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TELOMERES AND CORONARY HEART DISEASE

Abstract
Coronary heart disease (CHD) is the most common cause of premature morbidity and 
mortality in the Western world. Although much is known about risk factors that 
predispose to CHD, several aspects remain unclear. In particular, variation in 
susceptibility and variation in age of onset. In this thesis I have explored the hypothesis 
that these aspects are related to inter-individual variation in “biological” ageing. Using 
mean telomere length as a marker of biological age, I show that:
1. Subjects with premature myocardial infarction (MI) have significantly shorter 
telomeres than age-sex matched, healthy, controls. The mean telomere length in MI 
subjects was similar to controls almost 11 years older.
2. Healthy young adult children of families with a strong history of premature MI have 
shorter telomeres than age matched children of families without such a history.
3. Shorter telomere lengths are associated with increase risk of subsequent CHD events 
in a prospective study. This analysis was carried out on samples collected in the West of 
Scotland Coronary Prevention Study (WOSCOPS). This randomised blinded trial was 
designed to examine the benefits of statin treatment on preventing CHD and showed a 
30% reduction of events in those treated with pravastatin. Interestingly, my analysis 
showed that this benefit of statin is only seen in those subjects at higher risk of CHD 
based on their telomere length.
As the final part of the thesis I carried out a quantitative linkage trait (QTL) analysis in 
sib-pairs in an attempt to identify genetic loci regulating telomere length. I report the 
mapping of a major QTL on chromosome 12 that determines almost 50% of the inter
individual variation in mean telomere length.
These findings support a novel “telomere” hypothesis of CHD. They indicate that 
telomere biology is intimately linked to the genetic aetiology and pathogenesis of CHD. 
Specifically, the findings suggest that (i) those individuals bom with shorter telomeres 
may be at increased risk of CHD (ii) rather than individual genes, a more global 
structural property of the genetic material may explain the familial basis of CHD (iii) 
variation in telomere length may explain, in part, the variable age of onset of CHD. The 
findings provide several new avenues for future research.



Publications and presentations from the work presented in this thesis

Publications

Brouilette S, Singh RK, Thompson JR, PhD, Goodall AH, PhD, Samani NJ. White cell 

telomere length and risk of myocardial infarction. Arterioscler Thromb Vase Biol 

2003; 23: 842-846.

Brouilette S*, Vasa-Nicotera M*, Mangino M, Thompson JR, Braund P, Clemitson J-R, 

Mason A, Bodycote CL, Raleigh SM, Louis E, Samani NJ. Mapping of a major locus 

determining telomere length in humans. Am J Hum Genet 2004 (in press) (*equal 

contributors)

Presentations

Brouilette S, Singh RK, Thompson JR, PhD, Goodall AH, PhD, Samani NJ. Biological 

age and risk of premature MI. British Cardiac Society Annual Meeting, Glasgow, 2003. 

This abstract was short-listed for the Young Investigator’s Award and won a runner-up 

prize.

Brouilette S, Singh RK, Thompson JR, PhD, Goodall AH, PhD, Samani NJ. White cell 

telomere length and risk of premature MI. European Society of Cardiology Meeting, 

Vienna, 2003. This abstract was short-listed for the Young Investigator’s Award in the 

Clinical Science section and won a runner-up prize.



C O N TE N TS

Introduction............................................................................................................................ 1
1.1 The Heart & Coronary Circulation............................................................................................1

1.1.1 Cardiac Structure................................................................................................................ 1

1.1.2 Coronary C irculation.........................................................................................................2

1.2 Impact o f  Cardiovascular Disease (CVD)............................................................................... 2

1.3 Coronary Heart Disease (C H D )................................................................................................ 3

1.3.1 Atherosclerosis................................................................................................................... 4

1.3.2 Aetiology o f  C H D ..............................................................................................................9

1.3.3 Summary.............................................................................................................................20

1.4 The Biology o f  Ageing.............................................................................................................. 21

1.4.1 Chronological & Biological Ageing.............................................................................21

1.5 Telomeres..................................................................................................................................... 30

1.5.1 Basic Structure.................................................................................................................. 30

1.5.2 Human Telomeres............................................................................................................ 31

1.5.3 The Telomere Hypothesis o f Cellular Ageing........................................................... 43

1.5.4 Telomere Length as a Marker o f D isease................................................................... 43

1.5.5 Telomeres & Ageing o f  the Cardiovascular System ................................................45

1.6 Work preceding this study........................................................................................................ 48

1.7 Hypothesis.................................................................................................................................... 50

Methods................................................................................................................................ 51
2.1 DNA Extraction...........................................................................................................................51

2.1.1 Cell Lysis........................................................................................................................... 51

2.1.2 RNase Treatment..............................................................................................................52

2.1.3 Protein Precipitation........................................................................................................ 52

2.1.4 DNA Precipitation............................................................................................................52

2.1.5 DNA Hydration................................................................................................................ 52

2.1.6 DNA Quantification........................................................................................................ 52

2.1.7 Assessing DNA Integrity................................................................................................ 53

2.2 Determination o f mean telomere length by Terminal Restriction Fragment analysis 53

2.2.1 Overview o f Terminal Restriction Fragment (TRF) analysis................................. 53

2.2.2 Restriction Enzyme Digest o f Genomic D N A ............................................................54

2.2.3 Fluorometry Readings o f Digested DNA Samples....................................................55

2.2.4 Southern Blotting.............................................................................................................. 55



2.2.5 Hybridisation.................................................................................................................... 56

2.2.6 Estimation o f  mean TRF.................................................................................................58

2.2.7 Optimisation o f  Telomere A ssay..................................................................................59

2.3 Quantitative Real-Time PCR analysis o f  telomere length................................................. 70

2.3.1 The Polymerase Chain Reaction (PC R )..................................................................... 71

2.3.2 Principles o f  Real-Time PCR........................................................................................73

2.3.3 Real-Time Telomere PCR A nalysis.............................................................................75

2.4 D iscussion.................................................................................................................................... 90

Association o f telom ere length with premature myocardial in farction .....................................93

3.1 Introduction..................................................................................................................................93

3.2 Methods.........................................................................................................................................94

3.2.1 Subjects............................................................................................................................... 94

3.2.2 Measurements................................................................................................................... 94

3.2.3 Terminal restriction fragment (TRF) analysis........................................................... 95

3.2.4 Statistical analysis.............................................................................................................95

3.3 Results........................................................................................................................................... 96

3.3.1 Demographics....................................................................................................................96

3.3.2 Distribution o f mean TRF lengths................................................................................ 97

3.3.3 Impact o f  other risk factors on mean TRF length......................................................99

3.3.4 Telomere length and risk o f  M I...................................................................................100

3.4 D iscussion.................................................................................................................................. 100

Telomere length in the offspring o f subjects with a history o f premature M I......................107

4.1 Introduction................................................................................................................................107

4.2 Methods.......................................................................................................................................107

4.2.1 Subjects............................................................................................................................. 107

4.2.2 Measurements................................................................................................................. 108

4.2.3 Terminal restriction fragment analysis...................................................................... 108

4.2.4 Statistical analysis...........................................................................................................108

4.3 Results.........................................................................................................................................109

4.3.1 Demographics..................................................................................................................109

4.3.2 Distribution o f  mean TRF lengths...............................................................................110

4.3.3 Correlation in mean TRF lengths between parents and offspring....................... 110

4.4 D iscussion..................................................................................................................................111



A prospective study of the association between telomere length and CVD........................ 115
5.1 Introduction.......................................................................................................... 115
5.2 Methods................................................................................................................ 116
5.3 Results.................................................................................................................. 117

5.3.1 Demograhics.................................................................................................117
5.3.2 Real time telomere PCR analysis.................................................................. 118
5.3.3 Relationship of age and cases status on baseline mean telomere length 119
5.3.4 Telomere length, risk of CHD and benefits from statin treatment................... 120

5.4 Discussion.............................................................................................................121

Mapping of a locus determining telomere length in humans............................................. 126
6.1 Introduction...........................................................................................................126

6.1.1 QTL Linkage Analysis..................................................................................126
6.2 Methods.................................................................................................................128

6.2.1 Subjects.........................................................................................................128
6.2.2 Terminal restriction fragment analysis...........................................................128
6.2.3 Genotyping for linkage analysis.................................................................... 128
6.2.4 Quality control of genotype data................................................................... 128
6.2.5 Statistical analysis......................................................................................... 129

6.3 Results.................................................................................................................. 130
6.3.1 Subject details............................................................................................... 130
6.3.2 Distribution of mean TRF lengths................................................................. 131
6.3.3 Inter-sibling correlations................................................................................132
6.3.4 Genome-wide scan....................................................................................... 133

6.4 Discussion.............................................................................................................135

General Discussion..............................................................................................................141
References........................................................................................................................... 150
Suppliers............................................................................................................................. 194



Abbreviations

11BHSD 1 lb-hydroxysteroid dehydrogenase
ABCT-1 ATP binding cassette transporter-1
ADR adrenergic receptor
AGE advance glycation end products
AHA American Heart Association
ALT alternative lengthening of telomeres
AME apparent mineral corticoid excess
ANP atrial natriuretic peptide
APO apolipoprotein
ASP affected sib pair
AT ataxia telangiectasia

P-gal P-galactosidase
BHF British Heart Foundation
BMI body mass index
BP blood pressure
CHD coronary heart disease
cM centimorgan

CQ Comparative Quantification
CRP C-reactive protein
Ct threshold cycle
CVD cardiovascular disease
DBP diastolic blood pressure
DM diabetes mellitus
DNA deoxyribonucleic acid
DZ dizygotic
EDTA Ethylenediamine tetraacetic acid
EPC endothelial progenitor cell
EPO erythropoietin
FA Fanconi anaemia

FFA free fatty acid
FH familial hypercholesterolaemia

FISH fluorescence in-situ hybridisation

FMD flow-mediated endothelium dependent dilation
HAEC human aortic endothelial cell
HD Huntingdon's disease

HDL high density lipoprotein

HUVEC human umbilical vein endothelial cell

IBD indentical by descent

IBS indentical by state

ICAM-1 intracellular cell adhesion molecule-1

IDDM insulin-dependent diabetes mellitus
IL-1 interleukin-1



ILGF insulin-like growth factor
IMT intima-media thickness
IVC inferior vene cava
kb kilobase
LBW low birth weight
LDL low density lipoprotein
LOD logarithm of the odds
Lp lipoprotein
LTPA leisure time physical activity
LVH left ventricular hypertrophy
MAPK mitogen-activated protein kinase
MCP-I monocyte chemoattractant protein-1

M-CSP macrophage colony stimulating factor
MI myocardial infarction

MLSP mean lifespan potential
MMP matrix metal loproteinase
MPV mean platelet volume
mtDNA mitochondrial DNA

MWt molecular weight
MZ monozygotic

NHEJ non-homologous end joining
NIDDM non-insulin-dependent diabetes mellitus

NO nitric oxide

NOS nitric oxide synthase

NTC no-template control

OD optical density
PAI plasminogen activator inhibitor
PARP poly (ADP ribose) polymerase

PCI percutaneous coronary intervention

PCR polymerase chain reaction

PENT primer-extension-nick-translation

PFGE pulse field gel electrophoresis
PP pulse pressure
PWV pulse wave velocity
QTL quantitative trait locus
Rn maximum fluorescence

RNA ribonucleic acid

ROS reactive oxygen species
RR relative risk

RT-PCR reverse transcription polymerase chain reaction

SA-p-gal senescence associated p-galactosidase

SBP systolic blood pressure
SD standard deviation



SDS sodium dodecasulphate
SMC smooth muscle cell
SNP single nucleotide polymorphism
SSC sodium saturated citrate
STELA single telomere length analysis
SVC superior vena cava
TOLA Telomere oligonucleotide ligation assay
TDR telomerase-dependent replication
Tdt terminal deoxynucleotidyl transferase
TERC telomerase RNA primer
TERT telomerase reverse transcriptase
TF tissue factor
TIMP-1 tissue inhibitor of matrix metalloproteinase-1
TNF tumour necrosis factor
TOLA telomere oligonucleotide ligation assay
TPE telomere position effect
TRF telomere restriction fragment
TRF1 telomere repeat binding factor 1
TRF2 telomere repeat binding factor 2
VCAM-1 vascular cell adhesion molecule-1
VSCM vascular smooth muscle cell
vLBW very low birth weight
WBC white blood cell
WHO World Health Organisation
WS Werner's syndrome



Introduction

INTRODUCTION

1.1 THE HEART & CORONARY CIRCULATION

1.1.1 Cardiac Structure
The heart (Figure 1.1) is the centre of the cardiovascular system. It is situated between 

the lungs and is a component of the mediastinum, the mass of tissue between the lungs, 

extending from the sternum to the vertebral column. It is enclosed by the pericardium.

Right subclavian artery 

Brachiocephalic artery

Right pulmonary artery 

Aorta

Superior vena cava

Right coronary artery 

Right atrium 

Tricuspid valve

Interior vena cava 

Right ventricle

Right common carotid artery 

Left common carotid artery 

Left subclavian artery

Aortic arch

Ligamentum arteriosum

Left pulmonary artery

Pulmonary trunk 
Left atrium

Left pulmonary veins 

Left coronary artery:

Anterior interventricular branch

Circumflex branch

Mitral valve

Left ventricle

Figure 1.1: Cardiac structure & coronary circulation.
(Image adapted from http://www.tylercvc.com/coronary_circuIation.htm)

The wall of the heart is divided into three layers: the epicardium (external layer), the 

myocardium (middle layer), and the endocardium (inner layer). The myocardium is the 

cardiac muscle tissue, constitutes the bulk of the heart, and is responsible for the 

contraction of the heart. The interior of the heart is divided into four chambers, the atria 

and the ventricles. The atria are separated by the atrial septum, and the ventricles by the
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ventricular septum. Externally, the coronary sulcus separates the atria from the 

ventricles.

The right atrium receives blood from all parts of the body, with the exception of the 

lungs, and receives blood through three vessels. In general the superior vena cava 

(SVC) brings blood from parts of the body superior to the heart; the inferior vena cava 

(IVC) from parts inferior to the heart; and the coronary sinus, which drains blood from 

most of the vessels supplying the heart. The right atrium then delivers the blood into the 

right ventricle, which in turn pumps into the pulmonary trunk. This then divides into the 

right and left pulmonary arteries, both supplying the lungs. The oxygenated blood 

returns to the heart via four pulmonary veins that empty into the left ventricle. From 

here the blood is pumped into the ascending aorta and on to the coronary arteries, arch 

of the aorta, thoracic aorta, and abdominal aorta.

1.1.2 Coronary Circulation

The vessels that serve the myocardium include the left coronary artery, which originates 

as a branch of the ascending aorta (Figure 1.1). The artery runs under the left atrium and 

divides into the anterior interventricular (supplies blood to both ventricles), and 

circumflex (supplies the left ventricle and left atrium) branches. The right coronary 

artery also originates as a branch of the ascending aorta (Figure 1.1). It supplies the 

right atrium, runs under the right atrium and divides into the posterior interventricular 

(supplies the walls of the two ventricles) and marginal (supplies the myocardium of the 

right ventricle) branches.

Most of the deoxygenated blood in the coronary circulation is collected by the coronary 

sinus, which empties into the right atrium. The coronary sinus comprises the great 

cardiac vein, which drains the anterior aspect of the heart, and the middle cardiac vein, 

which drains the posterior aspect of the heart.

1.2 IMPACT OF CARDIOVASCULAR DISEASE (CVD)

Cardiovascular disease (CVD) is the main cause of death in the UK, accounting for over

240,000 deaths a year (Figure 1.2). The main forms of CVD are coronary heart disease 

(CHD), and stroke. CHD causes over 120,000 deaths a year in the UK: approximately 1 

in 4 deaths in men and 1 in 6 deaths in women (British Heart Foundation, 2003). Nearly 

all deaths from CHD are due to a myocardial infarction (MI).
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CHD costs the National Health Service (NHS) approximately £1,750 million a year 

with hospital care accounting for about 53% and buying and dispensing drugs about 

34%. Less than 1% is spent on the primary prevention of CHD. When considered in 

conjunction with working days lost due to death, illness, and informal care of people 

with the disease, CHD costs the UK economy approximately £7,055 million a year.

Coronary Heart Disease

Stroke

Other cardiovascular disease

Colorectal cancer

Other cancer

Respiratory conditions

Injuries & poisoning

Figure 1.2: D eaths by cause in the UK , 2001 (British Heart Foundation, 
2003). Coronary heart disease, stroke and various other cardiovascular 
diseases, taken together, accounted for over 240000 deaths in 2003.

1.3 CORONARY HEART DISEASE (CHD)

Coronary heart disease (CHD), also referred to as coronary artery disease (CAD), is a 

chronic disease in which the coronary arteries become “hardened” and the lumen is 

narrowed, as shown in Figure 1.3, by a process called atherosclerosis. Atherosclerosis 

starts at a young age and develops over several decades. For most of the time it remains 

“silent”, but if the luminal narrowing becomes severe it can result in the myocardium 

not receiving enough oxygen-rich blood, particularly during periods of exertion. This 

can cause chest pain, pressure and discomfort (angina). Alternatively, if a blood clot
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forms abruptly over an area of atherosclerotic tissue, it can occlude the artery, reducing 

the flow of blood and resulting in necrosis of the muscle (myocardial infarction).

Right coronary 
artery ---------

Figure 13: Occlusion o f the right coronary artery.

1.3.1 Atherosclerosis
The development of atherosclerosis is now thought to be primarily initiated through 

endothelial damage (reviewed by Ross (Ross, 1999)), caused by the various risk factors 

for CHD (detailed in Chapter 1.3.2.1). As a result, changes to the endothelium occur 

that favour atherogenesis.

Enhanced monocyte adherence to the endothelium is an important factor involved in the 

initiation of atherosclerosis (Huang et al., 1995), as the normal endothelium does NOT 

generally support binding of white blood cells. Shortly after the initiation of endothelial 

dysfunction, for example by an atherogenic diet, patches of arterial endothelial cells 

begin to express adhesion molecules; vascular cell adhesion molecule-1 (VCAM-1) in 

particular binds the type of lymphocytes 

found in early human and experimental 

atheroma, that is monocytes and T- 

lymphocytes (Libby et al., 2002). This 

highlights the crucial role that VCAM-1 

plays in initiating the development of 

atherosclerosis, and is supported by the

Early plaque 
occluding the 
lumen.

Figure 1.4: Early plaque formation
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observation that mice genetically engineered to express defective VCAM-1 show 

interrupted lesion development (Cybulsky et al., 2001).

Evidence suggests that impairment in the endogenous atheroprotective mechanisms 

commonly occur at branches in the arterial system where endothelial cells experience 

disturbed flow (Topper et al., 1996). The absence of normal laminar shear stress may 

reduce local production of endothelium-derived nitric oxide (NO), a molecule that has 

anti-inflammatory properties and can limit expression of VCAM-1 (De Caterina et al., 

1995). Once lymphocytes adhere to the endothelium, they can then penetrate into the 

intima, a process mediated by molecules such as monocyte chemoattractant protein-1 

(MCP-1) (Boring et al., 1998; Gu et al., 1998), and a family of T-cell chemoattractants 

(Mach et al., 1999). Intimal penetration continues to occur throughout the course of 

lesion development (Gerrity, 1981b), with the passage of monocytes and lymphocytes 

through the endothelial barrier into the underlying tissue. Once into the underlying 

tissue, monocytes then differentiate into macrophages (Gerrity, 1981a) and ingest 

oxidised low-density lipoprotein (LDL). Macrophage colony-stimulating factor (M- 

CSF) augments expression of scavenger receptors for modified lipoprotein particles, 

resulting in the formation of “foam” cells (Qiao et al., 1997; Smith et al., 1995). The 

presence of these large, lipid-laden foam cells in intimal lesions is one of the most 

prominent and consistently found features of atherosclerosis in humans (Geer et al., 

1961), and, due to their appearance, these early lesions are typically referred to as “fatty 

streaks. There is no initial effect on the diameter of the lumen as external remodelling 

occurs. As the process progresses, an early plaque with a smooth, dome-shaped mass 

that protrudes into the lumen (Figure 1.4) is formed. From this stage intermediate 

plaques can form; these plaques then become fibrous, covered by a dense cap of 

connective tissue with embedded smooth muscle cells, usually overlaying a core of lipid 

and necrotic tissue (Ross, 1993). Figure 1.5 illustrates the effect of the plaque on the 

lumen of a coronary artery: compared to the diameter of the lumen in the normal 

coronary artery (1.5A), the formation of a plaque with an area of calcification 

effectively halves the diameter of the lumen (1.5B), restricting blood flow.
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Figure 1.5: Occlusion of a coronary artery. A. Normal coronary artery with no 
atherosclerosis and an unobstructed lumen (httD://medstat.mfd.utah.edu/W ebPath/ATIIOOI.html).

B. The diameter o f the lumen is approximately halved, with an area o f calcification (C) 
visible at the right (httD://medstat.med.utah.edu/WebPath/ATHHTM17ATH003.htinlT

As the inflammatory process continues the activated lymphocytes and arterial cells 

release fibrogenic mediators, including peptide growth factors, that promote replication 

of smooth muscle cells (Ross, 1999). At this stage in the development of the 

atherosclerotic plaque there is an abundance of activated macrophages within the 

atheroma. These macrophages can produce proteolytic enzymes that are capable of 

degrading the fibrous cap, leading to an increased susceptibility to rupture. Activated T- 

lymphocytes release y-interferon, a factor that also contributes to plaque destabilisation 

by halting collagen synthesis by smooth muscle cells (Libby et a l , 1996; Libby, 2001). 

In addition to production of proteolytic enzymes, macrophages also produce tissue 

factor (TF), a pro-coagulant and trigger to thrombosis. Lipid hydroperoxides, 

lysophospholipids and carbonyl compounds localise in the lipid fraction of the atheroma 

(Witztum and Berliner, 1998). The apoprotein moieties of the lipoprotein particles can 

also undergo modification in the artery wall; they become antigenic and are capable of 

eliciting the response of T-cells (Stemme et al.y 1995), a process that activates the 

antigen-specific adaptive arm of the immune response (Libby et a l , 2002).

1.3.L I  Plaque vulnerability

Traditionally, plaques that appear ulcerative, fissured, and/or thrombotic and that are 

characterised histologically by a central lipid core, inflammatory infiltrate, and cap 

thinning have been termed “vulnerable” (Kereiakes, 2003). The vulnerable plaque has 

been implicated in the development of unstable angina, myocardial infarction, and
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sudden cardiac death, although this scenario in now thought to be overly simplistic 

(Casscells et al., 2003; Maseri and Fuster, 2003). For example, the concept of the 

vulnerable plaque as the final common pathway by which atherothrombotic events 

occur fails to explain why plaque inflammation may be present in patients with chronic 

stable angina and yet absent in some patients who present with an acute coronary 

syndrome (Kereiakes, 2003). The unpredictability of patient outcomes is probably due, 

at least in part, to fluctuations in risk factors e.g. day-to-day changes in diet, activity, 

stress, smoking, infection, hydration and blood pressure (Casscells et al., 2003).

The plaque itself consists of anatomical (central lipid core, thin cap) and functional 

(intrinsic thrombogenicity, intra-plaque inflammatory infiltrate) components, and is also 

modified by exogenous factors such as mechanical stress (Yamamoto et a l, 2003), 

infection (Anderson and Muhlestein, 2004), blood viscosity (Sawchuk et a l, 1999), and 

coagulability (Johnstone et a l, 1996; Muller and Tofler, 1992). Many plaques progress 

in an episodic manner due to episodes of thrombosis triggered by rupture, erosion, or 

occasionally endothelial cell activation or inflammation (Bruschke et a l, 1989; Yokoya 

et a l, 1999). Another mechanism of rapid plaque growth is haemorrhage into the 

plaque, a process central to carotid artery rupture (Burke et a l, 1999; Sillesen and 

Nielsen, 1998). Most plaques that underlie a fatal or nonfatal myocardial infarction are 

less than 70% stenosed, hence it is vascular biology and not the degree of stenosis that 

determines plaque stability (Libby and Aikawa, 2003).

1.3.1.2 Plaque rupture

The final common pathway in plaque instability is the predominance of collagen 

breakdown over collagen synthesis in the fibrous cap. In an unstable plaque, numerous 

cell types are activated in a process that is very similar to that in other chronic 

inflammatory conditions, such as rheumatoid arthritis (Pasceri and Yeh, 1999). Smooth 

muscle cells (SMCs) develop twice the volume of secretory granules as normal 

quiescent cells (Chen et a l, 1997); monocytes become tissue macrophages (Galis et a l, 

1995), mast cells become positive for tumour necrosis factor -a  (TNF-a) (Kaartinen et 

a l, 1996) and T-lymphocytes are also activated (Libby, 1995). The progression of an 

individual atheroma to stability or instability is determined by a number of cytokines 

(Barath et a l, 1990; Sukhova et a l, 1999; van der Wal et a l, 1994), and summarised in 

Table 1.1. For example, TNF-a stimulates production of lipoprotein-trapping
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proteoglycans, CSF’s cause macrophage replication and y-interferon suppresses smooth 

muscle replication (Bobik et al., 1999; Libby, 1995). The activity of metalloproteinases 

is also important as they digest the collagen present within the fibrous cap, increasing 

the likelihood of rupture. TNF-a and interleukin-1 (IL-1) upregulate macrophage matrix 

metalloproteinase (MMP) activity (Kol et al., 1998; Rajavashisth et al., 1999; Saren et 

al., 1996), and oxidised LDL has been shown to double MMP activity, whereas native 

LDL has no effect (Bennett et al., 1995; Henderson et al., 1999; Xu et al., 1999). The 

extracellular protein tenascin-C, which also induces MMP expression and causes SMC 

apoptosis, is strongly expressed in the unstable plaque, but not in the normal vessel wall 

(LaFleur et al., 1997; Wallner et al., 1999).

Table 1.1: Summary o f The Role o f Cytokines

Cytokine Main action in unstable plaque Other actions
TNF-a(Rajavashisth et al., 1999) 
Il-iP(Rajavashisth et a t, 1999) 
Matrix metalloproteinase 
(Sukhova et al., 1999)
Tenascin(Wallner et al., 1999) 
Transforming growth factor-p 
(TGF-p)(Bobik et a t, 1999) 
Tissue factor (Toschi et al., 1997) 
Insulin-like growth factor-p (IL- 
GF-P)(Henderson et a t, 1999)

Upregulates adhesion molecules 
Activates endothelial cells 
Digests collagen

Stimulates MMP expression 
Stimulates collagen synthesis

Promotes thrombin generation 
Suppresses collagen expression

Increases thrombogenicity 
Causes SMC apoptosis 
Digests elastin

Causes SMC apoptosis 
Stimulates lipid-trapping 
proteoglycans 
Promotes MMP expression 
Causes SMC apoptosis

1.3.1.3 Thrombus formation

The endothelium usually has anticoagulant properties. Tissue factor (TF) is a potent 

coagulant, and oxidised LDL (oxLDL) has been shown to induce endothelial cells 

(Drake et al., 1991; Fei et al., 1993) and monocytes (Brand et al., 1994) to express high 

levels of TF. Drake et al. (Drake et al., 1989) have demonstrated that there is abundant 

TF in the intima of atherosclerotic lesions. Plasminogen activator inhibitor (PAI) levels 

are also increased when endothelial cells are exposed to ox-LDL (Latron et a l, 1991). 

Thus, plaque rupture exposes the flowing blood to these elevated levels of TF that result 

in thrombus formation (Figure 1.6).
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Figure 1.6: An example of plaque 
haemorrhage. An atherosclerotic plaque 
displaying haemorrhage, one o f the 
complications o f atherosclerosis. Such 
haemorrhage can acutely narrow the lumen 
(http ://medstat. med. Utah. edu/WebPath/ATHHTML/ATH007 

.html).

Thrombus formation may occur within the intima, resulting in plaque enlargement. At 

rupture, thrombus does not initially occlude the lumen, but two events may now occur:

1. thrombus totally occludes the functional lumen;

2. thrombus becomes lysed and the fissure reseals.

When rupture followed by resealing occurs, a stable condition is reached, albeit with an 

increase in the size of the plaque. In unstable angina, plaque Assuring and thrombus 

formation in the earlier stages are observed. Ultimately, the thrombus may occlude the 

lumen, resulting in regional infarction.

1.3.2 Aetiology of CHD
The development of CHD is dependent on a number of factors, such as the presence of 

well-established risk factors (hypertension, smoking, diabetes etc.), the presence of 

various emerging risk factors (C-reactive protein and homocysteine) and the effect of 

the genetic background of the individual. In addition, it has also been proposed that 

nourishment in utero can result in growth patterns that predispose to CVD. Thus, the 

aetiology of CHD represents a complex interaction between various risk factors, 

overlaid on differing genetic backgrounds.

1.3.2.1 Established risk factors fo r  CHD

Age & gender

Age and sex are two important non-modifiable risk factors for CHD. Over the last 25 

years it is clear that the death rates from CHD steadily increase with age, and were 

higher in men than in women at all age ranges, with rates in both sexes peaking between 

65-74 years (British Heart Foundation, 2003).
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Serum cholesterol

High serum cholesterol is a major risk factor for development of CHD. The average 

blood cholesterol level for adult men is about 5.5mmol/l and for adult women about 

5.6mmol/l. Mean serum cholesterol increases with age in both sexes, as does the 

percentage of the population having cholesterol levels above 5.2mmol/l. The percentage 

above 5.2mmol/l in men peaks at 81.9% between 55-64 years (British Heart 

Foundation, 2003). In women the percentage (>5.2mmol/l) in any given age range is 

less than in men, until the 55-64 year block, when the percentage of men begins to 

decrease, while in women it continues to increase (British Heart Foundation, 2003).

Low density lipoproteins (LDLs) act as the main transport route for cholesterol, serving 

as a 'donor' to peripheral tissues and the liver (50% of uptake). The concentration of 

cholesterol carried in LDL (LDL-c, commonly referred to as the “bad” cholesterol) is 

predominantly dictated by metabolic events in the liver (Dietschy, 1997). LDL’s are 

taken up by both LDL receptor (LDL-r) dependent and independent pathways (Izem et 

al., 1998). Endocytosis leads to the formation of an endosome with LDL bound to it's 

receptor inside. Acidification leads to separation with many of the receptors being 

recycled to the cell surface. Lysosomal enzymes then digest the LDL. Increased free 

cholesterol concentration due to hydrolysis of LDL-derived cholesterylester has 

important effects on cholesterol metabolism.

High-density lipoprotein (HDL) is thought to play a role in removing cholesterol from 

cells and transporting it back to the liver (Dietschy, 1997) and it has been found to 

facilitate cholesterol excretion by macrophages (Chait et a l , 1982; Mahoney et al., 

1982). It also provides a degree of antioxidant effect by protecting plasma lipids from 

peroxidation (Klimov et al., 1993), and high levels of plasma HDL are correlated with 

reduced atherosclerotic complications (Miller, 1980). The percentage of men having a 

mean total HDL-cholesterol less then 1.0 steadily increases with age i.e. as they get 

older the percentage having less of the “good” cholesterol increases (British Heart 

Foundation, 2003). In women the levels show no steady trend. Ethnicity also plays a 

role: the percentage of people from different ethnic groups having HDL-cholesterol 

levels below 1.0 shows considerable variation; in the general population the value is 

around 10% but in Indians the value is approximately 28% and in Pakistanis almost 

45% (British Heart Foundation, 2003).
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Smoking

Smoking increases the risk of developing CHD in men and women (Friedman et a l , 

1981; Willett et a l , 1981). It has been estimated that about 20% of deaths from CHD in 

men and 17% in women are due to smoking (British Heart Foundation, 2003). Smokers 

are younger than non-smokers when they suffer their first MI and more of them are 

males (Landmark, 2001). The increase in risk can be partly explained by the adverse 

effect of smoking on plasma fibrinogen, platelet function (Erikssen et al., 1977) and 

lipid profile (Calori et al., 1996; Djousse et a l , 2000; Raftopoulos et a l , 1999). It may 

also be accounted for, however, by the acute bradycardia, increase in blood pressure and 

generalized vasoconstriction accompanying smoking, due to a nicotine-dependent 

activation of the sympathetic nervous system (reviewed by Omvik (Omvik, 1996) and 

Benowitz (Benowitz, 1997)). Passive smoking has also been shown to increase the risk 

of developing acute coronary syndromes (Pitsavos et a l , 2002) and CHD (He et a l , 

1999). Cessation of smoking results in a decrease in risk for CHD and all-cause 

mortality (Rosenberg et a l, 1985; Rosenberg et a l, 1990).

Hypertension

Hypertension is the term used to describe a chronic elevation of systemic arterial blood 

pressure. The American Heart Association (AHA) defines hypertension as arterial blood 

pressure (BP) higher than 140/90mmHg while the World Health Organisation (WHO) 

uses 160/95mmHg (Brody et a l, 1994), emphasising that a definition in terms of a 

specific value is largely arbitrary.

Monogenic (Mendelian) forms of hypertension account for less than 1% of cases 

(Kaplan, 1998), and include Liddle’s syndrome (Liddle et a l, 1963) and apparent 

mineralocorticoid excess (AME) (Li et a l, 1998; Mune et a l, 1995; Wilson et a l, 

1995). Essential, primary, or idiopathic hypertension is defined as elevated BP in which 

secondary causes such as renovascular disease, renal failure, pheochromocytoma, 

aldosteronism, or other causes of secondary hypertension or monogenic forms are not 

present. Essential hypertension accounts for 95% of all cases of hypertension (Kaplan, 

1998). Essential hypertension is a heterogeneous disorder, with different patients having 

different causal factors that lead to high BP.
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Diabetes mellitus

Diabetes mellitus (DM) is a metabolic disorder characterised by a lack, or relative lack, 

of insulin, resulting in impaired utilisation of carbohydrates, and altered lipid and 

protein metabolism. Primary diabetes mellitus is subdivided into insulin-dependent 

(IDDM, or type I), and non-insulin-dependent (NIDDM) or type II. Diabetic 

hyperglycaemia leads to oxidative stress in the vessel wall through the formation of 

advanced glycation end products (AGE) and enhanced binding to the receptors for AGE 

(Chappey et al., 1997; Schmidt and Stem, 2000). These products can bind specific 

receptors (RAGE -  Receptors for AGE) and augment production of proinflammatory 

cytokines. The diabetic state also promotes oxidative stress mediated by reactive 

oxygen species (ROS) and carbonyl groups (Baynes and Thorpe, 1999).

