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ABSTRACT

Familial combined hyperlipidaemia (FCHL) is a common inherited disorder of
lipid metabolism, with a prevalence of 0.5%-2% in Caucasians. It was first
described in 1973 by Goldstein ef al. and is characterised by raised plasma
cholesterol and triglyceride levels and by small dense low density lipoprotein
(LDL) particles. The principal strategy to identify the underlying defects in
FCHL in this study was that of reverse genetics. A total of 43 pedigrees where
the proband had combined hyperlipidaemia were assembled. Thirteen of these
pedigrees were defined as having FCHL according to the criteria of Goldstein et
al. and by small dense LDL. Population association was performed using twelve
of these, ascertained without prior knowledge of their genotype. Linkage analysis
was performed in all thirteen pedigrees.

Population association demonstrated linkage disequilibrium between FCHL
and the 6.6 kilobase (X2) allele of the XmnI RFLP in the apo AI-CIII-AIV cluster
(p <0.021). Linkage analysis was carried out in seven FCHL families in which
the proband carried this X2 allele. The peak lod score (Z) was 5.87 at 8 = 0.00,
demonstrating that FCHL was linked to the apo AI-CHI-AIV locus in this
pedigree subset. Furthermore, apo CIII levels in this subset were significantly
elevated in affected members (p < 0.0001), suggesting that the defect is associated
with increased levels of apo CIII. Subsequent analysis in the six FCHL pedigrees
in which the proband did not carry the X2 allele demonstrated a negative lod

score of -5.67, indicating that a major subset of FCHL pedigrees are not linked



to the apo AI-CIII-AIV locus, and suggesting that FCHL is genetically
heterogeneous. The admixture test at this locus using the lod scores from all
thirteen pedigrees verified the presence of genetic heterogeneity (p < 0.001), and
indicated linkage in the subset of pedigrees carrying the X2 allele (p< 0.0001).
These results demonstrate that combined hyperlipidaemia in the X2 FCHL
pedigree subset is caused by a defect in or close to the apo AI-CIII-AIV locus on
chromosome 11q23-q24. In the remaining pedigrees, FCHL is linked to one or
more further gene loci.

At 8 further candidate loci, linkage analysis failed to detect other major genes
for FCHL. However, the detection of a mutation in the lipoprotein lipase gene
in a single additional FCHL pedigree indicates that defects in this gene may also
cause FCHL, and further confirms genetic heterogeneity in this disorder.

The principal findings of this study suggest that FCHL is genetically
heterogeneous and is caused by a defect in at least two major gene loci. These are
predominantly the apo AI-CIII-AIV cluster (or a nearby gene) and the

lipoprotein lipase gene.
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GLOSSARY OF ABBREVIATIONS

Apo Apolipoprotein

CAD Coronary artery disease.

CHD Coronary heart disease.

CvD Cardiovascular disease.

FCHL  Familial Combined Hyperlipidaemia.
FABP Fatty acid binding protein.

HDL High density lipoprotein.

HTG Hypertriglyceridaemia.

IDL Intermediate density lipoprotein.

LCAT Lecithin cholesterol acyltransferase.

LDL Low density lipoprotein.

Lod Logarithm of the odds ratio.

LPL Lipoprotein lipase.

LRC Lipid Research Clinics.

PCR Polymerase chain reaction.

RFLP Restriction fragment length polymorphism.
NPH Northwick Park Hospital.

VLDL  Very low density lipoprotein.

VNTR  Variable number tandem repeat.

X1 8.3 kb Xmnl allele at the apo AI-CIII-AIV locus.

X2 6.6 kb Xmnl allele at the apo AI-CIII-AIV locus.
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AIMS AND OBJECTIVES

The principal aims of this study were to investigate the underlying genetic and
metabolic defects in FCHL, a common inherited disorder of lipid metabolism.
The objectives were to employ the strategy of reverse genetics to study this
disorder using population association, linkage analysis, and mutation detection.
The ascertainment of 43 pedigrees with combined hyperlipidaemia has enabled
the study of linkage disequilibrium, the study of linkage at 11 candidate genes
and 22 protein loci and the investigation of the role of a mutation at the

lipoprotein lipase locus in FCHL.
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CHAPTER 1

INTRODUCTION

1.1 CHOLESTEROL AND CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) accounts for approximately 49% of all deaths in
the developed countries. Ischaemic heart disease alone is responsible for 21.5%,
stroke and peripheral vascular disease contribute substantially to the remaining
causes (WHO 1989). Morbidity is also high from these diseases, and adds a
considerable burden to the health costs of these countries. The recorded incidence
of CVD has risen sharply in the second half of this century, and a commensurate
increase in the volume of research into the aetiology of atherosclerosis has
followed as a result. Epidemiological studies have contributed greatly to the
understanding of the risk factors, in particular hyperlipidaemia, which underly
the high incidence of CVD in western countries. More recently research has been

directed towards the understanding of lipid disorders at the molecular level.

1.1.1 Epidemiology Historical Aspects

The original observation, more than a century ago, that tendon xanthomata were
associated with arterial atheroma (Fogge 1872) was the first clinical evidence in
humans that cholesterol may be an important factor in atherogenesis. Subsequent
experiments showed that inducing a high blood cholesterol in animals resulted in

the accelerated development of atherosclerotic lesions (Ignatowski 1903,
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Anitschkow and Chalatow 1913). It was not until 1940, however, that it was
seriously suggested that the lipids in human atherosclerotic plaques had their
origin in plasma cholesterol (Weinhouse and Hirsch 1940). Early epidemiological

studies did much to support the association between hyperlipidaemia and CVD.

Controlled Trials

The first controlled trials investigating the epidemiology of lipids in CAD patients
were not published until 1943. These initial studies comparing serum cholesterol
levels in coronary patients and controls did demonstrate higher levels in patients
(Steiner et al. 1943, Morrison et al. 1948, Gertler and Garn 1950), particularly
in younger patients with CVD (Lerman and White 1946). Although in some
smaller studies (Epstein ef al. 1957, Albrink et al. 1960) these results were not
fully confirmed, other analyses added further evidence to support the presence
of higher mean lipid levels in patients with myocardial infarction. In the pooling
project (Stamler 1978) the results of several studies each significant in itself,
showed a clear relationship between cholesterol and CAD particularly in the 30-
54 age group. About the same time as these studies data from post mortem
analyses, inter and intra-racial dietary studies and from prospective trials were

being published.

Post Mortem Studies

Analysis of post mortem data from American (White et al. 1950) and Japanese
populations (Kimura 1956), allowed Kimura to contrast the rarity of severe

coronary atherosclerosis in 10,000 Japanese men and women aged 35-70
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compared to Americans. These observations were related to marked differences
in habitual intake of saturated fat and cholesterol, and the associated differences
in levels of cholesterol. Lower death rates and less extensive atherosclerosis were
also reported from areas where substantially lower indiginous cholesterol levels
prevailed (Bronte-Stewart ef al. 1955). Similar studies comparing populations
followed (Katz et al. 1958), the largest of these involved 31,000 men and women
aged 10-69 from 15 cities and countries, the International Atherosclerosis Project
.(McGill 1968), significant correlations were noted between mean serum level of
cholesterol in the population and the occurrence of advanced atherosclerotic

lesions.

Diet and Lipid Levels

The association between dietary factors and CAD in differing populations was
also examined, and provided much indirect evidence for the effect of dietary fat
intake on serum cholesterol and the development of CAD. The first observations
(Keys 1953) were supported by a large number of other retrospective studies
comparing diets both within and between countries (Yerushalmy et al. 1957,
Jolliffe and Archer 1959, Connor 1961, Lopez et al. 1966, Stamler et al. 1970,
Armstrong et al. 1975). The authors in general but not always (Yudkin 1957),
concluded that there was a clear correlation between diet and CAD. In the seven
country study (Keys ef al. 1966), a prospective international study, approximately
12,000 men originally aged between 40-59 were followed for 5 years. Japan with
the lowest incidence of CHD, had a fat intake of 9%, of which saturated fat was

3%; East Finland with the highest incidence of CHD had a fat intake of 39%, of
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which saturated fat represented 22%. In all the populations under study
saturated fat intake and serum cholesterol, and in turn serum cholesterol and
CHD rates were significantly correlated. Perhaps more intriguing was the
observation that the Japanese had the highest rate of smoking of the seven
countries (70%-80% of men smoked over 20 cigarettes daily), an observation
which poses interesting questions with regard the interaction of the risk factors
in CHD.

A number of studies have also compared indigenous Japanese populations
with Japanese-American immigrants to help determine whether changes
particularly in dietary habits were associated with higher CHD rates in
immigrants. Nutritional studies showed a marked increase in the mean intakes
of total fat, cholesterol, saturated fat, total protein animal protein and simple
carbohydrate in the Japanese-Americans (Tillosten et al. 1973). Further studies
showed a commensurate increase in serum cholesterol and in CHD incidence,
prevalence and mortality rates, independant of other risk factors (Kato et al.

1973, Kagan et al. 1974).

Prospective Trials

Early prospective trials suggested that the risk of subsequent CVD was related
to the antecedant cholesterol levels of individuals within the population. Despite
a follow up period of only three years (Doyle et al. 1957) and a restricted
population sample (Stamler ez al. 1960, Keys ef al. 1963) the results of these early
studies were significant. Preliminary reports from the Framingham study (Truett

et al. 1967) after 12 years showed an increase in CAD proportional to serum
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cholesterol. These results were corroborated following the completion of the 14
year study (Kannel ez al. 1971), and cholesterol remained a significant risk factor
in multivariate analysis. These early studies have been followed by larger more
contemporary prospective trials the results of which strengthen considerably the
evidence for a causitive link between CAD and cholesterol.

In the Multiple Risk Factor Intervention Trial (MRFIT) conducted in
America (Martin et al. 1986) a cohort of 361,662 men were followed prospectively
for 6 years, serum cholesterol and other risk factors were studied using
multivariate analysis. The risk of cardiac and total mortality rose in a curvilinear
and continuous way with cholesterol levels above approximately 4.86 mmol/l.
Those above 6.54 mmol/l, for example had a relative risk of 3.8, of CVD
mortality compared to those in the lowest risk group. The size of the study, and
the high degree of significance of the results have strongly supported the
relationship between CVD and hypercholesterolaemia. The analysis of
retrospective data from a large random multicentre trial in Britain (Mann ez al.
1988) confirms the a;ssociation of hyperlipidaemia with CVD in the British

population.

The Cholesterol Risk Factor

The results of the above studies have suggested a relationship between the level
of total cholesterol and the incidence of CAD, such that an increase in cholesterol
of 1% is associated with a 2% increase in the risk of CAD. This approximate
relationship is generally known as the "two to one hypothesis". A reanalysis of

the data by Peto has led to the suggestion that a "regression dilution bias", due
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to random fluctuations of cholesterol levels, may mask a closer relationship
between these two factors, and that a 1% increase in total cholesterol may be
associated with a 3% increase in the risk of CAD mortality (Peto 1989,
MacMahon et al. 1990).

Recent evidence suggests that in addition to the level of total cholesterol, low
density lipoprotein (LDL) cholesterol and high density (HDL) cholesterol and
their subfractions may play an important part in modulating the risk of CVD.
Since the work of Miller ef al. (1977) and Castelli et al. (1977), showing that
HDL may be a negative risk factor for atherosclerosis, it has been suggested that
the ratio of total cholesterol to HDL cholesterol may be a better predictor of
those at risk of CAD (Consensus Conferance 1985). This high ratio is seen for
instance in Asians suffering myocardial infarction. Although this group of
patients has relatively low total cholesterol levels, the mean HDL cholesterol is
reduced compared to controls (Hughes, Wojciechowski et al. 1990), this results
in a significantly increased ratio of total cholesterol to HDL cholesterol, which
in turn is associated with a relatively high incidence of CHD.

Austin and Krauss (1986) and Musliner and Krauss (1988) have also
suggested that a subfraction of LDL known as "small dense LDL", that is low
density lipoprotein with an increased ratio of apo B to cholesterol may also be
associated with an increased risk of CHD. In addition there is increasing evidence
that the level of apoprotein (a) which is covalently bound to LDL to form
Lipoprotein(a) may influence the CHD risk associated with the level of cholesterol

(Scott 1989).
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1.2 FAMILIAL COMBINED HYPERLIPIDAEMIA

Familial Combined Hyperlipidaemia (FCHL) is a common inherited disorder of
lipid metabolism with a prevalence of 0.5%-2% (Goldstein et al. 1973, Grundy
et al. 1987). It was first described in 1973 by three independant authors
(Goldstein et al. 1973, Rose et al. 1973, and Glueck et al. 1973). A fourth study
also described similar findings of a familial "multiple-type plasma-lipid" disease
(Nikkila and Aro 1973). The phenotype is characterised by the presence of raised
total cholesterol and triglyceride levels, (Goldstein ef al. 1973), and the presence
of small dense LDL (Grundy et al. 1987). Approximately one fifth of FCHL
patients develop premature CAD (Brunzell et al. 1976), and overall FCHL is
estimated to cause 10% of premature CAD in the general population (Grundy et
al. 1987).

Lipoprotein Kkinetic studies have indicated that high production rates of very
low density lipoprotein (VLDL) apolipoprotein B from the liver or abnormal
"metabolic channelling" may underlie FCHL (Janus et al. 1980a, Grundy et al.
1987). However, despite extensive research into the underlying metabolic defect(s)

in this disorder since 1973, the aetiology of FCHL has remained unclear.

1.2.1 Historical Aspects

In 1955 a condition with "idiopathic hypercholesteremia" (sic) and "idiopathic
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hyperlipaemia" (hypertriglyceridaemia) occuring in a small number of "mixed"
lipaemic families was described (Adlersberg 1955). Members of the same family
had either a raised triglyceride or cholesterol or both. The condition appeared
to be transmitted as a dominant trait with incomplete penetrance. Subsequently
Fredrickson et al. (1967) suggested that the triglyceride concentration may
provide an independent variable identifying some families with a "different kind
of familial Type II syndrome". Shortly after this the Fredrickson classification
Type II was divided into Type Ila (raised cholesterol alone) and Type IIb (raised
LDL cholesterol and triglyceride). Between 1967 and 1972 a number of
publications suggested the existence of a disorder in which both cholesterol and
triglyceride were elevated (Loeper et al. 1968, Loeper et al. 1971, Fredrickson
and Levy 1972, Newall and Bliss 1972). Newall, for example, found that 53.2%
of patients with peripheral vascular diease had elevated cholesterol, triglycerides
and very low density lipoproteins (VLDL), whilst only 23.3% had a raised
cholesterol alone. These observations were soon followed in 1973 by the three
studies in which the condition Familial Combined Hyperlipidaemia was first

deliniated.

1.2.2 Clinical Features

The first and most comprehensive of the initial descriptions of FCHL was that
of Goldstein ef al. (1973). In this seminal paper the lipoprotein phenotypes of 500
survivors of myocardial infarction (MI) were evaluated and three major genetic
groups were defined; Familial Hypercholesterolaemia (FH), Familial

Hypertriglyceridaemia, and a new condition which was designated as Familial
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Combined Hyperlipidaemia (FCHL). Of these three disorders FCHL was found
to be the commonest, occuring in 47 of the 176 of MI survivors with
hyperlipidaemia. Classification of pedigrees to one of these three genetic
disorders was based on total plasma cholesterol and triglyceride levels. The
FCHL phenotype was characterised by the combined elevation of both total
cholesterol and triglyceride levels although some blood relatives exhibited a raised
cholesterol or triglyceride alone. Probands with FCHL were defined as those with
both total cholesterol and triglyceride levels > 95th centile, and at least one first
degree relative with both or either lipid level above the 99th centile.

In an accompanying paper FCHL probands were subsequently reassessed
(Hazzard et al. 1973) with the alternate Fredrickson and Levy (1972)
classification using LDL cholesterol and total triglyceride centile levels. These
results revealed that only 78% of the 41 retested probands with FCHL were
defined as hyperlipidaemic (Hazzard et al. 1973), and only ten of these probands
had elevations of LDL cholesterol and total triglycerides together. Thus it is
clear from the original description of Goldstein ef al. that the definition of FCHL
principally rested on levels of total cholesterol and triglyceride. The population
centile levels used in the definition were derived from a control group of 950 non
blood relatives of the 500 MI survivors and phenotype allocation was based on
these centile levels. The 95th centiles for cholesterol were very similar to those
of the Lipid Research Clinics study (LRC 1980), however, the 95th centile for
triglyceride levels was equivalent to between the 75th - 90th centile in the Lipid
Research Clinics study (LRC 1980) depending on age and sex.

The accompanying study (Hazzard et al. 1973) also showed that mean LDL
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cholesterol levels in the FCHL probands was close to the 95th centile; and
depending on whether levels fell above or below the 95th centile an individual
with FCHL might show type IIa, IIb, or IV lipoprotein pattern. Thus a feature
of the condition under the Fredrickson classification was the variability of the
phenotype not only within families, but also in an individual patient over time.
Other clinical features of FCHL which also distinguished this disorder,
paticularly from classical FH, were the absence of tendon xanthomata, a less
severe elevation of serum cholesterol, and a later onset of premature ischaemic
heart disease (IHD), which may in part be due to a later onset of
hyperlipidaemia. Indeed Goldstein et al. (1973) suggested that there was a
reduced penetrance in children. A recent study has confirmed these findings, but
has suggested that the disorder may be expressed in childhood, particularly in

siblings of juvenile probands (Cortner et al. 1989).

1.2.3 Clinical Associations

Clinical associations of the combined lipid phenotye with other features including
diabetes and gout were noted in the three initial descriptions of FCHL (Goldstein
et al. 1973, Rose et al. 1973, and Glueck et al. 1973). A subsequent study
(Brunzell ef al. 1975) examined the frequency of diabetes in the original Seattle
sample of patients with genetic hypertriglyceridaemias (Goldstein et al. 1973) and
found it to be 27%. Nevertheless the frequency of diabetes in first degree
relatives of the diabetic subgroup was identical whether the relatives were
hyperlipidaemic or not. The authors concluded that FCHL and diabetes were

independant entities, and suggested that diabetes was an exacerbating clinical
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feature which was associated with more severe hyprtriglyceridaemia, and in some
cases chylomicronaemia. This conclusion has been corroborated by further
studies (Chait and Brunzell 1983) and the presence of chylomicronaemia in
FCHL has been ascribed to additional secondary factors. Hypertension and
obesity have also been associated with FCHL (Brunzell and Bierman 1982), and
a recent study (Hunt ef al. 1989) demonstrated that 30% of families with early
hypertension and an inherited form of hyperlipidaemia (Familial Dyslipidemic
Hypertension) had FCHL. Compared to controls the FCHL subset had a 196%
increase in VLDL cholesterol, 33% higher apo B, smaller, denser LDL particles,
and 73% higher fasting insulin levels. The finding of higher insulin levels in this
FCHL subset requires further study. Recently Austin and Krauss (1986) and
Sniderman et al. (1988) have described a condition in which there are small dense
LDL particles (LDL subclass pattern B) which is associated with increased levels
of triglyceride rich lipoproteins. The population frequency of the pattern B allele
is common and estimated at 0.25. Since small, dense LDL is also an accepted
feature of FCHL (Grundy ef al. 1987) an overlap between causes of subclass
pattern B and FCHL is likely.

The complex clinical interrelationships between FCHL, diabetes, raised
fasting insulin levels, obesity, gout, hypertension and LDL subclass pattern B,
have not been elucidated. It may be that common disorders are more likely to
occur together. Alternatively FCHL may be the result of a genetic defect or
defects associated with a combination of one or other metabolic factors, such as
hyperinsulinaemia, which may contribute to the lipid phenotype in FCHL

pedigrees.
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1.2.4 Coronary Artery Disease

The three original studies of FCHL in 1973 were carried out in survivors of
myocardial infarction (Goldstein et al. 1973, Rose et al. 1973, Nikilla and Aro
1973). In the study by Goldstein et al. 19.7% of survivors of myocardial
infarction were designated as having a familial form of hyperlipidaemia. The
most common of these familial hyperlipidaemias was FCHL, and a total of
approximately 11% of the survivors had FCHL. Nikilla and Aro found combined
hyperlipidaemia in 24% of pedigrees in which the proband survived a myocardial
infarction before the age of fifty. Studies have been carried out to determine
whether FCHL predisposed members of FCHL pedigrees to premature CHD and
the incidence of premature CHD in FCHL has been estimated at 17.5% (Brunzell
et al. 1976). Further studies in 32 FCHL pedigrees demonstrated that in the
probands and their hyperlipidaemic sibs the incidence of CHD was 60.8 % in
men and 37.5% in women (Vaverkova et al. 1986). In these pedigrees CHD
occurred with the same frequency in all lipoprotein phenotypes (Ila, IIb, IV and
V). Overall FCHL is estimated to contribute 10% to the incidence of premature

CHD in the general population (Grundy et al. 1987).

1.2.5 Prevalence

The original estimates of the prevalence of the disease vary, and Goldstein et al.
(1973) suggested a frequency in the general population of 0.3-0.5%. As this study
was based on the frequency of hyperlipidaemia in survivors of myocardial

infarction they may, however, be subject to ascertainment bias. In a later study,
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examining probands with hypertriglyceridaemia, approximately 33% of families,
were found to have FCHL (Brunzell et al. 1976). Bowman et al. (1977) studied
991 randomly selected middle aged male Caucasian subjects, in which 76 families
with hyperlipidaemia were detected, an estimated 1.9% of the initial random
sample had FCHL. Few further studies are available on the prevalence of the
disease in the population but clinical experience suggests it is at least five times
as prevalent as FH, and it is generally considered that the frequency of FCHL

is between 1% and 2% (Brunzell et al. 1984, Grundy et al. 1987).

1.2.6 Metabolic Studies

Metabolic studies have been undertaken to determine the underlying defect(s) in
FCHL. Elevations of serum apolipoprotein B (apo B) levels have been well
documented (Chait and Brunzell 1983, Kissebah ef al. 1984). There is also an
increase in the overall ratio of apo B to lipid and a relative increase in the
number of lipid particles. Lipoprotein fractionation therefore reveals small dense
lipid particles in the majority of patients, particularly males of the older age
group (Chait and Brunzell 1983, Krauss et al. 1983, Kwiterovich et al. 1987,
Griffin et al. 1990). Apo B production in the liver is increased (Chait et al. 1980,
Chait et al. 1981, Janus et al. 1980a). Kinetic studies have suggested that the
metabolism of LDL is heterogeneous and that LDL subspecies differences may
exist in FCHL (Chait ez al. 1986). Kissebah et al. (1984) have proposed a complex
model to explain the differences in the phenotype in FCHL. Patients with
predominantly type Ila hyperlipidaemia are purported to have small dense VLDL

with a decreased triglyceride to apo B ratio and an increased direct synthesis rate
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of LDL apo B; patients with predominantly type IIb and IV hyperlipidaemia
have small dense LDL and relatively little direct synthesis of LDL apo B. The
proposed overall defect is increased apo B secretion by the liver, which is
modulated by the availability of triglycerides for coupling to apo B. Increased
secretion of VLDL has been demonstrated and VLDL triglyceride fractional
catabolism appears to be impaired (Chait et al. 1980, Beil et al. 1982, Sane and
Nikkila 1988). At the same time decreased catabolism of LDL apo-B has been
noted in vivo (Janus et al. 1980b, Chait et al. 1981). These metabolic studies have
been useful and have demonstrated that the majority of patients with FCHL
demonstrate an increased serum apo B level and small dense lipid particles, in
addition to the phenotypic characteristics already described by Goldstein et al.
(1973) and others. Whether the metabolic studies are able to distinguish between
increased production and turnover, or some other underlying mechanism is still
unclear. A model explaining both a decreased catabolism of VLDL triglycerides
and increased LDL apo-B production is required, and the precise metabolic
defect has yet to be determined. The potential to understand FCHL on the
metabolic level may require further knowledge of the metabolism and molecular

biology of lipids.

1.2.7 Inheritance
An autosomal dominant mode of inheritance was first postulated in the report
which initially described FCHL (Goldstein et al. 1973). The analysis of

informative matings in the 47 FCHL pedigrees showed that almost all offspring
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of normolipidaemic matings were unaffected, and about half of the offspring of
hyperlipidaemic parents were themselves hyperlipidaemic. In addition,
triglyceride concentrations in these families showed a bimodal distribution. These
observations led the authors to conclude that a single major gene with primary
action on triglyceride metabolism and secondary effects on the metabolism of
cholesterol underlay the segregation of hyperlipidaemia in FCHL. Goldstein et
al. (1973) assumed reduced penetrance in young adults and children (age < 20
years) in order to balance the observed number of affected relatives of the
probands with that deduced by Mendelian expectation.

Additional contemporary studies demonstrated conflicting evidence for a
major gene model for FCHL. Two of these suggested an oligogenic model of
inheritance. Nikkild and Aro (1973) studied 100 young survivors of myocardial
infarction and described 24 hyperlipidaemic families where a variety of abnormal
phenotypes with increases in cholesterol, triglyceride or both. In contrast to the
data collected in Seattle by Goldstein ef al., there was no evidence of bimodality
in the distribution of either cholesterol or triglyceride in these families. The
authors therefore rejected the hypothesis of a single major gene causing the
phenotype, and proposed that the condition might represent polymorphic
expression of several genotypes (i.e. an oligogenic/polygenic model). In a study
of three large pedigrees, Rose et al. (1973) concluded that there were two
seperate genetic determinants involved one for elevated cholesterol levels and
another for elevated triglyceride levels with modification by other genetic factors.

Further FCHL studies by Glueck et al. (1973) suggested that that a single

autosomal dominant gene with a variable expression of phenotype may account
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for some of the data seen in 33 Kkindreds, particularly that from siblings of the
proband. Subsequent commingling analysis in these FCHL pedigrees supported
this contention (Namboordiri ef al. 1975). However, complex segregation analysis
of the Seattle data under the mixed model (major locus and multifactorial
transmissible component, Williams and Lalouel, 1982) questioned the conclusion
that FCHL is caused by a single mutated gene. While support was found for the
existence of a dominant allele for cholesterol, segregation at a major locus was
not supported for triglyceride. In the Williams study, however, all 176 Seattle
families (including families with FH and familial hypertriglyceridemia) were
analysed together, which seems likely to have confounded the analysis.

The results of recent segregation analysis, analysing LDL subclasses and apo
B levels strongly support autosomal dominant inheritance in FCHL. Due to
uncertainty about the inheritance of cholesterol or triglyceride levels, complex
segregation analysis was used to examine the mode of inheritance of LDL
subclass patterns in FCHL (Austin ef al. 1990). Their findings indicated that the
inheritance of small dense LDL is inherited as a common, single major gene
trait. A further additive genetic factor predisposes to increased plasma apo B
levels in these FCHL pedigrees (Austin et al. 1992). They present evidence that
three affected groups may be identifiable in FCHL, those with moderate elevation
of apo B without small dense LDL (associated with mild hypercholesterolaemia),
those with moderate elevation of apo B and small dense LDL (associated with
hypertriglyceridaemia and moderate hypercholesterolaemia), and those with more
pronounced elevation of apo B and small dense LDL (associated with

hypertriglyceridaemia and marked hypercholesterolaemia). These findings
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indicate the presence of major gene locus inheritance in FCHL, with an additive

gene which contributes to the presence of hypercholesterolaemia alone.
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1.3 LIPID METABOLISM

Lipid is an essential component of cellular membrane structures, and serves as
an important scource of energy. It is also a precursor for the production of
steroid hormones and bile salts, and is required for the absorbtion of fat soluble
vitamins. As lipid is insoluble in serum an elaborate mechanism has evolved by
which it is transported in the circulation and other tissue fluids. This is achieved
by packaging lipid into macromolecular complexes to form particles known as
lipoproteins that enable the transportation of lipid in the blood as
microemulsions. In the lipoprotein particles the hydrophobic core containing a
varying amount of triglyceride and cholesterol ester is surrounded by free
cholesterol and a monomolecular layer of phospholipid which is amphipathic
(detergent-like). Each particle also contains one or more apoproteins which also
have amphipathic properties. These properties are conferred by regions
containing both hydrophilic and hyrophobic amino acid residues, which are often
distributed on opposite sides of an alpha helix (Gotto ef al.1986). The apoproteins

also play an important role in the metabolism of various lipoproteins particles.

