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ABSTRACT

Fasting triglyceride (TG) levels are a strong determinant of postprandial lipaemia,
which is thought to influence the development of coronary artery disease (CAD) because of
the delayed clearance or prolonged presence of atherogenic remnant lipoproteins.
Associations were thus sought between common genetic variation in apolipoprotein (apo) B,
Al, CIII and E and lipoprotein lipase (LPL) and both levels of the TG-rich lipoproteins and
severity of atherosclerosis. The role of the LPL gene was emphasized because of the known
metabolic relationship between LPL activity and lipid metabolism. In Swedish healthy
individuals, the C_; allele of the C to T polymorphism in the apoB promoter was associated
with higher apoB levels, the X+ allele of the apoB-Xbal polymorphism with higher low
density cholesterol (LDL) cholesterol levels, the common allele (V+) of the apoCIII-Pvull
polymorphism with higher LDL-TG levels, and both the T allele of the apoCIII C, ;oo to T
polymorphism and the common allele (H+) of the LPL-HindIII polymorphism with higher
TG levels.

In Swedish myocardial infarction survivors, fasting lipids and lipoproteins were
associated with variation at the apoE gene but not at the apoB, apoCIII or LPL genes.
However homozygosity for the insertion allele of the apoB signal peptide polymorphism,
homozygosity for the C allele of the apoCIII C,,o to T polymorphism and the presence of
the rare alleles of the HindIII and Serine-Stop447 polymorphisms in the LPL gene were
associated with worse baseline severity of atherosclerosis in the MI survivors. When
genotypes associated with severe atherosclerosis were considered together, individuals with
all three genotypes had a 6-fold greater severity of atherosclero#is compared to those with
none. In a British patient sample with CAD, variation at the apoB and apoAI-CIII-AIV
genes were associated with baseline severity and progression, respectively, of atherosclerosis;
homozygosity for the X- allele of the apoB-Xbal polymorphism and homozygosity for the G
allele of the apoAI-G_;5 to A polymorphism being associated with worse atherosclerosis. In
neither of these patient samples, did the genotype effect on atherosclerosis appear to be

mediated through genotype-associated differences in fasting lipid and lipoprotein traits.

To test the hypothesis that genetic variation was influencing atherosclerosis severity



via modulation of postprandial lipaemia rather than through fasting lipids, the effects of
common genetic variation on levels of pbstprandial TG-rich lipoproteins and their atherogenic
remnants were examined. The apoB signal peptide variants influenced production of
postprandial lipoproteins of both intestinal and hepatic origin. Polymorphisms in the apoCIII,
LPL and apoB genes exerted their largest effect on lipolysis or catabolism of postprandial
lipoproteins, and the H+ allele of the LPL-HindIII polymorphism was associated with higher
postprandial LPL activity and levels of free fatty acids. Using Single Strand Conformation
Polymorphism analysis and sequencing, an A,;,; to G substitution that changes Asparagine-
291 to Serine was found in exon 6. The frequency of the Serine-291 variant, found on the
haplotype defined by the common alleles (presence of cutting site) of the Pvull and HindIII
polymorphisms, was approximately 0.1 in two independent samples. The effects of this
substitution on fasting and postprandial lipids and lipoproteins, LPL activity,
interrelationships between plasma traits and influence on apoE phenotype-mediated effects
have been investigated, but do not explain all the effects associated with genotypes of the

LPL-HindIII polymorphism.

Common variation in the genes for apoB, apoCIII and LPL influences fasting serum
lipid and lipoprotein levels, with LPL having the largest effect on TGs, and modulating
postprandial lipaemia and interrelationships between lipid traits; these may explain
associations seen between genetic variation and atherosclerosis. Additive effects occur
between common genetic polymorphisms, modulated by environmental factors, with

implications for future population studies.
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Abbreviations used in this thesis

A Adenine

Ag Antigen Group

apo apolipoprotein

ASO Allele specific oligonucleotides
BMI Body mass index

C Cytosine

CAD coronary artery disease

CE cholesteryl ester

CETP cholesterol ester transfer protein
CHD coronary heart disease

FC free cholesterol

FCHL familial combined hyperlipidaemia
FCR fractional catabolic rate

FDB familial defective apoB

FDH familial dyslipidaemic hypertension
FH familial hypercholesterolaemia

G Guanine

HDL high density lipoprotein

HL hepatic lipase

HVR hypervariable region

IDL intermediate density lipoprotein
TGRL triglyceride-rich lipoprotein -
LPL lipoprotein lipase

LRP LDL—receptor—reiated protein
mRNA messenger RNA

MTTP microsomal triglyceride transfer protein
oligo oligonucleotide

PCR Polymerase chain reaction

RFLP restriction fragment length polymorphism
SP signal peptide

T Thymine

TG triglyceride

VLDL very low density lipoprotein
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Some of the above risk factors are chronic sources of injury to the arterial
endothelium, such as hypercholesterolaemia, hypertension and smoking (reviewed in Ross
1993). Increasing plasma cholesterol levels are correlated with risk of CAD, however this
relationship is not linear. Gn%y (1986) pooled the results from three studies, the
Framingham Heart Study, the Pooling Project and the Israeli Prospective Study, and showed
that above a plasma cholesterol concentration of 5.17mM, risk begins to rise. This threshold
effect was not found in the Multiple Risk Factor Intervention Trail (Stamler et al. 1986),
which studied 350,000 men. However these workers found a similar relationship; if the
relative risk of CAD is considered to be 1 at 5.17mM, it doubles at a cholesterol
concentration of 6.47mM and quadruples at 7.76mM. The age of onset of CAD in an
individual is reduced by the interaction of high plasma cholesterol levels with other risk
factors such as smoking, hypertension, diabetes, in an additive or possibly multiplicative
manner (Gn?dy 1986).

Individuals with high plasma cholesterol levels (above the 95th percentile of the
normal distribution) due to heterozygosity for a genetic defect in a key receptor that mediates
the uptake of cholesterol from the circulation (the low density lipoprotein (LDL) receptor)
are particularly suspectible to early CAD, and begin to suffer MIs from their fourth and fifth
decades, even in the absence of other risk factors. These individuals have
hypercholesterolaemia due to only having half-normal levels of the LDL-receptor.
Homozygosity for defects in the LDL-receptor leads to cholesterol levels that are 6 to 10
times higher than normal and death usually occurs in adolescence or early adulthood (Brown
& Goldstein 1986).

Fasting plasma triglycerides (TG) are also associated with the risk of CAD.
However, the issue of whether raised plasma TG is an independent risk factor for CAD has
been controversial. This is due to the elimination of TG as a risk factor in most studies
involving multivariate analysis which include other lipid paramters (Austin 1991). Both case-
control and prospective studies have shown a significant association between elevated TGs
and CAD on univariate analysis, however when multivariate analysis was used (adjusting TG
for other lipid measurements, in particular HDL-cholesterol), no significant association

between CAD and TG was observed in most studies. One factor to consider here is that



intraindividual variation in TG levels is considerably larger than the variation in plasma
cholesterol levels (Jacobs & Barrett-Connor 1982) particularly at levels of cholesterol or TG
> 6.4mM. This implies that misclassification of study subjects with regard to
hypertriglyceridaemia (HTG) may occur since most large-scale epidemiological studies only
sample individual subjects once. If this missclassification bias is the same for both disease
and control groups, this will attenuate measures of association between fasting TGs and
disease (Kelsey et al. 1986, Austin 1991). In addition, in a large sample of middle aged
men, the interindividual variation in TG levels (as measured by standard deviation) was
considerably greater than that in cholesterol levels (reviewed by Austin 1991). This is also
likely to reduce the ability to detect associations with CAD, especially in comparsion with
other less variable lipid measurements (Austin 1991). Recently, in a case-control study of
postprandial lipaemia, postprandial TG levels predicted CAD, even in multivariate analysis
including HDL-cholesterol (Patsch et al. 1992). These workers concluded that TGs are an
independent predictor of CAD on multivariate analyses provided that a challenge test of TG

metabolism such as postprandial lipaemia is used (discussed later in Section 1.8.3).

Elevated plasma levels of LDL-cholesterol and apolipoprotein B, the protein
constituent of LDL are poé‘tive risk factors for CAD (discussed in Section 1.3.2) while levels
of high density (HDL) cholesterol and apolipoprotein AI (the major protein in HDL) are
inversely related to risk for CAD (discussed in Sections 1.5.1 and 1.7.4).

Thus, atherosclerosis is multifacternal, a result of interaction between genetic and
enviromental factors, but lipoprotein metabolism clearly has a pivotal role in atherogenesis.
Many proteins are involved in plasma lipid transport alone and the phenotype of plasma
lipoproteins alone is very complex, involving many different genes, including those coding
for apolipoproteins, lipoprotein receptors, lipid transfer proteins and enzymes involved in all
aspects of lipid synthesis, metabolism and catabolism. Atherosclerosis probably represents
an even more complex phenotype, involving other factors in addition such as the clotting
cascade and the metabolism of cells in the arterial wall such as macrophages and smooth
muscle cells (Lusis 1988). One illustration of this is the highly variable severity of
atherosclerosis amongst individuals with homozygous FH caused by the same defect in the
LDL-receptor (Hobbs et al. 1987).



Section 1.2 Overview of Lipid Metabolism

Cholesterol and triglycerides (TG), along with other lipids such as phospholipids, are
transported in the blood in protein-lipid complexes called lipoproteins. As shown in Table
1.2.1, lipoproteins can be distinguished by their buoyant density, apolipoprotein composition
and floation rates. Table 1.2.2 summarizes the major characterised apolipoproteins, the
protein constituent of lipoproteins. These proteins have three main roles; binding of lipids
thus making them soluble in the aqueous environment of the plasma, maintaining structural
intergrity of the lipoprotein particle and acting as co-factors for enzymes and acting as
ligands for lipoprotein receptors. Therefore apolipoproteins are the mediators of lipid
metabolism and catabolism in plasma. Specific domains within the apolipoproteins mediate
their functions. Most of the characterised apolipoproteins have amphipathic helices and
transmembrane spanning structures which bind and solubilise lipid within lipoprotein
particles. The amphipathic helices tend to lie at the lipid/aqueous interface of the lipoprotein
particles. ApoB-100 and apoE have domains consisting of charged residues which are
exposed on the surface of the lipoprotein particle; these domains are able to interact with
residues of opposite charge in the ligand-binding domains of lipoprotein receptors. This
enables cells to obtain lipids for their many metabolic processes. Apolipoproteins, which act
as cofactors for enzymes, bind to the enzyme and alter enzyme conformation, enabling
substrate to bind to the active site of the enzyme. Examples are apoCII which acts as a co-
factor for lipoprotein lipase (LPL) and apoAl which acts as a co-factor for lecthin-
cholesterol-acyltransferase (LCAT).

The classification of lipoprotein fractions is a general problem in the field of
lipoprotein research. Chylomicrons are synthesized in the intestine and contain apoB-48,
while very low density lipoproteins (VLDL) are produced in the liver and contain apoB-100.
A cut-off point of either a density of 0.96g/cm or a ﬂé:ation rate, Sf of 400 is used during
ultracentrifugal isolation of lipoproteins, above which lipoproteins are classified as
chylomicrons and below which they are classified as VLDL. However the intestine does
produce lipoproteins with a Sf less than 400 and there are some particles of hepatic origin
with a Sf greater than 400. Hogg et al. (1990) observed that the human intestine is capable
of synthesizing apoB-100 as well as apoB-48. This complicates the issue still further, as

there may be lipoproteins with apoB-100 that contain exogenous, rather than endogenous,



Table 1.2.1 Characteristics of the Major Classes of Plasma Lipoproteins

Lipoprotein | Density Flotation Apolipo- Percentage Composition Electrophoretic | Particle diameter
Class (g/ml) Rate * proteins Mobility (nm)
protein FC CE | TG | Phospho-
lipid
Chylo- <0.95 > 400 Al ALV, 2 2 4 85- |8 origin 100 - 1000
microns B-48, 90
CI, CI,
CII, E
VLDL <1.006 20 - 400 B-100, CI, 5-10 7 12 50- | 15-20 pre-8 30-90
CII, CIII, E 65
IDL 1.006 - 12-20 B-100, E 15-20 8.5 |22 20- |20 ’broad-g’ 25-30
1.019 30
LDL 1.019 - 0-12 B-100 20-25 85 |38 7-10 | 15-20 B 20-25
1.063
HDL 1.063-1.21 | 0-9 Al All, 40-55 4 11 25 2035 a 8-20
AlV, CI,
CII, CIllL, E

* Flotation Rates for lipoproteins of densjty < 1.063g/ml are in Svedbergs (Sf, 10™ cm s* dyne g) and are measured at a density of 1.063g/ml. For
lipoproteins of density > 1.063g/ml, flqation rates are measured at a density of 1.20g/ml.
Data from Myant (1990). FC = free cholesterol, CE = cholesteryl ester, TG = triglycerides



Table 1.2.2 Major apolipoproteins in plasma

Apolipoprotein

Molecular
Weight (kD)

Plasma
concentration
(mg/dl)

Function ﬂ

ApoAl

28

60 - 160

Structural protein of HDL
Activator of LCAT

Role in peripherial mobilization of
cholesterol?

Antioxidative properties

ApoAll

17.4

25-55

Structural protein of HDL
Phospholipid-binding property

ApoAIV

15-37

Required for intestinal fat
absorption?

Modulator of LPL activity?
Roles in LCAT activation and
cholesterol efflux from cells?

I‘ ApoB-100

550

60 - 160

Structural protein of VLDL and
remnants, IDL and LDL
Ligand for the LDL-receptor

|| ApoB-48

264

Structural protein of chylomicrons
and chylomicron remnants

ApoCl

6.6

3-10

Unknown
Modulator of apoE mediated uptake
of remnant lipoproteins?

ApoCII

8.9

1-6

Activator of LPL

ApoCIII

8.8

4 -20

Inhibits LPL?
Modulator of apoE mediated uptake
of remnant lipoproteins

ApoE

34.2

Ligand for the LDL-receptor and
LRP

Data from Bhatnagar & Durrington (1993)



lipids. The VLDL subfraction is subdivided into VLDL, (Sf 60-400) and VLDL, (Sf 20-60)
in a number of studies investigating lipoprotein metabolism (e.g. Fisher et al. 1993, Karpe
et al. 1993a); within the Sf interval 20-400, lipoproteins are traditionally called VLDL but

may be contiminated with lipoprotein particles of intestinal origin.

