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Abstract: 

Posterior capsular opacification is the main complication of cataract surgery 

and results from the proliferation, migration and differentiation of lens epithelial cells 

remaining in the capsular bag. To better understand this pathological cell behaviour. I 

investigated the interactions between lens epithelial cells and the bovine lens capsule 

in vitro and their effect on cell viability. As determined by a colorimetric cell 

proliferation assay, in vitro culture of cells directly on the bovine lens capsule resulted 

in maintained cell viability in the presence of staurosporine in both lens epithelial cell 

lines tested, but in neither of the two non-lens cell lines tested. As determined by 

immunoblotting and reverse-transcriptase polymerase chain reaction (RT-PCR), cell 

viability on the bovine lens capsule could further be correlated to the presence of both 

aA-crystallin and aB-crystallin expression. A positive correlation of cell viability on 

the lens capsule with vimentin and HSP27 expression was also found in a smaller set 

of cell lines. As determined by gelatin zymography and immunoblotting, MMP-2 was 

expressed by lens epithelial cells, led to the release of FGF-2 and IGF-1 from the lens 

capsule and correlated with lens epithelial cell viability. 

Taken together, these results suggest that the lens capsule can act as a store of 

releasable growth factors available to the lens epithelial cells, with effects on their 

protein expression and cell viability. 



1. Introduction: 

1.1. Lens Biology: 

The lens. by allowing the focusing of images onto the retina, is an essential 

pm1 of the visual system and is a conserved component of the eye throughout the 

animal kingdom, with evidence of a lens structure being found even in some 

dinoflagellates species (Gehring, 2002). In vertebrates, differential transcription factor 

expression during embryogenesis leads to the establishment of two continuous, but 

morphologically very distinct, cell populations within the lens, the proliferative 

anterior epithelial cells and the differentiated posterior fibre cells, with the latter the 

bulk of the lens mass. Transparency and a constituting refractive index gradient 

throughout the fibre mass are crucial to the lens function and both are made possible 

by the chaperone and osmotic properties of the crystallin proteins. 

1.1.1. From the ectoderm to the lens vesicle: 

During Embryogenesis, the future lens originates from the lens placode on the 

head ectoderm and progresses through to the closed lens vesicle stage under the 

direction of a transcription factor cascade. The initial induction of the ectoderm 

occurs in two phases. The early phase establishes the surface ectodenn lens-forming 

competence during gastrulation and the neural plate stage, when signals from 

neighbouring neural lolds lead to Sox3, Otx2 and Pax6 expression. During the later 
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phase of ectoderm induction, the optic vesicle, a lateral protrusion of the 

diencephalon that will ultimately become the retina, comes in contact with the lens­

competent ectoderm. This induces a decrease in ectoderm Otx2 expression, while 

maintaining Pax6 expression (Ashery-Padan and Gruss, 2001). From then on, Pax6 

orchestrates lens development. 

Pax6 controls lens placode formation via an early expression of sFRP2 and 

Sox2, followed by a later expression of CMaf and LMat~ Prox I and FoxE3 (Ashery­

Padan and Gruss, 200 I). During those later stages of the lens placode fom1ation, Pax6 

expression is maintained by BMP7 and through the FGFRs (Wawersik et al., 1999: 

Faber et al., 2001). Pax6 also maintains Six] expression, which was initiated by Otx2 

at the presumptive ectoderm stage and contributes to further Pax6 expression in a 

positive loop (Kawakami et al., 2000). At the cellular level, these new transcription 

factors have conflicting effects on protein expression. This can be interpreted as an 

early presence of all the transcription factors able to promote fibre differentiation 

which are being antagonised by another set of transcription factors, eventually 

enforcing an epithelial phenotype. At the level of crystallin expression, this 

competition is manifested in the limitation of aA-crystallin transcription by FoxE3 

(Biixt et al., 2000) in the presence of the pro-a-crystallins transcription factors Pax6 

(Cvekl and Piatogorski, 1996) and Mafs (Kondoh, 1999). Pax6 also represses B­

crystallin expression (Kondoh, 1999), while the antagonistic effects of the pro­

transcription Prox-1 and the anti-transcription Six3 result in repression ofy-crystallins 

expression (Lengler et al., 2001). Non-crystallin examples include FoxE3 
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predominance over Proxl to repress Cdknlc expression (Blixt et al., 2000). thus 

preventing early cell cycle exit, which would result in reduced proliferation and, 

hence, a smaller adult lens. 

Progressing to the next developmental stage, the cells of the lens placode 

thicken, probably followed by apical contraction of zonulae adherens and their 

associated actin bundles (Lo et al., 2000) to produce an invagination of the placode 

into what is termed the lens pit. Further invagination forms the lens vesicle which 

maintains close proximity with the optic vesicle (Francis et al., 1999) and is 

temporarily in contact with the surface ectodenn by the lens stalk, which is later 

degraded under FoxE3 supervision (Blixt el al., 2000). Lens vesicle formation 

coincides with a decrease in Sox2 expression, which, being linked to lens placode 

fonnation, is no longer needed and an increase in Sox I expression, which will be later 

employed during primary fibre differentiation (Kondoh, 1999). At that stage, the cells 

of the lens vesicle form a unicellular layer, with their basement membrane, the lens 

capsule (detailed in section 3-1-2), facing outwards. For the first time, the anterior 

cells and the posterior cells are exposed to different micro-environmental conditions, 

i.e. the developing anterior aqueous humour and posterior vitreous humour. These 

different conditions are associated with the first signs of lens cell polarisation, such as 

the expression of connexin 46 and connexin 50 (Jiang et al., 1995) and of p57, a 

cyclin dependent protein kinase inhibitor, in the posterior cells (Lovicu et al., 1999). 

1.1.2. Lens polarisation and primary fibres differentiation: 
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Outside the lens, tissue polarisation is controlled by different growth factors in 

the anterior (Van Setten et al., 2002) and posterior (Koyama et al., 2003) chambers of 

the eye. Experiments on the embryonic chick eye lens have shown that aqueous 

humour factors derived from the embryonic plasma induce proliferation in epithelial 

cells (Hyatl and Beebe, 1993), while vitreous humour factors induce induces 

elongation and crystallin production (Becbe et al., 1980). Both factors antagonise 

each other, as adding aqueous humour to the vitreous humour abolishes cell 

elongation (1-lyatt and Bee be, 1993) and their effects on the determination of lens cell 

phenotype are so strong that when the exposure to those factors is inversed, such as in 

the early experiments using a 180° rotation of the already di fl'crentiated lens 

(Coulombre and Coulombre, 1963), the original epithelium is induced to form fibres 

and an epithelial monolayer appears on the originally-posterior side. Insulin-like 

gro'A1h factor (IGF) -2, in combination with libroblast growth factor (FGF) -2 or 

platelet-derived growth factor (PDGF), has been proposed as the pro-epithelium 

aqueous factor (Hyatl and Beebe, 1993), while IGF-1 has been identified as the pro­

fibre vitreous factor (Bee be et al., 1986). 

Inside the lens, the exposure to different growth factors translates into a 

decrease in the levels of pro-epithelial transcription factors, such as Pax6 and FoxE3. 

in the posterior cells only, allowing the remaining transcription factors to induce fibre 

differentiation. In the anterior cells, however, transcription factor levels are 

unchanged and the epithelial phenotype is retained. The posterior cells' differentiation 

into the primary fibres is under the control of Prox 1, which mediates p57-induced exit 

from the cell cycle and, together with Sox 1 (Nishigushi et al., 1998), maintains, but 
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does not initiate. cell elongation into pnmary fibres (Kondoh, 1999). Extensive 

expression of a-, ~- and y-crystallins in the fibre cells is essential to the correct 

differentiation of the fibres (reviewed in Graw, 1999) and to the properties of the 

future lens (detailed in sections 1.1.4.2 and 1.1.5.1 ). Accordingly, a-crystallin 

expression is up-regulated by cMaf, ~-crystallin expression is de-repressed by the 

absence of Pax6, and y-crystallins' expression is de-repressed and induced by the 

absence of Six3 and the retention of Prox 1, respectively (Kondoh, 1999). 

Primary fibre elongation also correlates with the establishment of a cell-to-cell 

communication network, which will later allow nuclear fibres' survival in the 

avascular lens. This is manifested by the initiation of basal major intrinsic protein 

(MII') expression (Yancey et al., 1988), connexin 46 and connexin 50 expression at 

the basal and apical ends of the fibres (Jiang et al., 1995) and the transition from E­

cadherin to N-cadherin expression (Kondoh, 1999). When the fibres reach the anterior 

epithelial cells, apical ends of both epithelial and fibre cells exhibit zonulae adherens 

with associated actin bundles and fascia adherens bridge epithelial cells and primary 

fibres (Lo et al., 2000). 

Primary fibre cell denucleation, which is necessary for the transparency of the 

future adult lens nucleus, follows (detailed in section 1.1.4.1 ). 
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1. 1. 3. Secondary lens fibres: 

1.1.3.1. Secondary lens fibres differentiation: 

Once the primary fibres are established as the lens nucleus, secondary fibre 

differentiation starts from the bow region of the lens, which is the only site of Prox I 

and p57 expression from this stage onwards (Wigle el al., 1999; Lovicu and McAvoy, 

1999). Sox I and cMaf, however, continue to be expressed throughout the fibre mass 

and promote continuous crystallin expression (Kondoh, 1999). 

Induction of secondary lens fibre differentiation is predominantly driven by 

FGF-1 and FGF-2 (reviewed in Chamberlain and Me Avoy, 1997). Both FGF forms 

are more concentrated in the vitreous humour than in the aqueous humour and, as the 

lens epithelial cells reach the posterior bow region, the increased FGF exposure 

triggers an initial migration response, followed by differentiation. Amplification of 

the response also occurs, as stimulation of the FGF pathway leads to up-regulation of 

FGFRs. 

Differentiation itself is first characterised by cell elongation, the result of K + 

intracellular retention, leading to water uptake and increase in cell volume (Parmelee 

and Beebe, 1988). Elongating secondary fibre cells face the epithelial cells via their 

apical ends and the posterior capsule via their basal end (Lo e/ al .. 2000). They are 

pushed along the outer and inner cortex by the younger libres leaving the equatorial 
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region and encircle the older fibres at the centre of the lens. Hence, the fibre mass is 

made of concentric layers of progressively older fibres. 

The high elongation rate varies little between fibres from the outer to the inner 

cortex, at around 145pm per day in the chicken lens, (Bassnett and Winzenburger, 

2003) and requires constant addition of membrane material to the plasma membrane. 

To this end, single and bundled microtubules run parallel to the plasma membrane 

and mediate membranous vesicle transport. The microtubule ccntrioles arc found 

exclusively at the fibres' apical ends and, as a result, all the minus ends of the 

microtubules arc at the apical side, i.e. the anterior side of the lens, and all plus ends 

are at the basal side, i.e. the posterior side of the lens. The microtubule role in plasma 

membrane addition is limited to the outer cortex of the lens, as they arc not found in 

fibres after organelle loss (Lo et al., 2003; Dahm et al., 1997). Elongation stops when 

facing fibres contact, first at the posterior suture, then at the anterior one (Bassnett el 

al., 2003). Contact between fibres at the sutures is associated with a disassembly of 

both basal and apical zonulae adherens, correlating with detachment from the 

posterior capsule and the lens epithelium, respectively, and a decrease in N-cadherin 

expression, correlated with an increased vinculin expression and the extensive 

fom1ation of membrane interdigitations along the long sides of the fibres (Bee be et 

al., 200 I). Hence, the mature fibres are in contact only with the immediate younger 

and older fibre layers and cannot directly access the ions, mctabolitcs and growth 

factors present in the aqueous and vitreous humours. Loss of organelles, which is 

essential for transparency, follows (detailed in section 1.1.4.1 ). 
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1.1.3.2. Secondary lens fibres maintenance: 

As the fibre mass is not vascularised, the differentiated fibres' survival 

depends on the diffusion of metabolites through the lens, which is known to involve 

both intracellular and extracellular pathways (Goodenough et al., 1980). 

Although the epithelial cells and the fibre cells are juxtaposed at their apical 

ends, before the fibre cells reach the sutures, dye loading studies have shown that 

metabolite transport directly from the epithelium to the fibres is very restricted (Rae 

et al., 1996). It also appears not to involve Gap junctions, as these are absent from the 

epithelium-fibre interface (Dahm cl al., 1999; Bassnett et al., 1994). Rather, 

metabolite transport to the mature fibres relies on diffusion from the peripheral lens 

fibres, which are still transcriptionnaly active (Faulkner-Jones et al., 2003). In the 

outer cortex, intracellular diffusion is restricted to Gap junctions (Shestopalov et al., 

2000), which limits transport to small water-soluble molecules (Aiberts et al., 2002). 

i.e. prevents protein diffusion. However, in the inner cortex and nucleus, where 

dcnucleation of cells prevents protein turn-over, diffusion of macromolecules is made 

possible by the formation of a syncitium, developmentally established from the lens 

nucleus outwards and mediated by discrete, but abundant, cytoplasmic fusions 

(Shestopalov et al., 2000). This syncitium includes a small number of nucleated cells, 

allowing the diffusion towards the innermost layers of the tibre mass of both 

membranous and cytoplasmic proteins newly produced by younger peripheral cells 

(Shestopalov et al., 2003). Gap junctions are also retained and rendered pl-1-
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insensitive by connexin50 cleavage (Grey et al., 2003), allowing them to stay active 

in the acidic lens nucleus (Mathias et al., 1991 ). 

Extracellular diffusion, allowing transport such as GLUT3-mediated glucose 

uptake, also occurs in the lens cortex, but abruptly stops at the transitional zone. This 

correlates with MP20 re-localisation from the cytoplasm to the plasma membrane, 

resulting in increased cell-to-cell adhesion and the formation of a physical barrier to 

extracellular diffusion (Grey et al., 2003). Preventing metabolites from accumulating 

in the inter-membranous space, this barrier eliminates refractive index discontinuity 

between adjacent fibre cells. 

1.1.4. Lens transparency: 

1.1.4.1. Establishment of lens transparency: 

Lens transparency is achieved by the programmed degradation of all maJor 

organelles during fibre differentiation, giving rise to a central organelle-free zone 

(OFZ) which coincides with the visual axis of the lens. 

The steps of organelle loss have been extensively studied in the chick lens. In 

this system, the Golgi apparatus is the first organelle to be lost, with degradation 

initiated at the equator and completed within a lcw cell layers into the outer cortex 

(Bassnett, 1995). Mitochondrial loss is initiated at E8. after re-localisation of the 
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mitochondria, which in peripheral fibre cells are elongated and evenly distributed 

throughout the cytoplasm, to perinuclear clusters, and is characterised by 

fragmentation, followed at E I 0 by swelling and cristae disruption. By E 12, 

mitochondria are absent from the fibre cells (Bassnett and Becbe, 1992). 

Nuclear loss, first described by Kuwabara and lmaizumi in 1974, is initiated 

in the OFZ, after endoplasmic reticulum (ER) loss (Bassnett and Mataic, 1997), but 

simultaneous with mitochondria loss (Basnctt, 1992), and has been suggested to slwre 

common pathways with apoptosis, as Bcl2 and Bad. caspase-1 and capsase-3 are all 

expressed in chick fibre cells during development (Wride et al., 1999). Bcl-2 over­

expression (Fromm and Overbeek, 1997) and caspase-1 inhibition (Wride et al., 

1999) have also been shown to result in decreased nuclear degeneration. In contrast to 

apoptosis, however, nuclear loss takes several days to complete and is not associated 

with nuclear membrane blebbing (Bassnett and Mataic, 1997), but rather with 

CyclinB/p34'"'2 complex activity and nuclear location, which is reminiscent of 

mitosis-related nuclear membrane loss (Gao et al., 1995). Nuclear loss may he 

initiated by intracellular pH, 02 or Ca2
+ changes directly resulting from the loss of the 

ER and/or the mitochondria (Bassnett, 2002), or by increased tumour necrosis factor 

(TNF) -a signalling (Wride and Sanders, 1998). It is executed by early transcription 

shutdown (Dahm et al., 1998) followed by nuclear lamina breakdown, involving 

nuclear pore aggregation (Dahm and Prescott, 2002), phosphorylation by the 

CyclinB/p34'd'2 complex and nuclear membrane degradation (Bassnett and Mataic, 

1997). Nuclear membrane breakdown extends to the contiguous ER membrane 

system. which is degraded at the same time (Bassnett, 1995). These nuclear 
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membrane changes are accompanied by partial uncoiling of the heterochromatin to 

form, with the euchromatin, a homogenous pool of 30nm-thick tibres, followed by 

segregation and export or degradation of all nuclear proteins, except hi stones which 

stay associated to the DNA fraction, The strong nuclear localisation of y-crystallin, 

CP49 and tilensin at this stage is an indication of their possible role in DNA uncoiling 

and protein segregation. Further DNA uncoiling follows to form I Onm fibrils, with 

eventual degradation of both DNA and histones (Vrensen el al., 2004). DNase L 

DNase 11 and DNase 11-like acid Dnasc (DLAD) have been proposed as candidates tor 

DNA digestion (Bassnett el al., 1997; De Maria and Arruti, 2004; Nishimoto e/ al., 

2003) and the ubiquitin-proteasome pathway, members of which are present and 

active in the lens cortex (Pereira el al., 2003), as candidate for histoncs degradation 

(Vrensen e/ al., 2004). 

A number of mice models have been established which present with pcrsitent 

cell nulei in the tibre cell compartment (a8 connexin knock-out mouse (Rong el al., 

2002), ectopic AP-2a mouse (West-Mays e/ al., 2002) and E2F-l knock-out mouse 

(McCaffrey el al., 1999)). All three models produce cataractous mice. However, the 

presence of other important lens disruptions, such as increased lens cell proliferation, 

vacuole lommtion and decreased gap junction size, make it di flicult to dctennine the 

precise effects that persistent nucleation alone has on the development of these lenses. 

1.1.4.2. Maintenance of lens transparency: 
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Although the ubiquitin-proteasome is present and efficiently degrades 

damaged proteins in the lens epithelium and outer fibre layers, its activity in the lens 

nucleus is reduced due to a loss of ubiquitin-conjugating enzymes (Pereira e/ al., 

2003). Therefore, maintenance of transparency in the lens relies heavily on the 

chaperone activity of the lens crystallins to prevent protein aggregation (Bloemcndal 

e/ al., 2004 ). 

a-crystallin is found as a high molecular complex of 800 kDa composed of an 

arrangement of two polypeptides of 20kDa each, aA- and aB-crystallin , in a three to 

one ratio (Wistow and Piatigorsky, 1988). The chaperone activity of a-crystallin 

relies on A TP binding of aB-crystallin, which induces conformational changes and 

the exposure of hydrophobic residues which bind amino acids (a.as) on the 

chaperone' substrate, i.e a misfolded or unfolding protein. The crystallins' 

hydrophobic residues are spaced with polar a.as, allowing the bound substrate to 

maintain a refoldable state and preventing it from aggregating with other untolfed 

proteins (Haslbeck, 2002). Site-directed mutagenesis studies have shown the 

importance of Asp69, situated in a conserved charged cluster (Smulders el al., 1995), 

and Argll6, in the C-terminal domain (Kumar e/ al., 1999), tor aA-crystallin 

chaperone properties and the importance of Arg 120 (Kumar e/ al., 1999), Thr 144 and 

Glyl47 (Derham el al., 2001), all situated in the C-tem1inal region for aB-crystallin 

chaperone properties. This C-tcrminal region allows aB-crystallin to bind its fellow 

sHSPs aA-crystallin and HSP27 (Liu el al., 1999). 
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a-crystallin is the main protector of lens transparency in the lens, as shown 

when lens total soluble protein fractions, which remain transparent after prolonged 

heating, lose this ability when a-crystallin is selectively removed (Rao e/ al., 1995). 

Targets of a-crystallin include the ~-crystallins and y-crystallins, which it binds to 

form a soluble high molecular weight aggregate (Rao et al., 1995). Another a­

crystallin target is the cytoskeleton, as a-crystallin pmticipates, with CP49 and 

filensin, in the lens-specific beaded filament (Prescott et al .• 1996) and is known to 

increase solubilisation of the intermediate filaments vimentin m1d CP49 (Nicholl et 

Quintan, 1994). Proteins of the plasma membrane also possibly associate with a­

crystallin, as a fraction of a-crystallin is palmitoylated, indicating plasma membrane 

anchorage (Manenti e/ al., 1990). 

The relative importance of the a-crystallin constitutive polypeptides, aA­

crystallin and aB-crystallin, in lens transparency differs, as aA-crystallin (Brady et 

al., 1997), but not aB-crystallin (Andley et al., 2001 ), knockout mice develop 

cataract. 

The transparency of a-crystallin itself is mediated by the repulsive short range 

interactions between individual a-crystallin molecules, which insure that, instead of 

aggregating at high concentration, such as the 450mg/ml found in the human lens 

nucleus (Horwitz, 2003; Fagerholm el al., 1981 ), the individual molecules form a 

regular spatial arrangement, resulting in elimination of light scatter by destructive 

interference (Tardieu, 1998). 
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The efficacy of a-ctystallin in maintaining lens nucleus transparency is limited 

by the original a-crystallin content of the differentiated lens fibre. Protein synthesis is 

thought not to occur in inner fibres as ribosomal ribonucleic acid (rRNA) is 

extensively degraded, thus preventing the transcription of otherwise stable mRNA 

(mitochondrial RNA) (Faulkncr-Jones e/ al., 2003). With age, the soluble a-crystallin 

fraction progressively decreases, then disappears from the nucleus (Rao e/ al., 1995). 

Concomitantly, the high molecular weight soluble fraction increase, correlating with a 

decrease in a-crystallin activity (Fujii e/ al., 2003) and eventually reaching a size 

allowing light scatter (Rao el al., 1995). This decrease in activity might be the effect 

of a loss of a-crystallin structure with age, probably due to oxidation (detailed in 

section 1.2.2). With time it would eventually result in an overall failure of chaperone 

efficiency and the formation of opacity-causing aggregates. 

a-crystallin activity can also be indirectly affected by disrupting molecular 

transport within the lens mass. As an example. the induction of nuclear opacities in 

mouse models of galactose cataract is thought to involve hydration and subsequent 

swelling of the hyperosmotic sugar-rich lens, leading to fibre membrane damage 

allowing Ca2+and Na+ intracellular influx (Hightower and Misiak. 1998). Calcium is 

present in the healthy lens as membrane bound aggregates throughout the fibre mass 

extracellular space, with the exception of GAP junction regions, and, after organelle 

loss, can also occasionally be found as small precipitates in the cytoplasm, possibly 

bound to ~-crystallin (Van Marle e/ al., 1997). The increase in calcium documented 
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in galactose cataract (Hightower and Misiak, 1998) is compatible with the in vitro 

Ca2+-induced decrease in a-crystallin chaperone activity, with higher Ca2+ 

concentrations also inducing decreased thermal stability, loss of tertiary structure and 

partial unfolding (del Valle et al., 2002). Calcium also affects a-crystallin chaperone 

function indirectly by activating calpain-mediated membrane protein degradation, 

thus increasing the pool of cJystallin-binding proteins. 

1. 1. 5. Lens refractive index: 

1.1.5.1. Establishment of lens refractive index: 

The exact direction of the incoming light path through the lens depends on the 

lens' refractive properties. The plasma membranes of the fibre cells constitute a major 

discontinuity along the light path through the fibre mass. Changes to the plasma 

membranes' structure, as in the CP49 knockout mouse, which exhibit loss of 

interdigitation and variation in diameter along the fibre, result in increased light 

scattering and disrupted focal length (Sandilands et al., 2003). In the outer cortex, 

fibres are tightly packed following a regular hexagonal arrangement maintained by 

actin bundles, which run parallel to the long axis at each corner of the fibre (Lo el al., 

1997). This regularity allows concentration of the light path along a single axis with 

minimal scatter in all other directions and compensate for the difference in refractive 

index between membrane and cytoplasm (Michael e/ al., 2003). Plasma membrane 

morphology, however, changes with lens fibre differentiation and membranes in the 
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lens nucleus present extensive interdigitation, mediated by a coordinated push-pull 

action of actin branching and clathrin-AP2 complex, respectively, between 

neighbouring cells (Zhou and Lo, 2003). This should result in increased light 

scattering. However, the composition of the membrane itself also changes with fibre 

differentiation and both sphingomyelin content and cholesterol to phospholipids ratio 

are greatly increased in membranes in the nucleus, which reduces the refractive index 

of the membranes. Meanwhile, as the cytoplasmic refractive index is increased in the 

nucleus, both cytoplasm and plasma membrane reach comparable retractive indexes 

and constitute an homogenous medium in which light scattering cannot be produced 

(Michael et al., 2003). 

The increase in cytoplasmic refractive index is due to the mass1ve up­

regulation of crystallin expression, which in the nuclear fibre cells accounts for over 

90% of the total protein fraction (Horwitz, 2003). In the lens epithelium and as 

explained in section 1.1.1, Pax-6 up-regulates aA-crystallin and aB-crystallin 

expression (Cvekl and Piatogorski, 1996; Gopal-Srivastava et al., 1996), but represses 

13-crystallin expression (Duncan et al., 1998). Meanwhile, y-crystallin expression is 

suppressed via the methylation of its promoter region (Peek et al., 1991 ), and the 

conflicting effects of Prox I and Six3 (see section 1.1.1 ). In the fibre cells, and as 

explained in section 1.1.2, crystallin expression is strongly up regulated, with cMaf 

up-regulating a-crystallin expression in the absence of Pax6 and FoxE3 (Kondoh, 

1999) and Proxl and cMaf inducing 13-crystallin expression (Cui et al., 2004). Six3 

down-regulation, coupled with Sox I up-regulation, also allows y-crystallin promoter 
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demethy1ation and expression (Peek et al., 1991; Nishigushi et al., 1998). This 

general up-regulation lead to an mcrease m crystallin concentration from the 

peripheral fibre cells inwards (Kenworthy et al., 1994) and gives rise to an increasing 

refractive index. However, most fibre cells are metabolically inactive (Bassnett and 

Winzerburger, 2003) and the increase in crystallin concentration within the inner 

cortex and lens nucleus cannot rely solely on protein expression or diffusion from 

younger fibres. In the inner parts of the lens, establishment of the crystallin gradient 

also depends on progressive cell dehydration from the co11ex to the nucleus, which 

increases protein concentration without requiring further crystallin expression and 

flattens the fibres (Shiels et al., 2001). The importance of the integrity of this water 

efflux in establishing the crystallin refractive gradient is illustrated in the Aqp0_1
_ 

mouse lens. The Aqpo-1-lens is characterised by greatly reduced water diffusion out of 

the differentiating fibres, leading to decreased nuclear crystallin concentration and 

subsequent decreased refractive index and increased focal length (Shiels et al., 2001). 

1.1.5.2. Maintenance of lens refractive index: 

Maintenance of the crystallin concentration gradient in the syncitium part of 

the lens, which in the adult lenses encompasses the cortex up to the innermost 

nucleated fibres (Shestopalov et al., 2003), reqmres a shift in osmotic properties 

between cortical and nuclear crystallins. Both the osmotic properties of a-crystal I ins 

and ~-crystallins are based on short range repulsive interactions, which lead to an 

exponential increase in osmotic pressure at high concentration (Kenworthy et al., 
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1994) and are incompatible with the passive maintenance of a concentration gradient. 

Studies on bovine crystallins show that, compared to cortical a-crystallins, nuclear a­

crystallins are less phosphorylated, which is associated with lower ionic charge, and 

have a higher tendency to aggregate. Both modifications lower the nuclear a­

crystallins' osmotic pressure, allowing them to equilibrate at a higher protein 

concentration with the cortical a-crystallins (Kenworthy et al., 1994). A similar 

mechanism has been suggested for maintaining the !3-crystallin protein gradient. y­

crystallins, which are subject to attractive short-range interactions, do not exhibit such 

large increases in osmotic pressure at high concentration (Ken worthy et al., 1994). 

1.1.6. Lens accommodative properties: 

1.1.6.1. Establishment of lens accommodation: 

Accommodation, which results in the formation of a focused image on the 

retina, involves a sequence of events in and outside the eye. It involves recognition 

and translation of the unfocused nature of the image on the retina, followed by 

activation of a neuromotor response towards the ciliary body (Mordi and Ciuffreda, 

2004). Contraction of the ciliary body is transmitted to the lens capsule by the ciliary 

fibres, resulting in decreased curvatures of mainly the anterior capsule and, to a lesser 

extent, the posterior capsule (Garner and Yap, 1997). At the same time, the equatorial 

lens diameter decreases, coupled to a forward displacement of the anterior part of the 

lens only, with the vitreous depth remaining constant (Garner and Yap, 1997). Such 
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deformation was originally proposed by Fisher in 1971 to result from differential 

capsule pressure, due to increased capsule thickness at the equator. However, the 

variations in capsule thickness with age do not correlate with the observed loss of 

accommodation and the viscoelastic properties of the capsule are more compatible 

with an ability to evenly distribute pressure on the lens surface (Krag and Andreassen, 

2003). The biochemical basis of the lens capsule's elasticity will be detailed in 

section 3-1-2. 

The fibre mass defom1ation under capsular pressure affects the lens nucleus, 

which is unifonnly stretched, resulting in increased thickness and forward 

displacement of the embryonic lens nucleus, while both the anterior and posterior 

cortex are largely unaffected (Dubbelman et al., 2003). Nuclear shape changes 

correlate with the deformation of fibre cells, regulated by tPA (Tripathi et al., 1888) 

and stabilised by adherens junctions (Lo, 1988), and cytoplasmic content 

redistribution (Tiffany and Koretz, 2002). 

Crystallins, which account for almost all of the nuclear cytoplasmic proteins 

(1-lorwitz, 2003), are redistributed via the syncitium (Shestopalov et al., 2000). Their 

non-Newtonian viscous properties insure that their viscosity is high in the absence of 

capsule pressure, thus efficiently maintaining the lens shape, but the viscosity 

decreases quickly with increasing pressure, insuring a quick dispersal during 

accommodation (Tiffany and Koretz, 2002). 
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1.1.6.2. Maintenance of lens accommodation: 

Age-related changes are the mam challenge to the maintenance of 

accommodation. With age, the curvature of the lens increases, which increases the 

power of the lens and should make the eye myopic. The observation that this does not 

occur has been tenned the 'lens paradox' (Smith and Picrscionek, 1998). This 

increase in lens curvature with age is naturally compensated by a decrease and 

equalisation of the refractive index in the nuclear and inner cortex regions, which 

correlate with a reduced soluble crystallin fraction and decreased power of the lens. 

The outer cortex refractive index gradient remains unchanged (Moffat et al., 2002). 

Older lenses are also characterised by a thickened and stiffened capsule and a 

compacted c01tex region, which reduce pressure transmission from the ciliary body to 

the nucleus and prevent curvature changes (Krag and Andreassen, 2003). The ciliary 

body contractile ability, however, is retained (Pardue and Sivak, 2000) and 

accommodation can be restored by surgically replacing the fibre mass by a soft 

polymer filling (Koopmans et al., 2003). 

1.2. Primary cataract: 

1. 2. 1. Cataract prevalence worldwide: 

Cataract affects 110 million people worldwide, 25 million of which are 

registered blind (Paik and Dillon, 2000; Ornek e/ al., 2003) and its treatment, cataract 
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surgery, is the most important procedure in financial terms in the health servtce 

(Apple et al., 2000). As the post-surgical development of posterior capsular 

opacification (PCO, detailed in 1.3) indicates the pre-surgical presence of primary 

cataract, the cellular and molecular changes having led to cataract might still affect 

the physiology of the lens epithelial cells that remain after surgery, and therefore their 

behaviour during PCO progression and treatment. 

1.2.2. Age-related cataract: 

Age-related cataract (ARC) accounts for half of blindness cases worldwide 

(WHO Fact Sheet N 143) and has been associated with a range of environmental and 

genetic risk factors. A large number of epidemiological studies in geographically 

distinct populations have been conducted and shown that the incidence of nuclear. 

cortical and posterior subcapsular opacities, which are the main morphological types 

of ARC, increases with age, female sex, dark iris colour, UV -B exposure and use of 

corticosteroids (Sperduto, 1994; AREDS report 5, 2000). Morphologically, ARC is 

associated with discrete lens fibre defects such as cytoplasmic globular body 

aggregation, loss or hyper-ruffling of the plasma membrane and discharge of 

cytoplasmic material in the extra-cellular space. These defects are mainly found in the 

cortex region, not the nucleus region, although the nucleus is the opacified region ( Al­

ghoul et al., 1996), which highlights the importance of outer fibre integrity for the 

correct function of the inner nuclear fibres. 
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At the cellular level, a predominant feature of ARC is an extensive lens 

protein oxidation (Truscott and Augusteyn, 1977), which occurs mainly by direct 

photo-oxidation of tryptophan, tyrosine, phenylalanin, cysteine and cystine residues 

on lens proteins by UV-B irradiation (Davies and Truscott, 2001). UV-filtering 

compounds in the lens can also become photo-oxidised, following which they bind 

other lens proteins (Berry and Truscott, 2001 ). 0 2 content has been shown to be low 

in the lens core regions and is therefore unlikely to produce extensive oxidative stress 

in the absence of a co-existing mitochondrial disorder (McNulty et al., 2004). UV-B 

exposure is aggravated by age, as 30HKG, a product of tryptophan metabolism which 

acts as a natural UV filter in the lens, decreases with age (Wood and Truscott, 1993), 

allowing increased UV stress within the lens. UV -B irradiation is associated with 

oxidation of a-, ~- and y-crystallins in the fibre cells (Andlcy and Clarck, 1989a; 

Andley and Clarck, 1989b; Andley and Clarck, 1989c) with effects on the chaperone 

ability of the a-crystallins and aggregation tendency of the B- and y-crystallins. UV -B 

exposure also correlates in the epithelial cells with a reduction in glutathione levels, 

which increases the overall oxidative stress, and a disruption of Na+/K+ membrane 

pumps, disrupting the osmolar balance and eventually resulting in an increase in 

intracellular Ca2+ (1-Iightower and McCready, 1992). This Ca2+ increase further affects 

crystallin aggregation (detailed in section 1.1.4.2). Unsurprisingly, UV-B irradiation 

correlates with opacification in animal models (Hightower and McCready, 1992). 

Increased calcium content resulting from capsular breakdown is also a feature in the 

mouse model of accelerated senescence, which develops cataract (Ashida et al .. 

1994). This model also records increased B-crystallin cross-linking and high 



24 

molecular weight aggregate formation as well as decreased levels of soluble y­

crystallin. 

Genetic background is also a significant risk factor for ARC. Down-regulation 

or mutations of genes involved in oxidative stress resistance or chaperone activity and 

up-regulation of genes involved ionic transport, although initially resulting in mild 

phenotypes, will increase the susceptibility of the lens to environmental stresses over 

time and increase the likelihood of developing late onset cataract (Hejtmancik and 

Kantorow, 2004). An example of such a mechanism was found in the Japanese 

population in which decreased galactokinase activity due to an Al98V substitution 

leads to galactitol accumulation and osmotic swelling of the lens fibres (Okano et al., 

200 I). In mouse models of diabetic cataract, such fibre swelling has been shown to 

allow Ca2
+ intracellular influx (1-lightower and Misiak, 1998). Presence of the mutant 

allele associated with a greater risk of adult onset cataract. 

1. 2. 3. Congenital cataract: 

Inherited human cataracts are associated with mutations affecting a restricted 

set of protein families, which are nevertheless deeply involved in lens function. 

Mutations involving the crystallin genes disrupt either the chaperone capacity 

of the a-crystallins or increase the aggregation tendencies of the 13- and y-crystallins. 

In humans, three a-crystallin mutations resulting in cataract have been reported. A 
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C413T substitution in the aA-crystallin gene, corresponding to a R 16C substitution in 

the protein, is associated with nuclear cataract, together with corneal defects of 

various severity, indicating a role of aA-crystallin outside the lens during eye 

development (Reddy et al., 2004). In the aB-crystallin gene, two cataract-causing 

mutations have been described, 450deiA (Berry et al., 2001) and A358G (Perng et al., 

1999). The 450deiA mutation results in a frameshift after the 1491
h protein residue 

and the introduction of thirty-live new C-terminal residues, which is likely to affect 

the solubility and chaperone activity of the crystallin (Carver and Lindner, 1998). The 

A385G mutation introduces a RI20G substitution in the protein and has been linked 

with cataract and dcsmin-related myopathy. In vitro studies on recombinant RI 200 

aB-crystallin indicate that the mutation results in partial unfolding of the protein and 

increases its binding to intermediate filaments, leading to decreased solubility and 

promotion of bundling of the filaments (Pemg et al., 1999). Mutations affecting the 

~- and y-crystallins have also been found to cause various forms of congenital 

cataract. Two mutations have been reported in ~A-crystallin; G474A or G474C, 

which introduces a splice site (Reddy et al., 2004) and 279delGAG, corresponding to 

9IdeiG in the protein (Ferrini et al., 2004). In ~B-crystallins, two non-sense 

mutations, G658T and C475T, have been described (Reddy et al., 2004). y-crystallins 

have often been found to be mutated in human cataracts, with live distinct 

substitutions mutations in the yD-crystallin gene, two of which, C43T, resulting in 

R 14C, and G 176A, resulting in R58H, reduce the protein's solubility and promote 

aggregation (Reddy et al., 2004). Of the three mutations detected in the yC-crystallin 

gene. A 13C, resulting in a T5P substitution in the protein sequence and associated 
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with Coppock-like cataract, decreases the in vitro stability and solubility of the 

protein, which would increase its aggregation tendency, even though its binding to 

aA-crystallin is unaffected (Liang, 2004 ). A secondary effect of this mutation would 

be that a greater proportion of the a-crystallin would be bound to T5P yC-crystallin, 

therefore less a-crystallin would then be available tor other unlolding proteins in the 

lens, resulting in a general decrease in lens protein solubility. 

Other cataract-causing mutations affect proteins involved in cell-to-cell 

junctions, which are important for the maintenance of the differentiated fibre cells 

(detailed in section 1.1.3.2) and can put indirect stress on the chaperone system. 

AQPO is responsible for water transpm1 away from the differentiating fibre cells 

(Shiels et al., 2001) and has been linked with two distinct forms of human congenital 

cataracts. Resulting from either a C413G or an A401G substitution in the gene 

sequence, both mutations affect conserved residues at the tightest part of the water 

channel (Hejtmancik and Kantorow, 2004; Agre and Kozono, 2003). Disruption of 

water transport can induce fibre swelling, with consequences on the establishment of 

the refractive index (see section 1.1.5) and on chaperone-threatening ci+ 

intracellular influx following plasma membrane rupture (see section 1.1.4). Gap 

junctions can also be disrupted, as a number of distinct mutations in both connexin 46 

and connexin 50 have all been shown to associate with nuclear pulverulent cataract. 

Some of these mutations are directly linked to the transport function of the proteins, 

with the C262T substitution of connexin 50 affecting the second transmembrane 

region and the A 1880 substitution of connexin 46 affecting the region involved in the 

coupling of hemi-channels (Francis et al., 1999). As these mutations will atfect the 
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transport of small molecules only, they are likely to disrupt the general metabolism of 

the fibre cells. 

Lastly, mutations affecting transcription factors involved in lens development 

result in lens defects, although some are not restricted to the lens and disrupt other 

tissues within the eye. G38A, in the PITXJ gene expressed in the lens placode and pit, 

has been proposed to affect DNA-binding ability (Francis et al., 1999). 943lnsG, in 

the Fox£3 gene, a mutation separate from the well-described F98S which causes the 

c(v/mouse phenotype (Blixt el al., 2000), has been detected in familial human cataract 

(Semina et al., 200 l ). Transcription factors directly involved in crystallin expression 

have also been involved in congenital cataract. G 1670C in MAF, which induces a­

crystallin expression in the fibre cells (see section l.l.2) and four separate 

substitutions in the HSF4 protein sequence, which regulates both small and large heat 

shock proteins expression, (Reddy et al., 2004) are likely to indirectly induce 

extensive protein aggregation, due to a general decrease in chaperone proteins. 

1.2.4. Disease cataract: 

Cataract can also develop as a secondary symptom of a polysystemic disease 

disrupting pathways or proteins non-exclusive to the lens. 

The best documented example of disease cataract is diabetes-related cataract, 

in which water permeability of the plasma membrane is increased, leading to fibre 

swelling (Fisher, 1985). The lysine, proline, arginine and threonine sidechains of the 



28 

crystallin proteins are also oxidised to form carbonyl groups, affecting chaperone 

activity (Jain et al., 2002). Diabetes-related cataract might also be exacerbated by a 

co-existing diabetic retinopathy. Retinopathy is characterised by apoptosis of 

pericytes and subsequent increased endothelial cell proliferation (1-lammes et al., 

2002), which. coupled to an increased angiotensin 11 vitreous humour level, 

eventually results in neovascularisation of the retina (Funatsu and Yamashita, 2003). 

It is conceivable that this retinal proliferating cell population might affect the growth 

factor composition of the vitreous humour. Access to those growth factors would also 

be facilitated by lens capsule degradation, and hence possible greater lens capsule 

permeability, also observed in diabetes (Lin et al., 1995), with effects on the lens cells 

both before and after the cataract operation. Indeed, Neodynium:Yttrium-Aluminium­

Gamet (Nd:YAG) laser capsulotomy (detailed in 1.3.7) is also more common in 

diabetic cataract (1-layashi et al., 2002). Another condition where cataract develops 

secondary to retinopathy is Bloch-Sulzberger-syndrome, which is primarily 

characterised by abnormal skin inflammation and pigmentation (Kassmann-Kellner et 

al., 1999). 

Another condition commonly associated with cataract is myotonic dystrophy 

(DM I), which in the great majority of cases correlates with an unstable CTG repeat at 

19q 13.3 (Morris, 2000). The main gene affected in DMI is DMPK, the 3'untranslated 

region of which encompasses the CTG repeat. The expansion prevents DMPK mRNA 

from leaving the nucleus but instead it binds and sequesters RNA-binding proteins, 

thus disrupting the processing of other mRNAs (Morris, 2000). Six5, a member of the 

Six family of developmental transcription factors, is downstream of the CTG repeat 
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and down regulated in OM I. As Six5, but not OMPK, is expressed in the eye, it has 

been suggested that Six5 is responsible for the eye phenotype of OM I (Kawakami et 

al., 2000). In the eye, OM! is manifested by ocular motor weakness (Versino et al., 

1998), retinal lesions and early adult onset cataract (Gjertscn et al .. 2003). OM I is 

also associated with increased complications a!1er cataract surgery, such as 

capsulorhexis contracture and a PCO incidence of about 50%, the upper limit of PCO 

incidence in the general population (Gjcrtsen et al., 2003). PCO resilience is also 

increased in OM I, with several Nd:Y AG laser treatments required to clear the 

opacification (Gjertsen et al., 2003). 

1. 2. 5. Primary cataract surgery: 

Primary cataract surgery has been performed for centuries (Linebarger et al., 

1999) and is highly successful at restoring visual acuity (Powe et al., 1994). The 

procedure follows a series of steps, namely anaesthesia, comeal incision, anterior 

chamber stabilisation, capsulorhexis, cataract removal, intra-ocular lens (IOL) 

positioning, ophthalmic visco-surgical device (OVO) removal and wound closure 

(reviewed in Linebargcr et al., 1999). The range of techniques available at each step 

allows customisation to the needs of the patient, which can be weighted against the 

specific post-operative complications of each technique. Although the comeal cells, 

which are highly exposed to surgical devices throughout the procedure, and the retinal 

cells, which can be affected by any disruption to the vitreous humour, can be 

damaged during surgery. this introduction will be limited to the surgical steps most 

relevant to the lens. 
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1.2.5.1. Stabilisation of the anterior chamber: 

Preventing the collapse of the anterior chamber, due to aqueous humour loss 

through the corneal incision, prevents, amongst other things (Linebarger et al., 1999), 

forward displacement of the lens against the cornea. Maintenance of the anterior 

chamber space is achieved by injection of a transparent OVD. A high molecular 

weight OVD, characterised by a high viscosity, is best to maintain a physical space 

between the cornea and the anterior lens capsule (Tetz and Holzer, 2000). it is 

therefore recommended for paediatric surgery, as increased capsule elasticity and 

sclera rigidity in children leads to anterior displacement of the lens and increases the 

risk of capsule tear formation during capsulorhexis (Jeng et al .. 2004 ). 