Obesity

CHD is associated with the upper range of body weight, obesity being defined as a 

relative weight of 140% or greater, or a body mass index (BMI) equal or greater than 30 

(National Research Council, 1989). Obesity can contribute to CHD indirectly by 

affecting insulin resistance (reviewed Bjomtorp (Bjomtorp, 1991)), and the prevalence 

of diabetes and hypertension is greater among those with excess body weight compared 

to normal body (Cercato et al., 2004)

BMI is not the only parameter of use when considering obesity; a waist-hip ratio greater 

than 1.0 in men and 0.8 in women (i.e. denoting an abdominal rather than hip fat 

pattern) is associated with greater risk of CHD (National Research Council, 1989). 

Indeed, men in the uppermost quintile of waist-hip ratio are almost three times more 

likely to develop CHD compared to those in the lowest (Rimm et al., 1995).

Of course, obesity tends to result from both a poor diet and a lack of physical exercise. 

A meta-analysis carried out in the early 1990’s found nearly a two-fold increased risk of 

death from CHD for individuals with sedentary compared with active occupations 

(Berlin and Colditz, 1990). A larger study of over 12,000 male subjects focused on 

leisure time physical activity (LTPA), as assessed by questionnaire. Dividing the 

amount of LTPA into tertiles, individuals in the lowest tertile had excess mortality rates 

for all-case mortality (15%), CHD mortality (27%) and cardiovascular mortality (22%), 

compared to men in the middle tertile (Leon and Connett, 1991).
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While physical activity has been shown to reduce the relative risk of both CHD 

mortality and cardiovascular mortality, the onset of acute myocardial infarction has 

been associated with heavy physical activity less than one hour prior to the event 

(Mittleman et al., 1993; Willich et al., 1993). This implies that where there is an 

underlying problem, attempting excessive physical activity can have severe, or even 

fatal, consequences. Individuals diagnosed with CHD should embark on a programme 

of light-to-moderate exercise; brisk walking of more than 1.5 miles per day has been 

associated with a lower incidence of CHD than those walking less than 0.25 mile per 

day (2.5% vs 5.1%), and 0.25 - 1.5 miles per day (4.5%) in a cohort of elderly, 

physically capable men, aged 71-93 years (Hakim et a l , 1999). A similar, prospective 

study of 72,317 nurses found that brisk walking was associated with fewer coronary 

events (Manson et a l, 1999).

13,2,2 Other and emerging risk factors
C-reactive protein

Inflammatory components are believed to contribute greatly to instability and rupture of 

atheromatous plaque leading to athero-thrombotic events (Carr et a l, 1997; Pasterkamp 

et a l, 1999; van der Wal et a l, 1994).

The C-reactive protein (CRP) pentamer is a marker of the inflammatory process. CRP is 

present in the vessel wall (Torzewski et a l, 2000) and is capable of inducing the 

expression of the adhesion molecules E-selectin, VCAM-1 and intracellular-cell 

adhesion molecule (ICAM-1) by endothelial cells (Pasceri et a l,  2000). It also acts as a 

chemoattractant for monocytes (Pasceri et a l, 2001), increases monocyte production of 

TF (Cermak et a l, 1993), opsonizes LDL and facilitates entry of native LDL into 

macrophages via CD32 (Bharadwaj et a l, 1999; Zwaka et a l, 2001), thus loading 

macrophages with cholesterol.

CRP has been shown to be higher in CHD cases than controls (Delanghe et a l, 2002), 

and appears to predict poor prognosis in patients with unstable angina (Liuzzo et a l, 

1994), acute MI (Pietila et a l, 1996) or acute stroke (Muir et a l, 1999). Increased CRP 

levels are observed in patients with hypertension (Retterstol et a l, 2002), and have been 

reported in overweight adults (Visser et a l, 1999). In a study of 247 patients who had 

their first MI before the age of 55 (males) or 60 (females), the relative risk (RR) of 

cardiac death was shown to double with increasing CRP quartiles (Retterstol et a l,

13



Introduction

2002). It has also been shown that CRP localises in foam cells in atheromatous plaques 

(Pasceri et al., 2000; Torzewski et a l, 2000), and increased CRP levels have been 

associated with an increase in the magnitude of MI (Pietila et al.91987).

Homocysteine

Homocysteine is an amino acid biosynthesised during metabolism of methionine (an 

essential amino acid). Circulating levels of homocysteine are normally low due to its 

rapid metabolism via one of two pathways: 1) a vitamin B 12 and folate dependent re- 

methylation pathway that regenerates methionine or, 2) a pyridoxal 5’ phosphate (PLP; 

vitamin B6) dependent trans-sulphuration pathway that converts homocysteine into 

cysteine.

In 1975 McCully and Wilson (McCully and Wilson, 1975) postulated that moderately 

elevated plasma total homocysteine (tHcy) concentrations were causally related to the 

development of CHD. Evidence of a positive association between elevated 

homocysteine levels and cardiovascular disease has been supported by meta-analysis of 

retrospective data, which estimated that 10% of all cases o f cardiovascular disease could 

be attributed to elevated concentrations of tHcy (Boushey et al.9 1995), and that a rise of 

5pmol/l was sufficient to increase cardiovascular risk by 20-30% (Ueland et a l , 2000). 

Furthermore, a recent meta-analysis of prospective studies showed that a 25% lower 

concentration of tHcy (about 3pmol/L) was associated with an 11% lower risk of 

ischaemic heart disease and a 19% lower risk of stroke (The Homocysteine Studies 

Collaboration, 2002).

While the exact mechanism underlying the association between elevated homocysteine 

and increased risk of CHD has yet to be elucidated, a common C -> T transition at 

nucleotide 677 of the MTHFR gene (an enzyme in homocysteine metabolism) gene has 

been identified; the TT homozygotes are predisposed to hypercholesterolaemia, 

particularly in those with relatively low folate intake (Frosst et al., 1995; Klerk /., 

2002). However, while some studies have demonstrated an association between the TT 

genotype and risk of CHD (Klerk et al., 2002; Kluijtmans and Whitehead, 2001; Jee et 

a l, 2000; Morita et a l, 1997), there are several others that do not (Brattstrom et a l, 

1998; Rotenbacher et a l, 2002; Kim et a l, 2001).
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Left ventricular hypertrophy

Left ventricular hypertrophy (LVH) is an adaptation of the heart to chronic 

pressure/volume overload; this provides an immediate reduction in wall stress, but in 

the long term LVH is an important independent risk factor for cardiovascular morbidity 

and mortality (Kannel, 1983). The hallmark of LVH is hypertrophic growth of the 

cardiac myocyte as a result of a requirement for increased contractile power. In response 

to a pressure stimulus there is induction of transcription factor-coding early genes in the 

left ventricle (Sadoshima et al., 1992), followed by the re-expression of genes that are 

only otherwise expressed in the left ventricle during foetal development (Brown et a l , 

1993). An increase in protein content and a reorganisation of contractile elements from 

a series to a parallel arrangement results in the hypertrophic phenotype.

Alcohol

Evidence suggests that moderate drinkers have lower rates o f CHD than abstainers 

(Manttari et al.9 1997), but the effects of moderate alcohol consumption among patients 

with established CHD is unclear. The reduction in risk has also been extended to 

individuals with type II diabetes in which moderate alcohol consumption is associated 

with significant risk reduction (Valmadrid et al., 1999) (and reviewed by Tanasescu and 

Hu (Tanasescu and Hu, 2001)) This may be due to alcohol lowering the production of 

AGE in diabetics through its metabolite, acetaldehyde (Al-Abed et al., 1999).

Some alcoholic beverages offer greater beneficial effects; red wine polyphenol, for 

example, has been reported to exert relatively greater benefit through inhibition of 

platelet aggregation (Wang et al., 2002) (and reviewed by Bums (Bums et al., 2001)). 

However, heavy alcohol intake, or binge drinking, is associated with increased 

cardiovascular mortality (Shaper and Wannamethee, 2000), possibly through inhibition 

of fibrinolysis that persists until the following morning (van de et al., 2001).

Infectious agents

The only intact microbes commonly present in atherosclerotic plaques are herpes 

simplex virus and chlamydia pneumoniae (Leinonen and Saikku, 2002), two agents that 

are able to initiate and accelerate atherosclerosis in animal models. Lehto et al (Lehto et 

al., 2002) have recently demonstrated an association between chlamydia antibodies with 

intimal artery calcification, and, after adjustment for other cardiovascular risk factors, a
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dose-response relationship between the antibodies and degree of calcification. It has 

been suggested that chlamydiae, when present in the arterial plaque, may release 

lipopolysaccharide (endotoxic) and heat shock proteins that are capable of stimulating 

production of proinflammatory mediators by vascular endothelial cells, smooth muscle 

cells and infiltrating leucocytes (Kol et a l , 1999). Any agents causing persistent 

infection in the vessel wall can directly promote a pro-inflammatory, pro-coagulant and 

pro-atherogenic environment. However, many studies have failed to show differences in 

serum antibody levels to any infectious agents (De Backer et al., 2002).

White blood cell count

Higher white blood cell (WBC) counts are a predictor of CHD mortality, independent of 

the effects of smoking and other traditional CVD risk factors, which indicate a role for 

inflammation in the pathogenesis of CHD (Hansen et a l, 1990).

Mean platelet volume

An increase in mean platelet volume (MPV) is an indicator of larger platelets; larger 

platelets are metabolically and enzymatically more active than small platelets (Corash et 

a l,  1977). Platelets play a crucial role in thrombus formation, thus alterations to platelet 

biology may have significant consequences in relation to CHD and subsequent 

myocardial infarction. For example, platelet aggregation is enhanced in the offspring of 

young ischaemics (Khalil et a l, 1997), and patients with pre-existing coronary artery 

disease and an increased MPV (> or = 11.6 fl) are at higher risk of MI (Endler et a l , 

2002).

Increased levels o f fibrinogen &, Lp(a)

In the final step of the clotting cascade, thrombin cleaves fibrinogen to produce fibrin. 

The fibrin monomers spontaneously polymerise to produce the structural backbone of a 

thrombus. Levels of fibrinogen are elevated in CHD patients (De Backer et a l, 2002) 

and it is now recognised as an independent risk factor for CHD (Heinrich et a l, 1994). 

Lipoprotein (a) (Lp(a)) is also involved in clot formation. Lp(a) concentration has been 

shown to be higher in patients with CHD compared to controls (Nogues et a l, 1992; 

Schaefer et a l, 1994) in both men and women (Vashisht et a l, 1992). It is atherogenic
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because it can be deposited in the arterial wall and can interfere with fibrinolysis 

(Angles-Cano et a l , 2001) by competing with plasminogen.

1.3.2.3 The genetic basis of CHD
The degree of risk associated with family history has been estimated for various 

cardiovascular diseases, from a wide variety of studies. One such study of 45,317 male 

health professionals aged 40-75 years with no diagnosis of CHD with mean follow-up 

of 1.6 years found that if a parent had an MI before the age of 70, the relative risk (RR) 

of cardiac death and MI were 2.2 (maternal) and 1.7 (paternal) (Colditz et a l , 1991). 

The incidence of MI was also found to be higher in individuals with a higher incidence 

of positive family history; among individuals having more than one first-degree relative 

with a history of MI the incidence of MI was 31%, compared to 15% for controls 

(Ciruzzi et a l, 1997). Perhaps the most compelling evidence has come from twin 

studies. For example, a study of 21,000 Swedish twins found that among men, the RR 

(of death secondary to CHD) if the twin died of CHD before the age of 50 were 8.1 

(monozygous) and 3.8 (dizygous) (Marenberg et a l, 1994a). Among women, RRs were

15.0 and 2.6 respectively.

While a shared environment may explain part of the tendency for CVD to occur in 

families, much of the work over recent years has focussed on identifying candidate 

genes involved in various processes that may contribute to the overall risk profile. Thus, 

polymorphisms in a vast number of genes have been studied, and their association with 

various CV diseases determined.

Lipid metabolism

Familial hypercholesterolaemia (FH) is a common autosomal codominant hereditary 

disease affecting approximately 1:500 in the Caucasian population (Goldstein et al.,

2001). The condition is caused by defects in the LDL-r gene, and one of the most 

common characteristics of affected subjects is premature CHD. However, the age-of- 

onset of CHD as a result of FH has been shown to depend on specific alleles of the ATP 

binding cassette transporter 1 (ABCA1) gene; the R219K allele appears to delay the 

onset of CHD in patients with FH (Cenarro et a l, 2003). Decreased plasma LDL 

particle size has also been associated with premature CAD (Austin et a l, 2000; Campos 

et a l, 1992; Koba et a l, 2000), and it has been suggested that the Trp64Arg variant in
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the p 3-adrenergic receptor gene may be associated with a reduction in LDL particle size 

(Okumura et al., 2003).

Apolipoprotein E (apo E) contributes to the reverse transport of cholesterol to the liver. 

There are three common variants of the aopE gene: E3, E2 and E4. The E4 allele is 

associated with increased, and the E2 allele with decreased, plasma apolipoprotein B- 

containing proteins such as LDL (Davignon et al., 1998). Consequently, carriers of the 

E4 allele tend to have higher risk, and carriers of the E2 allele have lower risk, of CHD 

(Wilson et al., 1996).

Haematological & inflammatory factors

As the degree of thrombus formation following plaque rupture will determine the 

severity of the clinical manifestation, polymorphisms that affect the clotting cascade 

may exert considerable influence. The P1(A2) polymorphism of the glycoprotein Ilia 

subunit of the fibrinogen receptor (GPIIb-IIIa) is associated with an increased risk of 

CHD (Burr et al., 2003), and the TT genotype of the Factor XII (FXII) 4 6 0 T  

polymorphism is associated with a high risk of CHD in men with high cholesterol (Zito 

et al., 2002). In addition, the thrombospondin-2 polymorphism (T>G substitution in 3'- 

untranslated region), is associated with a reduced risk of premature MI (Boekholdt et 

a l, 2002).

As we have already seen, inflammation is a key process in atherosclerosis. TNF-a is a 

key inflammatory cytokine, and the presence of a single nucleotide polymorphism 

(SNP) at the promoter of TNF-a (-308), in patients type II diabetes mellitus, is 

associated with an odds ratio for CHD of 2.86 (Vendrell et al., 2003).

Other polymorphisms

As discussed in Chapter 1.3.1.2, plaque rupture can result from degradation of the 

fibrous cap by MMPs, so it is unsurprising that a polymorphism affecting the expression 

of these proteinases has been investigated. For example, a common functional 5A/6A 

polymorphism in the promoter of the stromelysin-1 (MMP3) gene has been identified. 

Compared to the 5A/5A genotype, the relative risks (of fatal, and non-fatal MI and 

sudden coronary death) for the 5A/6A and 6A/6A genotypes have been shown to be 

1.37 and 3.02 respectively (Humphries et al., 2002). A further study has indicated that 

individuals carrying the 6A/6A genotype may be predisposed to developing
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atherosclerotic plaques with significant stenosis, whereas those carrying the 5A allele 

may be predisposed to developing unstable plaques (Beyzade et a l, 2003).

A polymorphism in the human pi-adrenergic receptor (ADRB1) is associated with 

acute MI (Iwai et a l , 2003), another in the Seal atrial natriuretic peptide (ANP) may be 

associated with nonfatal MI and the extent of CAD (Gruchala et al., 2003), and the T(- 

786)~>C mutation in the endothelial nitric oxide synthase (eNOS) gene decreases 

insulin sensitivity (Yoshimura et a l , 2003).

Considering just the few examples here we get an indication of the way in which 

polymorphisms in seemingly unrelated biological systems can interact to alter the risk 

of development and progression of CHD.

1.3.2.4 The “Barker” Hypothesis

In the late 1980’s a totally different hypothesis was put forward to try and explain the 

risk of developing CHD. David Barker and colleagues suggested that an individual’s 

nourishment in utero and in infancy results in patterns of foetal and infant growth that 

somehow “programmes” the development of various risk factors that are key 

determinants of CHD (Barker, 1989). The association between low birth weight and 

CHD has since been demonstrated in various studies across the world (Barker, 1989; 

Eriksson, 2001; Frankel, 2003; Leon, 1998; Rich-Edwards, 1997; Stein, 1996), and it 

appears that the mechanisms responsible result from low birth weight combined with a 

period of increased (“catch-up”) growth during early childhood (Barker et a l , 2002; 

Eriksson et a l , 2003a; Eriksson et a l , 2003b). This most likely results in alterations to 

organs such as the pancreas (Phipps et a l , 1993) and liver (Barker et a l , 1992; Barker 

et a l , 1993), that are involved in processes such as glucose metabolism, cholesterol 

metabolism and haemostasis. Consequently, a number of alterations in certain processes 

may contribute, perhaps exerting a synergistic effect, to increase the risk of CVD from a 

very early age. Barker proposes that CHD develops through a series of interactions: the 

effects of genes are conditioned by foetal growth (Eriksson, 2003), effects of small body 

size at birth are conditioned by growth during childhood (Eriksson, 2001), and by living 

conditions in childhood (Barker, 2002) and adult life (Barker, 2001).

While this hypothesis provides a novel explanation for both the development and 

progression of CHD, it is not without its critics: an editorial in the British Medical 

Journal (Paneth and Susser, 1995) pointed out that in the work published by Barker et
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al., no actual measure of nutritional intake in mothers or babies was ever made; 

nutrition was inferred indirectly from foetal and infant growth. Also, twins have greatly 

restricted growth in the third trimester and, according to the developmental hypothesis, 

should experience increased risk of CVD and all-cause mortality. However, it has been 

shown that mortality among surviving twins differs little from that among the general 

population (Christensen et al., 1995).

1.3.3 Summary
While we now know a great deal about the complex aetiology of CHD, including an 

increased understanding of the growing number of recognised risk factors and markers, 

and the important contribution of the genetic background, there are still many aspects of 

the disease that remain unexplained. Novel hypotheses, such as the Barker Hypothesis, 

may provide new insights into the relationship between genetic background and 

environmental effects; however, fundamental questions regarding the aetiology remain. 

There are many cases when individuals may demonstrate very similar profiles in terms 

of risk factors for CHD, but some go on to develop the disease, while others remain 

disease-free for many years. It is also apparent that even when such individuals do 

indeed have identical risk profiles, and subsequently develop CHD, the precise age-of 

onset can vary considerably. This leads us to question the underlying mechanism that 

may explain 1) why some individuals seem to exhibit a degree of protection against a 

set of risk factors that result in the development of the disease in others, and 2) why the 

age-of-onset is so variable in the presence of similar risk factors. It is possible that the 

two phenomena described are unrelated, and are the result of differing mechanisms and 

pathways. Alternatively, they could represent differing manifestations of the same 

underlying problem.

The incidence of cardiovascular disease is known to increase with advancing age, for a 

number of reasons. These include increases in blood pressure, reduced distensibility of 

major vessels, and alterations to the mechanical properties of the vascular endothelium. 

Given that age-related changes to various biological systems can contribute to the 

pathogenesis of CHD, one possibility is that differences in the rates of biological ageing 

in these systems between individuals may explain the observations outlined above. In 

the presence of identical risk factors, the individual experiencing accelerated biological 

ageing would be more likely to develop CHD. Similarly, an individual with accelerated
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biological ageing may also experience cardiovascular problems at a much younger age 

than someone ageing at a “normal” rate, but who lives to an old age. In both cases the 

cardiovascular system is likely to be in the same, dysfunctional, state when the disease 

is manifest, but has simply occurred earlier in the first person.

In order to more fully understand the potential implications of premature biological 

ageing, it is necessary to first introduce a number of key theories of biological ageing 

and to explain how biological ageing differs from chronological ageing.

1.4 THE BIOLOGY OF AGEING

1.4.1 Chronological & Biological Ageing
Chronological ageing is an extrinsic variable that proceeds at the same rate in all 

individuals of every species; the units of measurement range from days to years to 

decades. In contrast, biological ageing is an intrinsic variable and, unlike chronological 

age, does not proceed at the same rate in all individuals within a species. Figure 1.7 

illustrates the point: some individuals may age at a slower biological than chronological 

rate (green line), while others may age at a faster biological than chronological rate (red 

line), resulting in “premature” ageing. The process of ageing per se is not a disease. 

Hayflick (Hayflick, 2000) has observed that disease processes can be distinguished 

from age-related changes on the basis of at least four criteria. Unlike any disease, age- 

related changes:

• occur in every animal that reaches a fixed size in adulthood;

• take place in virtually all species;

• occur in all members of a species only after the age of reproductive success;

• occur in animals removed from the wild and protected by humans.

Figure 1.7: Chronological 
versus Biological age. The 
relationship may be linear 
(blue line), however, 
biological ageing can 
proceed at either a slower 
rate (green line), or at a 
faster rate (red line) than 
chronological ageing.

Chronological Age

(years)
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Theories o f  Biological Ageing

Ageing is a process that occurs after reproductive maturation and results from the 

diminishing energy available to maintain molecular fidelity (Hayflick, 2000). 

Antagonistic pleiotropy, the hypothesis originally proposed by GC Williams (Williams, 

1957), was formulated to explain, in genetic terms, the extension of principles of natural 

selection, under which reproductive pressure is the defining force, to the post- 

reproductive period. This hypothesis translates into a “trade-off’ between early and late- 

life fitness, a concept that has been extended in Kirkwood’s “disposable soma” theory 

(Kirkwood, 1977). This theory proposes that ageing is largely the outcome of 

investment in reproduction, rather than maintenance and repair of the soma. In other 

words, the balance between metabolic energy needed to maintain and repair the soma 

and the energy devoted to reproduction accounts for differences in lifespan among 

species, and, perhaps, variations within members of the same species. This appears to be 

confirmed in studies that demonstrate that women with fewer children, and women who 

bear children later on in life exhibit greater longevity (Peris et al., 1997; Westendorp 

and Kirkwood, 1998), a phenomenon that may be due to the effects of oestrogen. 

Oestrogen exerts a vasoactive effect, and oestrogen replacement therapy may actually 

lower blood pressure in post-menopausal women (Akkad et a l, 1997; Beljic et al., 

1998; Manhem et a l, 1998) through modification of homeostatic processes including 

the renin-angiotensin system (Brosnihan et a l, 1997; Gallagher et a l, 1999). Aviv 

(Aviv, 2001) has proposed a more satisfactory explanation for the effect of oestrogen on 

blood pressure: the presence of oestrogen in the pre-menopausal period retards 

biological ageing, while its absence in the pasf-menopausal period accelerates 

biological ageing. But what is the mechanism(s) responsible for biological ageing?

While a number of different hypotheses have been put forward in an attempt to explain 

biological ageing, all share a common aim, which is to try and explain why, in the 

absence of disease, organisms appear to have a finite life span. In general, theories of 

biological ageing fall in two categories: stochastic and developmental-genetic (Table 

1.2 ).
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Table 1.2: Theories o f Biological Ageing

Stochastic Developmental-genetic
Somatic Mutation and DNA Repair Longevity Genes
Error-Catastrophe Accelerated Ageing Syndromes
Protein Modification Neuroendocrine
Free Radical (Oxidative Stress) / Immunologic
Mitochondrial DNA Cellular Senescence

Cell Death
Adapted from Troen (Troen, 2003).

Stochastic theories

Stochastic theories propose that ageing is caused by random damage to essential 

molecules, eventually resulting in sufficient damage to cause physiological decline. The 

major example is the somatic mutation theory, which proposes that genetic damage 

from background radiation causes mutations that impair function (Henshaw et al., 

1947), ultimately resulting in death (Failla, 1958; Szilard, 1959). The DNA repair 

theory is a more specific example, based on the observation that the ability to repair this 

radiation-induced DNA damage in cultured cell lines derived from species with a 

variety of different life-spans correlates directly with maximum lifespan potential 

(MLSP) (Hart and Setlow, 1974).

There is a constant turnover of protein within the human body, such that errors 

occurring in these proteins are simply replaced. The error-catastrophe theory proposes 

that random errors in synthesis may occur in the very proteins that synthesize DNA 

(Orgel, 1963) resulting in errors in the molecules they produce. This would lead to 

amplification in the number of error-containing molecules. In addition, the 

accumulation of post-translationally modified proteins may impair cellular and, 

eventually, organ fimction(s). An example of this, specific to cardiovascular disease, is 

the reaction of carbohydrates with amino groups of proteins (glycation) giving rise to 

advanced glycation end-products (AGEs). These AGEs increase with age and AGE 

cross-links contribute to arterial stiffening in humans (Airaksinen et al., 1993).

It has been proposed that oxidative stress causes most of the age-related changes seen 

due to molecular damage caused by free radicals as production of free radicals in the 

heart, kidney and liver has been found to be inversely proportional to the maximum 

lifespan (Harman, 1956; Harman, 1981). Reactive oxygen species (ROS) may also 

contribute to somatic accumulation of mitochondrial DNA (mtDNA) mutations,
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resulting in a positive feedback loop: mtDNA damage leads to defective mitochondrial 

respiration, which enhances free radical formation, leading to additional mtDNA 

damage. Mitochondrial DNA is maternally transmitted, thus, if the oxidative 

stress/mitochondrial DNA theory of ageing were correct, longevity would be maternally 

determined. Korpelainen et al. (Korpelainen, 1999) have indeed found that heritability 

estimates for life-span based on mother-offspring regressions are higher than estimates 

based on offspring-father regressions, thus lending support to the hypothesis.

Development-genetic theories

Developmental-genetic theories propose that ageing is simply part of the genetic 

program of development and maturation. While there is much evidence in many species 

that MSLP is under genetic control, the degree of heritability is probably less than 35% 

(reviewed by Finch and Tanzi, 1997 (Finch and Tanzi, 1997)). There are relatively few 

genes implicated in longevity in humans; however, the epsilon 4 allele of (ApoE), 

which is associated with increased CHD, is inversely correlated with longevity 

(Schachter et al., 1994), and a linkage analysis study has implicated the presence of a 

gene(s) on chromosome 4 that are associated with exceptional longevity (Peris et al.,

2002). Interestingly, the authors accept that such genes may affect susceptibility to 

disease, rather than altering intrinsic ageing per se.

Accelerated ageing syndromes may help to elucidate the genetics basis of the ageing 

process. The genetic diseases Hutchinson-Guilford syndrome, Werner’s syndrome (WS) 

and Down’s Syndrome all display features of accelerated ageing. While a gene showing 

significant similarity to a DNA helicase has been implicated in WS (Yu et a l , 1996), 

the precise molecular basis for the accelerated ageing remains unclear. Of the animal 

models that exhibit many of the ageing phenotypes seen in humans, perhaps the most 

interesting is the klotho mouse. This model suffers from a defect in the klotho gene, 

resulting in a syndrome that resembles human ageing, including a short lifespan, 

infertility, arteriosclerosis, skin atrophy and osteoporosis (Kuro-o et al., 1997). 

Interestingly, a recent study has demonstrated that the level of serum klotho in a 

population aged 0-91 years declined in an age-dependent manner (Xiao et al., 2004).

The neuroendocrine theory of ageing proposes that reduced neuronal function, and the 

consequential effect on their associated hormones, is central to the ageing process 

(Dilman, 1981; Dilman et al., 1986). Similarly, the immunological theory is based on
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the observations that the functional capacity of the immune system decreases with age 

(reviewed by Pawelec et al (Pawelec et al., 1999)).

Cellular senescence is also regarded as a developmental-genetic theory of ageing. 

Replicative senescence is defined as a state of irreversible growth arrest. In contrast, 

quiescence is a reversible growth state that can be induced in dividing young cells by 

serum starvation or contact inhibition. Only a few markers can distinguish between the 

two states; immunohistochemically detectable p-galactosidase (p-gal) is the most 

commonly used senescent cell-specific marker (Dimri et al., 1995). Senescent cells 

appear to accumulate with age in human tissues; p-gal has been shown to be expressed 

by several human cell types upon senescence in culture (Dimri et al., 1995) and this 

activity has been termed senescence-associated P-gal (SA-p-gal) and is expressed by 

senescent cells, but not quiescent, terminally differentiated or immortal cells. Senescent 

cells are viable and metabolically active; they are still able to respond to environmental 

signals (Chang and Chen, 1988; Hornsby et al., 1986; Rittling et a l, 1986), although 

they fail to proliferate in response to physiological mitogens. The senescent cell stably, 

and essentially irreversibly, arrests growth with a G1 DNA content (Campis and Dimri 

GP, 1996). Failure to proliferate is not due to breakdown in growth factor signal 

transduction, rather a subset of mitogen-inducible genes are repressed in senescent cells. 

These include genes that encode many of the enzymes needed for DNA replication, 

which are normally induced just before the start of S phase. Several phenotypic changes 

occur during the senescence of almost all cells, including cell enlargement, increased 

lysosome biogenesis, and decreased rates of protein synthesis and degradation (Stanulis- 

Praeger, 1987). Additional, cell-type specific changes in gene expression are also 

observed, for example senescent human fibroblasts and endothelial cells over-express 

interleukin-la (IL-la) and senescent endothelial cells overexpress the adhesion 

molecule I-CAM (Maier et al., 1990; Maier et al., 1993). These changes function as 

markers that allow the occurrence of senescence to be observed. The senescence 

hypothesis of ageing is supported by studies that have demonstrated limited in vitro 

lifespan in glial cells (Ponten et al., 1983), keratinocytes(Rheinwald and Green, 1975), 

vascular SMCs (Bierman, 1978), lens cells (Tassin et al., 1979), endothelial cells 

(Mueller et al., 1980) and lymphocytes (Tice et al., 1979). Essentially, the cells 

undergo a limited number of population doublings before entering senescence.

25



Introduction

It is unlikely that ageing is the result of just one of the mechanisms outlined above, 

rather each contributes to a varying degree, resulting in the geno- and phenotypic 

changes that are characteristic of the ageing process. However, cellular senescence is 

perhaps the most widely studied mechanism, providing a link between limited 

replicative capacity and biological ageing.

Limited Replicative Capacity
During the 1920’s Alexis Carrel, a French Nobel-prize-winning surgeon, suggested that 

explanted cells are immortal and are only unable to replicate continuously because 

researchers were unsure how to best cultivate the cells. This was based on work carried 

out on chicken heart fibroblasts in which the cells apparently grew continuously for 34 

years (Carrel and Ebeling, 1921). Hayflick has since speculated that the observations 

may have been the result of an experimental error; he then went on to demonstrate the 

finite replicative capacity of normal human fibroblasts and linked this to cellular ageing 

(Hayflick, 1965; Hayflick and Moorhead, 1961). The initial experiment carried out by 

Hayflick and his colleague, PS Moorhead, was very simple: equal numbers of normal 

human male fibroblasts that had divided 40 times were mixed with female cells that had 

divided only 10 times (unmixed populations served as controls). When the male control 

population stopped dividing the mixed cells were examined and only female cells 

found. Hayflick and Moorhead interpreted these observations as the older male cells 

remembering that they are older, even in the presence of younger cells (Hayflick and 

Moorhead, 1961). They were also satisfied the observations were not due to culture 

artefacts. Despite some initial difficulties in getting their work accepted for publication 

the concept of the Hayflick limit (i.e. the number of divisions a given cell type is 

capable of) is now generally accepted (Shay and Wright, 2000). But this does little to 

explain what controls the number of divisions a particular cell type is capable of, or how 

the ‘older’ cells in the Hayflick and Moorhead experiment knew that they were older.

Eukaryotic Cell Replication

An overview of the cell cycle is shown in Figure 1.8. The cycle consists of essentially 

two stages; the ‘M phase’ and interphase. During the M phase mitosis and cytokinesis 

divides the nucleus and cytoplasm. This is the shortest part of the cycle. Interphase, 

which accounts for approximately 90% of the cycle, consists of three periods of growth:
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Gi, S and G2 . Chromosomes are duplicated only during the S (DNA synthesis) phase; 

growth occurs during Gi and G2 .

Cell divide 
(mitosis)

Cell rests.

Cell enlarges and 
makes new proteinsCell prepares 

to divide

Restriction point: cell 
decides whether to 
commit to the cycle

DNA replicated

Figure 1.8: Stages o f the cell cycle.

Mitosis occurs in 5 stages: prophase, prometaphase, metaphase, anaphase and telophase. 

The Gi phase of the cycle is critical as a checkpoint occurs late in the stage, just prior to 

S-phase. This is the point at which the decision to replicate the cell is made. Assuming 

all the conditions are favourable the cell divides; otherwise it enters a non-dividing state 

called the Go phase. The onset of the S phase commits the cell to continue through the 

G2 and M phases and divide.

A DNA polymerase catalyses the synthesis of DNA; the replication is mediated by the 

intricate and coordinated interplay of a variety of proteins. The polymerase enzyme 

adds deoxyribonucleotides to the 3’hydroxyl terminus of a pre-existing DNA chain. The 

synthesis of new DNA is closely coupled to the unwinding of parental DNA, occurring 

simultaneously at the ‘replication fork’ (Figure 1.9). At the fork both strands of parental 

DNA serve as templates. The overall direction of synthesis is 5’ ->3’ for one strand and 

3’->5’ for the other. As DNA polymerases only synthesize in the 5’->3’ direction there 

is a ‘leading’ and a ‘lagging’ strand. The discontinuous assembly of the lagging strand 

enables 5’->3’ polymerisaztion at the nucleotide level to give overall growth in the 

3’->5’ direction.

