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ABSTRACT

In most patients with heterozygous familial hypercholesterolaemia (FH) the disorder is
caused by a mutation in the LDL receptor (LDLR) gene or the apolipoprotein B (APOB)
gene. However, in a number of patients no mutation is detected in either gene. This
suggests either the presence of variations in another gene(s) causing a phenotype
identical to that of FH, or insensitivity of the technique used for the detection of all
mutations. To explore the reasons why using the current techniques no mutation is
detected in the LDLR gene in a proportion of patients with a clinical diagnosis of

heterozygous FH, two different approaches were undertaken.

A de novo mutation scanning method was developed, termed programmable melting
display (PMD). This technique was required to be highly sensitive, capable of detecting
all base changes and enabling the rapid analysis of a large number of samples. Analysis of
a set of heterozygous FH samples demonstrated that PMD was more sensitive than
SSCP under the conditions used for the detection of mutations in exon 3 of the LDLR

gene.

High throughput single stranded conformational polymorphism (SSCP) analysis was
used to screen a set of 791 apparent heterozygous FH patients for mutations in the
LDLR gene. In a sub-set of these in whom no mutation was found by SSCP analysis, a
microsatellite-based approach to co-segregation studies of FH kindreds was developed.
The CEPH (Centre d’Etude Polymorphism Humaine) reference families in addition to a
well defined physical map of the region aided in the selection of markers. Two markers,
D19S394 and D19S221, proved to be very valuable for this study. The applicability of
co-segregation analysis using these microsatellites for prenatal diagnosis of a
homozygous FH kindred was demonstrated, and the relationship between microsatellite
allele size, linkage disequilibrium and FH causing mutations (e.g. R329X, E80K, V408M
and G528D) in different population groups was also explored. Co-segregation analysis of
27 FH kindreds (166 individuals) in whom no mutation had been found, showed strong
evidence for the involvement of the LDLR locus and the phenotype of

hypercholesterolaemia. In two families where non-co-segregation was evident, the



hypercholesterolaemia was not due to a defect in the LDLR gene, but to mutations in
other genes causing familial defective apolipoprotein B (FDB) and familial combined
hyperlipidaemia (FCH). In one large family however, with clear-cut autosomal dominant
hypercholesterolacmia, there were numerous exclusions of co-segregation with the
LDLR and APOB (apolipoprotein B) locus. This data provides evidence for the presence
of a third locus causing a phenotype identical to that seen in FH due to LDLR (or
APOB) gene defects.
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CHAPTER 1: Introduction

1.1. Coronary artery disease (CAD)

Both genetic and environmental factors contribute to the development of coronary heart
disease (CAD) in humans. The genetic components range from relatively rare single gene
diseases such as familial hypercholesterolaemia (FH), to common variations in many
genes each having a very small but in combination a cumulative effect predisposing to
CAD. It is the interplay of the multiple genes and environmental factors that generates
the inter-individual variation seen in the progression of CAD. Extensive research has
been undertaken to elucidate the role of the many measured intermediate traits such as
plasma cholesterol levels as well as the genetic components involved in the aetiology of
atherosclerosis and CAD. The full polygenic picture will only emerge when every
variation in the whole human genome has been examined, including gene/gene and

gene/environment interactions.

CAD is the final pathway for many common multifactorial diseases which include
hypertension, hyperlipidaemias, atherosclerosis, diabetes and obesity. Common chronic
multifactorial diseases are responsible for the greatest demand on health services, and
they make the largest contribution to the loss of productivity in western societies (Baird
et al. 1988). CAD is the greatest cause of death in men and women in developed
countries, and is also becoming more widespread in developing nations. In the UK, CAD
is responsible for one quarter of all deaths each year, and for 40% of deaths in men of
working age (Durrington, 1989). The origins of CAD lie in the development of

atherosclerosis, a process which may begin at a very early age.