1.2.5.2. Anterior capsulorhexis: 

All anterior capsulorhexis methods used involve a small openmg of the 

anterior capsule and do not affect the viability of the lens epithelial cells (Radner et 

al., 2004). The most common method used to open the anterior capsule is continuous 

curvilinear capsulorhexis (CCC), which regular shape ensures equal tension around 

the opening and decreases the risk of capsular tears. The main complications of this 

technique are after cataract (detailed in section 1.3) and delayed capsule contraction 

(Miyake et al., 1998). Others methods include high frequency capsulotomy (HFC), in 

which use of high temperatures increases the risk of radial capsule tears and of post-
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operative false positioning of the lOL (Radner et al., 2004) and Nd:Y AG laser 

phacolysis, which use isn't yet approved in humans, but has been used in rabbits to 

open the anterior capsule up to 24h before surgery, allowing sottening of the fibre 

mass when it contacts the aqueous (Radner et al., 2004). Its obvious drawback is that 

it allows the lens cells direct access to aqueous growth humour factors ovemight, 

which might promote long-term proliferation post-surgery. 

1.2.5.3. Lens material removal: 

Removal of the opacified fibre mass is the endpoint of cataract surgery. 

However, a non-exhaustive capsular bag clean up can lead to many active lens 

epithelial cells being left on the capsule. These remaining lens cells are the primary 

cause of PCO. 

Hydrodissection of the fibre mass is first perfonned by injecting basic saline 

solution (BSS) between the anterior capsule and the cortex to separate the lens 

nucleus from the lens cortex while maintaining a layer of cortical fibres against the 

capsule, thus protecting the posterior capsule from tearing. Then, initial mechanical 

nuclear break-up creates large fractures in the nucleus, the number and position of 

which depend on the technique used (Linebarger et al., 1999). Although removal of 

the nucleus is possible following minimal mechanical disruption (Akura et al., 2000), 

extensive nuclear breakup before extraction is common. Thorough fibre separation 
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and removal from the capsule follows and is most commonly done by 

phacoemulsification. Phacoemulsification relies on ultrasonic vibrations produced by 

electrical stimulation of either a wire coiled around a stack of thin metal strips or a 

compressed ceramic crystal, coupled with an irrigation/aspiration pump for material 

removal (Linebarger et al., 1999). It is associated with minimal lOP variation and, 

compared to phacoemulsilication-free extra-capsular cataract extraction (ECCE), with 

greatly decreased post-operative inflammation (Linebarger et al., I 999). 

Nd: Y AG laser can also be used, whereby short energy pulses are transmitted 

via a quartz fibre optic to a titanium probe, resulting in the emission of shock waves 

which break up the lens nucleus. The disrupted lens fragments are then aspirated 

using an irrigation/aspiration system (Wemer et al .. 2000). The total energy, number 

of pulses and duration of the procedure increase with the hardness of the nucleus, 

which mcreases with the maturity of the cataract. When compared to 

phacoemulsification, the laser technique involves less surgical trauma, less tocal 

heating and less total energy (Werner et al., 2000). Large-scale studies also show a 

very low rate of complications, either during or three months after surgery 

(Kanellopoulos, 2001). Following nuclear material removaL further hydrodissection 

is used, coupled with irrigation/aspiration, to remove any remaining cortical fibres. 

1.3. After cataract: 

1.3. 1. After cataract prevalence worldwide: 
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If the disappearance of intra-capsular cataract extraction (ICCE) during 

primary cataract surgery has eliminated the risks of haemorrhage, vitreous loss, 

disappearance of the aqueous-vitreous barrier and retinal detachment, the retention of 

the capsular bag characteristic of ECCE leads to widespread after cataract (Hersh et 

al., 1999). After cataract, or PCO, is nowadays the most common complication of 

cataract surgery, occurring in I 0% to 50% of patients depending on age and surgery 

method (Powe et al., 1994; Saxby et al., 1998), and is particularly common after 

paediatric cataract surgery (Apple et al .. 2000; Mullner-Eidenbock et al., 2003). As a 

result, it is also a significant drain on the health budget and second only to primary 

cataract surgery, which is the most costly overall procedure in the US (Apple et al., 

2000). 

1. 3. 2. Lens cell changes with after cataract: 

Lens epithelial cells remammg 111 the capsular bag after surgery are the 

primary cause of after cataract. A rat model of cataract surgery (Lois et al., 2003) 

demonstrated that anterior lens epithelial cells proliferate in the space between the 

anterior and the posterior capsule as soon as 24h after surgery. After a few days, they 

can fill the entire bag but do not migrate out onto the anterior side of the anterior 

capsule. 

A closer study of cell migration in the human and bovine capsular bag (Sax by 

et al., 1998) reveals that migration onto the posterior capsule is done tirst by a 

monolayer of epithelial-like cells, with cells at the leading edge having greater 
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proliferative ability and radial actin filaments. Multilayering occurs once the posterior 

capsule is fully covered by the initial monolayer, with a-SMA expressing-fibroblasts­

like cells present in the upper layers. This behaviour is associated with the fibrotic 

form of PCO (see section 1.3.3). 

The appearance of fibroblast-like cells results from the epithelial-to­

mesenchymal transition (EMT) of the lens epithelial cells under the influence of 

TGF~-2. TGF~-2 is the predominant TGF-~ isoform in the aqueous humour and is 

produced locally by epithelial and equatorial lens cells, as well as retinal pigment 

epithelial (RPE) cells (Meacock el al., 2000). After cataract surgery, all three 

TGF~ isofom1s are present on IOL matrix deposits (Saika el al., 1998). Outside the 

lens, TGF~ induce EMT via an ERK-independent remodelling of cortical actin into 

actin stress fibres, tight and desmosomal junction disassembly, ERK-dependent 

matrix re-modelling and, via SIP-I (Moustakas e/ al., 2002), E-cadherin junction 

disassembly, eventually resulting in reduced cell-cell interactions and increased 

motility (Zavadil el al., 2001 ). In in vilro culture of lens epithelial cells, TGF~­

induced EMT results in increased fibronectin, collagen I and aSMA expression and 

decreased laminin, collagen IV and crystallin expression (Lee e/ al., 1999). This is 

compatible with the changes in protein expression and the cell migration across the 

lens capsule observed during PCO progression (see section 3-1). aSMA expression of 

lens epithelial cells during after cataract also induces cell contraction and is 

responsible for capsular wrinkling (Wormstone e/ al., 2004). Additional evidence of 

the direct role of TGF-~ isofmms in lens epithelial cell EMT can be found in the 
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mouse sub-capsular cataract model, where overexpress1on of both TGF~-1 and 

TGF~-4 has been used to generate multi-layered, opacified, fibroblasts-like plaques in 

place of the original epithelium (Sun et al., 2000). 

In a separate rat model, cells at the equatorial region elongated and their nuclei 

aligned along the anterior-posterior axis of the lens, indicating an attempt at fibre 

differentiation, while cells lining the anterior capsule were showing signs of apoptosis 

(Lois et al., 2003). A rabbit model (Saika et al., 2001) also showed regeneration of 

lens fibres, accompanied by extra-cellular matrix (EeM) deposition, along the 

capsule's equator. This behaviour is associated with Soemmering's ring fom1ation 

(see section 1.3.3). 

1. 3. 3. Morphological tvpes of after cataracts: 

Four types of morphologically different reo have been recorded. Fibrous 

reo is due to fibrosis of either the anterior or the equatorial lens epithelial cells after 

their migration onto the posterior capsule (Apple et al., 2000) and can be associated 

with lens capsule wrinkling (eheng et al., 2001). If a primary cataract is allowed to 

develop for several years before being removed, due to long waiting time before 

surgery, fibrosis of the equatorial cells on the posterior capsule can also be observed 

at the time of cataract surgery and is termed 'acute reO' (Apple et al., 2000). 

Soemmering's ring is an opaque, thick ring found along the equator and originates 

trom the attempted differentiation into tibres of the cells of the lens bow region 

which, in the normal lens, would leave the epithelium at the equator and elongate to 
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differentiate into lens fibre cells. Soemmering's ring develop after rupture of the 

anterior capsule and extrusion of lens cmtex into the aqueous following either a 

traumatic shock ECCE (Apple et al .. 2000). Elschnig pearls, sometimes seen co­

existing with a Soemmering's ring, originate from individual equatorial cells which 

migrate onto the posterior capsule and swell to a rounded shape (Cheng et al., 2001). 

Lastly. liquefied PCO occurs when the edge of the remaining anterior capsule fully 

adheres to the IOL, recreating an enclosed space within the capsule. This space 

gradually fills with a white substance, which has been suggested to be formed by a 

mix of ECM degraded by the fibrotic lens cells and aqueous humour. Liquefied PCO 

can be differentiated from endophthalmitis and uveitis (see 1.3.5.1) by the absence of 

inflammation and from capsular block syndrome by the time of onset and the colour 

of the liquid (Miyake et al., 1998). 

1. 3.4. Visual implications of after cataract: 

After-cataract is associated with an increase in opacification density of the 

posterior capsule, which correlates with a decrease in visual acuity (Hayashi e/ al., 

1998). The impact on visual acuity, however, is only manifested when the 

opacification reaches the visual axis, i.e. the centre of the posterior capsule, and is 

more evident either in long-term follow-up (Halpem et al., 2002) and/or for higher 

PCO grades (Abhilakh-Missier et al., 2003). 

1.3.5. Aggravating factors for after cataract: 
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1.3.5.1. Eye-related complicating factors of after cataract: 

A number of ocular conditions are known to increase the prevalence and 

severity of PCO when co-existing with cataract. At the cellular level, some of these 

aggravating conditions correlate with an increase in aqueous humour growth factors 

traditionally associated with lens cell proliferation or epithelial-to-mesenchymal 

transition. The grov.1h factors increased arc hepatoma growth factor (HGF), vascular 

endothelial gro\\1h factor (VEGF) and TGF-P in glaucoma (Hu and Ritch, 200 I; Hu 

et al., 2002; Ochiai and Ochiai, 2002; respectively), VEGF in uveitis (Fine et al., 

2001) and FGF-2 in pseudoexfoliation syndrome (Gartaganis et al., 2001). 

Glaucoma involves an increased intra-ocular pressure due to impaired 

function of the trabecular meshwork. Co-existing glaucoma and cataract can be 

operated on simultaneously with good results (Donoso et al., 2000) and the long-term 

PCO can be reduced by mitomycin C exposure for a few minutes during surgery (Shin 

et al., 1998). Uveitis is a chronic, mi Id inflammation of the eye induced by a wide 

variety of agents (Foster et al., 1999). Cataract is a frequent complication of uveitis, 

and commonly leads to post-operative anterior capsular opacification (Ram et al., 

2002), which can be resistant to Nd:Y AG laser treatment and necessitate lOL removal 

(Foster et al., 1999). Pseudoexfoliation syndrome (PEX) is a generalised disorder 

characterised by an excessive production of extracellular matrix material. In the lens, 

the anterior capsule becomes covered with melanin deposits, released from broken 

iris vessels (Naumann et al., 1998), and the over-production of matrix by pre­

equatorial cells at the point of zonular attachment leads to extensive detachment of 
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the zonular fibres (Naumam1 et al., 1998). The rate of PCO has also been reported to 

be higher in PEX eyes (Tetz et al., 1999). 

Another condition correlating with increased PCO, as well as anterior capsule 

fibrosis and contraction (Hayashi et al., 1998), is retinitis pigmentosa (RP), which 

refers to the progressive loss of rods and cones in the retina and results in night 

blindness and progressive loss of peripheral vision (Baumgartner, 2000). PCO is more 

disabling in RP patients, due to an already reduced vision field, and is thought to 

develop preferentially via the presence of capsular folds, which facilitate epithelial 

cell migration past the lOL barrier (Ando et al., 2003). 

1.3.5.2. Age-related factors: 

Age is another influencing factor for cataract and PCO, with the changes in 

lens capsule breaking point with age resulting in younger capsule being harder to 

open and older ones being easier to break (Krag and Andreassen, 2003). After 

surgery, lens cells from younger patients proliferate at a faster rate (Wormstone et al., 

1997), resulting in PCO rates in children of over 50% after up to 5 years follow-up 

(Knight-Nanan et al., 1996). Systematic posterior capsulotomy during cataract 

surgery has been recommended for children under 6 years old to prevent PCO, while 

still allowing IOL implantation (Jensen et al., 2000). 
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1.3.6. Risk reduction at the time of surgery: 

Current surgical procedures can be optimised to prevent the presence of lens 

cells and their proliferation and migration on the capsule, thus decreasing the 

incidence of PCO. 

The original number of lens cells left in the capsular bag after surgery can he 

greatly decreased by the use of extensive cortical clean up via hydrodissection (see 

section 1.2.5). However, it can be overlooked by surgeons whose incomplete cortical 

clean up can leave significant numbers of actively dividing cells, leading to 

Soemmering's ring fonnation (Apple et al., 2000). Extensive cortical clean up has 

also been shown to help decrease the duration of phacocmulsification and of the 

irrigation/aspiration step and the post-operative inflammation due to leftover cortex 

material (Peng et al., 2000). Increased lens epithelial cell visualisation, which 

facilitates cortical clean up, can be achieved by using the OVD Viscoat (Budo et al., 

2003). 

After surgery, the long-term extent of lens cells proliferation and migration is 

also affected by the type of IOL introduced during surgery. Positioning of the whole 

IOL inside the capsular bag, rather than out of the bag or only partly in the bag, has 

increased from I 0% to 60% since the 1980s and allowed the use of the IOL as a 

physical barrier to lens cell proliferation (Apple et al., 2000). Using a CCC diameter 

smaller than the IOL's allows the IOL to adhere to the anterior capsule beyond the 

capsulorhexis' limit and creates a physical barrier that should prevent lens epithelial 
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cells' direct exposure to aqueous growth factors, thus limiting their induction of 

proliferation, migration and EMT (Peng et al., 2000). However, a complete IOL to 

capsule adherence around the CCC can lead to liquefied cataract (Miyake et al., 

1998). IOL design itself can also significantly affect the progression of PCO. 1t is now 

accepted that a square-edged IOL reduces PCO compared to a round-edged IOL 

(Nagata and Watanabe, 1996). However, there have been conflicting reports as to 

whether this reduction results from the contact inhibition of cell proliferation at the 

sharp edge of the IOL (Nishi and Nishi, 1999; Bhenni et al., 2002). Mathematical 

modelling, however, has shown that the pressure of the IOL onto the capsule is 

increased by both the size of the IOL and a sharp edge, which provides a better 

physical barrier to cell migration (Boyce et al., 2002). A decreased compressibility of 

the IOL haptics results in an increased number of folds fmming at the haptic's point 

of contact with the lens capsule, which scatter light and facilitate lens epithelial cells 

proliferation past the IOL and onto the posterior capsule (Meacock and Spalton, 

2001). The material composition of the IOL is also an important factor, with 

hydrophobicity of the IOL leading to a rapid adhesion to the posterior capsule, 

preventing cell proliferation (Saika, 2004; Schauersberger et al., 200 I). The IOL 

material can also regulate the extent of EMT on the capsule. Silicone, although 

incompatible with lens cell proliferation on the IOL itself, is associated with more 

fibrosis on the capsule (Saika, 2004 ), eventually resulting in more overall 

opacification than acrylic or PMMA IOLs (Wemer et al., 2000). 

Other devices can be used to control cell migration. A sharp-edged, open, 

bending ring, introduced in the capsular bag at the time of the surgery, has been 
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shown to reduce the number of capsular folds, the amount of anterior capsule 

shrinkage and the lens cell proliferation onto both lOL and posterior capsule. The 

ring, which stretches the capsular bag, works as a physical barrier to anterior lens cell 

proliferation and prevents contact between the anterior capsulorhexis edge and the 

IOL (Nishi et al., 2001). 

Experimental research into the control of PCO at the time of surgery has also 

been conducted using rabbit models with promising results. Bipolar diathermy 

involves a pencil with an electrode area exposed at the tip, which is placed against the 

capsule during cataract surgery and transmits electrical energy, leading to the thermal 

destruction of the lens epithelial cells. Short-scale studies in rabbits have proven this 

method to be effective at preventing PCO, although the tip of the pencil should be 

inserted between the iris and the external side of the capsule, with the electrode being 

exposed only on the side in contact with the capsule, to minimise damage to the iris 

(Bretton et al., 2002). Radioactive stress, delivered by the low rate decomposition of 

P32 atoms embedded in a PMMA capsular tension ring, has also been shown to 

effectively reduce lens epithelial cell proliferation in rabbits in a dose-dependent 

manner, without damage to the iris (Joussen et al., 200 I). 

1. 3. 7. Treatment of after cataract post-surgery: 

Due to the high prevalence of PCO after cataract surgety, PCO treatment by 

posterior capsulotomy is a significant surgical procedure, both in terms of frequency 

and cost (Apple et al., 2001). Posterior capsu1otomy is most commonly done by 
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Nd:Y AG laser, which has replaced the earlier and more invasive surgical discission. 

The procedure, which can be done without prior pupil dilation to limit the working 

area to the active visual field, involves focusing the laser on the side of the capsule in 

contact with the vitreous to create a pressure wave which breaks and eventually 

creates a central opening in the posterior capsule. A small opening of 2 to 3 mm is 

enough to restore visual acuity and contrast sensitivity, but a bigger one is needed to 

reduce glare (Aslam et al., 2003). Complications of Nd: Y AG laser capsulotomy 

include vitreous opacification, due to lens cell material diffusing into the vitreous 

(Kumagai et al., 1999) and lining of the posterior opening with Elschnig pearls, 

which is common after capsulotomy and can sometimes lead to the complete 

occlusion of the opening (Kurosaka et al., 2002). In a significant number of eyes, 

however, these Elschnig pearls spontaneously disappear with time, possibly due to 

collapse into the vitreous or cell death (Kurosaka et al., 2002). IOLs are also affected 

during the capsulotomy. The IOL surface can be damaged by the laser and the 

creation of an opening in the posterior capsule also affects the pressure distribution of 

the IOL against the capsular bag and induces a slight change in lOL position towards 

the back of the eye. Neither changes has significant effect on visual function (A slam 

et al., 2003). Posterior vitreous detachment and consequential retinal breaks have 

been shown not to be significantly increased after Nd:YAG laser treatment (Sheard et 

al., 2003 and Ranta et al., 2000; respectively). The extent of visual acuity recovery 

after Nd: Y AG treatment also depends on the type of the original after-cataract, with 

tibrotic PCO being associated with a better outcome than the pearl form of PCO 

(Cheng et al., 2001). 
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1.4. Apoptosis induction as a mean to prevent PCO: 

While the surgical methods of PCO prevention at the time of surgery are 

mainly based on the restriction of lens epithelial cell migration, the frequent necessity 

of posterior capsulotomy shows that they are not fully effective. As a result, research 

into PCO prevention is thriving and has been focused on the complete elimination of 

the lens epithelial cells. Apart from a small number of studies using themml stress or 

hydrolysis (Bretton el al., 2002; Maloof et al., 2003), most current research relies on 

apoptosis induction. 

1.4.1. Mechanisms of apoptosis: 

In the lens, as !or all cell types, cell death occurs by two mechanisms, necrosis 

(Proskuryakov et al., 2003) and apoptosis (KeiT, 2002; McConkey, 1998). Necrosis is 

a passive process associated with severe stress and results in cell swelling, membrane 

rupture and diffusion of intracellular contents in the cell medium, potentially affecting 

neighbouring cells and inducing an inflammatory response (Chandra el al., 2000). In 

contrast, apoptosis is an active process (Wadewitz and Lockshin, 1988), induced by 

two main pathways (detailed in section 1-4-1) and characterised by cytoplasm 

contraction, due to water loss following K + and Cl- efflux (Bortner and Cidlowski, 

1998), membrane blebbing, chromatin condensation and DNA degradation, resulting 

in the tommtion of apoptotic bodies eventually engulfed by phagocytes or 

neighbouring cells (Bortner and Cidlowski, 1998). Apoptosis is involved 111 

development (Yamashita. 2003), wound healing (Greenhalgh, 1998), ageing (Zhang 
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and Herman, 2002), and, when disrupted, in tumour progression and autoimmune 

disease (Mullauer et al., 2001 ). 

1.4.1.1. Apoptosis induction: 

1.4. 1. 1. 1. the extrinsic pathway: 

1.4.1.1.1.1. steps oft he extrinsic pathway: 

The extrinsic pathway of apoptosis relies on the binding of soluble or 

adjacent-cell-bound ligands to transmembrane death receptors. 

Six death receptors have been identified, all belonging to the TNF receptor 

(TNFR) superfamily. Their extracellular domain contain two to four cyteine-rich 

regiOns, involved in ligand binding, while their intracellular region contains a 

conserved 80 amino acids death domain, which binds to adapter proteins (Curtin and 

Cotter, 2003). 

The Fas/CD95 death receptor is involved in the apoptosis of antigen­

presenting cells by cytotoxic T lymphocytes and in the apoptosis of activated T cells 

at the end of an immune response (Curtin and Cotter, 2003). Fas mutations are 

associated with autoimmune lymphoproliferative syndrome (ALPS) type I and 

bladder, gastric and colon cancers in humans (Mullauer et al., 200 I). CD95 binding 
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of its ligand, the expressiOn of which is restricted to activated T cells, induces 

receptor trimerisation and aggregation of the intracellular death domains (DOs), 

which leads to Fas-associated death domain (FADD) recruitment. FADD is an adapter 

protein which possess one DD for binding to CD95 and one death effector domain 

(DED) for binding pro-caspase 8. Pro-caspase 8 biding results in autocleavage and 

activation and allows caspase 8 cleavage of caspase 3. The CD95-FADD-pro­

caspase8 complex is tem1ed death-inducing signalling domain (DISC) (Gupta, 2001). 

The adapter death-associated protein (DAXX) can also bind to the C095's DD, 

followed by ASKl recruitment and JNK activation (Curtin and Cotter, 2003). 

The TNF-related apoptosis-inducing ligand (TRAIL) death rcceptors, TRAIL­

RI and TRAIL-R2, are widely expressed and induce apoptosis following TRAIL 

binding in a FADD-dependent manner, with DISC fo1111ation, followed by caspase 8 

and caspase I 0 activation (Almasan and Ashkenazi, 2003). 

The TNFR-1 death receptor is induced to trimerise following TNF binding. 

TNFR-l's DD aggregation leads to TNFR-associated death domain (TRADD) 

binding. TRADD is capable of recruiting several adapter proteins, namely FADD, 

resulting in an induction similar to CD95-mediated apoptosis, or TNFR-associated 

factor (TRAF-2) and receptor interactive protein kinase (RIP), which activate NF-KB 

inducing kinase (NIK). NIK activates the inhibitor of 1-KB kinase (IKK), which 

phosphorylates and inactivates IKB, allowing NFKB release, nuclear translocation and 

activation of gene transcription (Gupta, 200 I). 
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I. 4.1.1.1. 2. regulation of the extrinsic pathway: 

An increase in the resistance to the extrinsic pathway of apoptosis can be 

achieved by regulation of protein activity and expression at each step of the pathway. 

The activity of membrane-bound Fas ligand can be decreased by matrix 

metallo-proteinase (MMP) -7 cleavage, and MMP-7 expression correlates with Fas­

mediated apoptosis resistance in tumour cells (Curtin and Cotter, 2003). 

Decoy death receptors, which bind ligands but lack the intracellular death 

domain can also be either expressed on the cell membrane, like TRAILR3 and 

TRAILR4, or secreted into the extracellular space, like DcR3, thus reducing the 

amount of ligand binding to functional death receptors (Curtin and Cotter, 2002). 

Adapter proteins fi.mction can be disrupted by the competitive binding of 

silencer of death domain (SODD) to TNFR-L which prevents trimerisation, and of c­

Fas associated death domain-like IL-l-converting enzyme-like inhibitory protein 

(FLIP) to FADD, which prevents pro-caspase 8 binding and activation (Gupta, 2001). 

Adapter proteins can also be inactivated by phosphorylation, such as FADD 

phosphorylation by protein kinase (PK)-Cl; and homeodomain-interacting protein 

kinase (HPIK) -3 and TRADD phosphorylation by HIPK2 (Curtin and Cotter, 2002). 

Lastly, caspase 8 function can be prevented by p35 binding of its active site 

(Shi, 2002). 



49 

An increase in the sensitivity to the extrinsic pathway of apoptosis can also be 

induced. Both NK cells and cytotoxic T lymphocytes can up-regulate Fas receptor 

expression, through an IFN-y and ST AT-1-dcpendent pathway. 

1.4.1.1.2. the intrinsic pathway: 

I. 4.1.1.2.1. steps olthe intrinsic pathway: 

The intrinsic pathway of apoptosis can be triggered by a range of insults, such 

as cytokinc withdrawal, anoikis, which refers to the triggering of apoptosis upon 

destruction of the cell-matrix adhesion (Sprick and Walczak. 2004; Frisch and 

Scrcaton, 2001), and oxidative stress (Chandra et al., 2000). These apoptotic stimuli 

activate a subgroup of proteins from the Bcl-2 family, the Bl-13-only proteins, 

including Bad and Bim, which promote the activation of the pro-apoptotic subgroup 

of the Bcl-2 family, Bax and Bak (Sprick and Walczak, 2004). All four proteins are 

translocated to the outer membrane of the mitochondria (Szabadkai and Rizzuto, 

2004). Bad then inactivates the inner membrane-bound 13cl-2 and 13cl-x, allowing 

permeability transition pore complex (PTPC) formation (Gupta, 200 I). The PTPC 

consists of a peripheral bcnzodiazepin reccptor (PBR) and a voltage-dependent anion 

channel (VDAC), which bind cytosolic hexokinase on the outer membrane, creatine 

kinase bridging VDAC to the adenine nucleotide translocator (ANT) in the 

intermembranous space and ANT itself, bound to matrix Cyclophilin D, in the inner 

membrane. The PTPC allows diffusion of ions and water into the mitochondrial 
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matrix with subsequent swelling, membrane rupture and intennembrane cytochrome c 

release (Bclzacq et al., 2002). When first released, cytochrome c translocates to the 

ER, where it induces Ca2
+ release, which enters the mitochondria, resulting in further 

swelling and membrane rupture, eventually releasing more cytochrome c (Szabadkai 

and Rizzuto, 2004). Released cytochrome c binds to Apaf-1, an adapter protein 

homologue to the product of the C.elegans CED-4 gene (Saraste and Pulkki, 2000) 

and member of the nucleotide-binding oligomerisation domain (NOD) family, which 

contains an N-terminal caspase activating recruitment domain (CARD), a central 

nucleotide-binding oligomerisation domain and a C-tenninal intracellular ligand­

binding domain. The resulting Apaf-1/cytochrome c complex is tem1ed the 

apoptosome. The heptameric symmetry of Apaf-1 allows CARD-mediated binding of 

seven pro-caspase 9 monomers, leading to caspase dimerisation and active site 

formation (Shi, 2002). 

1.4.1.1.2.2. regulation of the intrinsic pathway: 

Resistance to the intrinsic pathway of apoptosis can be mediated by resistance 

to oxidative stress, with Bcl-2 over-expression resulting in increased reduced 

glutathione (GSH) nucleus content. Once induced, the intrinsic pathway can be 

regulated by modulation of caspasc 9 activity. XIAP, a member of the inhibitor of 

apoptosis protein (lAP) family, possesses two baculovirine inhibitor of apoptosis 

repeat (BIR) domains, with BlR3 biding to theN-terminus of caspase 9 small sub-unit 

resulting in physical obstruction of the caspase 9 substrate binding site (Shi, 2002). 
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XlAP can be antagonised by two mitochondrial intermembrane proteins, 

Smac/DlABLO and HtrA2/0mi, which are released upon mitochondrial degradation 

and sequester XlAP, allowing caspase 9 activity and subsequent caspasc 3 activation 

(Sprick and Walczak, 2004). Caspase 9 activity can also be reduced by direct 

phosphorylation by Akt/protein kinase B (Cross et al., 2000). 

1. 4. 1. 1. 3. crosstalk between intrinsic and extrinsic pathways: 

Both intrinsic and extrinsic pathways are linked by Bid, a pro-apoptotic Bcl-2 

family member which, following Fas-induced caspase 8 activation, is cleaved by 

caspase 8 and translocates to the outer mitochondrial membrane, to participate in PTP 

induction and cytochrome c release (Gupta, 2001). This has been suggested as a way 

to overcome XlAP inhibition of caspase 8-activated caspase 3, by, on the one hand, 

increasing the pool of caspase 9-activated caspase 3 and, on the other hand, allowing 

Smac/DIABLO and HtrA2/0mi release and XIAP sequestration (Sprick and Walczak, 

2004). By decreasing the levels of tree XIAP while increasing the levels of its 

substrate, this eventually results in an excess of activated caspase 3 and the 

progression of apoptosis. 

1.4.1.2. Apoptosis execution: 

1.4.1.2.1. Executionercaspases activation: 
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Caspases define a family of cysteine proteases first described in C.elegans and 

activated during apoptosis. Caspases are separated into two functional groups. The 

initiator caspases contain a long N-tenninal domain encoding one CARD, as in 

caspase 9, or two DEDs. as in caspase 8, which mediate binding to large complexes 

during the induction phase of apoptosis and facilitate initiator caspase autoactivation. 

Executioner caspascs, caspase 3, caspase 6 and caspasc 7, are devoid of this N­

tcrminal domain and are activated directly by an upstream caspase (Sprick and 

Walczak, 2004). 

Caspase activity depends on four amino acid loops, two contributed by the 

large N-terminal subunit and two contributed by the small C-tem1inal subunit, which 

form a substrate-binding groove, with loops I, 3 and 4 allowing binding to a four 

amino acid residue and loop 2 containing the catalytic cysteine. Substrate binding is 

specific tor an X-Giu-X-Asp residue sequence, with cleavage occurring after the Asp 

(Shi, 2002). In the inactive effector caspase, loop 2 is rotated, preventing access to the 

catalytic cysteine and loops 3 and 4 are turned away from each other. Asp cleavage 

between the two subunits by an initiator caspase results in conformational change and 

formation of a functional active site (Shi. 2002). Caspase activity also requires 

homodimcrisation, with the stability of the active site of one monomer being 

increased upon substrate binding by the loop 2 of the other monomer, which doesn't 

form its own active site (Shi, 2002). 
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Caspases cleave a wide range of substrates during apoptosis (Saraste and 

Pulkki, 2000), eventually resulting in DNA degradation and apoptotic body 

formation. 

1.4.1.2.2. Nucleardegradation: 

Morphologically, nucleus degradation is characterised by nucleus shrinkage 

and chromatin condensation, followed by DNA fragmentation and nuclear break up, or 

karryorhexis (Saraste and Pulkki, 2000). 

Chromatin condensation is mediated by caspasc 3 activation of the protein 

acinus and caspase 6 cleavage of the nuclear membrane proteins NuMa and lam ins 

and results in collapse of the DNA-histone network (Robertson et al., 2000). Caspase­

independent chromatin condensation can also be achieved by the Ca2+-dependent 

nuclear scaffold protease, which mediates lamin cleavage (McConkey and Orrenius, 

1997) and possibly by the apoptosis inducing factor (AIF), translocated from the 

mitochondria to the nucleus (Robertson et al., 2000). DNA degradation then occurs, 

giving rise to large fragments of 300kbp and 50kbp, and smaller multiples of 180 bp 

to 220 bp in length, which corresponds to the spacing of topoisomerase 11, lam in B 

and histone HI along the DNA, respectively (Robertson et al., 2000). Topoisomerasc 

11 and lam in B are direct caspase substrates, while histone HI can be bound by DNA 

fragmentation factor (DFF) -40, itself released from cytosolic DFF45 binding by 

cleavage of DFF45 by caspase 3 or caspase 7 (Robertson et al., 2000). Degradation of 
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these DNA-associated proteins allows DNA access to DNases, namely the caspase­

released DFF40 (Robertson et al., 2000), but also the ci+ -dependent endonuclease 

DNase I, which is released from the ER during the intrinsic pathway and benefits 

from the elevated Ca2
+ concentration in apoptotic cells (McConkey and Orrenius, 

1997) and from caspase-induced cleavage of its inhibitor gelsolin (Robertson et al., 

2000). DNA damage repair is prevented by caspase 3 cleaving of DNA-PK, which is 

involved in DNA double strand break repair and polyADP-ribose polymerase 

(PARP), wich participates in complexes involved in DNA repair and replication 

(Robertson et al., 2000). 

1.4.1.2.3. Cytoskeletal degradation: 

Cytoskeletal protein cleavage is an important part of the apoptotic process. 

Apart trom the straightforward degradation of the cytoskelctal network, such as 

caspase 6 cleavage of the muscle-specific desmin, yielding an N-terminal fragment 

which induces both desmin and vimentin filament aggregation (Chen et al., 2003), 

and eventual loss of actin bundles, microtubules and keratin filaments (Dommina et 

al., 2002), cytoskeletal modifications are also linked to cell shape and adherence 

changes. Cell detachment and rounding are associated with the disappearance of focal 

adhesions induced by caspase cleavage of focal adhesion kinase (FAK), a member of 

the focal adhesion complexes which bridge the ECM-binding integrins (reviewed in 

Qin et al., 2004) to the actin cytoskeleton (Carragher et al., 2001). Membrane 

blebbing is mediated by caspase cleavage and activation of Rho kinase (ROCK) I, 
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which promotes actomyosin network contractility (Dommina et al., 2002). Targeted 

actin microfilament or microtubule disruption has also been shown to induce a 

caspase-independent dephosphorylation of Akt/protein kinase B (Flusberg et al., 

200 I), resulting in decreased Bcl-2 expression and Bad phosphorylation (Cross et al., 

2000), therefore increasing general pro-apoptotic signalling in the cell. 

The cytoskeleton is also involved in stabilisation of the apoptotic bodies 

formed at the end of the apoptotic process via increased cross-linking to integral 

plasma membrane proteins, resulting from Ca2+-dependent transglutaminase activity 

(McConkey and Orrenius, 1997). This stabilisation prevents rupture of the apoptotic 

bodies and spillage of intracellular material, which would lead to an intlammatory 

response. Recognition and phagocytosis of the apoptotic bodies is due to Ca2+­

dependent membrane phospholipid redistribution, with mner surface 

phosphatidylserine becoming transported to the outer surface of the plasma membrane 

(McConkey and Orrenius, 1997). 

1.4.2. Apoptosis in the lens: 

Although the various apoptotic pathways seem to offer a wealth of potential 

targets to induce cell death in lens epithelial cells, it is important to realise that 

apoptosis is an integral part of both the healthy and cataractous lens. As a result, the 

lens epithelial cells, which are still active after cataract surgery have already been 

exposed to a range of apoptotic stresses and possess a range of anti-apoptotic factors, 

which need to be taken in account when devising an apoptosis-inducing strategy. 
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1.4.2.1. Apoptosis exposure in the healthy lens: 

Apoptosis is an integral feature of lens development and differentiation. 

Apoptosis is first detectable at the stage of the lens placode, when apoptotic 

cells are present between the lens placode and the optic vesicle and at the junction 

between the lens placode and the surface ectoderm (Mohamed and Amemiya, 2003). 

After invagination, apoptosis is again essential for the regression of the lens stalk, 

which bridges the lens vesicle to the surface ectoderm. Failure of the cells of the lens 

stalk to undergo apoptosis alter vesicle closure leads to a pemmnent connection 

between the lens and the cornea, resulting in microphthalmia in mouse models and 

Peters anomaly in humans (Ozeki et al., 200 I). 

The stage of lens development which has been most compared to apoptosis, 

however, is the later-occurring secondary fibre differentiation. Organelle loss during 

secondary lens fibre differentiation involves the expression and activity of proteins 

commonly associated with apoptosis, such as the early expression of the c:fos, c-.fun 

and c-myc genes and the requirement of p53 expression for denuclcation (Zelenka e/ 

al., 1997). Nuclear degradation is also associated with decreased Bcl-2 expression 

and increased Bcl-x cleavage, which suggests a promotion of apoptosis, and can be 

greatly reduced in lens cells populations by caspase inhibition, with cathepsin D 

activity being responsible for the remaining degenerating nuclei (Wride, 2000). 
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Caspase activity is also involved in a-spectrin and P-spectrin cleavage during 

lens fibre maturation from the cortex to the nucleus. Spectrin cleavage by caspase 3 

results in the localised degradation of the plasma membrane-spectrin-actin network 

complex, allowing membrane blebbing and. eventually, facilitating the formation of 

the extensive membrane protrusions and fusions present in the lens nucleus (Lee e/ 

al., 2001 ). 

Caspase 3 is also involved in the connexm 50 cleavage observed in the 

nucleus, which allows Gap junctions to function independently of pl-1 (Yin el al., 

2001). 

Lastly, apoptosis might also be a feature in all ageing lenses, as xanthurenic 

acid, a product of tryptophan degradation which accumulates in the lens with age, 

correlates with intracellular Ca2
+ increase, cytochrome c release. caspase 3 activation 

and nuclear and plasma membrane degradation (Malina et al .. 2002). 

1.4.2.2. Apoptosis exposure during cataract: 

Induction of cataract has often been associated with lens epithelial cell 

apoptosis in both humans and animal models (Li el al., 1995). TGF-P-induccd 

cataract, which models sub-capsular human cataract, presents a high number of 

terminal dcoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) -

positive lens epithelial cells, especially in the region of the multilayered plaque 
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adjacent to the lens fibres (Maruno et al., 2002). Rat models of diabetic cataract also 

show an increase in TUNEI~-positive lens epithelial cells with galactose overfeeding, 

which is correlated with aldose reductase and subsequent p53 expression (Takamura 

et al., 2003). UV -B exposure correlates with increased and sustained c-fos expression 

in both epithelial and tibre cells and DNA degradation comparable to an apoptotic 

DNA ladder (Li and Spector, 1996). The direct use of H20 2 to induce cataract is also 

associated with c-fos expression and DNA fragmentation (Li et al., 1995) and with 

PARP cleavage, chromatin condensation and nuclear membrane disappearance in 

selenite-induced cataract (Tamada et al., 2000). 

Apoptosis of lens epithelial cells is also a feature of some forms of human 

cataract. While no or very few apoptotic cells can be detected in the epithelium of 

nonnal adult lenses, they are present in capsulorhexes from cortical and sub-capsular 

cataracts (Li et al., 1995). Lens epithelial cells from anterior polar cataract have 

decreased Bcl-2 expression (Lee et al., 2002), but detectable levels of Fas and caspase 

3 (Majima et al., 2003). Lens epithelial cells from cataract associated with diabetic 

retinopathy also exhibit increased Fas-induced apoptosis (Okamura et al., 2002). This 

tendency, however, may not be a predominant feature of human cataract as the lens 

epithelium in senile cataracts (Okamura et al., 2002) and posterior subcapsular 

cataracts (Andersson et al., 2003) shows only reduced levels of apoptosis and 

conflicting results have been presented about the existence of apoptosis in nuclear 

cataracts (Li et al., 1995; Lee et al., 2002). 
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1.4.2.3. Anti-apoptotic factors in the lens: 

Exposure of the lens epithelial cells to apoptotic mechanisms frequently 

occurs during the normal life of the organism, in the fom1 of organelle degradation 

during fibre differentiation (detailed in section 1.1.3), oxidation following decrease in 

UV tiller efficiency (detailed in section 1.2.2), and during cataract (detailed in section 

1.4.2.2). As a result, the lens epithelial cells exhibit a large number of anti-apoptotic 

pathways. 

1.4.2.3.1. Anti-oxidants: 

Exposure oflens epithelial cells to oxidative stress induces the expression of a 

wide number of anti-apoptotic genes, such as Fanconi Anaemia (FANC)-A, FANCG 

and breast cancer-associated (BRAC) 2, which are involved in DNA repair, 

Oxysterol binding protein (OSB) - related protein (ORP) 150, which is a caspase 3 

inhibitor, and a-1-anti-trypsin, an anti-apoptotic proteinase inhibitor (Goswami et al., 

2003). 

But the lens epithelial cells also express a number of proteins directly 

involved in the regulation of the oxidative pathways. Superoxide dismutase (SOD), 

which neutralises the 0 2. anion into H20 2, is present under two forms in the lens, the 

cytosolic SOD! and the mitochondrial SOD2. Independently down-regulating the 

expression of both forms in vitro had shown that both promote survival in lens 
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epithelial cells, with SOD2 down-regulation allowing increased cytochrome c leakage 

into the cytoplasm and subsequent caspase 3 activation (Reddy et al., 2004). In the 

young lens epithelium, H20 2 is degraded by the glutathione redox cycle and catalase, 

with GSH also involved in reducing lens proteins damage from interaction with sugar 

compounds. With age, however, GSH production decreases, due to impaired cysteine 

transport into the lens epithelial cells, and the lens oxidative stress increases (Reddan 

et al., 1999). Other proteins responsible for lens protection are the endogenous anti­

oxidant protein (AOP) -2, which has been suggested to bind and sequester both 

intracellular and extracellular reactive oxygen spec1es (ROS) and H20 2, thus 

preventing oxidative damage, while exogenous AOP2 promotes cell survival in 

diabetic cataract models, which involve both osmotic and oxidative stresses (Kubo et 

al., 2004). 

1.4.2.3.2. Growth factors: 

Lens epithelial cells express a large number of cell-surface receptors for 

growth factors such as epidermal growth factor (EGF), FGF, lGF-1, PDGF and, in the 

chicken lens, HGF and VEGF (Zelenka et al., 1997). Although most of these growth 

factors are involved in proliferation and ditJcrentiation of! ens cells, some of them are 

also involved in survival. Insulin presence is necessary for early lens development in 

vitro, where it prevents apoptosis by down-regulating c-fos and c-jun expression 

(Rampalli and Zelenka, 1995). Apoptosis prevention can also be mediated via 

activation of the IGF-1 receptor (IGF-IR) pathway. Ligand binding and 



62 

phosphorylation of IGF-IR allows binding and phosphorylation of insulin receptor 

substrate (IRS) -I, which activates phospho-inositide 3 kinase (PI3K), resulting in 

increased phospho-inositide phosphate 3 (PIP3) levels. PlP3 then binds and activates 

Akt/PKB, which directly inactivates the pro-apoptotic Bad and caspase 9 and 

indirectly down-regulates Fas ligand expression, while increasing Bcl-2 and Bcl-x 

expression. PIP3 also activates phospho-inositide-dependent kinase (PDK) -1, which 

contributes to Akt/PKB, as well as PKA and PKC, activation (Vincent and Feldman, 

2002). Type I PKA has been suggested to inactivate Bad, while activation of the 

classical PKC-a and PKC-P and the atypical PKC-t and PKC-1:; are correlated with 

increased cell survival (Cross et al., 2000). 

Another important anti-apoptotic growth factor is lens epithelium-derived 

growth factor (LEDGF), which is produced, secreted and re-internalised by the lens 

epithelial cells (Ayaki et al., 1999). LEDGF is required for the survival of lens 

epithelial cells in vitro in the absence of serum (Singh et al., 2000), and the presence 

of anti-LEDGF antibodies is correlated with lens epithelial cell death in vitro (Singh 

et al., 2000) and with Vogt-Koyanagi-Harada disease and sympathetic ophthalmia in 

vivo (Yamada et al., 2001 ). LEDGF expression is activated in the presence of both 

thermal and oxidative stress (Sharn1a et al., 2000) and correlates with increased 

resistance to both stresses in vitro (Singh et al., 1999). LEDGF mediates its effects by 

binding to the heat shock element (HSE) and stress related regulatory element (STRE) 

within the AOP2, HSP27 and aB-crystallin promoters, thus inducing their expression 

(Fatma et al., 2001; Singh et al., 2001 ). 
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1.4.2.3.3. Heat shock proteins: 

Heat shock proteins are heavily involved in lens epithelial cell survival. 

HSP70, the expression of which is up-regulated in lens epithelial cells with 

l·b02-induced (Goswami et al., 2003) and selenite-induced (Belusko et al., 2003) 

oxidative stress, directly binds and inactivates Apaf-1, pro-caspase 3 and .JNK I in an 

A TP-dependent manner (Garrido et al., 2001 ). Together with its eo-chaperone BAG, 

HSP70 can also activate Bcl-2 (Garrido et al .. 2001) and sequester FADD, thus 

blocking both Fas-mediated apoptosis and anoikis (Sreedhar and Csem1ely, 2004). 

HSP27, the activation of which is mediated by LEDGF after oxidative or 

thermal stress (see 1.4.2.3.2), prevents Bid translocation to the mitochondrial 

membrane and its subsequent involvement in cytochrome c release, as well as directly 

binding cytosolic cytochrome c and pro-caspase 3 (Paul et al., 2002; Samali et al., 

2001). MAPKAP kinase 2 phosphorylation of HSP27 dimers also allows I-ISP27 

binding to Daxx, which blocks the Fas-mediated .JNK kinase apoptotic pathway 

(Sreedhar and Csennely, 2004). HSP27 also inhibits Smac/DlABLO release 

(Sreedhar and Csermely, 2004), thus increasing the anti-apoptotic effects of lAPs . 