1.3.1 The Lipoproteins
The lipoproteins have been divided by ultracentrifugation (Havel et al. 1955) into
four major components according to their floatation densities. The largest and

the least dense is the chylomicron, followed by very low density lipoprotein
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(VLDL), low density lipoprotein (LDL) and high density lipoprotein (HDL)
respectively. Two further particles can be identified which are the result of
partial catabolism of the chylomicron and VLDL resulting in the chylomicron

remnant, and intermediate density lipoprotein (IDL) respectively.

Chylomicrons

Chylomicrons are the largest lipoproteins and have a diameter of 75 -1200 nm,
molecular weight of 50 -1,000 X 10°, and are the least dense at 0.93 g/ml. They
have no electrophoretic mobility using standard serum electrophoresis (Havel and
Kane 1989). The production of chylomicrons by intestinal mucosal cells is the
principal mechanism by which exogenous dietary lipid is absorbed and
transported to the liver and other tissues. Free fatty acids and monoglycerides
are absorbed by mucosal cells reesterified into triglycerides, assembled in the
endoplasmic reticulum with esterified cholesterol and finally formed into nascent
chylomicrons in the Golgi apparatus (Havel 1982). Each chylomicron is thought
to contain one (Elovson et al. 1988) or perhaps two (Bhattacharya and Redgrave
1981) molecules of Apo B-48, and A apoproteins (A, AIl, and AIV). Unlike apo
B-100, apo B-48 does not interact with the B/E receptor, and chylomicrons must
aquire other apoproteins before they can be fully metabolised.

Chylomicrons are secreted into the interstitium of intestinal villi and enter
lacteals. From there they pass through the lymphatic system where they aquire
some of their apo E and C apoproteins from HDL. Thence they enter the
systemic circulation via the thoracic duct at the angle of the junction between the

subclavian and internal jugular vein. Once in the systemic circulation the
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triglycerides are hydrolysed, in the presence of the essential cofactor apo CII, by
lipoprotein lipase. In this way 80% - 90% of triglycerides are removed, and
concomitantly some of the C and A apoproteins, phospholipid and free
cholesterol is transferred back to HDL in exchange for cholesterol ester. During
this step of chylomicron metabolism triglyceride fatty acids enter adipocytes for
storage, and are also used, particularly by muscle cells, for oxidation. Some of
the released fatty acids are also bound to albumin and are transported to a
variety of tissues. Lipolysis and the accompanying loss of of C apoproteins results
in the exposure of the binding domain of apo E. The chylomicron remnant
particle thus formed is subsequently entirely endocytosed by the liver by the

classical B/E (LDL) receptor and/or a putative apo E remnant receptor.

ViDL
VLDL has a diameter of 30-80 nm, molecular weight of 10-80 X 10°, density of
0.93 -1006 g/ml, and pre-beta electrophoretic mobility (Havel and Kane 1989).
VLDL contains relatively less triglyceride and more cholesterol ester than
chylomicrons. Nevertheless this particle is synthesised by the liver in a similar
way as chylomicrons are in the intestinal mucosal cells. However, each molecule
contains a single molecule of apo B-100. In addition a small amount of apo E and
C apoproteins are incorporated during synthesis. Further amounts of the latter
apoproteins are also added, from HDL, after secretion.

The initial hydrolysis by lipoprotein lipase, in the presence of apo CII,
occurs at a slower rate than in chylomicrons. This may be as a consequence of

the relatively smaller size of VLDL resulting in binding of fewer lipoprotein
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lipase molecules than the chylomicron. The normal residence time for
chylomicron triglycerides in the blood is 5 to 10 minutes, whereas for VLDL
triglycerides it 15 to 60 minutes. As with chylomicrons, lipolysis and the
subsequent loss of C apoproteins to HDL results in the exposure of the apo E
binding domain. Henceforth the metabolism of VLDL diverges from that of
chylomicrons. VLDL remnants interact with hepatocytic B/E (LDL) receptors via
apo E. The larger VLDL remnants are metabolised rapidly as they contain more
molecules of apo E (Yamada et al. 1988). The smaller VLDL remnant species
remain in the blood longer as they have fewer apo E molecules, and these smaller

remnants include particles that are isolated as IDL.

IDL

IDL has a diameter of 25-35 nm, molecular weight of 5-10 X 10°, density of
1.006-1.019 g/ml, and slow pre-beta electrophoretic mobility (Havel and Kane
1989). These particles are the result of VLDL metabolism, and represent the
smaller VLDL remnant particles that remain in the circulation longer as they
have fewer numbers of apo E molecules (Yamada ef al. 1988). They contain
predominantly apo B and apo E, but little or no C apoproteins; and are relatively
enriched with cholesterol ester (29%) compared to VLDL (12%). In disease states
such as in type IIl hyerlipidaemia, where the apo E ligand is defective, this
fraction is increased and may contain apo B-48, indicating the presence of
chylomicron remnants. Approximately 50% of IDL is thought to be directly
endocytosed and the remainder appears to be processed, by unknown

mechanisms involving hepatic lipase and the removal of apo E, into LDL (Havel
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and Kane 1989).

LDL

LDL has a diameter of 18-25nm, molecular weight of 2,300,000, density of 1.019-
1.063 g/ml, and beta electrophoretic mobility (Havel and Kane 1989). This
particle represents the end-product in the endogeous lipid cascade VLDL-IDL-
LDL. In general, the greater the efficiency of removal of VLDL remnants and
IDL by the liver, the lower the fraction of remnants converted to LDL. However,
its formation from these precursor particles is not understood fully. In addition
Kissebah et al. (1984) have suggested that some of the LDL present in the
circulation may be directly secreted from the liver.

LDL itself is not homogeneous, and may be further subdivided into
subfractions by density gradient ultracentrifugation and non denaturing gradient
gel electrophoresis (Krauss ¢f al.1980, Shen et al. 1981, Krauss and Burke 1981).
In general, four classes are discernible with increasing density, designated LDL-I
to LDL-IV respectively. Little is known of the physiological significance of these
subfractions. However, the most characterised structural change in LDL is found
in hypertriglyceridaemic individuals. This is thought to occur as a result of
neutral lipid exchange (Nichols and Smith 1965). In this process elevated levels
of chylomicrons and VLDL result in an increased transfer of triglycerides to the
denser lipoproteins LDL and HDL in exchange for cholesteryl ester. This process
is mediated by cholesteryl ester transfer protein. As a result LDL is relatively
enriched in triglycerides and depleted of cholesteryl ester. Lipolysis of the

triglycerides by lipoprotein and hepatic lipases leaves an LDL particle depleted
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in cholesteryl ester and results in the small dense LDL particularly seen in
association with hypertriglyceridaemia (Brunzell et al. 1983, Eisenberg et al.
1984).

Apo E is absent from LDL particles and subsequent interaction with the LDL
(B/E) receptor occurs via the apo B-100 binding domain. Indeed apo B-100 is the
sole apoprotein on LDL, and unlike apoproteins A, C and E, it is tightly bound
and does not transfer with other lipoprotein particles (Kane 1983). The
interaction of B-100 with the B/E (LDL) receptor is somewhat weaker than that
of apo E, as a result the residence time of LDL is approximately 3 days as
compared to minutes-hours with remnant VLDL. Consequent upon this, at least
90% of plasma apo B-100 is contained in LDL. The majority of LDL is taken up
by the liver via the classical B/E (LDL) receptor pathway. LDL uptake is also a
major scource of cholesterol for the peripheral tissues. Cells endocytose LDL
depending on the number of cell surface receptors expressed; certain tissues with
a high requirement for cholesterol such as the adrenals will express more B/E
(LDL) receptors.

Alternatively the oxidation of LDL apo B-100 (Palinski et al. 1989) results
in the preferential uptake of LDL by one or more types of scavenger receptor
found on macrophages (Arai ef al. 1989, Sparrow et al. 1989). This mechanism
of oxidation and uptake of LDL by macrophages in the vascular subendothelium
is considered to be the principal pathway by which LDL becomes atherogenic

(Steinberg et al. 1989).
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Fig. 1 The common structure of the apolipoprotein AL AII, AIV,CIL,CIII and E genes

76 63 157 658
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Fig. 1 Structural organization of the human apolipoprotein A-I, A-11, A-1V,C-II, C-III, and E genes. Transcription is from left to
right. The wide bars represent the exons, and the thin line the 5' flanking region, introns, and 3' flanking region of the respective
genes. The wide bars are divided into several regions: the open bars at the two ends the 5' and 3' untranslated regions, the hatched
bars the signal peptide regions, and the solid bars the mature peptide regions of the respective genes. In apoA-I and apo-II, the
prosegment is represented by a narrow open bar between the signal peptide and mature peptide region. The numbers above the
exons indicate the length (number of nucleotides) of the exons. The lengths of the exons are drawn to scale.
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HDL

HDL has a diameter of 5-12 nm , molecular weight of 175- 360 X 103, density of
1.063-1.120 g/ml, and alpha electrophoretic mobility (Havel and Kane 1989).
Nascent HDL particles are secreted by enterocytes and hepatocytes in the form
of lamellar discs or small micellular aggregates. HDL contains apo Al and AlIl,
in addition particles secreted from the liver also contain apo E. The formation
of mature HDL involves the transfer of surface components from triglyceride
rich lipoproteins, including phospholipids, cholesterol and apoproteins during
lipolysis; and by interparticle fusion (Nichols et al. 1985). This process continues
to occur in mature HDL, and results in an increase in the size of the particles
with conversion of HDL3 to HDL2.

The lipases, lecithin cholesterol acetyltransferase (LCAT) and lipid trasfer
proteins (CETP) are undoubtedly responsible for the reactions that subsequently
affect the HDL system (Eisenberg 1984). HDL is thought to be the principal
lipoprotein mediating reverse cholesterol transport. This function is carried out
predominantly by small species of HDL, which contain apo Al but no apo AIl.
The cholesteryl ester transfer complex, which also contains CETP, LCAT, and
apo D, enables the transfer of free cholesterol from peripheral cells to HDL.
Indeed HDL itself has been reported to induce the translocation of intracellular
cholesterol to the plasma membrane, in cholesterol laden macrophages, in order
to facilitate this process (Aviram et al. 1989). LCAT subsequently acts on free
cholesterol and phosphatidyl choline in HDL to yield cholesteryl ester and

lysolecithin (the latter is transferred to albumin and removed from the blood).
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Further action of the cholesteryl ester transfer complex, results in the transfer
of cholesteryl ester from HDL, in exchange for free cholesterol, to other
lipoproteins. In this way cholesterol may be transferred from the peripheral
tissues to other lipoproteins such as VLDL and chylomicron remnants which are
rapidly taken up by the liver. Cholesterol in HDL itself may be delivered directly
to the liver and other tissues in several ways. Hydrolysis of HDL phospholipids
by hepatic lipase, by increasing the chemical potential of cholesterol, may
promote net transfer of cholesterol from the surface of HDL to the liver. The
activity of hepatic lipase is inversely related to the concentration of HDL2 in
plasma, and it has been proposed that hydrolysis of HDL phosphatidyl choline
on the surface of liver cells promotes the uptake of cholesteryl esters as well as
cholesterol and lysophosphatidylcholine into the liver. This process results in the
conversion of HDL2 to HDL3. In addition a small fraction of HDL contains apo
E, which allows receptor mediated uptake by the liver (Havel and Kane 1989).
Certain tissues with a high requirement for cholesterol, in particular endocrine
tissues, may selectively take up cholesteryl ester from HDL (Knecht and Pittman
1989), and take up HDL by apo E receptor-mediated endocytosis (Azhar et al.

1989).



1.3.2 The Apolipoproteins

Apolipoproteins, the protein components of lipoproteins, play an essential role
in the synthesis, secretion, transport, and metabolism of the lipoprotein particles.
The principal apolipoproteins are: apo Al, AIl, AIV, B-48, B-100, CI, CII, CIII,

and E. Other apolipoproteins include D, F, G, H and apo(a).

A, C, and E Apolipoproteins

The apoliporotein genes of Al, AIl, AIV, CI, CII, CIII and E appear to have
evolved through the duplication of a single primordial gene (Luo et al. 1986). The
coding regions of all these proteins are composed of tandem repeats of 11 or 22
codons. The 11 amino acids coded for in the tandem repeats, form repeated
amphipathic helices, which confer the detergent-like properties of these
apolipoproteins. The genes have the same genomic structure consisting of three
introns at approximately the same locations, with the exception of apo AIV which
has lost the first intron (Fig 1). In addition all of these genes have a similar
repeat pattern, the third exon shares a common block of 33 codons, and the
fourth exon contains a variable repeat unit of 11 codons. The common ancestor
proposed by Lui et al. was similar to the present day apo CI. A series of
duplications or deletions of the 11 or 22 codon unit within the genes, and
duplication of the gene itself results in the number of homologues of this gene

present today.

45



Interestingly these genes are distributed in clusters. The apo AI-CIII-AIV gene
cluster occurs on chromosome 11q23-q24; the apo E-CI-CII gene cluster occurs
on 19q12-q13.2. The apo AIl gene maps to chromosome 1p21, and in the mouse
is linked on this chromosome, to a gene that determines HDL structure (Lusis et
al. 1983).

The mRNA structure of these apoproteins is also very similar. Each mRNA
commences with a short 5’ untranslated region followed by the signal peptide of
between 18 and 27 peptides (Fig 1). This is followed by a short unique coding
region, a common 33 codon block and a longer region coding for a variable
number of 11 codon repeats. The terminal section of the mRNA contains a
further short unique sequence and the 3’ untranslated region followed by the
Poly A tail (Li ef al. 1988). In general the mature peptides of these proteins is
almost completely made up of internal repeats. For example, in apo Al, AIl and
CIII only the first and the last six or seven amino acids are not included in the

repeats.

Apo Al

Apo Al is the principal apoprotein of HDL and chylomicrons. It is synthesised
in liver and intestine. In chylomicrons it transfers to HDL following the action
of lipoprotein lipase, and is therefore not found in significant amounts on
chylomicron remnants. It has a plasma half life of approximately four days
(Fidge et al. 1980). A major function of apo AI is the activation of LCAT
(Glomset 1968). It may also be important in HDL assembly secretion and

transport (Beg et al. 1989).
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The molecular weight of apo Al is 28,100 D, and the mature isoform contains
243 amino acid residues. An 18 amino acid signal peptide is cotranslationally
cleaved by a signal peptidase. Examination of the cleaved product reveals that
it has an additional 6 amino acid residue segment attached to the NH,-terminal
of mature plasma apo Al. This larger protein isoform has been designated
proapo Al (Gordon et al. 1983). The hexapeptide is present in greater than 95%
of newly secreted apo Al (Zannis et al. 1983), and the proteolytic processing
appears to be an extracellular event (Gordon ez al. 1982, Stoffel et al. 1983). This
enzymatic activity can be found in plasma, and has the highest specific activity
in HDL as compared to other lipoprotein particles that contain apo Al (Edelstein
et al. 1983). In contrast both phosphorylation (Beg et al. 1989), and fatty acid
acylation (Hoeg et al. 1986) of apo AI appears to occur, almost exclusively,
intracellularly. Analysis of apo Al isolated from plasma revealed the absence of
acylated and phosphorylated forms. This suggests that these modifications are
involved in intracellular apolipoprotein/lipoprotein assembly, trafficking or
secretion.

As the surface of HDL is highly curved Nakagawa et al. (1985) have proposed
that the paradigm of the lipid binding domains of Apo AI are composed of a 44-
mer as apposed to the usual 11 or 22-mer (see above). Each unit consists of two
22-mers separated in the middle by a helix breaker (Pro) resulting in greater
concavity of the molecule which allows its adsorption onto the surface of HDL,.

The structural requirements for LCAT activation do not appear to be
stringent. Both the amino and carboxyl terminal cyanogen bromide fragments of

apo Al activate LCAT. In addition synthetic model peptides that mimic the
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amphipathic properties of apo Al but differ from the primary sequences, and

other apoproteins, are effective in LCAT activation (Sparrow and Gotto 1980).

Apo Al

Apo AIl occurs in both HDL and chylomicrons. It is principally synthesised by
the liver and intestine. Although its exact function is unknown, it is thought to
activate hepatic lipase (Jahn et al. 1983). Generally, however it does not seem to
play an important functional role in lipid metabolism as it is expressed at very
low levels in other mammals (Edelstein et al. 1976).

Apo AIl has a molecular weight of 17,414 D, and a plasma half life of
approximately four days (Fidge et al. 1980). Preproapo AIl undergoes
cotranslational cleavage of a signal peptide of 18 amino acids. The proapo AIl
form has an additional pentapeptide which is cleaved extracellularly (Gordon et
al. 1986), and significant proapo AII can be detected in human plasma or lymph
(Lackner et al. 1985). A relatively minor fraction of Apo AIl is glycosylated in
human plasma, and some degree of fatty acylation is also thought to occur (Hoeg
et al. 1986). The mature isoforms of Apo AIl consist of a dimer of identical 77

amino acid subunits linked by a disulphide bridge.

Apo AIV

This apoprotein occurs predominantly in chylomicrons, although small amounts
may also be found in chylomcron remnants VLDL, LDL and HDL. Apo AIV can
also be found unassociated with lipoproteins in the plasma. In humans it is

almost exclusively produced by the enterocytes (Elshourbagy et al. 1986).
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Although the function of apo AIV is largely unknown, it does have LCAT
activating potential (Steinmetz and Utermann 1985). Recent evidence also
suggests it facilitates the transfer of apo CII to chylomicrons so that they may be
hydrolysed by lipoprotein lipase (Goldberg et al. 1990).

Apo AIV contains a signal peptide of 20 amino acids but no "pro" segment;
the mature form contains 377 amino acids and has a molecular weight of about
45 KD. Post translational modification with fatty acid acylation may enhance
hydrophobicity and facilitate protein lipid interaction as with other lipoproteins

(Hoeg et al. 1986).

Apo CI
This apolipoprotein is thought to be the genetic ancestor of the A, C and E
lipoprotein genes. Apo CI is known to activate LCAT, other functions if any have
not been elucidated (Soutar ef al. 1975). It is the smallest of the apolipoproteins
containing 57 residues with a molecular weight of 6,631 D (Li et al. 1988).

Apo CI has a signal peptide of 26 amino acids but no prosegment. Post-

translational modification has, as yet, not been elucidated (Li et al. 1988).

Apo CI1

Apo CII is synthesised in the liver and is present on VLDL. It is subsequently
transferred to HDL and to chylomicrons; the latter may be facilitated by the
presence of apo AIV on chylomicrons (Goldberg et al. 1990). Apo CII plays an
important role in the hydrolysis of triglyceride rich particles and acts as a

cofactor for lipoprotein lipase. The protein is also a relatively weak activator of
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LCAT (Jonas et al. 1984).

Apo CII has a 22 amino acid signal peptide and a mature protein of 79
residues with a molecular weight of 8,916 D. It appears to be secreted in the
glycosylated form and is deglycosylated in the circulation. Proteolytic cleavage,
possibly as intermediate steps in degradation, result in a minor isoform
designated apo CII,;, which lacks the first six amino terminal residues of the

major isoform, designated apo CII, (Fojo et al. 1986).

Apo CITT

This apoprotein is synthesised by the liver and small intestine. It is present on
newly secreted VLDL and also on HDL particularly during the fasting state, but
transfers from HDL to chylomicrons and VLDL in the fed state. The functions
of apo CIII are not fully understood, however recent evidence suggest it plays an
largely inhibitory role in lipoprotein metabolism. Human apo CIII has been
reported to inhibit the uptake of VLDL and chylomicron remnants (Windler and
Havel 1985). In addition it inhibits the hydrolysis of triglyceride rich lipoproteins
by LPL (Havel et al. 1970) and hepatic triglyceride lipase (HTGL) (Kinnunen and
Enholm 1976). The protein also activates LCAT although less effectively than
both apo AI and apo CI (Jonas et al. 1984).

Apo CIII has a molecular weight of 8,750 D. The protein has a highly
conserved 20 amino acid signal peptide, but appears not to possess a propeptide
form (Datta et al. 1987). Post translational modification consists of the addition,
to the 74th residue threonine, of a carbohydrate side chain which contains one

molecule of galactosamine and galactose, and between 0, 1 and 2 molecules of
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sialic acid. Thus dependant on the number of sialic acid molecules present there
are three isoforms termed; CIII-0, CIII-1 and CII-2 (Brewer et al. 1974). The
function of glycosylation is not well understood, but it does not significantly effect
intracellular transport, secretion or affinity for VLDL and HDL, although it may

increase the stability of apo CIII (Roghani and Zannis 1988).

Apo E
This apoprotein is synthesised principally by the liver and is present on VLDL.
It is also present on HDL and is an important component of IDL and
chylomicrons. Indeed the primary function of apo E is to act as the ligand for the
apo B,E (LDL) receptor in the uptake of IDL and chlomicron remnants by the
liver. Recent evidence suggests it is also a ligand for the LDL-receptor related
protein (LRP) (Kowal et al.1990), a putative chylomicron remnant receptor.
Interstitial fluid also contains apo E, and it may be involved in the redistribution
of cholesterol between cells. For instance, cholesterol laden mouse peritoneal
macrophages may release discs containing apo E, cholesterol and phospholipid
which combine with HDL. Subsequent transfer of lipid to other cells or
lipoproteins from HDL may then occur. (Basu et al. 1983). The astrocyte also
secretes apo E and it is the major apolipoprotein of cerebral spinal fluid (CSF),
and increased levels are also found at sites of peripheral nerve injury and
regeneration (Boyles et al. 1986, Pitas et al. 1987).

The primary translation product of apo E contains a signal peptide of 18
amino acids which is cleaved leaving a mature protein which has 299 amino

acids, with a molecular weight of 34.2 kd. Residues 62-273 contain a region of
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8 tandem repeats of 22 amino acids (Breslow 1988). The receptor binding domain
is predicted by site directed mutagenesis to lie within this region between residues
135 and 160 (Lazalar et al. 1987). The Chou-Fasman algorithm predicts the
presence of an alpha helix in this region (Mahley 1988).

Three common phenotypic variants are recognised; E2, E3 and E4. Two
dimensional electrophoresis and the removal of variable glycosylation products
with neuramidase has clarified these variants (Zannis and Breslow 1981). E3 is
the "normal" and commonest variant. E2 has a -1 charge difference compared
to E3, and most commonly arises from an Argl58-Cys substitution, but may also
arise from Argld45-Cys, Lys146-GIn and Argl36-Ser substitutions. E4 has a +1
charge difference resulting from an Cys112-Arg substitution (Rall ez al. 1982).
In general, E2 variants result in reduced receptor binding and homozygotes
(E2/E2) may suffer from dysbetalipoproteinaemia (Type III hyperlipidaemia or
broad beta). The E4 variant appears not to have a substantial effect on binding

(Mahley 1988).

Apo B

Apo B is present in plasma in two major isoforms, apo B,y and apo B. Apo B,
is produced principally by the enterocytes and is present on chlylomicrons and
their remnants. Apo B, is synthesised in the liver and is present on VLDL, IDL,
and LDL. Both isoforms play an essential role in the assembly, secretion and
transport of lipoproteins. In addition apo B,,, but not apo B, is a ligand for the
apo B,E (LDL) receptor and plays a crucial role in the uptake of LDL.

Both apoproteins are derived from a single 40kb gene on chromosome 2 by a
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novel biosynthetic mechanism (Powell et al. 1987, Higuchi et al.1988). A single
nuclear RNA molecule is transcribed from the apo B gene and apo B, is
translated from the normally processed 14.1kb mRNA. Apo B,, however, is
synthesised from apo B mRNA which has undergone RNA editing at position
6666, resulting in the change of codon 2153 CAA (glutamine) to a UAA stop
codon. The resulting apo B, corresponds to the amino terminal 2152 of the 4563
amino acids of apo B,,, (Knott et al. 1986), and has 48% of the 512 kD,
calculated molecular weight, of apo B,,.

The apo B gene is dissimilar to that of apoproteins A, C and E in that it
contains 29 exons of which the first 24 only code for 29% of the mature protein.
Exon 26 and 28 are unusually large containing 7572 bp and 1906 bp respectively.
However, like other apoproteins, apo B does contain internal repeats coding for
amphipathic helices, although these are not arranged in tandem repeats (DeLoof
et al. 1987). In addition it contains repeats of hydrophobic proline rich domains
which are unique to apo B and are characterised by the preponderance of
hydrophobic residues. The secondary structure is predicted to be composed of
amphipathic helices, amphipathic beta sheets, with alternate hydrophobic and
hydrophilic residues, and beta turns (due to proline residues). The receptor
binding domain of apo B, is postulated to be composed of two basic regions
between residues 3147 -3157 and 3358 - 3367 respectively, which are brought into
juxtaposition by the disulphide bridge between Cys3167 and Cys3297 (Knott et
al 1986). However, the latter basic region has sequence homology with the
receptor binding region of apo E and is conserved among species, and indeed the

disulphide bridge is present in some species only, suggesting that the basic region
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at 3358 - 3367 is likely to be the more important of the two in binding to the B,E
(LDL) receptor (Law and Scott 1990).

Intracellular modification of apo B occurs by the addition of both palmitate
and stearate through thioesters involving cysteine residues (Kammana and Lee
1989). Apo B contains 25 cysteine residues and such modification may enhance
the hydrophobicity of apo B. Apo(a) is also known to be covalently linked to apo
B,e, Via a disulphide bridge with a cysteine residue to form Lipoprotein(a)

(Gairbatz et al. 1983).

Apo D

Apo D, previously termed apo AIIl, unlike other apoproteins appears to be
synthesised principally in the adrenal gland. ApoD mRNA is most abundant in
this gland, and is also present in considerably higher concentrations in the small
intestine, kidney and pancreas than in the liver (Drayna et al. 1986). This
protein, found in HDL, is associated with LCAT and forms part of the
cholesteryl ester transfer complex. It is postulated to facilitate cholesteryl ester
transport (Fielding and Fielding 1980).

Apo D, a glycoprotein with a molecular weight of 33 kD, consists of 169
amino acids with a 20 amino acid signal peptide. The gene, situated on
chromosome 3q 26.2-qter, differs greatly to other lipoprotein genes, indeed apo
D displays a high degree of homology to members of the «,-globulin superfamily.
It contains no internal repeats, and unlike other apolipoporteins the secondary

structure is predicted to contain less than 5% of a-helix (Drayna et al. 1986)
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Apo F

This poorly characterised apolipoprotein has a molecular weight of about 30 kD.
Apo F is present predominantly on HDL, although in relatively minor
concentrations compared to apo Al. The site of synthesis, structure and function

of this apolipoprotein are poorly understood (Brewer 1988).

