 cells treated with CM was not investigatde fact that no significant
effect was seen in levels of cell growth or deatlhie DM1 cells lines indicates
that IGF-1 is unlikely to be the factor responsibibe increased growth and/or
survival in FHL124 cells following addition of DMCM.

The factor, or factors, released by DM1 lens eigh cells which are

responsible for increasing growth and/or survivad aactivating Akt in the

144



FHL124 cells were not identified. Of the four auine signalling systems which
have previously been identified in the lens, FG& K&F-1 do not appear to be the
factors released by DM1 LECs which are responsible promoting growth
and/or survival. This leaves the autocrine signglisystems involving EGF and
HGF to still be investigated (Palmaédeal., 1994; Majima, 1995; Wengt al.,
1997; Wormstonet al., 2000; Wormstonet al., 2001). Both EGF and HGF have
previously been shown to signal via PI3K and bathehbeen shown to play roles
in proliferation in LECs, however, neither has beéown to influence levels of
survival in LECs (Reddan & Wilsondziedzic, 1983; MWstoneet al., 2000; Choi
et al., 2004; Jianget al., 2006). As the presence of EGF and HGF autocrine
signalling systems in our cell lines have not be&ested, we cannot confirm or
rule out a role for either growth factor in theesffs observed following CM
addition to FHL124 cells. Further, although thecauhe systems involving EGF,
FGF, HGF and IGF-1 are known to promote growth andurvival in LECs,
other currently unidentified or less common auteersignalling systems could
also be responsible for the increase in growtharmslirvival in the FHL124 cells
in response to CM. Other growth factors are presdtitin the lens, such as
vascular endothelial growth factor (VEGF), transforg growth factof 2 (TGF-
B2) and lens derived growth factor (LEDGF), howeveihether autocrine
signalling systems exist and whether they signal the PI3K/Akt pathway to
promote growth and/or proliferation is questionablEGF and its receptor
VEGFR are expressed in the lens and signal vi&tBK/Akt pathway, however,
the autocrine signalling system is initiated inp@sse to hypoxic conditions and
results in activation of genes involved in, for exade, glucose transportation in
the lens (Shuet al., 2003; Radreast al., 2009). Interestingly, hypoxia has been
shown to play a role in the suppression of lensvgtphowever, this was shown
to likely be due to the increasing thickness of ldres with age and is therefore
unlikely to play a role in the growth of culture&Cs (Shuiet al., 2008; Shui &
Beebe, 2008). LEDGF has been shown to promote LEGval and is activated
under stress conditions, however, LEDGF is not kméavsignal via the PI3K/Akt
pathway (Ayakiet al., 1999; Singhet al., 2000). TGF32 and its receptors are
expressed in the lens and addition of TgZF-has been shown to increase
proliferation in LECs (Kampmeieet al., 2006). TGF32 also plays a role in

wound healing and its expression is upregulatetd EB@s in response to addition
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of TGF{32 which occurs in response to injury (Wormstehal., 2006; Dawe®t
al., 2007). However, as with LEDGF, TGF- is not known to signal via the
PI3K/Akt pathway and these growth factors are tloeee unlikely to be
responsible for the effects of CM addition to FHB1&eIIs. Further investigation
Is required to establish the role of EGF, HGF atieeopossible growth factors in
the effects of DM1 CM.

It is possible that no one single factor is resiage for the increase in
FHL124 growth and/or survival following addition @M1 CM. The effects
observed may instead be due to a combination ¢brievhich may be released,
all activating receptors and downstream signallpgghways which increase
growth and/or survival. Inhibition of FGFR1 in FH24 cells treated with CM
resulted in a reduction in growth and/or prolifevat (see figure 4.11) and a
reduction in the activation of Akt and ERK (seeufig 4.12), however, other
signalling factors must have been present as mewlas returned to baseline
levels. Other signalling factors may have beenvatitig pathways which
compensated for the loss of signalling via the Fathway. Blocking pathways
in combination, such as FGF and IGF-1 together, raaylt in a greater reduction
in the effects of CM.

Although the growth factor(s) and receptor(s) cesible for initiating the
signalling which increased growth and/or survival RHL124 cells were not
identified, the downstream signalling pathway whveas activated by them was
revealed. Activation of the PI3K/Akt pathway wagrsficantly increased by
DM1 CM, indicating that this pathway was resporssilibr the subsequent
increase in growth and/or survival of FHL124 cdBge figure 4.7f). This data
would indicate that the PI3K/Akt pathway shouldoakte upregulated in the DM1
cell lines themselves, unless an impairment in @ute signalling results in
aberrant activation of different pathways in reg®Io the factors released. The
aberrant activation of pathways in response tessthas been observed in mouse
myoblasts transfected wilRMPK containing small repeats (5 repeats) and large
repeats (160 repeats). In response to oxidatiesstthe cells containing small
repeats activated the MAPK/ERK pathway which ledc&l survival, whereas
those containing large repeats activated the MARK/pathway which led to
apoptosis (Usuket al., 2000; Usukiet al., 2008). This data reveals that in other
cell types the expanded CTG repeats which are fonndM1 can disturb the
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activation of signalling pathways. If serum deptiva in the DM1 LECs also

causes stress to the cells which triggers abemativation of cell signalling

pathways then this could cause the increased l@faisll death in SF medium.
Therefore, the activation of downstream signalfp@ghways, and in particular the
PI3K/Akt pathway, in DM1 LECs requires further irstigation to elucidate the
cause of increased levels of cell death when cdtim SF medium.
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CHAPTER 5
CELL SIGNALLING PATHWAYS IN DM1
LENS EPITHELIAL CELLS

5.1 Introduction

Growth factor activation of receptor tyrosine kieagRTKS) results in the
downstream activation of a number of different aljng cascades in the lens,
such as the MAPK/ERK and PI3K/Akt cascades. Sigmpltascades transduce
signals from receptors to many possible biologieaponses in the cell, including
growth, differentiation, survival and apoptosis.n&osignalling cascades which
are active in the lens, such as the MAPK/JNK andAX{A038 cascades, are only
rarely activated by growth factor activation of R¥kKand are instead mostly
associated with activation under stress conditiwh as exposure to UV
radiation. These pathways may be of particular igpee to the processes of

survival and apoptosis within the lens.

5.1.1 The PI3K signalling pathway

The PI3K pathway plays roles in growth, prolifepatiand survival in
many different cell types (see figure 5.1). PI3K dsheterodimeric protein
composed of an 85 kDa regulatory subunit and akd#® catalytic subunit. Src
homology 2 (SH2) domains in the regulatory subiméract with phosphorylated
tyrosine residues of activated RTKs and result tabiisation of the catalytic
subunit. Through these interactions, PI3K is braugio close proximity to
phosphoinositides in the plasma membrane wheratdlyses the addition of
phosphate groups to the 3'-OH of the inositol ripgeferentially producing
phosphatidylinositol-3,4,5-trisphosphate  (PIPfrom phosphatidylinositol-4,5-
bisphosphate (PHP (Franke, 2008). The conversion of Plkto PIR is
negatively regulated by phosphatase and tensin logm@TEN). Pleckstrin
homology domains in both Akt and phosphoinositiégehdent kinase 1 (PDK1)
bind to PIR and are brought into close proximity where PDKf paosphorylate
Akt at the threonine residue T308. Akt must firet fhosphorylated at the serine
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residue S473 by mammalian target of rapamycin (m&@fnplex 2 (mMTORC?2)
before it can be fully activated by PDK1 and capabf greater levels of
signalling. The mechanism by which mTORC2 is at¢&das unknown, although
it is thought to also be downstream of PI3K as AKt73 phosphorylation is
stimulated by growth factors and inhibited by LYP92 and wortmannin, which
are specific PI3K inhibitors (Sarbasseval., 2005; Yang & Guan, 2007). There
are three isoforms of Akt, known as Akt1-3. WhilktA is ubiquitously expressed,
Akt2 is found mostly in insulin sensitive tissueadaAkt3 is most highly
expressed in the brain and testis (Franke, 200B).régulates cell survival in
several different ways, but most notably by targgtthe pro-apoptotic Bcl-2
related protein, Bcl-2-antagonist of death (BAD)j¢d greventing its activity (Song
et al., 2005). Akt can also regulate protein synthesiphgsphorylating tuberous
sclerosis complex 2 (TSC2) within the TSC2-TSC1 plax and inhibiting its
activity, allowing the activation of mMTOR complex (inTORC1). mTORC1
phosphorylates p70 S6 Kinase (p70S6K) which phaspdites the ribosomal
protein S6 and induces protein synthesis (Frank@3R Akt can also regulate cell
proliferation via phosphorylation of downstreamgets such as the cell cycle
regulators p29P*"a™ and p2#*'. Phosphorylation of these proteins prevents
their localisation to the nucleus, which prevetisnm from inhibiting cell cycle
progression and, therefore, increases cell pralii@n (Manning & Cantley, 2007).
In bovine lenses, PI3K was found to be expressedaative throughout
the lens, with highest activity in the LECs (Chastkher & Bazan, 2000). PI3K
and Akt were also shown to be present in LECs fpamtine lenses (Zatechka &
Lou, 2002a). Inhibition of the PI3K/Akt pathway iquail LECs inhibited
differentiation and was also shown to reduce saiviv differentiated lens fibre
cells, but not in LECs (Weber & Menko, 2006). Inhiiig the PI3K/Akt pathway
has also been shown in separate studies to resaltbiock in proliferation and
differentiation of rat LECs (lyengaet al., 2006; Wangget al., 2009b). Activation
of PI3K signalling was shown to play a role in bgttoliferation and survival in
rabbit LECs and differentiation in chick LECs (Clamsekher & Sailaja, 2003,
2004). Signalling via PI3K was also shown to playo& in cell migration in
human LECs (Jiangt al., 2006). These studies indicate that the PI3K/Akt
pathway is involved in numerous biological respense LECs including

differentiation, migration, proliferation and swral.
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Figure 5.1 — The PI3K/Akt signalling pathway. PI3Kis recruited to tyrosine kinase domains
of phosphorylated RTKs and is brought into close poximity to the membrane where it
converts PIR, to PIP;. PIP; recruits Akt and PDK1 resulting in phosphorylation of Akt at
T308 by PDK1. Akt must first be phosphorylated by nTORC2 at S473 before it can be fully
activated by PDK1. Akt regulates many biological pocesses including protein synthesis via
mMTORC1 and p70S6K; survival via inhibition of the po-apoptotic protein BAD; and
proliferation via the cell cycle regulators p2£**"a™ and p27%**. The PI3K/Akt pathway is
negatively regulated by the tumour suppressor prot@ PTEN which negatively regulates the

conversion of PIR into PIP3.

5.1.2 MAPK signalling pathways

Cell signalling via MAPK signalling pathways retsuin the activation of a
MAPK, of which there are six distinct groups. Thathway leading to the
activation of the MAPK ERK1/2 is one of the mostddcterised, along with c-
Jun NH-terminal kinase (JNK) and p38. The remaining MAP&s ERK3/4,
ERK5 and ERK7/8, however, little information is kmo about the pathways that
lead to their activation and therefore these woll be discussed. The three main

MAPK signalling pathways are well characterised dhe signalling cascades
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consist of three sequentially activated kinasesn(sarised in figure 5.2). The
MAPKs ERK1/2, JNK and p38 are activated by phosplation of both threonine
and tyrosine residues within a conserved threopméne-tyrosine motif by a
MAPK kinase (MAPKK, also known as MEK or MKK). THdAPKK itself is
activated by a MAPK kinase kinase (MAPKKK), whicheaserine/threonine
kinases. MAPKKKs are activated by phosphorylatiord/ar interactions with
small GTP proteins. Activated MAPKs phosphorylagget substrates on serine
and threonine residues, including transcriptiontdieec and other proteins or
kinases. MAPK pathways are regulated by the opgoaations of phosphatases
which deactivate kinases by removing phosphate pgraikrishna & Narang,
2008).

Stress, inflammatory Stress, inflammatory

Stimulus c?tgi‘?ggsfaétlg’ésl'\;s cytokines, growth cytokines, growth
! factors, GPCRs factors, GPCRs

MAPKKK v

MAPKK

MAPK
Biological Growth, ) Cell cycle inhibition,
9 proliferation, Apoptosis, apoptosis, inflammation,

response differentiation survival growth, differentiation

Figure 5.2 — A summary of the major MAPK signalling cascades. MAPK cascades are
initiated by small GTPases and/or other protein kimses and are organised into three tiers:
initially MAPKKKs are activated which lead to the phosphorylation and activation of
MAPKKSs, which in turn phosphorylate and activate MAPKs. The three major pathways are
the ERK1/2 pathway, the JNK1/2/3 pathway and the p3u/p/y/é6 pathway, all of which are
activated by various mitogens and external stimuliThe signalling pathways bring about a

variety of biological responses including growth, mliferation and survival.
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5.1.2.1 The MAPK/ERK signalling pathway

The MAPK/ERK pathway plays roles in proliferatiaifferentiation and
survival in many different cell types (see figur8)5 The MAPK/ERK pathway is
most commonly initiated following recruitment ofgbeins to the membrane
during RTK activation. Docking proteins such as GRBind to the
phosphorylated tyrosines of the receptor via SH&aos. GRB2 recruits SOS
via Src homology 3 (SH3) domains, enabling SOS @oome activated and to
subsequently activate the small membrane boundo@iprRas by the exchange
of bound guanosine diphosphate (GDP) for GTP. Geprecoupled receptors
(GPCRs) can also activate the MAPK/ERK pathwayRé&s. Ras activates Raf
and a cascade of kinase activation is initiatedf &zivates the MAPKKs
MEK1/2, which activate ERK1/2 (Junttilet al., 2008). Activated ERK1/2
translocate to the nucleus where they activateraktranscription factors, such as
c-Fos, EIlk-1, c-Jun and c-Myc, which regulate ttenscription of many genes
involved in proliferation, differentiation and sival (Krishna & Narang, 2008).

