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ABSTRACT

Lipoprotem lipase (LPL) is 2 multifunctional protein important in triglyceride and lipoprotein
metabolism. As well as its primary enzymatic role which is to hydrolyse circulating plasma
trglycerides, LPL also has a role as a “bridging” molecule in the binding of lipoproteins to the

endothelium, leading to intracellular uptake that is independent of its lipolytic activity.

This thesis describes work undertaken to characterise a new, common variant in the promoter
of the human lipoprotein lipase gene and its effects on the plasma lipid profile. New PCR
based assays were developed to rapidly genotype 3050 middle-aged men in the Second
Northwick Park Heart Study, 191 men and women from the New York Postprandial Tual
and 1314 individuals from the Wandsworth Heart and Stroke Study for common variants in
the human lipoprotein lipase gene. The novel promoter variant -93G was found to be over 20
times more frequent in Blacks than Caucasians and associated with 20% to 25% lower plasma

trglyceride concentrations in carriers compared with non-carriers.

Investigation of the allelic frequencies, distnbutions and associations of five LPI. variants
among three ethnic groups in the Wandsworth Heart and Stroke Study revealed higher
frequencies of -93G, N9 and HindIII- in Blacks compared with Whites and South Asians and
a higher frequency of S291 in Whites compared with South Asians and Blacks. No
differences in frequencies of X447 between the groups were observed. Study of the
interaction of smoking with N9 carrer status and nisk of ischaemic heart disease in the Second
Northwick Park Heart Study revealed that in N9 carriers, smoking increased the risk of

1schaemuic heart disease 17.6 fold.

Functional studies on the L.PL promoter revealed that the -93G containing promoter had
approximately 20% more activity than the -93T containing promoter 7z ##rv. In addition, 1t
was found that the ubiquitous transcoption factors Sp1l and Sp3 bind to this region of the

promoter and that their binding is affected by the variation at -93.
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1. INTRODUCTION

1.1 Lipoprotein Lipase

“During the course of determining red cell circulating mass in dogs by the donor-

isotope red cell procedure, an occasional animal of irregular eating habits showed

a marked lipaemia in the initial control blood sample. When injected with whole
blood containing tagged cells, in the instances in which heparin was used as a
coagulant, this lipaemia had completely disappeared in the blood sample taken

three to five minutes later.”
Dr. Paul Hahn, 1943'

This passage 1s the first description of the heparin induced “clearing reaction”
which subsequently led to the discovery of lipoprotein lipase (LPL), the rate-
limiting enzyme in plasma triglyceride removal. The factor responsible for this
“clearing reaction” was identified in 1953 as a lipase exerting its effect through
hydrolysis of the chylomicron triglycerides in lipaemic blood?, but it was Kom in
1955° who made the first preparation of the enzyme and showed the dependency
of its lipolytic activity on apolipoproteins. This has since been explained by the.

determination of apolipoprotein CII (apoClII) as an essential cofactor for LPL*.

The importance of LPL in disease states emerged when a positive link between
the incidence of heart disease and the concentrations of plasma lipids and
lipoproteins was established™. LPL deficiency was shown to be associated with
increases in the plasma concentrations of chylomicron triglycerides’ and thus LPL

became a candidate gene for cardiovascular disease risk.
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Before deposition in adipose tissue, lipolysis and subsequent resynthesis of
triglycerides occurs® and upon heparin introduction, appearance of lipase in the
blood is too rapid to be explained by secretion from intracellular stores’. When
considered together, these data suggest that lipoprotein lipase is anchored to the
luminal surface of the capillary endothelium by heparin-like cell-surface
components where it hydrolyses chylomicron and very low density lipoprotein
(VLDL) triglycerides. This hydrolysis is essential for the transport of the lipid out
of the circulation and into the tissues'’. In 1985 it was shown that the catalytically
active form of LPL is a non-covalently linked homodimer'! and molecular
modelling studies have shown that this dimer is most likely to occur in a head-to-

tail conformation’?.

As expected for a key enzyme in the metabolism of dietary lipids, LPL activity is
modulated by feeding. Upon feeding, LPL activity in adipose tissue rises with a
reciprocal change in muscle and during starvation, the opposite effect is seen™.
Thus, LPL plays a key role in directing fatty acids to the tissues where they are
required. The protein itself is synthesised within the parenchymal cells of a tissue
and after release, transported to the endothelium". This pathway provides several

points at which regulation could occur.