Apo G
Apo G has a molecular weight of about 75 kD, it is present in small
concentrations primarily on VLDL. The site of synthesis, structure and function

are poorly characterised (Brewer 1988).

Apo H

Apo H, otherwise termed human (,-glycoprotein I, has been identified as a
component of several human plasma lipoprotein fractions particularly VLDL and
chylomicrons (Polz and Kostner 1979). Apo H increases the enzymatic activity
of LPL in the presence of apo CII and is thought to modulate triglyceride
metabolism (Nakaya et al. 1980).

Apo H is a single-chain glycoprotein of 326 amino acids, having several
residues of cysteine and proline that are linked at regular intervals. Its estimated
molecular weight ranges from 43-50 kD. It contains five glucosamine attached
oligosaccharide side chains composed of galactose, mannose, N-acetylglucosamine,
fucose, and N-acetylneuraminic acid, which account for about 19% of its
molecular weight (Lozier et al. 1984).

The quantitive variation in serum levels may be controlled by two
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codominantly expressed alleles, one normal and one deficient (Cleve 1968). Four
polymorphic variants have recently been described, three common variants and
one which occurs in black individuals (Kamboh et al. 1988). These may help
evaluate the role of apo H in determining lipid levels and in particular

triglycerides.

Apo (a)

Apo(a) binds to the apo B,,, present on LDL to form Lipoprotein(a) [Lp(a)]. This
cholesterol rich lipoprotein closely resembles LDL in lipid composition, and has
a variable hydrated density between that of LDL and HDL. Early studies by
Berg (1963), who first described Lp(a) as an antigen present in about 30% of the
population, suggested that it was inherited as a simple dominant trait. This view
has been challenged and there are at least 23 genetic isoforms of apo(a) with
molecular weights ranging from 200 to 700 kD (Utermann 1989, Hixson et al.
1989, Kamboh et al. 1991). Apo(a) is synthesised primarily by the liver (Brewer
et al. 1988). The plasma concentration distribution is highly skewed and the wide
range of concentrations may be due to the variability of the apo(a) gene and the
interaction of these variable apo(a) alleles with defective LDL receptor genes
(Utermann 1989). The Lp(a) gene, on chromosome 6q2.6-q2.7, probably arose
by duplication of the nearby plasminogen gene and has a striking homology to
it. Apo(a) contains a single protease domain that is almost identical (94%
homology) to that of plasminogen. Furthermore it contains two types of
plasminogen-like domains, one of which is homologous to the fifth "kringle"

domain of plasminogen (a cysteine rich domain termed kringle because of the
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similarity to Danish pastry). The other is homologous to the fourth kringle
domain of plasminogen and is present in a variable number of copies, usually 37.
Lp(a) differs significantly from plasminogen in that it has no protease activity as
the serine residue at the cleavage site which converts plasminogen to the active
protease plasmin is replaced by an arginine. In addition it contains an extra
unpaired cysteine residue, which is thought to facilitate the covalent binding of
apo(a) with apo B,,, (McLean et al. 1987).

| Plasma levels of Lp(a) above 30 mg/dl are associated with a twofold increase
in the risk of premature IHD (Hoefler ef al. 1988). The mechanism for this is
unclear, but Lp(a) has reduced binding to the B,E (LDL) receptor (Armstrong
et al. 1985) and has been shown to compete with plasminogen for binding to its
receptor (Miles et al. 1989). The interaction of Lp(a) with the clotting system
may ultimately help explain the relationship between thrombosis and

atherosclerosis (Scott 1989).
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1.3.3 Key Enzymes in Lipid Metabolism

Enzymes that have a role in lipid metabolism can be broadly divided into two
groups; those that are involved in lipid biosynthesis, and those which play an
important role in the catabolism and processing of lipoproteins and lipids. The
key biosynthetic enzymes are: hydroxy methylglutaryl co-enzyme A reductase
(HMG CoA reductase), acetyl CoA carboxylase, fatty acid synthase complex, acyl
CoA cholesterol transferase and cyclic AMP kinase. The key catabolic enzymes
are lipoprotein lipase (LPL), hepatic triglyceride lipase (HTGL), hormone
sensitive lipase (HSL), and lecithin cholesterol acyltransferase (LCAT). The
lipases including lipoprotein, hepatic and pancreatic lipases appear to be part of

a multigene family (Olivecrona, Bengsston-Olivecrona 1989).

Lipoprotein Lipase

This enzyme is a glycoprotein with a molecular weight of 55 kD coded for on
chromosome 8p22. The lipoprotein gene is about 30 kb long and contains 10
exons; the cDNA codes for a mature protein of 448 amino acids (Olivecrona,
Bengsston-Olivecrona 1989). LPL is located on glycosoaminoglycans chains
anchored to the luminal surface of the capillary endothelium particularly in
adipose tissue and skeletal muscle, and is synthesised primarily by these latter
tissues. It is activated by apo CII (see above) and its function is to catalyse the
hydrolysis of the triglyceride contained in the triglyceride-rich lipoproteins
(VLDL and chylomicrons).

The activity of LPL may depend on post-translational activation of a
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previously inactive LPL precursor (Ong an Kern 1989a, 1989b), although this has
been challenged (Vannier ef al. 1989). Glycosylation of LPL appears to be
important in activating the enzyme, and adipocytes deprived of glucose synthesise
an inactive 49 kD LPL protein (the size of the unglycosylated form) with an 80%
decrease in the active form (Ong and Kern 1989b). Pulse chase experiments have
shown that LPL is rapidly transported out of the cell, however, only a fraction
(30% or less) of newly synthesised LPL is released (Vannier ef al. 1985). The
relative amounts of LPL secreted or degraded probably depend partly on insulin
concentrations (Salteil 1990). LPL activity in adipose tissue decreases during
fasting and returns rapidly on feeding, an inverse response is seen in muscle.
This regulation is also partly mediated by insulin (Kiens et al. 1989). Indeed
insulin increases adipose tissue LPL both in vivo and in vitro (Eckel 1989).

The liver is the main site of degradation of LPL. In addition the enzyme is
unstable and spontaneously decays into inactive forms. This mechanism probably
involves the dissociation of the active LPL dimer, followed by an essentially

irreversible conformational change in the monomer (Olivecrona et al. 1987).

Hepatic Triglyceride Lipase

The gene for this enzyme, located on chromosome 15q21-q23, is 60 kb in length,
and has 9 exons. HTGL is a 53 kD protein which appears to be exclusively
synthesised by the liver (Semenkovich ef al. 1989) and is present principally on
hepatic snusoidal surfaces. It is also transported ,via the blood, to the endothelial
cells of adrenals and ovaries (Cisar ef al. 1989). It is postulated to have a number

of functions most importantly the conversion of small VLDL and IDL to LDL
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(Demant et al. 1988). Unlike LPL, HTGL hydrolyses both triglycerides and
phospholipids on HDL, and it may also have a role in the final stages of

chylomicron metabolism (Sultan ez al. 1989).

Hormone Sensitive Lipase

This gene is located in humans to chromosome 19 cent-q13.3, although the
human gene has not been cloned the rat cDNA predicts a 757 amino acid product
with a molecular weight of 82,820 D. The HSL protein has a predicted « helix
and 3 sheet content of 38% and 26% respectively, although these do not have an
amphipathic nature (Hopp and Woods 1981). HSL is present in a variety of
tissues particularly adipocytes, and also in heart, skeletal and steroidogenic
tissues (Cook ez al. 1987). HSL has a vital role in the mobilization of free fatty
acids (FFA) from adipose tissue by controlling the rate of lipolysis of stored
triglyceride. It is also involved in the control of brown fat thermogenesis and
possibly in steroidogenesis through its cholesterol ester hydrolyse activity (Holm
et al. 1987). HSL is under acute neuronal and hormonal control; activation by
catecholamines occurs by the cyclic adenosine 3’, 5’-monophosphate (cAMP)-
mediated phosphorylation of a single serine molecule. Dephosphorylation of this
residue at position 563 by insulin results in the inactivation of the hormone.
Phosphorylation in vivo may result in a 50 fold increase in its ability to hydrolyse
cholesteryl esters (Holm et al. 1988). An unknown mechanism results in the
presence of three mRNA species of 3.3 kb, 3.5 kb and 3.9 kb, occurring in
different tissues. It has been suggested that the multiple HSL mRNA and protein

species have significance with respect to the regulation and functions of the
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enzyme in different tissues (Holm et al. 1988).

Lecithin Cholesterol Acyl Transferase

This enzyme is located on chromosome 16g22.1 and has a molecular weight of
about 63 kD. The mature protein contains 416 amino acids which consist of
extended sequences of hydrophobic residues, one of which is similar to that of
pancreatic and lingual lipases (Havel and Kane 1989). It is secreted into the blood
stream by hepatocytes and circulates as a complex with cholesteryl ester transfer
protein and components of HDL which include apo D and apo Al It is activated
by a number of apolipoproteins, particularly apo Al, also by apo AIV, apo CI
and apo CII, and to a lesser extent by apo CIII. LCAT catalyses the transfer of
an unsaturated fatty acid from lecithin to cholesterol to produce lysolecithin and
cholesteryl ester respectively. This reaction is essential for the generation of
mature HDL particles and is also important in the proposed reverse cholesterol

transport (Reichl and Miller 1989) and neutral lipid exchange (see above).

HMG CoA Reductase

HMG CoA reductase is the rate limiting enzyme in the biosynthesis of
cholesterol. The process involves the assembly of acetyl CoA into cholesterol
through a series of over 20 reactions, and this enzyme catalyses the reduction of
HMG CoA to mevalonate. The principal site of cholesterol synthesis is the liver,
however, all cells are capable of synthesising cholesterol de novo and may contain
varying amounts of this enzyme dependant on their cholesterol requirements.

HMG CoA reductase consists of 887 amino acids and has a unique structure.
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The carboxy terminal has repeated regions of 3 pleated sheets and contains the
catalytic domain. The amino terminal end has seven hydrophobic regions which
are membrane spanning. Between the sixth and seventh domain there is a 93
amino acid region which is predicted to reach into the lumen of the endoplasmic
reticulum (ER). Anchoring of the enzyme to the ER membrane appears to be
crucial for sterol-regulated degradation (Luskey 1988).

The gene for HMG CoA reductase is localised to chromosome 5q13.3-q14,
and is composed of 20 exons spanning about 25 kb. Each of the seven
transmembrane regions is encoded in a separate exon (Liscum et al. 1985). The
sequence elements required for regulating the transcription of the gene are
present in the 300 nucleotides upstream of sites for transcription initiation. This
promoter region and both the catalytic domain and the amino-terminal (which
is involved in degradation) are well conserved across species, reflecting the
importance of the regulation of the activity of this enzyme. Indeed the agtivity
of HMG CoA reductase can be regulated greater than 100-fold in response to
cholesterol and closely related molecules, and changes in the rate of synthesis and
degradation appear to be the most important factors in this (Faust et al. 1982,
Edwards et al. 1983). Other mechanisms have also been implicated in regulation,
including allostearic modification (Roitelman and Shechter 1984), and
inactivation of the enzyme as a result of phosphorylation of a serine residue at
position 872 by cyclic AMP kinase (Clarke and Hardie 1990). Indeed all the
enzymes in the early steps of cholesterol biosynthesis are regulated in a
coordinated fashion in response to cholesterol and related sterols (Chang and

Limenak 1980, Gil et al.1985).

62



Acyl CoA Cholesterol Acyltransferase

Acyl CoA cholesterol acyltransferase (ACAT) is an intracellular enzyme which
catalyses the esterification of cholesterol to produce cholesteryl ester. In intestinal
mucosal cells, cholesterol absorbed from the gut lumen is esterified by ACAT
proir to its incorporation into chylomicrons (Norum et al. 1979). Inhibition of
ACAT results in decreased absorbtion of cholesterol in these cells (Largis ef al.
1989, Balasubramaniam et al. 1990). In hepatocytes ACAT acts on cholesterol
derived from biosynthesis. In addition cholesteryl ester derived from hepatic
endocytosis of lipoproteins is hydrolysed by lysosomal enzymes and requires re-
esterification prior to being incorporated into VLDL or stored. Enzyme activity
is dependant on the concentration of unesterified cholesterol within the
hepatocyte and an excess of cholesterol results in decreased biosynthesis and
increased ACAT mediated esterification and storage of cholesterol (Havel 1980).

Little is known, however, of the molecular biology of ACAT.

Acetyl CoA Carboxylase

This carboxylase catalyses the reaction that fixes CO, into acetyl CoA to form
malonyl CoA. This is the rate limiting step in the series of reactions leading to
the synthesis of long chain fatty acids by fatty acid synthase (Volpe and Vagelos
1973). Short term regulation of the enzyme is achieved by allostearic control
mechanisms mediated by cellular metabolites and by covalent enzyme
modifications controlled by various hormones (Kim 1983). Phosphorylation by
cyclic AMP kinase results in its inactivation in a similar way to HMG CoA

reductase, and provides a mechanism for the coordinated regulation of fatty acid
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and cholesterol metabolism. The gene is localised to chromosome 17q21
(Milatovich 1988) and the mature protein has a molecular weight of 165 kD (Bai

et al. 1986).

Fatty Acid Synthase

Fatty acid synthase is a mutifunctional enzyme which ’contains, in separate
domains, seven different catalytic activities. The primary catalytic unit is a dimer
of two identical subunits each with a molecular weight of 260 kD. Each subunit
is encoded by a single gene which may itself have evolved by fusion of component
genes. In prokaryotes and in plants the enzymes of fatty acid synthesis can be
readily separated, in yeast and animal cells they purify together. The reactions
are, however, essentially the same in all organisms. Palmitate, for instance, the
most abundant fatty acid is synthesised de novo from malonyl-CoA and acetyl-
CoA by a series of reactions of over 40 steps which are all catalysed by fatty acid
synthase. The entire system is designed so that intermediate acyl derivatives
remain efficiently bound to the enzyme during conversion to the product fatty
acid. Although this gene has been cloned in the chicken, rat, guinea pig, and

mouse, its location in humans is not yet known.

1.3.4 Lipoprotein Receptors

Lipoprotein receptors, most notably the B,E (LDL) receptor play a crucial role
in lipid meatabolism and are a major factor in determining overall serum lipid
levels. The structure, function and molecular biology of the B,E (LDL) receptor

has been extensively characterised. Less well defined are the scavenger (acetyl-
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LDL) receptors, the LDL receptor related protein (LRP), and the putative HDL

receptor.

B.E (LDL) Receptor

The B,E (LDL) receptor is important in mediating the uptake of VLDL, IDL and
in particular LDL from plasma into cells. The receptor was first recognised
through the study of patients with familial hypercholesterolaemia (FH). In assays,
FH heterozygotes and homozygotes had reduced or absent binding of
radiolabelled (I'>) LDL to fibroblasts and lymphocytes due to a deficiency of the
B,E (LDL) receptor (Brown and Goldstein 1974, Ho et al. 1976). Subsequent
studies led to the isolation and characterisation of this receptor and the defects
that result in FH (Brown and Goldstein 1986). These studies have greatly
increased the understanding of FH, and have offered the possibility of a reliable
diagnostic test for FH, using receptor assays. However, the LDL radiolabelling
assays have been difficult to apply in routine clinical laborotories. The more
convenient flourescent LDL labelling assays have not shown great sensitivity or
specificity (Wojciechowski et al. 1986a) and the diagnosis of FH still depends
largely on clinical grounds.

FH patients have an increased risk of CHD, and FH is found in about 5%
of patients with their first myocardial infarction. The incidence of atherosclerosis
rises in males in the fourth decade, and in females in the fifth decade of life and
symptomatic CHD may be present in 50 % or more of patients by the age of 60.
Furthermore, severe CHD may be present in asymptomatic FH patients over

forty (Wojciechowski et al. 1989), however, this can be detected using graded
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excersise testing (Wojciechowski et al. 1988, 1989).

The molecular biology of the B,E (LDL) receptor has been extensively
studied. The receptor is coded for on the distal portion of the short arm of
chromosome 19. The protein has a signal peptide of 21 amino acids and a mature
transmembrane protein of 839 residues. It is divided into five functional domains.
The N-terminus consists of seven repeats of 40 amino acids, known as cassettes,
each containing 6 cysteine residues. These form disulphide bonds and confer the
secondary structure of this domain. Each cassette also contains a region which
is rich in acidic residues. These acidic regions constitute multiple receptor
binding domains, to which the basic domains of the ligands apo B and apo E
bind. The binding domain is highly conserved among mammals (Yamamoto et al.
1986). The binding domain is linked to a region with epidermal growth factor
(EGF) homology, followed by a region containing clusters of O-linked
glycosylated residues, a transmembrane region and a cytoplasmic tail. The
cytoplasmic tail has targeting signals that mediate entry into coated pits (Chen
et al. 1990). The receptors are clustered in these pits which are coated on the
cytoplasmic surface with clathrin, a molecule which facilitates endocytosis. The
endosomes formed from endocytosis fuse with lysosomes, the receptor then
dissociates from LDL and is itself recycled to the cell surface. This recycling
occurs every 10 minutes and the receptor has a half life of about 10 hours.

The liver and steroidogenic tissues are the principal site of receptor
expression. The number of cell surface B,E (LDL) receptors is regulated in a
coordinated fashion with HMG CoA reductase, acyl-CoA carboxylase and

inversely with ACAT. An increase in unesterified cholesterol within the cell
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results in a decrease in the concentration of receptor mRNA with the subsequent

decrease in LDL uptake by these receptors.

Acyl-LDL (scavenger) Receptor

Unlike the B,E (LDL) receptor the macrophage scavenger receptor preferentially
binds modified LDL and is not down-regulated by the accumulation of excess
cellular cholesterol. Continued uptake of cholesterol ester by macrophages may
therefore result in the formation of atherosclerotic foam cells, and this receptor
has been implicated in the pathogenesis of the atherosclerotic plaque. (Brown and
Goldstein 1983, Steinberg et al. 1989). Two bovine scavenger receptors have been
characterised to date, known as receptors type I and I1. Type 1 and II receptors
consist of 453 and 349 amino acids respectively. The two receptors differ only in
that the 110 amino acid cysteine rich C-terminus in type I is truncated in the type
IT receptor to 6 residues, and there is a C to a T change at position 750 in the
type II receptor. The predicted structure contains 6 domains; a cytoplasmic tail
of 50 amino acids, a trans-membrane region of 26 residues, a 32 residue spacer,
followed by an o-helical coil of 163 residues, a 72 residue collagen like region,
and the variable C-terminus. Each receptor molecule is thought to consist of a
trimer, and the o-helical region forms a coiled coil of a single triple stranded left-
handed superhelix that merges with the right handed collagen like triple helix.
One or both of these domains, particularly the collagen-like domain is thought
to be involved in the binding of modified LDL (Rohrer ef al. 1990, Kodama et

al. 1990).
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LDL Receptor Related Protein (LRP)

A distinct protein that binds apo E containing lipoproteins, has been proposed
to be the receptor that mediates the clearance of chlyomicron remnants by the
liver. As it was discovered by LDL receptor homology cloning, it has been
termed the LDL related protein (Herz et al. 1988). LRP contains 4525 amino
acids, has a molecular weight of 600 kD, and has sequence and structural
homology with the B,E (LDL) receptor. The N-terminus consists of cysteine rich
repeats believed to contain the ligand binding site (Herz ef al. 1990). It also has
the so called "epidermal growth factor" repeat domain, followed by a
transmembrane region of 25 amino acids and a cytoplasmic tail of 100 amino
acids. This tail contains the targeting signal that mediates entry into coated pits
(Chen et al. 1990). LRP has been shown to be present on surface and
intracellular membranes of many cell types (Kowal et al. 1989, Lund et al. 1989),
and to bind apo E and apo E enriched lipoproteins (Beisegel et al. 1989, Kowal
et al. 1989). The uptake of 5-VLDL by LRP, however, requires additional apo
E molecules. This is particularly suprising as both chylomicrons and VLDL are
normally taken up with comparatively high affinity by the liver (Yamada et al.
1988). The original authors have speculated that sequestration of lipoproteins in
the hepatic sinusoids results in the acquisition of the additional apo E needed for
binding, or that alteration in the conformation of apo E by ultracentrifugation
of VLDL may be overcome by the addition of extra apo E in in vitro
experiments. Recent evidence suggests that unlike the B,E (LDL) receptor LRP
undergoes proteolytic cleavage of the C-terminus (necessary for entry into coated

pits) once it reaches the golgi complex (Herz ef al. 1990). It is possible that LRP
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has arisen from the B,E (LDL) receptor, but that its metabolism and function

may be more important in the intracellular trafficking of lipid.

HDL Receptor

Although the exchange of cholesterol between HDL and cells has been previously
noted, the role of putative HDL receptors remains controversial. In vitro studies
of apo E free HDL binding to liver cells have found saturable, specific, high
affinity binding of HDL (Schouten et al. 1989). However, human VLDL has been
found to compete with this binding, and the authors suggest that apo C proteins
may also bind to this site. Two HDL binding proteins have been recently isolated
and purified from plasma membranes of rat and human liver. These proteins,
of 120 kD and 100 kD, were able to bind both apo Al and apo AII (Tozuka and
Fidge 1989). Further studies are, however, necessary to examine the nature of

the HDL binding and the competing/inhibitory role of the C apoproteins.

1.3.5 Transfer and Binding Proteins

Liver and intestinal fatty acid binding proteins (LFABP and IFABP) are involved
in the intracellular uptake and transport of fatty acids in their respective tissues.
Cholesteryl ester transfer protein (CETP) is present in the circulation and is
important in the transfer of lipid between different lipoproteins and between
lipoproteins and cells. These proteins are members of a superfamily of intra and

extracellular proteins which bind hyrophobic ligands (Godovach-Zimmerman

1988).
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Cholesteryl Ester Transfer Protein

This protein has a molecular weight of 74 kD, and the gene has been localised to
chromosome 16q12-q21 (Lusis et al. 1988). CETP is part of the cholesteryl ester
transfer complex, and plays an important role in the transfer of cholesteryl ester

from HDL to to triglyceride rich particles and in particular IDL (see above).

Liver Fatty Acid Binding Protein

LFABP is an abundant fatty acid binding protein consisting of 127 amino acids
which is found in liver and intestine. Its proposed function is the cellular uptake,
intracellular transport and maintenance of an intracellular pool of fatty acids. It
binds between 2 and 3 molecules of fatty acids depending on the type of fatty
acid bound and the pH of the reaction (Cistola et al. 1989). The gene has been

localised to chromosome 2p12-2q11 (Sweetser et al. 1987).

Intestinal Fatty Acid Binding Protein

This cellular protein is thought to participate in the uptake, transport or
metabolism of long chain fatty acids within enterocytes. The secondary structure
consists of 10 antiparallel $-strands organized into two orthogonally situated (-
sheets. Binding occurs in the interior of the structure and IFABP binds only one
molecule of palmitate or oleate (Cistola et al. 1989). The gene has been localised

to chromosome 4¢28-31 (Sweetser et al. 1987).
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1.4 REVERSE GENETICS

Since the pioneering experiments of Mendel it has been recognised that physical
characteristics may be passed from one generation to the next in a simple
manner. Many human genetic traits and diseases are now observed to he familial
and inherited in a mendelian fashion. An ongoing catalogue called "Mendelian
Inheritance in Man" has been compiled over 30 years, which now lists 4344
genetic traits (McKusick 1988). The defective genes that cause some of these
disorders have recently been found by both forward and reverse genetics. The
discovery of these genes offers the possibility of a greater understanding and
more effective treatment for these disorders.

In forward genetics the defective gene is identified by first delineating the
underlying biochemical abnormality and the protein which is implicated in this.
A classical example of the success of this approach was the identification of the
abnormal gene of haemoglobin S in sickle cell disease.

Reverse genetics refers to the characterisation of the genetic abnormality
in a disease, without prior identification of the defective or abnormal protein
involved. Segregation analysis is used to define mode of inheritance, population
association, and linkage analysis may be used to determine the genetic locus of
the disorder. Subsequent studies may then be used to identify the gene and the
mutation(s) which result in the protein abnormalities causing the disorder.
Reverse genetics is thus undertaken by the ascertainment of families with the

genetic disorder under study. The locus of the disorder may then be deduced
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with the use of genetic markers, with known genetic locations, and by
determining whether these cosegregate with the disorder, using linkage analysis.

The markers most commonly used in linkage analysis are comprised of DNA
polymorphisms, however, protein polymorphisms (with a known genetic locus),
chromosomal abnormalities, and previously mapped mendelian clinical disorders

may also be used.

1.4.1 DNA Polymorphisms

The majority of human DNA (possibly as much as 99%) does not code for a gene,
and the function of this DNA has not been elucidated. The majority of mutations
accumulate within this non coding or "anonymous" DNA as they appear to be
selectively neutral. If their genetic location is known these polymorphisms are

useful in that they can act as genetic markers.

Restriction fragment length polymorphisms (RFLP’s)

These are the simplest form of polymorphism and generally result from a single
base change. These polymorphisms can be detected when a mutation has resulted
in the loss or gain of a site at which restriction enzymes cut the DNA. The
presence or absence of a cutting site will result in different DNA lengths being
created by the enzyme. The different lengths can be detected by using a
radiolabelled probe which uniquely attaches to the section of DNA of interest. A
CpG dinucleotide is particularly susceptible to modification as it is liable to
methylation and subsequent mutation to a TpG. This results in the loss of

restriction sites of Tagl and Mspl, which normally recognise TCGA and CCGG
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respectively. Probes which recognise specific sequences and can detect RFLP’s
have been reported for all chromosomes. In general these RFLP’s, however, have
limited use in that they are biallelic i.e. there are only two possible variants.
Multiple RFLP’s in a short stretch of DNA are more useful as there may be a
number of combinations in which the biallelic RFLP’s may occur, thus yielding

a haplotype.

Hypervariable DNA Polymorphisms

A novel set of polymorphisms containing short simple repetitive motifs have been
identified by Alec Jeffreys et al. (1985). A sequence isolated from the human
myoglobin gene is used as the probe. This "minisatellite core" sequence is not
unique to myoglobin and may detect other such minisatellite sequences
throughout the genome. The core sequences are repeated a number of times in
any one minisatellite, and the number of times this sequence is repeated varies
amongst individuals. These polymorphisms are therefore termed variable number
tandem repeats (VNTR’s). The mechanism leading to such frequent variation in
the number of repeats of the "core" sequence is unknown. It may be generated
by unequal exchange during recombination or alternatively by slippage during
DNA replication. As the probe used detects many such VNTR’s each individual
has a unique set of size bands which may be used as a "DNA fingerprint". At the
same time it is possible to determine which of the individual bands came from
either parent of an offspring. This test has therefore become very useful in
paternity, immigration and forensic cases.

Several types of minisatellite repeats with differing core sequences have now
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been identified. By determining the unique sequences flanking a minisatellite, a
probe which is specific to any one VNTR site can be developed. Thus allowing
the detection of polymorphic alleles at the single locus. Repeats of dinucleotides
such as CA have also been found these have been termed (CA), repeats, where
n is a variable number. Repeats of similar short sequences of (TTA), for example
adjacent to Alu sequences (Zuliani and Hobbs 1990) and Alu variable poly(A)’s
(Economou et al. 1990) appear to be widely dispersed throughout the genome and
#re highly polymorphic. These are usually analysed by identifying unique
flanking sequences on either side of the VNTR or "minisatellite repeat". and
amplifying a short sequence encompassing the repeat using the polymerase chain
reaction (PCR). The sequences vary in length reflecting the variable number of
repeats, and this variation can be detected by separating the DNA by

electrophoresis.