27



Introduction

Leading strand

Okazaki fragments

Lagging strand

Figure 1.9: Schematic diagram of a replication fork. DNA
polymerases synthesize in the 5’ to 3’ direction; the lagging strand is 
formed from Okazaki fragments such that the overall direction of synthesis 
is 3’ to 5’.

Short primers that are required by DNA polymerases initiate DNA synthesis. After the 

polymerase has completed synthesis, the primers are removed and the gaps ‘filled’ by 

DNA ligase. Olovnikov was one of the first researchers to notice a problem with this 

mechanism, and in 1973 he proposed a theory of ‘marginotomy’ - the shortening of a 

DNA replica with respect to the template (Olovnikov, 1973). DNA ligase can only join 

two strands together; at the very end of a linear molecule of DNA there will be only one 

strand, thus the final DNA replica will be shorter then the template by the length of the 

primer (Figure 1.10).
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Figure 1.10: The End-Replication Problem. DNA replication by a conventional
polymerase towards the end o f the chromosome. A. Parental DNA. B. Bottom strand 
synthesized by leading strand synthesis (5’—>3’) to the last nucleotide. Top strand 
synthesized by discontinuous lagging strand synthesis, primed by RNA primers (red 
boxes). C. RNA primers removed and filled in. A 5’ gap is left, as there is now no primer 
to be filled in.

This is known as The End Replication Problem, and forms the basis of the theory of the 

mitotic clock. A further understanding of the mitotic clock and how it may relate to the 

concept of biological ageing requires an understanding of the structure of the distal ends 

of chromosomes, referred to as telomeres.
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1.5 TELOMERES

The very distal ends of eukaryotic chromosomes are referred to as telomeres (from the 

Greek telos, meaning ‘end’, and meros, ‘a component’). Initial work on the telomere 

was carried out in the 1930s and 1940s by Herman Muller (Muller, 1938) (using 

Drosophilla melanogaster) and Barbara McClintock (McClintock, 1938; McClintock, 

1939; McClintock, 1941) (using Zea mays). Muller found that after X-irradiation 

terminal deletions and terminal inversion were rare and so, in order to achieve such 

chromosome stability, a specialised terminal structure must be present. McClintock took 

this further by studying broken chromosome ends; she observed that broken 

chromosome ends induced by X-irradiation (as in Muller’s experiments), were reactive 

and often fused with other broken ends, while natural chromosome ends were stable. 

She observed that broken chromosome ends were also subject to degradation in the cell, 

or recombination, often with deleterious consequences for the chromosome involved. 

Thus, there was obviously something unique at the end of chromosomes that identified 

them as natural, and distinct from broken ends of DNA.

1.5.1 Basic Structure 

Repeat arrays

Each end of a chromosome consists of a block of simple telomeric sequences (Table 

1.3), which are tandemly repeated all the way to the end of the chromosome. Telomeric 

DNA has a strand composition asymmetry resulting in a G-rich and a C-rich strand. The 

G-rich strand is always orientated 5’ to 3’ towards the end of the chromosome. The 

composition of the region is highly conserved, which suggests that both arrangement 

and composition are critical for telomere function.

Table 1.3: Species-specific telomeric sequence

Organism Sequence

Homo sapiens AGGGTT
Arabidopis AGG/AGTTT
S. cerevisae g ,.3t
Plasmodium AGGGTT(T/C)
Trypanosoma AGGGTT
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1.5.2 Human Telomeres

The number of terminal repeats at a telomere is variable. In man the length of the repeat 

is shorter in somatic tissues (approx lOkb) than in sperm (approx 15kb); initial 

mammalian telomere length has been estimated to be in the region of 17kb (De Bono, 

1998). Not all of the telomere is double-stranded; the very distal end comprises a single

stranded G-rich telomeric overhang, which in some human cells has been shown to be 

150-200bp (Makarov et a l, 1997; McElligott and Wellinger, 1997). In human 

chromosomes, telomeres are adjoined centromerically by a sub-telomeric region 

consisting of degenerated telomeric DNA sequences and unique repeats (Brown et al., 

1990), as shown in Figure 1.11.

Sub-telomeric region \ Telomeric repeats

°
Middle repetitive sequences ; ds , ss overhang

interspersed with short repeats | J

Figure 1.11: Telomeric structure. Schematic representation o f a 
human telomere (upper) and the simplified 3D structure (lower).

1.5.2.1 Telomere length and replicative senescence

As illustrated in the previous section, the direct result of the end-replication problem is 

that the distal ends (the telomeres) of eukaryotic chromosomes progressively shorten 

with each round of cell division, with important implications for cellular senescence. A 

number of cell cycle checkpoints exist, including the mortality phase I checkpoint (Ml), 

at which normal human somatic cells enter replicative senescence and stop dividing. 

Interestingly, cells transfected with short G-rich single-stranded DNA oligonucleotides 

designed to mimic exposed telomere ends undergo a p53-dependent cell-cycle arrest 

and display other Ml-like phenotypes (Saretzki et a l, 1999). These findings suggest
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that Ml is induced when the telomeric structure is compromised, exposing the telomere 

to DNA damage signalling pathways (de Lange, 2001). Thus, it would appear that when 

the telomere shortens to a critical length the structure is indeed compromised, inducing 

senescence, a concept that will be discussed in detail in subsequent sections.

Figure 1.12 shows how, in normal somatic cells, the Ml checkpoint defines the 

Hayflick Limit i.e. the point at which cells are no longer able to divide. Occasionally 

mutations and transformation events allow cells to escape Ml and acquire an extended 

life-span. Cells eventually undergo crisis at mortality phase 2 (M2) and rare mutations 

can allow just a few clones to escape M2 and become immortal.

Unlimited
► M2 (Crisis) ------------

Extended

* Ml (Hayflick 
limit) Normal

T im e in culture

Immortality

Figure 1.12: Extended lifespan. Cells normally reach M l (Hayflick limit) and stop 
dividing. Mutations may allow the cell to escape M l, but they eventually undergo 
crisis at M2. Very rare mutations may allow a cell to escape M2 and become immortal.

Importantly, there are additional checkpoints that also appear to be influenced by 

telomere length (Table 1.4).
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Table 1.4: Cell cycle checkpoints

Checkpoint Stage o f cycle Cycle arrested if:

Gl/S Entry into cell cycle Cell growth or environmental conditions
are inappropriate for division.

G2/M Entry into mitosis DNA replication is incomplete or if the
DNA is damaged.

M/Gl Metaphase-to-anaphase Chromosomes are not attached correctly
transition. to the mitotic spindle.

The G2 checkpoint is regulated by the activation of multiple pathways that act in 

concert to inhibit the activity of the cyclin Bl/cdc kinase complex, primarily through 

phosphorylation of cdc2 (Jin et al., 1996; Rhind et a l, 1997). p53 also plays an 

important role in the regulation of the G2 checkpoint. Expression of p53 in the absence 

of stress induces cell-cycle arrest, not only at G2 but also at GI checkpoint. p53 is a 

critical regulator of the senescence response to a variety of signals including short 

telomeres: it has been proposed that p53 somehow senses the presence of one or more 

critically short telomeres and halts cell division before the average telomere length 

erodes to much less than 4-7kb (Itahana et al., 2001). In the absence of p53 cells ignore 

the short telomere signal, but do eventually cease proliferation.

Telomere position effect

Transcriptional silencing of genes adjacent to telomeres has been postulated as a 

potential mechanism of telomere-mediated senescence (Wright and Shay, 1992). This 

phenomenon is referred to as telomere position effect (TPE), and is best characterised in 

the budding yeast Saccharomyces cerevisiae, where reversible silencing of a gene near a 

telomere appears to be dependent on both telomere length and distance from the 

telomere (Tham and Zakian, 2002), and marker genes inserted less than 4kb from 

telomeric repeats were frequently repressed and replicated late in S phase (Dubrana et 

al., 2001). It is therefore plausible that telomere shortening in humans could 

progressively affect the expression of numerous genes. Until recently there has been 

little evidence for TPE in humans, however Baur et al. (Baur et al., 2001) have now 

demonstrated transcriptional silencing near human telomeres. Luciferase reporters were 

placed adjacent to telomeric repeats and were found to be expressed on average tenfold 

lower than luciferase reporters at non-telomeric sites; expression was restored by 

trichostatin A, a histone deacetylase inhibitor (histone deacetylation plays an important
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role in modifying chromatin structure and regulating gene expression). To rule out the 

possibility that the effect was the result of a mixed population of Hela clones or a 

mutation in the reporter gene, further experiments were also carried out. Over

expression of hTERT in the telomeric clones resulted in telomere extension and a 

concomitant 2-10-fold decrease in luciferase compared with control clones. This 

observation highlights the “silencing” effect of the longer telomere, with strength of 

silencing correlated with telomere length. However it has been pointed out (Ning et al., 

2003) that these experiments involve genes that are artificially positioned upstream of a 

telomere and no intact natural sub-telomeric region is present. It remains to be seen how 

TPE operates on natural telomeric genes that may be hundreds of kilobases from the 

telomere.

1.5.2.2 Telomere maintenance by telomerase

Mechanisms do exist that enable telomeres to be extended, thus delaying the onset of 

senescence. Telomerase activity was first identified in Tetrahymena (Greider and 

Blackburn, 1985). It is a ribonucleoprotein enzyme containing both a highly conserved 

reverse transcriptase (TERT) (Lingner et a l , 1997; Nakamura et a l , 1997) and an RNA 

primer (TERC) (Greider and Blackburn, 1989; Singer and Gottschling, 1994) that 

provides the template for the telomeric repeats that are synthesized at the ends of the 

chromosomes. Telomerase preferentially binds to and elongates telomeric sequence 

primers over non-telomeric sequences. In telomerase-dependent replication (TDR) there 

is telomerase-mediated G-strand elongation with the RNA moiety of the enzyme acting 

as the template, and the 3’ end of the chromosome acting as the primer. However, the 

complimentary C-rich strand is generated by lagging-strand synthesis, and so a single

stranded overhang will still be created (Figure 1.13).
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Eukaryotic DNA
Telomere

Repeated unit
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RNA
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the 3 ’ end o f  the 
chromosome.

]
U 5'

The 5 ’ strand is 
extended in the 
usual way.
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Primer removed

Figure 1.13: Telomerase-dependent replication. Adapted from 
www.oxy.edu/.. ./Biol 30S_2002/lmages/Ch16/fig 16_19b.JPG

Telomerase activity

The level of telomerase expression differs markedly between different cell types. Ulaner 

and Giudice (Ulaner and Giudice, 1997) examined human foetal tissues of 8-21 weeks 

gestational age for telomerase activity. All tissues expressed telomerase at the earliest 

ages examined; lung, liver, spleen, and testis maintained telomerase activity through to 

21 weeks. Brain and kidney telomerase activity was present up to the 16th week and 

was undetectable thereafter. Heart tissue did not display activity beyond the 12th week. 

Lysates of heart, brain, and kidney without telomerase activity failed to inhibit the 

activity of known telomerase-positive cells, suggesting that suppression of telomerase 

activity during gestational development is due to a lack of active telomerase rather than 

to the presence of an inhibitor.

Unlike germ cells and early embryonic cells, most somatic cells switch off the activity of 

telomerase after birth (Figure 1.14). However, activity has been reported in some
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somatic cell types (Broccoli et al., 1995): low-level activity has been detected in 

haematopoietic progenitor cells, activated lymphocytes (Hiyama et al., 1995), the basal 

layer of the skin (Harle-Bachor and Boukamp, 1996), and during the proliferative phase 

in the pre-menopausal endometrium (Brien et a l, 1997; Tanaka et al., 1998). While 

these cell types show telomerase activity, the level is insufficient to maintain telomere 

length at germ-line levels.

Telomere activity high; 
telomeres maintained.

Germ
Cells

Stem
Cells

Intermittent activity; telomeres 
shorten.

No activity; greatest telomere 
loss.

Normal
Cells

Cell Divisions

Figure 1.14: Telomerase activity. Activity is highest in the germ line, and 
lowest in somatic cells.

1.5.2.3 The telomeric complex

A functional telomere is built up through the recruitment, by the underlying DNA, of 

telomere-specific proteins, including tankyrase, TRF (TTAGGG repeat factor) 1 and 

TRF 2. It is also becoming clear that the precise conformation of the telomere is as 

important as its absolute length. Both the G-rich and the C-rich telomeric strands are 

able to form a number of structures in vitro (Figure 1.15). The G-rich strand can adopt a 

4-stranded G-quadruplex structure involving planar G-quartets (Sen and Gilbert, 1988; 

Sundquist and Klug, 1989), and the C-rich strand can form a structure referred to as an 

i-motiff (Gehring et al., 1993). Although the presence of G-quadruplexes has been 

demonstrated in the macronuclei of ciliates (Schaffitzel et a l, 2001), it is believed that 

telomeric repeats predominantly form a Watson-Crick double helix under physiological 

conditions, and that the G-quadruplex and I-motiff may be formed under different 

conditions, such as high temperature or low pH (Phan and Mergny, 2002).
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Figure 1.15: Possible configurations of G-quadrupIexes and i- 
motiffs. A) G-quadruplex and an i-motiff at the same location. B) 
An i-motiff. C) G-quadruplex. D) i-motiff and G-quadruplex at 
different locations. (Taken from Phan & Mergny, 2002).

While the G-quadruplex and i-motiff configurations are unlikely under normal 

physiological conditions, an alternative configuration involving both the double

stranded and single-stranded regions of the telomere has been demonstrated in vivo 

(Griffith et a l , 1999). It is believed that the so-called t-loop is formed by the G-rich 

single strand invading the preceding double-stranded region. Invasion would generate a 

D-loop consisting of three strands: two G-rich, and one C-rich strand. It has also been 

reported that a section of the terminal duplex may also invade (Stansel et al., 2001), 

resulting in a D-loop consisting of four strands: two G-rich and two C-rich. In this case 

there are a number of possible configurations, including double and triple helices, G- 

quadruplexes and i-motiffs.
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Regardless of the precise configuration, the formation of the loop depends on the 

telomere-binding proteins TRF 1 and TRF2. TRF2 in particular is believed to be the key 

protein in telomere protection (de Lange, 2002). Displacement of TRF2 using a 

dominant negative allele renders cells unable to distinguish between natural 

chromosome ends and broken DNA, while removal of TRF2 from the telomere results 

in loss of the G-strand overhang, leading to covalent joining of telomeres (van Steensel 

et al., 1998), a process dependent on ligase IV, suggesting the mechanism involved is 

non-homologous end joining (NHEJ) (Smogorzewska et al., 2002). The overall effect 

of loss of TRF2 on cell growth appears to depend on the cellular background. Apoptosis 

in an ATM- and p53-dependent manner has been observed in many transformed cell- 

lines (Karlseder et al., 1999), while transformed cells without a functional p53 response 

enter arrest, with all the hallmarks of senescence (van Steensel et al., 1998). Thus, 

removal of a protective factor can lead to different outcomes: cell death via apoptosis or 

senescence, both seeming to stem from the DNA damage response.

Removal of TRF2 from the telomere appears to act at the same level as DNA damage 

caused by ionising irradiation, with the p53 pathway as the main downstream signalling 

cascade (Smogorzewska and de Lange, 2002). Overexpression of TRF2 decreases the 

length at which cells stop dividing from 7kb to 4kb, suggesting that TRF2 is able to 

‘reset’ the senescence point, defined as the telomere length that causes a cell to initiate a 

senescence pathway (Karlseder et al., 2002). It has also been observed that cells 

overexpressing TRF2 accumulate fewer chromosomal aberrations than expected based 

on their shorter telomeres i.e. excess TRF2 is able to protect short telomeres (Karlseder,

2003). The mechanism by which increased numbers of TRF2 molecules protect 

telomeres could be due to more efficient formation and/or increased stability of the t- 

loop.

G-overhangs are required for t-loop formation (Griffith et al., 1999; Stansel et a l, 2001) 

(Figure 1.16) and are most likely created by nuclease attack of the 5’ strand, recessing it 

to leave the G-rich 3’ strand exposed. It has been proposed that the enzymatic processes 

involved are tethered to the telomere by TRF2, and that increased amounts of TRF2, 

therefore, lead to more efficient chromosomal end-processing and overhang formation, 

which in turn is required for t-loop formation (Karlseder, 2003). This hypothesis could 

explain how over-expression of TRF2 is able to stabilise shorter telomeres, that would
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otherwise induce senescence (Karlseder et a l , 2002), and suggests that the length of the 

overhang may be as important as the length of the entire telomere.

Tankyrase is a telomeric poly(ADP-ribose) polymerase (PARP) that binds TRF1. Both 

tankyrase and TRF1 function as acceptors for adenosine diphosphate (ADP)- 

ribosylation; ADP-ribosylation of TRF1 diminishes its ability to bind telomeric DNA in 

vitro (Smith et al., 1998). It has also been proposed that tankyrase-mediated ADP- 

ribosylation of TRF1 opens the telomeric complex, allowing access to the enzyme 

telomerase (Smith and de Lange, 2000), and that TRF1, when bound to duplex 

telomeric DNA, blocks extension by DNA polymerases (Smucker and Turchi, 2001). 

These observations suggest that poly (ADP-ribosyl)ation may regulate telomere 

function in human cells.

Tankyrase localises with TRF1 at the ends of human chromosomes in metaphase and 

interphase, and localises to additional sub-cellular sites in a cell cycle dependent manner 

(Smith and de Lange, 1999). It has also been shown to act as a novel signalling target of 

mitogen-activated protein kinase (MAPK) (Chi and Lodish, 2000), as well as having a 

role in cytoplasmic signal transduction pathways (Lyons et a l , 2001). Ku70, Ku86, and 

DNA-Pkcs, components of the DNA-dependent protein kinase (DNA-PK) complex,

TRF2 TRF1 tankyrase TIN2 other

d-loop

Figure 1.16: Telomere-binding proteins and the t-loop
(biology.yonsei.ac.kr/ PMP/tbp.htm)

39



Introduction

have also been shown to interact with telomeric DNA (Bianchi and de Lange, 1999; 

Hsu et al., 1999), and are proposed to interact with both TRF1 and TRF2 (Bailey et al., 

1999; Samper et a l, 2000). Pin2 also localises with TRF1 to form the Pin2/TRF1 

complex, which is thought to function as a key molecule in connecting telomere 

maintenance and cell cycle control (Zhou et al., 2003), possibly through mitotic spindle 

regulation (Nakamura et al., 2001; Nakamura et al., 2002; Shen et al., 1997).

While proteins such as tankyrase and Pin2 interact with TRF1 to modify its function, it 

has been proposed that TRF1 alone is insufficient for control of telomere length in 

human cells and that another protein, TIN2, is an essential mediator of TRF1 function 

(Kim et al., 1999). TIN2 has been shown to interact with TRF1, and to colocalise with 

TRF1 in nuclei and metaphase chromosomes (Kim et al., 1999). It has since been 

suggested that human TIN2 interacts with TRF1 and suppresses telomere elongation in 

telomerase-positive cells, and may control telomere length by modulating telomere 

structure (Kim et al., 2003).

A new telomere-binding protein, human Potl (hPotl), has recently been identified 

based on homology to the ciliate single-stranded end binding proteins (Baumann and 

Cech, 2001), and the homologous human protein has also been identified. These Potl 

(protection of telomeres) proteins each bind the G-rich strand of their own telomeric 

repeat sequence, consistent with a direct role in protecting chromosome ends. A recent 

study has suggested that hPotl may bind the 3’ end of human telomeres and stabilise 

them whilst in the ‘open’ configuration, during various stages of the cell cycle (Colgin 

et al., 2003). Over-expression of hPotl could then compete for the 3’ overhang, 

disrupting the t-loop and leaving more telomeres in the ‘open’ state.

In addition to extending telomeres, it is now believed that telomerase can also protect 

telomeres by helping to functionally cap chromosome ends; the presence of functional 

telomerase allows cells to remain competent for proliferation, even with short telomeres 

(and with no net elongation of short telomeres observed) (Chan and Blackburn, 2002). 

Thus, active telomerase allows telomeres to remain functional even at lengths that, in 

the absence of telomerase, would have caused cells to stop dividing or led to telomere- 

telomere fusions. Recently two general models attempting to explain this action of 

telomerase have been considered. Chan and Blackburn (Chan and Blackburn, 2002) 

reviewed evidence suggesting that telomerase may physically interact with the telomere 

at a critical period in the cell cycle, beyond the time just required for polymerisation,
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and protect the exposed single-stranded terminus. However, the authors appear to 

favour an alternative model in which telomerase may have a proliferation-promoting 

effect on cells, possibly through some form of signalling to cell-cycle machinery. They 

suggest that telomerase ‘reassures’ cells with short telomeres that the enzyme is present, 

and so telomere integrity will be maintained.

Thus, it is clear that the levels of expression of these proteins are important for the 

correct function of telomeres. For example, over-expression of TRF1 affects mitotic 

progression, inducing apoptosis in cells containing short telomeres, but not in cells with 

long telomeres (Kishi et al., 2001). Dysfunction of TRF1 expression has also been 

implicated in a subset of acute leukaemia (Ohyashiki et al., 2001). Another study has 

recently shown that 1) TRF1 and TRF2 mRNA’s were greater in normal cells than in 

human malignant hematopoietic cell lines or in patients with acute leukaemia, 2) human 

TERT mRNA expression showed changes paralleling telomerase activity, and 3) 

initially low expression of TRF1 and TRF2 mRNA increased during differentiation 

(Watanabe, 2001). These studies serve to highlight the importance of the expression 

levels of the binding proteins, and the impact they have on maintenance of telomeric 

structure.

1.5.2.4 Factors influencing telomere length
Telomere length is an important factor in maintaining a structure capable of protecting 

the distal ends of the chromosomes. In the absence of telomerase activity the telomeres 

shorten as a function of cellular turnover, resulting in replicative senescence. Thus, the 

length of the telomere is a significant factor in determining the replicative potential of a 

cell, but what factors influence telomere length?

Telomere length synchrony

Youngren and colleagues (Youngren et a l , 1998) have shown that there is remarkable 

synchrony in telomere length among organs of the human foetus during the gestational 

period (15-19 weeks), but significant variations in length between foetuses. The 

synchrony between organs most likely reflects the activity of telomerase exhibited by 

human foetal tissues (Wright et al., 1996; Youngren et a l , 1998), while the difference 

observed between foetuses may point to differing levels of telomerase expression in
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different individuals in the germ-line, in addition to differences in inherited telomere 

length.

Inheritance o f telomere length

Twin studies have demonstrated that telomere length is a heritable trait (Graakjaer et a l, 

2004; Jeanclos et a l, 2000; Slagboom et al., 1994). The results of these studies 

(examining 115, 49 and 7 twin pairs respectively) have led to an estimate for heritability 

of approximately 78%. It has also been shown that individuals possess a chromosome- 

specific pattern of telomere lengths that is similar in homologues from the same donor 

(Graakjaer et al., 2003; Martens et al., 1998)(Graakjaer et al., 2004), and it has been 

suggested that this may have been defined in the zygote (Graakjaer et al., 2004)

Telomere attrition

Telomeres in somatic cells are shorter than telomeres in the germ-line, consistent with 

the end-replication problem and limited replicative capacity. The measured length will 

be a product of the initial length (at conception), and the replicative stress placed upon 

that cell during life. The replicative stress results in different rates of attrition in 

different cells types, leading to a divergence in telomere lengths between tissues that 

turnover at a higher rate, and those that turnover at a lower rate.

The rate of telomere attrition can also be influenced by other factors. Oxidative damage 

is repaired less well in telomeric DNA than elsewhere in the chromosome, and 

oxidative stress accelerates telomere loss, whereas antioxidants decelerate loss (von 

Zglinicki, 2002). Homocysteine has been shown to increase the amount of telomere 

length lost per population doubling (Xu et al., 2000).

Sex-related differences in telomere length

Telomere length is generally longer in women than in men (Benetos et al., 2001; 

Cawthon et al., 2003; Jeanclos et al., 2000). Given that, in vivo, some telomerase 

activity is present in subsets of proliferative somatic cells, and the enzyme is stimulated 

by oestrogen (Gao et al., 2003; Williams et al., 2001), the longer telomeres observed in 

women may reflect a slower rate of age-dependent telomere attrition in pre-menopausal 

women than in men. An oestrogen response element exists on the catalytic sub-unit of 

the enzyme (Kyo et al., 1999), and there are oestrogen receptors present in vascular
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cells (Mendelsohn and Karas, 1999). It is possible that oestrogen-mediated increases in 

telomerase activity during the menstrual cycle may attenuate telomere attrition in 

various tissues, including the vasculature. The gender difference observed in humans is 

mirrored in rodents: a recent study showed that male rats had shorter telomeres than 

females in all organs examined except the brain, where the lengths were similar (Cherif 

et a l , 2003). These findings indicate that telomeres in rat kidney, liver, pancreas and 

lung shorten in an age-dependent, gender-dependent, and tissue-specific manner.

1.5.3 The Telomere Hypothesis of Cellular Ageing
Given that, in the absence of telomerase, telomeres shorten with each round of celleular 

division until they reach a critical point at which they are no longer able to replicate, it 

is reasonable to postulate that it is the length of the telomere that determines the life

span of the cell. Indeed, the telomere hypothesis of cellular ageing was first proposed by 

Harley in 1992 (Harley et al., 1992). The theory proposed that telomere length is the 

mitotic clock that regulates cellular life span. Support for the telomere hypothesis 

comes from studies that have examined telomere length as a function of age: two of the 

most widely studied cell types, with regard to telomere biology, are fibroblasts and 

lymphocytes. The mean telomere length of chromosomes decreases with both in vitro 

and in vivo ageing in both of these cell types (Allsopp et al., 1992; Chang and Harley, 

1995; Harley, 1991; Harley et al., 1990; Vaziri et al., 1993). In addition, it has been 

shown that the telomere length in lymphocytes progressively declines as a function of 

donor age from new-born to great-grandparents in their eighties (Frenck et al., 1998). If 

telomere length is indeed the mitotic clock, then initial telomere length should give a 

strong indication of the replicative potential of the cell. Allsopp et al (Allsopp et a l , 

1992) confirmed this in a study on fibroblasts from a number of donors: they showed a 

striking correlation, valid over the entire age range of the donors, between replicative 

capacity and initial telomere length, providing additional support for the telomere 

hypothesis of cellular ageing.

1.5.4 Telomere Length as a Marker of Disease
If telomeres shorten in an age-dependent manner, and cells enter senescence when 

telomeres reach a critically shortened length, it follows that an increase in the number of
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shorter telomeres, or rapid attrition of telomeres will result in premature senescence, and 

this may have implications for the development and /or progression of various diseases. 

Werner’s Syndrome displays characteristics of premature ageing, including 

atherosclerosis (Chakraverty and Hickson, 1999; Salk, 1982). The cause is a defect in 

the RecQ family of DNA helicases (Mohaghegh et al., 2001a) resulting in accelerated 

telomere loss (Schulz et al., 1996b) and erratic telomere length distributions (Wyllie et 

a l , 2000). Individuals with Down’s Syndrome (trisomy 21) experience premature 

immuno-senescence, and considerably accelerated telomere loss (130bp/year) has been 

demonstrated (Vaziri et al., 1993) in the lymphocytes of Down’s subjects. Accelerated 

telomere loss has also been observed in Fanconi anaemia (FA) (Callen et a l, 2002; 

Leteurtre et a l, 1999), scleroderma (Artlett et a l, 1996), and ataxia telangiectasia (AT) 

(Metcalfe et a l, 1996; Vaziri et a l, 1997; Vaziri, 1997), disorders associated with 

chromosome instability. The number of telomere repeats in individuals with chronic 

hepatitis and liver cirrhosis has been shown to be lower than in normal liver of the same 

age (Aikata et a l, 2000), and it has been suggested that the fibrotic scarring at the 

cirrhosis stage is a consequence of hepatic telomere shortening and senescence 

(Wiemann et a l, 2002). Of course, it is possible that shortening simply reflects the 

inflammatory nature of disease processes. For example, the telomere length of the rectal 

mucosa of individuals with ulcerative colitis are significantly shorter than controls 

(Kinouchi et a l, 1998; O'Sullivan et a l, 2002), leading to increased chromosome 

instability. Similarly, the CD8+ subset of T-lymphocytes suffer extreme loss in patients 

with HIV (Batliwalla et a l, 2000).

Telomere biology also plays a key role in cancer, as the most important property of 

malignant neoplasms is that they have the ability to go through countless cycles of 

replication followed by cell division. This is largely due to the activation of telomerase, 

usually at the stage when progression from contained lesions to invasive cancer occurs 

(Shay and Bacchetti, 1997). Indeed, activity has been detected in « 70% of stage I breast 

tumours and > 95% stage I-IV tumours (Hiyama et a l, 1996). Surprisingly, given that 

telomerase adds telomeric repeats, the telomeres of proliferating cancer cells are often 

quite short (de Lange et a l, 1990; Hastie et a l, 1990); this may be a result of the 

telomerase capping the telomere, preventing the cell entering senescence, without 

actually extending it. Telomere lengthening in cancerous cells has also been observed in 

the absence of telomerase (Bryan et a l, 1997; Dunham et a l, 2000; Henson et a l,
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2002). This is referred to as ALT (Alternative Lengthening of Telomeres), and occurs 

via homologous recombination and copy switching (Dunham et a l, 2000).

Interestingly, there is an increasing amount of evidence that replicative senescence 

functions as a tumour-suppressor mechanism. Firstly, cells with a finite replicative life 

span are orders of magnitude less likely to form tumours than immortal cells (Newbold 

et a l , 1982). Secondly, certain oncogenes act, at least in part, by immortalising or 

extending the life span of cells (Sager, 1991; Shay et a l, 1991). And thirdly, among 

genes essential for establishing and maintaining the senescent phenotype there are two 

well known tumour suppressors: the p53 and retinoblastoma (Rb) genes (Sager, 1991; 

Shay et a l, 1991). p53 and Rb appear to be essential for cells to irreversibly arrest 

growth once their telomeres reach a critically short length (a terminal restriction 

fragment of about 4kb in most somatic cells.

Telomere structure, in addition to length, is a critical factor

While the absolute length of the telomere is important, the review of the role of 

telomere-binding proteins and the precise configuration of the telomeric DNA suggest 

that length is not the only important factor. Studies of genes on truncated yeast 

telomeres have revealed a continuous domain of transcriptional silencing with a strength 

of effect that is proportional to the distance from the telomere (Renauld et al., 1993). 

Telomeres regulate chromatin structure in yeast (Chan and Blackburn, 2002), and 

evidence from studies on human cells now suggests that telomere structure, rather than 

length alone, is important in replicative senescence (Rubio et a l, 2002). This is 

supported by evidence that the control of human TPE may not be due to the telomere 

length alone, but due to accompanied changes in chromatin structure (Koering et a l,

2002). It has also been suggested that changes to TPE could influence immortalisation; 

proteins liberated from shortening telomeres silencing tumour suppressor genes (Wood 

and Sinclair, 2002). This hypothesis could explain why most telomerase-positive cancer 

cells retain relatively shorter telomeres.

1.5.5 Telomeres & Ageing of the Cardiovascular System

1.5.5.1 Pulse pressure & pulse wave velocity
Carotid arterial wall thickness, as assessed by intima-media thickness (IMT), increases 

with age in adult humans (Komet et al., 1998; Kuller and Sutton-Tyrrell, 1999; O'Leary
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et a l, 1999), and is an independent risk factor for cardiovascular disease (Bots et a l, 

1997; Kuller and Sutton-Tyrrell, 1999; O'Leary et a l, 1999). Observations from animal 

studies indicate that sustained elevations in local distending pressure are capable of 

stimulating smooth muscle hypertrophy and synthesis of extracellular materials in the 

arterial wall (Leung et a l, 1976), and Tanaka et a l (Tanaka et a l, 2001) have 

hypothesized that increasing carotid IMT with advancing age in humans may be 

associated with elevated carotid systolic BP.

Pulse pressure (PP) is influenced by arterial stiffness (Nichols and O'Rourke, 1998), but 

is also affected by the timing and intensity of wave reflections resulting from the 

summation of a forward wave coming from the heart and propagating at a given speed 

(pulse wave velocity, PWV) toward the origin of resistance vessels, and a backward 

wave reflecting towards the heart from particular sites (Nichols and O'Rourke, 1998). In 

subjects over the age of 50 PP is an independent marker of cardiovascular risk, 

particularly for MI (Safar, 2001). Ventricular ejection also tends to be reduced, and 

arterial stiffness becomes a major determinant of increased systolic BP and PP. Arterial 

stiffness as measured by PWV has been shown to independently predict cardiovascular 

risk (Blacher et a l,  1999; Laurent et a l, 2001).

Altered mechanical properties of the aortic wall influence the level of aortic systolic BP 

(which is increased), and diastolic BP (which is decreased) as a consequence of early 

wave reflections. These alterations are influenced by factors such as hypertrophy, or 

remodelling, of arterial and arteriolar vessels (Mulvany and Aalkjaer, 1990). Age 

influences all of these modifications and tends to increase PP more rapidly in central 

than in the distal compartment of the arterial tree. Changes to PP resulting from 

calcified plaques, particularly at aortic, carotid and femoral bifurcations, and at the 

origin of renal arteries, may produce reflections sites closer to the heart (Latham et a l , 

1985; Safar, 2001). This may also modify wave reflections and increase PP.

