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Abstract  

Introduction. The use of limbal stem cells as a cellular therapy has expanded over the 

last decade. Currently, the success rate of limbal stem cell transplantations is around 

76% with advanced donor age being a possible reason for this figure. Medium and 

oxygen concentration could also have a detrimental effect on the growth of these cells 

for transplantation. With age the limbus undergoes a topological change which could 

alter the stem cells surroundings. A mouse model of corneal ageing was also used to 

complement the human study and avoid culturing and tissue storage artefacts. 

Aims. The main aim of this thesis was to assess the effect of age on corneal epithelial 

progenitor cells. This then led to the question; is the mouse cornea affected by age and 

can interventions mediate these outcomes? And finally do culture conditions affect the 

growth of corneal epithelial stem cell containing cultures, and how does this relate to 

changes to the niche with age? 

Methods. Limbal derived progenitor cells were extracted from human corneosclearal 

disks donated for research. Cells were cultured either in LEM or DKSFM and either in 

hypoxia (3%) or normoxia (21%). Immunofluorescence, qPCR, TRAP assay, morphological 

and clonal analysis where used to assess progenitor composition. The mice used were 

strain B6.129S-Tert, tm1Yjc/J. Old/AL and DR mice were 22 months old, young were 3 

months old. Rapamycin treated mice were 16 months old and were treated for four 

months, starting at 12 months of age. Dietary restriction was implemented for a period 

of 16 months from 6 months of age, additionally in the mouse eye a DNA damage 

marker was also assessed, both telomeric and non-telomericly.  

Results and Conclusions. Age has a detrimental effect on the ability to culture a limbally 

derived clonal population. However age did not affect the levels of positive and negative 

gene expression markers or ΔNp63 protein level. Interestingly the time that corneal 

tissue is stored for did not affect the ability to isolate these progenitor cells. The growth 

of cells in hypoxia decreased negative marker KRT3 and senescence marker p21 

regardless of culture medium. 

 In the mouse model, age had a detrimental effect on the cornea with decreased 

TAp63, increased ɣH2A.X and TAFs. DR however, tended to have a beneficial effect on 

the mouse cornea. Interestingly rapamycin seems to be detrimental to the mouse 

cornea, with similarities with the effects of age.  
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Chapter 1 Introduction 

In the UK 2 million people are living with some degree of sight impairment (RNIB, 2013). 

Of those 2,520 are related to an increase in corneal opacity, caused by chemical or 

thermal injury, Stevens Johnson syndrome (SJS), aniridia and ocular cicatricial 

pemphigoid (Shortt et al., 2011). Loss of sight has a profound effect on an individual’s 

mobility, independence and mental wellbeing. Corneal disease can often be painful and 

difficult to treat. Modern advances in cellular therapies are improving the prognosis of 

thousands of people, these therapies however require further refinement to achieve 

higher success rates. The current therapy success rate for one of the most severe 

corneal diseases, limbal stem cell deficiency, is around 76% (Baylis et al., 2011). Little is 

known as to why some transplants fail. The effect of increased donor age and culture 

parameters are hypothesised to negativity impact upon the success rate of limbal stem 

cell transplantations. 

 The eye, cornea and stem cells 1.0

1.0.1 Cornea, structure and function 

The eye is a complex organ comprised of many cell types. Each region has a specific 

optical function to aid the transmission of light onto the retina. The cornea is an 

anatomical region at the front of the eye, at the anterior surface (figure 1.1). Being 

avascular in nature the cornea draws nutrients and oxygen from the tear film. The 

cornea is bordered by the conjunctiva, which functions to help lubricate the eye via 

mucus production and provide immune surveillance thanks to goblet cells within the 

epithelium.  

 The cornea is comprised of five layers: an epithelium, Bowman’s layer, stroma, 

Descemet’s membrane and the endothelium. The epithelium consist of around five 

layers, comprised of three cell types: a layer of columnar basal cells which are attached 

to the basement membrane, two to three layers of polyhedral wing cells and a 

squamous cell layer. 
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Figure 1.1 Diagrammatic representation of the eye  
Panel a is a horizontal cross section through the eye. Light is refracted initially by the cornea (panel, b), 
then by the lens focusing the photons on to the retina. Panel c depicts an anterior view of the eye.  

The basal cell layer is a monolayer of mitotically active cells in the corneal epithelium 

which provide the source of wing and squamous cells (figure 1.2 & 1.3). The wing cells 

are around 30-45μm in size and have a high keratin content which aids in the 

attachment of the cells to surrounding cells (Krachmer et al., 2005). Close adhesion 

prevents pathogens penetrating deeper into the tissue. It is presumed that wing cells are 

mitotically inactive to prevent the propagation of DNA damage events accumulated 

from ultra violet damage. UV irradiation causes the cross linking of pyrimidine bases. 

The dimers that form inhibit DNA polymerase and result in misincorporation of 

nucleotides, often initialling the DNA damage response (DDR) or even cell cycle arrest. 

During normal tissue homeostasis the wing cells migrate towards the anterior surface 

(Masters and Thaer, 1994). The surface of the epithelium is layered with flat scale like 

cells called squamous cells. Squamous cells have cilia on their surface which may play a 

role in acquiring nutrients from the tear film (Pfister, 1975). This arrangement classifies 

the corneal epithelium as a stratified squamous epithelium. 

 Beneath the basement membrane is Bowman’s layer, an acellular smooth, 

collagen rich membrane which separates the epithelium from the stroma (Wilson and 
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Hong, 2000). The stroma makes up the largest proportion of the cornea, like Bowman’s 

layer it is comprised of collagen fibres which are interwoven across the cornea (Coster, 

2002). These filaments are produced by keratocytes which are distributed throughout 

the stroma (Bron, 2001). Descemet’s membrane separates the stroma from the 

endothelium and is produced by endothelial cells. It is comprised of two main layers a 

posterior non-banded layer and an anterior banded layer, the main consistency of these 

layers is collagen IV and laminin (Kaufman et al., 1998). The function of this layer is 

thought to be implicated in maintaining the curvature of the cornea (Pipe, 1984). The 

endothelium is a layer of mitochondria rich cells which separates the anterior chamber 

from the stroma (figure 1.3). The cell layers major function is to transport solutes to and 

from the cornea. The endothelium keeps the cornea in a dehydrated state which helps 

to increase the optical properties (Kaufman et al., 1998).  

 The corneas’ function, to focus light onto the retina, requires the tissue to be 

transparent in nature. This allows photons to pass through without being scattered, 

allowing for image formation. The corneal epithelium is one of the first barriers which 

photons encounter when entering the eye. It prevents microorganisms from penetrating 

the deeper corneal tissue and acts as a barrier to other tissues of the surrounding area. 

The conjunctival epithelium would otherwise repopulate the cornea reducing its opacity. 

The maintenance of the clarity of the corneal epithelium is crucial to its function. The 

corneal epithelium has an incredible regenerative capacity, which is thanks to a pool of 

stem cells within the tissue. 

Figure 1.2 Schematic drawing of the human cornea  
The squamous cell layer is depicted as a grey monolayer at the surface of the cornea, beneath this reside 
wing cells. Basal cells reside on the basement membrane The stoma, shown in grey is the thickest section 
of the cornea. The stoma is boarded by Bowman’s layer and Descemet’s membrane. Distally the 
endothelium, shown as purple, barriers the aqueous humour. 
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Figure 1.3 In vivo confocal microscope images of the cornea  
a) Shows the large superficial cells on the corneal surface. B) Shows the wing cells beneath layer a-c) 
Depicts the basal cells d) Beneath the basal cells lie the nerve plexi. E) Keratocytes are present below the 
basal layer, these specialised fibroblasts are essential for the maintenance of the cornea. f) The final layer 
of the cornea is the endothelium. Not visible on these images is Bowman’s layer, as it is completely 
transparent. Images taken by Dr Oliver Baylis using the In vivo confocal microscope at Newcastle Royal 
Victoria Infirmary. 

1.0.1 Stem cells 

Stem cells were first defined in 1987 as cells which are capable of self renewal, 

producing exact replicas but also a large number of daughter cells which are able to 

differentiate into multiple cell types(Potten and Loeffler, 1987). 

Figure 1.4 Diagram showing the potency of stem cells  

Adapted from (Sell et al., 2004) Trophoblast stem cells have the highest level of potency (not shown), 
giving rise to both embryonic and placental linages. Embryonic stem cells give rise to the three germ 
layers, ectoderm, mesoderm and endoderm. Less potent stem cells within these layers then specialise to 
maintain specific tissues and organs. 
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Stem cells can be classified in a hierarchical manner (figure 1.4), firstly, totipotent stem 

cells give rise to both placental and embryonic lineages. Pluripotent stem cells give rise 

to only embryonic lineages, which later differentiate into stem cells and give rise to the 

three germ layers, the mesoderm, endoderm and ectoderm. Within these three germ 

layers multipotent cells give rise to different stem cells of differing organ origins. 

Haematopoietic stem cells are an example of multipotent stem cells, giving rise to 

lymphoid and myeloid progenitors (Ugarte and Forsberg, 2013). Another example of 

multipotent stem cells are mesenchymal stem cells which can differentiate into 

osteoblasts, chondrocytes and adipose (Uccelli et al., 2008). Oligopotent stem cells only 

give rise to the cells of one tissue type, be that through the multiple stem cell types. Bi 

and tri potent cells can produce two-three different cell types within a tissue. Limbal 

stem cells generate exclusively epithelial cells, which produce basal, wing and squamous 

cells, as shown by serial transplantations of the mouse cornea (Majo et al., 2008). These 

epithelial cells produced by stem cells where the focus of this thesis. The final 

classification is nullipotent; it refers to the non-stem cells which make up the majority of 

an organisms cell populations. These classifications have been challenged recently, with 

some evidence that lineage specific stem cells can actually give rise to other tissues 

(Mezey, 2011) with examples of bone marrow derived stem cells able to 

transdifferentiate into other germ layer derived cells such as the epithelial cells of the 

intestinal tract. Traditionally though, adult stem cells (or somatic stem cells), such as 

stem cells of the corneal epithelium, are present throughout the life of an organism and 

are responsible for the continuous maintenance of specific tissues and organs (Tarnok et 

al., 2010). Fibroblasts originating from the stromal limbus, however have been shown to 

have the potential to transdifferentiate, transforming from a mesoderm linage into 

ectoderm, eventually differentiating into corneal epithelial cells (Hashmani et al., 2013). 

This has implications for the specificity of limbal progenitor cell extractions. The 

methods by which limbal fibroblasts are transformed however, requires the use of 

specific embryonic stem cell medium (Katikireddy et al., 2014). The presence of these 

cells is significant as it is thought that they aid in the modelling of the limbal niche. This 

is postulated from their role in assisting other stem cells, such as mesenchymal stem 

cells (MSCs) whereby these cells aid the proliferation and differentiation of 

hematopoietic stem cells (HSCs) (Lu et al., 2006). 
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1.0.2 Corneal epithelial stem cells  

Corneal epithelial stem cells are often referred to as limbal stem cells (LSC), a name 

which originates from the anatomical region were these cells are thought to reside. 

Limbus, in medical terminology simply refers to a border between two parts. In the case 

of the anterior eye, the limbus is the region where the cornea and conjunctiva meet. 

Although not conclusively identified, there have been several key studies which link 

limbal stem cells to this region. Cultured cells from the epithelial surfaces of the eye 

show that cells derived from this region have the highest proliferative capacity (Ebato et 

al., 1988). Removal of the limbal region following wounding of the central cornea also 

leads to a lack of corneal re-epithelisation (Kruse et al., 1990; Chen and Tseng, 1991; 

Huang and Tseng, 1991). One of the most compelling studies in mice, used radio-labelled 

thymidine to show that cells in the limbus were slow cycling, however upon wounding 

began to cycle rapidly (Cotsarelis et al., 1989). 

 Limbal stem cell deficiency 1.0.2.1

Limbal stem cell deficiency (LSCD) is caused by a loss of LSCs, often the result of chemical 

or thermal injuries, directly destroying the stem cells or their niche. In some cases LSCD 

can be the result of congenital factors such as aniridia (absence of the iris), SJS or 

ectodermal dysplasia. Without these progenitor cells the cornea cannot be replenished. 

This in turn leads to cells of conjunctival origin migrating over the cornea and colonising. 

LSCD is characterised by a clouding and conjunctivalisation of the cornea accompanied 

by vascularisation (Puangsricharern and Tseng, 1995) (figure 1.5). Historically, LSCD was 

treated by cornea transplantation, this provided improved sight for a limited amount of 

time, however conjunctival ingrowths persisted, as the deficiency of limbal stem cell is 

not corrected (Dua et al., 2010). Today patients can be treated with autolimbal 

transplantations, either autografts (from fellow eye) or allografts (from relative or 

cadaver). The process involves removing a small 5mm x 2mm section of the 

conjunctiva/corneal limbus and expanding the cells from the tissue piece in culture 

(Pellegrini et al., 1997). These sections are called explants and are placed on human 

amitotic membranes (HAM), initially a monolayer of cells grow outward from the tissue 

section (Grueterich et al., 2003). Amniotic membranes are comprised of a simple 

epithelial cell layer which is anchored to a basement membrane, separating it from the 

stromal tissue. HAM is used to provide a base for cells to expand into, extracellular 
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complexes and cytokines (Koizumi et al., 2000). Once the explant has expanded to 

around 4cm2 it is transplanted along with the HAM which then acts as a biological 

dressing. 

 

Figure 1.5 An eye afflicted with LSCD  
Picture adapted from Ahmad et al., 2006. Conjunctival tissue migrates to cover the cornea reducing the 
opacity. The ingrowth of conjunctival cells brings vascularisation.  

 The corneal epithelial stem cell hypothesis 1.0.2.2

The corneal epithelial stem cell (CESC) hypothesis suggests that stem cells are 

distributed over the entire corneal epithelial basal layer and that stem cells in the limbus 

are only activated during injury. This hypothesis was suggested following experiments 

on transgenic β-gal-ROSA26 mice whereby tissue was excised from both the limbus and 

central corneal regions and transplanted into other mice. The mouse corneas were then 

wounded and the donor cells tracked after sacrifice using β-gal staining. Those donor 

cells from the limbal region only migrated during wound healing, in unwounded mice 

however there was little migration of the cells from the limbal area. Suggesting that 

maintenance of the corneal epithelium is dictated by progenitors throughout the entire 

cornea (Majo et al., 2008) (figure 1.6, b). No experimental evidence however was 

presented which stated that these cells could be isolated and expanded in culture. In 

humans evidence exists which shows that ex-vivo wound healing is independent of the 

limbus and occurred when the limbus was destroyed (Chang et al., 2008). The time 

period in which this was performed however was rather short (12 hours). Any limbal 

involvement could have taken longer than the test period. The findings Cheng and 

colleagues observed may have been mediated by transit amplifying cells (TAC), present 

in the peripheral cornea (Lavker et al., 1991). TACs expand rapidly a finite number of 

times producing large numbers of cells before differentiating (Tseng, 1989).  

 The ability to establish successful cultures from the cornea is essential for cellular 
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therapeutic reasons. The central cornea was shown to possess clonogenic cells which 

could be cultured suggesting that this region possesses oligopotency (Chang et al., 

2011). In clinical practice, patients with total LSCD still have selected regions of corneal 

epithelium which persists after the limbus has been destroyed (Dua et al., 2009). 

Currently the CESC hypothesis is gaining some ground, however it remains to be seen if 

true progenitors exist within the central cornea or if transit amplifying cells (TAC’s) have 

a greater potency than previously accepted. 

 The limbal epithelial stem cell hypothesis.  1.0.2.3

The limbal epithelial stem cell hypothesis (LESC) suggests that corneal epithelial stem 

cells are located in the limbus (as stated previously). Subsequent progeny migrate 

centripetally replenishing the cornea. This hypothesis is also referred to as the XYZ 

hypothesis (Thoft and Friend, 1983) (figure 1.6, a), whereby X+Y=Z, X represents the 

proliferation of basal cells and subsequent movement towards the tear film. Y is the 

migration of cells from the peripheral cornea (limbus) inwards towards the central 

region. Z is the loss of squamous cells from the surface. The movement of cells up 

through the strata has been documented a number of times (Hanna and O'Brien, 1960; 

Hanna et al., 1961; Schermer et al., 1986; Lavker et al., 1991). In rabbits the replacement 

of a host corneal epithelium after donor grafts occurs from the limbal zone (Kinoshita et 

al., 1981).  

 Using a thymidine label in mice and wounding the central cornea indicated a pool 

of label retaining cells within the limbus (Cotsarelis et al., 1989) which was later 

confirmed using a non-wounding model (Lehrer et al., 1998). In KRT5LacZ/-1  mice, β-

galactosidase positive cells have been shown to migrate in stripes originating from the 

limbus moving centripetally.  

 In humans Pellegrini and colleagues proved that holoclones, colonies which 

contain the highest proportion of progenitor cells in epithelia, could only be isolated 

from the limbus (Pellegrini et al., 1999). In treatment of LCSD, a replacement of the 

central cornea does not recover the limbus, however small pieces of the limbus can 

eventually regenerate other limbi and the central cornea (Kenyon and Tseng, 1989; 

Frucht-Pery et al., 1998).  
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Figure 1.6 Corneal epithelial stem cell hypotheses  
Cross sectional view of the cornea. The LESC hypothesis, a, implicates the movement of TAC cells 
centripetally, shown as the reduction red colouration of the basal cells. The CESC hypothesis on the other 
hand suggests that progenitor cells are located in the central regions as well as peripherally (b). 

The LESC hypothesis is currently the most widely accepted theory due to the wealth of 

publications in favour of this paradigm.  

 Corneal epithelial stem cell culture 1.0.2.4

The culture of LSCs is performed using adherent cell culture or organotypic systems. 

Cells are normally isolated from a heterogeneous population of cells. Early attempts to 

cultivate skin and corneal epithelium failed because of the heterogeneity, cultures 

would become contaminated with fibroblasts from other areas of the tissue (Flaxman et 

al., 1967; Fusenig and Worst, 1974; Newsome et al., 1974). Fibroblasts have a higher 

growth rate compared to epithelial cells and overwhelmed the cultures. The major 

advance in epithelial cell culture arose when mouse fibroblasts (3T3) were co-cultured 

with epithelial cells (Sun and Green, 1977). These 3T3 cells were generated from 

randomly bred Swiss mouse embryos (Todaro and Green, 1963). Unlike native 

fibroblasts in the culture the mouse fibroblasts are mitotically inactivated with 

mitomycin C or irradiation (Rheinwald, 1980; Freshney et al., 2002). Mitomycin creates 

DNA crosslinks targeting guanine residues, this leads to interference at CpG islands 

which normally sit upstream of promoter regions. Such major genetic disruption 

activates DNA damage proteins initiating cell cycle arrest, preventing any further 

proliferation. The 3T3 “feeder” layer is thought to perform a number of functions: firstly, 
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it inhibits the growth of native fibroblasts from the primary isolate. Fibroblasts are 

sensitive to contact inhibition, whilst epithelial cells are not (Abercrombie, 1970). This 

creates a selection pressure favouring epithelial cells. Secondly, it is thought that the 

extracellular matrices which are produced by the mouse fibroblasts allow for easy 

anchorage to the culture surface, aiding in initial cellular growth (Alitalo et al., 1982). 

Finally, while the fibroblasts are mitotically inactive they are still metabolically active, 

secreting growth factors which could be beneficial to epithelial cell growth. In recent 

years the move away from animal/human co-cultures and the use of animal derivatives 

has driven the culture of epithelial cells into xenobiotic free conditions (Sangwan et al., 

2011). These conditions allow direct comparison with clinical cell culture practices, and 

promote the standardisation of medium. In particular the removal of serum, a cocktail of 

undefined substances, from the medium is a big step for standardisation. 

 Methods for determining culture quality 1.0.2.5

The isolation and subsequent culture of single epithelial cells can yield three different 

types of colony. The study of these clonally derived colonies is called clonal analysis 

(Barrandon and Green, 1985; Barrandon and Green, 1987). The three clone types are 

holoclones, meroclones and paraclones. Holoclones produce the largest colonies, which 

have smooth defined edges. Holoclones are thought to contain the highest proportion of 

progenitors, as subcultures of these clones produce the least number of terminal 

colonies. Meroclones give rise to more irregular colonies which are smaller than 

holoclone colonies. When cultured, they produce more terminal colonies than 

holoclones. Meroclones are hypothesised to consist of mainly transit amplifying cells. 

Finally, paraclones produce small, highly irregular colonies, which have a low ability to 

be subcultured. These colonies are thought to contain mainly terminally differentiated 

cells. It has previously been shown that holoclones are limited to the limbus and have 

high expression of the marker gene ΔNp63α (Pellegrini et al., 2001; Di Iorio et al., 2005). 

Clonal analysis can be a useful tool for determining the proportion of progenitor cells 

within a culture.  

 Other methods which could be used are side population analysis to determine 

the number of cells which have an increased ability to efflux exogenous dyes, an 

upregulated property of stem cells which helps to exclude potentially damaging 

extracellular molecules. Another method of determining if a culture contains stem cells 
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is to exploit their normal slow cell cycling rate by adding bromodeoxyuridine (BrdU) or 

tritiated thymidine by incorporating into DNA replacing thymidine nucleobases. The 

greater number of replications the more diluted these nucleobases become in the 

genome replaced with endogenous thymine, as shown recently by Ksander and 

colleagues in limbal progenitor cells (Ksander et al., 2014). Due to the low cycling of 

stem cells, these cells are often described as “label retaining cells”. Another observation 

can be made referring to the morphology of stem cells, by measuring the nucleus to 

cytoplasm ratio. Stem cells and cancer cells have a large nucleus to cytoplasm ratio, 

often distinqishing them from other cells. Arpitha and colleagues used this technique to 

try to characterise limbal stem cells, however limbal progentors are indistinquishable 

from the transit amplifying cell population (Arpitha et al., 2005).  

 The stem cell niche and putative limbal epithelial stem cell markers. 1.1

1.1.1 Corneal stem cell niche 

Regions in which stem cells reside are called niches. A stem cell niche is a specialised 

microenvironment containing extracellular matrix components which can influence stem 

cell function. Niches are normally a combination of anatomical architecture and 

biochemically distinct regions. The limbal niche is not a clear defined area, unlike the 

hair follicle bulge and intestinal crypts. Suggestions have been made that limbal 

epithelial crypts and focal stromal projections have niche like qualities (Dua et al., 2005; 

Shortt et al., 2007) (figure 1.6). The projections bring the potential stem cells closer to 

stromal vasculature (Gipson, 1989). Another area considered as potentially harbouring 

limbal stem cells are the palisades of Vogt. The palisades of Vogt are fibrovascular ridges 

at the corneoscleral limbus (Goldberg and Bron, 1982; Townsend, 1991). Their structure 

resembles other niches morphologically and contains a high proportion of melanocytes 

suggesting a possible protective role against UV in the form of melanin (figure 1.7). 

However there is no conclusive evidence which puts limbal stem cells within these 

structures (Li et al., 2007). 
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Figure 1.7 The hypothetical limbal stem cell niche  
It is hypothesised that limbal stem cells reside within limbal crypts or the palisades of Vogt (inlayed 
image). In vivo confocal microscope image taken by Dr Oliver Baylis.  

1.1.2 Corneal marker genes. 

One of the main reasons for the lack of clarity on niche position is down to the lack of 

corneal stem cell specific markers. In this study the following genes were chosen: TP63 

(ΔN- α isoform), ABCG2, BMI1, TERT, KRT3, KRT12 and p21 (CDKN1A). 

 TP63 1.1.2.1

p63 or TP63 is a tumour suppressor protein related to the transcription factor p53 in its 

structure and function. The p63 protein was first identified as an important factor in 

epidermal development by Yang and Mills independently in the late 1990’s in mouse 

models (Yang et al., 1998; Mills et al., 1999). The knockout mice contained terminally 

differentiated suprabasal keratinocytes but no stem cells in the basal layers. At the 

molecular biological level p63 has two promoters, encoding for two unique groups of 

proteins (Levrero et al., 1999). 
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Figure 1.8 The alternative promoters and splicing of p63 adapted from Levrero et al (1999)  
Exons are numbered 1 to 15, with different splice variants connected by alternating connecting lines. TA-
p63α is composed of all 15 exons, TA-p63β contains all exons excluding 13, TA-p63γ is the shortest TA-p63 
isoform missing exons 11 to 14. TA-p63 and ΔNp63 proteins contain the DNA binding domain and 
tetramerization domain (ISO). The DNA binding domain interacts with promoter sequences driving the 
expression of other genes. Tetramerization domains help with the formation of the proteins tertiary 
structure. Variation arises in the presence of a sterile alpha-motif (SAM), these domains are protein 
interaction modules which can homo or hetero oligomerise (Peterson et al., 1997). SAM domains have 
also been shown to interact with RNA and other molecules. In addition to the afore mentioned domains 
the ΔNp63α protein also contains a transactivation-inhibitory domain, this domain can bind to the 
transactivation domain rendering the TA-p63 protein non functional (Koster et al., 2004). The TA-p63α 
also contains this domain and can directly inhibit its own activity. 
 

 The two distinct forms of p63 are TAp63 and ΔNp63, distinguished by their 

alternative N-terminus arrangements (figure 1.8). Each of these two proteins has three 

splice variants α, β and γ which alter the C-terminus. Alpha isoforms include a 

transactivation-inhibitory domain which can inhibit TAp63 proteins. In humans inhibition 

of TAp63 promotes the maturation and subsequent differentiation of epidermal cells 

(Mills et al., 1999). 

  Up-regulation of p63 does not necessarily lead to enhanced transcriptional 

activation of other genes. Cleavage of α subunits from both proteins must take place for 

any wide scale transcriptional shift. During apoptosis caspases (3,6,7 and 8) can cleave 

the α subunit allowing p63 to activate genes such as BAX, MDM2 and p21 (Yang et al., 

1998), leading to cell cycle arrest at G1 and G2 checkpoints by activating Cdk4,2 and 6. 

Interestingly, all ΔNp63 isoforms can inhibit p53 which is upstream of p21 in most 

damage induction pathways (Serber et al., 2002). However it has also been suggested 

that an isoform of p63 interacts with p57Kip2 which allows cell cycle progression at this 

point (Su and Flores, 2009).  
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 P63 is debated as a true stem cell marker with a number of papers questioning 

its specificity. Di Iorio and colleagues stated that only ΔNp63α is present in limbal 

epithelial cells and only when stimulated by wounding in vivo (Di Iorio et al., 2005). It is 

thought that as cells migrate from the limbal region, their gene expression changes to 

allow for a higher proliferative rate (figure 1.9). 

Figure 1.9 Diagram showing the differential expression of p63 and its isoforms throughout the limbus 
and cornea adapted from Pellegrini et al (2009) 
ΔNp63α is expressed in resting stem cells and in early transiently amplifying cells (TA). ΔNp63β and 
ΔNp63γ on the other hand, are expressed in the terminally differentiated cells of the cornea. 

  Senoo et al (2007) found that 94% of rat thymic epithelial cells, cultured in a 

similar medium composition, e.g. insulin, EGF, 3,3-5-triiodo-L-thyronine, hydrocortisone, 

adenine, cholera toxin in DMEM/Ham's F12, 10% fetal bovine serum and on 3T3’s, 

similar to limbal epithelial stem cell culture, expressed p63. The authors suggested that 

the conditions in which epithelial cells are grown have a major impact on the gene 

expression, however the specific p63 isoform was not stated (Senoo et al., 2007).  

 ABCG2 1.1.2.2

ABCG2 is a cell membrane protein found on most cells however it is upregulated in adult 

stem cells, and as such a common marker. ABCG2 belongs to a large group of ABC 

transporters which are highly conserved within the eukaryote kingdom. The transporters 

use the hydrolysis of adenosine triphosphate as an energy source to translocate large 

molecules such as lipids and mRNA molecules. ABCG2 codes for protein ATP binding 

cassettes which homodimerise (Krishnamurthy and Schuetz, 2006) to form pumps which 

move various molecules out of the cell. This ability to pump exogenous xenotoxins and 

endogenous compounds out of the cell leads to the classification of ABCG2 as drug 

resistance protein. One such role is in the transport of porphyrins such as haem which 

are endogenous compounds. Haem is pumped out of the cell in hypoxic conditions, 
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without oxygen very little haem is produced and intermediary compounds build up, such 

as protoporphyrin, leading to toxicity. The up-regulation of ABCG2 in stem cells is 

thought to serve in the protection of the genome from mutagenic factors, such as free 

unpaired cations, in these slow cycling cells. ABCG2 was demonstrated as being 

expressed in basal limbal cells in vivo and at high levels in primary limbal epithelial 

cultures (de Paiva et al., 2005). ABCG2 can be used to identify a sub-population of cells 

via fluorescence activated cell sorting, this population is called a side population as it is 

distinguished via a differential staining or lack of it, relative to the main population of 

cells. Recently, it has been shown that limbal epithelial cell side populations positive for 

ABCG2 decrease with age, suggesting that this gene is a good marker of stem and TAC in 

the context of ageing (Chang et al., 2011). It is important to consider however, that all 

cells have ABCG2 on their surface and can efflux staining dyes, so identification of cells 

via ABCG2 requires additional confirmatory markers. 

 BMI1 1.1.2.3

BMI1 is a polycomb ring finger oncogene. Polycomb proteins are transcriptional 

repressors able to silence epigenetic signals which help to determine cell identity 

(Sparmann and van Lohuizen, 2006). BMI1 can also be used to distinguish senescence 

from quiescence, as BMI1 is down regulated in senescence but not in quiescence (Park 

et al., 2004). BMI1 regulates the expression of p16INK4A and p19Arf (Lessard and 

Sauvageau, 2003) which are important cell cycle checkpoint proteins. Inactivation of p19 

has the downstream effect of down regulating p53, preventing cell cycle arrest, through 

the p21 mediated pathway. Inactivation of p16INK4A affects the G0 to G1 cell cycle 

checkpoints. Without p16INK4A cyclin D can accumulate and complex with CDK4/6 

inhibiting its kinase ability, pRb can then become hyperphosphorylated and is unable to 

bind to the E2F transcription factor resulting in cell cycle progression. So far BMI1 has 

been shown to be involved in the self-renewal of intestinal, haematopoietic (HSC) and 

neural stem cells (Molofsky et al., 2003; Iwama et al., 2004; Sangiorgi and Capecchi, 

2008). Importantly, BMI1 was found to identify potential limbal stem cells in a quiescent 

state (Barbaro et al., 2007).  

 In addition to its cell cycle roles BMI1 may also regulate telomerase reverse 

transcriptase (TERT) expression (see 1.1.2..4). In human mammary epithelial cells lines 

over expression of BMI1 leads to extended replicative lifespan in culture. It is likely that 
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BMI1 acts by down regulating a mediator of telomerase (Pietersen et al., 2008). 

Interestingly the effect seems to be cell type specific with over expression of BMI1 not 

inducing TERT in human fibroblasts (Dimri et al., 2002). 

 TERT 1.1.2.4

Telomerase consists of a catalytic subunit TERT and an RNA component TERC, the 

enzyme uses the RNA template to reverse transcribe terminal regions of chromosomes. 

In somatic cells, the telomeres are eroded due to the “end replication problem” as well 

as oxidative stress (von Zglinicki, 2000). The end replication problem is a phenomenon 

whereby terminal telomeric sequences are omitted from synthesis due to the binding of 

an RNA primer, during DNA replication of the lagging strand. DNA polymerase works 

exclusively in a 5’-3’ direction, to replicate the lagging strand. RNA primers are needed 

to allow the polymerase to synthesise small sequences called Okazaki fragments 

(Okazaki and Okazaki, 1969). These fragments are then ligated together by DNA ligase. 

However during this process the terminal binding of the RNA primer prevents addition 

of nucleotides to the section, resulting in exposed overhangs and the loss of the section 

during consecutive replication events.  

 In vivo, adult stem cells are slow dividing cells, however often long lived. 

Telomerase is thus required to maintain the telomeres and plays a major role in the self-

renewal properties of stem cells (Hiyama and Hiyama, 2007). The importance of 

telomerase in stem cells is highlighted by knockdown of the RNA component (TERC) in 

embryonic stem cells, which leads to a loss of their immortality (Niida et al., 1998). 

There is substantial evidence of non-telomere related functions of TERT, so called non-

canonical functions. These functions include the activation of Wnt, Myc signalling (Park 

et al., 2009) and improved DNA damage repair kinetics (Sharma et al., 2003). TERT has 

also been shown to reduce ROS production and increase the mitochondria membrane 

potential (Ahmed et al., 2008; Singhapol et al., 2013). All of these factors help to 

maintain the integrity of the genome in stem cells.  

 In the corneal epithelium, TERT is thought to be expressed in limbal epithelial 

cells and immediate TAC, similar to what is observed in the haematopoietic system (Chiu 

et al., 1996; Umemoto et al., 2006). Specifically in cultured limbal epithelial cells 

telomerase activity was not affected by advanced age (Notara et al., 2013), however 

assessing TERT at the mRNA level was neglected. 
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 KRT3 and 12 1.1.2.5

Keratin (K) 3 and K12 are intermediate filament proteins which form heterodimers and 

polymerise to the intermediate filaments (Moll et al., 1982). K3 is a basic type 

intermediate filament protein, while K12 is acidic, both K3 and K12 correlate with more 

differentiated cells of the corneal epithelium (Schermer et al., 1986; Kurpakus et al., 

1990). In vivo, KRT3 is expressed throughout the corneal epithelium, but is absent in the 

basal layer of the limbus. During the process of airlifting, differentiation is induced, 

encouraging stratification of a culture. This is done by reducing the medium level, 

exposing cells to the  overall result of which leads to increased expression of KRT12 and 

3 (Osei-Bempong et al., 2009). In this study, expression of KRT12 and KRT3 were used as 

negative markers of limbal progenitor cells. 

 p21 1.1.2.6

Cyclin dependent kinase inhibitor 1 (CDKN1A) or p21 is a key cell cycle progression 

protein. G1 is the cell cycle phase in which cyclin D/CDK4 and E/CDK2 promote further 

proliferation. The protein p21 regulates cell cycle progression at the G1-S phase by 

inhibiting the kinase component and preventing subsequent activation of cyclins (Gartel 

and Radhakrishnan, 2005). CDK4 phosphorylates the retinoblastoma gene product (Rb). 

The phosphorylation of Rb causes the release of the normally tightly bound E2F. E2F is a 

major transcription factor which triggers downstream initiation of DNA synthesis 

proteins and other cell cycle related cyclins. 

  One of the classical methods by which p21 is activated is in response to DNA 

damage, mediated through p53 (Eldeiry et al., 1993; Dulic et al., 1994). This response 

protects the genome from propagating potentially deleterious mutations. It is at this 

point which p21 can initiate apoptosis or senescence, thus increases in p21 expression 

are indicative of increased DNA damage and subsequent senescence induction. 

1.1.3 Oxygen tension, the culture of limbal epithelial cells and the niche 

Human LSCs are conventionally grown in atmospheric oxygen conditions (21%). In recent 

years the importance of oxygen in the regulation of cultured cells has been recognised 

(Csete, 2005; Saretzki, 2011). Physiologically the concentration of oxygen is significantly 

different from atmospheric conditions. It has been suggested that the oxygen tension 

for the culture of stem cells should mimic those with which these progenitor cells would 

normally encounter in vivo. Internally normal physiological oxygen concentrations vary 
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dependent on the tissue, in bone barrow for example 0% can be found, whereas 

(Tondevold et al., 1979) 14% is common in the lungs (Saltzman et al., 2003). These 

tensions are both much different from atmospheric conditions. 

 A number of stem cells are already cultured in hypoxic conditions, those include 

embryonic, neural, haematopoietic and mesenchymal (Danet et al., 2003; Ezashi et al., 

2005; Prasad et al., 2009; Estrada et al., 2012). Culturing LSCs in hypoxia is still highly 

controversial. Currently there are only five papers which have studied the effects. The 

papers cover a diverse number of organisms and medium types, with studies in mice, 

rabbits and humans in defined keratinocyte serum free medium (DKSFM), limbal 

epithelial medium (LEM) and Epilife (See 2.2.1 and appendix D). In addition to this each 

study varied in the oxygen tensions used for hypoxic cultivation of LSCs (2-15%). The 

earliest paper which studied the effect of hypoxia on human cells in DKSFM, initially 

indicated that hypoxia is beneficial for the growth of these cells (Miyashita et al., 2007). 

Miyashita and colleagues showed that the number of colonies formed in hypoxia was 

greater than those in normoxia. In addition, the expression of the negative marker gene 

KRT3 was also shown to decrease in hypoxia compared to normoxia using RT-PCR. 

Immunofluorescence of the positive marker gene K15 however showed no change 

between oxygen tensions (Miyashita et al., 2007). Four years later, three papers where 

published, one of which contradicted the findings of Miyashita and colleagues. Colony 

forming assays on rabbit corneal epithelial cells showed a decreased in hypoxia. RT-PCR 

however was unable to show any significance between the conditions with both ABCG2 

and ΔNp63α. These results were however generated using corneal epithelial cells from 

rabbit cultured in LEM (O'Callaghan et al., 2011). By contrast, in mice, colony forming 

ability was greater in hypoxia, with DKSFM as the medium used in this paper (Ma and 

Liu, 2011). The group also noted that cells cultured in hypoxia reached confluence 

quicker than those in normoxia. Immunofluorescence of ΔNp63 and K19 were used as 

positive markers, however it was not commented upon if there was a statistical 

difference between the conditions (Ma and Liu, 2011). Cells isolated from mice, however 

tend to grow better in hypoxic conditions, namely due to their reduced tolerance to 

oxidative stress (Parrinello et al., 2003). To add to the plethora of experimental 

conditions in which hypoxia has been tested, Li and colleagues studied the effects of 

different oxygen tensions on limbal explants from both rabbit and human (Li et al., 
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2011). The proliferation marker Ki67 was more prominent in hypoxic cultured airlifted 

explants compared to those in normoxia. The positive stem cell markers p63 and K14 on 

the other hand increased in normoxia. K14 is a type I intermediate filament protein 

which is associated with progenitor cells (Zhao et al., 2008). The authors noted that in 

hypoxia the localisation of p63 became more nuclear. Greater accumulation of p63 in 

the nucleus suggests that the protein is having a more prominent effect on the 

expression of other genes in hypoxia. Confusingly, the paper then goes on to state that 

Western blotting confirmed the up-regulation of Ki67, p63 and K14 in hypoxia 

contradicting there previous data on p63 and K14. Overall, the paper states that human 

explants undergoing airlifting have enhanced proliferation compared to normoxic 

counterparts (Li et al., 2011). This paper also studied epithelial sheets derived from 

rabbit corneas, these were also airlifted to induce stratification (Kinoshita et al., 2004). 

Immunofluorescence was used to study the proteins K10 and K12, which are both 

makers of epithelial differentiation. K10 was expressed in epithelial sheets cultured 

under normoxia, however it was not present in hypoxia. K12 on the other hand, was 

present in both conditions. These results were confirmed using RT-PCR, indicating that 

hypoxia has a clear effect on the expression of certain keratins in the cornea.  

 The most recent study by Bath and colleagues was the most comprehensive, with 

experiments in both a serum free condition (Epilife) and using the traditional LEM. In 

LEM they noted that colony forming ability tended to increase in hypoxia. This agrees 

with both Miyashita and Ma, who however, grew their cells in DKSFM. Colony forming 

efficiencies were not performed under serum free conditions by Bath and colleagues 

boding to an objection to the ability to distinguish individual colonies (Bath et al., 2013). 

Immunofluorescence for the positive markers ΔNp63, ABCG2 and the negative marker 

K3 was used in their study. Generally, in LEM no detectable difference was observed in 

the positive markers, except at 15% oxygen which decreased both ΔNp63 and ABCG2 at 

the protein level. Interestingly K3 was increased at this oxygen tension, while further 

reductions in oxygen decreased the amount of K3. Serum free conditions differed from 

those observed in LEM. The positive marker ΔNp63 increased in hypoxia, ABCG2 on the 

other hand had a more complicated expression pattern, initially decreasing with 

reducing oxygen, however increasing at 2% oxygen. The converse was true for K3 which 

increased initially, decreasing at 5% and 2%. It is clear from these results that more 
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research is required to determine if hypoxia is a beneficial condition in which to culture 

limbal epithelial cells.  

 The limbal niche, as mentioned previously, cannot be firmly identified due to a 

lack of true stem cell marker genes. However, if one assumes that the stem cells 

originate from the limbus, it is possible to extrapolate the hypothetical oxygen 

concentration to which these cells may be exposed to in vivo (figure 1.10).  

Figure 1.10 The in vivo concentration of oxygen in the cornea  
Panel a and c desribe existing theories of oxygen permeability (Lin, 1976; Brennan, 2005). Panel b, shows 
the surface oxygen concentration, the partial pressure of oxygen highlighted in the grey box is around 
60mmHg (7.8%) (Takatori et al., 2012). Panel d, extrapolates the effect the new values discovered in panel 
b,.Towards the basal layer the mmHg of oxygen could reach as low as 10-15, resulting in a concentration 
of around 1.3-2%. 

The oxygen tension of the cornea is difficult to measure, as it fluctuates with the 

opening and closing of the lid. Traditionally mathematical equations predicted the 

partial pressure of oxygen (Lin, 1976) (figure 1.10, b) or crude invasive measures were 

used (Kwan et al., 1972). One of the major draw backs of Kwan’s method was that 

breaching the tissue allowed oxygen to contaminate the true in vivo measurements. In 

2002 Stucker and colleagues used a fluxoptode to measure the oxygen supply to the 

dermis and epidermis. Their results suggested that the epidermis received around 
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140mmHg (18%) while the dermis is around 50mm Hg (6%) (Stucker et al., 2002). Recent 

studies used advanced microelectrodes (Clark) to measure corneal surface oxygen in a 

less invasive manner (Takatori et al., 2012). Using this method the authors found the 

surface of the corneal epithelium had an oxygen level of around 60mm Hg (7.8%). These 

values are representative of central corneal region while, the limbus is juxtaposed to the 

conjunctiva, thus it is closer to vasculature of this region (figure 1.11). 

Figure 1.11 Hypothetical oxygen tension in the limbal niche  
The basement membrane is hypothesised as being at around 1.3-5% oxygen (Takatori et al., 2012), whilst 

peripheral capillaries contain about 0.5-2.6% oxygen (Brahimi-Horn and Pouyssegur, 2007).  

Hypoxia triggers the formation of a heterodimer consisting of the constitutively active 

aryl hydrocarbon receptor nuclear translocator (ARNT) (Kallio et al., 1997) and hypoxia 

inducible factor HIF-1α (Huang et al., 1996). HIF-1α is the limiting protein in HIF-1 

formation. In hypoxia, HIF-1α can accumulate because of the reduction in hydroxylation 

at specific proline residues and acetylation of lysine amino acids. These modifications 

occur in the oxygen dependent degradation domain (ODDD) of HIF-1 α by 2-oxoglutarate 

(2-OG)-dependent dioxygenase via hydroxylation (Srinivas et al., 1999) and arrest-

defective-1 (ARD1) via acetylation (Jeong et al., 2002). In normoxia these residues would 

elicit the von Hippel-Lindau ubiquitin E3 complex (pVHL) causing ubiquitination and 

subsequent proteasomal degradation (Kamura et al., 2000). 
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 HIF1 induces an array of promoters to up regulate or down regulate important 

pathways. One of the genes which are transactivated by HIF-1α is telomerase reverse 

transcriptase (TERT), in placental JAR, JEG-3 cells (Nishi et al., 2004) and cervical cancer 

cells (Yatabe et al., 2004). Knockdown of HIF-1α reduces the expression level of TERT 

and causes a subsequent reduction in telomere length (Coussens et al., 2010). HIF-1α 

often interacts with the promoter regions of genes to directly regulate them, the 

sequences which are recognised are called hypoxia response elements (HRE). TERT has 

two of these regions located within the promoter region (Nishi et al., 2004; Yatabe et al., 

2004). The further roles of TERT in stem cells were discussed in section 1.1.1. It is 

debated as to the importance of HIF-1α in stem cells. Over expression of HIF-1α can lead 

to differentiation of embryonic stem cells (Jeong et al., 2007). HSCs however have been 

shown to exist in an hypoxic environment (Kubota et al., 2008). Additionally in 

mesenchymal stem cells, hypoxia was shown to maintain the stem cell properties and 

inhibit senescence through the down regulation of p21 by the HIF-TWIST complex (Tsai 

et al., 2011). Mesenchymal and HSC are not the only adult stem cells to benefit from 

hypoxic culture, neuronal stem cells are also grown in this condition, and has been 

shown to promote self-renewal. One of the pathways which were implicated in this 

process was the Notch pathway. HIF-1α can directly interact with the intracellular 

domain of Notch preventing cleavage of the domain and its transport to the nucleus, 

whereby it can regulate subsequent gene expression.  

 Hypoxia has an effect on cellular proliferation, knockdown of HIF-1α increased 

mitotic activity of HSC’s, shown using Ki67. The over expression of HIF-1α decreased the 

number of Ki67 positive cells (Takubo et al., 2010). In the mouse cornea Ki67 positive 

cells within the basal cell layer were much more frequent in the central region, 

compared to no Ki67 positive cells being detected in the limbus (Fabiani et al., 2009), 

HIF-1 may be the regulator for this difference in that case. Hypoxia is clearly an 

important parameter when culturing stem cells and should not be overlooked. It is still 

debated as to if hypoxia is beneficial or detrimental to the culture of LSCs.  

1.1.4 Limbal stem cell controversies 

One of the methods of assessing stemness of a culture in vitro is to use growth assays, 

such as colony forming assays, which score greater number of colonies and size as 

indicative of a higher proportion of stem cells. However in vivo, true stem cells are 
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considered to be in a state of quiescence. Cultures which can produce large numbers of 

cells quickly are beneficial in terms of generating cellular material for potential 

therapies. As cellular culture always stimulates proliferation of stem cells, it raises the 

question if true stem cells are the focus of many studies and transplantations or just the 

immediate progeny of these cells? 

 This highlights the second major controversy which is specific to the generation 

of cultures containing limbal stem cells. The lack of marker genes, means that one can 

only indirectly extrapolate and infer the generated results of any analysis resonate to 

potential stem cells within the tissue or culture, one reason for referring to these cells as 

limbal epithelial cells. One method of belaying this impediment is to use an array of 

genes, both positive and negative when assessing stem cell properties. It can be equally 

useful to show a reduction in negative marker genes as it is to show increases in positive 

genes. However there is no set consensus on the correct or optimal number of marker 

genes needed, which means comparing results between different groups can be difficult. 

 The third controversy is related to the lack of a specific stem cell marker, for 

determining the niche location (which has been covered previously). The majority of 

scientists argue that limbal stem cells are located primarily in the limbus (Cotsarelis et 

al., 1989; Kenyon and Tseng, 1989; Bodnar et al., 1998; Lehrer et al., 1998), while others 

think that stem cells are distributed throughout the cornea (Majo et al., 2008) (figure 

1.6). 

 Ageing of stem cells 1.2

1.2.1 Ageing 

Ageing is the process of growing old and is associated with a decline in function with an 

increased risk of mortality. Ageing can be characterised by physical changes, such as 

reduced weight, height, muscle mass and skin sagging. Internally ageing affects the 

ability to reproduce, hearing, sight, kidney function, liver function, immune 

responsiveness and some aspects of memory. Ageing also leads to an increased 

susceptibility to certain diseases.  

 Cellular ageing has common hallmarks, genomic instability, telomere attrition, 

epigenetic alterations, loss of proteostasis, dis-regulated nutrient sensing, mitochondrial 

dysfunction, senescence, stem cell dysfunction and altered cellular signalling.(Lopez-Otin 
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et al., 2013).  

 The major debate in ageing research is the cause of ageing, is it a deterministic 

process, i.e. does it follow a pre-determined program or is it a random process? 