1.2. Atherosclerosis

1.2.1. Pathogenesis

The terms atheroma and atherosclerosis are derived from the Greek words athere
meaning gruel, oma meaning a mass, and scleros meaning hard. Atherosclerosis is a
complex and slowly evolving process, and it can be up to 30 years before clinical
symptoms become apparent. The response-to-injury hypothesis formulated in 1973 (Ross
and Glomset, 1973) suggests that the lesions of atherosclerosis represent a specialised
form of a protective, inflammatory-fibroproliferative response to various forms of insult
to the artery wall. Atherosclerosis, a disease of the arteries, is defined as a variable
combination of changes in the intima (inner lining) of arteries consisting of the focal
accumulation of lipids, other blood constituents and fibrous tissue, accompanied by
changes in the media (middle layer) of the vessel wall. These changes are the result of
interaction between the structural and metabolic properties of the arterial wall,

components of the blood, and haemodynamic forces.

The atherosclerotic process can be divided into three parts. The initiating event appears
to be the formation of the fatty streak, followed by a progression to a fibrous plaque and
finally to complicated lesions (Strong and McGill, 1969). The conversion of the fatty
streak to atheroma depends on the proliferation and differentiation of smooth muscle
cells and collagen together with other elastic fibres and proteoglycans and repetition of
the whole process. Thus in the response-to-injury hypothesis of atherosclerosis, injury to
the endothelium can lead to endothelial cell dysfunction as a result from exposure to
agents such as oxidised LDL. Dysfunction of the endothelium as a response to injury
occurs primarily at the branch points of arteries, and includes an increase of lipoproteins
in the artery and the appearance of specific adhesive glycoproteins on the surface of
endothelial cells. Monocytes and T lymphocytes attach to these cells and then migrate
between the endothelial cells and localise sub-endothelially. Attachment and migration of
the monocytes and T lymphocytes is under the influence of growth regulatory molecules
and chemoattractants released by the altered endothelium, the adherent leukocytes, and
possibly the underlying smooth muscle cells (Ross, 1986). As this process continues, the
monocytes become macrophages, accumulate lipid and develop into large foam cells and

with the T cells and smooth muscle cells, form a fatty streak (Ross, 1986). These fatty



streaks are the first lesions of atherosclerosis, and are seen to occur in the aorta as early
as three years of age, and usually by the age of 15 in the coronary arteries (Holman et al.
1958). They seem to evolve regardless of race or gender, but are dependent on the
environment (Strong and McGill, 1969; McGill, 1968). The integrity of the arterial wall
is maintained and thus these initial lesions are described as reversible (Stary et al. 1994).
As the lesions accumulate more cells and macrophages scavenge the lipids, some of the
lipid laden macrophages migrate back into the bloodstream by pushing apart the
endothelial cells. When this occurs at sites such as branches or bifurcations with irregular
blood flow and back currents, these areas may become thrombogenic leading to the
aggregation of platelets and mural thrombi formation. Such thrombi may release many
potent growth regulatory molecules and cytokines leading to the progression of the
lesions of atherosclerosis to a fibrous plaque (fibroatheroma) or an advanced complicated
lesion (Ross, 1986). With time this lesion calcifies, and undergoes various degrees of
necrosis, thrombosis and ulceration, and becomes a complicated lesion giving rise to the
clinical symptoms of atherosclerosis, ischaemia and infarction from thrombosis and
thromboembolism (Strong and McGill, 1969). In fatal cases, the lumen of at least one
major branch of a coronary artery, usually two to three, is narrowed to less than 25% of
its original diameter. The major lipid constituent (45%) of this advanced lesion is

cholesterol, derived almost entirely from the blood and not from local synthesis.

The formation of fibrous lesions in response to arterial injury differs from that of injury
to other tissues and organs, in that the principal source of connective tissue in the arterial
wall is the smooth muscle cell, and that the sources of arterial injury (the major risk
factors such as hypercholesterolaemia) are ongoing, such that progression of fatty streak

to fibrous plaque is unlikely to be interrupted (Ross, 1993).