1.2 An Overview of Lipid Metabolism
1.2.1 Plasma Lipoproteins

Lipoproteins are a heterogeneous group of particles found in the blood which are
responsible for the transport of lipid around the body. In general, all classes of
lipoprotein consist of a hydrophobic core of lipids made up of triglycerides and

cholesteryl ester which 1s surrounded by protein, free cholesterol and

13



phospholipid on the particle surface. The proteins present in lipoproteins are
termed apolipoproteins and act as structural components of the particle and as
ligands for lipoprotein receptors. Lipoproteins are generally classified on the basis

of density as shown in Table 1'*:

Lipoprotein Constituent Mol. Density Surface Components | Core Lipids
Apolipoproteins | Wt. (g/mL) (mol %) (mol %)
Chol. | PL | Apo. | TG CE
Chylomicrons | Al, ATV, B48, CI, 400 <0.93 35 63 2 95 5

CII, ClIL, E MDa

VLDL B100, CI, CII, 10-80 | 0.93-1.006 43 55 2 76 24
CIIL E MDa

IDL B100, E 5-10 | 1.006-1.019 38 60 2 78 22
MDa

LDL B100 23 1.019-1.063 42 58 02 19 81
MDa

HDL, Al AIL AIV, CI, | 360 | 1.063-1.125 | 225 | 75 | 25 18 82
CII, CIII kDa

HDL; Al AL ALV, CI, 175 1.125-1.210 23 72 5 16 84
CII, CIII kDa

Table 1: Summary of lipoprotein classification.

Chol. - Free Cholesterol; PL - Phospholipid; Apo. - Apolipoprotein;
TG - Trglyceride; CE - Cholesteryl Ester;

VLDL - Very Low Density Lipoprotein,

IDL - Intermediate Density Lipoprotein,

LDL - Low Density Lipoprotein;

HDL - High Density Lipoprotein.

1.2.2 Lipoprotein Metabolism

Two parallel lipolytic cascades exist in human lipid metabolism. The exogenous
pathway 1s involved in the processing of dietary lipids through apoB48-containing
chylomicrons. The endogenous pathway deals with lipids synthesised and
recycled by the liver resulting in production and metabolism of apoB100-
containing VLDL. There are many similarities between the two pathways which
ultimately result in lipids being transported to and metabolised in the tissues in

which they are required.
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The primary role of HDL is as a carrier of cholesterol and cholesteryl esters but
HDL also acts as a repository in the plasma for apolipoproteins and excess lipid
resulting from lipoprotein hydrolysis. Extensive exchange of HDL components
with other lipoproteins occurs and in a sense, HDL can be regarded as a common

link between the exogenous and endogenous lipolytic pathways.

1.2.2.1 Lipoprotein (a)
Lipoprotein (a) is a modified form of LDL in which apoB100 is covalently linked

to apo(a)’®. Apo(a) shares homology with plasminogen and its size is determined
by the number of plasminogen-like kringle domains it contains which can vary
from twelve to fifty-one'. Lipoprotein (a) is formed by initial secretion of apo(a)
from the liver followed by extracellular association with apoB100 on LDL and the
association is mediated via the kringle domains on apo(a)’. It is known that a
high concentration of lipoprotein (2) in the circulation is a risk factor for

cardiovascular disease™® but its physiological role is still unclear.

1.2.2.2 Chylomicron Synthesis
Trglycerides in the diet are hydrolysed in the small intestine by pancreatic lipase

to produce free fatty acids and monoglycerides which are taken up by the
intestinal mucosal cells concurrently with dietary cholesterol. Once inside the cell,
re-esterification of the lipids takes place and apolipoproteins Al, AIV and B48 are
complexed with the lipid to form the core of a nascent chylomicron particle

which is packaged in a secretory vesicle in the Golgt apparatus.
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Fach chylomicron contains one apoB48 molecule which acts as the primary
structural component of the particle’”. ApoB48 is produced exclusively in the
intestine in humans as a result of specific RNA editing of the full apoB
transcript” and the resulting protein is 48% the size of the full-sized liver-specific
apoB100. Nascent chylomicrons are released from intestinal mucosal cells into
the lymph from whence they subsequently enter the circulation where in tum,
they become mature particles by the addition of apolipoproteins CI, CII, CIII and
E by transfer from HDL* (Figure 1). Mature chylomicrons have a diameter of
between 0.1 and 1 pm?  Chylomicrons are also synthesised in the post-
absorptive state, but the fatty acid sources in this situation are biliary
phospholipids and fatty acids from cells shed by the intestinal mucosa'™. In
relative terms however, this 1s only a very minor contribution to chylomicron

synthesis.

1.2.2.3 Chylomicron Lipolysis
Following a twelve hour fast, there are few chylomicrons to be found in the

circulation as they are cleared very rapidly after a meal. This clearance is
accomplished by rapid hydrolysis of the component triglycerides and some
phospholipid by LPL. As the chylomicron is delipidated, conformational changes
result in the loss of surface components and C apolipoproteins are transferred
back to HDL along with phospholipid and the A apolipoproteins (Figure 1). The
small particle that remains is relatively enriched in cholesteryl ester after the loss

of 80-90% of its triglycerides and is termed a chylomicron remnant.

A proportion of the fatty acids released as a result of LPL activity is taken up by

the cells for oxidation or storage, but when this uptake ceases, build up of fatty
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acids in the locality may cause the dissociation of LPL from its cell-surface

heparan sulphate binding site and thus reduce lipolysis at the endothelium®.