In porcine LECs, ERK1/2, Raf-1 and MEK1/2 were shiown to be
present and in a separate study ERK1/2 and MEK#&f2 whown to be expressed
and active in human, bovine and rat LECs (Zatectikaou, 2002a; Liet al.,
2003). Inhibiting the MAPK/ERK pathway has beenwhdo result in a block in
proliferation and differentiation of rat LECs (Lau & McAvoy, 2001; lyengaet
al., 2006; Wangt al., 2009b). Expression of a dominant-negative fornRas$ in
transgenic mice resulted in the development of lemkdnses due to inhibition of
cell growth. A small increase in levels of apopsoand a delay in differentiation
were also observed (Xiet al., 2006). The activation of ERK in the transgenic
mice was shown to be significantly reduced, wheesdivation of Akt, JINK and
p38 were not affected. This data reveals that #iggavia Ras and the
MAPK/ERK pathway is essential for cell proliferati@and, to a lesser extent, for
survival and differentiation (Xieet al., 2006). Signalling via the MAPK/ERK
pathway, as well as via PI3K, was also shown tg plaole in cell migration in
human LECs via an increase in the activity of thatrm metalloproteinase,
MMP-2 (Jianget al., 2006). This data indicates that the MAPK/ERK patls is

involved in proliferation, differentiation, survivand migration in LECs.
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Figure 5.3 — The MAPK/ERK signalling pathway. GRB2binds to tyrosine kinase domains of
phosphorylated RTKs and recruits and activates SOSwhich activates Ras by the exchange
of bound GDP for GTP. Ras activates Raf and a casda of kinase activation is initiated. Raf
activates the MAPKKs MEK1/2, which activate ERK1/2. Activated ERK1/2 translocate to
the nucleus where they activate several transcripgth factors, such as c-Fos, Elk-1, c-Jun and
c-Myc, which regulate the transcription of many gees involved in proliferation,

differentiation and survival.

5.1.2.2 The MAPK/JNK signalling pathway
The MAPK/JINK pathway is strongly activated by cyitws, UV radiation,

growth factor deprivation, DNA damaging agents andhe growth factors and
GPCRs (see figure 5.4). For this reason JNKs a@ lahown as stress-activated
protein kinases (SAPKs). Three genes encode formmdNK, JNK1-3, and
alternative splicing leads to ten different isofgrnWhile JINK1 and JNK2 are
ubiquitously expressedNK3 expression is found only in the brain, heart and
testis. INK is activated by the MAPKKs, MKK4/7, whiare activated by several
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upstream kinases such as apoptosis signal-regulitmase 1 (ASK1), MLK-3
and MKKK1-4 (Krishna & Narang, 2008). The activatiof JNK by cytokine
receptors is mediated by the tumour necrosis fatoeptor associated factor
(TRAF) family of adaptor proteins. Scaffolding peots known as JNK
interacting proteins (JIPs) are thought to helpaarge the transduction of the
signal through specific kinase cascades in resptmgbfferent signals (Davis,
2000). Many JNK substrates are transcription factsuch as c-Jun, ATF-2, Elk-1,
c-Myc and p53, and the downstream activation oftthascription factor AP-1
appears to be regulated by JNK activation followsigess. JNK signalling is
mostly involved in regulating apoptosis and surkiv&lK has also been shown to
target both pro- and anti-apoptotic members ofBbk2 family of proteins. The
opposing effects of JNK signalling are thought éonbediated by the duration and
magnitude of the signal, with prolonged activatigading to apoptosis and
transient activation promoting survival (KrishnaNsarang, 2008).

JNK was shown to be present in LECs from porceresés and in LECs
from human, bovine and rat lenses JNK1/2 were aggik and active (Zatechka
& Lou, 2002a; Liet al., 2003). The MAPK/INK pathway is mostly activated
under stress conditions and has been shown totivatad following exposure of
human LECs to UV radiation (Bomser, 2002). A subeeq study showed that
inhibition of the MAPK/INK pathway following UV raagtion resulted in
increased cell death in human LECs (La&hgl., 2004). JNK has also been shown
to be activated by oxidative stress following additof hydrogen peroxide to
human LECs. Activation of JNK, and also of ERK1Ws linked to cell cycle

t°BYVa which is thought to

arrest via expression of the cell cycle regulat®.
help protect against DNA damage (Seonetial., 2005). This data indicates that

the MAPK/JINK pathway is primarily involved in suwal in LECs.

5.1.2.3 The MAPK/p38 signalling pathway
The MAPK/p38 pathway is activated by many of thensastimuli as the
JNK pathway, i.e. environmental stresses, cytokaressome growth factors and
GPCRs (see figure 5.4). There are four isoforms3&, known as p38p3,y ands,
which are activated by different MAPKKSs. All fousaforms are activated by
MKK6 and all but p38 are activated by MKK3. MKK4/7, which activate the
JNK pathway, can also activate p38, enabling calistietween the two pathways.
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The MAPKKs are activated by several upstream kisiasecluding MTKZ1,
MLK2/3 and ASK1. Activated p38 can move to the ewd and activate
transcription factors such as ATF-1/2/6, CHOP, @Bl Elk-1 and can also
activate other protein kinases in the cytoplasnhaascMNK1/2 and MK2/3. The
wide range of downstream substrates results in de wange of biological
responses such as cell cycle inhibition, apoptasiismmatory responses, growth
and differentiation (Krishna & Narang, 2008).

Extracellular
) Oxidative stress,
CytoKines UV radiation, DNA
i damaging agents

Receptors
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‘/ IR B — Translation
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Figure 5.4 — The MAPK/INK and MAPK/p38 signalling pathways. The MAPK/JNK and

MAPK/p38 signalling pathways are mostly activated B environmental stressors and
cytokines which result in activation of upstream knases, such as ASK-1, MKKK1-4,
MLK2/3 and MTK1. The MAPKKs MKK4/7 and MKK3/6 are a ctivated and phosphorylate
and activate JNK and p38 respectively. Activated JK and p38 translocate to the nucleus
where they activate several of the same transcripin factors, such as ATF-2, Elk-1, c-Myc
and p53 which regulate the transcription of many gees involved in apoptosis and survival.
Activated p38 can also activate other kinases in éhcytoplasm such as MNK1/2 and MK2/3

which have roles in translation and stress and infimmatory responses.
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The MAPK/p38 pathway is mostly activated undeesdrconditions and
has been shown to be activated following exposudrdiuman LECs to UV
radiation (Bomser, 2002). In porcine lenses, p38 ¥ound to be present and
active, with greater levels of active p38 beingrdun lenses subjected to osmotic
stress (Zatechka & Lou, 2002a). p38 was also shiwoe activated in porcine
LECs treated with a Rho-associated protein kinak@itor and its activation was
linked to an increase inB-crystallin (Khuranaet al., 2002).aB-crystallin was
shown to localise to the leading edge of migragpaycine LECs which was
dependent on its phosphorylation by p38 (MaddalRab, 2005). Activation of
p38 was also shown to play a role in the pathwagliteg to cataract formation
induced by mechanical stress in embryonic chicksdenvia its downstream
activation of Src kinase (Zhou & Menko, 2004). Itater study it was shown that
signalling via p38 and Src kinase led to cataracination due to apoptosis in
LECs and a loss in cadherin junctions, leadinglicefcell disorganisation (Zhou
et al., 2007). This data indicates that p38 could plasola in migration and
apoptosis in LECs.

5.1.3 The PLG pathway

A further cell signalling pathway which could plagles downstream of
the growth factors known to be important in theslén the PLE pathway (see
figure 5.5). PLC is a class of enzymes which clegalvespholipids. There are 13
mammalian isozymes of PLC, which are divided inxogsoups, known as P&
Y, 0, €, { andn. PLCy is a subclass of PLC which is activated by reaepia non-
receptor tyrosine kinases. It contains two SH2 dosand an SH3 domain which
enable it to be activated by the receptor and nedisteractions with other
proteins (Kimet al., 2000). PL@ can be phosphorylated and activated by the
EGF receptor (EGFR), FGFR and PDGF receptor (PDGI)once activated it
hydrolyses PIP to form two products: B and DAG. IR binds to calcium
channels on the membrane of the ER, known asdéeptors (IgR), activating
them and resulting in Garelease and a subsequent rise in intracelluld’ Ca
levels, whereas DAG remains in the plasma membiRKE. can be activated by
a combination of DAG, G4 and a phospholipid such as phosphatidylserine. PKC
is a family of serine/threonine kinases, which ¢sissof 10 isozymes which are

divided into three groups known as the conventiéiaCs (PK&, BI, Bll andy),
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the novel PKCs (PKE& &, n and6) and the atypical PKCs (PKGindt), based
upon the composition of their regulatory domain e, 2010). The regulatory
domains control the sensitivity of different PKbigmes to DAG, Cd and
phospholipids.
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Figure 5.5 — The PLC/PKC signalling pathway. PLG binds to tyrosine kinase domains of
phosphorylated RTKs and is activated, enabling ita hydrolyse PIR, to form two products:
IP; and DAG. IP; binds to IP;Rs, which results in C&" release and a subsequent rise in
intracellular Ca?" levels, whereas DAG remains in the plasma membran®AG and C&*
activate PKC which plays roles in proliferation, dfferentiation and survival via interactions
with the MAPK/ERK signalling pathway; the structure of the actin cytoskeleton via

interactions with MARCKS; and receptor desensitisaion.

PKC can bind to many different substrates, sudB@BR, which results in
desensitisation of the receptor; glycogen synthkasase B (GSK-3), which is
inactivated by PKC; growth-associated protein 42R&13), which is specific to

the nervous system and plays a role in neurite dtion; Myristoylated alanine-
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rich protein kinase C substrate (MARCKS), whichuleges the structure of the
actin cytoskeleton; and Raf (Casabona, 1997). Pii@ation of Raf activates the
MAPK/ERK pathway and PLitself can also activate the MAPK/ERK pathway
via interactions between SOS and its SH3 domaie. HIbCy signalling pathway
is involved in the processes of secretion, celllifgn@tion, growth and
differentiation in many different cell types (Kiabal., 2000).

A study in human lenses found expression of PC LECs with the
highest levels of expression in cells near the equa the lens (Maidmerst al.,
2004). Proliferation and differentiation are alsghest at the equator of the lens,
which could indicate a role for PGn these processes. PK@ndy were found
in bovine LECs, whereas PKCy, 1 ande were found in developing chick lenses
and were most highly concentrated in the LECs (@mzzt al., 1993; Berthoud
et al., 2000). Overexpression of Pli@Gndy in rabbit LECs revealed a role for
these proteins in the initiation of differentiatias the cells began to elongate and
expresA- andaB-crystallins (Wagner & Takemoto, 2001). This diasdicates a
role for the PL@ pathway in differentiation of LECs.

5.1.4 Cross-talk between signalling pathways in thiens

Many of the signalling pathways described abowiltein activation of
the same proteins and biological processes withicelh Some signalling
molecules have been shown to activate more tharpatimvay within a cell and
activation of particular pathways can also resultopposing effects such as
apoptosis and survival. This complexity is the hesaf cross-talk between
pathways and the regulation of signal transductioat occurs within cells
including mechanisms such as the duration andgttiesf the signal; scaffolding
proteins; subcellular localisation; and the presesfcdifferent isoforms within the
cascade (Krishna & Narang, 2008). A study invesitigathe intercommunication
and cross-talk between pathways in the lens shotliat inhibition of the
MAPK/ERK and MAPK/p38 cascades resulted in an iasee in PI3K/Akt
signalling, most likely due to signalling via Rdshibition of Ras suppressed
PI3K activation but stimulated the MAPK cascadesslaly via the action of p21-
activated kinase. Inhibition of MEK downregulatedmalling via ERK and JNK
when stimulated by bFGF and downregulated sigrsalia p38 when stimulated
by osmotic stress. Inhibiting p38 suppressed ERK d$timulated JNK and
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downregulation of PKC suppressed PI3K and stimdl&BK (Zatechka & Lou,
2002b). This data highlights the complexity of tlsgnalling network.
Communication between the signalling systems result particular pathways
being upregulated to compensate for the loss @rsihit also demonstrates that a
reduction in a particular component of a given altyng pathway could result in
the transduction of a signal down a different sligmg cascade, which could have
different effects to those which would usually agce.g. apoptosis instead of

survival.