1.2.2. Risk factors in coronary artery disease

The modification or reduction in environmental risk factors has resulted in the decline in
CAD in industrialised populations (Tuomilehto et al. 1987). Progress is being made in
the understanding of the genetic factors contributing to CAD, and through genetic
testing, the identification (and treatment) of individuals at risk of developing CAD is now
possible. Epidemiological studies (such as The Framingham Heart Study, and the US
Multiple Risk Factor Intervention Study (MRFIT), reviewed by (LaRosa et al. 1990)) of



atherosclerosis as determined by cardiovascular events (acute myocardial infarction,
angina pectoris, or sudden death) suggest that intervention against hypercholesterolaemia
with view to the reduction of CAD morbidity and mortality can be effective. In these
epidemiological studies, a number of risk factors have emerged as being statistically
associated with development of CAD (Kannel et al. 1971; Martin et al. 1986; Meade et
al. 1986). These factors are summarised below in Table 1.1, and include both modifiable

and non-modifiable factors, with most having genetic and non-genetic components.

Table 1.1. Factors associated with increased risk of CAD

Lifestyle Biochemical or physiological Personal (non-modifiable)
characteristics (modifiable) characteristics

Diet, high in saturated fat, Elevated total or LDL- Age

cholesterol and calories cholesterol

Smoking Elevated plasma triglycerides Sex (male)

Excess alcohol consumption  Elevated blood pressure Family history of premature

CAD

Physical inactivity Low plasma HDL Type A personality

Social factors Hyperglycaemia/diabetes
Obesity (abdominal)

Thrombogenic factors

(fibrinogen, NO,)

Age, sex and a family or personal history of premature CAD are known as the non-
reversible factors. With increasing age, atherosclerosis is seen in most people, though a
large number do not get progressive clinical symptoms. Being male is also an important
risk factor, and men get CAD on average 10 years earlier than women. In the US, an
estimated 6000 women under the age of 65 die each year of myocardial infarction, 25%
of these being younger than 45 years. It is therefore evident that CAD does affect pre-
menopausal women, though a lack of oestrogen in later life is an additional risk factor.
Genetic factors such as a positive family history of premature CAD are non-modifiable
though in some cases the intermediate traits associated with these genetic components
may be modified, such as cholesterol levels, though not for others such as Lp(a) (Dahlen,

1994).



Hypercholesterolaemia was one of the earliest identified risk factors for CAD (Kannel et
al. 1971). This is potentially a treatable risk factor, and is a combination of genetic and
environmental components. Epidemiological studies have shown that there is a strong
and graded positive association between plasma total cholesterol (or LDL-cholesterol),
and risk of subsequent CAD events extending over a wide range of cholesterol levels
(Neaton et al. 1992; Smith et al. 1992; Chen et al. 1991). Clinical trials have
demonstrated that cholesterol lowering will reduce the occurrence of new CAD events,
and CAD mortality. A 10% reduction in total cholesterol concentration (e.g. from
5.0mmol/l to 4.5mmol/l) has been found to correspond to a 20% reduction in CAD risk
(Rossouw et al. 1990; Smith et al. 1993). With the
availability of more drugs for lowering cholesterol levels, delay of CAD and prevention
other complications of atherosclerosis is now possible (Scandinavian Simvastatin

Survival Study Group, 1994).

Low plasma HDL-cholesterol has been very strongly associated with the risk of CAD
(Castelli, 1984). This association applies to both men and women, as it does to patients
with established CAD and asymptomatic persons. Women have higher HDL levels than
men, and this difference persists even after menopause, although it tends to become
smaller with ageing. This may explain in part the relative protection of women from
CAD. Plasma HDL cholesterol is lowered by smoking and physical inactivity;
modification of these factors reverses their effects (Haffner et al. 1985; Robinson et al.

1987).