1.2.2.4 Chylomicron Remnant Clearance

Two receptors in the liver have affinity for chylomicron remnants and mediate
their removal from the circulation. The first is the LDL receptor (LDLR, also
known as the B, E receptor) which has affinity for the apoE on the particle. This
receptor plays a major role in the uptake of apoB100-containing lipoproteins (see
below) but has no affinity for apoB48 as this apolipoprotein lacks the region
recognised by the receptor® and apoE is used as the ligand for LDLR mediated

lipoprotein uptake™.

The second receptor, which was originally identitied as the chylomicron remnant
receptor, is apoE-specific® and is termed the LDLR related protein (LRP). The
importance of this receptor in chylomicron remnant uptake is illustrated by the
observation that LDLR deficient individuals do not accumulate chylomicron
remnant particles in the blood”. Antibodies against apoE will, iz i, specifically
inhibit the hepatic uptake of chylomicron remnants, demonstrating that it is apoE
and not apoB48 on the particle that is responsible for uptake®. The C
apolipoproteins inhibit the binding of apoE to LRP? and this may ensure that

unhydrolysed chylomicrons are not prematurely cleared.

Binding of the remnant particle to the cell-surface prior to interaction with the
receptor is stimulated by LPL. This relatively recent discovery raises many

interesting points and is discussed in depth in section 1.2.3.
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1.2.2.5 VLDL Synthesis
The triglycerides taken up directly by the liver are termed endogenous since they

are not supplied directly from the diet. However, the source of the lipid
component incorporated into VLDL is in part the chylomicron remnants taken
up by the liver after hydrolysis. Free fatty acids in the plasma also provide a

source>*.

ApoB100 is a large protein (4563 amino acids) and is the major protein
constituent of VLDL. FEach particle contains only one apoB100 molecule®, a
sttuation analogous to that with apoB48 and chylomicrons. Rather than the rate
of synthesis, it is the rate of intracellular apoB100 degradation that regulates
VLDL production®. As the apoB100 molecule is synthesised and translocated
into the rough endoplasmic reticulum, microsomal triglyceride transfer protein
(MTP) mediates the addition of triglyceride to initiate lipoprotein assembly. If no
lipid s added, then the protein is retained in the endoplasmic reticulum

membrane in a conformation susceptible to proteolytic attack™.

The second step in VLDL synthesis involves the addition of the rest of the core
lipid by an as yet unspecified mechanism. Exactly which lipid species are required
to initiate and propagate VLDL synthests is still unknown but studies have shown
that in vitro, the presence of triglyceride will both protect apoB100 from
degradation and result in the production of larger VLDL particles”. In addition,
when cholesteryl ester formation is prevented with an acyl : cholesterol acyl
transferase (ACAT) inhibitor, VLDL production is reduced by 60%> suggesting

that cholesterol ester 1s required for VLDL synthests.

Most interestingly, and somewhat opposed to the central dogma of lipoprotein

metabolism, apoB100 can actually appear in a range of nascent particle sizes from
19



VLDL, through IDL to LDL. It is of course possible that the smaller
lipoproteins result from rapid hydrolysis of the triglycerides in VLDL (Section
1.2.2.6), but it has been postulated that this delipidation is not enough to account
for the apoB100 mass found in the IDL and LDL subfractions**®. A recent
study suggests that direct hepatic secretion of IDL and LDL occurs when the

liver has insufficient triglyceride to assemble full-sized VLDL particles™.

Mature VLDL particles are smaller than chylomicrons with a diameter of between
30 and 90nm. Like chylomicrons, once released from the liver, VLDL rapidly
acquires apolipoproteins CI, CII, CIII and E from HDL?. After a meal, 75% of
the plasma triglyceride increase is accounted for in chylomicrons, but 75% of
particles in the density <1.006 g/mL fraction are VLDL*. This occurs as a result
of chylomicron triglycerides being hydrolysed more quickly than VLDL
triglycerides and postprandially, hydrolysis of VLDL is suspended until the wave

of chylomicrons has passed™.

1.2.2.6 VLDL Hydrolysis

This process is very similar to that of chylomicrons. Once again, it is the role of
LPL to hydrolyse the core triglycerides in the particles in the periphery to provide
fatty acids for oxidation or storage. The rate of hydrolysis is dependent on the
size of the VLDL particle” which may be explained by the observation that larger
particles contain more apoCII - the cofactor for LPL. Again like chylomicrons,
as the particle decreases in size due to lipolysis, phospholipids and C

apolipoproteins are transferred to HDL, but apoB100 and apoFE are retained.

In humans, approximately 50% of the remnants so produced are taken up directly
by the liver (see below) and the rest are further metabolised in the bloodstream.

Large VLDL will yield large IDL upon hydrolysis and these larger intermediate
20



species are more likely to be taken up by the liver than their smaller
counterparts™. It is not known what determines whether an apoB100-containing
particle is delipidated or taken up for direct catabolism. One clue may lie in the
lipoprotein surface components. The LDLR will bind both apoB and apoE as
referred to above, but these proteins may not always be in a conformation which
is recognised by the receptor”. This may explain why particle uptake by the

LDLR only occurs after hydrolysis of at least a little of the core triglyceride.