Evolutionary, ageing is hard to rationalise, on the one hand the impairment of function, 

particularly fertility, would be a definite selection pressure. On the other hand however, 

in wild populations organisms hardly ever reach an age whereby the effects of age are 

present (Lack, 1954), be it through predation, disease or accidental death . This means 

that ageing is never subjected to selection pressure in the wild, so why does ageing 

occur?  

 DNA Damage 1.2.1.1

It is commonly accepted that DNA and protein damage builds up over time (Kirkwood, 

2005; Vijg and Campisi, 2008; Moskalev et al., 2013), through extrinsic chemical and 

biological damage. Intrinsic modifications can also occur, during the process of DNA 

replication which is prone to errors, despite DNA repair mechanisms. Damage is 

particularly detrimental when it occurs in stem cells, mutations which lead to either 

oncogene activation or senescence impact upon the maintenance of tissues (Rossi et al., 

2008; Jones and Rando, 2011). In humans deficient DNA repair mechanisms result in 

accelerated ageing, such as WRN protein in Werner syndrome (Goto et al., 1992) and 

BLM in Bloom syndrome (Karow et al., 1997) which both belong to the RecQ DNA 

helicase family of proteins. RecQ helicase’s unwind DNA allowing for repair to take 

place, such as base excision repair. With age, the homeostasis of DNA damage to repair 

ratio may change resulting in a damage cascade. Whether this is a cause of ageing or 

symptom remains to be experimentally proven. 

 Telomeres 1.2.1.2

The telomeres erode with age and for some time were thought to be the key to cellular 

senescence and named the so called “cellular clock”. In culture, telomere length governs 

the length of time a primary cell can remain mitotically active (Hayflick and Moorhead, 

1961). Activation of telomerase often immortalises those cells (Bodnar et al., 1998). 

Damage accumulates in these regions with age, due to the array of nucleoprotein 

complexes, such as Shelterin and t-loop elements which prevent the efficiency of repair 

mechanisms. These complexes normally hinder the DNA damage response machinery 
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from recognising the terminal sequences as double strand breaks (DSB). Accumulation of 

damage however in telomeres eventually leads to senescence and apoptosis (Fumagalli 

et al., 2012; Hewitt et al., 2012). In some human diseases, where telomerase is impeded, 

an accelerated ageing phenotype is observed, an example being Dyskeratosis 

25ongenital. Conversely the activation of telomerase in mice can delay the physiological 

effects of age (de Jesus et al., 2011). 

 Epigenetic changes during ageing 1.2.1.3

Non genetic changes also occur with age, the methylation and acetylation status of 

many histones are altered (Fraga and Esteller, 2007). Methylation and acetylation of 

histones can govern the expression of large portions of genes through the shielding of 

sequences from transcription machinery. Sirtuins (SIRT) are a family of deacylases and 

ribosyltransferases. SIRT1 translocates to DNA damage sites to promote repair and alter 

gene expression profiles, through chromatin remodelling, over expression of SIRT1 

increases genomic stability (Oberdoerffer et al., 2008). SIRT6 regulates glycolytic genes 

through the deacetylation of histone H3 lysine 9 (H3K9) (Zhong et al., 2010). SIRT3 can 

attenuate NF-κB signalling, by the deacetylation of H3K9 (Kawahara et al., 2009), 

elevated NF-κB can lead to apoptosis and cellular senescence. Over expression of SIRT3 

in stem cells improves the regenerative capacity of aged stem cells (HSCs), possibly 

through increased oxidative stress resistance shown by reductions in superoxide 

dismutase 2 (Brown et al., 2013).  

 Mitochondria 1.2.1.4

Mitochondria are central to cellular energy production, producing ATP via oxidative 

phosphorylation (OXPHOS). Within the mitochondria, the tricarboxylic acid cycle 

generates molecules such as NADH which donate electrons to the inner membrane 

electron transport chain. The electron transport chain is a series of protein complexes 

which create a proton gradient between the cytoplasm and the mitochondrial matrix. 

This gradient is essential for ATP synthase, which requires protons to drive the rotary FO 

and F1 regions, causing a conformation change which leads to the conversion of ADP + Pi 

to ATP.  

 Mitochondrial dysfunction increases with age and the electron transport chain 

becomes less efficient. This has two effects, firstly it increases the amount of free 
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radicals in the cellular compartment and secondly it results in decreased ATP 

production. The by-products of aerobic respiration are reactive oxygen species (ROS) 

such as superoxide, hydrogen peroxide and hydroxyl ion. These species can then go on 

to further damage the mitochondrial and nuclear DNA, expediting the reduction in ATP 

production and increasing free radicals (Harman, 1965). The impact of increased ROS 

with age however has recently been shown to have little effect on the longevity of an 

organism (Doonan et al., 2008). In model organisms such as Caenorhabditis elegans it 

even increased lifespan (Van Raamsdonk and Hekimi, 2009). In mice, decreasing 

superoxide dismutase does not shorten lifespan despite increasing DNA damage and 

cancer formation (Van Remmen et al., 2003). A new theory has been suggested which 

explains this phenomenon, based on a study which showed that ROS triggered 

proliferation and stem cell differentiation in MSCs (Tormos et al., 2011) and HSCs 

(Owusu-Ansah and Banerjee, 2009). The theory states that as ROS levels increase with 

age, homeostatic responses also increase, however once a critical level is reached 

homeostatic responses cannot compensate for the quantity of ROS produced.  

 The effects of mitochondria on ageing however are not limited to ROS 

production. Deficiencies in the maintenance of mitochondrial DNA are associated with 

accelerated ageing. Mice which have deficient DNA polymerase γ, an enzyme 

responsible for mitochondria DNA proof reading, have an ageing like phenotype (Kujoth 

et al., 2005; Edgar et al., 2009). In humans mutations in this gene (POLG) lead to Alpers 

syndrome, which has some characteristics of ageing such as dementia, hearing loss and 

blindness (Hunter et al., 2011). The mechanism by which mitochondrial mutations 

manifest themselves are thought to be through increased susceptibility to trigger 

apoptosis by decreasing the ability to maintain the mitochondrial membrane potential 

(Kroemer et al., 2007). Mitochondrial function decreases with age (Sahin et al., 2011) 

and has been shown to be ameliorated by telomerase activation shown by increased 

levels of Peroxisome proliferator-activated receptor ɣ co-activator 1-alpha (PGC-1α), ATP 

synthase and Estrogen-related receptor alpha (ERRα) (de Jesus et al., 2012). PGC-1α 

interacts with transcription factors to increase the effectiveness of transcription, PGC-1α 

has a large number of transcription factor targets, namely those involved in 

mitochondrial biogenesis. One of the key transcription factors PGC-1α co-activates is the 

nuclear respiratory factor (NRF)1, which leads to increased mitochondria transcription 
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factor A (Wu et al., 1999). Further to this evidence, overexpression of PGC-1α in 

Drosophila increases lifespan by 33%, the intestine was improved and maintained 

integrity with age (Rera et al., 2011). 

 Stem cells and ageing 1.2.1.5

Stem cell ageing, may seem a contradiction as their ability to self-renew is a defining 

feature of stem cells. Self-renewal is described as the ability to produce progenitors 

which are identical to them self and can maintain a continuous steady stem cell 

population. The ability to replicate in this manner requires the exact replication of the 

genome. A theory emerged which could enable cells to maintain an “immortal strand” 

through the segregation of parental strands to preserve the “old” DNA (Cairns, 1975). In 

2007 however, this theory was challenged when HSC were shown to segregate 

chromosomes randomly, thus not asymmetric (Kiel et al., 2007). 

 Recently it has been shown that stem cells do acquire DNA mutations over time 

(Rossi et al., 2007; Rube et al., 2011). The origin for that is unknown, whether it comes 

from environmental stress or intrinsic replication errors. None the less, DNA alterations 

can lead to initiation of senescence or even apoptosis, or at least lead to a higher 

susceptibility to senescence and apoptosis in the resulting progenitors. Human 

mesenchymal stem cells are one type of adult stem cell which has been shown recently 

to undergo replicative senescence (Wagner et al., 2008; Sahin and DePinho, 2010; 

Estrada et al., 2013).  

 It was suggested, understandably that hTERT plays an important role in 

abrogating senescence (Estrada et al., 2013), not only by telomere extension but also by 

managing mitochondrial oxidative stress. In addition to this telomeres have been shown 

to shorten in stem cell pools with age in vivo, in the small intestine, testis, brain and 

importantly in the corneal epithelium (Sharpless and Depinho, 2007; Flores et al., 2008). 

In humans replicative senescence has been demonstrated in adipose tissue derived 

human multipotent stem cells in vitro conditions (Jung et al., 2010). In their study, 

Sirtuins were implicated in the control of senescence as they were shown to down-

regulate polycomb genes such as BMI1 and up-regulate jumonji domain containing 3 

(JMJD3) which can govern p16INK4A driven senescence. 

 In mice, satellite cells have a reduced regenerative potential with age (Conboy et 

al., 2005), which is now thought to be triggered by a switch from quiescence to 
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senescence in the stem cell population. This switch is proposed to be caused by de-

repression of p16INK4a
 (Sousa-Victor et al., 2014). In mice exposed to thoracic irradiation, 

the alveolar epithelial cell progenitors isolated from these mice become sensitive to 

senescence (Citrin et al., 2013). In addition to this, in the BubR1-/- mouse, tissue 

progenitors in muscle and fat were senescent leading to a progeroid like phenotype 

(Baker et al., 2013b), implicating stem cells as the source of senescence accumulation 

within tissues.  

 Telomerase is an important age and stem cell related protein, as mentioned 

previously (1.1.2.4). Experiments to determine the functions of telomerase often use 

Terc or Tert deficient strains (Flores et al., 2008). Terc or Tert alone are unable to extend 

telomeric DNA leading to critically short telomeres. F3 (3
rd generation) mice deficient in 

Terc, show an increase in the number of epidermal stem cells compared to F1 mice 

(Flores et al., 2005b). It has been suggested that the cause of this behaviour may be due 

to a “blunted proliferation” response, which means that the stem cell population can 

still divide however they are unable to differentiate and produce progeny. It may also be 

due to a compensatory reaction, similar to that seen in irradiated intestinal stem cells 

(Martin et al., 1998). F3 Terc-/- mice showed a decrease in their HSC proliferative capacity 

when serially transplanted into irradiated donors (Ju et al., 2007). Colony-forming ability 

was also reduced, showing a reduction in the number of progenitors. Human 

haematopoietic stem cells show a loss in proliferative rate and decrease of telomeric 

DNA comparing a young bone marrow donor aged 16 years and an old, 56 year old 

donor (Vaziri et al., 1994). 

 Lack of telomerase also affects highly proliferative tissues in patients with 

dyskeratosis 28ongenital (Lansdorp, 2009), including in the cornea (Aslan et al., 2009). 

The disease primarily involves the genes TERT, TERC, TRF1 and DKC1, all of which are 

related to telomere maintenance (Savage and Alter, 2009). Patients develop an ageing 

like phenotype with hair greying, dystrophy of the nails and anaemia. 

 It has been suggested that the non-canonical functions of TERT may prevent the 

addition of telomeric repeats in the nucleus by sequestration of TERT protein to other 

cellular compartments, such as the mitochondria (Ahmed et al., 2008). So while 

telomerase levels may be high this might not translate into telomere extension which 

may have implications for stem cells.  



29 

 

Figure 1.12 A combined theory of stem cell ageing involving stem cells and their niche 
The niche and stem cells are implacably linked, dysregulation of one can lead to the other in a negative 
feedback loop, adapted from Jones and Rando (2011).  

Stem cells are undoubtedly linked to their niche, in limbal stem cell deficiency, ablation 

of the niche (limbus) destroys the stem cell pool leading to disease progression. As stem 

cells produce cells which comprise the niche, anything which impacts upon the stem cell 

pool is likely to affect the niche (Ryu et al., 2006; Boyle et al., 2007) and vice versa 

(Chakkalakal et al., 2012)(figure 1.12). The Notch signalling pathway is a key regulator of 

self-renewal and can react to extrinsic signals, such as those produced by the niche (Liu 

et al., 2010a). Stem cells are suggested to undergo age related changes in a number of 

ways: failure to self-renew, impaired response, aberrant differentiation, senescence and 

apoptosis (Jones and Rando, 2011).  

 Self-renewal ability is one of the defining characteristics of stem cells. The skin is 

an organ which shows signs of a decline in self renewal ability with age. Linage skewing 

of stem cells may produce a lower number of melanocytes, which in turn increases the 

sensitivity of the skin with age to UV damage with age (Inomata et al., 2009). Satellite 

cells become increasingly inefficient at regenerating skeletal muscle with age which 

leads to atrophy, perhaps due to an imbalance in Wnt/β-catenin signalling (Brack et al., 

2007).  
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 Impaired response refers to a lack of a sufficient reaction by the stem cell pool to 

stimuli. Satellite cells suffer from a lack of responsiveness in terms of their decreased 

number of activated cells produced after environmental stimuli (Conboy et al., 2003). 

This was then followed up with experiments to remediate these effects through 

exposure to a young environment (heterochronic parabiosis). The results showed an 

increase in Notch signalling via its ligand delta in satellite cells (Conboy et al., 2005). The 

number of cells which are produced by the stem cell pool is important in maintaining 

tissue integrity. In the cornea, tight junctions between cells are important for protection 

against invading micro-organisms and maintenance of a smooth surface for its 

transparency. It is vital that enough cells are produced to maintain the cornea. In 

support of paradigm, it has been shown previously that the epithelium does lose some 

barrier function with age (Chang and Hu, 1993). 

 Another way in which stem cells are hypothesised to change with age is by 

producing aberrantly differentiated progeny. An example of this is in muscle 

regeneration, as we age muscle is replaced by fibrous and adipose tissues (Brack et al., 

2007), in addition to reduced numbers as stated previously. In the cornea, a change in 

the types of cells which are produced would have a detrimental effect on the 

transparency of the cornea and has not been documented. Limbal epithelial cells have 

however been noted as having a reduced ability to produce intracellular adhesion 

molecule 1, potentially due to the aberrant differentiation of progeny. 

 Stem cells have been documented to undergo apoptosis, under stress and ageing 

(Zhu et al., 2006; Orelio and Dzierzak, 2007; Qin et al., 2007; Roos et al., 2007; Milyavsky 

et al., 2010). In the skin, Sept4/ARTS were shown to regulate apoptosis within hair 

follicle stem cells. Sept4/ARTS are antagonists of the protein family inhibitor of 

apoptosis (IAP). Knockout of Sept4/ARTS in mice increased the resistance of hair follicle 

stem cells to apoptosis (Fuchs et al., 2013). In addition to this, wound healing was also 

enhanced. Whist the dermis was extensively studied in this paper, the corneal 

epithelium was not analysed. A study which assessed the effect an embryonic stem cell 

microenvironment might have on human limbal stem cells, showed that ES conditioned 

medium could inhibit apoptosis compared to CnT-20 medium. This protection was 

reported as being telomerase mediated, however a direct mechanism was not 

elucidated (Liu et al., 2013). Knockdown of TERT under this condition using siRNA 
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resulted in reductions in both p63 and ABCG2, whilst the negative marker KRT3 showed 

an increase. 

 Senescence  1.2.1.6

Cellular senescence is a natural process which safe guards the integrity of the genome. It 

ensures that possible detrimental mutations are not propagated to daughter cells 

(Campisi and di Fagagna, 2007). During senescence, cells enter a state of irreversible cell 

cycle arrest at the S phase checkpoint, so the cells remain at G1 (Sherwood et al., 1988) 

(figure 13).  

 Senescence is initiated through a response to stress, either intrinsic or extrinsic, 

there are four main causes: shortening (Harley et al., 1990) or uncapping of telomeres 

(Karlseder et al., 2002), oncogene induced senescence (Lowe, 1999), oxidative stress 

(Chen and Ames, 1994; von Zglinicki et al., 1995) and irradiation (Passos et al., 2010). 

Dependent on the method of induction, senescence can be coined “replicative 

senescence“, in the case of telomere attrition, in the case of response to oxidative stress 

and irradiation it is called “stress induced premature senescence” (SIPS). Replicative 

senescence can occur after the random accumulation of DNA replication errors which 

are not repaired. Once DNA damage impacts upon genomic stability, the DNA damage 

response (DDR) triggers irreversible cell cycle arrest (senescence) (Remacle et al., 1992). 

SIPS is a process of triggering an irreversible cell cycle arrest with high, acute stress, 

common inducers of senescence are ROS and H2O2. 

 The main induction pathway operates through the tumour suppressors p53 and 

pRb. When DNA becomes damaged, resulting in either double strand breaks (DSB) or 

single strand breaks (SSB), ataxia telangiectasia mutated (ATM) and ataxia telangiectasia 

Rad3 related (ATR) are activated. These proteins phosphorylate p53, allowing the 

activation of its transcriptional targets, one of these downstream targets is p21. P21 can 

activate the retinoblastoma protein (pRB) through the inhibition of Cyclin E and cdk2. 

pRB becomes hypophosphorylated and represses the family of E2F transcription factors. 

E2F normally activates or inactivates (Narita et al., 2003) various genes associated with 

cell cycle progression, such as cyclins and cdks from G1 to S phase (Gaubatz et al., 2000). 

pRB can also be activated in a p53 independent manner through p16INK4a. p16 is an 

inhibitor of cyclin D and cdk 4,6 and is not usually expressed in adult tissues (Zindy et al., 

1997). However, during senescence increased expression of p16INK4a has been shown to 
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be induced independent of DNA damage, instead induced by oncogene activation (Ben-

Porath and Weinberg, 2004). Cyclin D/cdk4,6 also hypophosphorylates pRB, inactivating 

E2F.  

 p38 is a mitogen-activated protein kinase (MAPK) which can also cause cell cycle 

arrest in a p53 and ATM independent manner (Reinhardt et al., 2007). External stimuli 

such as ultra violet damage and genotoxic substances activate p38. MAPK-activated 

protein kinase-2 (MK2) is phosphorylated by p38, an active MK2 then phosphorylates 

hnRNPA0. hnRNPA0 is a heterogeneous nuclear ribonucleoprotein, which bind to pre-

mRNA (Myer and Steitz, 1995) in particular stabilising Gadd45α (growth arrest and DNA-

damage inducible gene 45 alpha) mRNA (Reinhardt et al., 2010). Gadd45α causes 

demethlyation of CpG islands (Zhan et al., 1994), demethylation allows the transcription 

machinery to bind to DNA, resulting in expression of numerous genes. MK2 also 

phosphorylates PARN (Poly(A)-specific ribonuclease) preventing its mRNA processing 

capabilities, which in turn inhibits the degradation of Gadd45α mRNA. This system is a 

positive feedback loop because Gadd45α activates the transcription of MK2. MK2’s 

major role in senescence is the phosphorylation and sequestering of CDC25B (M-phase 

inducer phosphatase 2) into the cytoplasm (Manke et al., 2005). Movement of CDC25B 

protein into the cytoplasm causes a halt in M to G1 phase transition, but allows S to G2 

progression (Lammer et al., 1998). It has also been shown that p38 can circumvent MK2 

and directly bind to CDC25B, phosphorylating the protein which primes CDC25B for 

binding to 14-3-3 proteins (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 

activation protein) (Bulavin et al., 2001). 14-3-3 proteins also sequester CDC25B into the 

cytoplasm (Dalal et al., 1999). 

 ROS has also been shown to be part of a senescence induction feedback loop, 

where p53 activates p21, which in-turn activates Gadd45α, as previously stated this 

causes the demethylation of CpG islands resulting in p38 transcription. P38 in turn 

activates TGFβ resulting in release of ROS from the mitochondria (Passos et al., 2010; 

Lawless et al., 2012).  

 H2A.X is a histone protein which forms histone H2A and maintains chromatin 

structure. H2A.X is phosphorylated by ATM during DNA damage. This phosphorylation of 

H2A.X at serine 139 leads to the uncoiling of chromatin exposing the damaged DNA, 

these exposed regions allow proteins to accumulate a so called focal point or foci (di 
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Fagagna et al., 2003). In senescence the number of foci is shown to increase compared 

to cells which are undergoing normal cycling (di Fagagna et al., 2003). These foci occur 

throughout the genome and also accumulate at dysfunctional telomeres (di Fagagna et 

al., 2003; Takai et al., 2003).The DNA damage response (DDR) is triggered through ATM 

in response to this dysfunction (di Fagagna et al., 2003; Herbig et al., 2004). Recently it 

was shown that telomeres are associated with persistent DNA damage response, which 

increases in prevalence with age (Hewitt et al., 2012). Telomere shortening in somatic 

cells causes replicative senescence, through the eventual cumulative DNA damage 

response signals from dysfunctional telomeres that activate p53 and result in a 

permanent cell cycle arrest.  

1.2.2 Dietary Restriction 

Dietary restriction (DR) refers to a reduction in the amount of the normal diet of an 

organism. Caloric restriction is a subtype of DR, whereby the total number of calories are 

reduced without inducing malnutrition. This means that caloric restriction maintains the 

amount of all components such as essential amino acids, vitamins, fat, carbohydrates 

and minerals.  

 In the context of ageing, DR is one of the only non-genetic interventions which 

has been shown to significantly increase lifespan. Reducing a rodent’s calorie intake by 

around 30% increases lifespan by between 30-40% (McCay, 1934). In addition to 

longevity DR can also decrease age related diseases such as cancer, diabetes and 

immune deficiency (Messaoudi et al., 2006; Colman et al., 2009). Traditionally, the 

number of calories consumed was thought to determine longevity, however there is 

growing evidence that it is the composition of nutrients within food which is the 

determining factor. Autolysed yeast levels in the fruit fly appear to dictate lifespan (Mair 

et al., 2005). Another group suggest that the levels of amino acids are implicated in 

lifespan extension (Grandison et al., 2009). In Saccharomyces cerevisiae modulating the 

levels of amino acids can alter lifespan (Alvers et al., 2009; Wu et al., 2013). The non-

essential amino acids asparagine and glutamate in particular have been implicated as 

dictating lifespan (Powers et al., 2006). When looking at vertebrates, the lifespan of rats 

can also be ameliorated by the essential amino acid methionine, rather than the non-

essential amino acids shown to be required in yeast (Malloy et al., 2006; Elshorbagy et 

al., 2010).  
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 In mice, an animals genetic background appears to also play a substantial role in 

the outcome of DR. Liao and colleagues tested 41 mice strains, of which only 5% of male 

mice and 21% female showed any beneficial effects on lifespan extension. Conversely, 

DR decreased lifespan in 27% of mice strains. These differences were hypothesised to be 

due to the differing metabolism, resulting in DR of 30% being more severe on some 

strains while not sufficient for others (Liao et al., 2010). 

  In primates the effects of DR are not as conclusive as in other organisms. 

Mattison and colleagues at the National Institute for Ageing (NIA) in the USA ran a 25 

year long project on Macaca mulatta. Lifespan in these primates was not shown to be 

increased, however the health of the animals was improved, with lower cancer rates and 

diabetes (Mattison et al., 2012). In another study, Colman and colleagues showed that 

DR improved survival rates, however the effects on lifespan are not significant yet, as 

this experiment is still ongoing. Similarly to the experiments conducted at the NIA on 

rhesus monkeys Colman showed a marked difference in the health of the DR treated 

animals, with significant decreases in cardiovascular disease and cancer by around 50%. 

Interestingly diabetes was completely absent from the DR group. The difference 

between these two studies is thought to lie in the experimental design, with the control 

animals used by Mattison have a healthy ad libitum (AL) diet, Colman’s animals however 

had a more standard primate diet (Bourzac, 2012). 

 The evolutionary hypothesis or adaptive resource re-allocation hypothesis is one 

possible explanation for the physiological changes during DR. When an organism has a 

finite amount of energy self-preservation is favoured over reproduction (Kirkwood, 

1977), in the hope that when nutrients become more plentiful reproduction can resume 

(Holliday, 1989). Adaptations which preserve an organism’s vigour, so that it can later 

reproduce would be evolutionarily beneficial. A contrasting argument is that DR could 

trigger a response to reproduce. The reasoning behind this hypothesis lies in the 

mechanistic effect autophagy (Longo and Fontana, 2010; Rubinsztein et al., 2011) and 

apoptosis have during DR, both are activated triggering a releases of nutrients and thus 

the possibility of reproduction. 

 Mechanisms of dietary restriction 1.2.2.1

Caloric restriction is a global process effecting multiple pathways with many molecular 

mechanisms which govern the response to DR. Nutrient sensing pathways, hormones, 
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growth factors and protein kinases, such as mTOR, Insulin/IGF-1, Sirtuins, cytokines, 

vascular endothelial growth factor, plasminogen activator inhibitor–1, nuclear factor 

light-chain-enhancer of activated B and phosphoinositide 3-kinase are all involved.  

 The first mechanism by which DR was thought to prolong lifespan was through 

the insulin and IGF-1/FOXO pathway, after mutant daf-2 (IGF-1 homolog) in C. elegans 

were shown to live twice as long as wild type animals (Kenyon et al., 1993). IGF-1 causes 

a phosphorylation cascade which deactivates the FOXO transcription factors. These 

transcription factors have been implicated in metabolism, proliferation and stress 

tolerance (Greer and Brunet, 2008). Hyperglycaemia triggers the release of the hormone 

insulin from the β cells of the pancreas. Consequently, high insulin levels up-regulate 

synthesis of IGF-1 in the liver. During DR or hypoglycaemia glucose levels are low, 

resulting in reduced insulin and thus IGF-1 levels. Normally, Insulin and IGF-1 bind to cell 

surface receptors resulting in a conformational change, the result of which is auto 

phosphorylation (Van Obberghen et al., 2001). Phosphorylated residues are recognised 

by insulin receptor substrate proteins. The cascade continues with the phosphorylation 

of the insulin receptor substrates which lead to recognition by PI3K. PI3K generates the 

PtdIns (3,4,5) P3 complex on the cell membrane, which leads to PDK1 phosphorylation of 

Akt. Akt interacts with a large number of proteins, including glycogen synthase kinase 3. 

Phosphorylation of glycogen synthase kinase protein renders it inactive, the result 

causes the activation of glycogen synthase (Lizcano and Alessi, 2002). DR has been 

shown to inhibit this pathway in humans skeletal muscle (Mercken et al., 2013), in 

rhesus monkeys however, DR was shown to increase glycogen synthase (Hansen et al., 

1999). Glycogen synthase dynamics is the mechanism by which that the anti-cancer 

effects of DR are thought to act (Klement and Kammerer, 2011). To sustain a highly 

prolific nature cancer cells rely on a constant supply of glucose to perform cellular 

turnover. This was indicated when cancerous cells were more sensitive to the reduction 

of glucose in DR than non-cancerous cells (Hursting et al., 2013).  

 In addition to the role of Akt in insulin/IGF-1 signalling pathways, Akt also 

regulates the mammalian target of rapamycin (mTOR) (Memmott and Dennis, 2009), via 

the phosphorylation of Tsc2 (tuberous sclerosis complex 2). After phosphorylation the 

Tsc2-Tsc1 complex is disrupted and its suppression of mammalian target of rapamycin 

complex 1 (mTORC1) is lifted (Manning et al., 2002). Akt can also disrupt the 
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raptor/PRAS40 complex, which is a direct inhibitor of the kinase domain on mTORC1 

(Wang et al., 2007). mTORC1 activates the translation of proteins (Ma and Blenis, 2009), 

nucleotide biogenesis, glycolysis (Laplante and Sabatini, 2009) and autophagy. The tight 

control of mTORC1 ensures that a cell has enough resources to grow and proliferate. 

Amino acid availability seem to be required for mTORC1 function, even when stimulated 

with growth factors (Byfield et al., 2005), amino acids are still a limiting factor for 

mTORC1. The direct way in which amino acids are detected by the complex are not yet 

well understood, however the nutrient-regulated lipid kinase hVPS34 (Class III PI 3-

kinase) appears to be a strong target, as it also interacts with downstream mTORC1 S6 

kinase (Byfield et al., 2005). S6 kinase (S6K) is one of the main effectors of mTORC1. S6K 

has a number of important roles in transcription, translation, biosynthesis, growth and 

metabolism. Interestingly the knockout of S6K increased the lifespan in mice (Um et al., 

2004; Selman et al., 2009), S. cerevisiae (Kaeberlein et al., 2005), C. elegans (Vellai et al., 

2003) and Drosophila (Tatar et al., 2001), indicating that S6K is an attenuator of lifespan 

extension. Besides S6K, another of the main attenuators of mTOR is eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1), a repressor of mRNA 

translation.  

 mTORC2 is another complex formed from mTOR and associated with the 

regulation of cytoskeletal proteins, lipogenesis and glucose metabolism (Schmidt et al., 

1997; Jacinto et al., 2004; Garcia-Martinez and Alessi, 2008) and phosphorylates Akt 

which in turn stimulates 3-phosphoinositide-dependent kinase 1 (PDK1) mediated 

phosphorylation, leading to the activation of a number of protein serine/threonine 

kinases including S6K. mTOR has a clear role in cellular dynamics during dietary 

restriction, which undoubtedly play a role in lifespan extension. 

 Other ways in which DR impacts upon cells is via fluctuations in levels of NAD+ 

and AMP. These molecules are key to the control of mitochondrial function and 

biogenesis. SIRT1, AMPK (AMP-activated protein kinase) and PGC-1α detect fluctuations 

in these molecules (Canto and Auwerx, 2009). SIRT1 and AMPK react to starvation 

through increased AMP and NAD+ (Vaziri et al., 2001). These in turn activate, via 

deacetylation, PGC-1α which triggers mitochondrial biogenesis. An increases in 

mitochondrial mass is thought to play a protective role. Reactive oxygen species 

produced by the mitochondria can damage cellular components, including protein and 
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nucleic acids. DR has been shown to decrease mitochondrial ROS production in both the 

liver and muscle of mice (Mayhew et al., 1998; Zainal et al., 2000; Wang et al., 2010). 

The effects of which are thought to be mediated through the increased expression of 

PGC-1α (Civitarese et al., 2007). PGC-1α induces expression of transcription factors, 

nuclear respiratory factor 1 and 2, which have a number of downstream effectors, 

notably TFAM. TFAM orchestrates the expression of genes located on the mitochondrial 

genome (Puigserver and Spiegelman, 2003). In intestinal epithelial stem cells PGC-1α has 

been shown to control differentiation of enterocytes, through the mediation of ROS by 

increased mitochondrial biogenesis (D'Errico et al., 2011). 

 An alternative method by which PGC-1α is activated is via the mitogen activated 

protein kinase p38, which is induced by high ROS levels. The MAPK induces a cascade 

which leads to the phosphorylation of PGC-1α, this event stabilises the protein and 

inhibits proteasomal targeting, increasing the half-life.  

The production of ROS however has been implicated in enhancing the transcription of 

growth promoting transcription factors through MEK1/2-ERK1/2-c-Jun signalling 

(Aquilano et al., 2009). This bidirectional paradigm could be due to the nature of certain 

ROS molecules as signalling molecules. Nitric oxide for example, is a reactive molecule 

which is also an essential neurotransmitter. Nitric oxide can trigger the shuttling of 

redox sensitive transcription factors into the nucleus (Lettieri Barbato et al., 2012). 

Interestingly at a behavioural level decreased nitric oxide (NO) levels are linked to 

increased mating and aggression (Trainor et al., 2007), via serotonin production 

(Chiavegatto et al., 2001). During caloric restriction aggression is observed in, rats (Lore 

et al., 1986), mice (Trainor et al., 2007), dogs, cats (Houpt and Zicker, 2003) and 

monkeys (Ramsey et al., 2000). The concentration of this molecule seems to be crucial 

to cellular homeostasis, as high concentrations of NO can activate p53 and trigger 

apoptosis (Baldelli et al., 2008). In addition to this, high concentrations are also observed 

in the neurodegenerative disease, Parkinson’s disease (Aquilano et al., 2008). In 

summary, dietary restriction impacts upon a number of pathways and reacts to 

numerous stimuli, to significantly extend lifespan, more importantly decreasing age 

related diseases. There are a number of compounds which can mimic these effects, so 

called dietary restriction mimetics.  
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 Dietary restriction mimetics  1.2.2.2

There are a number of dietary restriction mimetics which have similar phenotypic 

effects. These compounds interact with proteins such as mTOR, sirtuins and AMPK. 

Compounds which interact with sirtuins are often referred to as sirtuin activating 

compounds (STACs). Omega 3 (Jolly et al., 2001; Wu et al., 2007), ephedrine, caffeine, 

pioglitazone (Bogacka et al., 2007) and melatonin (Gutierrez-Cuesta et al., 2008) have 

shown beneficial effects, such as improved cardiovascular health and immune system 

function. All of these compounds result in an increase in SIRT-1, however the direct 

mechanism is unknown. Synthetic compounds such as SRT1720 show an increase in 

insulin sensitivity and increased mitochondrial biogenesis in muscle, liver and adipose 

tissues, by binding to the SIRT-1 enzyme-peptide substrate complex enhancing 

acetylation (Bemis et al., 2009). 

 The polyphenol antioxidant resveratrol is a cardioprotective and 

chemopreventative which mimics many beneficial aspects of DR, including lifespan 

extension (Bass et al., 2007) and mitochondrial biogenesis (Csiszar et al., 2009). 

Resveratrol interacts with mTOR and DEPTOR to enhanced there association. The result 

is reduced downstream mTOR signalling. In addition to this, resveratrol also inhibits the 

insulin stimulation of Akt by phosphorylation (Liu et al., 2010b; Brasnyo et al., 2011). In 

endothelial cells the compound induces nitric oxide synthesis, which could have 

neuroprotective effects (Thirunavukkarasu et al., 2007). 

 Rapamycin is a drug primarily used as an immunosuppressant, preventing the 

recognition of interleukin-2 by T and B cells. There is an increasing use of rapamycin as a 

tumour suppressor of Kaposi’s sarcoma (Mohsin et al., 2005) and liver cancer (Rizell et 

al., 2005). Rapamycin as a dietary restriction mimetic that increases the lifespan of S. 

cerevisiae (Jiang et al., 2000), D. melanogaster (Partridge et al., 1987), C. elegans (Klass, 

1977) and in mice (Weindruch et al., 1986). Rapamycin binds to mTORC1 inhibiting 

downstream signalling. Rapamycin however, does not have a direct effect on mTORC2 

(Jacinto et al., 2004), however long term rapamycin treatments inhibit further synthesis 

of the mTOR protein leading to reduced activity (Zeng et al., 2007). It is hypothesised 

that rapamycin may have a direct effect of a number of the downstream effectors of 

mTORC1, such as S6K, namely because D. melanogaster which overexpress S6K do not 

show any increase in lifespan extension (Partridge et al., 1987). Rapamycin can also 
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interact with eukaryotic translation initiation factor 4E (eIF4E), leading to decreased 

activity and subsequently to decreased protein synthesis (Rubinsztein et al., 2011). In 

C.elegans this down-regulation leads to increased lifespan (Syntichaki et al., 2007). 

Additionally rapamycin up-regulates Atg, a serine/threonine-protein kinase (Mizushima, 

2010) which can induce autophagy by phosphorylating Beclin-1, with Beclin-1 required 

for autophagy induction (Russell et al., 2013). 

 Like all drugs however, rapamycin has a number of side effects, the best 

characterised being immune suppression. Rapamycin, however can also exacerbate type 

2 diabetes (Fraenkel et al., 2008), increase epithelial ulcers, anaemia and proteinuria. 

Mice also exhibit impaired wound healing response. In this instance diabetes is thought 

to be trigged due to a starvation response and can be reversible (Blagosklonny, 2011). 

Stem cells modulate there proliferation to maintain tissue integrity, this however is 

balanced against the risk of hyper-proliferation leading to cancer formation or depletion 

of the stem cell pool. This exhaustion has been reversed with the use of rapamycin in 

mouse spermatogonial stem cells, potentially thought the mediation of reactive oxygen 

species as superoxide dismutase 1 was upregulated (Kofman et al., 2012). Conversely, 

embryonic stem cells are triggered to differentiate into an osteoblastic linage when 

treated with rapamycin, through the BMP/Smad pathway (Lee et al., 2010b). It could be 

speculated that the effects of rapamycin treatment may be determined by the plasticity 

of the cells being applied to. Some of the side effects of rapamycin may be stem cell 

dependent, such as immune suppression (Geest et al., 2009) and reduced wound healing 

capacity (Castilho et al., 2009), which may require active mTOR activity. 
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1.2.3 Age related changes to the hypothetical limbal stem cell niche 

Recently corneal scleral disks from young and old donors where assessed for 

microstructural changes with age, using scanning electron microscopy. The total surface 

area of the limbus decreases with age suggesting a reduction in the focal stromal 

projections and limbal epithelial crypts. Stem cells have been shown to be more 

prevalent in the superior and inferior regions of the eye (Pellegrini et al., 1999), in these 

regions the surface area was especially reduced with age (Notara et al., 2013) (figure 

1.13). 

Figure 1.13 Changes to focal stroma projections and limbal crypts  
Scanning electromicroscpy of the limbus. Focal stromal projections and limbal epithelial crypts decrease 
with age.Adpated from (Notara et al., 2013). 

 The mouse cornea 1.3

1.3.1 Similarities and differences between mouse and human cornea 

The mouse eye is anatomically similar to the human eye, with the exception of 

Bowman’s layer. Bowman’s layer is only present in primates. Although mice do have a 

thin layer of collagen fibres which reside between the basal epithelial layer and the 

stromal keratocytes (Smith, 2002). The epithelium of the mouse is documented as 

consisting of 13 layers in the central cornea and 3 layers in the peripheral cornea. The 

central corneal epithelium measured around 45µm while the peripheral cornea was 

around 25µm (Henriksson et al., 2009) (isotonic solution used during fixation). Other 

studies put the central cornea at a thickness of 51µm (Zhang et al., 1996) using cryostat 
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sections. Using in vivo confocal microscopy, the mouse epithelium was measured at 

around 49µm (Song et al., 2003). The human corneal epithelium on the other hand is 

comprised of 5-7 cells with the total thickness around 50-52 µm (Reinstein et al., 2008). 

The peripheral cornea is of a similar size to the central cornea in humans (Reinstein et 

al., 2008), but in mice the periphery is much thinner than the central region (Dua et al., 

2009). The limbus is much less pronounced in mouse, morphologically only a slight 

indentation on the ocular surface. In sections this morphology is so slight that it is not 

always visible (Mort et al., 2012), and can make identification of this region difficult. The 

mouse eye overall is circular as opposed to slightly elliptical as in human eyes 

(Henriksson et al., 2009). 

1.3.2 The ageing mouse cornea 

Age related changes to the mouse cornea which have been documented have noted a 

build-up of extracellular calcinosis mineral deposits. In the stroma a decrease in the 

nerve plexus decreased significantly with age after 2 months old. (Wang et al., 2012a). 

The corneal epithelium of mice is shown to have a reduction in the number of stem cells 

in the limbus. The ROSA26 LacZ+/+ /LacZ-/- chimera mouse uses random inactivation of 

the X chromosome to cause conditional expression of LacZ. When this occurred in a 

stem cell the trait was inherited by the daughter cells. This created radial stripes in the 

cornea, as the cell migrated from the limbus centripetally. With age these stripes 

decreased substantially, from around 100 stripes at 10 weeks of age to around 50 per 

eye at 39 weeks old. The same was seen in the KRT5LacZ-/- mouse, at 15 weeks around 1 

stripe was observed per eye, at 30 weeks 0.5 stripes were observed on average per eye 

(Douvaras et al., 2012). These results indicate that the stem cells in the limbus are 

undergoing asymmetric division with age. Alternatively the stem cells are entering into a 

state of mitotic inactivity, be it quiescence or senescence. 

 

 

 Aims 1.4

1. To analyse the properties of limbal epithelial cells derived from donors of 

different ages, including the expression levels of positive and negative stem cell 
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markers as well as telomerase activity. The amount of positive and negative 

markers reflects the number of progenitor cells within the culture of each donor 

defining the ability of each cultures’ potential ability to replenish the cells of the 

corneal epithelium. 

2. To characterise the effect of ageing and anti-ageing interventions such as 

dietary restriction and rapamycin treatment on the mouse cornea. My aim was 

to determine the effects of age on the mouse cornea, in situ, quantifying corneal 

morphology, progenitors, DNA damage and telomere associated damage with 

age. 

 

3. To assess the effects hypoxia on the relative number of limbal epithelial cell 

progenitor cells within each culture. To address the contested benefits of 

hypoxic culture on limbal epithelial cells by assessing the amount of positive and 

negative markers, including metabolic and cell cycle status. 

4. To assess if different culture media have an effect on the number of limbal 

epithelial cell progenitors within each culture. Addressing the question of the 

beneficial effects of serum free culture of limbal epithelial cells. The number of 

progenitors is indicative of the optimal culture parameters for limbal stem cell 

transplantations. 
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Chapter 2 Methods and Materials  

 Derivation of human limbal epithelial stem cell containing cultures 2.0

Human corneo/scleral tissue which had been consented for research was obtained from 

the UK eye bank (Bristol and/or Manchester). Tissue was stored at room temperature in 

Dextran organ culture medium until use (55 days ± 7 days). Tissue was normally 

processed within one week of receipt into the laboratory. Extraction of human limbal 

epithelial cells was performed by serial trypsinisation. Corneo/scleral rings were 

removed from organ culture medium and washed briefly with sterile Dulbecco’s 

phosphate buffered saline (DPBS, Invitrogen, UK). The tissue was carefully placed cornea 

side up in a sterile Petri-dish. With a scalpel and forceps the tissue was cut into 28 

triangular segments and placed into 5ml of pre-warmed trypsin (Invitrogen, UK) solution 

(0.05%) and incubated at 37°C for 10 minutes. After this time the tissue pieces were 

agitated with a 10ml serological pipette and incubated for a further 10 minutes. Tissue 

pieces were then agitated again before removal of trypsin solution, the solution was 

centrifuged for 3 minutes at 17.8xg. The resulting supernatant was removed and the cell 

pellet was re-suspended in 2ml of limbal medium (Dulbecco’s modified® Eagle’s medium 

(DMEM, Invitrogen, UK) containing 1g glucose, 33.3% Ham’s F12 nutrient mixture 

(Invitrogen, UK) (Allen-Hoffmann and Rheinwald, 1984), 10% foetal bovine serum (FBS 

Sigma, USA) (Allman et al., 1976; Maciag et al., 1981a), 100U/ml penicillin and 100 

µg/ml streptomycin (Invitrogen, UK), hydrocortisone (0.4µg/ml) (Sigma, USA), insulin 

(5µg/ml) (Sigma, USA), triiodothyronine (1.4ng/ml) (Sigma, USA), adenine (24mg/ml) 

(Sigma, USA), cholera toxin (8.4ng/ml) (Sigma, USA) and epidermal growth factor 

(10ng/ml) Sigma, USA). This process was repeated three more times to make a total of 

four rounds of extraction. To ascertain a general number of cells the re-suspended cells 

were counted using a haemocytometer, to determine the relative efficiency of the 

extraction. The cell suspension was then seeded together with mitotically inactivated 

NIH-3T3 feeder (Todaro and Green, 1963) cells (ATCC) into a the well of a 6-well plate. 

The culture was incubated in limbal medium at 37°C and 5% CO2 (Series II Water 

Jacketed Thermo, USA) for two days without disturbance, on the third day the medium 

was replaced. When a well of a 6 well culture dish contained a monolayer of epithelial 

cells the well was washed with sterile PBS and then treated with a solution of 0.2M 
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EDTA in PBS for 30 seconds. The solution was then decanted with vigour repeatedly over 

the culture to remove any remaining 3T3 feeder cells. The culture was then treated with 

2ml of pre-warmed trypsin and incubated for 3 minutes, the trypsin/cell solution was 

removed from the culture dish and 2ml of warm limbal medium was added. The cell 

suspension was centrifuged for 3 minutes at 17.8xg. The resulting cell pellet was re-

suspended in 2ml of warm limbal medium. A cell count was performed using a 

haemocytometer. 

2.0.1 Donor demographics  

Due to the limited availabity of donor tissue no exclusion criteria were applied. The most 

frequent cause of death in the donors used in this study was infection, with 17 in total. 

10 donors died of pneumomia, 3 donors had meningitis, 3 donors died from sepsis and 

one from a respiratory tract infection. The second most common cause of death was 

cancer, totaling 16 donors; other frequent causes of death incuded stroke (9 donors), 

chronic obstructive pulmonary disease (COPD) (7 donors) and cardiac arrest (7 donors). 

 Clonal analysis of human limbal epithelial cells 2.1

500 human limbal epithelial cells (as calculated in the previous section) were taken from 

the cell suspension and dispersed into 50ml of warm limbal medium. This solution gives 

an average of 1 cell per 100µl. One cell (suspended per 100µl) was then transferred into 

each well of five 96 well tissue culture (figure 2.1). Each well had a layer of 3T3 feeder 

cells pre-plated the previous day as described in section 1.6. Each well was monitored 

and cells were removed by trypsinisation when a monolayer had formed. The cells were 

counted using a haemocytometer and 500 cells were placed into a 90mm tissue culture 

dish for CFE analysis (also containing 3T3 feeder cells). 1000 cells were seeded onto 

19mm coverslips inside a 12 well plate for p63 immunofluorescence staining (also pre-

treated with 3T3 feeder cells).  
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Figure 2.1 Experimental design for clonal analysis   
Diagram showing the work flow for the clonal analysis study. Primary cultures were cultured as per the 
standard procedure (2.0), once confluencey was reached the cells were removed from the culture well 
with trypsin (0.05% Invitrogen, UK) and seeded into 5 96 well plates, so that one cell was seeded in to one 
well.  

 Culture of human epithelial stem cell cultures in serum free medium. 2.2

2.2.1 Selection of suitable culture medium  

There are a number of serum free media available, including Epilife (Invitrogen, UK), 

supplemental hormonal epithelial medium (SHEM, Invitrogen) and defined keratinocyte 

serum free media (DKSFM, Invitrogen). DKSFM was chosen in this study as it has been 

shown to select cells which have the highest expression level of positive LSC markers 

ABCG2 and p63, whilst also having the lowest expression of differentiation markers, 

such as K3 (Loureiro et al., 2013). These results were however obtained at the protein 

level from the analysis of immunofluorescent staining. When qPCR data for mRNA 

expression are analysed, using Epilife medium for culturing LSC’s, the highest p63 and 
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ABCG2 expression levels are obtained (Loureiro et al., 2013). On the other hand, under 

these conditions an elevated KRT3 expression profile, almost to the same fold change of 

p63 expression was detected. DKSFM displayed the lowest of all KRT3 values compared 

to SHEM and Epilife. This might indicate that there was a stable cellular population, 

more importantly, that using DKSFM is more reproducible (Loureiro et al., 2013). SHEM 

was not selected because it contains a higher level of calcium than the other two media. 

Calcium has been shown to have a stimulatory effect on keratinocytes leading their 

differentiation (Boyce and Ham, 1983). Transforming growth factor-β (TGF-β) is also 

produced by keratinocytes in the presence of calcium, leading to further differentiation 

(Kruse and Tseng, 1992). The combination of the factors listed above lead to the 

decision to choose DKSFM over other serum free media. Unlike a previous study (Bath et 

al., 2013), bovine pituitary extract (BPE) was not added to supplement DKSFM, making 

our system truly defined. 

2.2.2 Culture of limbal epithelial cells in serum free medium 

The primary cultures isolated from human cadaveric corneo-limbal tissue, Lot: 6066, 

6084 and 6062, were kindly donated by Paul Knollman (Life Technologies research 

laboratories, Oregon). Cell lines were thawed upon arrival, and placed immediately into 

defined keratinocyte serum free medium (Invitrogen, UK) supplemented with epidermal 

growth factor (0.0397µg/µl) (DKSFM) (Invitrogen, UK). The cultures were then incubated 

at 37°C with 5% CO2 with the medium being changed every two days.  