Figure 1.2 summarizes the major steps in lipoprotein metabolism. Following the
digestion of dietary fat, the intestine secretes large TG-rich particles called chylomicrons
which enter the circulation via the lymphatic system. Lipoprotein lipase (LPL) hydrolyzes
the core TGs in chylomicrons to free fatty acids which are taken up by peripherial tissues.
During this process chylomicrons are converted into remnants which are taken up by hepatic
receptors. Redundant surface materials e.g. phospholipid, cholesterol and apolipoproteins
are transferred to high density lipoproteins (HDL). The liver also produces TG-rich VLDLs,
which are acted upon in the same way as chylomicrons, to produce VLDL remnants. A
proportion of the particles (IDL) that are left are removed by the liver via interaction of apoE
with specific receptors. A proportion of the VLDL remnants are further metabolized to LDL
which have apoB-100 as their sole protein; these LDL particles are taken up by LDL-
receptors in peripherial tissues and the liver. Circulating high density lipoproteins (HDL)
are of intestinal and hepatic origin, and function in ’'reverse cholesterol transport’, accepting
cholesterol from extrahepatic cells or from other lipoproteins. This cholesterol is esterified
by lecthin-cholesterol-acyltransferase (LCAT), which requires apoAl as cofactor. The mature
HDL particle, enriched in cholesteryl esters (CE), is taken up by the liver or participates in
heteroexchange of lipids with TG-rich lipoproteins, with channelling of cholesterol from
HDL to other lipoproteins; this process is mediated by cholesterolesteryl ester transfer
protein (CETP) (Brown & Goldstein 1986). As a result of this CETP-mediated
heteroexchange, the HDL increases in size and decreases in density; these HDLs are acted
upon by hepatic lipase to regenerate smaller HDL particles which participate in CETP-

mediated lipid heteroexchange (discusssed in more detail in Section 1.7.2).
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Section 1.3  Apolipoprotein (apo) B
Section 1.3.1 ApoB protein structure

There are two different forms of apoB, apoB-100 and apoB-48 which are secreted by
the liver and intestine, respectively, in the human. Different length variants of apoB are
classified using the percentile scale, with full length apoB being apoB-100. Full length apoB
is comprised of 4536 amino acid residues plus a 27 or 24 residue signal peptide and has a
molecular weight of 550kDa. It is secreted by hepatocytes as a constituent of VLDL
(Demmer et al. 1986). ApoB-48 is secreted by the intestine as part of the chylomicron
particle, and comprises of 2153 residues. Studies using monoclonal antibodies have shown
that apoB-48 is identical to the N-terminal half of apoB-100 (Olofsson et al. 1986, Hardman
et al. 1987). ApoB has numerous internal repeats which show homology to each other, but
the apoB molecule has very little homology with other proteins or apolipoproteins (Knott et
al. 1986, Boguski et al. 1986). ApoB-100 has five long (52 residue) and eight shorter
hydrophobic, proline-rich consensus sequences which are postulated to be lipid-binding
domains, and may form amphipathic 8-sheets (DeLoof et al. 1987a). ApoB-100 also contains
nine amphipathic a-helical regions, which are clustered particularly around the middie and
at the carboxyl-terminal end of the protein. These a-helic es share consensus sequences and
have hydrophobic (lipid-soluble) residues on one side and hydrophilic residues on the other
side; these helic ‘es are thought to seek the lipid/aqueous interface of the lipoprotein particles
(DeLoof et al. 1987b). Additionally, there are 39 short (approximately 7 residues long)
hydrophobic sequences which are not long enough to tra-verse the phospholipid monolayer
of the lipoprotein particle, but are believed to anchor the apoB molecule to the lipoprotein
particle by dipping into its non-polar phase (Olofsson et al. 1987). There are also eight
regions of basic residues, seven of these regions are heparin-binding sites (Weisgraber & Rall

1987 and discussed in more detail in Section 1.3.3).

There are 25 cysteine residues in the apoB-100 molecule, 16 of these participate in
disulphide binding (Yang et al. 1990). These 16 cysteines are clustered in the amino
terminal region which consequently has a more globular structure than the rest of apoB. Six
out of the eight disulphide bridges in apoB-100 are between adjacent cysteine residues, hence
the effect of disulphide binding on the tertiary structure of apoB is not large. Sixteen
asparagine residues are glycosylated, giviﬁg apoB a total carbohydrate content of 10% of the

11



total molecular weight (Yang et al. 1989). Phosphorylation of apoB also occurs at serine and
tyrosine residues (Davis et al. 1984) and apoB is also acylated (Hoeg et al. 1986). However
the functions of these two modifications of apoB are unknown. Figure 1.3.1 is a

representation of a cartoon of the structure of apoB within the LDL particle.

Two of the eight above-mentioned basic regions, which are particularly rich in the
positively charged amino acid residues, arginine and lysine, are involved in forming the
primary LDL-receptor binding domain, present in apoB-100 but not apoB-48. This LDL-
receptor binding domain of apoB is conserved across different mammalian species although
the overall positive charge in this region shows inter-specific variability (Law & Scott 1990).
Cysteines 3167 and 3297 form a disulphide bridge in humans but not in other species, thus
this disulphide bridge is not likely to be important in modulating binding to the LDL-
receptor. Several approaches have been used to define the primary receptor-binding region
of apoB-100, which is considered to span residues 3000 to 3700. Firstly, residues 3359 to
3367 of apoB, predicted to form an a-helix (I.aw & Scott 1990), has sequence homology to
the clearly defined LDL-receptor binding domain of apoE (the other ligand for the LDL-
receptor) which spans residues 142 to 150 (Knott et al. 1986). Secondly, monoclonal
antibodies which bind to epitopes of apoB between residues 3000 and 3700, are able to block
the binding of apoB to the LDL-receptor (Milne et al. 1989). Finally, apoE-depleted
lipoprotein particles containing synthetic peptides spanning apoB residues 3345 - 3381 are
able to bind to the LDL-receptor (Yang et al. 1986).

Section 1.3.2 Role of apoB in lipid metabolism

ApoB-100 and apoB-48 have central roles in the exogenous and endogenous lipid
pahways, respectively. The exogenous lipid pathway is discussed in more detail with respect
to postprandial lipid metabolism in Section 1.8.1. Briefly apoB-48 is synthesized in the
inestine and secreted into the lymph in chylomicrons. These lipoproteins carry TGs and
otter lipids of dietary origin into the circulation. The TGs are hydrolysed by lipases,
lipoprotein lipase (LPL) in peripherial capillaries (discussed in more detail in Section 1.6)
anl by hepatic lipase (HL) in the liver. The resultant free fatty acids are taken up by
peipherial tissues, for immediate use as an energy supply or for storage in adipose tissue.

Tte action of LPL generates smaller chylomicron remnant particles which are cleared by the
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liver via apoE binding to receptors, probably the LDL-receptor related protein [LRP] (Herz
et al. 1988). ApoB-48, which lacks the LDL-receptor binding domain (Yang et al. 1989) is
not a ligand for receptor-mediated uptake, however the lipid binding domains in apoB-48 are
thought to be important in the maintenance of the structural integrity of the chylomicron and

later its remnant.

ApoB-100 is synthesized in the liver and is secreted in VLDL. These lipoprotein
particles, which also contain the liver-synthesized apolipoproteins E, CI, CII and CIII,
transport cholesteryl esters and TGs of endogenous origin and are acted upon by LPL in the
same manner as chylomicrons (discussed in more detail in Sections 1.6 and 1.8.1).
Approximately 60% of VLDL-remnants (this proportion is dependent on apoE phenotype)
are cleared directly through apoE binding to receptors (Demant et al. 1991 - this is discussed
in Section 1.4.6). The density of the remaining VLDL-remnants increases, with a
corresponding decrease in diameter, to generate first IDL and then LDL, as more TGs are
removed by lipase action. Some IDL particles can be directly cleared via apoE binding to
the LDL-receptor (Packard et al. 1985). At the same time that apolipoproteins are being
transferred from IDL to HDL, cholesterol ester transfer protein (CETP) mediates the
heteroexchange of lipids between lipoproteins, further increasing the relative proportion of
cholesterolesteryl esters in IDL and then LDL. ApoB-100 is the sole protein in LDL, the
principal carrier of cholesterSI esters, and maintains the structural intergrity of these
lipoprotein particles (Yang et al. 1986, 1989).

The receptor-binding domain of apoB-100 only becomes available to the LDL-receptor
once the VLDL particle has been metabolized to LDL (Chappell et al. 1991). Since the
majority of cholesteryl ester in the circulation is transported as LDL, the role of apoB-100,
as ligand for clearance of cholesteryl ester-rich lipoproteins, is critical to cholesterol
metabolism (Brown & Goldstein 1986). LDL clearance takes 36 hours to 3 days, in constrast
to a few minutes for chylomicrons. The positively charged residues of the apoB-100
receptor-binding domain are thought to interact with the negatively charged aspartate and
glutamate residues in the seven ligand-binding domains of the LDL-receptor (Brown &
Goldstein 1986). These ligand-binding domains of the LDL-receptor are each capable of
binding one apoE molecule, but co-operate to bind apoB. Thus the LDL-receptor can bind
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several apoE molecules stimultaneously, dependent on the spatical arrangement of these
apoEs on the lipoprotein surface, but only a single apoB molecule. This is reflected in the
fact that VLDLs have 4 to 6 apoE molecules, but only one apoB molecule, per lipoprotein
particle (Russell et al. 1989). Ligand-receptor interaction is also affected by their relative
sizes; the LDL particle being 20 times larger than the LDL-receptor. Most LDL-receptors
are clustered within clathrin-coated pits which occupy less than 2% of the cell surface, and
in-vitro studies have shown that crowding of receptor-bound lipoproteins within individual
pits (demonstrated using electron microscopy) sterically hinder further lipoproteins from
binding to the receptors (Chappell et al. 1991). These authors also demonstrated that LDL-
receptors can clear fewer large LDL than small LDL particles, due to blocking access to
adjacent LDL-receptors within the pit. These large LDL particles, which still carry apoE
in addition to apoB-100, are able to bind to two LDL-receptors at the same time, with apoE
binding to one and apoB binding to the other. VLDL particles are able to interact with the
LDL-receptor in multiple orientations, due to presence of multiple apoE molecules on each
VLDL; this probably speeds up receptor-mediated clearance of VLDLs, while LDL

containing only apoB-100 can only interact in one orientation.

Many aspects of apoB production and VLDL synthesis are still controversial. Briefly,
what has been confirmed is that the apoB gene is transcribed constitutively, with the half-life
of mRNA in HepG2 cells being more than 16 hours (Pullinger et al. 1989). Translation of
the mRNA on the ribosome takes approximately ten minutes (Borchardt & Davis 1987) and
the nascent protein is co-translationally attached to the inner membrane of the endoplasmic
reticulum (ER) (Knott et al. 1986, Olofsson et al. 1987). On the inner membrane or lumen
of the ER, apoB associates with phospholipids, TGs and unesterified and esterified
cholesterol. If insufficient lipid is available, the apoB is degraded within the ER, or possibly
the Golgi apparatus (Borchardt & Davis 1987, White et al. 1992). If enough lipid is
available, apoB buds off to form a nascent lipoprotein (Olofsson et al. 1987). This passes
through the smooth ER and into the Golgi apparatus where more lipid is added (Janero &
Lane 1983, Higgins 1988) before the mature lipoprotein is secreted. Thus, control of apoB-
containing lipoprotein production is at the post-translational level, not at the transcriptional
level. This ensures that there is always sufficient intestinal and hepatic apoB available to

efficiently package all dietary lipid input and hepatic lipid output and export it as
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chylomicrons or VLDLs.

Section 1.3.3 The apoB gene

In the human, both apoB-100 and apoB-48 are encoded by a single gene on the short
arm of chromosome 2 (Knott et al. 1985, Hardman et al. 1987). The full length gene, which
spans 47.5kb, was first cloned in 1986 (Blackhart et al. 1986, Chen et al. 1986, Cladaras et
al. 1986, Law et al. 1986, Knott et al. 1986, Ludwig et al. 1987). The gene has 29 exons
and 28 introns (Figure 1.3.3) and the mRNA is 14kb in length. The region éncoding the
amino-terminal 26% of apoB is built up of normal-sized exons (size of exons range from 39
bp to 238bp) separated by introns, while the 10,149bp region encoding the carboxyl-terminal
74% of apoB is divided into only 5 exons (exons 25 to 29) (Blackhart et al. 1986). Exon
26, spanning 7.5kb, is by far the largest known mammalian exon and exon 29, at 1.9kb is
also notably long. The reasons for this unusual intron/exon structure of the apoB gene are
not known. No signs of duplications of a smaller unit are obvious in the nucleotide
sequence. Introns could have been selectively lost from an ancestral gene, or reverse
transcription could have occured from a mRNA species followed by reinsertion of the cDNA
into the genome. Intron 28 contains a poly-T sequence which might be the residue of a poly-
A tail from a reverse-transcrib ed precursor of exon 29. The gene for apoB shares very little

homology to any other gene.

ApoB-48 is identical to the amino-terminal 48% of apoB-100, comprising the first
2152 residues of the full-length polypeptide (Hardman et al. 1987, Innerarity et al. 1987).
In the human, apoB-48 is produced as a result of the editing of the mRNA transcript in the
intestine (Powell et al. 1987). Codon 2153 (CAA) which codes for Glutamine in apoB-100
is converted to UAA - the stop codon for apoB-48. This Cgs to U change in the mRNA
transcript has a minimum sequence requirement which spans nucleotides 6649 to 6703
(Driscoll et al. 1989). This mRNA editing requires enzymatic action (Driscoll et al. 1989);
the cDNA encoding this enzyme in rat small intestine, was recently cloned and characterized
(Teng et al. 1993a). This protein, called RNA editing protein (REPR) is essential for apoB
mRNA editing, is 299 residues long, and has consensus phosphorylation sites and leuwine
zipper domains (Teng et al. 1993a). The catalytic subunit of REPR is a zinc-containing
cytidine deaminase of molecular weight 27KDa (Teng et al. 1993b).
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Section 1.3.4 Protein and DNA polymorphisms of apoB

Since the cloning of the apoB gene, at least 20 polymorphisms have been reported
within the gene and its flanking regions, and some of these are shown in Table 1.3.4. The
first polymorphisms reported were those which were detectable by the creation or destruction
of a variable restriction endonuclease site. Later, with the advent of techniques for detecting
single base changes in genes, polymorphisms that do not alter restriction endonuclease sites
have been reported. Six of these DNA polymorphisms result in single amino acid
substitutions, and thus alter the primary structure of apoB. Additionally, over 70 potential
sequence variants have been revealed by comparsion of the eight published cDNA sequences
of the apoB gene (Ludwig et al. 1987, Yang et al. 1989). However these probably include

many sequencing artifacts, as well as rare DNA variants and true DNA polymorphisms.