Recently, a VLDL-specific receptor has been identified”. 'This protein is
expressed in the same tissues as LPL (mainly adipose and muscle) and potentially
provides another mechanism whereby tissues may obtain energy. The role of the

receptor has not yet been absolutely determined however.

1.2.2.7 TDIL Hydrolysis
IDL particles have a diameter of between 25 and 30nm. Hydrolysis by LPL

proceeds as above, however, owing to their smaller size, IDL particles are able to
nfiltrate the hepatic capillary beds where hepatic lipase acts to produce LDL
particles. In LPL-deficient individuals, conversion of large IDL to LDL takes
place as usual suggesting that LPL 1s not critical for the later stages of lipoprotein
hydrolysis”. Upon hydrolysis, the remaining apoE in the particle is lost and

apoB100 becomes the sole protein moiety.

1.2.2.8 L.DL Metabolism

LDL particles are the major degradation product of VLDL hydrolysis and may
also be synthesised directly as mentioned in Section 1.2.2.5. LDL particles have a
diameter of between 20 and 25nm and are the principal cholesterol carriers in the
blood. The apoB100 molecule on the surface of the particle i1s recognised by the
LDLR in the liver, and to a lesser extent in the periphery. When a cell requires
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cholesterol, it will release the N-terminal fragment of the membrane-bound sterol
regulatory element binding protein (SREBP)* which acts as a transcriptional
activator for the LDLR gene®. ApoB100 however, has lower affinity for the
LDLR than apoE and so LDL is taken up more slowly than chylomicron
remnants. In addition, chylomicron remnants contain multiple apoE. moieties, all

of which may be able to bind to a receptor site and act co-operatively™.

Once bound to the receptor, the particle is endocytosed and when inside the
hepatic cell, the endocytotic vesicle fuses with a lysosome. The receptor is rapidly
recycled and the lipid (mostly cholesteryl ester) is catabolised to produce
lipoproteins and bile acid. Some LDL is taken up at a much lower affinity by a
receptor-independent mechanism which is also mediated via endocytosis®. It is
likely that LPL is an important mediator of this process and this is discussed fully

in section 1.2.3.

1.2.29 HDL and Reverse Cholesterol Transport
Thus far, HDL has only been referred to as a donor and acceptor of

apolipoproteins. Indeed, the rapid tumover of its protein components has led to
its definition as “the most malleable of the plasma lipoproteins™?, but its major
role in lipid metabolism is as a carrier for cholesterol and cholesteryl esters in the

plasma.

Of all the lipoproteins, synthesis and assembly of HDL is the least well
understood. Nascent HDL contains apoE, Al and AIl as the major protein
constituents when secreted from hepatocytes® and unusually for lipoproteins, the
particles are discoid in form. The action of lecithin: cholesteryl acyl transferase
(LCAT) 1s instrumental in their maturation by catalysing the development of a

hydrophobic core which causes the particle to become spherical and less dense®.
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Mature HDL actually represents a range of particles resulting from the rapid
transfer of components already described”. The lower density HDL, is
converted to HDL, when it takes up free cholesterol and phospholipid from the
periphery or from triglyceride-rich lipoproteins (mainly VLDL and chylomicrons).
By hydrolysing the resulting lipid core, hepatic lipase will convert HDL, back to
HDL,. HDL particles range in size from 8 to 20nm making them the smallest

lipoproteins.

The primary role of HDL is to “collect” excess cholesterol from both lipoprotein
surfaces and cells in the periphery. This latter, cellular cholesterol is transferred
mainly to small HDL species which do not contain apoAlIl. The esterification of
cholesterol by LCAT sequesters it inside the HDL particle and the cholesteryl
ester produced by this sequestration can be transferred to the liver in two ways.
The first involves its transfer to chylomicrons and VLDL wvia the cholesteryl ester
transfer protein (CETP) for subsequent uptake via members of the LDLR

superfamily as detailed above.

In retun for cholesteryl ester, HDL receives triglycerides from triglyceride-rich
lipoproteins. This triglyceride is a substrate for hepatic lipase which plays a role in
the direct transfer of HDL cholesterol to the liver, the second method of hepatic
cholesterol uptake. Hydrolysis of the phospholipid in triglyceride-rich HDL by
hepatic lipase promotes uptake of both cholesterol and cholesterol ester by the
liver. In addition, the small fraction of HDL that contains apoE may be

endocytosed by an as-yet uncharacterised HDL-specific receptor™.

This mechanism is termed “reverse cholesterol transport” and results in hepatic

degradation of cholesterol” which is used to make bile acids in the liver.

23



Peripheral cholesterol uptake is required for membrane synthesis. There is a line
of thought that HDL is never catabolised as a whole particle but the constant
redistribution of its components, some to degradative pathways, is enough to

account for its tumover .