As PP and PWV both increase with age, an association between telomere length and 

one, other, or both of these would provide support for the telomere hypothesis of 

ageing. Two recent studies of the relationship between ageing of the human arterial 

system and telomeric length (Benetos et a l, 2001; Jeanclos et a l, 2000) have indeed 

showed that after adjustment for age, telomere length was inversely correlated with PP 

and that the relationship was modified by sex. Thus, men with shorter telomeres are 

more likely to exhibit high PP and PWV (Benetos et a l, 2001). From these studies,
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Aviv (Aviv, 2001) has suggested that the biological age of persons with relatively high 

pulse pressures is more advanced than their chronological age would indicate, thus 

reinforcing the theory that telomere biology is involved in cardiovascular disease.

1.5.5.2 The vascular endothelium
The vascular endothelium has been described as an “active paracrine, endocrine, and 

autocrine organ that is indispensable for the regulation of vascular tone and maintenance 

of vascular homeostasis” (Bonetti et al., 2003). Some of the major atheroprotective 

effects are shown in Table 1.5.

Table 1.5: Atheroprotective Effects o f the Healthy Endothelium

Effects______________________________________________
Promotion of vasodilation
Antioxidant effects
Anti-inflammatory effects
Inhibition of leucocyte adhesion and migration
Inhibition of smooth muscle cell proliferation and migration
Inhibition of platelet aggregation and adhesion
Anticoagulant effects
Fibrinolytic effects___________________________________

* taken from Bonetti et al. (Bonetti PO et al., 2003)

Endothelial dysfunction in atherosclerotic epicardial coronary arteries was first 

described by Ludmer et al. (Ludmer et al., 1986) in 1986, and is characterised by a 

reduction in bio-availability of vasodilators, such as nitric oxide, while endothelium- 

derived contracting factors are increased (Lerman and Burnett, Jr., 1992). Thus there is 

impairment of endothelium-dependent vasodilation, coupled with a state of “endothelial 

activation” which is characterised by a proinflammatory, proliferative, and 

procoagulatory status that favours atherogenesis (Anderson, 1999). Such changes have 

been shown to increase with advancing age (Celermajer et al., 1994b; Ishida et al.,

2003). Bonetti et al. (Bonetti et al., 2003) have suggested that, due to its strategic 

location and biological properties, the vascular endothelium may provide the “missing 

link” between any given risk factor and its detrimental vascular effect. Many of the 

conventional risk factors have also been shown to associate with endothelial 

dysfunction: for example, endothelial function is impaired by hyperhomocyst(e)inaemia 

(Stuhlinger et al., 2003) and by increased oxidative stress as a result of hyperlipidaemia,
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hypertension, diabetes and smoking (reviewed in Cai and Harrison (Cai and Harrison,

2000)). There is also evidence that the risk to develop endothelial dysfunction increases 

with the number of risk factors present in an individual (Celermajer et al., 1994a; Vita 

etal., 1990).

Minamino et al. (Minamino et al., 2002) have recently demonstrated a direct link 

between telomere biology and endothelial cell senescence. They inhibited TRF2 in 

human aortic endothelial cells (HAECs) to induce senescence and found that the cells 

showed increased expression of ICAM-1 and decreased expression of eNOS, both 

changes that have been already been implicated in atherogenesis. Conversely, 

introduction of the catalytic sub-unit of telomerase extended cell life-span and inhibited 

the functional change associated with senescence. Further evidence linking telomere 

biology with vascular biology is provided by the observation that increased shear wall 

stress results in accelerated telomere attrition (Okuda et al., 2003).

These studies suggest that telomere length and/or integrity is important for normal 

functioning of the arteries, and telomere-induced senescence may play a crucial role in 

ageing of the cardiovascular system, as manifest by increasing PP, PWV and 

endothelial dysfunction. Interestingly, measures of arterial stiffness correlate 

significantly with those of endothelial function (Nigam et al., 2003). In addition, 

telomere length in patients with vascular dementia has been shown to be shorter than in 

controls (von Zglinicki et al., 2000), suggesting that telomere dynamics are involved in 

the biological ageing of both central and peripheral arteries.

1.6 W ORK PRECEDING THIS STUDY

If shorter telomeres induce cellular senescence, and senescent endothelial cells 

demonstrate atherogenic properties, individuals with shorter telomeres may be at 

increased risk of developing atherosclerosis. In a previous study carried out within our 

group the mean terminal restriction fragment (TRF) length of leucocyte DNA was 

compared between 10 patients with severe triple-vessel coronary artery disease and 20 

age and sex-matched controls with normal coronary arteries at angiography (Figure 

1.17). This study demonstrated a small, but highly significant difference in leucocyte 

mean TRF length between cases and controls. In both groups there was a clear, age- 

related decline in telomere length, in agreement with previous studies (Benetos et a l, 

2001; Vaziri et al., 1993; Wynn et al., 1998). After adjustments for age and sex, cases
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had a mean TRF length 303 base pairs shorter than controls (p=0.002) (Samani et a l ,

2001). The difference between the two groups (303bp) and the rate of loss (35bp/year) 

suggests that, in biological terms at least, cases have a telomere length similar to that of 

controls approximately 8.6 years older. This implies that subjects with advanced 

coronary atherosclerosis are “biologically” older than age and sex-matched control 

subjects, at least as far as the telomeres of their circulating WBCs are concerned. 

Interestingly, the trend lines for the cases and controls appear to be parallel, suggesting 

that rather than cases having had their telomeres eroded at a faster rate than controls, 

cases may have actually inherited shorter telomeres. If this hypothesis is true, 

individuals bom with shorter than average telomeres would be at an increased risk of 

developing CHD. One limitation of the study is that the association has been shown in 

WBCs but not in other tissues. However, a recent study examining telomere length in 

coronary endothelial cells of 11 patients with CHD and 22 age and sex matched controls 

also demonstrated significantly shorter telomeres in the cases compared to controls 

(Ogami et a l , 2004).
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Figure 1.17: Plot o f mean length o f leucocyte DNA TRFs 
against age o f individuals with severe coronary artery disease or 
normal coronary arteries (Samani et a l., 2001)
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1.7 HYPOTHESIS

The incidence of CHD is known to increase with age due to a number of processes 

including elevated BP and a decrease in the anti-thrombogenic property of the 

endothelium. There are a number of well-established risk factors, such as hypertension, 

diabetes and obesity that contribute to the aetiology and pathogenesis of CHD, and 

much work has been carried out attempting to identify candidate genes involved in 

CHD. Despite this, there are several aspects that remain unclear, including the highly 

variable age-of-onset in individuals with very similar risk profiles. The mean telomere 

length of various cells types has been shown to reduce in an age-related manner, thus 

telomere length is considered a marker of biological ageing. Chronological ageing is an 

extrinsic variable that proceeds at the same rate in all individuals of a species, whereas 

biological ageing is an intrinsic variable that can proceed at different rates in different 

individuals. Given that telomere length is a marker of biological ageing, and telomere 

length has been shown to be shorter in certain age-related disorders, we have 

hypothesised that CHD is a disease of premature biological ageing. In order to test this 

hypothesis we designed a number of studies:

1. To investigate the association of mean telomere length with premature MI.

2. To examine mean telomere length in the young, healthy offspring of subjects 

both with and without CHD. If the offspring of cases were found to have shorter 

telomeres than offspring of controls, this would suggest that telomere length is 

inherited, and may explain, in part, the strong familial element of CHD.

3. To optimise and validate a real-time PCR-based method for high-throughput 

estimation of telomere length using smaller amounts of DNA.

4. To use the real-time PCR-based method to carry out a prospective study of

telomere length and cardiovascular disease. This study would enable me to

address issues such as the potential for bias that is inherent in case-control 

studies.

5. To examine telomere length in a number of families in an attempt to determine

the extent to which telomere length is a heritable trait, and to elucidate the

genetic basis of telomere length using a genome-wide scan to identify candidate 

loci.
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METHODS

In this section I describe optimisation of the Southern blotting method of telomere 

analysis, and optimisation and validation of a real-time PCR based method for telomere 

analysis. Included is a discussion of the advantages/disadvantages of the Southern 

blotting method, and the potential benefits of using the PCR-based method. More 

specific methods related to particular aspects of the work are discussed in the relevant 

chapters.

2.1 DNA EXTRACTION

Blood was drawn into EDTA anti-coagulant tubes and stored at -80°C DNA extractions 

were carried out using a commercially available kit (PureGene™, Gentra Systems, 

USA).

2.1.1 Cell Lysis

Frozen bloods were thawed in a 37°C water bath for 30 minutes before 9ml whole blood 

added to a 50ml tube containing 27ml RBC Lysis Solution. The tube was inverted to 

mix, and incubated at room temperature on a roller for 10-20 minutes. Centrifugation 

was carried out in a bench centrifuge (Heraeus Instruments, USA) for 10 minutes at 

3100rpm/2000g, and the supernatant poured off into a waste bottle containing 

disinfectant (Haztab, Flowgen, UK), leaving a visible white pellet and between 300- 

600pl residual fluid. This was then vortexed vigorously to resuspend the pellet in the 

residual supernatant.

Cell Lysis Solution (9ml) was then added and the tube inverted several times to lyse the 

cells. At this time the contents of two tubes (i.e. from the same sample) could be pooled, 

but all details from here on will assume that this was not the case.

If visible clumps formed the tube was incubated for several hours at 37°C, or overnight 

at room temperature. Alternatively, 45pi Proteinase K (20mg/ml) was added (to a final 

concentration of lOOpg/ml) and incubated at 55°C from one hour to overnight.

At this stage samples are stable at room temperature for 18 months.
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2.1.2 RNase Treatment

RNase A (45 pi) was added to cell lysate and the sample mixed by inverting the tube 25 

times, followed by incubation at 37°C for 15-20 minutes.

2.1.3 Protein Precipitation

Samples were cooled on ice, as this step usually followed the final 55°C incubation 

during cell lysis. Protein Precipitation Solution (3ml) was added to cell lysate and 

vortexed vigorously for 20 seconds, left on ice for at least 5 minutes, and centrifuged at 

3100rpm for 10 minutes. The precipitated proteins form a dark brown pellet.

2.1.4 DNA Precipitation
The supernatant only (containing the DNA) was poured into a clean 50ml tube 

containing 9ml 100% isopropanol (propan-2-ol) and the sample mixed by inverting 50 

times, until DNA precipitation could be seen. Centrifugation was carried out at 

3100rpm for 5 minutes and the supernatant poured off, taking care not to lose the pellet. 

The tube was then inverted on clean tissue to drain the residual liquid. The pellet was 

washed by inversion in 9ml 70% ethanol, centrifuged at 3100rpm for 5 minutes and the 

ethanol poured off. Again the tube was inverted on clean tissue for a maximum of 10 

minutes to drain the residual fluid.

2.1.5 DNA Hydration

DNA Hydration Solution (TE, 750pl) was added such that the pellet was in solution and 

left at 4°C overnight. The sample was mixed and centrifuged briefly at 3100rpm before 

incubation at 65°C in a water bath for one hour. Following a further mix the sample was 

then allowed to stand at room temperature overnight. The sample was then mixed and 

centrifuged at 3100rpm (pulse spin), and incubated for a further hour at 65°C in a water 

bath. When cool the sample was stored a 4°C until DNA determination was carried out.

2.1.6 DNA Quantification
DNA was quantified in duplicate by spectrophotometry using. Nucleic acids have a 

peak absorbance in the ultraviolet range, at approximately 260 nm. A solution 

containing 50pg/ml of double stranded DNA has an absorbance of 1 at 260nm. When 

the spectrophotometer has a path length of 1 cm, absorbance (A260) = optical density
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(OD), where OD = extinction coefficient (E) x concentration. Extinction coefficients 

vary with the type of nucleic acid: double stranded DNA (dsDNA) has an E = 20 g- 

lcm-lL. Thus,

DNA concentration = A260/2 O x dilution factor

The 260/280 ratio was included to give an indication of sample purity: pure DNA has an 

A260/A280 ratio of 1.8-1.9. Lower ratios indicate substantial protein contamination, 

while a higher ratio generally indicates RNA contamination. Those samples found to be 

too dilute were ethanol precipitated and re-suspended in a smaller volume.

2.1.7 Assessing DNA Integrity

The integrity of all DNA samples was analysed once the extracted DNA had re

suspended fully and before the sample was used in any experiment.

5ul loading buffer (0.25% (w/v) bromophenol blue; 0.25% (w/v) xylene cyanol FF; 

15% (w/v) Ficoll) was added to 2ug of genomic DNA and the solution was loaded on to 

a 1% (w/v) agarose gel (ICN), made with 1 x TAE (40 mM Tris-acetate, 1 mM EDTA) 

buffer. Both lkb and 5kb DNA ladders (Invitrogen) were also loaded on to the gel to 

determine the size of the genomic DNA. Both the gel and the running buffer contained 

0.05ul/ml of lOmg/ml ethidium bromide (Sigma). The gel was run at 80 volts in 1 x 

TAE buffer for roughly 1 hour and was analysed using a UV light box. Significant 

smearing down the gel (i.e. more than l-2cm) suggested that the DNA was not of good 

quality.

2.2 DETERMINATION OF MEAN TELOMERE LENGTH BY 
TERMINAL RESTRICTION FRAGMENT ANALYSIS

2.2.1 Overview of Terminal Restriction Fragment (TRF) analysis
The basic principle of TRF analysis is illustrated in Figure 2.1. Frequently cutting 

restriction enzymes (R s a l5’...GVANTC...3’, and Hinfl, 5’...GTVAC...3’) are used to 

digest genomic DNA; telomeric DNA remains intact, as there are no recognition sites 

for the enzymes used. The digested DNA is then separated using agarose gel
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electrophoresis, with the small, digested fragments rapidly reaching the bottom of the 

gel. The much larger, undigested telomeric DNA (Figure 2.1, small red boxes) separates 

at a much slower rate, forming a 12-15cm smear that can then be analysed.

Telomere

Centromere

Telomere

Sub-telomeric

Restriction

digest

Figure 2.1: Overview of TRF analysis. Genomic DNA is digested, leaving 
the telomeres intact. Separation on an agarose gels removes the digested 
fragments, and leaves a telomeric “smear” .

The smear is due to inter- and intra-chromosomal, in addition to inter- and intra-cellular 

differences in telomere length. If every telomere on every chromosome of every cell in 

the population analysed were the same length then there would be just one, discrete 

band. It is important to note that a small, variable amount of sub-telomeric DNA 

remains intact and is captured in the telomeric smear (this has implications for analysis 

that will be discussed later).

2.2.2 Restriction Enzyme Digest of Genomic DNA

8ug genomic DNA were digested to completion with 15U of Rsa I  and Hinf I  

(Invitrogen) overnight at 37°C. The digestion always took place in a buffer containing a
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final concentration of 1 x One Phor All buffer (OPA) (Amersham Pharmacia), made to 

the correct volumes with distilled water.

2.2.3 Fluorometry Readings of Digested DNA Samples
A fluorometer (Hoefer Dynaquant) reading was taken in order to determine the 

concentration of digested DNA after restriction enzyme digestion. 2ul of digested DNA 

was added to 2 ml of a solution containing (1 x TNE (50mM Tris-HCl (pH 8.0), 

150mM NaCl, lOOmM EDTA) lug/ml Hoechst). The excitation emission was then 

calculated and the machine would produce a concentration of the DNA in ng/ul.

2.2.4 Southern Blotting
The gel electrophoresis apparatus (horizontal submarine gel tank) was set and a running 

buffer of 1 x TAE (40 mM Tris-acetate, 1 mM EDTA) used. A 0.5 % (w/v) agarose gel 

was made in 1 x TAE. The agarose suspension was heated in a microwave until the 

agarose dissolved. The agarose solution was allowed to cool to 60°C before adding

0.05ul/ml of lOmg/ml ethidium bromide and pouring into a gel mould. 2ug of digested 

DNA in 6ul of loading buffer (0.25% (w/v) bromophenol blue; 0.25% (w/v) xylene 

cyanol FF) was loaded onto the gel. Size standards were run on either side of the gel 

(500ng KB DNA, Invitrogen, and 700ng Hyperladders I and VI, Bioline). The gel was 

run overnight in the 1 x TAE running buffer with 0.05ul/ml of lOmg/ml ethidium 

bromide at 4°C. The samples were initially run from the wells at 150V for 1 hour and 

then the voltage was reduced to 50V for the continuation of the overnight procedure. 

The gels were examined with the use of an ultraviolet transilluminator (Alpha Innotech 

Corporations) to ensure that the genomic ‘smear’ had run to the bottom of the gel and 

this smear was also used to ensure equal loading of the samples.

Gels were depurinated in 250ml of 0.25HC1 (Fisher) (6.25ml/250ml) depurinating 

solution for 20 minutes with gentle shaking. The solution was changed for fresh after 10 

minutes. The usual method of depurinating until the bromophenol blue dye in the 

loading buffer turns from blue to yellow was not possible as this had usually run off the 

gel completely. Gels were then briefly rinsed in distilled water and then immersed in a 

denaturing solution containing 1.5mol/L NaCl, 0.5 mol/L NaOH for 30 minutes with 

gentle shaking. Gels were rinsed again with distilled water and then washed in a
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neutralising solution containing 1.0 mol/L Tris-HCl, 1.5 mol/L NaCl pH 7.2 for 30 

minutes, with gentle shaking. Gels were then rinsed for a final time.

DNA was transferred using a standard Southern blotting technique (Southern, 1975); a 

pre-wet 3 MM paper wick was placed on a glass plate, with both ends immersed in a tray 

of 10X SSC. The processed gel was placed on the wick, two sheets of pre-wet 3MM 

paper placed on top, followed by 5-10 dry sheets of QuickDraw™ Blotting Paper 

(Sigma). A second glass plate and a 1kg weight were placed on the top, and transfer 

allowed to proceed via capillary action for approximately 2 hours. The sheets of 

QuickDraw in contact with the 3MM paper were changed after approximately 10 

minutes.

When the transfer was complete, the Southern blot was dismantled, and the membrane 

allowed to air-dry for 20 minutes. The DNA was then covalently cross-linked to the 

membrane by exposure to 7 x 104 J/cm2 of UV light by placing the membrane for 70 

seconds on a UV transilluminator. The membrane was stored at 4°C until the 

hybridisation process was carried out.

2.2.5 Hybridisation
Pre-hybridisation and hybridisation were performed at 42°C in a hybridisation oven 

(Hybaid). Membranes were rolled up and placed into a hybridisation tube with 12ml 

RapidHyb™ Buffer solution (Amersham Biosciences). The membrane was pre

hybridised at 42°C for a minimum of 1 hour.

Terminal deoxynucleotidyl transferase (Tdt) labelling ofTj probe 
Tdt labelling was performed using a commercially available kit (Amersham Pharmacia). 

20pmol of Ti telomere probe (AATCCC)3 , IX Tdt buffer (100 mM sodium cacodylate, 

pH 7.2, 0.2 mM 2-mercaptoethanol, 2 mM C0 CI2) 7.5pCi 32P dCTP, lOmM MgCh and 

50 units Tdt enzyme. The reaction was allowed to proceed for 1 hour at 37°C, followed 

by 100°C for 8 minutes.

RadPrime labelling of ladders
RadPrimer labelling was performed using a commercially available kit (Invitrogen). A 

combination of KB DNA ladder (30ng) and Hyperladders I and VI (45ng) in a total 

volume of 21 pi were incubated at 100°C for 10 minutes, and then immediately placed
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on ice. The reaction was made up to 50jil with lx Radprime buffer (50mM Tris-HCl 

(pH 6.8), 5mM magnesium chloride, lOmM 2-mercaptoethanol, 150pg/ml 

oligodeoxyribonucleotide primers (random octamers)), 30pM dATP/dGTP/dTTP mix, 

12.5pCi 32P dCTP and 40 units Klenow fragment. The reaction was allowed to proceed 

for 15 minutes at 37°C, followed by 100°C for 10 minutes.

At this point approximately 2ml of the pre-hybridisation solution was poured into a 

15ml sterilin tube and both the labelled ladders and the T1 probe added directly. This 

mix was then poured back into the hybridisation tube, given a gentle shake to mix, and 

hybridised at 42°C for 2-4 hours. Washing in 5xSSC/0.1% SDS was carried out at 42°C 

for 10-15minutes; if the counts were still high and indicating high background, an 

additional and more stringent wash in 3xSSC/0.1% SDS was performed. The membrane 

was then allowed to dry for approximately 15 minutes before being wrapped in Saran- 

wrap and exposed to autoradiographic film within an intensifying screen at -80°C. Film 

was developed in a Kodak photo processor.

Membranes were routinely exposed overnight and if the signed was strong enough to 

produce even a faint image, the membrane was then transferred to a phosphorimager 

plate and exposed for a further 24 hours. The plate was then scanned using a Molecular 

Dynamics Storm Phosphorimager to provide a digitised image of the hybridised 

membrane.

Molecular Dynamics ImageQuant™ version 3.3 software was used to analyse the 

images.

Re-hybridising membranes
Occasionally it was necessary to re-hybridise a particular membrane. A container of 

water (500-1000ml) was heated to 100°C and the radio-labelled membrane was 

completely immersed. The container was then placed on an orbital shaker, and the water 

allowed to cool to room temperature, resulting in removal of the probe. The membrane 

was either re-hybridised immediately, as detailed previously, or stored at 4°C.

57



Methods

2.2.6 Estimation of mean TRF

Once the gel had been exposed to the phosphorimager, the digitised image was opened 

using Molecular Dynamics ImageQuant 3.3 software and intensity data for each lane 

obtained. Background signal was estimated by drawing a rectangle object in the space 

between the ladder lane, and the first sample lane; this allowed an estimate of the “sum 

above background” to be determined for any region of the gel image.

y = -0.0319x + 4.3228  
R2 = 0.9866

Figure 2.2: Estimating mean TRF. A. Using ImageQuant 3.3 software a grid (1 column x 30 
rows) was drawn over the lane containing the KB DNA marker. It was important to try and draw 
the grid such that each o f  the bands in the marker lane lies within a row, and the number (1-30) into 
which each band falls recorded. Where a band lay between 2 rows, it was assigned to that row in 
which the majority o f the band fell. B. A graph o f log (molecular weight) against row number was 
plotted and used to interpolate values for each o f the rows not containing a band. Thus, an average 
size (bp) was estimated for each o f the 30 regions in the grid.

Figure 2.2 depicts the construction of the standard curve, used to estimate the average 

molecular weight for each of the 30 regions of the grid. The grid was copied and placed 

over each sample lane. A rectangle was drawn in a region away from the lanes and 

defined as ‘background’, and the image was then quantitated by integrating the volume 

in each row. The section of output used for downstream analysis was the ‘sum above 

background’. The following equation was then used to estimate the size of the mean 

telomere restriction fragment (TRF):
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TRF = SODj

Z(ODj/MWti)

where MWtj is the molecular weight (or size, in base pairs) and ODi is the optical 

density (sum above background) at that weight. This formula takes into account the fact 

that longer telomeres bind more labelled probe and consequently appear darker on the 

x-ray film and Phosphor Imager image.

2.2.7 Optimisation of Telomere Assay 

Selection o f a suitable size marker

When studying telomere length in humans there are generally 2 different ranges of 

telomere lengths (in kb) that various groups look at. Some groups analyse from 2-12kb 

(Kruk et al., 1995; Samani et al., 2001; Vasa et al., 2000), while other analyse up to 

21 kb (Allsopp et al., 1992; Chang and Harley, 1995), 23kb (Bestilny et al., 2000; Bryan 

et al., 1998; Hastie et al., 1990; Jeanclos et al., 1998), 24kb (Melk et al., 2000), or even 

26kb (Hultdin et al., 1998). 26kb seems to be the upper limit that can be resolved on a 

standard 0.5% agarose gel; anything above 26kb requires pulse-field gel-electrophoresis 

(PFGE) (Golubovskaya et al., 1999; Jennings et al., 1999) to resolve.

In some cases the choice of marker may be due to the system studied i.e. cell lines with a 

known telomere length, and the commercially available markers at the time. I analysed 

up to 24kb as that should yield more information for certain smears. Only analysing up 

to 12kb may result in biased results, as the data above 12kb is lost. The ladders available 

included 1KB and 5KB DNA ladder (Invitrogen), A,/Hind III fragments (Invitrogen), and 

Hyperladders I and VI (Bioline), and a comparison is shown in Figure 2.3.
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Figure 2.3: Selection of marker. A. The KB ladder was very clear and easy to run, 
while the 5KB and A/Hinlll ladder did not resolve well on a 0.5% agarose gel (pulse- 
field would probably be required to obtain adequate separation). B. In contrast, the 
combined hyperladders (HL) were clear and resolve relatively well up to 24kb. 
Figure C. illustrates the problem with using the KB ladder alone; a considerable part 
o f the smear can be present above 12kb (the largest band using KB DNA ladder). 
This section is not analysed and may lead to bias in the results; the estimated TRF 
would be lower using KB as opposed to HL. A separate experiment in which a 
sample was run with both KB ladder and the combined HL’s confirmed this 
prediction: estimated TRF length o f sample P089 was 5.7kb using KB, and 6.0kb 
using HL (data not shown). This error would NOT be the same for all samples; those 
samples with larger smears (i.e. higher on the gel) would lose more data if KB ladder 
alone were used.

Capillary action versus vacuum blotting

The traditional method of Southern blotting involves stacking paper towels on top of the 

gel to draw the buffer up through the Hybond-N via capillary action. This usually 

involves leaving the DNA to transfer for 12-18 hours (overnight). A commercially 

available towel (QuickDraw, Sigma) is also available; this claims to transfer completely 

within 1-2 hours. Finally, vacuum transfer also allows rapid, efficient transfer. To 

confirm this, identical samples were run on the same gel, the gel was processed as usual 

before being cut into three with a sterile blade. One third was transferred via standard
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cap illary  action, one third v ia capillary action using Q uickD raw , and the third via 

vacuum  blotting . A ll w ere then hybridised in the same hybrid isation cham ber to allow  

direct com parison  (F igure 2.4).

Figure 2.4: Transfer. It is clear 
that vacuum transfer provides a 
faster and more efficient method 
than standard capillary action for 
the transfer of the high molecular 
weight markers, in addition to the 
telomeric smear. However, the 
transfer is dependent on a constant 
draw from the vacuum pump, and 
this cannot be guaranteed over the 
course o f several hours. Using 
Quickdraw provided the most 
efficient method, without the need 
for expensive equipment, or a 
constant vacuum.

Inter-gel normalisation

C onsiderable d ifferences in m ean TR F estim ation can occur betw een gels (S lagboom  et 

a l ., 1994). To try  and overcom e the inter-gel variation, a control sam ple was included 

on each gel run, allow ing  results to be directly com pared betw een gels, and also 

betw een studies. A  sam ple was chosen (P089) that had provided a high yield and was 

d igested  in seven  separate reactions. One aliquot from  each o f  the first five digests, five 

aliquots from  the sixth, and four aliquots from  the seventh, w ere run out on three 

separate gels to  provide an assessm ent o f  inter- and intra-gel variation. Figure 2.5 shows 

a  schem atic representation  o f  the experim ents carried out to obtain an estim ate o f  m ean 

TR F length for the control sample.

Capillary
Transfer
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CO g  J
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Figure 2.5: Control sample. Schematic representation o f digests used to calculate mean 
TRF length o f the control sample.

Table 2.1: Characterisation o f a control sample

Gel kb
1 6.41 Mean 6.337143
1 6.31 Standard Error 0.032924
1 6.44 Median 6.335
1 6.18 Mode 6.18
1 6.26 Standard Deviation 0.12319
2 6.37 Sample Variance 0.015176
2 6.34 Kurtosis -0.58097
2 6.24 Skewness 0.254388
2 6.17 Range 0.41
2 6.33 Minimum 6.17
3 6.18 Maximum 6.58
3 6.46 Sum 88.72
3 6.58 Count 14
3 6.45 Confidence Level(95.0%) 0.071128

T able 2.1 sum m arises the results fo r the control sample: sam ple P089 w as estim ated  to 

have a  m ean TR F o f  6 .34 ±  0 .12kb and w as deem ed a suitable control sam ple. The 

sam ple w as then  added to  the last lane o f  each gel run and if, after analysis, the m ean 

T R F w as estim ated  to be w ith in  2 standard deviations o f  the m ean (6 .09-6 .58kb) the gel 

w as considered  suitable to be included in the study. W here the control sam ple was 

outside 2SD s, the gel w as repeated.

A fter analysis the  m ean TR F o f  the control sam ple w as com pared to the m ean. The 

d ifference w as calculated, and all sam ples w ere adjusted by the sam e value. For 

exam ple, i f  the m ean TRF o f  the control sam ple w as found to be 6.24kb, all sam ples on 

the gel w ould  have their m ean T R F ’s increased by 0.1 kb (the difference betw een the 

average, 6 .34kb, and the value from  that particu lar gel, 6.24kb). N orm alisation can also
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be performed by determining the factor by which the recorded estimate of mean TRF 

length for the control sample differs from the actual length (6.34kb/6.24kb in the 

example above). All samples would then be multiplied by this factor. Carrying out 

normalisation in this way resulted in the same distribution of mean TRF lengths, but all 

values were slightly increased.

The effect o f varying signal strength

A portion of the variability between gels may be a result of variation in the P labelling 

of the telomere probe, or the quality of the hybridisation. In theory this could mean that 

when an individual filter is probed two or more times, the strength of the signal may 

vary according to the efficiency of incorporation during labelling and/or the 

hybridisation. What effect would this then have on the calculated TRF for that sample, 

as varying signal strength will obviously significantly alter the OD values?

In an attempt to answer this question I have made an assumption: if the signal strength 

of a sample is different when re-probed, the percentage difference at any point in the 

smear is the same as at any other point i.e. if the intensity is 50% increased, it is 50% 

increased at every point down the smear. With this assumption in mind it is possible to 

consider the effect of altering the intensity. The raw data for sample P001 was used; the 

output from ImageQuant gives a value for ‘sum above background’ for each row during 

analysis. I have taken these values and altered them by a certain percentage, and used 

the new intensity figures to calculate a new value for TRF.

The results are shown in the Table 2.2, below.
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Table 2.2: The effect of altered signal strength:

Row
No

Marker
(bp)

100%
OD OD/MWt

120%
OD OD/MWt

80%
OD OD/MWt

60%
OD OD/MWt

1 23990 1449 0.06 1738.8 0.07 1159.2 0.05 869.4 0.04
2 17378 2018 0.12 2421.6 0.14 1614.4 0.09 1210.8 0.07
3 17050 1976 0.12 2371.2 0.14 1580.8 0.09 1185.6 0.07
4 15000 2281 0.15 2737.2 0.18 1824.8 0.12 1368.6 0.09
5 13490 5063 0.38 6075.6 0.45 4050.4 0.30 3037.8 0.23
6 12140 3098 0.26 3717.6 0.31 2478.4 0.20 1858.8 0.15
7 10090 2880 0.29 3456 0.34 2304 0.23 1728 0.17
8 10715 3877 0.36 4652.4 0.43 3101.6 0.29 2326.2 0.22
9 9772 5238 0.54 6285.6 0.64 4190.4 0.43 3142.8 0.32
10 8000 6440 0.81 7728 0.97 5152 0.64 3864 0.48
11 8318 11700 1.41 14040 1.69 9360 1.13 7020 0.84
12 7762 15249 1.96 18298.8 2.36 12199.2 1.57 9149.4 1.18
13 6000 15144 2.52 18172.8 3.03 12115.2 2.02 9086.4 1.51
14 6607 18440 2.79 22128 3.35 14752 2.23 11064 1.67
15 6026 10366 1.72 12439.2 2.06 8292.8 1.38 6219.6 1.03
16 5000 9130 1.83 10956 2.19 7304 1.46 5478 1.10
17 5129 7418 1.45 8901.6 1.74 5934.4 1.16 4450.8 0.87
18 4677 6056 1.29 7267.2 1.55 4844.8 1.04 3633.6 0.78
19 4365 5127 1.17 6152.4 1.41 4101.6 0.94 3076.2 0.70
20 4000 5411 1.35 6493.2 1.62 4328.8 1.08 3246.6 0.81
21 3715 3687 0.99 4424.4 1.19 2949.6 0.79 2212.2 0.60
22 3467 2955 0.85 3546 1.02 2364 0.68 1773 0.51
23 3162 3099 0.98 3718.8 1.18 2479.2 0.78 1859.4 0.59
24 3000 1771 0.59 2125.2 0.71 1416.8 0.47 1062.6 0.35
25 2754 1772 0.64 2126.4 0.77 1417.6 0.51 1063.2 0.39
26 2512 1808 0.72 2169.6 0.86 1446.4 0.58 1084.8 0.43
27 2500 1453 0.58 1743.6 0.70 1162.4 0.46 871.8 0.35
28 2138 1126 0.53 1351.2 0.63 900.8 0.42 675.6 0.32
29 1905 1900 1.00 2280 1.20 1520 0.80 1140 0.60
30 2000 1615 0.81 1938 0.97 1292 0.65 969 0.48

Sum OD 159547 191456 127638 95728
Sum OD/MWt 28.2552 33.9062 22.6041 16.953
TRF (bp) 5646.65 5646.65 5646.65 5646.6

TRF (KB) 5.6 5.6 5.6 5.6

This clearly shows that variations in signal strength do not alter the calculated TRF 

value, provided the difference is uniform for the entire smear.
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The effect o f exposure time

U sing  a phosphorim ager plate allow ed a digitised im age o f  the hybridised gel to be 

obtained  in a  rela tively  short tim e, typically  12-24 hours. O ccasionally  it w as necessary 

to leave the gel on the plate for a longer tim e in order to achieve sufficient intensity, but 

care w as taken  to  avoid  saturation o f  the phosphorim ager plate, as this could result in a 

black im age dow n the entire  length o f  the smear. Consequently  it was im possible to 

estim ate the m ean  TR F from  such an image. Thus I decided to investigate the effect o f  

exposure tim e  by  random ly  selecting a gel and “over-exposing” it, such that a  m uch 

darker im age w as obtained. The data w as then analysed and the estim ated TR Fs 

com pared w ith  the orig inal results (see Figure 2.6).