The Human Genetic Map

The human genetic map is constructed of known DNA polymorphisms, non
coding DNA segments, fragile sites, and genes which have been mapped to a
specific chromosomal location. Many of these will have at least part or all of the
actual DNA sequence identified. Genes or or non coding DNA segments (Donis-
Keller et al. 1987) that have been cloned may be directly mapped by a
hybridization to a panel of somatic cell hybrids or by in situ hybridization.
Alternatively indirect mapping of loci by linkage studies in pedigrees may be
undertaken. It is possible that linkage between two genetic markers may be

simplified in future by undertaking studies in spermatozoa, where each sperm
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represents a meiotic event. Studies on chromosomes of particular interest such
as 7, where cystic fibrosis is located, have already resulted in the generation of
detailed maps (Lathrop ef al. 1989). To date there are about 1631 mapped genes,
113 fragile sites, 3,300 DNA segments and some 2000 polymorphic DNA markers
(HGM10.5). It is hoped, over the next thirty years or so, that a complete human

DNA sequence may be obtained; the human genome mapping project.

1.4.2 Linkage Analysis

In recent years there have been a number of notable successes in determining the
genetic loci of a variety of familial disorders using linkage analysis. The loci of
both Duchenne muscular dystrophy (Davies ef al. 1983) and cystic fibrosis have
been identified, and the genetic mutations which lead to these disorders have
been deduced (Riordan ef al. 1989). In other instances the locus has been
determined but the gene itself has not been isolated as yet. These include
heritable cancers such as familial polyposis coli (Bodmer et al. 1987),
neurofibromatosis (Barker ef al. 1987, Seizinger et al. 1987), and multiple
endocrine neoplasia types 1 and 2a (Thakker et al. 1989, Matthew ef al. 1987),
degenerative neurological diseases such as Huntingdon’s chorea (Gusella et al.
1982) and Friedreich’s ataxia (Chamberlain et al. 1988), and a variety of other
conditions including adult polycystic kidney disease (Readers et al. 1987), and
atopy (Cookson et al. 1988, 1989). Linkage studies are now being used to
investigate the causitive genes in more complex genetic disorders such as diabetes
and hypertension. The most notable success in this field has been the

identification of the glucokinase gene in the causation of maturity onset diabetes
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of youth (Froguel et al. 1992).

Historical Aspects

Sutton in 1903 was the first to propose that genes were carried on chromosomes.
Subsequent studies in the sweet pea by Bateson et al. in 1905 inferred the
possibility that exchange of material between chromosomes could occur. These
recombination events were later interpreted as exchanges of genetic material in
terms of "crossing over" between homologous chromosomes (De Vries 1910,
Morgan and Cattell 1912). The first genetic map of several sex-linked loci in
drosophila was constructed by Sturtevant in 1913. In this study the rate of
recombination was taken to be an approximate measure of the relative physical
separation of the genes on a particular chromosme. Subsequently geneticists have
constructed linkage maps in a diverse range of species including man. The
observation that X-linked colour blindness and haemophilia cosegregated in
families was the first evidence of genetic linkage in man (Bell and Haldane 1937).
Human autosomal linkage was first described between Lutherian and Lewis blood
groups by Mohr (1954). It is pertinent to note that the original analysis failed to
detect linkage between these blood groups and myotonic dystrophy, which would

have been evident if liklihood methods had been used in the analysis.

Principles of Linkage Analysis
In the simplest case (autosomal dominant) a genetic disorder is caused by a single
gene defect which is present on one of two homologous chromosomes (alleles).

The disorder occurs in offspring who inherit the defective allele but not in those
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who inherit the normal allele. The use of a genetic "marker" present on one allele
but not on the other (heterozygosity) means that the inheritance of this marker
can be followed in a family. If a particular marker and the disorder are always
or nearly always inherited together in a large number of offspring, this indicates
that the marker and the gene defect are likely to be close together on the same
allele or actually in the same gene. In a simple case the marker could be an
RFLP (see chap. 1.4.1) whose chromosomal location is known. If the marker and
disease segregate together the location of the disorder can then be deduced from
the chromosomal location of the RFLP. Further studies can then be used to

define the gene involved and the underlying mutation.

Mathematics of Liklihood Methods

Linkage analysis tests the liklihood that a genetic trait and a particular genetic
marker are close together on the same chromosome (linked). The original
methods for determining the liklihood of linkage were described by Morton
(1955), and later developed for use with computer programmes such as LIPED
(Ott 1974), LINKAGE (Lathrop et al. 1984) and MAPMAKER (Lander et al.
1987). These methods express liklihoods in terms of a LOD score (logorithm of
the odds ratio) or when more than one locus is analysed a location score (LOD
score x 4.605). A LOD score (Z) of + 3.0 expresses odds of 1000:1 in favour of
linkage, and is the threshold value conventionally accepted as adequate evidence
to indicate linkage between loci (Morton 1955). The raw odds ratio of 1000:1
corresponds to a final (posterior) probability of 95% that the two loci are truly

linked. This calculation takes into consideration the modest prior chance that any
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two loci chosen at random will be linked (taken as 1 in 50). A threshold of - 2.0
is generally chosen as sufficient evidence to exclude linkage. This represents a
stringent exclusion threshold with a false negative rate of 0.02%, as the prior
chance of linkage is only 2%.

Basic to the understanding of liklihood calculations is the concept of the
recombination fraction (theta, 6). If two genetic loci are very close together on
the same homologous chromosome it is unlikely that a crossover event will occur
between them during meiosis. Conversly, the further apart these loci are, the
more likely is a crossover or "recombinant" event to result in one of the two loci
crossing to the other homologous chromosome. Theta, 6, is a measure of the
probability of a crossover event occurring. Hence if 1 crossover event is observed
in 100 meioses then:

0= 1% = 0.01.

The null hypothesis states there is no linkage, and that there is an equal chance
of recombinant and non recombinant events, hence:

6 = 0.50 (null hypothesis)

The odds ratio is then calculated by dividing the observed findings by the null
hypothesis. As either locus may crossover the probability (p) of observing
recombination between two loci in an individual is:

p =072
and the probability of a non recombinant event is therefore:

p = (6 -1)/2.

Using these assumptions a simple formula may be derived for calculating the

probability of the observed events in any pedigree. For example in a family with
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two offspring, where the marker and the disease cosegregate (phase known) there
are two non recombinant events for this family and:

p = [(0- D/2P 1
As there are no observed recombinants then:

6 =0.0
and the observed result for this family is:

p = [-1/2] = 1/4 (substituting 6 = 0.0 in 1).
The null hypothesis supposes that:

0 = 0.50
and the null hypothesis for this family is:

p = [-1/4] = 1/16 (substituting 6 = 0.5 in 1).
Dividing the observed result for this family by the the null hypothesis in this
family the odds ratio is calculated as:

odds ratio = 1/4 + 1/16 = 4
and the log,, of 4 gives the LOD score (Z):

Z =0.602 atéd = 0.00
In general, each phase known non recombinant meiosis has a probability of 1 in
2 of occurring, and contributes a lod score of 0.301 (log,, 2). Hence 10 phase
known non recombinant meioses are generally the minimum necessary to attain
a LOD score greater than + 3.0.

To give a more useful example, in a large pedigree with 1 recombinant and
14 non recombinants (phase known) the probability of obtaining this family is:

p=[0-1D2"x0/2 (2

the recombination fraction observed in this family is:
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0 = 1/15 = 0.0666

and the observed probability of obtaining this family is therefore:
p = [(-0.9333/2]" x 0.0333 = 7.69 x 107
(substituting § = 0.0666 in 2)

the null hypothesis for this family is:
p= [-1/4]"x 1/4 = 9.31 x 10
(substituting § = 0.5 in 2)

hence the odds ratio at § = 0.0666 is:

7.69 x 107 + 9.31x 107 = 825

and the peak LOD score (log,, of 825) is:
Z =292 at 6 = 0.0666

Clearly the highest or peak LOD score (Z) occurs at the observed
recombination fraction, as this is the most likely solution to the equation. The
equivalent result, using the above calculations, with 14 non recombinant events
is: Z = 4.21 at § = 0.0. Hence, in this example a single obligate recombinant
event contributes an approximate negative score of -1.29 to the peak lod score
depending on 0. A lower value for 6 is usually seen in LOD score calculations this
and allowance for penetrance and phenocopies generally results in a negative
LOD score of -0.7 being contributed by each recombinant event.

A relationship exists between § and genetic distance such that a 0 of 1% is
equivalent to a physical distance of 1 centimorgan (about 1 million base pairs).
The entire human genome is estimated to consist of 33 morgans (approximately
3.3 x 10° base bairs), reflecting the fact that there is mormally at least one

crossover event during meiosis for each chromosome pair.
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Linkage programs offer a higher degree of complexity in the calculations to
account for other factors including disease frequencies, relative frequencies of
markers or haplotype frequencies, linkage disequilibrium, age related onset of
disease (penetrance), false positive diagnoses (phenocopies) and sex related

differences in recombination.

Candidate Gene Approach

For some disorders there may be a clue as to the gene involved. For example the
insulin or the insulin receptor gene might be expected to be involved in diabetes.
Cross species comparisons may also be useful. Porcine stress syndrome (PSS) is
similar to malignant hyperthermia in man (MHS). Following the finding that PSS
is linked to glucose phosphoisomerase (GPI), the GPI region was found to be
linked to MHS in man (McCarthy ef al. 1990). There are a number of advantages
with the candidate approach; firstly the location of a disorder to a specific gene
is more likely to give clearer linkage, as there should be no recombinant events
between the disorder and the candidate gene. Secondly defining a disorder to a
locus, as opposed to a specific candidate gene, may involve much searching for
the causitive gene within that locus, which may span relatively large genetic
distances. Indeed defining the locus for Huntingdon’s chorea in 1982 (Gusella et
al.) has not led to the identification of the causitve gene as yet. Thirdly the

candidate approach requires studies at a relatively small number of loci.

Genome Wide Searches

A genome wide search with loci at roughly 10 centimorgan intervals would
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require the analysis of 330 loci. This may be facilitated by excluding each
chromosome in turn until the correct locus is found. Using interval mapping, a
DNA polymorphism map may be constructed at a number of intervals of about
10 centimorgans. In instances where no recombinant events occur between
markers, there should also be no recombinants between the disease and markers,
if the disease locus lies between these markers. Only one or two instances where
such recombinants occur are sufficient to exclude a 10 centimorgan interval. In
general, it is preferable to choose markers that individually show the highest
degree of informativity. The "shotgun" method employs such markers virtually
at random; pairwise linkage analysis will exclude or include substantial areas due
to the high informativity. Multiple marker loci may also be examined
simultaneously by using minisatellite probes. Persistance of foetal haemoglobin
(HPFH) was linked to a single minisatellite locus using this method. Up to 34 loci
dispersed throughout the genome could be tracked in one experiment (Jeffreys
et al. 1986). It may be possible to increase the data yield by a factor of 10 by
resolving fragments in two dimensions (Uiterlinden et al. 1989). This method
suffers two major disadvantages it is difficult to follow bands corresponding to
both alleles at the same locus, and alleles of the same locus in different pedigrees

can not usually be matched.

Disease Loci
The first linkage in humans was demonstrated between colour blindness and
haemophilia on the X chromosome (Bell and Haldane 1937). Other studies linking

Lutherian and Lewis blood groups and subsequently myotonic dystrophy have
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also been reported (see above). As many as 20% of Fredereich’s ataxia (FRDA)
patients develop clinical diabetes mellitus; since FRDA has been localised to
chromosome 9 (Chamberlain ez al. 1988) it may useful to test for linkage of
diabetes to this chromosome. Further use of disease associations may be

undertaken as disease locus maps become more extensive.

Chromosome Abnormalities

In some instances chromosome abnormalities may give clues as to the site of a
potential disease locus. Grieg’s cephalosynadactyly was localised to chromosome
7p13 following the finding that two unrelated patients carried a balanced
translocation with a common breakpoint at this site (Winter and Huson 1988).
Following the finding that a patient with schizophrenia was found to have partial
trisomy of chromosome 5q, linkage studies have attempted to map a putative
autosomal schizophrenia locus to 5q (Sherrington et al. 1988), although these
studies have not been confirmed. No studies using chromosomal abnormalities as
a marker in linkage studies have been published to date. The major limitation
with this method is the ascertainment of a single pedigree sufficiently large to
demonstrate linkage on its own. However chromosome abnormalities have proved
useful in localising the loci responsible for cancerous transformation in specific
tissues. Analysis of parathyroid tumour cells in MEN type I have revealed
chromosomal abnormalities present in these cells on chromosome 11 that are not
evident in other somatic cells such as lymphocytes in the same patients. Linkage

studies in MEN pedigrees confirmed linkage to this locus (Thakker ez al. 1989).
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Protein Polymorphisms

Mutations occurring within the coding sequence of a gene may produce amino
acid substitutions in the protein product of a gene. These may result in detectable
protein polymorphisms. Where the gene for that protein has a chromosomal
location, these protein polymorphisms are suitable markers for linkage analysis.
This method of analysis was used to help localise the cystic fibrosis gene
(Wainwright et al. 1985). In a number of instances these polymorphisms may be
more informative than biallelic RFLP’s as the proteins may have more than two

isoforms (e.g. apolipoprotein E).

1.4.3 Linkage Disequilibrium

In an instance where two genetic markers are initially present on the same
homologous chromosome it is likely that these markers will over evolutionary
periods of time become separated by a succession of crossover events between
them. The markers will then no longer occur together on the same allele but will
segregate independantly; this is termed linkage equilibrium. It is possible
however, that if the two markers were originally genetically very close, that they
may be found together on the same allele at a higher than expected frequency;
this is termed linkage disequilibrium. Other factors such as admixture and
selective pressure may act at a population level to create and sustain the level of
disequilibrium. Recombination is the principal mechanism that generates new
haplotypes which mark the decay of disequilibrium, and in general, the stronger
the disequlibrium the smaller the recombination fraction and genetic distance

between the two markers. Following this argument attempts have been made to
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use the degree of disequilibrium to deduce the relative order of tightly linked
markers and mutations leading to inherited diseases (Chakravati et al. 1984,
Chakraborty et al. 1987). Disequilibrium is presently largely used as a prenatal
diagnostic tool (Estivill ez al. 1987); some genetic markers within a disease locus
may indicate the presence of a mutation. In linkage studies it may be a
disadvantage as it is likely to render haplotypes less informative, reducing the
number of different alleles at any locus.

As disequilibrium is usually found for markers separated by no more than
a few tens of kilobases, linkage disequilibrium between marker and disease may
be a strong indicator that a particular mutation causing the disease is indeed
closely genetically linked to the marker locus. Thus, disequilibrium may be used
to define a genetically homogeneous subset of individuals by the presence or
absence of the marker. A novel approach may be to apply linkage disequilibrium
to the study of genetically heterogeneous disorders to define a genetically
homogeneous subset which is itself likely to be linked to the marker locus, and

this approach has been utilised in this study of FCHL.
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CHAPTER 2

METHODS

2.1 FCHL PEDIGREE ASSEMBLY

2.1.1 FCHI Probands

Probands with FCHL were ascertained from the Northwick Park Hospital (NPH)
lipid clinic. This clinic serves the Harrow Area Health Authority with a
population of about 210,000. Referrals were made from GP’s, and other hospital
departments, principally the cardiology, endocrinology, diabetic and vascular
surgical departments. The cardiology department routinely requested cholesterol
and triglyceride levels in cardiac patients, and in acute MI patients within 24
hours of admission. Patients were also recruited directly according to their lipid
results, made available by the Chemical Pathology department. These patients
were, with the permission of their respective departments, invited by letter to the
lipid clinic. In addition patients were directly recruited from G.P practices in the
same way. Consent was sought from respective G.P.’s, and the patients were
invited by letter to attend the lipid clinic.

A full medical history, including a detailed family history, and clinical
examination was performed on every clinic patient. Each patient also had fasting

blood drawn for estimations of cholesterol, triglyceride, HDL, apo B, fasting
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glucose, liver, renal and thyroid function and full blood count (FBC). Additional
investigations including resting and excercise electrocardiography, chest X-Ray
and protein electrophoresis were performed where appropriate.

Clinic patients with elevations of cholesterol above the 95th centile,
triglyceride levels above the 90th centile, and elevated serum apo B levels (> 1.4
g/dl) were selected for further study. Lipid levels in this study were measured
after a minimum eight hour fast and corrected for age and sex using centile levels
of the Lipid Research Clinics (LRC 1980). Mean lipid levels in the LRC study
were, however, very similar to those found in a population study in the Harrow
area by our group (Law et al. 1986). In the absence of reliable centile levels,
patients from non European ethnic origins were not included in the study. All
patients with abnormal elevations of fasting glucose, thyroid renal and liver
function tests, or other causes of secondary hyperlipidaemia were excluded.
Patients with familial tendon xanthomatosis, obesity (BMI > 30) and a strong

family history of non insulin dependant diabetes (NIDDM) were also excluded.

2.1.2 FCHL Pedigrees

Detailed family histories were obtained from each proband and pedigrees with
at least two first degree relatives available for further testing underwent family
screening. In the families assembled members except those under fourteen years
of age were tested, due to reduced penetrance in this age group (Goldstein et al.
1973). Those who could not be tested included family members who refused,
were not contactable, or were outside the U.K. Family members had estimations

of cholesterol, triglyceride, HDL, apo B, fasting glucose, liver, renal and thyroid
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function, urea and electrolytes, and calcium and phosphate. Those with
secondary hyperlipidaemia, including liver, renal and thyroid disease were
excluded from the analysis.

Individuals included in linkage analysis were sampled, untreated, at least
twice in the fasted state, subject to the patients consent. Those where samplings
were above the 95th centile for cholesterol or triglyceride were designated as
clearly affected and those where samplings were below the 75th centile for
cholesterol and triglyceride were designated as clearly normal. Phenotype
allocations were not altered during the study unless clearly incorrect. Individuals
with uncertain phenotypes were rebled on a third occasion to check allocations.
In order to avoid bias phenotype allocation was determined prior to genotyping
and both phenotyping and genotyping were performed by different persons.

Small dense LDL was assayed in at least one individual from each pedigree
used in linkage analysis. Patients were tested after an approximate period of six
weeks off lipid treatment and following a minimum overnight fast of eight hours.
The distribution of LDL subfraction density and size was determined by density
gradient ultracentrifugation and gradient gel electrophoresis respectively (chap
2.2.5 and 2.2.6). This additional biochemical feature, characteristically seen in
FCHL patients (Brunzell and Motulsky 1984), was confirmed in at least one
individual from all pedigrees that underwent linkage analysis.

Additional blood samples for each pedigree member was also drawn for
lymphocyte separation (chap. 2.4.2), and subsequently stored in liquid nitrogen.
Blood for DNA preparation and additional samples of serum, plasma and packed

cells were retained and stored at -70°C for the analysis of protein polymorphisms
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(chap. 2.5.3), and subsequent measurement of apo CIII (chap. 2.2.7).

2.1.3 Ethical Approval

Approval for the "Investigation of Patients with Familial Combined
Hyperlipidemia" (EC 1638) and "The Investigation of Genetic Variants
Predisposing to Both Dyslipoproteinaemias and Ischaemic Heart Disease" (EC

1187), was received from the Harrow District Ethical Committee.
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2.2 LIPID ASSAYS

Cholesterol, triglyceride, serum total apolipoprotein B and routine biochemistry
(glucose, liver function tests, renal function tests, thyroid function tests, urea and
electrolytes, calcium and phosphate) were performed by Clinical Chemistry
department, Northwick Park Hospital. The department is a member of both the
Clinical Chemistry Quality Assessment Programme, (Wellcome Diagnostics, a
Division of the Wellcome Foundation Ltd.) and of UKEQAS for General Clinical
Chemistry, (Department of Clinical Chemistry, Queen Elizabeth Hospital,
Birmingham). These investigations with the exception of serum apolipoprotein B

were subject to external quality control.

2.2.1 Total Cholesterol Assay

Cholesterol was estimated using the cholesterol oxidase-phenol-aminophenazone
(CHOD-POP) method, using a commercial kit (Boehringer-Manheim Corp). The
absorbance of the coloured end product was measured at 546 nm against a
reagent blank. The analyses were performed on a Coulter DACOS (Discrete

Analyser with Continuous Optical Scanning) automated chemistry analyser.

2.2.2 Triglyceride Assay

Triglyceride was estimated by a modification of the Fossati and Prencipe (1982)
method, using a commercial kit (Metachem Diagnostics). The absorbance of the

coloured end product was measured at 520 nm against a reagent blank. The

90



analyses were performed on a Coulter DACOS automated chemistry analyser.

2.2.3 HDL Cholesterol Assay

HDL was estimated using a modification of the heparin-MnCl, precipitation
method (Bachorik ez al. 1984). Heparin-MnCl, supernates were precipitated using
the addition of NaHCO,, and sedimented by centrifugation. The supernatant
HDL cholesterol content was measured enzymatically using the CHOD-POP
method (as above) measured at 546 nm with a Coulter DACOS automated

chemistry analyser.

2.2.4 Apolipoprotein B Assay

Apo B estimations were carried out by an immunochemical method, using a
commercial kit (Orion Diagnostica). The kit was used to perform a Kkinetic
immunoturbimetric assay on an IL Multistat III centrifugal analyser. Samples
were diluted 1 in 15 on a Hamilton 1000 diluter. In the Multistat analyser,
diluted sample is mixed with antibody and the formation of anti-apo B/apo B
complexes is measured by the increase in absorbance at 340 nm between 3 and

360 seconds and the results compared to reference material.

2.2.5 Density Gradient Ultracentrifugation (DGUG)

DGUG was carried out by previously published methods (Griffin et al. 1990) in
collaboration with Prof. Jim Shepherd, Dept. of Biochemistry, Glasgow Royal
Infirmary. A discontinuous salt gradient was devised which permitted the rapid

isolation of LDL subfractions from plasma. Plasma from blood collected into
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dipotassium EDTA (1 mg/ml) was adjusted to a density of 1.090 g/ml by the
addition of solid KBr (0.38 g per 3ml plasma). A salt density gradient was
formed consisting of: 0.5 ml 1.182 g/ml, 3 ml 1.090 g/ml (plasma), 1 ml 1.060
g/ml, 1ml 1.056 g/ml, 1 ml 1.045 g/ml, 2 ml 1.034 g/ml, 2 ml 1.024 g/ml and 1ml
of 1.019 g/ml respectively. Centrifugation was carried out at 23°C at 40,000 rpm
for 24 hr in a Beckman 1.8-60 centrifuge. The LDL fractions were displaced
upwards using Maxidens (1.9 g/ml) which was introduced under the plasma by
a constant infusion pump. The eluate was passed through a UV detector
(MSE/Fisons U.K.) and continously monitored at 280 nm. Major LDL
subfractions were identified by peak maxima between hydrated density intervals
of 1.025 - 1.034 g/ml (LDL-I), 1.034 - 1.044 g/ml (LDL-II), 1.044 - 1.060 g/ml
(LDL-III), >1.060 g/ml (LDL-IV). The concentrations were determined by
proportioning the total sum of mg lipoprotein/100 ml plasma in LDL (determined
by sequential ultracentrifugation of LDL density 1.019 - 1.063 g/ml) according
to the areas under the density gradient absorbance profile. The detection system
measured LDL concentration as absorbance at 280 nm and this was corrected to
lipoprotein mass equivalence by applying specific extinction coefficients as
follows: LDL-I 1 optical density unit (1 ODU) = 2.63 mg lipoprotein/ml; LDL-II

1 ODU = 2.94 mg lipoprotein/ml; LDL-IIT 1 ODU = 1.92 mg lipoprotein/ml.

2.2.6 Gradient Gel Electrophoresis (GGE)

GGE was carried using previously published methods (Griffin et al. 1990), in
collaboration with Prof. Jim Shephard, Dept. of Biochemistry, Glasgow Royal

Infirmary. LDL was isolated from 4ml fasting plasma by sequential
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ultracentrifugation at 40,000 rpm between densities of 1.019 g/ml and 1.063 g/ml
in a 40.3 Beckman fixed angle rotor (D.H.E.W. 1975). The particle size
distribution in this LDL preparation was analysed by non denaturing gradient
gel electrophoresis using commercially available 2-16% polyacrylamide gels
(Pharmacia, U.K.) as described by Nichols et al. (1986). Electrophoresis was
performed for 24 hrs at 120 V. After separation the gel was fixed, stained with
commasie blue and scanned with a Bio-Rad Model 620 Video Densitometer (Bio-

Rad Laboratories Ltd, U.K.).

2.2.7 Apo CIII Assay

Apo CIII was measured by previously published methods (Curry et al. 1980), in
collaboration with Petar Alaupovic, Oklahoma Medical Research Foundation.
Serum samples were transported to Oklahoma in dry-ice containers. Whole
serum apo CIII estimation was carried out by electroimmunoassay. Sul of plasma
was placed in sample wells in agarose/agar/dextran (Pharmacia N.J) gels
containing rabbit anti-apo CIII serum. A field strength of 10 V/cm was applied
to electroimmunoassay plate for 3.5 hr. Measurements of rocket areas were
compared to standard curves of rocket areas of known apo CIII polypeptide

concentrations.

93



2.3 STATISTICAL METHODS

2.3.1 Population Association

Population association between genotypes at the apo AI-CIII-AIV locus and
FCHL were carried out using the ASSOC program, version 2.2 (Ott 1985). The
total chi-squared (x?) for the association between genotypes and FCHL was
partitioned into two components; that attributed to association between alleles
(linkage disequilibrium) and all other sources of genotypic association (which
includes epistasis). Studies were carried in FCHL pedigrees defined by a raised
cholesterol and triglyceride > 95th centile in the proband, the presence of small
dense LDL, and by the presence of at least one additional first degree relative
with cholesterol or triglyceride > 95th centile. Twelve of thirteen of these
pedigrees were ascertained without the prior knowledge of the genotype of the
proband and these were included in the analysis. The controls were 40
normolipidaemic spouses of these pedigrees, with cholesterol and triglyceride

levels < 75th centile.

2.3.2 Linkage Analysis

Analysis was carried out using the LINKAGE program (Lathrop et al. 1984)
version 5.1. The lod scores (Z) for both sexes were computed together (0, =
O¢emai). Affected patients were defined as those with a triglyceride and/or
cholesterol level above the 95th centile for age and sex. Centile levels were

defined according to the Lipid Research Clinics data (LRC 1980). Mean lipid

94



levels in the LRC study were very similar to those found in a population study
in the Harrow area by our group, and to those found in a British population
(Mann ef al. 1988). The data from the latter British study, however, could not
be used because no centile levels were published, in addition a proportion of the
subjects (14.8%) were not fasted. A 2% phenocopy rate was allowed for
individuals with combined hyperlipidaemia. This was principally to account for
the estimated prevalence of non genetic forms of the phenotype in the population.
Similarly, a 5% phenocopy rate was allowed for individuals with solitary
elevation of either cholesterol or triglyceride above the 95th centile. A penetrance
of 99% was assumed for the FCHL allele for family members above 14 years of
age. Normal patients were defined as those individuals with a cholesterol and
triglyceride below the 75th centile. To avoid phenotype missallocation pedigree
members with intermediate phenotypes and non blood relatives who "married in"
with hyperlipidaemia and their offspring, were not included in the analysis.
Nuclear families in which there were no members with combined hyperlipidaemia
were also not included.