In 1961, protein polymorphisms of apoB were first detected using antisera from
multiplsfétransfused patients (Allison & Blumberg 1961). These workers reported an Antigen
Group (Ag) system of variants that are caused by different antigens (epitopes) on LDL, of
which there are ten. Butler and Brunner (1974) found that these ten epitopes are arranged
into five tightly linked loci, each with two alleles. These epitope pairs are called Ag (c/g),
Ag (al/d), Ag (h/i), Ag (t/z) and Ag (x/y) (reviewed in Breguet et al. 1990). The underlying
nucleotide substitutions that are the likely causes of the molecular basis of the Antigenic (Ag)
epitopes of apoB are C,,; to T for Ag (c/g) (Ma et al. 1987, 1989, Young et al. 1989a), C4,
to T for Ag (al/d) (Wang et al. 1988), Cgyqy to T and A3y, to G for Ag (x/y) (Wu et al.
1991), G100 to A underlying Ag (h/i) (Huang et al. 1988, Xu et al. 1989) and G, to A
underlying Ag (t/z) (Ma et al. 1987, Dunning et al. 1988), confirming that the antigens are
generated by protein polym.orphisms of apoB expressed on LDL particles.

Strong linkage disequilibrium and allelic association have been reported between many
of the polymorphic sites in the apoB gene. Berg et al. (1986), who first reported linkage
between the Ag system and the apoB gene (LOD = 4.5, § = 0) also noted the allelic
association of the X- allele of the Xbal polymorphism with the Ag(x) epitope. There have
also been reports of linkage disequilibrium between the Xbal polymorphism and the following
sites: Ag(c/g), Ag(x/y), Ag(t/z) and the signal peptide length polymorphism (Berg et al.
1986, Ma et al. 1987, Dunning et al. 1988, Myant et al. 1989, Xu et al. 1990a, Renges et
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Table 1.3.4

Selected polymorphisms at the human apoB gene locus

Position Reference Base(s) affected | Restriction | Amino acid

enzyme change

5’ flanking Ludwig & Carthy 1990 (TG), 3256bp 5° | - -

HVR to start

5’ flanking Huang et al. 1990a = 4Kb 5’ to Avall -

start

Promoter Jones et al. 1989 Cto T at -265bp | Mspl -

Exon 1 Boerwinkle & Chan 1989 | 9bp deletion - Leu-Ala-Leu
deletion from
signal peptide

Intron 3 Huang et al. 1990a GtoT92bp 3 - -

of exon 3

Exon 4 Young et al. 1989a CustoT ApaLI Thr71 to Ile
Ag(g) to (0)

Intron 4 Darnfors et al. 1986, A to C 171bp 3° | Hincll -

Huang et al. 1990a of exon 4

Exon 14 Wang et al. 1988 Cuaoto T Alul Ala591 to Val
Ag (d) to (al)

Intron 20 Huang et al. 1990a Gto A 146bp S° | Ball -

of exon 21
Intron 20 Zuliani & Hobbs 1990 (TTTA), - -
Exon 26 Priestley et al. 1985, CuntoT Xbal -
Talmud et al. 1985

Exon 26 Huang et al. 1990b CouutoT - Pro2712 to Leu
Ag (y) to (x)

Exon 26 Huang et al. 1988 Gl tO A Mspl Arg3611 to GIn
Ag () to (h) “

Exon 29 Priestly et al. 1985, Gy t0 A EcoRI Glu4154 to Lys

Shoulders et al. 1985 Ag (t) to (z)

Exon 29 Navajas et al. 1991, Ay, t0G - Asn4311 to Ser

Dunning et al. 1992 Ag (y) to (x)
3’ Flanking | Berg et al. 1986, 11-16bp AT-rich | Mspl, -
VNTR Boerwinkle et al. 1989 tandem repeat BamHI,
181bp 3’ to EcoRV
exon 29
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al. 1992), the Pvull polymorphism with Ag(al/d) (Dunning et al. 1988), and Ag(t/z) with
the 3° VNTR polymorphism (Hegele et al. 1986, Renges et al. 1992). These were
indications that there is strong linkage disequilibrium and allelic association between
polymorphic sites across the entire apoB gene, which is evidence of an evolutionary
relationship between these alleles, but which does not necessarily depend on the physical

distance between the polymorphic sites (Dunning et al. 1993).

Section 1.3.5 Associations of apoB polymorphisms with lipids and lipoproteins

In 1976, Berg et al. reported that the Ag(x-) genotype was associated with higher
cholesterol and TG levels. Later Berg et al. (1986) found a high degree of linkage
disequilibrium between the Ag(x) variation and the Xbal polymorphism. These workers
demonstrated that the Ag(x+) frequency was nearly 60% in the X-X- group but less than
10% in the X¢X+ group. In a study from Sweden, presence of the Ag(x) was associated with
a modest lowering effect on total and LDL-cholesterol, TGs and apoB and significantly raised
levels of HDL-cholesterol (Dunning et al. 1991); the effect of Ag(x) on TGs was to lower
by 16%, of the same order of magnitude as the original findings of Berg et al. (1976). This
effect has recently been confirmed in samples of male MI survivors and matched healthy
controls from three centres in Europe (Moreel et al. 1992). Strong linkage disequilibrium
between the Agﬁ(/y) and Xbal polymorphisms, with the allele encoding Ag(x) being nearly
always found on the same chromosome as the X~ allele, was reported (Dunning et al. 1992,
1993).

Population studies have shown that variation at a polymorphic Xbal site within the
apoB gene is associated with differences in lipids, with the strongest and most consistent
effects seen on total or LDL-cholesterol levels; the X+ allele (presence of the Xbal cutting
site) being associated with raised levels (Table 1.3.5 and reviewed in Humpbhries et al. 1992),
at least in Caucasian populations. The X+ allele has also been associated with significantly

lower levels of HDL-cholesterol and apoAl (Myant et al. 1989, Saha et al. 1992) - one

explanation for this is that variation in apoB structure, in linkage disequilibrium with the X+

allele, determines, in part, the rate of transfer of lipid components from VLDL and its
remnants to HDL (Saha et al. 1992). Studies using small samples may have failed to detect

this association, if confounding variables such as gender, age, body mass index were not
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taken into account, or due to the inclusion of individuals in the sample who are more
severely hyperlipidaemic. Studies on non-Caucasian populations, Japanese (Aburatani et al.
1988) and Chinese (Saha et al. 1992, Tong et al. 1992) report that the X+ allele is
associated with lower total and LDL-cholesterol levels, contrary to Caucasian samples (see
Table 1.3.5). This might be explained by the very low X+ frequency in the Chinese (Saha
et al. 1992) or a differential expression of association of genotypes of the Xbal polymorphism
with serum lipids due to a difference in environmental factors such as diet and socioeconomic
factors (Tan et al. 1984), or the X+ allele being in linkage disequilibrium with a different
causative mutation in these non-Caucasian populations. The size of the effect associated with
this polymorphism is modest, explaining 3 - 8% of the variance in cholesterol levels in
samples of healthy, normolipidaemic Caucasian individuals, and is of the same order of

magnitude as is seen with variation at the apo E gene.

To date, the molecular basis of this association is not completely understood. The
base change that creates the Xbal site does not alter an amino acid, as it is in the third
(wobble) position of a codon for threonine 2488 (Carlsson et al. 1986), and so cannot be the
direct cause of the effects seen. It is thus likely that there is additional sequence variation
elsewhere in the gene, and in linkage disequilibrium with the Xbal polymorphism, that leads
to altered serum lipid levels. Such sequence differences could occur in the promoter region
of the apo B gene where the change may alter transcription of the gene and thus affect
production of the protein from the intestine or liver. Alternatively, as with apo E2 (Davignon
et al. 1988) and the apo B3500 mutation [see later - Section 1.3.7] (Innerarity et al. 1990),
a sequence change may cause an amino acid substitution in the protein and reduce the affinity
of LDL for its receptor. Evidence in favour of the latter mechanism has come from two in-
vivo studies that have shown that, compared with the X- allele, the X+ allele is associated
with a reduced fractional catabolic rate (FCR) of autologous LDL in a group of patients with
moderate hyperlipidaemia (Demant et al. 1988) and a group of healthy men (Houlston et al.
1988). X+X- heterozygotes had intermediate LDL catabolic rates (Demnant et al. 1988).
These data therefore predict that LDL from individuals with the genotype X-X- would bind
to the LDL-receptor with increased affinity compared to LDL from individuals with the
genotype X+X+.
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Table 1.3.5 - Associations observed with the X+ allele of the Xbal polymorphism in the apolipoproteinB gene in healthy individuals.

M = men; F = women

@ = non-Caucasian population used

* random sample

t p=0.043

Reference Sample (age in years; ranges | Total LDL- ApoB Triglycerides
or means + SD given) Cholesterol cholesterol
Berg 1986 56MF (20-29) t p=0.036 not given t p=0.004 t NS
Hegele et al 1986 84MF (58 + 10) t NS t NS * NS NS
Law et al 1986 83M (60 + 7) t p=0.03 not given t NS t p=0.02
Talmud et al 1987 62MF (20-65) t p<0.025 t NS not given t p<0.05
Aalto-Setala et al 1988 176MF (20-66) t p=0.01 t NS * NS * NS
Aburatani et al 1988 @ 54MF (19-62) ** ¥ NS not given { NS + NS
Houltson et al 1988 22M (35-49) * NS * NS not given not given
Jenner et al 1988 22MF (25-40) t NS not given not given t p=0.05
Rayput-Williams et al 1988 290M (49-65) * none not given not given none
Darnfors et al 1989 187MF (27-65) * NS t NS none + NS
Myant et al 1989 102M (25-60) ¢ NS none { NS + NS
Genest et al 1990 122M (55 £ 5) none t NS + NS ¢+ NS
Myklebost et al 1990 105M (43) t NS not given not given t NS
Paulweber et al 1990 118M (50 + 5) $ NS t NS { NS + NS
Renges et al 1991 @ 153M (40-69) t p<0.1 not given not given * NS
Deeb et al 1991 86MF (<65) t p<0.05 t NS t NS not given
Saha et al 1992 @ 196MF (25-60) + NS { NS { NS t NS
Tong et al 1992 @ 154MF (44 + 1.0) ¢ NS { NS t NS NS
Vilella et al 1992 228M (19-65) t p<0.005 t p<0.005 t p<0.025 not given
Evans et al. 1993 @ 143M (33-67) t NS t NS t NS { NS
Friedlander et al 1993a + X 37MF (33 + 5) none none t p=0.08 t NS
Friedlander et al 1993b + 525MF (29 + 6) t p=0.02 t p=0.02 t p=0.03 ? NS
Hansen et al 1993 464M (40) t p=0.017 not given none

** normo- and hypertriglyceridaemic individuals analyzed together

+ Israeli population used X effect on baseline lipids prior to dietary intervention trial.
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variability in response to dietary changes have been investigated in fewer studies, and no
consistent picture has emerged yet. In the North Karelia Dietary Intervention study
(Ehnholm et al 1984), significant differences associated with apoB genotype were found,
with associations between the signal peptide polymorphism and levels of triglycerides (Xu
et al 1990a), and the Xbal polymorphism and levels of apoAl and HDL-C (Tikkanen et al
1990, Xu et al 1990b). The signal peptide polymorphism is caused by the deletion of 9bp,
coding for the three amino acids leucine-alanine-leucine in the hydrophobic core sequence
of the 27 amino acid signal peptide. On changing from a high fat to a low fat diet the mean
serum triglyceride levels of the whole sample fell by 2.7%, but individuals who were
homozygous for the common 27 amino acid allele had a 10% mean reduction in plasma
triglycerides (0.11 mmol/1) while individuals with one or more deletion allele showed a slight
mean increase in plasma triglycerides (0.07 mmol/l, p = 0.03). A similar effect has been
noted in a smaller study from the US (Boerwinkle et al 1991), where the reduction in plasma
triglycerides induced by the low-cholesterol diet in those homozygous for the SP-27 isoform
was twice that seen in those with the SP-24 isoform (3.9 mg/dl compared to 1.5 mg/dl)

although these differences did not reach statistical significance.

For the Xbal polymorphism, several studies have reported associations with dietary-
induced changes in levels of apoAl and HDL-C. In the North Karelia study the mean
reduction in apoAl levels in response to the dietary change in individuals with the genotype
X-X- was less than half that seen in those with one or more X+ allele (reduction of 4. 1mg/dl
compared to 9.5mg/dl p < 0.05). In a small study from Israel (Friedlander et al 1993a)
those with one or more X+ alleles showed a larger fall in apoAI when changing from a high
cholesterol to a low cholesterol diet compared to those with the genotype X-X-, who showed
an increase in apoAl levels (-9.8mg/dl compared to +4.3mg/dl), although this difference was
not significant between genotypes. This same dietary manipulation caused an average
decrease of 0.47mM in total cholesterol and 0.41mM in LDL-cholesterol in X-X- individuals,
compared to only 0.25mM and 0.12mM, respectively, in carriers of the X+ allele (not
significant). By contrast, in a study of children from Italy who were recommended to
consume a low fat diet (Xu et al 1992) those with the genotype X-X- showed the greatest
~eduction in levels of apoAI (18 mg/dl compared to 9 mg/dl, p < 0.05), and no association
with Xbal and dietary response was seen in a study of 51 subjects from Australia (Abbey et
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al 1991). The major problems with interpreting these studies are the different ages, and
genetic and cultural (dietary) backgrounds of the participants, the different dietary protocols
used and the difficulty of ensuring compliance. Taken together, the data suggest that the
effects associated with apoB genotype (but not apoE genotype) are likely to be making a
small contribution, with genetic variation interacting with baseline levels to determine
individual dietary responses. However, it is clear that the genes involved in determining the
strong genetic effects that have been observed on dietary response have yet to be identified,
with the apoB Xbal locus not being a major determinant of inter-individual differences in

dietary responses.