A.

B.

C .

D. Sample 24hrs 48hrs 3 days
1 6.13 kb 6.24 6.35
2 6.87 7.02 8.45
3 7.48 7.38 8.49
4 6.75 6.64 7.48
5 6.24 6.21 6.01
6 5.97 6.05 6.12
7 6.06 6.12 6.15
8 5.84 5.89 5.79
9 6.13 6.09 5.94
10 5.41 5.52 5.02
11 6.47 6.61 6.98
12 6.39 6.5 7.24
13 6.31 6.25 6.12
14 6.24 6.31 6.47
15 6.62 6.52 6.74
16 5.84 5.81 5.59
17 8.05 8.28 9.87
18 6.78 6.84 7.24
19 7.49 8.15 9.49
20 6.32 6.35 6.49

P089 6.34 6.34 6.34

Figure 2.6: Increasing exposure time. The gel was exposed for 24hrs (A), 
48hrs (B) and 72hrs (C). The image for each time point was analysed and 
normalised to give TRF lengths for all samples (D). Results were compared to 
investigate the effect o f overexposure.

t

It w as c lear that the exposure tim e played an im portant ro le in determ ining the final 

value; the d ifference from  24-48hrs w as relatively sm all, bu t 72-hour exposure resulted 

in  significantly  d ifferen t values (see Figure 2.7 below ), som e o f  w hich seem ed
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unrealistic (samples highlighted by arrows: 2, 3, 17 and 19 at 72 hours). As one would 

expect, the more overexposed the lane was, the more erratic the results.

10 24 hr 
48 hr 
72 hr

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Sample

Figure 2.7: Effect o f increased exposure time. The mean TRF’s for all 
samples at each exposure time are shown; exposing for 48hrs lead to 
slightly differing mean TRF’s, while 72-hour exposure resulted in markedly 
differing results for some samples.

Thus, overexposure should be avoided; a brief 18-24 hour exposure will usually be 

sufficient and if the image is too faint it can be re-exposed. However, it is important to 

realise that each gel will have an “optimal” exposure time, due to factors such as age of 

radiolabel, incorporation efficiency of radiolabel, efficiency of hybridisation and 

stringency of washing.
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Artefacts on the blot

Even after washing of hybond-N membranes following hybridisation there can still be 

“spots” or “smears” present on the autoradiogram. Such artefacts can lead to spurious 

results and a way of avoiding such results was required. As previously outlined, the 

mean TRF is estimated using an equation that is based on intensity values at discrete 

regions along the telomere “smear”. The intensity values are the direct output from the 

ImageQuant 3.3 Software, thus it is possible to rapidly plot a simple line graph of 

intensity (sum above background) versus row number for a number of samples. To 

illustrate the point I have run the same sample ten times on one gel. Figure 2.8 shows 

the line graphs for five of the replicates.

6 (5.62)
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8(6.15) 
9(5.61) 
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Figure 2.8: Line graph of intensity v row. The intensity (sum above 
background) is plotted against row number, with row 1 being the top o f the 
smear (approx 24kb), and row 30 being at the bottom (2.5kb). The legend 
shows the sample number along with the estimated mean TRF (kb) in brackets.

The small peaks at row 26 in replicates 6 and 9 are due to the presence of artefacts on 

the blot, possibly due to incomplete washing prior to exposure to either the 

phosphorimager plate, of autoradiographic film.
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The effect these peaks can have on the estimated mean TRF is considerable; replicates 6 

and 9 give considerably lower TRF values compared to the other replicates. If this were 

to occur in the control sample lane, the adjustments for inter-assay variation would be 

affected. Thus, I decided that if a second peak was seen on the profile of a specific 

sample, and the presence of a spot or smear was evident from the autoradiograph, I 

would attempt to “smooth” the peak by calculating an average figure from the values 

either side of the peak. This was not an ideal solution, and perhaps a simple 

mathematical algorithm would have been more efficient. However, when a clear spot 

was visible on the film, it seemed reasonable to attempt to ignore the effect on signal, 

and subsequent estimation of TRF. Occasionally the number of artefacts present on a 

particular blot was too great, and the samples would be re-run.

Inter-assay variability

In order to estimate inter-assay variability, 50 samples were randomly chosen and re-run 

on two additional gels (25 samples on each, see Table 2.3). From this, the percentage 

inter-gel variation for each sample was calculated:

‘mean TRF’ Run 1 -  ‘mean TRF’ Run 2 * 100

Average ‘mean TRF’

From this the inter-assay variation was estimated to be 3.3 ± 2.7 %
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Table 2.3: Inter-assay variability

Sample
mean TRF 

Run 1
mean TRF 

Run 2 Ave
% Inter-gel 

Variation Sample
mean TRF 

Run 1
mean TRF 

Run 2 .4ve
% Inter-gel 
Variation

P001 5.80 6.26 6.03 7.63 P107 8.06 7.85 7.96 2.64
P002 6.73 6.60 6.67 1.95 PI 15 8.49 8.29 8.39 1.79
P005 6.24 6.53 6.39 4.54 P117 8.67 8.29 8.48 4.48
P011 6.48 6.69 6.59 3.19 P120 8.04 8.23 8.14 2.34
P017 7.24 7.16 7.20 0.28 P123 7.58 7.39 7.49 1.48
P018 6.03 6.30 6.17 1.32 P126 8.39 8.14 8.27 3.02
P019 5.65 5.97 5.81 2.62 P128 6.92 6.86 6.89 0.87
P020 6.57 3.27 4.92 3.88 P129 8.28 7.96 8.12 3.94
P025 7.56 7.41 7.49 2.00 P132 6.37 6.89 6.63 7.84
P030 6.68 6.59 6.64 1.36 P135 7.65 7.89 7.77 3.09
P034 6.34 6.88 6.61 8.17 P142 6.59 6.25 6.42 4.82
P037 6.78 7.09 6.94 4.47 P144 6.16 6.26 6.21 1.61
P038 5.98 6.41 6.20 6.00 P150 8.31 8.44 8.38 1.55
P039 6.58 7.20 6.89 9.00 P160 6.30 6.48 6.39 1.73
P040 5.67 6.01 5.84 5.82 P168 6.60 6.51 6.56 1.37
P045 8.47 8.21 8.34 3.12 P174 7.25 7.09 7.17 1.12
P050 8.26 8.30 8.28 0.48 P176 6.65 6.87 6.76 3.25
P052 7.16 6.98 7.07 2.55 P178 7.89 7.65 7.77 3.09
P066 7.18 7.39 7.29 1.93 P179 7.88 8.12 8.00 3.00
P067 7.08 6.89 6.99 2.72 P183 7.47 7.63 7.55 2.12
P069 6.39 7.14 6.77 11.09 P532 6.57 6.97 6.77 0.43
P076 7.38 7.05 7.22 2.52 P533 6.34 6.59 6.47 1.25
P085 7.69 7.98 7.84 2.03 P536 7.36 6.48 6.92 11.49
P097 6.96 6.98 6.97 0.00 P541 7.75 7.92 7.84 1.79
P106 7.70 7.58 7.64 1.57 P545 8.57 8.15 8.36 2.30
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2.3 QUANTITATIVE REAL-TIME PCR ANALYSIS OF 
TELOMERE LENGTH

Southern blotting to estimate the mean terminal restriction fragment (TRF) length is a 

robust method that is regarded as the “Gold Standard” of telomere analysis; however, it 

is subject to some very valid criticism. Setting up and running a standard southern blot 

can take several hours; the gel itself has to run for approximately 18 hours to achieve 

adequate separation. The use of QuickDraw™ (Sigma) blotting paper does mean that 

that transfer can be achieved in a few hours compared to overnight (if using paper 

towels), but the gel still has to be processed prior to transfer, and this adds another 2 

hours to the protocol. Only then can the DNA be hybridised (overnight), exposed (8- 

72hr) and analysed.

Another major drawback of TRF analysis is the amount of starting material required: 

2pg digested DNA are usually loaded onto the gel. This is not a concern when DNA is 

readily available, such as leucocyte DNA obtained from peripheral blood, but if one 

wishes to study specific cell types then it may prove difficult, if not impossible, to 

procure sufficient material.

The final major criticism is that TRF analysis tells us very little about any particular 

telomere, rather it simply gives an indication of the mean telomere length of that 

particular sample. Different telomeres within the same cell, and the same telomere 

within different cells may all have different lengths, and this results in the characteristic 

telomere “smear”. In addition, the smear can also include a variable region of sub- 

telomeric DNA that contributes to the estimate of mean telomere length.

PCR-based methods for the study of telomeres are generally used when a specific 

telomere is the target (Baird et al., 2003), but such methods are often complex, and until 

recently no method for a more global estimate of telomere length using PCR had been 

available. However, a PCR-based method for estimating the average telomere length 

has recently been developed by Cawthon (Cawthon, 2002); his strategy for estimating 

relative telomere lengths by quantitative real-time PCR is to measure the ratio of 

telomere repeat copy number to single copy gene copy number. This ratio should be 

proportional to the average telomere length. The single copy gene used is the 36B4 

gene, which encodes acidic ribosomal phosphoprotein PO, located on chromosome 12
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(Boulay et al., 1999). Before describing the method in detail, I briefly introduce the 

principles of quantitative PCR, below.

2.3.1 The Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) takes advantage of the self-replicating nature of 

DNA, allowing short primers to be used to initiate synthesis of a target sequence by a 

DNA polymerise (Figure 2.9).

target region cycle 1

EH

M
cycle 2 5'

cycle 3

p.

cycles 4 - 3 0

Figure 2.9: PCR. DNA is heated to separate the parent strands, short primers are 
annealed and extended by DNA polymerase. The process is then repeated (20-40 
cycles), resulting in the amplification o f the original target sequence.
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Theoretically, each round of replication results in a doubling of the target sequence. In 

practice this exponential phase of amplification only occurs for a limited number of 

cycles during which reaction components are still in excess and the PCR products are 

accumulating at a constant rate. While the number of cycles of PCR used can vary, it is 

unusual to see a protocol using more than 40. This is for a number of reasons, including 

saturation of amplified target and the eventual failure of the polymerase. At this point 

the amplification has reached a plateau; additional cycles at this point only result in an 

increase in primer-dimer and non-specific product. Once the reaction is complete the 

products are electrophoresed on an agarose gel, and visualised by ethidium bromide 

staining. This is referred to as end-point determination, a term that can be misleading 

as, in some cases, the reaction may be stopped at a point well before saturation occurs 

(i.e. simply using “end-point determination” does not guarantee that the reaction has 

plateued, it simply reflects the fact that quantitation in achieved at the “end” of the 

reaction).

PCR allows the amplification of a target sequence in order to facilitate its study; it is 

used routinely for the detection of infectious agents (Rodriguez-Pla et a l, 2004; 

Theegarten et al., 2004), detection of mutations and polymorphisms (Duan et a l , 2004; 

Mabuchi et a l, 2004), and for DNA fingerprinting (Gill et a l, 1985; Jeffreys et a l, 

1988). The PCR method has also been extended to allow quantitation of targets 

sequences, particularly mRNA species (Adlard et a l, 2004; Lintula et a l, 2004), by 

reverse transcribing the mRNA to cDNA prior to PCR, a technique referred to as 

reverse-transcription PCR (RT-PCR). The target sequence is compared against a control 

(a constitutively expressed gene, typically GAPDH) to give an indication of the relative 

expression level. However, care must be taken to ensure that the target and control 

genes are not amplified until the plateau is reached, as this decreases the accuracy of the 

method. Rather, the PCR should be stopped during the exponential phase of each 

reaction. This requirement can result in time-consuming optimisation, as a number of 

different PCR reactions using varying cycle numbers need to be carried out to determine 

when the exponential phase is occurring. This has been overcome with the advent of 

real-time PCR, in which the amplification of the target is monitored during every cycle 

through the use of various fluorescence-based chemistries. This has led to the 

development of real-time RT-PCR assays (Kubar et a l, 2004; Tewari et a l, 2004).
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2.3.2 Principles of Real-Time PCR

Real-time PCR monitors the fluorescence emitted during the reaction as an indicator of 

amplicon production during each PCR cycle (in real time, see Figure 2.10). This signal 

increases in direct proportion to the amount of PCR product in a reaction. By recording 

the amount of fluorescence emission at each cycle, it is possible to monitor the PCR 

reaction during the exponential phase, where the first significant increase in the amount 

of PCR product correlates to the initial amount of target template. The higher the 

starting copy number of the nucleic acid target, the sooner a significant increase in 

fluorescence is observed. A significant increase in fluorescence above the baseline value 

indicates the detection of accumulated PCR product.

A. Cycle 5 10 15 20 25 30 45

Conventional PCR

Agarose
Gel

B.

0 10 20 Ct 30
Cyde Number

Image adapted from Roche Lightcycler Homepage 

(http ://www. I ightcycler-onl ine.com/).

Figure 2.10: PC R  quantitation.
A. End point determination. In conventional 
PCR the target is not visualised until the end 
o f the PCR reaction; each band shown here 
is from an identical PCR reaction stopped at 
a different cycle. The intensity o f the band 
at the final cycle provides little information 
regarding starting template amount.

B. Real-time determination. Data is 
acquired at the end o f each cycle (red points 
correspond to bands in A). Amplification is 
described as:

N = No X Econs,n

Where N0 = initial number o f molecules; E 
= amplification efficiency; n = number o f 
cycles. Real-time PCR allows the accurate 
quantitation o f the amount o f starting 
material.

A fixed fluorescence threshold is set (Figure 2.10 -  blue broken line) significantly 

above the baseline, and the parameter Cj (threshold cycle, red broken line) is defined as 

the cycle number at which the fluorescence emission exceeds the fixed threshold (the 

threshold is the same for all samples within a run). Thus, by monitoring the amount of 

product at each cycle, real-time PCR allows the user to accurately determine the log- 

linear phase, and more accurately estimate the starting amount. Achieving this in 

conventional PCR would require an aliquot of amplified DNA to be removed from the
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reaction at each cycle, and run out on an agarose gel. This would result in a profile 

similar to that shown in Figure 5.2A, but in practice would be very difficult to carry out. 

When considering real-time PCR there are two basic types of quantification methods 

available, absolute quantification and relative quantification.

Absolute quantification

The concentration of the target is expressed as an absolute value that is determined by 

use of a conventional standard curve, constructed using a serial dilution of a DNA 

sample of known concentration. The DNA used as the standard is homologous to the 

unknown samples, and is amplified during the same run. In order for the method to be 

valid the amplification efficiencies of both the standard and the samples should be 

identical (see Amplification Efficiency, below).

Relative quantification

Relative Quantification differs from Absolute Quantification in that the concentration of 

the target is expressed in relation to the concentration of a reference gene i.e. a single

copy gene. The concentration of the target is then divided by the concentration of the 

reference, thus normalising the samples. This normalisation step corrects the samples 

for any differences in quality or quantity caused by variations in initial sample amount, 

loading/pipetting errors, nucleic acid quality, variations in PCR efficiency etc.

Amplification efficiency

PCR is an exponential process and, theoretically, the amount of target DNA should 

double with every cycle of PCR (100% efficiency). In reality the efficiency of the 

reaction will probably be less than 100%, meaning that we do NOT see a doubling of 

target with every cycle. The main influences on amplification efficiency are length of 

the fragment, purity of the sample, the sequence amplified and the PCR primers. The 

efficiency of any PCR reaction can be determined by generating a standard curve using 

a serial dilution of the target; the slope of the standard curve can then be converted to 

amplification efficiency by the algorithm:

£  =  iQ -l/slope
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Inter-assay variability

As with any assay, there will be a degree of inter-assay variability. Correction for such 

variation in Relative Quantification can be achieved through the use of a “calibrator”: a 

sample that is included in each and every PCR run. Theoretically, if all other factors are 

constant, the quantification of the calibrator should always give the same result. Results 

are expressed as the target/reference ratio of the unknown sample normalised by the 

target/reference ratio of the calibrator.

2.3.3 Real-Time Telomere PCR Analysis
Amplifying the telomere using PCR has always presented a problem due to the 

repetitive nature of the telomere repeats. Software such as PrimerExpress (used to 

design primers and probes) looks for a unique sequence for each primer site, thus the 

software fails to suggest possible primer designs.

In 2002 Cawthon published a novel method for estimating telomere length using real

time PCR, and relative quantification (Cawthon, 2002). His strategy for determining 

relative telomere lengths was to measure, for each DNA sample, the factor by which the 

sample differed from a reference DNA sample in its ratio of telomere repeat copy 

number to single gene copy number. The principle underlying the telomere PCR is 

relatively simple: longer telomeres have more potential primer-annealing sites, thus 

there will be an increase in fluorescence, and a decrease in the number of cycles needed 

to reach a given threshold, compared to a shorter telomere. The single-copy gene 

provides sample-to-sample normalisation. The result is then expressed as a ratio, and 

normalised by using a calibrator sample in every run. The interesting element of the 

method is the design of the primers for the telomere PCR (Figure 2.11).
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5 V tel 1 primer
‘  <TG AC-GGTGAGGGTGACCGTGAGGO'f GAC-GGI 3 '

I H I M  I 1111 I M I I  11 I I I  M i l l  
3 AATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCC 5 ‘

h centromeric telomeric -
S'rTAGGjTTAG3OTTAGGGTTAaGGTTAGGGTTAGGGTTAGGGTTAGGGrTAGGGrrAGGG7rA6GGTTAGGGTTAGGGTrAP0GTtA!3GG 3 1

M i l l  I I I  I H |  I M I I  I I I  : i l l  
3 ' ATCCCTATCCCTATCCCTATCCCTATCCCTATC/r^ccr 5.

tel 2 primer

B tel 1 primer

J ^7TCAGG G ?G AG CG ,FGAaGGTGACGC'i'GAG£3GT 3 *
I M i !  11 | f  I I I ;

2 AT CCCHATCC CTATCCCTAICCC T ATCCC ? ATC A q q ,

tel 2 primer

Figure 2.11: Primer design. A. Annealing of primers to genomic DNA. B. Annealing of 
primers to each other. (Adapted from Cawthon, 2002).

Both primers are designed such that every sixth base is mismatched and the last five 

bases at the 3’-end of the annealed primers are perfectly matched to the template. This 

provides the substrate for extension by the DNA polymerase. The lower image (Figure

2.1 IB) shows annealing of primers to each other; the strongest possible hybridisations 

of the primers to each other involve a repeated pattern of six bases containing four 

consecutive paired bases followed by two mismatched bases. The 3’-terminal base of 

each primer cannot form a stable base pair, thereby preventing DNA polymerase from 

adding additional bases. This minimises the formation of primer-dimer, a problem than 

can significantly affect Sybr Green-based assays.

It is important to note that products of the same length as telomeres (i.e. 4 -14kb) are not 

expected. Cawthon proposes that the shortest possible product (76bp, the sum of the 

lengths of the two primers) is expected at a copy number proportional to the number of 

primer-binding sites in cycle 1, and, therefore, proportional to telomere length.

Method o f analysis

Having run the pair of PCRs (telomere and 36b4), a choice then has to be made 

regarding the precise method of analysis. Common methods for relative quantification 

include the 2-standard curves method and the comparative Gr, (or AACt) method,
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however, there are also two more recent methods of analysis that are proposed to 

increase the accuracy of the assay: Pfaffl (Pfaffl, 2001) and Comparative Quantification 

(CQ).

2-standard curves

In this method, for each PCR the calculated amount for each sample is determined from 

the respective standard curve, and a ratio of telomere (T) to 36b4 (S) determined. 

Inclusion of a calibrator sample in each run allows corrections to be made for inter

assay variation (the ratio for the calibrator is set to 1.0, and all other ratios adjusted 

accordingly). The accuracy of the method relies on consistency of the standard curves, 

as the ratio is determined from the calculated amounts, rather than from the Ct values. 

The need to include a standard curve in each run also reduces the number of samples 

analysed per run.

Comparative Ct (AACt)

ABI recommend the comparative (AACt) method, which assumes ideal amplification 

efficiency with a doubling of product every cycle, thus the fold change can be 

calculated from the formula 2_AACt (Livak, 1997; Livak and Schmittgen, 2001).

Example of analysis

1. calculate the mean Ct values for the calibrator, and unknowns, in both PCRs

2. ACt = mean CT(Klomcrei -  mean CT(36b4>

3. AACt = ACT(calibrator> - ACT(unkno'™)

4. Relative Quantification (RQ) Ratio = 2'“ °

The primary advantage of this method is that standard curves only need to be run once, 

to confirm that the reactions are of equal efficiency. This allows more unknowns to be 

analysed per run. The negative aspects include the assumptions that 1) the efficiency of 

both reactions is 2, and 2) the standard curves (and therefore the calculated efficiencies) 

remain constant.
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Pfaffl

In 2001, Pfaffl (Pfaffl, 2001) published a method of analysis for relative quantification 

that takes into account the relative efficiencies of the two PCR reactions (in this case, 

the 36b4 and telomere PCR reactions). For each PCR a standard curve is generated, and 

used to determine the efficiency of the reaction (as detailed previously). The relative 

efficiencies do not have to be equal, but are incorporated into the analysis, resulting in 

increased accuracy.

Example of analysis

1. mean Ct values are determined for calibrator and samples for both PCR’s

2. tel ACP = mean tel.Cj (calibrator) -  mean tel. Or (sample)

3. 36b4 ACP = mean 36b4.Cj (calibrator) -  mean 36b4.Cx (sample)

4. the values for efficiency of each PCR is then raised to the power of the

respective ACP , and the ratio of telomere:36b4 calculated:

5.

Ratio = Efficiency (tel)ACp ̂ tel̂

Efficiency (36b4) ACp (36b4)

Thus the relative expression ratio is calculated only from the efficiencies and the Ct of 

an unknown sample versus a control. This method does not require a standard curve to 

be used in each and every run, but does make the assumption that while the efficiencies 

of reactions may differ between PCRs (ie between the 36b4 and telomere PCRs), the 

efficiency of amplification for each sample within a PCR is the same.

Comparative Quantification (CQ)

Comparative Quantification (Corbett Research, Cambridge, UK) provides a recent 

advance on the Pfaffl method. As discussed above, Pfaffl assumes that the amplification 

of each and every sample will be the same within a PCR reaction (but not necessarily 

2), but this is not always true. CQ estimates the amplification efficiency of every sample 

within a run, and calculates an average value that is used in the subsequent analysis. In 

order to quantitate the method determines the “Take-Off’ value for each sample (this is 

equivalent to the Ct value estimated in the previous methods).
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To calculate the Takeoff point, the second derivative of the raw data is taken in order to 

identify the peak reaction velocity (Figure 2.12). This is the peak of the exponential 

reaction and occurs shortly after the Takeoff of the reaction. The Takeoff point cannot 

be determined exactly, but is estimated by finding the first point to be 80% below the 

peak level.

A Peak Level

80%

\ /
Take-Off Level

time (I)V

Take-Off

Figure 2.12: Comparative Quantification. The take-off point is 
determined for each sample by extrapolating back 80% from the peak 
reaction velocity. (Image adapted from Rotogene Version 6, Corbett Research).

Based on the Takeoff point and the reaction efficiency, the method calculates the

relative concentration of each sample compared to the Calibrator (referred to hereafter

as the CQ Ratio).

Example of analysis

1. The Takeoff points of each sample are calculated by examining the second 

derivative peaks.

2. The average increase in raw data, 4 points following the Takeoff, is calculated 

and used to estimate the amplification efficiency.

3. Outlier amplifications are removed to account for noise in background 

fluorescence.

4. The non-outlier amplifications are averaged to become a run "Average 

Amplification".

5. The average TakeOff point is calculated for all replicates of the Calibrator.
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6. The relative concentration for a sample is calculated as:

Amplification(Calibrat0r Take0ff'  Sample Take0ff)

Given the advantages of Comparative Quantification, this method of analysis was used 

hereafter.

Assay Optimisation

As in the optimisation of any PCR reaction, the primer concentration in both the 

forward and reverse reactions is crucial. The purpose of the following procedure was to 

determine the minimum primer concentrations giving the lowest threshold cycle (C t) 

and maximum fluorescence (Rn), while minimizing nonspecific amplification. While the 

primer concentrations described by Cawthon (Cawthon, 2002) serve as a guideline as to 

the required concentrations, the actual concentrations are best determined empirically. 

Thus it was necessary to run matrices of forward and reverse primer concentrations.

Telomere PCR

A matrix of 4 concentrations (nM) of each primer was set up, giving a total of 16 primer 

combinations (Table 2.4)

Table 2.4: Telomere Primer Combinations (nM)

Tel 2

180 360 540 900

135 135/180 135/360 135/540 135/900

270 270/180 270/360 270/540 270/900

540 540/180 540/360 540/540 540/900

810 810/180 810/360 810/540 810/900

The final reaction volume was 25ul, comprising IX Sybr Green PCR Mastermix, 25ng 

template, and primers at required concentration. The primer sequences (written 5'—»3') 

were: tel 1, GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT; tel 2, 

TCCCGACTATCC CTATCCCTATCCCTATCCCTATCCCTA. All PCRs were 

performed on the ABI Prism® 7900HT Sequence Detection System (Applied
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Biosystems, Foster City, CA). The thermal cycling profile began with at 95°C 

incubation for 10 minutes to activate the AmpliTaq Gold DNA polymerase. There 

followed 40 cycles of 95°C for 15s, 58°C for 1 min. ABI Sequence Detection Software 

(SDS) version 2.1 was then used to determine Ct values for each sample run. During the 

optimisation stage all samples were run in triplicate. A no-template control (NTC) for 

each primer combination was also amplified.

Spurious result

Threshold

NTCs

0
cycte

Figure 2.13: Amplification Plot. All combinations amplified with a relatively 
narrow range o f cycles, with one spurious sample (green line). The no-template 
controls (NTCs) all remain below the threshold (red line).

The amplification plot in Figure 2.13 clearly demonstrates that all primer combinations 

tested produce good results; the exponential phase of the reaction began between cycles 

15 and 17 for all samples. The exception was the green line that lags behind the other 

samples; this was a spurious result as the other two samples of the triplicate were 

approximately identical in terms of Ct and fluorescence. The NTCs did not amplify, 

with only the expected background noise evident. Figure 2.14 shows the average Ct 

value for each primer combination in the matrix
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\  810 
540

900
540

Tel 2 360 270 Tel 1
180 135

Figure 2.14: CT versus Primer Combination.

Clearly, the lower concentrations of the Tel 1 primer produced a lower Ct value at all 
Tel 2 concentrations, with the exception of the 270/540nM combination. However, the 

Ct value does not give an indication of the Rn value for the reaction; Figure 2.15 shows 

the average Rn for each combination.

900 810
540 540Tel 2 360 270 Tel 1

180 135

Figure 2.15: R„ versus Primer Combination.
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There appeared to be relatively little difference in the Rn values across the matrix. As 

expected, there was a slight trend towards slightly higher values at the higher primer 

concentrations, but this could have been at the expense of primer-dimer and/or non

specific product formation. To check for non-specific products and primer-dimers the 

samples were separation by electrophoresis on a 2% agarose gel (Figure 2.16).

Spurious sample 
Y"7

lOObp M M ioobp

s c ^ c - r o o c o - r o o c s c - r o f ^ v c - r
—  r')  '/ ~ i  C~ —  I T ,  O '  —  m  O '  —  r^) */"j

'/"i © O © © O O © © © © ©
r '-) ro  r<-> I"- r — t-" —f  --f -3- — — —
— — — — n  n  n  r )  v i m  co  m

Figure 2.16: 2%  Agarose Gel Electrophoresis of telomere PCR 
products. Each lane shows the first sample from each set o f 
triplicates for each primer combination.

The Tel 1/Tel 2 primers are capable of annealing at multiple sites along the length of the 

telomere and initiating synthesis. Consequently, it was expected that a number of 

products of different length would be generated, and this was reflected in the smearing 

seen on a 2% agarose gel (see Figure 2.16). The greatest intensity was at the smallest 

predicted possible size, 76bp (the sum of the two primers), and progressively faded to 

approximately 600bp. There was evidence of minimal primer-dimer formation, 

particularly in the no-template controls (NTCs).

It is also important to note that the 270/540nM primer combination on the gel gave a 

spurious result (orange arrow), as shown in the previous Amplification Plot (Figure 

2.13). It was also possible to verify the presence of a single product using the ABI 

7900HT, as the machine supports dissociation curve analysis, made possible through the 

use of the fluorogenic SYBR Green 1 double-stranded DNA binding chemistry. 

Amplification products usually melt quickly and thoroughly at a temperature that is 

characteristic of the product; analysis of the curve with respect to temperature results in 

a sharp, easily distinguishable peak. To generate the data, the 7900HT performs a 

programmed temperature “ramp” in which it slowly elevates the temperature of the
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plate over several minutes. The binding characteristic of SYBR Green 1 allows the 

machine to monitor the hybridisation activity of any products present in the sample; 

during the run the decrease in SYBR Green fluorescence resulting from the dissociation 

of dsDNA is recorded. The raw data is normalised and the SDS software then computes 

the first derivative of the normalised data for each reading taken during the ramp; this is 

the rate of change in fluorescence as a function of temperature. The negative of the 

resulting derivative is plotted against temperature (Figure 2.17), thus visualising the 

change in fluorescence at each temperature interval. The Tm of the target nucleic acid 

can then be determined from the graph by identifying the maximum rate of change, 

represented by the peak of the graph.

Figure 2.17:
Telomere Dissociation Plot.
There is a single, sharp peak 
at slightly less than 84°C, 
reflecting the most intense 
band seen on the gel image, 
but the base o f the peak is 
relatively broad due to 
products o f varying length. 
There is also confirmation o f 
the presence of primer-dimer, 
as indicated by the broad 
“hump” around 69°C 
(circled). The NTC samples 
demonstrate the absence o f 
contamination.

As expected from examination of the products analysed on the agarose gel there was a 

single, sharp peak for each of the samples, and no evidence of contamination. Note that 

the degree of “noise” around the primer-dimer peak depends on the primer 

concentrations.
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36b4 PCR

The optimisation procedure was also carried out using a matrix of forward and reverse 

primers for the 36b4 (data not shown). Thus, for both the telomere and 36b4 reactions I 

examined a number of primer concentrations in an effort to determine, empirically, the 

combination resulting in maximum fluorescence and minimum non-specific products at 

the lowest Cj possible. The optimal combinations were 270/900nM (telomere PCR) and 

300/500nM (36B4 PCR), and were used hereafter in all experiments.

Assay validation

Inter-assay variation

In order to assess inter-assay variation, the assay was performed twice on identical 

samples, with each analysed in duplicate. The correlations in raw Ct values for the 

separate PCR reactions were calculated (Figures 2.18 & 2.19), in addition to the 

correlation between final CQ ratios (Figure 2.20).

18

16

N

14

y= 1.0056X+ 0.3441 
R2 = 0.9651
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6
6 8 10 12 14 16 18
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Figure 2.18. Correlation in CT values for the telomere PCR

85



Methods

26

24

22

20

O '

18

16

14

12

y = 0 .9 9 2 3 x  + 0.091 

R2 = 0.9709

12 14 16 18 20  22  24 26
R u n  1

Figure 2.19. Correlation in CT values for the 36b4 PCR

y = 0.8426x + 0.1039 
R2 = 0.908

Figure 2.20. Correlation in calculated CQ ratios.

Figures 2.18 and 2.19 demonstrate the strong inter-run correlations in raw Ct values 

across repeat experiments. The correlation between the CQ values (Figure 2.20) is 

slightly lower, but this is to be expected given that the the CQ is a ratio, calculated from 

average Ct values in each separate PCR.
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Validation using HUVECs:

In a separate study carried out within the department, human umbilical vein endothelial 

cell (HUVEC) telomeres were being studied. The cells were repeatedly passaged, and 

telomere length at each passage estimated using the real-time PCR method. The results 

are shown in Figure 2.21.

Passage CQ
5
6 1.63
7 1.43
8 1.33
9
10 1.48
11 1.22 
12
13 0.94
14 1.12
15 1.09
16 1.02
17 1.19

Figure 2.21: Validation using HUVECS. A. Raw data. B. Comparative Quantitation, 
plotted as a function o f passage number.

The HUVECs show a clear decline in ratio with increasing passage (r = 0.81), 

illustrating the ability of the assay to detect the shortening of the telomere with 

increasing passage number.
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Correlation with TRF Analysis

To further validate the real-time PCR method, it was decided to assay (in triplicate) a 

number of samples already analysed using the TRF length method. This allowed 

examination of the correlation in telomere length estimated from both methods. The 

samples were chosen to cover a range of mean TRF lengths (5.54 -  7.58kb) and ages 

(32 -  54 years). The results are summarised in Table 2.5, and Figure 2.22.

Table 2.5: Assay Validation

Sample Age (years) mean TRF (kb) CQ Ratio SD
1 50 7.02 1.21 0.025
2 39 6.58 0.85 0.004

3 49 6.91 0.95 0.081

4 48 5.54 0.58 0.002

5 53 6.45 0.81 0.014

6 49 6.09 0.94 0.117

7 48 6.75 1.01 0.087

8 52 6.46 1.07 0.102

9 50 6.78 1.17 0.023

10 47 6.53 0.92 0.031

11 54 6.74 0.91 0.024

12 47 6.83 1.18 0.093

13 32 7.58 1.28 0.080

14 52 6.49 0.62 0.103

15 51 6.61 1.11 0.063

16 48 6.17 1.21 0.094

17 38 6.89 1.15 0.005

18 43 6.92 1.14 0.063

As the intra-run variability for the triplicates was low (as indicated from the SD values), 

subsequent experiments were carried out with samples in duplicate. This allowed a 

greater number of samples to be analysed per run. If values for a particular sample 

varied (i.e. by more than 0.2 of a cycle), the sample was re-analysed in triplicate.
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Figure 2.22: Assay Validation. A. Telomere length estimated using TRF analysis. B. 
Telomere length estimated using Real-time PCR analysis (CQ).