. aA-crystallin and aB-crystallin, which are highly expressed in the lens, confer 

resistance to Fas ligand and TNF-a induced apoptosis (Andley et al., 2000), as well 

as UV A-induced apoptosis (Liu et al., 2004). Both a-crystallins can bind and 
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sequester Bax and the short, pro-apoptotic form of Bcl-x, which interferes with 

mitochondrial PTP formation (Mao et al., 2004). Protection against UVA, however, 

involves distinct mechanisms for each crystallin, with aA-crystallin-induced 

protection being correlated with Akt/PKB activation and aB-crystallin-induced 

protection involving decreased Rat: I activity and subsequent MEKI/2 and ERKI/2 

inhibition (Liu et al., 2004). aB-crystallin has also been shown to bind pro-caspase 3, 

preventing its maturation (Kamradt et al., 2002; Kamradt et al., 2001 ). 

1. 4. 3. Apoptosis induction in after-cataract research: 

Against such an impressive number of anti-apoptotic pathways available to 

the lens epithelial cells, an equally wide range of apoptotic agents has been tested. 

Most of them, however, are generic and could present a risk to other cell populations 

in the eye, especially the endothelial corneal cells and the RPE cells. 

1.4.3.1. Oxidative stress: 

Experimental use of oxidative stress can be mediated by application of UV-B, 

which induces H202 production via the degradation of aqueous ascorbate (Goswani et 

al., 2003), and results in p53-dependent apoptosis in rat lens epithelial cells in vivo 

(Michael et al., 1998; Sun et al., 200 I). Direct exposure to H202 in vitro leads to 

apoptosis via DNA degradation and activation of PARP, which leads to NAD 
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consumption, eventual exhaustion of A TP and failure of DNA repair (Spector et al., 

2002). General caspase activation is also detectable in HzQ2-induced apoptosis, with 

the notable exception of caspase 9 (Choudhary et al.,2002), suggesting that the 

mitochondrial pathway of apoptosis is not involved. Lipid oxidation, a consequence 

of Hz02 exposure, is sufficient to induce apoptosis and caspase 3 activation in vin·o 

(Choudhary et al., 2002), and synthetic lipid peroxides such as tertiary butyl 

hydroperoxide induce apoptosis levels comparable to H20 2 in vitro (Spector et al., 

2002). 

The use of oxidative stress, though efficient at promoting apoptosis in lens 

epithelial cells, is nevertheless non-spccitic and the potential induction of apoptosis in 

non-lens cell populations of the eye do not make it a suitable tool for treating PCO in 

humans. 

1.4.3.2. Direct activation of the apoptotic pathways: 

The direct activation of members of the apoptotic pathways has also been used 

to induce lens epithelial cell death. 

Direct exposure to Fas ligand or Fas-activating antibody in vitro successfully 

induces apoptosis (Nishi et al., 2001; Huebcr et al., 2003), while IFN-y treatment fails 

to activate caspase-3 and results in only a limited decrease in viability, even though 

capsase 8 is activated and Bcl-2 expression decreased (Awasthi and Wagncr, 2004). 
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Anoikis can significantly reduce cell proliferation when mediated by ethylenediamine 

tetra acetate (EDTA) in in vivo rabbit models for up to three months and with only 

short-term postoperative complications (Inan et al., 2001). The disintegrin salmosin, 

which is much more effective at inhibiting cell attachment than soluble RGD peptide, 

also selectively inhibits lens epithelial cells proliferation on both !ibronectin and 

laminin-based matrices in vitro (Kim et al., 2002), which is particularly relevant as 

the expression of both ECM components is known to be up-regulated in lens 

epithelial cells in after-cataract (Zhang et al., 2001). 

Again, as effective as these methods may be, they are still too non-specific for 

safe use in humans. 

1.4.3.3. Lens-specific apoptogens: 

In order to reduce the risk of apoptotic induction to other cell populations in 

the eye, a small number of lens-specific apoptogens have been developed. 

Ricin is a potent non-specific inhibitor of protein synthesis consisting of two 

chains, the active chain A and the cell-binding chain B (Meacock et al., 2000). The 

association of the chain A to a lens epithelial cell monoclonal antibody allows 

specific selection and, after proving its efficiency at inhibiting human lens epithelial 

cell proliferation in vitro (Tarsio et al., 1997), the immunotoxin conjugate has been 

tested in human patients in vivo, where it was associated with a significant decrease in 
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cell proliferation onto the lOL up to a year after surgery (Meacock et al., 2000) and in 

the need for secondary posterior capsulotomy for up to three years after surgery 

(Clark et al., 1998). Both studies, however, found a tendency for increased post­

operative inflammation. Also, despite a low dispersion rate in the eye, the 

immunotoxin still displays low-affinity binding to corneal endothelial cells and RPE 

cells (Meacock el al., 2000). 

Another example of such a conjugate is the polylysine-saporin complex, with 

the polylysine binding specifically to heparan sulphate chains on the lens capsule, 

allowing cellular take-up of the toxic saporin moiety (Bretton e/ al., 1999; David et 

al., 1992). 

1.4.3.4. Alternatives to apoptosis induction: 

Specific apoptosis induction in lens epithelial cells in vi"'J has proved difficult to 

achieve and a new school of thought has emerged that the complete elimination of the 

lens epithelial cells might not be necessary, or even desirable, to prevent PCO. 

Indeed, as long as the proliferating cells do not invade the visual axis and its 

surrounding area, no significant sight loss occurs. Also, 111 the absence of lens 

epithelial cells, the lens capsule wouldn't be maintained and might weaken, 

facilitating capsule rupture and lOL displacement. Therefore, some studies have 

focused on the inhibition of proliferation and/or migration of lens epithelial cells on 

the lens capsule, without inducing their apoptosis. 
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Disrupting collagen secretion, with the lysyl hydrolase inhibitor minoxidil (Saika and 

Ohnishi, 200 I), or FGF -binding heparin secretion, with suramin (Rieck et al., 2004) 

result in decreased proliferation and migration, without any apoptotic effects. The 

MMP inhibitor llomastat also prevents lens epithelial migration (Wong et al., 2004), 

which, as will be shown in Chapter 4 of this study, can be related to grO\vth factors 

levels. The efficiency of these drugs reflects the importance of growth factors and 

cell-matrix interactions in the invasive behaviour of lens epithelial cells on the lens 

capsule. 

1.5. Summary: 

In this introduction, I have shown how current research into after-cataract 

prevention is hindered by the high resistance of lens epithelial cells to apoptosis (see 

sections 1.4.2) and the low specificity of the apoptogens used (see section 1.4.3). In 

this study, I have aimed to identify lens-specific agents of lens epithelial cell viability. 

In the long-term, such agents could be disabled to decrease lens-specific proliferation, 

migration or apoptosis resistance, thus slowing down the progression of reo and 

delaying the need tor posterior capsulotomy. To this end, I set up an in rilro model 

whereby lens epithelial cells were cultured onto their natural basement membrane in 

vivo (detailed in section 3.1 ), the lens capsule. 

In Chapter 2, I examined the influence of the presence of the lens capsule on 

the viability of lens epithelial cells in vitro, both in the absence and the presence of 
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apoptogen. To determine whether any influence of the capsule was lens-specific I also 

examined whether the presence of the lens capsule affected the viability of non-lens 

cell lines. 

I have also stressed the importance of crystallins (see sections 1.2.3. 1.1.4, 

I. 1.5 and 1.4.2) and growth factors (see sections I. 1.2, I. 1.3, 1.3.2 and 1.4.2) in the 

development, functions and pathologies of the lens. Therefore, I then focused my 

attention on the potential involvement of crystallins and growth factors in the 

mediation of the capsule's effect on lens epithelial cell viability. In Chapter 3, I 

examined the expression of the intra-cellular anti-apoptotic factors aA-crystallin, aB­

crystallin and HSP27, to test whether it correlated with cell viability on the lens 

capsule. In Chapter 4, l examined the medium levels ofFGF-2 and IGF-1, also to test 

whether they correlated with increased cell viability on the lens capsule. I also 

identified MMP-2 as a soluble factor able to lead to the release of FGF-2 and !OF-I 

from the lens capsule, with consequences on lens epithelial cell viability. 
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2. The lens capsule maintains lens cell viability: 

To investigate the role of the lens capsule in lens cell viability, it IS first 

necessary to be familiar with the nature of the lens capsule itself. 

2.1. Introduction: Structure and function of the lens capsule: 

The lens originates from the invagination of the ectodem1 at the lens placode 

(detailed in l.l.l ), and it is the basal membrane of the ectoderm cells that constitutes 

the original lens capsule. 

The thickening of the lens capsule is ensured by the continuous deposition of 

ECM by the lens epithelial cells, and as a result the anterior lens capsule, which 

retains lens epithelial cells throughout life, increases in thickness and strength with 

age (Krag and Andreassen, 2003). In contrast, the posterior capsule, whose lens 

epithelial cells elongate into primary fibre cells to form the lens nucleus (Faber et al., 

2002), doesn't significantly increase in thickness with age (Krag and Andreassen, 

2003) and is, essentially, unmodified 1rom its prenatal form. 

The main structural components of the lens capsule are characteristic of those 

found in other basement membranes and each performs specific functions. 
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2. 1. 1. Proteoglvcans and lens development: 

Proteoglycans are composed of a protein core to which are attached a variable 

number of one or several types of glycosaminoglycans (GAG). A GAG is a long, 

linear chain of sulphated and anionic disaccharide repeats that make the GAG 

hydrophilic and therefore voluminous. The main types of GAGs are hyaluronan, 

chondroitin sulphate and dermatan sulphate, heparan sulphate and keratan sulphate. 

They attach to the serines of the protein core via a link tetrasaccharide. Some 

proteoglycans are secreted into the ECM, while others are retained at the cell's 

surface (Aiberts et al., 2002). 

In the lens, chondroitin sulphate, dem1atan sulphate and several heparan 

sulphate proteoglycans are synthesised by the lens epithelial cells and deposited in the 

lens capsule (Wink! er et al., 200 I; Goes et al., 1 999; Mohan and Spiro, 1 991 ). The 

size and distribution of these proteoglycans vary between anterior and posterior 

capsules, with the aqueous side of the anterior lens capsule being characterised by 

larger proteoglycan complexes (Landemore et al., 1999). As the hydrophilic character 

of GAGs favours gel formation and increased resistance to pressure (Aiberts et al., 

2002), these larger outer anterior stmctures might be involved in dealing with the 

stress endured by the anterior capsule during accommodation. 

However, chondroitin sulphate and heparan sulphate have mainly been linked 

with developmental processes. Chondroitin sulphate expression, in both basal and 

apical laminae in the chick lens placode, is necessary for lens vesicle formation and 



72 

closure and has been suggested to act via Ca2+-mediated microfilament contraction at 

the cells' apical end and via H20 intlux-mediated intercellular pressure at the cells' 

basal end (Gato et al., 2001). Heparan sulphate proteoglycans are known ligands, 

stabilisers and co-receptors (Delehedde et al., 1996; Zhang et al., 2001) of FGF-2, a 

growth factor essential to lens fibre differentiation (see section 1.1.2). Accordingly, 

targeted deletion of GAG-binding serines from the Hspg2 gene, whose product, 

perlecan, is a FGF-2 binding heparan sulphate proteoglycan (HSPG) (Knox et al., 

2002), result in progressive lens fibre degeneration in mouse lenses (Rossi et al., 

2003). However, as perlecan also binds laminin and collagen IV via its heparan 

sulphate chains, the disruption of perlecan weakens the lens capsule and it is not clear 

whether the degeneration of fibres occurs independently or because of an increased 

posterior capsule permeability. A very similar phenotype was obtained in the secreted 

protein, acidic and rich in cysteine (Spare) -null mouse lens (Yan et al., 2002), which, 

as in the GAG-less perlecan mice lens, is characterised by post natal fibre swelling 

and degeneration, posterior capsule rupture and filopodia-like extensions from the 

lens cells into the capsule. These similarities suggest that both proteins be involved in 

a common pathway, with the GAG-less perlecan mouse phenotype also highlighting 

the important role ofheparan sulphate chains in cell adhesion. 

With age, the amount of proteoglycans in the lens capsule decreases (Winklcr 

et al., 200 I), with deleterious effects on the capsule's strength and FGF binding 

ability. After-cataract does not bring any major changes in proteoglycans, which are 

still present in the matrix deposited on the posterior capsule and JOLs, although 
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keratan sulphate becomes detectable, in association with collagen fibrils (Saika et al., 

1998; Jshibashi et al., 1995). 

2. 1. 2. Collagen and capsule elasticity: 

Collagen proteins belong to a large family, the members of which are essential 

to the formation of extracellular networks (Alberts et al .. 2002). Individual collagen 

proteins contain a long central helical domain of Gly-X-Y repeats, !lanked by short 

non-collagenous N-terminal and C-terminal domains. Collagen assembles as homo­

(as for collagen Ill) or hetero- (as for collagen I and IV) trimers, with initial 

trimerisation of the C-terminal non-collagenous domains of three separate collagen 

chains allowing alignment of the long helical domains and triple helix formation. 

Collagen !rimers can further assemble either into fibrils, after C-tcrminal domain 

cleavage, or into meshworks, via dimerisation of the C-terminal trimers into 

hexamers and tetramerisation of the N-terminal domains (Krag and Andreasscn, 

2003; Sundaramoorthy et al., 2002). 

In the lens capsule, as in other basement membranes, collagen IV is 

predominant and assembles into a three-dimensional network (Krag and Andreassen, 

2003). The outer layer of the lens capsule is the first to be laid down during 

development, between I 0 to 11.5 days post-conception in the mouse, and is rich in 

the a 1- a 1- a2 trim er, and in the a 5- a 5-a 6 trim er (Kelley et al., 2002). This 

deposition is retained throughout adulthood (Kelley et al., 2002) and, thanks to the 

recoverable stretching of collagen IV helical regions (Fisher et al., 1976), gives the 



74 

capsule elastic properties. This elasticity is needed during development to allow the 

lens capsule to stretch as the fibre mass volume increases and during accommodation 

when contraction of the ciliary fibres mediates an adjustable and recoverable 

reduction of the equatorial diameter and forward movement of the lens mass (Gamer 

and Yap, 1997). To withstand the pressure exerted during accommodation, the less 

common and highly cross-linked a 3- a 4- a 5 collagen IV trimer is laid down later in 

life, from two weeks post-natal in the mouse, and increases the strength of the inner 

lens capsule layer (Kelley et al., 2002). 

Age greatly affects the lens capsule's collagen network. The original parallel 

lammellar deposition, though persisting in the equatorial regions, degrades into a 

more random arrangement, first at the posterior capsule in childhood and then at the 

anterior capsule in adulthood. This disorganisation reduces the capsule strength by 

preventing the parallel alignment of the collagen layer during deformation (Krag and 

Andreassen, 2003). The overall collagen content also decreases, as indicated by the 

hydroxyproline fraction (Peczon et al., 1980), and the amount of non-enzymatic 

glycosylation (Cohen and Yu-Wu, 1983) and cross-linking (Krag and Andreassen, 

2003) increase. The strength and elasticity of the capsule, respectively, are heavily 

affected by those changes and steadily decrease from 35 years onwards in human lens 

capsules (Krag et al., 1997). 

After-cataract also affects the collagen fraction of the lens capsule, but in a 

very different manner. The epithelial-mesenchymal transition that occurs in lens 

epithelial cells during after-cataract (Wormstone et al., 2004) correlates with an 
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increase in prolyl-4-hydroxylase expression, an enzyme involved in the triple helix 

formation of the collagen chains, and in the synthesis of collagen I, Ill, V and VI 

(Saika et al., 1998). These collagen types are not nom1ally found in the healthy lens 

capsule and indicate a departure of the lens cells from the epithelial phenotype. 

Other lens capsule components involved in ECM elasticity include fibrillin, a 

glycoprotein found in elastic fibres (Aibe11s et al., 2002), which is present at the 

equatorial region of the lens capsule. At the peripheries of both anterior and posterior 

capsules, fibrillin fibres are arranged in a radial fashion, while a fibre meshwork 

encircles the equator, the point of contact between the lens and the zonular fibres 

(Mir et al., 1998). This distribution suggests a role for fibrillin networks in the 

accommodative properties of the lens. With age, the zonular insertions into the 

capsule are displaced away from the elastic librillin belt at the equator towards the 

anterior capsule, which correlates with a decrease in accommodation (Famsworth and 

Shyne, 1979). 

2.1.3. Gtvcoproteins and cell adhesion: 

The lens capsule's collagen IV network is reinforced by cross-links with a 

number of glycoproteins that also mediate cell-matrix adhesion. 

2.1.3.1. Laminin and Fibronectin: 
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After collagen IV, the glycoproteins laminin, tibronectin and entactin are the 

most readily found components of the lens capsule (Cammarata and Spiro, 1985). 

Laminin is an heterotrimer that assembles in the shape of an asymmetric cross 

and can bind to itself via its short am1s and indirectly to type IV collagen via an 

entactin molecule (Alberts et al., 2002). In the lens, it is present in equal amounts in 

the anterior and posterior capsules as a high-molecular weight, over 500kDa, 

unreduced form and as smaller, 200kDa and 400kDa, reduced forms. Outside the 

lens, laminin, but not collagen IV, fibronectin or entactin, can mediate cell adhesion 

via dystroglycan binding, which can itself link to the actin cytoskeleton (Ervasti and 

Campbell, 1993). Entactin, found in higher quantities in the anterior than in the 

posterior capsule, is present as a 150kDa form (Cammarata and Spiro. 1985). 

Both exogenous laminin and fibronectin are promoters of lens epithelial cell 

adhesion and migration in vitro (Olivero and Furcht, 1993). In vivo, however, their 

adhesive properties are very ditTerent, as demonstrated by the inability of a lens­

capsule-extracted laminin-fibronectin mix to improve lens epithelial cell adhesion 

(Cammarata and Spiro, 1985). Selective degradation offibronectin is known to reveal 

anti-adhesive peptides and could explain these contradictory results (Fukai et al., 

1998), but they can also be explained by examining protein expression profiles in the 

lens. 

Fibronectin is a large heterodimer formed by two multidomain polypeptide 

chains translated tram splice variants of the same m RNA and linked at one end by 
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disulphide bonds. In the rat lens, fibronectin deposition in the capsule is detectable 

only until day 19 of embryonic development, after which laminin is the main 

glycoprotein in direct contact with the cells. Accordingly, the adhesion of rat 

embtyonic lens epithelial cells to fibronectin is progressively lost from day 16 of 

embryonic development onwards, while adhesion to laminin is maintained 

(Parmigiani and MeA voy, 1991 ). it is therefore expected that adult, healthy lens 

epithelial cells shouldn't adhere significantly to fibronectin. With cataract and after­

cataract, however, lens epithelial cells can undergo an EMT (detailed in section 1.3.2) 

that might affect their adhesive abilities. Fibronectin is known to be up regulated by 

TGF-~ and is indeed found in capsular bags in after cataract and anterior polar 

cataract (Tanaka et al., 2002; Joo et al., 1999). It seems logical that an increase in 

fibronectin expression in these pathological conditions be accompanied by an increase 

in its ability to promote cell adhesion and migration. 

2.1.3.2. SPARC: 

Osteonectin/SPARC ts a Ca2+ -binding secreted glycoprotein, whose 

expression is wide during embryonic development, but limited in adult tissues. 

Strictly speaking, SPARC is not a structural ECM glycoprotein, and is not found in 

the lens capsule itself (Yan et al., 2003), although it regulates FGF-2's binding and 

TGF~-1 's expression in other cell systems and should therefore be important in cell 

proliferation. Its role in cell adhesion is less well-defined, as SPARC's binding of 

collagens I. I!, Ill, IV, V, VIII and vitronectin suggest a promotion of cell adhesion, 
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while its induction of focal adhesion complex dissolution should reduce adhesion to 

the substrate (Yan and Sage, 1999). 

In the adult lens, SPARC is restricted to the lens epithelium and the basal end 

of the secondary lens fibres (Kantorow et al., 2000). The increase in SPARC 

expression in peripheral epithelium that is reported in human lenses (Kantorow et al., 

2000) and the known cell-cycle -inhibitory function of SPARC (Yan and Sage, 1999) 

would suggest a role for SPARC in the cell cycle exit during lens epithelial cell 

differentiation. However, the reverse pattern of expression of SPARC, i.e. higher in 

the central lens epithelium than at the bow region, in murine lens cells (Yan et al., 

2003) contradicts this hypothesis. The most direct evidence of SPARC function in the 

lens can be seen in the Spare-null mice (Van et al., 2002; Gilmour et al., 1998). 

Lenses of Spare-null mice are characterised by numerous cell extensions into the lens 

capsule which result in cleft formation and capsule rupture. This phenotype suggests 

either that SPARC ensures cell adhesion and that in its absence the cells have to 

increase their contact area with the capsule to stay attached, or that SPARC prevents 

active ECM degradation by the cells and its absence results in increased cell invasion 

into the matrix. The lenses of Spare-null mice are also characterised by swollen lens 

tibres and cataract. With human cataract, SPARC expression increases (Kantorow et 

al., 2000) which is compatible with an increase in collagen I and TGF~-1 expression 

in cataractous lens epithelial cells (Joo et al., 1999; Saika et al., 2001, respectively). 
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2.2. Aims: 

In this Chapter, I wanted to investigate whether the presence of the lens 

capsule could maintain lens epithelial cell viability in the presence of stress, as has 

been described for basement membranes in other systems (Rintoul and Sethi, 2002; 

Judware et al., 1998; Aharoni et al., 1997). I also wanted to test whether any 

protection granted to the lens cells by the lens capsule could be extended to non-lens 

cell lines, i.e. whether the protection be lens-specific. 

2.3. Experimental procedure: 

To address the aims cited above, I established an in vitro model by which a 

number of lens and non-lens cell lines were to be cultured onto bovine lens capsules. 

Lens capsules were preferred to artificial matrices as lens capsules are the in vivo 

substrate of the lens epithelial cells. Cell viability was assayed using a colorimetric 

measurement of metabolic activity (Cei!Titer 96R Aqueous Non-Radioactive Cell 

proliferation Assay kit (Promega, Madison, USA)) (O'Flaherty et al., 2005; Tighe and 

Talmage, 2004), in the presence of staurosporine, a well-characterised protein kinase 

inhibitor (Couldwell et al., 1994). 

2.3.1. Bovine eve dissection: 

To establish the lens capsule culture model, bovine eyes were collected from 
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Northern Counties Meat Group, Sunderland, and used in accordance with the 

'Meat Hygiene Service regulations for the despatch of serious risk material for 

research purposes'. Donor cows were culled at 30 months of age. Eyes from both 

male and female animals of a range of breeds (including Simmental, Charolais, 

Friesan, Limousin and Belgian Blue) were used within each experiment. I consider 

that using animals of both sexes from different breeds is an advantage for my 

experiments, as results that are conserved across sex and breed are more likely to also 

be conserved in the whole population and therefore more useful for potential clinical 

applications. 

Lenses were dissected from the eye by cutting with a major surgical blade 

(Swann-Morton, Sheffield, UK) through the sclera into the posterior chamber, well 

far back from the lens. The vitreous was removed and the eye inverted to expose the 

lens and the ciliary muscles. The lens was freed by gently cutting the end of the 

suspensory ligaments of the ciliary muscles, taking care not to touch the lens capsule 

itself. The lens was then put in Dulbecco's minimun eagle's medium (DMEM) 

(Sigma-Aidrich, Poole, UK) in a 50 ml tube overnight at 37°C. On the next day, 

lenses were taken out of the culture media and cleaned from any remaining ciliary 

fibres with a pair of fine forceps. They were then put in a cell culture 12-well plate (I 

lens/well) coated with Sylguard (Dow Coming, Wiesbaden. Germany), the anterior 

side of the lens facing down, as it is the anterior side of the lens capsule that was to be 

used as culture substrate. 12-well plates were used as, once dissected, the lens capsule 

almost exactly covers the whole surface of the well, thus minimising the number of 

cells liable to grow onto the Sylguard. Using a surgical knife, a long single cut was 
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made with the posterior side of the lens facing up. Pins were inserted along these cuts 

to push outwards the capsule, pin it down to the Sylguard and expose the fibre cell 

mass. The fibre cell mass was removed with fine forceps to reveal the internal side of 

the anterior capsule, after which cell culture medium was poured over the capsule to 

keep it moist. 

2.3.2. Lens capsule cleaning: 

As human cells were meant to be cultured onto the lens capsules, the capsules 

were thoroughly cleaned to get rid of all primary bovine lens cells. The dissected and 

pinned-down capsules were trypsinised for 40 min in trypsin-ethylene diamine tetra 

acetate (EDTA) (Sigma-Aidrich, Poole, UK), then washed once in 70% (v/v) ethanol 

for 10 min. The trypsin-EDTA was used to detach most primary cells present on the 

lens capsule, while the ethanol wash was expected to kill all remaining cells and turn 

them white, making them highly visible and allowing their scraping off the capsule 

with a pair of large forceps. The use of trypsin-EDTA was previously shown not to 

have any adverse effects on cell culture on the lens capsule (Gribbons, 2003). Three 

washes in phosphate-buffered saline (PBS) followed, to remove the detached primary 

bovine cells. The capsules were then left overnight in the third PBS wash to be used 

the next day as a substrate for cell culture. 

To check the effectiveness of the cleaning process, a preliminary experiment 

was conducted with pictures of lens capsules being taken before and at1er the cleaning 

process, to visually demonstrate the removal of the primary bovine cells. Those same 
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capsules were then left in IO%FCS-supplemented cell culture media for 96h, which 

cmTesponds to the total duration of the viability experiments to be conducted with the 

human cells. The cell viability of the cleaned capsules was then detem1ined using the 

CellTiter 96R Aqueous Non-Radioactive Cell proliferation Assay kit (Promega, 

Madison, USA). The presence of viable cells immediately after cleaning was not 

checked as the measurement of cell viability at the 96h time point was judged more 

relevant to the experimental set-up. This time point was chosen to check whether, in 

the event of even a small number of primary cells remaining on the capsule after 

cleaning, these primary cells could subsequently proliferate and result, by the end of 

the viability experiment, in a primary cell population big enough to interfere with the 

quantification of human viable cells on the lens capsule. This experiment was 

repeated three times independently. Representative pictures of un-clean and cleaned 

capsules, as well as cell viability graphs at 96h are shown in Figure 2.1. 

2. 3. 3. Cell culture: 

A variety of human cells were cultured onto both plastic and cleaned lens 

capsules. The cell lines used during this study are presented in Table 2.1. All cell 

lines were cultured in I m! of DMEM supplemented with at I 0% (v/v) foetal calf 

serum (FCS) and a I% (v/v) L-glutamine-penicillin-streptomycin mix (all from 

Sigma-Aidrich, Poole, UK). All cells were used between passage 8 and passage 12, 

with the exception of cells used during the early vs late viability experiment (see 

Figure 2.7), when cells of passage over 20 were used. Cells were plated in 12-well 

plates, either on cleaned lens capsules or on plastic, and were Jeli at 3 7°C for 48h. 
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This duration was chosen to allow any potential interactions of the cells with the lens 

capsule to occur before proceeding to the next experimental step. 

Consistency in the number of cells plated was insured by first determining the 

number of cells present in a fixed volume of a confluent 75cm2 flask following 

complete cell detachment by friction with sterile glass beads (Sigma-Aidrich, Poole, 

UK). This cell number was detem1ined by haemacytometry. Each cell line was grown 

to confluence in a 75cm2 flask, before the cells were fi1lly detached from the plastic 

substrate by friction with autoclaved glass beads and resuspended in 20ml of DMEM. 

Single samples of 500fll, 200fll, I OOrt!, SOfll and I Ortl were then taken from the flask 

and pi petted into eppendorf tubes. 1 Ofll from each tube were diluted I: I in a 0.25% 

T1ypan Blue solution (BDH Chemicals Ltd., Poole, UK) after which they were 

pipetted onto the haemacytometer (Hawksley, London, UK). Viable cell (bright 

against a dark blue background) numbers were recorded for all nine squares and 

averaged. This average was then converted into viable cells number per 5001-lL 200rd, 

IOOrtl, 50fll and 1 Of\ I of original sample. Standard curves of the viable cell number as 

a function of original sample volume were constructed and the Pearson product 

moment correlation coefficient (r), which indicates closeness to a linear fit (Zolman, 

1993), calculated. The experiment was repeated three times independently for each 

cell line (see Figure 2.2). 
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Figure 2.1 Effectiveness of the lens capsule cleaning process. 

A-Pictures of freshly dissected lens capsules before (A, D and G) and after (B, 
C, E, F, H and I) cleaning were taken with a Nikon Coolpix 5000 camera via a 
Nikon Eclipse TS I 00 microscope. Cleaning consisted of one 40 min trypsin­
EDT A wash, one I Omin 70% ethanol wash and three PBS washes. Six capsules 
were used for each experiment. The experiment was repeated independently for a 
total of three times. Representative pictures of total or partial coverage of 
primary bovine lens epithelial cells (A,D and G), cleaned central capsule (B, E 
and H) and cleaned peripheral capsular folds (C, F and I) are shown. Wrinkles 
and folds in the lens capsule were chosen as a focus point to confidently identify 
the lens capsule. Magnification 20X. 

B-Cell-free plastic wells and cleaned lens capsules were left in 10%FCS­
supplemented DMEM for 96h, after which cell viability was measured using the 
Cel!Titer 96R Aqueous Non-Radioactive Cell proliferation Assay. Absorbances 
were not translated into cell numbers as no appropriate standard curve can be 
chosen for testing the absence of cell. Absorbance values were not significantly 
different (P>O.OS for all three repeats) between the plastic wells and the cleaned 
capsules. The experiment was repeated three times independently with six 
samples used for each treatment of each repeat. ANOV As between independent 
repeats within a treatment were also conducted. Exact t-test and ANOV A P 
values are presented in Appendix 2. 
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Name Type Origin Reference 

H36LE2 Human, wild-type A.R. Prescott, Reddan et al., 
lens epithelial cell Dundee 1999. 
line University 

9MaB Human, aB- A.R. Prescott, Berry et al., 
crystallin 4 50!!., lens Dundee 2002 
epithelial cell line University 

0373 Human astrocytoma HTB-17 De Ridder et 
cell line (ATCC) al., 1987 

MCF7 Human breast HTB-22 Soule et al., 
epithelial carcinoma (ATCC) 1973. 
cell line 

SWIJvim+ Human adreno Derived from Sarria et al., 
carcinoma cell line, SW13 vim- 1992 
stably transfected 
with mouse 
vimentin-expressing 
plasmid 

SW13 vim- Human adreno CCL 105 Leibovitz et 
carcinoma cell line, (ATCC) al., 1973. 
lacking expression 
of all intermediate 
filaments 

Table 2.1: List of all cell lines used during this study. 
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Figure 2.2 Quantification of cell numbers in confluent cultures. 

All six cell lines used in this study (H36LE2, 9MaB, U373-MG, MCF7, 
SW13vim+ and SW13vim-) were cultured in IO%FCS-supplemented DMEM in 
75cm2 plastic flask to confluence. Cells were then detached by friction with 
autoclaved glass beads and resuspended in 20ml of I O%FCS-supplemented 
DMEM. Single samples of IOfll, 50f1l , I OOfll, 200f1l and 500f1l were taken from 
the 75cm2 flask and pi petted into eppendorf tubes. I Ofll of each sample was then 
diluted I: I with trypan blue (0.25% (w/v) in PBS) and pi petted onto an 
haemacytometer. Viable cells (bright against a dark blue background) were 
counted in all nine squares of the haemacytometer. Viable cell numbers for each 
square were averaged and converted into viable cell numbers per sample. To do 
so, the average viable cell number per square was multiplied by two to account 
for the trypan blue dilution, divided by 0.0125, which is the volume in fll of one 
square of the haemacytometer and multiplied by the sample volume in fll. Viable 
cell numbers were then plotted against the sample volume and the Pearson 
product moment correlation coefficient, r, was calculated as an indication of the 
goodness of the linear fit. Standard deviations are not indicated on the graph to 
preserve clarity. This experiment was repeated three times independently. 
ANOV As between independent repeats at each sample volume were calculated 
to give an indication of the reproducibility of the results. Exact r and ANOV A P 
values are presented in Appendix 2. 
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The viable cell number of 5.104 was then chosen as the fixed number of viable 

cells to be plated tor all viability assays involving the lens capsule. Corresponding 

volumes to be pipetted from a confluent donor flask were calculated for each cell line 

and are presented in Table 2.2. The number of 5.104 cells was chosen at it is low 

enough to prevent the cells from reaching confluence before the end of the 

experiment. it is within the recommended cell density range for the cell viability used 

in this study (Promega technical bulletin No. 169). It is also within the range of cell 

density used by others for cell lines relevant to my study (human lens epithelial cells: 

Marcantonio and Reddan, 2004; Liu et al., 2004; MCF7 cells: O'Flaherty et al., 2005; 

U373-MG cells: Zupanska et al., 2005; Dun lop et al., 1999; SW! 3 cells: Maciocc et 

al., 1999). 

2.3.4. Staurosporine exposure: 

After being left for 48h at 37°C, half the cells grown on plastic and lens 

capsules were exposed to 500nM of staurosporine tor a further 48h. Staurosporinc 

was chosen as it has been shown to promote apoptosis in in vitro cultured cells 

relevant to my study (lens epithelial cells: Gribbon, 2003; lshizaki et al., 1993: MCF7 

cells: Vasaturo et al., 2005; U373-MG: Begemann et al., 1996). Staurosporine 

induces apoptosis via the mitochondrial pathway and subsequent caspase-3 activation 

(Zhang et al., 2004: Giuliano et al., 2004; Xiao et al., 2004). The concentration used 

was chosen after conducting experiments on the dose-dependent effect of 

staurosporine on the viability of the cell lines used in this study when cultured on 
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plastic. These experiments, which were repeated three times independently for each 

cell line, are presented in Figure 2.3. The duration of exposure, which is comparable 

to other studies using staurosporine (Zhang et al., 2004; Xiao et al., 2004), was 

chosen to constitute a robust test of the protective ability of the lens capsule. 

2. 3. 5. Cell viability assay: 

Although staurosporine is a known apoptogenic substance, I chose to study 

cell viability and this for two reasons. Firstly, the effects of staurosporine on 

apoptosis induction on the lens capsule have already been characterised by a previous 

member of my lab using TUNEL labelling (Gribhon, 2003). Overall cell viability, 

however, depends on the balance between cell death and cell proliferation in the cell 

population, and had not been addressed in this previous study. Secondly, reo is the 

result of the abnormal behaviour of the viable cells remaining in the capsular bag after 

surgery, irrespeetively of how many other cells might have been removed during 

surgery. I was therefore more interested in observing. and eventually reducing, cell 

viability on the lens capsule, as it is cell viability, rather than cell death, that leads to 

reo development. 

Cell viability was assessed using the CellTiter 96R Aqueous Non-Radioactive 

Cell proliferation Assay kit (Promega, Madison, USA)(Roehm, 1991; Scudiero er al., 

1988; Mosmann et al., 1983). This assay relies on the reduction by mitochondrial 

dehydrogenase enzymes from viable cells of 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-( 4-sul fophenyl)-2H-tetratzol i um (MTS) into formazan, 
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which is a compound soluble in cell culture medium and which absorbance can be 

recorded at 490nm (Promega technical bulletin No 169). This assay was chosen 

because it is quick, easy to use, and allows for a high number of samples to be 

processed at the same time. 

After 48h of exposure of the cells to staurosporine, the cell culture medium 

was changed and a lOOf!l of luminometric reagent from the CcllTitcr 96" Aqueous 

Non-Radioactive Cell proliferation assay per 0.5ml of new media was added to each 

well. This change of medium was done to insure that the volume of cell culture 

medium was known and similar for each well. After 90min exposure to the reagent, 

1 OOfll of cell culture medium was taken from each well and individually transferred to 

a 96 well-plate, after which the absorbance value at 490nm for each sample was 

quantified using an anthos lucy I microplate luminometcr (Anthos Labtec 

Instruments, Salzburg, Austria). Absorbances were then converted into live cells' 

numbers using a cell-specific standard curve. 

At the very start of my study, I also tested the discarded cell culture medium 

for evidence of cell viability, which would have resulted from the presence of viable 

detached cells in the cell culture medium. After 90 min exposure to the luminometric 

reagent, no colour change was recorded, indicative of the absence of viable cells in 

the cell culture medium. This initial result was in accordance with results from others 

that cell detachement from the culture substrate leads to cell death rather than allows 

the maintenance of cell viability (Hamada and Utiyama, 2005; Fouquet et al., 2004; 
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Volume used in 1-11 Corresponding cell number 
for 5.104 cells with confidence interval 

H36LE2 100 50725 ~ 3019 

9Ma8 100 48890 ~ 2871 

U373-MG 200 49555 ~ 2528 

MCF7 100 49555 !I 4547 

SW13vim+ 20 51987 !I 2604 

SWI3vim- 30 50953 ~ 5216 

Table 2.2 Volumes to be taken for 50000 viable cells. 

The volumes of resuspended detached cells to be used for cell 
seeding at the beginning of the cell viability assays were chosen 
based on the haemacytometry results presented in Figure 2.2. For 
each independent repeat presented in Figure 2.2, the FORECAST 
function (Microsoft Excel software) was used to determine the 
viable cell number corresponding to a given volume. When a 
volume was found that gave a corresponding viable cell number 
close to 5.104 for all three repeats, the corresponding viable cell 
numbers were averaged and a confidence interval (significance 
level=0.05, sample size=3) was calculated. 
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Figure 2.3 Determination of staurosporine concentration to be used in cell 
viability assays. 

For each cell line used in this study (H36LE2, 9MaB, MCF7 and U373-MG) 
,5.105 cells were seeded in each well of three 12-well plates in I O%FCS­
supplemented DMEM. 

After 48h, each six wells received either OnM, 50mM, 125nM, 250nM, 500nM 
or I !-lM of staurosporine. After a further 48h, colorimetric reagent from the 
CellTiter 96R Aqueous Non-Radioactive Cell proliferation Assay kit was added. 
After 90min exposure to the reagent, viable cell numbers were calculated by 
measuring each well's absorbance at 490nm and converting it into viable cell 
numbers using the standard curves obtained in Table 2.3. 

The viable cell numbers within a treatment were averaged and plotted against 
staurosporine concentration, with standard deviation. The significance in average 
viable cell number decrease with staurosporine addition was determined by two 
tailed independent t -test. This experiment was conducted independently three 
times. ANOV As between independent repeats within a treatment were also 
conducted. Exact !-test and ANOV A P values are presented in Appendix 2. 
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Marco et al., 2003; Findlay et al., 2002). Therefore, for the rest of my study. the 

investigation of cell viability in the cell culture medium alone was not conducted. 

Standard curves were constructed in advance for each cell line. A range of I 04 

to I 06 cells, chosen to encompass the starting cell number while allowing for potential 

increase or decrease in cell number during the viability assay, were plated and left for 

2h to allow re-attachment. Six wells of a 12-well plate were used for each density. 

The luminometric reagent from the CeiiTiter 96R Aqueous Non-Radioactive Cell 

proliferation Assay kit (Promega, Madison, USA) was then added and, after 90 min, 

the corresponding absorbance at 490nm was read. This experiment was repeated 

independently three times for each cell line, with the results being presented in Figure 

2.4. The absorbance values obtained at each cell number were averaged over the three 

independent repeats for each cell line, with the mean absorbance values being used as 

standards for the subsequent cell viability assays (sec Table 2.3) 

2. 3. 6. Special considerations for eo-culture: 

Following a first senes of cell viability experiments, non-lens cells were 

cultured in en-cultured inserts with either cell-free plastic or cell-tree lens capsule at 

the bottom of the well. This was to test the hypothesis that the decreased viability of 

the non-lens cells when cultured directly onto the bovine lens capsule (see Figure 2.5) 

was due to incompatible attachment factors. MCF7 and U373-MG cells were grown 

on a MilliceiiR culture plate insert (Millipore, Molsheim, France: pore size: 12pm), 

with either cell-tree plastic or a cell-tree lens capsule at the bottom of the culture plate 
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Figure 2.4 Standard curves for conversion of absorbance values into viable 
ceU numbers. 

For each cell line used in this study (H36LE2, 9MaB, MCF7, U373-MG, 
SWI3vim+ and SWI3vim-) ,104 , 5.104 , lOS, 5.105 and 106 viable cells were 
seeded in six wells of a 12-well plate in IO%FCS-supplemented DMEM. The 
range of cell numbers plated was chosen so that the highest cell number 
approximates the cell number present at confluence in a well of a 12-well plate. 

2h after plating the cells, colorimetric reagent from the CeliTiter 96R Aqueous 
Non-Radioactive Cell proliferation Assay kit was added to each well. The time 
period of 2h was chosen to allow the cells to attach to the substrate. After 90min 
exposure to the reagent, the absorbance at 490nm was measured for each well. 

The absorbance values within a treatment were averaged and plotted against the 
viable cell number plated. This experiment was repeated three times 
independently. ANOV As between independent repeats at each viable cell 
number were calculated to give an indication of the reproducibility of the results. 
Exact ANOV A P values are presented in Appendix 2. 
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Cell number 0 104 5.104 105 5.105 106 

Standard absorbance 0.234 0.238 0.306 0.383 0.886 1.281 
value for H36LE2 !! !! !! !! !! !! !! 
standard deviation 0.010 0.008 0.033 0.063 0.019 0.063 
Standard absorbance 0.238 0.240 0.261 0.280 0.373 0.418 
value for 9MaB!! ~ ~ ~ ~ !! !! 
standard deviation 0.005 0.011 0.006 0.011 0.019 0.045 
Standard absorbance 0.251 0.283 0.410 0.587 1.616 1.924 
value for U373-MG!! ~ !! ~ ~ ~ ~ 
standard deviation 0.007 0.030 0.041 0.071 0.084 0.130 
Standard absorbance 0.261 0.280 0.364 0.474 1.016 1.299 
value for MCF7!! ~ ~ ~ ~ ~ !! 
standard deviation 0.017 0.021 0.030 0.076 0.105 0.096 
Standard absorbance 0.258 0.273 0.303 0.342 0.623 0.871 
value for SW13vim+~ ~ ~ ~ ~ !! ~ 
standard deviation 0.015 0.017 0.015 0.023 0.046 0.050 
Standard absorbance 0.260 0.267 0.285 0.303 0.374 0.46 
value for SW13vim-~ ~ ~ ~ !! !! ~ 
standard deviation 0.020 0.011 0.009 0.020 0.020 0.027 

Table 2.3 Absorbance values used as standards for viable cell quantification. 

The absorbance values to be used a standards for the cell viability assay for each 
cell line were determined based on the results presented in Figure 2.3. The mean 
absorbance value obtained for each independent repeat for one given cell number 
were averaged to give the value to be used a standard for the cell viability assay. 
The standard deviation between the repeat means was calculated to give an 
indication of the variabiltiy of the mean absorbance values between independent 
repeats. 
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well. MCF7 and U373-MG cells were also cultured directly on the plastic or lens 

capsule substrates as a control. The number of cells plated on the insert was lowered 

to one quarter of the cell number plated at the bottom of the well. This was to account 

for the difference in area between the well and the insert so that the cell number to 

substrate area ratio was similar for both. After 96h, the inserts were moved to a new 

12-well plate, after which the cell culture medium was changed and the CciiTiter 96" 

Aqueous Non-Radioactive Cell proliferation Assay (Promega, Madison, USA) 

reagent added. Data was then collected as described in section 2.3.4. Data was 

collected for the inserts and all wells used, so that cell viability was also measured for 

the cell-free wells that had originally contained the inset1s. This was done to provide a 

negative control. Six wells were used per treatment and the experiment was 

conducted three times independently for both MCF7 and U373-MG cells. A diagram 

of the method used is presented in Figure 2.5. 

2.3. 7. Data analysis: 

The live cells numbers obtained for each well within a treatment were 

averaged to give the final live cell numbers for each treatment. A number of six wells 

were used for each treatment. The average live cell numbers for each treatment were 

then plotted against the nature of the treatment and standard deviation calculated for 

each treatment. Standard deviation, which is a measure of the variability in the 

samples values within a treatment was preferred to the standard error of the mean, 

which is a measure of the variability between the sample mean and the population 
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mean (Zolman, 1993; see Appendix I for excerpt). As the standard error of the mean 

is calculated by dividing the standard deviation by the root square of the number of 

samples used (Zolman, 1993), it is also smaller than the standard deviation. When 

plotted on a graph, this constitutes, in my opinion, an artificial way of making one's 

data look better by hiding the true variability of the data, and should be discouraged. 

Also, data gathered from different repeats were not pooled to allow to 

differentiate between within-repeat variability and between-repeat variability, as well 

as to provide visual proof that three independent repeats were done for each 

experiment. 