These exclusions may introduce bias to the analysis, therefore linkage was
also conducted including the probands’ first degree relatives and their offspring
who had been previously excluded. Phenotype allocation in this analysis was
required to be more stringently based on the presence of combined elevation of
cholesterol and triglyceride (cholesterol or triglycerides > 95th centile, a
minimum level between the 75th and 90th centile for the other lipid parameter).
The phenotype of patients with hypercholesterolaemia or elevated triglycerides

alone was designated as unknown. Penetrances and phenocopies were estimated
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as above.

The frequency of the FCHL allele was estimated at 0.005 in the general
population (assuming a prevalence of 1%). The estimated frequencies of the X2
allele on normal chromosomes is 0.094 and on FCHL chromosomes is 0.391,
using the ASSOC program (Ott 1985, see above). Given this estimate, the
frequency of the FCHL allele in patients selected for one X2 allele is calculated
at 0.0223, and that for one or two X2 alleles is estimated at 0.0446. Calculation
of lod scores at the apo AI-CIII-AIV locus were made allowing for the association
between FCHL and the X2 allele. Linkage was carried using calculations of this
association for both a random population, and correcting for the selection of
probands for the presence of at least one X2 allele. Haplotype frequencies were
calculated on the basis of linkage equilibrium between alleles detected using the

microsatellite tandem repeat and the Xmnl/FCHL haplotype.

2.3.3 Admixture Test of Genetic Heterogeneity

This test was devised by Smith (1963) to determine whether data from a number
of pedigrees support the hypothesis that there is genetic heterogeneity. It
postulates that families in which the disease is segregating can be divided into two
subsets; a linked subset, in which the disease is is linked to the marker locus
with no recombinants, and an unlinked subset. Liklihoods are calculated for a
number of values of alpha («), the fraction of families postulated to be in the
linked subset.

The method provides a means of estimating the probability that there are two
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subsets one linked and one unlinked, the fraction of pedigrees that are linked,
alpha, and the posterior probability that a particular family is in the linked
subset. The test also estimates the probability of linkage heterogeneity versus non
linkage and linkage homogeneity versus non linkage. The admixture test was

performed using the HOMOG program.
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2.4 DNA EXTRACTION AND STORAGE

2.4.1 Preparation of Genomic DNA From Blood

Whole blood in 10mM EDTA was separated by centrifugation at 1,500g for 10
min, and the plasma was drawn off. The remaining sample containing the white
blood cells were stored at -70°C. When required the samples were thawed at
60°C for 5 min. 5 ml aliquots were mixed with 45 ml lysis buffer and stood on
ice for 10 min. Nuclei were pelleted by centrifugation at 600g for 10 min, the
supernatant was discarded and the nuclei resuspended in 4.5 ml 7SmM NaCl in
25mM EDTA (pH 8.0). 0.5 ml of 2mg/ml proteinase K in 5% SDS was added,
mixed and incubated at 37°C overnight. An equal volume of Tris-saturated
phenol was added to the sample and mixed on an aliquot mixer for 30 min at
20°C. 5 ml of chloroform:isoamyl alcohol (24:1) was added and mixed for a
further 30 min. The two phases were separated by centrifugation at 600g for 10
min at 20°C, and the top layer was retained. The procedure was repeated and
the residual phenol then removed by a third extraction with chloroform:isoamyl
alcohol alone. 11 ml of absolute alcohol and 1/10 volume of 3M sodium acetate
(pH 5.2) was then added to precipitate the DNA. Globules of DNA were removed
with a sterile loop, washed briefly in 70% ethanol, resuspended in 1 ml TE (pH
7.4), and allowed to dissolve at 4°C for a minimum of 12 hrs. The sample was

stored at 4°C or -70°C.

98



2.4.2 Preparation and Storage of Lymphocyte DNA

Lymphocye Separation and Freezing

Venous blood was drawn from the patient and 15 ml transferred immediately to
a sterilin 30 ml universal tube containing 0.5 ml of 10% preservative free
heparin. The sample was transported and stored at room temperature, and
Iymphocytes were separated within two days. Lymphocyte separation procedures
were carried out in a class II microbiological hood, using asceptic technique.

The sample was mixed with an equal volume of Hanks Balanced Salt Solution
(HBSS), carefully layered onto 15 ml of Ficoll Hypaque in a 50 ml Falcon Tube
and centrifuged in a Sorvall RC5B or RT6000 at 500g for 30 min at 20°C. The
Iymphocytes lying at the plasma/Ficoll interface were carefully pippeted off and
washed twice with 40 ml HBSS at 250g for 10-12 min at 20°C. The cells were
washed in a solution of 50% heat inactivated foetal calf serum (HIFCS), and
RPMI 1640 containing bicarbonate, penicillin and streptomycin (100 mg/ml) and
10mM of L-Glutamine (culture medium), resuspended at a concentration of 10’
cells/ml in the culture medium containing 10% dimethylsulphoxide (DMSO) and

frozen at -70°C for 12-24 hr and finally stored in liquid nitrogen.

Thawing Lymphocytes

Aliquots containing 107 cells were thawed quickly in a 37°C waterbath until only
a small iceball remained. 20 ml warm culture medium was added to the cell
suspension dropwise and centrifuged at 200g for 8 min. The cells were washed
in a further 20 ml culture medium, pelleted again and resuspended in 4-6 ml of

fresh culture medium.
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Preparation of Ebstein Barr Virus Suspension

Vials of B95-8 marmoset cell line were thawed in a 37°C water bath until only
a small ice ball remained, 20 ml culture medium was then added dropwise. The
cells were centrifuged at 200g for 8 min, the supenatant was removed and the
cells resuspended in HBSS/5% HIFCS, washed once more and finally
resuspended in 50 ml culture medium (RPMI/20 % FCS) in a 75cm’ culture
flask. The cells were grown with frequent medium changes until confluent (the
discarded medium contained live virus and was poured off into 10% chloros for
24 hr). When confluent the medium was changed and left for a further 7 days.
The cells were centrifuged at 200g for 10 min, 1 ml aliquots of the the medium
were placed into freezing vials and stored in liquid nitrogen. The remaining cells

were resuspended at about 1 x 10”/ml and stored in liquid nitrogen.

EBV Transformation of Lymphocytes

EBY transformation was performed using previously frozen or recently separated
lymphocytes. 1 x 107 lymphoctes (thawed) were pelleted, the supernatant was
removed and the cells resuspended in 1 ml EBYV suspension and incubated for 1
hr at 37°C. 9 ml of RPMI medium containing 20% HIFCS and 1%
phytohaemaglutinin (PHA) was added. The cells (2 ml) were aliquoted to each of
about five wells of a tissue culture plate, and incubated at 37°C in a 5% CO,
incubator. The cells were left for about 5 days after which half the medium was
replaced with RPMI/20% HIFCS. The cells were observed daily and when
confluent and the medium yellow, half the medium was discarded and 1.5 ml of

RPM1/20% HIFCS was added. The cells were resuspended and 0.5 ml aliquots
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were dispensed to further culture plate wells and topped up with 1.5 ml of fresh
culture medium. When the cells were confluent once more they were harvested
as above into two 75 cm’ culture flasks and topped up with 50 ml culture
medium. The process was repeated until the required amount of cells’/DNA was

reached (10%-10°cells).

Freezing EBV Transformed Cells For DNA Preparation

Suspensions, containing about 2x10’ cells were dispensed into 250 ml sterile
centrifuge bottles or 50 ml Falcon tubes. Cells were centrifuged in a Sorvall
RCSB or RT6000 at 1,100 rpm for 10 mins at 20°C, and washed twice with
HBSS centrifuging at the same speed. The cells were resuspended at 10° cells/ml

in 7SmM NaCl, 25mM EDTA and frozen at -70°C in 2x10’ cell aliquots.

Preparation of DNA From EBV Transformed Cells

Aliquots of frozen cells were thawed for 2 mins at 60°C. 3.5 ml 7SmM NaCl in
25mM EDTA and 0.5 ml 2mg/ml proteinase K in 5% SDS were added, and the
mixture was incubated overnight at 37°C. The DNA was phenol extracted and
ethanol precipitated (as for DNA preparation from blood) and redissolved in 1

ml TE (pH 7.4) at 4°C for a minimum of 12 hr.
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2.5 ANALYSIS OF POLYMORPHISMS AND MUTATIONS

Genotype analysis was performed on numbered specimens from individuals,
without specific knowledge of phenotype allocations, (LPL mutation detection
excepted). Both phenotyping and genotyping were performed by different persons
in order to reduce bias. Reporting of the genotype analysis was carried out under

the same conditions and checked by at least two members of the project.

2.5.1 Southern Blotting

Restriction Enzyme Digestion of DNA

DNA (5-10 pg) was mixed with 1 ul of 2.5mg/ml BSA, 2.5 ul 10x buffer, 20 units
of restriction enzyme, and made up with sterile glass distilled water to 25 ul. The
mixture was digested over approx. 12 hr at the appropriate temperature for the
enzyme. The digested DNA was subsequently run on an agarose gel.

Agarose (0.8%-1.5%) was dissolved in TAE in a microwave oven, ethidium
bromide was added at 2 ul of 10mg/ml per 100 ml of gel solution, allowed to cool
to 55°C and poured into a gel tray. When set the gel tray was placed in a gel
tank and covered with a TAE soln.

Each sample was mixed with 2.5 ul 10x loading buffer, and heated at 65°C
for 10 min, cooled rapidly on ice and loaded on the agarose gel. Concentration
and size markers Hind III and ¢X 174 Hae III respectively were also loaded. The
gel was run for 12 hr at 35 V, taken off and photographed under shortwave UV

with a ruler alongside. The gel was then blotted.
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Gel Blotting

Blotting was carried out using the methods of Southern (1975). The gel was
soaked twice in denaturing solution for 1hr, and neutralizing solution twice for
1 hr. The blot was assembled by placing about 600 ml of 20x SSC in a tray,
placing a glass plate on this and overlying it with a piece of 3mm Whatmann
paper with the ends lying in the SSC solution to act as a wick. The gel was
placed on this wick and covered with Hybond-N membrane cut to the same size.
Clingfilm was placed around the edges of the Hybond-N and overlayed with 2
sheets of 3mm paper, excluding air bubbles. Wads of tissue paper were placed
on this and covered with a glass plate and a weight. Transfer of DNA from the
gel to the Hybond-N was allowed to proceed for a minimum of* 12 hr. The
Hybond-N was removed, placed on 3mm DNA side up and the DNA was
crosslinked to the membrane using a UV crosslinker set on auto (delivers 120 nJ).

The membrane was finally rinsed in 3x SSC.

Probe Labelling

About 60 ng of probe in 2 ul of water was boiled for 90 sec, and rapidly placed
on ice. 11.5 ul of cold labelling solution (LS), 1 ul of 10 mg/ml BSA, 10 ul of **P
dCTP and 0.5 ul (2.5 u) was added to a final volume of 25 pul and incubated at
20°C for 4 hr behind lead glass screens. An equal volume of Bromo Phenol
Blue/TENS was added. The free labelled deoxynucleotide was separated on a
P60/TENS column by the following method. The labelled mixture was loaded
onto the column and eluted with TENS. The elutant was collected in to

eppendorfs. The labelled probe was collected in the eluted fraction beginning
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when counts reach 500 cpm and ending when the counts fall again to < 1000

cpm. Approximately 2 ml was collected in this fraction.

Prehybridization

Hybond-N is prehybridized to prevent non specific binding of the radiolabelled
probe to the membrane. The hybridization solution (about 40 mls) was mixed
rapidly with 2 ml sonicated salmon sperm DNA which had been freshly
denatured by heating at 100°C for 5 min. The solution was placed in a
convenient sized plastic bag with the membrane and heat sealed after exclusion

of air bubbles. The bag was placed in a shaking water bath at 65°C for 1-24 hr.

Hybridization

Sonicated salmon sperm DNA was mixed with the radiolabelled probe (at a final
activity of 10°cpm/ml), and placed in a heating block at 100°C for 5 mins. This
was mixed with 20 ml of hybridization solution.

The old prehybridization solution was decanted off and the freshly prepared
solution was then added to the bag containing the membrane, heat sealed and

placed in a shaking water bath at 65°C for about 12 hr.

Washing

After hybridization the membranes were removed and placed in 2x SSC, rinsed
briefly and washed by vigorous agitation at 20°C in solutions of reducing
concentrations of SSC. The membranes were finally washed with 1 litre of 0.1x

SSC/1% SDS at 60°C.
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Autoradiography

The membrane was rinsed at 20°C in 0.1x SSC, blotted lightly, wrapped in saran
film and annotated with radioactive ink. In a dark room the hybond-N was
placed in an X-ray cassette with fast film and an intensifying screen and placed

at -70°C and exposed for 12 hr - 14 days.

Membrane Stripping

The hybond-N membrane with the digested DNA fragments crosslinked to its
fibres may be stripped of one radioactive probe, and reused with another probe
for up to 10 - 15 times. 1 litre of boiling water was poured over the membrane
and placed on a shaking table for 20 min, the water was decanted and the
procedure repeated twice. The efficacy of stripping was tested by exposure with

film for 2-3 days.

RFLP’s at the apo AI-CITI-AIV Locus.

RFLP’s at the apo AI-CIII-AIV locus were analysed by previously published
methods using hybridization probes designated as probes I-III (Antonorakis et al.
1988). The probes labelled with ¥*P dCTP (3,000 Ci/mmol) were used to detect
five previously described RFLP’s (Fig 2): Xmnl (Kessling et al. 1985), Mspl
(Seilhamer et al. 1984), Sst1 (Karathanasis et al. 1983a), Pvull (Oettgen et al.

1986) and Tagql (Cohen et al. 1986).

RFLP’s at the Lipoprotein Lipase Locus

Three RFLP’s at the LPL locus were analysed by previously published methods

105



using the cDNA hybridization probe, designated LPL35, with restriction enzymes

BamH], Hindlll, Pvull (Funke et al. 1987, Fisher et al. 1987).
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2.5.2 PCR Reactions

In each case the oligonucleotides used were synthesised on a 380 A oligonucleotide
synthesiser. PCR reactions were carried out in a PCR buffer solution diluted to
10mM tris-HCl pH 8.5, 50mM KClI and 2.5 mM MgCl. Appropriate
concentrations (see below) of genomic DNA, Taq polymerase and each
deoxynucleotide dTTP, dCTP, dGTP, and dATP were added and overlayed with
2 drops of mineral oil. Incubations were performed in a Techne PHC-2
Programmable Driblock. PCR products were visualised on a 2% agarose gel
with ethidium bromide or on a 6% polyacrylamide sequencing gel where

appropriate.

Deprotection of Oligonucleotides

The oligonucleotides (oligos) were transferred to a small glass vial containing 1
ml of NH,OH and incubated overnight in a water bath at 55°C. They were then
transferrred to an eppendorf and spun at 13,000 rpm for 10 min. The silica
beads, to which the oligos were initially attached, were then pelleted. The
supernatant was drawn off and mixed with 2 volumes of absolute alcohol, 1/10
volume 3M sodium acetate and 2ug of glycogen to precipitate the oligos. The
mixture was placed in cardice or a -70°C freezer for 30 mins and spun at 13,000
rpm at 4°C. The supernatant was discarded, the pellet washed with 50 ul of 70%

ethanol, dried, and redissolved in TE pH 8.0.

PCR Mutation Detection in the LPL Gene

Detection of a 2kb duplication insertion mutation in the LPL gene (Fig. 3) was
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performed using PCR (Devlin et al. 1990). 250 ug of genomic DNA were mixed
with 1 gm of each primer, 200 pm dNTP’s and 1.0 unit Taq polymerase in 50 ul
reactions, and overlayed with 2 drops of mineral oil. The reaction mixtures were
denatured at 94°C for 1 min, annealed at 62°C for 2 min and extended at 72°C
for 2 min for a total of 30 cycles. The primers LPL-3 and LPL-4 respectively; 5’-
AATCTGACCAAGGATAGTGG-3’ and 5°-GCATGATGAAATAGGAACTCC-3’
gave a 261 bp product in the presence of the mutation (Figs. 3 and 4). An
additional novel control primer NLPL-1; 5’-GTTGCAGTGAGCTAAGATTG-3’
was added to the reaction which would extend in the presence of a normal allele
to give a 160 bp product. The PCR products were run on 2% agarose gels
containing ethidium bromide (2 ul of 10 mg/ml for each 100 ml of gel) in TBE

solution for 1 hr and photographed under shortwave UV illumination.

PCR of a Novel LPL, VNTR

The oligonucleotide primers for this reaction were; 5’-
CAAGGATAGTGGGATATAGA-3’and 5’-AGCCTGGGTAACTGAGCGAG-¥
(Wilson et al. 1992). PCR was performed in 25 pl reactions using 250 ng of
genomic DNA, 25 ug of each primer, 0.5 units of Taq polymerase, 1 xCi *P-
dATP (3000 Ci/mmol), 2mM each deoxynucleotide. The reaction mixture was
denatured at 94°C for 1 min, annealed at 55°C for 2 min, and extended at 72°C
for 2 min for 30 cycles. The PCR products were run on 6% polyacrylamide

sequencing gels for 2 hr and autoradiographed for 1-6 days.
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Fig. 2 RFLP Map of the APO AI-CIII-AIV Locus
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Fig. 2 A map of the relative location, size, direction of transcription (arrows), and intron (open boxes) — exon (filled
boxes) organization of the APOAI, APOC3, and APOA4 genes is shown. Repetitive DNA elements (filled bars), DNA
fragments used as probes for genomic restriction mapping analysis (double-headed arrows; probes 1 through III), and
the nucleotide scale of this map (1-Kb bar) are shown below this map. The relative location of the restriction sites studied
in a population of 18 unrelated Northern Europeans is also shown below the map. Polymorphic and non-polymorphic
restriction sites are indicated by filled circles and small vertical lines, respectively.
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PCR of a Novel Apo CIIT VNTR

The oligonucleotide primers for this reaction were 1; 5’-
GCATTCCTCCCAGGTCCCTC-3 and 2; 5°~AGCCGAGATGGCACCACTGC-3¥
(Bhattacharya et al. 1991). Reactions were carried out in 25 ul, 250 ng genomic
DNA, 13ng/ul end labelled oligonucleotide 1, 0.5ng/ul unlabelled oligonucleotides
1 and 2, 0.5 units of Taq polymerase, and 2mM of each deoxynucleotide. The
reaction mixture was denatured at 94°C for 1 min, annealed at 64°C for 2 min,
and extended for 2 min at 72°C. The PCR products were run on a 6%

polyacrylamide denaturing gel and autoradiographed for 1-9 days.

PCR of the Apo B VNTR

PCR of a VNTR in the 3’ hypervariable region of the apo B gene was performed
by previously published methods (Boerwinkle ez al. 1989). The sequence of the
5’and 3’ oligonucleotides were: 5>~ ATGGAAACGGAGAAATTATG-3’, and 5’-
CCTTCTCACTTGGCAAATAC-3’ respectively. Reactions were carried out in
100 pl with 1ug of DNA, 1 ug of each oligonucleotide, 200xM of each dNTP and
3 units of Taq polymerase. The reaction mixture was denatured for 1 min at
94°C, annealed at 60°C for 2 min and extended at 72°C for 30 cyles.
Electrophoresis was carried out on 2% agarose gels at 70 V for 4-S hr. The
amplification products were visualised directly with ethidium bromide under UV

illumination.

PCR of the apo AII Dinucleotide Repeat

PCR was carried out using previously published methods (Weber and May 1989).
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The S§5° and 3’ oligonucleotide primers were: §5°’-
GGTCTGGGAAGTACTGAGAAA-3’ and 5-GATTCACTGCTGTGGACCCA-
3’respectively. Reactions were carried out in 25 ul with 10 ng of DNA, 100 ng of
each primer, 0.75 units of Taq polymerase, 200uM of each dGTP, dCTP, 2.5 uM
dATP and 2 uCi a*P dATP at 800 Ci/mmol. Reactions were denatured at 94°C
for 1 min, annealed at 55°C for 2 min and extended at 72°C for 2 min. The PCR
products were run on a 6% polyacrylamide sequencing gel and autoradiographed

for 1-5 days.

PCR of the Apo CII Dinucleotide Repeat

PCR was carried out using previously published methods (Weber and May 1989).
The 5’ and 3’ oligonucleotide were: 5>-CATAGCGAGACTCCATCTCC-3’ and
5’-GGGAGAGGGCAAAGATCGAT-3’ respectively. Amplification and

visualization of the PCR products was carried out as with Apo AIlL

PCR of a Novel FABP VNTR

The 5° and 3’ oligonucleotide primers for this reaction were 5°-
CCTGACATGTGTAAGACCCT-3’ and 5’-AGTATTCAGTTCGTTTCCAT-3’
(Cullen et al. 1992). PCR was performed by initially denaturing for 5 min. at
94°C, then using thirty cycles of 1 min. at 94°C, 2 min. at 55°C, 2 min. at 72°C,
and a further 9 min. at 72°C at the end. 1 xCi ¥*P-dATP (3000 Ci/mmol) was
included in the reaction and the PCR products were visualised on 6%
polyacrylamide sequencing gels and autoradiographed for 1-2 days with

intensifying screens at -70°C.
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2.5.3 Protein Polymorphisms

Protein polymorphisms were analysed by previously published methods (Eiberg
et al. 1989), in collaboration with Hans Eiberg, University Institute of Medical
Genetics, Copenhagen, Denmark. Serum and erythrocyte samples were
transported to Denmark in dry-ice containers. Erythrocytes in EDTA were
separated using the Ficoll isopac separation technique, mixed (1:1) with 20%
dextran (70-100,000 MW), and frozen in liquid nitrogen. A total of 23 protein
polymorphism were analysed, these were: (a) Enzymes in erythrocytes: Acid
Phosphatase 1 (ACP 1), Esterase D (ESD), Adenosine Deaminase (ADA),
Glutamic Pyruvate Transaminase 8 (GPT 8), Adenylate Kinase 1 (AK 1),
Phospho Glycolate Phosphatase (PGP), Phosphoglucomutase 1 (PGM 1), Phospho
Gluconate Dehydrogenase (PGD), Glyoxalase 1 (GLO 1);

(b) Serum enzymes and proteins: Complement component 3 (C3), Complement
component 6 (C6), Group Specific complement (GC), Complement Component
1R (C1R), Properdin Factor B (BF), Plasminogen (PLG), Apolipoprotein H, (Apo
H), Coagulation Factor XIIT A (F13A), Coagulation Factor XIII B (F13B),
Orosmucoid (ORM), Alpha-1 Antitrypsin (PI), Paroxonase (PON), Alpha-1B

Glycoprotein (A1BG), Inter-alpha trypsin inhibitor (ITI).
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Fig. 3 MAP of wild-type and mutant DNA at LPL exon 6 — intron 6 junction, and mutation breakpoint

Alu Alg
RI X X Stu JICH CH P Stu R1
A [ - | -1_41 1 L1 1 I 1 |
LPL4 LPL3
Exon 6
RIX X tu TICH CH P TIC H CH P Stu R1
B L1 1 11 1 L1 i . 11 1 L1 ] 1 ]
| e— —p | | —
LPL4 LPL3 T LPL4
\ 1 kb |
bp1072 d -
aa 273

Fig. 3 Restriction map of wild-type and mutant DNA at the exon 6-intron 6 junctions. A, Restriction map of wild-type DNA, showing the location of
exon 6 (shaded box). Two Alu elements present in opposite orientation are shown. B, restriction map of mutant DNA, showing region duplicated in a
direct tandem fashion. RI=EcoRI; X=Xbol: T=Ssil; C=Hinclll; H=Hindlll P=Psfl. Arrows and bar line indicate oligonucleotides LPL3, and LPL4
respectively. T Indicates duplication breakpoint
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Fig4 DNA Sequence of Exon 6 and Intron 6 at the mutation Break Point in the LPL Gene

A. Breakpoint in intron 6

0 gatctgtgtc tcagcttaag agaaaataca tttaatagac agtaacacaa ataagaaaaa
61 aatctgacca aggatagggglﬂgatatagaag aaaaaacatt ccaagaattat tttatttatt
122 tatttattta tttatttatt tatttattta tttttgagac acagtctcgct cagttaccca
183 ggctggagtg cagcggcgca atcttagctca ctgcaacct ctgctttccgg ttcaagcgat

B. Duplication junction

0 gatctgtgtc tcagcttaag agaaaataca tttaatagac agtaacacaa ataagaaaaa
61 aatctgacca aggatagtgg gatatagaag aaaaaacatt ccaagaatta ttttatttat
122 ttatttattt atttatttat ttattGGGCT  CTGCTTGAGT TGTAGAAAGA  ACCGCTGCAA
183 CAATCTGGGC TATGAGATC

C. Bredakpoint in exon 6

0 atcttggtgt ctctttttta cccagATGTG GACCAGCTAG TGAAGTGCTC CCACGAGCGC
61 TCCATTCATC TCTTCATCGA CTCTCTGTTG AATGAAGAAA ATCCAAGTAA GGCCTACAGG
122 TGGAGTTCCA  AGGAAGCCTT TGAGAAAEGG CTCTGCTTGA GTTGTAGAAA GAACCGCTGC
183 ACAATCTGGG CTATGAGATC AATAAAGTCA GAGCCAAAAG AAGCAGCAARA  ATGTACCTGA
244 AAGACTCGTT CTCAGATGCC CTACAAAGgt aggctggaga ctgttgtaaa taaggaaacc
305 aaggagtcct atttcatcat gcﬁﬁi?tgcat cacatgtact gattctgtc cattggaaca

Fig.4 Sequence of duplication breakpoints and junction fragment. Underlined bases correspond to Alu sequences, and horizontal arrows indicate
oligonucleotides used in PCR analysis. Vertical arrows show breakpoints in the sequence that are associated with the duplication. A, sequence in intron 6
around breakpoint. B, duplication junction fragment, C, Exon 6 and associated flanking intron sequences. The exon sequences are capitalized, and the
intron sequences are denoted by small letters.
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2.6 SOLUTIONS, REAGENTS, MATERIALS AND EQUIPMENT

2.6.1 Solutions

Lysis Buffer
0.32 M Sucrose
1mM Tris-HCI pH7.5
SmM MgCl,
autoclave and add
1% Triton x 100.

PCR Buffer
100 mM Tris-HCI pH 8.4
500 mM KCl
25mM MgCl,.

autoclave.

Gel Loading Buffer
40% Ficoll 400
25mM EDTA
0.1mg/ml Bromophenol blue.

Tris-saturated Buffer

To 1 litre water-equilibrated phenol add:
0.1% Hydroxyquinalone
0.2% B-mercaptoethanol

shake thoroughly add:
1% equlibration buffer consisting of:
0.4M EDTA
0.4M Tris
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4M NaOH
adjust aqueous phase to pH 8.0.

3M Sodium Acetate (pH 5.2)
3M Sodium Acetate.3H,0
adjust pH to 5.2 with Glacial acetic acid, autoclave.

TE (pH 7.4, 7.6, 8.0)
10mM Tris (pH 7.4/7.6/8.0)
1mM EDTA (pH 8.0)

autoclave.

50x TAE

per litre:
242¢g Tris base
57.1ml Glacial acetic acid
100ml EDTA (pH 8.0).

Denaturing Solution
0.5SM NaOH
1.5M NaCl.

Neutralizing Solution
0.5M Tris
3.0M NaCl

adjust to pH 7.0.