 Additional cultures grown in serum free conditions were isolated using the same 

method as those grown in LEM, however the resulting cells were seeded into collagen 

treated wells (Matrix coating kit, Invitrogen UK). The addition of 1% serum was used to 

inactivate any residual trypsin. The medium was changed after the second day to 

remove any on adherent cells and the serum. DKSFM was known to be comprised of 

1624.4mg/l glucose and 984mg/l of L-glutamate. 

 A human telomerase (hTERT) immortalised corneal epithelial (HTEpi) cell line was 

utilised as an alternative to primary isolated cells and also as a positive control in some 

experiments. These cells were used with the permission of the creator James Jester 

(Robertson et al., 2005). These cells were cultured under serum free conditions in 

DKSFM.  
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 Cultivation of limbal epithelial cells in hypoxia.  2.3

Cells were extracted as per section 1.1.1, however rather than suspending extracted 

cells in LEM, cells were suspended in pre-warmed DKSFM. The cells were then cultured 

as per section 1.1.3 with the exception of cells grown in hypoxia. Hypoxic conditions 

were as follows: 37°C, 5% CO2 and 3% O2 in a nitrogen purging incubator (Hera cell 150 

Thermo, USA).  

 Culture of mouse 3T3 fibroblast feeder cells 2.4

Cryopreserved 3T3 (strain J2) immortal mouse fibroblast cells were thawed in a water 

bath at 37°C and then dispersed into 3T3 medium containing Dulbecco’s modified eagle 

medium containing 4.5g/l D-glucose and supplemented with 10% foetal calf serum and 

1% Penicillin and Streptomycin. The cell suspension was centrifuged at 17.8xg for 3 

minutes at room temperature, and the supernatant containing dimethyl sulfoxide 

(DMSO Sigma, USA) was removed. The cell pellet was suspended in fresh 3T3 medium 

and seeded into a 25cm2 tissue culture flask (Corning, USA) and incubated at 37°C in 5% 

CO2. The medium was changed the day after seeding to remove any dead cells. 3T3 

cultures were never allowed to become confluent to maintain the 3T3 cells in a 

proliferative state (log phase). For sub culturing the cells the medium was removed and 

the flask briefly washed with sterile DPBS, to remove any residual medium. The cells 

were then treated with trypsin (0.05% with 0.53mM EDTA Invitrogen, UK) for five 

minutes at 37°C chelating calcium, preventing the joining of cadherins between cells and 

cleaving proteins on the cell surface removing cell-cell contacts. The trypsin was then 

inactivated using 3T3 medium and the cells centrifuged at 17.8xg for 3 minutes. The 

supernatant was removed and the cell pellet was suspended in 3T3 medium. Cell 

viability was determined and 300,000 cells were seeded into a 75cm2 flask. The growth 

medium was changed every other day until the flask reached confluence.  

 Mitotic inactivation of mouse 3T3 cells  2.5

Cells were inactivated with 10 µg/ml mitomycin C (Sigma, USA) administered directly 

into the medium for 2 hours. Mitomycin C creates DNA crosslinks targeting guanine 

residues, this leads to particular interference in CpG islands which are frequently located 

either within promoter regions or upstream, damage to them results in reduced 

expression of affected genes as DNA damage limitation factors attempt to repair the 
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modifications. DNA repair normally takes place in a state of arrest, preventing further 

proliferation, the amount of damage inflicted incurs non reparable damage and thus 

permanent growth arrest. The medium/mitomycin C solution was removed and the flask 

washed three times with DPBS to remove any residual mitomycin C.  The cells were then 

treated with trypsin (0.05% with 0.53mM EDTA) for five minutes at 37°C. The trypsin 

was then inactivated using 3T3 medium and the solution centrifuged at 1,000 rpm for 3 

minutes. The supernatant was removed and the pellet was re-suspended in fresh 

medium. The 3T3 fibroblasts were then plated at a density of 24,000 cells per cm2.  

 Colony forming efficiency assay 2.6

Colony forming efficiency is a measure of the proliferative potential of a cell culture, the 

more colonies a culture can produce from a defined number of cells indicates a higher 

number of these cells which are proliferating rapidly. Limbal epithelial cells were 

counted and approximately 2500 cells were seeded onto pre-prepared mitotically 

inactivated 3T3 feeder layers (as prepared in section 2.5 ) in triplicate at each successive 

subculture. The co-culture was then incubated at 37°C for 12 to 14 days, feeding the 

cultures with limbal epithelial medium every two days. At the end of the incubation 

period growth medium was removed and each well was washed with DPBS to remove 

any residual medium. Cultures were then fixed for 10 minutes using 1.5ml of a 3.8% 

solution of formaldehyde diluted in DPBS at room temperature. After 10 minutes the 

formaldehyde was removed and 1ml of 1% Rhodamine B (Sigma, USA) diluted in 100% 

methanol was added. After a further 10 minute incubation at room temperature the 

solution was removed and the stained visible cells were counted. The percentage of 

actively dividing cells was calculated from the colonies which were generated using the 

following formula: colonies formed/number of cells plated x 100. The cut off point for 

colony counting was ~75 cells, as this was roughly the size at which they became 

macroscopically visible.  

 RNA extraction 2.7

Cell pellets containing 1×106-7 cells were suspended in 1ml of TRIzol solution (as per the 

manufactures instructions) (Invitrogen, UK) and incubated at room temperature for 5 

minutes. 200µl volume of chloroform was added to the solution and shaken vigorously 

for 15 seconds, the solution was allowed to incubate for 10 minutes at room 
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temperature. The solution was then centrifuged at 12,000g for 15 minutes at 4°C. This 

separated the solution into three phases, the top transparent phase, which contained 

the RNA, was transferred into a fresh tube. The aqueous solution (transparent phase) 

was carefully removed using a Gilson pipette, mixed with 500µl volume of isopropanol 

and incubated at room temperature for 10 minutes. The samples were then centrifuged 

at 12,000g for 10 minutes at 4°C. The supernatant was then removed and discarded and 

the remaining pellet was washed with 75% ethanol and placed on a vortex for 30 

seconds. When cell pellets where small, homogenisation of the cell lysates was 

performed using QIAshredder (QIAGEN, Netherlands) then RNA was extracted using an 

RNeasy Mini Kit (QIAGEN, Netherlands) as per manufacturer instructions.  

 Reverse transcription 2.8

Total RNA samples are quantified using a Nanodrop spectrophotometer (Thermo 

Scientific, USA) at 260nm and 280nm wavelengths. The 260:280 ratio was used to 

evaluate possible protein contamination. RNA was reverse transcribed if the 260:280 

ratio was between 1.97-2.2. 1µg of RNA was used per each sample. 1 unit of DNase in 

reaction buffer (400mM Tris-HCL pH 8, 100mM MgSO4 and CaCl2) (Promega, USA) was 

added to each sample to remove any trace amounts DNA from the sample, the solution 

was incubated at 37°C for 30 minutes. After this time a 1µl of STOP solution (20mM 

EGTA pH 8) was added to inactivate the nuclease. 1µg of random oligonucleotide 

primers (Promega, USA) where added, and the solution was heated to 70°C for 5 

minutes to denature the RNA and resolve any secondary structure, so that the primers 

can bind. Random oligo primers were used as RNA fragmentation may have occurred 

during TRIzol extraction (Invitrogen, UK), more importantly Telomerase RNA component 

(TERC) sequences would not be transcribed with polyA primers as this is a non-coding 

RNA gene. A solution consisting of dNTP’s (0.5 mM each of deoxyadenosine 

triphosphate, deoxycytidine triphosphate, deoxythymidine triphosphate, and 

deoxyguanosine triphosphate) 25 units of RNasin ribonuclease inhibitor, and 200 units 

of reverse transcriptase was added to the sample and incubated at 37°C for 1 hour, after 

this time the solution was heated to 99°C for 5minutes to inactivate the reverse 

transcriptase enzyme.  
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 Quantitative polymerase chain reaction 2.9

qPCR was performed using an Applied Biosystems StepOne Plus thermocycler, with 

glyceraldehyde-3-phopshate dehydrogenase (GAPDH) used as the reference gene. SYBR 

Green (Sigma, USA) reaction technology was utilised. Each primer (primer details in the 

appendix 1) was used at a concentration of 10µM, and at a ratio of 50:50 for forward 

and reverse. The reaction parameters were as follows: 95°C for 15 minutes to denature 

the cDNA and primers, 50 cycles of 94°C for 15 seconds followed by primer specific 

annealing temperature for 30 seconds then 72°C for 20 seconds.  A comparative Ct 

method was used to calculate the levels of relative expression, whereby the Ct was 

normalised to the endogenous control (GAPDH). This calculation gives the ΔCt value, 

which was then normalised to a reference sample (i.e. a positive control), giving the 

ΔΔCt. The fold change was calculated using the following formula: 2-ΔΔCt. A list of primers 

can be found in appendix A.  

  Bradford assay 2.10

Cell pellets were lysed with 10-50μl of CHAPS (3-[3-Cholamidopropyl dimethylammonio]-

1-propanesulfonate) buffer (Roche, Switzerland). In order to determine the correct 

amount of protein a standard curve was generated using BSA protein standards of 

concentrations of 1.4μg, 2.8μg, 4.2μg, 5.6μg, 7μg, 8.4 μg and 9.8μg were added to 200μl 

of 1:5 diluted protein assay dye reagent (Bio-Rad, USA). 2μ of sample was added to 

200μl of the same protein determination solution used for the preparation of protein 

standards. Samples were mixed by vigorous agitation with a pipette. 96 well plates 

containing the samples were placed in a Fluo-Star Omega microplate reader 

spectrophotometer (FLUOstar Omega, BMG Labtech Germany), absorbance was 

measured at 595 nm. The standard curve was normally with an r2 of around 0.9. The 

obtained protein concentrations were averaged from the duplicate samples and divided 

by 2 in order to obtain the original sample concentration. 
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Figure 2.2 Protein determination standard curve 
Known protein concentrations were used to establish a standard curve. The closer to 1 the R

2
 value, the 

more accurate the interpolation/extrapolation will be to determine unknown sample amounts. 

 

  TeloTAGGG Telomerase PCR ELISA 2.11

Telomerase activity was measured by exploiting the reverse transcriptase function of the 

enzyme, using a protocol adapted from Kim and colleagues (Kim et al., 1994). The 

process is comprised of two major steps, PCR and ELISA. Firstly, telomerase adds 

telomeric repeats to a synthetic biotin linked DNA primer via PCR. Secondly, the 

elongated primer is then hybridised and immobilised to a streptavidin coated 

microplate. Detection occurs by using an antibody specific to the telomerase 

amplification products, the more antibody which is able to bind is dependent on the 

telomeric extension of the primers. 

 Cell lysates containing 500ng of protein (determined as in section 2.10) was 

placed in thin walled 0.2ml PCR tubes, 25μl of 2x reaction mixture (Roche, Switzerland), 

was then added, a total volume of 50μl was made up using ultrapure DNAase/RNAase 

treated water. 
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 Time Temperature Cycles 

Telomerase 
reaction 

30 minutes 25°C 1 

Telomerase 
inactivation 

5 minutes 94°C 1 

Amplification: 
Denaturation 

Annealing 
Polymerisation 

30s  30s
  90s 

94°C  50°C
  72°C 

30 

Polymerisation 10 minutes 72°C 1 

Table 2.1 TRAP amplification parameters 

5μl of amplification product was added to 20μl of denaturation reagent (Roche, 

Switzerland) and incubated for 10-15 minutes at room temperature. After which 225μl 

of hybridisation buffer (Roche, Switzerland) was added, the mixture within a tube was 

then placed on a vortex for 30 seconds. 100μl of this solution was transferred to a 

streptavidin percolated microplate well, the wells were then covered to prevent 

evaporation during incubation at 37°C for 2 hours with shaking at 250rpm. The 

hybridisation mixture was then removed and each well was washed 4 times for 30 

seconds with 200μl of washing buffer (Roche, Switzerland). 100μl of Anti-DIG-POD 

(10mU/ml) solution (Roche, Switzerland) was added followed by incubation at room 

temperature shaken at 250rpm for 30minutes. This solution was then completely 

removed and each well was washed with 200μl of washing buffer (as stated previously) 

(Roche, Switzerland) 5 times for 30 seconds. Detection then followed, reaction of POD 

(peroxidase) by 100μl of TMB substrate (3,3’,5,5’ – tetramethylbenzidine) (Roche, 

Switzerland) reagent for 5-10 minutes, in order to form a coloured reaction product 

(blue). 100μl of stop reagent (Roche, Switzerland) was then added, this changed the 

substrate from blue to yellow, allowing for maximum sensitivity. Optical density was 

measured at 450nm using a microplate reader (FLUOstar Omega, BMG Labtech 

Germany). 

  General immunofluorescence staining 2.12

Immunofluorescence is used to identify the cellular location of proteins using 

fluorescent antibodies. Limbal epithelial cells were plated onto 19mm glass cover slips in 

12 well plates at a density of 5x104 and incubated at 37°C overnight. The medium was 
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aspirated and the cover slip was washed twice with PBS for 2 minutes. Culture was then 

fixed with 1ml of a 4% paraformaldehyde solution (diluted in PBS) and incubated at 

room temperature for 10 minutes. This solution was then removed, and the coverslip 

was allowed to dry for 3 minutes. The coverslip was washed again with PBS twice for 5 

minutes, after which 1ml of a PBG Triton (PBS, 0.5% BSA, 0.2% Fish skin gelatine, 0.5% 

Triton X-100 Sigma, USA) was added and the cover slip gently agitated for 45 minutes. 

Antibody was then added per the manufactures specifications (Table 1) diluted in PBG, 

and then incubated for 1 hour at room temperature. PBG was used to wash the cover 

slip twice for a duration of 10 minutes at room temperature, secondary fluorescently 

antibody was then applied (Alexa Fluor Anti- Goat 488/594 Invitrogen, UK) at a 

concentration of 1:2000. The coverslip and antibody were incubated for 1 hour with 

gentle agitation. The solution was then aspirated, the coverslip washed with PBS three 

times for 10 minutes at room temperature. For nuclear staining 400µl of DAPI (4’,6-

diamidino-2-phenylindole Partec, Germany) was incubated for 10 minutes. The DAPI 

solution was then removed and the cover slip was washed 3 times with PBS for 10 

minutes at room temperature. The cover slip was mounted onto a microscope slide 

using anti-fade aqueous mounting medium (Vector Laboratories, USA) and sealed with 

nail polish. Slides were then examined using a fluorescence microscope (DM5500 B 

Leica, Germany). 

Primary Antibodies Company Raised in Dilution 

Ki67 Abcam Rabbit Polyclonal 1:500 

ΔNp63 (4A4) Santa Cruz Mouse Monoclonal 1:100 

TAp63 Abcam Rabbit Monoclonal 1:100 

Connexin 43 Sigma Rabbit Polyclonal 1:1000 

ɣH2A.X Abcam Rabbit Polyclonal 1:250 or 1:1000 

Table 2.2 List if primary antibodies used 

Ki67 and ɣH2A.X were optimised previously by former laboratory members, ΔNp63, 

TAp63 and Connexin 43 were optimised by titration before use in experiments. 
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 p63 immunofluorescence staining 2.13

Cultures were grown on 19mm circular coverslips for 12 days or until confluent. The cells 

were fixed for 10 minutes in 2ml of pre-chilled methanol at -20°C, the methanol was 

removed and replaced with 2ml of pre-chilled acetone for 30 seconds also at -20°C. p63 

4A4 primary antibody (Santa Cruz, USA)/p63 (EPR5701 Abcam, UK) was diluted with 

PBS+++ (10% BSA, 0.5% Triton X-100 and 0.5% Tween 20 in PBS) at a ratio of 1:100 

(previously titrated by Reichelt laboratory) 300µl was added to each coverslip and then 

incubated for 1 hour at room temperature, these particular antibodies require the use of 

both Triton X and Tween 20 to produce specific staining. The coverslips were then 

washed 3 times for 5 minutes each with PBS before the secondary antibody was added. 

A secondary antibody (anti-Mouse IgG Alexa Fluor488/594 Abcam, UK) was diluted in 

PBS+++ at a ratio of 1:2000 and incubated in the dark for 40 minutes. After this 

incubation all steps were performed in a low light area to protect the fluorescent 

properties of the secondary antibody. Each well was washed 3 times for 5 minutes with 

PBS followed by a brief wash with Milli-Q water. Coverslips were then washed briefly 

with analytical grade Ethanol and allowed to dry before being mounted using Vector 

Shield (Vector Laboratories, USA) onto microscope slides. The slides were then sealed 

using nail polish and allowed to dry at room temperature, before being transferred to 

4°C for short term storage. 

  Microscopy and Analysis 2.14

Microscopy was performed using Leica DM5500B (Leica, Germany) and Zeiss observer 21 

Quant EM51250 (Zeiss, Germany) using either x63 (human p63 quantification) 100x 

(mouse in situ staining) objectives. 3 randomised fields of view were using for the 

quantification of p63 in human cells, on average 11 cells were present in each FOV. 

Microscopy on mouse eyes was performed in peripheral cornea and central cornea, 5 

FOV (field of view) for each section were analysed. Quantification of immuno-FISH for 

TAF (Telomere associated foci) recognition was performed by capturing z-stacks in the 

same regions. The basal cell layer was focused upon as this layer predominantly contains 

progenitor cells. 

 Analysis of p63 staining was performed as stated in (Gavet and Pines, 2010), 

briefly, total cellular fluorescence was calculated using the following formula: 
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𝐶𝑇𝐶𝐹 = 𝑊ℎ𝑜𝑙𝑒 𝐶𝑒𝑙𝑙 𝑆𝑖𝑔𝑛𝑎𝑙 − (𝐴𝑟𝑒𝑎 × 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) 

Whole cell signal = ∑ Intensity of pixels per single cell 

Background = Average signal per pixel for a region beside cell 

Area = Size in pixels of selected cell 

 Animal model Mus musculus 2.15

The mouse strain used in the animal study of corneal ageing was B6.129S-Tert, tm1Yjc/J 

(Chiang et al., 2004) (The Jackson Laboratory, USA). The line had a GFP and neomycin 

cassette inserted, replacing the translation initiation site of exon 1 in the Tert gene, 

rendering the gene inactive. Wild type homozygous (Tert+/+). As well as F1 (first 

generation) Tert-/- mice were generated by crossing heterozygous mice with each other. 

(Chiang et al., 2004). All animals had free access to water and those animal not in dietary 

restricted conditions had continuous access to standard rodent pelleted chow (Special 

Diets Services, Witham). The environmental conditions were kept constant throughout 

at 20 ± 2 °C with a day/night cycle of 12 hours, beginning and ending at 7am. At least 3 

mice in each condition were tested in all experiments; this number was chosen after 

power calculations were performed in Minitab®. 2 sample and paired t-tests required 3 

while ANOVA ideally required 4 mice.  
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Figure 2.3 Power curves for paired, 2 sample t tests and ANOVA.  
Overall the required number of mice required was between 3-4, in order to detect a meaningful significant 
change between groups.  

  Dietary restriction  2.16

Dietary restriction was implemented over 16 months, the initial age of the mice at the 

beginning of the intervention was 6 months old. Caloric value was reduced by 26% 

whilst retaining sufficient nutrition. 

  Rapamycin supplemented diet 2.17

12 month old mice were fed experimental chow containing 0.067mg of rapamycin per 

day/per mouse, gifted from John Strong, Texas USA (Miller et al., 2011; Wilkinson et al., 

2012). Treatment lasted 4 months, at which point the mice were sacrificed.  

  Cryopreservation and cryosectioning of Mus musculus eyes 2.18

Mice were culled by cervical dislocation by an animal technician. Mouse eyes were 

extracted soon after death using forceps and placed into cryomoulds (Strain B6. 129s-

Tert, tm1Yjc/J on a background of C57BL/6, The Jackson Laboratory USA). Optimum 

cutting temperature fluid (OCT) (Cellpath, Wales) was carefully poured over the tissue, 

which was then allowed to acclimatise for several minutes. The cryomould was then 

carefully placed into a bath of iso-pentane (Fisher Scientific, USA) pre-chilled by a 
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container of dry ice. The sample was allowed to freeze before transferring the mould 

into -80°C for long term storage. Upon retrieval from long term storage, samples were 

trimmed and mounted onto a metal chuck. Embedded tissue was then sectioned into 

10µM sections on a Leica CM-1950 cryostat-microtome. The sections were transferred 

onto Aminopropyltriethoxysilane (APES) treated slides (Sigma, USA). Briefly, Slides were 

washed in acetone for 5 minutes, followed by treatment with 4% APES (Dissolved in 

acetone) for 5 minutes. The slides were then washed in deionised water for 5 minutes, 

slides were then placed in a 37°C oven overnight to dry the slides. APES creates a 

positive charge on the surface of the slides allowing for better attraction and 

attachment of tissue.  

 Combined Immunofluorescence and in situ hybridisation (Immuno 2.19

FISH) 

Cryosections from mouse eyes were allowed to acclimatise to room temperature for 

around 2 hours before being fixed using paraformaldehyde (PFA) for 10 minutes. PBG-

triton was used to permeabilise the cells for 10 minutes. Primary antibodies ɣH2A.X 

mouse anti human (1:1000 Cell signalling, UK) and/or Ki67 rabbit anti human (1:1000 

Abcam, UK) suspended in PBG were incubated for 45 minutes. Coverslips were then 

washed 3 times for 5 minutes in PBG. Following steps are performed in the dark, 

secondary antibodies goat anti mouse and goat anti rabbit (Alexa fluor 488 & 633 1:2000 

& 1:1000, Invitrogen, UK) were suspended in PBG and incubated for 45 minutes. 

Samples were then washed with 1x PBS twice for 10 minutes. Additional fixation was 

performed using a mixture of methanol and acetone (3:1) for 30 minutes, to dissolve 

lipids allowing more efficient access to the nucleus. Coverslips were then dehydrated 

through ethanol washes 70%, 90% and finally 100% 2 minutes in each. Samples were 

then allowed to air dry. Warm PBS was added and the coverslips were incubated at 37°C 

for 5 minutes. 4% PFA was added to fix the chromosomes at 37°C for 2 minutes. Samples 

were briefly washed with 1x PBS. 10µl of Hybridisation mixture (1mM Tris pH 7.2, 70% 

deionised formamide, Magnesium chloride buffer [82 mM Disodium phosphate, 9 mM 

citric acid], 20 mM MgCl2, 25ug/ml Cy-3-labelled telomere specific (C3TA2) 3 peptide 

nucleic acid (PNA) probe (Panagen, Korea), 12.5µl of Vector laboratory Ltd Blocking 

reagent (2µlBR+18µl Maleic Acid) made up to 250 µl with distilled water) was placed 
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onto a clean glass slide, coverslips were then carefully placed onto the droplet.  Slides 

were then placed onto a hot plate in an 80°C oven for 10 minutes to denature the DNA. 

Slides were removed from the oven and incubated in a humid chamber for 2 hours. 

Coverslips were very carefully removed from the glass slides in a wash buffer (70% 

formamide, 2% SSC) and transferred back into a fresh 12 well culture plate. The samples 

were then washed 3 times for 10 minutes in the wash buffer. 1ml of DAPI was added for 

10 minutes followed by 3 washed of Tris Buffered Saline -Tween contents (0.05%) for 5 

minutes each. Samples were then dehydrated with ethanol again and allowed to air dry 

before mounting in anti-fade mounting medium (Vectashield Vector Laboratories, USA) 

onto glass slides.  

2.19.1  DNA damage and telomere associated foci 

Damage foci were visualised by the association of γH2A.X with these sites. An Anti-

γH2A.X antibody was used (Abcam, UK). Z-stacks were taken and each individual focus 

was counted throughout the cross-section of the cell to give the total cellular foci 

number. Telomeres were visualised using a fluorescently labelled DNA probe which was 

complimentary to telomeric sequences (Panagen, Korea). At regions were fluorescent 

signals indicated γH2A.X foci co-localised to those of the telomere these were termed 

telomere associated foci (Hewitt et al., 2012) (figure 2.4). The number of co-localisation 

events was recorded for each cell. 

Figure 2.4 Red, green & blue fluorescence signal profiles.  
A cross section of two cells was taken, panel a, shows a profile which contains a TAF, while panel b shows 
a profile without. 



59 

 

  Paraffin embedding 2.20

After dissection, mouse eyes were fixed in 4% paraformaldehyde at 4°C overnight. 

Mouse eyes were then processed in an ASP300 tissue processor (Leica, Germany) which 

firstly dehydrated the tissue though 50%, 70%, 90%, 95% and 100% ethanol at room 

temperature. Samples were then washed with histoclear (National Diagnostics, USA) for 

1 hour at room temperature. Half the histoclear was removed and replaced with paraffin 

wax (Leica, Germany) after which the tissue was incubated for 1 hour at 60°C. The 

histoclear:wax mixture was removed and the samples placed into 100% molten paraffin 

wax. Wax was replaced every hour for 6 hours. Tissue was then embedded in a 

dispomould, the wax was allowed to cool for several hours on a cold plate. Blocks were 

removed from the moulds and pre cooled at 4°C before trimming and sectioning using a 

microtome (Finesse E+ Thermo Scientific, USA ) producing 10μM sections. Sections were 

placed into a 40°C water bath before transferring onto APES treated slides. 

  Haematoxylin and Eosin Staining  2.21

Paraffin embedded tissue sections mounted on slides were fixed using 4% PFA for 10 

minutes. Alternatively alternately frozen OCT embedded sections were fixed using 100% 

methanol for 10 minutes temperature followed by acetone fixation for 30 seconds at -

20°C. Sections were washed briefly in tap water then placed in Harris Haematoxylin for 

30 seconds to stain the nuclei. Sections were then washed in tap water. Haematoxylin 

(Sigma, USA) was differentiated by briefly immersing the slides in acid alcohol (70% 

Ethanol and 10% HCl). In acidic conditions, haematin, the active compound in 

haematoxylin binds to lysine residues of histones. Acid alcohol leaches undesirable 

colouration. The slides were then washed again in water, before adding several droplets 

of ammonia solution to blue the haematin. Slides were washed in water before 

incubation in 1% eosin solution (RAL Diagnostics, UK) for 30 seconds. Eosin acts as a 

counter stain against haematoxylin, it stains basic parts of the cell such as the cytoplasm. 

The slides were then dehydrated through 70%, 95% and 100% ethanol. They were then 

transferred into Xylene for 10 minutes after which they were air dried for 15 minutes 

before placing cover glass over the sections and mounted with a mixture of distyrene, 

plasticizer and xylene (DPX) (Sigma, USA). This mount was used as it dries quickly and 
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preserves haematoxylin-Eosin stains. Visible light microscopy was used to view the 

samples (Nikon ECLIPSE E800, Japan). 

  Metabolic assay using Extracellular flux analyser XF24 2.22

The Extracellular FLUX Analyser XF24 (Seahorse, USA) is a real time proton flux and 

oxygen consumption assay, otherwise referred to as oxygen consumption rate and 

extracellular acidification rate (OCR and ECAR). Solid state probes detect H+ ions and 

oxygen produced by a monolayer of cells. Up to four electron transport chain (ETC) 

altering compounds can be added into the system at timed intervals (3 minutes). For 

optimum measurements between 5,000-10,000 cells were plated onto XF24 culture 

plates (Seahorse Bioscience, UK) and allowed to grow for approximately 1 week. Once 

the wells became around 70% confluent (~25,000 cells) the culture medium (100 µl of D-

KSFM) in the XF24 plate was replaced in a step wise process with XF Assay Medium 

containing 2mM L-glutamate (Sigma, USA) and 5mM glucose (Sigma, USA). 100 µl of 

Assay medium (Seahorse bioscience, UK) was added then 50 µl was removed, 300 µl was 

added then 300 µl removed, finally 450 µl of assay medium was added. The plate was 

then placed in a non CO2 incubator at 37°C for 2 hours. To assess the respiratory profile 

of the cultures three compounds were added separately at intervals (3 minutes). 

Oligomycin A (Sigma, USA) (5µg/ml) was used as an inhibitor of F0F1 ATP synthase 

(Complex V), where it binds a peptide on the rotary motor which internally hinders 

oxidative phosphorylation (OXPHOS) and leads to a reduction in ATP production. This 

significantly reduces the amount of electrons in the electron transport chain, giving a 

baseline level of proton leak (proton diffusion into the mitochondrial matrix).  

 Trifluorocarbonylcyanide Phenylhydrazone (FCCP) (3µM) (Sigma, USA) can 

permeabilise the inner mitochondrial membrane, allowing the passage of protons 

through the lipid bilayer and into the intermembrane space. This has the effect of 

destroying the ΔpH and the Δψ uncoupling the ETC from OXPHOS and as a result no ATP 

is generated. In this state maximal mitochondrial respiration can be observed, so called 

state 3. A second smaller dose to FCCP (0.5µM) was added after a set interval of 3 

minutes to ensure that this state has been achieved. Finally Antimycin A (Sigma, USA) 

(2.5µM) was added to the cultured cells. Antimycin binds to complex III inhibiting the 

transfer of electrons, by preventing the oxygenation of the Q1 site. This keeps b haemes 

reduced and increases superoxide which ergo prevents a formation of a proton gradient. 
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(In a selected number of wells pyruvate (0.05M Sigma, USA) was added to allow 

maximum cellular respiration to be achieved through the citric acid cycle.  After data 

collection, cells were fixed using 4% PFA for 15 minutes, after which DAPI was added for 

10 minutes. The cells were then imaged using a spinning disk confocal microscope (CSU-

X1) (Zeiss, Germany) and QuantEM camera (Photometrics, USA) (figure 2.5). Data was 

analysed using excel with the methods outlined by (Birket et al., 2011).  

Figure 2.5 Cell counting methods for accurate normalisation of the extracellular metabolic flux assay 
Cells in a well were crosslinked with paraformaldehyde and incubated with DAPI for 10 minutes. Images of 
the wells were captured on a spinning disk laser confocal microscope. The resulting images were 
thresholded with imageJ software, as shown above in the right circle. Each signal was then counted using 
the particle analyser tool. 

  Cell cycle analysis using flow cytometry 2.23

Cells were cultured as stated in 2.0, in both normoxia (21%) and hypoxia (3%) stated in 

section 1.15. Cells were dissociated from each well by an enzymatic treatment at 37°C 

for 15 minutes (TrypLE™ Express, Invitrogen UK). Cell cycle analysis was performed using 

a CyStain® DNA 2 step (Partec, Germany) kit. Nuclei were extracted using the supplied 

extraction buffer. 100µl of buffer was added to approximately 1x106 cells and incubated 

at room temperature for 15 minutes. 500µl of supplied 4',6-diamidino-2-phenylindole 

(DAPI) was added to the nuclei suspension and incubated over night at 4°C. Immediately 

before processing the samples, the nuclei were passed through a 30 micron filter to 

separate aggregated nuclei. DAPI incorporates in A-T rich regions of DNA, and increases 

fluoresce by over 20 fold when incorporated. Fluorescence was measured using a 
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FACSCanto II (Beckton Dickinson, USA) at 405/450nD, data was analysed using Modfit 

software (Verity software house, USA). The principle for which includes the user defining 

the cells required for analysis by gating the relevant population. In cell cycle analysis two 

peaks are normally present, cells with a diploid number of chromosomes produce half 

the amount of fluorescence of those which are about to divide (G1/M) . The software 

measures the number of cells in each peak to give a percentage over the total 

population.  

  Statistical analysis 2.24

The analysis performed on the data depended upon a number of factors which are 

summarised in figure 2.6. Minitab®, SPSS® and Sigma plot® were utilised to generate the 

statistical significances. 

Figure 2.6 Statistical analysis decision trees 
The analysis of statistical analysis of results was depended on the type of data and its distribution. 
 

Probabilities which were less than 0.05 were considered to be statistically significant, 

allowing for acceptation of the alternative hypothesis (H1). The alternative hypothesis 

states that there is a significant difference between the data sets which is not attributed 
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to chance. In contrast the null hypothesis (H0) states that there is no significant 

difference between the means of data sets and that of those predicted to occur by 

chance. Data which was assessed using parametric tests was represented with bar 

charts, while generally data which was assessed using non-parametric tests are shown as 

box and whisker plots. Where there a small number of samples have been analysed the 

raw data has been plotted, often as scatter plots.  

  Ethical Considerations 2.25

The research described in this thesis was performed using corneal tissue donated for 

research, obtained from the UK eye bank. Ethical approval was obtained from the local 

research ethics committee (11/NE/0236). The Institute of Genetic Medicine (IGM) and 

Institute for Ageing and Health (IAH) hold licences from the Human tissue authority to 

store and use human tissues on site. The use of mice in this study was approved by the 

Animal and Welfare Ethical Review Board of Newcastle University under the project 

license from Prof. T. von Zglinicki (IAH) (PPL60/3864). Husbandry was performed by 

qualified staff in the CBC (Comparative Biology Centre) of Newcastle University. 
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Chapter 3 Investigating the effect of age on the growth of limbal 

epithelial cells  

 Introduction 3.0

3.0.1 The effects of age on human limbal epithelial cells 

The effective growth of isolated and cultured limbal epithelial cells is important for the 

treatment of limbal stem cell deficiency (LSCD). The damaged corneal epithelium must be 

replaced in order to resolve the condition (Daniels et al., 2001). A technique pioneered in 

1989 used a section of healthy limbus and grafted it onto the afflicted eye (Kenyon and 

Tseng, 1989). This technique however does not come without risk with the potential of 

causing LSCD in the previously healthy eye. Allogeneic transplants from recently deceased 

donors are also used in cases were the risk of causing further damage is too high or when 

LSCD is bilateral. These transplantations however can face problems of immune-rejection 

(Williams et al., 1995). Limbal epithelial cells were first reported as being successfully 

cultured from human donors in 1997 when techniques for cultivating primary keratinocyte 

were applied (Pelligrini et al., 1997). Small sections of limbus could be excised and cultured 

on irradiated 3T3 fibroblasts to produce a stratified sheet of epithelial cells which could then 

be transferred onto an effected cornea. This technique reduced the risk of causing LSCD in a 

donor eye by reducing the quantity of tissue removed from the healthy eye.  

 The effect of age on progenitor limbal epithelial cells was thought to play an 

important role in the subsequent growth of these cells, in-turn this would have an effect on 

the successful culture of cells used for transplantation or their ability to regenerate the 

cornea once implanted (James et al., 2001). It is known that senescent cells accumulate in 

tissues with age and lead to functional decline (Dimri et al., 1995). Previous studies have 

shown no statistically significant change in the quality of cells harvested from older donors 

using 3T3 feeder layers (Shanmuganathan et al., 2006) with the exception of CFE 

experiments (Notara et al., 2013). In explanted cells grown on human amniotic membranes 

age was also shown to have no effect on the outgrowth size (Baylis et al., 2013). Our aim 

was to replicate and expand on these contradictory results, employing additional techniques 

to ascertain the true effect of age on limbal epithelial cells using the 3T3 culture system. 
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 Methods 3.1

CFE, quantitative polymerase chain reaction (qPCR), immunofluorescence and TRAP assays 

were utilised to analyse the number and quality of stem cells within each culture. A greater 

number of cells generated in CFE assays are generally indicative of a larger number of 

progenitor cells. Likewise the quantities of mRNA transcripts and protein accumulation of 

stem cell associated genes, positive or negative are indicative of the status of that cellular 

population. TRAP assays measure the quantity of active telomerase per a defined quantity 

of total protein from a cellular population. Activity of telomerase is indicative of stem cell 

populations.  

 The experimental techniques used to measure gene expression levels were qPCR and 

immunofluresence were chosen instead of western blotting and flow cytometry. The 

rational for performing qPCR was because we could measure the difference in mRNA 

transcripts with this method compared to westen blotting which shows protein quanties. I 

used immunofluresence to measure the protein amount in a particular cell type rather than 

in a whole crude extract of donor tissue (which is required for western blotting). Often the 

number of cells which could be isolated per donor was limited and therefore 

immunofluorescence seemed to be the best method to visualise and measure the difference 

in gene expression. I was concerned that the cell type that I wanted to measure could have 

been lost in a whole crude extract of tissue if I used western blotting as a technique. 

Similarly, for flow cytometry often the number of cells isolated and cultured was not 

sufficient to meet a sensible number of events. The TRAP assay was preferred over telomere 

length immunoFISH since it requires very few cells compared to other methods.  

3.1.1 Colony forming efficiency assay of limbal epithelial cells 

The assessment of the quantity of putative limbal epithelial stem cells within any given 

culture can be difficult to ascertain. The reason for this is a lack of stem cell specific markers, 

however colony forming efficiency assays can be used to identify donors which have a 

greater proportion of clonogenic cells indicative of stem cells. Colony forming efficiency 

assays are suited to cells derived from epithelia and highlight those progenitors which 

produce the highest number of TAC cells, which then go on to produce large colonies. 

Colony forming efficiency is widely considered to be an indirect measure of epithelial 

progenitors including those derived from the corneal limbus. 
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3.1.2 The use of clonal analysis to assess culture quality  

The use of clonal analysis on limbal epithelial cells is not novel, previous studies have used 

clonal analysis to assess the number of progenitors at different anatomical regions, nasal, 

temporal, superior and inferior limbus (Pellegrini et al., 1999). In HSCs clonal drift has been 

observed, from lymphoiesis to myelopoiesis, with age (Cho et al., 2008; Dykstra et al., 2011). 

To date clonal analysis has not been utilised to assess the effects of age on limbal epithelial 

cells. It was hypothesised that perhaps a clonal drift may occur in limbal epithelial cells, 

observable through the type of clones isolated. 

 Clonal analysis isolates single cells to assess their clonogenic ability. 480 cells from 

each primary culture were isolated using a dilution method and cultured in individual wells 

(described in chapter 2). Each cell would then go on to form a single colony. Epithelial cells 

form three colony types, holoclones, meroclones and paraclones (Barrandon and Green, 

1985; Barrandon and Green, 1987). A greater percentage of progenitors are found in 

holoclones than in meroclones with paraclones containing the least number of progenitor 

cells (see 3.2.6.3). With this in mind it is possible to infer that donors containing a higher 

amount of holoclones had a larger pool of stem cells. It has been shown that holoclones 

express the highest quantities of ΔNp63α, thus as such this gene was used to assist in the 

assessment of clone type (Di Iorio et al., 2005). 

 Aims 3.2

 Aims of studying the influence of donor age on quality of limbal epithelial 3.2.1.1

cells 

The aim of this chapter was to determine if age correlates with the successful culture of 

human limbal epithelial cells using CFE, population doubling times, specific marker gene and 

clonal analysis. 

 Results 3.3

3.3.1 Does colony forming efficiency change with age? 

An important fundamental property of stem cells is to produce daughter/transit amplifying 

cells to replenish or regenerate tissues. The measurement of the number of stem cells 

extracted from a single donor can be inferred from the number of colonies they can 

generate. Colonies can vary in size and shape (figure 3.1). To avoid any bias in the extraction 
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efficiency of the primary cells from the tissue pieces, cells taken for colony forming 

efficiency (CFE) were first cultured until 70% confluent (around 2 weeks). 1,000 cells were 

portioned from the primary cultures, co-cultured with 3T3 fibroblasts and incubated for 12 

days. Each donor/subculture had 3 replicates. Even so one found that the percentage 

efficiency varied greatly from donor to donor as shown in figure 3.2. This variation seems to 

increase in older donors. If one takes subculture 1 as an example the standard error of the 

mean (SEM) was 0.9 (Standard deviation 1.8) in young donors (20-69) compared to 1.2 

(Standard deviation 3.7) in the older category (70-90). 

Figure 3.1 Examples of colony forming efficiency assays  
Example colony forming efficiency plates, colonies are labelled with black arrows, colony size and number was 
recorded, with the minimum size around 75 cells, at which point they became visible to the naked eye. 
Colonies were stained with 1% Rhodamine (see methods) to give a high contrast to the colonies, allowing for 
ease of counting. The images have been converted to grey scale so that this contrast was not lost after digital 
conversion 

A Shapiro-Wilk test was required to determine if the data was normally distributed. It 

showed that overall the data was not normally distributed (p<0.05) (figure 3.2). The Shapiro-

Wilk test is a useful tool for assessing normality. As the data was not normally distributed a 

Mann-Whitney test was performed on independent samples for example comparing 

between age categories. Wilcoxon signed rank tests was used on related samples when 

observing between subcultures of the same category. The standard confidence level of 0.95 

was applied to this and all subsequent statistical tests. The alternative hypothesis (H1) states 

that the samples were not equally distributed, whereas the null hypothesis (H0) stated the 

converse, that samples were equally distributed for this and all subsequent tests. If the data 

had been normally distributed and had equal variance, an analysis of variance (ANOVA) for 2 

or more group comparisons would have been used. Related (paired) samples Students t-test 

would have been utilised for two related groups, for example between subculture 1 and 2 of 



68 

 

the young category. Between categories an independent (unpaired) samples t-test would 

have been used, this rationale was applied to this and all subsequent analysis. When 3 or 

more groups are to be tested in a non-parametric way and the samples are independent of 

one another, a Kruskal-Wallis one way analysis of variance on ranks was used (Lehmann, 

1998). Comparing subculture 1 between young (20-69) and old groups (70-90), showed no 

significant difference (p=0.57). Subculture 2 was also not significantly different between age 

categories either (p=0.46). Subculture 3 showed a statistical difference between the two age 

categories with p=0.016. The data suggests that older donors are less likely to produce 

colonies after subculture 2. Confirming the data shown by Lindberg and colleagues, who 

demonstrated a decline in colony forming with successive sub-culturing (Lindberg et al., 

1993). 

 To ascertain the differences between subcultures within the same age category 

related samples Wilcoxon signed rank tests were performed. Subcultures 1 and 2 in the 

young (20-69 years) group p=0.068. Analysis on subcultures 1 and 3 showed a p value of 

0.068, subculture 2 and 3 also had a p value of 0.068. This lack of significance could in part 

be due to a lack of sufficient sample size and high variation between donors. 

 In the subcultures of the 70-90 year old group the p value between subculture 1 and 

2 was 0.012 indicating significance. Studying the data between subcultures 1 and 3 also 

showed significance, (p=0.012). There was not however a significant difference between 

subcultures 2 and 3 (p=0.063). 
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Figure 3.2 The effect of donor age on colony forming efficiency over multiple subcultures.  
Box plots (a) and scatter plot (b) to show the colony forming efficiency between subcultures in all donors. The 
box plots show the maximum, the 75th percentile, the median, the 25th percentile and the minimum values. 
Significance is indicated with an asterisk. (N=4 for the group 20-69 years old and 8 in group 70-90 years old). 
(Subculture 3, 20-69 vs 70-90, p=0.016) (p=0.012, SC1 vs SC2 70-69) (p=0.012, SC1 vs SC3). 
 

In addition to age, the time in which corneoscleral tissue is stored for might also have an 

effect on the successfulness of limbal cultures. Figure 3.3 shows the effect of time in organ 
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storage medium on the subsequent CFE of each donors cells over multiple subcultures. A 

Shapiro-Wilk test revealed that overall the data was not normality distributed (p=0.050). A 

non-parametric test comparing subcultures between the two time categories showed that 

there was not a significant difference between either (Mann-Whitney on independent 

samples)(p=1, 0.485 and 0.937, subcultures 1-3).To assess if there was a statistical 

difference between subcultures within each time group a Kruskal-Wallis One Way Analysis 

of Variance on Ranks was performed. The 30+ days in organ culture medium group showed 

no statistical difference between each subculture (p=0.067). The 0-29 days group did 

however show that there was a difference (p=0.034). Further pairwise analysis with Tukey’s 

test, showed that between subculture 1 and 3 (p<0.03) there was statistical significance. 

This indicates that there is a greater reduction over subsequent subcultures compared to 

the 30+ days group, this might however be due to a slightly higher number of progenitors at 

subculture 1. 

 It was not possible to perform a three way analysis, comparing both age, time in 

organ culture medium and subcultures because there was only one donor which was both in 

the young category and had been in organ culture medium for longer than 30 days. 
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Figure 3.3 The effect of time in organ culture medium on colony forming efficiency over multiple 
subcultures. 
Box plots (a) and scatter graph (b) shows colony forming efficiency compared against tissue storage time in 
organ culture medium for 0-29 days (N=6) and more than 30 days (N=6). The box plots show the maximum, 
the 75th percentile, the median, the 25th percentile and the minimum values. Significance is indicated with an 
asterisk (p<0.03, SC1 –SC3 0-29 days). 
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 Does colony size change over multiple subcultures?  3.3.1.1

The size of colonies can be indicative of the proportion of progenitor cells which gave rise to 

it, smaller colonies tend to originate from paraclones, whereas larger colonies tend to 

originate from holoclones (Barrandon and Green, 1987). 

Figure 3.4 Box and whisker plots of colony size in subcultures 1, 2 and 3.  
Colonies were categorised into 3 groups, <1mm, 1-4mm and >4mm. There were 10 donors in subculture 1 of 
those 7 survived to subculture 2. 2 cultures from this experiment survived until subculture 3. Panel a, The box 
plots show the maximum, the 75th percentile, the median, the 25th percentile and the minimum values. 
Significance is indicated with an asterisk. (p<0.001, between overall colony sizes). 

The Shapiro-Wilk test showed that the data was not normality distributed (p<0.050). Two 

way analysis of the data was not performed using a non-parametric test due to the large 

sample sizes needed to satisfy the criteria for a chi-squared test. The chi-squared test would 

have likely produced a type II error (failure to detect true differences). Mann Whitney tests 

and Wilcoxon signed ranks tests are more robust (as they analyse the sum of ranks, ergo 

outliers are less likely to influence the result) and the results from which are shown in panel 

b of figure 3.4. 

 Comparing the difference between size categories using Kruskal-Wallis One Way 

Analysis of Variance on Ranks showed that there was a statistical difference between them 

(all p<0.001). The result verifies that the defined categories are in fact distinct from one 

another. The results also suggest that the proportion of progenitors do not decline with 

serial culture.  
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 Is colony size affected by donor age? 3.3.1.2

The relationship between donor age and resulting colony size is an important parameter to 

investigate as it can indicate a shift in the type of colonies produced. Any changes to the 

composition could indicate linage skewing. The data was first analysed for normality using 

the Shapiro-Wilk test, p=0.131 showing that the data was normally distributed. Two way 

ANOVA indicated that there was a statistically significant interaction between age and 

colony size (p=0.032). Post hoc pairwise analysis was performed using the Holm-Sidak 

method, as the data also failed the equal variance test. Holm-Sidak is more powerful than 

Tukey’s and Bonferroni tests and was thus selected over these tests. Overall comparisons of 

old vs young were not significant (p=0.99). Looking at colony size however significance was 

found between all groups (p<0.001) (figure 3.5). 

Figure 3.5 Colony sizes of cells isolated from young and old donors at subculture 1. 
Colonies were categorised into 3 groups, <1mm, 1-4mm and >4mm. There were 14 donors in the 70-90 year 
old category, whereas there were only 4 donors in the young (20-69 years. Significance is indicated with an 
asterisk. 20-69 year old <1mm and >4mm (p<0.001), 1-4mm and >4mm (p=0.014), <1mm and 1-4mm 
(p=0.084).70-90 year olds donor cells, <1mm vs >4mm (p<0.001), <1mm vs 1-4mm (p=0.001) and 1-4mm 
vs >4mm (p=0.002). Standard error of the mean is shown. 

Comparing colony size in the young donors cells showed that there was significance 

between <1mm and >4mm (p<0.001) as well as between 1-4mm and >4mm (p=0.014). 

However the <1mm and 1-4mm groups were not significantly different from one another 

(p=0.084). This indicates that a greater proportion of small colonies were present compared 

to the larger colonies. Given the rarity of stem cells these few large colonies are likely to 
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have originated from stem cells, while the numerous smaller colonies are likely to have 

been derived from transit amplifying cells. 