A vast amount of literature exists on the influence of dietary fats on serum lipids,
reflecting the importance and complexity of the issue. The effect of diet is an important
determinant of CAD risk and this is mediated through the effects of dietary fats on
plasma lipids, especially LDL cholesterol (Mann, 1993). Different fats vary in their
influence on lipid levels, saturated fats raising LDL levels (butter and other dairy fats
strongly increase LDL levels more so than beef fat or cocoa butter) (Mensink and Katan,
1992), while monounsaturated and polyunsaturated fatty acids lower LDL cholesterol.
This relationship is further complicated as different fatty acids may have thrombogenic or
antithrombogenic properties (Ulbricht and Southgate, 1991). Changing the amount of

cholesterol in the diet influences the serum cholesterol level to a lesser extent than does



changing the saturated:polyunsaturated or monounsaturated ratio. In a randomised
crossover trial, a diet rich in cholesterol from shrimp produced a rise both in LDL
cholesterol, and HDL cholesterol; thus the ratio of LDL:HDL did not change. Moreover,
shrimp consumption decreased triglyceride concentration. A similar study where the
cholesterol source was from eggs, an increase in total cholesterol was seen, but the LDL
increased substantially more so than the HDL, and thus the ratio of LDL:HDL worsened
(Connor and Lin, 1982; De Oliveira et al. 1996). In addition, dietary fibre and complex

carbohydrate may have a role as protective factors.

There is overwhelming evidence for an adverse effect of smoking on the risk of CAD and
other atherosclerotic vascular disease. Smoking is responsible for 50% of all avoidable
deaths, and one half of these are due to cardiovascular disease (MacKenzie et al. 1994).
Although reversible as such, irreversible damage may have occurred already upon

cessation of smoking.

Use of alcohol has a U-shaped relationship to the risk of CAD, with non-drinkers having
a higher risk than moderate drinkers, and risk increasing according to alcohol
consumption (Jackson et al. 1991; Friedman and Klatsky, 1993). Alcohol is thought to
increase levels of plasma HDL cholesterol, and has been shown to have an anti-
aggregatory effect on platelets (Renaud et al. 1992), and a favourable effect on
fibrinolytic factors (Hendriks et al. 1994). With increasing alcohol consumption, the
prevalence of hypertension does however increase (Klatsky et al. 1977). Hypertension is
another reversible risk factor, which has a strong genetic component, but is in most cases

treatable (Marmot et al. 1994).

The relationship of body mass index (BMI) and risk of mortality is J-shaped; thus the
thinnest people show some excess risk compared with ‘normal’ or slightly overweight
people, but with obese individuals showing the highest risk. This increase is caused by an
increase in cardiovascular mortality (Larsson, 1992). Obesity has adverse effects on
other cardiovascular risk factors such as blood pressure, plasma LDL cholesterol, HDL
cholesterol, triglycerides, and glucose tolerance. Central obesity has a particularly
adverse effect on these risk factors, and the actual risk of CAD. Truncal obesity is also

associated with insulin resistance (Pyorala et al. 1992).



Elevated plasma fibrinogen has clearly been identified as an independent risk factor for
CAD (Wilhelmsen et al. 1984; Meade et al. 1986). Smoking and elevated plasma
triglyceride levels are associated with an elevation of plasma fibrinogen, and there is also
evidence for the genetic effects on plasma fibrinogen levels (Friedlander et al. 1995).
Other thrombogenic factors such as increased platelet aggregation has been found to be

associated with an increased risk of clinical CAD events (Thaulow et al. 1991).

Other factors such as physical inactivity are associated with an increased risk of CAD
(Berlin and Colditz, 1990). In addition, in industrialised countries there are marked
socio-economic gradients in health status, with lower socio-economic classes having
much higher CAD rates than the upper socio-economic classes (Marmot et al. 1978;
Marmot et al. 1991). Poor socio-economic circumstances may also exert an adverse
effect from intra-uterine life onwards (Barker, 1992). The hostility component of the so-

called type A personality carries an association with CAD risk (Shekelle et al. 1983).