Section 1.3.6  Associations of apoB polymorphisms with dyslipidaemias and
atherosclerosis

A number of case-control studies have reported an altered frequency of alleles of the
Xbal and/or EcoRI polymorphisms in patients with dyslipidaemias or atherosclerosis. The
frequency of the X+ allele (associated with higher total and LDL-cholesterol levels in most
studies discussed in Section 1.3.4) was higher in Type IIl hyperlipoproteinaecmia (HLP)
(Talmud et al. 1987) but was significantly lower in MI survivors (Hegele et al. 1986) and
in patients with peripherial arterial disease (Monsalve et al. 1988) or with CAD (Myant et
al. 1989). This suggests that genetic variation, in linkage disequilibruim with the X- allele,
that predisposes to CAD, is distinct from that in linkage disequilibrium with the X+ allele
that predisposes to high LDL-cholesterol levels. The X- allele was an independent
discriminator for MI on multivariate analysis (independent of lipid and lipoprotein levels),
being the third most important predictor of atherosclerosis after HDL;-cholesterol and VLDL-
TGs, -by step-wise multivariate analysis (Tybjaerg-Hansen et al. 1991). These workers
suggest that variation associated with the Xbal polymorphism may determine suspectibility
to CAD independently of other conventional risk factors i.e. that some attribute of apoB
other than its ability to bind to the LDL-receptor may determine suspectibility to CAD.
Studies on Japanese (Aburatani et al. 1988) and Chinese (Saha et al. 1992) samples failed to
detect case-control differences probably because of the much lower frequency of the X+

allele in these populations compared to Caucasian samples.

More consistent results have been obtained with the EcoRI polymorphism. In several
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studies, the frequency of the rare allele (R-) is increased in patients with peripherial or
coronary artery disease (Deeb et al. 1986, Monsalve et al. 1988, Myant et al. 1989, Genest
et al. 1990, Paulweber et al. 1990, Talmud & Humphries 1992) and in Type IV and V HLP
(Jenner et al. 1988). Myant et al. (1989) suggested that in caucasian men the R- and X-
alleles are in linkage disequilibrium with a nearby allele that is causally related to CAD, e.g.
via variability of risk factors. Berg (1987, 1989) suggested that genetic variation may
contribute to the variability of a risk factor e.g. plasma cholesterol, with the R- allele being
associated with higher within-pair differences in apoB levels in monozygotic twins. In an
early study (Groover et al. 1960), the 16 cases of MI observed, over a S year period, in a
sample of 177 individuals, occured in the group showing the greatest fluctuations in
cholesterol levels over time. More recently, Monsalve et al. (1991) showed that genotypes
of both the Xbal and EcoRI polymorphisms are involved in determining the size of the
within-individual variation in serum cholesterol levels over time, with X+X- or R+R-

genotypes being associated with more variation than homozygosity for the X+ or R+ alleles.

Studies have implicated the involvement of the 3’ end of the apoB gene in the
regulation of VLDL metabolism (Paulweber et al. 1990, Tybjaerg-Hansen et al. 1991). The
R- allele of the EcoRI polymorphism was associated with higher levels, in the VLDL
fraction, of apoB, cholesterol and TG in patients with CHD; this may reflect a casual
relationship between VLDL levels and an increased risk for CHD. The R- allele was
associated with higher total and VLDL-TG and VLDL-cholesterol levels both in patients with
atherosclerosis and in controls, but did not predict MI or peripherial atherosclerosis
independently, suggesting that the R- allele predisposes to atherosclerosis by co-association

with other risk factors such as lipoprotein levels (Tybjaerg-Hansen et al. 1991).

A model to explain these findings based on evolutionary history has been proposed
(Talmud & Humphries 1992). In the original population, a mutation predisposing to
development of atherosclerosis, occured on the apoB gene. By chance, the mutation (ATH)
occured on a chromosome carrying the rare allele (R-) of the EcoRI polymorphism. There
were now three different types of chromosome; R+ (normal), R- (normal) and R- (ATH).
As a result, many generations later, due to this historical association, many people with

premature atherosclerosis would have the R- allele, but this allele would also occur in healthy
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people. Patients with the genotype R+R+ would also be found, explained either by
recombination or the occur:g:nce of an independent mutation. In general, the rate of
recombination between two loci is dependent on the genetic distance between these two loci.
For the apoB gene, the small genetic distance across the gene means that it will take many
hundreds of generations for recombination to lead to the loss of association between ATH
and a particular allele of a DNA polymorphism. However this ATH locus has not yet been
identified and the mechanism of action of this locus is not yet known. However it is not

mediated via differences in plasma lipid levels.

The EcoRI polymorphism is caused by a G to A base change at nucleotide 12669,
which also causes a Glu to Lys substitution at residue 4154 of the mature protein and
corresponds to the Ag (t/z) polymorphism (Ma et al. 1987). This alters the primary sequence
of apoB, but due to the enormous size of the protein, it has not been detected as an
isoelectric variant. The possible functional significance of this Glu (R+) to Lys (R-)
substitution has not yet been eludicated, and it is not known if it has any direct effect on
apoB structure or function. Gallagher & Myant (1992) did not find any significant difference
in the LDL-receptor binding affinity of apoB in individuals homozygous for the R+ or R-
alleles, although mean affinity of apoB for the LDL-receptor was 29% higher for R+R+
homozygotes than for those homozygous for the R- allele, with mean concentration of
unlabelled competitor IDL required for 50% competition being 14% higher for R+R+
homozygotes. This suggests that this Glu to Lys substitution does not have a major influence
on the function of the LDL-receptor binding domain of apoB, and that an association between
CAD and the EcoRI polymorphism is not mediated via levels of LDL-cholesterol. This is
in line with the absence of association reported between cholesterol levels and genotypes of

the EcoRI polymorphism (Hegele et al. 1986, Myant et al. 1989).

It is possible that the Glu to Lys substitution at residue 4154 might favour the
formation of oxidized species of LDL in-vivo (Gallagher & Myant 1992). This is supported

by an earlier observation that the mechanism of LDL-oxidation appears to involve the
covalent linkage of decomposition products of fatty acids to Lys residues in apoB
(Steinbrecker 1987).  Alternatively, this Glu to Lys change might increase the
"atherogenecity’ of the LDL particle by increasing the binding of apoB to proteoglycans in
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the artery wall or to the cellular scavenger receptor (Gallagher & Myant 1992, Talmud &
Humphries 1992). In support of this, Camejo et al. (1988) demonstrated in-vitro that binding

of LDL to proteoglycans extracted from the human aorta, is mediated by interaction of basic
residues (e.g. Lys) in apoB with acidic groups in the polysaccharide moiety of the
proteoglycan. These workers also showed that a peptide comprising residues 4230 to 4254

of apoB associates strongly with aortic proteoglycans in-vitro.

Studies have examined the apoB signal peptide (SP) polymorphism in relation to
atherosclerosis. In the Pathological Determinants of Atherosclerosis in Youth (PDAY) Study
(Hixson et al. 1992), in Afro-carribeans, homozygotes for the SP-27 isoform had the least
involvement of the thoracic and abdominal aorta with lesions, homozygotes for the SP-24
isoform had the greatest involvement, with heterozygotes being intermediate. No differences
were noted in Caucasians. In Afro-carribeans, the SP-24 isoform was also associated with
higher levels of atherogenic apoB-containing lipoproteins. The association of signal peptide
genotypes with lesions in young Afro-carribeans may be one explanation for the excess of
fatty streaks observed in young Afro-carribeans compared to young Caucasians (PDAY report
1990). More recently, a significantly higher frequency of the SP-24 isoform was observed
in MI survivors compared to controls from Belfast (Visvikis et al. 1993) and the same trend,
though weaker, was observed in samples from Strasbourg and Toulouse. In all three
populations, homozygotes for the SP-24 alleles had the highest levels of lipoprotein (a).
Lipoprotein (a) is a significant and independent predictor of CHD (Sandkamp et al. 1990).
Visvikis et al. (1993) propose that their reported association of the signal peptide
polymorphism with lipoprotein (a) levels may be due to a coincidental relationship between
two independent risk factors for atherosclerosis; lipoprotein (a) and LDL. Saha et al. (1992)
detected a slightly higher frequency of the SP-24 isoform in Chinese patients with CAD
compared to controls, but this difference was not statistically significant. This may be due
to the significantly lower frequency of the SP-24 isoform in the Chinese population compared

to Caucasian populations.

Taking the available data overall, these observations suggest that variation in the apoB
gene locus is involved in the development of atherosclerosis and some forms of

hyperlipidaemia.
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Section 1.3.7 ApoB, LDL and atherosclerosis

Variation at the apoB gene locus is an obvious candidate for being one of the factors
affecting between-individual differences in plasma cholesterol levels, and hence the
development of CAD, by virtue of its role in lipid metabolism and the positive correlation
between plasma apoB levels and LDL-cholesterol levels. Elevated levels of LDL and of
apoB are correlated with increased risk of premature atherosclerosis in epidemiological
studies as well as with the severity and rate of progression of coronary atherosclerosis
assessed by angiography (reviewed in Lusis 1988, Hamsten et al. 1989). Some studies have
shown that apoB levels discriminate better between patients with CAD and healthy control
subjects, than levels of lipids or lipoproteins (Avagaro et al. 1979, Whayne et al. 1981).
These findings are probably explained by the pronounced variations in lipid compositions of
lipoproteins due to considerable migration of lipids between lipoproteins and between
lipoproteins and tissues, while there is less movement of apolipoproteins, particularly apoB.
Path analysis and twin studies have shown that plasma LDL-cholesterol and apoB levels have

a high heritability of between 0.5 and 0.6 (Hamsten et al. 1986a, Berg et al. 1987).

As discussed futher in Section 1.8.3, LDL is involved in all stages in the process of
atherogenesis by increasing permeability and turnover of cells in the arterial endothelium
(Aviram & Brook 1982) and by increasing smooth muscle proliferation (Fless et al. 1982).
Oxidised LDL (oxLDL) is particularly important in atherogenesis. Macrophages internalize
oxLDL through both scavenger receptors (Goldstein et al. 1979) and a putative oxLDL
receptor and are able to oxidize LDL through several pathways, including lipoxygenase
enzymes (Parthasarathy et al. 1989). LDL is subject to free radical damage and oxidation,
which particularly alters the positively charged lysine residues on the LDL surface (important
in interaction with the LDL-receptor - discussed in Sections 1.3.1 and 1.3.2) (Steinbrecker
et al. 1989), thus destroying the normal interaction of apoB with the LDL-receptor. In-vitro
oxidation can also result in the apparent aggreg ation of LDL particles (Gandjini et al. 1991);

this might destroy normal ligand-receptor interaction. Mechanisms by which in-vivo

oxidation of LDL takes place are not fully understood, but cells within the arterial wall may

mediate these reactions. LDL are oxidised in-vitro by incubation with macrophages,

endothelial cells and smooth muscie cells (Parthasarathy & Steinberg 1992); these are all cells

known to participate in the formation of the atherosclerotic plaque (see Section 1.1).
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Additionally phospholipase A2 has a role in the oxidative modification of LDL, and there is
evidence that apoB has an intrinsic phospholipase A2 activity (Parthasarthy & Barnett 1990).
This indicates that some of the damage to LDL may be mediated by the apoB protein itself.

Every LDL particle has one molecule of apoB, but the amount of cholesterol per LDL
particle can vary (Teng et al. 1983). Small dense LDL have a lower unesterified cholesterol
to apoB ratio than normal and these small dense LDL have an increased susceptibility to
oxidation (Tribble et al. 1992). This may be due to greater accessibility of susceptible
surface components to oxidising agents. A preponderance of small LDL particles have been
specifically linked to increased risk of MI (Austin et al. 1988) and the presence of CAD
(Campos et al. 1992). Austin et al. (1988) identified two distinct phenotypes, A’ and 'B’,
based on analysis of LDL subclasses, with phenotype 'A’ corresponding with a major peak
representing LDL particles with diameters of > 25.5nm, while phenotype B’ corresponds
to a major peak representing LDL particles with diameters of 25.5nm or less. This LDL
particle size distribution has been shown to be under strong genetic influence (Austin &
Krauss 1986) and phenotype B’ is associated with increases in plasma levels of TG and apoB
and a more atherogenic lipoprotein phenotype (Austin et al. 1990a). In the general
population, the frequency of the allele for LDL phenotype B’ has been estimated to be in
the range of 0.19 [in healthy families] to 0.3 [in kindreds with familial combined
hyperlipidaemia, FCHL] (reviewed in Austin 1993). Thus, the allele for LDL phenotype
B’ appears to be common in the general population and is not unique to FCHL (Austin
1993). A dense and protein-rich LDL (defined as having a density of between 1.04 and
1.063g/ml) is a characteristic of patients with manifest CAD (Sniderman et al. 1982,
Swinkels et al. 1989).

An increased number of small dense LDL particles is the common feature of FCHL
and hyperapoB. FCHL, first described by Goldstein et al. (1973), is a disease of hepatic
apoB overproduction and high plasma apoB levels due to VLDL overproduction (Sniderman
et al. 1982). It has an estimated frequency of 0.3% to 2% in the general population and is
likely to be a major contributor to the development of early-onset CAD (Grundy et al. 1987,
Babirak et al. 1992). FCHL is an frequently occuring dyslipidaemia, typically phenotypes
IIa (* LDL), IIb (* LDL and VLDL) or IV (* VLDL) combined with a high incidence of
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atherosclerosis (Rose et al. 1973, Goldstein et al. 1973). FCHL is an important clinical
entity, associated with premature CAD, variable hyperlipidaemia, small dense VLDL and
LDL and elevated apoB levels (Babirak et al. 1992) and lower HDL levels (Sniderman et al.
1982). FCHL is very heterogenous phenotypically, the lipid phenotype varies among
affected relatives within the family and may change with time in affected individuals
(Brunzell et al. 1983), and is suggested to be due to the expression of several loci (a double
hit’ hypothesis) ie. combinations of alleles that affect apoB synthesis and induce HTG
(Kwiterovich et al. 1993). HyperapoB was originally defined as a high ratio of apoB to
cholesterol in LDL (Sniderman et al. 1980). Grundy et al. (1987) proposed that the
characteristic common to all family members with FCHL is apoB-100 overproduction and
increased secretion of apoB-containing lipoproteins by the liver. Later FCHL and hyperapoB
were proposed to be overlapping syndromes (Sniderman et al. 1992). LDL phenotype ’B’
(discussed above) is thought to modulate the severity of FCHL in affected family members;
those affected individuals with LDL phenotype 'B’ have higher serum levels of apoB and
TGs than those with LDL phenotype 'A’ (Austin et al. 1990b). The fact that FCHL
individuals can have either LDL phenotype *A’ or B’ indicates that LDL phenotype B’ is
not the direct cause of FCHL. Secondary hyperlipidaemias, e.g. those associated with
diabetes mellitus or chronic renal failure are also associated with apoB overproduction
(Grundy et al. 1987).