 Comparing colony size in the older donor’s cells showed that there was significance 

between all groups, <1mm vs >4mm (p<0.001), <1mm vs 1-4mm (p=0.001) and 1-4mm 

vs >4mm (p=0.002). The greater number of <1mm sized colonies indicates that a higher 

number of differentiated and transit amplifying cells were isolated from older donors 

compared to other sized colonies. Indeed if we compare the <1mm group between young 

and old, there is a significant increase in the number of these smaller colonies (p=0.040). 

However the 1-4mm and >4mm groups were not statistically different, p=0.104 & p=0.657). 

These results suggest that the total proportion of larger colonies does not change with age, 

thus the number of progenitors which give rise to these colonies. 

 Is colony size affected by number of days in organ culture medium?  3.3.1.3

As stated previously the number of days in organ culture medium is thought to effect the 

growth of limbal epithelial cells. The size of colonies was again measured, as previously 

stated. Analysis of the results of this experiment firstly began with a normality test which 

showed that the data was normality distributed (p=0.276). No statistical difference was 

detected between the number of days in organ culture medium and the sizes of colonies 

produced in each of these populations (p=0.932) (2 way ANOVA). However as previously 

found, there was statistical difference between size categories (all, p<0.001) (Post hoc Holm-

Sidak). These results indicate that the time in organ culture medium does not impact upon 

the proportion of colonies which are able to form, inferring that the number of progenitors 

within the tissue do not decline whilst in storage.  
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Figure 3.6 Colony sizes of donors cells with respect to length of time in organ culture medium at subculture 
1. The histogram shows the length of time in days that tissue was stored in organ culture medium before 
culturing. 5 donors were in organ culture medium for 0-29 days whereas 16 donors were in the medium for 
30+ days. A post hoc least significant difference test showed that p<0.001, between all size categories. 
Standard error of the mean is shown. 

3.3.2 Is the population doubling time effected by age or storage conditions? 

The time it takes a culture to become confluent from a defined number of cells is an 

indicator of the proliferative potential of the culture and can indicate a higher number of 

progenitors contained within the primary culture. One measured the time it took for 

cultures to become 70% confluent importantly from a defined number of seeding cells, 

between subculture 1 and 2 (ATCC, 2012). Both age and the time that tissue is stored in 

organ culture medium are thought to have an effect on the cells which can be isolated and 

subsequently cultured (Liu et al., 2012). The limbal cultures processed for this study could 

not be cultured in the same time frame due to varying shipping time and the lead times 

associated with pathogen testing. As a result it was important to assess what effect this 

extended time had on the proliferative capacity of the isolated cells. 

 A Shapiro-Wilk test showed that the young donor data was normally distributed 

(p=0.511), data from the older donors however was not normally distributed (p=0.015). A 

non parametric test was performed (independent samples Mann Whitney) were p=1, thus 

one can accept the null hypothesis (figure 3.7). The null hypothesis in this instance stated 

that donor age does not have an effect on population doublings. 
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Figure 3.7 The effect of age on the population doubling time between subculture 1 and subculture 2 
Population doubling time was calculated by the number of days it took cultures to achieve 70% confluence. 
The total number of younger donors (20-69) measured was 5, while there were 10 donors in the old category 
(70-90). The box plots show the maximum, the 75th percentile, the median, the 25th percentile and the 
minimum values. 

Figure 3.8 The effect of the number of days stored in organ culture medium on  the population doublings 
between subculture 1 and subculture 2 
The total number of donors in the 19-30 days group was 3, in the more than 30 days group there were 12 
donors. The box plots show the maximum, the 75th percentile, the median, the 25th percentile and the 
minimum values. 
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Looking also at the effect of storage time in organ culture, firstly a Shapiro-Wilk test was 

performed, showing that the data from the +30 days group was not normally distributed (p= 

0.17). A Mann Whitney test was then applied to the data, this resulted in a p value of 0.84. 

Both figure 3.7 and 3.8 shows that there is no statistical difference between different donor 

ages or time in organ culture medium. The data did show that age has a greater effect on 

the variation of samples, which in part could have possibly led to a lack of significance 

between the groups. These results correspond to similar ones performed on limbal 

explanted tissue (Shanmuganathan et al., 2006; Baylis et al., 2013) and the 3T3 culture 

system (Notara et al., 2013). Our data does seem to favour a slight suggestion that 

increased time in organ culture medium and increased age leads to more limited 

proliferation potential. Presumably though fewer progenitors s in the old and 30+days 

stored cultures, although not significantly in this study. A similar suggestion was made by Lui 

et al., (2012), who grew the cells on denuded amniotic membranes and with observations 

taking place after only 4 days in organ culture medium.  

3.3.3 Can the number of days that corneal disks are in organ culture medium 
affect the quality of a culture? 

In addition to assessing population doubling the fate of each culture was tracked and its 

parameters logged. Each culture was assigned into a success group or a failure group, 

dependent on if cells could be isolated and cultured from that particular donor, defined by 

any growth in the initial isolate or absolutely no colony formation. The average age of 

donors was 71 years old, with the oldest donor being aged 90 years old, whist the youngest 

donor was 20 years old. Analysis of the data firstly began with a Shapiro-Wilk test, it showed 

that the failure group was not normally distributed (p=0.01). The success group did however 

have a normal distribution (p=0.081). An independent samples Mann Whitney test was 

performed which showed that there was no difference between the average age of those 

cultures which failed and those which were successful (p=0.421) (Figure 3.9). This allows us 

to accept the null hypothesis that donor age does not affect the successful culture of cells 

isolated from them. 

 The data was then analysed to assess if time in organ culture medium has an effect 

on the success of isolated limbal epithelial cells. Again, the normality of the data was tested 

with a Shapiro-Wilk test, it showed that the success category was normally distributed 
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(p=0.060) whereas the failure category was not normally distributed (p=0.046). Utilising the 

Mann Whitney test showed that there was no difference between the success and failure 

categories (p=0.768) (Figure 3.10). One can accept the null hypothesis in this instance, that 

time in organ culture medium has no effect on the success or failure of a limbal epithelial 

cell containing culture.  

Figure 3.9 The effect of donor age on the successful growth of each culture  
The total number of donors in the successful category was 45, whereas there were only 16 in the failure 
category. The box plots show the maximum, the 75th percentile, the median, the 25th percentile and the 
minimum values. 
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Figure 3.10 The effect of tissue storage time on the successful growth of each culture 
The total number of donors in the successful category was 47, whereas the failure category has 22 donors. The 
number of donors differs because time in organ culture medium was not present for all donors. The box plots 
show the maximum, the 75th percentile, the median, the 25th percentile and the minimum values. 

 

3.3.4 Does gene expression at mRNA and protein levels change with age or 
organ culture storage time? 

Firstly, an appropriate “housekeeping” gene was selected in order to normalise the data for 

accurate analysis. GAPDH was chosen as it deviated the least between different donors and 

conditions out of all genes tested, see appendix A. ΔNp63α is a reliable marker of limbal 

epithelial cells, in both a quiescent state and activated state, hence it can detect stem cells 

and transit amplifying cells. Shapiro-Wilk analysis revealed that the data was not normally 

distributed (p<0.001), thus a Mann Whitney test was performed. The difference between 

the groups 20-69 and 70-90 was not significant (p=0.33) (Figure 3.11). The H0 can be 

accepted and alternative hypothesis can be rejected (H1). The conclusion is that donor age 

does not seem to have an effect on p63 expression in the samples tested. 
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Figure 3.11 The effect of age on the expression of ΔNp63α 
The number of donors in the young category (20-69) was 3, whereas the older (70-90) category was 10. 
Standard error of the mean is shown. 
 

Figures .12 shows an array of genes used to assess limbal epithelial cells. The genes ABCG2, 

BMI1 and TERT are positive markers of limbal epithelial cells, while KRT3 and KRT12 are 

considered negative markers. The gene p21 was used to assess any change in DNA damage 

and stress (see 1.1.2). Normality tests performed on the data showed that all but the KRT3 

(70-90 years) and KRT12 (20-69 years) categories were normally distributed (Appendix B, 

table 7.5). As a result one performed paired sample t-tests on the data, with the exception 

of KRT3 were a non-parametric test were used. All comparisons were not significant. KRT12 

(20-69 years) only had two donors in this category as a result a Shapiro-Wilk test or a 

significance test could not be performed. 
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Figure 3.12 The effect of age on the gene expression profile of limbal epithelial cells 
The number of donors in the young category was 4, whilest there were 6 in the old category. Panel a, shows 
ABGG2, b, TERT, c, BMI1, d, KRT3, e, KRT12, f, p21. Standard errors of the mean are shown. Panel g shows the 
spread of the raw data.  
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Figure 3.13 shows the effect of the number of days limbal epithelial cells were stored in 

organ culture medium before extraction. The data was first analysed for normality, a 

Shapiro-Wilk test showed that the data was not normally distributed (p>0.001). Ergo a non-

parametric test was utilised. A Mann Whitney test on independent samples indicated that 

the presumed increase in ΔNp63α transcripts was in fact not a significant increase with 

p=0.71. 

Figure 3.13 The effect of storage time on the expression of ΔNp63α  
The number of donors in the least number of days category was 4, whereas there were 9 donors in the more 
than 30 days category. Standard errors of the mean are depicted. 
 

Figure 3.14 shows the same array of genes as tested in figure 3.11, all but TERT (+30 days) 

was normally distributed (Appendix B, table 7.6). Performing unpaired t-tests on the data 

showed that there was no statistical difference in gene expression between the number of 

days in organ culture medium. Where the Shapiro Wilk test indicated a non-normally 

distributed population non-parametric test were performed (Mann-Whitney on 

independent samples), there was no statistical difference between the number of days in 

organ culture medium and any of the genes tested. 
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Figure 3.14 The effect of tissue storage time on the gene expression profile of limbal epithelial cells 
The number of donors in the 0-30 days group was 4 while the number of donors in the 30+ days group was 5. 
Standard errors of the mean are shown. . Panel a, shows ABGG2, b, TERT, c, BMI1, d, KRT3, e, KRT12, f, p21. 
Panel g shows the spread of the raw data.  
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Figure 3.15 Representative images of immunofluorescence staining for ΔNp63 in a human limbal epithelial 
cell containing culture  
Panel a shows p63 staining in a limbal epithelial cell containing colony, panel b shows DAPI incorporation into 
nuclear DNA in the same colony. Panel c is the merged image of a & b. 3T3’s were also present in the cultures, 
these mouse cells had a distinct staining pattern, large nuclei, numerous nucleoli and very defuse p63 staining. 
Panel d shows the p63 in 3T3 fibroblasts, e DAPI and f is a combined image. The scale bar indicates 50µm, a 
magnification of x63 was used.  
 

Figure 3.15 a & b show that limbal colonies were easily distinguishable from the co-cultured 

3T3 fibroblasts, both in morphology and staining pattern. As a transcription factor p63 is 

often located within the nucleus, it was from this location that the intensity was measured. 

3T3 fibroblast cells are much larger both in cytoplasmic size and nuclear size and have a 

more diffuse p63 staining pattern. Thus, both cell types were easily distinguishable and only 

the small limbal epithelial cells were analysed, as shown in figure 3.16. 
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Figure 3.16 Quantification of the intensity of ΔNp63 immunofluorescence in human limbal epithelial cell 
containing cultures  
The number of donors tested in the young category (20-69 years) was 8 and in the old category (70-90 years) 
was 7.(N=15). Total cellular fluorescence was calculated from 15 random fields of view in each donor, with 
3T3’s excluded from the analysis using the lasso tool in ImageJ (see methods section). Over 4,200 cells were 
analysed. Standard errors of the mean are shown. 

A Shapiro-Wilk test indicated that the data was normally distributed (see appendices B).The 

data alludes to a decrease in ΔNp63 in older donors (Figure 3.16, a). This decrease however 

was not significant using a t-test with p=0.124. Figure 3.16, b indicates the possibility of a 

bimodal distribution, with an increase in intensity between 50 and 70 years. This 

distribution was similar to the qPCR data for ΔNp63α shown by Notara and colleagues 

(Notara et al., 2013). In contrast their 30-60 years old age group had increased ΔNp63α 

expression.  

3.3.5 Does the activity of telomerase change with age or time in culture? 

Telomerase activity is an important parameter for determining the level of telomere 

maintenance. Stem cells are long lived and a required to elongate there telomeres to avoid 

entering into replicative senescence.  

 Shapiro-Wilk tests showed that the 70-90 year old group was not normally 

distributed. As a result a Mann Whitney test was performed between the two groups. There 

was no statistically significant difference between the two age groups (20-69 and 70-90) 

(p=0.744) (Figure 3.17). The cells which were sub-cultured appeared to decrease with time 

in culture. An independent samples Kruskal-Wallis test showed significance between 

subculture 1 and subculture 3 (p=0.010). Although no significance was detected in 

subculture 1, there was an indication of a decline at this time point (SC2-SC1 p=0.498 and 
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SC1-PC p=0.480). The results obtained from the two age categories confirm those observed 

by Notara and colleagues (Notara et al., 2013). These authors, using many more donors than 

our study, could not correlate telomerase activity with age in limbal epithelial cell containing 

cultures. The effect of subculturing on telomerase activity was shown to decrease in 

endothelial cells (Hsiao et al., 1997). In mesenchymal stem cells however, subculturing does 

not affect telomerase activity (Otte et al., 2013). Interestingly this was dependent on the 

microenvironment of the cells, removal of umbilical cord tissue resulted in a loss of 

stemness in these cells. If one infers from these results, the loss of telomerase activity in 

limbal epithelial cells could be due to environmental factors such as non-biologically 

relevant culture conditions. 

Figure 3.17 The effect of donor age and serial subculturing on telomerase activity  
Telomerase activity was determined using a telomere repeat amplification protocol and detected with ELISA. 
Panels a and b show the effects of age on telomerase activity. Panel b is a scatterplot showing the distribution 
of activity with age. Panel c, shows the effect of subculturing on the activity of telomerase. The number of 
donors tested was 22 for panel a and b. 6 donors were used in the sub-culturing experiment (panel, c). No 
significance was detected between the age groups 20-69 and 70-90 (p=0.744). The subculture 1 had 
significantly more telomerase activity than sub-culture 3 (p=0.010). 

 



87 

 

3.3.6 Can clonal analysis be used to assess culture quality with regards to 
age? 

Clonal analysis is a method of studying clones derived from the same single cell. Single cells 

were isolated by a dilution method and cultured in individual wells in a 96 well culture plate.  

Epithelial cells can form one of three types of colonies, holoclones, meroclones and 

paraclones, which can be indicative of the number of progenitors within the population 

(Barrandon and Green, 1987; Schlotzer-Schrehardt, 2013). 

 Aims of the clonal analysis study 3.3.6.1

An in depth study was performed on 3 donors, a 21 year old (meningitis), a 38 year old 

(septicaemia) and a 75 year old (heart failure). The main aim was to ascertain the clonal 

composition between donors of different ages, as previously shown in human keratinocyte 

stem cells (Barrandon and Green, 1987; Pellegrini et al., 1999). Clonal composition can be an 

insightful marker of stem cell quantity and quality. The methods used below were also 

thought to be conducive to more accurate characterisation of each donor than analysing 

heterogeneous cultures. Morphological characterisation, CFE and immunofluorescence 

were used to define the clonal composition of each donor. 

 Colony forming assays of cultures from donors of 3 different ages 3.3.6.2

A defined number of cells (1,000) from each carefully isolated clone were seeded onto 

35mm petri-dishes (effectively subculture 1). After 12 days the colonies were counted and 

measured. The average colony size (2.42mm +/- 2.72mm, approx. 4.5mm2) in the 38 year 

old (figure 3.16 & 3.18) donor was larger than that of the 21 (1.39mm +/- 1.39mm, approx. 

1.49mm2) (figure 3.18 & 3.19) and 75 year olds (1.76mm +/- 1.13mm, approx. 2.4mm2) 

(figure 3.18 & 3.21). A Shapiro-Wilk test showed that the data was normally distributed, 

(p>0.001). One can be certain that this is not a false negative due to the high sample 

number (total colonies =1523). Kruskal-Wallis one way analysis of variance was used. This 

test produced a p value of <0.001. One can reject the null hypothesis that there is no 

difference in colony sizes between these donors. There was no difference between the 38 

year old and the 75 year old donors (p=0.425) either. The 21 year old and 75 year old donors 

cells however did show a statistical difference in size (p<0.001). The average difference in 

colony size between 21 and 38 year old donors was also significant (p<0.001).  
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Figure 3.18 Average colony size of cells derived from a single clone isolated from cells of 3 different donors  
The average size of the colonies generated by the 21 year old donor was 1.39mm from 177 colonies analysed. 
Whilst the size of the colonies from the 38 year old donor was 2.41mm from 72 colonies, the average colony 
size from the 75 year old donor was 1.75mm from a total of 1275 colonies. Units refer to the diameter of each 
colony. Significance is indicated with an asterisk.  

Figure 3.19 Examples of colony forming efficiency plates from individual isolated clones  
6 CFE dishes taken at random from a total of 65 dishes analysed. A-C produced large smooth edged colonies 
consistent with holoclone and paraclones. D-F yielded few if any colonies, the edges of the colonies were 
crenated consistent with meroclone and paraclones. 
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 Characterisation of colonies generated using the clonal isolation method.  3.3.6.3

Epithelial cells grown on a 3T3 feeder layer produce three subtly different colonies/clones, 

holoclones, meroclones and paraclones (Barrandon and Green, 1987) (Figure 3.20). The 

proportion of these different clones can be used to infer the greater or lesser number of 

initial stem cells isolated from that particular donor. Holoclones are characterised by circular 

smooth edged colonies which in epidermal cells are capable of up to 120 cell divisions with 

holoclones able to grow to macroscopic sizes. In the human epidermis and limbal epithelium 

these are considered to contain the highest proportion of stem cells (Barrandon, 1993; 

Mathor et al., 1996; Dellambra et al., 1998). Meroclones form more irregular shaped 

colonies possibly due to heterogeneity of the cellular composition. Meroclone proliferation 

is more limited compared to holoclones, and often produce smaller colonies (Barrandon and 

Green, 1987; Barrandon, 1993; Jones and Watt, 1993). Paraclones are thought to be 

constituted entirely from transit amplifying cells and produce highly irregular shaped 

colonies. During the growth of each clone/colony is it possible for clonal conversion to take 

place, holoclones to meroclone to paraclone, this process is irreversible. Clonal conversion is 

thought to occur under the either suboptimal growth conditions or in cells isolated from 

older donors (Lanza, 2004). A previous study has utilised the established technique of clonal 

analysis, to determine the location of progenitor cells on the ocular surface in humans 

(Pellegrini et al., 1999), whereby, more holoclones were isolated from the superior and 

inferior regions than the nasal and temporal regions.  
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Figure 3.20 Brightfield images with diagrammatic representations of clonal types in epithelial cell culture 
Three colonies form from cultured epithelial cells. They are the holoclone, meroclone and paraclone. Each one 
is comprised of cells at a different differentiated state. The holoclone (a) contains the highest proportion of 
progenitor cells and forms large regular shaped colonies. Meroclones (b) contain fewer progenitors than 
holoclones but more than paraclones. Meraoclones form more irregular shaped colonies than that of 
holoclones. Paraclones (c) contain the least number of progenitor cells of any clone type, forming highly 
irregular shaped colonies. Scale bar is 100µm. 
 

The clonal composition determined by morphological analysis (using Barrandon and Green’s 

parameters) of the 3 donors showed that the 38 year old donor had the largest proportion 

of holoclones compared to all other donors. In addition to this the 38 year old donor 

produced the least number of paraclones. Interestingly the 75 year old donor produced a 

larger proportion of paraclone colonies than that of the 21 year old. This observation 

suggests that older donors would produce colonies which contained less progenitor cells. As 

the data collected from this experiment was nominal and falls into three categories a Fishers 

exact test was used. Fishers exact tests are used to determine significance for categorical 

data, using contingency tables. A Chi-squared test would not work with data which has less 

than 10 observations. The p value for the 3x3 Fishers test was >0.001, analysing the 38 year 

old donor colony proportions proved to be problematic as there were very few numbers of 

paraclones compared to other donors. Performing a 2x2 test with only the 21 year old and 

the 75 year old, also showed significance (P>0.01) (figure 3.21).  
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Figure 3.21 Morphological classification of different colony types generated from 3 different donors  
Cells isolated from the 38 year old donor generated the highest number of holoclones and meroclones, 
compared to the other 2 donors. Their cells also produced the lowest number of paraclones. From the 21 year 
old donors cells more meroclones were produced and fewer paraclones, than from the 75 year old donors 
cells. Cells from the 75 year old donor did not produce any holoclones or meroclones, but did give rise to the 
largest number of paraclones out of all donors tested.  

 ΔNp63 immunofluorescence of clones from 3 different donors.  3.3.6.4

As stated previously ΔNp63 is a good marker of limbal progenitor cells (Pellegrini et al., 

2001). The relative quantity was measured in a selection of clones from each donor’s cells. A 

Shapiro-Wilk test determined that the data was not normally distributed for figure 3.22. The 

data set also had unequal sample sizes, thus a non-parametric test was performed. A 

Kruskal-Wallis test on independent samples revealed that the difference between all donors 

was significant (p<0.001). The subsequent pairwise analysis also indicated significance 

between 75 year old vs 21 year old p<0.001, 75 year old vs 38 year old p<0.001 and 21 year 

old vs 38 year old p<0.001. This result allowed us to reject the null hypothesis that age has 

no effect on ΔNp63 aggregation in the context of clonal analysis. ΔNp63 was highest in the 

38 year old donor which was statistically significant (Figure 3.23), this result correlates with 

the colony size and type of colonies observed in figures 3.18, 3.19 & 3.21. In the 75 year old 

donor there was little if any ΔNp63 immunofluorescence, which again correlates with an 

increase number of paraclones and decreased CFE compared to that of the 38 year old 

donor thus it seems that ΔNp63 protein level is the best marker which correlates with our 
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hypothesis that limbal epithelial cells derived from older donors have far less stem cells than 

younger donor ages (figure 3.22 & 3.23). 

Figure 3.22 ΔNp63 immunofluorescence of colonies derived from 3 different donors quantified using total 
cellular fluorescence  
The quantity of p63 as measured using an antibody which recognises ΔNp63. 107 nuclei were measured in 
cells from the 21 year old donor, 88 from the 75 year old and 98 from the 75 year old.  
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Figure 3.23 ΔNp63 immunofluorescence of cultured corneal clones 
Panel a: p63 immunofluorescence in colonies derived from a 21 year old donor (201 nuclei, 6 example random field of view (FOV)). Panel b: colonies derived from the 38 
year old donor (162 nuclei, 6 examples FOV). Panel c: colonies derived from a 75 year old donor (322 nuclei, 6 examples FOV). Staining intensity of p63 was more 
prominent in the 38 year old donor than that of the 21 and 75 year old donors when compared under identical staining and microscope exposure. Nuclear localisation was 
also particularly stronger in the 38 year old donor. Scale bar is 50 µm. 
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 Discussion  3.4

3.4.1 Serial subculturing reduces the number of limbal epithelial cells. 

Stem cell containing cultures were established from both young and old donors, using 

the serial trypsinisation method and cultivated on 3T3 fibroblasts. This study showed 

that stem cells could be isolated from donors regardless of their age. This is encouraging 

for the use of limbal epithelial cells as a cellular treatment for LSCD. The major 

implication of this observation is that more potential donor tissue can be utilised 

regardless of the age of the donor, whom might otherwise have been selected as 

unsuitable. In the light of research into the effects of age on other stem cells, such a 

hematopoietic, neural, muscle and melanocyte, which indicate a functional decline with 

age (Edwards et al., 2002; Campisi, 2003; Pinto et al., 2003; Keller, 2006; Flores et al., 

2008; Signer and Morrison, 2013), this information on limbal epithelial cells is especially 

important. 

 The serial cultivation of limbal epithelial cell containing cultures showed no 

statistically significant change in the amount of progenitor cells which could be derived 

from each culture, with the exception of subculture 3 in the older donors’ category 

(Figure 3.3). One explanation for this decline after 2 subcultures would be that cells 

isolated from older donors are more likely to be closer to their replicative limit. In vitro, 

limbal epithelial cells are often grown in atmospheric oxygen conditions (21%) which 

could cause an oxidative stress response. Under oxidative stress telomeres have shown 

accelerated shortening (von Zglinicki et al., 1995), partly because telomerase is shuttled 

to the mitochondria under stress and cannot maintain its canonical function of telomere 

maintenance (Ahmed et al., 2008). This could explain the speed in which the decline in 

clonogenicity of the older donors falls away. As stated previously between the primary 

cultures one could not detect a difference in colony forming ability. These results 

contradict those stated by two another groups, whereby CFE analysis showed a decrease 

in colony number over the age of 60 years (Meyer-Blazejewska et al., 2010; Notara et al., 

2013). As the sheer number of donors tested was significantly higher in these papers, 

one is inclined to favour the conclusion that age does have an effect on CFE. 

 It was also important to consider the time in which tissue pieces were stored in 

organ culture medium. This is something which the aforementioned papers did not 
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consider, it is not stated if there was any difference in the storage time of their primary 

tissue. One can only assume that the period was limited as they were locally sourced 

from Moorfields Eye Hospital Eye Bank. Our data however suggests that time in organ 

culture medium does not have any effect on the isolation of limbal epithelial cells, 

meaning that the trends observed by the previous papers are accurate.  

 Biologically it was also important to assess the type of colonies as well as sheer 

numbers, as one might assume that a high percentage of CFE has a direct proportionality 

to the number of progenitors. One way to characterise colony type is to measure its size, 

as smaller colonies are more indicative of terminating colonies such as paraclones, 

whereas holoclones tend to be larger. When comparing differences of both age, number 

of days in organ culture medium and subculture on the size of colonies, no statistical 

difference was found in either. This indicates that the type of colony does not change 

with age or serial subculturing. An interesting observation at subculture 3, was that only 

2 donors survived to be processed for a third CFE experiment. The downside of this 

however is that it makes statistical analysis difficult to perform on such small sample 

sizes. In general there tended to be a significant difference between the size categories. 

This however only validates the test as one which can distinguish three types of colony. 

It would be sensible to include this data in addition to CFE data for future publications of 

the colony forming ability if limbal epithelial cells. In an ideal situation more donors may 

have aided in assuring that the trends which we observed were in-fact accurate 

representation of the overall population, in particular in the young (20-69) category. An 

age bias is always an issue when relying on donated tissue. It however can be argued 

that this test of quality indicates that highly prolific progenitors can still be isolated from 

tissue regardless of age. 

 As stated in the introduction stem cells and their progenitors are known to have 

a high proliferate potential (Boggs et al., 1982). To assess this quality, population 

doubling time was measured between subcultures 1 and 2. Our study found that there 

was no effect on the time it takes for limbal epithelial cell containing cultures to undergo 

a doubling of a population. Additionally proliferation time was not affected by the length 

of time in storage medium. This seems to indicate that corneal cells do in-fact have a 

high proliferative potential which can be preserved in organ culture medium for long 

periods of time. This has an impact on the transportation methods which corneal tissue 



96 

 

is stored and transported in. One can conclude that existing methods are sufficient to 

maintain corneal stem cells within the corneoscleral disks. 

 The mRNA levels of the transcription factor ΔNp63 were also studied. These 

levels indicated that ΔNp63 did not change with age. These findings confirm those of 

Notara et al and the related study in skin (Carlson et al., 2009; Notara et al., 2013) as 

they showed no discernible difference with age. To confirm our qPCR data we observed 

ΔNp63 at the protein level using immunofluorescence. The results of which did in fact 

confirm our initial findings. One of the considerations however is that ΔNp63 is not 

confined to LSCs (Dua et al., 2003), and more importantly antibodies available are 

unable to distinguish specific isoforms of p63, such as α, β & ɣ. The antibody used in our 

analysis recognises all three ΔNp63 isoforms, whereas the qPCR primers detect the more 

specific ΔNp63α isoform found in LSCs. It was the intention to also compare the time in 

which each donor was kept in organ culture medium, there were however too few 

donors in the 0-29 day category. Even with these differences the qPCR data and that of 

the IF tended to correlate with one another, both were unable to show any effect with 

age when cells are cultivated on 3T3 cells. 

 Another parameter which was assessed in donor cells of different ages was 

telomerase activity. No correlation with age could be found however, similar to the 

results shown by Notara and colleagues (Notara et al., 2013). It was hypothesised that 

telomerase activity maybe a signature of limbal epithelial cells. In the gut, telomerase 

activity is most prevalent in the crypts, which contain the intestinal epithelial progenitor 

cells (Bachor et al., 1999). The epidermis which has similar properties to the cornea, high 

telomerase expression in basal cell layer is observed, while more superficial and 

differentiated cells have less (Harle-Bachor and Boukamp, 1996). This study confirmed 

that telomerase is expressed in limbal epithelial cell containing cultures (Notara et al., 

2013), boding to the presence of progenitors within them. 

 The subculture of limbal epithelial cells did however show a decrease in 

telomerase activity. This suggests that the current culture conditions for limbal epithelial 

cells could be suboptimal for the maintenance of progenitors over the long term. The 

topic of which is covered in Chapter 5. 
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3.4.2 Clonal analysis is a good tool for assessing the proportion of 
progenitors in individual donors 

An in-depth study, focusing on the clonal composition was performed on cells isolated 

from three human donor tissues. Using clonal analysis allows us to develop a more 

detailed understanding of the composition of each donors cells. The potential 

proportion of progenitors originating from those tissues was assessed, similar to the 

traditional analysis. However rather than analysing total cell populations, single cells 

were isolated and the individual clonal units were assessed. The advantages of clonal 

analysis over traditional methods are that it can aid in distinguishing the proportions of 

short lived cellular populations from longer lived stem cell containing colonies. Thus it 

allows for the selection of true stem cell populations. 

 A general trend was observed in the donors across multiple tests, which was that 

the 38 year old donor had the highest number of progenitors. The largest clones 

originated from the 38 year old donor, ΔNp63 protein also tended to accumulate more 

in the cells of this donor. In addition, it was observed that this donor had the highest 

proportion of holoclones and meroclones. Throughout the clonal analysis experiments 

generally the cells from the 75 year old donor performed the poorest, producing the 

greatest number of paraclones more than those of the other two donors combined. 

Looking carefully at Notara et al., 2013 paper, it was noted that the data from these 

donors mirrors that of the groups which the authors penned (0-30, 30-60, 60-90). Our 

ΔNp63 immunofluorescence shown in figure 3.20, correlates with the observed qPCR 

data for ΔNp63α in figure 10 of that particular paper. The obvious difference being that 

the immunofluorescence data from this study was significant while the qPCR was not.  

 The size of the colonies in the 75 year old donor tended to be larger than those 

of the 21 year old donor. This contradicts a previous study which stated that colony size 

decreased with age from 8mm in diameter in young donors to 4mm in older donors 

(Pellegrini et al., 1999; Meyer-Blazejewska et al., 2010). One explanation of this data 

would be that clonal conversion might be occurring. It has been shown that holoclones 

can convert into meroclones, and that meroclones also convert to paraclones, in an 

irreversible manner. It is plausible that meroclones in the 75 year old donor were more 

sensitive to the stresses of culturing and after a short period, the remaining progenitor 

cells within these colonies underwent symmetric division into transit amplifying (TA) 

cells, producing the apparent increase in the number of colonies. This however was pure 
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speculation. Another theory would be that as one ages, epithelial cells become more 

sensitive to epithelial to mesenchymal transition (EMT). It has been shown that 

intracellular oxidative stress can trigger EMT in some epithelial cells (Smit and Peeper, 

2010; Milara et al., 2013). If one assumes that oxidative stress increases with age 

(Hamilton et al., 2000; Donato et al., 2007), one can infer that EMT might also increase. 

The result on epithelial cultures would be that the older donor was more probable to 

produce fibroblastic growths. These fibrotic growths could artificially increase the size of 

the colonies. This is why colony characterisation is an important parameter to consider 

when assessing human limbal epithelial cell containing cultures. Previously in this 

chapter, we showed that older donors are more sensitive to subculturing and rarely 

produce colonies after just 3 subcultures. Indicating a loss of clonogenicity. One then 

categorised the colonies according to their morphology. This painstaking process 

assigned each colony into the groups’ holoclones, meroclones and paraclones. Tallying 

the colonies like this allowed us to verify the colony size data previously collected. As a 

result we observed that there were more holoclones and meroclones in the 38 year old 

donor which correlates to the colony size data. This is important because assigning 

labels to colonies can be quite subjective. Confirming that these assignments correlate 

to quantitative data was very important. Immunofluorescence was employed to probe a 

selection of clones from each donor with an antibody raised against the ΔNp63 isoforms 

(figure 3.22 & 3.23). It correlated to the two previous experiments showing that the 38 

year old donor contained more progenitors/transit amplifying cells. It can be concluded 

that using these three techniques identified the 38 year old donor as containing the 

greatest number of progenitors, while the 75 year old contained the least. There are 

several paradigms which one can draw from these observations. Firstly, there does not 

seem to be a linear decline in stem cell function with age. Secondly, there is substance 

behind the theory that stem cells increase in number before declining. One definite 

conclusion that can be ascertained is that there is a difference in the stem cells isolated 

from different people, and that these behave differently when cultured in the 

laboratory. Ideally it would have been beneficial to have been able to apply the clonal 

analysis method to more donor tissues, to show if these observations are an accurate 

representation of the population. What causes these variations is multifactorial with 
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some examples being, genetic background, acquired diseases, cause of death and 

environment.  

3.4.3 The effects of the cause of donor death on limbal epithelial cells  

The 21 year old and the 38 year old donors studied in the clonal analysis experiments 

both died from systemic infections, which could have affected the eye. The 75 year old 

donor however died from heart failure which in no way affects the eye, apart from slight 

fluid retention. The severity of the infection could have had a detrimental effect on the 

21 year old and 38 year old which could in turn have impacted upon their stem cells. For 

example the reduced p63 expression in the 21 year old may have arisen from severe 

meningitis compared to perhaps a less severe case of sepsis in the 38 year old donor. 

This is only speculation as the information regarding existing conditions and disease 

progression was not available.  

 In the main study, the main cause of death was infection, notably pneumonia, 

currently there is no evidence which suggest that this condition has any effects on limbal 

epithelial cells. Cancer was the second most probable cause of death, treatments for 

cancer such as chemotherapy target rapidly dividing cells, as limbal epithelial stem cells 

divide infrequently it is unlikely that these drugs would have a direct effect on limbal 

stem cells. TACs maybe targeted however which could impact the limbal niche indirectly 

effecting limbal epithelial cells. Systemic treatment with hydroxycarbamide has been 

shown to cause LSCD (Ding et al., 2009). In this study the cells from 12 donor’s cells were 

able to be cultured while only 4 were not. As these donors cells were divided between 

various different experiments it is difficult to say if cancer treatments had a detrimental 

effect. 

 Conclusions 3.5

3.5.1 Does age have an influence on the culture of limbal epithelial cells? 

This study concluded that there was no overall difference between the two age groups 

defined using the parameters tested, with the exception of the clonal analysis results. 

These results however were not completely unexpected as others have found similar 

results in this specific tissue (Kim et al., 2004; Meyer-Blazejewska et al., 2010; Notara et 

al., 2013). It was observed that colony forming decreases with successive subculturing, 

regardless of the age of the donor or the time the donor tissue was in organ culture 
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medium (Figure 3.2 & 3.3). This highlights one of two things. Firstly less stem cells 

survive over multiple passages, so serial propagation would be detrimental to corneal 

stem cell transplantations. Transplantations however, are currently only performed with 

primary cells grown from explanted tissues. Secondly it shows us that the cultivation 

methods are not yet fully optimised for the successive cultivation of limbal epithelial 

cells. Colony forming assays also indicated that older donors produced around the same 

number of colonies, but that these terminate past subculture 3. In terms of limbal 

epithelial cell transplantation this may mean that transplanted cells may only have a 

limited capacity to regenerate the cornea. Providing a short term benefit, but causing 

complications later on for patients, from the literature it is known that cellular stress can 

lead to the shortening of telomeres. Culture stress could then lead to premature 

reduction in telomere length, which could result in a more limited proliferative lifespan 

of those particular cells. In longitudinal studies patients were on average followed up for 

only 21 (+/-15) months after limbal stem cell transplantations (Pellegrini et al., 1997; 

Schwab, 1999; Schwab et al., 2000; Tsai et al., 2000; Koizumi et al., 2001; Rama et al., 

2001; Grueterich et al., 2002; Nakamura et al., 2003; Sangwan et al., 2003; Nakamura et 

al., 2004; Daya et al., 2005; Sangwan et al., 2005; Nakamura et al., 2006; Sangwan et al., 

2006; Ang et al., 2007; Fatima et al., 2007; Kawashima et al., 2007; Shimazaki et al., 

2007; Shortt et al., 2008; Di Girolamo et al., 2009; Meller et al., 2009; Baradaran-Rafii et 

al., 2010; Di Iorio et al., 2010; Gisoldi et al., 2010; Kolli et al., 2010; Pauklin et al., 2010; 

Rama et al., 2010). It is not reported what occurs after this time. A counter argument 

which could be made is that donor cells are not detectable after 9 months (Daya et al., 

2005), implying that donor cells are possibly only required to restore the niche. 

 Figures 3.3-3.13 and 3.15 illustrate that variation between donors is large, high 

standard deviations can be seen in most of the graphs depicted in this chapter. This 

increase in biological heterogeneity with age poses a serious problem when performing 

statistical analysis. In order to achieve an accurate proportion of the population a large 

number of donors would be required, donor tissue for research is however limited. On 

average 3 donor tissues were available to this study to be processed per month. As 

mentioned previously, this study incorporated just under 100 donors for the 3 age 

groups while, in a recently published paper by Notara and colleagues, over 100 donors 

were available per each group, due the proximity to Moorfields eye hospital (Notara et 
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al., 2013). Even with these superior donor numbers their study still failed to detect a 

significant difference between young and old donors in the context of corneal markers. 

In studies where limbal explants were cultured on either a 3T3 feeder layer or on 

amniotic membranes, no discernible difference was detected with age (Kim et al., 2004; 

Shanmuganathan et al., 2006; Baylis et al., 2013). In the Baylis study, however the 

youngest donor was only 42 years old, leaving a large proportion of the population 

omitted. In our study the youngest donor was 20 years old while the oldest was 90. The 

lack of a statistical trend in all of these independent studies indicates that natural 

variation far outweighs any possible change in the parameters measured in this study 

and studies by other research groups. Unlike inbred model organisms which nurtured in 

controlled conditions there are a number of factors which could impact on the quality of 

human limbal epithelial cells. First of all is the period between death and removal of the 

eye (enucleation), secondly the time that tissue pieces are stored in organ culture 

medium. Several other papers have shown that the delay between death and culturing 

can have detrimental effects on cellular function (Sorensen, 1975; Breslin and Ng, 1976), 

however techniques have advanced in the last 40 years. Focusing on the later 

parameter, the time in organ culture medium has the potential to be remediated. Time 

from death to enculeation is effected by many other factors, such as nurse availability 

and consultation to confirm consent. This study indicated, however that the time an 

corneoscleral tissue is in organ culture medium does generally not have a detrimental 

effect on the number of progenitors cells which can be extracted from it. This included 

their proliferative potential. Our results were confirmed by a similar study, culturing 

limbal explants on amniotic membranes (Baylis et al., 2013). Baylis et al showed that 

time in organ culture medium had little, if no effect on the outgrowth rate of limbal 

explants. From this it was concluded that limbal epithelial cells are not affected by long 

periods in organ culture medium.  

3.5.2 Clonal analysis could be used to assess the effects of age on limbal 
epithelial cells 

It is difficult to make firm conclusions from the clonal analysis experiments. One can 

mostly only speculate biased on a continuing trend emerging. The primary culture 

derived from the 38 year old donor contained a higher proportion of holoclones than 

the younger and older donors tested. 21 and 75 year old donor tissue did yield a small 
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number of meroclones, with all cultures producing high numbers of paraclones. This 

means that most cultures contain a lot of already differentiating progenitor cells but 

only a minor fraction of “true”, highly clonogenic stem cells. Interestingly these results 

were confirmed by another group (Notara et al., 2013). Their results however were not 

significant, but they did show a tendency of the middle aged donors to have higher 

ΔNp63α, TERT and ABCG2 expression. If more donors could have been processed into 

the clonal analysis experiments it may have discerned if this method was sensitive 

enough to detect any age related changes. 

 One theory which could explain the trends seen here, suggests that stem cell 

number increases with age (deHaan et al., 1997; Brack and Rando, 2007), however the 

quality of these cells decreases, ergo quantity over quality (Cho et al., 2008; Dykstra et 

al., 2011), but then decline in number steadily with age. The effects of such changes are 

debated, it would be logical to assume that changes to the clonal composition decrease 

the functionality of the tissue. In intestinal stem cells however, clonal drift has no 

deleterious effect (Lopez-Garcia et al., 2010; Snippert et al., 2010).  

 

  One fact that the data did confirm was that human limbal epithelial cells can still 

be extracted from donors long after their death and be stored in organ culture medium 

for around 2 months, as also shown by another group under similar conditions 

(maximally 141 hours post mortem) (Slettedal et al., 2007). This study shows that the 

cornea is a highly robust tissue and contains a tremendous regenerative capacity. To 

confirm and further the results attained in human donors, mouse corneas were used to 

assess the effects of age in situ forgoing tissue culture related artefacts.  
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Chapter 4 The effect of age, DR and rapamycin treatment on the 

mouse cornea 

 Introduction 4.0

There was a high degree of variation as well as an unavoidable age bias, preferential to 

older donors, when observing age parameters in human donor cells. A mouse model 

(Tert +/+C57BL/6) was used in addition to human donor tissue, in order to identify if 

there was also age related changes in the mouse cornea and without intruding culturing 

related artefacts. One of the benefits of using a mouse model was their short life span 

and ability to initiate interventions. The mouse cornea is similar to the human cornea, 

with some subtle differences. The thickness of the central cornea is thinner in the mouse 

(100μm in C57BL/6J) (Lively et al., 2010) than in humans (0.55mm). The proportion of 

epithelia to stroma is also slightly different, with 30% epithelial to 70% stroma in mice, 

humans on the other hand have a proportion of 10% to 90% (Henriksson et al., 2009). 

Like in humans similarly in mice the origin of progenitor cells is debated. There are two 

main theories, one suggests that the cells are limbal in origin, (LESC) (Schermer et al., 

1986; Cotsarelis et al., 1989; Lehrer et al., 1998; Li et al., 2007; Hayashi et al., 2012). The 

alternative hypothesis suggests that the cells are corneal in origin, with the limbus 

involved only during wound healing (CESC) (Majo et al., 2008). 

 The mouse is a good model of corneal ageing, as it has previously been shown 

that it is affected by age (Faragher et al., 1997). Descemet's membrane (as described in 

the introduction) thickness increases with age (Jun et al., 2006), its opacity increases 

(opacification) and corneal excrescences (guttae) increase (Hillenaar et al., 2012). Most 

studies have focused on the corneal endothelium or stroma, very little is known about 

what occurs biochemically within the corneal epithelium with age. Even though there 

are many benefits of using mouse models as described briefly above there are also some 

disadvantages. The limbus is not as defined in mice as in humans, anatomically this 

region is a very slight indentation into the cornea and can be difficult to identify in some 

animals. For this reason, the region will be referred to as the peripheral cornea, as this is 

a more accurate description of the area which was measured.  
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4.0.1 Consequences of dietary restriction on epithelial cells in the cornea 
of mice 

Dietary restriction (DR) is a non-genetic intervention which can increase life span (Mccay 

et al., 1989). More accurately, caloric restriction was used in this study as micronutrients 

and vitamins were maintained at a normal level. Supplying adequate nutrition avoids 

causing malnutrition in the animals which is detrimental (Wiggins, 1995). In our study, 

total calorie intake was decreased by 26% in a cohort of mice (largely C57BL/6). This 

particular strain of mice (B6.129S) has been shown to live around 28 ±0.61 months when 

fed ad libitum (AL, Latin for "at one's pleasure). When calorie restricted however the 

maximum lifespan was greater than 37 months. The medium lifespan increased by 32% 

in the calorie restricted group (Cameron et al., 2012). Various mechanisms such as down 

regulation of insulin/IGF-1, sirtuin and mTOR are thought to play an important role in 

DR. 

4.0.2 The relationship between mTOR and dietary restriction 

mTOR is mediated by nutrient levels, hormones and growth factors. mTOR complexes 

can activate many downstream genes including those to up regulate glycolysis (Schieke 

et al., 2006) and suppress autophagy (Hands et al., 2009). mTOR can form two protein 

complexes, mTORC1 and mTORC2. mTORC1 is comprised of mTOR, Raptor, MLST8, 

PRAS40 and DEPTOR. mTORC2 on the other hand is comprised of mTOR, RICTOR, GβL 

and mSIN1. mTORC1 controls protein synthesis and redox signalling, through the 

activation of S6 kinase and eIF4-BP (Caron et al., 2010). The complex is mainly reactive 

to nutrient levels, growth factors and oxidative stress. In haematopoietic cells, up-

regulation of the mTOR pathway leads to increase in the CDK genes p16, p19 and p21 

(Chen et al., 2009; Lee et al., 2010a; Kalaitzidis et al., 2012). Conversely it has also been 

shown that mTORC1 causes an increase in the proliferation of neural progenitors 

(Groszer et al., 2001) and HSCs (Gan et al., 2008). One of the roles of mTORC2’s is to 

phosphorylate Akt/PKB (Guertin et al., 2006), Akt can inhibit apoptosis, via subsequent 

phosphorylation of Bad (Kim et al., 2001). Akt is also implicated in the glucose transport 

system (Sarbassov et al., 2005) and downstream of PI3K mediated insulin signalling 

pathway (White, 2003). mTOR can be a major hub through which nutrient signals can 

impact upon cellular physiology.  
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4.0.3 Rapamycin vs dietary restriction 

Rapamycin is an immunosuppressant drug isolated from streptomycete AY B-994 (Baker 

et al., 1978) from Easter island . Rapamycin binds to FK-binding protein 12, the 

rapamycin/FKBP12 complex inhibits mTORC1. Inhibition of mTORC1 in this manner 

increases life span in mice (Harrison et al., 2009). Although it is possible that dietary 

restriction acts through this pathway, some studies have shown a divergence in results 

when comparing rapamycin treatment to DR. Firstly, DR reduces body fat, while 

rapamycin treatment does not (Fok et al., 2013). Second, DR increases insulin sensitivity, 

while rapamycin treatment decreases insulin sensitivity (Fraenkel et al., 2008). Oxidative 

stress is reduced in DR (Gredilla and Barja, 2005), while in rapamycin treated mice no 

reduction was seen (Fok et al., 2013). It has been suggested that DR may reduce 

oxidative stress via SIRT3 and in turn decrease the amount of insulin growth factor 

within the cell (Desbois-Mouthon et al., 2001; Qiu et al., 2010). The involvement of 

insulin growth factor and NAD-dependent deacetylase sirtuin-3 links both systems and 

offers a possible shared mechanism. 

4.0.4 DR and ageing in stem cells 

The ageing of stem cells can be slowed by DR demonstrated in neural progenitors (Lee et 

al., 2000), HSCs (Chen et al., 2003), satellite (Cerletti et al., 2012) and germline cells 

(Mair et al., 2010) measured via increased number and/or function. More efficient 

oxygen metabolism and increased mitochondrial number were found in satellite cells 

(Cerletti et al., 2012). It is debated if DR is mediated solely by the mTOR pathway or if 

two separate mechanisms are at work. In favour of a multifaceted system was that 

several studies have demonstrated an equally significant extension to lifespan via 

different mechanisms (Kaeberlein et al., 2005; Hansen et al., 2007; Kaeberlein and 

Kennedy, 2009). DR is a global process which acts upon multiple pathways resulting in 

lifespan extension, potentially via improved survival of stem cells with age.  