1.2.3 Lipoprotein Lipase as a Bridging Protein

The primary role of LPL is to hydrolyse the triglycerides in circulating
chylomicrons and VLDL but more recently a second role has emerged. In 1992
the LPL “bridging” function was first described”. This concems the role that
LPL has in mediating the binding of lipoprotein particles to cell surfaces via

heparan sulphate proteoglycans.

1.2.3.1 LPL Enhances Binding of Lipoproteins to Cells
1.2.3.1.1  Chylomicrons:

It was first proposed in 1975% that LPL in the plasma (i.e. not bound to the
endothelial cell sutface) is involved in the liver-specific uptake of chylomicron
remnant particles. This idea arose after the observation that perfused rat livers
will not take up nascent chylomicrons or VLDL but will readily remove
hydrolysed chylomicron remnants. It was postulated that acquisition of LPL as an
additional surface component may explain the mechanism since remnant particles

are associated with LPL but chylomicrons are not™.

It was not until the 1990s that further studies on the bridging function yielded
results. The proposition by Felts ef 2> led to a series of binding studies by
Beisiegel ¢t al> investigating the effect of the presence or absence of LPL on

binding of chylomicrons to cultured cells. Upon addition of LPL to the medium

of cultured human hepatoblastoma cells (HepG2) at 4°C to prevent lipolysis, the
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specific binding of iodinated chylomicrons was increased; when lipolysis was
allowed to proceed however, no increased binding was observed. These results
suggest an effect dependent on the LPL protein only, not its lipolytic properties.
Cross-linking experiments showed that LPL itself binds directly to LRP or a
receptor of similar size, and also stimulates the binding of apoE to LRP. When
heparin was added to the binding reaction to release LPL from its heparan
sulphate proteoglycan anchor, the LPL effect was abolished showing that for

binding to occur, LPL must be cell-associated.

1.2.3.1.2 VLDL and L.DL
LPL was shown to increase LDL and VLDL association with subendothelial cell

matrix using cultured endothelial cells supplemented with purified LPL*. Three
lines of evidence support this. Firstly, addition of 2 monoclonal antibody directed
against LPL inhibited the increased binding of lipoproteins to LPL-treated
endothelial cell monolayers and secondly, dissociation of LPL-LDL complexes by
ultracentrifugation also decreased the association of LDL to heparan sulphate
proteoglycans.  Finally, the observation that LPL attached to cell surface
proteoglycans can hydrolyse triglycerides suggests that LPL must have separate,

non-overlapping binding sites for the proteoglycans and lipoproteins.

1.2.3.2 1.PI-Mediated Lipoprotein Binding is Receptor Independent
A recent study has observed LPL predominantly associated with VLDL in post-

heparin plasma after inhibition of lipolysis by addition of tetrahydrolipstatin®. If
lipolysis was not inhibited however, LPL was assoctated with LDL and a small
amount of HDL. This suggests that LPL retains some lipolytic activity after

release from the cell surface and converts VLDL to LDL by hydrolysis. During

25



this conversion, it is hypothesised that some LPL dimers may be transferred to

HDL in association with lipoprotein surface components.

Interaction of LPL with LDL has been shown to be independent of lipid™®. This
was ascertained by comparing the binding of LPL to LDL- and delipidated LDL-
coated plates /7 witro. No difference between the two was observed. After
treatment with heparinase, LPL-mediated binding was reduced to 5-10% of that

prior to treatment’®™.

The heparin dependency of LPL-mediated binding was
confirmed by the use of heparan sulphate deficient Chinese hamster ovary (CHO)
cells. No evidence was found for LPL-induced binding of lipoproteins to cell-
surface receptors. Evidence of an LDLR independent pathway in LPL-mediated
lipoprotein uptake came when LPL was shown to markedly increase the amount
of LDL internalised and degraded by LDLR negative fibroblasts®. This process
was much slower than LDL uptake and degradation via the LDLR, although it

had a greater capacity overall suggesting the proposed mechanism in Figure 2°".

Lipoprotein

Proteogtycan

Lipoprotein Binding Site

Lipoprotein

‘/Binding Site

% LPL (not to scale)
P’\Froteoglvcan

Member of
LDL-Receptor
Superfamily

Figure 2: Mechanism for LPL-Mediated Uptake of LDL.
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Kinetic analysis of VLDL binding to LDLR negative cells showed the presence of
two classes of binding site®. The higher affinity site of the two was independent
of LPL and down-regulated by cholesterol loading suggesting an LDLR-like
mechanism. The low-affinity/high-capacity process however was stimulated by
LPL and inhibited by a reagent preventing sulphation of proteoglycans (ie.
preventing LPL-proteoglycan interaction) whilst remaining unaffected by
cholesterol loading indicative of LDLR-independence. It was observed in this
study™ that the tumover of plasma membrane in macrophages is relatively quick
and so it is possible that simply by binding to cell surface heparan sulphate
proteoglycans, lipoproteins can be intemalised without being “handed off” to
LRP or LDLR. To support this, recently, the existence of both receptot-
dependent and receptor-independent lipoprotein internalisation pathways in rat

vascular smooth muscle cells has been demonstrated™.