The significance in the difference between treatments' means was determined 

by independent t-test. The independent !-test was chosen as the experimental set-up 

did not conform to a paired Hest analysis, i.e a before-after effixt, and the treatments 

used were not random enough to necessitate an ANOV A. A two-tailed test was used 

to minimise the occurrence of Type l error, i.e a difference in means being falsely 

calculated as being significant. The critical probability value for significance was 

arbitrarily set at 0.05, as it is widely used in the scientific literature. The variability 

within a treatment between independent repeats was calculated using ANOV A, as it is 

quicker than three consecutive t-test (to test differences between three repeats). Exact 

probability values are presented in Appendix 2. 
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2.4. Results: 

2. 4. 1. The lens capsule maintains lens epithelial cells' viability in the 

presence of staurosporine: 

To first test whether the bovine lens capsule had any effect on cells viability, I 

cultured a range of cell lines on either a plastic or a bovine lens capsule substrate and 

exposed half of each group to staurosporine (as described in section 2.3.4). 

As shown in Figure 2.6, when cells were cultured on the plastic substrate, all 

four cell lines examined showed a significant decrease in cell viability when 

staurosporine was added. 

In the absence of staurosporine, changing the culture substrate from plastic to 

the lens capsule resulted in a small decrease in cell viability in H36LE2 and 9MaB 

cells. This decrease was not consistently significant. However, the same conditions 

resulted in a significant decrease in cell viability for both MCF7 and U373-MG cells. 

In the presence of staurosporine, changing the culture substrate from plastic to the 

lens capsule resulted in a significant increase in cell viability in both H36LE2 and 

MCF7 cells. No such signilicant increase in cell viability was recorded for both 

MCF7 and U373-MG cells. 
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When considering cells cultured on the lens capsule, the addition of 

staurosporine did produced a consistently significant decrease in cell viability for both 

H36LE2 and 9MaB cells, but not for MCF7 and U373-MG cells. However, it is worth 

remembering that the viable cells on the lens capsule in the absence of staurosporine 

for MCF7 and U373-MG are much less numerous than H36LE2 and 9MaB cells and 

therefore any decrease from these numbers is less likely to be significant. 

2. 4. 2. The lens capsule protection decreases with the length of in vitro 

culture: 

During the course of my study, I noticed that the cell line's passage number 

had a marked effect on cell growth and survival on the lens capsule. As shown in 

Figure 2. 7, when H36LE2 and 9MaB cells at passage greater than 20 were cultured on 

the lens capsule, the cell viability both in the absence and presence of staurosporine 

were significantly decreased. This decrease was also more marked for the 9MaB cells 

than for the H36LE2 cells, even though the H36LE2 cells used were at a higher 

passage number than the 9MaB cells. 
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Figure 2.6 Culture on the bovine lens capsule significantly reduces the 
staurosporine-induced decrease in cell numbers in H36LE2 and 9MaB cells, 
but not in MCF7 and U373-MG cells. 

H36LE2, 9MaB, U373-MG and MCF7 cells were seeded onto either plastic or 
bovine lens capsule substrates in 1 0% FCS-supplemented cell culture medium. 
After 48h, half of each substrate group was exposed to staurosporine at a 
concentration of SOOnM while the other half was left undisturbed as a control. 
After a further 48h, viable cells numbers were determined using the Aqueous 96 
non-radioactive cell viability assay as described in section 2.3.4. 

Note that culture of both lens epithelial cell lines on the bovine lens capsule 
resulted in a significant increase in cell viability in the presence of staurosporine 
(PS-CS: P<O.OS for all three repeats for both H36LE2 and 9MaB cells). Also, 
culture on the bovine lens capsule of both non-lens cell lines resulted in a 
significant decrease in cell viability in the absence of staurosporine (PC-CC: 
P<O.OS for all three repeats for both U373-MG and MCF7 cells). 

Bars represent the average viable cell number over six samples with standard 
deviation. Three independent repeats are shown. Probabilities are as calculated 
by two-tailed, independent sample !-test within each repeat. Exact probability 
values are shown in Appendix 2. 

Treatment legend: 

PC: plastic substrate, no staurosporine PS: plastic substrate, 500nM staurosporine 

CC: capsule substrate, no staurosporine CS: capsule substrate, SOOnM staurosporine 
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Figure 2. 7 I ncrcased length of in vitro culture decreases cell viability on the lens 
capsule for both H36LE2 and 9Ma8 cells. 

H36LE2 and 9MaB cells of either an earl) passage (pa~sages I 0 and 9. respecti\ el~ J or 
a late passage (both over passage 20) \vere seeded onto bo\ ine lens capsuk substrates 
and. after a 48h recovery period. half of each substrate group was exposed to 
staurosporine at a concentration of SOOnM while the other half was lett undisturbed as a 
control. After a further 48h. live cells numbers were determined using the Aqueous 96 
non-radioactive cell \'iability assa) (Promega. Madison. L SA) as described in -;ection 
2.3A. 

Note that tor both H36LE2 and 9MaB cells. the later passages cells haw a signilicantly 
decreased cell viability on the lens capsule. both in the absence and presence of 
staurosporinc. Effect of passage number was not investigated on the plastic as I judged 
the lens capsule to be more important and interesting to m] stud) . 

Bars represent the average viable cell number over six samples ~ith standard de\ iation. 
Three independent repeats are shovvn. Probabilities arc a<> calculated h)' two-wiled. 
independent san1plc t-test \.\-ithin each repeat. Exact probabilit: values arc shmvn in 
Appendix 2. 

Treatment legend: 

earl) lcon:earl) passage. no staurosporine early/stau: earl) passage. 500nM staurosponnr 

late con:earl) passage, no staurosporine late stau: earl: passage. 500nvl staurosporine 

- --- --------
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2.4.3. Soluble factors are released from the lens capsule that prevent non­

lens cell growth: 

Next, I wanted to test whether the poor viability of MCF7 and U3 73-MG cells 

on the lens capsule was due to potentially incompatible attachment factors between 

the cells and their substrate. To this end, MCF7 and U373-MG cells were tested in a 

eo-culture set-up, as described in section 2.3.6. 

As seen in Figure 2.8, when either MCF7 or U373-MG cells were grown on 

the insert, there was a signilicant decrease in cell viability when cells were eo­

cultured with cell-free lens capsules compared to when cells were eo-cultured with 

cell-free plastic (1'<0.05 for all three independent repeats for both cell lines). When 

cells were cultured directly onto lens capsules. there also was a significant decrease in 

cell viability compared to when cells were grown directly on plastic (1'<0.05 for all 

three independent repeats for both cell lines). I did not directly compared cells grown 

directly on the substrate to cells grown on eo-culture due to the difference in starting 

cell number (see section 2.3.6). 
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Figure 2.8 Co-culturc of MCF7 and U373-MG cells with the lens capsule. 

MCF7 and U373-MG cells were plated in a eo-culture set-up in 12-v.ell plates as described in 
2.3.6. After 96h. viable cells numbers were detcm1ined using the Aqueous 96 non-radioactiH~ 
cell viability assa)' (Promega. Madison. USA) as described in section 2.3.-L 

Note that, for both MCF7 and U373-MG cells. when cells were grown on the insert in the 
presence of the lens capsule, there v.as a significant decrease in cell \ iabilit) compared to v. hen 
the cells were grown in the presence of plastic (PI. Cl: P<0.05 for all three repeats for both cell 
lines). 

Bars represent the average viable cell number over six samples with stamlard deviation . I hrec 
independent repeats are shov.n Probabilities are as calculated b} t\\io-tailed. independent 
sample Hest \\-ithin each repeat. Exact probability values are shown in Appendix 2. 

Treatment legend: 

NP: cell-free plastic used for eo-culture NC: cell-freelens capsule used J()r eo-culture 

PC: cell-seeded plastic. no staurosporine CC: cell-seeded lens capsule, no staurosporinc 

Pl: cell-seeded insert eo-cultured with cell-free plastic. no staurosporinc 

Cl: cell-seeded insert eo-cultured with cell-free kns capsule. no staurosporinc 
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2. 4.4. A role for the cytoskeleton in cell viability on the lens capsule: 

In the course of the viability experiments, an interesting fact was noticed. 

When usmg the adrenocarcinoma cell lines, SWI3 vim- and SWI3 vim+, the 

presence of type Ill intermediate filament vimentin correlated with growth on the lens 

capsule. 

As can be seen in Figure 2.9, the number of viable SWI3vim+ cells was not 

significantly decreased on the lens capsule compared to the plastic substrate. 

However, the number of viable SWI3vim- cells was significantly decreased on the 

lens capsule compared to the plastic substrate. SW13 cell viability on the lens capsule 

correlated with the presence of vimentin, which was checked by immunoblotting. 

Cell viability experiments were also conducted in the presence of 

staurosporinc but showed no difference between the SWI3vim+ and the SW13vim­

cells, i.e both had poor cell viability on the lens capsule in the presence of 

staurosporine. I chose not to include these results as they were only echoing the 

results for MCF7 and U373-MG cells on the lens capsule in the presence of 

staurosporine and therefore presented no novelty. 
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Figure 2.9 Vimentio-cxpressing SW13vim+ cells have an increased viability on 
the lens capsule compared to the vimcntin-lacking SW13vim-cells. 

SW 13 vim+ and SW13 vim- cells were seeded onto either plasttc or bovine lc:ns 
capsule substrates. After 96h. viable cells numbers were detem1ined usmg the 
Aqueous 96 non-radioactive cell viability assay as described in section 2.3.4. 

Note that culture on the lens capsule resulted in a significant decrease in 
SW13vim- cell viabilit} compared to SWI3\im-r cells. 

Bars represent the average viable cell number over six samples with standard 
deviation. Three independent repeats are shown. Probabilities arc as calculated b) 
two-tailed. independent sample Hest \\ithin each repeat. Exact probabilit) \alue~ 
are shown in Appendix 2. Vimentin expression in the SW13 cells was ched.ed hy 
immunoblotting. 

Treatment legend: 

S+: SW 13vim+ cells S-: S\\- 13vim- cells 

PC: plastic substrate, no staurosporinc CC: capsule substrate. no <>taurosporine 
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2.5. Discussion: 

2. 5. 1. The lens capsule as a culture model: 

Studies of lens epithelial cells involvement and behaviour during PCO require 

the use of a culture model. In vivo models would be ideal as they test the cells in their 

natural environment, but the animals used are costly to maintain and their use might 

be restricted for ethical reasons. In vitro models, on the other hand, are easy to 

manipulate but might be an over-simplification of the in vivo processes. When 

studying lens epithelial cells, a middle way has been found with the capsular bags 

models, where lens epithelial cells are cultured directly on the lens capsule, their 

natural basement membrane, with the capsule itself being kept in ritro. Cultured in 

this way, lens epithelial cells proliferation and PCO formation can be accurately 

observed (Quinlan et al., 1997), and therefore experimented upon. 

Three experimental set-ups have been described. The latest models make use 

of either an internal ring (Sax by et al., 1998) or an external adhesive holders (El-Osta 

et al., 2003) to prevent collapse of the capsular bag and thus insure maximum access 

of the cells to the cell culture media. The earliest and simplest model (Liu et al., 

1996) consists of a lens capsule pinned down on a plastic substrate following anterior 

capsulorhcxis. Although it has been criticised for not allowing expansion and culture 

media access to the peripheral capsule regions, this model might actually mirror the in 

vivo condition best. Indeed, after a cataract operation, the peripheral regions of the 
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anterior and posterior capsule do come in contact with each other under the posterior 

pressure of the vitreous and the lateral pressure of the JOL. In vitro, the capsular bags 

cultured in this way present the lens epithelial cells' migration and wrinkling of the 

posterior capsule that arc characteristic of after-cataract (Quinlan et al., 1997). 

It is a variation of this early model that was chosen to perform our 

experiments. Bovine eyes were preferred to human eyes as a source of capsule 

material as they are inexpensive. larger and stronger than their human counterparts 

(Danielsen, 2004) and available in large quantities. The bovine lens capsule has 

previously been used as a culture substrate tor both rabbit lens cells (McDonnell et 

al., I 985) and human keratinocytes (Lenoir et al., 1985) with good results. Therefore, 

I judged it to be a good culture substrate for human lens epithelial cells. Alter 

dissection from the bovine eye, the lens was placed anterior face down and the 

posterior capsule was ruptured. peeled off and pinned down, so that the inside of the 

capsule is fully exposed and the anterior capsule, after removal of the lens fibres, is 

the main culture surface. The anterior capsule was chosen as it is more resistant than 

the posterior capsule and less likely to break during subsequent manipulations. 

2.5.2. The lens capsule as a promoter of lens cell viability: 

The most important result of this chapter is that culture of lens epithelial cells 

on the lens capsule maintains cell viability in the presence of staurosporine. Although 

I did not test whether this viability was the result of increased proliferation or reduced 

apoptosis, previous studies of ceii-ECM systems in and outside the eye have shown 
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that the ECM does confer protection against apoptosis to the overlying cells 

(Gribbons, 2003; Rintoul and Scthi, 2002; Judware et al., 1998; Aharoni et al., 1996). 

Therefore it is possible that anti-apoptotic mechanisms are also present in my system. 

The lens capsule's effect on cell viability, however. was reduced with the 

length of in vitro culture. This effect could not have been due to a variation in the 

capsule itself with age, as all animals used were culled at the same age (sec section 

2.3.1 ). 

When comparing the viability of early and late passage lens cells on the lens 

capsule, the decrease in cell viability for the 9MaB cells, can be partially explained by 

the genetic instability inherent to this cell line. Knocking-out aB-crystallin is known 

to result in genetic instability in mice lens epithelial cells, and although some aB­

crystallin-/- cells proliferate faster than the wild-type initially, their long-term 

apoptotic resistance is greatly decreased (Andley et al., 200 I). Also in the 9MaB cell 

line, the 4501'1 mutation in aB-crystallin results in a frameshift and a complete change 

in the amino acid sequence of the C-terminal tail (Berry et al., 2001). This mutation is 

expected to greatly affect the solubility of aB-crystallin and hence impair its 

chaperone function, resulting in increased protein unf(,Jding and decreased cell 

viability with time and stress. 

In 1-136LE2 cells, however. no such mutation could explain the decreased cell 

gro\\1h and resistance seen in our results. Long-term studies of changes in protein 
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expression with in vitro culture have been conducted, not on lens epithelial cells, but 

on the neighbouring retinal pigment epithelial cells (Wang et al., 2004 ). A number of 

genes were found to be down-regulated and, amongst them. aB-crystallin, which 

expression was decreased over 6 folds. It is conceivable that this decrease might also 

happen in H36LE2, with again deleterious effects on protein solubility and cell 

viability. These changes in protein expression, which in retinal cells also included a 

decrease in E-cadherin, indicate that the cell line is gradually losing its strict epithelial 

phenotype. 

The fact that the lens epithelial cells' viability on the capsule decreases as the 

length of in vitro culture increases suggests that a strict maintenance of the epithelial 

phenotype is required for maintenance of cell viability on the lens capsule. Therefore, 

the hypothesis can be formulated that the cell viability pathways operating when lens 

epithelial cells are grown on the lens capsule should involve lens epithelial-specific 

proteins. 

2. 5. 3. The lens capsule as an inhibitor of non-lens cells viability: 

When repeating my viability experiments with non-lens cells lines my results 

indicated that culture of non-lens cells on the lens capsule was deleterious to their 

viability, which is a very different outcome from what is observed in lens epithelial 

cells. That a cell line's ability to remain viable on the capsule varies with its origin 

suggests that the factors involved be not widely expressed and strengthens the 

hypothesis that they might be preferentially expressed in the lens. 
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The ability of a cell-type to bind to and grow on a given substrate depends on 

which integrin dimers it expresses, as integrins bind specifically to individual ECM 

components (Zhang et al., 2002; Fukai et al., 1998). In my study, the anterior lens 

capsules used as a culture substrate were obtained from healthy, young cows and 

should therefore contain mainly collagen IV and laminin, but also a range of 

protcoglycans and some fibronectin. The MCF7 and U373-MG cell lines are both 

known to adhere to laminin- collagen IV -fibronectin matrices in vitro (Goldbrunner e/ 

al., 1996; Terranova et al., 1983). Their reduced cell numbers on the lens capsule, 

even in the absence of staurosporine, might appear surprising. However, the adhesive 

properties of MCF7 cells and glioma cells other than U373-MG has also been shown 

to depend on the proteoglycan sulfation levels within the ECM (Liu et al., 2000; 

Mendes de Aguiar et al., 2002). As the lens capsule is rich in proteoglycan, this might 

be the limiting factor for U3 73-MG and MCF7 cells' adhesion and subsequent 

growth. Other cell-specific anti-adhesive factors present in the lens capsule include 

pcrlecan (Klein et al., 1995), SPARC (Yan and Sage, 1999) and thrombospondin-1 

(Chandrasekaran et al., 1999; Saika et al., 2004) and all three might induce decreased 

adhesion of U373-MG and MCF7 cells onto the capsule. In tum, this impaired 

adhesion might also increase the cells sensitivity to staurosporine-induced apoptosis. 

That non-lens cells might have an impaired adhesion to the capsule makes it 

unclear to determine whether their poor viability on the lens capsule is due to their 

generally impaired adhesion, which would disrupt integrin-mediated survival, or to 

their lack oflens-specilic survival factors. 
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A eo-culture experiment was used to detennine whether attachment or soluble 

factors were involved in the reduced viability of MCF7 and U373-MG cells on the 

lens capsule. If attachment factors alone were indeed involved, then the viability of 

cells grown on an insert would not be expected to vary with the substratc placed at the 

bottom of the well. be it plastic or the lens capsule. 

An unexpected result from this experiment was the decrease in both MCF7 

and U373-MG cells viability in the presence of the lens capsule, even though the cells 

were physically separated trom it. This suggested the presence of soluble factors 

released from the lens capsule, which actively impaired non-lens cells' growth. 

Soluble factors could be initially released directly from the cells. These factors would 

induce the release of further factors from the lens capsule that are deleterious to 

MCF7 and U373-MG cell viability. Alternatively, proteases present in 10% FCS­

supplementcd cell culture medium could release factors from the lens capsule, 

without the intervention of the cells cultured on the insert. Although I did not address 

this question in my experiments, it could be answered by repeating a eo-culture 

experiment in serum-free conditions, while increasing the cell density to prevent the 

absence of serum itself from reducing cell viability. 

2. 5. 4. A role for the cytoskeleton in cell growth on the lens capsule: 

Another interesting result of my cell viability experiments was the inability of 

SWI3 vimentin-lacking cells to be cultured on the lens capsule as ctliciently as their 
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vimentin-expressing counterparts, and this in the absence of staurosporine. These 

results suggest that the presence of vimentin, and potentially of an intact c;1oskeleton, 

be a requirement for cell viability on the lens capsule. 

Vimentin is a type Ill intennediate filament characteristic of mesenchymal 

cells (1-lermann and Aebi, 2000). Intermediate filaments, so called due to their I Onm 

diameter, constitute. with microfilaments and microtubules, the cytoskeleton. 

Intermediate filaments are separated into six groups, with the cytokeratins and 

keratins being type I and type ll, vimentin, desmin, GFAP and peripherin being type 

ll I, neurofilament proteins being type IV, lam ins being type V and nestin, synemin 

and paranemin being type VI (Paramio and Jorcano, 2002). Vimentin monomers are 

constituted of an N-terminal non-helical head domain, a central a-helical rod domain 

and a C-tenninal non-helical tail domain (1-lerrmann et al .. 1996). Assembly of 

vimcntin filaments occurs in stages. First the rod domains of two vimentin proteins 

come together to form a parallel a-coiled-coil (Lowrie er al., 2000). The resulting 

homodimers interact as anti-parallel pairs to fonn tctramers, which associate with 

each other to give rise to unit-length filaments. Longitudinal linking of these unit­

length lilaments results in the formation of full-length vimentin filaments (lvlucke er 

al., 2004). The vimentin filament network is organised radially within the cell, from 

the nucleus to the plasma membrane and partially eo-localises with the microtubule 

network. This association with microtubules mediates the motility of vimentin 

filaments within the cell (Clarke and Allan, 2002). Vimcntin participates in cell 

processes such as the maintenance of nuclear shape (Sarria er al., 1994) and lipid 

synthesis (Gillard er al., 1998; Sarria er al., 1992). However, for the purpose of this 
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study, it IS vimentin's involvement 111 cell adhesion that will be examined most 

closely. 

The involvement of cytoskeletal proteins m celi-ECM adhesion is best 

examplified at focal adhesion sites, where ECM-bound integrins link to the actin 

network vm a talin, a-actinin, Jilamin or integrin-linked kinase (ILK) complex 

(Brakebusch and Fassler, 2003) (For a more detailed presentation of the role of 

integrins 111 cell viability, see section 4.1.1 ). Vimentin is also present at focal 

adhesions, where it can interact with a2p I integrin (Kreis et al., 2005), aVp3 integrin 

(Gonzales et al., 2001) and possibly actin (Correia et al., 1999). The importance of 

this association was demonstrated by knocking out vimentin from fibroblasts, which 

resulted in disturbed actin and focal adhesion organisation, with deleterious 

consequences on cell motility (Eckes et al., 1998). Yimentin also participates in hemi­

dcsmosomcs via plectin binding of a6p4 intcgrin (Homan et al., 2002; Rczniczck et 

al., 1998). a2P I integrin (Languino et al., 1989) and a6p4 integrin (Homan et al., 

2002) are both involved in laminin binding in epithelial cells. In the same way as the 

disruption of the integrin-actin link by targeted deletion of tal in or ILK in Drosophila 

result in cell detachment in vivo (Brakcbusch and Fassler, 2003), it is conceivable that 

disruption of the integrin-vimentin link on the laminin-rich lens capsule might also 

impair cell attachment. In a Iaminin-rich substrate such as the lens capsule, this 

impaired attachment would have greater consequences than on plastic and could 

ultimately lead to anoikis. 
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2.6. Chapter's conclusions: 

This aim of this Chapter was to detem1ine whether the lens capsule had an 

effect on lens epithelial cell viability and whether any effect it had could be extended 

to non-lens cells. By the end of this chapter, l have presented evidence that the lens 

capsule is able to maintain lens cell viability, even in the presence of staurosporine. 

This effect also appears to be lens-specific, as it is not conserved in MCF7 and U3 73-

MG cells or in late passage lens cells. I therefore formulate the hypothesis that intra­

cellular lens-specific factors are involved in mediating the lens capsule-induced cell 

viability. 
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3. The lens capsule promotes a-crystallin protein 

expression in lens epithelial cells: 

In chapter 2, 1 showed that lens epithelial cells have an increased viability 

compared to non-lens cells when cultured on the lens capsule in the presence of 

staurosporine. In this chapter, I wanted to investigate whether cell viability on the lens 

capsule correlated with lens-specific protein expression on the lens capsule. To 

address this question it ts first necessary to examine the characteristics of lens­

specific protein expression. 

3.1. Introduction: Characteristics of lens-specific protein expression: 

Many proteins perform functions necessary to all cells and arc therefore 

ubiquitously found in an organism. Within every organ, however, cell populations 

also express a specific subset of proteins that control their morphological and 

timctional uniqueness. The lens is made of two cell populations, the epithelial lens 

cells and the lens libre cells. Here, I will describe a numhcr of proteins. the 

expression of which defines the lens phenotype, with some also allowing for the 

distinction between lens epithelial and lens fibre cells. 
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3. 1. 1. At the source of lens-specific protein expression: The transcription 

factors 

A lens-specific protein expression relics on the presence and activity of lens­

specific transcription factors. 

3.1.1.1. Lens epithelial specificity: Pax6, FoxE3 and LEDGF 

Pax6 is well known as a master gene in the development of both vertebrate 

and invertebrate eyes (Gehring and lkeo, 1999). In the adult lens, its expression is 

limited to the epithelial layer (Kondoh, 1999). where it induces the expression of aA­

crystallin. al3-crystallin (Cvekl and l'iatogorsky, 1996) and the taxon-specific 81-

crystallin (Cvekl et al., 1995) and L;-crystallin (Richardson et al., 1995). l'ax6 also 

represses the expression of ~-crystallins in the lens epithelial cells (Kondoh, 1999). 

However, although crystallins expression is mainly lens-specitic, Pax6 expression is 

not. Pax6 is widely expressed in the developing central nervous, visual and olfactory 

systems during embryogenesis, and is still readily detectable in the adult (Callaerts et 

al., 1997). In the adult eye alone, Pax6 expression is present in the ganglion cells, 

bipolar nerve layer and amacrine neurons of the neuroretina (Callacrts et al., 1997), as 

well as the conjunctiva, iris and corneal epithelium (Koroma et al., 1997). Therefore, 

Paxti does not constitute a good lens-specitic marker. 

• 
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FoxE3, on the other hand, is strictly restricted to the lens epithelium in the 

adult organism (Blixt et al., 2000), and is a good example of lens epithelial-specific 

protein expression. Three other Fox family members, FoxC I, FoxC2 and FoxL2, are 

also present in the eye (Lehmann et al., 2003), and conserved sequences between 

them and FoxE3 (Kaestner et al., 2000) must be taken into account when designing 

antibodies or polymerase chain reaction (PCR) primers, to avoid false-positive 

detection. FoxE3 prevents early fibre differentiation by repressing the Cdkn I c­

inducing Proxl and aA-crystallin expression (see section 1.1.1 ). l! also induces 

PDGF-A receptor expression, which maintains PDGF-induced cell proliferation in the 

epithelium, but is by no means lens-specific. 

LEDGF is a proliferation and survival lens factor and induces AOP2, HSP27 

and aB-crystallin expression under stress conditions (detailed in section 1.4.5). 

Despite its name, LEDGF is not truly lens-specilic, although, within the lens, it is 

restricted to the lens epithelial layer (Kubo et al., 2003). In the eye, LEDGF is 

expressed by RPE cells but absent from the cornea (Matsui et al., 200 I; Kubo et al., 

2003 ). It has also been detected in a number of non-ocular cell lines and tissues under 

its earlier names of PC4-interacting protein, p75 and DFS70 auto-antigen 

(Cherepanov et al., 2003). Accurate detection of LEDGF in the lens epithelial cells is 

also complicated by the fact that human lens epithelial cells in vitro express several 

HOOF tamily members other than LEDGF, including the LEDGF splice variant, p52 

(Singh et al., 2000). Again, the presence of N-terminal conserved sequences within 

the HDGF family means that care must be taken when designing antibodies or PCR 

primers to avoid false-positive detection. 
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3.1.1.2. Lens fibre specificity: 

Lens fibre-associated transcription factors are essentially factors that lens fibre 

formation releases from Pax6- or FoxE3-mediated repression (see section 1.1.2). 

Examples include the y-crystallin-uprcgulating Sox I, Sox2 and Sox3, and the u­

crystallins-uprcgulating c-Maf, also called maf-2, not to be mistaken for MafB, or 

maf-l, which is present in the lens epithelium (Kondoh, 1999). Neither of them, 

however, is strictly lens-specific (Pevny and Lovell-Badge, 1997; Christodoulopoulos 

et al., 200 I). 

3. 1. 2. Visual function in the lens: The crystal/ins 

Be it by their overwhelming abundance in the lens, where they constitute 90% 

of the protein fraction (Rao et al., 1995) or by their essential roles in the lens' visual 

functions, crystallins are most often used to exemplify lens-specific protein 

expression. Seven classes of crystallins are known, three of which, the u-, B- and y­

crystallins, arc found in all vertebrate lenses, while the other four, the 0-, 1-, E-, p­

crystallins, are restricted to specific classes or orders of vertebrates and are never 

found in the mammalian lens (Wistow and Piatigorsky, 1988). 

3.1.2.1. a-crystallin: 
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a-crystallin is found as a high molecular complex of 800 kDa composed of an 

arrangement of aA-crystallin and aB-crystallin in a 3 to I ratio (Wistow and 

Piatigorsky, 1988). Several structure models have been proposed for a-crystallin. The 

double-annular model is particularly in accordance with the known properties of a­

crystallin, as the peripheral C-terminal hydrophilic tails can maintain protein 

solubility, while the central N-terminal hydrophobic domains are involved in 

substrate binding (Carver and Lindner, 1998). 

It is a-crystallin chaperone activity that is essential to the maintenance of lens 

fibre cell transparency (detailed in section 1.1.4), with the anti-apoptotic properties of 

both aA- and aB-crystallin being involved in lens epithelial cell proliferation and 

survival (detailed in section 1.4.2.3). 

aA- and aB-crystallin are found in both lens epithelium and lens fibres, 

under the regulation of Pax6 and cMaf, respectively (sec section 1.1.1 and Kondoh, 

1999). aA-crystallin expression is mostly restricted to the lens, although it is also 

tound in the thymus (Kato el al., 1991 ), while aB-crystallin is expressed in the lens, 

retina (Wang e/ al., 2004), heart, kidney and skeletal muscle, and at a lesser degree. in 

the brain and lungs (Krausz el al., 1996; Bhat and Nagineni, 1989). 

Therefore, aA-crystallin is a better lens-specific marker than aB-crystallin. although 

it is worth remembering that its expression might be reduced in the lens epithelial 

cells due to the down-regulatory action of FoxE3 (see 1.1.1.1 ). 
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3.1.2.2. ~- and y-crystallins: 

The ~-CJ)'Stallins and the y-crystallins are fibre-specific crystallins (section 

1.1.2) and are essential to the refractive index of the lens (section 1.1.5). Their 

structural modifications, due to congenital mutations (section 1.2.3) or age-related 

degradation (1-Ianson et al., 1998; Srivastava and Srivastava, 1998), are linked with 

loss of transparency and cataract formation. 

The ~-crystallins and y-crystallins are grouped together in the ~y-superfamily, 

on the basis of their structural similarities. Both ~-crystallins and y-crystallins are 

composed of two symmetrical domains separated by a connecting peptide. Each 

domain is constituted of two greek key motifs. each formed by four anti-parallel fl­

strands (Wistow and Piatigorsky, 1988). The flexibility of the y-CJ)'Stallins' 

cOJmecting peptide allows association of the two main domains, resulting in stable y­

crystallins monomers. In contrast, the fl-CJ)'stallins' connecting peptide is less llexible 

and stability is achieved by domain association between two ~-crystallin molecules, 

forming a dimer (Fu and Liang, 2002). 

All fl-crystallin isoforms are found throughout the fibre mass (Fu and Liang, 

2002), although they are not strictly lens-specific, as they have also been detected in 

neural cells (Coop et al., 1998). yA- to yE-crystallins isoforms, on the other hand, are 

preferentially found in the nuclear fibres, while yS-crystallin, which present properties 

from both families. concentrates in the cortex (Carver e/ al., 1999). Therefore, and as 
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previously suggested (Piatigorski, 1981 ), a careful detection of y -crystallin isoforms 

should allow the identillcation ofspecitic regions within the llhre mass. 

3. 1. 3. Lens-specific cytoskeleton: the beaded filament: 

Filensin/CP115/CP95 and phakinin/CP49/CP47 are lens-specific, atypical 

members of the intermediate lllament protein family. Phakinin has been classed as a 

type I cytokeratin on the basis of its intronic sequence, although it lacks a C-tenninal 

tail and has three amino acids substitutions in the Leu-Asn-Asp-Arg motif, which in 

other cytokeratins prevents filament assembly (Hess et al., 1998). Filensin, with 29 

a.a missing from its central rod domain, has proved even harder to classify and is 

considered to form a new class of intennediate filaments (Hess et al., 1998). 

In the lens, phakinin and filensin eo-assemble into a structure called the 

beaded filament. Although beaded filament structures can be formed by 1ilensin and 

phakinin on their own in vitro (Goulielmos, 1996), the beaded filament found in the 

lens consists of a phakinin-filensin filamentous core decorated with a-crystallin beads 

(Prescott et al., 1996; Carter et al., 1995). It is found exclusively in the mature lens 

fibres. where it is the only cytoskeletal structure present, as actin, vimentin and 

microtubule networks disappear during fibre cell differentiation (Hcss et al., 1998). 

The exact function of the beaded filament is unclear. although its disruption results in 

cataract formation in vivo in both humans and animal models (Alizadeh et al., 2003; 

Alizadeh et al., 2002; Carter et af., 2000). 
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The fibrc-specitlcity of tllensin is linked to two lcns-specitic enhancer 

elements present in its promoter, one of which is highly reactive to FGF-2 (Masaki et 

al., 2002) and would therefore be preferentially active in the developing fibres. 

Phakinin's promoter region also promotes lens-specitic expression, and contains a 

Pax6 binding site (DePianto et al .. 2003), suggesting that the tibre-specitic phakinin 

expression might be due to the release of Pax6-mediated promoter repression. 

Therefore tllensin and phakinin can be used as markers of lens fibres. As lilensin is 

also increasingly processed into its separate N-terminal-rod domains and C-terminal 

domains with fibre differentiation (Sandilands et al., 1995), changes in 

immunoblotting patterns can also be used to distinguish between differentiation 

stages, with an increase in low molecular weight bands in more mature tibrcs. 

3.1.4. Membrane transport proteins in the lens: 

3.1.4.1. AquaporinO: 

AquaporinO (AQPO/MIP26) is a trans-membrane protein that tetramerises into 

a water channel. Each monomer consists of six a-helical trans-membrane folds, 

which assemble into an hourglass-shaped, water-specitic channel (Harries et al., 

2004). 

In the lens, AQPO is found exclusively in the lens tibres, where it is the most 

abundant membrane protein (Yu and Jiang, 2003). In a chicken model, It has also 

been found to eo-localise with the gap junction proteins Cx45.6 and Cx56 in the 
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elongating, but not the mature, lens fibres (Yu and .Tiang, 2004). AQPO functions in 

the lens are thought to be linked to cell-cell adhesion and the decrease in extracellular 

space between the lens fibres, as well as water transport away from the lens fibres and 

establishment of the refractive index gradient (see sections 1.1.3 and 1.1.5). Its 

• 
importance in lens transparency is indicated by the existence of human congenital 

cataract associated with two separate AQPO mutants, E 134G and Tl38R. These 

substitutions are predicted to affect water molecule binding within the water channel 

and have been shown to result in a cytoplasmic, rather than membranous, distribution 

of AQPO (Francis et al., 2000). 

The fibre-speciticity of AQPO is insured in a manner rather similar to filensin, 

via a lens-specific promoter with an element activated by FGF2-mediated ERK and 

JNK signalling (Golestaneh et al., 2004). 

3.1.4.2. channels isoforms: 

The expression of other transport proteins differs within the lens and therefore 

can be used to differentiate between subsets of lens cells populations. The gap 

junction proteins Cx43, Cx45.6 and Cx56, in the chicken lens, are such an example. 

Cx43 is found in the lens epithelium and early differentiating fibre cells, while 

Cx45.6 and Cx56 are found only in the Jibrc cells (Jiang et al., 1995). Therefore cells 

expressing Cx43 only, Cx45.6 and Cx56 only, or all three conncxins can be identified 

as lens epithelial, mature lens Jibre, or early lens fibre, respectively. 
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The same can be applied to isofom1s of the Na,K-A TPase catalytic subunit 

(Garner and Kong, 1999). The three isofonns, al, a2 and a3 (also called ATPIAI, 

ATPIA2 and ATPIAJ), are all present in the lens, but the a2 isoform is only 

detectable in the fibre cells. Also, the a I and a3 iosoforn1s, highly expressed in the 

lens epithelium, are polarised in the central lens epithelium, to basal and apical 

location, respectively, but not in the equatorial cells. 

Therefore, a number of proteins are available to identify lens cells, some of 

which can also be used as either positive or negative controls to distinguish between 

the lens epithelial and lens fibre phenotypes. 

3.2. Aims: 

In this Chapter, I wanted to test the hypothesis formulated at the end of 

Chapter 2 that lens-specific viability on the lens capsule should be correlated with 

lens-specific cell protein expression. In addition, I wanted to detennine whether 

protein expression in the SW 13 cells on the lens capsule could be correlated with cell 

viability. To this end, I examined the expression prolilc of a range of factors chosen 

not only lor their lenticular expression, but also lor their known role in stress 

resistance. Depending on antibody availability. either mRNA expression or protein 

expression was examined. 
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3.3. Experimental procedure: 

3.3.1. RT-PCR studies: 

mRNA expression studies were conducted when an antibody to the target of 

interest was not readily available or judged too expensive. 

3.3.1.1. Total RNA extraction: 

Total RNA was extracted using the GenElute1
M Mammalian Total RNA kit (Sigma­

Aldrich, Poole, UK). After completion of the cell viability assay (described in 2.2.4), 

the remaining cell culture medium was removed and 250pl of lysis solution (provided 

in the kit) was added to the cells. After 2 min. the lysate was pipctted into a GenEiute 

filtration column and centriti.1ged for 2 min at 12000 rpm in an Eppendorf 5417R 

centrifuge (rotor identification: UE005 F45-30-ll) to remove cells debris and shear 

DNA. 250id of 70% ethanol were added to the lysate and the mix was transferred 

into a binding column and centrifuged for 15 sec at 12000 rpm. 500~11 of Wash 

solution 1 (provided in the kit) was then added to the column for a second round of 

centrih1gation for 15 sec at 12000 rpm, after which the binding column was 

transferred to a collection tube. 500pl of Wash solution 2 (provided in the kit) were 

added, and a third centrifugation round was run (15 sec, 12000 rpm). An extra 500pl 

of Wash solution 2 was added and the column ran through another centrifugation for 

2min at 12000 rpm. Lastly, the RNA was eluted by pipetting 50pl of elution solution 
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into the column, transferring the column to a new collection tube and running a last 

centrifugation round for I m in at 12000 rpm. The purity and quantity of the total RNA 

obtained was determined by spectrophotometry (Beckman DU640, Beckman 

Instruments Inc., Fullerton, USA). The ratio of absorbance values obtained at 260nm 

and 280nm, which detect nucleic acid and protein, respectively, was used to 

determine RNA purity. The absorbance value at 260nm was used to determine RNA 

concentration (See example in Table 3. I). Total RNA samples were then stored at-

80°C until later use. 

3.3.1.2. cDNA first strand synthesis: 

cDNA first strand synthesis was performed using the SuperScriptTM First­

Strand Synthesis System for RT-PCR (lnvitrogen, Paisley, UK). RNA/primer mixes 

(S~tg of total RNA (see Figure 3.1 for examples of equivalent volume), I f.ll of oligodT 

(50ng/f.ll) (provided in the kit), I f.ll of dNTP mix, up to 1 O~tl with sterilewater) were 

prepared, incubated for Smin at 65"C and !eH to cool down on ice. OligodTs were 

used as they preferentially recognise and lead to the amplification of mRNAs. 9f.ll of 

reaction mixture (2 ~tl of IOxRT buffer, 4 ~tl of 25mM MgCb, 2 f.Ll of 0.1 M DTT. 1 ftl 

of RNaseOUT Recombinant Ribonuclease Inhibitor (all components provided in the 

kit)) was then added to each RNA/promoter mix, mixed gently and incubated for 

1 Omin at room temperature. 1 f.ll of SuperScriptTM ll RT (provided in the kit) was then 

added to each sample and the samples left to incubate for 50min at 42°C. The reaction 
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Sample name 260nm/280nm Concentration in Volume used in Jll 
absorbance ratio Jlg/ml for 5Jlg of RNA 

H36LE2 PC I. 711 1311 3.8 

H36LE2 PS 1.805 1643 3 

H36LE2CC 1.710 1211 4 

H36LE2CS 1.734 1429 3.5 

9MaBPC 1.929 1588 3.1 

9MaBPS 1.763 2559 2 

9MaBCC 1.797 2830 1.8 

9MaBCS 1.715 3131 1.6 

MCF7 PC 1.577 1474 3.4 

MCF7 PS 1.687 1408 3.5 

MCF7CC 1.702 2387 2.1 

MCF7 CS 1.690 2178 2.3 

U373-MG PC 1.790 3111 1.6 

U373-MGPS 1.739 1988 2.5 

U373-MG CC 1.662 1773 2.8 

U373-MG CS 1.758 2035 2.4 

Table 3.1 Example of quantification of RNA samples before cDNA synthesis. 
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was tenninated by incubating the samples for ISmin at 70°C, after which they were 

leti to cool in ice before storing them at -20"C for later use. 

No reverse transcriptase (RT) reaction and control RNA reaction were not run 

and this for the following reasons. The no RT reaction is intended to detect 

persistence of DNA and avoid false-positive results. This very role was insured by the 

positioning of the primers (sec 3.3.1.3). The control RNA reaction is intended to 

provide proof that the cDNA synthesis was successful and avoid false-negative 

results. This was insured by the amplitication of either actin or vimentin m RNA as a 

positive control for each cDNA sample examined. Because of this redundancy, 

judged the use of the no RT reaction and the control RNA reaction unnecessary. 

3.3.1.3. Polymerase Chain Reaction (PCR): 

Primers were designed against LEDGF and vimentin, usmg the software 

avai !able at http:/ /www-genomc. wi. m i t.edu/cgi-bin/primer/primer3 www.cgi. 

Whenever possible, the primers were positioned so that any product amplified from 

genomic DNA would be much longer than a product amplilied from coding DNA, 

thus allowing the detection of genomic DNA contamination in the sample and 

preventing false positive detection. In the case of LEDGF, primers were also 

positioned to avoid detection of p52, the splice variant of LEDGF, which is expressed 

by lens epithelial cells (Singh el al., 2000). As the DNA sequences used for primer 
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design are too long to figure in the main text of this thesis, they have been, together 

with the exact position of the primers designed, added in Appendix 3 at the end of the 

thesis, The exact sequence of all primer pairs designed and their corresponding 

predicted product sizes arc presented in Table 3.2. 

Both primer pairs were optimised by running them through a gradient PCR on 

a 1-lybaid MBS 0.2. for temperatures of 55.i'c, 56.3°C, 55. 7°C, 57.1 °C, 58.0°C 

58.9°C, 59.9°C, 60.9°C and 62.1 °C. For vi men tin, plasmid cDNA was available for 

optimisation and 0.1 ~tg of plasmid cDNA was used as a template at each temperature. 

Plasmid cDNA consisted of Vimentin cDNA cloned into the pEGFP C3 vector 

(GenBank accession code: U57607) (gift of Dr. Der-Pcrng, University of Durham). 

For LEDGF, no plasmid cDNA was readily available and therefore 2fll H36LE2 

cDNA was used as a template at each temperature, as !judged H36LE2 to be the cell 

line most likely to express LEDGF mRNA. Identity of the PCR product was 

established by sending an aliquot of the PCR reaction, containing the PCR product, to 

be sequenced by the departmental sequencing facility, after which the sequence 

obtained (see Appendix 3) was checked by the Nucleotide-Nucleotide option of the 

Basic Local Alignment Search Tool (BLAST) sofiware. 

For the first round of primer optimisation, a range of PCR butTers was used 

(Rochc Diagnostics Ltd., Lewes, UK; Sigma-Aldrich, Poole, UK; Bioline Ltd., 

London, UK), after which the Sigma PCR bufler was detennincd to work best and 

was therefore the only one used in all subsequent reactions. The exact composition of 
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Target Accession Forward primer Reverse primer Optimised Expected 
number sequence sequence against product 

size 
LEDGF AF- GCCCfGTCCITCA TGCfGCfCAGTTT H36LE2 375 bp 
human mRNA 063020 GAGAGTG CCATTTG cDNA 

Vimentin NM- TGAAGCfGCfAA AGAAGTTTCGTTG clone 319 bp 
humanmRNA 003380 CfACCAAGACAC ATAACCfGTCC 

Table 3.2 PCR primers characteristics. 

PCR mix template cDNA: 2J.ll 

!Ox PCR buffer (SIGMA):IO J.ll 

dNTPs mix (2mM): I 0 J.ll 

forward primer (I OOmM): 2 J.ll 

reverse primer (I OOmM): 2 J.ll 

Taq DNA polymerase: 0.4 J.ll 

Sterile H20: up to a I 00 J.ll 

Table 3.3 PCR mix composition. 

Gradient PCR 55°C to 62"C Denaturation step: 3 min at 94°C. 
(30 cycles) 

Stage I step I: 30 sec at 94•c 

Stage I step 2: 30 sec at melting temperature (choice 

of 55•c to 62°C). 

Stage 1 step 3: I min at n•c. 

Stage 2: 5 m in at n•c. 

Stage 3: hold at 4•c. 

Table 3.4 Gradient PCR stages. 
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the PCR mix and the steps the gradient PCR program used are detailed in Table 3.3 

and Table 3.4. After PCR, the products were run on a 1.4% (w/v) agarosc gel to check 

for products of adequate size and to determine the optimal temperature for each 

primer pair. The results of both primers optimisation are presented in Figure 3.1. 

PCRs for cDNA samples obtained as described in 3.2.1.1 and 3.2.1.2 were 

conducted using the same PCR mix and PCR machine as described above but at the 

temperature that was found to be optimal tor each primer pair used. Namely, LEDGF 

. 56 '°C d . . . 58°C pnmers were run at .J an vtmentm pnmers at . 