5.1.5 Signalling pathways in DM1

The cell signalling pathways which transduce dgjfram external stimuli
into biological responses within the cell are hygbbmplex. Disturbances in the
regulation of cell signalling pathways are respblesifor many diseases from
cancer to neurological diseases. Studies have shbainthe expanded CTG
repeats iNDMPK may result in altered activation of cell signajlipathways
(Usuki et al., 2000; Usukiet al., 2008; Beffyet al., 2010). Mouse myoblasts
transfected withDMPK containing small repeats (5 repeats) and largeats(160
repeats) were shown to activate different signgllpathways in response to
oxidative stress caused by the addition of @M@ methylmercury. Cells
transfected withDMPK containing small repeats activated the MAPK/ERK
pathway, in comparison to the MAPK/INK pathway \aated in cells transfected
with DMPK containing large repeats. This difference in at&d signalling
pathways resulted in apoptotic cell death in thiés cectivating the MAPK/JNK
pathway and survival in those that activated thePMHAERK pathway (Usuket
al., 2000). It was subsequently shown that the intiadlee concentration of ROS
accumulated faster in cells expressing larger tspaad that ASK1 was activated
much earlier and to a greater extent in cells esgang large repeats compared to
small repeats (Usuket al., 2008). ASK1 is found upstream of both the
MAPK/INK and MAPK/p38 pathways, which are both itwea in cell survival
and apoptosis. The aberrant activation of sigrgllpathways has also been
observed in human myoblasts from congenitally aéi@é®M1 foetuses. When the
DML1 cells were treated with differentiating mediufewer cells were shown to
differentiate compared to controls. Differentiatiohmyoblasts is dependent on
the activation of the MAPK/p38 pathway and the thation of the MAPK/ERK
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pathway, however, in DM1 myoblasts activation of8p& response to
differentiating medium was 50% lower than contratgl activation of both MEK
and ERK1/2 were found to be markedly higher (Beffgl., 2010). These studies
indicate that the regulation of cell signalling lpaatys in DM1 cells may be
disturbed.

Under conditions of serum deprivation, DM1 LECwédeen shown to
have significantly increased levels of apoptosiespite also being shown to
release signalling factors capable of significanithgreasing growth and/or
survival in the non-virally transformed cell linEHL124 (see figures 3.15 and
4.5). This data would indicate that their resportsethese signalling factors are
somehow impaired. The DM1 LECs may be activatinfjecBnt pathways in
response to the factors released which could résuhie alternative outcome of
apoptosis. Alternatively, the DM1 LECs may be aatitvg pathways which
initiate apoptosis in response to the stress cabgeskerum deprivation and may
be releasing factors in an attempt to counterast bhvestigating the activation of
pathways involved in growth, proliferation, suriaad apoptosis in DM1 LECs
may help to elucidate the cause of increased levelzll death during serum
deprivation and also of reduced population doublimges when compared to

control LECs.

5.2 Aims

The aim of this chapter is to elucidate the sigmglpathways which are
active in the human DML lens epithelial cell lingsese will be analysed during
serum deprivation in order to establish pathwaywaed by autocrine signalling
and during normal culture conditions (medium supm@ated with 10% FCS). The
roles that these pathways play in cell growth, ifg@tion, survival and apoptosis
will also be investigated. Differences in the aation of particular pathways
between DM1 and control lens cells could help tenidy the cause of reduced
population doubling times and the increased levélsell death following serum
deprivation in DM1 LECs.
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5.3 Results

5.3.1 Signalling pathways activated in DM1 lens efhelial cells

cultured in SF medium

To establish which downstream signalling pathways active during
autocrine signalling, levels of the activated siyng molecules pAkt, pERK,
pJNK, pp38 and pPKC were measured in CCatl and DMGEHIs in response to
serum deprivation. Activated protein levels wereaswged throughout the culture
period shown in figure 3.9 using Western blotting.

Levels of pAkt in both cell lines decreased durihg culture period (see
figure 5.6). At all but one time point (day 57) tb&Catl cells had greater levels
of pAkt compared to CCatl. Average levels revealgaificantly greater levels
of pAkt in DMCatl cells compared to CCatl (p < (.01

Levels of pERK were detected throughout the caltperiod in DMCatl
cells, however, after 43 days in culture pERK wadaiectable in CCatl cells,
despite a relatively stable expression of total ERée figure 5.7). Until that point
the two cell types had similar levels of pERK anerage levels throughout the
culture period did not reveal a significant diffece despite DMCatl having
greater levels.

Levels of pJNK in both cell lines decreased dutimg culture period (see
figure 5.8). At each time point the DMCatl cellsllmauch greater levels of pJNK
compared to CCatl. Average levels revealed that Bt¥iChad significantly
greater levels of pJNK (p < 0.01).

Levels of pp38 decreased in both cell types dutivegculture period and
could not be detected at later passages (see fig@jeThere was no significant
difference in the levels of pp38 between CCatlNCatl cells.

Levels of pPKC and PKC varied during the cultuegiqd in both CCatl
and DMCatl cells (see figure 5.10). After 36 daysulture, the levels of both
pPKC and PKC were barely detectable in CCatl cellgreas both were still
detected in DMCatl cells. Average levels throughthet culture period reveal
greater levels of pPKC in DMCatl cells, howeveis thas not significant.

Differences in the levels of activated signallmglecules in DMCatl cells

compared to CCatl cells are summarised in table 5.1
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Figure 5.6 — Activation of Akt in DM1 lens epithelal cells cultured in SF medium. (a) An
example Western blot showing levels of pAkt and tal Akt from a selection of samplesp
actin is included as a loading control. (b) Bands &re analysed densitometrically and levels of
pAkt were normalised to total Akt. (c) Average pAkt levels show that DMCatl has
significantly greater levels of pAkt compared to C@tl (n = 13, data expressed as mean *
SEM of thirteen independent experiments, statistidaanalysis was performed by Student's T
test, ** p < 0.01 relative to CCatl).

162



a CCatl DMCat!

Daysin o 5 36 57 71 85 9 8 2 36 57 71 85 99
culture
- o 4
PERK = @ & R Bl et
“ -« pid
T P i3 <42
ERKM.“”-?'iﬁ"'“..
) Al
BActin Wl we w0 e v o0 " W g W ™ W ~
3.5 -
3,
=y
(]
c
% m CCatl
£ m DMCat1
2
w
(&)
v

8 15 22 29 36 43 57 64 71 78 85 92 99

Days in culture

1.2

Relative intensity

14
0.8
0.6
0.4
0.2
0 1

CCatl DMCatl

Figure 5.7 — Activation of ERK in DM1 lens epithelal cells cultured in SF medium. (a) An
example Western blot showing levels of pERK and tat ERK from a selection of samplesp
actin is included as a loading control. (b) Bands ®&re analysed densitometrically and levels of
pPERK were normalised to total ERK. (c) Average pERKlevels show that DMCatl has
greater levels of pERK, but this is not significant(n = 13, data expressed as mean + SEM of

thirteen independent experiments, statistical analsis was performed by Student’s T test).
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Figure 5.8 — Activation of JNK in DM1 lens epithelal cells cultured in SF medium. (a) An
example Western blot showing levels of pJNK and tat INK from a selection of samplesp
actin is included as a loading control. (b) Bands ®&re analysed densitometrically and levels of
pJNK were normalised to total JNK. (c) Average pJNK levels show that DMCatl has
significantly greater levels of pJNK compared to C@tl (n = 7, data expressed as mean *
SEM of seven independent experiments, statisticaihalysis was performed by Student's T
test, ** p < 0.01 relative to CCatl).
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Figure 5.9 — Activation of p38 in DM1 lens epithedl cells cultured in SF medium. (a) An
example Western blot showing levels of pp38 and w@itp38 from a selection of samples

actin is included as a loading control. (b) Bands ®&re analysed densitometrically and levels of
pp38 were normalised to total p38. (c) Average pp3Rvels reveal no significant difference
between CCatl and DMCatl cells (n = 13, data expresd as mean = SEM of thirteen

independent experiments, statistical analysis wasgformed by Student’s T test).
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Figure 5.10 — Activation of PKC in DM1 lens epithahl cells cultured in SF medium. (a) An
example Western blot showing levels of pPKC and tat PKC from a selection of samplesp
actin is included as a loading control. (b) Bands ®&re analysed densitometrically and levels of
pPKC were normalised to total PKC. (c) Average pPKClevels show that DMCatl has
greater levels of pPKC compared to CCatl but thiss not significant (n = 7, data expressed
as mean + SEM of seven independent experiments, s$tical analysis was performed by
Student’s T test).
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5.3.2 Signalling pathways activated in DM1 lens efnelial cells

cultured in medium supplemented with 10% FCS

To establish which signalling pathways are actimeler normal culture
conditions, levels of the activated signalling nooiles pAkt, pERK, pJNK, pp38
and pPKC were measured in CCatl and DMCatl celsvigrin medium
supplemented with 10% FCS, throughout the cult@eod shown in figure 3.9
using Western blotting.

As was seen with cells cultured in SF medium l¢kels of pAkt in CCatl
cells decreased during the culture period, howets, was not as noticeable in
DMCatl cells (see figure 5.11). At all but one tipant (85 days) the DMCatl
cells had greater levels of pAkt. Average levelsotighout the culture period
reveal significantly greater levels in DMCatl celempared to CCatl cells,
which was also observed in SF medium (p < 0.01).

Levels of pERK and ERK varied during the cultueripd in both cell
types (see figure 5.12). After 57 days in cultypeRK was rarely detected in
CCatl cells, whereas pERK was found at each timat po DMCatl cells.
Average levels throughout the culture period shdwat tDMCatl cells have
significantly greater levels of pPERK compared toafcells (p < 0.01).

Levels of pJNK were significantly greater in DMCatells compared to
CCatl cells (p < 0.01) (see figure 5.13). This wB® observed in cells cultured
in SF medium, however, activation of INK appeaceld lower in both cell types
when cultured in medium supplemented with 10% F&f&er 43 days in culture,
activation of INK was no longer seen in CCatl ce&llsereas pJNK was detected
at each time point in DMCatl cells.

In medium supplemented with 10% FCS, levels of8p&re very low
(see figure 5.14). The levels were greater at eratime points in the culture
period, which was also observed in SF medium, hewdevels appeared to be
much lower than those observed in SF medium. TWwaseno difference in levels
of pp38 between the two cell types.

In medium supplemented with 10% FCS, levels of @RKere lower in
DMCatl cells compared to CCatl cells, however, W@s not significant (see
figure 5.15). This was the opposite of what waseoled in cells following
addition of SF medium. Differences in the levelsadfivated signalling molecules

in DMCatl cells compared to CCatl cells are sumsedrin table 5.1.
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Figure 5.11 — Activation of Akt in DM1 lens epithelal cells cultured in medium
supplemented with 10% FCS. (a) An example Westernldt showing levels of pAkt and total
Akt from a selection of samples§ actin is included as a loading control. (b) Bandsvere
analysed densitometrically and levels of pAkt wer@aormalised to total Akt. (c) Average pAkt
levels show that DMCatl has significantly greaterdvels of pAkt compared to CCatl (n = 13,
data expressed as mean + SEM of thirteen independeexperiments, statistical analysis was
performed by Student’'s T test, ** p < 0.01 relativeto CCatl).
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Figure 5.12 — Activation of ERK in DM1 lens epithell cells cultured in medium
supplemented with 10% FCS. (a) An example Westernltt showing levels of pERK and
total ERK from a selection of samples$ actin is included as a loading control. (b) Bands
were analysed densitometrically and levels of pERKvere normalised to total ERK. (c)
Average pERK levels show that DMCatl has significaty greater levels of pERK compared
to CCatl (n = 13, data expressed as mean + SEM dfinteen independent experiments,

statistical analysis was performed by Student’s Test, ** p < 0.01 relative to CCatl).
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Figure 5.13 — Activation of JNK in DM1 lens epithgal cells cultured in medium

supplemented with 10% FCS. (a) An example Westernldt showing levels of pJNK and total
JNK from a selection of samplesp actin is included as a loading control. (b) Bandsvere

analysed densitometrically and levels of pJNK wer@ormalised to total JNK. (c) Average
pJNK levels show that DMCatl has significantly greter levels of pJNK compared to CCatl
(n = 13, data expressed as mean + SEM of thirteendependent experiments, statistical
analysis was performed by Student’s T test, ** p 9©.01 relative to CCatl).
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Figure 5.14 — Activation of p38 in DM1 lens epithé&hl cells cultured in medium
supplemented with 10% FCS. (a) An example Westernldt showing levels of pp38 and total
p38 from a selection of samplesp actin is included as a loading control. (b) Bandsvere
analysed densitometrically and levels of pp38 wemormalised to total p38. (c) Average pp38
levels reveal no significant difference between C&h and DMCatl cells (n = 13, data
expressed as mean + SEM of thirteen independent exments, statistical analysis was
performed by Student’s T test).
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Figure 5.15 — Activation of PKC in DM1 lens epithdhl cells cultured in medium
supplemented with 10% FCS. (a) An example Westernldt showing levels of pPKC and total
PKC from a selection of samplesp actin is included as a loading control. (b) Bandsvere
analysed densitometrically and levels of pPKC weraormalised to total PKC. (c) Average
pPKC levels show that DMCatl has lower levels of ¢C compared to CCatl but this is not
significant (n = 13, data expressed as mean = SEM thirteen independent experiments,
statistical analysis was performed by Student’s Test).
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Medium supplemented

Signalling molecule SF medium with 10% ECS

pAkt r* P
pERK T x*
pINK Pr* Pr*
pp38 - -
pPKC T N2

Table 5.1 — Differences in levels of activated sighing molecules in DMCat1 cells compared
to CCatl cells™**=a significant increase (p < 0.01',1‘ = an increase,— = no difference,

J+ = a decrease.