1.2.3.3 LPI-Mediated Lipoprotein Uptake is Receptor Dependent
The interaction of LPL with heparan sulphate and lipoproteins may serve to

“gather” the lipoprotein and bring it in close proximity with the receptor to which
it may subsequently be transferred®. The cross-linking studies described above™
provided the first evidence that LPL-mediated lipoprotein binding involves a cell
surface receptor. When the carboxyl terminal domain of LPL is cleaved with
chymotrypsin, the VLDL-LRP interaction is abolished and the aftinity of LPL for
VLDL disappears® suggesting that it is this region of the protein that is

responsible for lipid binding,

Involvement of the LDLR in LPL-mediated heparan sulphate bound lipoprotein
uptake has been implicated since only a minor part of bound lipoprotein is

directly internalised by HepG2 cells with the majority being taken in via the
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LDLR®. The mechanism shown in Figure 2 can be modified slightly to
accommodate these findings simply by indicating that although LPL is responsible

tor mitial LDL binding, the binding and internalisation steps are linked (Figure 3).

/ L'po prote in
Proteoglycan
Slow Binding Site
Lipoprotein
/ Binding Site
% LPL (not to scale)
V\Proteoglycan

Member of
LDL-Receptor
Superfamily

Lipoprotein

Figure 3: Cartoon of how LPL may mediate the uptake of
lipoproteins.

Further evidence for the involvement of the LDLR in LPL-mediated VLDL
uptake came from Salinelli e 4/*. Using point mutations in the LPL gene, it was
noted that LPL bridging function in an African Green Monkey kidney cell line
(COS) was not dependent in any way on lipolytic activity. The LPL effect
required the LDLR binding capacity of apoE on the lipoprotein to be intact, but
addition of excess LDL to block the LDLR did not affect VLDL binding to the
cells suggesting an LDLR independent mechanism for binding. LDL treatment
however, did inhibit VLDL uptake and catabolism. Treatment of the cells with
lovastatin to up-regulate the LDLR had no effect on binding, but substantially

increased uptake and degradation of VLDL in the presence of LPL.

These results strongly suggest that the same mechanism shown m Figure 3

operates for both LDL and for VLDL and when the VLDLR was shown to be
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involved in chylomicron remnant uptake®”, LPL was shown to stimulate
chylomicron binding in a similar fashion. Most interestingly, this report® shows
that when the loop covering the active site of LPL (Section 1.3.2) is replaced by
the structurally similar, but unrelated loops of pancreatic lipase or hepati¢ lipase,
bridging function is unimpaired. However, when the structure of the loop is
disturbed by the introduction of disulphide bonds, the brdging function is
completely ablated. Thus, intact folding of this region must be maintained for

LPL to express its bridging function.

A linear relationship between LPL monomer to dimer ratio and its ability to
mediate VLDL uptake has been observed showing that the bridging function is
highly dependent on the stability of the LPL dimer*. This can be explained when
it is taken into account that the lipoprotein and heparan sulphate proteoglycan
binding sites on the monomer are situated very close together such that only in a

head-to-tail dimer conformation can LPL bind both (Figure 4).

Proteoglycan

) ) Binding Site

Lipoprotein Lipoprotein / o
/

@ @ LPL (nct to scale)

F\Proteoglycan

Figure 4: Only the dimeric form of LPL can bind both
proteoglycans and lipoproteins.

1.2.3.4 1PL Effects on Binding and Uptake of ApoB-Containing Lipoproteins

In post-heparin plasma from an abetalipoproteinaemic patient, LPL did not elute
with VLDL and LDL but with HDL indicating that LPL has an aftinity for HDL
as reported previously’®; this affinity however is not as great as that for apoB-

containing lipoproteins. It may be that the association is lipoprotein independent
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and is due simply to the affinity that LPL has for lipid in the particle. On ligand
blots, LPL can bind to the amino-terminal thrombin-generated fragment of apoB
but not to apoAl, apoE or carboxyl-terminal fragments of apoB* and antibodies
directed against the amino-terminal regions of apoB block LPL-LDL
interaction™. Data from gel filtration and co-precipitation experiments® support
the hypothesis that apoB on LDL interacts with LPL in solution and monoclonal
antibodies to the amino-terminal region of apoB diminished the LPL-LDL
interaction®. 'The region of apoB to which the antibodies were directed is a

component of both apoB-100 and apoB-48.