4.0.5 DNA damage and ageing 

The cornea is almost continuously exposed to external stimuli which can cause DNA 

damage, such as UV radiation. DNA damage, particularly double strand breaks, can 

initiate a halt to the cycle, holding it in G0 until the damage is resolved. The conversion 

from proliferative arrest to senescence can make this pause in the cell cycle permanent, 

causing the cell to enter into a senescent state. During this state the cell is still 
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metabolically active, however it can no longer divide. An accumulation of senescent cells 

within a tissue can impair its function and leads to reduced regenerative capacity. When 

DNA damage occurs, arrays of proteins are recruited to the damage site, such as 

ATM/ATR, which both phosphorylate H2A.X and then becomes ɣH2A.X. ɣH2A.X was used 

to assess DNA damage levels within the mouse system as it is an indicative marker of 

senescence. While many foci can be repaired, others can be more persistent (Nakamura 

et al., 2010). 

 In pre senescent cells the prevention of the recognition of telomeres as DNA 

damage sites is performed by the telomeric structures and complexes such as the t-loop, 

D-loop and shelterin. Erosion of the telomeres can lead to recognition of the ends of 

chromosomes as DNA damage sites and are thought to lead to cell cycle arrest (di 

Fagagna et al., 2003; Takai et al., 2003). We used a fluorescently labelled antibody to 

localise ɣH2A.X to the telomeres to detect damage recognition in these areas. Telomeric 

sequences were detected using a fluorescently bound peptide nucleic acid probe.  

 Methods 4.1

Mouse eyes were enucleated immediately after death and placed either in 4% 

paraformaldehyde or OCT. Eyes were then sectioned to 10 µm slices and stored in 

applicable conditions. Haematoxylin and eosin staining was used to assess 

morphological parameters, while fluorescence microscopy was used to assess protein 

levels and localisation. Additionally, the used of a peptide nucleic acid probe was used to 

detect telomeric DNA.  

 Aims  4.2

The main aim of this chapter was to assess any age related changes to the corneal 

epithelium which included studying ɣH2A.X and TAp63 (see 1.1.2.1). A secondary aim 

was to examine if interventions such as dietary restriction and rapamycin treatment 

could benefit the corneal epithelium with age. The role of Tert in the cornea was also 

studied using Tert-/- mice, as its expression is present in stem cells and TACs while also 

being an important age related gene. 
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 Results 4.3

4.3.1 Does the thickness of the corneal epithelium change with age and 
can dietary restriction or other interventions ameliorate this?  

The thickness of Descemet's membrane has been shown to increase with age (Johnson 

et al., 1982). This study measured corneal epithelial thickness to assess if there was any 

change with age, which may signify the rate of cell replenishment. DR and rapamycin 

treatments were also tested to assess if any changes which occurred with age could be 

remediated. Measurements were taken using imageJ on cryopreserved specimens to 

preserve their structure. The drying stages associated with the processing of paraffin 

embedded tissue can shrink the cornea, resulting in a thinner cornea. All measurements 

were taken along the same meridian of each individual cornea. The average size of the 

central cornea was 22µm ±4, while the peripheral cornea was thinner at 13µm ±1.6. This 

was much thinner than previously reported values, which puts the central corneal 

epithelium between 32-51µm and peripheral corneal epithelium at 25µm (Henriksson et 

al., 2009; Lively et al., 2010) in C57BL/6 mice. The ratio of central to peripheral is roughly 

half that previously reported. This is probably attributed to differences in fixation 

methods, Henriksson and colleagues used the fixative formula 2% glutaraldehyde in 80 

mM sodium cacodylate on whole mouse globes. One of the methods which Lively and 

colleagues used was pachymetery (Lively et al., 2010). Pachymetery is a method by 

which ultrasound is used to measure the thickness of the cornea in vivo based on the 

dispersion of sound waves. Our study used OCT for embedding of the eyes and 

cryosectioning to preserve their structure, fixation was only performed after transferring 

of the sections to glass slides. Another reason for the differences could be due to 

variation between the different mouse substrains.  

 Observing corneal thickness in old, young, DR, rapamycin and control mice 4.3.1.1

The central corneal region in young and DR and the peripheral cornea in old and DR mice 

were not normally distributed (Appendix B, table 7.32). As a result, non-parametric tests 

were used for comparing groups. Kruskal-Wallis tests on independent samples showed 

that the difference was significant between the categories of central corneal (p<0.001) 

(table 4.1). A separate test on the peripheral corneal showed that those categories were 

also significant (p<0.001). The results of the significance tests are summarised in table 

4.2. The results are shown in figures 4.1 and 4.2. Comparing peripheral and central 
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regions within each group with related samples Wilcoxon signed rank test showed that 

the central cornea was significantly thicker than the peripheral region (p<0.001). This 

result was expected as previous studies have also noted this morphological trend 

(Henriksson et al., 2009). 

Sample /Condition Wilcoxon signed ranks for 
independent samples (p values) 

Rapamycin treated vs rapamycin 
control  

0.002 

DR vs old/AL 1.0 

Old/AL vs young 1.0 

Table 4.1 Statistical analysis of central corneal thickness, compared between old, young, dietary 
restricted, rapamycin treated mice and controls. 

 

Sample /Condition Kruskal-Wallis test for 
independent samples (p values) 

Old/AL vs young 0.001 

Rapamycin treated vs rapamycin control 0.003 

Old/AL vs DR 1.0 

Table 4.2 Statistical analysis of peripheral corneal thickness, between old, young, dietary restricted, 
mice rapamycin treated and controls. 
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Figure 4.1 The width of the central mouse cornea at old age, under dietary restriction and rapamycin 
treatment. These box plots show the width of the central cornea in µm, comparing central regions .The 
width of the cornea was measured using ImageJ. Three measurements were taken on each image totalling 
474 measurements. The cornea is dark pink in colour compared to the surrounding tissue (H&E staining). 
Five images were taken per mouse. At least three mice were tested in each condition. Old/AL and DR mice 
were 22 months old, young were 3 months old. Rapamycin treated mice were 16 months old and were 
treated for four months, starting at 12 months of age. Dietary restriction was implemented for a period of 
16 months from 6 months of age. Independent samples Kruskal-Wallis tests for independent are shown in 
each graph. Significance is indicated with a asterisk. The box plots show the maximum, the 75th 
percentile, the median, the 25th percentile and the minimum values.  Scale bar is 50µm. 
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Figure 4.2 The width of the peripheral mouse cornea at old age, under dietary restriction and rapamycin 
treatment.  
These box plots show the width of the peripheral cornea in µm, comparing peripheral regions .The width 
of the cornea was measured using ImageJ. The corneal epithelium is dark pink in colour compared to the 
surrounding tissue, nuclei are stained purple by haematoxylin. Three measurements were taken from 
each image. Ten images were taken per mouse, five for each peripheral region. At least three mice were 
tested per condition. P-values for Kruskal-Wallis test on independent samples are shown in each graph. 
Significance is indicated with an asterisk. The box plots show the maximum, the 75th percentile, the 
median, the 25th percentile and the minimum values. Scale bar is 50µm. 
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Sample 
Wilcoxon signed ranks on related 

samples (p values) 

Old central vs Old peripheral <0.001 

Young central vs Young peripheral <0.001 

Dietary restricted central vs Dietary 
restricted peripheral 

<0.001 

Rapamycin control central vs 
Rapamycin control peripheral 

<0.001 

Rapamycin treated central vs 
Rapamycin treated peripheral 

0.001 

Table 4.3 Statistical analysis for the comparison between central and peripheral corneal thickness in old, 
young, dietary restricted, and rapamycin treated mice and controls. 

 

Rapamycin treatment seemed to reduce the thickness of the mouse cornea, both 

peripherally and centrally, suggesting that the mechanism for this morphological change 

could be controlled by mTOR (figure 4.1 & 2). The decrease in the thickness of the 

cornea under rapamycin treatment could be due to slowed cellular proliferation rate. 

Thus, rapamycin treatment might have an impact on the corneal replenishment rate. 

The corneal epithelium is comprised of several types of collagen, DR has been implicated 

in accelerating a decrease in the formation of collagen (Reiser, 1994). Although in this 

instance DR did not appear to alter the thickness of the corneal epithelium. It was 

expected that the thickness of the cornea might increase in older mice as previously 

shown (Lively et al., 2010). Our results contradict the findings of Lively and colleagues’, 

since we found that the corneal epithelium decreased in thickness in the central cornea, 

although not significantly. In the peripheral cornea there was however a significant 

decrease in the thickness of the cornea between young and old mice (table 4.3). This 

decrease could be due to a reduced number of progenitors in this region with age. The 

central region on the other hand may not show any change due other factors which 

result in the overall thickness increasing. Reasons for the increase could be due to 

decreased solute transport out of the cornea by the endothelial cells. An alternative 

hypothesis is that linage skewing could be producing cells which have larger cell size 

resulting in overall increases in the central region, this is most visible in the central 
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region as cells actively migrate to this region. These hypotheses are however 

speculative. 

 Corneal thickness of Tert-/- and wild type mice fed ad libitum or dietary 4.3.1.2

restricted 

Telomerase plays a vital role in the maintenance of stem cells. The maintenance of the 

telomeres in these long lived cells is crucial to maintaining a normal pool of stem cells. 

Telomerase has numerous non-canonical functions which are also important for stem 

cell maintenance. For example, tissue specific over expression of Tert in the dermis of 

Terc-/- mice caused hair follicles to be stimulated into anagen phase, a process which is 

controlled by stem cells in the hair bulge (Sarin et al., 2005). 

 Our study used the Tert-/- mice generated and used by Chiang and colleagues, to 

assess the involvement of Tert in the mouse cornea (Chiang et al., 2004). In order to also 

measure the effect of DR on these mice, a subset of animals were kept on a restricted 

diet together with their wild type littermates. 

 As previously, the width of the cornea was measured using cryo sectioned eye 

sections through the median of each eye in wild type and Tert-/-mice fed either ad 

libitum or restricted diets. Before deciding which statistical test to perform on the data a 

Shapiro Wilk test was performed, it showed that the majority of the data was not 

normally distributed (see appendices B). As a result, an independent samples Kruskal-

Willis test was performed when comparing between sample groups. Within groups a 

Wilcoxon signed rank test showed that the central cornea was significantly thicker than 

the peripheral region (p<0.001). Biologically this is not surprising and was expected, as 

the peripheral regions are comprised of fewer cells, as shown by the literature 

(Henriksson et al., 2009). 
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Figure 4.3 The width of the cornea in Tert
-/-

 and wild type mice under ad libitum and under dietary 
restriction. A total of 628 observations were made, 415 in the peripheral and 213 in the central region. A 
Kruskal-Wallis test on independent samples was performed and the p values are shown in each graph. The 
box plots show the maximum, the 75th percentile, the median, the 25th percentile and the minimum 
values. Significance is indicated with an asterisk. 
 

In the central cornea, WT AL fed mice had a significantly thicker corneal epithelium than 

all other groups, in the central cornea (figure 4.3), and thicker than the KO AL mice in 

the peripheral region. This suggests that dietary restriction and Tert-/- cause a thinning of 

the cornea. One explanation for this would be that the lack of Tert and DR both had a 

suppressive effect on cell proliferation. This effect however was not cumulative as the 

DR KO (dietary restricted Tert-/-) group did not show any further corneal thinning, 

implying that dietary restriction is dependent on Tert. Previously however no change 

was detected in central corneal thickness between young and old mice.  

 There are a number of factors which may result in no overall change in the 

thickness of the cornea. Tert is normally expressed by stem cells of the corneal 

endothelium (Whikehart et al., 2005), knockout of Tert may have functional effects on 
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the cells resulting in reduced transport of solutes from the cornea, increasing its size. 

Meanwhile limbal epithelial cells and TACs may produce fewer progeny resulting in a 

thinning of the cornea. The overall result is very little change in the cornea size. 

4.3.2 Does corneal edema increase with age in the mouse cornea? 

One of the fundamental properties of the cornea is to act as a barrier to the 

environment. With age however this function seems to decline. It has been shown 

previously that the cornea becomes permeable to fluorescein (Nzekwe and Maurice, 

1994), indicating a reduction in barrier function. A reduction in the subunits of 

hemidesmosomes (α6 and β4 integrins) with age may play a role in this degradation 

(Trinkausrandall et al., 1993). The endothelium helps to maintain the amount of water 

entering into the cornea from the anterior chamber. Endothelial cells do not readily 

regenerate in the cornea, a decrease in the density of these cells with age is well 

documented (Laing et al., 1976; Laule et al., 1978; Gwin et al., 1982; Bourne et al., 

1997). With the loss of these cells, fluid transport cannot be maintained and results in 

both stromal and corneal edema. Breakdown of the hemidesmosomes and the 

Bowman’s membrane result in the formation of bullae (Yanoff and Joesph, 2009). Bullae 

are fluid filled compartments within the cornea. 
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Figure 4.4 Corneal edema increase with age in the central cornea 
The cornea was stained dark pink using eosin (black arrow panel b), while nuclei are stained purple using 
haematoxylin (red arrow panel b). An example of a bulla is highlighted in yellow, in panel a; these were 
most prevalent in the older mice. Old and DR treated mice were both 22 months old, while the young 
mice were 3 months old at time of sacrifice. Rapamycin treated mice were 16 months old and were 
treated for four months, starting at 12 months of age. Tert

-/-
 and wild type controls were 22 months old at 

time of sacrifice, dietary restriction was implemented for 16 months starting at 6 months of age. Results of 
a Kruskal-Willis test on independent samples are shown inlayed. The box plots show the maximum, the 
75th percentile, the median, the 25th percentile and the minimum values, with the exception of 
rapamycin whereby histograms were used, standard deviations are displayed for these. Significance is 
indicated with an asterisk. Scale bars equal 50µm. 
 

A Shapiro-Wilk test was performed on the numbers of corneal bullae, it showed that 

none of the groups were normally distributed. As a result, related samples Kruskal-Willis 

tests were performed on the data. There was a statistical increase between the old 

group and all other samples. Thus, in our study we observed that bullae in the central 

cornea increased with age, implying that the corneal endothelium decreased in either 

cell number or cell density (figure 4.4). DR prevented the age related increase in bullae 

in the mouse cornea, thus DR may be beneficial to the function of corneal endothelial 
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cells. Meanwhile there was no trend observed in the Tert-/- mice (p>0.05). Rapamycin 

treatment also had no effect on the incidence of bullae formation in the mouse cornea 

(p=1.0). Thus pathways associated with Tert and mTOR may not be responsible for the 

decline in endothelial cells.  

4.3.3 Does p63 immunofluorescence decrease in the mouse cornea with 
age? 

The putative positive stem cell marker p63 was used to assess the proportion of 

progenitor and transit amplifying cells. A rabbit monoclonal antibody raised against the 

recombinant protein fragment corresponding to amino acids 1-203 of human p63 was 

used for this analysis. The only reliable antibody which detects the ΔN isoforms was a 

mouse monoclonal antibody (as used in chapters 3 and 5). The amino acid sequences 1-

203 confer the isoforms, TAp63 α,β & γ of the p63 protein. In humans, the TA isoform is 

associated with more differentiated cells such as TACs and terminally differentiated cells 

(TDCs) (Di Iorio et al., 2005). In mouse however, TAp63 is implicated in the maintenance 

of epithelial progenitors, with a knockout of TAp63 resulting in an accelerated ageing 

phenotype (Keyes et al., 2005). At a cellular and molecular level, an increase in 

senescent cells and an accumulation of γH2AX were observed in the TAp63 knockout 

mice, two important biomarkers of ageing (Su et al., 2009). Therefore the use of the 

anti-TAp63 antibody was biologically relevant in the mouse system.  

 TAp63 immunofluorescence in cornea epithelium of old, young, dietary 4.3.3.1

restricted and rapamycin treated mice 

TAp63 was used to assess the relative amount of progenitors in the corneal epithelium 

for each afore mentioned conditions, in both the central and peripheral regions. Firstly, 

Shapiro-Wilk tests were performed on the data, all samples were normally distributed 

(see appendices B). A general ANOVA test showed that there was significance within the 

data set (p<0.001). Performing a post hoc LSD (least significant difference) test indicated 

between which conditions significance lay (see appendices B). When comparing data 

from the same group, between central and peripheral regions paired sample t-tests 

where used (figure 4.5). The results of the latter test are summarised in table 4.5. 
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Sample/Condition/Area Paired samples t-tests (p values) 

Old Central Cornea vs Old Peripheral 
Cornea 

0.055 

Young Central Cornea vs Young 
Peripheral Cornea 

<0.001 

DR Central Cornea vs DR Peripheral 
Cornea 

<0.001 

Rapamycin Treated Central Cornea vs 
Rapamycin Treated Peripheral Cornea 

<0.001 

Rapamycin control Central Cornea vs 
Rapamycin control Peripheral Cornea 

<0.001 

Table 4.4 Results of Student’s t-tests for TAp63 immunofluorescence between central and peripheral 
regions of old, young, dietary restricted and rapamycin treated mice 

 

In the central cornea, the levels of TAp63 were higher in the younger mice compared to 

the old (figure 4.5). This result confirmed our expectation that the level of TAp63 

decreases with age in the mouse cornea. DR, on the other hand seemed to supress the 

accumulation of TAp63 in the central cornea. Thus, surprisingly, DR is further decreasing 

the amount of TAp63, which was rather unexpected. When comparing rapamycin 

treated samples with their age matched unrelated controls, there was a significant 

decrease in TAp63 in both the central and peripheral regions. Thus, rapamycin and DR 

both influence TAp63 levels in the same manner. One explanation for the observation of 

the TAp63 decrease in both DR and rapamycin treatment was that perhapsTAp63 might 

be regulated by an element of the mTOR pathway. TAp63 also seems to be affected by 

age, as there was a marked decrease in the protein with age in the central cornea. 

 The peripheral cornea had consistently lower quantities of TAp63 compared to 

the central region (figure 4.6) (table 4.4). If the same regional staining pattern was seen 

in humans, less TAp63 in the peripheral cornea would be consistent with the X, Y,Z 

hypothesis (Di Iorio et al., 2005). In mice however, it suggests that perhaps more 

progenitors are present in the central region. 
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Figure 4.5 TAp63 immunofluorescence of old, young, dietary restricted, rapamycin treated and control 
mice Each group contained at least 3 individual mice. Cryosections through the meridian of the eye were 
used in this experiment. Five field of views (FOV) from the central cornea were taken, and five from each 
peripheral region. A total of 2,675 basal cells were measured. Results of ANOVA are inlayed into each 
graph. Significance is indicated with an asterisk Standard error of the mean is shown.  
 

Examples of TAp63 immunofluorescence are shown in figure 4.6. Only the basal cells of 

the corneal epithelium were measured as this region is hypothesised as containing the 

potential progenitor cells. 
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Figure 4.6 TAp63 immunofluorescence of young, old, dietary restricted, rapamycin treated and control 
corneal epithelium  
Stem cells and transit amplifying cells are located in the basal cell layer of the mouse corneal epithelium. 
The basal layer can be observed under the white line as the immediate layer after the basement 
membrane, these cells are analysed for TAp63 intensity. The first column shows TAp63 protein in green, 
while the second column shows DAPI staining of DNA within the nucleus. The third column is a merged 
image. Scale bar is10µm. 
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 TAp63 immunofluorescence in Tert-/- and wild type mice fed ad libitum or 4.3.3.2

dietary restricted 

To investigate if the numbers of progenitor like cells differed dependent on diet and 

presence of the telomerase enzyme (TERT), TAp63 was measured in Tert-/- mice fed both 

ad libitum and DR. The following staining was performed at a later time point to the 

initial staining (figure 4.6) and with a different set of mice, so that absolute intensities 

cannot be compared between the two experiments. Tert is expressed in limbal epithelial 

cells and transit amplifying cells, knockout of this gene may have an impact on the 

maintenance of stem cells in the cornea (Moore et al., 2002). A subset of both wild type 

and Tert -/- mice were subjected to dietary restriction, to assess what role Tert might 

have on this treatment. A normality test was performed on the data, the results of 

which can be found in appendix B. All but the WT ad libitum peripheral cornea sample 

were not normally distributed. 

 A Kruskal-Willis test for independent samples was used to compare independent 

samples (see appendix B). The results showed that there was a significant decrease in 

TAp63 between wild type ad libitum and wild type DR in the central cornea. The same 

was true between wild type ad libitum and Tert-/- ad libitum fed mice. In Tert-/- dietary 

restricted mice however, TAp63 was maintained in the central cornea at the same level 

as the wild type ad libitum mice. In the peripheral cornea the wild type mice (both DR 

and AL) had a higher level of TAp63 than Tert-/- mice (both DR and AL). 

 These observations confirm those previously shown in figure 4.6, regarding the 

wild type ad libitum and dietary restricted mice. Consistently the peripheral areas had 

lower TAp63 levels, than their central counterparts (figure 4.7) (table 4.5). 

Sample/Condition  
Wilcoxon signed ranks on 
related samples (p values) 

WT AL <0.001 

WT DR <0.001 

KO AL <0.001 

KO DR <0.001 

Table 4.5 Statistical comparisons of p63 staining of central and peripheral corneal regions in the wild 
type and Tert

-/- 
mice fed either ad libitum or dietary restricted 



121 

 

Figure 4.7 TAp63 immunofluorescence of Tert
-/- 

mice and wild type either dietary restricted or ad libitum 
fed  
Each group contained at least 3 individual mice. Cryosections through the meridian of the eye were used 
in this experiment. Five FOV from the central cornea were taken, and five from each peripheral region. A 
total of 1,748 basal cells were analysed. The animals in this experiment were aged around 22 months. 
Dietary restriction was implemented for a period of 16 months at the age of 6 months. The box plots show 
the maximum, the 75th percentile, the median, the 25th percentile and the minimum values. Significance 
is indicated with an asterisk. Central cornea, WT AL vs KO AL p=0.001, WT AL vs WT DR p=0.001, KO DR vs 
KO AL p<0.001, KO DR vs WT DR p<0.001. Peripheral cornea, WT AL vs KO DR p=0.007, WT AL vs KO AL 
p<0.001, KO DR vs KO AL p<0.001, KO AL vs WT DR p<0.001. 
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Figure 4.8 Images of TAp63 immunofluorescence in the corneal epithelium of Tert
-/-

 mice on dietary 
restriction or ad libitum fed  
Stem cells and transit amplifying cells are located in the basal cell layer of the mouse corneal epithelium. 
The basal layer can be observed under the white line, these cells are analysed for TAp63 intensity. The first 
column shows TAp63 protein in green, while the second column shows DAPI staining of DNA within the 
nucleus. The third column is a merged image. Scale bar is10µm. 

 

In the central cornea there was no difference between the TAp63 levels of wild type 

dietary restricted and Tert-/- ad libitum animals. This suggests that DR and the knockout 

of Tert have a similar effect on the expression of TAp63. In the peripheral cornea 
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however the two Tert-/- conditions have lower TAp63 than in the WT conditions. 

Suggesting that Tert-/- could be detrimental to the potential progenitors of this region. 

4.3.4 Do ɣH2A.X foci increase with age? 

A cells response to double strand breaks (DSB) is primarily to accumulate repair proteins 

around the site, the so called DNA damage response (DDR). These protein 

accumulations, when visualised using florescence microscopy are termed foci. H2A.X is 

one of the proteins which accumulate at DSB sites. At the DSB, H2A.X is phosphorylated, 

after which it is referred to as ɣH2A.X. ɣH2A.X foci are one of the most sensitive 

methods of detecting this type of DNA damage, it has been estimated that over 2,000 

protein molecules form/aggregate per DSB (Ismail and Hendzel, 2008). In these 

experiments the numbers individual ɣH2A.X foci were counted to give an indication of 

the level of DNA damage within the cells.  

 Frequency of ɣH2A.X foci in old, young, dietary restricted, rapamycin and 4.3.4.1

control mice. 

 The main aim of this experiment was to assess if DNA damage varies between 

different ages and conditions. We tested eye sections from young, old, DR, rapamycin 

treated and control mice for the number of ɣH2A.X foci in both the central and 

peripheral regions. Normality tests showed the data was not normally distributed 

(p<0.001), as such non parametric tests were performed. 
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Figure 4.9 ɣH2A.X foci number in the cornea of young, old, dietary restricted, rapamycin treated mice  
3 mice were analysed per condition, with five FOV from each peripheral cornea and 5 from the central 
region. 2,533 nuclei were analysed. 8,920 foci were counted in the central cornea, while 5,159 in the 
peripheral. Results of independent samples Kruskal-Willis test are shown as inlays. The box plots show the 
maximum, the 75th percentile, the median, the 25th percentile and the minimum values. Significance is 
indicated with an asterisk. 
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The number of ɣH2A.X foci increased significantly with age in the central cornea, while 

there was no change in the peripheral cornea. DR was able to remediate this 

accumulation in the central cornea. There was however, an increase in foci under DR 

compared to AL within the peripheral cornea. In the peripheral cornea more ɣH2A.X foci 

were observed within the rapamycin treated group compared to control mice. No 

change however was observed between rapamycin treatment and controls in the 

central cornea. 

 Dietary restriction can reduce the number of ɣH2A.X foci in the central cornea, 

but not in the peripheral cornea, indeed DR seemed to increase foci number in the 

periphery. Increases in the number of foci when both under DR and treated with 

rapamycin indicate that the mechanism for this increase in foci could be mTOR 

mediated. mTOR can cause a sensitisation of the DDR, which can in turn lead to 

accumulation of foci at damage sites, like those observed. In the central cornea however 

the relationship between DR and rapamycin was not the same, this may bode from the 

propensity of DR being a more global effector.  

Sample 
Wilcoxon signed ranks test on 

related samples (p values) 

Young <0.001 

Old <0.001 

DR <0.001 

Rapamycin Treated 0.002 

Rapamycin Control <0.001 

Table 4.6 Comparison between ɣH2A.X foci numbers between the central cornea and peripheral cornea 
of young, old, dietary restricted, rapamycin treated and control mice. 

All conditions showed a significant difference between central and peripheral corneal 

regions, meaning that there are always more ɣH2A.X foci in the central cornea in these 

mice (table 4.6). Perhaps due to increased exposure to external stresses, while the 

periphery is somewhat protected by the eye lid. 

 Frequency of ɣH2A.X foci in Tert-/-and wild type mice fed either ad libitum or 4.3.4.2

dietary restricted.  

The number of ɣH2A.X foci in Tert-/- mice indicates the amount of DDR occurring in these 

mice. It was expected that the peripheral regions of these mice would harbour less 

ɣH2A.X foci as previous data shown in figure 5.13 demonstrated this trend. However a 
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Wilcoxon test on related samples did not detect a significant difference between these 

two anatomical regions (p=0.220). An average of 12 ±6.7 ɣH2A.X foci per cell in the 

central region and 11 ±7.3 in the periphery were measured overall. This could in part be 

due to the role Tert plays in stem cells in the peripheral region, absence of this protein 

may have triggered more damage to accumulate in par with the rate it occurs in the 

central region which has naturally less expression of Tert. 

Figure 4.10 ɣH2A.X foci number in Tert
-/-

and wild type mice fed ad libitum or dietary restricted  
1,340 nuclei were analysed. 11,631 foci were counted in the central cornea, while 10,062 in the 
peripheral. p values for Kruskal-Willis test on independent samples are shown in each graph. The box plots 
show the maximum, the 75th percentile, the median, the 25th percentile and the minimum values. 
Significance is indicated with an asterisk. 
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Sample 
Related samples Wilcoxon 

signed ranks (p values) 

KO DR 0.515 

KO AL 0.090 

WT AL <0.001 

WT DR <0.001 

Table 4.7 Comparison between number of ɣH2A.X foci in the central cornea and peripheral cornea of 
Tert

-/-
 and wild type mice fed ad libitum or dietary restricted. 

 

Dietary restricted Tert-/- mice seemed to have more ɣH2A.X foci than their ad libitum fed 

counterparts (KO), in both central and peripheral corneal regions. Conversely, wild type 

ad libitum fed mice had more than there dietary restricted counterparts. The data seems 

to suggest that DR is not as beneficial when Tert is absent. Additionally, wild type ad 

libitum mice also had more foci than Tert-/- ad libitum mice in the central cornea. Thus, 

these Tert-/- mice seem to accumulate more foci (figure 4.10) (table 4.7). The mice used 

in these experiments were F1 knockouts and should not have shorter telomeres than WT 

mice, omitting their involvement. 

 Tert-/- dietary restricted and Tert-/- ad libitum mice did not shown any difference 

between the number of foci in the central and peripheral cornea. This suggests that the 

loss of Tert does prevent DR from exerting its beneficial effect of decreasing DNA 

damage in the cornea. Wild type ad libitum and wild type DR mice both showed a 

difference between central and peripheral cornea, which was similar to the changes 

documented in the previous staining, where DR decreased ɣH2A.X foci number. Thus, 

the beneficial effect of DR in the WT mice on both central and peripheral cornea was 

reproduced with different mice from the same experiment (DR) while the lack of Tert 

seems to abolish the effects of DR.  

4.3.5 Do telomere associated foci increase with age in the mouse cornea? 

Telomere uncapping occurs when telomeres become critically short or the proteins 

which protect them become dysfunctional. Uncapped telomeres can lead to cell cycle 

arrest, senescence and apoptosis. ɣH2A.X foci which form within the telomeric regions 

are termed telomere associated foci (TAF) and can be an indication of cellular ageing. 

Increases in telomeric instability can lead to an increased chance of entering into 

senescence. TAF’s were detected in a mouse corneal epithelium for the first time at an 
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average frequency of 2.15±1.6 foci per cell in the central cornea and 1.12±1.2 in the 

peripheral cornea. When comparing the two regions, firstly normality was analysed. A 

Shapiro-Wilk test indicated that the data was not normally distributed (p<0.001). 

Overall, there was a statistically significant increase in the numbers of TAFs in the central 

cornea over the peripheral cornea (p<0.001 Wilcoxon test for related samples). As 

mentioned previously, this may be due to the protection which the eye lids provide to 

these regions. In humans more progenitor like cells are found in the areas which are 

better protected by the lids (12 o’clock and 6 o’clock positions) (Pellegrini et al., 1999).  

 TAFs in old, young, DR, rapamycin treated and control mice 4.3.5.1

The main aim of the analysis was to assess if the frequency of TAFs changes with age, 

and if interventions have an impact in the mouse cornea. A Kruskal-Wallis test on 

independent samples was performed (summarised in appendix B). There was an 

increase in the number of TAF’s within the basal cells of the corneal epithelium in the 

old mice compared to young. This suggests that TAF’s do increase with age in the mouse 

cornea, indicating increased telomeric damage or an increase in exposed telomeric ends. 

There was also a difference noted between both DR and old/AL conditions. DR seemed 

to maintain the number of TAFs at a lower level than the young mice. Thus, DR might 

prevent telomeric damage and critically short telomeres, possibly through a slowing of 

metabolism, reduction of ROS and cellular turnover.  

 When comparing the levels of TAFs in the peripheral cornea of the older mice 

with that of the young, no decrease was observed (figure 4.12 & 4.13). This differed 

from the observation in the central region (figure 4.11 & 4.13), indicating that the 

peripheral regions might be protected from telomeric damage. Dietary restriction 

seemed to reduce this damage in the peripheral cornea when compared with old mice. 

The amount of damage was maintained to a similar level to the young mice. This 

suggests that DR reduces DNA damage over the lifetime of the animal. In the peripheral 

cornea rapamycin treatment appeared to increase the number of TAF’s formed 

compared to the control group, indicating that rapamycin maybe enhancing the DDR in 

the cells of the peripheral cornea. Thus, there seems to be a pronounced difference 

between DR and rapamycin treatment.  
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Figure 4.11 Telomere associated foci in the central cornea of old, young, dietary restricted, rapamycin 
treated and control mice  
Representative images of co-localisations of the telomere probe (red) and ɣH2A.X foci (green). Nuclear 
DNA is stained blue with DAPI. Scale bar equals 20µm. 
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Figure 4.12 Telomere associated foci in the peripheral cornea of old, young, dietary restricted, 
rapamycin treated and control mice  
Representative images of co-localisation of telomere probe (red) and ɣH2A.X foci (green). Nuclear DNA is 
stained blue with DAPI. Scale bar equals 20µm.  
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Figure 4.13 Comparisons of the number of TAFs in the mouse corneal epithelium under different 
conditions 
A total of 1,659 basal cells were analysed in the central cornea, whilst 1,452 basal cells were analysed in 
the peripheral cornea. Result of Independent samples Kruskal-Wallis tests are shown as inlays. The box 
plots show the maximum, the 75th percentile, the median, the 25th percentile and the minimum values. 
Significance is indicated with an asterisk. 
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4.3.6 Can Ki67 and ɣH2A.X co-staining rule out the contribution of mitotic 
cells to DNA damage foci? 

During the replication of DNA, exposed chromosomal sections can trigger the 

recruitment of ɣH2A.X (Ward and Chen, 2001) which cause false positive DNA damage 

ɣH2A.X foci data. To rule out this biological phenomenon from the previous data, the 

cell proliferation marker Ki67 was used to assess the proportion of proliferating basal 

cells and to assess whether this fraction changes under different conditions (figure 4.14). 

Figure 4.14 Example images of Ki67 and ɣH2A.X immunofluorescence in the peripheral and central 
cornea 
The total number of cells per field were counted along with the number of Ki67 positive cells.  
 

The percentage of Ki67 positive basal cells was counted in each field of view. Normality 

tests showed that about half of the data collected was not normally distributed (see 

appendices B). A Kruskal Wallis test on independent samples for central corneal values 

indicated that there was no difference between old, young, DR and rapamycin treated 

mice (p=0.292). The peripheral cornea also showed no difference (p=0.415). This was not 

expected since we hypothesised that different conditions might change the cellular 

proliferation rate. For example DR is known to decrease cell proliferation, however 

these results indicate that it may not apply to all tissue types (Ogura et al., 1989). It did 

however mean that the TAF analysis and the ɣH2A.X foci data did not need to be 

adjusted for differences in proliferation between groups. 

 The average number of Ki67 positive cells in the central cornea was 13% ±9.1, 

while in the peripheral cornea it was 9% ±10. A Wilcoxon signed ranks on related 

samples test was performed which showed that there was no significant difference 

between the two anatomical regions in any of the samples (p=0.086) (figure 4.15). 
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Figure 4.15 Percentage of Ki67 positive cells across the central and peripheral regions  
Five fields of view were analysed for the central cornea (a-c). 10 fields of view were observed in the 
peripheral cornea (d-f), five from each. A total of 1,571 basal cells were analysed. The boxes plots show 
the maximum, the 75th percentile, the median, the 25th percentile and the minimum values.  
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 Executive summary  4.4

 Age decreased the thickness of the peripheral cornea, but not the central. Bullae 

formation increased in the cornea with age. The progenitor marker TAp63 

decreased with age, whilst the DNA damage marker ɣH2A.X increased along with 

the numbers of TAFs in the central cornea. The peripheral cornea on the other 

hand, was unaffected by these parameters. 

 DR reduced corneal thickness, bullae formation and TAp63. Thus, DR could not 

ameliorate these age-associated changes. However, it reduced the number of 

ɣH2A.X foci as well as TAFs in the central cornea, but not in the peripheral area.  

Consequently, DR was able to ameliorate general as well as telomere-associated 

DNA damage preferentially. 

 Rapamycin treatment decreased the thickness of the cornea. It also decreased 

the levels of TAp63 in both central and peripheral regions while it increased the 

number of ɣH2A.X foci and TAFs in the peripheral cornea. Thus, it generated 

changes that were all in the same direction as ageing. This means, it does not 

have the same beneficial effects as DR and might even exacerbate age-related 

changes. 

 Lack of TERT protein in Tert-/- mice and DR both caused a reduction in corneal 

size, however this was not additive. Lack of TERT also decreased the amount of 

TAp63 protein in the peripheral cornea, but not centrally. DR was able to recover 

TAp63 levels in the Tert-/- mice. This suggests that the DR effect on TAp63 levels 

were not dependent on the presence of TERT. In contrast, DR suppressed TAp63 

protein level in WT mice. In Tert-/- AL mice, less ɣH2A.X foci formation was found 

than in WT AL mice. Importantly, ɣH2A.X foci number was higher in KO DR mice 

than in WT DR implicating that the effect of DR on DNA damage seems to depend 

on the presence of TERT protein. The reason why ɣH2A.X foci number was higher 

in WT AL than in KO AL mice is not known.  
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 Discussion 4.5

4.5.1 Morphology of the ageing mouse cornea 

The thickness of the cornea is an important parameter to measure, as it can indicate 

corneal disease or a loss of regeneration capacity. In humans it has been shown that the 

peripheral cornea as a whole decreases by 0.38µm per year (Jonsson et al., 2006). It is 

debated whether the central corneal thickness changes with age, with the same study 

by Jonsson and colleagues showing no difference. A study which measured corneal 

thickness in an isolated Mongolian population noted a decrease in corneal thickness of 

around 0.5-0.6 µm per year. It was hypothesised that the lack of significant data for the 

central cornea may be down to variation between human donors. Conditions such as 

diabetes have been shown to increase corneal thickness, 6% of adults in England suffer 

from this condition (Diabetes-UK, 2014) and this prevalence may impact upon any 

human results (Pfeiffer et al., 2007). In this study, mice were used in order to minimise 

variation. Even within the mouse model however, a change in the thickness of central 

cornea under different conditions and between different ages could not be detected. 

Interestingly, thickness of the peripheral cornea did decrease with age. If we assume a 

linear trend, then there was a loss of 0.12µm per month. Our study on mice differed 

from the human observations as we only measured the width of the corneal epithelium, 

compared to the total corneal thickness (Jonsson et al., 2006).  

 Corneal integrity is crucial to its function as a barrier to the environment and 

movement of small molecules across its surface. As stated previously, it has been shown 

that permeability of the cornea decreases with age (Dekruijf et al., 1987). This could be 

due to several reasons, for example, a reduction in the subunits which comprise 

hemidesmosomes (Trinkausrandall et al., 1993). Hemidesmosomes anchor the basal 

cells to the basement membrane. Alternatively, a reduction in the endothelial layer 

causes a reduction of fluid movement out of the cornea. The accumulation of this fluid 

leads to the formation of bullae. Another theory is that the secretory function of the 

lacrimal gland decreases with age. The tear film is crucial in providing nutrients and 

supressing oxidative damage to the eye. A reduction in this function leads to dry eye in 

extreme cases (Baum, 1973). Dry eye is a condition which also increases with age (Schein 

et al., 1997). Dietary restriction has been suggested as a mechanism by which lacrimal 

function can be maintained. The molecular mechanism however was not alluded to 
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(Kawashima and Tsubota, 2011). One hypothesis would be that DR prevents the increase 

in the proposed inflammatory response (Morgan et al., 2007) of the lacrimal cells with 

age (Zoukhri, 2006). Thus restoring the secretory function required to maintain the 

corneal epithelium. Our study showed that the integrity of the cornea decreased with 

age while DR could maintain the integrity of the cornea to a level similar to that of young 

mice. 

 With age, the endothelium decreases in cell number (Laing et al., 1976; Laule et 

al., 1978; Gwin et al., 1982; Bourne et al., 1997), dietary restriction in rats was shown to 

ameliorate this change and maintain a healthy endothelial layer (Nadakavukaren et al., 

1987). It is possible that the same effect was present in the mice tested in our 

experiments, although not tested under the remit of this thesis.  

4.5.2 The transcription factor TAp63 is a marker of limbal progenitors in 
the mouse cornea. 

The detection of true progenitor limbal stem cells is a point of controversy in the limbal 

stem cell field. With no definitive stem cell marker gene, detection of progenitors is 

difficult. One of the more accurate marker genes to study is the transcription factor 

TP63. There are six main isoforms of p63: 3 ΔN and 3 TA. The antibody available for this 

experiment only detected the TA isoforms, which are associated mainly with more 

differentiated corneal cells in humans. TA isoforms however, play an important role in 

ageing and cancer formation (Flores et al., 2005a). Mice which are deficient in TAp63 

age prematurely. TAp63 has been shown to be essential for the maintenance of stem 

cells in a quiescent state in mouse epidermis (Su et al., 2009). This study suggests that 

TAp63 is a valid marker for measuring progenitor cells in mice. The relatively high levels 

of this marker in young mice reinforce the statements made by Su and colleagues. 

Interestingly, both DR and rapamycin treatment appeared to repress the total amount of 

TAp63 in the central cornea, indicating a link between TAp63 and possibly the mTOR 

pathway. mTORC1 can up regulate p63, which is thought to be mediated through Tsc2 or 

Pten. The repression of both the ΔN and TAp63 isoforms can be achieved by using 

rapamycin (Ma et al., 2010). Rapamycin appears to also have a slight repressive effect on 

the expression level of TAp63 in a breast cancer cell line (Rosenbluth et al., 2008). p73 

and p53 are from the same protein family as p63 and both interact with mTOR (Feng et 
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al., 2005; Rosenbluth et al., 2008). The evidence seems to suggest that p63 is also be 

involved in this pathway. 

4.5.3 The accumulation of ɣH2A.X and telomere associated foci in the 
mouse cornea. 

Increases in DNA damage can be indicative of reduced genomic stability. Irreparable 

DNA damage can trigger DDR and lead to an induction of senescence. Thus, increases in 

ɣH2A.X foci are indicators of an increased probability of senescence. The accumulation 

of senescent cells within a tissue leads to a decline in its functionality. The exact 

anatomical location of limbal stem cells in mice is unknown. For this reason, our study 

measured the number of DNA damage foci in the basal layer of the cornea in both 

central and peripheral regions. Overwhelmingly, our study showed an increase of 

ɣH2A.X foci in the central cornea suggesting that cells move centripetally, acquiring 

mutations, in post mitotic cells as they migrate across the cornea, before being lost to 

the tear film. 

 In Tert-/- mice the beneficial effects of DR, in terms of reduced DNA damage were 

negated. mTOR and telomerase are both controlled by the PI3K/Akt signalling cascade. 

In Tert +/+ mice this is mediated through E2 estradiol which causes the nuclear 

translocation of Tert (Kimura et al., 2004). This nuclear translocation may reduce the 

protective effect that the protein has in the mitochondria. Interestingly, Interleukin 2 up 

regulates Tert via mTORC1 in cancer cell lines (Zhou et al., 2003; Yamada et al., 2012). 

Similarly IGF-1 also stimulates telomerase activity (Wetterau et al., 2003). During DR 

however, IGF-1 and mTOR are reduced/supressed indicating that an interaction is 

mediated through other means. SIRT1, which is up regulated during DR stimulates 

telomerase activity in yeast (Palacios et al., 2010). We hypothesise that during DR the 

normal activation of Tert via SIRT1 is important for some of the effects of DR. This 

hypothesis is supported by Vera and colleagues who showed that WT DR mice had a 

reduction in telomere degradation compared to AL fed mice (Vera et al., 2013). 

 Rapamycin treatment showed a different trend to that of DR, with increases in 

foci number in the peripheral cornea when treated. Previous studies have shown that 

rapamycin decreases DNA damage in mouse embryonic fibroblasts (Wang et al., 2013) 

and human Werner syndrome ATP-dependent helicase-deficient fibroblasts (Saha et al., 

2013). The Werner syndrome ATP-dependent helicase (WRN) protein unwinds double 
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stranded DNA and is an essential part of DNA replication and repair (Monnat, 2010). 

Rapamycin can also increase the response to oxidative stress in adult mouse stem cells 

(Kofman et al., 2012). The increase in response to DNA damage, seen in our results could 

be indicative of increased damage surveillance, however this is speculative. 

 Rapamycin is used as an immune suppressant to prevent allograft rejection of 

limbal stem cell and corneal transplantations (Penetrating keratoplasty) (Olsen et al., 

1994). It is thought that one of the ways in which rapamycin acts is through the 

inhibition of the neovascularisation element of rejection via the inhibition of TGF-β1 

induced alpha-smooth muscle actin expression (α-SMA), α-SMA is important protein 

involved in angiogenesis (Shin et al., 2013). The implication that rapamycin may increase 

DNA damage is important for the continued use of the drug on the eye, although the 

benefits may outweigh the risk in this instance.  

 Telomere associated foci were also more prevalent in the central cornea, 

indicating the presence of two distinct cellular populations. The progenitor cells in the 

limbal region express telomerase, resulting in increased telomere maintenance and a 

reduction in dysfunctional telomeres (Notara et al., 2013). Consequently, our data 

favoured the LESC hypothesis. 

 ɣH2A.X foci and TAFs increased with age in the central cornea, showing that 

these were good markers of the ageing phenotype. Dietary restriction was able to 

maintain ɣH2A.X foci and TAF’s at a more youthful level, possibly indicating less 

senescent cells within the tissue. In other mouse tissues, such as the small intestine and 

liver, TAF’s have also been documented as accumulating with age. Overall, it was 

demonstrated that there was an approximate 25% increase in TAF’s in both tissues with 

age (Hewitt et al., 2012). It was expected then that the cornea may be similar to this 

value or even slightly lower since the gut is more proliferative than the cornea. The 

results of our study suggest that the increase was around 33% with age. This increase 

was however coupled to an increase in ɣH2A.X foci, so we cannot draw the conclusion 

that the telomeres are a preferential DNA damage site in this tissue. 

 Rapamycin treatment, again did not follow the same trends as DR, with regards 

to TAF formation. The results mirrored those of the overall ɣH2A.X foci number and 

indicate that the peripheral cornea is particularly susceptible to DNA damage. 

Rapamycin has been shown to inhibit telomerase expression in endometrial cancer cells 
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and indeed mTORC1 and TERT are proposed to complex via Hsp90 (Kawauchi et al., 

2005). The function of this complex however is unknown, our data would suggest that it 

has a protective effect on the genome, including the telomeres. It is important to note 

that up-regulation of both mTOR and TERT are hallmarks of cancer cells. We hypothesise 

that the up-regulation of the mTOR/Hsp90/TERT complex is beneficial for stem cell 

survival, however in differentiated cells could be oncogenic. In embryonic stem cells 

mTOR is required for maintaining cells in an undifferentiated state (Zhou et al., 2012). 

We also propose then that the down regulation of TERT in the central cornea is 

indistinguishable between rapamycin treatment and control due to TERT already being 

down regulated in the central cornea.  

 TAF’s cannot be resolved with a conventional photon driven microscopy system 

to the exact telomere region. This fact leaves the interpretation of these results open to 

debate, whether the DNA damage accumulated due to uncapped telomeres or just 

damage within the telomeric repeat units. 

 Random oxidative, UV damage and replicative errors contribute to the 

accumulation of DNA damage. These can persist in telomeric regions because of the 

nucleoprotein complexes which normally hinder non-homologous end joining. These 

complexes such as Shelterin, suppress the ability for a telomeric end to be recognised as  

DNA damage (Cesare et al., 2009). Damage on the other hand has been shown to reduce 

the binding of two of the components of Shelterin, TRF1 and TRF2 (Opresko et al., 2005). 

Recently it has been shown that removal of one component of the Shelterin complex, 

TRF2, from telomeric regions does not elicit a DNA damage response. The result further 

supports the theory that TAF’s are not detecting exposed termini but sections of 

damaged telomere repeat units (Petrova et al., 2014). 

 The nature of the telomeric repeat sequence makes it susceptible to oxidation. 

Being comprised primarily of the nucleic acid guanine, which can be oxidised to 7, 8-

dihydro-8-oxoguanine, causing an increased chance of mismatch pairing and subsequent 

base substitutions (Simon and Vanvunakis, 1964; Ming et al., 2014). If this was entirely 

true other areas of the genome, such as CpG islands would also be susceptible to these 

modifications with age. Mitomycin C which mitotically inactivates 3T3 mouse fibroblasts 

via CpG islands (Teng et al., 1989) can also cause a shortening of telomeres (Wick and 

Gebhart, 2005). These convergent methods of base modification suggest that these 
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regions may share equal effects from base oxidation, which may have occurred due to 

ROS induced damage in the cornea. These experiments did not show a preferential 

telomeric localisation suggesting that these results support the non-preferential damage 

model. 