20X SSC
per litre:
175.3 g NaCl

88.2 g sodium citrate
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adjust to pH 7.0 with 10N NaOH and autoclave.

10% Reconstituted Dried Milk Powder
per 100 ml autoclaved distilled water:
10 g dried milk powder

0.2 g sodium azide
store at 4°C.

Salmon Sperm DNA
per 100 ml. autoclaved distilled water:
1 g salmon sperm

sonicate for 15 - 20 min., store at -20°C.

Prehybridization Solution
per 12 ml distilled water:
5 ml 20X SSC
1 ml 20% SDS
1 ml 10% Reconstituted Dried Milk Powder
1 ml 10 mg/ml salmon sperm DNA
The salmon sperm DNA is denatured immediately before adding it to the
hybridization solution by heating at 100°C for 5 min. then cooling rapidly in ice-

water.

Tris-Borate-EDTA Buffer (TBE) X 10
per S litres:

540 g Tris

275 g Boric acid

40 g EDTA.

Ethidium Bromide
per 10 ml. water:
0.1 g ethidium bromide

117



stir for several hours, store at 4°C wrapped in aluminium foil.

TENS
per 500 ml:
5 ml 1M Tris, pH 8.0
5 ml 500mM EDTA, pH 8.0
50 ml 1M NaCl
S ml 20% SDS.

Using autoclaved reagents.

PG60/TENS
5 g P60
200 ml TENS

allow to swell at room temp overnight.

2.6.2 Reagents, Chemicals, Enzymes

Absolute Ethanol B.D.H.

Acrylamide B.D.H

Alkaline Phosphatase Anglian Biotech.
Ammonium Hydroxide B.D.H.

Ammonium Persulphate B.D.H.

Apo B assay kit Orion Diagnostics.
BamHI1 Anglian Biotech.
Bovine serum albumen Sigma

Bromophenol blue Sigma

Chloroform Rathburn Chemicals
Cholesterol assay kit Boehringer Manheim
Dimethyldichlorosilane B.D.H.

EDTA B.D.H.

Ehidium Bromide Sigma
Formaldehyde B.D.H.
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Glacial acetic acid
Glycerol

Glycogen

Hank’s balanced salt solution
Hindlll

Hydrochloric acid

Isoamyl alcohol

L-Glycine

Magnesium chloride
Methanol

Mineral oil

Mspl
N,N,-bis-methylacrylamide
Zp.dATP

RPMI 1640 with HEPES
Penicillin (cell culture)
Potassium bromide

Pyull

Salmon sperm

Scintillation fluid

Sodium acetate

Sodium azide

Sodium carbonate

Sodium chloride

Sodium dodecylsulphate (SDS)
Sodium Hydroxide

Sstl

Streptomycin (cell culture)
Taql

Taq Polymerase

Tetramethylethylenediamine (TEMED)

Triglyceride assay kit

B.D.H.

B.D.H.

B.D.H.

Flow Laborotories
Anglian Biotech.
B.D.H.

B.D.H.

Flow Laborotories
B.D.H.

B.D.H.

B.D.H.

Anglian Biotech.
B.D.H.
Amersham

Flow Laborotories
Flow Laborotories
B.D.H.

Anglian Biotech.
Sigma

National Diagnostics
B.D.H.

Sigma

B.D.H.

B.D.H.

B.D.H.

B.D.H.

Anglian Biotech.
Flow Laborotories.
Anglian Biotech.
Cetus

B.D.H.

Metachem Diagnostics



Tris-HCl

Triton X100
Urea (ultra pure)
Xmnl

2.6.3 Materials
Clinwrap

Electrical tape (No. 56)
Emitpen

Eppendorf tubes
Falcon tubes
Hybond-N mebranes
Kodak XAR-S5 film
3MM filter paper
Nalgene Type S filters
Nitrocellulose sheets
P1000, P200, P20 Gilson Pipetman
P60

Pasteur pipettes
Polythene plastic
Plastic pipettes, 10 ml
Saran wrap

Syringes

Universal 20 ml tubes

2.6.4 Equipment
380 A Oligonucleotide Synthesiser

Bioscan counter
DACOS

Heat sealer
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B.D.H.
B.D.H.
B.D.H.
Anglian Biotech.

Perfowrap

M

Dupont

B.D.H.

Becton Dickinson
Amersham
Kodak

Whatman
B.D.H.

BioRad

Anachem Ltd.
BioRad

B.D.H
Transatlantic Plastics
Sterilin

B.D.H.

B.D.H.

Sterilin

Applied Biosystems
V.A. Howe
Coulter Electronics
Hybaid



BT3 heating block

MSE Microcentaur Microcentrifuge
Mini-Monitor Type 510

Model 583 gel dryer

Multistat III centrifugal analyser
Techne PHC-2 Programmable Driblock
Sorvall RT 6000 centrifuge

Sorvall RC5B centrifuge
Ultra-violet light box

Waterbath

Waterbaths, shaking

X-ray cassettes
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Grant Instruments
Kontron Instruments
Mini Instruments
BioRad

IL

Techne

Dupont

Dupont

U.V. Products
Grant Instruments
Kotterman

Fuji X-Ray



CHAPTER 3

RESULTS

3.1 FCHL PEDIGREES

The FCHL pedigrees and lipid levels from Northwick Park Hospital are
described. These consist of 43 pedigrees in which the proband had combined
hyperlipidaemia, 13 of which conformed to the strict definition of FCHL and
were used in linkage analysis. Lipid levels are compared with those of the

original 47 Seattle FCHL pedigrees (Goldstein et al. 1973)

3.1.1 43 NPH FCHL Pedigrees

Between October 1985 and October 1990, 1,266 new hyperlipidaemic patients
attended the Northwick Park Hospital (NPH) lipid clinic. Of these 1,266 patients
102 European individuals had both a raised cholesterol above the 95th centile and
triglyceride above the 90th centile corrected for age and sex (LRC 1980). Since
racial differences in lipid metabolism have been poorly characterized, we
excluded 82 non Europeans from this study. Of the 102 European individuals 43
probands and their pedigrees met the initial criteria for FCHL (Appendix 1). All
probands had combined elevations of cholesterol above the 95th centile and
triglyceride above the 90th centile for age and sex, and raised levels of serum
apo-B. None had secondary causes of hyperlipidaemia or familial tendon

xanthomatosis, and no pedigrees in which there was a strong family history of
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diabetes mellitus were included. Seven of the probands had a previous
myocardial infarction, three had ischeamic heart disease, four had peripheral
vascular disease, and one patient had both peripheral vascular disease and a
previous myocardial infarction. In these 15 probands lipid levels were determined
because of atherosclerosis. In the remaining 28 probands lipids were determined
because of a family history of of IHD or as part of a routine lipid screen.

The pedigree members of these probands demonstrated a variable lipid
phenotype amongst family members (Appendix 1, Table 7), in keeping with the
original observations of Goldstein ef al. (1973). A comparison of lipid data from
our FCHL pedigrees and those of the original Seattle sample collected in 1973
(supplied by Goldstein et al.) was performed in order to assess the similarity
between the two pedigree samples. Cholesterol and triglyceride levels were
corrected for age and sex and standardised to a male aged 45 years. Statistics
were computed including or excluding the probands that lead to the
ascertainment of the pedigrees (Table 1). There was no significant difference in
mean cholesterol levels between the NPH and Seattle samples (p=0.84). Although
the mean NPH triglyceride levels were significantly higher (p=0.013) than in the
Seattle sample, the absolute magnitude of the difference in triglyceride levels was
small (1.81 mmol/l vs 1.75 mmol/l respectively). In both the NPH and Seattle
samples the relatives of probands demonstrated marked hypercholesterolaemia
and modest elevations of triglycerides when compared to published LRC (1980)
lipid levels (Table 1). Histograms reveal that the overall shape of the distribution
of cholesterol (Fig. 5) and log, triglyceride (Fig. 6) were very similar in the two

samples. Goldstein et al. (1973) used centiles from a control sample consisting of
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950 unrelated individuals to define affection status in their 47 FCHL pedigree
members. In our study the LRC (1980) control data was used, which consisted
of values from 20,656 males and 20,666 females between the ages of 15 and 70
years. The 95th centile levels (adjusted to age 45) are similar for cholesterol: 285
mg/dl vs. 268 mg/dl (women); and 285 mg/dl vs. 276 mg/dl (men) for the Seattle
and LRC (1980) centiles respectively. For triglycerides, however, the Seattle
control sample levels are considerably lower than the LRC (1980) values:
165mg/dl vs. 228 mg/dl (women), and 165 mg/dl vs. 327 mg/dl (men)
respectively.

To compare the pattern of hyperlipidaemia in the Seattle sample to that of
the NPH sample, the lipid data from the original 47 FCHL Seattle pedigrees was
reanalysed using the LRC (1980) centiles. With the use of the 95th centile to
define affected persons in the Seattle sample 62% of affected members had a
raised cholesterol alone, 27% of affected members had combined elevation of
cholesterol and triglyceides, and 11% had raised triglyceride levels alone > 95th
centile respectively.

In the total NPH sample there was no significant difference in pattern of
hyperlipidaemia in affected persons: 62% of affected persons had a raised
cholesterol alone (p =1.00), 31% had combined hyperlipidaemia (p =0.493), and
8% had triglyceride alone > 95th centile respectively (p =0.494). A very similar
pattern was seen in the 1st degree relatives of the probands; 66% had
hypercholesterolaemia alone, 26% had combined hyperlipidaemia and 8% had
hypertriglyceridaemia alone > 95th centile. In the NPH FCHL pedigrees

hyperlipidaemia with either cholesterol or triglyceride or both greater than the
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95th centile was found in 46% of sibs of the proband and in 41% of the offspring

of the proband over 14 years.
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3.1.2 Pedigrees in Linkage Analysis

Linkage analysis was carried out in thirteen FCHL pedigrees. These pedigrees
conformed to strict diagnostic criteria for FCHL. The proband had combined
hyperlipidaemia, cholesterol and triglyceride > 95th centile for age and sex,
raised serum apo B levels and at least one additional member in the pedigree
with a raised cholesterol or triglyceride or both above the 95th centile (Appendix
1). Pedigrees 17, 19, 23, 24, 25, 26, 27, 29, 30, 31, 33, 35, 36, 37 and 39 were
excluded from linkage analysis as they did not fulfil these criteria.

Phenotype allocation in other pedigree members was based on population
centile levels. Individuals with cholesterol and/or triglyceride levels above the
95th centile were designated as affected, and those with cholesterol and
triglyceride levels below the 75th centile were designated as normal. As
phenotype missallocation may present a serious obstacle to linkage analysis
(Lander 1988), pedigree members with intermediate lipid levels (between the 75th
and 95th centiles) or indeterminate lipid phenotypes were excluded, in accordance
with previous guidelines (Lander 1988, Macluer 1989). To avoid bias the
phenotype was allocated and exclusions were made prior to linkage analysis.
Following the exclusion of pedigree members as above, pedigrees 5, 6, 7, 18, 21,
22, 28, 32, 34, 40 and 41 were not used as they were too small for linkage
analysis to be carried out.

An additional criteria for the diagnosis of FCHL, is the presence of small
dense LDL (Grundy ef al. 1987). In the thirteen pedigrees used in linkage at least
one family member in each pedigree had small dense LDL (Fig 7). All of the

members in these pedigrees tested for small dense LDL demonstrated its
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presence, these members (including 2 from pedigree 1) consisted of 9 males and
5 females with a mean age of 56.6 yrs, range 27-76 yrs. Pedigrees 3, 4 and 38
were excluded from linkage analysis because of the absence of small dense LDL.
Three members from pedigree 3 did not demonstrate small dense LDL, including
an adult male aged 46. In pedigrees 4 and 38, a female aged 73 years and a male
aged 57 years respectively, failed to demonstrate small dense LDL. Thus a total
of thirteen pedigrees met the strict criteria for FCHL and were used in linkage
analysis (pedigrees 1, 2, 8, 9, 10, 11, 12, 13, 14, 15, 16, 20 and 42). The family
trees of the pedigree members undergoing linkage are depicted in Fig. 8.

To compare the pattern of hyperlipidaemia in the NPH pedigrees used in
linkage analysis to that of the original Seattle sample (Goldstein et al. 1973), the
lipid results were reanalysed using the LRC (1980) data as control values. The
data was analysed, excluding probands, with the use of the 95th centile to define
affection status. There was no significant difference in the frequency of affected
members with hypercholesterolaemia alone (62% vs. 62%, p = n.s. respectively),
or in the frequency of affected members with combined hyperlipidaemia, which
was mildly higher in the NPH sample (33% vs. 27%, p = n.s.). Whilst the
frequency of affected members with hypertriglyceridaemia alone in the NPH
sample was lower than that in the Seattle sample (5% vs. 11%, p=0.087), this
result did not reach significance levels. Overall the pattern of hyperlipidaemia
in the NPH pedigree sample used for linkage displayed two predominant
phenotypes that of combined hyperlipidaemia and that of hypercholesterolaemia

alone.
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Fig. 5 Histograms of cholesterol levels in 42 NPH and 47 Seattle FCHL pedigrees
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Fig. 6 Histogram s of Triglyceride levels in 42 NPH and 47 Seatle FCHL Pedigrees
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TABLE 1. Table of mean lipid levels and centiles in FCHL pedigrees.

probands
- probands
Ist degree

probands
- probands
Ist degree

LRC

probands
- probands

Ist degree

probands
- probands

Ist degree

LRC

6.51

7.44
6.30
6.59

5.37

1.81

2.14

2.61

1.75

2.05

1.72

Cholesterol NPH
S.D. 25th
1.05 7.43
1.27 5.39
1.16 5.61

Cholesterol Seattle

1.30 6.92
1.29 5.47
1.42 5.67
1.00 4.74

Triglyceride NPH

S.D. 25th
2.96 2.72
1.31 1.05
1.49 1.24

Triglyceride Seattle

1.24 1.86
2.03 0.94
2.64 1.02
1.49 0.99

S0th
7.46
6.17
6.53

7.46
6.09
6.42

5.29

S0th
3.20

1.42

1.68

2.25
1.34

1.49

1.40

75th
883 42
7.07 548
7.24 140

12

8.27 47
7.01 671
7.42 259

5.92 2362

75th
445 42

12

2.17 536

2.57 138

3.03 47

1.94 672

2.27 260

1.98 236

Table 1. Mean, standard deviation (S.D.), and 25th, 50th and 75th centile levels. N, number of
subjects; LRC (1980) control data; 1st degree, first degree relatives; -probands, excluding probands.
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In the 13 FCHL pedigrees used in the linkage studies, hyperlipidaemia with
either cholesterol or triglyceride or both greater than the 95th centile was found

in 55% of sibs of the proband and in 50% of the offspring of the proband over

14 years.
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Fig. 7 Results of LDL Subfraction Analysis
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Fig. 7 LDL subfractions results, measured in at least 1 member of each
pedigree used in linkage analysis.
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Fig. 8: Family trees of 13 FCHL pedigrees depicting members used in linkage analysis
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3.2 POPULATION ASSOCIATION

The results of population association studies (linkage disequilibrium) between
FCHL and an Xmnl RFLP at the Apo AI-CIII-AIV locus in Northwick Park

Hospital FCHL pedigrees are described.

3.2.1 Association at the AI-CIII-AIV Locus
A previous study has suggested an association between FCHL and the 6.6 kb
minor Xmnl (X2) allele of the XmnI RFLP in the Apo AI-CIII-AIV gene cluster
(Hayden et al. 1987). This association has been studied in our Northwick Park
Hospital (NPH) pedigrees, and the results compared to those of Hayden et al.
Twelve FCHL probands and forty controls consisting of the normolipidaemic
spouses (cholesterol and triglyceride < 75th centile) from the FCHL pedigrees
were used in this study. The twelve FCHL probands were ascertained because
they conformed to the full criteria of FCHL and were suitable for use in linkage
analysis (see above). One FCHL proband who conformed to the full criteria for
FCHL was not used in this part of the study as this pedigree was specifically
ascertained because of the presence of the X2 allele in the proband.

Six of twelve FCHL probands and seven of forty controls in the NPH group
carried the X2 allele in the Apo AI-CIII-AIV gene cluster. A comparison of the
Xmnl genotype frequencies and results of population association demonstrated

considerable similarity in the NPH and Hayden et al. groups (Table 2).
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TABLE 2. Population association in FCHL at the apo AI-CIII-AIYV locus.

Apo AI Xmnl
Genotype

XI1X1
X1X2
X2Xx2
‘Total

X1Xx1
X1x2
Xx2x2
Total

Scource of
Association (d.f)

Allelic (1)
Others (3)
All 4

Table 2a - Genotype Frequencies.

Normolipaemic

FCHL

NPH
n %
33 82.5%
17.5%
0.0%
40 100%
NPH
n b/}
6 50.0%
5 41.7%
1 8.3%
12 100%
Table 2b - Statistical analysis
NPH
X .
5.26 (0.021)
1.13 (0.771)
6.39 0.171)

Hayden et al.

n %

31 81.6%
6 15.8%
1 2.7%

38 100%

Hayden et al.

n %

14 58.3%
10 41.7%
0 0.0%

24 100%

Hayden et al.

X ]
3.34 0.07)
2.45 (0.48)

5.79 0.22)

Table 2. Total x? for the association between apo Al genotypes and FCHL was partitioned into
allelic association (linkage disequilibrium), and other sources including epistasis (Ott 1985). The
quoted p values may be inaccurate due to small expected cell probabilities. Degrees of freedom
(d.f.); NPH, data from this study; Hayden et al. (1987), data from a previous population

association study.
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A comparison of the NPH group and the Hayden et al. groups (Table 2),
demonstrated the frequency of the homozygous genotype for the 8.3kb Xmnl
allele (X1,X1) in the normal population was 82.5% and 81.6% respectivly, and
the frequency of heterozygous genotype (XI,X2) was 17.5% and 15.8%
respectively. In FCHL probands the frequency of the XI1,X1 genotype was 50%
and 58.3%, and the frequency of the X1,X2 genotype was 41.7% and 41.7%,
respectively. The NPH group differed principally in that one FCHL proband
(8.3%) was homozygous for the minor allele (X2,X2), whereas none had this
genotype in the Hayden et al. FCHL group.

Genotypic association may be divided into that due to allelic association
(linkage disequilibrium), and that due to other sources of association (e.g.
epistasis). In the NPH group significant association due to linkage disequilibrium
was seen between the X2 allele and the FCHL genotype (x*= 5.26, p = 0.021).
Other scources of association did not significantly contribute to the overall
genotypic association (x’=1.13, p = 0.77), (Table 2). When our data and that of
the original association study are combined the estimated frequencies of the X2
allele on normal chromosomes is 0.094 and on FCHL chromosomes is 0.391. The
presence of linkage disequilibrium between FCHL and the X2 allele was also seen
when the data from both groups (including that of Hayden ef al.) were combined
(¢ = 8.60, p< 0.005).

Analysis in the total 42 FCHL probands from NPH, showed 17 carried the
X2 allele, one of whom carried two X2 alleles, whilst 25 carried two X1 alleles.
These results also demonstrate linkage disequilibrium between FCHL and the

Apo AI-CIII-AIV locus at a greater significance level (p <0.01). However, the
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results which are principally reported here are for the twelve pedigrees strictly
defined as FCHL and more importantly, ascertained without prior knowledge of
their genotype. In these pedigrees the presence of linkage disequilibrium between
FCHL and the X2 allele in the apo AI-CIII-AIV locus is demonstrated by this
study.

In order to determine whether the X2 allele co-segregated with the FCHL
phenotype, we have further used classical linkage analysis in those pedigrees in
which the proband carried this X2 allele to test for linkage between FCHL and

the apo AI-CIII-AIV locus.
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3.3 LINKAGE ANALYSIS

Results of linkage analysis in 13 FCHL pedigrees at the apo AI-CIII-AIV gene
locus and also at the apo B, apo AIl and apo CI-CII-E, lipoprotein lipase (LPL)
and fatty acid binding protein (FABP) loci are described. In addition linkage was

performed using 23 known protein polymorphisms.

3.3.1 Genotype Analysis

In order to render the pedigrees informative for linkage analysis, previously
published RFLP’s, VNTR polymorphisms, and dinucleotide repeat
polymorphisms have been used. In addition novel VNTR’s have been identified
in the apo AI-CHI-AIV gene cluster, LPL, and FABP genes to render the

pedigrees more informative at these loci.

Apo AI-CITI-AIV Locus

Four previously described RFLP’s in this locus, Xmnl, Mspl, Sstl, and Pyull
(Fig. 1), were used to genotype individuals. The frequency of the major and
minor alleles of these RFLP’s are: XmnI 0.87, 0.13; Mspl 0.94, 0.06; SstI 0.91,
0.09; and Pyull 0.93, 0.07; respectively (Antonorakis et al. 1988). In addition a
novel CTT(T) VNTR in the 3’ end of an Alu sequence in the third intron of the
apo CIII gene was identified (Bhattacharya et al. 1991). Amplification of this
repeat by the polymerase chain reaction (PCR) revealed 24 alleles, ranging from
359 bp to 327 nt. in size. These alleles have been designated C1 - C24 from the

largest to the smallest. The frequency of these alleles was estimated in 30
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unrelated individuals comprising the normolipidaemic relatives and spouses from
the FCHL pedigrees. The most frequent of these alleles in the individuals studied
were: C23, 0.1; C13, 0.08; C14, 0.07; C9, 0.07; C6, 0.07; C15, 0.05; C18, 0.05;
C19, 0.05; C20, 0.05; C21, 0.05. In the population tested the heterozygosity index

was 0.95 and the polymorphism information content (PIC) was 0.94.

Lipoprotein Lipase Locus

Three previously described bialleic RFLP’s at the lipoprotein lipase locus, Bam
HI, HindIIl and Pvull, were used to genotype individuals. The frequency of the
major and minor alleles are: Bam HI 0.73, 0.27; HindIIl 0.74, 0.26; Pvull 0.59,
0.41 respetively (Funke et al. 1987, Fisher et al. 1987). In addition a novel ATTT
VNTR in the sixth intron of the LPL gene was identified to render the remaining
pedigrees informative (Wilson et al. 1992). Amplification of this region using
PCR identified 5 common alleles, ranging from 110 bp to 126 bp in size,
designated L1 - LS, from largest to smallest. The frequency of these alleles,
determined in 45 unrelated individuals comprising the normolipidaemic relatives
and spouses from the FCHL pedigrees, was: L1, 0.02; L2, 0.24; L3, 0.32; 14,
0.41; and L5, 0.01; respectively. In the population tested the heterozygosity index
was 0.67 and the PIC was 0.61. The results of genotyping using this VNTR for

pedigree 20 are depicted in fig. 9.

Apo B Locus
A previously described VNTR in the 3’ flanking region of the apo B gene was

used to genotype pedigree individuals (Boerwinkle ef al. 1989). Amplification of
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this region revealed 12 alleles ranging from approximately 570 bp to 900 bp in
size, each allele differing by about 30 bp. The heterozygosity index was 0.75 with

a PIC of 0.73.

Apo CI-CII-E Locus

A previously described dinucleotide repeat polymorphism in the apo CII gene was
used to genotype pedigree individuals (Weber and May 1989). Amplification of
the dinucleotide repeat sequence (CT),(CA),; revealed 11 alleles. The
predominant allele was 151 bp in length. The heterozygosity index was 0.80 and

the PIC 0.79.

Apo AIl Locus

A previously described dinucleotide repeat in the apo AIl gene was used to
genotype pedigree individuals (Weber and May 1989). Amplification of the
dinucleotide repeat sequence (AC),, revealed six alleles. The predominant allele

was 137 bp in length. The heterozygosity index was 0.74 and the PIC was 0.65.

FABP Locus

A novel ATT VNTR in the second intron of the FABP gene was used to genotype
pedigree individuals (Cullen et al. 1992). Amplification of this repeat using PCR
identified 6 alleles ranging from 141 bp to 156 bp in size, designated F1 - F6
from largest to smallest. These alleles were determined in 123 individuals,
comprising the family members and normolipidaemic spouses of the FCHL

pedigrees.

140



&70 : *L'1* $% 7 #$!B &#HT 1*&#7 #$7?2 !

$% :)$$ 62
2 - 686 86
8 8 686 686
6
: 9$#I.((#: 1] #T "$)- 1/ ($% :)$$ 62 1S ! 14 $ $- 1/
1. &$ '$#$ 0$)$ %S$#H. / $% %S$- # .$% 5 3 ) #: #: /)

&# (&7

#11$

):$-. - $-

# &% >.& #.)#
. * 6> "(5 2

“(,



The frequency of the alleles at the FABP locus was: F1, 0.01; F2, 0.28; F3, 0.12;
F4, 0.16; F5, 0.41; and F6, 0.02; respectively. In the population tested the

heterozygosity index was 0.71 and the PIC 0.67.
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3.3.2 Linkage Analysis at the Apo AI-CITI-AIV Locus

Linkage Analysis at the AI-CITI-AIV Locus (X2 Pedigrees)
Seven FCHL pedigrees were examined in this analysis; in each pedigree the
proband carried the 6.6kb Xmnl (X2) allele within the apo AI-CIII-AIV locus.
Linkage was undertaken using the 23 scorable meioses in these pedigrees.
Affection status was defined by the presence of a raised cholesterol and/or
triglyceride > 95th centile, normal subjects were defined as those with both lipid
parameters < 75th centile, members with intermediate phenotypes were not
included in the analysis. Six of the seven families were informative with the Xmnl
RFLP at this locus. The remaining pedigree where the proband (a parent) was
homozygous for the X2 allele was made informative with a novel polymorphism
of a CTT(T) VNTR (see above). Six of the seven pedigrees were linked to the Al-
CII-AIV locus with no recombinant events. In these six pedigrees the disease
segregated with the X2 allele (Fig 10). In the remaining X2 pedigree (pedigree 10)
the disease segregated with the 8.3 kb Xmnl (XI) allele and produced a negative
lod as scores were calculated allowing for linkage disequilibrium between FCHL
and the X2 allele. The overall lod score was highly significant in the X2
pedigrees; Z = 6.86 at § = 0.00. The "lod - 1.0 support interval" was § = 0.00-
0.074 (Wojciechowski et al. 1991). These results indicate that the apo AI-CIII-
AIV gene cluster or a nearby locus is a major gene locus for FCHL in these
pedigrees.

Further linkage studies have been carried out in these seven pedigrees

using additional new data. To avoid selection bias previously excluded pedigree
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members, in particular the offspring of 1st degree relatives of the proband were
included in the analysis to test for linkage in these members also. To avoid
phenotype missallocation FCHL affection status was more strictly defined by the
presence of the elevation of both cholesterol and triglyceride levels (cholesterol
or triglyceride > 95th centile, minimum of 75th - 90th centlle for the other
lipid). Corrected genotype results were included for two pedigree members (ped
10, I1,6; ped 13, III,6). Linkage was performed with haplotype frequencies
allowing for linkage disequilibrium between the FCHL allele and the X2 allele,
assuming both randomly ascertained FCHL pedigrees and correcting for the
ascertainment of FCHL pedigrees through a proband carrying at least one X2
allele.
Reanalysis confirmed linkage of FCHL to the apo AI-CIII-AIV locus,

Z = 6.03, 6 = 0.00. The mildly reduced lod in this analysis was due to a a single
non-obligate recombinant in one pedigree member (ped 13, III,6) with
predominant hypercholesterolaemia. The lod score corrected for the
ascertainment of pedigrees through a proband carrying at least one X2 allele
remained highly significant Z = 5.87, § = 0. 00, (Fig 10 and Table 4). No
recombinant events were demonstrated between the combined lipid phenotype
and the apo AI-CIII-AIV locus. These results further indicate that the apo Al-
CIII-AIV is a major gene locus for FCHL and suggest this locus is particularly

linked with the presence of combined hyperlipidaemia.
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TABLE 3. Lod scores for FCHL at the Apo AI-CIII-AIV locus.