3.3.2. Protein samples studies: 

Western Blotting was conducted to study changes in protein expression in the 

different cells lines in relation to their culture substrate and exposure to staurosporine. 

3.3.2.1. Protein sample extraction: 

After the cell viability assay, the remaining cell culture medium was sucked 

out of the cell culture plates and the cells washed twice in PBS before adding I SOp! 

of 2 x sample buffer, which had been placed at -20°C for 1 Omin. Plates were then put 

on a shaker at 200rpm at 3 7°C for 1 0 m in to obtain a viscous cells-buffer mix, which 

was pi petted into an Eppendorf tube and homogenised with a 2.5ml syringe equipped 
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Figure 3.1 Primer pairs optimisation. 

Primer pairs for vimentin (A) and LEDGF (B) were designed as described in 
section 3.3.1.3 and optimised against either a positive vector (vimentin) or 
H36LE2 cDNA (LEDGF ). The identity of the products obtained was confirmed 
by DNA sequencing followed by BLAST. Expected product size: 319bp 
(vimentin) and 375bp (LEDGF). 
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with a 25G needle. Samples were then centrifuged for 5min at 4°C and I 2000rpm, 

al\er which they were stored at -20"C for later use. Protein concentration of the cell 

extracts was quantified using the Bicinchoninic Acid (BCA) Protein Assay kit. I rtl of 

each protein sample were diluted with 49rtl of distilled deionised (dd) H20 and added 

to I m! of Working Reagent (50 part reagent A to I part reagent 13) and incubated at 

60"C for 30min, together with a set of bovine serum albumin (BSA) (2mg/mL) 

standards. The absorbance of each sample at 562nm was then measured on a 

Beckman DU640 spectrophotometer (Beckman Instruments, Inc., Fullerton, USA) 

and protein concentrations were calculated by comparison to the BSA protein 

standards. A new standard curve was generated for every BCA assay conducted. A 

representative quantification data. together with its BSA standard curve and the 

equivalent sample volume to be loaded for electrophoresis, are presented in Figure 

3.2 and Table 3.5. 

3.3.2.2. Western Blotting: 

20rtg of protein of each sample were run on a hand made sodium dodecyl 

sulphate (SOS) -polyacrylamide gel with a 4% (w/v) stacking layer and a 12% (w/v) 

separating layer at 220Y for 45min. Positive control was provided by an l-ISP marker 

(gift of Or Der-Pemg, Durham University) containing recombinant vimcntin, I-JSP70. 

GFAP, actin, HSP27, aA-crystallin and aB-crystallin, which was run alongside each 

set of protein samples. 
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Figure 3.2 BSA standard curve used during the protein sample quantification below. 

Sample name Absorbance at 562 Concentration in Volume used in Jll 
nm Jlg/ml for 20jlg of protein 

H36LE2 PC 0.1285 6651 3 

H36LE2 PS 0.0634 3488 5.6 

HJ6LE2 CC 0.0733 3993 5 

H36LE2 CS 0.2820 13121 1.4 

9MaB PC 0.1 371 7041 2.8 

9MaB PS 0.0843 4537 4.4 

9MaBCC 0.1033 5462 3.6 

9MaB CS 0.1115 5853 3.4 

MCF7 PC 0.06 17 3403 5.8 

MCF7 PS 0.0646 3551 5.6 

MCF7 CC 0.3658 16245 1.2 

MCF7CS 0.2825 13138 1.4 

U373-MG PC 0.1255 6510 3 

U373-MG PS 0.1019 5396 3.6 

U373-MG CC 0.1971 9680 2 

U373-MG CS 0.0987 5242 3.8 

SW13+ PC 0.1038 5487 3.6 

SW13+CC 0.2088 10176 2 

SWI3- PC 0.1025 5422 3.6 

SWI3- CC 0.1655 8317 2.4 

Table 3.5 Example of quantification of protein samples for immunoblotting. 
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TM Once run, the gel was blotted onto an 1-Iybond -C Extra nitrocellulose membrane 

(Amersham Biosciences. Little Chalfont, UK) at SOmA for 2h on a semi-dry blotting 

machine. From bottom to top, the blotting stack was composed of six paper layers 

soaked in blotting butTer A, three paper layers soaked in buffer B, the nitrocellulose 

membrane soaked in butTer B, the SDS-polyacrylamide gel rinsed in butTer B and 

nine paper layers soaked in buffer C. Atler blotting, the nitrocellulose membrane was 

stained with ponccau red (0.2% g/ml ponceau, 3% trichloro-acetic acid) for 5min to 

check that the protein bands had adequately transferred onto the membrane, alter 

which the membrane was cut as shovm in Figure 3.3. Each membrane fragment was 

then rinsed in Tween 20-Tris-buffered saline (TTBS) once for 5min. then washed in 

blocking buffer for lh on the shaker at room temperature. They were then rinsed 

twice for 5min in washing solution on the room temperature shaker, and left 

overnight at 4°C in the primary antibody solution. The next morning, the membrane 

fragments were rinsed twice for I Omin in washing solution on the room temperature 

shaker, incubated with the secondary antibody solution for 1 h on a bacterial shaker 

(3 7"C), and rinsed twice 1 Omin in washing solution on the room temperature shaker. 

The membrane fi·agments were then incubated for 5min in an enhanced 

chemiluminescence (ECL) solution m the dark room and exposed by 

chemiluminescence for 2min to I 5min in a Fujifilm Intelligent Dark Box 11. Images 

were captured via the software LA S-I 000. The composition of all the solutions used 

during protein extraction, SDS-polyacrylamidc gel electrophoresis (PAGE) and 

immunoblotting arc detailed in Table 3.6 and Table 3.7. The characteristics of all the 

antibodies used during irmnunoblotting are presented in Table 3.8. 
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Figure 3.3 Cutting pattern for immunoblotting. 

The diagram above represents the spatial arrangement following which gels 
used during imrnunoblotting were run and cut before blotting. The cutting 
pattern (indicated by the dashed lines) was designed to maximise the amount 
of results per gel run. Note that this results in the same actin control being used 
for HSP27 and either aA-crystallin or aB-crystallin. 

In the case of the SW13 protein extracts the treatments were Sw13vim+ PC, 
SW13vim+ CC, SW13vim- PC, SW13vim- CC instead ofPC,PS,CC,CS. 

Lane legend: 

PC: plastic substrate, no staurosporine PS: plastic substrate, 500nM staurosporine 

CC: capsule substrate, no staurosporine CS: capsule substrate, 500nM staurosporine 
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2 x Sam pie extracting buffer 2m I 0.5M Tris-HCI pH-6.8 

4m I 40% (v/v) glycerol 

40ft I O.SM EDTA, 2m I 10% (w/v) SDS 

made up to IOml with sterile H,O 

5 x Sample loading buffer 2.25ml IM Tris-HCI pH-6.8 

5ml glycerol, O.Sg SDS 

Smg bromophenol blue 

2.5mi1M DTT 

Separating gel 4.35ml of40% (w/v) acrylamide 

(for 2 gels, 12% (g/m I)) 3m I of sterile water 

2.5ml of I.SM TrisHCI pH~8.8 

IOOfll of 10% (w/v) SDS 

SOft I of I 0% (w/v) A PS 

5f1l ofTEMED 

Stacking gel 1ml of40% (w/v) acrylamide 

(for 2 gels, 4% (g/m I)) 6.35ml of sterile water 

2.5ml of 1.5M TrisHC! pH=8.8 

100fll of 10% (w/v) SDS 

50fll of 10% (w/v) APS 

IOfil ofTEMED 

SDS gel Running Buffer 1 OOm I Tris-G lycine 

(11 Tris-Glycine: 30.3g Tris 

144.1 g glycine 

up to 11 with ddH 20) 

!Oml 10% (w/v) SDS 

up to 11 with ddH 20 

Table 3.6 List of the solutions used during SDS-PAGE. 
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Blotting buffer A 3.6g Tris, 20ml of 100% MeOH 

up to lOOm I with dd H20, pH= I 0.4 

Blotting Buffer B 0.3g Tris, 20ml of 100% MeOH 

up to lOOm! with dd H20, pH=I0.4 

Blotting buffer C 0.3g glycine, 0.3g Tris, 20ml of 100% MeOH 

up to lOOm! with dd H20, pH=9.4 

Tris -buffered saline (TBS) (!Ox) 200ml ofTrisHCI pH 7.4, 87.66g of NaCI 

up to 11 with ddH20 

TTBS lml ofTween 20, 5ml of !Ox TBS 

up to 500ml with ddH20 

Blocking buffer 2.5g Marvel Milk 

up to 50ml ofTTBS 

Washing solution 15g of Marvel milk 

250ml ofTTBS, 25ml of !Ox TBS 

up to 500ml with ddH20 

Primary antibody solution 6xC ml of the antibody of interest 

(C: concentration ofthe antibody of interest) 

IOOfll ofBSA 5mg/ml 

up to 6ml with TTBS 

Secondary antibody solution 6fll of mouse HRP-conjugated immunoglobulins 

(primary antibody monoclonal) 

up to 6mL with TTBS 

ECL solutions ECL 1: 44fll of coumaric acid, I OOfll ofluminol 

(ECL I and ECL 11 are to be mixed I ml of I M Tris HCL pH 8.5 

just before addition to the up to IOml with ddH20 

membrane to give the final ECL ECL 11: 6fll of30% H20 2 

solution) I ml of I M Tris HCL pH 8.5 

up to I Oml with ddH20 

Table 3.7 List and composition of all immunobloting solutions used. 
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Target Name Origin Source Concentration 

used 

a A -crystallin anti aA-crystallin monoclonal P.Fitzgerald 1!1000 

aB-crystallin mono aB batch 4 monoclonal R.A. Quinlan 1110 

HSP27 82pl.4 monoclonal R.A. Quinlan Ill 0 

Actin AC-40 monoclonal SIGMA Ill 000 

Vimentin V9 monoclonal SIGMA 1/1000 

All primary Goat anti-mouse NIA DAKO Ill 000 

monoclonals HRP 

Table 3.8 Characteristics of all antibodies used for immunoblotting. 

Commercial antibodies were obtained from Sigma-Aldrich, Poole, UK and 
from DakoCytomation, Olestrup, Denmark. 
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3.4. Results: 

3.4.1. LEDGF mRNA expression: 

cDNA samples, synthesised from total RNA extracts from H36LE2, 9MaB, 

MCF7 and U373-MG cells were subjected to PCR to determine whether the mRNA 

expression pattem of LEDGF could be correlated with the cell viability patterns 

observed in Chapter 2. 

LEDGF was chosen as it is a known transcription factors of aB-crystallin and 

HSP27 genes (see section 1.4.2.3.2), themselves known for their anti-apoptotic 

properties expression was examined, as these crystallins are highly concentrated in 

the lens and known for their anti-apoptotic properties (see sections 1.4.2.3.3). 

As shown in Figure 3.4, LEDGF mRNA expression was not detected on the 

lens capsule, and this for all four cell lines examined. LEDGF mRNA expression was 

also absent on the plastic substrate tor both MCF7 and U373-MG cells, but was 

present on the plastic in the absence of staurosporine for both H36LE2 and 9MaB. 

With the addition of staurosporine on plastic LEDGF mRNA expression was still 

detected in 9MaB cells, but not in H36LE2 cells. 
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Figure 3.4 LEDGF mRNA expression in H36LE2, 9MaB, MCF7 and U373-MG cells. 

1136LE2. 9MaB. MCF7 and U373-MG cells were seeded on either plastic or bo\ ine lens capsule 
substrates and. after a 48h recovery period. half of each substrate group was exposed to 
staurosporine at a concentration of 500nM while the other half \\as left undisturbed as a control. 
After a further 48h, mRNA extracts were collected and the corresponding cDNA was checked for 
LEDGf presence by RT-PCR (as described in section 3.3.1 ). for H36LE2. 9MaB and U373-MG 
cON A, vimentin was used as a positive control. For MCF7 cDNA. actin was used as a positive 
control. Actin primers were a gift of Dr. M. Alvares-Reyes. University of Durham (expected 
product size 316 bp). As no positive control was used b} the original investigator. the identity of 
the product obtained with the actin primers was confinned by sequencing the product via the 
departmental sequencing facility. after which the sequence obtained was checked b) the 
Nucleotide-Nucleotide option of the Basic Local Alignment Search Tool (BLAST) software. 

Note that LEDGF cDNA is not detected on the capsule for all four cell lines. LEDGF cDNA is 
detected in both ll36LE2 and 9MaB cells gro\\n on the plastic but not in MCF7 or L373-MG 
cells. 

The experiment "as repeated three times independently. One representative result is sho\\11. 1\otc 
that the 9Ma8 and U373-MG PCR products shown were run on the same agarosc gel. hence the 
same ladder was used for both sets. 

Lane legend: 

L: DNA 1 OObp ladder >O:positive control (either \imentin or H36LE2 cDNA ) 

PC: plastic substrate. no staurosporine PS: plastic substratc. 500nM staurosporinc 

CC: capsule substrate. no staurosporine CS: capsule substrate, 500nM staurosporine 
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3.4.2. Small heat shock proteins expression: 

Protein extracts ii·om H36LE2, 9MaB, MCF7 and U373-MG cells were 

examined by immunoblotting to determine whether the protein expression pattern of 

small heat shock proteins could be correlated with the cell viability patterns observed 

in Chapter 2. 

aA-crystallin and uB-crystallin expression was examined, as these crystallins 

are highly concentrated in the lens and known for their anti-apoptotic properties (see 

sections 1.4.2.3). HSP27 expression was also examined, as it has anti-apoptotic 

functions and can be expressed under the action of LEDGF (see section 1.4.2.3.2 and 

1.4.2.3 .3 ). 

As seen in Figure 3.5, uA-crystallin expressiOn was undetectable on the 

plastic for all four cell lines examined. it was also undetectable for MCF7 and U373-

MG cells on the lens capsule. However, aA-crystallin expression was detectable on 

the lens capsule in both lens epithelial cells, although it did not consistently vmy with 

the addition of staurosporine 

As seen in Figure 3.6, aB-crystallin protein expressiOn was, as for aA­

crystallin protein expression, undetectablc on the plastic for all four cell lines 

examined. It was also undetectable on the lens capsule in MCF7 cells. aB-crystallin 
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aA-cl)stallin actin 

>0 control PC PS CC CS >0 control PC P~ CC CS 

H36LE2 

9MaB -.. .. ,..,. ... 
MCF7 -----.-
U373-MG 

Figure 3.5 a.A-crystaUin protein expression is present in lens epithelial cells on the lens 
capsule. 

H36LE2. 9MaB. MCF7 and U37J-MG cells were seeded on either plastic or bovine kns 
capsule substrates and. after a 48h recovery period. half of each substrate group \\as e\posed 
to staurosporine at a concentration of 500nM while the other half was left undisturbed as a 
control. After a further 48h. whole cells extracts ·were collected and a.'\-crystallin e-..pression 
was investigated by immunoblotting (as described in section 3.3.2). 

Note that aA-crystallin expression is not detected on the plastic for all four celllint:s. c.c<\­
CI)Stallin expression is detected in both I !36LE2 and 9MaB cells gro\\n on the lens capsule 
but not in MCF7 or U373-MG cells. 

The experiment was repeated three times independently. One representatin~ result is shown. 

Lane legend: 

>0 control: rccombinant protein marker 

PC: plastic substrate. no staurosporine PS: plastic substrate. 500nM staurosporint: 

CC: capsule substrate. no staurosporinc CS: capsule substrate. 500nM staurosporinc 
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aB-crystallin actin 

>0 control PC PS CC CS >0 control PC PS CC CS 

H36LE2 

9MaB . ·- - - - .. --
MCF7 ------
U373-MG --------
Figure 3.6 aB-crystallin protein expression is present in lens epithelial cells on the lens 
capsule. 
H36LE2. 9MaB. MCF7 and U373-MG cells were seeded on either plastic or bo\ine lens 
capsule substrates and. after a 48h recovery period, half of each substrate group was 
exposed to staurosporine at a concentration of 500nM while the other half was ldt 
undisturbed as a control. After a further 48h. whole cells extracts were collected and aB­
crystallin expression was investigated by immunoblotting (as described in section 3.3.2). 

Note that aB-crystallin expression is not detected on the plastic for all four cell lines 
examined. However. aB-crystallin expression is detected on the lens capsule in both 
H36LE2 and 9MaB cells. as well as in U373-MG cells. but not in MCF7 cells. 

The experiment was repeated three times independently. One representative result is shO\m. 

Lane legend: 

>0 control: recombinant protein marker 

PC: plastic substrate, no staurosporine PS: plastic substrate. 500nM staurosporine 

CC: capsule substrate. no staurosporinc CS: capsule substrate. 500nM staurosporine 
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protein expression was detectable on the lens capsule in H36LE2, 9MaB and U373-

MG cells, but did not consitently vary with the addition of staurosporine. 

As seen in Figure 3.7, HSP27 protein expression was undetectable in all cells 

and for all four treatments, with the sole exception of MCF7 cells on the plastic in the 

absence of staurosporine, when HSP27 protein expression was detected. 

3.4.3. HSP27 expression correlates with vimentin expression and cell viability 

on the lens capsule in SW13 cells: 

In Chapter 2, I showed that the presence of vimentin correlated with SWI3 

cells viability on the lens capsule. In this Chapter, l examined whether the expression 

of small heal shock proteins could also be correlated with cell viability on the lens 

capsule in SW13 cells. Again, l examined the protein expression of aA-crystallin, 

al:3-crystallin and l-ISP27. 

As shown in Figure 3.8, both a.A-crystallin and aB-crystallin expression was 

detected when SW13vim+ and SW13vim- cells were grown on the lens capsule, 

although aA-crystallin protein expression was very !(tint for both cell Iincs. I-ISP27 

expression was also detected when the cells were cultured on the lens capsule, but 

only in the SW 13vim+ cells. 
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IISP27 actin 

>0 control PC PS CC CS >0 control PC PS CC l S 

H36LE2 - ............. 
9MaB 

__ .__..,_ 

MCF7 - ......... 
U373-MG 

Figure 3.7 IISP27 protein expression is absent on tbe lens capsule. 

I 136LE2. 9MaB. MCF7 and U3 73-MG cells were seeded on either plastic or ho\ inc lt:ns 
capsule substrates and. after a 48h recovery period. half of each substrate group v.as c>.poscJ 
to staurosporine at a concentration of SOOn M while the other half V\< as left undisturbed as a 
control. After a further 48h. whole cells extracts were collected and HSP27 expression was 
investigated b.> immunoblotting (as described in section 3.3.2). 

Note that liSP27 protein expression is absent in all four cell lines both on plastic and un the 
lens capsule. with the only exception of MCI-7 cells on plastic in the absence ol 
staurospori ne. 

The experiment was repeated three times independently. One representative result i~ shov .. n. 

Lane le~cnd: 

>0 control: recombinant protein marker 

PC: plastic substrate. no staurosporine PS: plastic substrate. 500nM staurosporinc 

CC: capsule substrate. no staurosporine CS: capsule substrate. 500nM staurosporine 
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>0 control S-PC S-CC S+PC S+CC 

aA-crystallin 

actin control - - . --· ..... ..,_ 

aB-crystallin 

actin control 

HSP27 

actin control 

Figure 3.8 HSP27 protein expression differs between SW13vim+ and SWJ3 "·im- cells 
on the lens capsule. 

SW13vim+ and SWIJvim- cells were seeded on either plastic or bovine lens capsuk 
substrates. After 96h, whole cells extracts were collected and aA-crystallin, aB-crystallin 
and I ISP27 protein expression was investigated by immunoblotting (as described in section 
3.3.2). 

Note that, although both cell lines express a/\.-crystallin and aB-crystallin when cultured on 
the lens capsule, SW 13vim+ cells express HSP27 when grown on the lens capsule "'hi le 
SWJJvim- cells do not. 

The experiment was repeated three times independently. One rcpresentati've result is shO'v'vn. 

Lane legend: 

>0 control: recombinant protein marker 

S+PC: plastic substrate. SW!Jvim+ cells S+CC: capsule substrate, SW13vim+ cells 

S-PC: plastic substrate. SWI3vim+ cells S-CC: capsule substrate. SW13vim+ cdls 
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3.5. Discussion: 

3. 5. 1. The case of the in vitro eel/line: 

Most of the proteins described in the introduction to this chapter were readily 

detected and characterised in vivo (see section 3.1) and, with care, can be used as 

lens-specific markers. In in vitro cell lines, however, the artificial culture conditions 

can affect protein expression patterns. The presence of serum decreases both aA­

crystallin and aB-crystallin expression in bovine lens epithelial cells after as little as 

two weeks of culture (Kim et al .• 2004), and even the well-characterised 1-ILE-83 was 

shown to lack several proteins found in primary lens epithelial cells, notably aA­

crystallin and HSP27 (Wang-Su et al., 2003). Also, some lens epithelial cells in vitro 

have been shown to either drill towards a tibrc phenotype, in low serum conditions, 

or an epithelial-fibre hybrid phenotype, in high serum conditions, as indicated by 

ATPIAs and crystallins expression pattems (Ong et al., 2003). These changes in 

protein expression might lead to an originally lens epithelial cell line being identified 

as having lost some lens specificity or acquired some fibre-specificity. 

Therefore, the protein expression of the lens cell lines used in our study might 

not perfectly match the protein expression pattern expected from in vivo lens 

epithelial cells. 
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3.5.2. Culture on the lens capsule correlates with the expression of a­

crystal/ins: 

The main result of this chapter is that cell culture on the bovine lens capsule 

correlates with the expression of a-crystallins, even, in some cases, when the cultured 

cell line did not originate from the lens. 

3.5.2.1. Protein expression pattern in lens epithelial cells: 

Substratc-induced tissue-specific protein expression JS well-documented, 

(Sultana et al., 1998; Streuli et al., 1991) and was therefore expected in the presence 

of a freshly-dissected lens capsule. which is the natural matrix of lens epithelial cells 

in vivo. 

aA-crystallin and aB-crystallin expression was detected tor both lens cell 

lines tested on the lens capsule, but not on the plastic substrate. Such up-regulation 

cannot be due to LEDGF activity. as LEDGF's detection pattem does not match with 

the crystallins'. Other potential mediators of this up-regulation include Pax6, which l 

was sadly unable to examine by l'CR due to a failed primer optimisation stage. The 

absence of crystalline protein signal on the plastic can be explained, either by the 

etTects of in vitro culture on tissue-speci tic protein expression, or by the amount of 

protein loaded in the gels, which might have been too low to allow detection. 
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HSP27 protein expressiOn was ~xamined, not for the purposes of lens­

speeifieity, as HSP27 is a widely expressed protein (Ciocca et al., 1993). but rather 

for its anti-apoptotic properties (detailed in section 1.4.2.3). However, no HSP27 

expression was detected in any of the lens cell lines t~sted. This absence of HSP27 in 

lens cells cannot be due to defective antibodies, as HSP27 was detected in MCF7 

cells, which was expected since HSP27 is expressed in their tissue of origin (Ciocca 

et al., 1993). It can also not be due to defective protein extracts, as shown by the 

presence of bands when the same extracts were exposed to actin antibodies. It can 

only be suggested that the expression might have been lost with a lengthened in vitro 

culture, as has been demonstrated in other lens epithelial cell lines (see section 4.3.1 ). 

3.5.2.2. Protein expression pattern in non-lens epithelial cells: 

Protein expression of crystallins was detected in a number of non-lens cell 

lines. As the lens capsule used in our experiments are freshly dissected, the persisting 

expression of lens proteins might be due to native bovine lens cells remaining on the 

capsule after an incomplete trypsinisation. This, how~ver, is unlikely, as the ethanol 

wash perfom1ed during the capsule clean-up, apart from being expected to efficiently 

kill any remaining cell, also make the cells turn white and therefore highly visible, 

allowing for their extensive removal by scraping. Therelore, I am confident in saying 

that protein expression of lens crystallins by non-lens cells when grown on the lens 

capsule is a true result and is not due to primary lens cells remaining attached to their 

substrate. 
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U373-MG cells are known to express aB-crystallin (!to et al., 200 I; 

Tumminia and Russel, 1994), and its presence in my results is therefore not 

surpnsmg. SWI3vim+ and SWI3vim-, however, were less expected to readily 

express crystallins proteins, even when grown on a lens substrate. Both crystallins are 

actually present in adrenal tissue, although at low levels (Kato et al., 1991), and their 

detection on the lens capsule in the SW 13 cells might be the result of the up­

regulation of an already existing low-level expression, the means of which arc still 

undetermined 

These results suggest that culture on the lens capsule is able to up-regulate a­

crystallins protein expression in non-lens cell Iincs. The exact nature of the lens 

capsule factors able to up-regulate such protein expression was not investigated. 

Structural components such as collagen, laminin or fibronectin are too commonly 

found in basement membranes to mediate such a specific protein expression. 

However, it can be suggested that growth or transcription factors rresent in the lens 

environment in vivo might have been stored in the capsule and be released during in 

vitro culture, thus re-creating an micro-environment favourable to lens protein 

expression. 

3.5.3. Are lenticular proteins involved in cell viability on the lens capsule?: 

As this study is primarily concerned with the viability of lens epithelial cells 

when grown on the lens capsule, the next important question is whether sHSP 
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expression can be correlated with cell viability both in the presence and absence of 

staurosporine. 

All three sHSPs examined, aA-crystallin, aB-crystallin and HSP27 are well 

known for their anti-apoptotic activities (see section 1.4.2.3). Of course, any cell 

viability pathway is likely to involve a number of proteins greater than the ones 

covered in our study and the absence of a strict correlation between sHSP expression 

and viability in the absence or presence of staurosporine cannot be equated with them 

not being involved. If a cell line is viable in the absence of a given HSP, then this 

HSP can be described as not involved in the cell viability pathways. However, if a 

cell line is not viable in the presence of a given l-ISP it only means that this l-ISP is 

not sutlicicnt to promote cell viability by itself. It can still be involved in the 

pathways, with the cell line lacking downstream factors. 

Using this rationale, I can suggest that HSP27 is not involved in either lens 

cell viability on the lens capsule, as it is absent from all lens epithelial cells tested. 

As for aA-crystallin and aB-crystallin, in the limited set of cell lines 

examined, the simultaneous expression of both a-crystallins correlated well with cell 

viability on the lens capsule, both in the absence and presence of staurosporine. The 

independent expression of aB-crystallin alone is also not sufficient to insure cell 

viability, as shown in U373-MG cells. The case of the SW13 vim cells is discussed 

later (see section 3.5.4). 
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To test the hypotheses that the presence of both a-crystallin is necessary to 

maintain cell viability on the lens capsule. it was my intention to selectively down­

regulate their expression in the appropriate cell lines using small RNA interference 

(sRNAi) (Shi, 2003; Hasuwa et al., 2002; Martinez et al., 2002). Although l did 

succeed in optimising the sRNAi procedure on plastic, I lacked time to fully test it on 

the lens capsule and therefore no results arc presented. 

3. 5.4. HSP27 expression correlates with vimentin expression and cell viability 

on the lens capsule: 

As detailed in Chapter 2, when testing vimcntin-cxpressing/vimentin-lacking 

pairs of SW 13 cell lines, it was noted that the presence of vim en tin correlated with 

cell viability on the lens capsule in the absence of staurosporine. To test whether this 

pattern could be lilflher correlated with the expression of other proteins, I examined 

the expression ofaA-crystallin, aB-crystallin and HSP27 in those same cell lines. 

Although aA-crystallin and aB-crystallin protein expression pattcms did not 

consistently differ between the two cell lines, a strong l-ISP27 expression, however, 

did correlate with SW13 cell viability on the lens capsule. As HSP27 is known to 

bind intcnnediate filaments in vitro (Perng et al., 1999), its presence might reflect a 

chaperone function towards the vimentin network rather than a direct involvement in 

cell proliferation. However, HSP27 can affect cell-cell and cell-matrix adhesion 

independently of the vi men tin network. Its over-expression leads to an increase in E-
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cadherin expression (Aidrian et al., 2003) and endogenous I-JSP27 can induce or 

inhibit actin polymerisation, depending on its phosphorylation state (Gerthoffer and 

Gunst, 2001), which will in turn affect focal adhesions (Schneider et al., 1998). 

Although the resulting effect is not to increase cell proliferation (Kindas-Mugge et al., 

1998), it could increase cell adhesion to the substrate and between cells within the 

population, allowing a stable number of cells to be maintained on the lens capsule. 

The absence of HSP27 expressiOn m the lens cell lines tested, however, 

suggest that other mechanisms, independent of I-ISP27, must exist that promote lens 

cell viability on the lens capsule. 

3.6. Chapter's conclusions: 

The aim of this chapter was to determine whether protein expression could be 

correlated with cell viability on the lens capsule in the cell lines examined. By the end 

of this chapter, I can say that correlations between protein expression and cell 

viability can be made, but only when looking at reduced subsets of cell lines. When 

comparing 1-136LE2 and 9MaB cells to U373-MG and MCF7 cells. a correlation 

between the presence of hoth aA-crystallin and aB-crystallin and cell viability on the 

lens capsule can be made. When comparing SWI3vim+ cells and SWI3vim- cells, a 

correlation between the presence of HSP27 and increased cell viability on the lens 

capsule can be made. 
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4. The lens capsule as a store of releasable growth 

factors for lens epithelial cells: 

In Chapter 3, I have shown that cell culture on the lens capsule correlates with 

increased crystallins protein expression. In the present Chapter 4, I will examine a 

number of extra-cellular factors. in an attempt to test their involvement in cell 

viability on the lens capsule. First, it is necessary to examine the range of extra­

cellular factors available to lens cells on the lens capsule. 

4.1. Introduction: Agents of cell-matrix interactions in the lens: 

The extra-cellular matrix of the lens fulfils many roles. It is the adhesive base 

of both epithelial and early tibre cells, the physical barrier between all lens cells and 

the aqueous and vitreous humours and the elastic mediator of lens accommodation. 

Most of these functions have already been detailed in the introduction to Chapter 2. 

The present Chapter 4, however, is concerned with the interactions between the lens 

epithelial cells and the lens capsule specifically involved in maintaining cell viability. 

4.1.1. The lnteqrins: attachment-dependent survival 

Although integrin ligation in suspended cells can increase sensitivity to p53-

mediated apoptosis (Lewis et al., 2002), in adherent cell lines ECM adhesion via 

integrins is generally accepted to promote survival by a variety of pathways. 
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Fihronectin binding of B 1-integrins induces membrane-bound FLIP long (FLIPt) re­

distribution as cytosolic FLIPt, followed by competitive inhibition FADD binding, in 

the hcmatopoietic cancer cell line U93 7 (Shain et al., 2002). Laminin binding of 

a6B I integrins increases IRS-1 tyrosine phoshorylation following insulin binding and 

amplifies IGF signalling and its subsequent anti-apoptotic effects in murine mammary 

epithelial cells (Farelly et al., 1999). Fibronectin binding to a5B I or vitroncctin 

binding to avB3 induce FAK-dcpendent activation of Ras, followed by PI3K­

dependent AKT/PKB activation and Bcl-2 expression in CHO cells (Matter and 

Ruoslahti, 200 I). 

In the healthy lens, a31.\l is found in both lens epithelium and lens fibres, 

while a6!3l is restricted to the fibres cells and the a I and a5 subunits are 

undctectablc (Menko and Philip, 1995). Both a3 and a6 forms hind to laminin 

(Zhang et al., 2000; Zuk and Hay, 1994 ), which is readily found in the lens capsule, 

while the I.\ I form suggests the existence of survival promotion in the lens cells via 

attachment to the lens capsule. With cataract, the integrin expression of the lens 

epithelial cells changes, with an increase in a2 and a5 sub-units (Zhang et al., 2000}. 

which is compatible with an increase in collagen I and fibronectin ECI\1 deposition. 

respectively (Joo et al.. 1999). The formation a5B I -fibronectin adhesion might 

provide extra survival signals to the cataractous cells, and should be maintained 

during after-cataract as TGFil-2, which is present in the after-cataractous capsular 

bag, increases the expression of the a5 integrin subunit in other cell types (lrving and 

Lala. 1995). Also, and as already discussed (see section 3.3.4), the presence of 
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laminin in the lens capsule might favour a6[l4-mediumted cell adhesion and, 

indirectly, a6~4-mediumted cell survival via PI3K and ERK signalling (Zahir and 

Weaver, 2004). 

4. 1. 2. Growth Factors and proteases: diffusible factors of proliferation 

The presence of ECM components improves the effects of gro\\1h tactors. As 

an example. addition of either laminin or tibronectin to neuronal cells greatly 

increases the survival effect of nerve growth tactor (NGF) (Millaruello et al., 1988). 

In the lens, capsule components can bind growth factors, thus affecting their activity 

and availability. 

4.1.2.1. Binding of growth factors into the ECM: 

Components of the lens capsule are able to bind a range of growth factors. The 

binding of a number of FGFs to heparin has been widely studied and both FGF-1 and 

FGF-2, bound to heparan sulphate proteoglycans, are readily detectable in the lens 

capsule (Schulz et al., 1993). Collagen I, which is deposited in the lens capsule after 

cataract surgery (Saika et al., 1998), can also bind FGF-2 in vitro (Kanematsu et al., 

2004). Fibronectin can bind IGF-l/IGFBP3 complexes (Gui and Murphy, 2001), 

while the proteoglycan dccorin, which is expressed by lens epithelial cells after 

cataract surgery (Azuma and l-Iara, 1998) can bind TGF[ls (Fowlkcs and Winkler, 

2002). 
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Binding of growth factors can affect the short-tem1 proliferation of the 

overlying cells. This effect can be mediated by the stabilisation of an otherwise easily 

degradable growth factor, as in heparin binding of both FGF-2 and TGF~-2, which 

prevents loss of their activity at body temperature (Caldwell et al., 2004; Shroeder­

TeiTt et al., 1997). ECM binding can also be necessary for the correct formation of 

cell receptor-growth factor complexes, as in heparin-mediated dimerisation and 

phosphorylation of FGFRs (Zhang et al., 2001; Kan et al., 1996). This participation 

of heparan sulphate proteoglycans in FGF signalling also presents a degree of cell­

speciticity, dependent on the sulphation levels of the heparan chains (Rossi et al., 

2003). Hence, cells might benefit from matrix-bound FGF only when grown on their 

original matrix. 

For a delayed effect on cell proliferation and survival, growth factors can also 

be bound in ECM stores. Such stores have been found tor latent TGF-~ I and BMP-2 

in the bone matrix (Lalani et al., 2003) and for FGF-1 and FGF-2 in the lens capsule 

(Lovicu and McAvoy., 1993; Jeanny et al., 1987). 

4.1.2.2. Release of growth factors from ECM stores: 

For the cells to benefit from any growth factors stored in the ECM, they need 

to degrade the matrix components that cover or bind them. In the lens epithelial cells, 

a number of pro teases are present which can effect this degradation. 
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MMPs are Zn2+-dependent endopcptidases secreted as inactive zymogens. 

They are composed of an N-tcrminal pro-domain, which is cleaved to release the 

active MMP, a Zn2+ -binding active site, a hemopexin-like domain, and, in the 

transmembranous members of the family, a C-tenninal transmembrane domain 

(Stctler-Stevcnson and Yu, 2001). The collagenase MMP-1, the stromelysin MMP-3 

and the gclatinases MMP-2 and MMP-9 are present in the lens after cataract surgery 

(Kawashima et al., 2000) and taken together, are able to degrade collagens I to V, VIL 

X and XI, as well as fibronectin and laminin (Wong et al., 2002). They also cleave 

known growth factors binding proteins, such as IGFBPs, the FGF-binding pcrlecan 

and the TGF~-binding decorin (Fowlkes and Winklcr, 2002). The only limitation to 

their activity in the lens is the presence of the tissue inhibitor of MMP CriMP)- I and 

-2 (Kawashima et al., 2000). 

Another Zn2+-dependent protease, a disintegrin and metalloprotease (ADAM)-

9, is also present in the lens (Lim et al., 2002). ADAMs resemble MMPs in their 

possession of anN-terminal prodomain and Zn2+-binding active domain, but they also 

have a disintegrin domain involved in cell-cell adhesion, and a cysteine-rich and an 

EGF repeat domain thought to be involved in substrate recognition (Moss et al., 

2001). ADAM9 is expressed on the cell surface and, outside the lens, has been shown 

to have collagenase activity as well as cleaving EGF binding proteins (Moss et al., 

2001) 

The existence of another proteolytic pathway in the lens is suggested by the 

presence of tissue plasminogen activator (t-PA) in both the lens epithelial cells 
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(Tripathi et al., 1988) and the aqueous humour (Giedrojc et al., 1996). Also, plasmin 

itself is likely to be present in the aqueous humour as injection of plasmin activator in 

the eye successfully resolves postoperative librinous reactions in cataract patients 

(Muller-.Jcnsen and Zimmerman, 1995). As the aqueous humour is in contact with the 

capsular bag during and alier cataract surgery, any plasmin present in the aqueous 

could start degrading lens capsule components. Plasmin degrades laminin, fibronectin 

(lndyk et al., 1999) and FG F-binding perlccan (Stetler-Stcvenson and Yu. 200 I) and 

promotes proliferation in retinal pericytes (Katsura et al., 2000). Increase of t-PA 

expression by TGF-~s (Schacke et al., 2002), together with therapeutic use of plasmin 

in the eye (Williams et al., 200 I) could exacerbate or maintain such matrix 

degradation. Lastly. the cysteine protease cathepsin B, which degrades collagen IV. 

laminin and fibronectin (Buck et al., 1992) has been found in the lens epithelium 

(Wasselius et al., 2003) and could participate in ECM degradation. 

4.2. Aims: 

The lens capsule is rich in gro\\1h factor binding proteins and the lens 

epithelial cells are rich in matrix protcascs (see 4.1.2). In this Chapter, I wanted to 

investigate whether soluble extra-cellular factors were involved in the effects of the 

lens capsule on lens cell viability. First l examined whether the levels of FGF-2 and 

IGF-1 ,which are relevant to lens cell biology (see section 1.1.2 and section 1.1.3), 

could be correlated with cell viability. l then tested the hypothesis that the growth 

factors present in the lens cells medium were released by MMPs directly from the 

lens capsule. 
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4.3. Experimental procedure: 

In this Chapter, the range of cell lines used was reduced compared to the 

prevtous two Chapters, due to the excessive cost of the enzyme-linked 

immunofluorescence substrate assay (ELISA) kits. H36LE2 was chosen as the only 

lens epithelial cell line used, as the presence of a aB-crystallin mutation would have 

complicated the interpretation of the results for the 9MaB cdlline. MCF7 was chosen 

as the non-lens epithelial cell line to be compared to H36LE2, as previous work has 

been done on the effects of growth lactor presence on MCF7 cells (Thompson and 

Kakar, 2005; Ciftci and Trovitch, 2003; Serrero and Lu, 2001; Wang et al., 1998), 

which could therefore been called upon during the discussion of this section's results. 

4.3.1. EL/SA: 

ELlS As were conducted to detect changes in medium levels of FGF-2, IGF-1 

and TGFJ3-2 with cell culture on the lens capsule and presence of staurosporine. The 

medium samples used tor the ELISAs consisted of medium taken at the end of the 

viability assay described in 2.3.4, before the medium change and the addition of 

colorimetric reagent. lml of medium was taken for each well used in the viability 

assay, for a total of six samples per treatment for each experiment. The medium 

samples were then stored at -80°C until later use. 
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IGF ELlS As were conducted ustng the OCTEA R IGF-1 kit 

(lmmunoDiagnostic Systems Ltd., Bolden, UK) following the manufacturer's 

instructions. 25rtl of calibrating or test sample were pi petted into Eppendorfs. IOOJ.!l 

of releasing agent were added to each tube, which were then vortexed before being 

left at room temperature for I Omin. I ml of sample diluent was added to each tube. 

After vortexing, duplicates of 50J.!I from each calibrator or test sample were pi petted 

into wells of the provided antibody-coated plate and, after addition of 200J.1l of 

enzyme conjugate to each well, incubated at room temperature for 2h. After 

incubation, wells were rinsed with wash solution by inverting and tapping the plate 

firmly onto tissue paper to empty the contents, followed by adding 250pl of wash 

solution to each well. That procedure was repeated twice for a total of three washes. 

200pl of tetramethylbenzydine (TMB) substrate was then added to each well, 

followed by 30min incubation at room temperature. Finally, I OOpl of stop solution 

(H2S04, 2N) was added to all wells. 

FGF-2 ELISAs were conducted usmg the Human FGF basic ELISA kit 

(Oncogcn-Merck, Bceston, UK). IOOrtl of assay diluent was added to each well of an 

antibody-coated plate, followed by I OOpl of each calibrator or test sample, aller 

which the plate was left to incubate at room temperature for 2h. The plate was then 

rinsed tour times by adding 250J.1l of washing solution to each well and by inverting 

and tapping the plate tim1ly onto tissue paper after each wash to insure complete 

removal of the washing solution. 200rtl of conjugate was then added to each well and 

the plate was again left to incubate at room temperature for 2h, after which it was 
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agam rinsed four times in washing solution. 200pl of subsu·ate solution was then 

added to each well, followed by 30min incubation at room temperature. Finally, 50pl 

of stop solution (l-1 2S04, 2N) was added to all wells. 

For all both ELl SA kits, within 30 m in of adding the stop solution, plates were 

read using an Anlhos Lucy I microplate luminometcr (Anthos Labtec Instruments, 

Salzburg, Austria) at 450nm and 550nm. Absorbance readings at 550nm were 

deducted from the readings at 450nm to remove the effects of the optical aberrations 

due to the microplatc itself. The resulting test values were translated into the 

appropriate units of weight/volume using the calibrator values. The average test 

values were then plotted against the nature of the treatment, with standard deviation. 

As in Chapter 2, the significance of the differences between the averaged values was 

determined by independent sample t-test. The significance cut-point was set at 

P=0.05, with exact probability values being presented in Appendix 4. 

For both H36LE2 and MCF7 cell lines, ELISA for the three gro\\1h factors 

examined was perfonned on three independent batches of medium samples. Each 

batch represented four treatments with three samples per treatment. The four 

treatments used were as described in 2.3.4, i.e. plastic substrate without staurosporine. 

plastic substrate with 500nM staurosporine, capsule substrate without staurosporine 

and capsule substrate with 500nM staurosporine. Three independent batches of 

medium from no-cell controls, with two treatments per batch and three samples per 

treatment, were also examined to determine the background levels of growth !actors 
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in the culture medium for both substrates used, i.e. plastic and bovine lens capsule in 

the absence of staurosporine. 

4.3.2. MMP detection: 

The results of the ELISAs I conducted (see section 4.3.1) led me to fonnulate 

an hypothesis on the origin of the growth !actors present in the lens cells culture 

medium. To test this hypothesis, I tirst determined the presence of the gelatinases 

MMP-2 and MMP-9 in the lens cells culture medium. To avoid false-positive 

detection of MMPs due to FCS presence in the culture medium, all following 

experiments were conducted using 0.1% FCS-supplemented DMEM. The persistence 

of H36LE2 cell viability on the lens capsule in 0.1 %FCS-supplemented DMEM was 

checked beforehand by repeating the cell viability assay tor this cell line (as described 

in 2.3.4). The results of this preliminary experiment are presented in Figure 4.1 and 

show that, when cells were seeded at a density of 5.104 cells/well (as set in section 

2.3.3), viable cells were detected on the lens capsule, but not on the plastic substratc. 

This result is in accordance with previous studies on lens epithelial cells survival in 

low scrum conditions (Jshizaki et al., 1993). 

4.3.2.1. Sample collection: 

Medium samples were taken as described in 4.3.1, i.e. at the end of the 

viability assay described in 2.3.4, before the medium change and the addition of 
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H36LE2 cells in 0.1 °/o FCS 
o repeat 1 c repeat 2 o repeat 3 

--- ---
PC PS cc CS 

Figure 4.1 Culture on the bovine lens capsule allows lens cells' viability in 
low-serum culture medium. 

H36LE2 cells were seeded onto either plastic or bovine lens capsuk substrate~ 
and cultured in 0.1% FCS-supplemented cell culture medium. After a 48h 
recovery period. half of each substrate group was e>..pused to '>tauro!)porine at a 
concentration of 500nM while the other half was left undisturbed as a control. 
After a further 48h. live cells numbers were determined using the Aqueous 96 
non-radioactive cdl viabilit} assay (Promcga, Madison. USA) as described in 
Chapter 1 (2.3.4 ). The experiment was conducted independent!} three times. 
Bars represent the average of six samples v.ith standard deviation for each 
independent repeat. Note that, although no \ iable I I36LE2 cells were detected on 
the plastic substrate at this lov. serum concentration, culture on the lens capsule 
allows cell viability both in the absence and the presence of staurosporine. 