Both methods of analysis have demonstrated the expected age-related decline in 

telomere length. Figure 2.23 illustrates the correlation between the two methods.
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Figure 2.23: Correlation 
between TRF and Real- 
Time PCR Analysis.
There is a clear, positive 
correlation (r=0.65, p=0.05) 
between telomere length, as 
determined using the two 
different methods.
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The assay carried out on the HUVECs, in addition to the positive correlation 

demonstrated (r = 0.65, p = 0.05) between TRF and real-time PCR analysis, (Figures 

2.21 and 2.23, respectively), confirmed that the assay provides an alternative to 

Southern blotting for telomere length estimation.

2.4 DISCUSSION

In this chapter I described the optimisation of the traditional Southern blot method, the 

optimisation and validation of a real-time PCR method for estimating telomere length, 

and examined the correlation in estimated telomere length between the two. The advent 

of a real-time PCR based assay for the estimation of telomere length provides 

considerable advantages over the Southern blotting method of TRF analysis. The 

primary advantage is the speed with which samples can be analysed; TRF analysis 

consists of restriction enzyme digest (overnight), quantification, agarose gel 

electrophoresis (overnight), Southern blotting (overnight), pre-hybridisation, 

hybridisation, exposure to autoradiographic film (12-72hrs), exposure to 

phosphorimager plate (12-72hrs), and finally the TRF analysis itself. By contrast, real

time PCR analysis yields a result for a comparable number of samples in approximately 

4 hours. In addition, the requirement for only 10-20ng of DNA, instead of the 2-5 pg 

required for Southern blotting, means telomere length can be analysed in cells types, 

such as circulating endothelial cells, that is simply impossible with southern blotting 

due to limiting amounts of DNA.

Real-time PCR Assay Optimisation

The purpose of the optimisation was to determine the minimum primer concentrations 

giving the lowest threshold cycle (C t) and maximum fluorescence (Rn), while 

minimizing non-specific amplification. Figures 2.14 and 2.15 (C t , and Rn v primer 

combination, respectively) demonstrate how different combinations of primers can have 

a significant effect on amplification of the target, as indicated by the threshold (C t) 

values and the mean fluorescence (Rn). Unsurprisingly, the primer combinations that 

provide the lowest Ct and highest florescence while minimising primer-dimer are those 

used by Cawthon: 270/900nM for the telomere PCR, and 300/500nM for the 36b4 PCR. 

The method of analysis for relative quantification is an important choice that requires 

careful consideration. ABI recommend the comparative (AACt) method, which assumes
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ideal amplification efficiency with a doubling of product every cycle, thus the fold 

change can be calculated from the formula 2'AACt (Livak, 1997; Livak and Schmittgen, 

2001). However, it has become very apparent that assuming ideal amplification can be 

a mistake leading to inaccurate quantification (Liu and Saint, 2002), resulting in 

refinement to the analysis method. Pfaffl has outlined a modification that takes into 

account the relative efficiencies of the two reactions, as determined from a set of 

standard curves, resulting in more accurate results (Pfaffl, 2001). This method does not 

require a standard curve to be used in each and every run, but does make the assumption 

that while the efficiencies of reactions may differ between PCRs (ie between the 36b4 

and telomere PCRs), the efficiency of amplification for each sample within a PCR is the 

same. Again, this is not necessarily the case, as samples of DNA may possess secondary 

structure or contain PCR inhibitors carried over from the DNA extraction. Corbett 

Research attempt to address this issue by estimating the efficiency for every sample 

within a run, rather than using values taken from a set of standard curves. Thus the 

relative expression ratio (CQ Ratio) is calculated only from the efficiencies and the 

“Take-Off’ point of an unknown sample versus a control.

Real-time PCR Assay validation

In order to validate the PCR-based method of telomere analysis three simple 

experiments were carried out. 1) A slection of samples covering a wide range of TRFs 

were chosen, and analysed in two separate experiments to assess inter-assay variations. 

Strong inter-run correlations were demonstrated, for the 36b4 PCR, the telomere PCR, 

and the calculated CQ ratios. This experiment demonstrated that the assay is highly 

reproducible. 2) HUVECs are a primary cell line that are known to experience telomere 

attrition (Hastings et al., 2004), thus serially passaged cells have progressively shorter 

telomeres. Assaying cells from passages 6 -17 demonstrated a strong, negative 

correlation between CQ ratio and passage number. 3) A number of samples, previously 

analysed using the TRF method, were selected to cover a range of mean TRFs (5.54 -  

7.58kb), and ages (32 -  54 years). All samples were assayed, in triplicate, using the 

PCR method, and the correlation between the two methods determined. While I 

demonstrated a strong correlation (r = 0.65), this value is not as strong as that 

demonstrated by Cawthon (r = 0.82). The most reasonable explanation for this is that 

Cawthon analysed a much wider range of ages (5 - 94 years) and mean TRF values
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(approx 5 -  10.5kb). By using a comparable range of ages I may have been able to 

demonstrate a stronger correlation.

In addition, human telomeres consist of multiple TTAGGG repeats, and a region of sub- 

telomeric repeats characterised by varying numbers of the hexameric sequence. TRF 

analysis utilises an 18-mer probe that can hybridise to both the “true” telomeric repeats, 

and the sub-telomeric repeats, a region that can show considerable variation. In contrast, 

the PCR-based method only measures the “true” telomere, and so differences in 

estimated length between the two methods may simply be a reflection of the varying 

sub-telomeric region in the cohort analysed. If the sub-telomeric region shows a wide 

variation in length, and TRF analysis measures this region, it is possible that two 

samples giving the same estimated mean TRF value may, in fact, be quite different. 

This highlights an additional potential advantage of using the real-time PCR based 

method of telomere analysis.
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ASSOCIATION OF TELOMERE LENGTH WITH 
PREMATURE MYOCARDIAL INFARCTION

3.1 INTRODUCTION

As discussed in Chapter 1, Samani et al (Samani et al., 2001) had demonstrated shorter 

telomeres in the white blood cells of patients with severe triple vessel disease, compared 

to age and sex-matched controls. While this was a small study and did not examine the 

effect of other cardiovascular risk factors on telomere length, these results raised the 

interesting possibility that CHD may be a result of premature biological ageing. This, 

along with the fact that 1) a positive family history is a well-recognised risk factor for 

CHD, and that 2) telomeres have a significant genetic determinant, lead to the additional 

hypothesis that the inheritance of shorter telomeres may also explain, in part, the 

increase in familial risk in CHD.

Atherosclerosis is the most common cause of CHD. CHD and myocardial infarction 

(MI) are closely associated with the risk factors of atheroma: dietary factors, obesity, 

familial predisposition, hypertension, physical activity, environmental factors, stress 

and smoking (Olsen, 1991). Severe triple vessel disease, as examined by Samani et al. 

(Samani et al., 2001), represents atherosclerosis in a very advanced form; if shorter 

telomeres are inherited, and do indeed lead to premature biological ageing and increased 

risk of CHD, then we would expect to see differences in length at an earlier age in those 

with CHD. An important clinical consequence could be an increased risk of premature 

myocardial infarction. Therefore, in this study I examined whether there is an 

association between telomere length and premature myocardial infarction in a large 

cohort of patients and age and sex-matched controls, and also investigated whether any 

association found could be explained by other, more well-established risk factors for 

CHD.
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3.2 METHODS

3.2.1 Subjects

3.2.1.1 Cases

The cases comprised 203 subjects recruited retrospectively from the registries of three 

coronary care units based in Leicester (Leicester Royal Infirmary, Leicester General 

Hospital and Glenfield General Hospital). All had suffered a myocardial infarction 

according to World Health Organisation criteria before the age of 50. Diagnosis was 

verified by inspection of hospital records. At the time of participation all case subjects 

were at least 3 months from their acute event and in a clinically stable condition. 

Subjects were excluded if there was evidence of thrombophilic disorders such as Protein 

C and S Deficiency.

3.2.1.2 Controls

The control cohort comprised 180 subjects with no personal or family history of 

premature coronary heart disease, matched for age, sex and current smoking status with 

the cases. Control subjects were recruited from three primary care practices located 

within the same geographical area

To avoid the problem of genetic heterogeneity only Caucasian patients who were bom 

within Northern Europe and whose parents were also bom within Northern Europe were 

studied. The study was approved by the Leicestershire Health Authority Ethics 

Committee (Ethics Reg. No. 5506) and all subjects provided written informed consent. 

The initial purpose of the study was to determine if patients suffering a premature MI 

demonstrate consistent abnormalities of platelet reactivity, and if the abnormalities are 

due to inheritable variation in platelet receptor glycoprotein genes.

All subjects were recruited by Dr. RK Singh.

3.2.2 Measurements
A standard questionnaire was filled in on all subjects regarding personal and family 

history and dmg therapy. Subjects were categorised as suffering from hypertension and 

diabetes on the basis of reported history. Smoking status was defined as current smoker, 

ex-smoker and non-smoker. Serum cholesterol was measured using standard reagents 

(7D62-01) on the AEROSETTM system (Abbott Laboratories, IL, USA). White cell
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count was measured in EDTA blood using a Beckman Coulter® AC.T diffTM counter. 

C-reactive protein was measured using the ultra-sensitive Olympus CRP Immunoassay 

on an Olympus AU 100 Analyser. Fibrinogen was measured by the Clauss method on a 

Sysmex CA-1000 analyser. Homocysteine was measured by HPLC with fluorescence 

detection using a commercially available kit (Chromesystems Limited, UK).

3.2.3 Terminal restriction fragment (TRF) analysis
TRF analysis was performed as detailed in Chapter 2, and blinded to the clinical data.

3.2.4 Statistical analysis
Characteristics of cases and controls were compared using unpaired t-test for continuous 

variables and chi-squared test for categorical variables. The effects of age, gender, 

case/control status and other individual risk factors on mean TRF length were assessed 

using regression models, with adjustments as described in the text. Mean TRF length as 

a risk factor for MI was assessed using logistic regression. All analysis was carried out 

in Stata Statistical Software (Release 7.0; Stata Corporation, College Station TX; 2001). 

Advice and assistance was provided by Professor JR Thompson.
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3.3 RESULTS

3.3.1 Demographics
The demographic characteristics of the subjects are shown in Table 3.1.

Table 3.1: Demographics o f cases and controls

Demographic Cases (n = 203) Controls (n = 180) p-value

Age (years)’ 46.8 (6.2) 472 (5.9) 0.483
M:F (%)* 85:15 86:14 0.934
Age at time of MI 42.3 (5.7) N/A -
Current/Ex/non-smokers (%)* 21:61:18 17:33:50 <0.0001
Hypertension (%) 28.1 8.3 <0.0001
Diabetes (%) 10.8 1.1 <0.0001
Positive family history# 59.6 N/A -
White cell count (x 106/ml) 6.85 (0.15) 5.43 (0.10) <0.0001
Plasma cholesterol (mmol/1) 4.92(1.28) 5.22(1.02) 0.015
Plasma fibrinogen (mg/dl) 3.14(0.74) 2.80 (0.57) <0.0001

Plasma C-reactive protein (mmol/1)00 2.55 (5.68) 1.92(1.99) 0.787

Plasma homocysteine (mmol/1) 12.25 (0.29) 11.88 (0.31) 0.377

Data are shown as percentages for categorical variables and means (standard deviations) for 
continuous variables. N/A -  not applicable. * characteristics used for matching (note that for 
smoking, this was for current smoking and the significant p value reflects the difference in the 
number of previous and non-smokers between the groups); # History of CHD in first degree 
relative below 65 years.00 The CRP distributions were skewed and the p value was calculated on 
log-transformed data.

Cases and controls were well matched for both age and sex. The mean age at event of 

the cases was 42.3±5.7 years. As expected, the presence of cardiovascular risk factors, 

such as diabetes and hypertension, was greater in cases than controls, and more of the 

cases were current or ex-smokers. Plasma cholesterol level at the time of study was 

significantly lower in cases and controls, but this likely reflects the fact that a high 

proportion of the cases (76.8 %) were taking lipid-lowering medication. White cell 

count and plasma fibrinogen level were significantly higher in cases compared with 

controls but there was no significant difference in plasma C-reactive protein or 

homocysteine levels. Almost 60% of cases reported a history of CHD before the age of 

65 years in a first-degree relative.
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3.3.2 Distribution of mean TRF lengths

The mean white cell TRF length as a function of age is shown in Figure 3.1 for both 

cases and controls. This figure clearly illustrates the wide degree of inter-individual 

variation in telomere length at any given chronological age.
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Figure 3.1: M ean T R F ’s o f cases and controls. There is considerably inter
individual variation at all ages.

From these data, regression lines along with 95% confidence intervals were determined 

for both cases and controls, and are plotted in Figure 3.2.
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Figure 3.2: Regression lines and 95%  CIs in cases and controls. The
trend lines demonstrate an age-related decline in mean TRF length, and a 
clear partitioning between cases and controls.

Despite the relatively narrow age range, highly significant (p < 0.0001) decreases in 

mean white cell TRF length with increasing age were observed in both groups. The 

decrease per year was 28.3±7.0 base pairs (bp) in cases and 24.8±9.3 bp in controls. 

This difference was not significant (p = 0.757). Age adjusted mean TRF lengths for 

cases and controls split by gender were 6.77±0.17 kb for male cases, 6.62 ± 0.18 kb for 

female cases, 7.05±0.16 kb for control males and 7.02± 0.11 kb for control females. 

There was no independent effect of gender on mean TRF length (p = 0.327). However, 

taking age and gender into account, the mean TRF length of cases was significantly 

lower compared to controls (difference 299.7±69.3 bp, p < 0.0001).
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3.3.3 Impact of other risk factors on mean TRF length

One of the principal aims of the study was to examine the effect of other cardiovascular 

risk factors on telomere length, and their impact on any association with premature MI. 

An analysis of the effects of such risk factors on mean TRF length is summarised in 

Table 3.2.

Table 3.2: Effects (Regression coefficients) of specific variables on mean TRF length 

after adjustment for age/sex and case/control status

Variable Effect on mean 
TRF length (bp)

P

History of hypertension (n = 72) -99.2 (92.7) 0.285

History of diabetes (n = 24) +1.3 (146.8) 0.993

Smoking: Current (n = 72) -63.8 (103.8) 0.539

Ex Smoker (n=l 85) +8.2 (84.6) 0.923

Per pack year -2.3 (2.0) 0.264

Per 1 x 106 higher white cell count -17.0 (20.3) 0.404

Per mmol/1 higher fibrinogen -21.1 (54.5) 0.699

Per mmol/1 higher CRP -4.4 (8.0) 0.583

Per mmol/1 higher homocysteine +12.2 (8.5) 0.149

Positive family history (CHD in 1° relative < 65 years)* -114.8(88.4) 0.195

Positive family history (MI in 1° relative < 50 years)* -152.5 (94.3) 0.107

Standard error shown in brackets. Negative value indicates that the variable was associated 
with shorter mean TRF length. * Only in cases, see legend to Table 3.1 (Demographics) for 
definition.

A history of hypertension was associated with mean white cell TRF length that was 

almost a 100 bp shorter but this did not reach statistical significance. No independent 

effects were found for either a history of diabetes or smoking. There was also no 

significant relationship between mean TRF length and either white cell count or plasma 

levels of C-reactive protein, fibrinogen or homocysteine. Interestingly, in case subjects, 

there was a trend towards shorter mean TRF length in those with a positive history of 

premature CHD (especially in those with a first degree relative with an MI before age of 

50) although this did not reach significance (Table 3.2). Input of all of these factors into 

a logistic regression analysis did not affect the relationship between case status and 

shorter TRF length (difference 315.7+84.9 bp, p = 0.0002).
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3.3.4 Telomere length and risk of MI

Figure 3.3 displays the data described previously in a different format: the range of 

TRF’s are divided into quartiles (Q1 being the longest, and Q4 the shortest), and the 

odds ratio for risk of MI for each quartile are plotted.

5 1 

4

1 2  3 4
Quartile of TRF length

Figure 3.3: Odds ratio of risk of MI. in different quartiles o f mean 
TRF length compared with the highest quartile (1).

Compared with subjects in the highest quartile for TRF (set at 1), the odds ratios were 

1.63 (95% Cl, 0.91-2.92, p = 0.102), 3.27 (95%CI, 1.79-5.97, p < 0.0001) and 3.34 

(95%CI, 1.50-7.43, p = 0.002), respectively in subjects in the second, third and lowest 

quartile of mean TRF length. These data clearly display a graded relationship between 

telomere length and risk of MI.

3.4 DISCUSSION

In this study I have shown that the telomeres of white blood cells obtained from the 

peripheral blood of patients who have suffered from a premature MI are significantly 

shorter than those from age and sex-matched controls. The average decline in TRF
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length per year was 26.4bp, a value that is within the range reported previously in the 

literature (Samani et al., 2001; Wynn et al., 1998). Given this decline, and the observed 

difference in mean TRF length between cases and controls (299.7 bp), the biological 

age gap between cases and controls is over 11 years, despite the relatively narrow 

chronological age range of the subjects. To put this into simpler terms, the results imply 

that cases are biologically 11 years older than controls. These observations support the 

results reported in a smaller study of 10 patients and 20 controls, carried out within our 

group, which found shorter telomeres in the leucocytes of patients with advanced 

coronary atherosclerosis, compared to age and sex-matched controls with normal 

coronary arteries at angiography (Samani et al., 2001a). While the present study has 

examined a much greater number of both subjects and controls, it is important to note 

that the precise cardiovascular phenotype is slightly different: advanced coronary 

atherosclerosis in the first study and premature myocardial infarction in the present 

study. Of course, the two lie on a continuum with the present study examining the 

disease at an earlier stage.

3.4.1 Possible reasons for the observed difference in mean TRF length between 

cases and controls

There was a wide range of mean TRF values across the entire age range (Figure 3.1). 

Indeed the average range at any particular age was approximately 3kb. The regression 

lines and 95% confidence intervals plotted in Figure 3.2 clearly show a partitioning, and 

an age-related decline in telomere length of 26bp/year. There was no independent effect 

of gender on telomere length, an observation that does not concur with other studies that 

have shown females to have shorter telomeres than men (Benetos et al., 2001; Cawthon 

et al., 2003; Jeanclos et al., 2000). The lack of gender effect in the present study may be 

a result of the small number of women in the study.

There are three possible explanations for the observed difference in mean TRF length 

between cases and controls.

The first is that the observation is an artefact, but the strength of the association 

demonstrated between shorter mean telomere length and risk of MI argues against this 

possibility.

The second potential explanation is that the subjects all inherited telomeres of a similar 

length, but differing rates of attrition between cases and controls have resulted in the
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300bp difference observed. Therefore, this study examined the effect of both recognised 

risk factors for CHD, and factors known to influence the rate of telomere attrition, on 

telomere length. A history of hypertension was associated with slightly shorter 

telomeres, although this did not reach statistical significance, and no effect of diabetes 

or smoking was observed. These three factors are all independent risk factors for CHD, 

and are potential sources of insult to the vascular endothelium that could result in 

increased turnover and the subsequent attrition of the telomere. There is also compelling 

data implicating low-grade inflammation (Ross, 1999) and increased oxidative stress 

(Harrison, 1998) in the pathogenesis of coronary atherosclerosis. White cell counts 

(Hansen et al., 1990) as well as plasma levels of inflammatory markers such as CRP 

(Zhou and Elledge, 2000) and fibrinogen (De Backer et al., 2002; Heinrich et al., 1994) 

have been associated with CHD and have been shown to be strong predictors of future 

events (Packard et al., 2000; Ridker et al., 1997). It has also been demonstrated that, in 

vitro, telomere attrition is accelerated by oxidative stress (von Zglinicki, 2002; von 

Zglinicki, 2000) and homocysteine (Xu et al., 2000), itself a recognised risk factor for 

atherosclerosis (Eikelboom et al., 1999). The shorter telomeres observed in cases may 

simply reflect an increase in replicative stress placed on the white blood cells as a result 

of the chronic inflammation that likely precedes atherosclerosis. To explore this 

possibility I assessed the impact of several relevant parameters, and demonstrated that 

both fibrinogen level and white cell count were significantly higher in cases than 

controls, and there was a non-significant trend toward higher CRP levels. However, 

neither these factors, nor the plasma homocysteine level had a significant effect on 

mean TRF length. Logistic regression analysis found that none of these factors affected 

the association of shorter mean TRF length with risk of MI. Indeed, adjustment for 

these variables and the demographic risk factors slightly increased the difference in 

mean TRF length between cases and controls.

The third, and most interesting possibility is that cases and controls have inherited 

telomeres of different lengths, suggesting that short telomeres are causally related to 

CHD, rather than simply serving as a marker of disease. The fact that the rates of 

attrition are very similar for both groups (28.3±7.0 bp) in cases and 24.8±9.3 bp in 

controls), resulting in a mean difference of approximately 300bp across the age-range of 

the study, supports this explanation: if the regression lines were extended to the y-axis 

(mean TRF length), there would clearly be a difference between the two groups.
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Genetic regulation of telomere length has been suggested by both twin (Slagboom et al., 

1994) and family studies (Jeanclos et al., 2000) that have estimated heritability of 

telomere length of white blood cells to be 75-80%. The study carried out by Slagboom 

et al. (Slagboom et al., 1994) is particularly interesting as it examined the correlation in 

telomere length between siblings, mono and dizygotic twins. The weakest correlation 

was observed in sibs, and the strongest in the dizygotic twins.

If there is a primary genetic basis for the difference then there are a number of 

potentially important implications. The first is that those individuals bom with relatively 

short telomeres are at an increased risk of premature CHD, and a tendency to having 

shorter telomeres would also partly explain the increased familial basis of CHD. In this 

respect it is interesting to note that case subjects with a positive family showed a trend 

towards even shorter telomeres (see Table 3.2), although this did not reach significance.

3.4.2 Possible mechanisms linking telomere length with risk o f MI

There is both in vivo and in vitro evidence suggesting that cellular senescence plays a 

role in the pathogenesis of atherosclerosis. Morphological changes consistent with 

senescence have been demonstrated in the endothelium overlying atherosclerotic 

plaques (Burrig, 1991; Davies et al., 1988; Minamino T et al., 2002), and these cells 

have been shown to express increased levels of plasminogen activator inhibitor type 1 

(PAI-1) (Comi et al., 1995; Xu D et a l, 2000). Minamino et al. have also demonstrated 

increased intracellular adhesion molecule-1 (ICAM-1) and decreased levels of nitric 

oxide (Minamino et al., 2002) in senescent cells. These are all changes that are 

implicated in atherogenesis (Lusis, 2000). PAI-1 is particularly relevant to MI, as over

expression by vascular smooth muscle cells reduces their ability to migrate into the 

extracellular matrix, resulting in thin fibrous plaques that are prone to rupture 

(Schneider et al., 2004).

Minamino et al (Minamino et al., 2002) have recently shown that some of these 

functional changes are directly related to telomere biology in human vascular 

endothelial cells. When telomere dysfunction was induced by inhibition of TRF2 using 

a mutant lacking the TRF2-binding domain, phenotypic changes characteristic of 

senescence occurred and the cells exhibited increased ICAM-1 expression and 

decreased endothelial nitric oxide synthase (eNOS) activity (Davies et al., 1988). 

Conversely, introduction of catalytic sub-unit of telomerase significantly extended the
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life span and inhibited the functional alterations associated with senescence (Minamino 

et al., 2002). The effect inhibition of TRF2 has on endothelial cells is not surprising, 

given the critical role the protein plays in maintaining the telomeric structure. By using 

a mutant lacking the DNA-.binding domain the protein is unable to bind the telomeric 

sequence; the effect of loss of TRF2 results in cell death via apoptosis or senescence, 

depending on the cellular background. These studies provide a plausible mechanism 

linking shorter telomeres to the development of atherosclerosis. This would also be 

consistent with the graded relationship we have demonstrated in this study : if vascular 

endothelial dysfunction is key in the development of atheroma, and shortening 

telomeres induce dysfunction, it follows that those individuals with the shortest 

telomeres have the greatest chance of developing endothelial dysfunction, the 

subsequent athermoa, and, ultimately, a clinical event.

3.4.3 Limitations o f the study

There are a number of limitations that require consideration. This was a case-control 

study;, thus there is the potential for introducing bias: the cases in this particular study 

represent survivors of a MI, but up to 30% of subjects who suffer an MI do not survive 

the acute event. Consequently I have no telomere length data for such subjects, thus am 

unable to exclude the (unlikely) possibility that possessing longer telomeres adversely 

affects the immediate prognosis after MI, and that this explains the observed 

association. However, the data presented in this chapter are supported by a separate 

study, carried out by Cawthon et al (Cawthon et al., 2003); his group assessed the 

association between telomere length and mortality in 143 normal unrelated individuals 

over the age of 60 and found that individuals with shorter telomeres in WBCs at 

baseline had a 3.18-fold higher mortality rate from heart disease. This mortality rate for 

heart disease is in close agreement with that demonstrated between quartiles 1 and 4 in 

this study (3.34). These results support the hypothesis that telomere shortening in 

humans contributes to mortality in many age-related diseases, and to CHD in particular. 

To address the issue of potential bias it would be necessary to replicate the present data 

in a larger, prospective study.

The design of this study also meant I was unable to demonstrate a correlation between 

telomere length in leucocytes and telomere length in other tissues. If the primary 

hypothesis is correct, and telomere length is largely inherited, then individuals with
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shorter leucocytes should also possess shorter telomeres in all other cell types. Studying 

telomere length in other cells presents an interesting challenge, as TRF analysis requires 

a large quantity of DNA, typically 4-6pg. While it is possible to obtain sufficient DNA 

from circulating WBCs, it is far more difficult to obtain this amount from other tissues, 

for example circulating endothelial cells. In order to demonstrate a correlation between 

WBCs and other tissues it would be interesting, particularly in the context of 

cardiovascular function, to determine the telomere length in healthy and diseased 

arterial and venous tissue, in addition to WBCs. To extend this study further, I would 

also like to study both healthy subjects and subjects with CHD, as, if the hypothesis is 

correct, apparently “healthy” cardiovascular tissue in a patient with CHD would already 

posses relatively short telomeres.

Mean TRF length has been estimated in the whole white blood cell population, and it 

would be interesting to know if there are differences in the telomere lengths of 

particular subsets of white cells. Also, TRF analysis provides only a crude measure of 

telomere length; there are considerable intercellular and inter-chromosomal differences 

(Lansdorp et al., 1996) that result in the characteristic telomeric “smear”. Examining the 

telomere lengths of individual telomeres requires alternative methods, such as PCR 

(Baird et al., 2003) and fluorescence in situ hybridisation (FISH) (Batliwalla et al., 

2000; Ferlicot S et al., 2003). These might allow us to determine if, for example, 

premature MI associates with the shortening of one particular telomere rather than 

another, as it has been proposed that the critical shortening of just one telomere is 

sufficient to induce senescence (Martens et al., 2000).

In summary, this study has clearly demonstrated a powerful association between shorter 

mean TRF length in leucocytes and increased risk of premature MI that is independent 

of other risk factors and markers of inflammation. A graded relationship between 

progressively shorter telomeres and increasing risk of MI has also been observed. These 

observations have raised a number of important questions that require further study: 1) 

If the cases in this study are at increased risk due to the inheritance of shorter telomeres, 

then is follows that their offspring may be also have inherited shorter telomeres, and 

thus be at increased risk. By comparing the offspring of subjects with CHD with 

offspring of controls, it may be possible to demonstrate a difference in telomere length 

that suggests that telomere length is an inherited trait, and may explain, at least in part,
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the increased familial risk. 2) This was a case-control study, and as such has certain 

limitations: the potential for bias, and the fact that I have been unable to examine 

telomere length in subjects who have died from an acute MI. To address these issues it 

is necessary to conduct a larger, prospective study. 3) If telomere length is an inherited 

trait, what is the mechanism of inheritance? By conducting a linkage analysis study of a 

large cohort it may be possible to identify candidate genes that influence the inheritance 

of telomere length. Work carried out to examine these questions is described in 

subsequent chapters.
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TELOMERE LENGTH IN THE OFFSPRING OF 
SUBJECTS WITH A HISTORY OF PREMATURE MI

4.1 INTRODUCTION

In Chapter 3 I showed that the mean TRF length of subjects with premature MI was 

significantly shorter than that of age and sex-matched controls by approximately 300bp. 

A rate of loss of approximately 26bp/year implied that cases are “biologically” 11 years 

older than controls. By examining the effect of various factors and their effect on 

telomere length, the study also attempted to exclude confounding risk factors that may 

explain the association of mean telomere length with risk of developing CHD. The 

findings raised the possibility that inherited variations in telomere length may be 

responsible for the association. If this hypothesis is true, then studying the offspring of 

subjects with premature CHD may provide supporting evidence. A positive family 

history is an important independent risk factor for CHD (Colditz et a l , 1991), and the 

incidence of MI has been shown to be higher in individuals with a positive family 

history (Ciruzzi et al., 1997). Furthermore, in male twin studies the relative risk of death 

secondary to CHD if the twin died of CHD before the age of 50 was 8.1 (monozygous) 

and 3.8 (dizygous) (Marenberg et al., 1994).

The argument would be that if the offspring of subjects with CHD already possess 

shorter telomeres than age-matched controls, they might be susceptible to the premature 

development of atherosclerosis, CHD and MI. Thus, in this study I examined the 

healthy offspring of those individuals both with and without CHD to see if there was a 

partitioning in telomere lengths between the two groups at a young age, before any 

clinical signs of cardiovascular disease are manifest.

4.2 METHODS

4.2.1 Subjects 

Offspring of Cases

Offspring of subjects with premature MI, hereafter referred to as “cases”, comprised 24 

subjects with a two-generational history of premature MI: parents must have suffered an 

MI before the age of 50, and a grandparent must have suffered an MI before the age of 

60. Subjects were free from any major health problems and were not taking any
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medication. All “case” offspring were children of subjects enrolled in the Telomere 

Length & Premature MI Study (see Chapter 2).

Controls

Controls comprised 24 subjects recruited from either the Telomere Length & Premature 

MI Study (n=4), or from Glenfield Hospital (n=20). Subjects had no family history of 

heart disease in their immediate family (parents and grandparents), were free from any 

major health problems, and were not taking any medications.

All subjects were young, adult male Caucasians. Subjects were recruited by Nashat 

Qamar and Aqib Bhatti.

4.2.2 Measurements
An accurate risk profile assessment of each subject, including smoking status, history of 

diabetes, hypertension and hypercholesterolaemia, was compiled using a questionnaire. 

A family history of MI was confirmed using a genetic pedigree chart. Individuals on 

any medications, or those with a history of hypertension, diabetes or 

hypercholesterolaemia were excluded to reduce the effect of any confounding 

atherosclerotic risk factors. All subjects fasted (including no smoking for 24 hours) 

before having blood pressure, height and weight measurements taken. White cell, 

monocyte, platelet count and MPV were measured using a Coulter Stacks S Blood 

analyser by Dr. RK Singh.

4.2.3 Terminal restriction fragment analysis
DNA extraction and terminal restriction fragment analysis was performed as described 

in Chapter 2.

4.2.4 Statistical analysis
Characteristics of cases and controls were compared using unpaired t-test for continuous 

variables and chi-squared test for categorical variables. All analysis was carried out in 

Stata Statistical Software (Release 7.0; Stata Corporation, College Station TX; 2001). 

Advice and assistance was provided by Professor JR Thompson.
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4.3 RESULTS

4.3.1 Demographics
A total of 24 male subjects with a successive two generational history of premature MI 

were identified from 23 different families. The 24 controls were matched for both age 

and smoking.

Table 4.1: Demographics o f cases and controls

Demographic Cases (n = 24) Controls (n = 24) p-value

Age at interview (years) 27.1 ±6.4 26.1 ±6.1 0.6

Blood pressure (mmHg)

Systolic 131.5 ±12.7 123.7 ±8.5 0.0178

Diastolic 82.7 ±10.2 72.4 ±8.1 0.0004

Body Mass Index (kg/m ) 25.8 ±4.6 23.9 ±3.7 0.1333

WBC count (x 1 0 V ) 6.6 ± 1.6 5.9 ± 1.2 0.1181

Monocyte count (x 10 /pi) 0.5 ± 0.2 0.4 ±0.1 0.1472

Platelet count (x 103/pl) 242.3 ±61.9 252.2 ± 58.:5 0.5782

MPV (fl) 8.8 ±1.1 8.9 ± 1.0 0.9533

Current/non-smokers 7/17 8/16 0.9881

Hypertension3 n = 0 n = 0 n/a

Diabetes mellitusb n = 0 n = 0 n/a

Hyperlipidaemia0 n = 0 n = 0 n/a

Data are shown as mean ± standard deviation.a Defined as systolic BP > 140mmHg or diastolic
BP > 90mmHg, or the use o f  antihypertensive medication. b Defined as glucose concentration > 
6.0 nmol/1 or the use o f anti-hyperglycaemic medication. c Defined as LDL-cholesterol > 
160mg/L or the use o f  lipid lowering therapy.

Cases and controls were very well matched for age and haematological parameters; 

platelet counts, MPV and smoking status all showed non-significant differences. There 

was also no evidence of hypertension, diabetes mellitus or hyperlipidaemia in either 

cases or controls (for definitions, see Table 4.1). Systolic and diastolic BPs were, 

however, significantly higher in the offspring of cases compared to controls.
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4.3.2 Distribution of mean TRF lengths

The distribution of mean white cell TRF length is shown for both cases and controls in 

Figure 4.1. As in Chapter 3 there was a high degree of inter-individual variation in mean 

TRF length in both groups.
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Figure 4.1: Boxplot of mean TRF length for offspring of 
cases and offspring of controls. The mean TRF of offspring 
o f cases is slightly smaller than that of controls.