Theta (0
Pedigree 0.00 0.01 0.02 0.05 0.10 0.15 0.20 0.30
Pedigree 2 200 197 193 1.82 1.63 1.43 1.23 0.82
Pedigree 8 1.11 1.09 1.07 1.00 0.88 0.75 0.67 0.36
pedigree 10 -0.21 -0.21 -0.21 -0.20 -0.19 -0.17 -0.14 -0.06
Pedigree 13 1.13 1.16 1.18 1.21 1.19 1.11 0.99 0.68
Pedigree 14 1.08 1.06 1.03 097 0.8 0.75 0.63 0.39
Pedigree 15 0.7 0.74 0.72 0.68 0.60 0.52 044 0.28
Pedigree 42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Totals 587 581 572 548 497 439 3.84 247

Table 3. Lod scores were calculated using apo AI Xmnl RFLP and the CIII VNTR genotypes.
Haplotype frequencies allowing for the association between the FCHL allele and the X2 allele
were corrected for the ascertainment of FCHL probands with at least one X2 allele. Phenocopy
rates were estimated at 2% for those with combined hyperlipidaemia and 5% in individuals with
the sole elevation of cholesterol or triglycerides.
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Fig 10: Linkage analysis at the Apo AI-CIII-AIV locus: Genotype results and pedigrees
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Fig 10: For key see Appendix 1. X1, X2 = 8.3 kb and 6.6kb alleles of the Xmnl RFLP at the Apo AI-CIII-AIV locus. C1-C6, alleles of the CIII VNTR.
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Linkage Analysis at the Apo AI-CITI-AIV Locus (X7 pedigrees

In the six pedigrees where the proband carried two XI alleles (8.3 kb Xmnl
allele) analysis was carried out separately. Separate analysis of this genetically
homogeneous subset is in accordance with the pre-divided sample test (Morton
1956). All six X1 pedigrees were made informative at this locus. Five of these six
pedigrees were not linked to this locus, and the total lod score in the six pedigrees
was strongly negative Z = -5.67, 6 = 0.00. In one pedigree there was a small
positive lod score (+0.53). This result was not significant, although it is possible
that FCHL segregates with the X1 allele in this pedigree. Overall these results
indicate that five of the six pedigrees in this subset are excluded from having a
defect in the apo AI-CITI-AIV locus that causes FCHL. FCHL in these pedigrees

is therefore linked to another locus or loci.

Genetic Heterogeneity at the Apo AI-CITI-ATV Locus

The admixture test of genetic heterogeneity was devised to determine whether
data from a number of pedigrees support the hypothesis that there is genetic
heterogeneity. The method provides a means of estimating the probability that
there are two subsets one linked and one unlinked, the fraction of families that
are in the linked class, alpha, and the posterior probability that a particular
family is in the linked class. The program also gives the overall probabality of
linkage to the test locus using the lod score data from both pedigree classes
together (Smith 1963).

The results of the admixture test at the apo AI-CIII-AIV locus confirmed the

presence of genetic heterogeneity in the FCHL pedigrees studied (* = 11.37, p
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= 0.001). The proportion of families linked, & was 0.59 at § = 0.00 (95% CI,
0.15 - 0.92). The conditional probabilities suggested linkage in six of seven of the
X2 pedigrees, but only in one of the XI pedigrees (Table 6). The probability of
linkage heterogeneity versus non linkage was determined in all 13 FCHL
pedigrees. The results were significantly in favour of overall linkage of FCHL to
the apo AI-CIII-AIV locus in the X2 subset of FCHL pedigrees studied (2 =

21.8, p < 0.0001).

TABLE 4. Admixture test: probabilities of linkage at the apo AI-CIII-AIV

locus.

Pedigree Apo Al Genotype Probability Upper CI Lower CI

Pedigree 1 X1 0.004 0.193 0.0006
Pedigree 2 X2 0.992 0.999 0.9429
Pedigree 8 X2 0.938 0.993 0.6797
Pedigree 9 X1 0.088 0.013 0.1935
Pedigree 10 X2 0.439 0.876 0.0984
Pedigree 11 XI 0.491 0.899 0.1118
Pedigree 12 X1 0.818 0.976 0.3850
Pedigree 13 X2 0.943 0.994 0.6945
Pedigree 14 X2 0.945 0.995 0.7042
Pedigree 15 X2 0.877 0.985 0.4981
Pedigree 16 XI 0.119 0.817 0.0152
Pedigree 20 X1 0.212 0.401 0.0030
Pedigree 42 X2 0.500 0.920 0.1500

Table 4. Results of the admixture test in FCHL pedigrees (Smith 1963). Apo AI genotypes of
the Xmnl RFLP in the probands are designated X2 (6.6 kb allele) and XI (8.3 kb allele).
Conditional probabilities are given with upper and lower 95% confidence intervals (CI).
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3.3.3 Linkage Analysis at other Candidate Gene Loci (X2 Pedigrees

To determine whether additional candidate genes contribute to the phenotype in
FCHL we have tested for linkage in the X2 pedigrees at the LPL, apo B, apo CI-

CII-E and apo AII loci. Six pedigrees were also analysed at the FABP locus.

Linkage Analysis at the LPL Locus (X2 Pedigrees)

Six of the seven pedigrees were made informative with RFLP’s and a novel
VNTR at this locus. Three pedigrees had negative lod scores at this locus, and
three had a small positive score which was not significant (Z = 0.91). The total
score for all pedigrees was strongly negative at Z = -4.24, 0 = 0.00. These
results indicate that LPL is not a major gene locus for FCHL, although the LPL

locus cannot be fully excluded in three of these X2 pedigrees.

Linkage Analysis at the Apo B Locus (X2 Pedigrees)

Five of the seven pedigrees were made informative at this locus. Five pedigrees
had negative lod scores and only one of the pedigrees had a small positive score
Z = +0.23. For all pedigrees the total lod score was stongly negative Z = -4.75,
0 = 0.00. These results exclude the Apo B gene as the locus for FCHL in five of

seven pedigrees, and indicate that Apo B is not a major gene locus for FCHL.

Linkage Analysis at the Apo CI-CII-E Locus (X2 Pedigrees)
Five of seven pedigrees were made informative using these two linked markers.
One of these had a small positive lod Z = 0.40 which was not significant. The

remaining pedigrees had negative scores and the total lod was strongly negative
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at Z = -4.99, § = 0.00. The apo CI-CII-E locus is excluded as a major gene locus

for FCHL in these pedigrees.

Linkage Analysis at the Apo AIl Locus (X2 Pedigrees)

A previously described dinucleotide repeat polymorphism containing six alleles
was used to genotype pedigree individuals (Weber and May 1989). Five of seven
pedigrees were made informative with this dinucleotide repeat. One of these had
a small positive lod score which was not significant (Z = 0.07). The remianing
pedigrees had negative scores and total lod was strongly negative at Z = -5.14,
0 = 0.00. The Apo AII locus is excluded as a major gene locus for FCHL in these

pedigrees.

Linkage Analysis at the FABP Locus (X2 Pedigrees)

Five of seven pedigrees were made informative with a novel VNTR in this locus
(see above). Three of these pedigrees had negative scores, the remaining two
pedigrees had a small positive score (Z = 0.84) which was not significant. The
overall score Z = -1.29, 6 = 0.00 in these pedigrees was small and the result

inconclusive.

3.3.4 Linkage Analysis at other Candidate Gene Loci (X1 Pedigrees)

We have shown that FCHL is linked to the apo AI-CIII-AIV locus in a subset of
pedigrees which carry the X2 allele. In a further six pedigrees samples were

genotyped to test for linkage to the apo AI-CIII-AIV locus in pedigrees where the

150



proband does not carry the X2 allele. The probands of these pedigrees carry two
8.3kb Xmnl (XI) alleles at the apo AI-CIII-AIV locus and are designated X1
pedigrees. These pedigrees were not found to be linked to the apo AI-CIII-AIV
locus, additional analysis has been carried out at other candidate loci to

determine whether other gene(s) are loci for FCHL in this pedigree subset.

Linkage Analysis at the LPL Locus (X1 Pedigrees)

All six pedigrees were made informative at this locus. These six pedigrees all
demonstrated negative lod scores and the total was strongly negative Z = -4.98,
0 = 0.00. These results indicate that the LPL locus is excluded as a major gene
locus for FCHL in this pedigree subset. The results of genotyping with this

VNTR in pedigree 20 is shown in Fig. 9.

Linkage Analysis at the Apo B Locus (X7 Pedigrees)

The six pedigrees in this subset have been made informative at this locus. All
pedigrees had negative lod scores and the overall score was strongly negative Z
= -5.42, 0 = 0.00. Apo B is thus excluded as the gene locus for FCHL in all

these pedigrees.

Linkage Analysis at the apo CI-CII-E Locus (X1 Pedigrees)

All pedigrees in this subset have been made informative at this locus. Four of the
six pedigrees had negative scores and the overall score was Z = -3.05, § = 0.00.
Two pedigrees had small positive scores totalling +0.91, but this score is

insufficient to indicate linkage. The apo CI-CII-E locus is excluded as the locus
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for FCHL in four of six pedigrees, and is thus not a major gene locus for FCHL
in these pedigrees. However, the apo CI-CH-E gene cluster may be the causitive

locus in a small number of FCHL pedigrees.

Linkage Analysis at the Apo AII Locus (X1 Pedigrees)

Five of the six pedigrees were made informative, three of these had negative lod
scores, and the overall score was Z = -3.27, 6 = 0.00. Two pedigrees had small
positive lods Z = +0.87, which were not significant. These results suggests that
apo All is excluded as a major gene locus for FCHL, although it cannot be

excluded in all the pedigrees in this subset.

3.3.5 Linkage Analysis using Protein Polymorphisms

Linkage Analysis at the Apo H Locus

Apolipoprotein H is a polymorphic protein (Kamboh ef al. 1988). To analyse
whether any of the polymorphisms cosegregate with the disorder in nine FCHL
pedigrees, the apo H phenotype was determined in the members of nine
pedigrees. However, as the polymorphic variants are uncommon, this
polymorphism was uninformative. As the gene and chromosomal location for apo
H have not been identified no further studies could be undertaken at this locus.

The contribution of this locus to FCHL remains undetermined.

Linkage Analysis Using Random Protein Polymorphisms

Twenty two random polymorphic protein markers were used to test linkage
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between these protein loci and FCHL in nine pedigrees. Twenty one of the
protein loci demonstrated negative lod scores. The plasminogen locus
demonstrated a small positive lod score Z = 0.91 which was not significant. The
results of linkage analysis at these loci are summarized in table S. In both

pedigree subsets the loci tested are excluded as major genes for FCHL.

3.3.6 Summary of Linkage Analysis

In this study linkage to FCHL has been tested in 11 candidate genes; apo Al,
All, AIV, B, CI, CII, CII, E, H, lipoprotein lipase and fatty acid binding
protein, and 22 random protein markers. The results are summarized in Tables
5, 6a and 6b. Only one of these loci, the apo AI-CIII-AIV gene cluster
demonstrated linkage to FCHL. Linkage to this locus was identified in a
genetically homogeneous subset in which the proband carried the 6.6kb minor
allele of the XmnI RFLP (X2) in the apo AI-CIII-AIV cluster. In these pedigrees
the lod score was highly significant, Z = 5.87, 0 = 0.00 (p <0.0001), indicating
that a defect in or close to the apo AI-CIII-AIV locus causes FCHL.

The other candidate genes including apo B, apo AIl, apo CI-CII-E and
LPL, have lod scores below - 2.0 and thus are not shown by this study to be
major gene loci for FCHL in the X2 pedigree subset (Table 6a). The result in
FABP was negative but not of sufficient magnitude to exclude FABP as a locus
for FCHL.

Results of analysis at the apo AI-CITI-AIV locus in FCHL pedigrees who
do not carry X2 allele, did not to demonstrate linkage of FCHL to the apo Al-

CII-AIV cluster in this subset, Z = -5.67, § = 0.00, indicating that a defect in
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a further locus or loci cause FCHL (Fig. 6b). Linkage studies in this pedigree
subset at a further 8 candidate gene and 22 random protein loci also did not
detect these as major gene loci for FCHL. These results indicate that FCHL is
caused by a defect in the apo AI-CIII-AIV gene cluster and at least one other
locus, and is a genetically heterogeneous condition.

Formal testing of genetic heterogeneity has been undertaken using the
admixture test which indicates the presence of heterogeneity in our pedigrees (p
<0.001). As a result of this heterogeneity the total combined lod score for both
the X2 and X1 FCHL pedigree subsets (linked and unlinked pedigree subsets
respectively) was + 0.20, nevertheless, the admixture test confirmed significant
linkage to the apo AI-CIII-AIV locus (p <0.0001) in the X2 subset, when the
linkage data from both FCHL pedigree subsets was analysed together (Smith

1963).
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Table 5. Results of linkage analysis using protein polymorphisms.

Protein

ACP Acid phosphatse 1

ESD Esterase D

ADA Adenosine Deaminase

GPT8 Glutamic-pyruvate Transaminase
AK1 Adenylate Kinase 1

C6 Complement Component 6

C3  Complement Component 3
GC  Group Specific Complement
BF  Properidin Factor B

PGP Phospho Glycolate Phophatase
PGM Phosphoglucomutase 1

PGD Phospho Gluconate Dehydrogenase
GLO Glyoxalase

PLG Plasminogen

ApoH Apolipoprotein H

F13A Coagulation Factor XIII A,
F13B Coagulation Factor XIII B
ORM Orosmucoid

C1IR Complement Component 1(r)
PI Alpha-1 Antitrypsin

PON Paroxanase

A1BG Alpha-1B Glycoprotein

ITI Inter Alpha-trypsin Inhibitor

Locus

2p25
13q14.1-14.2
20q13.11-qter
8q24.2-qter
9q34.1-34.2
Sq
19p13.2-13.3
4q12.1-13
6p21.3
16p13

1p22.1
1p36.1-36.3
6p21.1-21.3
6q26.1-27
Unknown
6p24.1-25
1q31.1-32.1

'9q31.1-qter

12p13
14q32.1
7q21.1-22
19q
9q32.1-33

Lod
-1.48
-0.91
-2.15
-3.30
0.00
-4.61
-3.56
-2.09
-1.93
-9.01
-1.94
0.00
-1.46

0.00
-1.94
-3.50
-1.13
-1.72
-3.89
-1.21
-1.21
-0.27

Table 5. Results of linkage analysis using polymorphic protein markers in nine FCHL pedigrees
(No’s 1,2,8,9,11,12,13,15 and 20). Protein, name of polymorphic protein and abbreviation. Locus,

chromosomal location, Lod, lod score.

155



TABLE 6. Summary of Lod Scores at candidate gene loci.

Table 6a - Lod Scores at O = 0.00 (X2 Pedigrees)

Pedigree Locus
cm LPL ApoB (611 All
2.00 -1.74 -2.26 -1.79 007
8 1.11 -0.37 0.23 -0.41 000
10 -0.21 0.51 -0.60 -2.08 217
13 1.13 0.35 -1.17 0.40 -124
14 1.08 -0.89 0.00 0.00 097
15 0.75 -2.10 -0.95 -1.11 0483
42 0.00 0.00 0.00 0.00 000
Totals 5.87 4.24 -4.75 4.99 -S4
Table 6b - Lod Scores at © = 0.00 (X1 Pedigrees)
Pedigree Locus
cm LPL ApoB (814 All
-2.46 -0.57 -1.11 -0.64 L7
9 -1.12 -0.75 -1.34 -0.22 063
11 -0.12 -0.51 -0.34 0.12 024
12 0.53 -0.65 -0.60 -0.67
16 -0.72 0.00 -1.05 0.79 107
20 -1.77 -2.50 -0.98 -2.43 136
Totals -5.67 4.98 -5.42 -3.05 327

Table 6. Lod scores are shown for the apo AI-CIII-AIV (CIII), Lipoprotein lipase (LPL), apo B,
CI-CII-E (CII) and apo AII (AIl) candidate gene loci. Linkage was carried out in two predivided
pedigree subsets (Morton 1956), the X2 pedigrees in which the proband carried the 6.6 kb Xmnl
allele, and the X1 pedigrees in which the proband carried the 8.3 kb allele in the apo AI-CIII-
AIV gene cluster respectively.
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3.4 MUTATION DETECTION IN THE LIPOPROTEIN LIPASE GENE

The results of mutation detection in the lipoprotein lipase (LPL) gene in 102
Northern European subjects with the combined elavation of cholesterol and
triglyceride levels are described. Further studies were undertaken in a pedigree

in which the proband was found to have an LPL mutation.

3.4.1 Mutation Detection in Combined Hyperlipidaemic Patients

To ascertain whether defects in the lipoprotein lipase (LPL) gene can cause the
FCHL phenotype, the presence of a common LPL mutation was sought in our
probands and clinic patients. For this purpose 102 European patients with
combined elevations of cholesterol above the 95th centile and triglyceride levels
above the 90th centile, including the 43 NPH FCHL probands were examined for
the presence of a 2kb duplication insertion in the LPL gene (Fig. 3). The
mutation was previously reported by others in 4 of 11 hyperlipidaemic pedigrees
of Northern European extraction with LPL deficiency, and is estimated to
account for 20% of allelic defects in the LPL gene in Northern Europeans
(Langlois et al. 1989). The mutation was detected using PCR with previously
described oligonucleotide primers (Fig. 4). In the mutant allele a 261 bp.
fragment is amplified. In the normal LPL allele there is no PCR product. As a
normal control a novel oligonucleotide, NLPL1, was used to amplify a 160 bp
fragment in the presence of a normal LPL allele (not shown).

Of the 102 patients with combined hyperlipidaemia one patient was

heterozygous for the 2kb duplication insertion LPL mutation (Fig 11).
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3.4.2 LPL. Mutation, Pedigree Studies

The individual with the LPL mutation demonstrated the presence of small dense
LDL subfractions (Fig. 7, pedigree 43). Further pedigree studies demonstrated
that both the proband and one other family member had combined
hyperlipidaemia and the probands family conformed to the criteria for FCHL.

To further examine the relationship between the LPL mutation and
hyperlipidaemia in this FCHL pedigree, mutation detection was carried out in all
further pedigree members. This pedigree consists of five members and is
originally of Portuguese extraction. The proband and her niece reside in
England, the remainder of the blood relatives reside in Portugal. Lipid
estimations and mutation detection has been carried out in these pedigree
members. Three pedigree members were hyperlipidaemic, the proband and her
niece both had raised cholesterol and triglyceride levels above the 95th centile,
the probands sister had a triglyceride level above the 90th centile. This variability
in lipid levels amongst family members is a recognised characteristic of FCHL
(Goldstein et al. 1973).

Mutation detection showed that the hyperlipidaemic members carried the
LPL mutation, showing that hyperlipidaemia cosegregates with the LPL mutation
in this pedigree (Fig. 12). Taken in combination with the negative results of
linkage analysis (see chap. 3.3.6) these results indicate that defects in the LPL
gene do cause the FCHL phenotype but that a defect in this locus is not a

common cause of FCHL.
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3.5 APOLIPOPROTEIN CIII LEVELS

The results from linkage analysis suggest that a defect in or close to the apo Al-
CIII-AIV gene cluster is the cause of FCHL in a subset of pedigrees. To
determine whether apo CIII concentrations were elevated in these pedigrees,

levels have been measured in the probands and their family members.

3.5.1 Apo CITI Levels in the Linked Pedigrees

Apo CIII levels were compared with those of a control population of 198 men
and women (Curry ef al. 1980) whose levels were 7.7 + 2.2 mg/dl (mean # s.d.,
range 3.1 - 15.1). Of the 7 FCHL probands studied in the X2 subset the proband
of pedigree 2 was sampled whilst on therapy, the remaining six were sampled
whilst off therapy for hyperlipidaemia. Five of these six probands off therapy
had levels > 90th centile, four of which had levels > 95th centile. One proband,
however, and his affected offsring had levels which were less than the 90th centile
(pedigree 10).

The results of apo CIII levels in the members of the seven pedigrees are
depicted in Fig. 13. All pedigree members designated as normolipidaemic had
normal apo CIII levels, excepting one (pedigree 2, III,S). Affected pedigree
members had elevated apo CIII levels ( > 95th centile), excepting the two
members from pedigree 10, and one member in pedigree 2. The mean apo CIII
levels in those designated as hyperlipidaemic (16.63 + 5.7 mg/dl, mean + s.d.)
were significantly higher than those designated as normal (10.65 + 2.37 mg/dl,
mean #+ s.d., p<0.00001). These results indicate that apo CIII levels are raised

in this subset of FCHL patients, and suggest that a defect in the AI-CITII-AIV
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locus is associated with the raised apo CIII levels.

Further linkage has been computed using the presence of raised apo CIII (
> 95th centile) levels and that of hyperlipidaemia (using the Goldstein et al.
(1973) criteria) to define affection state, those with hyperlipidaemia but without
elevated CIII levels or visa versa were designated as unknown. Linkage
calculated, inclusive of a non-obligate recombinant event (pedigree 13, II1,4),
demonstrated a Lod score, Z = 5.83. In the pedigree in which the proband and
his affected offspring had normal apo CIII levels (pedigree 10), linkage to the apo
AI-CIII-AIV locus was not demonstrated. These results suggest that the presence
of raised apo CIII levels may be important in defining FCHL pedigrees which are
linked to this locus and confirm highly significant linkage of CIII levels and

FCHL to the apo AI-CIII-AIV locus.
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CHAPTER 4

DISCUSSION

The principal conclusions of this study are that FCHL is a genetically
heterogeneous disorder which is caused by a defect in at least two major gene
loci. These are predominantly the apo AI-CIII-AIV gene cluster (or a nearby
locus), and the lipoprotein lipase (LPL) gene. The apo AI-CIII-AIV gene was
identified as the principal major gene locus for FCHL in our pedigrees by using
both population association and linkage analysis, and about half the pedigrees
studied were linked to this locus, Z = 5.87, 8§ = 0.00. The LPL gene was
identified in a single further FCHL pedigree by mutation detection.

These results are discussed below under the headings: FCHL pedigrees and
lipid data, linkage disequilibrium, linkage analysis, LPL mutation detection and

the mechanism of hyperlipidaemia in FCHL.

4.1 FCHL PEDIGREES AND LIPID DATA

In the NPH group the relatives of the probands show marked
hypercholesterolaemia and modest hypertriglyceridaemia thus confirming the
familial clustering of hyperlipidaemia first reported by Goldstein ez al. (1973).

There was no significant difference in mean cholesterol levels in the NPH and
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original Seattle FCHL pedigrees. Although numerically similar the mean level of
triglycerides were significantly lower in the Seattle sample compared to the NPH
pedigree sample (1.75 mmol/l vs. 1.85 mmol/l, p < 0.013). These results may be
explained by the use of lower control centile levels for triglycerides in the
ascertainment of the Seattle pedigrees; and for triglycerides, the 95th centile in
the Seattle control sample corresponded with the 75th - 90th centile in the LRC
(1980) sample.

Analysis of the orginal Seattle data demonstrated a very similar distribution
pattern of lipid levels in the Seattle sample compared to the total 42 NPH FCHL
pedigrees, despite the differences in ascertainment of the two sets of pedigrees.
Reanalysis of the original lipid data (supplied by Goldstein et al. 1973) using the
LRC (1980) data revealed that of those affected 62% had hypercholesterolaemia
alone, 27% had combined hyperlipidaemia, and 11% had hypertriglyceridaemia
alone. No significant difference in the distribution of these patterns of
hyperlipidaemia were found in our 42 NPH FCHL pedigrees, nor was there any
significant difference when the analysis was performed with 1st degree relatives
of the proband. Goldstein et al. (1973) found that approximately one third of
hyperlipidaemic individuals each had hypercholesterolaemia, combined
hyperlipidaemia and hypertriglyceridaemia respectively using their control centile
levels. Reanalysis of the NPH and Seattle data demonstrate a greater percentage
incidence of hypercholesterolaemia alone (> 95th centile) and a lower incidence
of hypertriglyceridaemia alone in comparison to that originally described by
Goldstein ef al. (1973). This may be explained by the lower centiles used for the

definition of hypertriglyceridaemia than those of the LRC (1980) centiles.
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These results, using the reanalysed Seattle data and those of our NPH
pedigrees, are compatible with a relatively modest increase in triglycerides in
affected FCHL members. Alternatively the results may indicate the presence of
additional genes which contribute to the relatively high incidence of
hypercholesterolaemia in these pedigrees.

Similarly, in the NPH pedigrees which conformed to the strict criteria for
FCHL there was no significant difference in the incidence of
hypercholesterolaemia alone or in the incidence of the combined lipid phenotype
(cholesterol and triglyceride > 95th centile) compared to the Seattle data,
however, only 4% of affected members demonstrated hypertriglyceridaemia alone
in the NPH group compared to 11% in the Seattle group. Thus in the NPH
FCHL pedigrees used in linkage analysis combined hyperlipidaemia and
hypercholesterolaemia alone were the predominant phenotypes.

No significant correlation in lipid levels was found between spouses which
supports the argument that dietary and other shared environmental and cultural
factors play a minor role in the familial clustering of hyperlipidaemia in FCHL
in both the seattle and NPH pedigrees.

Overall the distribution of lipids in the 42 NPH and 47 Seattle FCHL
pedigrees were very similar despite the temporal and geographic differences in

ascertainment,

4.2 LINKAGE DISEQUILIBRIUM
Investigation of population association in our FCHL pedigrees has confirmed

results of a previous population association (Hayden et al. 1987) and
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demonstrated that it is due to linkage disequilibrium between the 6.6kb (X2)
allele at the apo AI-CIII-AIV locus and FCHL. The association studies were
carried out in twelve FCHL pedigrees which met the strict criteria for FCHL and
were ascertained prior to genotyping. One "X2" pedigree which conformed to the
strict FCHL criteria was ascertained after genotyping of the proband and was
therefore not included in this analysis. Linkage disequilibrium was also detected
in all 42 NPH pedigrees, and 17 of these FCHL probands carried the X2 allele
(p <0.01). Some of these pedigrees were ascertained after the proband was
genotyped and all pedigrees were not clearly defined as FCHL. We have,
therefore, principally reported the results from the twelve FCHL pedigrees which
could clearly be used in this analysis, and in these pedigrees linkage
disequilibrium was demonstrated. The extent of linkage disequilibrium between
loci is influenced by several genetic processes, namely recombination, mutation,
migration, selection and genetic drift. The presence of disequilibrium in the
FCHL pedigrees implies that a mutation which results in FCHL occured in the
presence of an X2 allele. Successive recombination events will act to weaken this
association. Although the distance between the mutatibn and the Xmnl RFLP site
cannot be deduced by this method, the persitance of linkage disequilibrium
generally implies that the causitve mutation lies within tens of kilobases from this
X2 marker (Chakravarti ef al. 1984). The presence of disequilibrium was used
in the linkage studies to define a genetically homogeneous subset of pedigrees in
which the FCHL proband carried the X2 allele. The disease segregated with the
X2 allele in six of seven pedigrees. The combined approach to reverse genetics,

population association and linkage analysis, strongly suggest that a mutation in
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the AI-CIII-AIV gene cluster, or a gene tightly linked to it, is present in a about
half of our FCHL pedigrees used in linkage analysis.