Treatment legend: 

PC: plastic substratc. no staurosporine PS: plast1c substrate. 500nM staurosporine 

cc- capsule substrate. no staurossporine CS: capsule substrate. 500n\1 staurosporine 
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colorimctric reagent. I m! of medium was taken for each well used in the viability 

assay, for a total of six samples per treatment for each experiment. The medium 

samples were then stored at -80°C until later use. The only, but important difference 

with the samples used in the ELISAs was that the samples used for MMP detection 

were taken from 0.1 %FCS-supplemented DMEM cell cultures. Protein concentration 

in the cell culture medium samples was quantified using the BCA protein assay kit 

(Perbio-Pierce, Tattenhall, UK) as described in section in 4.3.2.1 (sec Figure 4.2 and 

Table 4.1 ). 

4.3.2.2. Gelatine zymography: 

Gelatine zymography was used as a convenient method of detecting the 

presence and activation state of the gelatinases examined (Passi et al., 1999; Esteve et 

al., 1998). An equal amount of medium sample and medium sample buffer were 

mixed and left at room temperature for I Omin, a tier which samples were run at 200Y 

for 30min on an SDS-polyacrylamide gel, with a 4% (w/v) stacking layer and an 8% 

(w/v) separating layer supplemented with 0.1% gelatine (w/v). The gel was then 

washed in washing buffer for 30min on the room temperature shaker and rinsed three 

times in distilled water. This step ensures that SOS originally present in the gel is 

washed off with the butTer, thus allowing renaturation of the proteins in the gel. The 

gel was then left overnight in incubating buffer on the 37°C shaker at 50 rpm. This 

step allows 
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150 200 250 300 
protein concentration mg/ml 

Figure 4.2 Example of a BSA standard curve used for the quantification of 
H36LE2 ceiJ culture medium samples. 

Sample name Absorbance at 562 Concentration in Equivalent 
nm !lg/ml volume in 111 for 

20!lg of protein 
H36LE2 PC 0.36 1 4778 4 

H36 LE2 PS 0.706 9357 2 

H36LE2 CC 0.852 11294 1.8 

H36LE2 CS 1.1 04 14625 1.4 

H36LE2 PC<O 1.086 14384 1.4 

H36LE2 PS<O 0.950 12590 1.6 

H36LE2 CC<O 0.929 123 16 1.6 

H36LE2 CS<O 0.852 11285 l.8 

Table 4.1 Quantification of H36LE2 cell culture medium samples with 
indication of volumes used for subsequent gelatin zymography. 
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degradation of the gelatine contained in the gel by the ge!atinases. The next day, the 

gel was stained for 30 m in in staining bu!Ter and destained in distilled water for up to 

three days. The typical gel pattern obtained at that stage is of a dark background, 

containing intact gelatine, with white bands due to gelatine degradation and therefore 

indicating the presence of gelatinasc. The gel was then photographed using the 

'digitising' setting on a Fujifilm Intelligent Dark Box 11. The image was visualised by 

the software IR-LAS I 000. The composition of the solutions used during gelatine 

zymography is detailed in Table 4.2. Positive controls were provided by partially 

purified MMP-2 and MMP-9 from human scrum (BioMol, Exeter, UK) and a 

molecular weight marker. Negative controls were provided by medium samples trom 

cells exposed to the MMP inhibitor I, I 0-orthophenathroline used at the concentration 

of I On M (Sigma-Aldrich, Poole, UK) (Dawson et al., 1986; Herman and 1-leumann, 

1995; Mandal et al., 2003). 

4.3.2.3. Antibody detection: 

MMP detection by monoclonal antibody was conducted to provide additional 

evidence for the presence of MMP-2 and MMP-9 in H36LE2-conditionned media on 

the lens capsule. The characteristics of the antibodies used arc presented in Table 4.3. 

with the optimisation protocol being presented in Figure 4.3. 
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Sample Buffer 10% SOS (g/ml), 4% sucrose (g/ml), 1% 

bromophenol blue (g/ml), 0.25M Tris 

(pH9i.8). 

Washing Buffer 2.5% (mVml) Triton X-100 

Incubating Buffer 5mM CaCI2, 50mM Tris (pH-8.0) 

Staining Buffer 0.5 (g/ml) commasie blue R-250 in a 
I :3:6 volumetric ratio of acetic acid: 
isopropanol: ddH20 (respectively). 

Table 4.2: List and composition of aD solutions used during gelatin 
zymograpby. 

Target Name Origin Source Concentration 

used 

MMP-2 sc-13594 monoclonal Santa Cruz 1/50 

MMP-9 sc-21733 monoclonal Santa Cruz 1/50 

All primary Goat anti-mouse NIA DAKO 1/1000 

monoclonals HRP 

Table 4.3: Characteristics of all antibodies used for immunoblotting. 

Commercial antibodies were obtained from Santa Cruz Biotechnology Inc., 
Mile Elm Calne, UK and from DakoCytomation, Olestrup, Denmark. 
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My MMP blot 

I had the bands, there, right in front of me,/1 had even shown they were 
activated, using zymography 

But Roy said 'no, this can't be all'/'to really be sure, use a monoclonal'. 

So back to my bench I went again/And for my first gel I loaded 2J.1I per lane. 

But there was no bands on my gel, as far as I could see,/So I did another one 
and this time I loaded 30. 

But it wasn't any better, I have to admit,/So I sat down and thought about it. 

I looked on the net for MMP articles/And found that most people concentrated 
their samples. 

So I concentrated mine, /and hoped that it would work, this time. 

Again I tried to make my blot a success,/ And, then it worked, well, more or less. 

MMP-2 was too dark and MMP-9 too bright,/And they also were at the wrong 
height. 

'They're complexes' in vain I cry,/'No they are not' ,the cruel reply. 

In my samples I had BSAI Maybe that was where my problems lay. 

So much of it was in the gel, /MMPs could not run down well. 

My next samples were serum-free/but still the bands eluded me. 

I re-concentrated my last samples' loU and without much hope, ran a dot blot. 

This one did work, could it be true? Another western I had to go through. 

At last, o joy, after such a long wait,/there were the bands of the right weight. 

Twenty-eight westerns I blotted/ to get that one figure sorted 

Now you can see it at its best,/ Please just be kind and look impressed. 

Figure 4.3: Optimisation protocol for both MMPs antibodies used and 
conditioned cell culture medium samples prior to immunoblotting. 
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4.3.2.3.1. Sample preparation: 

Medium samples collected as described in section 4.3.3. I were concentrated 

25 folds using AmiconR Ullra-4 centrifuge filters with a I OK nominal molecular 

weight limit (Millipore, Molsheim, France) to increase protein content of the samples, 

as has been described elsewhere (Fuchshofer et al., 2003). Protein concentration was 

then quantified using the 13CA protein assay kit (Perbio-Pierce, Tattcnhall, UK) as 

described in section in 4.3.3. I. Samples were then precipitated with I 0% (v/v) tri­

chloro-acetic acid (TCA) and re-diluted in 2x sample buffer, to a final protein 

concentration of 50J.tg/~d (see Table 4.4). 

4.3.2.3.2. Dot blotting: 

Dot blotting was conducted before Western blotting as a less time-consuming 

way to optimise antibody concentration. Indeed, as I was the first person in my 

laboratory to investigate MMPs presence in the lens capsular bag model, the best 

antibody concentration to use against my samples was unknown. Dot blotting was 

conducting by applying either 50~tg or 250~tg of protein extract for each treatment 

unto nitro-cellulose paper. A positive control was provided in the form of pattially­

purified MMP-2 and MMP-9 from human scrum (BioMoL Exeter, UK) and a 

negative control was provided in the form of medium samples from cells exposed to 
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Sample name Absorbance at Concentration Volume in J.Ll Volume to be re-
562nm after sample (~g/ml) for 750 ~g suspended in after TCA 
centrifugation precipitation for a final 

concentration of 50 ~~I 
H36LE2 PC 0.690 7845 97.5 15 ~I 

H36LE2 PS 0.913 11123 67.5 15 ~I 

H36LE2CC 1.024 12934 60 15 ~I 

H36LE2 CS 0.809 9540 75 15 ~I 

H36LE2CB 1.1005 14575 51.5 15 ~I 

Table 4.4 Quantification of H36LE2 concentrated cell culture medium 
samples with indication of volumes used for subsequent TCA precipitation. 
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the MMP inhibitor orthophenathroline used at the concentration of I OnM. Exposure 

to antibodies was as described in section 3.3.2.2. 

4.3.2.3.3. Western Blotting: 

Western Blotting was performed as described in Chapter 3 (section 3.3.2.2), 

with the following modifications: 

250f.lg of protein was loaded per lane for all samples. 

positive control was provided by partially purified MMP-2 and MMP-9 

from human scrum (13ioMoL Exeter, UK), although the sHSP marker was 

still used. 

4.3.3. MMP inhibition studies: 

To investigate the involvement of gelatinases in the release of growth factors 

and cell viability on the lens capsule, more viability assays and ELISAs were 

conducted. 

The viability assays and subsequent data analysis were conducted as described 

in 2.3.4, with the following modifications: 

0.1% FCS-supplemcnted DMEM instead of 10% FCS-supplemented 

DMEM was used as the cell culture medium. 
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MMP-2-specitic (Calbiochem-Merck, Becston, UK) (Aye e/ al., 2004: 

Emonard e/ al., 1999) and MMP-9-specitic (Calbiochem-Merck, 13ceston, 

UK) (Pikul el al., 199S) inhibitors were used. According to the 

manufacturer's instructions, the MMP-2-specitic inhibitor was used at a 

concentration of I OO~tM and the MMP-9-specific inhibitor was used at a 

concentration of 5nM. 

Either inhibitor was added at the time of cell seeding. This was to prevent 

the cells from releasing the corresponding MMP for the whole duration of 

their culture on the capsule, i.e. 96h. 

No cells were cultured on plastic. 

ELISAs were conducted as described in section 4.3.1, with medium samples 

collected trom the viability assays described in the previous paragraph. Data analysis 

was as described in section 4.3.1, with exact probability values being presented in 

Appendix 4. 

4.4. Results: 

4.4.1. Growth factor release on the lens capsule: 

In this Chapter, I chose to investigate the potential involvement of soluble 

factors in cell viability on the lens capsule. As FGF-2 and IGF-1 are well known 

diffusible growth factors in the lens (sec sections 1.1.2 and 1.4.2.3). their medium 

levels were compared between H36LE2 and MCF7 cells, to detem1ine whether 
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growth factor medium levels could be correlated with cell viability on the lens 

capsule. 

As shown in Figure 4.4, there was no significant increase in FGF-2 medium 

levels with either culture on the bovine lens capsule or addition of staurosporine, and 

this for both I-136LE2 and MCF7. As shown in Figure 4.5, there was a small, but not 

significant increase in IGF-1 medium levels for H36LE2 cells with culture on the lens 

capsule, but not with staurosporine addition. There was a decrease in IGF-1 medium 

levels in MCF7 cells with culture on the lens capsule, although it was significant for 

only two out of the three independent repeats shown. As for l-l36LE2 cells, addition 

of staurosporine to MCF7 cells had no consistently significant effect on IGF-1 

medium levels. 

As shown in figure 4.6, when medium samples taken from cell-fi·ee capsules 

were examined, with the original aim of providing background growth factor levels 

tor Figure 4.4 and 4.5, it was noticed that presence of the lens capsule resulted in an 

increase in growth factor medium levels. For FGF-2 this increase was not significant, 

but it was significant for ICIF-1. 

Both gro\\1h factors examined are known to bind, either directly or in 

complexed forms, to extracellular matrix components. FGF-2 is known to bind kns 

capsule's HSPGs (Shulz et al., 1997). lGF-1 participates in IGF-1/IGFBP-

3/Iibronectin complex (Gui and Murphy, 2001) and thereiore could be present in the 

11bronectin-rich layers of the lens capsule. This led me to investigate whether the 
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Figure 4.4 FGF-2 medium levels. 

H36LE2 cells and MCF7 cells were cultured either on plastic or on hO\ inc lens 
capsules for 48h in I 0% FCS-supplemented cell culture medium. after \.\htch half 
of each h'TOup was exposed to staurosporinc at a concentration of 500nM lor a 
further 48h. Culture medium samples were then collected and total FGF-2 le\els 
were assayed hy ELISA as described in 4.3.1. 

Note that for both cell lines. there is no signiJicant difference in FGF-2 levels 
between cells cultured on plastic and cells cultured on bo\ ine lens capsules ( P>O 05 
lor PC vs CC and PS vs CS for all three repeats for both cell lines). There ts also no 
signiticant difference in FGF-2 levels between cells cul tured without staurosponne 
and cells cultured \.\ith staurosporinc (P>0.05 for PC vs PS and CC's CS for all 
three repeats for both cell lines). 

Bars represent the average of three samples with standard deviation. Three 
independent repeats arc shovvn. Probabilities are as calculated h) two-tailed. 
independent sample t-test '' ithin each repeat. Exact probability values are sho\\11 in 
Appendix 4. 

Treatment legend: 

PC: plastic substrate. no staurosporinc 
CC: capsule substrate. no staurosporine 

PS: plastic substrate. 500nM staurosporinc 
CS: capsule substrate. "00nM staurosporine 
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Figure 4.5 IGF-1 medium levels. 

H36LE2 cells and MCF7 cells were cultured either on plastic or on bo\ me lens 
capsules for 48h in 10% FCS-supplemented cell culture medtum. after v.hich half of 
each group was exposed to staurosporine at a concentration of 500nM f()r a funher 
48h. Culture medium samples were then collected ami total JGF-1 levels were assayed 
b) ELISA as described in 4.3.1. 

For I I36LE2 cells. culture on the lens capsule resulted in a smalL non-signiticant 
increase in FGF-2 medium levels compared to culture on plastic. The addition of 
staurosporine did not affect the FGF-2 medium levels on either substrate. For MCF7 
cells. culture on the lens capsule resulted in a decrease in FGF-2 medium levels 
compared to culture on plastic. However. this decrease was not consistent!~ 
significant across the three repeats shown. The addition of staurosporine did not affl.'ct 
the FGF-2 medium levels on either substrate. 

Bars represent the average of three sampks v\ith standard de\iation. Three 
independent repeats are shown. Probabilities arc as calculated b) mo-taJied. 
independent sample t-test within each repeat. Exact probability values are shov.n in 
Appendix 4. 

Treatment legend: 

PC: plastic substratc, no staurosporine PS: plastic substrate. 500nM staurosporine 

CC: capsule substratc. no staurosporine CS: capsule substrate. 500nM ')taurospunne 
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Figure 4.6 FGF-2 and IGF-1 medium levels in the absence of cells. 

As a no-cell control for Figure 4.3 and Figure 4.4. cell-free plastic and 
bo\ ine lens capsules were kept for 96h in I 0% FCS-supplcmcnted cell 
culture medium. Culture medium samples were then collected and total 
FGF-2 levels and JGF-1 levels \Vere assayed by ELISA as described in 
4.3.1. 

Note that. for both growth factors, there is an increase in mediwn k\el 
on the bovine lens capsule compared to the plastic. I· or FGF-2. this 
increase is small and not significant (P>0.05 for all three repeats). ror 
IGF-1 however. this increase is signiticant (P<-0.05 for all three 
repeats). 

Bars represent the a\ crage of three samples with standard de' iation. 
Three independent repeats arc shown. Probabilities are as calculated by 
two-tailed. independent sample t-test within each repeat. I::.xact 
probability values are sho\\11 in Appendix 4. 

Treatment legend: P: plastic substratc C: capsule substratc 
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growth factors present when cells are grown on the lens capsule originate ti·om lens 

capsule release rather than increased cell secretion. 

To investigate the possibility that the growth factors are being released from 

the lens capsule, I examined the expression patterns of the gelatinases MMP-2 and 

MMP-9 in my model. MMP-2 and MMP-9 appeared to be good potential growth 

factors-releasing agents as they are known to be present in the capsular bag 

(Kawashima et al., 2000; Tamiya et al., 2000) and can release all three growth factors 

examined from their binding proteins (Fowlkes and Winkler, 2002; Fukuda et al., 

2004). 

4.4.2. MMPs are present and activated in staurosporine-resistant cells: 

To first detern1ine whether MMP-2 and MMP-9 were present in cells grown 

on the bovine lens capsule, conditioned medium samples trom H36LE2 cells were run 

by gelatine zymography, as detailed in section 4.3.2.2. As seen in Figure 4. 7, 

gelatinolytic activity at a size compatible with active MMP-2 was found in medium 

samples from both the plastic and capsule substrate, while gelatinolytic activity at a 

size compatible with active MMP-9 was found in medium samples from the capsule 

substrate. The absence of such activity in the negative control lanes suggests that 

these bands do correspond to active MMP-2 and MMP-9. 
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Figure~. 7 Gelatine zymogram of H36LE2 cells-conditioned medium. 

Cell culture medium samples were taken from H36LE2 cells in l'itro 
cultures and examined b) gelatin Z) mograph) as described in 4.3.2. 

Note that a single band was present in all samples. with a higher doublet 
being present in samples from the lens capsule treatments. Although the 
positive control used ( partially purified MMP-2 and MMP-9 mix) \\as 
not concentrated enough to give a strong signaL the molecular V~.eight 
used allowed the approximate si1ing. of the gclatinol)1ic bands present in 
the test samples. The 10\>ver single band was between 70kDa and 55"-.Da 
and the doublet between 90k0a and 70kDa. 

The molecular weight marker presented was originally run on the same 
gel as the samples. although its colour pattern (dark blue bands against a 
blue background) made it hard to see. hence the increased exposure being 
used especially for the marker in this Figure. 

Treatment legend: 

L: molecular \\eight ladder 0<: negative control ( 1.1 0-orthophenanthro1ine I On M l 

PC: plastic substratc, no staurosporine PS: plastic substrate. 500nM staurosporinc 

CC: capsule substrate. no stauro~sporine CS: capsule substrate. 500nM staurosporine 
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Figure 4.8 MMP-2 and MMP-9 are present in H36LE2 cells on the lens capsule. 

Concentrated conditioned cell culture media samples \\ere run against 'vlMP-2 anc..l 
MMP-9 monoclonal antibodies as described in 2.3.3. Specificity of the antibodies were 
checked by immunoblotting selected H36LE2 samples against a weight ladder (top two 
blots). A positive control was available but could not be concentrated enough to gi\e a 
strong signal. The MMP antibodies were then run against the original range of H36l l .2 
cells samples by dot blotting (two bottom blots). Note that MMP-2 is expressed mon: 
weakly than MMP-9. but in all treatments. while MMP-9 is expressed preferentiall~ on 
the capsule (bottom two blots). 

Treatment legend: 

l : molecular weight ladder 

PC: plastic substrate, no staurosporine P~ . plastic substrate. 500nM staurosporinc 

CC: capsule 1\ubstratc. no staurossporine CS: cap~ule substrate. 500nM stau rosporine 

CB: capsule sub<>tratc. 8894 IOnM (general MMP inhibitor (Botos et al .. 1996) ): negative control 
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results, presented in Figure 4.8, show that the antibodies used recognised mainly the 

active fonns of both MMPs. When they were run against H36LE2 samples on a dot 

blot, MMP-2 was detected on both plastic and lens capsule substrates in the absence 

and the presence of staurosporinc, although expression was strongest on the plastic in 

the absence of staurosporine. MMP-9 was also detected, but mainly on the lens 

capsule, both in absence and presence of staurosporine, with much lower levels being 

detected on the plastic substrate. 

4.4.3. MMPs inhibition's effect on growth factor levels on the lens capsule: 

To then detennine whether MMP-2 and MMP-9 were able to release growth 

factors from the bovine lens capsule, two separate experiments were conducted, the 

results of which are presented in Figure 4.9 and Figure 4.1 0. In the lirst experiment 

(see Figure 4.9), cell-free capsules were exposed to a mix of MMP-2 and MMP-9 

patiially purilied from human serum. After 48h, the presence of MMPs resulted in a 

signilicant increase in FGF-2 medium levels while IGF-1 medium levels were 

unallected. 

To test whether these effects would be conserved in the presence of lens 

epithelial cells, a second experiment was conducted (see Figure 4.1 0). MMP-2-

specilic and MMP-9-spccitic inhibitors were added separately to I-136LE2 cells grown 

on the bovine lens capsule and, after 96h, FGF-2 and IGF-1 medium levels were 

assayed by ELISA. Both MMP-2-specitic and MMP-9-spccilic inhibitors resulted in a 
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FGF-2 levels 
o repeat 1 a repeat 2 o repeat 3 

cc C2+9+ 

IGF-1 levels 
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Figure 4.9 FGF-2 and IGF-1 medium levels in the presence of gelatinases. 

Cell-free bO\ ine lens capsules were kept for 96h in PBS at 37°C. During that time. half 
the capsules were exposed to a partially-purified MMP-2 and MMP-9 mix. the other 
half being left undisturbed as a control. Culture medium san1ples were then collected 
and total FGF-2 levels and IGF-1 levels \VCrc assayed by l:LISA as describ~d in 4.J.I . 

Note that. for FGF-2. there was a significant increase in medium level in the presence 
of the gelatinases mix (P<0.05 for all three repeats). For IGF-L no consi::.tent 
significant increase was noticed. (P >0.05 for two out of three repeats). 

Bars represent the average of three samples with standard de\ iation. Three independent 
repeats are shown. Probabilities arc as calculated b} two-tailed. independent santplc t­
test within each repeat. Exact probability \alues are shown in Appendix 4. 

Treatment legend: 

CC: cell-free capsule substrate. control 

C2+9+: cell-free capsule substrate. MMP-2/MMP-9 mix added 
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o repeat 1 a repeat 2 o repeat 3 

cc C2- C9-

o repeat 1 • repeat 2 o repeat 3 

rLh run 
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Figure 4.10: The effect of MMP inhibition on growth factors levels on the lens 
capsule. 

II36LE2 cells were seeded onto bovine lens capsules in 0.1% FCS-o.;uppkmented cell 
culture medium and exposed to either an MMP-2-specific or an MMP-9 specific 
inhibitor for 96h. as described in section 4.3.3. Cell culture medium samples \.\-ere then 
collected and FGF-2 and IGF- I medium levels were assessed by ELISA as described m 
section 4.3.1. 

The addition of either MMP-2-spt.!cific or MMP-9-specific inhibitor re~ultetl in a 
decreased in both I·GF-2 and IGF-1 medium le\ cls. although these decreases \\ere not 
consistently significant for all repeats. 

Bars represent the average of three samples with standartl de\ iatton. Three independent 
repeats arc shown. Probabilities calculated by two-tailed. independent sample t-test 
\\ ithin each repeat. Exact probability values are shown in Appendi' 4. 

Treatment legend: 

CC: capsule substrate. control 

C2-: capsule substrate. MMP-2-specitic inhibitor added 

C9-: capsule substrate. MMP-9-specific inhibitor added 
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decrease in FGF-2 levels and JGF-1 levels, but neither was consistently significant 

across all three repeats. 

4. 4. 4. MMPs affect cell viability on the lens capsule: 

To test whether the MMPs were involved in cell viability on the lens capsule, 

H36LE2 cells were grown on the lens capsule in the presence of MMP inhibitors for 

96h, after which the viable cell numbers were assayed. As seen in Figure 4.11, in the 

absence of staurosporine, separate MMP-2 and MMP-9 inhibitions had different 

effects. The inhibition of MMP-2, but not MMP-9, resulted in a significant decrease 

in viable cell number in H36LE2 cells (1'<0.05 for all three repeats for MMP-2-

specific inhibitor), indicating a role for MMP-2 in cell viability on the bovine lens 

capsule. ln the presence of staurosporinc, however, and as shown in Figure 4.12, 

neither MMP-2-specific nor MMP-9-specific inhibitor significantly reduced cell 

viability (1'>0.05, for all three repeats for both inhibitors). 
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H36LE2 cells in 0.1% FCS 
o repeat 1 a repeat 2 o repeat 3 

cc C2-

H36LE2 cells in 0.1%FCS 
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Figure 4. J I: M MP-2 inhibition in lens epithelial cells affects cell viability on the lens 
capsule. 

H36LE2 cells were seeded onto bovine lens capsules in 0.1 °·o FCS-supplementcd cell 
culture medium and exposed to either an MMP-2-specific or an MMP-9 specific inhibitor 
for 96h. as described in section 4.3.3. Viable cells numbers were then detennined using the 
the Aqueous 96 non-radioactive cell viahilit) a...;;say (Promega. Madison. l SA) a::. described 
in Chapter 2 (2.3.4). 

Note that. in the prest:nce of \tfMP-2-spccitic. but not MMP-9-specific inhibitor. l-f36l I~ 
cell viability is signi licantly decreased on the bovine lens capsule ( P<0.05 for all three 
repeats for CC.C2-). 

Bars represent the average of three samples with standard deviation. Three independent 
repeats are shown. Probabilities are as calculated b; two-tailed. independent sample Hest 

within each repeat. exact probabilit} values are shown in Appendix 4. 

Treatment legend: 

CC: capsule substrate. no staurosporine 

C2-: capsule substrate. MMP-2 inhibitor. no staurosporine 

C9-: capsule substrate. MMP-9 inhibitor. no staurosporine 
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H36LE2 cells in 0.1%FCS 

a repeat 1 a repeat 2 o repeat 3 

CS CS2-

H36LE2 cells in 0.1%FCS 

o repeat 1 a repeat 2 o repeat 3 

CS CS9-

Figure 4.12: MMP-2 and MMP-9 inhibition do not decrease H36LE2 cells \'iabilit) 
on the lens capsule in the presence of staurosporine. 

1136LE2 cells were seeded onto bO\· ine lens capsules in 0.1% r-eS-supplemented cell 
culture mediwn and exposed to either an MMP-2-specitic or an MMP-9 specific 
inhibitor as described in section 4.3.3. After 48h. staurosporine 500nM was added to all 
samples. Aqfter a further 48h. viable cells numbers were detennincd using the the 
Aqueous 96 non-radioactive cell viability assay (Promega. Madison. USA) as described 
in section 2.3.4. 

Note that. in the presence of either MMP-2-spcciticor MMP-9-specitic inhibitor. 
I 136LE2 cell viability is not significantly decreased on the bo\ ine lens capsule. 

Bars represent the average of three samples with standard deviation. f'hrce independent 
repeats are shown. Probabilities are as calculated b; two-tailed. independent sample t­
test within each repeat. Exact probability values are shown in Appendix 4. 

Treatment legend: 

CS: capsule substrate. staurosporine 500nM 

CS2-: capsule substrate. MMP-2 inhibitor. staurosporine 500nM 

CS9-: capsule substrate. MMP-9 inhibitor. staurosporine 500nM 
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4.5. Discussion 

4. 5. 1. Involvement of FGF-2 and IGF-1 in cell viability on the lens capsule: 

No clear differences could be observed in FGF-2 levels between 

staurosporine-resistant and staurosporine-sensitive cell lines when cultured on the 

bovine lens capsule. However, the effects of FGF-2 on cell prolileration are not 

purely concentration-dependent, but also cell-specific. While it promotes cell 

proliferation or apoptosis resistance in human lens epithelial cells (lbaraki et al., 

1995) it also promotes apoptosis in MCF7 cells (Wang et al., 1998) in Pin·o. 

Therefore, FGF-2 might still play a role in cell-specific proliferation and survival on 

the lens capsule despite the absence of clear quantitative differences between cell 

lines. 

In the case of IGF-1, however, increased medium levels were present on the 

lens capsule in H36LE2 cells, which remain viable on the lens capsule, compared to 

MCF7 cells, which viability is reduced when cultured on the lens capsule (see Figure 

2.6). IGF-1 signalling is well known in the lens to promote cell proliferation and 

differentiation, either on its own or in a coordinated manner with FGF-2 signalling 

(Chandrasekher and Sailaja, 2003: Jbaraki el al., 1995). The possibility of JGF-1 

contributing to lens cells viability in the capsular bag is important as the increase in 

fibronectin deposition in the lens capsule after cataract surgery (Tanaka et al., 2002; 

Joo et al., 1999) may increase 1GF-I capture from the aqueous humor (Arno1d et al., 

1993) onto the lens capsule via IGFBP3 binding (Martin el al., 2002; Gui and 
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Murphy, 2001 ). This would intensify lGF-1 signalling in lens epithelial cells 

following IGF-1 release trom IGFBP-3 by the gelatinases (Manes et al., 1999: 

Fowlkes et al., 1995), with consequences on their viability. 

An unexpected result, however, was the increased levels of FGF-2 and 

especially IGF-1 detected on the lens capsule in the cell-free controls. The thorough 

cleaning procedure used during capsule preparation (see section 2.3.3 and Figure 2.1) 

suggests that this increase cannot be due to remaining primary bovine cells. A better 

explanation for this increase in FGF-2 and IGF-1, can be found in the addition of 10% 

foetal calf serum to our cell culture medium. As the capsule is known to contain 

heparin-bound FGF-2 (Schulz et al., 1997) and fibronectin (see section 2.1.3, which 

is itself capable of binding IGFBP-3-IGF-1 complexes (Martin et al., 2002; Gui and 

Murphy, 2001), the presence of a serum factor with protease activity could generate 

an increase in free FGF-2 and IGF-1 without the need for cells to be present. It is true 

that, when MMP-2 and MMP-9 were added to cell-free capsules in a serum-free 

medium, there was no significant release of IGF-1. However, this difference between 

the effects of FCS and MMPs on IGF-1 release from the lens capsule could be 

explained by the presence in FCS of protcases other than MMP-2 and MMP-9, which 

would be directly responsible for IGF-1 release into the cell culture medium. The 

decrease in IGF-1 levels in the presence of MMP-2 and MMP-9 inhibitor when cells 

are cultured on the lens capsule could be explained by the indirect involvement of 

gelatinases in capsule-bound IGF-1 release. MMP-2 and MMP-9 might release an 

unidentified factor from the lens capsule, which then diffuses to the cells and induces 
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the release of a non-gelatinase protease that can in turn directly release IGF-1 from 

the capsule. Sadly, I did not have the opportunity to test this hypothesis in my study. 

It is this observation that growth factors could be released from cell-free 

capsuled which first suggested the role of the lens capsule as a growth factor store, 

which would be accessible to cells expressing the right protease factors. 

It is to test this hypothesis that I looked for MMP-2 and MMP-9 presence in 

my model, and evidence of their presence in their active form were indeed found in 

H36LE2 cells grown on the bovine lens capsule (see Figure 4.7 and figure 4.8). The 

gelatinases were also found to contribute to FGF-2 release directly tl·om the lens 

capsule (see Figure 4.9), in quantities which have been shown to promote lens 

epithelial cells' proliferation in vitro (lbaraki et al., 1995). As FGF-2 also promotes 

MMP-9 expression in a number of cell lines (Liu et al., 2002), this result also 

suggests the presence of a positive feedback loop between MMP-9 and FGF-2, which 

would result in large quantities of FGF-2 being released from the capsule's stores. 

4.5.2. Correlation of MMPs expression with cell viability on the bovine lens 

capsule: 

The MMP-mediated release of growth factors from their capsule stores would 

represent an obvious advantage to cells growing on the capsule. Indeed, in other 

systems, gclatinase expression has been linked to increased cell proliferation. MMP-2 

induces bronchial tibroblasts' proliferation in vitro (Xu et al., 2002) and correlates 
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with hepatic fibroblasts' proliferation in vivo (Lichtinghagen et al., 200 I), while 

MMP-9 mediates mammary epithelial cells' proliferation in vitro (Lee et al., 2000). 

In my model, MMP-2, rather than MMP-9, was shown to have a significant 

effect in promoting cell viability on the lens capsule. 

In the presence of staurosporine, however, neither MMP-2 nor MMP-9 

inhibition had significant etTects on cell viability. Other proteases, such as MMP-3, 

which is found in the lens capsular bag after cataract surgery (Kawashima et al., 

2000) could still be investigated as potential agents of cell viability on the lens 

capsule. MMP-3's substrates includes lens' capsule components and TGF~ and IGF 

binding proteins (Fowlkes and Winkler, 2002) and would therefore be able to release 

growth factors independently of the gelatinases. 

4.6. Chapter's conclusions: 

The aim of this chapter was to test whether soluble factors were involved in 

cell viability on the lens capsule with special emphasis on FGF-2, IGF-1 and the 

gelatinascs MMP-2 and MMP-9. By the end of this chapter, my main finding has 

been that MMP-2 is indeed involved in cell viability on the lens capsule, as its 

inhibition significantly decreases cell viability (see Figure 4.11 ). Also. 1 have shown 

that FGF-2 and JGF-1 can be released from the lens capsule by MMP-2, MMP-9 and 

most likely other proteases (see Figure 4.6 and Figure 4.9), thus increasing the 

medium levels of growth factors relevant to lens epithelial cell viability. 
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5. Conclusion: 

5.1. Summary of this study's main findings (also see Figure 5.1 ): 

In Chapter 2 of this study I have provided evidence that: 

• The viability of lens epithelial cells in the presence of staurosporine is greatly 

improved when the cells arc cultured on their in vivo basement membrane, the 

lens capsule, compared to a plastic substrate (section 2.4.1 and section 2.5.2). 

o When cultured in the absence of staurosporine, the viability of the non-lens MCF7 

and U373-MG cells is greatly decreased if the cells are in direct contact with the 

bovine lens capsule, rather than with plastic (section 2.4.1 and section 2.5.3). This 

decrease in cell viability is also observed when the cells are eo-cultured with the 

lens capsule (section 2.4.3). 

• These results suggest that the lens capsule has a cell-specific effect on cell 

viability, with the likely involvement of soluble factors. 

In Chapter 3 I have shown that: 

• Both aA-crystallin and aB-crystallin are present in lens epithelial cells on the lens 

capsule, while only cxB-crystallin could be detected in U373-MG cells and neither 

crystallins in MCF7 cells (section 3.4.2 and section 3.5.2). 
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Figure 5.1: Summary diagram of this thesis, mains findings 

MMP-2 and MMP-9 are released b) lens epithelial cells (section 4.4.2). 
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fl uA-cr:stallin 
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MMP-2 and MMP-9 lead to the direct release of FGF-2 from the lens capsule (section 4.4.~ ). 

hypothetical mechanism to explain the tollm.ving findings: 

IGF-1 can be directly released from the lens capsule by soluble factors (section 4.4.1 ). 

KiF- I ca1mot be directly released from the lens capsule by MMP-2 und MMP-9 
(section 4.4.3 ). 

KIF-I soluble medium levels are decreased by inhibition of either MMP-2 or \1~1P-9 
(section 4.4.3 ). 

FGf·-2 and IGF-1 arc promoter of lens cell proliferation (section 4.5.1 I. 

Culture of lens epithelial cells on the lens capsule promotes cell \'iabilit) (sectton 2.4.1 ). 

Culture of lens epithelial cells on the lens capsule promotes a-crystallin exprcsston ( "cction 
3.4.2). 

; u-crystallins promote lens epithelial cells stress resistance (section lA 2.J .3 ) .. 
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• The addition of staurosporine to cells cultured on the lens capsule did not result in 

a clear up-regulation of either crystallin (section 3.4.2). 

• These results allowed me to fommlate the hypothesis that the presence of both 

aA-crystallin and aB-crystallin is necessary for cell viability on the lens capsule, 

although I could not test this hypothesis due to lack of time. 

In Chapter 4, I have shown evidence that: 

• FGF-2 and lGF-1 can be released directly from the lens capsule (section 4.4.1 and 

4.4.3). 

• MMP-2 and MMP-9 are present in my in vitro model and their activity leads to 

the release of FGF-2 and IGF-1 from the lens capsule (section 4.4.2 and section 

4.4.3 ). 

• The inhibition of MMP-2, but not MMP-9 activity, leads to a decrease in lens 

epithelial cell viability on the lens capsule (section 4.4.4). 

• These results demonstrate the importance of MMP-2, and potentially growth 

factors such as FGF-2 and IGF-L in the ability of the lens capsule to provide lens 

epithelial cell viability. 
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5.2. Implications for cell-matrix interaction research: 

The results of this study indicate that the lens capsule, which is the native 

basement membrane of the lens epithelial cells, is a promoter of cell viability and 

protein expression, as well as a store of growth factors. These notions correlate well 

with what is already known of extra-cellular matrices in other systems, but also add 

some knowledge to the field of ECM research. 

The proliferative and anti-apoptotic roles of basement membranes are well 

known in both nonnal and disease processes (Raines, 2000: Rintoul and Sethi, 2002). 

and are heavily linked to integrin functions (see section 5 .I. I ).The actin cytoskeleton 

is also important in mediating these effects, by its participation, with the integrins, in 

focal adhesions (Wozniak et al., 2004). Here, we show that another cytoskcletal 

protein, vimentin, does correlate with cell viability on the lens capsule in SWI3 cell 

lines, which suggests that hemi-dcsmosomes, as well as focal adhesions, can be 

important for cell viability. 

The role of native extracellular matrix as a maintainer of organ-specilic 

protein expression has also been observed in other systems, such as for B-cascin 

expression in the breast and osteocalcin expression in bone (Roskelley et al., 1994; 

Franceschi, 1999). Our protein expression data shows that this induction also occurs 

in the lens for a-crystallins. This is a strong argument in favour of using native 

matrices in in virro culture (Bissell and Barcellos-Hoff, 1987). Also, the use of native 

rather than artificial matrices is important, as only the native matrix contains all the 
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elements that influence cell behaviour in vivo. This point is exempli tied by U373-MG 

and MCF7 cells, which do grow on artiticial mix of Jaminin, tibroncctin and collagen 

IV, but fail to do so on the lens capsule, possibly due to the presence of sui fated 

proteoglycans (see section 3.3.3). 

I also presented evidence for the role of MMP-2 in cell viability on the lens 

capsule. MMP-2 was already known to promote cell proliferation outside the lens and 

cell migration in the lens in vitro, and, independently, to count gro\\1h factor-binding 

proteins amongst its substrates (see section 5.1.2). The novelty of our results is that 

we showed that release of capsule-bound FGF-2 and IGF-1 by MMP-2, or MMP-2-

activated MMP-9, does occur in the lens, offering a mechanism for MMP-2-mediated 

cell proliferation. This also suggests that TGFB-2, which is traditionally associated 

with cell differentiation (Plisov et al., 2000; Schofield and Wolpert, 1990) rather than 

proliferation (Jennings et al., 1994; Jcnnings et al., 1988), could play a role in cell 

proliferation in the lens, via a positive feedback loop on MMP-2 secretion that would 

amplify the release of other growth factors. 

5.3. Implications for after-cataract research: 

The results of this study show that the lens capsule, vm the release of 

sequestered growth factors, is an important actor in the viability of lens epithelial 

cells. These interactions bdwcen lens cells and lens capsule should be taken into 

account when devising new strategies to delay or prevent the development of 

posterior capsular opacification. 
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5. 3. 1. Decreasing cells-capsule compatibililtv: 

As shown in Chapter 2, the promotion of viability by the lens capsule is not 

available to all cells. Cells from non-lens origin, and even lens cells in long-tenn in 

vilro cell culture, showed poor viability on the lens capsule. Therefore, the question 

arises of whether decreasing the compatibility of the in viva lens cells with their 

substrate might hinder their ability to be viable on it. 

The lens cells can be manipulated to make them unsuitable to their original 

substrate. Blocking integrins activity, by means of speci tic antibodies or exogenous 

disintegrins, has proved a successful way of preventing cell attachment of both retinal 

and comeal cells (Li and Sakagushi, 2004; Doane el al., 2002). ln this study, I have 

suggested the role of u6~4 intcgrin in vimcntin-mediated viability on the lens capsule 

(see Chapter 2). Blocking u6~4 integrin expression or activity might therefore 

decrease lens cells attachment to the laminin-rich capsule or their resistance against 

therapeutic apoptogens. However, u6~4 is also present at the leading edge of 

migrating cells in wounded comeas (Gipson el al .. 1993) and any perturbation of this 

activity, by non-lens-specific disintegrins, could impair corneal wound healing after 

cataract surgery. 

A different. lens-specific protein in the eye is uA-crystallin. With a good lcns­

sepcificity and correlation to viability on the lens capsule (see Chapter 3), it remains a 

strong candidate for intra-cellular mediation of apoptosis resistance on the lens 
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capsule and its down-regulation, by techniques such as sRNAi, could allow greater 

sensitivity to apoptotic agents. The simultaneous addition of aA-crystallin RNAi and 

apoptogen at the time of surgery might result in decreased lens epithelial cell viability 

and delay the lull colonisation of the posterior capsule by the remaining lens 

epithelial cells. 

Decreasing the suitability of the lens capsule itself is also conceivable. 

Spraying the capsule with a synthetic, adhesion-refractory and transparent material 

could be a potential solution. However, and as found for materials used in lOL 

design, any remaining lens epithelial cells could eventually colonise the lens capsule 

by first laying down new matrix onto this artificial covering. Still, covering the lens 

capsule with a lens-incompatible material would present the advantage of denying the 

lens epithelial cells access to capsule-hound growth factors. 

5. 3. 2. Preventing growth factors availability: 

As seen in Chapter 4, the lens capsule acts as a store for growth-promoting 

factors that are releasable by lens epithelial cells via MMP-2 and MMP-9 secretion. 

Therefore, another potential way to reduce lens cells growth on the lens capsule might 

be by preventing gelatinase activity. 

MMP-2 activity in the anterior segment is a feature of pathological conditions 

(Sakimoto et al., 2004), and its inhibition should therefore not negatively affect other 

cell populations. Indeed, Endogenous TIMP-1 and TIMP-2 are readily found in the 
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aqueous humour after lens injury and effectively inhibit MMP-2 activity, although 

their levels returns to negligible values after a few days (Ni et al., 2004). For more 

sustained effects, the heparin-binding TJMP3 could be used (Arris et al., 2003). 

TlMP-3 injection during surgery should allow its binding to the lens capsule. When 

released by active MMP-2 cleavage of HSPG, TIMP-3 would inhibit MMP-2 by a 

negative feedback loop. 

Apa11 from MMP-2 and MMP-9, which were the only matrix proteases 

investigated in my study, lens epithelial cells express other matrix proteases such as 

cathepsin B and ADAM9, which also degrade ECM components and are likely to 

release growth-promoting factors. Indeed, my results suggest that MMP-2 is not the 

only factor able to release growth factors from the lens capsule (section 4.4.1). To 

fully prevent lens cell viability, any additional factors need to be characterised and 

inhibited. 

Another matter is whether the growth factors that are released from the lens 

capsule are also accessible to the lens cells from other sources. During and after 

primary cataract surgery, the aqueous humour is in direct contact with the lens 

epithelial cells and exposes them to growth factors such as EGF, KGF, HGF. PDGF, 

FGF, NGF and Gas6, several of which promote epithelial cells' proliferation (Klenker 

and Sheanlown, 2004; Valverde et al., 2004). If lefi exposed to the growth factors in 

the aqueous humour, lens epithelial cells should still proliferate. even after preventing 

them from releasing growth factors bound to the lens capsule. The inhibition of the 

aqueous humour factors themselves is not a desirable option, as they are necessary for 
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the maintenance of the corneal cells. Rather, to inhibit cell viability, the access of the 

lens epithelial cells to the aqueous humour must be restricted, which should be 

feasible by re-sealing the capsulorhexis flap during primary cataract surgery. 

In the same way, after Nd: Y AG laser treatment, cells growmg onto the 

posterior capsule are exposed to the FGF-rich vitreous humour, which presents the 

advantage of antagonising the TGFB-induced matrix wrinkling by decreasing a­

smooth muscle actin expression (Cavallaro et al., 200 I), but also the disadvantage of 

promoting proliferation or fibre differentiation. This last aspect is especially relevant 

tor the Soemmering's ring and Elshnig's pearl forms of after-cataract, which already 

represent abnonnal fibre differentiation and might be exacerbated by the increased 

exposure to FGF-2 after Nd:Y AG laser treatment. 

5.4. Future experiments: 

Several questions remained unanswered by my study and could be addressed 

by further experiments. 

Factors involved in the promotion of lens-associated protein expression by the 

lens capsule were not investigated. Factors capable of such an induction include the 

transcription factors FoxE3 and Pax6, as well as the growth !actor FGF-2. A close 

examination of their expression pattern, together with knock-out or knock-down 

studies, might reveal a correlation between their presence and lens-specific protein 

expression on the lens capsule. 
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The hypothesis I fommlated about the role of aA-crystallin, aB-crystallin and 

I-ISP27 in cell viability on the bovine lens capsule could not be tested. The 

completion of RNAi experiments for lens epithelial cells on the bovine lens capsule is 

needed to ascertain their involvement. 