 Telomeres have been shown to be inefficiently repaired when damaged by UV 

radiation (Kruk et al., 1995) or alkylating agents (Petersen et al., 1998). However the 

mouse model which was used in this study was never exposed to UV radiation, ruling 

this out as a potential factor. UV damage may explain any major differences in foci 

number when human corneas are assessed. 

 Conclusion 4.6

4.6.1 Age has a detrimental effect on the mouse corneal epithelium. 

The thickness of the corneal epithelium decreased with age in mice, this was just a trend 

in the central cornea, while in the peripheral region it was significant. We can perhaps 

attribute this change to a decrease in the ability to replenish the cells of the cornea from 

the peripheral regions. However if we assume that the cells move centripetally, a 

decrease in proliferation in the peripheral region would have an impact on the central 

cornea. Ki67 staining indicated that the cells of the peripheral cornea proliferated at a 

slower rate than those in the central regions, which could perhaps explain the difference 

in thickness of the corneal epithelium. Another factor which is worth discussing is that 

the limbus in mouse is difficult to observe, being only a slight indentation into the tissue. 

The fact that we see a decrease in thickness of the peripheral region could be the 

inadvertent measurement of a more recessed limbus with age. 

 In favour of a reduced number of progenitor cells within older mice, the amount 

of the positive marker TAp63 decreased in the central region, in the peripheral region 

however no decrease was observed. In addition to this TAp63 was expressed to a higher 

extent in the central region of the young donor compared to the periphery. These two 

factors make it difficult to draw a firm conclusion. The decrease of the TAp63 protein in 

the central cornea supports the hypothesis that age has a detrimental effect on 

progenitor populations, if we assume the CESC hypothesis to be true. However, the fact 

that the peripheral regions do not change with age suggests that they could be 

protected; perhaps the lid preserves the protein level of TAp63, and thus stem cells, in 
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this area.  

 The number of TAFs and general DNA damage foci both increased with age in the 

mouse cornea. This was unlike other mouse tissues were TAF’s increased regardless of 

ɣH2A.X foci number (Hewitt et al., 2012). The tissues which have previously been 

studied however were internal compared to the superficial corneal epithelium. It is 

possible that external tissues such as the epithelium face a higher burden of genomic 

attrition, and thus increased chance of accumulating DNA damage.  

4.6.2 Bullae formation occurs with age in the mouse cornea. 

One feature which was very striking in the cornea when comparing young and old mice 

was the formation of bullae. These fluid filled sacks were very prominent in all three of 

the older mice analysed, while in young mice very few bulla were observed. It was 

considered that these structures may be artefacts, from the freezing and cutting 

procedures. However all mouse eyes were processed in the exact same way, so these 

structures are unlikely to be artificial in nature. The proposed pathogenesis is via the 

ageing corneal endothelium causing a cascading effect on the corneal epithelium. The 

formation of bullae in the cornea could lead to increased opacity and increased risk of 

infection. The increased risk of infection is a factor which has been documented 

previously (Chang and Hu, 1993). Our study offers the conclusion that the increased 

susceptibility to infection could be in part related to the ageing corneal endothelium. 

This conclusion of course could be reversed, as the integrity of the corneal epithelium 

and increased susceptibility to infection could triggering to endothelial cell loss leading 

to a feedback crescendo (Faragher et al., 1997). 

4.6.3 DR mitigates age related changes in the mouse cornea.  

Dietary restriction had very little effect on some parameters however on others it was 

quite dramatic, with the corneal thickness being one example. It was hypothesised that 

dietary restricted mice may have thinner corneas. This was based on the assumption 

that dietary restriction limits proliferation, via mTORC1 phosphorylation and inhibition 

of 4E-BP1 (Nojima et al., 2003; Dowling et al., 2010). However no statistical difference 

was found, only a slight trend in the central region. This leads to the conclusion that in 

the cornea, DR might not decrease cell proliferation. 

 The positive marker TAp63 however, was not shown to be up regulated in DR, in 



142 

 

either the peripheral or central regions. This result was interesting as TAp63 is thought 

to supress mTORC1 expression in the presence of DNA damage (Cam et al., 2014). 

Conversely Ma and colleagues state that PI3K/Akt activates the p63/Jagged/notch 

pathway via mTOR, implying that mTOR regulates p63 (Ma et al., 2010). Notch regulates 

cell differentiation, when activated the intra-membrane protein becomes cleaved and 

translocates to the nucleus whereby it interacts with DNA binding protein to form a 

transcription factor (Ehebauer et al., 2006). What this means for limbal stem cells can 

only be speculated. A decrease in mTOR like that in the DR group could promote 

stemness in the stem cell pool, by driving down p63 expression and thus Notch pathway 

activation. This however is highly counter intuitive to existing data which promotes p63 

as a positive LSC marker gene. The regulation of p63/Notch in keratinocytes at least 

appears to show that the interaction between these proteins is more complex. Nguyen 

and colleagues show that Notch1 activation supresses p63 in both humans and mouse, 

via Notch regulation of the interferon pathway. Also, that p63 modulates some of the 

effectors of Notch, such as Hairy and enhancer of split 1 (Hes-1) (Nguyen et al., 2006) a 

suppressor of transcription (Kageyama et al., 2007). So regulation works mutually 

between these proteins. 

 Dietary restriction appeared to have a suppressive effect on the build-up of 

ɣH2A.X foci in the central cornea. The decrease in ɣH2A.X foci has been documented 

previously in intestinal enterocytes and liver hepatocytes, 6% after 3 months DR (Wang 

et al., 2010). The results cannot be directly compared however, as Wang’s study counted 

the number of ɣH2A.X positive cells whereas we counted the number of individual foci 

using immunofluorescence. 

 In the peripheral cornea an increase in ɣH2A.X foci was noted between DR and 

AL matched controls, this was unusual and was not predicted. The number of telomere 

associated foci on the other hand, decreased in both the peripheral and central regions 

under DR compared to AL. A possible explanation could be that DR protects telomeres 

preferentially. mTOR inhibition has been shown to increase DDR through p53 and p21 

causing phosphorylation of ATM (Bandhakavi et al., 2010) or non-canonically through NF 

–κB/FANCD2 (Guo et al., 2013). Wang and colleagues, suggested that mTOR decreases 

DNA damage through suppression of a cAMP response element-binding protein 1 

(CREB1) (Wang et al., 2013), which is known to be phosphorylated by ATM. The corneal 
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marker gene p63 also responds to DNA damage leading to the suppression of mTOR via 

REDD1/Tsc1 pathway (Cam et al., 2014). It is important to consider that DR maybe 

promoting DNA repair rather than indicating a greater amount of damage, as we did not 

directly assess the levels of mTOR in our study. 

4.6.4 Similarities and differences between rapamycin treatment and DR 
treatments. 

Direct comparison between the effects of rapamycin and dietary restricted mice in this 

instance is not possible as the two sets of mice were not age matched to one another. In 

addition, treatment times were different, with 16 months of DR versus 4 months of 

rapamycin treatment. However, some of the parameters do show striking similarities, 

such as the reduction in TAp63 in both DR and rapamycin treatment and more ɣH2A.X 

foci in the peripheral cornea compared to their own experimental controls. These 

similarities provide evidence of a possible shared mechanism of both DR and mTOR in 

the effects on downstream genes. There were subtle differences however, while DR only 

reduced TAp63 in the central cornea, rapamycin reduced the amount of TAp63 in both 

corneal regions. Rapamycin caused no discernible change in the number of ɣH2A.X and 

TAFs in the central cornea unlike under DR where a decrease in both was observed. 

Surprisingly, rapamycin treatment increased the number of ɣH2A.X foci as well as TAF’s 

in the peripheral cornea, which differed from DR whereby the number of TAF’s 

decreased. In conclusion, rapamycin has some similar effects of DR, however, the 

differences between the two indicate that more is at play during DR than simply mTOR 

suppression. 

4.6.5 TP63 is integral to mTOR and Tert regulation. 

ΔNp63α has a duel role in regulation of Tert. Firstly, ΔNp63α can down regulate SIRT1 by 

targeting the molecule for proteasomal degradation. In the absence of SIRT1, p53 

remains acetylated and does not inhibit RNA polymerase (Zhai and Comai, 2000), 

allowing for the transcription of Tert. In a contradictory paper, Palacious and colleagues 

state that SIRT1 increases telomerase activity (Palacios et al., 2010), shown with 

telomere extension. 

 Secondly, the interaction of ΔNp63α with ABBP1, leads to the expression of 

alternative splice variants of Tert transcripts, α and β, which have a dominant negative 

effect on Tert, inhibiting its function (Vorovich and Ratovitski, 2009), however evidence 
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exists that these splice variants protect against apoptosis (Listerman et al., 2013). 

Currently there is no information of the effect of the TAp63 isoforms on Tert expression. 

One could speculate that TAp63 might be up stream of Tert and mTOR signalling, as the 

knockout of Tert and suppression of mTOR did not change the accumulation rate of the 

TAp63 protein. Cam and colleagues present evidence for the interaction of TAp63 with 

mTORC1 (Cam et al., 2014) as stated previously. 

4.6.6 Foci formation is dependent on the presence of telomerase and 
diet. 

When comparing ɣH2A.X levels it was expected that ɣH2A.X would be reduced in the WT 

DR mice, as telomerase has a protective function within mitochondria resulting in 

reduced ROS production (Indran et al., 2011; Singhapol et al., 2013). In combination with 

DR this should result in decreased levels of ROS, limiting DNA damage. Indeed, the 

cornea of WT DR mice had the fewest number of ɣH2A.X foci in the central cornea. 

Conversely, it was expected that if the presence of TERT contributes to the decrease of 

DNA damage during DR, then there should be no difference between KO DR and KO AL. 

However, considering a possible sensitisation of the DDR pathway by a decrease in 

mTOR, coupled with the lack of telomerase enzyme should increase foci numbers under 

DR and rapamycin treatment. In Tert-/- AL mice, a reduced number of foci were formed 

compared to Tert-/- under DR while in WT AL fed mice there was a higher number of foci 

formed compared to WT DR. Foci number was also higher in KO DR than in WT DR, This 

data seems to suggest that the beneficial effect of DR might be dependent on the 

presence of Tert. However when comparing foci number in the central cornea between 

KO AL and WT AL, there was a significantly higher amount of foci present in the wild 

type mice which cannot be explained easily. DR increased the foci number in both 

regions, central and peripheral with DR in TERT-/- mice. This seems to suggest that both, 

lack of TERT and DR exacerbate DNA damage in mouse cornea. 

We can conclude that in the mouse cornea DR and telomerase both have important 

biological functions to safeguard the genome.  

4.6.7 TAp63 is associated with the DDR 

TAp63 is an important transcription factor, related to p53 and has similar roles in the cell 

as a tumour suppressor and in epidermal development (Candi et al., 2007). p63 is a 

complicated gene, ΔNp63α can induce cell cycle arrest through the regulation of p53 
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(Dohn et al., 2001). Conversely, ΔNp63α can also promote proliferation via interactions 

with β-catenin, a mediator of the Wnt pathway (Patturajan et al., 2002). 

 Recently TAp63 has been suggested as being upstream of mTORC1, and is 

implicated in activation of the complex mediated via Akt. It is hypothesised that DDR 

increases Akt kinase activity, however Akt also activates mTORC1, via AMPK and TSC 

inhibition (Cam et al., 2014). To prevent the cell from continuing to grow and respond to 

growth stimuli during DDR, REDD1 (regulated in development and DNA damage 

responses 1) is activated via phosphorylation by TAp63, which itself was phosphorylated 

by ATM (Ma et al., 2010; Cam et al., 2014). Phosphorylated REDD1 is able to inhibit 

mTORC1 by binding to 14-3-3/TSC complex, releasing TSC to inhibit mTORC1. In 

combination with REDD1, Sestrin-2 (p53 activated) act together to inhibit 

phosphorylation of 4E-BP1 (Cam et al., 2014)(figure 4.19). Despite the activation of 4E-

BP1, S6K is still active, potentially driving cell growth and proliferation. 

 In limbal epithelial cells p63 is up regulated, REDD1 may also be active, 

preventing excessive growth and proliferation which is essential for maintaining a stem 

cell pool, as shown in spermatogonial progenitors (Hobbs et al., 2010). Perhaps p63 is up 

regulated in these cells to inhibit mTORC1 and hence prevent external stimuli, such as 

insulin and other growth factors, from stimulating cell growth. TAp63 is also connected 

to mTOR via NF- κB, mTOR can activate IKK (IκB kinase) which in turn regulates NF- κB. 

Repression of mTOR via rapamycin can lead to suppression of IKK (Dan et al., 2008). 

Without IKK, IκB cannot phosphorylate IκB inhibitor (IκBα) and thus NF- κB is not 

released to translocate into the nucleus. NF- κB and p63 have an interesting effect on 

one another, both can interact with promoter regions of one another, creating a 

biological feedback loop (Sen et al., 2011). The interaction with NF- κB is isoform 

dependent, with ΔNp63α down-regulated by NF- κB (Wu et al., 2010), whilst TAp63α in 

combination with relA (transcription factor p65) can inactivate the NF- κB subunit p65 

(Sen et al., 2011), instigating cell death (Khandelwal et al., 2011). This regulation controls 

a fine balance between cell cycle arrest and proliferation. Downstream of this 

interaction, NF- κB has been suggested as being supressed by mTOR in haematopoietic 

stem cells, leading to increased Fanconi anaemia group D2 protein (FANCD2) expression 

(Guo et al., 2013). FANCD2 is part of the Fanconi anaemia DNA repair mechanism, which 
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localises to DNA breaks, sequestering the homology repair related proteins BRCA1 and 

BRCA2 (breast cancer 1-2, early onset) and ɣH2A.X (Bogliolo et al., 2007). 

Figure 4.16 Scheme of the interactions of TAp63 with mTOR and DDR pathways  
TAp63 plays an important role both up stream and down stream if mTOR, and is linked to the DDR 
pathway through NF-κB. 
 

Drawing conclusions from these complex interactions is difficult, however what can be 

concluded is that p63 has a large effect on cellular growth and homeostasis. The fact 

that it is up regulated in limbal epithelial cells has implications on pathways such as 

mTOR. Figure 4.16 shows the interactions of TAp63, an important marker of limbal 

epithelial cells, in relation to the mTOR and DDR pathways. The up regulation of p63 in 

limbal epithelial cells could have an effect on these important nutrient sensing and DDR 

pathways. 

4.6.1 The hypothesised TERT/Hsp90/mTORC1 complex could be required 
for genome stability in stem cells 

Inhibition of both mTORC1 and TERT via independent mechanisms indicated an increase 

in genomic instability, shown by the increase in DNA damage during rapamycin 

treatment and nullification of the DNA damage amelioration during DR in TERT-/- mice. 

Increases in Tert expression during DR are debated with some groups showing decreases 
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of TERT in the MDA-MB 231 breast cell line, however since the cells originated from a 

cancer cell line may influence the fundamental pathways associated with Tert 

expression (Hilal et al., 2011). In wild type mice however DR has been shown to increase 

telomere length (Vera et al., 2013). The later example has the implication that the up-

regulation of Tert is Akt independent. Perhaps activated by an alternative pathway, 

potentially SIRT1, which is up-regulated during DR (Palacios et al., 2010).  

 Direct sustained inhibition of mTOR and TERT leads to increased damage 

accumulation, as seen in the rapamycin group. Whereas DR does inhibit mTOR but TERT 

is potentially up regulated, as a result less DNA damage occurs. Where mTOR and TERT 

are both supressed (in DR Tert-/-) damage was increased. We propose that stem cells 

have increased TERT expression and transient mTOR expression which culminates in less 

DNA damage and increased generation of progenitors, potentially via the 

TERT/Hsp90/mTORC1 complex. 

 

 In conclusion, the mouse central cornea is affected by age, it changes both 

morphologically and biochemically. We demonstrated that bullae increase with age 

while, the positive stem cell marker TAp63 decreases and the number of ɣH2A.X foci and 

TAFs increase. Interestingly, DR was able to remediate all of these changes, adding 

further weight to the benefits of this treatments anti-ageing effect. Rapamycin on the 

other hand, did not seem as beneficial for corneal tissue, with increased damage foci in 

the peripheral cornea. In light of the interactions with mTOR, perhaps this is due to the 

high expression of p63 isoforms within this tissue. The peripheral cornea often did not 

show the same patterns as the central cornea, indicating that this region seems 

functionally distinct from the central regions possibly harbouring the stem cell pool for 

this tissue. 

Oxidative stress increases with age and has a big impact on stem cell function in HSC (Ito 

et al., 2004) and MSCs (Brandl et al., 2011). In addition to this the limbal niche like areas, 

which are suggested to shield stem cells for external stresses, plane with age (Notara et 

al., 2013). We assessed if oxygen partial pressure had an effect on the culture of limbal 

epithelial cells. 
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Chapter 5 Hypoxia and limbal epithelial cells 

 Introduction 5.0

Since the first successful limbal stem cell transplantation was performed to treat LSCD, 

there have been numerous studies attempting to optimise the culture conditions of 

limbal cells. The goal being to increase the success rate of transplantations and reduce 

the amount of tissue needed. When optimising culture conditions one wishes to mimic 

the in vivo conditions as closely as possible. The most common oxygen concentration 

used in cell culture is 21% (160/760 mmHg), which is much higher than that present 

physiologically within major arteries (13%)(West, 2007). Once blood reaches distal 

regions oxygen concentration can dwindle to around 0.5-2.6% in capillaries (Brahimi-

Horn and Pouyssegur, 2007). Epithelial cells of the cornea are, anatomically, uniquely 

positioned on the one hand close to atmospheric conditions but supplied by peripheral 

capillaries (Smith, 2002). The niche area however it can be argued is normally deeper 

within the epithelium. In 2013 Notara and colleagues showed that the limbal zone 

shows signs of degradation with age, in the form of eroded focal stromal projections and 

planed limbal crypts (Notara et al., 2013). 

5.0.1 Hypoxia, the niche and limbal epithelial cells 

 The niche helps to moderate the fate of the contained cells both regulating their 

differentiation and proliferation. In general the niche is often comprised of an 

extracellular matrix, nerves, neighbouring stem cells, and blood vessels (Jones and Watt, 

1993; Gomez-Gaviro et al., 2012; Ula, 2012). Some of these structures, such as the 

extracellular matrix, aid in allowing signalling molecules to penetrate into the niche, 

these can include juxtacrine and pararine molecules (Ordonez and Di Girolamo, 2012). 

The physical interaction with the niche has been shown to govern cellular fate of 

daughter cells, through the orientation of mitotic spindle during replication, triggering 

asymmetric division in sub-niche areas (Huttner and Kosodo, 2005; Lechler and Fuchs, 

2005). In Drosophila melanogaster, the protein complexes in Inscuteable and Partner of 

Inscuteable (Pins) are implicated (Fuller and Spradling, 2007) as they are sorted in a 

polar manner and inherited by one daughter cell. In the human cornea, the exact 

location of the niche has yet to be defined, due mostly to inadequate positive markers. 
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The palisades of Vogt (POV) lie within the limbal region (Goldberg and Bron, 1982). 

Some scientists hypothesise that these fibrovascular ridges harbour limbal stem cells 

between each palisade (Townsend, 1991). Within the POV are microstructures which 

resemble crypt like structures these have been termed limbal crypts and focal stromal 

projections (Dua et al., 2005; Shortt et al., 2007; Molvaer et al., 2013). Until truly 

accurate markers are discovered, the exact location of the limbal niche will remain 

unknown. Because of this uncertainty the exact oxygen concentration which limbal stem 

cells reside in physiologically will also remain hypothetical. 

 Limbal stem cells are ectodermal in origin, the same linage to which neural crest 

stem cells originate. Neural crest stem cells give rise to neurons and astrocytes among 

other cell types and are often routinely cultured under hypoxic conditions (Morrison et 

al., 2000). Growth under hypoxic conditions can have many beneficial effects (Stacpoole 

et al., 2013), the most notable being decreased exposure to reactive oxygen species 

(Prasad et al., 2009; Yang et al., 2012). It has been suggested that growth under hypoxia 

could be the result of early multicellular evolution, when the atmospheric oxygen 

conditions were low (Early Cambrian, 12.5% O2) (Berner, 1999; Mills et al., 2014). If this 

would be true however cells must also be adapted to high oxygen conditions, like those 

which occurred around 300 million years ago (Carboniferous, 32.5% O2) (Goldblatt et al., 

2006).  

 Hypoxia is known to trigger the up regulation of key stem cell related signalling 

proteins such as Notch (Pistollato et al., 2010), Oct-4 (Covello et al., 2006) and TERT 

(Nishi et al., 2004). 

 Methods 5.1

Epidermal cell culture was first achieved in 1975 (Rheinwald and Green, 1975a), quickly 

followed by corneal epithelium in 1977 (Sun and Green, 1977). The medium composition 

has varied very little over time and traditionally was comprised of basal DMEM 

supplemented with Ham’s F12 at a 3:1 ratio (Ahmad et al., 2006). Ham’s F12 increases 

the proliferation rate of epithelial cells (Allen-Hoffmann and Rheinwald, 1984). The 

modern medium contains 6 major additives, plus antibiotics. These additives include 

hydrocortisone, insulin, tri-iodothyronine, adenine, cholera toxin and epidermal growth 

factor. These additives aid in producing the distinctive morphology of epithelial cells or 

reduce the serum requirements of the cultures (Rheinwald and Green, 1975b; Hayashi et 
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al., 1978). Morphology is improved by the promotion of motility of the cultured cells, as 

to inhibit the clumping of cells in the centre of colonies (Rheinwald and Green, 1977). 

Both insulin and tri-iodothyronine can reduce the requirements of serum from 20% to 

the commonly used 10% used in the majority of limbal epithelial media (LEM) today 

(Freshney et al., 2002). 

 The first serum free medium developed for human keratinocytes was produced 

in 1981 (Maciag et al., 1981b). Bovine pituitary extract (BPE) however was still included 

in this medium. BPE has a poorly defined variety of growth factors, hormones and other 

unknown substances (Kent and Bomser, 2003). Addition of these unknown animal 

products inhibits the use of subsequently cultured cells to be utilised for human 

transplantation purposes. The presence of unknown factors in the FCS allows for 

variability between batches. This can, in theory, alter the experimental outcomes, or 

render them null and void as one cannot distinguish between experimental and 

technical variability. In this study defined keratinocyte serum free medium (DKSFM, 

Invitrogen) was used without the addition of BPE. The full description of this medium 

choice is described in the introduction to this thesis. In brief, this medium has a low 

calcium content and has been shown to produce more consistent results. Positive 

corneal marker genes ΔNp63 and ABCG2 were shown to be increased in this medium, 

whilst the differentiation marker KRT3 was reduced. Hence this medium seems to select 

for more progenitor like cells.  

 The growth of limbal epithelial cells in hypoxia is still a contentious area of study 

as there are contradictory results within the literature. Two different culture methods 

were used in these papers, Miyashita and colleagues used DKSFM, whilst O’Callaghan 

used LEM and the 3T3 fibroblast feeder system (Miyashita et al., 2007; O'Callaghan et 

al., 2011). To complicate comparisons even further, cell origins were also different. The 

feeder system was analysed in rabbit, whilst the human system was investigated using 

DKSFM. A recent paper however has confirmed some of the results stated in Miyashita’s 

paper, showing an increase in CFE under hypoxia in LEM with 3T3 cells (Bath et al., 

2013). Again there is a disparity with the choice in media, with Bath and colleagues 

opting for Epilife medium. Since this medium has BPE as a supplement and also contains 

60 µM of calcium, DKSFM was selected for this study. It is also important to note that 

Invitrogen recommends DKSFM for serum free growth of corneal cells and not Epilife 
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(Gibco, 2014). It was important then to further establish the biological trend of hypoxic 

growth of limbal epithelial cells with DKSFM. 

 Aims  5.2

The main aims of this chapter were to assess if two different limbal epithelial cell culture 

media (LEM and DKSFM) have an effect on the culture and growth of the stem cells and 

to investigate the effect of different oxygen tensions for both medium compositions on 

growth and stem cell parameters. Additionally, to characterise corneal epithelial cultures 

using colony forming assays, gene expression, cell cycle analysis and a metabolic assay. 

 Results 5.3

5.3.1 Can serum free hypoxic conditions increase the efficiency of limbal 
epithelial cell containing cultures?  

Cells were extracted using methods outlined in chapter 2 and cultivated under hypoxic 

condition of 3% and normoxic condition of 21% oxygen. To ascertain the effect that 

hypoxic and normoxic conditions had upon limbal epithelial cells grown in two different 

media conditions, several experiments were designed. These included growth assays in 

the form of colony forming assay, gene expression profiles with qPCR and protein 

dynamics using immunofluorescence. In addition to this for the first time the metabolic 

state of these cells was assessed. One major difference when culturing limbal epithelial 

cells in serum free conditions is the difference in shape when forming colonies. When 

epithelial cells are grown on 3T3 cells, colonies form which have defined boundaries and 

cells appear small and compacted (figure 5.1). Serum free culture on the other hand 

produces no defined colonies, cells appear larger and flattened. 
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Figure 5.1 Phase contrast images of limbal epithelial cell containing cultures  
The top two panels are limbal cells isolated into serum free conditions, whilst the bottom two panels are 
cells isolated onto 3T3 fibroblasts in limbal epithelial medium (LEM) (Scale bar equals 50µM). 
 

5.3.2 Analysis of colony forming abilities of cultivated limbal epithelial 
cells. 

Colony forming efficiency assay is a basic test which can be used to determine the 

quality of the culture (see chapter 2). The more numerous and larger size colonies 

produced are thought to be directly proportional to the approximate number of initial 

stem cells. For this reason this assay was chosen as a benchmark. 

Figure 5.2 Example of a colony forming efficiency assay of a culture cultivated in LEM under normoxic 
and hypoxic conditions  
A series of 3 repeats taken from the same donor primary culture. Normoxic conditions are depicted on the 
top panel and hypoxic conditions on the bottom panel (M18052B, 44 year old donor). 
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Figure 5.3 Example of a colony forming assay of cultures cultivated in DKSFM under normoxic and 
hypoxic conditions  
In serum free conditions under normoxia (top panel) very few colonies formed compared to hypoxia 
(bottom panel) (M18362B, 85 year old donor). 
 

The CFE plates shown in figure 5.2 and 5.3 are typical examples of colony forming 

efficiency plates. In figure 5.2 there are defined colonies with clear borders, typical of 

the traditional culture system (LEM). In contrast figure 5.3 shows examples of colonies 

derived from cells grown in DKSFM. These colonies do not have the same defined edges, 

expected in serum free growth of epithelial cells (Miyashita et al., 2007). 

Figure 5.4 Colony forming efficiency of cultures grown in LEM  
Cultures were cultivated for 12 days under normoxia and hypoxia. 7 donors were tested in a pairwise 
manner. The initial extracted cells were divided equally between normoxic conditions and hypoxic 
conditions. Standard error of the mean is shown, p=0.003.  
 

The data in figure 5.4 was normally distributed, according to a Shapiro-Wilk test p=0.880 

and 0.145 for the normoxic and hypoxic groups respectively. A paired sample t-test 
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showed that the difference between groups was significant at p=0.003 with the 

confidence interval set to 0.95. A total of seven donors were tested in this condition. 

This indicates that cultures grown in LEM favour the normoxic condition. 

Figure 5.5 Colony forming efficiency of cultures grown in DKSFM  
Cultures were cultivated for 12 days under normoxia and hypoxia 10 donors were analysed. Under serum 
free conditions limbal epithelial cells produced more colonies in hypoxia conditions than in normoxic 
conditions, however this was statistically not significant. Standard error of the mean is shown.  
 

Colony forming efficiencies of another set of seven donors were analysed in DKSFM 

(Figure 5.5). A Shapiro-Wilk test was performed, it showed that the data was distributed 

normally with p=0.998 and 0.174 respectively. A paired samples t-test showed that there 

was a no statistical difference between the two conditions (p=0.067). 

 Independent samples t-tests were used to compare between growth in LEM and 

DKSFM in normoxia, there was a statistical difference between the two medium 

(p=0.025). Indicating that LEM produces more clones in the traditional culture 

conditions. In hypoxia the reverse is true, with significantly more colonies being present 

in hypoxia when grown in DKSFM. To find out if the hypoxic growth in DKSFM produced 

more colonies than the normoxic growth in LEM another independent samples t-test 

was performed. There was no statistical difference between the two conditions 

(p=0.261), indicating that both conditions are equal in terms of the successful culture of 

LSCs. 

 This experiment showed a decrease in colony forming ability of potential LSC in 

LEM under hypoxia. This result is consistent with O’Callaghan and colleagues 

observations in rabbit epithelial cell cultures (O'Callaghan et al., 2011). In serum free 
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medium however there appeared to be an increase in cells under hypoxia, this 

difference however was not significant. One can conclude that DKSFM is not as 

detrimental to the ability of LSC to form colonies in hypoxia compared to LEM.  

5.3.3 Does colony size differ between cultures under different oxygen 
tensions and culture conditions? 

Barradon and Green emphasised that colony size was an important parameter in 

determining the clonal composition of cultures. They stated that larger colonies were 

more likely to have originated from holoclones (Barrandon and Green, 1987). Holoclones 

are documented as containing the highest proportion of stem cells of any clonal group. 

 The data generated from measuring colony size included some samples which 

were not normality distributed (Shapiro-Wilk test), values for which are summarised in 

table 7.31. 

 The size of colonies was not dictated by the oxygen concentration used 

(p=0.720), neither were they affected by the two different medium (p=0.167). The 

assigned categories (<1mm, 1-4mm and >4mm) did indicate a significant difference 

between one another (p<0.001), regardless of media composition. Multiple pairwise 

analyses were performed using the Holm-Sidak method to determine were significance 

lay between sizes (table 5.1).  

Size Holm-Sidak test (p 
values) 

1mm vs 4mm <0.001 

1mm vs 1-4mm <0.001 

1-4mm vs 4mm <0.001 

Table 5.1 Holm Sidak tests for colony size 

These results mirror those of chapter 3 which also showed that the colony size 

categories were distinct from one another.  
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Figure.5.6 Box and whisker plots of colony size between cultures cultivated under normoxia and 
hypoxia in DKSFM and LEM  
Panel a and b depict box plots which show the maximum, the 75

th
 percentile, the median, the 25

th
 

percentile and the minimum values. 6 donors were tested for the LEM group, while 11 donors were in the 
DKSFM group.  
 

In DKSFM colonies are more diffuse which made quantifying the size more difficult. This 

is probably the source of the variation in these samples (figure 5.6, b).  

5.3.4 Gene expression analysis of cultures grown in LEM and DKSFM 
media under normoxia and hypoxia 

Previous studies have focused on generating gene expression data in serum 

supplemented cultures. However the amount of data currently available for serum free 

cultures is limited, therefore the main focus was on producing new and novel gene 

expression data in the primary cells isolated into serum free conditions in both normoxia 

and hypoxia. ABCG2, TERT and BMI1 were all used to determine stem cell quantities and 

are positive marker genes (Li et al., 2004; Watanabe et al., 2004; Barbaro et al., 2007; 

Aslan et al., 2012). KRT3 and KRT12 (Keratins 3 & 12) are negative markers for limbal 

epithelial cells and are associated with differentiated cells (Schermer et al., 1986; 

Kurpakus et al., 1990). p21 is a gene which is associated with DNA damage and stress 

downstream of p53 (Insinga et al., 2013).  

 Firstly the expression levels were assessed between the two medium in normoxia 

(figure 5.7) and then hypoxia (figure 5.8). In order to compare the data in this way a 

normalising sample was required. The LEM sample with the lowest Ct was chosen. In this 
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instance both the lowest or highest DKSFM and LEM Ct values would have been valid 

normalisers and would consequently produce the same statistical result.  

Figure 5.7 Expression of various genes compared to GAPDH between LEM and DKSFM in normoxia  
Expression levels were normalised to the lowest ΔCt value of the LEM sample. DKSFM has a significant 
amount more of the positive marker TERT than cultures in LEM. The negative marker KRT3 was 
significantly up regulated in LEM compared to DKSFM. The DNA damage marker p21 was also significantly 
up regulated in LEM. Standard error of the mean is shown.  
 

Shapiro-Wilk tests showed that data from ΔNp63α and TERT were normally distributed 

(p=0.534 and 0.078), independent samples t-tests were performed on these samples. All 

other data sets were not normally distributed, thus independent samples Mann Whitney 
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tests were performed on those data sets. DKSFM seems to increase the levels of TERT 

while suppressing KRT3, indicating that this medium could be beneficial for the culture 

of limbal epithelial cells (figure 5.7). 

Figure 5.8 Expression of various genes compared between LEM and DKSFM in hypoxia  
Expression levels were normalised to the lowest ΔCt value of the LEM sample. There was significantly 
reduced KRT3 expression in DKSFM under hypoxic conditions. Standard error of the mean is shown.  
 

In hypoxic conditions the data for ΔNp63α, ABCG2 and BMI1 were not normality 

distributed (p=0.035, p<0.001 and p<0.001). As a result independent samples Mann 
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Whitney tests were performed. All other genes were distributed normally and 

independent samples t-tests were performed on those. Only the negative marker KRT3 

showed a significant decrease in DKSFM (figure 5.8). This indicates that DKSFM could 

promote more progenitor-like cells in hypoxic conditions. The comparison of data in this 

way can often lead to false positives, due to the variation between each individual qPCR 

run. To rule this out a comparison between the Ct values of GAPDH was performed. The 

average deviation between each run was around 0.5 Ct (see appendices A), which 

equates to around 0.7 fold change (assuming 100% efficiency) which was much lower 

than any of the differences measured. 

 Interpretation of qPCR results is dependent on the normalisation of each dataset. 

An alternative but equally valid method of quantification is by using an experimental 

condition as the “normal” gene expression level. The following analysis was normalised 

against normoxia allowing assessment of the change between the two oxygen tensions 

directly. This differed from the analysis performed in figure 5.7 and 5.8, which compared 

media directly.  

Figure 5.9. Gene expression of ΔNp63α in DKSFM and LEM under either normoxia or hypoxia  
ΔNp63α expression of cells from each donor under hypoxia was normalised against the counterpart 
sample grown under normoxia. All values were normalised to the reference gene GAPDH. A total of 6 
donors were tested in LEM and 11 donors were tested in DKSFM, error bars shown are standard error of 
the mean. 
 

As previously stated, each independent sample was normalised to its normoxic 

counterpart, because of this there was a non-normal and a normally distributed data 

set. This required a non-parametric test to be performed. The non-parametric test 
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utilised was the related samples Wilcoxon signed rank test (Wilcoxon, 1946; Yuan et al., 

2006). A Shapiro-Wilk test showed that the hypoxic LEM data was normally distributed 

(p=0.367), however the DKSFM hypoxic data was not normally distributed (p=0.005) 

(table 7.33). A t-test showed that the difference in ΔNp63α expression between 

normoxia and hypoxia was significant when cells where cultured with LEM and co-

cultured with 3T3 fibroblasts (Figure 5.9, a) (p=0.043). When limbal epithelial cells were 

grown in DKSFM under the two atmospheric conditions there was no significant 

difference between the amounts of mRNA transcripts of ΔNp63α (p=0.959) (figure 5.9, 

b). 

 The same array of genes as shown in figures 5.7 and 5.8 were then tested. 

Shapiro-Wilk tests showed that the data for the ABCG2 expression was not normally 

distributed. A related samples Wilcoxon signed ranks test was used to determine 

significance, with the significance level set to 0.05. BMI1, KRT3 and p21 were 

significantly down regulated in hypoxia when compared to normoxic counterparts. KRT3 

codes for an intermediate filament protein keratin 3 found in the corneal epithelium, its 

expression is associated with more differentiated limbal cells (Schermer et al., 1986; 

Kurpakus et al., 1990). This down regulation suggests that hypoxia suppresses the 

differentiation of limbal cells. BMI1 is a polycomb complex protein which can regulate 

CDKN2A (p16) and is associated with cell cycle progression. Upon DNA damage, BMI1 is 

recruited to these damaged sites, where it ubiquitylates the histone H2A (Ismail et al., 

2010; Ginjala et al., 2011). In adult stem cell biology BMI1 is required for the self-

renewal of neural and haematopoietic stem cells (Lessard and Sauvageau, 2003; 

Molofsky et al., 2005). More importantly, it has been associated with the renewal of the 

dermis (Claudinot et al., 2005). The down regulation of BMI1 is surprising. On one hand 

it can be inferred that there could be less DNA damage occurring. However a reduction 

in BMI1 can also be indicative of a reduced number of stem cells or of a reduction of 

self-renewal capacity. One possible explanation would be that BMI1 was only required 

during cellular replication (Lessard and Sauvageau, 2003), hence hypoxic cultures might 

be less prolific. 
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Results on colony forming efficiency shown in figure 5.5 however contradict this 

assumption as there appears to be an increase in the number of cells which arise in 

hypoxia, although this was not significant. CDKN1A (p21) is a cyclin dependent kinase 

inhibitor, the subsequent protein this gene produces inhibits CDK1,2 & CDK4/6 (Gartel 

and Radhakrishnan, 2005). These are key proteins in the regulation of G1 to S phase cell 

cycle progression. It has been shown that p21 can also initiate senescence (Chen et al., 

2005). Lower levels of p21 in hypoxia indicate that there could be less DNA damage 

events. This result confirms the BMI1 expression and further solidifies the link between 

the two genes (Fasano et al., 2007). 

Figure 5.10 Gene expression of limbal epithelial cells derived from ten donors cultured in DKSFM under 
normoxia and hypoxia  
GAPDH was always used as the reference gene. All results were normalised to normoxia which was set to 
1 (100%). The total number of donors tested was 10 for each gene. Asterisks indicate significance 
Standard error of the mean is shown. (BMI1, p=0.022, KRT3 p=0.005, p21 p=0.005). 
 

Shapiro-Wilk tests showed that the BMI1, KRT12 and p21 data was normally distributed 

(Table 7.34) for donors grown in LEM under the atmospheric conditions of normoxia and 

hypoxia. Non parametric tests were used as the normalised data was not normally 

distributed. Firstly related samples Wilcoxon signed ranks tests were performed on the 

data. Figure 5.11 shows that there was no significant difference between the gene 

expression of ABCG2, BMI1 and KRT12 under normoxia and hypoxia in the analysed 

samples. KRT3, TERT and p21 were significantly different under hypoxia compared to 



162 

 

normoxia. TERT codes for the catalytic subunit of telomerase, a reverse transcriptase 

responsible of the addition of repeat telomeric units to the termini of each chromosome 

(Greider and Blackburn, 1985). Telomerase is expressed in adult stem cells (Hiyama et 

al., 1995; Chiu et al., 1996), including limbal epithelial cells (Umemoto et al., 2006; 

Notara et al., 2013). The up regulation of this gene in hypoxia was interesting as it could 

indicate more actively dividing progenitors in this condition. This was further affirmed by 

also observing a reduction of KRT3, a corneal differentiation marker, as described 

previously. 

 Interestingly, the expression of KRT3 was down regulated in both DKSFM and 

LEM, under hypoxia. Suggesting that hypoxia regulates this gene and is regardless of the 

culture medium. Hypoxia can induce the degradation of keratin filaments 8 and18 in rat 

alveolar epithelial cells, via the mediation of oxidants in the cytosol (Na et al., 2010). It 

seems then that hypoxia may also affect keratins at the transcriptional level, oxygen 

tension appears to be a key mediator of these intermediary filaments.  

Figure 5.11 Gene expression of limbal epithelial cells from seven donors cultured in LEM under 
normoxia and hypoxia 
Cells from seven donors were analysed for all genes, with the exception of KRT12 where only three donors 
where used. Asterisks indicate significance. Standard error of the mean is shown. 
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5.3.5 Does ΔNp63 immunofluorescence intensity change with oxygen 
tension in cells cultured in DKSFM and LEM? 

To study ΔNp63 at the protein level, immunofluorescence was carried out. The main 

reason for selecting immunofluorescence over western blotting was because the 

method requires fewer cells from each culture. At various points throughout this project 

donor tissue was scarce; to maximise each donor cultures they were often divided 

between multiple experiments. Statistical analysis showed that the data for the 

immunofluorescence of ΔNp63 was normally distributed (Shapiro-Wilk, p=0.495 and 

0.109). A paired sample t-test was performed on the DKSFM data between normoxia 

and hypoxia which showed the value p=0.167 (figure 5.12). The null hypothesis can be 

accepted, that there is no difference between the two oxygen tensions in DKSFM. This 

result may be due to the limited numbers of donors tested (n= 6). In LEM the data was 

also normally distributed, p=0.728 normoxia and p=0.165 hypoxia. A t-test revealed that 

there was also no statistically significant difference between normoxia and hypoxia 

p=0.811. 
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Figure 5.12 Immunofluorescence analysis of ΔNp63 in limbal epithelial cell containing cultures under 
normoxia and hypoxia in DKSFM or LEM  
Cultures were measured at the same time and with same exposure conditions, x63 magnification was 
used. Standard error of the mean is shown. Panels a, d, g & j show the localisation of ΔNp63 in limbal 
epithelial cells (red), the nuclei were stained with DAPI (blue) (Panels b, e, h & k ). Panels c, f, i & l show 
the two channels (red and blue) combined. Panels a c are cells cultured in LEM under normoxia. Panels d- f 
are LEM cultured cells in hypoxia. g-i are cells cultured in DKSFM under normoxia. j-l are cells cultured in 
DKSFM under hypoxia. There was no statistical difference between the amounts of ΔNp63 in cultures in 
hypoxia over those in normoxia cultured in DKSFM or LEM. Scale bar is 15µm. 
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Figure 5.13 Comparison of ΔNp63 immunofluorescence of individual cultures between normoxia and 
hypoxia in DKSFM or LEM 
There appeared to be no correlation between donor age and the quantity of ΔNp63 detected. Within each 
different medium all cultures were analysed on the same day with identical staining parameters. The ratio 
between normoxia and hypoxia was used to compare the data between DKSFM and LEM (a), to account 
for variation in staining due to temporal separation. Panels b and c show correlations with age. (p=0.175). 
 

To test the difference between ΔNp63 in LEM and DKSFM, which had been performed 

on different days, the ratio between normoxia and hypoxia was calculated. Comparison 

between the ratios which each medium produced was not normally distributed, as a 

result a Mann Whitney test was performed. There was no statistical difference between 

LEM and DKSFM when normalised to normoxia (p=0.175) (Figure 5.13, a). The lack of 

significance is likely to be due to the high variation in donor cells cultured in LEM. Figure 

5.13 also shows the correlation between ΔNp63 protein level and donor age (panel, b 

and c), indicating that age had little if no effect on the quantity of ΔNp63 protein. 

Generally however the amount of ΔNp63 cannot be affected by hypoxia, although there 

was a trend which indicated an increase of ΔNp63 in LEM under hypoxia. This challenges 

the results of Robertson and colleagues, who stated that ΔNp63α is down regulated in 

hypoxia (Robertson et al., 2012). This paper however used a telomerase-immortalised 

human corneal epithelial cells (hTCEpi) cell line and not primary donor cells. In addition 

to the use of the cell line, the condition in which hypoxia was induced was different, 
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with CoCl2 used as opposed to a nitrogen purged incubator as in this study. A nitrogen 

purged incubator has the benefit of a constant level of passive hypoxia. CoCl2 on the 

other hand is oxidised and requires replenishment of the substance, this makes 

monitoring the exact level of hypoxia difficult. Nitrogen purging incubators also have 

there drawbacks, namely the needed removal of cultures from the incubator in order to 

feed. Our data does confirm that observed by Bath and colleagues, with hypoxia 

increasing ΔNp63 in LEM, although in DKSFM our study showed no difference. Bath on 

the other hand demonstrated an increase in serum free medium under hypoxia (Bath et 

al., 2013). These experiments differed however, as Bath and colleagues used Epilife 

medium rather than DKSFM (Bath et al., 2013). 

5.3.6 Does the proportion of cells in S phase change in limbal epithelial 
cells cultured in DKSFM under normoxia and hypoxia 

An important parameter of stem and TA cells is their ability to undergo replication. DNA 

replication occurs during synthesis (S) phase of the cell cycle, it is possible to detect the 

amount of DNA at this stage by observing the accumulation of double the normal 

quantity of DNA within the nuclei (4N) (figure 5.14, a). Stem cells should be especially 

sensitive to this test as they are thought to remain in this state for prolonged periods 

(Morris et al., 1985; Kruse and Tseng, 1992).  

Figure 5.14 Scheme detailing the principles of cell cycle analysis 
Data are normally collected for the fluorescence emitted from exposed nuclei and plotted accordingly. 
This was normally done after gating the events to exclude duplets and debris based on their side scatter 
(a). Nuclei with the normal diploid nucleic content (2N) were indicative of cells in G0/G1, between 2N and 
4N indicated the S phase fraction. G2/M phase had double the normal nucleic content at 4N. The grey area 
was measured for each cell cycle point(s) (b). 
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Figure 5.15 Percentage for different cell cycle phases/stages of human limbal epithelial cell containing 
cultures. 
Cell cycle analysis was performed using DAPI to detect the quantity of DNA within each nucleus from a 
population. Cells were lysed and processed through a flow cytometer Canto II. On average 10

5
 cells were 

assessed per sample. Panels, a-h show the proportions of cell in each part of the cell cycle, S phase is 
shown as a cut out slice in each pie chart. Panel I & j, fluorescence is depicted on the x-axis and the cell 
count on the y-axis. The solid arrows in the x axis show 2N and 4N. One donor was tested in LEM, while 
two were tested in DKSFM. The cell line HTCEpi was used to validate the experiment before primary 
samples were used. 
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Figure 5.15 shows nuclei in G0/G1 (Darker grey), S phase (Light grey) and G2/M (Dark 

grey). G0 and G1 are grouped together because for this experiment the only intact 

cellular component tested was the nuclei. The rest of the cell was lysed, so no increase 

in cell size can be measured with this assay. Synthesis phase increases the amount of 

DNA from 2N to 4N, thus any quantity of DNA between these amounts would be S 

phase. This is represented as the hatched area on the histograms (figure 5.15, I & j). G2 is 

the second gap phase before mitosis can begin, and allows the cell to check for DNA 

damage. It was not possible to distinguish this phase from mitosis (M phase) because 

both can contain the same quantity of DNA (4N).  

 In LEM the percentage of nuclei in S phase under normoxia was higher than that 

in hypoxia, however only 1 donor was tested. This suggests that there are less putative 

stem cells in hypoxia in this medium. In DKSFM, where 2 donors were tested, there was 

little change of S phase proportion between the two conditions, 22 & 23% of the total 

cellular population normoxia and 20 & 25% in hypoxia. As only 3 donors overall were 

tested, this means that one can only make vague assumptions based upon these initial 

results. Additional donors were analysed, however the number of events/cells 

registered by the FACSCanto was not sufficient enough to perform analysis on. 
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5.3.7 Does medium composition and hypoxia change telomerase activity in 
limbal epithelial cells? 

To complement the TERT gene expression data, the activity of telomerase was 

measured, using the reverse transcriptase function of the enzyme. 

 A two way ANOVA was performed on the cultures grown in DKSFM and LEM 

which showed that the difference between the mean values of each medium was 

greater than would normally be assumed by chance, with p<0.001 (figure 5.16). Oxygen 

concentration on the other hand did not prove to be statistically significant with 

p=0.474. There appeared to be a slight tendency however, which indicated that DKSFM 

may increase telomerase activity in hypoxia. The converse was true in LEM with less 

telomerase activity in hypoxia over normoxia. The combination of these results indicated 

that normoxic growth in LEM to be most favourable for telomerase activity and perhaps 

progenitors. 