One mechanism for controlling the rate of hepatic apoB secretion, and hence LDL
density, may be acting through the level of fatty acid uptake by peripherial tissues.
Sniderman and coworkers developed the hypothesis that reduced fatty acid uptake by
peripherial tissues may result in an augumented supply of hepatic TGs, as partially
hydrolyzed chylomicrons and fatty acids, returning to the liver. The resultant raised levels
of fatty acids generated in the liver would lead to increased hepatic secretion of apoB-
containing lipoproteins (Sniderman et al. 1992). In support of this theory, it has been
demonstrated that, after an oral fat load, even normotriglyceridaemic (NTG) hyperapoB
individuals clear TGs more slowly than normal individuals (Genest et al. 1986), and that
reduced fatty acid uptake by peripherial tissues results in slower TG synthesis in adipocytes
of NTG hyperapoB individuals (Teng et al. 1986).
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A genetic disorder called Familial Defective apoB-100 (FDB) that is associated with
premature atherosclerosis (Tybjaerg-Hansen et al. 1990, Schuster et al. 1990) has been
reported. The prevalence of FDB is about 1 in 700 in Caucasian populations from Europe
and the USA (Innerarity et al. 1990). FDB is caused by an Arg3500 to Gln substitution in
apoB-100 which interferes with normal binding of apoB to the LDL-receptor, causing
moderate (Soria et al. 1989) or severe (Tybaerg-Hansen & Humphries 1992)
hypercholesterolaemia. LDL particles containing this mutant apoB-100 have 3-5% of the
receptor-binding activity of LDL containing normal apoB-100 (Innerarity et al. 1988).
Arg3500 is within the primary LDL-receptor binding domain of apoB-100 (discussed in
Section 1.3.1) and replacement by Gln alters the microenviroment of about six lysines on
LDL-associated apoB-100, raising their pK valuesfr~ 8.9 to 10.5, so that these lysines can
no longer interact effectively with negatively charged residues in the LDL-receptor
(Innerarity et al. 1990). Lysines are known to be involved in apoB binding to the LDL-
receptor (Weisgraber et al. 1978). Individuals with FDB probably exhibit normal IDL
clearance, as this process is mediated by apoE, and hepatic overproduction does not occur
in FDB (Rauh et al. 1992).

Another mechanism by which apoB-containing lipoproteins might initiate
atherogenesis is through the interaction of apoB with proteoglycans such as heparan sulphate
and chondroitin sulphate found on the arterial wall. Seven regions of basic amino acids in
apoB have heparin-binding ability (Weisgraber & Rall 1987) and at least three regions of
apoB can interact with chondroitin sulphate-rich aortic proteoglycans (Camejo et al. 1988).
Heparin is able to displace LDL from the LDL-receptor (Goldstein et al. 1976). The
interaction between apoB and heparin is believed to be mediated by electrostatic forces
between positively charged residues (Arg and Lys) on apoB and negatively charged residues
on heparin. This interaction may contribute to atherogenesis (Hollander 1976). The fact that
LDL have a higher affinity than TG-rich VLDL for arterial proteoglycans (Camejo et al.
1988) indicates that the heparin-binding regions in apoB only become exposed when VLDL
has been acted upon by LPL.

LDL complexed with apo(a) is called lipoprotein (a) [Lp(a)], and was first identified
by Berg (1963). High serum levels of Lp(a) are an independent risk factor for development
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of CAD (Kostner et al. 1976, Armstrong et al. 1986). The apoB-100 in LDL is complexed
with one molecule of apo(a) via a covalent disulphide bridge (Coleman et al. 1990). Levels
and size of Lp(a) vary markedly between individuals due to the large variation in apo(a) size
(between 400 and 700kDa) (Lackner et al. 1991) and the strong inverse relation between
serum levels of apo(a) and apo(a) size (Utermann et al. 1987). Over 90% of the variation
in levels of Lp(a) are due to variation in the apo(a) gene itself (Boerwinkle et al. 1992).
Apo(a) isoforms associated with high plasma Lp(a) concentrations were more frequent in
CHD subjects than in controls, regardless of ethnic group (Sandholzer et al. '1992). The
effects of the apo(a) size polymorphism on Lp(a) levels were similar in these CHD subjects
and control subjects, leading these authors to conclude that alleles at the apo(a) gene locus
determine the risk for CHD through their effects on Lp(a) concentrations (Sandholzer et al.
1992). Native Lp(a) particles have low affinity for the LDL-receptor (Knight et al. 1991)
and are not significantly taken up by the macrophage scavenger receptor (Snyder et al. 1992).
However, Lp(a) particles are more suspectible to oxidation than LDL (Naruszewicz et al.
1992a, 1992b), and once oxidised they are cleared by the scavenger receptor (Haberland et
al. 1992), hence Lp(a) particles are important in cholesterol accumulation within
macrophages in the atherosclerotic plaques. Lp(a) may also have an adverse effect on the
clotting cascade, Harpel et al. (1989) showed that Lp(a) competes with plasminogen (the
zymogen of plasmin, a protease which digests fibrin clots) for binding to fibrin and
fibrinogen, thus Lp(a) may inhibit the normal degradation of blood clots. This competition
is assumed to be due to the high degree of homology in the primary sequences of apo(a) and
plasminogen (McLean et al. 1987), the gene for apo(a) having been derived from the
plasminogen gene by duplication (Malgaretti et al. 1992). That Lp(a) is directly implicated
in atherogenesis is further supported by observations that apo(a) is present in human
atherosclerotic plaques but not in normal aorta (Cushing et al. 1989, Rath et al. 1989) and
that transgenic mice, expressing human apo(a) and on a high fat diet, develop apo(a)-

containing atherosclerotic plaques (Lawn et al. 1992).

Section 1.3.8 ApoB deficiency syndromes
Two rare genetic apoB deficiency disorders have been characterised, these are
abetalipoproteinaemia and familial hypobetalipoproteinaemia (Kane & Havel 1990). In both

disorders, there is failure of the liver and intestine to manufacture apoB-containing
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lipoproteins: VLDL, LDL and chylomicrons, but premature atherosclerosis does not occur.
The main resultant problems are malabsorption of dietary fat and fat-soluble vitamins. If
untreated, the vitamin deficiencies cause neural damage such as spinocellular degeneration
and retinitis pigmentosa. Very low serum cholesterol levels are a characteristic of apoB
deficiency, but do not themselves appear to be a major problem - steroid hormone
manufacture is normal, except at times of very high demand and even then women with the
diseases can maintain pregancies (Biemer et al. 1975). However acanthocytosis is a serious
problem in apoB deficiency - this is the phenomenon of misshapen fragile erythrocytes, due
to abnormal membrane fluidity arising from low cholesterol in the plasma membrane (Singer
et al. 1952).

Abetalipoproteinaemia is autosomal recessive in inheritance, and probands have no
detectable apoB-containing lipoproteins in their circulation despite normal levels in their
carrier parents. In these patients apoB mRNA can be detected in the liver and intestine, and
the apoB protein is synthesized but not secreted, indicating that the defect occurs at a post-
translational step (Lackner et al. 1986). In two affected families, abetalipoproteinaemia did
not co-segregrate with haplotypes of the apoB gene, indicating that mutations in the apoB
gene itself are not involved in abetalipoproteinaemia (Talmud et al. 1988). Recently,
mutations in the gene for microsomal triglyceride transfer protein (MTTP) generating
premature stop codons and truncated MTTP variants of 78 and 594 residues, respectively,
was demonstrated to be the cause of abetalipoproteinaemia in at least some families (Sharp
et al. 1993). These workers also cloned the MTTP gene - this gene has no homology to any
other known gene and encodes a protein of 894 amino acids including the signal peptide.
These probands with abetalipoproteinaemia had no detectable MTTP activity (Sharp et al.
1993). From these studies on abetalipoproteinaemia, the role of MTTP in the assembly of
apoB-containing lipoproteins has been deduced. MTTP tips the balance between apoB
degradation and secretion in favour of the latter by adding lipid to nascent lipoproteins early
in assembly within the ER. MTTP also continues to add lipid to the growing lipoprotein
particle up to the point of secetion, hence MTTP may have a pivotal role in controlling the

size and density of apoB-containing lipoproteins produced by the liver and intestine.

Familial hypobetalipoproteinaemia (FHB) has a co-dominant pattern of inheritance,
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and some cases of FHB have been shown to be due to mutations in the apoB gene (Young
& Linton 1991). The heterozygote frequency in Western populations is estimated to be
between 1/500 and 1/1000 (Linton et al. 1993). Heterozygotes are asymptomatic but have
5-50% of normal plasma apoB levels. Homozygotes have no detectable apoB containing
lipoproteins in their plasma, and may be as severely affected as patients with
abetalipoproteinaemia. Co-segregration of FHB with the apoB gene has been demonstrated
(Young et al. 1987a, Leppert et al. 1988) and at least 25 different mutations causing FHB
have now been reported (Gabelli 1992, Linton et al. 1993). Nearly all of these mutations
generate premature stop codons via deletions or substitutions of nucleotides, although two
splicing mutations have been reported (Huang et al. 1991, Talmud et al. 1994a). The
lipoprotein phenotype in FHB varies, depending on the size of the truncated apoB variant.
Null alleles with no detectable apoB protein in plasma in FHB homozygotes are the usual
result of premature stop codons generated 5° of exon 26. Secreted apoB variants that are less
than 37% the length of apoB-100 are found in lipoproteins in the HDL density range, this
is presumably because these truncated apoB variants cannot bind enough lipid to reduce the
density to below the HDL range. Only premature nonsense mutations generating proteins
larger than apoB-37 result in the secretion of lipoprotein particles in the VLDL/LDL density
range. Among subjects who are heterozygous for truncated apoB variants, it has not been
possible to discern a relationship between the length of the truncated apoB variant and LDL-
cholesterol levels (Linton et al. 1993), with apoB-32 carriers and apoB-46 carriers having
mean levels of 0.75mM and 1.92mM respectively, but apoB-75 carriers have a mean level
of only 1.25mM. ApoB-37 and apoB-86 heterozygotes have the same mean LDL-cholesterol
level (reviewed in Linton et al. 1993). These FHB heterozygotes typically have cholesterol
levels of 2.34 to 3.64mM. The low cholesterol levels in FHB heterozygotes are present from
birth, and the diagnosis of FHB can be made from umbilical cord blood (Stein 1977,
Andersen et al. 1979). One female individual who is heterozygous for both FHB and defects
in the LDL-receptor gene has a normal lipid profile (she has a LDL-cholesterol level of
3.25mM and a TG level of 0.87mM), presumably due to the opposing effects of two

different genetic mutations that cancel out one another (Emi et al. 1991).

The low serum levels of apoB and cholesterol in FHB heterozygotes might be due to

underproduction or accelerated catabolism of apoB-containing lipoproteins; both are probably
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involved, the relative importance of each depending on the particular type of truncated apoB
variant. The shortest apoB species (smaller than apoB-31) are not detected in plasma
lipoproteins, presumably because of insufficient binding of lipid to apoB prior to secretion;
in these cases underproduction of apoB-containing lipoprdteins is more important. However,
recently a truncated apoB, with an estimated length of 27.6% of apoB-100 and thought to
arise from differential RNA splicing, was reported to be detectable in the plasma of both
FHB heterozygotes and homozygotes (Talmud et al. 1994a). A patient heterozygous for
apoB-46 did not secrete apoB-46-containing chylomicrons in response to dietary fat intake,
although production of chylomicrons containing apoB-48 was normal (Young et al. 1989).
This suggests that there is a region of approximately 95 residues between where apoB-46

ends and where apoB-48 ends, which is critical for chylomicron secretion.

Several groups have investigated the clearance of lipoproteins containing apoB
truncated variants. ApoB-37 does not bind to the LDL-receptor, as would be expected since
it does not contain the LDL-receptor binding region (Young et al. 1987c). ApoB-75 only
has part of the LDL-receptor binding region but binds more avidly to the LDL-receptor than
does apoB-100 (Krul et al. 1992). Two other truncated variants, apoB-87 and apoB-89,
containing the whole of the primary LDL-receptor-binding region, also have higher affinity
for the LDL-receptor (Krul et al. 1989, Gabelli et al. 1989), indicating that the carboxyl-
terminus of apoB has an inhibiting effect on LDL catabolism and might act to prevent
premature hepatic uptake of VLDL, before it is catabolized to IDL and LDL. This is
supported by the fact that a higher proportion of VLDL containing apoB-75 and apoB-89 are
cleared directly from plasma (Krul et al. 1989, Krul et al. 1992). Lipoproteins containing
truncated variants of apoB might be enriched in apoE, compared to apoB-100-containing
lipoproteins due to reduced steric constraints. Accelerated apoE-mediated clearance of these
lipoproteins might result; this is supported by the observation that a patient homozygous for
apoB-50 had apoE-rich VLDL which were cleared directly and rapidly (Hardman et al.
1991). Finally, two complicating factors in the metabolism of lipoproteins containing
truncated apoB variants, are firstly that the length of apoB has a large effect on the density
of secreted lipoproteins (Gabelli 1992, Linton et al. 1993), which, in turn will determine the
metabolic fate of these lipoproteins (e.g. Demant et al. 1991) and secondly apoE phenotype

has an profound influence on metabolism of apoB-containing lipoproteins (Demant et al. 1991
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and discussed in more detail in Section 1.4.6).