Despite the small sample sizes, and the relatively young age of the cohort, there was a 

240bp difference in length between cases and controls. However, after adjustment for 

age this did not reach statistical significance (p=0.118).

4.3.3 Correlation in mean TRF lengths between parents and offspring

As I had estimates of mean TRF length for a selection of both the parents and their 

offspring I was able to examine the correlation in length between the two groups. I was 

able to pair 13 offspring of cases to their parents, and 9 controls. The correlation in 

mean TRF length between parents and offspring is shown in Figure 4.2.
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Figure 4.2: Correlation of mean TRF lengths between parent and offspring.

Figure 4.2, demonstrates a strong correlation in age-adjusted mean TRF length between 

parents and their offspring (R = 0.57, p= 0.001).

4.4 DISCUSSION

This study showed that the mean TRF length of WBCs is approximately 240bp shorter 

in the healthy male offspring of patients with CHD, compared to healthy male offspring 

with no family history of CHD. While this difference was not statistically significant, in 

light of the 300bp difference demonstrated between cases and controls (that is, between 

the parents) in the previous study, it is a very interesting observation. This is 

compounded by the significant correlation in mean TRF length between parents and 

offspring in this study, regardless of the clinical status of the parents.

i l l



Heritability of telomere length

4.4.1 Possible reasons for the observed difference in mean TRF length between 

offspring of cases and offspring of controls

As in the previous study there a number of possible explanations for the difference in 

mean TRF length between the groups.

The first is that the difference is a chance finding, and this is supported by the lack of 

statistical significance. However, the small sample size in this study, compared to that 

described in Chapter 3, may also explain why the difference does not reach statistical 

significance.

The second is that both sets of offspring inherited telomeres of a similar length, but 

offspring of cases with premature CHD have experienced a greater rate of telomere 

attrition. Over time this could result in a divergence in length and so I assessed the 

effect of a number of relevant factors. By design, all subjects recruited for the study 

were healthy with no evidence of diabetes mellitus, hyperlipidaemia, or hypertension as 

defined in table 4.1. While neither group exceeded these values, the offspring of cases 

showed significantly higher systolic (p=0.0178) and diastolic (p=0.0004) BP values 

than controls. This is an interesting observation, given that a history of hypertension 

was associated with shorter telomeres in Chapter 3. There were no significant 

differences in BMI, smoking status or haematological parameters including WBC, 

monocyte and platelet counts, or MPV. Of course, there is the possibility that an 

unmeasured factor has affected the rate of attrition. In dissecting the results of Chapter 3 

I discussed the role of the telomere-binding protein, TRF2, in disruption of the 

telomeric complex, resulting in atherogenic changes to the endothelium (Minamino et 

al., 2002). There is the possibility that variants of such proteins exist that result in a less 

stable telomere, resulting in accelerated attrition. Perhaps the reason I have only 

demonstrated a small, non-significant difference in mean TRF length between offspring 

of cases and controls is because they inherited telomeres of similar length, but that 

offspring of cases have inherited variants of the binding proteins that resulted in 

increased attrition, thus, the difference in length would be amplified over time. It would 

be interesting to follow these subjects for 20-30 years to see if the two groups partition 

such that we see a significant difference in later life. Indeed, by the age of 50 we may 

see the 300bp difference reported in both the pilot study (Samani et al., 2001), and in 

Chapter 3.0. However, this explanation would not be consistent with the hypothesis that 

telomere length in inherited.
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The third explanation for the observed difference is that the offspring of subjects with 

premature CHD have inherited shorter telomeres, and this is discussed below.

4.4.2 Correlation in TRF lengths between parents and offspring

In this study I was able to pair the mean TRF data of 22 offspring to their parents and 

examine the correlation between the two. Even with these relatively small numbers I 

found a strong correlation in mean TRF length (R = 0.57, p = 0.001). This observation 

lends support to the hypothesis that telomere length is, at least in part, a heritable trait. 

In addition, the shorter mean TRF lengths in subjects with a two-generational history of 

premature CHD may help explain the increased risk associated with a positive family 

history.

4.4.3 Limitations o f the study

The small sample size in this study may explain the non-significant difference in length 

between the two groups. This issue could be addressed using a much larger study. Even 

if there is a true difference present, it may be that it is smaller than the 300bp difference 

observed in Chapter 3: Figure 3.2 showed a slight divergence in the trend lines, thus the 

difference may be smaller at a young age. In Chapter 3 I demonstrated a 300bp 

difference between cases and controls, with a mean age of 47 years. The rates of 

attrition for cases and controls were 28.3 and 24.8bp/year, respectively. Using these 

rates of attrition, regression to 26.6 years (the average age of the offspring in the present 

study) results in a difference of 207bp. A smaller difference in length in the offspring 

would be harder to detect: a power calculation shows that to detect a difference of 

200bp at the 0.05 level we would need to have groups of 130 to achieve 80% power, 

and 172 to achieve 90% power.

In summary, although the offspring of subjects with premature MI show no clinical 

signs of CHD, they do have slightly shorter telomeres than controls. This, coupled with 

the associations previously demonstrated between shorter telomeres and risk of MI 

(Chapter 3), and Cawthon et al. have demonstrated between shorter telomere length and 

increased mortality rate from heart disease (Cawthon et al., 2003), indicate that they 

may be at an increased risk of cardiovascular disease. The heritiablity of telomere length 

is also supported by the strong correlation in telomere lengths between parents and
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offspring. If there were a genetic tendency to shorter telomeres in individuals with a two 

generational history of premature MI, I would expect to observe the difference from 

birth. The fact that I have only observed a small, non-significant difference in this study 

is possibly due to the small cohort size. It could also be because the difference in 

telomere length will be exacerbated over time. The fact that there is any difference at all 

is interesting as it alludes to the possibility that there is a familial element to CHD that 

has hitherto been unexplained. Clearly, these observations need to be extended, using a 

much larger cohort.
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A PROSPECTIVE STUDY OF THE ASSOCIATION 
BETWEEN TELOMERE LENGTH AND CVD

5.1 INTRODUCTION

Chapter 3 demonstrated a significant association between shorter telomeres and risk of 

premature MI, supporting the association observed within our group in a study (Samani 

et ah, 2001) of 10 patients with severe triple-vessel disease and 20 age and sex-matched 

controls. While the study demonstrated a graded relationship between progressively 

shorter telomeres and increased risk of MI, the cases represent the survivors of the 

event. Up to 30% of subjects who suffer an MI do not survive the acute event, thus I am 

unable to exclude the possibility that possessing longer telomeres adversely affects the 

immediate prognosis after MI. To address this issue it was necessary to carry out a 

large, prospective study.

A high level of LDL-cholesterol is an important risk factor for CHD. One of the 

therapeutic approaches available is to inhibit the endogenous synthesis of cholesterol by 

blocking the irreversible conversion of 3-hydroxy-3-methyl-glutaryl-Co A (HMG Co A) 

to mevalonic acid, the rate-limiting step, by the enzyme HMG CoA reductase. The West 

of Scotland Coronary Prevention Study (WOSCOPS) was a prospective, double-blind 

primary prevention study of approximately 6000 middle-aged men, randomly assigned 

to receive either a HMG CoA reductase inhibitor (pravastatin) or placebo. The clinical 

progress of the subjects was then recorded over a period of 5 years in order to evaluate 

the effectiveness of a HMG CoA reductase inhibitor in preventing coronary events in 

men with moderate hypercholesterolemia and no history of myocardial infarction. The 

study found that, compared with placebo, pravastatin reduced the risk of fatal or non- 

fatal coronary events by approximately 30% with no evidence of major adverse effects 

or increase in death from non-cardiovascular causes (Shepherd et a l , 1995).

The WOSCOPS investigators had the foresight to create a biobank of DNA and plasma 

collected at baseline to allow subsequent investigation of potential risk factors with risk 

of CHD using a nested case-control approach.

In this chapter I examined the association of baseline mean telomere length with risk of 

subsequent CHD in this well-characterised cohort, measured using a real-time PCR- 

based approach. The aim was to investigate potential difference in baseline mean
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telomere length between those subjects who experienced a clinical event, and matched 

controls without events, and to examine any interaction with statin treatment.

5.2 METHODS

5.2.1 Subjects

The WOSCOPS study has been described in detail in a number of publications 

explaining the design and its clinical outcomes (Shepherd et al., 1995; Shepherd, 1995). 

The baseline characteristics of the WOSCOPS participants have been detailed 

previously (The WOSCOPS Study Group, 1995). The WOSCOPS cohort comprised 

6595 males age 45-65 (mean 55.2 years) with mean baseline total cholesterol of 

7.0mmol/l, HDL cholesterol of 1.2mmol/l and mean triglycerides of 1.8mmol/l. 

Recruits had no history of myocardial infarction and had normal renal and hepatic 

function. For the nested case-control studies, subjects experiencing a definite or suspect 

fatal or non-fatal myocardial infarction, sudden coronary death, or required coronary 

artery bypass graft or angioplasty during the course of the study were defined as cases 

(n=580). Each patient was matched to two controls, selected from the original cohort of 

6595, to give a total of 1160 controls, on the basis of age (using 2-year age categories) 

and smoking status. Of the 580 cases, 507 cases had “hard” end-points (death or MI).

5.2.2 Plasma lipids

Plasma lipids and lipoproteins were measured in fasting plasma samples according to 

the protocols of the Lipid Research Clinics (Lipid Research Clinics Program, 2004) 

LDL peak particle diameter, reported as the particle diameter of the major LDL fraction, 

was used as an index of LDL size distribution and was determined as described 

previously (Friedlander et a l , 2000) with the exception that 2-10% polyacrylamide gel 

electrophoresis was used.

Subject recruitment and subsequent baseline measurements were carried out by the 

WOSCOPS investigators.

5.2.3 PCR Analysis

Working plates were prepared at 5ng/ul, and all samples were subjected to real-time 

PCR analysis, as described in Chapter 2.3. Samples were amplified in duplicate within
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each PCR run. PCR analysis was carried out in a blinded fashion, and analysed using 

Comparative Quantification (Rotogene 6.0.1, Corbett Research, Cambridge, UK).

5.2.4 Statistical methods

Differences in baseline characteristics were assessed using conditional logistic 

regression, and differences between cases and controls were compared using a f-test or 

Wilcoxon test using the SAS statistical package, (version 8.02). Differences in baseline 

mean telomere length and the effect of both age and statin treatment were carried out 

using Stata Statistical Software (Release 7.0; Stata Corporation, College Station TX; 

2001). Advice and assistance was provided by Professor JR Thompson.

5.3 RESULTS

Of the 580 subjects defined as cases, and 1160 controls, only 498 and 1108 were 

available in the WOSCOPS biobank. Of these, a small number did not amplify during 

the PCR assay (14 cases, 50 controls), resulting in final numbers of 484 cases and 1058 

controls.

5.3.1 Demograhics
The baseline characteristics of the subjects are shown in table 5.1.

Table 5.1: Baseline characteristics o f case and control groups*

Characteristic Cases (n = 484) Controls (n = 1058) p-value

Age (years) 56.9 (5.1) 56.7 (5.2) a

Body mass index (kg/m2) 26.0 (3.2) 25.6 (3.2) 0.04

Smokers (%)a 266 (53%) 606 (55%) a

Alcohol consumption (units/week) 11(13) 11(13) 0.55

Total cholesterol (nmol/1) 7.08 (0.61) 7.02 (0.57) 0.09

Triglycerides (nmol/1) 1.96 (0.83) 1.84 (0.77) 0.05

LDL cholesterol (nmol/1) 5.02 (0.46) 4.95 (0.44) 0.04

HDL cholesterol (nmol/1) 1.07 (0.22) 1.14(0.25) <0.001

LDL diameter (nm) 26.33 (0.85) 26.40 (0.89) 0.17

a Cases and controls were matched for age and smoking. Data given for continuous variables are mean 
(standard deviation), and for categorical variables are the number of subjects (%).
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Cases and controls were matched for both age and smoking. Alcohol consumption and 

total cholesterol did not differ significantly. Triclycerides and LDL cholesterol were 

significantly higher in cases, while HDL cholesterol was significantly higher in 

controls. LDL particle diameter did not differ between the two groups.

5.3.2 Real time telomere PCR analysis

Figure 5.1 illustrates the raw PCR data, with the Comparative Quantification (CQ) 

Ratio plotted as a function of age.

Age (years)

Figure 5.1: CQ Ratio v Age. Note the wide degree o f scatter, and the 
presence o f several samples giving very high ratios.

Because of the non-normal distribution of the data, robust regression analysis was used 

to down-weight the effect of outliers. Log-transformation was considered, but felt to be 

less appropriate as examination of the residuals (Figure 5.2) showed the data was still 

non-normally distributed.
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Residuals

Figure 5.2: Histogram o f residuals. Adjusted for age and case/control status.

5.3.3 Relationship of age and cases status on baseline mean telomere length
Table 5.2 summaries the effect of age and case-control status on CQ ratio using the 

robust regression analysis method.

Table 5.2 Summary o f robust regression analysis

Subjects Effect o f Effect on CQ Ratio p-value
Controls & all end-points Age -0.008 ± 0.002 0.001

Case Status -0.075 ± 0.027 0.005
Controls & hard end-points only Age -0.008 ± 0.002 0.001

Case Status -0.074 ± 0.029 0.010
Controls & deaths only Age -0.008 ± 0.002 0.002

Case Status -0.070 ± 0.050 0.161

Age had a highly significant effect on CQ ratio with a reduction in the ratio of -0.008 ± 

0.002 per additional year of age. After adjusting for age, status also had significant 

effects for all end-points, as well as hard end-points, with cases having a CQ ratio of
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approximately 0.075 ± 0.002 lower than controls. The trend was very similar for deaths 

but, because of small numbers, did not reach significance. Therefore, mirroring data 

shown in Chapter 3, mean telomere length at baseline in those who became cases was 

similar to controls subjects approximately 9.4 years older.

5.3.4 Telomere length, risk of CHD and benefits from statin treatment
Subjects in the WOSCOPS study were randomised to receive either pravastatin, or 

placebo. This allowed an assessment of any interaction between baseline telomere 

length and statin treatment on risk of subsequent CHD. Tables 5.3 and 5.4 separately 

summarise the number and percentage of placebo and pravastatin-treated subjects who 

suffered an event in each tertile of CQ ratio, for all end-points, and hard end-points, 

respectively.

Table 5.3: Percentage o f subjects per tertile suffering an event (all end-points)

Tertile o f CQ Ratio No Treatment Treatment
T l) 1.327-5.043 Subjects 262 252

Events 67 65
25.57% 25.79%

T2) 0.902- 1.326 Subjects 279 235
Events 115 66

41.22% 28.09%
T3) 0.00 - 0.901 Subjects 265 249

Events 107 64
40.38% 25.70%

In the untreated group there were significantly fewer events in tertile 1 (Tl, longest 

telomeres), compared to T2 and T3, with no difference observed between T2 and T3. In 

treated subjects the number of events in each tertile was similar with each other, and 

also similar to the number in the longest telomere tertile with no treatment.
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Table 5.4: Percentage o f subjects per tertile suffering an event (hard end-points)

Tertile o f  CQ Ratio No Treatment Treatment
T l) 1.327-5.043 Subjects 262 252

Events 52 20
19.85% 19.84%

T2) 0.902- 1.326 Subjects 279 235
Events 101 59

36.20% 25.11%
T3) 0.00- 0.901 Subjects 265 249

Events 98 55
36.98% 22.09%

The pattern with hard end-points followed a very similar pattern to all end-points (Table 

5.4). The interaction between telomere length and treatment on event was highly 

significant for all end-points (p=0.0047) and hard end-points (p=0.0044).

5.4 DISCUSSION

In this chapter, real-time PCR was used to analyse the effect of telomere length on risk 

of CHD in a large, prospective study. The design of the study matched 2 controls to 

each case to give a total of 580 cases and 1160 controls. A number of samples were not 

available from the biobank, or failed to amplify in the assay, resulting in final numbers 

of 484 cases and 1058 controls.

There was a large degree of scatter in measured CQ ratios at all ages, and a considerable 

number of outliers with the potential to significantly skew the data. In such cases the 

data need to be manipulated such that the outliers are down-weighted: the method used 

depends on whether the outliers are extremes, or erroneous. Using log-transformation 

on the PCR data would imply that telomere length changes as a percentage of the total 

length, rather than at a constant rate. However, the results of Chapter 3 and current 

reports in the literature suggest that the rate of attrition in adulthood is relatively 

constant (Allsopp et a l , 1992; Samani et al., 2001), compared to childhood (Zeichner et 

al., 1999). In addition, for log-transformation to be valid the transformed data should be 

normally distributed, but the plot of residuals (Figure 5.2) showed that this was not the 

case. The alternative, robust regression analysis, uses the median rather than the mean 

value of CQ ratio at any given age for the regression, giving less weight to the outliers. 

This type of analysis is particularly useful when it is believed that the outliers represent
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errors, rather than extremes, of measurement. This study examined a ratio obtained from 

a pair of PCR reaction. PCR is a multiplicative process and it is conceivable that, in 

those individuals with extremely long telomeres, the PCR cannot accurately measure 

the length. Perhaps the amplification in these few cases results in an amount of product 

that is outside the dynamic range of the assay. The observation that telomeres appear to 

erode at a constant, rather than a logarithmic, rate, and the failure of log-transformation 

to give normally distributed data, indicated that robust regression analysis was 

appropriate. This method was then used to demonstrate a significant age-related effect 

(p = 0.001), and a significant difference in telomere length between controls and all 

end-points (p = 0.005) and hard end-points only (p = 0.01). Given the difference in CQ 

ratio between the two groups (0.075), and the age-effect observed (0.008/year), 

telomere length in cases is similar to controls approximately 9.4 years older. This value 

is in remarkable agreement with that reported by Samani et al (Samani et al., 2001) 

(8.6 years), and in Chapter 3 (11.4 years).

These findings, from a prospective study, associate baseline mean telomere length with 

risk of CHD. They also support and extend those of Cawthon et al (Cawthon et al, 

2003), and strongly suggest that telomere length is aetiologically linked to risk of CHD.

5.4.1 Telomere length and benefits from stain treatment

The range of telomere lengths was divided into tertiles (T) to allow examination of the 

percentage of subjects, separated into those with and without statin treatment, who 

experienced a clinical event. When considering all end-points not receiving treatment, 

there was a significant increase in the percentage of subjects experiencing an event as 

telomere length decreased from Tl (25.6%) to T2 (41.2%), but no difference between 

T2 and T3 (40.4%). In those subjects receiving treatment the percentage did not differ 

significantly from Tl to T3 (25.8%, 28.1% and 25.7%). The results for hard end-points 

followed a very similar trend, with those not receiving treatment experiencing an 

increased percentage of events from Tl (19.6%) to T2 (36.2%), and no difference 

between T2 and T3 (37%). In those subjects receiving treatment there was only a 

slightly increased percentage of events in T2 (25.1%) and T3 (22.1%) compared to Tl 

(19.8%).

While the number of events in untreated subjects increased from Tl to T2 in the present 

study, there was no increase as telomeres shortened further. This was a slightly
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surprising result, given that in Chapter 3 a graded relationship was observed between 

shorter telomeres and an increased risk of premature MI. One possible explanation is 

that a number of different phenotypes were examined in this study, but only premature 

MI was examined in Chapter 3. An alternative explanation is that subjects recruited for 

the WOSCOPS study were at an increased risk of CHD at baseline: Scotland has the 

highest age-standardised death rate from CHD per 100,000 population in the entire UK 

(British Heart Foundation, 2003). More specifically, all subjects recruited had a baseline 

total cholesterol level of above 7 nmol/1; the mean blood cholesterol level in men in 

England is 5.5nmol/l (British Heart Foundation, 2003), and the National Service 

Framework for CHD suggests a cholesterol target of 5.0nmol/l (Department of Health, 

2000).

If the primary hypothesis is correct, and inheriting shorter telomeres results in increased 

risk of CHD, the relatively high incidence of CHD in Scotland may reflect shorter 

telomeres in the region as a whole, a situation exacerbated by the elevated serum 

cholesterol levels observed. There will be a threshold of telomere length, after which a 

clinical event is very likely, and it may that all subjects in the present study were 

already very close to it. The subjects in Chapter 3 may have had a mean age adjusted 

telomere length that is greater than that in the present study, thus a graded relationship 

was observed. In this study the threshold may have been reached sooner (in T2) as the 

overall telomere length of the subjects was shorter, thus only those individuals with the 

very longest telomeres were afforded any degree of protection. This theory is supported 

to some extent by the results of Chapter 3. In Figure 3.3 the risk of MI increased 

significantly from quartile 1 (Ql) to Q2, and from Q2 to Q3, but there was only a very 

small increase in risk from Q3 to Q4 (the shortest telomeres), suggesting that the 

threshold was being reached in the very shortest quartile.

Whether considering all end-points, or hard end-points only, the percentage of treated 
subjects suffering an event did not increase as telomeres shortened, and in T2 and T3 

event rates were similar to untreated subjects with the longest telomeres. These data 

indicate that treatment with a statin is associated with a reduction in the number of 

clinical events, only in those subjects with increased risk based on their telomere length. 

These are highly novel and provocative findings, which require further explanation.

The development of atherosclerosis is thought to be initiated by endothelial damage 

(Ross, 1999b) due to the presence of various cardiovascular risk factors, thus the

123



Prospective study of telomere length & CVD

reduction in the number of events in statin-treated subjects indicate that statins may 

directly influence endothelial function. While repair of endothelial damage was 

originally thought to result from migration and proliferation of endothelial cells (ECs) 

from viable endothelium adjacent to the site of injury, recent evidence suggests an 

alternative mechanism. Studies in both animals (Dimmeler et al., 2001; Llevadot et a l, 

2001) and human subjects with stable CAD (Vasa et a l, 2001a) have demonstrated that 

statins may mobilise bone marrow-derived endothelial progenitor cells (EPCs), 

resulting in accelerated endothelial repair (Walter et a l, 2002). The increase in EPC 

number has been shown to plateau at a 3-fold increase after 3 to 4 weeks of statin 

therapy (Vasa et a l, 2001a).

Damage to the endothelium results in increased EC turnover with a concomitant 

decrease in telomere length. Once the telomere reaches a critical length the cell enters 

senescence and can no longer divide. In the absence of an alternative mechanism for 

endothelial repair, the endothelium is unable to cope with continued cellular insult and 

complications of atherosclerosis may occur. An increase in the number of EPCs 

provides such a mechanism but, interestingly, EPCs isolated from patients with CAD 

had previously revealed an impaired migratory response, which was inversely correlated 

with the number of risk factors (Vasa et a l, 2001b). Thus, not only do risk factors result 

in damage to the endothelium, they also impair the function of the EPCs that would be 

able to counteract the damage. In relation to the present study, those subjects with the 

shortest telomeres may reach a state of endothelial dysfunction earlier than those with 

longer telomeres, resulting in atherogenic changes to the endothelium, and an increase 

in clinical events (as seen in the untreated group). This would have been exacerbated by 

the presence of risk factors that impair EPC function. Treatment with a statin may have 

provided protection against the initiation of atherogenic changes by increasing the 

number of circulating EPCs, allowing the endothelium to cope with a degree of insult 

that would otherwise lead to endothelial dysfunction. While this may provide 

accelerated endothelial repair, it may also result in accelerated telomere attrition in the 

EPCs, such that they reach senescence earlier. However, it has recently been shown that 

EPCs demonstrate telomerase activity and, interestingly, oxLDL reduces the activity of 

the enzyme by approximately 50%, an effect that was significantly abolished by 

pretreatment with atorvastatin (Imanishi et a l, 2004). These results suggest elevated 

LDL not only inhibits the migratory response of EPCs, but once oxidised can also
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inhibit telomerase activity in EPCs, resulting in premature senescence of these cells. 

Thus, in addition to the direct inhibition of cholesterol synthesis, statins indirectly 

reduce the levels of oxLDL, abrogating the reduction in EPC telomerase activity.

In summary, this large, prospective study demonstrated that subjects experiencing CHD 

had significantly (p = 0.005) shorter telomeres than age and sex-matched controls at 

baseline. In biological terms, cases were the same age as controls over 9 years older, at 

least as far the telomeres of their WBCs were concerned. This supported previous 

observations of an 8.6 year difference between controls and subjects with severe triple 

vessel disease (Samani et al., 2001), and an 11 year difference between controls and 

subjects experiencing a premature CHD (Chapter 3). In addition, treatment with a 

cholesterol-lowering drug (statin) ameliorated the increased number of clinical events in 

subjects with progressively shorter telomeres. Statin treatment in young, healthy 

subjects with no clinical evidence of cardiovascular disease may protect against the 

development of atherosclerosis through a number of effects: directly, through inhibition 

of cholesterol synthesis, and indirectly by increasing the number of circulating bone 

marrow-derived EPCs. In addition, statins reduce the susceptibility of lipids to 

oxidation, thus reducing the levels of oxLDL that can inhibit EPC telomerase activity.
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MAPPING OF A LOCUS DETERMINING TELOMERE 
LENGTH IN HUMANS

6.1 INTRODUCTION

The preceding chapters have demonstrated a strong association between a shorter mean 

TRF length in WBCs and increased risk of premature MI, showed that the offspring of 

patients with premature CHD have shorter (albeit non-significant) telomeres than age 

and sex matched controls, and demonstrated a partitioning in mean WBC telomere 

length between those who develop CHD and those who do not in a prospective study. 

Furthermore, a significant correlation in telomere length between parents and children 

has been demonstrated. This observation, combined with reports in the literature 

(Jeanclos et al., 2000; Nawrot et al., 2004; Slagboom et a l , 1994), indicate that there is 

a strong genetic determination of the length, or regulation of the length, of telomeres. 

Thus, the purpose of the work in this chapter was to see if a locus or loci determining 

telomere length could be mapped, using Quantitative Trait Loci (QTL) Linkage 

Analysis.

6.1.1 QTL Linkage Analysis
Some disorders have a simple Mendelian mode of transmission, where a specific 

mutation results in development of the disorder. The general strategy to identify the 

genes for such traits is called ‘classical linkage’ and is based on Fisher’s theory of 

likelihood inference (Fisher, 1918). Classical linkage models the distance between a 

DNA marker locus and a putative disease locus in a small number of large, 

multigenerational pedigrees consisting of both affected and unaffected family members. 

More complex diseases are multi-factorial, being influenced by different genes and their 

interaction with various environmental factors. Quantitative traits are influenced by the 

developmental interplay of various genes and the environment, with each of the genes 

that exerts an influence being referred to as a polygene. The locus of such a polygene is 

called a quantitative trait locus (QTL). To detect QTLs, non-parametric (model-free) 

linkage analysis is performed: several hundred DNA markers are examined in siblings 

(and their parents wherever possible), and allele sharing between siblings (or other 

relatives) is investigated. It is important to note that there are two definitions of allele- 

sharing:
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1) identity-by-state (IBS) -  two alleles of the same form (identical sequence);

2) identity-by-descent (IBD) -  if, in addition to being IBS, two alleles are 

descended from the same parental gene.

Thus, linkage of a marker to a QTL implies that the differences in the trait between the 

relative pairs will be smaller if they share the same version of the marker, obtained from 

the same parent (Haseman and Elston, 1972), as illustrated in Figure 6.1.
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Figure 6.1: QTL Linkage.
If the marker is not linked to 
the QTL, the difference in 
the telomere length between 
siblings will not differ 
significantly, regardless o f 
the number o f shared alleles 
(red line). However, if  the 
marker is in linkage, the 
difference in telomere 
length between siblings will 
decrease as they share more 
alleles (blue line).

1

Shared Alleles

Thus, the aim of this chapter was to see if a locus (or loci) affecting telomere length in 

humans could be mapped by performing a QTL analysis of mean leucocyte telomere 

restriction fragments, as measured by Southern blotting, in a large cohort of sib-pairs.
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6.2 METHODS

6.2.1 Subjects

Families were selected from those participating in the British Heart Foundation (BHF) 

Family Heart Study. This is a large study two-centre study (Leicester and Leeds) of over 

2000 Caucasian families recruited from throughout the United Kingdom whose primary 

objective is to map loci predisposing to premature CHD. Families for the telomere 

length analysis were chosen randomly from those recruited in the Leicester centre.

6.2.2 Terminal restriction fragment analysis

DNA extraction and subsequent terminal restriction fragment analysis was performed as 

described in Chapter 2.

6.2.3 Genotyping for linkage analysis

In the first phase of the genome scan a total of 400 microsatellite markers from the ABI- 

Prism Linkage Mapping set MD-10 panels (Version 2.5: PE Applied Biosystems) 

spaced at ~ lOcM and with an average heterozygosity of 0.79 were analysed. PCR was 

carried out under conditions described by the manufacturers and the products pooled in 

panels and analysed on a PE 3700 automated sequencer. Genotypes from each marker 

were examined by the GeneMapper program version 2.0 (PE Applied Biosystems). In 

the second phase, an additional 4 markers were analysed to refine the chromosome 12 

linkage region. Two markers (D12S1640, D12S1663) were selected from ABI-Prism 

Linkage Mapping set MD-5 panels (Version 2.5: PE Applied Biosystems) and 2 

markers (D12S1698, D12S1589) were selected from the NCBI database.

6.2.4 Quality control of genotype data

All genotypes, including those that passed GeneMapper’s internal quality control, were 

manually read by at least one individual (i.e. of those working on the Family Heart 

Study) and those genotypes that did not fully pass the program’s quality control were 

read by two independent individuals. Genotypes were rejected and the samples re-run 

unless there was complete agreement on allele calls. RELATIVE (Goring and Ott, 

1977) and GRR (Abecasis et a l , 2000) programs were used to confirm family 

relationships. Inheritance within families was verified using the Pedcheck program
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(O'Connell and Weeks, 1988). If there was a likelihood of inheritance errors, the 

complete family was genotyped again for that marker.

6.2.5 Statistical analysis

Summary statistics on the pattern of change in mean TRF length with age in men and 

women were obtained from random effects regressions allowing for correlation within 

families.

Two-point and multipoint quantitative trait linkage analyses were conducted by using 

Sequential Oligogenic Linkage Analysis Routines (SOLAR) package (version 1.7.3) 

(Almasy and Blangero, 1998). Files were converted to SOLAR format using MEGA2 

(version 2.5R2) (Mukhopadhyay et al., 1999). Allele frequencies were calculated from 

the observed genotypes. The order of the markers loci and their recombination distances 

used for multipoint linkage analysis were based on the DECode map (Kong et a l , 2002) 

supplemented with data from NCBI.

Linkage of variance component was assessed by fitting a polygenic model that does not 

incorporate genetic marker information and comparing it with models that incorporate 

genotype data at a specific marker (2-point analysis) or across a chromosome 

(multipoint analysis). To adjust for age and sex, these factors were initially included as 

covariates in the linkage analysis. Age and sex were found to be significant and were 

retained in the linkage-analysis model. Heritability values were obtained after 

adjustment for covariates. The data were also analysed using the variance component 

function in the Multipoint Engine for Rapid Likelihood INference (MERLIN) program 

(Abecasis et al., 2002) after prior adjustment for age and sex. Simulations were 

conducted in MERLIN using the same conditions of the main QTL analyses, and using 

the option -simulate.

Heritability is referred to as a portion of the phenotypic variation among individuals that 

is due to genetic differences among them, thus it is defined as the ratio of genotypic 

variance to the phenotypic variance.

Analysis was performed with the assistance of Dr. M Mangino and Professor JR 

Thompson.
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6.3 R E SU L T S

6.3.1 Subject details

In total 383 adult subjects from 173 families comprising 258 sib-pairs were analysed 

(291 males and 92 females).

Table 6.1: Summary o f  sibling pairs studied.

Individual statistics n
Total 383
Males 291
Females 92

Family statistics
Total families 173
2 pair 141
3 pair 25
4 pair 5
5 pair 2

Sib-pair statistics
Total 258
Male-male 154
Female-female 24
Mixed 80

The mean age of the subjects was 65.8± 6.4(sd) years (range 47 to 82 years).
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6.3.2 D istribution of mean TRF lengths

As in the Chapter 3, there was a wide scatter in mean TRF lengths at any given age, and 

an age-related decrease in mean TRF length in both men (29.9 ±5.6 bp/yr) and women 

(16.8 ± 9.9 bp/yr) (Figure 6.1).
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Figure 6.1: M ean TR Fs for male and females. Note the high inter-individual 
variability in mean TRF length at any age. The regression lines show the decrease 
in meanTRF length with age in females (blue lines) and males (red line).

The difference in rate of decline between the sexes was not significant (p=0.61). 

However, the mean age-adjusted TRF length in men was shorter than in women 

(difference, 271.5±64.7(se) bp, p<0.001).
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6.3.3 Inter-sibling correlations

Figure 6.2 shows the highly significant inter-sibling correlation in mean TRF length; a 

heritability index (h2) of 81.9±11.8% was obtained.
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F igure 6.2: Inter-sib  correlation in m ean TR F length. There was a strong 
correlation in mean TRF length between siblings.

Age (p < 0.001) and sex (p < 0.001) were significant co-variates, together accounting 

for 8.7% of the variance in the trait, and were included in the linkage-analysis model to 

allow appropriate adjustment.
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6.3.4 Genome-wide scan

An initial genome scan with 400 microsatellite markers at intervals of ~10cM (ABI- 

Prism Linkage Mapping set MD-10 panels version 2.5) with an average heterozygosity 

of 0.79, identified significant linkage to chromosome 12 (Figure 6.3). A maximum two 

point LOD score of 3.21 was obtained for the marker D12S345 using SOLAR.
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Figure 6.3: Initial Genome Scan. Scanning with 400 microsatellite markers at 
intervals o f ~10cM demonstrated significant linkage to chromosome 12.