In one "X2" pedigree the disease segregated with the 8.3kb allele (XI), and
as scores were calculated assuming linkage disequlibrium between FCHL and the
X2 allele this produced a small negative score for this pedigree (Z = -0.21).
According to the results of disequilibrium the estimated frequency of FCHL on
X2 alleles is 1 in 50. Thus a normal individual carrying an X2 allele marrying
into a pedigree with FCHL at a higher level may occur and would also result in
an X2 FCHL proband carrying a normal X2 allele.

When this study data and that of Hayden et al. (1987) are combined the
estimated frequency of the X2 allele on FCHL chromosomes is 0.391, and thus
the estimated frequency of the X1 allele on FCHL chromosomes is 0.609 at this
locus. Hence the probability of an X1 allele carrying a mutation which causes
FCHL is greater than that of an X2 allele. Thus, further mutations present on
the X1 allele may also cause FCHL (allelic heterogeneity). Segregation of FCHL
with the XI allele may also result from an ancestral recombination event so that
the mutation causing FCHL recombines with the X1 allele.

One in five "normal" individuals are estimated to carry the X2 allele and the
lack of segregation of FCHL with the X2 allele is expected to occur in a
significant proportion FCHL pedigrees as between one in five and one in ten
FCHL pedigrees is estimated to carry a "normal" X2 allele. A further possibility
is that apparent segregation with the XI allele has arisen fortuitously, and there
is no actual linkage between FCHL and the AI-CHII-AIV locus in this pedigree.

Overall the lack of segregation of the X2 allele with FCHL in one of seven X2
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pedigrees is in keeping with the expected results.

In one of the six FCHL pedigrees where the proband did not carry the X2
allele, FCHL was also linked to the AI-CIII-AIV locus through the X7 allele. This
observation may also indicate that more than one allele in this locus may carry
a mutation which causes FCHL. However, the lod score in this pedigree is small
(Z = 0.55) and the apparent segregation in this pedigree may have arisen
fortuitously.

In this study lod scores were calculated allowing for linkage disequilibrium
between FCHL and the X2 allele. Calculations without this allowance mildly
reduce the lod scores, and the results in the initial report (Wojciechowski et al.
1991), Z= 6.86, are reduced to Z = 5.30 if allowance for the presence of
disequilibrium is not made. Nevertheless, a correction for linkage disequilibrium
in our study is indicated by the results of population association both in our
study and that of Hayden et al. (1987), and is further required to correct for the
specific ascertainment of FCHL probands for the X2 allele.

The use of population association in the identification of a genetically
homogeneous subgroup of patients has also been recently successfully employed
to establish linkage in hypochondroplasia. In this study Mullis et al. (1991)
identified a subgroup of patients who were heterozygous for the Hind III and Pyvu
I RFLP’s in the IGF-1 locus. Subsequent linkage was demonstrated between this
locus on chromosome 12q23 and hypochondroplasia with a lod of 3.4. These
studies have demonstrated the value of this molecular genetic approach to the
investigation of an endocrine disorder (Mullis et al. 1991) and an important

disorder of lipid metabolism, FCHL.
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4.3 LINKAGE ANALYSIS

4.3.1 Linkage Analysis at the Apo AI-CITI-ATV Locus

The principal method used to identify the gene or genes for FCHL has been the
candidate gene approach (Lusis 1988). Linkage studies at the apo AI-CIII-AIV
gene cluster, show linkage to this locus in seven FCHL pedigrees. Initial results
demonstrated a lod score, Z = 6.86 at § = 0.00, (p <0.00001). The "lod -1
support interval" (Conneally et al. 1985) was 6 = 0.00-0.074.

Linkage analysis was also carried out with additional data and a stricter
definition of FCHL affection status to avoid phenotype missallocation. This
definition was based on the presence of the elevation of both cholesterol and
triglyceride levels (cholesterol or triglyceride > 95th centile, a minimum level
between the 75th -90th centile for the other lipid). Previously excluded members,
in particular the offspring of 1st degree relatives of the proband were included.
This more extensive reanalysis also demonstrated linkage of FCHL to the apo Al-
CIHI-AIV locus, Z = 6.03 at § = 0.00. The mildly reduced lod in the reanalysis
was due to a single non-obligate recombinant, which occured in a pedigree
member with predominant hypercholesterolaemia. The overall lod score for this
pedigree, however, remained positive (Z = 1.21, 6 = 0.05).

The cholesterol levels were substantially higher in this pedigree than in other
FCHL pedigrees, two members having cholesterol levels > 10 mmol/l. This result
is of interest as it may suggest that other genes contribute to the substantial
elevations of cholesterol in this pedigree. These results are in keeping with recent

evidence indicating there is a single gene locus inheritance in FCHL for small
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dense LDL, associated with hypertriglyceridaemia and hypercholesterolaemia
(Austin ef al. 1990); but a that further gene accounts for the segregation of raised
apo B levels in FCHL, which is principally associated with a raised cholesterol
alone (Austin et al. 1992).

Computation of liklihoods allowing for linkage disequilibrium and correcting
for the ascertainment of FCHL probands with at least one X2 allele was also
performed. In this analysis the frequency of the FCHL allele was estimated in
bedigrees ascertained through a proband with at least one X2 allele. This results
in an expected increase in the haplotype frequency of the X2 allele in association
with the FCHL allele due to ascertainment bias. Calculation of scores corrected
for this ascertainment allows for the possibility that there may be more than one
X2 allele which causes FCHL in some of these pedigrees. However, correction for
this ascertainment also results in a mild reduction in the LOD score, Z = 5.87,
6 = 0.00.

The overall results of these analyses demonstrated no recombinants between
the combined lipid phenotype (cholesterol and triglyceride > 95th centile) and
the AI-CIII-AIV locus. In the above re-analysis, previously excluded pedigree
members were also included. Subsequent genotyping of these members showed
all pedigree members with the combined lipid phenotype segregated with the apo
AI-CIII-AIV locus. In addition all tested members with sole elevations of
cholesterol and with offspring with combined hyperlipidaemia also segregated
with the apo AI-CIII-AIV locus with no recombinants, thereby confirming

linkage to this locus.
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Linkage analysis in the absence of a definitive inheritance pattern, may result in
a failure to detect the presence of linkage (Clerget-Darpoux et al. 1986) or
produce incorrect linkage results (Lange et al. 1986, Demenais et al. 1988,
Boenke 1990). Nevertheless, some studies have shown that characterization of the
genetic model is not a necessary requirement for detecting or excluding linkage
(Risch et al. 1989, Skolnick et al. 1989). Furthermore, computer simulation shows
that assuming a single locus mode of inheritance for traits even determined by
two loci will not substantially decrease the ability to establish linkage nor will it
affect determining the mode of inheritance at the linked locus from the linkage
data (Greenberg 1990).

Recent studies confirm that small dense LDL is inherited as a single gene
trait in FCHL (Austin et al. 1990). In their study small dense LDL was associated
with higher triglyceride levels in affected members, although not with their
quantitive levels. In our FCHL pedigrees used in linkage, elevated triglycerides
are almost exclusively associated with elevated cholesterol levels to produce a
combined lii)id phenotype (see chapter 3.1.2). In the reanalysis in which affection
state was defined by the presence of combined hyberlipidaemia results confirmed
highly significant linkage of FCHL to the apo AI-CIII-AIV locus, Z = 5.87.

In one X2 pedigree FCHL did not segregate with the X2 alléle, and as linkage
was calculated allowing for linkage disequilibrium calculations revealed a small
negative lod score for this pedigree. It is of interest that in this pedigree the
proband and also his affected offspring did not have raised apo CIII levels. In
the remaining pedigrees the lod scores were positive; and the probands, tested

whilst off therapy, demonstrated raised apo CIII levels.
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In the pedigrees which were linked to the apo AI-CIII-AIV locus, all offspring
designated as affected had raised apo CIII levels. These results further reflect the
cosegregation of apo CIII levels with the apo AI-CIII-AIV locus. They also
confirm highly significant linkage of CIII levels and FCHL to the apo AI-CIII-

AIV locus.

In the description of FCHL, Rose et al. (1973) examined three large pedigrees in
which the proband had both elevations of LDL cholesterol and VLDL
triglycerides. The authors concluded that the inheritance of this lipid phenotype
results from the chance association of two separate genetic determinants one for
elevated cholesterol and another for elevated triglyceride levels. However,
examination of the original pedigree data from Rose et al. (1973) demonstrates
that in one of the three pedigrees analysed (pedigree S), the lipid phenotype was
exclusively that of combined hyperlipidaemia in affected individuals, excepting
one instance. Thus, re-analysis of this data (Rose et al. 1973) suggests that in a
subset of FCHL pedigrees the combined lipid phenotype may be determined by
a single gene locus.

The overall findings of our study indicate that the apo AI-CIII-AIV gene
cluster is a major locus for FCHL in a subset of pedigrees and suggest it is linked
with the presence of combined hyperlipidaemia, although further genetic
determinants may contribute to the presence of predominant
hypercholesterolaemia. Our results are in keeping with the original findings of
Goldstein et al. (1973) that a single major gene with an action on triglyceride

metabolism and with a secondary action on cholesterol underlies the segregation
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of hyperlipidaemia in FCHL.

4.3.2 The Apo AI-CITI-AIV Locus and FCHL

Previous evidence supporting an association between RFLP’s in the apo AI-CII-
AIV gene cluster with FCHL, hypertriglceridaemia, hypercholesterolaemia or
CHD is extensive. Eleven RFLP’s have been identified in the AI-CIII-AIV locus
and associations with CHD and hyperlipidaemia have been described for at least
six of these (Breslow 1988). Studies examining the Xmnl, Sstfl, Mspl, and Pst1
RFLP’s in particular, show the presence of the minor allele is associated with
CHD (Ferns et al.1985, Rees et al. 1985, Ferns et al. 1986, Ferns and Galton
1986). The minor allele of the SstI RFLP (S2) is associated with CHD in non
insulin dependant diabetes (Trembath et al. 1987), and is associated with
hypertriglyceridaemia in these patients (Jowett ef al. 1984, Trembath et al. 1987).
The S2 allele is also related to hypertriglyceridaemia in the general population
(Rees et al. 1983) and with the primary hyperlipidaemias including type IIA, type
IIB and type IV hyperlipidaemia (Shoulders et al. 1986, Henderson et al. 1987,
Shoulders et al. 1989). The minor 6.6kb (X2) allele of the Xmnl RFLP is also
related to hyperlipidaemia of types IIB, IIl and IV (Kessling et al. 1985).
Furthermore in pedigrees with a positive family history of CHD the increased
incidence of CHD in first degree relatives of the proband was associated with
these minor alleles, and in particular the X2 allele (Price et al. 1989). At least
75% of the increase in CHD in these pedigrees was estimated to be accounted for

by these alleles.
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Fig. 13: Apo CIII levels in pedigrees linked to the Apo AI-CIII-AIV locus
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Homozygotes with the X2 allele been have found to have a combined lipid
phenotype (IIB) with quite marked elevations of both cholesterol and triglyceride
levels (Monsalve et al. 1989). In addition both our study and that of Hayden et
al. (1987) has demonstrated a population association between the Xmnl
polymorphism and FCHL. The results of these studies show that the apo AI-CIII-
AIV gene cluster is related to CHD and hyperlipidaemia and suggest that the X2
polymorphism in particular is asssociated with the combined lipid phenotype and

FCHL.

The Role of Apo AL, CIII or AIV in FCHL

The putative mutation(s) underlying FCHL in the linked pedigrees may occur in
any of the three genes in the AI-CIII-AIV cluster, or in a further tightly linked
gene. However, none of the major defects described in this locus cause the FCHL

phenotype (Breslow 1989).

Apo Al

Apo Al, the major structural apolipoprotein of HDL is unlikely to be involved
in the pathogenesis of FCHL. The main reported effect of mutations of the apo
AI gene is a lowering of HDL levels and reduced cofactor activity in LCAT.
Homozygous apo Al deficiency occurs in 1 in 1,000,000 of the population, and
principally results in very low HDL levels, premature vascular disease and
corneal opacity. Heterozygotes display similar but less severe clinical features

(Schaefer et al 1982). Some underlying molecular defects have been elucidated.
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Deficiency of apo AI alone has been described in which a small insertion in the
apo Al gene shifts the reading frame and causes premature termination (Breslow
1989). Apo AI Milano is due to an autosomal dominant mutation found in
individuals from a small Italian village. Affected individuals have 33% of normal
cholesterol levels and 60% of normal apo Al levels, but do not experience an
increased risk of premature CHD (Franceschini ef al. 1980). The causitive
mutation is a cysteine to arginine substitution at residue 173, leading to homo

and hetero-dimeric apo Al containing particles (Roma et al. 1988).

Apo CIIT

Combined apo Al and CIII deficiency resulting from gene rearrangements in this
locus have been described. These result from a 6.5 kb insertion (Karathanasis et
al. 1983b), or a 6.0 kb inversion (Karathanasis et al. 1987). The clinical features
are those of apo Al deficiency with normal or low triglyceride levels (Norum et
al. 1982). Deficiency of apo Al, apo CIII and apo AIV together, due to deletion
of this entire locus, also does not produce a FCHL phenotype (Ordovas et al.
1988).

The known functions of apo CIII, which is reported to inhibit the action of
lipoprotein lipase and hepatic lipase as well as the uptake of VLDL and
chylomicrons by the liver (Brown and Baginsky 1972, Krauss et al.1973,
Kinnunen and Enholm 1976, Windler and Havel 1985, Ginsberg et al. 1986)
would suggest that raised levels in contrast to a deficiency of apo CIII are
consistant with the causation of hyperlipidaemia.

Increased activity or levels of CIII may be produced by several mechanisms
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at the molecular level. There may be of a gain of function mutation in the CIII
gene resulting in an increase in protein inhibition, or a defect in the 3’
untranslated region of the gene affecting the post-transcriptional levels of mRNA,
mRNA catabolism, or post-translational levels of apo CIII. Overproduction may
result from mutations in the regulatory elements of the CIII gene, and to date
about 1400 bp of sequence is available in this region. Footprinting analysis using
rat liver nuclear extracts has identified 10 protected regions (Ogami et al. 1990).
The hepatic and intestinal transcription may be affected differently by deletions
in these promoter elements (Leff et al. 1989). Deletion of, or a mutation in a
negative element may therefore result in increased transcription in intestine or
liver or both. Deletion of the region -1020 to -871, for example, increased
intestinal transcription two-fold without affecting hepatic transcription (Ogami
et al. 1990). Deletion of or a mutation in a strong negative element may result in
marked elevation of hepatic transcription. Such a element is present in the CIII
regulatory region at -210 to -110 bp and results in an 8-fold increase in HepG2
cells (Reue et al. 1988). A further regulatory element exists at -87 to -63 bp,
designated as CIIIB (Ladias et al. 1992). Members of the steroid hormone
receptor superfamily may have opposing effects on these regulatory elements.
ARP-1I, EAR-2, and EAR-3 repressed the CIIIB element-dependant transcription
of reporter gene constructs. Whilst HNF-4 activated transcription in these
constructs. HNF-4 activation was also dependant on elements CIITH (-705 to -
690), CIII I (-766 to 726) and CIIJ (-792 to -779) (Ladias et al. 1992) and
mutations in these sites may also affect transcription.

As apo Al and CIII may be coordinately regulated (Karathansis et al. 1983a)
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a mutation in the regulatory elements of the AI gene may also affect transcription
of the apo CIII gene.

The principal sites involved in the inhibitory actions of apo CIII have not
been determined and it is unclear which mutations are likely to result in an
increase in its inhibitory activity. The degredation pathways have also not been
determined, however, the addition of a carbohydrate side chain to the 74th
residue threonine may increase the stability of CIII (Roghani and Zannis 1988),
and mutations affecting the addition of side chains or their glycosylation may
affect degradation. The role of the 3’ untranslated region of the apo CIII gene
have not been elucidated, and the efects of modification of this region and of the
CIII gene itself on post-trancriptional events, such as mRNA turnover have not
been fully studied. The SszI RFLP which lies in this region is associated with
hyperlipidaemia (Shoulders ef al. 1989) and a mutation of this region downstream
towards the Xmnl polymorphism affecting mRNA turnover is a possble candidate
mutation site in FCHL. Post-translational control of apo CIII levels also has not

been elucidated.

Apo AIV

The functions of apo AIV are poorly understood. Recent evidence, however,
shows that this protein may play an important role in triglyceride metabolism by
facilitating the transfer of apo CII to chylomicrons (Goldberg et al. 1990). Since
apo CII is an essential co-factor for the action of lipoprotein lipase, a defect in
apo AIV could cause the FCHL phenotype. Variations in apo AIV mRNA levels

are reported to be controlled post-transcriptionally by cis- and trans-acting
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regulatory elements (Reue et al. 1990), and apo AIV mRNA levels may vary 90
fold in inbred mouse strains. The effects of variation in apo AIV mRNA levels

on lipid levels and their potential to result in FCHL has yet to be determined.

4.3.4 Phenotype Allocation, Penetrance, Phenocopies, and Non-paternity

The study of FCHL using linkage analysis presents special problems regarding
phenotype allocation, penetrance and phenocopies. To resolve these difficulties
the exclusion of individuals with indeterminate or indeterminate phenotype has
been advocated (Lander 1988, Byerley 1989, MacCluer 1989). Accordingly
linkage has been carried out in this study in two analyses; in the first affection
status was defined as the elevation of cholesterol or triglyceride, in the second
stricter analysis affection status was defined as the presence of combined
elevations of cholesterol and triglyceride levels. The absence of a stringent
definition of phenotype may result in false positive linkage (Sherrington et al.
1988) and the results of our latter analysis are considered more accurate on the
basis of more rigorous phenotype allocation.

Linkage analysis may be confounded by the presence of phenocopies and
these are potentially very common in any study of hyperlipidaemia. The recent
identification of the glucokinase gene as a major locus for maturity onset diabetes
of youth (MODY) has critically depended on strict phenotype allocation (Cox et
al. 1992). The population prevalence of hyperlipidaemia is far higher than that
of diabetes, and is likely to introduce commensurately more difficulties in the

analysis. Estimates of the prevalence of hyperlipidaemia in different populations
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vary, but with the use of the 95th centile (LRC 1980) to define affection state the
incidence is clearly at least 5%, and certainly much higher than the estimated 1%
prevalence of FCHL (Brunzell and Motulsky 1984). The analysis therefore, is
likely to result in a high rate of phenocopies in the pedigrees.

To reduce this effect all patients with secondary hyperlipidaemia including
liver, renal, thyroid disorders, diabetes or a strong family history of diabetes
were excluded. The introduction of phenocopies may also result from the
presence of hyperlipidaemia in the spouse of a family member. As the population
prevalence of hyperlipidaemia is at least five times that of FCHL it is likely that
a hyperlipidaemic spouse is a phenocopy and as a result the affected offspring
will also have a high probability of representing phenocopies. Therefore in the
first analysis where the spouse has "married in" with hyperlipidaemia both the
spouse and the respective children have been excluded. The presence of a
phenocopy may also be indicated by sole elevation of cholesterol in a pedigree
member and by the absence of the combined lipid phenotype in any of his
offspring. In this instance the presence of hyperlipidaemia may be due to other
genes rather than those which may cause FCHL. As combined hyperlipidaemia
is the phenotypic hallmark of FCHL, nuclear family units where there was a
complete absence of combined hyperlipidaemia were therefore also not included
in the analysis.

Lipid levels vary within a population with age and sex, and the effects of
these factors may be substantial, thereby affecting phenotype allocation.
Furthermore polygenic and environmental factors, particularly diet are known

to influence lipids both in populations and in individuals with and without FCHL
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(Oliver 1987, Grundy et al. 1987). The effect of diet on lipid levels may either
introduce phenocopies or result in reduced penetrance in individuals with FCHL,
dependant on high or low fat diets respectively. Reduced penetrance has been
noted to occur in children with FCHL, in particular before the onset of puberty
(Goldstein et al. 1973), and this effect may vary amongst pedigrees (Brunzell et
al. 1987, Cortner et al. 1990). Since phenotype missallocation from these scources
may also confound linkage analysis it is important to address these additional
difficulties.

Lipid levels used in this study were therefore corrected for age and sex. In
the absence of extensive published British centile data, all lipid levels were
corrected using the centile levels of the Lipid Research Clinics (LRC 1980). Mean
lipid levels in the LRC study were very similar to those found in a population
study in the Harrow area by our group (Law ez al. 1986), and to those found in
a British population (Mann et al. 1988). The data from the latter British study
could not be used, however, because no centile levels were published, in addition
a proportion of the subjects (14.8%) were not fasted, and the study was small
compared to the LRC study (1980). Only pedigrees of Northern European origin
were used in the study as extensive centile levels for other ethnic groups are not
available. Indeed studies suggest that lipid levels in asians, for example, are
lower than those of Northern Europeans despite their high prevalence rate of
CHD (Hughes, Wojciechowski and Raftery 1990). The use of centile levels
themselves does not however resolve the difficulty of defining affection status. If
a single cut off level, such as the 95th centile, is used those slightly above this

centile would be designated as affected and those slightly below designated as
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normal, despite a very small difference in absolute lipid levels. This difference
may be the result of expected laborotory error, diurnal variation, fasting state,
dietary or polygenic influences.

To resolve this difficulty the exclusion of individuals with indeterminate
phenotype has been advocated (Lander 1988). Accordingly those individuals
whose lipid levels fell between the 75th and 95th centiles were designated as
intermediate and were excluded from both linkage analyses. Linkage analysis
was undertaken with phenocopy rates set at 5% in those with a raised cholesterol
or triglyceride above the 95th centile, and 2% in those with both cholesterol and
triglyceride levels above the 95th centile. This was to account for the estimated
prevalence of non genetic forms of this phenotype in the population, and the
possibility that a "married in" non blood relative had reduced penetrance for this
phenotype but nevertheless transmitted it to their offspring. Because of reduced
penetrance in children (Goldstein et al. 1973) all unaffected individuals under 16
years of age have been excluded from linkage studies. The problem of reduced
penetrance is also addressed by the strict definition of "normal" as cholesterol
and triglyceride levels below the 75th centile.

The application of exclusion criteria to individuals in our pedigrees was
carefully applied. In order to avoid bias phenotype allocation was determined
prior to genotyping. Only allocations which have been clearly erroneous have
been altered subsequently, and individuals with equivocal phenotypes were rebled
on a third occasion. Both phenotyping and genotyping were performed and
reported by different persons in order to reduce bias.

It remains possible that that a number of individuals who were recombinants,
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in the sense that hyperlipidaemia did not segregate with the apo AI-CIII-AIV
locus, may have been exluded from the analysis by the above criteria. To address
this difficulty the results were subsequently reanalysed including previously
excluded members. Specifically the offspring of 1st degree relatives with
hyperlipidaemia were subsequently genotyped and included in the reanalysis. To
avoid phenotype missallocation in this analysis, affection status was based on the
criteria of Goldstein et al. (1973) for the presence of combined hyperlipidaemia.
Affection state was defined as cholesterol > 95th centile in the Goldstein ez al.
control group, levels equivalent to the 95th centile for cholesterol for the Lipid
Research Clinics Data (LRC 1980). For triglycerides the 95th centile in the
Goldstein et al. data was equivalent to between the 75th - 90th centile for
triglyceride for the Lipid Research Clinics Data (LRC 1980). Thus the definition
of affected was defined as cholesterol > 95th centile and between the 75th and
90th centile for triglycerides (LRC 1980). The results of this further analysis
confirmed linkage between FCHL and the apo AI-CIII-AIV locus.

The presence of non-paternity was also sought in our study by the use of
genotyping with highly informative markers at the candidate gene loci. In the
instances where the results of linkage could not be interpreted because of non-
paternity these individuals have been excluded. Recent studies in pedigree 14
indicate that an additional two members (Fig. 10; 14, III,2 and III,3) are
reported to represent non-paternity. Nevertheless, as the meioses remain fully
informative at the apo AI-CIII-AIV locus irrespective of their paternal genotype

or phenotype they have been included in linkage analysis at this locus.

183



4.3.5 Loci Close to the Apo AI-CITI-AIV Cluster.

The "lod -1.0 support interval" of theta = 0.0 - 0.074 (Conneally et al. 1985)
allows the causative gene locus for FCHL to lie within 7.4 centimorgans or
appproximately 7.4 megabases of the apo AI-CIII-AIV gene cluster. Thus a
further nearby gene may be the cause of FCHL in our pedigrees. Although there
is no evidence that there is such a gene in humans, there is a preliminary report
that elements outside the Al gene and its promoter may influence apo Al levels,
and that these elements might not lie within the AI-CIII-AIV locus (Roma et al.
1990). These elements, if confirmed, may also affect CIII levels. Other known
genes that lie within 7.4 centimorgans of this cluster on chromosome 11q 23-24,
are unlikely to be involved in lipid metabolism, these include the human T-cell
antigen-receptor associated complex delta chain (T3 delta), thy-I and the neural

cell adhesion molelcule (N-CAM) (HGM 10).

4.3.6 Other Candidate Genes and FCHL

Three candidate genes involved in lipid metabolism have been reported to be
associated with a phenotype which is compatible with FCHL to date. Among
these are lipoprotein lipase (Babirak et al. 1989), cholesterol ester hydrolase
(Kelly et al. 1985) and the AI-CITI-AIV gene cluster (Wojciechowski et al. 1991).
In addition other genes including apo B, hepatic lipase, fatty acid binding protein
(FABP), apo CII, apo E and apo H may be implicated in this disorder.

The apo B gene is a strong candidate for FCHL because of the reported
overproduction of apo B in this disorder (Chait et al. 1980, Janus et al. 1980a,

Kissebach et al. 1984). However, the results of this study do not suggest that the
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apo B is involved in FCHL. Indeed the lod score for all thirteen pedigrees was
substantially negative Z = -10.17, with 10 of thirteen pedigrees showing negative
lod scores. These results are in keeping with a previous study (Rauh et al. 1990)
in which linkage was excluded in seven FCHL pedigrees. These findings are not
compatible with the hypothesis that FCHL is caused by mutations at the apo B
gene acting as a single mendelian trait in these pedigrees.

Plasma lipoproteins have previously been examined in a pedigree with hepatic
triglyceride lipase (HTGL) deficiency (Connelly et al. 1990). Although some
pedigree members were hyperlipidaemic, the HTGL deficient subjects had no
significant differences in VLDL triglyceride, VLDL cholesterol or LDL
cholesterol, compared with unaffected members. The authors concluded that the
results were consistant with the presence of additional genes causing
hyperlipidaemia in this pedigree, independant of the deficiency of HTGL. In
support of these conclusions Auwerx et al. (1990) report the coexistance of
abnormalities of HTGL and lipoprotein lipase (LPL) in a large pedigree. Their
findings indicate that compound heterozygotes for HTGL and LPL deficiency
show lipoprotein characteristics typical of sole HTGL deficiency, that is LDL
particles which are larger and more buoyant. Other hyperlipidaemic members
with sole LPL deficiency demonstrated a variable lipid phenotype compatible
with FCHL. These results suggest that while HTGL deficiency may contribute
to the lipoprotein phenotype in FCHL, that the characteristic phenotype of FCHL
is not produced by deficiency of HTGL alone.

The results of mutation detection in our study and previous evidence from

other studies suggest that FCHL may be caused by LPL deficiency in a subset of
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