Section 1.4. Apolipoprotein E
1.4.1. Synthesis and Structure of apolipoprotein E

Apolipoprotein (apo) E is a single polypeptide of 299 amino acids with a molecular
weight of 34.2kD. Shore & Shore (1973) first identified apoE as an apolipoprotein
constituent of VLDL, and it was initially termed the ’arginine-rich’ apolipoprotein. ApoE
is synthesized in most organs, including brain, kidney and adrenal glands but the primary site
of synthesis is the liver (mainly hepatic parenchymal cells), which probably accounts for 2/3
to 3/4 of the total circulating plasma apoE (reviewed in Mahley 1988). The brain is the
second major site of synthesis, astrocytes producing most of brain apoE and the amount of
apoE produced is about 1/3 that from the liver (Boyles et al. 1985, 1989). Newly
synthesized apoE has 317 amino acids and cleavage of the 18 amino acid hydrophobic signal
peptide occurs co-translationally followed by post-translational glycosylation (reviewed in
Rall & Mahley 1992). ApoE in the circulation cannot penetrate the 'blood-brain’ barrier so
there are two well separated pools of apoE in the body of hepatic and brain origins (Kraft
et al. 1989). The tissue-specific synthesis of apoE is controlled by an array of tissue-specific
elements scattered throughout the apoE-CI-CII gene cluster on chromosome 19 (reviewed in
Mahley et al. 1990). This gene cluster and its regulation will be discussed in Section 1.4.4.
Normal plasma concentrations of apoE are in the range 30-70ug/ml (Mahley & Innerarity
1983).

ApoE consists of two independently-folded structural domains, an amino-terminal
domain (amino acids 1 to 164) and a carboxy-terminal domain (residues 201-299). A region
of random structure (residues 165 to 200) separates these two domains, as shown in Figure
1.4.1.1. There is evidence that these domains, which are structurally distinct, represent
functional domains (Wetterau et al. 1988, Aggerbeck et al. 1988). The 22kD amino terminal
domain contains the receptor-binding domain of apoE, mapped to amino acids 134-160, one
of four a-helices in apoE (Wilson et al. 1991), which mediates the high affinity interaction
of apoE with the low-density lipoprotein (LDL) receptor. Nine of these amino acids are
postively charged and these amino acids are believed to interact with the negatively charged

amino acid residues present in the ligand-binding regions of the LDL receptor (Mahley et al.
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1990). The 10kD carboxyl-terminal domain, which is strongly a-helical and the major lipid-
binding region of apoE, mediates the binding of apoE to the surface of lipoproteins but does
not bind to the LDL receptor (Rall et al. 1982, Gianturco et al. 1983, Aggerbeck et al.
1988). This carboxyl-terminal domain has at least one heparin binding region, probably
between residues 214-236, which is thought to play an important role in the interaction of
apoE with proteoglycans. This region of apoE may anchor the lipoprotein particle to the
endothelial layer enabling lipoprotein lipase-catalyzed hydrolysis of triglycerides to occur
(Weisgraber et al. 1986). Residues 230 to 265 consists of a long stretch of a-helices,
thought to be involved in lipid binding (Weisgraber et al. 1986). In the absence of lipid, the
carboxyl-terminal domain mediates the self association of apoE into tetramers (Aggerbeck
et al. 1988).

1.4.2 Roles of apolipoprotein E

A major function of apoE is in lipid transport, involving the three lipoprotein
metabolic pathways; exogenous, endogenous and reverse cholesterol. ApoE is a constituent
of liver-synthesized VLDLs that distribute triglycerides from the liver to peripheral tissues,
and a subclass of HDL (HDL,) which participates in cholesterol redistribution from
peripheral tissues to the liver, the so-called reverse cholesterol transport pathway (Mahley
et al. 1984, Mahley 1988 and discussed in more detail in Section 1.7.4). The major role of
apoE is to act as a ligand, mediating catabolism of cholesterol-enriched remnant lipoproteins
via both the LDL-receptor (reviewed in Davignon et al. 1988) and the LDL-receptor related
protein (LRP) (Beisiegel et al. 1989). The existence of LRP was suggested by the normal
clearance of chylomicron remnants in patients with homozygous familial
hypercholesterolaemia (FH) (Fredrickson et al. 1978) and in Watanabe Heritable
hyperlipidaemic (WHHL) rabbits (Kita et al. 1982), both of which have reduced or absent
LDL-receptor activity. In the exogenous lipid pathway, chylomicron remnants are rapidly
taken up via both the LRP (Hussain et al. 1991) and the LDL-receptor (Schneider et al.
1981, Weisgraber et al. 1982, Mahley et al. 1984). Premature uptake of remnant
lipoproteins is prevented by apoC molecules, particularly apoCI (Windler et al. 1985, Kowal
et al. 1990, Weisgraber et al. 1990, Sehayek & Eisenberg 1991). The mechanism of this
inhibition reflects association of apoC’s to lipoproteins and specific concentration-dependent

competition effects on apoE at the lipoprotein surface (Sehayek & Eisenberg 1991). This
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is discussed further in Sections 1.5.2 and 1.8.1).

ApoE has also been suggested to play a role in the normal conversion of VLDL to
LDL, by modulating the lipolytic action of LPL and/or HL. Addition of ’normal’ apoE
(apoE3) to plasma containing 3-VLDLs resulits in lipolysis of 8-VLDLs of hepatic origin to
LDLs (Ehnholm et al. 1984). B-VLDLs are abnormal VLDLs that are less susceptible to
lipolysis than normal VLDL (Chait et al. 1978) and have § electrophoretic mobility and a
higher ratio of cholesteryl ester relative to triglycerides, the hallmark of Type III
hyperlipidaemia (reviewed in Brown et al. 1983 and discussed in Section 1.4.7). The
conversion of hepatic 8-VLDLs requires the addition of lipoprotein lipase (LPL), apoCII
(activator of LPL - see section 1.6) and apoE3 suggesting that remodelling of the VLDL
particle is necessary, possibly through a reduction in CE or phospholipid content (Ehnholm
et al. 1984). ApoE may also act as an enhancer of the CE and triglyceride transfer between
VLDL and HDL via cholesteryl ester transfer protein (CETP) (Yoon et al. 1991). This
effect was mediated via enhanced affinity of CETP for VLDL (Kinoshita et al. 1993), with
the amounts of CE transferred to VLDL with apoE being significantly greater than to VLDL
without apoE.

Additionally, apoE has a number of roles which are not directly involved in plasma
lipid metabolism (reviewed in Mahley 1988). In nerve regeneration, apoE is important in
lipid transport (Mahley 1988), suggested by the correlation between the high levels of apoE
produced by macrophages at the regenerating perpherial nerve and expression of LDL-
receptors on the growing tips of the neurites and the Schwann cells (Boyles et al. 1986,
1987). In normal peripheral nerves, apoE levels are low; a denervating crush injury leads
to apoE secretion by macrophages and to its accumulation in the nerve to very high
concentrations (Ignatius et al. 1986, Snipes et al. 1986, Boyles et al. 1989, 1990). Most of
this apoE is associated with lipid and forms lipoprotein particles (Boyles et al. 1989) but
some of the apoE is also present as free protein (Boyles et al. 1990). ApoE-lipid complexes
capable of interacting with LDL-receptors of neurites, have been isolated from injured nerve
segments (Ignatius et al. 1987). In-vivo experiments have shown that the LDL-receptor,
which recognizes apoE-containing lipoproteins, is present at high concentrations in

regenerating nerve tips (Boyles et al. 1989). These two observations have led to the
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hypothesis that accumulation of apoE-containing lipoproteins and the expression of
lipoprotein receptors by regenerating axons promote their rapid elongation and regeneration,
through the delivery of cholesterol and other lipids needed for membrane synthesis. Direct
evidence that apoE and apoE-containing lipoproteins can modulate the outgrowth of neuronal

processes has come from a recent in-vitro study on rabbit dorsal root ganglion neurons

(Handelmann et al. 1992). These workers proposed that apoE may play two roles in neurite
outgrowth, the stimulation of neurite growth by the receptor-mediated delivery of cholesterol
and perhaps other components and the modulation of neurite interaction with the extracellular

matrix; both roles could facilitate rapid, target-directed axon growth in-vivo.

Roles unrelated to lipid transport are more speculative. ApoE might act as a
neurotrophic or neurotropic factor in nerve survival and repair (Mahley 1988). Neurons use
heparin-binding sites in matrix proteins for adhesion and axon extension (Edgar et al. 1984,
Akeson & Warren 1986, Schubert et al. 1987). ApoE, which binds to heparin (Mahley et
al. 1979, Weisgraber et al. 1986) might promote cell-matrix interactions and stimulate axon
extension via formation of apoE-heparin-like complexes (Mahley 1988). ApoE might also
alter the interaction of various growth factors that bind to the matrix, thus modulating their
mitogenic activity (Mahley 1988). ApoE could enhance or interfere with interactions
between smooth muscle cells (SMCs) and the extracellular matrix in the arterial wall, due
to the ability of apoE to bind to heparin (Mahley et al. 1979, Weisgraber et al. 1986) and
to heparin-like glycosaminoglycans (Mahley 1988). The arterial extracellular matrix contains
proteoglycans; accumulation of these proteoglycans is one of the characteristic features of
atherosclerosis (e.g. Wight 1985). Proteoglycans present in the vessel wall, which include
heparan sulphate proteoglycans, are synthesized by endothelial cells and SMCs (e.g. Marcum
et al. 1986, Kinsella & Wight 1988). Proteoglycans may regulate the proliferation of SMCs
(Clowes & Karnovsky 1977); this proliferation of SMCs is one important feature of
atherosclerosis (reviewed in Ross 1986). Heparin has been shown to inhibit proliferation of

SMCs both in-vivo (Clowes & Clowes 1985) and in-vitro (e.g. Campbell & Campbell 1985).

Heparin and heparin-like glycosaminoglycans are also potent inhibitors of SMC mobility
(Majack & Clowes 1984). Enhanced apoE synthesis by growth-arrested SMCs has been
demonstrated (Mahley 1988); growth arrest of SMCs was shown to promote differentiation
of these cells (Owens et al. 1986).
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Lastly apoE may have roles in immunoregulation; LDLs and apoE-containing
lipoproteins (one class of macromolecules with immunoregulatory activity) inhibit or
stimulate antigen or mitogen-induced T-lymphocyte activation and proliferation (Mahley and
Innerarity 1983, Mahley et al. 1984), depending on whether binding of lipoproteins is to the
LDL-receptor, expressed on lymphocytes (Ho et al. 1976, 1977), or the immunosuppressive
receptor (Curtiss & Edgington 1976). It appears that the inhibitory effects of the lipoproteins
on lymphocyte activation and proliferation are independent of the LDL-receptor (Cuthbert
& Lipsky 1984). Finally, apoE synthesized and secreted by macrophages (Basu et al. 1981,
1983), may have a role in atherogensis. At the molecular level it has been shown not only
that apoE-bearing lipoprotein particles are taken up by macrophages, but also that
macrophages secrete apoE associated with phospholipids, which may be involved in
cholesterol efflux from cells (Basu et al. 1982, Getz et al. 1988). Accumulation of lipid-
laden macrophages is one step in the progression of atherosclerotic lesions (reviewed in Ross
1993).

1.4.3 Common alleles and frequencies in population samples.

ApoE exists as three major alleles, apoE2, apoE3 and apoE4, detectable by isoelectric
focusing (Utterman et al. 1975, 1977). These authors were the first to establish the
polymorphic nature of apoE. Zannis & Breslow (1981) further elucidated this polymorphism
and showed that it is of two types, a genetically determined polymorphism and a second type
caused by post-translational glycosylation. Attachment of a carbohydrate moiety at Thr-194
in apoE is the molecular basis for the post-translational glycosylation polymorphism, and
gives rise to the minor, more acidic alleles via variable sialylation (Zannis & Breslow 1981,
Wermnette-Hammond et al. 1989). The genetic polymorphism is caused by single base
substitutions which give rise to the three common alleles of apoE, each differing by a single
amino acid substitution (Rall et al. 1982). ApoE3 (reviewed in Davignon et al. 1988), has
Cys at residue 112 and Arg at residue 158. ApoE2 and apoE4 each differ from apoE3 by
a single amino acid substitution; in apoE2 Cys replaces Arg at residue 158 and in apoE4 Arg
replaces Cys at residue 112. Thus, apoE2 has two cysteine residues and apoE4 completely
lacks cysteine. Three homozygous phenotypes (apoE2/2, apoE3/3 and apoE4/4) and three
heterozygous phenotypes (apoE3/2, apoE4/3 and apoEA4/2) arise from the expression of any

two of the three alleles, which correspond to different alleles of the apoE gene, inherited in
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a Mendelian manner (Zannis & Breslow 1981, Mahley et al. 1990). There are also
numerous rare variants of apoE, frequencies of which are below 0.001 (reviewed in deKniff
1992); these will not be discussed in this thesis. This polymorphic nature of apoE is unique
for human beings; in 10 other mammalian species studied so far, apoE is found as a
monomorphic protein (Chan & Li 1991). ApoE3 has been suggested to be the ancestral form
due to its high frequency (Mahley 1988). However Larsen et al. (1993) suggest that apoE4
is the parent form on the basis that the likely direction of mutation is CpG (Arg) to TpG
(Cys) (Sved & Bird 1990) and that the sequenced apoE genes in at least six mammalian
species studied, including baboon and cynomologus monkey, is apoE4-like and is apoE3-like

in only two mammalian species (reviewed in Larsen et al. 1993).

There is a large body of data on the relative frequencies of the three common apoE
alleles in healthy population samples (reviewed in Davignon et al. 1988, Hallman et al. 1991,
Gerdes et al. 1992) and summarized in Table 1.4.3.1.

Table 1.4.3.1 Frequencies (weighted averages) for different ethnic groups
(adapted from Davignon et al. 1988 and Gerdes et al. 1992)

Il Ethnic group Total number of | Common apoE allele
individuals
E2 E3 E4
Amerindians 95 0 0.82 0.18
FI Chinese 196 0.08 0.85 0.06
Japanese 880 0.04 0.85 0.11
Caucasians 5805 0.08 0.77 0.15
Afro-Carribeans | 357 0.03 0.67 0.30
New Guineans 110 0.15 0.49 0.37

The apoE3 allele is the most common in all populations studied but there is significant
heterogenity in allele frequency among populations of different ethnic origins, and also
among Caucasian populations (noted by Davignon et al. 1988), with, for example, apoE
allele frequencies estimated in New Zealand (E2=0.12 and E4=0.16), France (E2=0.13 and
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E4=0.13) and Finland (E2=0.04 and E4=0.23) differing significantly from those in the six
other Caucasian population samples. There are differences in apoE allele frequencies
between Caucasians, Japanese and Chinese populations (Davignon et al. 1988), with the
relative frequency of apoE3 being less than 0.79 in every Caucasian sample (average =
0.77), whereas in Chinese and Japanese samples it is greater than 0.82 (average = 0.85,
which is significantly greater than the Causcasian average). The major apoE genotypes in
all populations were E2/3 (frequency ranges from 7.0% in Indians to 16.9% in Malays),
E3/3 (frequency ranges from 39.8% in Sudanese to 72.1% in Japanese) and E4/3 (frequency
ranges from 11.3% in Japanese to 35.9% in Sudanese) (Gerdes et al. 1992). Populations in
the southern regions of Europe have similar apoE allele frequencies (0.10 to 0.12) to those
found in Japanese populations, whereas the Caucasian populations in the Northern regions
of Europe, in Canada and in the USA, consistently have a 1.5 to 2 times higher frequency
(0.14 to 0.27) of the apoE4 allele (Gerdes et al. 1992).