Four additional markers in the region were typed in order to confirm linkage and for 

fine mapping of the genetic interval. Marker D12S1698 gave a LOD score of 3.03 and 

multipoint analysis gave a maximum LOD score of 3.2 between markers D12S1640 and 

D12S1589 (Figure 6.4). Analysis using MERLIN gave similar results (LOD score of 

3.07 p=0.00008 at marker D12S345 and 3.04 p=0.00009 at marker D12S1698). 

MERLIN was then used to generate 1500 simulated genome scans using the same 

conditions used during the analysis (families structure, phenotype, marker spacing, 

allele frequencies and missing data patterns). Sixty-seven simulations gave two 

consecutive markers with a LOD score >3.0. This equates to a genome wide p value for 

the finding of 0.044. Heritability analysis (genetic variation/total variation) showed that
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49 % of the total inter-individual variability of mean TRF length can be attributed to the 

locus on chromosome 12.
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Figure 6.4: Additional Genome Scan. Four additional markers in the region were 
typed in order to confirm linkage and for fine mapping of the genetic interval. Marker 
D12S168 gave a LOD score of 3.03 for the marker D12S1698 and multipoint analysis 
gave a maximum LOD score of 3.2 between markers D12S1640 and D12S1589.

According to Ensembl the 1 LOD interval for the locus on chromosome 12 spans 13.2 

Mb and contains 34 genes (42 counting isoforms and other predicted transcripts, see 

Table 6.3).
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6.4 DISCUSSION
This study has demonstrated that telomere length is a highly heritable trait, and that a 

major locus on chromosome 12 determines almost half the inter-individual variation. 

Although the study cannot exclude the possibility that another major locus is 

responsible for the remainder of the heritable influence on mean TRF length, the more 

likely scenario is that this is due to the effect of several genes with small effects. The 

observed peaks with LOD scores between 1 and 1.5 on chromosomes 2, 9 and 13 

(Figure 6.3), could harbour such loci, but additional studies would be necessary to 

confirm this.

Once again there was a wide degree of inter-individual variation in telomere length at 

all ages examined, in agreement with the results of the Chapters 3 and 4 (showing 

ranges of 3kb and 2kb respectively). An age-related decline in telomere length was also 

evident: the rates of attrition were slightly different between the sexes, with males 

losing approximately 30bp/year to just 17bp/year in females, although the difference did 

not reach significance. A difference in the age-adjusted mean TRF between males and 

females was also observed. Pre-menopausal women are known to be at a reduced risk of 

CVD (British Heart Foundation, 2003), and have longer telomeres than age-matched 

men (Benetos et a l , 2001; Cawthon et a l , 2003; Jeanclos et al., 2000), partly due to the 

effect of oestrogen on telomerase. Telomerase is stimulated by oestrogen: there is an 

oestrogen response element on the catalytic subunit of the enzyme (Kyo et al., 1999), 

and oestrogen receptors are present in vascular cells (Mendelsohn and Karas, 1999). 

However, the range of ages examined in this study is 47 -  82 years, thus many of the 92 

women in the study may have been post-menopause. Therefore, the sex-related 

difference observed most likely reflects effects of oestrogen pre-menopause; when 

oestrogen is no longer stimulating telomerase, the rate of telomere attrition in women 

would have to exceed the rate in men in order to close the “gap” in length observed 

between the sexes. Figure 6.1 demonstrates that this was not the case: the rate of 

attrition was greater (although not significantly so) in men.

6.4.1 Inter-sibling correlation in mean TRF length

Telomere length has been shown to be a heritable trait in twin studies (Jeanclos et a l , 

2000; Slagboom et a l, 1994). These studies examined 123 and 49 twin pairs 

respectively, but while both examined monozygotic (MZ) and dizygotic (DZ) twins,
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only Slagboom et al examined the correlation in the separate groups. This particular 

study demonstrated a higher correlation in MZ twins (0.78) than DZ twins (0.39), an 

unsurprising result, given that MZ twins are genetically identical: regardless of the 

precise mode of inheritance, they will have inherited telomeres of the same length. Any 

measured differences in telomere length between the twins at a later date likely reflect 

differing rates of attrition throughout life.

This study examined a total of 258 sib-pairs in order to estimate heritability at 

approximately 82%, a figure in close agreement with previous estimates of 

approximately 80% (Jeanclos et al., 2000; Slagboom et al., 1994). It is likely that this 

degree of heritability is due to a number of loci, each exerting an effect on telomere 

length. Linkage analysis using a genome wide scan provided the method for mapping 

individual loci.

6.4.2 Genome scan

The initial genome scan with 400 markers identified significant linkage to chromosome 

12: a maximum LOD score of 3.2 was obtained using SOLAR, and 3.04 using MERLIN 

(a second software package was used in this study to validate the findings). MERLIN 

was then used to generate 1500 simulated genome scans using the same conditions used 

during the analysis (families structure, phenotype, marker spacing, allele frequencies 

and missing data patterns). Sixty-seven simulations gave two consecutive markers with 

a LOD score > 3.0, equating to a genome wide p value of 0.044 for our finding. 

Heritability analysis has showed that almost half of the total inter-individual variability 

in mean telomere length can be attributed to this particular locus on chromosome 12, 

but what is controlling the other 50%? Inheritance of telomere length is a complex 

process that does not appear to follow simple Mendelian inheritance; rather, it is likely 

that there are a number of additional loci, each exerting an effect. This is reflected in the 

number of additional peaks, such as those on chromosomes 9 and 13. However, the fact 

that these both have LOD scores of just under 1.5 indicates that we cannot have the 

same degree of confidence that these loci are truly in linkage. Thus, the region identified 

on chromosome 12 harbours a major locus involved in the determination of telomere 

length.
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Table 6.3: Genes within the one LOD drop region o f the chromosome 12pll.2-ql2 

linkage peak.

Gene ID Description

PPFIBP1 PTPRF Interacting Protein Binding Protein 1 Isoform 1

MRPS35 Mitochondrial Ribosomal Protein S35

YD40HUM AN YD40_Human

PTHLH Parathyroid Hormone-Related Protein Precursor

NM 018318 Hypothetical Protein NM 018318

NM_018099 Hypothetical Protein NM_018099

NM_016570 Hypothetical protein similar to PTX1

NM_175861 Hypothetical protein ARG99 protein

IP08 Importin 8

C1QDC1 C1Q Domain containing 1 Isoform L

DDX11 DEAD/H Box Polypeptide 11; Yeast Chll Homolog

Q9BZ57 Hypothetical protein Q9BZ57

NM_021238 Hypothetical protein similar to Tera Protein

NM 024799 Hypothetical protein NM 024799

NM 144973 Hypothetical protein NM_144973

AK3 Adenylate Kinase Isoenzyme 4

NM 173802 Hypothetical protein NM_173802

Q86X98 Hypothetical protein Q86X98

Q16776 Gene Fragment For Histone H3

NM 018169 Hypothetical protein NM 018169

BICD1 Bicaudal D Homolog 1

NM_139241 Actin-Filament Binding Protein Frabin.

DNM1L Dynamin 1-Like Protein Isoform 3; Dynamin-Like Protein

NM_015936 Hypothetical protein NM_015936

PKP2 Plakophilin 2

NM 032834 Hypothetical protein NM 032834

NM 153634 Hypothetical protein similar to COPINE VIII

K1F21A Ny-Ren-62 Antigen

ABCD2 Atp-Binding Cassette D2

NM 173599 Hypothetical protein NM 173599

SLC2A13 Proton Myo-Inositol Co-Transporter (Hmit).

Q8NCX9 Hypothetical protein Q8NCX9

CNTN1 Contactin Precursor

NM_013377 Hypothetical protein NM_013377
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Candidate genes

Table 6.3 lists the genes within the one LOD drop region of the chromosome 12pl 1.2- 

ql2 linkage peak. The strongest candidate is DDX11, a DNA helicase. DNA replication 

involves simultaneous synthesis of both the leading and lagging strands, resulting in 

shortening of the 5’ end of the telomere. Replication is a complex process that requires 

the duplex DNA ahead of the DNA polymerase to be unwound by ATP-driven 

helicases. Many helicases have roles in maintaining telomeres and in telomere length 

control, as well as in segregation and DNA repair. Deficiencies in the RecQ helicases, 

BLM and RecQ4, result in Bloom and Rothmund-Thomson syndromes respectively: 

both syndromes are associated with increased occurrence of cancer (Mohaghegh and 

Hickson, 2001b). BLM and RecQ4 both interact with TRF2 (Opresko et al., 2002; 

Stavropoulos et a l , 2002), indicating a role in telomere biology. Werner’s syndrome 

(WS) displays early onset of many age-related pathologies, including type II diabetes 

and CVD (Martin, 1978). WS cells also display chromosomal rearrangements and 

deletions, and premature senescence. The syndrome is caused by loss of the RecQ 

helicase, WRN (Yu et a l , 1996). WS fibroblasts display accelerated telomere erosion 

(Schulz et a l , 1996) and WS lymphocytes show erratic telomere length distributions 

(Wyllie et a l , 2000). It has been suggested that WRN associates with telomeres when 

dissociation of the D-loop is required for replication and/or recombination (Opresko et 

a l , 2004). Interestingly, WRN unwinds a variety of DNA substrates, including the G- 

quadruplex (Mohaghegh et a l , 2001a), a structure that may occur at human telomeres in 

vivo.

A role for DDX11 in telomere length regulation is also supported by Zhu et a l , who 

demonstrated a 5cM region on mouse chromosome 2 that predominantly controls the 

observed species-specific telomere length regulation (Zhu et a l , 1998). Within this 

region a mouse homologue of the human novel helicase (NHL) gene (Bai et a l , 2000) 

was identified, and termed Regulator of Telomere Length (Rtel). Subsequent work 

suggests that Rtel is required to resolve higher order G-rich structures (such as G- 

quadruplexes), and lack of Retl results in variable loss of telomere repeats in 

undifferentiated embryonic stem (ES) cells, and maintenance of length at approximately 

68% of that observed in the wild type ES cells (Ding et a l, 2004).

A second interesting candidate is Q16776, Gene Fragment for Histone H3. Histones are 

proteins present in the eukaryotic nucleus that help to wrap up the genetic material into
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tightly packed chromosomes. Local chromatin structure can be reversibly changed from 

a condensed to a more accessible conformation by histone modification. Histone H3 

contains certain amino acids, which are subject to modification, such as acetylation by 

histone acetyltransferases (Goll and Bestor, 2002). Histone deacetylases (HDACs) have 

the opposite effect, removing the acetyl group and promoting transcriptional repression. 

Histone modification may play a role in the telomere position effect, as Baur et al 

(Baur et al., 2001) have demonstrated that the suppression of certain genes located close 

to the telomere can be overcome by the action of trichostatin A, a histone deacetylase 

inhibitor. Thus, histones may function, in part, to regulate the precise conformation of 

the telomere, allowing/restricting access to the multitude of binding proteins and 

enzymes that exert an effect, and regulating the TPE.

6,4.3 Limitations of the study

The actual gene(s) exerting an effect on telomere length have yet to be identified. There 

are two strategies available for determining which genes(s) within the candidate region 

exert an effect on telomere length: single nucleotide polymorphism (SNP) genotyping 

and fine-mapping. Genes having a plausible role in telomere biology (such as DDX11 

and Q16776) can be examined for SNPs. SNPs are naturally occurring variations 

affecting only a single nucleotide; they can be either synonymous (the mutation does 

not change the amino acid), or non- synonymous (where it does). They occur at a rate of 

approximately one SNP per kilobase of DNA, thus any one gene may contain several 

SNPs. By screening individuals from the two extremes of telomere length it may be 

possible to identify a SNP(s) that result in a functional variant. A large cohort can then 

be genotyped to examine any associations between particular SNPs and telomere length. 

The second approach is to carry out fine-mapping. This involves the use of larger 

numbers of micro-satellite markers to progressively narrow the candidate region, until it 

is of a suitable size for full sequence analysis. As in SNP genotyping, the chance of 

finding sequence differences may be increased by sequencing the region from 

individuals at both extremes of telomere length.

Interestingly, the findings of a locus on chromosome 12 do not support the recent 

proposal that the majority of inheritance of telomere length is X-linked (Nawrot et al., 

2004). This study on patterns of correlation within nuclear families (128 parents and 

199 offspring) found that telomere length was similar between fathers and daughters,

139



A locus determining telomere length

mothers and sons, mothers and daughters, and among siblings, but not among fathers 

and sons. The authors note that the X chromosome harbours a number of genes that are 

important in telomere biology, such as the DKC1 gene encoding the protein dyskerin 

(important for stable accumulation of the hTR component of telomerase) (Mitchell et 

al., 1999), and the gene encoding the angiotensin II receptor (AGTR2), the stimulation 

of which leads to enhance nitric oxide production (Volpe et al., 2003). While the 

observations made by Nawrot et al. are interesting, their correlations in mean TRF 

length, particularly between father and both offspring, and mother and both offspring, 

are open to criticism. There appear to be a number of outliers across the study that could 

possibly skew the results. In this regard one would like to see a much larger study of the 

same type carried out to confirm the results, as the authors also acknowledged that they 

could not exclude the possibility that theirs was a chance finding.

Another feature of the present study that requires comment is the measurement of mean 

TRF length in sib pairs with CHD, a pragmatic choice as the initial genome scan data 

were already available in these subjects. As an association between shorter telomeres 

and risk of CHD has been shown in Chapters 3 and 5, and by Cawthon et al. (Cawthon 

et al.. 2003), the question arises as to whether this could have affected the findings. 

However, selection into the study from within the population of CHD patients is 

unlikely to be related either to telomere length or genotype. Furthermore, multipoint 

linkage analysis using CHD as a trait within the sample showed no evidence of 

significant or even suggestive linkage for any of the telomere length QTL peaks. 

Therefore, although confirmation in non-CHD patients is required, there is every reason 

to suppose that these findings would generalize.

In summary, a genome-wide scan of 173 families and 258 sib-pairs has demonstrated 

that telomere length is a highly heritable trait, and that a locus on chromosome 12 

determines almost half the inter-individual variation in telomere length. Additional 

peaks on chromosomes 2, 9 and 13 may harbour loci accounting for the remainder of 

the variation. While there are several candidates within the region, more work is 

required to fine-map the region in order to more precisely identify the gene(s) involved.
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GENERAL DISCUSSION

In the absence of telomerase, telomeres progressively shorten until a critical length is 

reached, at which point the cell enters senescence. Harley was the first to propose the 

telomere hypothesis of ageing (Harley et al., 1992), suggesting that telomere length 

functions as the mitotic clock that regulates cellular lifespan. This has been supported 

by studies demonstrating progressive telomere shortening with age (Allsopp et al., 

1992; Chang and Harley, 1995; Vaziri et al., 1993), and the observation that initial 

telomere length gives a strong indication of the replicative potential of the cell (Frenck 

et al., 1998), thus, telomere length is regarded as a marker of “biological” ageing. Given 

that CHD is an age-related disorder, and telomere length has been shown to be shorter 

in subjects with triple vessel CAD compared to age and sex-matched controls (Samani 

et al., 2001), it was hypothesised that CHD may be a disease of premature biological 

ageing.

7.1 Telomere length in WBCs, and the association with CHD

The observed differences in mean telomere length reported in Chapters 3 and 5 supports 

that observed by Samani et al. The estimated “biological” age difference between 

subjects with premature CHD and controls was in remarkable agreement between the 

three studies: 8.6 years (Samani et al., 2001), 11.4 years (Chapter 3) and 9.4 years 

(Chapter 5). These results strongly suggest that CHD is a result of premature biological 

ageing, as subjects with CHD had a mean WBC telomere length that was similar to 

mean telomere length in healthy control subjects approximately 10 years older. 

Inflammation is a fundamental process in atherosclerosis, thus shorter telomere length 

in WBCs may simply reflect increased cell turnover. However in Chapter 3, logistic 

regression analysis found that neither markers of inflammation, nor any other 

recognised risk factor for CHD, affected the association, suggesting that the shorter 

telomere length observed in WBCs is not simply an epiphenomenon. Furthermore, 

shorter telomeres have been demonstrated in coronary endothelial cells of patients with 

CHD than controls (Ogami et al, 2004), and Cawthon et al (Cawthon et al., 2003) have 

demonstrated an association between shorter telomeres and an increase in mortality 

from CVD in a prospective study. These observations, combined with the significant 

association demonstrated in Chapter 5 between shorter mean telomere length at
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baseline, and the subsequent development of CHD, suggest that short telomeres are a 

primary abnormality predisposing to CHD.

These associations demonstrated by Samani et al (Samani et al., 2001), and in Chapter 

3, were made using TRF analysis of DNA obtained from circulating WBCs. TRF 

analysis provides a very crude analysis of telomere length, and reveals nothing of cell, 

or chromosome-specific, telomere length. In addition, the sub-telomeric region is 

captured by TRF analysis. The real-time PCR method used in Chapter 5 does not 

capture the sub-telomeric region, but is otherwise subject to similar criticism as it also 

estimates mean, rather than specific, telomere length. In addition, while these studies 

demonstrated strong associations, none have examined telomere length in other cell or 

tissue types.

The study of specific telomere length, and of other cell/tissues types, is important for a 

number of reasons. There is a high degree of inter- and intra-chromosomal, in addition 

to inter- and intra-cellular differences in telomere length, as illustrated by the “smear” 

obtained in TRF analysis, and the wide melt-curves obtained using real-time PCR. It has 

been suggested that senescence occurs when telomeres reach a critical length of 4-7kb 

(Itahana et al., 2001), but it may be the presence of a single critically short telomere that 

induces senescence. Given that a chromosome-specific pattern of telomere length has 

been demonstrated (Graakjaer et a l, 2004), it would be interesting to examine 

individual telomeres in various cells from both patients with CHD, and healthy controls, 

to establish if there is a “profile” of chromosome-specific telomere length that is 

associated with CHD. Martens et al (Martens et a l, 1998) have demonstrated that the 

telomere of chromosome 17p is consistently shorter than average: chromosome 17p 

contains both p53 and other potential tumour-suppressor genes, and is frequently lost in 

human cancers. Perhaps there is a specific telomere that is consistently shorter in 

subjects with CHD. Also, the telomere-position effect results in reversible silencing of 

genes located close to a telomere and although there is little evidence at present, the 

possibility remains that telomere shortening results in alterations in expression of genes 

implicated in atherogenesis.

There are PCR-based methods for the analysis of specific telomeres (Baird et a l, 2003) 

but these are often labour intensive, requiring specific primers to be designed for each 

telomere. An alternative approach is the use of quantitative fluorescence in situ 

hybridization (Q-FISH) with telomeric probes (Batliwalla et a l, 2000; Ferlicot et a l,
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2003), a method that can be performed on fixed frozen tissue sections in order to assess 

telomere length. There are also a number of studies that could be carried out to 

demonstrate a correlation in length between different cell and tissue types. The simplest 

may be to estimate telomere length in DNA obtained from buccal swabs and WBCs, 

although this would reveal little about telomere length in the vasculature. A potentially 

more informative study along a similar line is currently being set up. Patients 

undergoing carotid bypass have a section of their internal mammary artery (IMA) 

removed, and used for the graft. Mean telomere length in DNA obtained from WBCs, 

healthy IMA, and atherosclerotic tissue taken from the carotid artery can be estimated, 

and correlations in length examined. While telomere length should be shortest in the 

atherosclerotis tissue, we would expect to find a correlation in length with the other 

tissues. Of course, if TRF or real-time PCR analysis were used they would still reveal 

nothing of individual telomere lengths.

7.2 What factors influence telomere length?

Telomere length at any given point in time will be a function of initial length and the 

rate of attrition (Figure 7.1). A number of studies have indicated that telomere length is 

a heritable trait (Jeanclos et al., 2000; Slagboom et al., 1994), and the correlations 

demonstrated between parents and offspring (R = 0.57, Chapter 4), and between sibs (R 

= 0.44, Chapter 6) strongly support this. These studies estimated heritability at 

approximately 80%. Interestingly, Chapter 4 demonstrated that the young, healthy 

offspring of subjects with premature CHD had a shorter mean telomere length in their 

WBCs than matched controls, perhaps indicating that inheritance of telomere length 

may also contribute to the familial aspect of CHD.

However, it may not be telomere length alone that accounts for this high estimate of 

heritability. A recent paper published by Schaetzlein et al. (Schaetzlein et a l , 2004) has 

raised an interesting possibility, regarding telomerase. This study demonstrated a burst 

of telomerase activity at the morula to blastocyst stage during embryogenesis, 

effectively resetting telomere length. This is consistent with the observed synchrony 

observed between foetal tissues at birth (Youngren et al., 1998), although it would 

imply that from the blastocyst stage onward, all cells turnover at the same rate until 

birth. Assuming that the activity of telomerase is the same in all individuals, the length 

after the ‘burst’ will be a function of the length before it. However, if two individuals
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possess variants of the telomerase gene with, for example, different rates of activity, the 

length set during this ‘burst’ may differ. A role for telomerase in the inheritance of 

telomere length may be supported by the results of Chapter 6, as a DNA helicase resides 

within the candidate region. DNA helicases unwind double-stranded DNA at the 

replication fork, thus defects impair the replication of DNA. It may be that inheritance 

of a variant of a helicase affects the activity of telomerase, both in utero, and throughout 

life. Alternatively, variations in the histone H3 (a second candidate in the region) may 

alter the chromatin structure such that the telomere complex is compromised, perhaps 

preventing telomerase from actually accessing the telomere at all.

While much work has focused on the inheritance of telomere length, and the action of 

telomerase, there are also a number of exogenous factors that influence the rate of 

attrition. If the rate of cell turnover increases there is, in the absence of telomerase, an 

increase in the rate of attrition as a direct result of replicative stress, perhaps the major 

contributor to telomere shortening. This is confirmed by studies demonstrating that 

increased shear wall stress results in accelerated telomere attrition in the abdominal 

aorta (Okuda et al., 2003), and that there is as increase in endothelial cell turnover at 

sites of bifurcations (Kunz and Keim, 1975). A number of conventional risk factors for 

CHD also have a direct effect on telomere length. For example, damage caused by 

oxidative stress is repaired less well in telomeric DNA than elsewhere in the 

chromosome, and accelerates attrition, whereas antioxidants slow attrition (von 

Zglinicki T, 2002a) and homocysteine has been shown to increase the amount of 

telomeric DNA lost per population doubling (Xu et al., 2000) (although it was shown to 

have no significant effect on mean telomere length in Chapter 3).

More work is clearly required to gain a better understanding of factors that influence 

telomere length. The candidate region identified on chromosome 12 requires further 

investigation, using either SNP genotyping or fine mapping, to identify the key gene(s) 

that may regulate telomere length. Further study of the additional regions identified (on 

chromosomes 2, 9 and 13) is also required, although the effects of these regions on 

regulation of length are likely to be considerably less than that of chromosome 12.

There are also other factors that may affect the functioning of a telomere. These include 

the numerous telomere-binding proteins that stabilise, and regulate the open and closing 

of the t-loop. The work by Minamino at al (Minamino et al., 2002) demonstrated the 

effect of a TRF2-mutant on telomere biology, and this raises the possibility that
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variations in other binding proteins may also affect telomere stability. These may be 

investigated using SNP analysis. The formation of the loop itself is dependent on the 

single-stranded, G-rich, 3’-overhang (Griffith et a l, 1999; Stansel et a l, 2001), thus 

differences in the length of the overhang may affect the ability to form stable loops. 

Differences in length could be estimated using either the oligonucleotide ligation assay 

(TOLA) (Cimino-Reale et a l, 2001; Cimino-Reale et a l, 2003), or primer-extension- 

nick-translation (PENT) (Makarov et a l, 1997), to investigate the possibility that the 

telomeres of those individuals with shorter overhangs are less capable of forming t- 

loops, thus exposing the telomere to the DNA-damage sensing pathways.

80% variation in telomere 
length is genetic

Rate o f attrition is T t i t i  m v y t r o r c  «■ ^ ate ° f  attrition is t
by oxidative stress L L U M L K h a  by replicative stress

Telomerase activity 
extends telomeres

Figure 7.1: Summary of the factors influencing telomere length. Telomere length is a 
function o f  the inherited length and the effect o f exogenous factors such as telomerase 
activity, replicative and oxidative stress.

7.3 How can shorter mean telomere length increase the risk of CHD?

The endothelial cell wall may provide the “missing link” between any given risk factor 

and its detrimental vascular effect (Bonetti et a l, 2003). A healthy vascular endothelium 

promotes and maintains vascular homeostasis by balancing the production of 

vasoconstrictors and vasodilators, and damage to the endothelium is thought to initiate 

the atherosclerotic process (Ross, 1999). Under normal conditions, there is little 

expression of pro-inflammatory markers, however, both the classic, and emerging risk
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factors have been shown to initiate an inflammatory response through disruption of 

vascular homeostasis (Celermajer et a l, 1992; Fichtlscherer et al., 2000; Prasad et al., 

2002; Sorensen et al., 1994). Thus it is now believed that it is endothelial dysfunction as 

a result of damage caused by the presence of risk factors for CHD that is key in 

atherogenesis. If subjects exhibit short telomeres in their endothelial cells, they are 

prone to reach a critical length after fewer cell divisions, resulting in endothelial 

senescence. In the presence of risk factors for CHD that cause insult to the endothelium, 

this would occur even sooner, perhaps explaining why, in the presence of similar risk 

profiles, there is wide variety in the age-of-onset of CHD.

Burrig has demonstrated a link between endothelial cell senescence and atherosclerosis 

(Burrig KF, 1991), and Minamino et al. have recently demonstrated a direct link 

between telomere biology and endothelial dysfunction (Minamino et a l , 2002). These 

observations indicate that senescence is a feature of the atherosclerotic plaque, and that 

telomere shortening will result in endothelial dysfunction. The common pathway for 

unstable angina and MI is plaque destabilisation predisposing the plaque to rupture: 

destabilisation is the result of the interplay between inflammatory and pro-inflammatory 

mediators (Libby et al., 2002). Factors such as NO may reduce endothelial expression 

of inflammatory mediators and adhesion molecules that increase the susceptibility to 

rupture (De Caterina et al., 1995; Kubes et al., 1991; Libby et al., 2002), thus, a 

dysfunctional endothelium not only precedes plaque formation, but can also result in 

destabilisation of advanced plaques, leading to a clinical event. Damaged endothelium 

may be repaired by terminally-differentiated ECs adjoining the site of injury, although 

circulating EPCs can differentiate and migrate to the site to aid repair (Walter et al., 

2002). The overall effect is to accelerate the repair of the damaged endothelium, and 

restore vascular homeostasis. In this respect, the implication that statin treatment may 

accelerate endothelial repair through mobilisation of bone-marrow derived EPCs 

(Dimmeler et al., 2001; Llevadot et al., 2001; Vasa et a l, 2001a) is interesting, given 

that Chapter 5 demonstrated that treatment with pravastatin was associated with a 

significant reduction in clinical events only in those subjects at increased risk based on 

their telomere length.

It is likely to be the inheritance of shorter telomeres combined with the presence of 

certain cardiovascular risk factors that determines whether or not subjects will go on to 

develop atherosclerosis, and ultimately suffer a clinical event. This is supported to some
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extent by a recent study showing that, in the presence of chronic hypertension, shorter 

white cell telomere length in WBCs was associated with increased predilection for 

carotid artery atherosclerosis (Benetos et al., 2004). These data suggest that if two 

individuals are subjected to the same degree of hypertension, the individual who has 

inherited the shorter telomeres is much more likely to develop atheroma, due to 

premature endothelial senescence. Shorter telomeres alone may be insufficient to result 

in premature MI, but in concert with hypertension, or enhanced platelet reactivity, may 

result in the early plaque formation that can ultimately lead to an occlusive event. Thus, 

the correlation in telomere length between parents and offspring in Chapter 4 may be 

less to do with the inheritance of length per se, and more to do variants of the hTERT 

gene, or other as yet unidentified factors (such as DDX11), that regulate telomere 

length, in conjunction with the presence of risk factors for CHD.

Telomere shortening may also help to explain the “Barker” hypothesis. The theory 

suggests that the “catch-up” growth that occurs during early childhood, as a result of 

pre-term birth and low birth-weight, somehow “programmes” the development of 

various risk factors that are key determinants of CHD (Barker, 1989). Clearly, if two 

individuals are bom pre-term, and experience the same degree of accelerated growth to 

“catch-up” in the first year of life, both will have lost additional telomeric DNA, but the 

individual that inherited shorter telomeres will be even closer to the length at which 

senescence occurs. This may account for the increased risk of CHD observed in 

individuals who are bom small for gestational age.

7.4 Could telomere length be a therapeutic target?

Telomere length is dynamic, representing a balance between those factors that reduce 

length with the telomerase activity that has the potential to extend it. In most somatic 

cells the balance is tipped in the favour of telomere attrition, as they do not express the 

catalytic sub-unit of telomerase. Even in those cells that do, the level of activity is 

insufficient to counteract the rate of attrition, thus telomerase activity simply slows the 

rate, delaying the onset of senescence. If shortening of the telomeres in ECs to a critical 

length results in senescence, with the resulting atherogenic changes, any factor that can 

delay the onset of senescence will postpone those changes. Thus, modification of 

telomere length may provide a novel therapeutic target, particularly in the ECs, but also 

in other cells of the vasculature. For example, Bentos et al. (Benetos et al., 2001) have
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shown that men with shorter telomeres in their WBCs are more likely to exhibit high PP 

and PWV, markers of arterial stiffness that independently predicts cardiovascular risk 

(Blacher et a l, 1999; Laurent et al., 2001). If WBC telomere length does indeed 

correlate with length in other tissues, telomere attrition resulting in senescence may also 

contribute to arterial stiffness. By manipulation of telomere length, the onset of the age- 

related changes that occur in the vasculature may be delayed, and this would be 

particularly important for those endowed with shorter than average telomeres.

Two key observations in this thesis suggest that telomere length may provide a valuable 

therapeutic target. The finding that statin treatment reduced the number of clinical 

events, only in those at increased risk based on their telomere length, is particularly 

interesting, as the primary mode of action for statins is inhibition of cholesterol 

synthesis. However, it has been proposed that statins are capable of increasing the 

number of circulating EPCs, resulting in accelerated endothelial repair (Walter et al., 

2002). Further work is required to elucidate the precise mechanism by which statins 

reduce clinical events in those with short telomeres, and to investigate whether other, 

similar treatments also influence endothelial function.

The second observation suggesting that telomere length may be a suitable target for 

therapy is the finding of a candidate region responsible for almost 50% of the inter

individual differences in telomere length on chromosome 12. Once the gene(s) 

responsible is identified, it will be necessary to investigate the mechanisms by which it 

exerts its effect. The potential roles of the two most promising candidates have already 

been discussed: helicases unwind dsDNA at the replication fork, and histones affect 

chromatin conformation. Both have potential roles in regulating telomere biology, thus 

may also provide substrates for therapy.

However, while the manipulation of telomere length to delay the onset of cellular 

senescence may provide potential therapeutic benefits, there are also potential adverse 

effects. The balance between telomere extension and attrition may favour attrition for a 

vital reason. Telomerase is activated in a number of cancers (Hiyama et al., 1996; Shay 

and Bacchetti, 1997) and evidence suggests that replicative senescence functions as a 

tumour-suppressor mechanism. (Newbold et al., 1982) (Sager, 1991; Shay et al., 1991). 

Campisi (Campis, 1997) has summarised the resulting problem: if replicative 

senescence acts as a tumour-suppression mechanism, how can we reverse the 

deleterious effects (compromised tissue function) without reversing the beneficial
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effects (tumour suppression)? If the telomere is ever to be considered as a therapeutic 

target, a great deal of work will be required to understand how to modulate length and 

stability, without tipping the balance in favour of tumour formation.

7.5 The “Telomere” Hypothesis o f CHD

Taken together, the findings presented support a novel “telomere” hypothesis of CHD, 

indicating that telomere biology is intimately linked to the genetic aetiology and 

pathogenesis of CHD. Specifically, the findings suggest that:

1. Those individuals inheriting shorter telomeres will experience the onset of 

senescence, in any cell type, earlier than in those individuals inheriting longer 

telomeres, due to decreased replicative capacity. The presence of various 

cardiovascular risk factors places replicative stress on the endothelium in particular. 

Once the ability to repair has been exhausted, endothelial senescence, along with 

atherogenic changes to vascular homeostasis, will occur. Thus, those individuals 

bom with shorter telomeres may be at increased risk of CHD.

2. Rather than inheriting candidate genes that predispose to CHD, perhaps a more 

global, structural property of the genetic material that is inherited may explain the 

familial basis of CHD.

3. Given that telomere length predicts replicative capacity, variation in telomere 

length may provide, at legist in part, an explanation for the variable age of onset of 

CHD.

Importantly, the findings provide several new avenues for future research.
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SUPPLIERS

Alpha Innotech Corporation 

2401 Merced St.

San Leandro 

CA 94577 

USA

Applied Biosystems 

850 Lincoln Centre Drive 

Foster City 

CA 94404 

USA

Corbett Research UK 

94 The Sycamores 

Milton 

Cambridge 

CB4 6XL

ICN Pharmaceuticals Ltd 

Cedarwood 

Chineham Business Park 

Crockford Lane 

Basingstoke 

RG24 8WD

Promega UK Ltd

Amersham Biosciences UK Ltd 

Amersham Place 

Little Chalfont 

Buckinghamshire 

HP79NA

Bioline UK Ltd 

16 The Edge Business Centre 

Humber Road 

London 

NW2 6EW

Fisher Scientific UK 

Bishop Meadow Road 

Loughborough 

Leicestershire 

LEI1 5RG

Invitrogen Ltd 

3 Fountain Drive 

Inchinnan Business Park 

Paisley 

UK 

PA4 9RF

Sigma-Aldrich Company Ltd
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D elta  H ouse 

C h ilw orth  R esearch Centre 

Southam pton 

SQ 16 7NS

Fancy R oad 

Poole 

D orser 
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