5.3.3 Inhibition of signalling pathways in DM1 lensepithelial cells

cultured in SF medium

In order to establish the role of particular siing pathways in autocrine
signalling in DM1 lens epithelial cells, inhibitorgere applied to CCatl and
DMCatl cells cultured in SF medium for 48 hours.

Signalling via the PI3K/Akt signalling pathway wathibited using the
PI3K inhibitor, LY294002 (25 uM) (see figure 5.1@).significant reduction in
growth was observed in both cell lines followingdan of the inhibitor (p <
0.01), however, levels of cell growth were sigrafitly lower in DMCatl cells
compared to CCatl (p < 0.01). Despite the sigmticaduction in cell growth, no
change was seen in levels of cell death measuiied tlee LDH assay in CCatl
cells. Although levels of cell death were elevatedMCatl cells, this was not
found to be statistically significant. Signallingavthe MAPK/ERK signalling
pathway was inhibited using the MEKZ1 inhibitor, FED89 (10 uM) (see figure
5.17). Neither cell growth nor cell death was digantly affected in either cell
line following addition of the inhibitor. Signallgnvia the MAPK/JNK signalling
pathway was inhibited using the JNK inhibitor, SB625 (1 uM and 10 uM) (see
figure 5.18). Levels of cell growth and death weot affected in either CCatl or
DMCatl cells following addition of SP600125 (1 pMjpwever, a significant
reduction in growth was observed in CCatl cellfofing addition of SP600125
(10 uM) (p < 0.05). Although a reduction in growtlas observed in CCatl cells

at this concentration, no significant effect wasrsm levels of cell death.
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Figure 5.16 - The effect of PI3K inhibition on DM1lens epithelial cells over 48 hours. (a) Cell
growth was measured by calculating the total protei (ug/ml) in cell lysates after 48 hours.
Protein values were normalised to the T = 0 valueof each cell line and averages were
calculated. Addition of LY294002 (25uM) resulted in a significant decrease in cell growt in
both CCatl and DMCatl cells, however, DMCatl had gnificantly lower levels of cell
growth following LY294002 addition compared to CCal (n = 4, data expressed as mean *
SEM of four independent experiments, statistical aalysis was performed by one-way
ANOVA with Tukey’s test, ** p < 0.01 relative to the relevant DMSO control,”* p < 0.01
relative to CCatl treated with LY294002 (25uM)). (b) LDH release was measured to analyse
cell death and levels were normalised to the totgbrotein levels at T = 0. Addition of
LY294002 resulted in an increase in cell death in BCatl cells but this was not statistically
significant (n = 3, data expressed as mean = SEM dhree independent experiments,

statistical analysis was performed by one-way ANOVAvith Tukey’s test).
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Figure 5.17 - The effect of MEK1 inhibition on DM1lens epithelial cells over 48 hours. (a)
Cell growth was measured by calculating the total tein (pg/ml) in cell lysates after 48
hours. Protein values were normalised to the T = @alue for each cell line and averages were
calculated. Addition of PD98059 (1@M) had no effect on cell growth (n = 3, data expresd
as mean = SEM of three independent experiments, sistical analysis was performed by one-
way ANOVA with Tukey’s test). (b) LDH release was masured to analyse cell death and
levels were normalised to the total protein levelst T = 0. Addition of PD98059 had no
significant effect on cell death (n = 3, data expesed as mean + SEM of three independent

experiments, statistical analysis was performed bgne-way ANOVA with Tukey'’s test).
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Figure 5.18 - The effect of INK inhibition on DM1 &ns epithelial cells over 48 hours. (a) Cell
growth was measured by calculating the total protei (ug/ml) in cell lysates after 48 hours.
Protein values were normalised to the T = 0 valueof each cell line and averages were
calculated. Addition of SP600125 (M) had no effect on cell growth, however, additiorof

SP600125 (1quM) significantly reduced growth in CCatl cells (n =3, data expressed as
mean * SEM of three independent experiments, statisal analysis was performed by one-
way ANOVA with Tukey’s test, * p < 0.05 relative toCCatl DMSO control). (b) LDH release

was measured to analyse cell death and levels werermalised to the total protein levels at T

= 0. Addition of SP600125 (1IuM and 10 pM) had no effect on cell death (n = 3, data
expressed as mean + SEM of three independent expeents, statistical analysis was

performed by one-way ANOVA with Tukey’s test).
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To verify that LY294002, PD98059 and SP600125 iiéd signalling
downstream of their targets, Western blots werdopmed on protein samples
collected 24 hours after addition of the inhibitdcsvels of pAkt were shown to
be markedly reduced following addition of LY2940@5 uM) as were levels of
pERK following addition of PD98059 (10 uM), howeyéevels of pJNK were
not reduced by SP600125 (1 uM and 10 uM) at eitbeacentration (see figure
5.19). At the greater concentration, SP600125 () was actually shown to

increase levels of pJNK.

Figure 5.19 — The effects of PI3K, MEK1 and JNK inkbition on downstream signalling in
DML1 lens epithelial cells after 24 hours. Levels afa) pAkt (b) pERK1/2 and (c) pJNK were
examined by Western blotting following addition ofLY294002 (25 uM), PD98059 (10 uM)
and SP600125 (1uM and 10 uM) respectively. Bands meanalysed densitometrically and
graphs show the activated protein levels normalisetb their total protein control. Addition of
LY294002 and PD98059 inhibited activation of Akt ad ERK1/2 respectively in both CCatl
and DMCatl cells, however, SP600125 failed to inhitthe activation of JNK.
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Figure 5.19 — see previous page for figure legend.
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5.3.3.1 Apoptotic cell death following inhibition & signalling
pathways in DM1 lens epithelial cells cultured in § medium

Inhibition of the PI3K/Akt pathway caused a siggaht reduction in cell
growth in both CCatl and DMCatl cells, however,imrease in cell death as
measured using the LDH assay was observed in Cegditl and the increase in
DMCatl cells was not significant. We therefore ugegimore sensitive technique
of the TUNEL assay to look specifically at levels apoptotic cell death. The
inhibitors, LY294002 (25uM) and PD98059 (1@M) were applied to CCatl and
DMCatl cells for 24 hours before levels of apogptotll death were analysed.

Inhibition of the PI3K/Akt pathway using LY294002esulted in a
significant increase in the level of apoptotic cédlath in DMCatl cells from
17.0% + 0.9% in the DMSO control (2u&ml) to 30.9% + 3.8% in LY294002 (p
< 0.05) (see figure 5.20). Interestingly, there wasdifference in the levels of
apoptotic cell death in CCatl cells with 12.2% ¥%. apoptotic cells in the
DMSO control compared to 11.5% * 4.1% in LY29400Ris data indicates that
inhibition of the PI3K/Akt pathway using LY294002ek increase levels of cell
death in DMCatl cells and that cell death occuesapoptosis, however, it does
not increase levels of cell death in CCatl cells.

Levels of apoptotic cell death were also analys#ldwing inhibition of
the MAPK/ERK pathway using PD98059 (see figure h.24o significant
difference in levels of apoptotic cell death wasebed between the DMSO
control (1 ul/ml) and PD98059 in CCatl or DMCatl cells. Apomatell death
did increase in CCatl cells following addition d$8059 from 10.9% + 2.5% to
17.4% = 2.8%, however, the variability in the saespldid not make this
significant. In DMCatl cells there were 16.7% =+ %.&poptotic cells in the
DMSO control compared to 15.4% + 2.4% in PD98059.
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Figure 5.20 — Apoptotic cell death in DM1 lens efitelial cells following PI3K inhibition.
CCatl and DMCatl cells were treated with DMSO (2.ul/ml) or LY294002 (25 uM) for 24
hours. (a) Fluorescent micrographs showing nucleabelled with DAPI (blue), apoptotic cells
labelled using a TUNEL assay (green) and F-actin keelled with Texas red-X phalloidin (red)
(bar = 200 um). (b) Analysis of TUNEL positive apoptotic cellsshows that addition of
LY294002 significantly increases apoptosis in DMCatcells (n = 3, data expressed as mean *
SEM of three independent experiments, statistical raalysis was performed by Student’'s T
test, * p < 0.05 relative to DMSO control and CCatZXells treated with LY294002).
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Figure 5.21 — Apoptotic cell death in DM1 lens efiklial cells following MEK1 inhibition.
Cells were treated with DMSO (1pl/ml) or PD98059 (10uM) for 24 hours. (a) Fluorescent
micrographs of cells showing nuclei labelled with BPI (blue), apoptotic cells labelled using
a TUNEL assay (green) and F-actin labelled with Teas red-X phalloidin (red) (bar = 200
um). (b) Analysis of TUNEL positive apoptotic cellsshows that addition of PD98059 has no
significant effect on levels of apoptotic cell deat(n = 3, data expressed as mean + SEM of

three independent experiments, statistical analysisas performed by Student’s T test).

181



5.3.4 Investigation of the Akt pathway in DM1 lensepithelial cells

The Akt pathway appears to be critical for surviveDM1 lens epithelial
cells and was therefore investigated in more detail

The PI3K activator, 740 Y-P (50 mg/ml), was applied CCatl and
DMCatl cells for 48 hours (see figure 5.22). A nmimicrease in protein levels
was observed in DMCatl cells indicating a sligltr@ase in growth, however, the
increase was not significant. No difference in eiotlevels was observed in
CCatl cells. LDH release was also measured ana@lezi/a significant increase in
cell death in both CCatl and DMCatl cells (p < D.01

Levels of the negative regulator of the PI3K/Akdtipvay, PTEN, were
analysed in DMCatl and CCatl cells following aduitiof SF medium
throughout the culture period shown in figure 3s@€ figure 5.23). Levels of
PTEN remained relatively consistent throughout ¢héure period in DMCatl
cells, however, levels of PTEN increased considgrab CCatl cells. Average
levels of PTEN throughout the culture period regdagignificantly lower levels
of PTEN in DMCatl cells compared to CCatl cells @.01).

In order to establish whether DM1 LECs do havedolgvels of PTEN or
whether the previous result was just a consequehtige increase in levels seen
in the control, the levels of PTEN were analysedlineight of the cell lines at
early time points (between days 29 and 36 of tHeu®iperiod shown in figure
3.9) during the culture period (see figure 5.24)e Tata revealed that CCatl cells
actually had the lowest level of PTEN comparedch®dther control cell lines and
that it was the only cell line with similar levetd PTEN to the DML1 cell lines.
Average levels revealed that DM1 cell lines haddovevels of PTEN compared
to the controls, however, this was not statistycaignificant due to the variability

in the cell lines.
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Figure 5.22 - The effect of Akt activation on DM1éns epithelial cells over 48 hours. (a) Cell

growth was measured by calculating the total protei (ug/ml) in cell lysates after 48 hours.

Protein values were normalised to the T = 0 valueof each cell line and averages were

calculated. Addition of 740 Y-P (50 ng/ml) had noignificant effect on cell growth (n = 4,

data expressed as mean + SEM, statistical analysiss performed by one-way ANOVA with

Tukey’s test). (b) LDH release was measured to ange cell death and levels were

normalised to the total protein levels at T = 0. Adition of 740 Y-P significantly increased cell

death in both CCatl and DMCatl cells (n = 4, dataxpressed as mean + SEM, statistical

analysis was performed by one-way ANOVA with Tukeys test, ** p < 0.01 relative to SF

control).
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Figure 5.23 — Levels of PTEN in DM1 lens epitheliatells cultured in SF medium. (a) An
example Western blot showing levels of PTEN from aelection of samples$ actin is included
as a loading control. (b) Bands were analysed detminetrically and levels of PTEN were
normalised to B actin. (c) Average PTEN levels revealed that DMCatcells had significantly
lower levels of PTEN compared to CCatl cells (n =31 data expressed as mean + SEM of
thirteen independent experiments, statistical analsis was performed by Student’'s T test, **
p < 0.01 relative to CCatl).
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Figure 5.24 — Levels of PTEN in DM1 lens epitheliatells. An example Western blot is shown
with § actin included as a loading control. Bands were atysed densitometrically and levels
of PTEN were normalised top actin. PTEN levels were greater in the majority otthe control

cell lines, however, this was not statistically sigficant (n = 3, data expressed as mean + SEM

of three independent experiments, statistical anabys was performed by Student’s T test).

5.3.4.1 Protein synthesis downstream of Akt in DMfens
epithelial cells
Akt activates mTORC1, which is a key regulatopuodtein synthesis (see

figure 5.1). The signalling pathway downstream dét Avhich is involved in
protein synthesis was inhibited using the mTORbitar, Rapamycin (25 nM and
50 nM), which blocks the activity of mMTORC1 (seguiie 5.25). Levels of cell
growth decreased in both CCatl and DMCatl cellbvahg addition of the
inhibitor, however, neither was statistically siggant. Levels of cell death were
not significantly affected in either CCatl or DMCatells following addition of
Rapamycin (25 nM and 50 nM).
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Figure 5.25 - The effect of mTOR inhibition on DM1llens epithelial cells over 48 hours. (a)
Cell growth was measured by calculating the total tein (pg/ml) in cell lysates after 48

hours. Protein values were normalised to the T = @alue for each cell line and averages were
calculated. Addition of Rapamycin (25 nM and 50 nM)had no significant effect on cell

growth (n = 3, data expressed as mean + SEM of tteendependent experiments, statistical
analysis was performed by one-way ANOVA with Tukeys test). (b) LDH release was
measured to analyse cell death and levels were noatised to the total protein levels at T = 0.