Figure 5.16 Telomerase activities of cells cultured in DKSFM and LEM under normoxia or hypoxia  
Telomerase activity was determined using a telomere repeat amplification protocol (TRAP assay, Roche) 
and detected with ELISA. Cells from 10 donors were analysed in DKSFM, (Panel a). In LEM 11 donors were 
tested (Panel b). Panel c, highlights the difference between medium compositions on the activity of 
telomerase (p<0.001, DKSFM vs LEM, p=0.474, Normoxia vs Hypoxia). The corneal cell line HTCEpi was 
used as a positive control, since telomerase is constitutively expressed (Panel d), it shows that the assay 
losses sensitivity at 2 O.D. For each sample 2 technical replicates were performed. Each donor’s cells were 
normalised to the normoxia sample (panel, a and b). Standard errors of the means are shown. 500ng of 
protein was used per donor. Water was used as a negative control. 
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The lack of change in telomerase activity between hypoxia and normoxia was recently 

shown in embryonic stem cells grown in 2% and 20% oxygen. These results were in spite 

of elevated nuclear TERT expression, which lead to increased pluripotency markers and 

cell survival (Radan et al., 2014). These results suggest that the activity of telomerase is 

not necessarily indicative of stem cells. Elevated TERT expression on the other hand is 

still a good indicator.  

5.3.8 Does the amount of ATP produced vary with different culture 
conditions? 

The amount of ATP produced by each cell can be theoretically measured by observing 

the amount of protons released and consumption of oxygen from the medium. An 

increase in protons in the medium leads to acidification which can be monitored my 

measuring changes in pH. It was possible to calculate the amount of ATP produced 

because the net number of protons produced by glycolysis is proportional to the number 

of ATP molecules also produced. With the pH scale basically a measure of the 

concentration of hydrogen ions this is a good system for calculating the amount of ATP. 

𝐷𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2[𝑁𝐴𝐷]2 + 2[𝐴𝑇𝑃] + 2[𝑃]𝑖 = 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 2𝐻+ + 2[𝐴𝑇𝑃] + 2𝐻2𝑂 

Calculating oxidative phosphorylation (OXPHOS) was more difficult, as the proportion of 

ATP is not directly related to the amount of hydrogen ions produced in this biochemical 

reaction. Instead the amount of ATP produced was calculated by measuring the 

consumption of oxygen rather than the acidification rate. The hypothetical 

phosphate/oxygen ratio (P:O) was utilised. The P:O is inferred from the amount of ATP 

produced by the movement of two electrons through the electron transport chain, 

which have previously been donated from the reduction of an atom of oxygen. 

P: O =  [ATP formed] ∶  [oxygen consumed] 

If a conservative P:O ratio of 2.3 (Hinkle and Yu, 1979) is assumed, and the P:O ratio 

equation is rearranged to calculate the quantity of ATP produced per molecules of 

oxygen consumed. 

 To calculate the amount of ATP produced per cell, an absolute cell count was 

performed by fixing cells with paraformaldehyde and staining each nucleus with DAPI. 

The wells were then imaged using a spinning disk laser confocal microscope and 

subsequent images were processed using imageJ, to obtain a highly accurate total cell 
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number per well (see Chapter 2).  

 Shapiro-Wilk tests were performed on the data, to determine if the results were 

normally distributed. The results of the test are shown in appendix B, table 7.30. In 

summary, values for all conditions and donors were normally distributed, this allowed 

parametric tests to be performed on the data. When samples were related, a paired 

sample t-test was used. For samples which were not related independent samples t-test 

were used. One of the criteria which govern the outcome of an independent samples t-

test is the equality of variance. In this study a Levene’s test was used to determine this 

parameter. If the resulting p value is less than 0.05 then sampled data is likely not to 

have originated from a population which has equal variances. If this was the case, a 

variant of the t-test which does not assume homogeneity of variance was used. 

Comparison (Parameter, Medium & Oxygen 
condition) 

Paired samples 
t-test  
(p values) 

 

Glycolysis DKSFM Normoxia Vs Glycolysis DKSFM 
Hypoxia 

0.405 
 

Glycolysis LEM Normoxia Vs Glycolysis LEM Hypoxia 0.386 
 

Glycolysis HTCSC Normoxia Vs Glycolysis HTCEpi 
Hypoxia 

0.62 
 

OXPHOS DKSFM Normoxia Vs OXPHOS DKSFM Hypoxia 0.117 
 

OXPHOS LEM Normoxia Vs OXPHOS LEM Hypoxia 0.687 
 

OXPHOS HTCSC Vs OXPHOS HTCEpi Hypoxia 0.135 
 

 

Levene's Test 
(p values) 

Independent 
samples t-

test  
(p values) 

Glycolysis Normoxia DKSFM Vs LEM 0.959 0.085 

OXPHOS Normoxia DKSFM Vs LEM 0.089 0.003 

Glycolysis Hypoxia DKSFM Vs LEM 0.58 0.045 

OXPHOS Hypoxia DKSFM Vs LEM 0.704 <0.001 

Table 5.2 Summary of significance tests for the metabolic assay  
 

The majority of comparisons were not significant. In particular there was no statistical 

difference between normoxia and hypoxia in either media (table 5.2). With this in mind 

the data has been depicted below separately (figure 5.17 & 5.18). This lack of 
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significance could be due to the technical performance of this experiment. The 

experiment was performed in normoxic conditions including lengthy incubations which 

must be performed in a non-CO2 incubator, because carbon dioxide can acidify the 

medium leading to inaccurate acidification rate readings. These factors may have 

affected the metabolism of the LSCs cultured under hypoxia (Shimmura et al., 1998). 

Short of procuring a very large hypoxic chamber to sit the device within, this limitation 

was unavoidable. It is not a surprise then that significance as only detected when 

comparing medium and not the effects of oxygen concentration. 

 It was observed that there was an increase of OXPHOS in LEM under hypoxia 

compared to DKSFM. In the normoxic samples both OXPHOS and glycolysis are 

significantly increased. In general, the cultures kept in LEM were nearly twice as 

energetic. Embryonic and adult stem cells have been shown to be more glycolytic than 

somatic cells (Chung et al., 2007; Varum et al., 2011; Shyh-Chang et al., 2013). Assuming 

one medium or oxygen condition was more beneficial to stem cells than another, it was 

expected that more glycolysis would be a signature of their presence. These 

experiments have never been performed on human limbal epithelial cells before and are 

therefore novel. 

 In addition to the primary donors, two cell lines were also tested. It has been 

postulated that the 3T3 feeder cells could also be affected by hypoxia. This in turn, 

might be causing a positive or negative effect on the cells. The difference in OXPHOS and 

glycolysis does not appear to change between oxygen concentrations, suggesting that 

3T3 fibroblasts are not the cause of the differences between the conditions. It is 

important to note however that the vast majority of 3T3 fibroblasts within the co-

cultures were removed by EDTA before the experiment, to avoid interference with the 

results. As the cells do not change with the two oxygen concentrations, the negligible 

amount of cells which may have remained in the culture were not likely to have affected 

the experiment. 

 The cell line HTCEpi was used as a control, to test the feasibility of the 

experiment. HTCEpi is a human telomerase immortalised corneal epithelial cell line 

which behaves similarly to primary corneal epithelial cells and expresses corneal 

markers, see 5.2.9 (Robertson et al., 2005). Isolated side populations HTCEpi have been 

shown to express the markers ABCG2, Sox2 and ΔNp63 (Shaharuddin et al., 2014). 
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HTCEpi cells were then assessed as a viable replacement for primary human LSCs, 

similarities between metabolic states could indicate its suitability as an experimental 

replacement. No differences in HTCEpi cells were detected between the two oxygen 

conditions. This result is similar to the results of cells grown in DKSFM. This was 

encouraging as it indicated that this cell line might be a good control and could be used 

as a surrogate for rare primary donor cultures. 

Figure 5.17 ATP produced by OXPHOS and glycolysis by limbal epithelial cells in LEM and DKSFM under 
normoxia 
In LEM 3 donors were tested, with 5 technical replicates for each donor cells. In DKSFM 5 donors were 
tested with 5 technical replicates for each donor cells. Five technical replicates were performed for the cell 
lines 3T3 fibroblasts, while 12 technical replicates were used for HTCEpi cells. Standard error of the mean 
is shown. 
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Figure 5.18 ATP produced by OXPHOS and glycolysis by limbal epithelial cells in LEM and DKSFM under 
hypoxia 
In LEM 3 donors were tested, with 5 technical replicates for each donor cells. In DKSFM 5 donors were 
tested with 5 technical replicates for each donor cells. Five technical replicates were performed for the cell 
lines 3T3 fibroblasts, while 12 replicates were present for HTCEpi cells. Standard error of the mean is 
shown. 
 

These results show that under normoxia the Glycolysis:OXPHOS ratio in the DKSFM 

group was on average 1:1 while in hypoxia it was 1.9:1. In LEM under normoxia the ratio 

of Glycolysis:OXPHOS was 0.8:1, similarly in hypoxia this value was 0.9:1. This, however 

was only on average, significance could not be attained. Though, under both oxygen 

conditions, cells cultivated in LEM had a higher ATP production compared to cells grown 

in DKFSM. 
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5.3.9 Assessing the suitability of human telomerase immortalised corneal 
cell line as a model in which to observe the effects of hypoxic 
growth conditions 

The cell line generated by James Jester and colleagues, HTCEpi, has proven to be a useful 

control for many of the experiments in this chapter (Robertson et al., 2005). As primary 

corneal tissue was at a premium during the course of this study, the feasibility of using 

the corneal cell line was assessed. Primarily to observe if it was biologically relevant for 

studying the effects of hypoxia, qPCR was performed on the cell line to quantify 

potential changes in gene expression (figure 5.19). Shapiro-Wilk tests were performed 

on the data, the results of which are summarised in Appendix B, table 7.29. All but the 

data from the p21 gene expression were normally distributed. Paired sample t-tests 

were performed on the normally distributed samples, while a related samples Wilcoxon 

signed rank test was performed on the p21 data. The normalised group however was for 

obvious reasons not normally distributed, thus a non-parametric test was also 

performed. The significance tests are summarised in figure 5.19. 
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Figure 5.19 Gene expression profile of the immortalised corneal cell line HTCEpi under normoxia and 
hypoxia 
qPCR for each gene was repeated at least four times. KRT12 is shown as log of the original values. 
Standard error of the mean is shown. 
 

There was no statistical difference between the two conditions, thus the null hypothesis 

has been accepted. In figures 5.10 & 5.11 it was shown that hypoxia does have an effect 

on the gene expression profile of primary corneal cells. We concluded that the cell line 

HTCEpi is not an applicable model for determining the effect of oxygen tension on 

corneal epithelium derived cells. It can however be assumed that over expression of 

TERT has a nullifying effect on possible gene expression changes in hypoxia of corneal 

cells. These results contradict those of the group who established the cell line, who 

stated that ΔNp63α gene expression was down regulated in hypoxia. That study differed 

from ours with regards to the length of time the cells were cultured in hypoxia (3hrs-

24hrs) (Robertson et al., 2012). The cells in this experiment were placed in prolonged 
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hypoxia of more than 3 months. In addition to this Robertson and colleagues used RT-

PCR which is much less sensitive than qPCR, used in these experiments (Robertson et al., 

2012).  

 The protein levels of ΔNp63 and connexin 43 were assessed using 

immunofluorescence in the cell line (figure 5.20). Connexins are transmembrane 

proteins, which combine to form gap junctions. Gap junctions allow channels to form 

between neighbouring cells allowing for the transport of molecules between cells. 

Connexin 43 is a considered a negative marker of limbal progenitors as its expression is 

absent in the basal layer of the limbus, but present in the central corneal region. 

Figure 5.20 Immunofluorescence of ΔNp63 and Cx43 in the cell line HTCEpi 
Cultures were stained and measured at the same time and with same exposure conditions. 15 random 
fields of view were taken at x100 magnification. 75 cells were analysed in total for each condition. Scale 
bar is 5µm. 
 

A Shapiro-Wilk test showed that the hypoxic ΔNp63, connexin 43 and normoxic 

connexin 43 data was not normally distributed (p=0.022, <0.001 and <0.001). A related 
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samples Wilcoxon signed ranks tests was used to assess the data. ΔNp63 and connexin 

43 tended to be up regulated at the protein level in hypoxia, however this was only 

significant in ΔNp63 (p<0.001) (Connexin 43, p=0.190). This result suggests that the 

expression of ΔNp63 is modified at the protein level in the immortalised corneal cell line. 

Again these results contradict those of Robertson and colleagues, whom however did 

not study ΔNp63 at this level in the cell line (Robertson et al., 2012). 

 Discussion  5.4

It is important to continuously aim to optimise culture conditions, to mimic those found 

in the cells natural environment. The closer the cells are to in vivo conditions the more 

relevant any tests which are performed on those cells will be. It is especially important in 

the case of limbal epithelial cells, because of their use in treating LSCD. Potentially the 

closer the conditions to those found naturally the more progenitor cells can be 

maintained and subsequently transplanted onto the corneal surface. A higher number of 

progenitors have been shown to increase the success rate of LSCT (Pellegrini et al., 1999; 

Rama et al., 2010).  

 The use of DKSFM has only once before been attempted with human limbal 

epithelial cells in hypoxia. The benefits of using defined medium eliminates unknown 

factors, and is closer related to media used for cellular transplantations with the 

exception of homologous human serum supplemented medium. Additionally, the 

combination of the removal of mouse 3T3 cells and LEM should reduce variance, boding 

to more accurate results.  

 The concentration of oxygen chosen for these experiments was 3%, based upon 

extrapolations from the literature, which suggest that the limbal niche maybe subjected 

to around 2-5% oxygen (Brahimi-Horn and Pouyssegur, 2006). Although it could be 

argued that biochemically this range is still large enough to elicit a different response 

between 2% and 5%.  

 It was observed that under 3% oxygen in LEM there was a statistically significant 

reduction in the number of colonies produced, whilst in DKSFM there was a close to 

statistically significant difference to suggest the opposite (p=0.06). Bath and colleagues, 

who also studied a “serum free” medium, argued that CFE analysis cannot be performed 

in this system (Bath et al., 2013). Mainly because defined colonies do not form, and it is 

more difficult to macroscopically visualise each individual colony. Miyashita’s and our 



179 

 

study showed that with the initial seeding density of 1,000 cells it is possible to 

distinguish individual colonies (Miyashita et al., 2007). It was also possible to measure 

colony size, a method which O’Callaghan performed on cultured rabbit limbal cells. 

O’Callaghan, however, studied cell size whereas our study observed colony size. As a 

result, this parameter is difficult to correlate with any other papers. The observation 

that fewer and smaller colonies formed in LEM under hypoxia, suggests that this 

condition is detrimental for limbal epithelial cell culture. In the three other studies 

where LEM was used, one showed no real trend with oxygen concentration (Bath et al., 

2013), another showed a reduction in CFE with decreasing O2 (O'Callaghan et al., 2011) 

and the third paper did not perform CFE as they used the explant method (Ma and Liu, 

2011). The results from this study, agree with O’Callaghan and colleagues. However that 

study was performed on rabbits and not on human LSCs. In general CFE experiments 

normally assume that more colonies equal more stem cells. This assumption however 

does not take into consideration cells which are in a quiescent state. More quiescent 

cells would also contribute to a decrease in CFE. It is known, that culturing cells forces 

them out of quiescence. It is possible however to detect a change in the proportion of 

cells in quiescence by assessing the number of cells in G0 using cell cycle analysis. Since 

this study showed there was no increase in the proportion of cells in G0 compared to 

normoxia in the donor tested this event could potentially be ruled out. However, 

additional donor cells for this experiment would have aided in affirming this assumption. 

5.4.1 Hypoxia can impact upon the gene expression profile of limbal 
epithelial cells. 

This is the first study to also look at a number of genes in LSCs under hypoxia using 

qPCR, with other studies focusing mainly on immunofluorescence. Where PCR has been 

previously utilised it was often semi-quantitative RT-PCR (Miyashita et al., 2007; 

O'Callaghan et al., 2011). RT-PCR, suffers however from a lack of sensitivity. Our study 

quantitatively detected changes in the expression level of a number of genes in hypoxia. 

In LEM the down regulation of ΔNp63α, was consistent with those shown in the 

immortalised corneal cell line (Robertson et al., 2012), although this study could not 

replicate these results. Interestingly, in the context of hypoxia ΔNp63α has been found 

to aid in the stabilisation of both exogenously and endogenous HIF1α. It has been 

suggested that ΔNp63α does so by up-regulating the transcription of HIF1α, and also 
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interacting with the transcription factor p300/CBP (Senoo et al., 2002). This study did 

not analyse HIF1α as the main hypoxia mediated modifications, such as the lack of 

hydroxylation at proline residuals, do not affect mRNA levels. To try and confirm the 

mRNA results, ΔNp63 immunofluorescence was also performed on the cells from donors 

cells cultivated in DKSFM and LEM. There was no statistically significant change in ΔNp63 

under hypoxia. However different media seemed to have an effect on ΔNp63, the LEM 

hypoxia combination showed a tendency to increase ΔNp63. This might suggest that 

soluble factors in the medium may affect the expression of basic limbal epithelial cell 

markers.  

 The adult stem cell marker ABCG2, is an ATP binding cassette (ABC) transporter. 

Stem cells can be isolated using the ability of cells to efflux Hoechst 33342 dye, primarily 

through the ABCG2 transport protein. Cells in the basal epithelium have been shown to 

express ABCG2 (Watanabe et al., 2004; Budak et al., 2005; de Paiva et al., 2005). The up-

regulation of HIF1α in hypoxia has been shown to be related to the up-regulation of 

ABCG2 expression in cochlear stem cells (Chen et al., 2011). Thus, we expected that an 

increase in ABCG2 would be observed under hypoxia. However no difference could be 

detect in the expression of this marker in any of the conditions tested. 

 qPCR analysis also indicated that TERT was up regulated in LEM under hypoxia. 

This was expected since HIF1α has been shown to up regulate TERT (Nishi et al., 2004; 

Yatabe et al., 2004; Anderson et al., 2006). Although it has been suggested that hypoxia 

may decrease TERT expression in colon cancer (Koshiji et al., 2004). Many stem cells, 

such as HSCs, are present under hypoxia in vivo, the up regulation could be related to 

telomere maintenance or the protective non-canonical functions of TERT in these cells 

(Ahmed et al., 2008; Haendeler et al., 2009; Singhapol et al., 2013). TERT expression is 

especially important in stem cells as the cells are long lived within the tissue. 

Interestingly, an increase in telomerase activity or TERT expression was not seen 

between oxygen tensions in the DKSFM group. This was despite a greater number of 

donors tested in this group. We concluded that an additive within LEM or even the 

serum itself may up regulate TERT expression under hypoxia. An increase was not 

however observed regarding telomerase activity within the LEM cultured donor cells. 

The exact composition of serum is unknown, making it difficult to determine what factor 

or combination of factors are responsible for the increase in TERT gene expression but 
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not activity. Telomerase has a number of known non canonical functions which are 

important for genomic stability, such as reducing mitochondrial ROS production. When 

consulting the literature, another puzzling set of observations was revealed. In serum 

starvation experiments HIF1α was shown to be a key survival factor in prostate cancer 

cells (Thomas and Kim, 2008). If HIF1α is activated by serum starvation and hypoxia then 

stabilises the protein it was expected that telomerase activity may also increase. 

Unfortunately this could not be confirmed by a TRAP assay, in either DKSFM or LEM.  

 The down regulation of BMI1 under hypoxia in donor cells cultured in DKSFM 

would appear initially to be a detrimental property for establishing stemness. If one 

looks however at the role of BMI1 in hypoxia it is revealed that one of the regulators of 

BMI1 is controlled by HIF-1. HIF-1 binds to the hypoxia response element of twist basic 

helix-loop-helix transcription factor 1 (TWIST1), a master regulator of gastrulation and 

EMT (Yang et al., 2008; Yang et al., 2010; Wu and Yang, 2011) . The knockdown of BMI1 

expression has been shown to impact upon the progression of EMT (Yang et al., 2010). 

EMT is most effective at points of injury/replenishment, in the cornea this is often 

located centrally. One could speculate that EMT may be delayed until closer to the 

target site, and that this may be controlled in part by the oxygen gradient mediated 

though TWIST1/HIF-1 and subsequently by BMI1. However, the down regulation of BMI1 

was found only in DKSFM. Perhaps, soluble factors in LEM could be overriding this 

mechanism, resulting in a lack of significant change in expressions levels under this 

condition. 

 Keratin 3 (KRT3) was down regulated in hypoxia under both conditions. It has 

been documented with immunofluorescence that a decrease of KRT3 was detected after 

reducing the amount of oxygen to 10% (Bath et al., 2013). The literature on the process 

of inducing stratification within epithelial cultures (air-lifting) shows that exposing the 

culture to the medium/air barrier increases the accumulation of KRT3 (Liu et al., 2006; 

Ang et al., 2010), suggesting that KRT3could be controlled by the oxygen gradient within 

the cornea. No direct experiment links however have been made between HIF1α and 

KRT3. The only known gene which is shared with this system is p300, a major 

transcription factor which interacts with many other genes. This interaction is only 

hypothetical based on the homology of p300’s binding site. 

 Keratin 12 (KER12), like KRT3 is a structural protein of the corneal epithelium and 
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also considered a negative marker LSCs. Keratin’s form heterodimers of type I and II 

filaments, with KRT3 being a type II and KRT12 a type I filament. The heterodimeric unit 

is the main type in the tissue. In this study no discernible difference was detected in 

expression level of KRT12. This was not expected as the two keratin proteins are linked 

in their function. It was expected that KRT12 would mimic KRT3’s expression. 

 The cyclin-dependent kinase inhibitor 1 (CDKN1A) inhibits the activity of cyclin 

dependent kinases 1, 2 and 4/6 regulating the progression at G1 and S phase of the cell 

cycle (Gartel and Radhakrishnan, 2005). The CDKN1A gene is an important downstream 

target of p53 which is activated upon DNA damage and is responsible for the initiation of 

senescence and apoptosis. Senescence is induced by p21, hypoxia can suppress this 

induction process favouring a quiescent state (Leontieva et al., 2012). The promoter of 

p21 can be transactivated by HIF-1, (Salnikow et al., 2000), it has been demonstrated in 

endothelial cells that an up regulation of HIF-1 resulted in the subsequent up regulation 

of p21 (Iida et al., 2002). This contradicts the findings in our study where in LEM, p21 

decreased. One explanation would be that in limbal epithelial cells, there are other 

mediating proteins which help to override the HIF-1 interaction with the promoter 

region of p21. 

5.4.2 Telomerase activity is not dependent on oxygen tensions but is 
dependent of medium composition.  

Telomerase activity was shown in chapter 3 to decrease with successive culture of LSCs, 

suggesting that culture conditions are suboptimal. LEM appeared to be the most 

favourable medium increasing activity over DKSFM. Comparisons of telomerase activity 

between different medium have been tested previously in (Callithrix jacchus embryonic 

stem cells) cESCs either grown on MEF’s or without in a defined medium. The results 

showed no difference in the telomerase activity (Trettner et al., 2014). Callithrix jacchus, 

however could be biologically different from human ESC and adult stem cells. The 

microenvironment has been shown to impact upon telomerase activity, placing limbal 

epithelial cells in embryonic stem cell conditioned medium increased telomerase activity 

(Liu et al., 2013). The extent of the increase however was probably masked as the 

absorbance levels were higher than the tolerance of the test (absorbance at 450nm of 

over 2.18). We maintained protein levels at 500ng in limbal samples, to reduce the 

chance of over saturation of the assay. The positive controls, of HTCEpi highlight the 
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effect of oversaturation. Overall medium can affect telomerase activity, whether this 

increase in indicative of more progenitors or just the up-regulation of telomerase 

remains to be seen. It was hypothesised that hypoxia would increase telomerase 

expression; previous studies demonstrated that TERT is up regulated, as stated 

previously. In this study cultures grown in LEM under hypoxia showed an increase in 

TERT mRNA, it is interesting then that an increase in telomerase activity was not 

detected. This result could indicate that more telomerase is being produced for non-

canonical functions such as protection of mitochondrial DNA integrity. 

5.4.3 Limbal epithelial cells cultured in LEM produce more ATP than those 
in DKSFM. 

This study also analysed the dynamics of cellular respiration in limbal epithelial cells for 

the first time using an extracellular flux analyser (Seahorse XFS). We found that medium 

conditions could shift the bivalency of the metabolism, although not significantly, due to 

the low number of donors analysed. Interestingly, while the quantity of ATP produced by 

each individual respiration method was different, this was only true between medium 

conditions. Oxygen concentration however, did not alter ATP production. This was not 

expected, as hypoxia is known to up regulate glycolytic genes such as glucose 

transporter 1 (GLUT1), 6-phospho-2-kinase/fructose 2, 6-biphosphatase (PFKFB1-4) 

along with lactate dehydrogenase A (LDHA) (Robin et al., 1984; Iyer et al., 1998; Maher 

et al., 2007). In addition to this HIF-1 can also activate genes which reduce OXPHOS, 

such as pyruvate dehydrogenase kinase 1 (PDK1). It was also expected that cultures with 

more stem cells within them would be more glycolytic, as it was already demonstrated 

in the adult stem cells of the haematopoietic and cardiac systems (Kimura and Sadek, 

2012). The lack of a detectable difference between oxygen conditions was in part 

perhaps due to experimental short comings, whereby the hypoxic samples could not be 

maintained in hypoxia for the duration of the experiment. 

 As stated previously, LEM caused cells to produce more ATP per 10,000 cells than 

DKSFM. This observation indicates that a component of the serum could artificially 

increase the respiratory capacity of limbal cells. The two media did also contain differing 

quantities of glucose (DKSFM, 1624.4mg/l; LEM, 667.5mg/l) and L-glutamate (DKSFM, 

984mg/l; LEM, 862mg/l), which could impact upon the total energy produced. For the 

respiration experiment, however, the glucose levels were normalised by replacing 
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medium with specific assay medium. Metabolic studies on hybridoma cells have shown 

that the rate of glycolysis was reduced in cultures supplemented with FCS compared to 

serum free cultures (Smith and Greenfield, 1992).The undefined nature of foetal calf 

serum makes comparing this experiment with those of others more difficult. Variation 

within sera from batch to batch and country to country has been shown to be large 

(Honn et al., 1975). The same batch of FCS was used for these experiments respiration in 

order to minimise variability within experiments.  

  Other additives to LEM such as insulin have been shown to increase the coupling 

efficiency of OXPHOS and the glucose sensitivity of anaerobic glycolysis both of which 

would show an increase in total ATP produced (Nisr and Affourtit, 2014). The entire 

formula for DKSFM is not published, hence one cannot conclude that insulin is the factor 

which is causing the dramatic increase in ATP production in LEM. 

5.4.4 Attaining hypoxia 

 In an ideal situation an isolator unit, such as the biospherix unit used by Bath and 

colleagues would have been used at all times to minimise re-oxygenation, which occurs 

during feeding and in various experiments. The passive nitrogen purging system used in 

these experiments was preferable to the use of cobalt chloride as the fluctuations in 

oxygen tension could be monitored more easily. An oxygen sensor with which could be 

used in vitro was not available ergo the dosage of cobalt chloride could not be optimised 

accurately.  

 Conclusion 5.5

The findings of this study have shown novel trends in parameters which have never 

before been shown in limbal epithelial cell containing cultures. Hypoxia has a definite 

effect on limbal epithelial cells. The results here could add to the growing belief that in 

vitro culture conditions for maintaining precursor cells should reflect physiologically 

relevant O2 saturations (Simon and Keith, 2008). The results from our study highlight the 

need to re-evaluate tissue culture techniques in order to be biologically relevant. The 

summary diagram of relevant interactions in figure 5.21 highlights the lack of 

information for the negative markers KRT12 and KRT3 as annotated sequence data was 

the only information available. This study did show a definite effect of hypoxia on one of 
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the negative markers, KRT3. In light of the effect that airlifting has upon this gene it 

seems highly likely that oxygen tensions effect its expression. 

Figure 5.21 Summary of relevant corneal marker gene interactions with HIF-1  
Binding sites were extracted from SABiosciences' Text Mining Application and the UCSC Genome Browser. 
Other data was sourced as follows: (Carmeliet et al., 1998; Senoo et al., 2002; Westfall et al., 2003; 
Krishnamurthy et al., 2004; Yang et al., 2010; Chen et al., 2011; Tsai et al., 2011). 
 

Importantly, a decrease was observed in p21, which should have increased under 

hypoxia, according to Carmeliet and colleagues (Carmeliet et al., 1998). A recent paper 

studying the effects of hypoxia in mesenchymal stem cells however supports our 

experimental findings, suggesting that hypoxia down regulates p21 through the 

formation of HIF-TWIST complex (Tsai et al., 2011). Interestingly, the LSC marker 

ΔNp63α has an antagonistic effect on p21 repressing its expression (Westfall et al., 

2003), but it is thought to be through VEGF, which is up-regulated by the HIF-1 protein. 

Many of the genes involved in the biological response to hypoxia are major signalling 

genes, and by no means function independently. Other interactions which have not 

currently been defined are likely to be responsible for the expression patterns which are 

shown in this study. 

 Assessing the metabolic status of limbal epithelial cells proved to be difficult 

when comparing normoxic growth and hypoxic growth. It further reinforces the effect 

re-oxygenation has on cellular cultures, soon after removal from that environment. We 
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could however show that culture medium does have a dramatic effect on ATP 

production. One can thus conclude that choice of medium is important when assessing 

metabolomics in limbal stem cell containing cultures. Which media however would be 

most biologically relevant remains to be identified. 

  It can be concluded that the oxygen tension is a parameter which should not be 

overlooked when culturing adult stem cells, with limbal epithelial cells being no 

exception. If the knowledge from the existing papers studying hypoxia in human limbal 

epithelial cells are combined with the results shown here (Miyashita et al., 2007; Bath et 

al., 2013), hypoxia seems generally to be beneficial to the preservation of progenitor like 

cells in these cultures.  
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Chapter 6 Final discussion  

The human ageing population is expanding, in the next 40 years the number of people 

over 60 is predicted to increase from around 524 million to around 1.5 billion (Kowal et 

al., 2012). As we age, our susceptibility to degenerative diseases and oncogenesis 

increases (Ruzankina and Brown, 2007). The generation of cells ex vivo for use in 

regenerative cellular therapies has increased over the past decade. Limbal stem cells 

are used to restore sight in patents with LSCD. However, currently around 24% of 

limbal stem cell transplantations fail, the reasons for which are largely unknown (Baylis 

et al., 2011). It has been suggested previously that donor age may play a role in poorer 

clinical outcomes (James et al., 2001). The effects of age on the culture of limbal 

epithelial cells, which can be used for transplantations, have to date been largely 

inconclusive with no real trends occurring with age (Shanmuganathan et al., 2006; 

Baylis et al., 2013; Notara et al., 2013). Our study sought to address the question of the 

quality of limbal epithelial cells correlating to donor age using multiple techniques to 

assess progenitor properties of cultured limbal epithelial cells. Understanding the basic 

biology of the cornea with age is crucial to the implementation of future cellular 

therapies and may aid in increasing the efficiency of limbal stem cell transplantations. 

 Oxidative stress and cell damage increase with age. Understanding the way in 

which limbal epithelial cells respond to different oxygen tensions can allude to the 

basic biological properties of these cells. Many stem cells are cultured in hypoxia, but 

previous studies on limbal epithelial cell growth in this condition have been 

contradictory (Miyashita et al., 2007; Li et al., 2011; Ma and Liu, 2011; O'Callaghan et 

al., 2011; Bath et al., 2013). To address this, limbal epithelial cells were cultured using 

both traditional methods and those more akin to clinical practices i.e. xenobiotic free 

defined medium. 

 A better understanding of the biological processes occurring with age and 

improved culture techniques both benefit the implementation of cellular therapies. In 

turn, greater understanding results in the restoration of sight in more people with 

limbal stem cell deficiency than ever before. 
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6.0.1 The human cornea has remarkable post mortem regenerative 
capacity and is seemingly resistant to age related changes. 

 In this study corneal cells from over 100 human donors were used to 

investigate the effects of age on limbal epithelial cells, in the hope of better 

understanding the influence of donor age on the quality of derived LSCs for cell culture 

in order to improve the efficiency of cellular therapies. 

 The ability of human LSCs to be subcultured and the percentage of colony 

forming ability decreased with donor age. The activity of telomerase also decreased 

over multiple passages in human LSCs. These results suggest that perhaps a proportion 

of the isolated cells lose their stem cell like qualities sooner when isolated from older 

donors. All other parameters of human LSCs however were not significantly influenced 

by age, such as gene expression, population doubling time and p63 expression. There 

are numerous reasons why one might not detect a change with age. Specific to limbal 

epithelial cell biology however the reason may in part be due to the high level of 

expression of p63 in the cornea. TP63 is part of the tumour suppressor family to which 

p53 belongs and shares similar roles to p53 (Yang et al., 1998). p53, the “guardian” of 

the genome, regulates the transcription of many genes, such as p21 and PUMA (p53 

up-regulated modulator of apoptosis) it also controls cell cycle arrest and apoptosis. 

Isoforms of TP63 which confer the protein TAp63 can bind to p53 response elements 

(RE) which lay within regulatory regions of many genes. ΔNp63 on the other hand can 

also bind to p53RE inhibiting the binding of TA isoforms through either completion or a 

direct mechanisms (Benard et al., 2003). The response of p63 to DNA damage can vary, 

ΔNp63 has been shown to decrease when cells are exposed to UV radiation and 

cisplatin (Liefer et al., 2000), but not in response to doxorubicin (Harmes et al., 2003). 

Expression of TA isoforms seems to increase during DNA damage caused by bleomycin, 

doxorubicin and cisplatin (Gressner et al., 2005). In limbal epithelial cells, increased 

levels of ΔNp63, which is a dominant negative regulator of TAp63, may then interfere 

not only with TAp63 but also with the protective effects of p53. Whilst potentially 

making the cells more sensitive to the effects of DNA damage, maybe in favour of 

increased proliferative capacity. Alternatively, the concert of TAp63 and ΔNp63 in 

progenitor cells could be masking aberrations in the stem cell populations with age. 

Higher levels of TAp63 in more differentiated corneal epithelial cells in humans could 

function to repress aberrant growth and proliferation of these cells. In mice, it is 

suggested that TAp63 is associated with progenitor cells, this could indicate that 
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maintenance of genomic stability might be prioritised over enhanced proliferation. 

Dysregulation of TAp63 might however occur with age, as we showed that this marker 

decreased in the mouse cornea.  

 As mentioned previously the TAp63γ isoform can induce apoptosis in response 

to DNA damage (Yang et al., 1998), in addition MEFs deficient in TAp63 are resistant to 

apoptosis (Flores et al., 2002), implying that TAp63 might be required to remove 

damaged cells from the cornea. It could be argued however, that p53 still has overall 

control over ΔNp63, as p53 controls the caspase-dependent degradation of ΔNp63 

(Ratovitski et al., 2001). There is a clear interplay between p53 and p63, governing 

development and tissue homeostasis, with their interactions being highly intricate. 

 In other tissues/compartments increased donor age on stem cell populations 

has been shown to negatively influence the expansion and differentiation ability of 

HSCs both in vivo, most recently by Holstege and colleagues (Holstege et al., 2014) and 

in vitro (Vaziri et al., 1994). Specifically age decreased the proportion of B-lymphoid 

progenitors with age (Kuranda et al., 2011), known as lineage skewing. Human MSCs 

derived from adipose tissue formed fewer colonies with age and expressed a greater 

proportion of p21 and p16, markers of cellular senescence and stress. Their 

chondrogenic differentiation properties also decreased as shown by alcian blue 

staining (Choudhery et al., 2014). Many scientists hypothesise that a decrease in the 

functionality of stem cells leads to the deterioration of tissues over time. The 

accumulation of DNA damage is thought to be a major factor involved in this decline 

with age. This is because stem cells are one of the longest lived cell types in the body 

(Behrens et al., 2014). The results of our study showed that DNA damage increased 

with age in vivo within the mouse corneal epithelium. The main factors which can 

cause this increase are short or dysfunctional telomeres and the failure of DNA repair 

mechanisms (Hadshiew et al., 1999). However, mice have very long telomeres, so 

length would be less likely a reason. In stem cells the effect of DNA damage can alter 

gene function, potentially causing dysregulation of self renewal (Wang et al., 2012b), 

differentiation of progenitors (Brack et al., 2007) and even activation of oncogenes 

(Snippert et al., 2014). DNA repair triggered by the damage response however 

provides a way of limiting these detrimental effects, through halting the cell cycle until 

the damage is repaired. If however repair mechanisms are dysfunctional or 
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unsuccessful the cell can initiate senescence or apoptosis. These safety measures 

however, come at a cost, reducing the number and function of the stem cell pool. 

6.0.2 Hypoxia and medium composition both affect the culture of 
human limbal epithelial cells  

Ageing causes a functional decline in stem cell niches, such as haematopoietic (Pearce 

et al., 2007; Oakley and Van Zant, 2010), dermal (Gago et al., 2009), germline (Zahidov 

et al., 2010), muscle (Carlson et al., 2009) and, as recently shown, in the limbus 

(Notara et al., 2013). Stem cell niches are often hypoxic (Parmar et al., 2007), and a 

degeneration of these structures can cause the oxygen equilibrium to change. Higher 

oxygen concentrations can lead to increased ROS generation and thus, DNA damage. 

The oxygen sensitive transcription factor HIF1- α can regulate stem cell function during 

ageing, as reduced HIF1-α protein causes a loss of HSCs with age (Takubo et al., 2010). 

The reaction of limbal epithelial cells to different oxygen conditions was hypothesised 

to indicate under which condition these cells might reside in vivo. KRT3 and p21 were 

consistently down regulated in hypoxia in our study on human LSCs. This down 

regulation of p21 could possibly inhibit senescence under hypoxia similar to the effects 

observed in MSCs (Tsai et al., 2011). This result combined with the down regulation of 

the negative stem cell marker KRT3 lead us to suggest that limbal epithelial cells could 

be under hypoxia in vivo. Notara and colleagues showed that the focal stromal 

projections and limbal crypts decreased with age in humans, a possible sign of the 

dysregulation of the niche (Notara et al., 2013). The loss of these compartments could 

lead to exposure of the stem cells to a higher oxygen tension. 

 In addition to oxygen tension, another parameter of successful stem cell 

growth was the culture medium. What was of particularly interest was the use of 

serum in the medium which leads to increased variation between medium batches. 

Removing this component and using a more defined medium should reduce variation 

and expose more subtle changes in the proportions of progenitors within each 

population. We observed that standard deviations for ΔNp63 staining were reduced by 

culturing cells in DKSFM (figure 5.11), compared to traditional medium (LEM). 

 The amount of respiration and production of ATP can indicate the quality of a 

culture. We showed for the first time the in vitro levels of ATP produced by limbal 

epithelial cells. Interestingly, there was less ATP produced by cells in DKSFM compared 

to cultures in LEM. It has been suggested that one of the major components of FCS, 
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BSA, modulates succinate dehydrogenase (SDH) (Complex II) via oxaloacetate removal. 

Oxaloacetate can activate SDH and cause free radical production which occurs during 

succinate oxidation (Panov et al., 2010). BSA has however, also been shown to increase 

the reduction level of Cytochrome α, increasing potential ATP production (Sharpe et 

al., 1996). The literature to date is clearly divided on the effects of BSA on 

mitochondrial respiration, making it difficult to surmise the effects of this component. 

DKSFM may have fewer growth factors than LEM as a result of the removal of FCS. 

Growth factor withdrawal has been shown to decrease the rate of respiration and 

mitochondrial membrane potential (Chandel and Schumacker, 1999) in p0 depleted 

cells. Additionally, Interleukin-3 withdrawal can inhibit the membrane exchange of 

adenine nucleotides (Vander Heiden et al., 1999), having the effect of reducing ADP 

and thus the production of ATP in mouse pro-B cell lines. We suggest then that a 

reduction in the number of growth factors within DKSFM may be the reason behind 

the difference in ATP levels seen between the two media. 

6.0.3 The mouse corneal epithelium shows signs of decline with age 

We used the thickness of the cornea as a biological indicator of cell renewal in the 

mouse cornea. Inferring that a decline in the thickness was proportional to the cells 

and the matrices they produced to replenish the tissue. Age did seem to have a 

detrimental effect on the overall thickness of the cornea. The difference in thickness 

could be due to either the number of cells, reduced cell size or a reduction in 

extracellular matrices and connective filaments, such as collagen. The integrity of the 

cornea also appeared to become compromised with age, with the formation of fluid 

filled compartments, called bullae. It is likely that these structures could compromise 

the barrier function of the cornea, perpetuating age related corneal diseases. This 

morphological change however was thought to be due to a decline with age in the 

number of endothelial cells in the cornea. 

 The stem cell marker gene TAp63 decreased with age in the central region of 

the mouse cornea. The peripheral cornea on the other hand remained unchanged with 

age. The peripheral cornea is often protected by the eye lid, providing shielding from 

external stresses which could have a detrimental effect on the stem cell pool.  
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 Mouse limbal epithelial cells accumulate non-telomeric and telomeric 6.0.3.1

DNA damage with age 

Breaks the DNA helix can result in a stalled replication fork, which can trigger a 

response to repair the damage. A number of proteins are recruited to these sites one 

of which is H2A.X, which becomes phosphorylated on serine 139 by proteins of the PI3 

kinase family. Overall DNA damage and that which occurred within the telomeres 

increased the central cornea, while the peripheral cornea remained unchanged with 

age, again indicating a more sheltered population. These results lead one to speculate 

that the peripheral corneal region is home to a distinct cellular population or that this 

population is protected by anatomical features. In conclusion, these two areas are 

distinct in their accruement of DNA damage with age.  

 It has been suggested that stem cells repair DNA damage in different ways, 

dependent on if the cells reside mainly in a quiescent state or divide frequently 

(Behrens et al., 2014). HSCs for example, are mostly quiescent (a mechanism for 

reducing replicative damage) and use non homologous end joining as a repair 

mechanism for DNA damage. Intestinal stem cells on the other hand, proliferate 

rapidly, existing in S phase for extended periods which allows the cells to use 

homologous recombination to repair their DNA (Mohrin et al., 2010). Limbal epithelial 

cells do not proliferate as quickly as intestinal progenitors (Loureiro et al., 2013). 

Evidence suggests that true limbal stem cells are only active after wounding (Majo et 

al., 2008), implying that they mainly reside in a state of quiescence. Our study saw a 

marked increase in ɣH2A.X, a double strand break marker during ageing. NHEJ or HEJ 

may be activated to repair double strand DNA damage in limbal epithelial cells. Further 

studies would need to be conducted to assess which repair mechanism might be used. 

 The increase in DNA damage could be indicative of decreased tumour 

suppressor proteins, damaged repair mechanisms or higher genomic attrition rate, 

perhaps from increased ROS production from aged mitochondria. The same trend of 

increased damage with age however, was not observed in the peripheral cornea 

suggesting that the population of cells in this region are shielded. Perhaps to protect 

the stem cell population which may reside in this region. Stem cells can avoid 

increased DNA damage rates from extrinsic factors in part due to the protective 

function of the niche, in addition to slower proliferation rates which reduce DNA 

replication errors. The protective effect of telomerase could aid in maintaining 
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mitochondrial integrity with age reducing the attrition of ROS on the genome. 

 The DNA damage response can also be triggered by dysfunctional or short 

telomeres. In the mouse skin, stem cells have been shown to have the longest 

telomeres within the tissue (Flores et al., 2008). Stem cells can potentially up regulate 

telomerase activity, upon activation, despite this telomeres still shorten with age 

(Flores et al., 2008; Wang et al., 2009). Short telomeres can lead to augmented 

differentiation of embryonic stem cells (Pucci et al., 2013). Implying that telomere 

shortening could lead to aberrant differentiation of stem cells with age and may be 

another mechanism by which tissue functionally declines with age. The number of 

TAFs increased with age throughout the cornea. We propose that this increase is likely 

due to increases in dysfunctional telomeres as opposed to eroded telomeres, since 

mice have very long telomeres (Prowse and Greider, 1995). It takes several 

generations of telomerase knockout before major detrimental effects of telomere 

erosion are observed (Chang, 2005). 

6.0.4 Dietary restriction has an anti-ageing effect on the mouse cornea 

Detection of DNA damage is important in maintaining the genome, as it reduces the 

chance of propagating deleterious mutations and to ensure proper functioning of cells 

and tissues (Polo and Jackson, 2011). Accumulation of DNA damage can lead to 

oncogene activation or senescence and apoptosis. In HSCs DR prevents the age related 

decline of these cells and maintains their functionality (Chen et al., 2003). MSCs 

derived from adipose tissues in mice have been shown to increase in number during 

DR, coupled with an increase in telomerase activity, however their proliferative 

capacity was reduced (Schmuck et al., 2011). In the eye, DR has been shown to have a 

beneficial effect on the lens epithelial cells of C57BL/6 mice, in terms of proliferative 

capacity (Li et al., 1997). In the Emory mouse, a model of cataract, DR reduced the 

prevalence and severity of cataracts (Taylor et al., 1995). To date the effects of DR on 

the mouse corneal epithelium had not been investigated.  

 Our study showed that double strand breaks remained at a more youthful level 

and that telomere damage was also attenuated under DR. DR however is a global 

process and its effects reduced the limbal epithelial cell marker TAp63. TAp63 is 

related to p53 and is involved in multiple pathways associated with cell growth and the 

DNA damage response (Levrero et al., 2000; Cam et al., 2014). DR might activate 

ΔNp63 which in turn can aid in the recruitment of DNA damage proteins to DSB via 
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ATM (Craig et al., 2010), increases in ΔNp63 could then be inhibiting TAp63. The 

dominant negative binding of ΔNp63 however would not prevent detection of TAp63 

via immunofluorescence. Although TAp63 has also been implicated in enhancing DNA 

damage response (Cam et al., 2014). TAp63 can, via REDD1, inhibit mTORC1, perhaps 

the down regulation of TAp63 reduces redundancy as mTOR is down regulated via 

other means during DR. 

 The increase in the formation of bullae with age, suggests indirectly that a loss 

of a functional endothelium occurs with age. In contrast, DR was able to remediate the 

formation of bullae indicating that the endothelium remains intact under this 

condition. The corneal endothelium is a monolayer of cells which resides between the 

stroma and the anterior chamber. One of the main functions of these mitochondrial 

rich cells is to pump solutes to and from the cornea. The maintenance of a slightly 

dehydrated cornea is essential for the optical properties of the tissue. The corneal 

endothelium is post mitotic, as a result it is not readily regenerated and cells of the 

endothelium are lost with age (Wilson and Roper-Hall, 1982). A loss of these cells with 

age can lead to ineffective transport of solutes from the cornea, leading to the 

formation of fluid filled pockets called bullae. Our results infer that DR appears to 

ameliorate bullae formation and maintains a functional endothelial layer with age, 

corresponding to previously findings in rats (Nadakavukaren et al., 1987). In other 

endothelial cell populations, the role of NO is proposed to mediate the beneficial 

effects of dietary restriction, potentially through reduced inflammatory response. NO 

synthase is deacetylated and thus activated by SIRT1 (Mattagajasingh et al., 2007). 

These findings are associated with vascular endothelium and may behave differently to 

the avascular corneal endothelium. It is clear that more investigation is required to 

determine the exact molecular mechanism by which the corneal endothelium is 

beneficially affected by DR. 