From the above list of factors contributing to increased risk of CAD, it is evident that
most are the result of a combination of genetic and environmental components. When
more than one risk factor is present, the combined effect is markedly increased, so two
or more factors multiply rather than simply adding to the effect (The International Task
Force for the Prevention of CAD, 1992). This is of importance when an individual’s risk
of developing CAD through atherosclerosis is being assessed. As plasma cholesterol is
one of the strongest predictors of CAD, considerable effort has been invested into

estimating the effects of the various lifestyle and genetic components on this trait.

1.3. The role of cholesterol in atherosclerosis

Elevated plasma cholesterol was one of the first risk factors identified for CAD, and was
associated with premature CAD in humans over 50 years ago (Muller, 1939;
Thannhauser and Magendantz, 1938). Evidence for this comes from epidemiological
studies, genetic studies and studies on experimental animals. Epidemiological evidence
such as that from the Framingham Heart Study (Kannel et al. 1971) suggested that
elevated plasma cholesterol was a major factor associated with CAD. Prospective
epidemiological studies have shown that the relationship between plasma total

cholesterol and mortality from all causes is J-shaped due to some excess of non-



cardiovascular deaths (e.g. cancer) at the lower end of the cholesterol distribution
(Jacobs et al. 1992; Neaton et al. 1992; Smith et al. 1992). Similar results were also
obtained from the MRFIT (Martin et al. 1986; Stamler et al. 1986).

The discovery of the LDL receptor in 1973 by Goldstein and Brown led to the first
conclusive proof that LDL was causally involved in CAD and atherosclerosis despite the
previous existence of an association between LDL cholesterol and the incidence of CAD
in different populations and within populations (Goldstein and Brown, 1989). The central
role of the LDL receptor in atherosclerosis was demonstrated when its absence was
shown to be responsible for the disease of familial hypercholesterolaemia (FH)
(Goldstein and Brown, 1989). It was Carl Muller in 1939 who identified the disease as
an inborn error of metabolism, causing high blood cholesterol levels, and premature heart
attacks. He recognised FH as a dominant trait, transmitted by a single gene (Muller,
1939). In the 1960s Khachadurian at the American University of Beirut (Khachadurian,
1964), and Fredrickson at the US National Heart and Lung Institute (Fredrickson et al.
1967) showed the presence of two forms of the disease, a heterozygous form and a more
severe homozygous form. Heterozygotes have plasma LDL levels which are twice the
normal level (even before birth), and they begin to have heart attacks by the age of 35
years. Among people under 60 who have heart attacks, one in 20 has heterozygous FH
(Goldstein et al. 1985). Homozygotes have a circulating LDL level more than six times
higher than normal; heart attacks may appear by the age of two, and inevitably (unless

treated) by the second decade of life.

Studies from a strain of rabbits with a condition resembling that of FH in humans
provided another line of evidence highlighting the importance of cholesterol in the
development of atherosclerosis. These rabbits, discovered by Watanabe in 1978 at the
Kobe University School of Medicine, were LDL-receptor (LDLR) gene deficient
(Watanabe heritable hyperlipidaemic, WHHL) (Goldstein and Brown, 1989). Since then,
experiments on transgenic and knockout mice have demonstrated the importance of

blood cholesterol in the initiation and progression of CAD (Maeda, 1993).

It was demonstrated that in tissue culture, macrophages do not take up LDL particularly

rapidly, and do not become foam cells (Henriksen et al. 1981). The situation was



however dramatically different if the LDL particle was modified by oxidation
(Steinbrecher et al. 1984). The products of lipid peroxidation were shown to alter the
apolipoprotein B (apoB) component of LDL such that it was rapidly taken up by the
macrophages which thus became lipid laden. Oxidatively modified LDL has other roles
such as the immobilisation of foam cells, the attraction of monocytes by chemotaxis and
eliciting an immune response. It may also be involved in the proliferation of smooth
muscle cells. LDL oxidation apparently occurs locally within atherosclerotic lesions
rather than in the general circulation, as small amounts of serum inhibit the oxidation of

LDL (Leake and Rankin, 1993).