The identity of both attachment factors and non-gelatinases factors in the promotion 

of cell growth and survival was not investigated. Potential candidates include a6P4 

integrin, which is up-regulated by TGF-f\2 and participate in hemidesmosomes with 

vimentin, and MMP-3 or MMP-7, which are present in the eye after cataract surgery 

and arc inhibited by the resistance-reducing BB94. 

Lastly, an aspect that was not investigated by our study was the effect of the 

lens capsule on lens epithelial cells' migration. Reducing migration of lens epithelial 

cells would be an effective way of delaying the obstruction of the visual axis, and 

therefore the need for laser treatment. Factors expressed by lens epithelial cells or 

present in their environment after cataract surgery, such as MMP-2, a-smooth actin 

and HGF, stimulate migration (Wong et al., 2004: Nagamoto et al., 2000; Wormstone 

et al., 2000), as do components of the lens capsule itself (Oharazawa et al., 1999). 

Here again, interactions between ECM components and MMPs have proved 

important for cell migration. Exposure to the a3 form of collagen IV can inhibit 

MMP-2 activation in vitro (Pasco et al., 2000), and MMP-2 inhibition is 

independently known to decrease lens epithelial cell migration on the lens capsule 
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(Wong et al .. 2004). a3 collagen IV is already present in the capsule (Kelley e/ al., 

2002) and its exposure by selective proteolysis or addition at the time of cataract 

surgery might be an additional way of inhibiting MMP-2 activation and the resulting 

lens epithelial cells proliferation and migration on the lens capsule. 
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6. APPENDIX 1: Excerpts from 'Biostatistics: Experimental Design and 

Statistical Inference' (Zolman. 1993) 

The following paragraphs are presented to support my choice in the use of standard 

deviation over standard error of the mean and of Pearson' s con·elation coefficient ( r) 

over its square (r2
) throughout the thesis. 

5.2 STANDARD DEVIATION AND STANDARD ERROR OF THE MEAN 

The standard deviation (SD) and the standard error oft he mean (SEM) are often 
confused in descriptive statistics (5.1 ). Most bioJoglsts summarize their data with 
the standard error of I he mean because it is always smaller than the standard 
deviation; consequently, the data plotted look better (less variable). The stan­
dard deviation quantifies the variability in the sample data such that about 68 
percent of the data obtained (assuming a normally distributed population, 5.1) 
will fall within one standard deviation from the mean, and about 95 percent of 
the data obtained within two standard deviations from the mean. Reviewers are 
usually interested in evaluating the data obtained in the experiment, and the best 
way to convey 1his information is to present the mean and its standard deviation 
for each treatment condition. 

The standard error oft he mean (SEM) quantifies the precision with which the 
sample mean estimali!s the population mean (5.1 ). The SEM is. therefore, the 
standard deviation of the sampling distribution of the mean and is calculated 
as: 

ScM = SD vr. 
If the standard error of the mean is confused with the standard deviation, the 
range of the sample values would be incorrectly assumed to be very narrow. 
Therefore. if the SEM is given in a report the number of animals in the sample 
must also be given so that the SD can be calculated to determine the variability 
in the sample data. 

The Pearson correlation coefficient r is a measure of the linear relation 
between two random variables. The coelficient may vary between -1.00 and 
+ 1.00 where 0 signifies the absence of a relation and either - 1.00 or -t-1.00 
indicates a perfect relationship: A positiJie correlation implies a direct relation 
between the variables. as X increases Y increases, and a negath'e correlation 
implies an inverse relation, as X increases Y decreases. In summary. the corre­
lation coefficient r is a measure of the strength of the linear association between 
two variables, X and Y, and the closer r comes to either -t- 1.00 or -1.00, th< 
stronger is the relation and the more nearly it approximates a straight line. A 
scatter diagram (also called a scatterplot or scallergram) allows you to view the 
relationship between the two variables. The predictor variable traditionally is 
represented on the abscissa, or X axis, the criterion variable on the. ordinate, or 
Yaxis. 
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7. APPENDIX 2: Probability values for Chapter 2 

Legend to the treatments abbreviations used in the following probabilities tables: 

stau: staurosporine 

PC: cells grown on plastic without staurosporine 

PS: cells grown on plastic with staurosporine 

CC: cells grown on the lens capsule without staurosporine 

CS: cells grown on the lens capsule with staurosporine 

Ant C: cells grown on the anterior lens capsule without staurosporinc 

AntS: cells grown on the anterior lens capsule with staurosporine 

Post C: cells grown on the posterior lens capsule without staurosporine 

Post S: cells grown on the posterior lens capsule without staurosporine 

EC: early passage cells grown on the lens capsule without staurosporine 

ES: early passage cells grown on the lens capsule with staurosporine 

LC: late passage cells grown on the lens capsule with staurosporine 

LS: late passage cells grown on the lens capsule without staurosporine 

PI: MCF7 or U373-MG cells grown on the insert with cell-free palstic substrate 

Cl: MCF7 or U373-MG cells grown on the insert with cell-free capusle substrate 

NP: cell-free plastic substrate used during eo-culture experiment 

NC: cell-free capsule substrate used during co-cultue experiment 

S+PC: SWI3vim+ cells grown on plastic without staurosporine 

S+CC: SWI3vim+ cells grown on the lens capsule without staurosporine 

S-PC: SWI3vim- cells grown on plastic without staurosporine 

S-CC: SWI3vim- cells grown on the lens capsule without staurosporine 
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Table A2.1: t-test P values for Figure 2.1 Effectiveness 

of the lens capsule cleaning process. 

P values for No cell control Plastic vs Capsule 

Repeat I 0.27 

Repeat 2 0.34 

Repeat 3 0.10 

Table A2.2: ANOV A P values for Figure 2.1 Effectiveness of 

the lens capsule cleaning process. 

I' values for No cell control Repeat I vs Repeat 2 vs Repeat 3 

Plastic 0.06 

Capsule 0.62 
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Table A2.3: t-test P values for Figure 2.2 Quantification of cell numbers in 

confluent cultures. 

P values tor Pearson's coefficient Repeat 1 Repeat 2 Repeat 3 

H36LE2 0.99 0.99 0.99 

9MaB 0.99 0.99 0.99 

MCF7 0.99 0.99 0.99 

U373-MG 0.98 0.97 0.99 

SW13vim+ 0.99 0.99 0.98 

SW13vim- 0.98 0.98 0.98 
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Table A2.4: AN OVA P values for Figure 2.2 Quantification of cell numbers in 

confluent cultures. 

P values for ANOVA Repeat I vs Repeat 2 vs Repeat 3 

10 ).11 50 pi 100 ).11 200 ).11 500 pi 

H36LE2 0.48 0.64 0.53 0.66 0.72 

9MaB 0.74 0.055 0.055 0.93 0.14 

MCF7 0.23 0.81 0.92 0.24 0.79 

U373-MG 0.47 0.11 0.23 0.16 0.13 

SW13vim+ 0.07 0.06 0.10 0.19 0.93 

SW13vim- 0.18 0.76 0.14 0.45 0.14 
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Table A2.5: t-test P values for Figure 2.3 Determination of staurosporine 

concentration to be used in cell viability assays. 

P values for t-tcst 0 vs 50 0 VS J25 0 vs 250 0 VS 500 0 vs 1000 

1-136 LE2 Repeat I <0.001 <0.001 <0.001 <0.001 <0.001 

Repeat 2 <0.001 <0.001 <0.001 <0.001 <0.001 

Repeat 3 <0.001 <0.001 <0.001 <0.001 <0.001 

9MaB Repeat I <0.001 <0.001 <0.001 <0.001 <0.001 

Repeat 2 <0.001 <0.001 <0.001 <0.001 <0.001 

Repeat 3 <0.001 <0.001 <0.001 <0.001 <0.001 

MCF7 Repeat I <0.001 <0.001 <0.001 <0.001 <0.001 

Repeat 2 0.002 0.003 0.001 0.001 0.001 

Repeat 3 <0.001 <0.001 <0.001 <0.001 <0.001 

U373-MG Repeat I 0.34 0.12 <0.001 <0.001 <0.001 

Repeat 2 0.84 0.25 <0.001 <0.001 <0.001 

Repeat 3 0.49 0.09 <0.001 <0.00\ <0.001 
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Table A2.6: ANOV A P values for Figure 2.3 Determination of staurosporine 

concentration to be used in cell viability assays. 

P values for ANOV A Repeat 1 vs Repeat 2 vs Repeat 3 

no stau 50nM 125nM 250nM 500nM 1000nM 

H36LE2 0.21 0.26 0.05 0.02 0.31 0.11 

9MaB 0.81 0.17 0.02 0.01 0.48 <0.001 

MCF7 0.59 0.07 0.55 0.31 0.26 0.08 

U373-MG 0.82 0.62 0.43 0.18 0.66 0.38 

Table A2.7: ANOVA P values for Figure 2.4 Standard curves for conversion of 

absorbance values into viable cell numbers. 

P values for Repeat I vs Repeat 2 vs Repeat 3 

ANOVA no cells 104 cells 5.104 cells I O' cells 5.10·' cells I 0" cells 

H36LE2 0.25 0.08 0.22 0.14 0.055 <0.001 

9MaB 0.01 0.08 0.15 0.14 0.01 0.16 

MCF7 0.003 <0.001 <0.001 <0.001 <0.001 0.27 

U373-MG 0.50 <0.001 <0.001 <0.001 0.44 0.15 

SWI3vim+ <0.001 <0.001 0.004 <0.00 I <0.001 0.01 

SW13vim- <0.001 <0.001 0.66 0.85 0.97 <0.001 
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Table A2.8: t-test P values for Figure 2.6 Culture on the bovine lens capsule 

significantly reduces the staurosporine-induced decrease in cell numbers in 

H36LE2 and 9MaB cells, but not in MCF7 and U373-MG cells. 

P values for Hest PC vs PS cc VS CS PC vs CC PS vs CS 

H36 LE2 Repeat I <0.001 0.002 0.65 <0.001 

Repeat 2 0.03 0.73 0.15 0.002 

Repeat 3 <0.001 <0.001 <0.001 <0.001 

9MaB Repeat I <0.001 0.02 <0.001 <0.001 

Repeat 2 0.001 O.oi 0.29 0.007 

Repeat 3 <0.001 0.014 0.08 0.008 

MCF7 Repeat I <0.001 <0.001 <0.001 0.004 

Repeat 2 <0.001 0.048 <0.001 0.12 

Repeat 3 0.003 <0.001 <0.001 0.056 

U373-MG Repeat I <0.001 <0.001 <0.001 <0.001 

Repeat 2 0.008 0.01 <0.001 0.001 

Repeat 3 <0.001 0.06 <0.001 0.16 
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Table A2.9: ANOV A P values for Figure 2.6 Culture on the bovine lens capsule 

significantly reduces the staurosporinc-induced decrease in cell numbers in 

H36LE2 and 9MaB cells, but not in MCF7 and U373-MG cells. 

p values for Repeat 1 vs Repeat 2 vs Repeat 3 

ANOVA PC PS cc CS 

H36LE2 0.33 0.21 0.17 <0.001 

9MaB 0.079 0.59 0.23 0.003 

MCF7 0.13 <0.001 0.39 0.001 

U373-MG 0.21 <0.001 0.004 <0.001 

Table A2.10: t-test J> values for Figure 2.7 Increased length of in vitro culture 

decreases cell viability on the lens capsule for both H36LE2 and 9MaB cells. 

P values for Hest EC vs E S L C vs L S EC VS LC E S vs E S 

1-136 LE2 Repeat 1 <0.001 <0.001 <0.001 <0.001 

Repeat 2 0.002 <0.001 <0.001 <0.001 

Repeat 3 <0.001 <0.001 0.06 <0.001 

9MaB Repeat 1 <0.001 <0.001 <0.001 <0.001 

Repeat 2 O.S5 0.068 <0.001 <0.001 

Repeat 3 0.83 <0.001 <0.001 <0.001 
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Table A2.Il: AN OVA P values for Figure 2. 7 Increased length of in vitro 

culture decreases cell viability on the lens capsule for both H36LE2 and 

9MaB cells. 

P values for ANOV A Repeat l vs Repeat 2 vs Repeat 3 

J-136LE2 EC ES LC LS 
0.28 0.06 <0.001 <0.001 

9MaB EC ES LC LS 
0.12 0.19 0.07 0.03 

Table A2.12: t-test P values for Figure 2.8 Co-culture of MCF7 and U373-MG 

cells with the lens capsule. 

P values for Hest PC VS cc PI vs Cl 

MCF7 Repeat 1 0.03 <0.001 

Repeat 2 <0.001 <0.001 

Repeat 3 <0.001 <0.001 

U373 Repeat 1 <0.001 <0.001 

Repeat 2 <0.001 <0.001 

Repeat 3 <0.001 0.016 
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Table A2.13: ANOVA P values for Figure 2.8 Co-culturc of MCF7 and U373-

MG cells with the lens capsule. 

P values for ANOV A Repeat I vs Repeat 2 vs Repeat 3 

NP PC PI NC cc Cl 

MCF7 0.38 0.95 <0.001 0.53 0.74 0.16 

U373 0.14 0.20 0.19 0.91 0.053 0.26 

Table A2.14: t-test P values for Figure 2.9 Vimentin-cxpressing SW13vim+ cells 

have an increased viability on the lens capsule compared to the vimentin-

lacking SW13vim-cclls. 

S+PC vs S+CC S-PC VS S-CC S+PC VS S-PC S+CC VS S-CC 

P values for t -test 

Repeat I 0.62 <0.001 0.07 <0.001 

SWI3 Repeat 2 0.09 0.001 0.35 <0.001 

Repeat 3 0.0504 <0.001 0.20 0.028 
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Table A2.15: ANOV A P values for Figure 2.9 Vimentin-expressing SW13vim+ 

cells have an increased viability on the lens capsule compared to the vimcntin-

lacking SW13vim-cells. 

P values for AN OVA Repeat 1 vs Repeat 2 vs Repeat 3 

SWI3 S+PC S+CC S-PC S-CC 

0.98 0.02 0.065 0.27 
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8. APPENDIX 3: DNA sequences for Chapter 3 

DNA sequence of the genes whose mRNA expression was investigated. Note that, 

whenever possible, the position of the primers allows for differences between the 

PCR product sizes amplified from DNA or cDNA templates. 

Black: DNA sequence 

Blue: cDNA sequence 

Red: PCR primer sequence 

Green: sequence picked up by BLAST during PCR product identification 

Figure A3.1 LEDGF (sequence number AF199339): 

Blue: LEDGF/p75 cDNA 

Underlined: p52 cDNA 

ggaaacatga ctcgcgattt 

gaaaggttat ccccattggc 

gcttagcagt gctaccctcc 

tttaaaaaaa cttctgtcct 

cctgaccttt cattttagtt 

aaaatccaga cgtttctaca 

agacttggac agattttctt 

aatattccat tgtaggtgaa 

caaacctgga gacctcatct 

cagctcgagt aagtgatttg 

tctccagagg cctgctgccc 

ttctctccct cgctttagtc 

ttttgcccaa taatctcccg 

tacctgtgta tttccctatg 

cctaggaaat atttaaatgc 

ataatgaaga gtgaattttt 

tcgccaagat 

tagccctcgc 

accgtgtctc 

tcatttgtaa 

tgtaattatg 

gtttattggc 

gttgctagtt 

gtttaaaaat 
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tagtgaaaca ttgacatttc catagttttg gatcaagtca aaatatcaat 

ggaatttgtg cagattacac acaaacactt ggatgtcaga gaagtgcgta 

tgtgattaaa ttggatttac agggttttta aaaaaaaatc cttgtacttg 

atgaggcctt ctggatttgc ttgcttaata cagattcagg actggatatt 

cttgaaagta ttacagtagt ttagtaccga ggaagggcca gaaaattcat 

ttctcctttt ttatttgaga tgtttatgac cttgaagaag ttgttttacc 

tttttgtttc caataggcaa aaaggaggtg tggaccagat tcctcagttc 

acatctagtg gtacagagaa atgattaagg acccaggatg ttttgtgaca 

ttgaggaatt gagactgttt aaagatctac gctccatttt tagaaaaagg 

gttctttttg tttatggtgg tcccaggctc tcaaacagag atagatagga 

cctaagatat gttgcaatca attagattag gtaaactcaa gatcctttaa 

aaatatactt acatggggtt ctgaagtttt aaaaaaccaa gccatttatt 

ttcgactaat ttactgcctt tgaaaatgta tttcttaaaa ataattaaat 

tctgtagttt tagttatgtc agcaggggaa tggtggaaaa cacccattag 

ataaacggag tcctgtctag gagctgagag tgccatccaa gtgtaaaacg 

atcactgttc cttgactttc ttccatctag ctgctctacg taaactcctg 

ttcacaagtt tccttccaaa gctttttttt cct tgcctat aaagtctgcc 

ttttcggtgc agtcttactt gaacaatcct tagtcataat ccttgtctgt 

atattttaca ttctaatcta ttcctttcga gataatcttt tgttttaatt 

cttaactctg tgtatgcttt gacctccaaa tatattgtga gaccgagggc 

aacaacctta aatggaattt gtttataccc tccatagtcc gtagtatata 

tgatgcacct ataaaacaca attcacgttc aaatggagcc tagggaaact 

gatcaggttt aaggcccctc tgatatactt tttcatggtc ttcgaggtat 

ccttgtttat tttgaggtgt ttgaaaatat gaggttgtct aatagatcta 

tattccgatt tgcatgccac agtgaagtta aaagccaaag gaaatgttta 

aaaaatctcc caaatcaccc tccccacgct catatgttaa gtgactaaga 

gtgctactga aaataaaata gggtagcctt tggaagacca gagtgttttc 
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cttatttaac aagttctaca tttaacaagt tcatttggat tggaagggaa 

gtgtttgtct tttccctttt ccccatcatt ttttctgaga aacacctcca 

tttagtgttg gtgtattctg tgtccaacag taacattcct ttttctgtct 

tcttcattct taaaaatttg aaatcttgct ggtagagttt agagtccata 

tttaaagtnt gagccgtaaa ggtgacacct cttgttgcaa tttttgcttt 

aacatttctg tctacatgtc ccaaacttca ttaattttta agtcttaaac 

attcatgtac ataatcgttt accagtaata attatttaaa aaatcaactt 

aaattttccc ggcatttgct aaaggctata ggtgctaggt atttgcataa 

actctttaag ctgtttgcta gcagaaagag gcatatgaac tgggttaaca 

gaaatcatct cttaagggat taaggatttt tgcaattatc gggacattcc 

cacaaagttg agataacagg tgtgatcttc atcatataag tggggaaata 

ggtccctaga gatattgggt ggtaatgatt ctgttggtgt gtgaaagcct 

ttagacttcc ctcacaaatc agttcagtca tcctgatggt cttcttctgc 

aacaccataa tgcttacaga ggatagtagg tcctctgatg gtcaaccccc 

ttcttaacaa agtcagctga ttttcaaatt gaagtgtttt tgaaattatg 

aaaattatga catttaaaat agatatgttg ttaaattctt tttttttgtt 

ttttttaaag acaggatctc actctgtcac ccaggcttga gtgcagtggc 

atgatctcgg ctcactgcaa cctctgttgc ccaggttcaa gtgattcgcc 

tctggagtgg ctgagattac aggcacctga caccgtgccc tgctaatttt 

tgtattttta gtagagaccg ggtttcacca tattggtcag gctggtcttg 

aactcctgac ctcatgatcc atccaccttg ccctcccaga gtgctgggat 

tacaggtgtg agccaccgcg cctggccgac atgttgttaa attctagcta 

gatagtactg ctttagtcct gaggtctgct tttcctttta ttgatgaggg 

aaagtaagaa gtattatgga tatattagac gtgacagcac ctgatgattt 

cttccttaca taatttaaaa ggttgaaaga gcagtgaaaa aggaacaggt 

agcctcatgt gattcaggca catcagtgaa ggatcttttc atagtaagtt 

tttcagactt tgggaggtac tgatttaaac ttttacatta gtctgttatt 
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tgtatagatt tcctgcagaa ctaacattta gggttgtcaa ataggttcag 

actccttacc tgaaatgata tgattaacaa ttcagaattc tgggatttta 

ggaaggcagg gagagtacat atgccatata ttttgctgct ggtgcggtct 

ggaatagcac ataataatat gtctgcaaag aaacaacagt ggaaacaggt 

ggataaaaga aatgactgat accctcaatg tcagtccagg ttttgccacc 

aaatgagttt tgacagaaat tttggttttc agagcttctt gggtttcaga 

tttggggata ggagattatg ggcctgcaga actggcccat tttataacag 

aacccttttg gatgttgtgc tcttgtttat tcaaataaat gttgaggtgt 

gtatgattta aaatatttta atttttctca cttttctttt aggtagacga 

agttcctgat ggagctgtaa agccacccac aaacaaacta cccattttct 

tttttggaac tcatgagacg taagtcctgt tagctttaaa ggcaaatcag 

agctaattta acagggttat taggcagtag acattaattc aagggggaaa 

tcgtaacgta ataggaaact ttaaaatctt tgaactttgg aaagagtctt 

taagtctcta tttttaaggt agcgtttaca gatgctatag gtttattttt 

tactggaatt gatatttcct taaccaaaaa ggaaagtaga aattctctga 

gcaataagaa tgattgatgg atgaaaatac ataaggaaag ttttaataag 

tgatctgata ttcctataca gtaaaataag tgctttttat aaggactagt 

tggtacctaa tttttggttt tatgatatca gatatgcaaa ctgtgtatat 

tgtggagaag gtgagaagag gaagtctagc t agttccctc catgtgttta 

tatggtccct gaagctctgc tgcctctggt gggtatgtgg gcagagaact 

gatgtgaagc aaatttttca aaaattgcag ctgaatgttg acgtatgtta 

ctgccaagtg catgggatca ctcaggaggc taccgttaat ttcccgaaga 

atgttcctat gtacctataa tttaatggcc ttagaaatac tatataatct 

ggttgatttt ggacttgaag tttggtgtct gtcataattt tggtagtctt 

gtttacctgg gatgaggaga aacaaaacta ttgctattct gattagaatt 

atgtattcct aagagtggct gcaatggcaa tatttggttt aaagttgctt 

agctactgta taaactttca cacaatgtct ttaatagctc tattgagatg 
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gaatttacat acaaagaagt tcacctgctt aaagtgattt tcaatagatt 

ttagtatatt tagtagattt tagtatattg actatcataa ccttttgatg 

atcactttcc cctctccaac cgtaaacaac cactagtcta ctgtctgtat 

agacttacca gttctggaca ttttatttga atggtgtcat acaatatttc 

ataacaagtt tttaaaaaaa tacaactttg gatccagaat tggtttggcc 

ttcatcataa ttagagttag gttcaagtgt attctatata taacaatata 

atttttaaga agtgataagt ttctgattcc atgggatact ttaaagaaac 

tcttcagtaa atttaataga ggacaaaagt atcttttaat ggaaaatggt 

gcagtgtata ttagagtagg gcttttcaaa gtgtgttgtc aggtctagca 

ccattagcat ctcttgcgaa ctttaattaa aatgtaagtt cttggctggg 

tgtggtggct gacacctgta atcccaacac tttgggaggc caaggcggga 

gggtcacttg agttcaggag ttggagacca gcctgcaaca tggtgaaact 

gtgtctctac aaaaaataca aaaattagcc gtttgtggtg gcacacacat 

gtggtcccag ctactccaga ggctgaggtg gaaccgtcac ctgagccggg 

gaggcaaagg ttgcagtgag ccaagatctc accactgcag acctcatctc 

aaaaaaaaaa aaaaaaaaaa agttcttagg ccttattcta gacctactga 

ataaagctgt gagtgtggag ccaaagacct gttttaacaa gccttccaga 

tgattctgat ttacgttgaa gtttggaaat actgtagtaa tgtgagtgga 

cattccttag catttttcag ttttataagc ttaaaagtct ttaattctga 

tttttgtctg aaatggaaca ggttttttct tttttttttt tttgagaccg 

agtctagctc tgttgcccag gctggagtgc agtggcatga tctccgctca 

ctgcatgctc cgcctcctgg gttcacgcca ttctcctgcc tcagcttccc 

gagtagctgg gactacaggt gcctgccacc acgccagggc taattttttg 

tatttttagt agagatgggg tttcaccgtg ttagccagga tggtctcgat 

ctcctgactt cgtgatttgc ccacctcggc ctcctaaagt gctggaatgg 

aaccgatttt atacttctat atatcctgat agtcttacag aatacacagt 

ccattcttac gttactattt taaatttaga agaggaatga ttatcccttc 
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tcctgcattt aaaaggattt tcatattata aatatatgta cactttaaac 

caaaacaaac taaactaaat aactaaactg ttgt.ttggtt aataggtaat 

tagatagtta atgaagacag tgaattacta atattcaaga atttaggata 

tattcaagga attctaataa tccccaggtg ttaagggcgg aaccaggtgg 

aggtaattga atgatggagg tggtttcccc catgttgttc ttgtgatagt 

gagtttcatg agacctgatg gtttcataag cgtctggcat tttccctgct 

tgcatgcatt ctctcctgtg gccctgtgaa gaggtgcctt ctgccatgat 

tgtaagtttc ttggggcctc cccagccgtg tggaactgtg agtcaattaa 

acttcttttc tttataaatt acccagtctc tggtatttct tcatagcagc 

gtgagaatgg actaacacac ctatagtggt tcaacttaga ttttttgact 

ttagagtggg tttttcatgg ttacttaaat ggatttctga cttcagatat 

tttagattta cagtggactt attgggacat aacctcctag taaattaaga 

actatctgtg tatatatgta cacacatatg caaacagttg aggctcgtta 

tttgtggatt ccatatttgc gaatgtacct actcaccaaa attatttgta 

agcccagatc agtagtactt gttgtacagg tcattcacaa acatgcactg 

agtagtggaa agacttgagt ctcctgatac aacacattct tagctgaggt 

tgtacaaggg aatgcttgcc ttcttttttc agcactcata ctgtaagcaa 

gtatcttttt tgcagtctgt ttattgccat gcattttttt gcttttgttg 

gtcattttgc tatttaaact agctcccaag cataatgcta aagtgttctt 

tcatgttgct aagtgcgaga aggttataat gtgct t ta·ca gagaaagcgc 

atgttacata cgctgttggc tatgagttca gtgttaatga gttagcagtc 

tgtattaaat aaggtgtctt taaacagaaa cacacataaa atgaatttat 

gtattgattg gttcatgaaa accttgtgat tacaggaacc taaccctgta 

tttcccctag gagcaatggt tgtgtatttg ctaattcagt tttcacagtg 

actttataga acattactac cacagatagc aaaaattgat agtacatata 

tgaatgaatg ggttataata tgtctgattc cctcattcag taaaataaaa 

ttcttaacat actcactgat tattttaaaa acacgatagt tttgtgagtt 
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gtataatata cgaagttatt ttgaagtgaa actatatttg gggtgcagtt 

aaatgtgttg attaatgcta atgtgtcaaa gtttgtagtt taaaaaaacc 

caaatttatt gaattaacc t tttttttttt tttttttttt tgagacagag 

tctcactctg tcac ccaggc tggagtgcag tggcgtgatc a c agc t c a c t 

gcaacctccg cctcccgggt tcaagcgatt ctcctgcctc atcctctcaa 

gtagctggga ctacaggtgc acgccaccac gcccggctaa tttttgtatt 

tttagtagag atggggtttc a c catgttgg ccaggctggt ctcaaactcc 

tgacctcaag tgatccaccc gcctcagctt cccaaagtgg tgagattaca 

ggc gtaaggc accacgcatg gcgatgtaac catttttaag tgtatagttc 

agcagtgtta agtacattca cattgtgcaa cgtctgtggt tttacttaat 

aggattatgg atttaaatag tagc ttgtta ctgaatttaa taaaagtatt 

tggaattatt aattgccctt taacttattt aagatttgta atgcagttta 

ggttctgtat ttttgataat tgtgtaatag ggtgtcttat c taataaat t 

atgtatttga gcttgctttg cactcacatc ttccccactt cttttttag_!: 

gcttttttag gaccaaagga tatatttcct tactcagaaa ataaggaaaa 

gtatggcaaa ccaaataaaa gaaaaggttt taatgaaggt ttatgggaga 

tagataacaa tccaaaagtg aaattttcaa gtcaacaggt aagtcatatt 

acataaaatt tgatattact tatttaatcc tggggaataa tcactatcct 

agctgtagga aagtaaatac taaaagcctt gggaatttca tac tagttt g 

ttgtgttctt atttgtgagg ttgaaccttg ggcattttat atcaaaatga 

attgacaaaa tcattatttt atgtagttaa acagatctca agaaactggg 

aactattcag ttatttaact c ctgatagag ggtttaatac gtcattgaat 

ataaagctgt atgtactgtt ctaaatttag gttttgcgac t tacatggtg 

tatgcctaag ttttcttatt ctctttaatt a attaattaa atttcttttt 

tttttttttt ttttgaggt g tagtttcgct cttgttgccc aggctggagt 

gcaatggtgc aatcttggct cac tgcaac t tatgcctccc gggttcaagt 

gattgtcc tg cctcagcctc ccaagtagct gggttacagg tgc ccgccac 
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cacgcctggc taactttttg tatttttact agagacaggg ttttgtcatg 

ttggccagac tgatctcaaa ctcctgactt caggtgatcc acccacctca 

gcctcccaaa atgctgggat tacagatgag agccattgcg cgcagccttt 

aatttctaaa tccatagaat tgtattggaa tatgaacctc atgagttaaa 

ttggtatgtg acaaatgtac ttacagcact atgcaaatta tatttattgg 

tgtcagcagc caccttatac cttcttttct gtggtttttc ccatgggtcc 

agagctttta ttaatttat tgtgatagta aattttcatg gagtggtttg 

cctttatcca atttgtattg tttttatcct acagaaaaca ctggttctct 

tacttctcct ttgtgttggt attgatgtga tttagaaaaa atttattttt 

tttgagagga gtctcgctct gtcgcccagg ctggggtgca ttggctctat 

cttggctcac tgtaagctcc gcctcctggg ttcacaccat tctcctgcct 

cagccttccg agtagctggg actacaggtg cccgccacca cacccggcta 

attttttgta tttttagtag agacggggtt tcaccgtgtt agccaggatg 

gtcttgatct cctgaccttg tgatccgccc gcctcggccc cccagagtgt 

tgggattaca ggcctgagcc actgtgtcca gcctaatttt ttgtattttt 

agtagagacg gggtttcacc ttgttagcca ggatggtctc aatcttctga 

ccttgtgatc tgcccacctc ggcttcccaa agtgctgaga ttataggctt 

agaaaaattt tttatattgt cgattgcact cttgaattgt tgcatatatt 

cccaaatgaa tgttccagaa ctcttacgat ttaaaataaa cagatggctt 

tataatagga tcagagggct atgagaggtc tttatgaaga taattgggac 

agtttctctt tcatcaataa acgtcctctg tttaagacct gaggtccaaa 

aactaggaag agcacgagta aatctaaaga agcgaggtag caacaaagtg 

gaaattctgc agctttttac tctttttgtt gttgttgttg ttgagatgga 

gtctcactct gtcaccccgg ctggagtgca gtggcgtgat ctcggctcac 

tgaagcctct gccccccagg tcaagcaatt ctcctgcctc agcctcctga 

gtagctggga ttacgtgtgc gctttgccac cgtgcctggg taatttttgt 

atttttagta gagatggggt ttcaccatct tggccaggcc agtcttgaac 



228 

tcctgacctc gtgatccacc cacctcagcc tcccaaagtg ctgggattac 

aggcataagt cactgtgccc ggcctagctt tttactctta aaccgataaa 

ttttatttct tcacatgtgc catgctttac cttggagaac tttttagata 

ctgttctatc tggaacatat aaatctttca ttgctgctcc aaggccacat 

taaatgatta gtgactttat tacttcccag tacttacttg ttaatggatt 

catcgaacca tatcataatt gtttctgtac ttgtctgtac ctgctacaga 

atattatgtt gcctctgtga acaaaggttt atgtcctgtg tgcccagcat 

gtacacgtgt gagaagaata gctaatcact aaatatttgt tgaatggcta 

catggtttct tatcattatt gccttgactg tgtgatggga agacatctgt 

ctaaagagac agaattgatt gttatctgaa acttaacgtc ttgtaatttc 

ttttttgttg ttgttttttt ggagacagca tcttgctctg tcgcccaggt 

tggagtgcag tggtgcaatt ttgatcttgt ctcgctgcaa cctctgcctc 

ctgggtttta agttatactc gtgcctcagc ctcccgagta gctgggatta 

caggcgcgtg ccaccatgcc tggctaattt ttgtattttt ggtagagatg 

gggtttcacc atattagcca ggctggtctt gaacgcccga cttcaagtga 

tctgcctgcc tcagcctccc aaagtgctgg gattacaggt gtgagccaca 

gtgcccaact acgttttgta atttctcttg gatcatttgt cctgtgattg 

cacctttatg gtctttttta tcctccaaat tgccaagcct tgtcaccata 

taatcttgga gtttttttta atttttatta tttgagactg cgttgcccag 

gctggggtac agtggtgcaa tcatggttca ctacagcctc gacctcctgg 

gctcaggctg aggagggagg atgccttgag cccaggaatt gaggcttcag 

tgaaccataa ttgcgccact gcctccagcc tgggtgatag agtgagaccc 

tgtctctaaa aaaaaaataa aaataaagaa ttgtatatat tattgggata 

aaaacttatt ttatgaaatt aatagagttg attgctcaca ggcagcaact: 

aaacaatcaa atgcatcatc tgatgttgaa gttgaagaaa aggaaactag 

cgtttcaaag gaagataccg accatgaaga aaaagccagc aatgaggtat 

gttctatttc tcctaacatt ttaaacccat tttgtttcaa ggaagaaata 
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atgaaatgag t t ggccatga ttaattagta agtaattttt aaagtacttg 

aaaagtgaat tagaaaatat ttaaggctt tttccttgtg taaatattaa 

atacagtatt g t caaacaac ttatgcatct ttaagatgca tacctgttat 

tatttgaagt tatttttata tgtaaaacat gaagtccaac tgtagggtgc 

ggtagtgt ta aggatttttt ttaaagagaa gtgttgtagg atggatgtac 

tggaaacagc a t tagactaa attttttaaa acctaggttg atgtccaact 

gtatatgatc tgtgtgtaaa gatgactcat tta gcccttc caggcctaat 

gaaatggttg ttagatgatc ttcaatgtcc cagccaccct ttaaaattca 

caattcaaat ttatccaccc ctataattca gaattctagt gtagaaaaag 

tagttttata a a tttaaata gacagacttc ctggtgt acc agcaaccatg 

acttacattt gatctgacag tggaaatgca tttttctcac tttataatgt 

tgagacacaa t gtttttaat ttcagaactc tacagagcaa aacagatttc 

cccaatgctt tcagttaaac gtgcttgtaa cttttagttt aacaaggttt 

ctttcattcc tggaataatt tattcagtat tcagttttct tttttctttt 

ttaggatgtg actaaagcag ttgacataac tactccaaaa gctgccagaa 

gggggagaaa gagaaaggta atttcactga cttaccaacc atggggatct 

gaaaagaatt tttattttaa ttgggttgag ggagagtaga tacaatgaaa 

ccttaaattt cagcttttat tctaaaccct ttaatttttt atgggttatg 

ttttacttgg caaaactatc tgtgtttctt tcttagtgat atagcaccct 

taaagtaact tgagtggtaa aggaaataaa atacaccagt tttcattcat 

tttaatgact g t gcctcagt tttctctaaa ttgggtagaa atatatactc 

caaggttgtg gaggattaaa tgatttaaca tatgtgaaat gtttatgcta 

aatcctgata cctaaacact agtaagtgtt atataagtgt tgtccattat 

gttgttgttg ttgttacttc acgttgtgag aaatgagtgt gagtgacagt 

gcaaggttag gtacatagta ggcttttaat taatatgaaa ttttccttcc 

atatacgaag ttttgttcac acccttttct gacctattta tgtctcaaat 

tattatcata taccaaagat gcaaagaaaa ccaaaagttc agtatctcat 
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gaggaggtaa actatgaaaa taaataatta cagtggctta tttgttgtgc 

agtatgggtt ggaagtggtg tgataacaag attttaaaat acaggcagaa 

ttttgtcagg cggatgaagg agcagggaag gacacatgaa gccatttcac 

atagaggaaa ttcctactca agcatcttga gtattgtatt tcattattaa 

cacaccataa agtctgaggg aaatgggtac caaaaaaacc tgatgttgtc 

ctaaagacct tggaacttac agaagtgatg ggaaatgatt gaattatttt 

aaattttaga tacctccttt taaaaaattt ttttaagaga tggggtctca 

tgctgtcaca taggctagag tagtgcagtg gcacaatcat gcctcactgc 

aacctgaaac ttgtgggctc aagggatttt cccatcttac cctccctaat 

agctgggact gtagaagtgt gccaccatac ccggctaatt tttttttttt 

tt tttttttg agacggatct cgctctgtca tccaggttgg tgtgaagtgg 

tgcgatcttg gctcactgca acctccacct cccgaattca tccaggttgg 

tgtgaagtgg tgtgttttta gttaagatca aggaagctgg tagagctaga 

aaggggtaaa aaatgaagag aaaatgaggg ttagatgtct cagagcaagt 

aaaatatgga ataaataaat ctgtagtcag tagtttaaga tattagcatt 

taagatgttt aaatatttaa gcatatccta agagtggaaa agttttaaat 

atatatgttt cgtataactt cattggtcct ttctttagat aaaatattta 

ttattctttg attttatttt catgaggaat ggttctgact tgcatgattt 

tgccataata gtcatgaaca cacgtgcatg gtagggctga tctcttagta 

ttagtgttaa tatagtttta attattattg atgaacttgt tacacttatt 

ggtacctcct taaaaaccat ctcttttacc tataattctt tggttttttt 

gagacggagt cttgctctgt tgcccaggct ggagtgtggt agcaggatgt 

cagctcactg caatctctgc ctcctgggtt caagtgattc tcctgcctta 

gcctcttgag tggctgggat tacaggtgcc tgacttattt ttgtattttt 

aatagagatg gggtttcacc atgttggcca ggctggtctc gaactcctga 

cctcgtgatc tgctagcccc agcctcccaa agcgctgagt gggaattaca 

ggcatgggcc actgcaccca accctaccta taattcttat tcagtgtttt 
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gatttatttc caaaagcaga aagtgtaagt ggagagagtc ttctttgcac 

caaagaattg accagttata actgaatttt agacaaatta tgccctctta 

actcctcagt aggaaaagag ctctcagtct tgagttctta agctttgtta 

cctggggagc tttataaaaa cacagaatcc tggttccctg actcagagct 

attgaatcag gattggggca gggcaacttt gtaagttctt aaaattctag 

aaataaaacc tgagctaata atgttcaggg aggaattttc agtgttctct 

gagaacaact caagggttac cttagatgag ttttaataat acttttaata 

tgcttcatta tgtttcagtt atttaaagaa atgtttaaaa aactaataaa 

gaaatggata cattcgtaga agtggaattg ccatataaag gttttttgtt 

ttgttttgtt tttttgagac agtcttgctc tgtcgcccag gctggaatgc 

agtggcatga atttcagttc actgcaacct ctgccccctg agttccagca 

attctcctgc ctcagtttcc tatgtagctg ggattatagg tgtgcgccac 

aagcctggct aatcttttgt ttttagtaga gaaagggttt catcgtgttg 

gccaggctgg tcatgaactt ctaacctcaa gtgatccact caccttggcc 

tcccaaaatg ctgggattac aggcgtgagc cactgtgtcc agccctatat 

agagatttgc acattctata ttgccaatac tcattcataa ttatgtgctt 

tcataaagta tcagtttatt gataccagct tattgatcat tggtagtcaa 

tgtatgaatg attctccaca tgcttatcaa cactgggcat tatgtttaca 

aatcattgat gaaaaggcaa tttttaattt ttttaatcaa tgagattgga 

ttatgcatgt ttttgaatgc cttcttgttt ttatctttag tgatacagtt 

aatgctgaat tctaaatagt tgggggagtt ggggaaggag cccatctcct 

cctttggtct ttctctttcc tccttttgca gttatgatca gtaccaactg 

ctgcctcatg tttacatttt gtttctaatt tgtgttctta acctttgttc 

cattctaatg cttaaatcaa taatactgat tctcatttgg ggccattctc 

tccaggagaa tcatactagc agttatcaaa gggcattaga gtttgcaaat 

ggtcagtgga ttccttactc tctgttgtag taaatccttt cttacgggaa 

ataagaataa ctcctaaagg agaactgtta ggtaacagtc tcagtttaga 
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aataaaatgt gtctgtatga acgaagaatt agaaataaca ttgtgttagt 

tgcagtgtaa tcacatactt tgttctccat accgcatcaa gaatattagc 

tttattttta caaatgactt catttctaag aaatttttag ttttttttaa 

gagttgttca ctagagttat aaactaagtt tgaagatgtt actcttgagt 

tgattgttga aaaaacaaaa gatcatatag aggttatatc tatacttgaa 

ctcaa cgtta ccatagactg gcatattttt gccatcgaat taaactttga 

gtgcctacta tttgctaaat aagttaatta aatttttgta attcag~ 

aaaaacaagt agaaactgag gaggcaggag tagtgacaac agcaacagca 

tctgttaatc taaaagtgag tcctaaaaga ggacgacctg caggtaggat 

tactgatgtt taaatatctg tttggcttgt gattaatatt ccagtccatt 

taaagtgttg ctgcctcaaa tattttggaa tgaagcaaat aggcaattga 

ttatgtgtaa catacagatt tcaaaggaga taaacatgat ttgtgctctg 

tttcaaagta tttaaatttg aaataaactt tgctttatct ctgttatgtt 

ttccctaaat agtggtaaga gaggctgtgg ggaggttaaa attatcatga 

a t aatgggtt tattttacct ttcacttaag agtcgtaaga tttcaaaatg 

gagttataat cagagaatga gaaatagcat ttgattaaag tcattaatat 

tttaaatttg tgcgttcttt attgataggg attttgattt ttacagtttg 

cagctctctt cagcattgcc tatttaaaag tattttctta atttggcaaa 

ttggaaatat tttggaaaaa tcttcgtaaa acaaaaccaa aattgagtga 

attttttttc tactttttaa taggattctt actgaaaatg gggggtaaga 

tgagtaatac ccagaaaaga aaaaagattt ttatttatat attttggagt 

ttaatattgc agtggataaa attaatagtg ctagggaaac tcagtgaatt 

ttgatatgaa cttccaaaga tatgtaactg cataagtaat ataatatgta 

tatgaatatt aaatataagt gctgtttcct attctaaaag ttgaattttg 

tgacattact gttaaaacga tagtgaaaaa tgttttaagc cctctcagtc 

ataattagga caaattgagg attactctgt ttacctcttt ataaatttt t 

tgttgttgct cattttaacc atggtggggg aggtattatt ttttcaattt 
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agcaataatt gtatctgtaa taagctacta atattcttaa atagtatgta 

tcatttctaa tatttatatc tgagatttgt atcttaaata gaaactagta 

gttactgatt ttttttccat gtgtatatta g ctacagaag tcaagattcc 

aaaaccaaga ggcagaccca aaatggtaaa a cagccctgt ccttcagaga 

gtgacatgtg agtttatttt taatgtataa ttatgcaata aatgagacat 

ttgactttaa acaagcacat atctctgcga ttttatcagt tttctcttac 

aggatgtttg ttattatttt gatctttctt aaaattacag gaaaaactgg 

gaaaattttg taaagtaaaa attggtaagg aatggctatt tatcatttca 

ttaattaaga ctcttgggta tatcaattta tatagatact tagataatac 

aacataaaat atataataga gaaattgggc aagatggtat gtttcaggaa 

ttttagaata tatttgaagt aatgtcacaa attttttttt tttttttttt 

ttttttaaag atggggtttc actctgtcgc ccaggctgga gtgcagtgct 

gcaatcgcac agtgtaacct caaactcctg ggctcaagga gcctcttccc 

actttagcct cccaagtagc tgggaccaca ggtgtgtgcc accacacctg 

gctaactttt tttgatgaga ctggtctcat cgttcccagg ctggtctcaa 

actcctgggc tcaaacgatt ctcccacctc atccttccat agtgctggaa 

ttataggggt gagccacgtg cctagcctac aaatcttttt tttatctcct 

ctagaatag tgctttattt aaaaataggg ctaaaataat ttttgtatgt 

aaatttaatt tttaaagcat ttcagaataa ctattcagtt atccaggaaa 

ttgtgcgtgt tttttggttt tttgcatttt tcccttgctg ccttttctac 

ttggatcctt tttactttgg cttttttggg gaatctttgc cagaaggaat 

agagagtata tttagacaaa gggggagaaa aactttttgt ggctattgtg 

tttgaagatt tgaaaggctt aagtggggta tgtctattaa gcatagattt 

acattgtttt gaatgaactg attatagaaa attctaattg tagaacacta 

ttagagaatt ggtatgtttc aaccaaaata tgtttaaaga gtttcactgc 

cagtctgtat ttactttcaa aaatagtggc acataacaat atatcatata 

cttgaaaatt actaagagag tagactttaa gggttctcac cacaaaataa 
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aaatatgtat gtgaggtggt atggtaaata gcttgattta gccattccac 