 The number of DNA damage foci formed within the mouse corneal 6.0.4.1

epithelium is dependent on telomerase and diet 

WT DR treated mice had a lower number of ɣH2A.X foci, in comparison to Tert-/- DR 

mice. This observation suggested that the beneficial effects of DR could be mediated 

by Tert in the mouse cornea. In addition, when Tert-/- AL mice were compared to Tert-/- 

DR mice an increase in the number of foci formed was observed, demonstrating a 

greater amount of damage occurring in the absence of telomerase, despite DR. This 
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shows that both Tert-/- and DR can influence the DNA damage dynamics in the mouse 

cornea. Telomerase is known to be shuttled to the mitochondria (Santos et al., 2004), 

whereby it provides a protective function reducing the amount of ROS produced 

(Ahmed et al., 2008; Haendeler et al., 2009; Singhapol et al., 2013), thus reducing DNA 

damage. In stem cells, high expression of telomerase may not just be to extend 

telomeres but also to safeguard the genome. 

6.0.5 Rapamycin treatment is detrimental to the mouse cornea 

The DR mimetic and immunosuppressant rapamycin, targets the mTOR pathway by 

binding to mTORC1 inhibiting its activity. mTORC1 responds to signals from the 

insulin/IGF pathway and through sensitivity to amino acid levels. In turn mTORC1 

regulates a number of cellular processes notably cell growth, proliferation and protein 

synthesis. In the mouse corneal epithelium rapamycin treatment did not show the 

same beneficial effects as DR. Treatment with rapamycin, similar to DR, reduced the 

amount of TAp63 in both corneal regions, unlike DR however, rapamycin increased the 

number of ɣH2A.X foci and TAFs in the peripheral cornea. Currently it is suggested that 

TAp63 is upstream of mTOR (Cam et al., 2014), however our data suggests that either 

mTOR suppression feeds back into TAp63 down regulation, or that rapamycin 

suppresses TAp63 either directly or indirectly (Ma et al., 2010). The role of TAp63 in 

DNA damage repair (via NF-κB and Akt, figure 4.19) and genomic stability mean that 

the rapamycin mediated down regulation could be increasing DNA damage 

accumulation, as we observed with increased ɣH2A.X foci number. Rapamycin 

treatment also reduced the thickness of the cornea, no difference however was 

detected in the amount of cellular proliferation rate and thus amount of cell turnover 

in the cornea which could mediate the number of cells in the cornea. Perhaps instead 

rapamycin inhibits the production of structural proteins which leads to a reduction in 

the thickness in the cornea. In conclusion, rapamycin treatment did not have the same 

beneficial effects that were observed when assessing DR. We speculate that rapamycin 

may exacerbate the effects of ageing in the mouse cornea. 

  Implications for the culture of limbal epithelial cells 6.1

Neither donor age nor the number of days corneal scleral disks were stored in organ 

culture medium were found to have any definite detrimental effect on the culture of 

these cells. Prolonged culture of limbal epithelial cells leads to a loss of stem cell 
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characteristics, shown through a decrease of telomerase activity and reduced CFE. 

Thus it would be recommended that only primary cultures are used for 

transplantations. Intriguingly, donor age does not seem to have a definite detrimental 

effect on the culture of these cells, neither does the number of days corneoscleral 

tissue is stored in organ culture medium. We suggest therefore, that the selection 

parameters for allogeneic transplantations could be extended to include donors of all 

ages. This would substantially increase the likelihood of finding immune-matched 

donors. 

 The culture parameters for cultivating human limbal epithelial cells have been 

modified over many years, an important parameter shown in this thesis was that 

hypoxia has a definite effect on the growth and quality of limbal epithelial cells. Its 

suppression of negative stem cell marker KRT3 and the important stress marker p21, 

suggests that it might be a preferable culture condition to preserve native stem cell 

characteristics. In addition, it might also indicate that the LSC niche might be hypoxic in 

vivo for these cells, similar to HSCs for example (Harrison et al., 2002; Jang and Sharkis, 

2007). Our research might also affect recommendations for the cultivation of other 

types of adult stem cells which are used in cellular therapies, such as tolerogenic 

dendritic cells (Stoop et al., 2010) used in arthritis treatments and haematopoietic 

stem cells, used for treating various blood related disorders (Burt et al., 2008). For 

embryonic SC this condition has been described as beneficial before, showing 

increased Oct4, NANOG and telomerase activity (Zachar et al., 2010). Confirming the 

oxygen status of limbal epithelial cells in vivo however, is no trivial matter due to the 

lack of specific stem cell markers.  

6.1.1 Implications for the understanding of the basic biology of the 
mouse corneal epithelium 

Our data in the mouse cornea alludes to the possibility of an interaction between 

TAp63 and mTOR which has not previously been described in the literature. Currently 

it is believed that TAp63 inhibits mTORC1 in the presence of DNA damage (Cam et al., 

2014). We showed a reduction in TAp63 under DR, which is a known suppressor of 

mTOR. We hypothesise that there might be a molecular feedback between mTORC1 

and TAp63; when less mTORC1 is present in the cell TAp63 is consequently down 

regulated. 
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We have shed light onto numerous aspects of limbal epithelial cell biology in both 

human and mouse which are notable in the field (Figure 6.1). Firstly, confirming that 

age does not have a detrimental effect on the primary culture of human limbal 

epithelial cells, conversely, novel in vivo data showed that age does detrimentally 

affect the mouse cornea. We have also demonstrated that the corneas of mice 

respond negatively to treatment with rapamycin. This has the implication that the use 

of topical rapamycin on the surface of the cornea after allogeneic transplantations 

(Shin et al., 2008), which could be detrimental to corneal epithelial cells. The future 

culture of limbal epithelial cells for research and transplantation might also benefit 

from being cultured in hypoxic conditions, as these may be closer to physiological 

levels. 
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Figure 6.1 The aged corneal epithelium  
We showed that DNA damage increased and TAp63 protein levels decreased with age in the mouse 
cornea. In human donors the peripheral corneal structures plane with age, possibly exposing these 
regions to an increased amount of oxygen. It was also found that under normoxic conditions the 
expression of the differentiation marker KRT3 increased in this condition. 
 

 Limitations of the study 6.2

The overall aim of this project was to elucidate the biological significance of ageing on 

limbal epithelial cells, which led to the study of the growth parameters of human LSC 

cultures. In humans the effects of older donors on the growth rate and number of 

progenitors have been mostly inconclusive (Kim et al., 2004; Shanmuganathan et al., 

2006; Meyer-Blazejewska et al., 2010; Baylis et al., 2013; Notara et al., 2013). The 

reasons behind this observation are proposed to be three fold; firstly, there is an age 



199 
 

bias in donated tissue, with most donors aged around 70 years old (figure 6.2). This 

means that fewer young donors were available to test leading to the broad assignment 

of age ranges. Notara and colleagues, however who had more donors and age ranges 

0-30, 30-60 and 60-90 came to the same conclusion that age does not seem to affect 

the culture of human limbal epithelial cells (Notara et al., 2013). Secondly, variation 

between individuals can mask true trends in the data collected and this heterogeneity 

increases with age. Finally, the time from death to enucleation (post mortem decay) 

were thought to impede the number of progenitors which could be isolated from the 

mentioned tissue. Data regarding the time from death to enucleation was not always 

obtainable.  

Figure 6.2 Distribution of age in the donors tested in this study  
The number of donors was plotted against age categories which spanned 9 years, with exception of the 
0-20 group. Most of the donors tested were around 85 years old with the average age of around 71±14 
years.  
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Figure 6.3 Age versus time in organ culture medium  
No linear trend was detected between number of days in organ culture medium and age. The red circle 
highlights that the major proportion of donated tissue was around 50 days in organ culture medium. 
Mostly the tissue was stored for 50 days±29 in organ culture medium and the donor age around 71 
years old ±14.  

Figure 6.3 shows that the majority of human donors whose cells were used in this 

study originated from a similar group. As stated previously the average age was around 

71±14. Plotting time in organ culture medium against age also showed that the 

majority of tissue was stored between 30-60 days. 

 The culture of limbal epithelial cells is a well-defined process, however there 

are limitations associated with the extraction process. It is difficult to assess the 

efficiency of each extraction and the proportion of progenitors. The number of initial 

progenitors can influence growth rates and CFEs. It was noted in some donors that 

more calcification had occurred, which could hinder enzymatic digestion of the tissue. 

The use of mouse eyes allowed us to circumvent these problems, observing the cells in 

situ removed the effects of extraction associated with in vitro culture. The time to 

extraction and time in storage medium of corneal scleral disks was thought to affect 

the extraction efficiency, however recently it has been shown that these parameters 

do not exert a significant effect on the culture of explanted limbal tissues (Baylis et al., 

2013), merely increasing the lag phase of the cells but not overall yield. These were 

parameters which this study was very much aware of and it has shown in parallel that 

the number of days in organ culture medium nor age did not have any statistical effect 
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on the results. 

 The cause of a donor’s death and their pre existing conditions such as diabetes 

has an impact on the quality of cells which can be harvested from donated tissue. Stem 

cells isolated from diabetic donors have been shown to have a reduced ability to 

generate muscle from adipose derived mesenchymal stem cells (Krawiec et al., 2014). 

The limbus is also affected by diabetes, with reduced progenitor markers such as 

ABCG2 and ΔNp63α (Saghizadeh et al., 2011). Regarding the cause of death, 

pneumonia and meningitis for example can have an effect on stem cell populations. 

Streptococcus pneumonia can opportunistically infect the corneal epithelium causing 

lysis and transport of molecules into the cells, via the release of pneumolysin (Taylor et 

al., 2013). Cancer was the second common cause of death in the donors. Treatments 

for cancer can be very aggressive and systemic chemotherapy has been shown to 

actually induce LSCD (Ellies et al., 2001), implying that limbal stem cells are ablated by 

this treatment. Even habits and lifestyle can affect the number of stem cells for 

example, smoking has been shown to cause the dysfunction of endothelial progenitor 

cells (Paschalaki et al., 2013).  

 The growth of limbal epithelial cells in hypoxia was performed using a nitrogen 

purging incubator to maintain an oxygen level of 3%, access was also limited to this 

incubator to reduce the time the door was open. When changing medium however, 

the cultures were exposed to atmospheric oxygen as an isolator tissue culture cabinet 

such as a Bio-Spherix unit like that used by Bath and colleagues (Bath et al., 2013) was 

not available. The exposure time was, however, limited to 3-4 minutes, which is less 

than the half-life of HIF-1α in normoxia which is 5-8 minutes (Berra et al., 2001). In 

conclusion, while ultra-specialised equipment was not used, all precautions were taken 

to ensure that the experiments were performed to the highest stringency possible. 

 RNA yields were often low and impacted on the quantity of reverse 

transcription products (cDNA), causing some donors cells to be rejected on the 

grounds of failing to meet the strict guidelines outlined in MIQE (Minimum information 

for publication of quantitative real-time PCR experiments) (Bustin et al., 2009). The 

reason for low RNA yields could be attributed to low cell numbers.  

 The culture of mouse corneal epithelial cells was attempted on a number of 

occasions, using the methods outlined by Ma and Liu (Ma and Liu, 2011). We were not 

able to replicate the successful culture of mLSCs shown in this paper. The failures we 
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encountered were thought to be caused by bacterial contamination from the natural 

microorganisms on the surface of the cornea and surrounding fur, in conjunction with 

poorly defined isolation and cultivation methods. For example, one cannot use 3T3’s to 

co-culture the cells as remnants of these cells would contaminate downstream 

experiments. Human fibroblasts could be used however they can react poorly to 

mitotic inactivation. There is a growing trend to culture mouse corneal epithelial cells 

in serum free conditions, which was the attempted method. 

 We also tried to obtain in situ human limbal sections from stored tissues in 

approximately five donors, frustratingly however we found that even after careful 

cryopreservation or paraffin embedding no intact corneal epithelium could visualised 

using haematoxylin and eosin staining. We concluded that perhaps the organ culture 

medium or post mortem delay lead to a poorly preserved epithelial layer which limbal 

stem cells are protected from as they reside deeper within the cornea. 

 Future directions  6.3

The next logical step would be to assess the number of ɣH2A.X foci and TAFs in human 

cornea of different donor ages both in cultured cells and in tissue pieces. Comparing in 

vitro and in vivo changes in the same donors would bridge the gap between the in vivo 

results on the mouse cornea shown in this study and that of the cultured human cells. 

Assessing the mechanisms behind which genomic instability increases with age has 

been studied thoroughly; the downstream effect of how this translates into reduced 

functionality however remains to be elucidated. 

 Reducing genomic stress and increasing DNA damage repair in mice has shown 

to prolong lifespan (Haley-Zitlin and Richardson, 1993; Baker et al., 2013a) and reduce 

the number of senescent cells in the liver, whether this would work in humans 

however remains to be seen.  

 We showed that TAp63 decreased in DR, but it would be interesting to see 

which mechanism or interactions caused this effect. REDD1 has been shown as a 

possible mediator between mTOR and p63, inhibiting the activity of REDD1 could shed 

light on whether p63 is up stream or downstream of mTOR. This could be carried out 

by one of two ways, by generating a conditional REDD1 knockout mouse and observing 

p63 expression. If p63 is downstream of the mTOR/14-3-3/REDD1 interaction or 

completely independent, then knockout of REDD1 would result in no mitigation of p63 
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on mTOR. Alternatively, by cultivating mouse or human limbal epithelial cells and 

applying a siRNA REDD1 silencer may yield similar results. 

 The elusive marker gene for limbal stem cells has evaded many researchers. 

Identification of a specific marker is a key goal for the field, and would have benefited 

the investigations carried out in this thesis. The use of “telomapping” for measuring 

telomere length in different mouse tissues including the cornea (Flores et al., 2008), 

could be used to isolate this population for further studies such as microarray analysis; 

as stem cells have longer telomeres than other cells from the same tissue. 

 Further studies are required to establish the effects of hypoxia on limbal 

epithelial cells and whether this condition is beneficial to the cultures. It would have 

been interesting to grow cultures using the full clinical practices, xenobiotic free on 

human amniotic membranes, and observe the rate of outgrowth from the cultures. 

The cost of commercial amniotic membrane and troublesome in-house processing of 

human amniotic membranes inhibited this line of investigation in this study. In an ideal 

situation, a longitudinal assessment of human LSCs, applying the same tests as in this 

study and sampling the stem cell population over time would have given us a clearer 

indication of the effects of age. The efficiency of limbal epithelial cell extractions and 

outgrowths from small limbal biopsies could be tracked in individual donors over a 

number of decades, providing an insightful view of ageing dynamics. 

In humans, donor age does not have an effect on primary isolated cells. However 

continuous culture is less viable from older donor’s cells. Hypoxia seems to reduce 

expression of the negative marker gene KRT3 and stress indicator p21 regardless of the 

use of DKSFM or LEM. In the mouse cornea in situ observations showed that age has a 

detrimental impact upon the corneal epithelium, however reduced caloric intake can 

remediate these changes. 
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Chapter 7 Appendices 

Appendix A 

Gene and direction Primers Primer specificity Position 
Product 

length (bp) 
Tm (°C) 

Biological 
significance 

ΔNp63α Sense GAAACGTACAGGCAACAGCA Tumour protein 63, (TP63), transcript variant 4, 
ΔNp63α 

1,156 161 55 Positive LSC 

ΔNp63α  Antisense GCTGCTGAGGGTTGATAAGC 1,318    

ABCG2 Sense TCTCTTCTTCCTGACGACCAA ATP-binding cassette, sub-family G, member 2 
(ABCG2), transcript variant 1 

1,780 109 60 Positive LSC 

ABCG2 Antisense TCTGTAGTATCCGCTGATGTATTC 1,888    

BMI1 Sense ACGAGAATCAAGATCACTGAGC 
BMI1 polycomb ring finger oncogene (BMI1) 

519 122 60 Positive LSC 

BMI1  Antisense CGAACAATACACGTTTTACAGAAG 640    

TERT Sense CATCCTCTCCACGCTGCTC Telomerase reverse transcriptase (TERT), transcript 
variant 1 

2,563 114 60 Positive LSC 

TERT Antisense CCAACAAGAAATCATCCACCAAA 2,675    

p16 Sense ATGTCCTGCTTTTAACGTAGATA Cyclin-dependent kinase inhibitor 2A, (p16, 
CDKN2A), transcript variant 1 

913 146 60 Arrest 

p16  Antisense CTCACTCCAGAAAACTCCAACA 1,057    

p21 Sense GCGGCAGACCAGCATGA Cyclin-dependent kinase inhibitor 1A, (CDKN1A), 
transcript variant 1 

551 80 60 Arrest 

p21  Antisense GTGGGCGGATTAGGGCTTC 629    

KRT3 Sense TTCCATCTCAGGCACAACAA 
Keratin 3, (KRT3) 

783 130 60 Negative LSC 

KRT3  Antisense CAGGTCCTCCATGTTCTTAG 912    

KRT12 Sense GAAGAAGAACCACGAGGATG 
Keratin 12, (KRT12) 

813 144 53 Negative LSC 

KRT12  Antisense TCTGCTCAGCGATGGTTTCA 958    

Table 7.1 Human cDNA primers list
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Genorm 

qPCR is a powerful mRNA level quantification tool. Before performing any analysis 

however, it was important to assess which reference gene was best suited. In this 

experiment the expression stability of six common reference (housekeeping) genes 

was analysed: glyceraldehyde-3-phosphate dehydrogenase (GAPDH), actin β (ACTB), 

18s ribosomal RNA (18s), ATP synthase subunit β (ATP5B), 60S ribosomal protein L13a 

(RPL13A) and succinate dehydrogenase complex (SDHA). Cells from four different 

donors (75, 73, 89 and one 85 year old) were used for this analysis, cultured in hypoxia 

and normoxia (see chapter 4). All genes were tested in all samples, the subsequent Ct 

values were firstly subtracted from the highest Ct value generated. This generated the 

ΔCt, the 2(-ΔΔCt) equation was then applied. This subsequently generated the relative 

expression compared to that of the least expressed gene. To calculate the variation, 

multiple pairwise analyses of the standard deviations were performed. The average of 

each genes standard deviation was calculated and compared (Vandesompele et al., 

2002) (figure 3.11). 

Figure 7.1 GeNorm analysis of 6 common reference genes in cultures containing limbal epithelial cells  
GAPDH and Actin β were shown to the most stable reference genes over the other 4 genes tested. The 
average pairwise variation (M) was calculated from multiple pairwise comparisons of each gene in the 
different donor and conditions stated (see appendices). 

As GAPDH had the least amount of variation between different donors and conditions 

this gene was used as the housekeeping gene in all qPCR analysis in the following 

experiments. 
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GeNorm Primer specificity Anchor nucleotide 
Context 

sequence 
Tm (°C) 

Biological 
significance 

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), transcript variant 1 235 99 60 Control 

RLP13A Ribosomal protein L13a, transcript variant 1 727 223 60 Control 

ATP5B ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide 1200 150 60 Control 

ACTB Actin, beta 1195 106 60 Control 

SDHA Succinate dehydrogenase complex, subunit A 1032 154 60 Control 

Table 7.2 Human geNorm primers list
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Table 7.3 GeNorm multiple pairwise analysis of housekeeping genes 

 

 

Donor/Condition GAPDH 18s SD 18s RPL13A SD RPL13A ATP5B SD ATP5B ACTB SD ACTB SDHA SD

444 PC 6.46E-06 3.26E-07 4.33969E-06 3.26E-07 0.000192 0.000136 0.000192 0.000139 3.73E-05 0.000139 1.62E-06 9.74E-05 1.62E-06 0.001192 0.000842

444 SC2 0.002616 0.000234 0.001684215 0.000234 0.069796 0.049188 0.069796 0.202613 0.093916 0.202613 0.001948 0.141892 0.001948 0.215152 0.150758

431 PC 0.000316 7.59E-06 0.000217826 7.59E-06 0.007074 0.004996 0.007074 0.004298 0.001963 0.004298 0.000142 0.002939 0.000142 1 0.707007

431 SC2 0.005995 0.001434 0.003224779 0.001434 0.416446 0.293458 0.416446 0.065418 0.248214 0.065418 0.004408 0.043141 0.004408 0.621461 0.436322

423 SC1 7.81E-06 1.55E-07 5.41027E-06 1.55E-07 0.000218 0.000154 0.000218 0.000187 2.2E-05 0.000187 6.18E-06 0.000128 6.18E-06 0.002909 0.002053

Normoxia 5.14E-10 2.88E-06 2.03831E-06 2.88E-06 1.42E-05 7.98E-06 1.42E-05 9.32E-07 9.36E-06 9.32E-07 0.000157 0.00011 0.000157 0.00016 2.34E-06

Hypoxia 0.00016 2.8E-07 0.000113075 2.8E-07 0.000202 0.000142 0.000202 0.001787 0.001121 0.001787 6.58E-05 0.001217 6.58E-05 0.020874 0.014714

GAPDH RPL13A SD 18s ATP5B SD RPL13A ACTB SD ATP5B SDHA SD

444 PC 6.46E-06 0.000192 0.000131286 3.26E-07 0.000139 9.83E-05 0.000192 1.62E-06 0.000135 0.000139 0.001192 0.000745

444 SC2 0.002616 0.069796 0.047503659 0.000234 0.202613 0.143103 0.069796 0.001948 0.047976 0.202613 0.215152 0.008866

431 PC 0.000316 0.007074 0.004778644 7.59E-06 0.004298 0.003034 0.007074 0.000142 0.004902 0.004298 1 0.704068

431 SC2 0.005995 0.416446 0.290232943 0.001434 0.065418 0.045243 0.416446 0.004408 0.291355 0.065418 0.621461 0.393182

423 SC1 7.81E-06 0.000218 0.000148351 1.55E-07 0.000187 0.000132 0.000218 6.18E-06 0.00015 0.000187 0.002909 0.001925

Normoxia 5.14E-10 1.42E-05 1.00196E-05 2.88E-06 9.32E-07 1.38E-06 1.42E-05 0.000157 0.000101 9.32E-07 0.00016 0.000113

Hypoxia 0.00016 0.000202 2.93205E-05 2.8E-07 0.001787 0.001263 0.000202 6.58E-05 9.61E-05 0.001787 0.020874 0.013497

GAPDH ATP5B SD 18s ACTB SD RPL13A SDHA SD

444 PC 6.46E-06 0.000139 9.40002E-05 3.26E-07 1.62E-06 9.13E-07 0.000192 0.001192 0.000707

444 SC2 0.002616 0.202613 0.141419283 0.000234 0.001948 0.001212 0.069796 0.215152 0.102782

431 PC 0.000316 0.004298 0.002815687 7.59E-06 0.000142 9.47E-05 0.007074 1 0.702105

431 SC2 0.005995 0.065418 0.042018563 0.001434 0.004408 0.002103 0.416446 0.621461 0.144967

423 SC1 7.81E-06 0.000187 0.000126358 1.55E-07 6.18E-06 4.26E-06 0.000218 0.002909 0.001903

Normoxia 5.14E-10 9.32E-07 6.58683E-07 2.88E-06 0.000157 0.000109 1.42E-05 0.00016 0.000103

Hypoxia 0.00016 0.001787 0.001150267 2.8E-07 6.58E-05 4.63E-05 0.000202 0.020874 0.014618

GAPDH ACTB SD 18s SDHA SD

444 PC 6.46E-06 1.62E-06 3.42646E-06 3.26E-07 0.001192 0.000843

444 SC2 0.002616 0.001948 0.000472516 0.000234 0.215152 0.15197

431 PC 0.000316 0.000142 0.000123087 7.59E-06 1 0.707101

431 SC2 0.005995 0.004408 0.001122148 0.001434 0.621461 0.438425

423 SC1 7.81E-06 6.18E-06 1.14857E-06 1.55E-07 0.002909 0.002057

Normoxia 5.14E-10 0.000157 0.000110928 2.88E-06 0.00016 0.000111

Hypoxia 0.00016 6.58E-05 6.67505E-05 2.8E-07 0.020874 0.01476

GAPDH SDHA SD

444 PC 6.46E-06 0.001192 0.000838548

444 SC2 0.002616 0.215152 0.150285542

431 PC 0.000316 1 0.706883587

431 SC2 0.005995 0.621461 0.435200317

423 SC1 7.81E-06 0.002909 0.00205167

Normoxia 5.14E-10 0.00016 0.000113273

Hypoxia 0.00016 0.020874 0.014647065
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Run 1 
     

Sample Gene Average Ct 
Standard 
deviation 

  Donor 1 Normoxia GAPDH 16.33550262 0.061323881 
  Donor 1 Hypoxia GAPDH 15.09079742 0.412290126 
  Donor 2 Normoxia GAPDH 15.4974699 0.138759106 
  Donor 2 Hypoxia GAPDH 15.37895203 0.159935817 
  Donor 3 Normoxia GAPDH 15.19962025 0.122729786 
  Donor 3 Hypoxia GAPDH 14.63101196 0.111248538 Combined deviation Average deviation 

Donor 4 Normoxia GAPDH 16.29699326 0.11499203 0.694247606 0.50957959 

Donor 4 Hypoxia GAPDH 14.99137592 0.058257744 0.196807572 
 

    
0.543225671 

 Run 2 
   

0.823408483 
 

Sample Gene Average Ct 
Standard 
deviation 0.601235249 

 Donor 1 Normoxia GAPDH 15.35368824 0.541330099 0.500156986 
 Donor 1 Hypoxia GAPDH 14.81246948 0.148650974 0.539566655 
 Donor 2 Normoxia GAPDH 14.72923279 0.14248392 0.177988499 
 Donor 2 Hypoxia GAPDH 14.21447659 0.243733421 

  Donor 3 Normoxia GAPDH 14.34934521 0.117583677 
  Donor 3 Hypoxia GAPDH 13.92368317 0.032306761 
  Donor 4 Normoxia GAPDH 15.53393078 0.157003269 
  Donor 4 Hypoxia GAPDH 14.73966217 0.30863592 
   

Table 7.4 Deviations between qPCR runs 
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Appendix B  

Gene (Category) 
Shapiro-Wilk test (p 

values) 

ABCG2 (20-69 years) 0.723 

ABCG2 (70-90 years) 0.052 

TERT (20-69 years) 0.978 

TERT (70-90 years) 0.051 

BMI1 (20-69 years) 0.973 

BMI1 (70-90 years) 0.102 

KRT3 (20-69 years) 0.053 

KRT3 (70-90 years) 0.039 

KRT12 (20-69 years) N/A 

KRT12 (70-90 years) 0.866 

p21 (20-69 years) 0.542 

p21 (70-90 years) 0.168 

Table 7.5. Normality tests for the effect of donor age on gene expression in limbal epithelial cells 
 

Gene (Category) 
Shapiro-Wilk test 

(p values) 

ABCG2 (0-30 days) 0.852 

ABCG2 (30+ days) 0.109 

TERT (0-30 days) 0.167 

TERT (30+ days) 0.027 

BMI1 (0-30 days) 0.894 

BMI1 (30+ days) 0.076 

KRT3 (0-30 days) 0.381 

KRT3 (30+ days) 0.540 

KRT12 (0-30 days) 0.278 

KRT12 (30+ days) 0.872 

p21 (0-30 days) 0.497 

p21 (30+ days) 0.879 

Table 7.6 Normality tests for the effect of number of days in organ culture medium on the gene 
expression of limbal epithelial cells 
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Sample/Condition/Area Shapiro-Wilk test  
(p values) 

KO DR Central Cornea 0.001 

KO DR Peripheral Cornea <0.000 

KO AL Central Cornea 0.172 

KO AL Peripheral Cornea 0.582 

WT AL Central Cornea 0.033 

WT AL peripheral Cornea 0.069 

WT DR Central Cornea 0.017 

WT DR Peripheral Cornea 0.946 

Table 7.7 Normality tests for corneal thickness of wild type and Tert
-/-

 fed either ad libitum dietary 
restricted. 

Sample/Conditions 
Kruskal-Willis test on 
independent samples 

(p values) 

WT DR vs WT AL <0.001 

KO AL vs WT AL <0.001 

KO DR vs WT AL <0.001 

WT DR vs WT AL 0.46 

KO AL vs KO DR 1.0 

WT DR vs KO AL 1.0 

Table 7.8 Summary of significance between corneal thickness in wild type, Tert
-/-  

fed either ad libitum 
or dietary restriction in the central cornea 
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Sample/Conditions 

Kruskal-Willis test on 
independent samples 

(p values) 

KO AL vs WT AL 0.003 

KO DR vs WT AL 0.179 

WT DR vs WT AL 0.866 

KO DR vs WT DR 1.0 

KO AL vs WT DR 1.0 

KO AL vs KO DR 1.0 

Table 7.9 Summary of significance between corneal thicknesses in wild type, Tert
-/-  

fed either ad 
libitum or dietary restriction in the peripheral cornea. 

Sample 
Kruskal-Willis test on independent 

samples 
(p values) 

Young vs Old 0.004 

Dietary restricted vs Old (AL) 0.027 

Rapamycin treated vs Rapamycin control 1.0 

KO DR vs WT AL 1.0 

KO AL vs WT AL 1.0 

WT DR vs KO DR 1.0 

WT DR vs KO AL 1.0 

KO AL vs KO DR 1.0 

Table 7.10 Summary of significance data for the frequency of corneal bullae  
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Sample/Condition/Area Shapiro-Wilk test (p values) 

Old Central Cornea 0.884 

Old Peripheral Cornea 0.564 

Young Central Cornea 0.542 

Young Peripheral 
Cornea 

0.449 

DR Central Cornea 0.817 

DR Peripheral Cornea 0.145 

Rapamycin Treated 
Central Cornea 

0.314 

Rapamycin Treated 
Peripheral Cornea 

0.906 

Rapamycin control 
Central Cornea 

0.819 

Rapamycin control 
Peripheral Cornea 

0.218 

Table 7.11 Summary of normality tests for TAp63 immunofluorescence in peripheral and central 
regions of old, young, dietary restriction, rapamycin treated and controls 

 

Sample/Condition/Area ANOVA (p values) 

Old vs Young  <0.001 

Old (AL) vs DR 0.002 

Rapamycin treated vs 
rapamycin control 

<0.001 

Table 7.12 Summary of significance results TAp63 immunofluorescence in the central cornea of old, 
young, dietary restriction, rapamycin treated and controls 
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Sample/Condition/Area ANOVA (p values) 

Old vs Young  <0.001 

Old (AL) vs DR <0.001 

Rapamycin treated vs 
rapamycin control 

<0.001 

Table 7.13 Summary of significance results TAp63 immunofluorescence in the peripheral cornea of 
old, young, dietary restriction, rapamycin treated and controls 

 

Sample/Condition Shapiro-Wilk test 

WT AL Central Cornea <0.001 

WT AL Peripheral Cornea 0.418 

KO DR Central Cornea 0.002 

KO DR Peripheral Cornea <0.001 

KO AL Central Cornea 0.002 

KO AL Peripheral Cornea 0.008 

WT DR Central Cornea 0.002 

WT DR Peripheral Cornea <0.001 

Table 7.14 Summary of normality test of between TAp63 immunofluorescence in wild type, Tert
-/- 

mice fed either ad libitum or dietary restricted 

 

Sample/Condition (Central 
Cornea) 

Kruskal-Willis test on 
independent samples 

(p values) 

WT AL vs KO DR 1.0 

WT AL vs KO AL 0.001 

WT AL vs WT DR 0.001 

KO DR vs KO AL <0.0001 

KO DR vs WT DR <0.0001 

KO AL vs WT DR 1.0 

Table 7.15 Pairwise comparison between TAp63 immunofluorescence in the central cornea of wild 
type, Tert

-/- 
mice fed either ad libitum or dietary restricted 
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Sample/Condition 
(Peripheral Cornea) 

Kruskal-Willis test on 
independent samples 

(p values) 

WT AL vs KO DR 0.007 

WT AL vs KO AL <0.001 

WT AL vs WT DR 0.679 

KO DR vs KO AL <0.001 

KO DR vs WT DR 0.677 

KO AL vs WT DR <0.001 

Table 7.16 Pairwise comparison between TAp63 immunofluorescence in the peripheral cornea of wild 
type, Tert

-/- 
mice fed either ad libitum or dietary restricted 

 

Sample Shapiro-Wilk test (p values) 

Young <0.001 

Old 0.002 

Dietary restriction  <0.001 

Rapamycin Treated <0.001 

Rapamycin Control <0.001 

Table 7.17 Normality tests for central cornea of ɣH2A.X foci data from the central cornea of young, 
old, dietary restriction, rapamycin and control mice 

 

Sample Shapiro-Wilk test (p values) 

Young <0.001 

Old <0.001 

Dietary restriction  <0.001 

Rapamycin Treated <0.001 

Rapamycin Control <0.001 

Table 7.18 Normality tests for central cornea of ɣH2A.X foci data from the peripheral cornea of young, 
old, dietary restriction, rapamycin and control mice 
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Sample 
Kruskal-Willis test on 
Independent samples 

(p values) 

Rapamycin Treated vs Rapamycin 
Control 

1.0 

DR vs Old (AL) <0.001 

Young vs Old <0.001 

Table 7.19 Summary of statistical analysis of the difference in the number of ɣH2A.X foci in the central 
cornea of young, old, dietary restriction, rapamycin and control mice 

 

Sample 
Kruskal-Willis test on independent 

samples 
(p values) 

Old vs Young 1.0 

(AL) Old vs DR <0.001 

Rapamycin Control vs Rapamycin 
Treated 

<0.001 

Table 7.20 Summary of statistical analysis of the difference in the number of ɣH2A.X foci in the 
peripheral cornea of young, old, dietary restriction, rapamycin treated and control mice 

Sample 
Kruskal-Willis test on 
independent samples  

(p values) 

WT DR vs KO AL <0.001 

WT DR vs WT AL <0.001 

WT DR vs KO DR <0.001 

KO AL vs WT AL 0.001 

KO AL vs KO DR <0.001 

WT AL vs KO DR 0.057 

Table 7.21 Summary of statistical analysis of the difference in the number of ɣH2A.X foci in the central 
cornea of Tert

-/-
and wild type mice fed ad libitum or dietary restricted 
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Sample 
Kruskal-Willis test on 
independent samples  

(p values) 

WT DR vs WT AL <0.001 

WT DR vs KO AL <0.001 

WT DR vs KO DR <0.001 

WT AL vs KO AL 1.0 

WT AL vs KO DR 0.026 

KO AL vs KO DR 0.019 

Table 7.22 Summary of statistical analysis of the difference in the number of ɣH2A.X foci in the 
peripheral cornea of Tert

-/-
and wild type mice fed ad libitum or dietary restricted 

Sample/Conditions 
Kruskal-Wallis tests on 
independent samples  

(p values) 

Young vs Old <0.001 

DR vs Old (AL) <0.001 

Rapamycin Control vs 
Rapamycin Treated 

0.438 

Table 7.23 Summary of statistical analysis of the differences in the number of TAF’s in the central 
cornea of old, young, dietary restriction, rapamycin and control mice 

Sample/Conditions 
Kruskal-Wallis tests on 
independent samples  

(p values) 

Young vs Old 1.0 

DR vs Old (AL) 0.007 

Rapamycin Control vs 
Rapamycin Treated 

<0.001 

Table 7.24 Summary of statistical analysis of the difference in the number of TAF’s in the peripheral 
cornea, between old, young, dietary restriction, rapamycin and control mice 
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Sample/Condition 
Shapiro-Wilk test  

(p values) 

WT AL Peripheral cornea <0.001 

WT DR Peripheral cornea <0.001 

KO AL Peripheral cornea <0.001 

KO DR Peripheral cornea <0.001 

WT AL Central cornea <0.001 

WT DR Central cornea <0.001 

KO AL Central cornea <0.001 

KO DR Central cornea <0.001 

Table 7.25 Normality test for Tert
-/-

and wildtype 

Sample/Condition 
Kruskal-Wallis tests on 
independent samples  

(p values) 

WT AL vs WR DR <0.001 

KO DR vs WT DR <0.001 

KO AL vs WT DR <0.001 

KO DR vs WT AL 1.0 

KO AL vs WT AL 1.0 

KO DR vs KO AL 1.0 

Table 7.26 TAF’s in the central cornea of Tert
-/-

 and wild type mice fed either ad libitum or dietary 
restricted 

Sample/Condition 
Kruskal-Wallis tests on 
independent samples  

(p values) 

WTAL vs WR DR <0.001 

KO DR vs WT DR <0.001 

KO AL vs WT DR <0.001 

KO DR vs WT AL 0.077 

KO AL vs WT AL 1.0 

KO DR vs KO AL 1.0 

Table 7.27 TAF’s in the peripheral cornea of Tert
-/-

 and wild type mice fed either ad libitum or dietary 
restricted 
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Sample/Condition Shapiro-Wilk test (p values) 

Old Central Cornea 0.292 

Old Peripheral Cornea 0.037 

Young Central Cornea 0.491 

Young Peripheral Cornea 0.042 

DR Central Cornea 0.490 

DR Peripheral Cornea 0.110 

Rapamycin Treated Central Cornea 0.070 

Rapamycin Treated Peripheral Cornea 0.015 

Rapamycin Control Central Cornea 0.023 

Rapamycin Control Peripheral Cornea <0.001 

Table 7.28 Normality tests for the percentage of Ki67 positive cells. 

 

Gene Shapiro-Wilk test (p values) 

ΔNp63α 0.133 

ABCG2 0.254 

BMI1 0.424 

CK3 0.873 

CK12 0.629 

p21 0.023 

p16 0.889 

Table 7.29 Summary of normality data for the gene expression analysis of HTCEpi cells 
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Sample 
Shapiro-Wilk test (p 

values) 

Glycolysis 3T3 Normoxia 0.412 

Glycolysis HTCEpi Normoxia 0.021 

OXPHOS 3T3 Normoxia 0.98 

OXPHOS HTCSC 0.503 

Glycolysis 3T3 Hypoxia 0.627 

Glycolysis HTCEpi Hypoxia 0.543 

OXPHOS 3T3 Hypoxia 0.787 

OXPHOS HTCEpi Hypoxia 0.154 

Glycolysis DKSFM Normoxia 0.285 

Glycolysis LEM Normoxia 0.126 

OXPHOS DKSFM Normoxia 0.33 

OXPHOS LEM Normoxia 0.702 

Glycolysis DKSFM Hypoxia 0.046 

Glycolysis LEM Hypoxia 0.403 

OXPHOS DKSFM Hypoxia 0.917 

OXPHOS LEM Hypoxia 0.175 

Table 7.30 Summary of Shapiro-Wilk tests for the metabolic assay 

Size/Condition Shapiro-Wilk test (p values) 

<1mm (DKSFM) Normoxia 0.303 

1-4mm (DKSFM) Normoxia 0.532 

>4mm (DKSFM) Normoxia 0.001 

<1mm (LEM) Normoxia 0.893 

1-4mm (LEM) Normoxia 0.902 

>4mm (LEM) Normoxia 0.178 

<1mm (DKSFM) Hypoxia 0.5 

1-4mm (DKSFM) Hypoxia 0.750 

>4mm (DKSFM) Hypoxia 0.097 

<1mm (LEM) Hypoxia 0.895 

1-4mm (LEM) Hypoxia 0.499 

>4mm (LEM) Hypoxia 0.042 

Table 7.31 Shapiro-Wilk normality tests for colony size cultures in LEM and DKSFM under normoxia 
and hypoxia 
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Sample/Condition/Area Shapiro-Wilk test (p values) 

Old Central Cornea 0.046 

Old Peripheral Cornea 0.001 

Young Central Cornea 0.013 

Young Peripheral Cornea 0.739 

DR Central Cornea 0.015 

DR Peripheral Cornea 0.024 

Rapamycin Treated Central Cornea 0.166 

Rapamycin Treated Peripheral 
Cornea 

0.097 

Rapamycin control Central Cornea 0.080 

Rapamycin control Peripheral Cornea 0.176 

Table 7.32 Normality tests on data for corneal thickness of old, young, dietary restricted, rapamycin 
treated and control mice. 

 

Gene Shapiro-Wilk test 
(p values) 

ABCG2 0.004 

TERT 0.079 

BMI1 0.722 

KRT3 0.403 

KRT12 0.471 

p21 0.222 

Table 7.33 p-values of a Shapiro-Wilk test for qPCR data from DKSFM cultured donor cells 
 

 

Gene Shapiro-Wilk test 
(p values) 

ABCG2 0.015 

TERT 0.041 

BMI1 0.732 

KRT3 0.004 

KRT12 0.574 

p21 0.894 

Table 7.34 Results of the Shapiro-Wilk tests on qPCR data from LEM cultured donor cells 
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Appendix C 

 

Figure 7.2 Representative deconvoluted images of ɣH2A.X, telomere and nuclear staining from a 
selection of samples  
Telomere probe (red), ɣH2A.X foci (green) and nuclear DNA is stained blue with DAPI. An example of a 
telomere associated foci is indicated with a white arrow. Images were deconvoluted with Huygens (SVI) 
software, X100 magnification, scale bar equals 5µm 
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Figure 7.3 TAp63 antibody specificity controls 
To test the specificity of the directly conjugated TAp63 antibody, anatomical regions which do not 
express p63 were used to validate the antibody. The retina in panel b and c was negative for non specific 
staining while in the same conditons the cornea (panel a, and d) shows positive staining.
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Appendix D 

Author Year Medium Species Oxygen (%) CFE (%) Donors

Approx p63 ABCG2 p63 ABCG2 CK3 Incubator/Condition

21 10 N/A N/A No Difference No Difference No Difference

15 7 N/A N/A Decrease Decrease Increase

10 12 N/A N/A Increase No Difference Decrease

5 14 N/A N/A No Difference No Difference Decrease

2 14 N/A N/A No Difference No Difference Decrease

21 Not done N/A N/A Decrease No Difference No Difference

15 Not done N/A N/A Increase Decrease Increase

10 Not done N/A N/A Increase Decrease Increase

5 Not done N/A N/A Increase No Difference Decrease

2 Not done N/A N/A Increase Increase Decrease

K15

21 1 No Difference N/A N/A 6

5 N/A No Difference N/A N/A

2 N/A No Difference N/A N/A

p63 ABCG2

21 9 No Significance No Significance N/A N/A N/A 12

14 12 No Significance No Significance N/A N/A N/A More S Phase Less G0/G1 More G2/M 12

8 7 No Significance No Significance N/A N/A N/A More S Phase Less G0/G1 More G2/M 12

2 0 No Significance No Significance N/A N/A N/A Not done Not done Not done 12

p63 KRT14

21 N/A N/A Increase Increase N/A N/A N/A

2 N/A N/A Decrease Decrease N/A N/A N/A

K10 K12 K10 K12

21 Increase No Significance N/A N/A N/A

2 Decrease No Significance N/A N/A N/A

p63 K19

21 11.13±1.86 N/A N/A No Significance No Significance N/A N/A N/A

2 12.50±1.50 N/A N/A No Significance No Significance N/A N/A N/A

QPCR

RT PCR

Decrease in 

normoxia
No Significance

Nitorgen purgingNot stated

Not stated Nitorgen purging

 Western blots

6

Nitorgen purging

Immunofluorescence

2011Ma et al

Human

Rabbit

LEM

LEM

Li et al 2011

MouseDKSFM

Notes

N/A Explant 

method

N/A Explant 

method

Immunofluorescence

No 

Significance

Less S/G2 in 

2%

3
More KRT3 in 

21%

Cell cycle
qPCR/RT PCR

Epilife

LEM

DKSFM

RT PCR

LEM

Bath et al

Miyashita et al

O'Callaghan et al

2013

2007

2011 Rabbit

Human

Human

Plus bovine pituitary extract, bovine insulin, 

bovine transferrin, human corneal growth 

supplement (HCGS) solution and mouse EG

Plus 100 ng/mL cholera toxin & 10 ng/mL human 

recombinant EGF

Biospherix Xvivo

Biospherix Xvivo

Nitorgen purging

6 to 9 

pooled

G1 increase in 

hypoxia

6 to 9 

pooled

Table 7.35 Summary table of previous papers studying the effects of hypoxia on limbal epithelial cells. 
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Appendix E 

Donor Age of Donor Cause of death 

B27339A 97 ? 

B27374A 70 ? 

B28252B 91 Pneumonia 

B28262B ? Multiorgan failure 

B28280a 72 Pneumonia 

B28613B 91 Cancer 

B29062A 69 COPD 

B29063A 82 ? 

B29063B 82 MI 

B29394B ? Cancer 

B29439B ? IHD 

B29442B ? Pneumonia 

B29944B 71 CVA 

B29947A 86 End-stage heart failure 

B29947B 86 ? 

B30479A ? ? 

M14581A 73 ovarian cancer 

M14716A 39 ? 

M14747A  67 intracranial haem 

M15030B 77 COPD 

M15273B 75 ? 

M15312A 54 Sepsis 

M15312A 54 Sepsis 

M15332B 85 multi organ failure 

M15332B 85 multi organ failure 

M15423B 89 stroke 

M15431A 73 pneumonia 

M15444B 75 heart disease 

M15669A 53 intracranial haem 

M15761A 83 ? 

M15761A 83 ? 

M15773A 63 cerebral infarct 

M15837A 59 heart disease 

M15851A 78 respiratory failure 

M15890A 78 cardiac arrest 

M15902B 77 stroke 

M15921B 87 stroke 

M15922B 62 cardiac arrest 

M16058B 62 pancreatitis 

M16093A 51 intracranial haem 

M16174B  75 heart disease 

M16225B 21 meningitis 
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M16225B   21 meningitis 

M16260A 90 ? 

M16272A  58 multi organ failure 

M16321A  47 ventricular failure 

M16330A  38 septicaemia 

M16718A 80 intracranial haem 

M16920A 26 multi organ failure 

M16942B 55 suicide - hanging 

M16952B  68 intracranial haem 

M17093A 64 meningitis 

M17117B 83 pneumonia 

M17662B 83 COPD 

M17760B 50 hypoxic brain injury 

M17904A 59 intracranial haem 

M18013A 55 liver disease 

M18052B 44 intracranial haem 

M18158B 86 pneumonia 

M18168A 40 intracranial haem 

M18187A 93 pneumonia 

M18321A 87 renal failure 

M18362B 85 intracranial haem 

M18363A 86 stroke 

M18373A 95 myocardial fibrosis 

M18373B 95 myocardial fibrosis 

M18432B 84 cardiac arrest 

M18452B 41 liver disease 

M18488B 90 cancer 

M18512A 84 pneumonia 

M18524B 70 renal failure 

M18590A 78 COPD 

M18717A 69 multi organ failure 

M18743B 85 cardiac failure 

M18746B 79 COPD 

M18749B 77 resp tract infection 

M18752B 76 alcoholic liver disease 

M18878B 65 bowel cancer 

M18930A 51 lung cancer 

M19016A 72 perforated gastric cancer 

M19022B 88 multi organ failure 

M19023A 66 cardiac arrest 

M19030B 81 cardiac failure 

M19051A 55 cardiac arrest 

M19076B 76 bowel cancer 

M19081A 37 cystic fibrosis 
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M19081B 37 cystic fibrosis 

M19153A 63 liver failure - overdose 

M19196A 78 gastro intestinal haem 

M19196B 78 gastro intestinal haem 

M19213A 72 ? 

M19213B 72 ? 

M19261A 69 ? 

M19261B 69 ? 

M19290A 83 ? 

M19290B 83 ? 

M19297A  47 intracranial haem 

M19302B 81 cancer 

M19308B ? ? 

M19309A 83 pneumonia 

M19309B 83 pneumonia 

M19314A 76 unascertained 

M19377A 73 cancer 

M19379A 42 intracranial haem 

M19396B 82 COPD 

M19408A 58 breast cancer 

M19569A 56 breast cancer 

M19569B 56 breast cancer 

M19643A 66 cancer 

M15698B ? ? 

M19771A 52 lung cancer 

M19971B 62 ? 

M19999B 72 COPD 

M20132A 48 intracranial haem 

M20095A 53 cardiac arrest 

M20050B 71 stroke 

M20103A 65 ? 

M20077A 72 multi organ failure 

M20107A 75 intracranial haem 

M20107B 75 intracranial haem 

M20156A 62 hypoxic brain injury 

M20098B 75 gastric cancer 

   Table 7.36 List of donors age and cause of death 
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