Addition of Rapamycin (25 nM and 50 nM) had no effet on cell death (n = 3, data expressed
as mean = SEM of three independent experiments, sistical analysis was performed by one-

way ANOVA with Tukey’s test).
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Figure 5.26 — Levels of pp70S6K in DM1 lens epithal cells cultured in SF medium. (a) An
example Western blot showing levels of pp70S6K from selection of samplesp actin is
included as a loading control. (b) Bands were anated densitometrically and levels of
pp70S6K were normalised top actin. (c) Average pp70S6K levels show that DMCathas
greater levels of pp70S6K compared to CCatl, howenehis is not statistically significant (n
=13, data expressed as mean + SEM of thirteen ingendent experiments, statistical analysis

was performed by Student’s T test).

187



Levels of activated p70S6K (pp70S6K), which isrfdudownstream of
MTORC1, were analysed in DMCatl and CCatl cell®vwiohg addition of SF
medium throughout the culture period shown in fegg.9 (see figure 5.26).
Levels of pp70S6K were higher at early time poidising the culture period.
After 64 days pp70S6K could no longer be deteate@Catl cells, however, low
levels were still found in DMCatl cells. Averagerdés throughout the culture
period revealed that DMCatl had greater levels pfO%6K, however, the
difference was not significant.

To confirm that inhibition of MTORC1 using Rapanmyenhibited the
activation of p70S6K, levels of pp70S6K in CCatt &MCatl cells treated with
Rapamycin (50 nM) for 24 hours were analysed usigstern blotting.

Rapamycin completely inhibited the activation 006K (see figure 5.27).
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Figure 5.27 — Levels of pp70S6K in DM1 lens epithal cells following inhibition of mTOR.
Protein levels of pp70S6K were examined by Westernblotting and analysed
densitometrically. Graph shows the activated protei levels normalised top actin. Addition

of Rapamycin (50 nM) for 24 hours completely inhiktied the activation of p70S6K.
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5.4 Discussion

Analysis of activated signalling pathways in b&Hh medium and medium
supplemented with 10% FCS revealed not only diffees between the two cell
lines, but also differences during the culture @arwithin each cell line (see
figures 5.6-5.15). Interestingly, there was relalyvlittle difference in levels of
activated proteins between cells cultured in SFiomdand those cultured in
medium supplemented with 10% FCS. Under both cmmditthe DM1 cell line,
DMCatl, had significantly greater levels of actedtAkt and JNK compared to
the control cell line, CCatl. Levels of pERK weleocagreater in DMCatl cells
under both conditions, however, the difference waly significant in medium
supplemented with 10% FCS. In SF medium, levelpRKC were greater in
DMCatl cells compared to CCatl cells, but this natssignificant. The opposite
was found in medium supplemented with 10% FCSgwsl$ of pPKC were lower
in DMCatl cells compared to CCatl cells, but thesvalso not significant. No
difference was found between pp38 levels in CCatd BMCatl cells under
either condition. Surprisingly, the pattern of aated protein levels appeared
similar between the two culture conditions (seeurgg 5.7 and 5.12 for an
example). Only active levels of p38 and JNK appgaie be reduced when
cultured in medium supplemented with 10% FCS coegbdo SF medium. As
p38 and JNK are involved in stress signalling itikely that levels would be
higher in the absence of added serum as this has df®wn to induce apoptosis
(see figure 3.15).

In the majority of cases, levels of both activapedtein and total protein
decreased during the culture period despite leviefsactin remaining relatively
stable. This could indicate that the expressioocetifsignalling proteins decreases
as the cells age. Expression of other proteinsh siscthe receptors known to
activate the signalling pathways that have beetysed, including FGFR-2 and
IGFR-1, have previously been shown to decreas@erhtiman lens in later life
(Bhuyanet al., 2000). The response of LEC explants to bFGF wss shown to
reduce with age in rats, with those from older ratsdergoing a slower
progression through the differentiation processesponse to bFGF (Lovicu &
McAvoy, 1992). Reduced expression of signalling esales in our cell lines

could therefore result from a reduction in expm@ssof the receptors which
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trigger their activation or could reveal a genérahd in protein expression which
reduces with age. Studies analysing gene expressidhe human lens have
revealed that epithelial cells from lenses with -sgjated cataract have
significantly reduced gene expression comparetided of clear lenses (Zhaag
al., 2002; Ruotoloet al., 2003). The first study used RT-PCR to show that
expression of ribosomal proteins was reduced in $ EOmM lenses with age-
related cataract. Ribosomal proteins are requivethi translation of mMRNA into
proteins, indicating that protein synthesis woulsbabe reduced in cataractous
lenses (Zhanget al., 2002). A further study used microarrays to aralys
expression of over 4000 genes and found that 262 dewnregulated in LECs
from lenses with age-related cataract. Interestintle largest class of genes
found to be downregulated were those involved gmaili transduction (Ruotolet
al., 2003). A reduction in protein expression can éf@e be linked to both
ageing and cataract development. Despite thisCtatl cells which showed the
greatest variability in levels of activated proteiwith some being undetectable
halfway through the culture period, had relativetpnstant growth rates
throughout culture, indicating that a reductiorcell signalling did not affect the
ability to proliferate (see figure 3.9a). This daighlights the variability in cell
lines and the requirement to analyse levels througltthe culture period, as is
seen here, in order to obtain the most accuratdtses

Signalling via the PI3K/Akt pathway appears todoical to the survival
of DMCatl cells. Firstly, the DM1 cells releasettas capable of activating the
PI3K/Akt pathway in FHL124 cells (see figure 4.3¢condly, DMCatl cells have
been shown to have significantly greater levelpAitt when compared to CCatl
cells (see figures 5.6 and 5.11), and thirdly, wikgmalling via the PI3K/Akt
pathway is blocked a significant decrease in cediMgh is observed (see figure
5.16) and the DMCatl cells were shown to have Bagmtly greater levels of
apoptotic cell death (see figure 5.20). This daeeals that signalling via the
PI3K/Akt pathway is necessary for survival in DMCalls. Interestingly, levels
of pAkt were significantly higher in DMCatl cellsiltured in both SF medium
and medium supplemented with 10% FCS. This dat&landicate that autocrine
signalling via the PI3K/Akt pathway is not only impant for survival during
serum deprivation, but may also be required fovisal in the presence of added

growth factors and serum. Further experiments itih@ signalling via the
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PI3K/Akt pathway in the presence of serum wouldréguired to confirm this.
However, in the presence of the many growth fadtmsad in serum, it is unlikely
that additional autocrine signalling would be regdj and therefore this could
indicate that activation of Akt is independent &k taddition or absence of
extracellular signalling molecules and is insteashshow more directly linked to
the triplet repeat mutation.

Akt requires phosphorylation of S473 by mTORC2 @808 by PDK1 for
full activation (see figure 5.1). In this study wetected phosphorylation at S473
as a marker of Akt activity. Phosphorylation ofstlsite is therefore not directly
linked to signalling via PI3K, however, inhibitioof PI3K using the specific
inhibitor, LY294002, blocks phosphorylation of S478dicating that it is also
regulated by PI3K activity (see figure 5.19a). Taggees with other studies which
have also shown that phosphorylation of Akt by mT2Rat S473 is regulated by
PI3K activity (Sarbassoet al., 2005). This data shows that signalling via both
MTORC2 and PI3K could be responsible for incredseels of Akt activation in
DM1 LECs. The mechanisms by which mTORC2 activeystimulated and
regulated is largely unknown, however, PI3K is\atttd mainly by nutrient and
growth factor stimulation, but may also be actidatyy some GPCRs (Franke,
2008). If the triplet repeat mutation triggers Addtivation, this could occur via a
more direct mechanism intracellularly or via thiease of factors which activate
the pathway extracellularly. A number of intracluregulators of the PI3K/Akt
pathway exist, however, the main intracellular tatpr is PTEN.

PTEN is a tumour suppressor which functions byatiegly regulating the
PI3K/Akt pathway. PTEN dephosphorylates P#hd converts it back to PIP
preventing the activation of Akt by PDK1. DMCatlllsewere shown to have
significantly lower levels of PTEN compared to CCatlls and analysis of all
eight cell lines also revealed reduced levels en@M1 cell lines, however, this
was not significant (see figures 5.23 and 5.24)s Thata is interesting as DMCatl
was shown to have greater levels of pAkt compaed€atl and this could
therefore be due to a reduction in the levels odERTPTEN levels increased in
CCatl cells during the culture period, which codecl with a decrease in pAkt
levels and underlines PTENSs role as a key regulaitdhe PI3K/Akt pathway.
PTEN levels could be reduced in DM1 cells in orderincrease PI3K/Akt

signalling and improve survival rates. PTEN itse$ regulated both
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transcriptionally and post-translationally. Anak/sif PTEN expression levels
using QRT-PCR may help to elucidate whether thectdn in PTEN protein is
due to a reduction in transcription of the geneERTs subject to many types of
post-translational regulation, including interan8o with other proteins,
phosphorylation, ubiquitination, oxidation and ataion, which can affect its
activity, breakdown and turnover (Wang & Jiang, 00Further experiments
would be required to assess any possible rolethleae modifications may play in
the reduction of PTEN in DM1 LECs. As CM from DMglklines was shown to
increase signalling via Akt in the non-virally tsiarmed cell line, FHL124, it is
unlikely that a reduction in PTEN alone is respblesfor the increase in pAkt in
DMCatl. A factor must also be released which attiwvdhe PI3K/Akt pathway
extracellularly, however, the identity of this facis unknown.

Activation of the PI3K/Akt pathway using the actioa 740 Y-P (50
mg/ml) caused a significant increase in cell daatlboth CCatl and DMCatl
cells (see figure 5.22). This was a surprising lteas inhibiting PI3K using
LY294002 (25uM) was shown to cause a significant decrease imwtfran both
CCatl and DMCatl cells and a significant increasapoptotic cell death in the
DMCatl cells. This data reveals that signalling tha PI3K/Akt pathway could
play roles in both survival and apoptosis in hurtears epithelial cells. Addition
of the PI3K activator may have caused an increagbe activation of Akt which
could have switched downstream signalling from salvto apoptosis via
crosstalk with other signalling pathways. Altermaty, 740 Y-P may not be a
specific activator of PI3K and may therefore interavith other proteins to
activate or inhibit other pathways which may bepoesible for the increase in
cell death (Derosgt al., 1998).

Inhibition of PI3K resulted in a significant decseain levels of total
protein in both CCatl and DMCatl cells which maydue to a reduction in
protein synthesis or in cell number. A reductioréli number could either be due
to increased levels of cell death or decreaseddeskeproliferation. Levels of
LDH revealed an increase in cell death in the DMGalls, but not in the CCatl
cells, although this was not significant (see fegbr16b). As the LDH assay did
not appear to be sensitive enough to find a sicanifi difference in the levels of
cell death, we used the more sensitive techniqUeJNEL to specifically analyse

levels of apoptotic cell death. Levels of apoptegese subsequently shown to be
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significantly increased in the DMCatl cells followgi addition of the PI3K
inhibitor, LY294002 (see figure 5.20). This datadicates that signalling
downstream of PI3K/Akt is primarily involved in suwal in DMCatl cells and
that the decrease in levels of total protein follayPI3K inhibition was therefore
due to a reduction in cell number due to incredseels of cell death. This could
be confirmed by analysing the phosphorylation ofvdstream proteins involved
in the survival pathway such as BAD. BAD is a ppmjtotic protein which
targets the anti-apoptotic proteins Bcl-2 and Bclir the mitochondria and
inactivates them. Phosphorylation of BAD by Aktates a binding site for 14-3-3
proteins which bind to and sequester BAD in theoplgsm. This results in the
release of Bcl-2 and Bcl-xL and therefore promat@vival (Manning & Cantley,
2007). As increased levels of cell death does ppear to underlie the decrease in
levels of total protein following PI3K inhibitiomiCCatl cells, signalling must
therefore be involved in either protein synthesipmliferation in normal LECs
(see figure 5.1).

The signalling pathway downstream of Akt whichinigolved in protein
synthesis signals via mTORC1 and p70S6K (see figutg This pathway was
inhibited using the mTOR inhibitor, Rapamycin, whibinds to and inhibits the
MTORC1 complex. Surprisingly, no significant desedn total protein was
observed in either CCatl or DMCatl cells, indiagtihat blocking the pathway
did not affect cell growth (see figure 5.25). Inbidn of MTORC1 by Rapamycin
was shown to prevent the activation of p70S6K wihwchild inhibit the activation
of S6 Kinase and should therefore have blockedeprasynthesis (see figure
5.27). A more direct method to analyse levels aftgin synthesis, such as
addition of radioactive amino acids and measurreirtincorporation into newly
synthesised proteins, may have given a more aecunatsure of the effects of
Rapamycin and may therefore have shown that thi€/RK? pathway is involved
in protein synthesis in human LECs. However, th&a gmesented here suggests
that signalling via the PI3K/Akt pathway does naindicantly affect protein
synthesis in either cell type.