1.2.3.5 Other Ligands for LPL-mediated Binding
LDLR independent uptake of lipoprotein(a) has been shown to require the

interaction of LPL with cell-surface heparan sulphate proteoglycans® and LPL
can increase the binding of monocytes to endothelial cells and extracellular
matrix™. This latter finding is a logical extension of the concept depicted in
Figure 4. Instead of one monomer binding proteoglycan and the other binding
lipoprotein, in this case, it is suggested that both monomers bind proteoglycan
(Figure 5(a)). When matrix 1s pre-treated with heparin or heparninitase, the LPL-
mediated monocyte binding is not completely abrogated” indicating that LPL
may also interact to a small extent with integrins on the monocyte surface (Figure
5(c)). The region of LPL that interacts with the integrins however i1s unknown.
Similar findings appear in a report by Mamputu ¢z a/* where LPL was shown to

enhance monocyte binding to bovine aortic endothelial cells.

1.2.3.6 Summary
LPL enhances the binding of lipoproteins to cell surfaces and extracellular matrix

via interaction with apoB on the lipoprotein and heparan sulphate proteoglycans
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on the cell surface. The resulting complex can then be directly intemalised, but
more frequently associates with a cell surface receptor of the LDLR superfamily
for uptake and degradation. It is likely that there is a direct interaction between

LPL and the receptor’”® which facilitates this association (Figure 3).

Monocyte Monocyte

Heparinitase ﬁ )Conformational
Change
Endothelial Endothelial Endothelial

Cell Cell Cell
(a) (b) (c)

Figure 5: LPL-mediated monocyte binding. Most commonly, the
binding is via cell surface proteoglycans (a), but addition of heparin
or heparinitase to dissociate LPL from the cell surface (b) results in
reduced binding which may be mediated via integrins rather than
proteoglycans on the monocyte (c). LPL is not depicted to scale.

The interaction with apoB is not a requirement as LPL has affinity for
triglycerides themselves, although 7z #e this affinity plays no role in LPL bridging
function®. Binding of chylomicrons, chylomicron remnants, LDL and VLDL to
cells is strongly stimulated by LPL but binding of HDL is not. The small amount
of mactive LPL found associated to HDL in normal plasma may be a result of
transfer of some components of larger lipoproteins to HDL with concurrent
transfer of attached LPL. The LPL bndging function has implications in
cardiovascular disease™. In atherosclerosis, LPL has been suggested to be a factor
which may promote LDL migration through the endothelial cell barrier into the
atherosclerotic plaque’. Macrophages express LPL and could be the source of
this “atherogenic” LPL™. In the liver however, LPL could be anti-atherogenic by

enhancing lipid re-uptake from the circulaton. To support this, a synthetic
31



compound which up-regulates LPL has been shown

rats” and cholesterol-fed rabbits’*.

1.2.4 Disorders of Lipoprotein Metabolism

to be anti-atherogenic in

Dyslipidaemias are a heterogeneous group of lipid disorders arising as a result of

primary metabolic defects or as associated features of a variety of other diseases.

The classical

phenotypes

assoctated with dyslipidaemia were ongmally

characterised in 1967 by Fredrickson ez a.” and since then, the definition of each

has been further refined. This is summarised in Table 275.

Phenotype Common Name Physiological Features Associated Genetic
Disorders
H ipidaemias
Type 1 Exogenous hyperlipaemia Elevated chylomicrons and LPL deficiency;
triglycerides; absolute post- ApoCII deficiency
heparin lipolytic activity
deficiency; nommal cholesterol
Type 11a Hypercholesterolaemia Flevated LDL and cholesterol; Familial
normal triglycerides. hypercholesterolaemia;
Familial combined
hyperdipidaemia,
Type IIb Combined hyperlipidaemia As IIa, but with elevated Polygenic
VLDL and triglycerides. hypercholesterolaemia
Type 111 Dysbetalipoproteinaemia Elevated cholesterol, VLDL-~ Familial
cholesterol and triglycerides. dysbetalipoproteinaemia
Type IV Endogenous hyperlipaemia Elevated VLDL and Familial
triglycerides. Moderated hypertriglyceridaemia;
cholesterol elevation. Familial combined
hyperlipidaemia
Type V Mixed hyperlipidaemia Elevated chylomicrons, VLDL, Familial
cholesterol and triglycerides. hypertriglyceridaemia;
Reduced LDL. Familial combined
hyperlipidaemia
Hypolipidaemias
Abetalipoproteinaemia Absence of chylomicrons,
VLDL, IDL and LDL
Hypobetalipoproteinaemia Markedly reduced LDL
Tangjer disease Absence of normal HDL
LCAT deficiency Absence of plasma cholesteryl
ester. Reduced HDL.

Table 2: Definitions of dyslipidaemias.
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Of these disorders, only Type I and Type V hypetlipoproteinaemia are associated
with LPL deficiency although the mean activity of adipose tissue LPL is
significantly reduced in Type IIb and Type IV hyperlipidaemia’. In addition, LPL
activity is decreased as a secondary characteristic of alcoholism, renal failure and

hypothyroidism”.

1.2.4.1 Type I Hyperlipoproteinaemia
This recessive disorder was defined by Havel and Gordon in 1960" who noted

that the metabolic basis was the absence of lipolytic activity. The lipoprotein
profile of Type I patients is chylomicronaemia, normal or slightly elevated VLDL
concentrations and decreased LDL and HDL concentrations. Clinically, Type I
patients suffer bouts of recurring abdominal pain, pancreatitis, enlarged liver and

spleen, eruptive xanthoma and lipaemia retinalis.