agtgtatacg tacatcaaaa cattgtgttg cacaccataa acacatagaa 

tttttacctg tcaattttta aaaatagtgg cagaaaaata caacatactt 

taactattat agtgaaatta agaaattgga tacttaacag gtgagttggc 

agtcattatt ccctaggaaa tctgaaattc tgctgggaaa atactgtgag 

atccctctgt tttggatata attagtgttc cctaattagg tcccagtttt 

cccccggagt atgcttccca ctccgtttgt cttcttggct tttggctgat 

tcctctggaa cttctctact ttttcagtat catcctttgt tgcatctgaa 

aaggtcattg gaaaatactg ccctcctcat cagctgagca gctttctcag 

cctactttcg gaccatagtg atctgagggc ccagtgtacc tttttaggaa 

cttatcctca tctcacttac tttcttttga tggagtctgg tgtcactttt 

ggtaatgtaa tacttttgta tgtgtgttta attctggtca gcttcctatg 

caattattgt taagactttt ctcagacatg ctcgtctttt tatatttaat 

aacagatact ttgagtttat aggtttttgt gagaaaccat ccctcaggaa 

tcatttgtcc atctgaagga ttaatgaagt ccaattttaa ttcttaagga 

ttgcagctat accctttatt gggtctttga cccaggctat cacccaattt 

gaaagtctta catcctcact tgaaaatagg ctaatctttt ttgaacacat 

ctttcttgaa cactatcaaa ttcaccttga tagtcatttc acgctaccag 

tattctattt tgaaacttct tcacccaaag ccacaagttg attgaatata 

ttttcttatt tctgctgcgg tccaacagtt ttacccattg tataataacg 

tattagggtt tccagtctcc cagccctaaa gcaagtgact acatgtttta 

ggtttttggt cctggtgtca gtttctctat tagtgagctt tttcctgagg 

caatggacaa ccctaaaata gcagtagcct ttacaacgtt tatttcttat 

tcatgctgtg cgtaggctga gtgtgagctg taactactct tggctgtgta 

tctgggcaca cactcagtgg agtgcagaac taaactgtat aagctctttt 

taaacttctg ctcttcaccg ttagaacacc atgtatctct tagcgtctac 

ttctttgtca cgggtactga tgtgacacaa cagtagaata gagcccagaa 
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gagctaaaaa ccaactcata atcctcagaa atgtttgtta aagcccactg 

aagctcttag ggttgtgttt gcattagtct ttgcttatat taacatatat 

taaaagatta agaaatttac aaatacaact ttgctaatat cccttacctg 

ctaaaaaggg aagttgtcac aagtctgtat ttcatggaag aaccactggg 

aaaagactca ttggtagcaa gcagtgatag tcatgtttat gtaaattgtt 

ttggcacaaa gattatttca caccttgaaa taatcttttt tatgacctta 

ggataaattt ttaaaataaa tccctaaagc actttttaaa gaccagctgc 

atggtatccc actgtatgtt ttataattct taagatctat cctatgtatg 

gatagacgat tttaaaaaca ttgtcatcta ttcttttgta cataatgcaa 

a ta tattggt taggatacat tgttagaagc agatttgctg ggtcaaatgg 

tatttgtatt tttaatagct atttccttcc atagaggtgt aacattttgg 

gagaagtagt tggccagtat tgtttaagag acacagaaat gtctttttaa 

atgggactct agtcccattt ttaggaaact gattatcaaa atatttacat 

cagtggaaat cctgaagaaa gcaaatagtt tcacttgcat gcttttactt 

tcatttatta aaagtaaagg atggttttaa tcccagagag gctaaagtta 

aaaggataaa aaccatagga ccattagaaa ataagcatac ccaatgataa 

ttatataata aaaagtttct aaaggggcaa aagtaaattt cttctcttcc 

aacttaatag ttcttaagtg gtcagggaat cacttgtctg gaaagaggtt 

aatggatttg gaattgagat gttgggcttg ttatttgacc ttttgcatca 

tcattttctc atttgtcaaa tggaaggggt tgaactgaat gataggaagt 

ctcttcaagc tctcaaattc attgatttaa ttgaataatt tgcgaaaatc 

tcaatgaaat tctttggaca gttaaaaggt tacagttttt aaacggctta 

ttccagcttc aaatgaagta tttatttgta aaagaattgc tttagaagaa 

tatatatcaa ccataaaagt aattacgtgg ttagtatttg cattatttga 

ttctcctaga gcctatttct gaagtaccaa cttgcataaa tatgcagcag 

taattaggat tattgagcag tttaggtagt ttctcttgtt ttagtggtgt 

ctgtgaaatt cagtggtgat gggaatactt aggtgctagt cagcacagca 
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ctgtctgaaa acatgcttaa ttggctatat atttatcata tgcttaagtt 

gggacctttt taccctgcaa agaatatttg agttctaaaa cgaccgtatt 

tgatttcact tccgcaattc catttgtccc agtgtgtcta ctttttaaac 

ataatttatt cttacaaata tgtagaattt aagttccata agagccaggg 

atctgcccat cttctatctt ctaatttata ccaaaaggat gttctgtgac 

agaattcctt ttatgattgg atagtgaaga cactcttttt actttgtttt 

agatttgcct ttaaattaaa aattatagct tactgatatc taaaatacta 

ttatagttga atgacaagta tacattgtta tgttctctaa aatagcatta 

ctgaagagga caaaagtaag aaaaaggggc aagaggaaaa acaacctaaa 

aagcagccta agaaggatga agagggccag aaggaagaag ataagccaag 

aaaagagccg gataaaaaag aggggaagaa agaagttgaa tcaaaaagga 

aaaatttagc taaaacaggg gttacttcaa cctccgattc tgaagaagaa 

ggagatgatc aagaaggtga aaaggtataa agtttacata tataaaatgg 

c tgttctatt cttagtttat atatatattt tttgtttttt ctttgttttt 

tttttggttt ttttttttgg tttttttttg tttgagatgg agtctcactg 

tgttgcttag gctggagtgc agtggcacaa tcttggttca ctgcaacctc 

tgcctcctgg attcaagtaa ttctccagcc ttagcctcct gagtagctgg 

aagtacaggc atgtgccacc actaccggct aatttttgta tttttagtgg 

agacaaggtt ttgcaatctt ggtcaggctg gtcttgaact cctgatctca 

ggtgaacctc ccaccttggc ctcccaaagt gccgggatta caggcaccac 

acctggccat ttatgtattt cttaatctgc ccagtttaag agcttttaat 

attttggagg aagtctataa atatcagtgg cagttaaaat gaatttgttt 

acctttttga atagacttga attagctgtg ttacaaagca tattgaaaac 

gtccctttat tatctgttct ctaaattcat ctattttaca attatgatct 

ggaaattaag taaacagtac ctttccaata accccatctg tctagaaaag 

gtagatgaaa taggctgtgg ccagtgaaga caaatgttaa aagaggtgga 

tttatataga gatttttgtt atttaccccc aagaagttct taacaccctt 
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caggcctatt gtcattttat cagtggtatg taaatttatt tggacgccat 

agttgttggg aacctcatta aagctgtgta tccttttgtg tagaaaaata 

aaattttgtg tatagcctta gagatttaca gattcaggtc atgcaaatct 

tttgtttact ttcatctgat ttttggctca tttcttaatc ttttagaaac 

caaacatttt aaattggata ggtcatgtag tgtgcttgtc agtactcaag 

tcaaatcact ctgtagagag gcaaacagac tgacatacta tattttatcc 

aaaggacatc actcctatag cagggcataa aacaagatga ttatttcacg 

gtcattaatc aaagttaaac ttgcagagat aggtgtaatt caaagactat 

ttttaggttg ctaatttgag tattcatccc ttttttaaaa actagctgct 

gcttttcccc caagattata attccataag cactagtcac tgactttata 

gttaaataaa accatcctaa ttctcaaaac agaagagaaa aggtgggagg 

aactttcaga ctgctcacag aaggaatatg c t gaaaggcc aacatgagaa 

agaagcagca gatcgaaaac gcaagcaaga ggaacaaatg gaaactgagc 

.§_gtaagtatt tttttttttc taaattttgg gttcttttta aaggctagca 

tggaattttt aaataataga ctttcatttt ccagacttta tgaagccttt 

tgaagaagtg acttttccca tgtgttagaa aaatcttcaa tatatgatga 

tgatcttatt tcaggcttca ttctcttctg agaggatgaa attgactgag 

gcagtcactc tgtgaattac ttttgaattt aaacgaagtg cagataggat 

ttaattgata ctggctttgc aagaagtgta ctcatcctca accatttgtt 

tgtataatat aatacatata gatagagggg cgataatata c tggtagaca 

aagaatgcag gaaatgccct tattcatcac accaccaagc aggcctcacc 

ctaaagacca gcaaaagtaa caaaagcaca tttggaaacc caggaagcca 

gtaaaagtaa atctaaaggc tgacagggtg tacattatta tatatgtgca 

atataaatca aattcaaagc tgttttctct taaattttga tacttataga 

gacaggactt gccatgggga atttgtttcc cct tactata taattttatt 

actagaagga aaagtaatag caatgataat aatgaacaga cttcgtgtct 

ttattacatt tgctttccta gttaccttta gactgtcact tctgagttct 



238 

ttctctgaca tgcttttctt ttctcgtgaa gcgtcttaca ttctgactaa 

attttgtttt tttgttgttg ttttagtgag gtgattttta aaacatgctc 

taggtcaata agacaaagtt aatgatgagc agtaaaacaa ttcttgaata 

attttgtact ttttttcttt atataatata tccgtaagcc aaagtctttc 

ttgacaagta cagcgtttta ctctgctttc ttagtttgga ggatatacaa 

gtagttttag ctccttgagg gagtaattta aataacttat ctaaagctca 

aaaatattat tccctctaat gttagacttt aagcacttct gtaaatattt 

aagttattct ttgtcaccta tcattttcta ttctatcttt tcactgaaaa 

gctgttggac tgtttgttgc ttttgacttt attgtgatct caaaattaag 

atataaaatt agttgttact agtatatgta gcccaaccct tctttagtat 

cttaaagtta tctttatgta tttcagtttc ttttgaatgt cctccaatgt 

aactttctca aattctaata tttgtgtttt ctttccttct cctgttatta 

caaaactttg tacttggaca gttttgctct gtaaagcatt tcagatgcag 

cttgtgtgaa atgcattatg caaaataaag tttattgtat tgtattccca 

gccaaacaac atgtaatcta cagtaataaa aaatatatct cattttgggc 

tcaaagcatt aatccagtta ctgaaaagag aatacaagtg gagcaaacaa 

gaqatgaaga tcttgataca gactcattgg actgaatttc ccccttcccc 

ccattgatgg aagaatgttc cagattctaa attgaggact tcattattaa 

tggcattact gtgttatgat taacaaattt cctgtaaggt acacactaca 

tactaaggtc ggccatcatt cccggttttt tttttttttt tttttttttt 

aaccaagctt aaaatgaagc tttgtgtttg aaagtaataa caagctcaga 

cgaagatggt ggttgtacat tattcatcta gaaaatataa aaattcattt 

tgttttgaag ctagttatta aactggaata gcagttatat ccctgagaat 

ggggcccttc tcttgacatt cctttgttgt ttaattcttt agaatcttaa 

taaatgtttt tttaatcctg agagattaaa cagtagtaga cttgttaaga 

atgaaactgt aaccaaaatt ttaaaataaa gtttttttta aaaaaaaaac 

ctgattttta gatatttttt gttcttgtct atttgaattg gttcataata 
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tggcctgaac tctaagccaa ggtactagaa attaagattt caattttaag 

tggttatttt tgtgattgac aataaaatgg taccttttgt gaaatgttag 

tgaatgttac tggacgtcat tcaagtttga tgaattggcc aaaattttaa 

aaacagtgtt atcttaagtc tatttaactt taaagctaac ttcagaactc 

attaatctgc ttgttacatg cacaatgatt aaattggtct attttaagat 

gcagctttaa aaaagaatgg atgtagaagc cattaaacat ttataggtgt 

catcttccca ttgtggcctg tttgtccagt gaccctgaaa ttgctcttc t 

agcaacacac tatttgtgat gtcactgaaa agccagatat gatttaatct 

agcatgttaa ttagagtttt gcttatattt atgctacgga actgcaccat 

tctaagagct acagtcagtt cctttgcagt ctaggctatt gacttatttt 

aaggaaaaca tttttagctt ttacataggg attgtgggca tttagtcaca 

aaattccaat gtgttgaaat atttttgtta acatttgata ggcagaataa 

agatgaagga aagaagccag aagttaagaa agtggagaag aagcgaggtt 

agttatttca ctttctaaga tacataaaat tatacatgga aaagaagtta 

tatagacata acttttcatg tattggtttt ggaataattt tatac tcata 

tcctacaaat agaatttttc aaatccctaa tgggctttat ataaattgca 

ttgtatttta agcataatca agtgaacttg cttgagttgt ttatgtttaa 

tgctcattaa ttatttgatg gtgtcaaatt ttagtacact tgctgaaagc 

tggatgcttt cccatttcag acaaatccct tggttaaaca taaggaaaag 

caggtgtttg gggactggag agcagaggag ttatcatatg cagactat tt 

attttaggaa aaacgcagcc aagtggtggt tttgtgcttt tacactgcat 

gttgcttttc tcaaccacta aaaatggcaa taagtactta ttcttagtta 

agctattgtg catatctttg agcttcttag taaagattac taagaacatt 

tttttttaag tccactaatt cattatactt agcctgtata tagaaatac t 

ggttttggaa aaactgttca ctgtttttca catattttaa tttgtagaaa 

catcaatgga ttctcgactt caaaggatac atgctgagat taaaaattca 

ctcaaaattg ataatcttgt aagtgtttaa cttcatttaa tacttcagta 
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ctgcatttat agcttcatct tttattttct cacatgatct ta t gagtatg 

taaatttaag ggataattac tggtcatttt gcactacctc tttttttttg 

gaaacgatct ttagaaacag attgtttaag tgttaagata attaacagc t 

atgaaattac tgttttgtca tgaaggatgt gaacagatgc attgaggcct 

tggatgaact tgcttcactt caggtcacaa tgcaacaagc tcagaaacac 

acagagatga ttactacact gaaaaaagta agtgatttca agtcatgtgg 

attctttgaa ttttgtcatt acttcattta aaaattgttt aaaaaatcaa 

ttaggaaaac aattatgatg aatgtatatt gttttctcag atacggcgat 

tcaaagttag tcaggtaatc atggaaaagt ctacaatgtt gtataacaag 

tttaagaaca tgttcttggt tggtgaagga gattccgtga tcacccaagt 

g ctgaataaa tctcttgctg aacaaagaca gcatgaggaa gcgaataaaa 

ccaaagatca agggaagaaa gggccaaaca aaaagctaga gaaggaacaa 

acaggtatgt ggtaaaaagc caacaatttc acaccagttt t taaaccatt 

tgccaggact gcttttaaaa atggctttca tacatagttt cactgtgta t 

acgccacaga aaaagtatac aaaggcaaaa tggtgaaaat c tgatgggcc 

tattgaagga ctagagcagt gtgcattgag aacaaaaaat ca t gtc ag tt 

tatattcgac ttctaaggca gaaac cattg ctcatgaggc agatgac t c t 

ggataaacaa tttttaaaaa cccatccatc acaatgc ctc c taatccc t a 

gagtacccac ttcctggttg ctcagctgct tctgttttct t c t c a cctaa 

aaagtaaaat agcgtacagt agccttttaa attaaaacac agcctcatag 

gtggagacta cacctgccat tacttgatac aggtattctg atgatgc tgc 

tgagttatcc tgaacagac t tcacagtatt aatgccatgt cctttttttt 

tttttttttt ttaaagatgg agtttcgc tc ttgttgtcc a ggctggagtg 

cagtggcgtg atctcggctc acc a caacct ccaccttctg ggttcaagc g 

attctcctgc ctcaacctcc agagtagc tg ggattacagg catacg cca c 

cacacctagc taattttgca tttttagtag ggacggggtt t c t c catgtt 

ggtcaggctg gtcttgaact cccgacctag ggtaatccac c tgcc gtggc 
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ttcccaaagt gctgggatta caggcatgag ccaccgcgcc tggtgataaa 

gtcttacaaa gcacctagat gtgtagcata tatgtaaggc actgaacctt 

agcttctact tttttcacta actttagcag tagttaaatc ctgctagtac 

ttattactaa cagtagttat tttcttttca tttgtattag gaaaaattta 

taacgtatac aaatagaaat aacttctcat gtccttgtca tccagctttg 

gcagttcagt ttatgatcat tgtgcttttg tagcccataa gctttctcta 

tgcccctctt gaaagttgtt ttacgaaaaa tccctgacat accatttcac 

tcataaacat ttcagaatgt atgaaagact cttaaaacag aatcatagta 

ccattatcag ctcctccagt cttgttatta aacttcttag tggcagctgc 

ttaaggtaaa agctggcatt tcaaaagcag tcggttggtt ttttgttttt 

gttgctttat tggggaatga catgggtccc cttagagaat tattaatacg 

acttacagga aaaccccctt tattaggcac aaaaatatca attaggaaat 

actcctttag cactttgttc taaaatagta aattttaaaa tttgattcac 

attgcttttc cgtggtagaa taaatgaata tgctaagaat tacaacaccc 

tgtagtcttc ctggtaatag taacaaccag aataatcaga ttaataatcc 

acttcttgta ctcatagata gttaacctgc tttttatggt gccttagcta 

cccaaagcct ctgttggtca tctgctcccg tttttgacaa agcatcaaaa 

cccaattcta acattcaaga gagggctgta ttacaatgta atttcaaata 

aaagacatta agtagtagaa acacgatggc catgttgtat tttgat tctg 

gatctttagt ggacaccttc aattattgtt ttgtaagctt taacaaagtt 

tttccattgg attccttcgc aagggtcaaa gactctaaat ggaggatctg 

atgctcaaga tggta atcag ccacaacata a cgggga gag caatgaagac 

a g c a aagaca accat gaagc cagcacgaag aaaaagtgag gaataggttt 

taatgggtct tgtgtgtttt ttattattca ggtttttaat cacagttctg 

ttccaaggtt atcttactat aataagcagt tatcttttga tcacccaatt 

cctgaattca gtaagcaagt tacaattcaa aaaggaagaa gagtaaaaac 

cttttattga cagtgacttt gccactgaat tcaagggaat ggaactagct 
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gggaacccag ttaaaaagaa aatatttgct cctggactac ttttactgag 

atactgttag taatgacttg cattcacact ttcttgaatt gtgaaaggat 

aattgtaaaa agttagatgg agaatcacag ttttgttgtt gttgtttttt 

ctttgagaca gagtttcact cttgttgctc aggctggagt gcagtggcac 

gatcgtgctc actgcaacct ccacttcctg ggttcaagcg attctcctgc 

ctcagcctcc caagtagctg ggattacagg cacctgccac cacgcccatc 

taattttttg tatttttagt agagatgagg tttcaccatg ttggccagcc 

cggcctcgaa ctcctgacct caggtgatcc acccaccttg gcttcccagt 

gttgggatta cagctgtgag ccaacatgcc cggccatcac aggctatttt 

ttaataccca ccctaaaata ggctatggag ccatagttga agtcttggtt 

tgttccactg tgtatctgaa ggagttagat agaagcatcc cttctaattc 

tgaaattgag ggaaatcttg ttgtctatgt gtgtatcaac ctctcttttt 

attaagattt tgaaatatgt tggtatcaca gatataaaac attctcatgt 

tctttaaaga gaattcactt ttatgctaga aatgatggaa agggcttggt 

ccatgacact ttgctgagtt attttgcttc atctgcatat tactttggga 

agaagataca acatggtaaa ataacagttt tgaagaagaa aaaaataata 

atgactgttc taataacaag tcaagttttt cttttgtttg gttggtttca 

gtcttttcat gggtttaaaa atataatgca gacttaatgt ctttttttcc 

ttcatcagga gaaaatccta attccagttg tacctttccc ccttttcttc 

aggccatcca gtgaagagag agagactgaa atatctctga aggattctac 

actagataac taggttgaca tacctggaat agagactgaa atatctctga 

aggattctac actagataac taggttgaca tacctggaat atagagaaca 

cttgagaagt ttgtaatggt tttcatttga aatagactgc tgaaagtttt 

aaatttttat aagcataggt ttgatgttga aaacttgttt tgagggagaa 

aatccctttg ttttaaagta aagtaaacat tatcgctaag tgtacttgtg 

cagtattaac agctacatta tacagtaaat gtgggataaa atccatttag 

aaaatgttaa actgcttttc cagacatggt tgtagcatat tr.tcaattag 
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tgtgtgtatg ttaatgtgta attg·atagta gaacaaagtt acatttttaa 

aactgctact tgtataaacc ttgc:ctcttt tcccaaatac tgtgggtttt 

gtgcatagtt tttacaaacc ttggatttac cagactgtct tttcactgtt 

tgtgggtttt gtagaagtta cacattttta tggtagataa aatgttactt 

ctatacaagt actcactccc tttttatcaa aagttaattt taatctcaca 

gtctacattg tgctacatta tccagcttct ttggaacaat gtgtgctctg 

tatggttttt tttggtatga caactaatta agcaactgac attgaactga 

gaattctaca aactataaaa cattaatttt tgaaggtaat ttagttttgt 

ggctgggcat tcagtgaagt cttaggactt ctttgcagac aactgactgg 

gtatatatag gaatgaatct ggctttaggg ttaaatcatt taaggtcttt 

ttataggcag gcactagtaa ctaaaactga aaactaagta agtttatttt 

tgaggaatgt tgttaaaaat gtctttagga agtcactaaa acttaattgg 

aagaaaaaat catgatgctt atacaataaa tatgaataaa tgttatataa 

ggaaactcac ctatttgaaa tcatggctat attgttttta ttttctagat 

tccaaaaata caaacactag ttgttccagc attgtacttt gataagtctg 

tacattgacg tgtatggact aaatccaggg taaaatcaat gttacaaaat 

ttaagggtat gttaactaaa ggatagcatt tctaagatat tttgaatatt 

agggtcattt ggcacttctc agcaagtagg atacttctca tgttttgaaa 

ttatatgaat atggaaaaaa atggcttaag accagcgtct ctgtatgaca 

ttgtgtggtt gaccctctga gataactgtt ttcatctaca gaattgcatt 

tttgctttta aagaggtctt a taa·tggaac taggaatcac cgttttgaga 

gaacctgcat atataccagt cattatctgt ttggtcctta tacagtttta 

act tact tag atttattcta gttaagccat aagttcaacg tgtaaacttg 

ttttcattaa agaatttttc tatcaaactc tgctagtaaa 
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Figure A3.2 DNA sequence retrieved from sequencing the 56.3°C LEOGF 

PCR product: 

Green: sequence used for BLAST 

ttatnaacaaaaatttaagcnnntnancccnntaactcgggtgagaaacnggn 

cacaacacannngctagngtaangcncnanccggggcanngactcnaantggn 

ggancngangctccagatggagaatcagccncccatctcgngncagagcaatg 

gnagtctnctnngancnncntnnagncngnncnnngnanangccatcncgcgn 

ncagagagagactganatanctcngaaggnntnnacnctagnnanctnggtng 

n c ntncctgnnanatngagnacaccttgagaagtttgtaatggcnttacnntt 

ncnatnnact g cggaaagnttcnnatnnt natnngnanagnnttnangttgaa 

aacttgtnttgaggnnggaatcccctaaanaa 

Figure A3.3 Vimentin (sequence number AL133415): 

Black: DNA sequence 

Blue : cON A sequence 

Red : primer sequence 

acatcatgcg cctccgggag aagtaaggct gcgcccatgc aagtagctgg 

gcctcgggag ggggctggag ggagagggga acgccccccc ggcccccgcg 

agagctgcca cgcccttggg gatgtggccg gggggaggcc tgccagggag 

acagcggaga gcggggctgt ggctgtggtg gcgcagcccc gcccagaacc 
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cagaccttgc agttcgcatt tcctcctctg tccccacaca ttgcccaagg 

acgctccgtt tcaagttaca gatttcttaa aactaccact ttgtgtgcag 

ttgaaggccc ttgggcacaa tgagagccag tcctccaaac tttcagaaag 

tttcctgccc cttctggcag gctgccaatc accgggcggg agaaggaagg 

aggggaaggc ggtggaggga gcgagacaaa gggatggtcc ctcgggggcg 

gggatggcgg ggctgtcctg taggtctgtg cggccaccgt gattgcccct 

ctgcgcggtg cccgaagtcc cgctgaaacc tgccgagggc agcaggtctg 

aaagctgcag gcgctagttg cgcggaggtg gcgcagctgc tctggaggcg 

cagagcgaat acgtggtgtt tgggtgtggc cgccccgccc ctggcggttt 

cctcgttccc ctttggttaa tgcgcaactg tttcagattg caggaggaga 

tgcttcagag agaggaagcc gaaaacaccc tgcaatcttt cagacaggtt 

tgtagactct cttcccactc gcagccgcct gaccccaccc aacacaaccc 

acgagcaatt ctaaaagttg cttaactcac gtctaaaaag tgcaaaactt 

cagggctgcg cgtaaagccc tctagtggcg ggaagaccac aggttggagc 

ttctcatgat tagaaaaata ttaataaaac cccttgagcg a tt ttttttt 

tttttttgag acggagtctt actctgtcgc ccaggctgga gtgc agtggc 

gagatcttgg ctcactgcat cctccgcctc ccgggttcaa gcgatccttg 

aatgatttct aagcagttcc ttgggacata aagaaaaatc ttttaacttt 

ttactttgtt tcccaaatgt tgcacagttt tgcaacacat tgaccttctg 

gtttcgaacg gttacaattt tagattgtgg tttgccaaag tcaagttgc t 

taatttttac aaggccacaa aaagcgcaat tatgccctgc agtttaaaat 

g gaaaacgtg ttggaagata agaaaactta gtttccaact ggaatggagc 

cagcaagttt cttttcttct ttgcaaattc tattgtgtca ttaaagttcg 

atggaagtat cactatgcac aactattttg tgatc taata agggtgaaaa 

ggagccatct gtccccttgg ctaaggggta ttaatggttt ctatgggctt 

cactatggaa tgtagataca gacattctgg caaatgtggt ggctct ggac 
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agaaataata ggagtctttg tattcccagg gaagctttgc aacaggctac 

attcttactg aatatgtaat gatgtaagca cggttctaat tggacacaag 

tatttgctaa catccgttat ctaatatctg gcccagactt gagaagtagg 

taatgtaaaa agtttttaaa gctacaagca tacctcacat tttaaaagtc 

c t ttcttgat tgggttcttg tgttctttag cactcttgcc ataaaaaata 

ataacagtaa taaacccaag gctgaaaaac tgaattttaa ctaaagggtt 

tttgtgcgtg tttttttttt ttttcaccaa aattagatgg acttacagaa 

tttttaactt aaaattggaa tccaaaagcc agaagatccc cattatagtt 

tatagttgta ttccctggaa tatttactgg gattaactgc aaagcactct 

cagatgaata gtgtagtata acattttgaa actgaaatac at ttaccaaa 

ttaatttaac cacagcaatg tgtgtggttc attttagtcc ttgagcattt 

t tgattatca tacctgtcat gttttctgca gtgtagtgag ttaacataaa 

acaacat c aa tacaaaagat cctctgtttc gagattaagc aaaattcctc 

attctct t ca atgtgataga ataccacatt gatctttctt tggaggttag 

taaaatatct tttatgtatt tttcagggct taacaagtaa aaatcaatgt 

tttcatcaag tctgatcttt ttgtcaccca ctcttcattc atttttccac 

taaggtgata gaaaagtctc aacagtttaa gaccgtaagg ctatgaactc 

caaatataat tgctgacaag ataagcaatc ctcacgcatc cttttgagag 

gaaataaaa t cttagttgca agattacata ttctgatttg gaat:gctgag 

c tttttaaat ggaaatatag aaggacggct gaatcagcaa aaatccttta 

tgtagtttca ttctttgcaa gcttgaccag tcattctgaa acaggctaac 

tgaactgata cagtggcaag tgaaaaagac atgcctttac aggatgagt c 

aaaggagttt tagaagaaaa atccaccaga gaaag ccaag caaatacagt 

tcagagttac at ttcttttc catttt ttcc tgaactgaat ctttggcatg 

catatcctga attgggttat tgaatataaa tctagccttg tacaatggat 

gccagatgac tacatatt tg ctttggagcc taaggataag tttcaaaaga 

tttgagtgga gaagaaaagc taaaactctt gaagcacaag tttctgttct 
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ccatgtactc aagtgtacat gaagttgtga aaatttgtcc acctctatca 

tcatgttatt ccatgaaatt acaaaacaaa tcttaaaaat gttgtggcat 

agattttcta gatttaaaaa gtaattaaat taaatgaatt actttatttt 

ttgagacaga gtgtcactct gttgcccagg ctggagtgca gtggcactat 

gttggctcac tgcaacctct gcctcctggg ttgaagaaat tctcctgcct 

caacctccca agtagctggg actacaggca tgtgccacca cacccagcta 

atttttgtat ttttggtaga gacggggttt cgccatgttg gctaggctgg 

tctcgaactc ctgacctcaa gtgatccacc cgtctcagcc tcccaaagtg 

ctgggattac aggcataagc caccatgacc agccttaaaa agtaatttta 

aaatatcact ggtaaaatgt ggattcagtc atgattgagt gcagtttacc 

atgtgtgtgg acatttattt attttaaaat tgtctgatca ccaccttgag 

taaaacacaa gcagtcacaa ttaaaatata ttagtgagca ggagaaagca 

cagcatatta tagcactgaa tgatttataa acctattcca gggtcataaa 

atgtgtcaac ggcttttcta tagtaaggag actaggttca gatggttaat 

ctaagacaaa taaatgagat aagccataca cttttacatc ctccatgtcc 

tgtcttttct ctgttcaaaa taggatgttg acaatgcgtc tctggcacgt 

cttgaccttg aacgcaaagt ggaatctttg caagaagaga ttgccttttt 

gaagaaactc cacga a gagg ttagtggagt gactttcggg gaatgaatga 

gggtaaggca gcccccacgg ttggcagagc tgaccgtctg tctgttcttt 

ttgcaggaaa tccaggagct gcaggctcag attcaggaac agcatgtcca 

aatcgatgtg gatgttt cca a gcctgacct cacggctgcc ctgcgtgacg 

t a cgtcagca atatgaaagt gtggctgcca agaacctg ca ggaggcagaa 

gaa tggtaca aatccaaggt aggaaacaaa tcagtgcggc ttcaaccaaa 

gaaaagcatt gtgttctcaa aaccccatac ctgtgtgtga ttcctaaata 

tcctctagct ccaatgcaaa gctggctttg acttcttgct catattgtgt 

ttgccaccac agcctcccca ccactcacat cacctccttt atttatttat 

ttattttctt atttatttat gagacagagt cttgctctac tgcccaggct 
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ggagtgcagt ggcaacatct tggcacactg caacctccgc ctcccaggtt 

caagtgattc tcctgcctca gccccctaag agctggaacc acaggcaagc 

accaccatgc ccggctaatt tttgtatttt tagtagagat ggggtttcac 

catgttgacc aggcttctct caaactcctg acctcaggtg atccaccctc 

ctcagcctcc caaaatgttg ggattacagg catgcgccac cacgcctggc 

cacatcacct ccttcagaat agcagactct cttcccccta accttgcctc 

caagtaaacc ccaatgccat acctttgacc tccactgtgt tgaaatgagc 

actgtagagt gaactctgaa aatactaatg tcagtactcc actgctcttt 

ccctggcttt caaaacagaa atttaaacct atactggaag acattcagtg 

agaaatatga tttttttttt ctaagagagt caaaagactt gaatgtgagc 

aatctacatt tctgttttct tcccaacagt ttgctgacct ctctgaggct 

gccaaccgga acaatgacgc cctgcgccag gcaaagcagg agtccactga 

gtaccggaga caggtgcagt ccctcacctg tgaagtggat gcccttaaag 

gaaccgtgag taccaaccct gcagtaaaag agggaaaata atgacccatt 

ctgctgacta ggctcatgat gatacctgaa caaaatgttg agtgagtaaa 

aatgtatatc ataatgcaaa gaaaatgagt tatcaagaca gactcaaaag 

ggacttcatg gaactcttga aggttttagc ttgcctatat cattgcttct 

aatatgaagg acttggtact cgcattctcc acctaaaatt agagtggtcg 

ccatttgccg ctaatggaaa ttattgcaga aggtctgtaa atggttctgg 

gaacagctgg gtttttctga gaaataacac cagacatctt tctcaccccc 

tgcagaatga gtccctggaa cgccagat.gc gt.gaaat.gga agagaactct. 

gccgt tgaag ctgctaacta ccaagacact attggccgcc tgcaggatga 

gattcagaat atgaaggagg aaatggctcg tcaccttcgc gaataccaag 

acctgctcaa tgttaagatg gcccttgaca ttgagattgc cacctacagg 

aagctgctgg aaggcgagga gagcaggtag ggaactcaga ctt.ggatgcg 

tgaactaatg gtgaccactt gtt.aggccct gtgccactgg gctctaagca 

gtgtcacatt taatctttag aaagtttctt cgaggtaact gctttccact 
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ttttgtagag gaggaatttg aattgagaga gagtaagtga cttgctgaaa 

aagggttaat caacagcaga gctgggattt gaacccataa ctctgtcaaa 

gcctccactc ctaactcctg ttcatgctcc tgtggagaaa atgcttgtag 

taacatattt taaatgtact aacaagacca gtcatgggaa aatgtttctg 

agacaaatct ctagtttatg atttaaaaca gtacgttttc ttacgtgacg 

aaaacaaaaa gtgtgttaat ttgttcccag tggttgaagt tatttgccaa 

caattttact gtttctcttc atctgtttat aggatttctc tgcctcttcc 

aaacttttcc tccctgaacc tgagggg t aa gcattttatt tccctttagg 

aaaaacgtca gctgcttgta accactgtgt ttatgtcaaa gcattcattt 

tttttaggat atctgaaaaa atgccatata agagaaaact ctataaaaca 

tctataattt tcgaacccaa gtacactctt gcattctatg ctttaagtta 

aatgcaaact cctttttcct tcttcctgct gcaagtacta tctcatcctg 

atgctcaaga gtgtcagggc ctgggtttcc aaacagagac taccctaaaa 

ttatttggcg agtagtactt tacacaattg cctctccccc acaaatcata 

attgtttcag taaaatggtt acttggtttt tccaagaaaa aactcgtttt 

tactcatttt tggcctgttt gtttatttag aaactaatct ggattcactc 

cctctggttg atacccactc aaaaaggaca cttctgatta agacggttga 

aactagagat ggacaggttg gtatctttta aggaaaaaa t agggtaatc t 

cagacaggag ttgatatatt ttaaaatcag tgaatctgaa tctcagatac 

agctggctaa tttgagaggt tcaggtttca ttcatgccta ctaaaaaaag 

aataggcttc ttcttccagc agtacacaca gccaactaat tatttggctc 

c t ggatgtga agttgagata gcagtcttcc tgtgctccag aattagtgat 

ttgctttggt gcttaatttg aagtgggagt aagcttcctt aaaccac t tc 

ctaaagcagc tacatgaaac agcttcacta gactacctca atatgaggaa 

tgttttgatc ctggacatat ggtgtcttcc tac ctccata ctttatagat 

tcc taaaccc atc tatataa tacaagcatg tgccatacga tcatttagtt 

tcttattacc tcc ctatgcc aggaaagaaa tagttgcaa t t t attgtagt 
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catcatgaaa tcttcccttg cacataaatt taaaatgtac ctgctgcaca 

ttttaatatg tcttaattgc ttttaaactt ggctgtattg tgtacaacta 

ttataccatc ttttataaac acagtttttt aagaaatttc tttttgtaag 

ttacaacatt ccactggatc cttatattgc ctgtagtgga agagggtc tt 

gtgtgtctgc cccttctagt tttcactcat gcagaagcaa cataaccttc 

tgatttgcac aataaattac atatatttag caggattttt atttgccgtg 

atatatagga taatttagtc tttggcatgt ggcattatat ttattttggt 

tttttttttt aaacaggtta tcaacgaaac ttctcagcat cacgatgacc 

ttgaataaaa attgcacaca ctcagtgcag caatatatta ccagcaagaa 

taaaaaagaa atccatatct taaagaaaca gctttcaagt gcctttctgc 

agtttttcag gagcgcaaga tagatttgga ataggaataa gctctagttc 

ttaacaaccg acactcctac aagatttaga aaaaagttta caacataatc 

tagt t tacag aaaaa tcttg tgctagaata ctttttaa aa ggtattttga 

ataccattaa a a ctgctttt ttttttccag caagtatcca accaacttgg 

ttctgcttca ataaat cttt ggaaaaactc ttttgttgtg ttatttattg 

gataatatct aaacaattct ctacttggtc 
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9. APPENDIX 4: Probability values for Chapter 4 

Legend to the treatments abbreviations used in the following probabilities tables: 

PC: cells grown on plastic without staurosporine (except for Table A4.7, Table A4.8, 

Table A4.9 and Table A4.10: cell-free plastic without stauropsorinc) 

PS: cells grown on plastic with staurosporine 

CC: cells grown on the lens capsule without staurosporine (except for Table A4.7, 

Table A4.8, Table A4. 9 and Table A4.1 0: cell-free lens capsule without 

stauropsorinc) 

CS: cells grown on the lens capsule with staurosporine 

C2+9+: cell-free capsule with partially purified MMP-2/MMP-9 mix 

C2-: cells grown on the lens capsule with MMP-2 inhibitor without staurosporine 

C9-: cells grown on the lens capsule with MMP-9 inhibitor without staurosporine 

CS2-: cells grown on the lens capsule with MMP-2 inhibitor with staurosporinc 

CS9-: cells grown on the lens capsule with MMP-9 inhibitor with staurosporine 
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Table A4.1: t-test P values for Figure 4.1 Culture on the bovine lens capsule 

allows lens cells' viability in low-scrum culture medium. 

P values for Hest PC VS PS cc VS CS PC vs CC PS VS CS 

H36LE2 Repeat I NIA 0.02 <0.001 <0.001 

Repeat 2 NIA <0.001 0.03 0.002 

Repeat 3 NIA <0.001 <0.001 <0.001 

Table A4.2: AN OVA P values for Figure 4.1 Culture on the bovine lens capsule 

allows lens cells' viability in low-scrum culture medium. 

P values for ANOVA Repeat I vs Repeat 2 vs Repeat 3 

1-136LE2 PC PS cc CS 

NIA NIA 0.60 0.19 

NI A: non-applicable. Probabilities could not be calculated due to the absence 

of detectable viable cells in the corresponding treatment. 
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Table A4.3: t-test P values for Figure 4.4 FGF-2 medium levels. 

P values fort-test PC VS PS CC vs CS PC vs CC PS VS CS 

H36LE2 Repeat I 0.90 0.97 0.96 0.92 

Repeat 2 0.66 0.91 0.29 0.36 

Repeat 3 0.68 0.91 0.29 0.36 

MCF7 Repeat I 0.08 0.79 0.15 0.75 

Repeat 2 0.32 0.69 0.71 0.64 

Repeat 3 0.70 0.64 0.27 0.89 

Table A4.4: ANOV A P values for Figure 4.4 FGF-2 medium levels. 

P values for AN OVA Repeat l vs Repeal 2 vs Repeat 3 

H36LE2 PC PS cc CS 

0.42 0.26 0.84 0.31 

MCF7 PC PS cc CS 

0.25 0.63 0.31 0.96 
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Table A4.5: t-test P values for Figure 4.5 IGF-1 medium levels. 

P values for !-test PC VS PS cc VS CS PC VS cc PS VS CS 

H36LE2 Repeat l 0.42 0.55 0.30 0.25 

Repeat 2 0.46 0.45 0.17 0.81 

Repeat 3 0.25 0.45 0.03 <0.001 

MCF7 Repeat I 0.48 0.08 0.28 0.34 

Repeat2 0.12 0.15 0.58 0.01 

Repeat 3 0.02 0.20 0.09 0.02 

Table A4.6: AN OVA P values for Figure 4.5 IGF-1 medium levels. 

P values for ANOVA Repeat I vs Repeat 2 vs Repeal 3 

H36LE2 PC PS cc CS 

0.003 0.51 0.43 0.86 

MCF7 PC PS cc CS 

0.43 0.24 0.04 0.01 



Table A4. 7: t-test P values for 

Figure 4.6 FGF-2 and IGF-1 

medium levels in the absence of 

cells. 

P values for !-test PC vs CC 

FGF-2 Repeat I 0.11 

Repeat 2 0.06 

Repeat 3 0.14 

IGF-1 Repeat I 0.03 

Repeat 2 0.01 

Repeat 3 0.01 
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Table A4.8: ANOVA P values for Figure 4.6 FGF-2 and IGF-1 medium levels in 

the absence of cells. 

P values for ANOVA Repeat I vs Repeat 2 vs Repeat 3 

FGF-2 PC cc 

0.70 0.12 

IGF-1 PC cc 

0.66 0.13 
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Table A4.9: t-test P values for Figure 4.9 FGF-2 and IGF-1 medium levels in the 

presence of gelatinases. 

P values for !-test CC vs C2+9+ 

No cell Repeat I <0.001 

control Repeat 2 <0.001 

FGF-2 Repeat 3 <0.001 

No cell control Repeat I 0.90 

IGF-1 Repeat 2 0.40 

Repeat 3 0.04 

Table A4.10: ANOVA P values for Figure 4.9 FGF-2 and IGF-1 medium levels 

in the presence of gelatinases. 

P values for ANOV A Repeat I vs Repeat 2 vs Repeat 3 

No cell control FGF-2 cc C2+9+ 

0.80 0.18 

No cell control IGF-1 cc C2+9+ 

O.o? 0.05 
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Table A4.11: t-test P values for Figure 4.10: The effect of MMP 

inhibition on growth factors levels on the lens capsule. 

P values for Hest cc VS C2- cc VS C9- C2- vs C9-

H36LE2 Repeat I 0.17 0.01 0.04 

FGF-2 Repeat 2 0.37 0.36 0.97 

Repeat 3 0.21 0.34 0.90 

H36LE2 Repeat I 0.93 0.38 0.18 

IGF-1 Repeat 2 0.85 0.04 0.03 

Repeat 3 0.04 0.04 0.97 

Table A4.12: ANOVA P values for Figure 4.10: The effect of 

MMP inhibition on growth factors levels on the lens capsule. 

P values for AN OVA Repeat I vs Repeat 2 vs Repeat 3 

cc C2- C9-

H36LE2 FGF-2 0.61 0.06 0.59 

H36LE2 IGF-1 0.38 0.08 0.17 
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Table A4.l3: t-test P values for Figure 4.11: MMP-2 inhibition in lens epithelial 

cells affects cell viability on the lens capsule in the absence of staurosporine. 

P values for Hest cc VS C2- CC vs C9-

H36LE2 Repeat l 0.02 0.57 

Repeat 2 0.006 0.79 

Repeat 3 <0.001 0.53 

Table A4.14: ANOVA P values for Figure 4.11: MMP-2 inhibition in lens 

epithelial cells affects cell viability on the lens capsule in the absence of 

staurosporine. 

P values for AN OVA Repeat l vs Repeal 2 vs Repeat 3 

H36LE2 CC (A) C2- CC (B) C9-

0.61 0.36 0.79 0.06 
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Table A4.15: t-test P values for Figure 4.12: MMP-2 and MMP-9 inhibition do 

not decrease H36LE2 cells viability on the lens capsule in the presence of 

staurosporine. 

P values for !-test CS vs CS2- CS vs CS9-

H36LE2 Repeat 1 0.79 0.84 

Repeat 2 0.18 0.39 

Repeat 3 0.61 0.07 

Table A4.16: ANOVA P values for Figure 4.12: MMP-2 and MMP-9 inhibition 

do not decrease H36LE2 cells viability on the lens capsule in the presence of 

staurosporine. 

P values Repeat l vs Repeat 2 vs Repeat 3 

H36LE2 : between CS (A) CS2- CS (B) CS9-

repeats ANOV A 0.14 0.55 0.60 0.22 
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