Inhibition of PI3K signalling resulted in a sigiént decrease in levels of
total protein extracted from dishes of both CCatid BMCatl cells. In DMCatl
cells this was shown to be due to increased lewélsapoptosis, therefore

indicating that downstream signalling of the PI3Ki{Apathway was primarily
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driven via the survival pathway. However, this wet the case in CCatl cells,
which did not show increased levels of cell de&tignalling via the downstream
pathway involved in protein synthesis was also shtavhave no significant role
in the CCatl cells. This leaves the downstreamvgaghinvolved in proliferation
as the only remaining possible cause for reduceeldeof total protein in CCatl
cells following PI3K inhibition. This pathway wasmninvestigated in the cell
lines and therefore cannot conclusively be desdriéi®e the pathway by which
PI3K/Akt primarily signals via in the CCatl cellepwever, it is likely that
inhibition of PI3K prevented the inhibition of tlell cycle regulators p2¥Y/\Vat
and p2#P' by Akt and these would therefore continue to blazdl cycle
progression. Analysis of levels of phosphorylateB1PFYVe" and p2#*r?
following PI3K inhibition would confirm the role dhe cell proliferation pathway
downstream of Akt in CCatl cells. Interestinglypeession of p24**Va™ and
p27%! has been shown to be downregulated in DM1 myablg&mchenkoet
al., 2001b; Salisburgt al., 2008). Downregulation of p22"a™ expression was
found to result from increased levels of pAkt, whghosphorylate CUG-BP1 and
prevent it from upregulating translation of §21"** mRNA (Salisburyet al.,
2008). Downregulation of p2P*"a and p2#*! prevents DM1 myoblasts from
exiting the cell cycle and initiating differentiati. It would therefore also be
interesting to analyse levels of total §P¥"3™ and p2¥*"* in DM1 LECs. If
p21°PWatl gand p2*#*! are found to be downregulated in DM1 LECs, signgll
via Akt would be less important for the preventadrcell cycle inhibition and this
could explain why signalling is primarily involvad survival in DM1 LECs but
not in control LECs.

As well as pAkt, levels of pERK (see figures 5nd&.12) and pJNK (see
figures 5.8 and 5.13) were also found to be elelvate DMCatl cells. The
MAPK/ERK pathway is mainly associated with prolddon and differentiation
in the lens (Lovicu & McAvoy, 2001; lyengat al., 2006; Wangget al., 2009b).
Inhibition of the MAPK/ERK pathway had no signifittaeffect on levels of total
protein or cell death as shown by LDH release &edlMUNEL apoptosis assay in
DMCatl or CCatl cells (see figures 5.17 and 5.RIJPK/INK signalling in the
lens has previously been associated with survivahg et al., 2004; Seomuret
al., 2005). Interestingly, inhibition of signallingavUNK did not affect survival in

DMCatl cells and only affected cell growth and/ooliperation in CCatl cells
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when added at a much greater concentrationufd)0than its 1Go value (see table
2.1 and figure 5.18). However, at greater concéotra (> 10uM) the JNK
inhibitor SP600125 can also inhibit the activityather signalling molecules such
as isoforms of ERK, p38 and PKC, which could themefhave caused the
decrease in cell growth and/or cell proliferati@eiinettet al., 2001). Levels of
pJNK were analysed following addition of SP600125hbioth cell lines and
revealed that JNK activation was not inhibited aatdhigher concentrations
SP600125 actually increased pJNK levels (see figui®c). This could either
indicate that the inhibitor does not block JNK eation or that the cells are able
to overcome its effects through, for example, theakdown or removal of the
inhibitor. SP600125 is an adenosine trisphosphAfEP)-competitive inhibitor
and therefore competes with ATP to prevent thevatitin of JINK. If ATP levels
are greater in LECs compared to other cell typstetkeusing the inhibitor, then
greater concentrations may be required to prevliit dctivation. The role of
increased levels of pJNK in DMCatl cells is therefanknown and requires
further investigation with a more specific inhibitor greater concentrations of
SP600125. The JNK pathway is associated with eellstkess as it is activated in
response to stressors such as UV radiation, cygekigrowth factor deprivation
and DNA damaging agents. The JNK pathway can prerboth survival and
apoptosis, with these opposing effects thoughtetoniediated by the length and
strength of the activating signals (Krishna & NayarR008). Significantly
increased levels of pJNK in DM1 cells could indeahcreased exposure to
cellular stress which may be linked to the triplgpeat mutation. Although JNK
activation in the lens has been associated withivalrfollowing exposure to UV
radiation and oxidative stress, it is possible ftesustained activation results in
increased levels of apoptosis in the DM1 LECs (Leingl., 2004; Seomust al.,
2005). Further experiments are required to invagighe role of JNK signalling
in DM1 LECs.

Analysis of signalling pathways activated in cejil®wn in SF medium
and medium supplemented with 10% FCS revealedsigatlling via JNK, p38
and PKC appeared to be greater under conditioseraim deprivation. This is not
surprising as activation of both the MAPK/IJNK andARK/p38 pathways is
associated with cellular stress. We did not fing/ alifferences between SF

medium and medium supplemented with 10% FCS inldevkactivation of Akt
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or ERK which would indicate autocrine activatiorithtdugh levels of pPKC were
greater in DMCatl cells in SF medium and lower iadmm supplemented with
10% FCS, neither was significantly different fromC&1l cells. Further
experiments are required to investigate any passible that the PLC/PKC
signalling pathway may play in increased levelsaapbptotic cell death in DM1
LECs in SF medium. As signalling via PLC resultsaimise in intracellular C&
levels, leading to PKC activation, the role of Emsed CH in the DM1 cells
would also need to be investigated. Rhoetes. (2006) observed increased levels
of cell death in the DM1 LECs used in this studijofming addition of the C&
ionophore, ionomycin, when compared to controlsnolaycin results in
prolonged high levels of intracellular calcium, waihithe DM1 LECs were more
susceptible to (Rhodes al., 2006). Elevated levels of active PKC have alsenbe
linked to the presence of expanded CUG repeatsMd Bnd were shown to be
responsible for the increased activation of CUG-BRikerved in the disease
(Kuyumcu-Martinezet al., 2007). Inhibition of PKC in a heart-specific meus
model was shown to increase survival rates by iequ€UG-BP1 steady-state
levels, which ameliorated the cardiac conductiorfects and contraction
abnormalities observed in the mouse model (Watrady, 2009a). Increased levels
of apoptotic cell death could therefore result fromareased signalling via PLC
leading to C& release and elevated levels of activated PKC, hewethis
requires further investigation. Levels of pp38 eased in DMCatl cells in SF
medium, however, this was also observed in CCatls gesulting in no
significant difference in pp38 levels. Active p3&svalso only detected early in
the culture period when both cell types were grgwimell, indicating that
signalling via p38 does not play a role in apoptatll death. Levels of pJNK
increased in DMCatl cells in SF medium and weraiggntly higher compared
to CCatl cells, indicating that increased activatid INK may be responsible for
the increased levels of apoptotic cell death in Dé&lls when cultured in SF
medium.

From the data described in this chapter, it isrcteat signalling via the
PI3K/Akt pathway is critical to the survival of DMAEL cells, but it is not as
important for survival in CCatl cells. In the abserof PI3K/Akt signalling,
DMCatl cells undergo apoptosis. During culture, léwels of both Akt and pAkt
were shown to decline, which coincides with a réiducin cell populations
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observed in DMCatl cells. It is possible that as@iMCatl cells age, they are no
longer able to maintain the level of signalling ikt that is required to maintain
survival. The reduced population doubling times ahdrter lifespan of DM1
LECs may result from sustained activation of JNKd am reduction in the
activation of Akt during culture respectively.

DM1 cataract patients have been shown to haveceedUEC densities,
with larger cells maintaining coverage of the eglitim over the lens (Abet al.,
1999). As the lens epithelium maintains the balawicens and water which is
vital to lens transparency, a loss of cells frons thyer could result in loss of
transparency and cataract development. Cataradvih patients form in later
life and even in congenitally affected patientsytloan take over a decade to
develop. It is possible that as the cells age thayress lower levels of either the
receptors that are responsible for Akt activationof Akt itself, resulting in a
reduction in pAkt levels and a subsequent incr@asgoptotic cell death in DM1
LECs. Increased levels of cellular stress causirsgiagned activation of JINK may
also contribute to increased levels of apoptotit death. Greater levels of
apoptosis caused by reduced levels of pAkt andsest activation of JNK could,
therefore, underlie the formation of cataracts M1D
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CHAPTER 6
GENERAL DISCUSSION

6.1 General discussion

The development of pre-senile cataracts is ondeihtost distinctive and
key features of DM. The characteristic, iridescepgcities present in patients
affected both minimally and congenitally. Desplte prominence of cataracts in
the disease, very little is known about the medrasibehind their development.
Three main hypotheses have been proposed to exp&agevelopment of DM1 in
general: firstly, a reduction IlDMPK expression; secondly, a reduction in
expression of the neighbouring gen&55 and DMWD; and thirdly a gain of
function by the mutanDMPK mRNA. In the lens, the hypothesis with the
greatest support to explain cataract developmestraduced expression SiX5.

In two separate studies using knock-out mice, pla@x5"") or complete $ix5")
loss of Sx5 resulted in the development of cataracts and tlvedence and
severity of lens opacities increased with decrepSiK5 dosage (Kleserét al.,
2000; Sarkaet al., 2000). However, the cataracts which formed didhave the
characteristic features of DM1 cataracts as n@sgdnt, dust-like opacities were
found and the cataracts formed in the nucleus gsosmul to the posterior
subcapsular region where they are found in DMlepédi Further to this, similar
cataracts are also found in DM2, which is caused bgpeat expansion mutation
found at a different gene locus and 8i%5 gene is unaffected in this form of the
disease. As no conclusive mechanism had been fidentto explain the
development of cataracts in DM1, this study ainedhvestigate the underlying
mechanism in the lens using human LECs derived fodfd cataract patients.

Previous work in this laboratory characterised hinenan lens epithelial
cell lines used in this study and showed that DIMPK gene contained large
triplet repeat expansions only in the DM1 cell 5n®BMPK was shown to be
expressed in the control and DM1 LECs as wellSB& and DMWD. SX5
expression was found to be significantly reducethenDML1 cell lines compared

to the controls (Rhodest al., 2006). In this study we employed two further
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control cell lines and found th&X5 expression was also low in these cell lines,
indicating that the expression of this gene is lyighariable in LECs and the
haploinsufficiency ofS X5 that has been observed previously in DM1 may eot b
a true result of the DM1 mutation (see figure 312)is data adds further weight to
the argument again& X5 haploinsufficiency as the cause of DM1 cataraat. |
this study we also found expressionDNIPK in all of the cell lines and revealed
that the transcripts from the mutant allele in DeHlIs formed foci which are
trapped within the nucleus (see figures 3.3 angl JHis is a significant finding
because the formation of nuclear fociDNIPK transcripts is a common feature in
cells affected by DM1 and is linked to the sequegin of MBNL proteins and
the increased activation of CUG-BPs which are imedl in the regulation of
splicing events (Timchenket al., 2001a; Fardaegt al., 2002). Although foci
were shown to form and the LECs were found to esgiviBNL1, MBNL2, CUG-
BP1 andCUG-BP2 (see figures 3.5 and 3.6), we found no differencevels of
alternatively spliced isoforms of transcripts commiyo affected in DMLI.
Alternative splicing has been used to explain mainthe symptoms of DM1, for
example, the altered splicing of the chloride cle@iC-1 is thought to cause the
myotonia which is a characteristic feature of tisedse and altered splicing of IR
is likely to underlie insulin resistance and diasetvhich is often observed in
DM1 (Savkuret al., 2001; Mankodet al., 2002). As no aberrant splicing patterns
were observed in the DM1 LECs used in this stuide,ymptom of cataract does
not appear to result from this mechanism. Thedtiptpeat mutation iDMPK
must therefore exert its effects via a differenth@nism in the lens.