1.4. The structure and function of cholesterol

Cholesterol is the predominant sterol in vertebrate systems. It is found either as free
cholesterol or in the esterified form with an attached fatty acyl group. It is an essential
component of cell membranes where it is found as free cholesterol. In membranes,
cholesterol extends the range of temperature at which a membrane is in gel phase. In the
cytoplasm, esterified cholesterol is seen as hydrophobic droplets where it is used mainly
for storage. In plasma and extracellular fluids, cholesterol is present in the lipoproteins
largely as cholesteryl ester. In mammals, the nervous system is the tissue richest in
cholesterol. Within the phospholipid bilayer of cell membranes, cholesterol plays an
important role in the regulation of membrane fluidity and permeability. The two other
major functions of cholesterol are as precursors of bile acid and steroid hormone
synthesis as well as vitamin D. Cholesterol is secreted as a component of sebum

(Reviewed in Durrington, 1989).

Cholesterol is made from acetyl-CoA obtained through the f-oxidation of fatty acids or
the breakdown of carbohydrates. Acetyl-CoA is condensed to give mevalonic acid,
which then undergoes various stages of progressively increasing carbon content to form
cholesterol. The rate limiting stage in this process occurs in the formation of mevalonic
acid from acetyl-CoA, involving the enzyme 3-methylglutaryl-coenzyme A reductase

(HMG-CoA reductase).

1.5. The regulation of plasma cholesterol concentration

Low density lipoprotein (LDL) is the circulating lipoprotein that contains the majority of



total serum cholesterol. The lipid transport system can be divided into two pathways: an
exogenous one (Havel, 1982) for the cholesterol and triglycerides absorbed from the
intestine, and an exogenous one for the cholesterol and triglycerides entering the

bloodstream from the liver and other non-intestinal organs (Figure 1.1).

Dietary fat is taken up by the intestinal mucosa and packed into chylomicron particles
Chylomicrons are the largest lipoprotein particles, and consist mainly of triglycerides
(80-90%), cholesterol esters (1-3%) and protein. Approximately 5-20% of the protein of
lymph chylomicrons is apoB48, the remainder consisting of apolipoprotein A (apoA),
apolipoprotein C (apoC) and apoB. Lymph chylomicrons lose apoA but gain apoC and
apolipoprotein E (apoE) from HDL when they enter plasma. Once the chylomicron has
acquired apoClII it is capable of activating the enzyme lipoprotein lipase (LPL) which is
situated on the endothelial surfaces of muscle and adipose tissue capillaries (Nilsson-Ehle
et al. 1980). LPL hydrolysis of the chylomicron triglyceride releases free fatty acids and
glycerol. The remnant of the chylomicron, containing cholesteryl esters, is removed from
the circulation by a receptor found only on liver cells which recognises the apoE
component of the particle (Redgrave et al. 1989). This is thought to be the LDL receptor
related protein (LRP) or the chylomicron remnant receptor. Inside the liver the remnant
particle is metabolised and very low density lipoprotein (VLDL) is produced. This is
secreted by the liver into the circulation to distribute cholesterol and triglycerides to the

peripheral tissues.

VLDL particles are smaller than chylomicrons and once secreted they undergo the same
sequence of changes as chylomicrons; the acquisition of apolipoproteins, and the
progressive removal of triglycerides from their core by the enzyme LPL. VLDL particles
are rich in triglycerides and contain apoE and apoC in addition to apoB100. Intermediate
density lipoprotein (IDL) is the intermediate particle formed during the conversion of
VLDL to LDL. IDL has a short lifespan (two to six hours) and binds tightly to the LDL
receptor via apoE. The tight binding is attributable to the greater affinity of apoE to the
receptor than apoB. The intracellular fate of the IDL particles can be storage, recycling
(into VLDL) or destruction to bile acids. IDL particles not taken up by the liver remain
in the circulation, where in time and through metabolism by hepatic lipase, the apoE

dissociates and the particle becomes LDL. Because of the lower affinity of apoB for the
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