The range of apoE allele frequencies across studies (reviewed by Hallman et al. 1991)
drawn from populations of the same ethnic origin is wide enough to leave some doubt as to
whether sampling variation or population substructure is the cause (Hallman et al. 1991).
However an overview analysis by Gerdes et al. (1992) identified nine distinct clusters and
found that selection of individuals, from a sample of 466 Danish men, to exclude those with
hyperlipidaemia or cardiovascular disease did not change the cluster membership of this
sample. These authors concluded that differences in study population sampling designs is

not a likely explanation for major inter-study differences in apoE allele frequencies.

Section 1.4.4 The apoE gene and its regulation )

The apoE gene is located on the long arm of chromosome 19 (q12-q13.2) (Olaisen
et al. 1982) and forms a gene cluster together with the apoCI gene, a pseudogene called
apoCI’ and the apoCII gene; the whole gene cluster spans 48Kb (Humphries et al. 1984, Smit
et al. 1988). RFLP analysis demonstrated strong linkage disequilibrium between the apoE
and apoClI genes (Humphries 1984). The gene for apoE is 3597 nucleotides long and consists
of 4 exons and 3 introns (Paik et al. 1985), as shown in Figure 1.4.4. This exon/intron
structure is very similar to that of other apolipoprotein genes (ie. apoAl, All, A1V, CI, CII
and CIII), suggesting a common ancestral origin for this family of genes (Paik et al. 1985).
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The apoE mRNA is 1163 bp in length (McLean et al. 1984, Zannis et al. 1984) and the
primary translation product is 317 amino acids long (Paik et al. 1985).

A number of regulatory elements have been found in and around the apoE gene that
control transcription of apoE, and studies have revealed an extremely complex regulatory
mechanism, where multiple elements control the expression of apoE in different tissues.
Numbers refer to nucleotide positions relative to the transcriptional start site. Eight regions
‘within the apoE promoter region and the first intron have a non-tissue specific positive effect
on apoE expression (Smith et al. 1988). These regions are -360 to -314, -277 to -254, -243
to -227, -175 to -163, -163 to -125, -113 to -80, -80 to -35 and +75 to +87. Additionally,
three negative elements, within regions -254 to -243, -207 to -186 and -125 to -113, were
found to suppress transcription of the apoE gene in both HeLa and HepG2 cell lines (Smith
et al. 1988). The 12bp 5’ proximal negative element in the apoE gene (within region -125
to -113) shares partial homology with the 16bp repeat 3 of the sterol regulating element
found in the promoter of the LDL-receptor gene (Sudhoff et al. 1987). Elements within
three regions specifically suppress intestinal apoE expression; these regions are; -1000 to -
506, -227 to -207 and +87 to +349 and an element within the region -186 to -175 is
required for hepatic apoE expression (Smith et al. 1988). Three elements (5’ nucleotides are
-184, -161 and -54) interact with a positive transcription factor Spl used in a number of
different promoters; at each of these three elements, Spl has a different effect (Chang et al.
1990). When Spl binds at -161 there is a marked stimulation of transcription, this effect is
moderate when Spl binds at -54 while Spl binding to -184 has no effect.

Various cis-acting regulatory elements, required for tissue-specific expression of apoE
are found at some distance from the apoE gene promoter. For example, expression of apoE
in the kidney requires only -650 nucleotides of the 5’ and 72 nucleotides of the 3’ region of
the apoE gene (reviewed in Smith et al. 1990). However longer stretches are needed for
hepatic expression. A hepatic control region in the intergenic region between apoCI and
apoCI’ is required for hepatic expression of both apoE and apoCI in transgenic mice
(Simonet et al. 1990, 1991); more recently this enhancer, which may function as a general
hepatocyte-specific enhancer for the apoE-CI-CII gene locus, was localized to a 154bp

fragment in the intergenic region between the apoCI and apoCI’ genes, approximately 2.29kb
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5’ of apoCI’ (Shachter et al. 1993). This enhancer element contains two footprints (DNA
regions protected from DNase I digestion, due to protein binding to the DNA, during
incubation of DNA fragment with nuclear extract), identified in a DNasel protection assay
and containing the sequence TGACCT (Shachter et al. 1993). This sequence has been found
in transcriptionally active regions of numerous hepatically expressed genes (Ramji et al.
1991) such as acyl-CoA oxidase (Osumi et al. 1991) and genes coding for apolipoproteins
that are produced in the liver (Leff et al. 1989). Several transcription factors, members of
the steroid receptor superfamily (Kliewer et al. 1992), interact specifically with the sequence
TGACCT, regulating apolipoprotein gene expression according to lipid availability (reviewed
in Zannis et al. 1992).

A 3’ CpG island in exon 4 of the apoE gene was reported (Larsen et al. 1992). This
CpG island is methylated in DNA from all tissues analyzed except sperm. This methylation
does not repress apoE transcription (Larsen et al. 1993), establishing a functional difference
between 5’ and 3’ CpG islands (Larsen et al. 1993) as methylation of 5° CpG islands
invariably leads to repression of transcription (Larsen et al. 1992). Thus, multiple elements
direct expression of apoE in different tissues. Smith et al. (1988) hypothesized that such a
complex system regulating transcription was required to allow different cell types either to

increase or decrease apoE mRNA synthesis in response to their cholesterol status.

Section 1.4.5 Association of apoE alleles with lipids and lipoproteins

During the past 15 years, a large number of studies have demonstrated a relationship
between apoE phenotype and plasma lipid levels (reviewed in Davignon et al. 1988,
Dallongville et al. 1992). The consistency of this relationship is greater for total and LDL
cholesterol levels than for HDL cholesterol and TG levels. Utermann et al. (1979, 1985)
observed that in the normal population, individuals carrying the apoE2 allele had lower levels
of total and LDL-cholesterol than individuals homozygous for the apoE3 allele. The first
studies on normolipidaemic individuals to show that carriers of the apoE4 allele had higher
levels of total and LDL-cholesterol than did those homozygous for the apoE3 allele were
carried out by Bouthillier et al. (1983). Subsequent studies (reviewed in Davignon et al.
1988) demonstrated that, regardiess of the mean cholesterol level for the population sample

studied, individuals with the apoE2/2 genotype have the lowest, while individuals carrying
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the apoE4 allele have the highest average level. The genotype means of cholesterol show
an increase from genotype E2/2 to E4/4 in this order;
E2/2<E2/3<E3/3<EA/2<FEA4/3<EA4/4 in most studies, implying that the quantitative
impact of an individual’s apoE genotype on the level of cholesterol is independent of the
average cholesterol level for the population (Davignon et al. 1988). This trend is even seen
in children of 3 years old (Lehtimaki et al. 1990).

However, according to Utermann (1987) this relationship between cholesterol levels
and apoE genotypes is not independent from cultural and ethnic background. The association
of the apoEA4 allele with high cholesterol is strong in Finns (Ehnholm et al. 1986), moderate
in Germans (Boerwinkle & Utermann 1988) but less significant or absent in some Asian
populations (Ordovas et al. 1987). One possibility is that these populations differ
significantly from each other in dietary habits such as fat intake and that individuals with the
apoE4 allele acquire elevated cholesterol levels only when on a high fat diet (Utermann
1987). This is contrary to suggestions put forward that any difference in risk attributable to
apoE phenotype between populations of different ethnic origins, is due to differences in apoE
allele frequencies and not to modulation of impact of apoE phenotype on plasma lipids, by
other genetic or environmental factors (Hallman et al. 1991, Luc et al. 1993). As much as
16% of genetic variance and 8.3% of total variance in LDL-cholesterol is attributable to
apoE phenotype, and no other gene has been identified that contributes as much to normal
cholesterol variability (Sing & Davignon 1985). Thus, the apoE polymorphism plays an
important role in determining interindividual differences in cholesterol levels in every
population studied, but is modulated by other factors such as dietary intake (see later in this

section).

Recently Dallongyville et al. (1992) analyzed the combined data from 45 published
population studies (number of subjects ranging from 44 to 2018) from 17 countries, therefore
populations of different ethnic origins were considered. This meta-analysis, a powerful
statistical method that increases the power to detect statistically significant associations,
confirmed that the genotype means for cholesterol rank: E2/2 <E3/2 <E3/3 <E4/3 <E4/4.
The results of the meta-analysis also indicated a consistent relationship between TG levels

and apoE phenotype among different populations. TG concentrations were significantly
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higher in apoE2/2, E3/2, E4/3 and E4/2 groups than in apoE3/3 group, with genotype means
for TGs ranking: E3/3 <E4/3 <E2/3 <E4/2 <E2/2. In the apoE4/4 group, probably because
of small numbers, mean TG levels were higher in some populations but lower in other
populations, than in the apoE3/3 group. This trend was found in obese individuals, those
with diabetes or hyperlipidaemia, as well as normolipidaemic samples, indicating that this
relationship is ubiquitous. Conflicting results reported in the literature could be due either
to a lack of power of some studies to detect small effects, or to the great variability of TG
levels among and within individuals (Austin 1990), masking a clear effect of apoE phenotype
on TG levels. There was no clear association between HDL-cholesterol levels and apoE
phenotype in the apoE2/2, apoE2/3 and apoE4/2 groups. However average HDL-cholesterol
levels were lower in the apoE4/3 group and higher in the apoE4/4 group in most of the

population samples surveyed (Dallongeville et al. 1992).

Individuals with the apoE2 allele and those with the apoEA4 allele have the highest and
lowest levels of apoE in plasma, respectively (Utermann et al. 1985, Smit et al. 1988). Sing
and Davignon (1985) compared mean apoE and apoB levels across the three commonest
genotypes, E2/3, E3/3 and EA4/3. For both men and women, ranking for mean apoE levels
was E2/3>E3/3>E4/3. Conversely, apoE2 and apoEA4 carriers have, respectively, the
lowest and highest levels of apoB in plasma (Sing & Davignon 1985, Utermann et al. 1985,
Smit et al. 1988).

Differences in intestinal cholesterol absorption efficiency were related to apoE
genotypes in a random sample of Finnish men (Kesaniemi et al. 1987), a population
characterised by an unique distribution of apoE alleles, with amongst the highest apoE4
frequencies in the world (Ehnholm et al. 1986), high serum cholesterol levels, and a high
incidence of CHD (Keys 1970). Subjects carrying the apoE2 allele absorbed less and
synthesized more cholesterol than those with the apoE4/3 or apoE4/4 genotypes, with the
values for the apoE3/3 group falling in-between (Kesaniemi et al. 1987). Individuals carrying
the apoE4 allele exhibit greater responsiveness of plasma cholesterol levels to dietary change
(Miettinen et al. 1988, Tikkanen et al. 1990, Manttari et al. 1991, Miettinen et al. 1992)
with a greater reduction in total and LDL-cholesterol levels when switching to a low-fat

intervention diet, compared to those without this allele. These studies suggest that the effect
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of apoE genotype on plasma cholesterol is modulated by dietary fat and cholesterol intake
(Tikkanen et al. 1990). However, other studies failed to detect any special susceptibility of
serum cholesterol levels to diet related to apoE polymorphism in young German
normolipidaemic subjects (Beil et al. 1991) or healthy European normolipidaemic men and
women (Glatz et al. 1991). The most probable reasons are the low numbers of individuals
homozygous for apoE4 and/or the different *baseline’ diet, which was low in fat in a Finnish
study (Miettinen et al. 1988) and high in saturated fat in another study; complicated by the
fact that the only E2/2 homozygote in this study (Glatz et al. 1991) was a consistent
hyperresponder.

Section 1.4.6 Possible Mechanisms underlying the effect of common apoE alleles on
lipids and lipoproteins

An explanation for the observed effects of apoE phenotype on lipid and lipoprotein
levels was given by Utermann (1985). Due to the delayed clearance of apoE2-containing
lipoproteins relative to lipoproteins containing apoE3 or apoE4, transport of cholesterol to
the liver occurs at a lower rate and the rate of hepatic VLDL formation is decreased. This
causes an up-regulation of LDL receptor activity, manifested as an increase in number of
receptors, overall this leads to relatively elevated levels of remnant lipoproteins while LDL
levels are low. ApoEA4-containing chylomicron and VLDL remnants are cleared at a higher
rate than apoE3-containing remnants, delivering more cholesterol and triglycerides to the
liver, leading to a down-regulation of hepatic LDL receptor activity and thus to higher LDL-
cholesterol levels. In agreement with this, Gregg et al. (1986) demonstrated in E4/E4 and
E3/E3 homozygotes that apoE4 is metabolised faster than apoE3 in-vivo. Variation in
efficiency of intestinal absorption of dietary cholesterol, associated with apoE genotypes, may

contribute to variation in plasma and LDL-cholesterol levels (Kesaniemi et al. 1987).