The repeat regions that cause DM are unstable aased towards
expansion. The repeats not only expand when pdsseceen generations, but
also expand in the somatic cells of an individuatirth their lifetime. This is
known as somatic mosaicism and the level of expangaries depending on cell
and tissue type, for example, cells in skeletal slajsheart and brain have
significantly larger repeat expansions than leukegy(Thorntonet al., 1994).
Lens cells from DM1 cataract patients have alsonbglgown to have larger
repeats than those found in peripheral blood sasripten the same patient (Abe
et al., 1999). The cultured human DM1 LECs used in thisgdyg have also
previously been shown to contain large repeats 4801 even at the earliest

passage sampled and these were found to expantyduuiture (Rhodest al.,
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2006). The size of the triplet repeat in the leosla@ explain the development of
cataracts even in mildly affected patients, asdargpeats would make the lens
more susceptible to their downstream effects. @atardo not develop in mildly
affected patients until later in life and do notvelep in congenitally affected
patients until at least 10 years of age (Harped120The accumulation of repeats
in the lens during the lifetime of an individualutd explain why this is observed.
An interesting study by Khajawt al. (2001) aimed to investigate the
mechanism behind the expansion of the triplet rejppeBM1 and showed that the
repeat containing alleles of DM1 lymphoblastoid<ékerived from blood, shifted
towards expansion via multiple ‘step-wise’ mutatoand also through rarer
‘gross’ mutations. Rare gross mutants which galaggk repeats (40-290 repeats)
were shown to eventually replace the progenitoelallpopulation. It was
hypothesised that this was due to a growth advaraéthe mutant with the larger
CTG repeat size over the progenitor population. dimkors showed that this was
the case by mixing cell lines containing differemtes of the expanded repeat
which consistently resulted in survival of the degle containing the larger repeat.
The growth advantage was attributed to the incebpsdiferation rate of the cells
containing larger repeat expansions, which wasddorbe due to downregulation

CPWall axpression. As p2¥ W2 inhibits cell cycle progression, lower

of p2
levels result in an increased proliferation ratep&t number was therefore
shown to correlate inversely with cell doubling ¢ésn(Khajaviet al., 2001). In
this study we found similar population doubling ¢isnin all DM1 LECs which did
not appear to correlate with the previously puldéhepeat sizes for these cell
lines (summarised in figure 3.1a) which contraditis data from Khajawt al.
(2001) (Rhodest al., 2006). Khajaviet al. (2001) only compared the growth
rates of DM1 cell lines with varying repeat sizesl aid not show whether DM1
cell lines proliferated faster than controls, hoemvthe lifespan of DM1
lymphoblastoid cell lines was shown to be signifiba shorter than controls as
DML1 cell lines reached an average of 10.5 passeg@pared to controls which
reached over 25 passages (Khagi\al., 2001). In this study we have shown that
the contol cell lines proliferate at a faster rdtan the DM1 cell lines as the
controls have shorter population doubling times parad to DM1 LECs. We
have also shown that the lifespan of our DM1 lep#helial cell lines is

significantly shorter than the controls, as DM1 IlE=survived for an average of
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79.5 days in culture compared to control LECs wlsahvived for over 101 days
(see figure 3.9). Furlingt al. (2001a) have also shown that the lifespan of
satellite cells derived from muscle biopsies of gmmital DM1 foetuses was also
reduced. Lifespan was measured by counting the aumbdivisions the cells
could go through before reaching growth arrest,ctviwas found to be between
50 and 60 divisions for control cells but a maximomonly 31 divisions was
observed in DM1 cells. The number of divisions vaé shown to be lower in
cells derived from a foetus showing more severassif the disease (Furlire
al., 2001a).

DM1 has been described as a premature ageingddrsas many of its
symptoms are often commonly associated with ageingh as cataract, erectile
dysfunction, frontal balding, insulin resistanceydiac arrhythmias and muscle
weakness (Harper, 2001; Antongtial., 2009). If expansion of the CTG repeat
confers a proliferative advantage, as shown by &hagt al. (2001), this may
indicate that DM1 cells proliferate faster and cbtlierefore reach growth arrest
earlier which could underlie the suggestions ofnatire ageing and senescence
observed in the disease. However, this is unlilslyt would lead to greater cell
numbers which has not been observed in the diseabess cell death is also
greater. A further study using satellite cells froamgenital DM1 foetuses showed
that neither proliferation nor cell death was geeah DM1 cells compared to
controls. A 59% increase in loss of telomere lemghcell division was, however,
observed and DM1 cells stopped dividing with longgomeres than controls.
This was shown to result in the premature senescehthe cells which could be
overcome by blocking the pl6 cyclin-dependent lenashibitor. p16 is a key
regulator of replicative senescence and can begufated in response to telomere
shortening and stress mechanisms including DNA densnd oxidative stress.
pl6 was activated earlier in DM1 cells compareddntrols, however, increased
levels of telomere shortening was shown to be iaddpnt of p16 activation and
was suggested to result from increased susceptitnlireactive oxygen species in
DML1 cells as this has previously been shown toetate with CTG repeat length
(Usuki & Ishiura, 1998; Bigogt al., 2009).

A number of studies have reported that DM1 cefid aells containing
expanded CTG repeats have a reduced toleranceess gUsuki & Ishiura, 1998;
Usuki et al., 2000; O'Cochlairet al., 2004; Rhodest al., 2006; Usukiet al.,
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2008). A recent study has shown that myoblasts fidM1 patients have
increased levels of stress. This was shown to leetaldhe activation of PKR by
CUG repeats which inactivates eukaryotic initiatitactor 2 a (elF2x) and
prevents translation of downstream mMRNASs, resultimgformation of stress
granules (Huichaladt al., 2010). Transgenic mice expressing over 25 extpees

of a completeDMPK gene with normal sized repeats revealed DM1-like
symptoms upon ageing. The accumulationD®fiPK transcripts was shown to
cause severe cellular distress which affected aardkeletal and smooth muscles.
Symptoms included workload intolerance, hypertropbardiomyopathy and
myotonic myopathy, which are all characteristid®fi1 (O'Cochlainet al., 2004).
Rhodeset al. (2006) showed that DM1 LECs have increased exioessvels of
the C&"-activated K channel, SK3, which led to increased levels of @ehth in
conditions of calcium overload. Mouse myoblastsndfacted with DMPK
containing varying numbers of CTG repeats, showé&ds Qepeat number-
dependent susceptibility to oxidative stress, tewylin apoptosis (Usuki &
Ishiura, 1998; Usuket al., 2000). In this study, we have shown that DM1 LECs
are less able to withstand the stress of being ignomSF medium compared to
control LECs. SF medium contains no added growtitofa and therefore the
cells rely on autocrine signalling to maintain sual. We have shown that DM1
cells have significantly increased levels of aptiptoell death when cultured in
SF medium compared to controls, indicating thatoenre signalling was
somehow impaired in these cells leading to increéasesceptibility to stress (see
figure 3.15). Reduced lifespan, premature senescand increased susceptibility
to stress can all result in a reduction in cell bemin DM1 tissues which could
contribute to some of the symptoms observed indisease, such as muscle
atrophy and cataract formation.

Lens epithelial cell density has been shown toetese with age and as the
incidence of cataract increases with age, thisccodicate a link between the two
(Konofskyet al., 1987; Guggenmoosholzmaainal., 1989). It has been suggested
that LECs in vivo accumulate damage from agentshich the lens is exposed to
throughout life, such as UV radiation and hydrogemoxide, and this damage
impairs their function and leads to cell death @daposet al., 1998). Studies
have shown that cataractous lenses contain gneatelers of apoptotic cells and

that cell death precedes cataract development (isky@t al., 1987; Liet al.,
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1995; Li & Spector, 1996). Analysis of the lensthkplium in DM1 cataract
patients revealed reduced population densitiegrd Epithelial cells (Abet al.,
1999). The decrease in cell density appeared wependent on the age of onset
of disease symptoms, with lower densities obseiwepatients with an earlier
onset. The lens epithelium contained larger cells&intain coverage of the lens;
however, fewer cells may not be capable of maimtgilmomeostasis in levels of
ions and water and may not offer enough protediiotine underlying fibre cells
from damaging agents such as UV radiation and tixiglansults, which could
lead to the development of cataract. Whether deeckéevels of proliferation or
increased levels of cell death caused the redue#ddensities in lenses from
DM1 cataract patients is unknown. However, if thiEQCrepeats in DM1 LECs
make them more susceptible to stress, then it doeildypothesised that exposure
of the lens to normal levels of damaging agents ozase cell death earlier than
in normal controls.

Increased levels of cell death could underlie reataformation in DM1,
however, the mechanisms that lead to increaseddealh are unknown. In this
study we have shown that DM1 LECs have greatelddesecell death compared
to controls when grown in both SF medium and medsuipplemented with 10%
FCS (see figure 3.12). We have also shown that DEIs have greater levels of
apoptosis when cultured in SF medium (see figui®)3.We hypothesised that
autocrine signalling is impaired in DM1 LECs leaglito increased levels of
apoptotic cell death when cultured in SF medium. iWestigated the release of
autocrine signalling factors in DM1 LECs by coliegt conditioned medium (CM)
and applying it to the non-virally transformed legyithelial cell line, FHL124.
We found that DM1 CM significantly increased growéimd/or survival in
FHL124 cells and activated signalling pathways Itegyiin greater levels of Akt
activation compared to controls (see figures 4 4i ). We investigated the role
of the FGF and IGF signalling pathways in autocsignalling in DM1 LECs as
both pathways have been shown to activate siggallia PI3K and Akt in the
lens (Chandrasekher & Bazan, 2000; Chandrasekigail&ja, 2003, 2004; Wang
et al., 2009b). Inhibition of FGFR1 in DM1 LECs culturedSF medium resulted
in a significant decrease in growth, however, rftecence was found in levels of
cell death (see figure 4.14). No difference wastbin either cell growth or cell
death following IGFR-1 inhibition (see figure 4.19phibition of FGFR1 in

203



FHL124 cells during DM1 CM addition resulted in acdease in growth and
levels of pAkt, however, both were still elevateaimpared to addition of SF
medium, indicating that other factors were als@aséd by the DM1 cells (see
figures 4.11 and 4.12). Low levels of bFGF werenfbin the DM1 CM, however,
addition of greater levels of bFGF to FHL124 celig not increase growth and/or
survival or levels of pAkt to the same extent as whserved following DM1 CM
addition (see figures 4.5, 4.8 and 4.12). This dadécates that other factors are
responsible for the increase in growth and levélpAkt in FHL124 cells. As
DM1 cells were shown to release factors capablenofeasing growth and/or
survival, this would indicate that their responseghese factors are impaired as
cell death is increased in these cells comparemmdrols. In order to investigate
this, we analysed the activation of signalling pais in DM1 LECs which are
known to be involved in growth, proliferation, sival and apoptosis within the
lens.

Studies have shown that CTG repeats can leadet@akibrrant activation
and/or regulation of signalling pathways in DM1lsgHernandez-Hernandex
al., 2006; Usukiet al., 2008; Beffyet al., 2010). Usukiet al. (2008) showed that
aberrant activation of the MAPK/INK pathway in setlontaining large triplet
repeats instead of the MAPK/ERK pathway led to dethth rather than survival
when exposed to oxidative stress. Beétyal. (2010) showed that sustained
activation of the MAPK/ERK pathway along with reédc activation of the
MAPK/p38 pathway prevented differentiation in myadts from congenitally
affected DM1 foetuses compared to controls, whiohlat play a role in the
impaired muscle development observed in congerisll. The study also
showed that enlarged vacuoles formed in the DMIs,cehich were not observed
in controls. These were found to be autophagic el@sy which are double-
membraned vesicles which fuse with lysosomes toadiegcellular components.
Autophagy is regulated by mTOR and is suppresseathyation of the PI3K/Akt
signalling pathway, which could also indicate thegulation of the PI3K/Akt
signalling pathway is disturbed in these cells ¢kt al., 2010). A further study
has also identified disturbances in the PI3K/Akthpay in a neuronal cell line
expressing 90 CUG repeats (CTG90 cells) (Hernahtignandezt al., 2006).
Hernandez-Hernandez al. (2006) showed that the failure of CTG90 cells to
differentiate in response to nerve growth factorsuiigely due to the altered
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activity of microtubule-associated protein ta) &énd the impaired activation of
glycogen synthase kinas@ 8GSK33) which regulates phosphorylation. GSK3B
activity is negatively regulated by phosphorylatatrresidue S9 by pAkt. Levels
of pAkt were found to be reduced in the CTG90 clding to an increase in
GSK33 activity and hyperphosphorylation aof, which could be linked to
symptoms observed in the CNS in DM1, such as meetardation. Aberrant
activation of signalling pathways could thereforaypa role in some of the
symptoms observed in DM1.

To investigate whether aberrant activation of allgmg pathways led to
increased levels of apoptosis in DM1 cells cultureé6F medium, we analysed
pathways activated in response to both SF mediudnna@dium supplemented
with 10% FCS. Signalling via the MAPK/INK, MAPK/p38nd PLC/PKC
pathways appeared to increase in SF medium in DECd.compared to levels
observed in medium supplemented with 10% FCS (gpmek 5.8 to 5.10 and
5.13 to 5.15). As the MAPK/JNK and MAPK/p38 pathwagre activated under
stress conditions, it is not surprising that adiora is higher during serum
deprivation. Active levels of p38 were only detectmarly in the culture period
and as levels of p38 also increased in control LEBCSF medium, no difference
was found in the levels observed in DM1 LECs coragato controls. Active
levels of JNK, however, were found throughout thdtwe period and were
significantly higher in DM1 LECs compared to comgtoSustained activation of
JNK can lead to apoptosis and therefore requirehdu investigation in DM1
LECs as it may play a role in the increased lewglapoptotic cell death in SF
medium compared to controls. Although levels oivecPKC were found to be
higher in DM1 LECs when cultured in SF medium comepato medium
supplemented with 10% FCS, levels were not sigmifily different to those
observed in the control LECs. Signalling via PLGiaates PKC by increasing
levels of DAG and intracellular Ga Elevated levels of intracellular €ahave
previously been shown to cause increased levelselbfdeath in human DM1
LECs (Rhodegt al., 2006). Transgenic mice which express 25 extréaesopf the
DMPK gene with normal repeat sizes also demonstratéwcedlular C&
overload which promoted nuclear translocation afiscription factors responsible
for changes in gene expression leading to hypdricopcardiomyopathy

(O'Cochlainet al., 2004). Increased signalling via PLC could therefalso play a
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role in apoptotic cell death in DM1 LECs cultured $F medium via increased
levels of intracellular C4 and pPKC, however, this requires further invesiiga

Cell death was also greater in DM1 cells cultured medium
supplemented with 10% FCS compared to controlsfigeee 3.12), however, the
increase in apoptotic cell death was not signifiqaee figure 3.15). Analysis of
activated signalling pathways in medium supplemasenwith 10% FCS
revealed that DM1 LECs had significantly increasetivation of the PI3K/Akt
and MAPK/JNK pathways compared to controls, whicswalso observed in SF
medium (see figures 5.6, 5.8, 5.11 and 5.13). hswd activation of the PI3K/Akt
pathway in DM1 LECs was shown to encourage theaivigal as inhibiting the
pathway led to increased levels of apoptosis (seed 5.20). Increased activation
of the MAPK/JINK pathway could have the oppositeeefffas this can lead to
increased levels of apoptosis, however, the roleigifalling via the MAPK/INK
pathway was not elucidated as the JNK inhibitoro@R25, was found not to
inhibit the MAPK/INK pathway in this study. The taised activation of JNK
indicates that the DM1 LECs are exposed to inciokdeeels of cellular stress,
which is known to activate the pathway, even whaliuced in medium with
serum. Signalling via the MAPK/JNK pathway coul@rndfore be responsible for
the reduced population doubling times observed MiLILECs by increasing cell
death (see figure 3.9).

As no single pathway was shown to be significanfyyegulated in only
SF medium in DM1 LECs compared to controls, it a@ppeunlikely that the
increase in apoptotic cell death in SF medium is guthe aberrant activation of
signalling pathways. However, the PI3K/Akt and MABKK pathways are
aberrantly activated in DM1 LECs in both SF mediama medium supplemented
with 10% FCS. The JNK signalling pathway has besows to be activated by
serum deprivation and we found that levels of pJNeteased in both cell types
in SF medium (Huangt al., 1997). As DM1 LECs had greater levels of pJNK in
medium supplemented with 10% FCS, it is likely thatum deprivation caused a
further increase in signalling via the MAPK/INK Ipaty which resulted in
greater levels of cell death when compared to cbhE&Cs.

Although an increase in signalling via the PI3Ki{Adathway appeared to
be protective in DM1 LECs, this may not be the dasether cell types. Increased
levels of pAkt have also been demonstrated in loottured and primary DM1
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myoblasts (Salisburgt al., 2008). Activated Akt was shown to phosphorylate
CUG-BP1 at serine residue S28, which increasednteeactions of CUG-BP1
with mRNA of the cell cycle regulator, cyclin Dl.rdnslation of cyclin D1
MRNA is increased by interactions with CUG-BP1uttisg in increased levels
of proliferation. CUG-BP1 was also shown to be piasylated by cyclin D3-
cdk4/6 at serine residue S302, which increases GBG- binding with
p21CPYWatl and CCAAT-enhancer-binding proteif (C/EBFB) mRNAs. An
increase in translation of p24*"a™ and C/EBB by CUG-BP1 is required to
block cell cycle progression and enable differgirain myoblasts. Therefore,
phosphorylation of CUG-BP1 can play an importante rmm regulating both
proliferation and differentiation in myoblasts. lets of cyclin D3 were found to
be lower in DM1 myoblasts and along with elevategtels of pAkt, which
increased phosphorylation of CUG-BP1 at S28 andwaged CUG-BP1 to
bind to cyclin D1 mRNA rather than p2%/Ve" and C/EBB mRNAs, these
resulted in a block in differentiation in DM1 myalsts. Increased levels of pAkt
could therefore contribute to the impaired diffdration of skeletal muscle in
DM1 patients. If the triplet repeat mutation is pessible for increasing Akt
activity in other cell types affected by DM1, thdére response will be cell type
specific. In LECs, increased levels of pAkt inceearvival which confers an
advantage, whereas in myoblasts it leads to imgbailiferentiation which is
detrimental.

Here we have shown that DM1 LECs require signgllira the PI3K/Akt
pathway for survival in culture. However, we havgashown that levels of both
total Akt and active Akt in control and DM1 LECsdieed over time during a
four month culture period (see figures 5.6 and pb.lLl&vels of other downstream
signalling molecules such as ERK and PKC also appet® decrease (see figures
5.7, 5.10, 5.12 and 5.15). Interestingly, studiagsehshown that expression of
receptors such as FGFR-2 and IGFR-1 decrease imuthan lens in later life and
the response of rat LEC explants to bFGF also eslweith age (Lovicu &
McAvoy, 1992; Bhuyaret al., 2000). Expression of proteins involved in signal
transduction have also been found to be lowernsde with age-related cataract
(Ruotolo et al., 2003). This data could therefore indicate thdhegi protein
expression in general decreases with age in trse tenthat a reduction in levels

of receptors that respond to growth factors resnlts reduction in protein levels
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of downstream signalling molecules. Either way, eduction in signalling
molecules could prevent the signals from growth andvival factors reaching
their destination. As DM1 LECs appear to rely ognsiling via the PI3K/Akt
pathway for survival, this could explain the redomigtin population doubling
times observed during the culture of DM1 LECs ahdirt limited lifespan
compared to controls (see figure 3.9).

Although the cause of increased activation of &ktl JNK in DM1 LECs
is unknown, it appears to result from the preseasidhe triplet repeat. However,
we could speculate a possible mechanism which wbald the triplet repeat
mutation to the activation of Akt and JNK in theselise. Transcription of the
mutantDMPK allele found in DM1 results in the production dNR containing
CUG repeats. The expanded CUG repeats have beem sbdorm stable hairpin
structures where the repeat tract folds back ceif itsad results in formation of
dsRNA with GC and CG base pairs separated byJmismatches. These hairpin
structures have been shown to activate PKR, wlich protein kinase activated
by dsRNA of over 30 bp in length which is usualljyfound in cells following
infection by viruses which contain dsRNA (Tianal., 2000). PKR initiates anti-
viral responses by phosphorylating elicx2hich prevents its recycling and results
in a block in protein synthesis (Garcéh al., 2006). PKR can also regulate
translation, cell cycle progression and apoptoses mteractions with other
proteins including protein phosphatase 2A, nucfeator kB (NF-«xB) and p53.
Interestingly, PKR has also been shown to reguleectivity of Akt, ERK, JNK
and p38 (lordanoet al., 2000; Takada&t al., 2007; Alisiet al., 2008). Signalling
induced by the cytokine, tumour necrosis factor FJNias been shown to be
regulated by PKR which was required for TNF induaetivation of Akt and JNK,
however, it was shown to negatively regulate atitwaof ERK and p38 (Takada
et al., 2007). In a separate study, the activation of IYyKdIsRNA was shown to
require PKR-mediated inhibition of protein syntlsed§ly a mechanism which
activated the upstream kinase, MKK4 (lordambwal., 2000). PKR has also been
shown to directly interact with Akt and p38 to réga their activity, with the
interaction with Akt encouraging its activation atige interaction with p38
resulting in its inhibition. Through its interaati® with Akt and p38, PKR was
shown to play a role in regulating muscle differatdn, which could also link to
the muscle symptoms observed in DM1 (Aksial., 2008). Beffyet al. (2010)

208



showed that DM1 myoblasts had reduced activity &P /p38 which could be
responsible for impaired muscle differentiatiorthe disease. Activation of PKR
by the expanded CUG repeats found in DM1 could efloee underlie the
reduction in p38 that is observed in DM1 myobldsten congenitally affected
foetuses (Beffyet al., 2010). A recent study has confirmed that PKR Ieage
elevated in primary DM1 myoblasts and found th# téd to increased levels of
phosphorylated elfe2 resulting in cellular stress (Huichalef al., 2010). If the
unusual hairpin structures that are formed by theaeded CUG repeats are
confirmed to activate PKR in DM1 LECs, then throuflese interactions PKR
could cause the increase in pAkt and pJNK levei$ pAkt encouraging survival
and pJNK likely leading to increased levels of daptp cell death. It is also
possible that the hairpin structures formed byGhiG repeats may activate other
sensors of dsRNA that are present in cells. Thesede receptors such as toll-
like receptor 3 (TLR3), which is located in endosbiwompartments, and retinoic
acid-inducible gene 1 (RIG-1) and melanoma diffeetion-associated gene 5
(MDA5) which are cytoplasmic sensors. These senswtvate signalling
pathways which result in the nuclear translocatadnNF-«xB and interferon
regulatory factor 3 (IRF3), resulting in the protlan of the type | interferons
(IFNs), IFNo and IFNB. IFNs are cytokines which are released by celisiaduce
autocrine and paracrine signalling via the typenteiiferon receptor (IFNAR)
which results in transcription of IFN stimulatedngs (ISGs) (Baum & Garcia-
Sastre, 2010). ISGs regulate many cellular prosegserotect the host cell from
infection and prevent the spread of viruses, faneple, by inhibiting cell growth
and proliferation, and by activating apoptosis (S201). IFNs have been shown
to activate the PI3K/Akt pathway resulting in mT@Rivation, which was found
to be essential for translation of some ISG mMRNAd #Ns have also been
shown to induce sustained activation of the MAPK{JNathway leading to
apoptosis (Yanaset al., 2005; Kauret al., 2008). IFN activation of the PI3K/Akt
pathway has also been shown to promote survivalagiavation and nuclear
translocation of NReB, which counteracts the apoptotic effects of IFNsome
cell types (Yanget al., 2001). An increase in levels of pAkt in the DMECs
may therefore be induced by IFN to counteract amsed levels of pJNK and
maintain survival. If the hairpin structures formiegl the CUG repeats are found

to stimulate IFN production, this could also berfduo underlie increased levels
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of cell death in DM1 LECs. Release of IFN couldoalse responsible for the
effects observed following addition of DM1 CM to EXR4 cells as growth
and/or survival and levels of pAkt were found taregmase. If DM1 CM contains
IFN, addition of DM1 CM to FHL124 cells could proteosurvival via Akt,
however, long term addition could result in incezhsevels of cell death via the
sustained activation of JNK, which may not havenbeleserved in the short term
experiments performed in this study. The role oRPad other dsRNA sensors in
DM1 lens epithelial cell death, and in DM1 in geerrequires further
investigation.

DM1 cataractous lenses have reduced LEC densitg éAal., 1999). A
reduction in cell number could result from increhdevels of cell death or
reduced levels of proliferation. From this study tnave shown that DM1 LECs
are subject to increased levels of cell death coetpdo control LECs. As
cataracts form later in life in minimally affect&®M1 patients and take at least a
decade to form in congenitally affected patiertigs suggests that the underlying
cause of cataract formation takes a while to dgvetcexert its affects. If levels of
active signalling pathways are age dependent, asbserved in the cultured
human LECs, then a reduction in active signallirgeaules could underlie DM1
cataract. An increase in levels of cell death, apdcifically apoptosis, as a
consequence of reduced signalling via PI3K/Akt andtained activation of the
MAPK/JINK pathway throughout the life of DM1 patiertould therefore result in
cataract development in the disease.

6.2 Summary of major conclusions

The data presented in this thesis has reveale@ smwvel and important
findings that may help to further the field of rasgh into cataract formation in
DM1. We have shown that SIX5 levels are not affédby the triplet repeat
mutation and thaDMPK is expressed in the lens where transcripts foron ifo
the nuclei of DM1 LECs. This data may help to sthi# emphasis of research into
DM1 cataracts away from the current hypothesiSI¥b haploinsufficiency and
towards possible mechanisms downstream of mutamsdript production.
Although we found no evidence for alternative splicin the proteins that we

investigated, there are many more that have beserodd in other tissues in
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DM1 that we did not analyse, but could be poterd@alses of cataract formation
in DM1, such as the sarcoplasmic/endoplasmic refincucalcium ATPase
(SERCA). Two isoforms of SERCA, SERCAL1 and SERCA® alternatively
spliced in DM1 muscle cells and have been linkedrpaired C&" homeostasis
in the disease (Kimurgt al., 2005). The SERCA isoforms SERCA2 and SERCA3
are present in the lens and have been linked &wamtformation due to their roles
in C&* homeostasis (Litt al., 1999). Analysis of alternative splicing of these
isoforms in DM1 LECs could therefore be very ingtieg. This study has also
highlighted the role of signalling pathways in tharvival of DM1 LECs. We
have shown that the DM1 LECs release factors ih® medium which are
capable of activating the Akt pathway and incregggnowth in FHL124 cells.
Activation of Akt was found to be upregulated in RNMIECs which was critical
to their survival. PTEN, the negative regulatotte# Akt pathway was also found
to be downregulated. During culture the levels Aktpdeclined in the cell lines
which coincided with a decline in cell numbers. écline in cell number in the
lens could lead to cataract formation due to a tddsomeostasis in levels of ions

and water.
6.3 Future directions

In order to build upon this project, further replies are required for a
number of the experiments and confirming the resultall eight cell lines would
be of great benefit. Many of the interesting resgthuld then be followed up and
investigated further. Establishing the identitytbé factor(s) released by DM1
LECs which activates the Akt pathway and increagewth in FHL124 cells is a
key area for future studies. Cytokines, such aarfiettons, are strong candidates
and these could be investigated using multiand®tESAs. Identification of the
pathways which lead to the release of factors eyDM1 LECs is also of great
importance. Microarrays could be used to examim@ession levels of thousands
of genes at once which could highlight pathways #ra aberrantly activated in
DM1 LECs. Pathways that are either up or downrdgdlan the DM1 LECs
compared to controls may be direct or indirect effeof the triplet repeat
mutation and may therefore cause or contributdhéosymptoms of the disease.

This project has laid the groundwork for a new ®tar DM1 cataract research.
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