ApoE4 and apoE3 distribute differentially among ultracentrifugally isolated lipoprotein
fractions, with apoE4 being more abundant in VLDLs and less so in HDL, relative to apoE3
(Steinmetz et al. 1989). Since apoE3 and apoE4 bind with equal efficiency to the LDL-
receptor (Weisgraber et al. 1982), their differential distribution among lipoprotein fractions
is thought to be a key to understanding the mechanism underlying the different effects of

apoE3 and apoE4 on plasma cholesterol and LDL-cholesterol levels. Increased association
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of apoE4 with chylomicrons was thought to underlie the faster removal of alimentary
lipoproteins, from the circulation which results in the down-regulation of hepatic LDL
receptors and its attendant elevations in LDL cholesterol (Weintraub et al. 1987). An
increased apoE content of TG-rich lipoproteins may allow endocytosis of these particles at
an earlier stage of delipidation, therefore increasing hepatic fatty acid concentration, which
is the driving force of VLDL synthesis and secretion. A common mechanism i.e. hepatic
uptake of lipid-rich remnants, may therefore underlie the associations of the apoE4 allele with
elevated cholesterol and TGs (Surguchov et al. 1994). Weisgraber et al. (1990) demonstrated
that the cysteine-arginine interchange at position 112, in the amino terminal region,
determines the lipoprotein class to which the carboxy terminal of apoE will bind i.e. there
is an interaction between the two structural domains of apoE that determines the apoE
distribution. ApoE3 and apoE2 exist in the plasma as apoE-All, a disulphide-linked
heterodimer which mainly exists in the HDL fraction (Weisgraber et al. 1978). As a result
of this heterodimer formation, not possible with apoE4, apoE3 distributes preferentially to
HDL, thus decreasing the relative number of ligands available on VLDLs for binding to
hepatic apoE receptors. In addition, these apoE-AIl complexes have been shown to block
binding to the LDL receptor (Innerarity et al. 1978, Weisgraber et al. 1991).

In con;’;trast, the differences in lipid metabolism between individuals with apoE2 and
with the other common alleles can clearly be traced to the grossly diminished LDL-receptor-
binding ability of apoE2 relative to either apoE3 or apoE4 (Schneider et al. 1981, Weisgraber
et al. 1982), probably by altering the conformation of the apoE molecule (Utermann et al.
1983). ApoE2 has less than 2% of normal binding, as assessed in an in-vitro competition
assay (Weisgraber et al. 1982). The Arg to Cys substitution at residue 158 is the only
difference between apoE2 and apoE3, therefore it is probably responsible for the grossly
diminished receptor-binding ability of apoE2 (Weisgraber et al. 1982). ApoE2 also shows
impaired binding to the LRP (Kowal et al. 1990) with delayed removal of chylomicrons and
their remnants in normolipidaemic individuals homozygous for apoE2 (Brenninkmeijer et al.
1993). The resulting failure to catabolise cholesterol-enriched remnants of triglyceride-rich
lipoproteins in E2/E2 homozygotes is probably responsible for the accumulation of these
remnants (Havel et al. 1980, Gregg et al. 1981). The receptor-binding difference associated
with apoE2 and the lipoprotein association difference exhibited by apoE4 could be properties
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that contribute to the effect of apoE alleles on normal plasma lipid variation discussed in the
previous section (Rall & Mahley 1992).

Recent in-vivo turnover studies have shown that apoE phenotype influences

metabolism of apoB-100-containing lipoproteins along the VLDL,-~VLDL,—~LDL cascade,

confirming the profound impact of apoE alleles on apoB metabolism throughout the spectrum
of lipoproteins of hepatic origin (Demant et al. 1991). Individuals homozygous for apoE3
converted about 50% of VLDL, particles to LDL, the remainder being lost by direct
catabolism. ApoE2 homozygotes produced less VLDL, than did apoE3 homozygotes but
converted proportionally more of their VLDL, to VLDL, with most of this VLDL, being
catabolized before it could be converted to LDL. ApoE4 homozygotes converted most of
their VLDL, particles to LDL. Demant and co-workers concluded that these changes in the
VLDL,—»VLDL,»LDL cascade are partly explained by alterations in LDL-receptor activity,
with apoE2 and apoE4 homozygotes having higher and lower activities, respectively,
compared to apoE3 homozygotes. The LDL-receptor does not appear to be responsible for
catabolism of VLDL,-apoB since VLDL, are removed from the circulation normally in

patients with homozygous FH (James et al. 1989).

IDL to LDL conversion is impaired in apoE2 homozygotes, balanced by increased
IDL catabolism, probably via apoB and LDL-receptors, but the mechanism for this is
unknown. LDL from apoE2 homozygotes is cleared more slowly than autologous LDL in
normal subjects (Gregg et al. 1984, Gabelli et al. 1986) (unexpected given that LDL-receptor
activity is upregulated in apoE2 homozygotes) and normal LDL was cleared rapidly in an
apoE-deficient patient (Gabelli et al. 1986). These data support the hypothesis that apoB in
LDL of apoE2 homozygotes has a conformation that is unable to recognize receptors
efficiently (Demant et al. 1991). The concentration and distribution of apoB-containing
lipoproteins in apoE4 homozygotes seems to be due to suppressed receptor-mediated
catabolism of VLDL,, IDL and LDL (Demant et al. 1991). As discussed above, efficient
lipolysis of VLDL to LDL by lipoprotein lipase is poorly supported by apoE2 (Ehnholm et
al. 1984), hence retarded delipidation would provide an additional mechanism for the
formation of VLDL, remnants and the very low conversion of IDL to LDL in apoE2

homozygotes (Demant et al. 1991). These conclusions are strengthened by one study
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demonstrating that pure apoE activated purified LPL and that an antibody to apoE inhibited
LPL (Yamada & Murase 1980), and other studies demonstrating that apoE modulates both
LPL and hepatic lipase activities (Wang et al. 1985, McConathy et al. 1989).

Higher TG levels in subjects carrying the apoE2 allele can be explained by their
slower plasma clearance of chylomicron and VLDL remnants (Gregg et al. 1982,
Brenninkmejer et al. 1987, Weintraub et al. 1987), and possibly also by an alteration in the
lipolytic process contributing to TG accumulation in these subjects (Chung & Segrest 1983,
Ehnholm et al. 1984, Dallongeville et al. 1992). The higher TG levels in individuals with
the apoE4/3 phenotype could be explained by delayed catabolism of TG rich lipoproteins and
it is possible that the apoE4 allele, due to its preferential association with VLDLs, interferes
with plasma lipase activities and/or with the TG removal system resulting in delayed lipolysis
and/or plasma TGs (Dallongeville et al. 1992). This hypothesis is supported by in-vitro
experiments that demonstrate a modulating effect of apoE on LPL (Yamada et al. 1980,
Wang et al. 1985, McConathy & Wang 1989). Individuals homozygous for apoE4 are
reported to have similar TG levels to those homozygous for apoE3 (Dallongeville et al.
1992), this could be due, in part, to the small numbers of individuals studied, who are
homozygous for apoEA. Alternatively, as proposed by Dallongeville and coworkers, a mild
putative defect in lipolysis observed in apoE4/3 individuals might be compensated for by the
known faster clearance of VLDL remnants in individuals homozygous for apoE4
(Brenninkmeijer et al. 1987, Weintraub et al. 1987). Lower mean HDL-cholesterol levels
in apoEA4/3 subsets compared to apoE3/3 subsets could therefore be explained by the possible

alteration in TG metabolism in these individuals (Dallongeville et al. 1992).

Section 1.4.7 ApoE2 and Type 1II hyperlipoproteinaemia

Homozygosity for apoE2 plus presence of another gene or genes with lipid raising
effects or environmental factors (Mahley 1982, Utermann 1982, Mahley & Angelin 1984)
can overrule the cholesterol-lowering effect normally associated with the apoE2 allele. In
this situation, Type III hyperlipoproteinaemia (HLP) becomes manifest. Type III HLP is
defined as the plasma accumulation of remnants of both chylomicrons and VLDLSs in patients
who have elevated plasma concentrations of both cholesterol (8-20mM) and TGs (3.5-8mM)

and develop xanthomas (yellow-orange discolouration of skin creases) of the palmar creases
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and tuberous xanthomas, particularly on elbows and knees (Mahley & Rall 1989). These
skin creases are the first manifestations of Type III HLP (Borrie 1969). The principal
abnormal lipoproteins occuring in Type III HLP are 8-VLDLs which differ from normal
VLDLs in their apolipoprotein composition, 8-electrophoretic mobility and higher content
of cholesteryl esters per particle relative to TGs (Mahley & Angelin 1984). The estimated
frequency of Type III HLP is 4/10,000 to 1/100,000 in the population (Cladaras et al. 1986).
Type III HLP is associated with increased risk of atherosclerosis, but the precise population
risk is difficult to gauge because of the rarity of this HLP, and the only presymptomatic
individuals will be those presenting themselves to dermatologists because of xanthomas.
Only four out of fourteen male Type III HLP patients, referred from dermatologists, who
were investigated had cardiovascular disease; duration of Type III HLP ranging from 7 to
27 years before onset of CAD (Borrie 1969). Upon treatment, the eruptive xanthomas clear
and the hyperlipoproteinaemia is resolved, with total plasma lipid levels returning to near
normal; however the characteristic 3-VLDL distribution of Type III HLP remains (Borrie
1969).

Approximately 95% of Type III patients are E2/2 homozygotes (Utermann et al.
1979) but less than 5% of E2/2 homozygotes develop Type III HLP (Davignon et al. 1988).
All apoE2/2 homozygotes have dysbetalipoproteinaemia, which is due to slow clearance of
remnant lipoproteins. In about 5% of these individuals, secondary genetic or environmental
risk factors cause them to develop overt Type III HLP (Mahley & Rall 1989). Reported
secondary genetic factors are mutations in the gene for the LDL-receptor (Hopkins et al.
1991), in the gene for LPL (Ma et al 1993a) and variation in the apoB gene (Talmud et al.
1987). The other risk factors are diet, drugs, increasing age, obesity and an often postulated
second genetic lipid abnormality such as familial combined hyperlipidaemia. Examples of
risk factors are hypothyroidism, diabetes and other hormonal factors. Such risk factors could
lead to overproduction of VLDL, influence lipase processing of VLDL to LDL or decrease
the number of LDL receptors (Utermann 1985). In addition to homozygosity for apoE2,
some rare variants of apoE which are also defective in receptor binding, have been found to
cause Type III HLP. Unlike apoE2, however, some of these rare variants generate
dominantly inherited disease (Rall & Mahley 1992), and recently transgenic mice expressing
a rare apoE variant (Arg-112, Cys-142) having Type III HLP were created (Fazio et al.

54



1993). The aetiology of Type III HLP is a good illustration of the multifactorial and

polygenetic nature of hyperlipidaemias in general.

Section 1.4.8 ApoE deficiency

ApoE deficiency is rare in humans and has been described in five patients in three
families (Ghiselli et al. 1981, Schaefer et al. 1986, Cladaras et al. 1987, Mabuchi et al.
1989, Lohse et al. 1992). All apoE-deficient patients were diagnosed with severe Type III
HLP, including the presence of 8-VLDL, premature cardiovascular disease and xanthomas.
In general, plasma TG levels are decreased and VLDL is more enriched in cholesterol in
these apoE-deficient patients compared to ’typical’ Type III HLP patients who are
homozygous for apoE2. ApoE-deficient mice strains were recently created by homologous
recombination, and found to exhibit spontaneous hypercholesterolaemia, primarily due to
elevated levels of VLDL and IDL, particularly when fed a high-fat Western type diet (Plump
et al. 1992, Zhang et al. 1992). These mice also developed atherosclerotic lesions in the
aorta and coronary and pulmonary arteries. This would seem to indicate an important
protective role for functional apoE against atherogenesis, at least in mice. However,
extrapolating the situation in mice to that in humans, to give insights into human lipid
metabolism, is fraught with uncertainity. This is due to differences in lipoprotein metabolism
between humans and mice. HDL is the primary transporter of plasma cholesterol in mice
(reviewed in Ishida & Paigen 1989) and in rodents, unlike humans, hepatic apoB mRNA is
edited, producing truncated apoB-48 that does not have the LDL-receptor binding region.
Thus, hepatic clearance of lipoproteins in the mouse is almost entirely dependent on apoE,
which would explain the much more severe hypercholesterolaemia phenotype in apoE-
deficient mice compared to their human counterparts (Plump et al. 1992). An additional
difference between humans and mice is that mice are usually resistant to development of
atherosclerosis even when challenged with an atherosclerotic diet, though certain highly
inbred (susceptible) strains do exhibit fatty lesions of the aorta in response to being fed a diet
rich in saturated fat and cholesterol (Paigen et al. 1985). These fatty lesions exhibit a
histopathology similar to human atheromatous plaques (Stewart-Phillips & Lough 1991),
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Section 1.4.9 Associations of common apoE alleles with presence and severity of
atherosclerosis

The impact of allelic variation at the apoE locus on plasma lipid and lipoprotein levels
(discussed in Section 1.4.5) led to the early suggestion that the apoE polymorphism may play
a part in determining susceptibility to atherosclerosis in man (Cumming & Robertson 1984).
The apoE2 allele could be cardio-protective via its cholesterol-lowering effect, however this
effect can be disrupted by the presence of exacerbating factors (either genetic or
environmental) which would raise the level of potentially atherogenic cholesterol-enriched
B-VLDLs and lipoprotein remnants, and therefore predispose to hyperlipoproteinaemia.
ApoE4 could favour the development of atherosclerosis via its raising effect on LDL-
cholesterol. Several studies have examined these possibilies. The apoE2/3 genotype was
significantly less frequent in patients with CAD compared to patients without CAD (11.2%
and 16.4 % respectively); this difference was even more pronounced in males (19% vs. 11%);
and in favour of the lipid hypothesis, those apoE3/2 individuals without CAD had the lowest
cholesterol levels (Menzel et al. 1983). These authors suggested that apoE3/2
heterozygosity, through its hypocholesterolaemic effect, may be considered a negative risk
factor for CAD. They also suggested that the occurrence of 3-VLDLs in individuals
homozygous for the apoE2 allele is not necessarily associated with an increased risk for
CAD; with only extreme elevation of 3-VLDL in plasma, as occurs in Type III HLP, being

associated with premature atherosclerosis (Utermann et al. 1975, 1979).

Cumming & Robertson (1984) were the first to show that the presence of apoE4 was
significantly associated with an increased risk and prevalence of ischaemic heart disease
(IHD); they concluded that the presence of the apoE4 allele might confer an increased risk
of MI at an earlier age, at least in men. Since then evidence has accumulated that in the
population at large, apoE4 predisposes to and apoE2 protects against development of
atherosclerosis. This evidence is of two types, an increased apoE4 allele frequency in
individuals with CAD compared to controls and an assocation of the apoE4 allele with

greater severity of atherosclerosis.

Table 1.4.9.1 shows the apoE4 and apoE?2 allele frequencies in selected case-control

studies. The apoEA allele frequency has been found, in cross-sectional studies, to be elevated
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