Although it is the absence of (or extremely low) post-heparin plasma LPL activity
which characterises Type I hyperlipidaemia, one study reports two cases in which
LPL deficiency only occurs in certain tissues’””. One patient presented with
reduced post-heparin plasma LPL activity and normal adipose tissue LPL activity
while another patient had reduced adipose tissue LPL activity and normal post-

heparin plasma LPL activity.

The fact that VLDL concentrations are not vastly elevated in Type I patients
suggests that LPL-deficient individuals are able to clear VLDL particles from the
circulation. An alternative explanation however is that the rate of VLDL
production may be affected in these individuals as a possible effect of impaired

chylomicron lipolysis and uptake.

33



Individuals heterozygous for LPL deficiency may have as little as 25% normal
LPL activity, but these individuals do not have Type I hypetlipoproteinaemia™.
During an oral fat tolerance test however, an impaired clearance of chylomicrons
is observed”. This observation highlights the importance of using the
postprandial state to identify the phenotypic effects of moderately impaired
lipolytic activity. In the fasting state, plasma triglyceride concentrations are low
and a reduced lipolytic capability is sufficient to hydrolyse the VLDL particles
present. During hydrolysis, some LPL will remain attached to the lipoprotein
remnant and detach from the cell surface. This means that there 1s a steady loss
of LPL from the cell surface during hydrolysis which is replaced by newly-
synthesised enzyme. After a meal, chylomicrons in the circulation need to be
rapidly hydrolysed and as a result, LPL turnover increases. Often, it 1s only when
the lipolytic activity of LPL is stressed postprandially that defects become

apparent.

Not all Type I hyperlipoproteinaemias are caused by LPL deficiency. A
prerequisite for the lipolytic function of LPL is interaction with the cofactor
apoCII which is a component of triglyceride-rich lipoproteins. Defects in apoCII
which interfere with its function as an LPL cofactor can thus cause Type I

hyperlipidaemia®.

1.2.4.2 Type V Hyperlipoproteinaemia

Patients with this disorder show similar symptoms to those with Type I
hyperlipidaemia, but as well as an elevation of VLDL triglyceride concentration,
they have fasting chylomicronaemia. The onset of this disease occurs in
adulthood in contrast to the early childhood onset of Type I. Additional

symptoms often include impaired glucose tolerance, hyperuricaemia and
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hypennsulinism. The rate of glucose metabolism 7z zw in Type V patients is

markedly reduced and insulin resistance is a feature of the disease®’.

Familial Type V hyperlipidaemia is not a single entity, but a heterogeneous group
of disorders and some of the subgroups overlap other dyslipidaemia
classifications”. High VLDL concentration is one consistent feature of Type V
and results from both overproduction and defective clearance of the particle.
Decreased post-heparin LPL activity is not seen in all Type V patients indicating

that other factors probably account for impaired VLDL removal.

1.2.5 Physiological Regulation of Lipoprotein Lipase

As befits an enzyme with a central role in energy metabolism, numerous
regulatory mechanisms operate upon LPL. Nutritional status affects the
production of LPL in a tissue-specific manner and this differential regulation
serves to direct fatty acids to muscle for oxidation or to adipose tissue for storage.
Much of this regulation is mediated by hormones. The glucocorticoids
hydrocortisone and dexamethasone decrease LPL activity and mRINA levels in rat
adipose tissue but increase them in the lung, skeletal muscle and heart™. Similarly,

progesterone increases and oestrogen decreases LPL activity in adipose tissue®.

The down-regulatory effect of insulin on LPL in muscle tissue 1s well-
documented®** and recent work has demonstrated an LPL-stimulating effect of
dexamethasone in human squamous adipose tissue® and rat cardiomyocytes®
when co-stimulated with insulin. These effects are modulated at both the post-
transcriptional and post-translational levels®. Other hormones reported to have
an effect on LPL expression are growth hormone, prolactin, thyroxine and the

catecholamines. Adrenaline will inactivate LPL post-translationally in adipose
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tissue” but increase LPL production in muscle™. Noradrenaline however, leads
to increased LPL gene expression in rat brown adipocytes”™. In general, the
tissue-specific effects of these regulators can be divided into those that act to
mncrease fatty acid catabolism (increased muscle LPL activity) and those that act to

increase fatty acid storage (increased adipose LPL activity).

More recently, data concerning the effect of cytokines on LPL expression have
emerged. TNFa decreases rat adipose LPL expression®” and human macrophage
LPL-expression both on its own and synergistically with interferon y*’. Similar
effects are also seen with interleukin-1, interleukin-6, intetleukin-11, leukaemia
inhibitory factor and lipopolysaccharide’™* and all exert their effect at the mRNA
level. Very recently, high glucose concentrations (20-30 mmol/L) have been
shown to stimulate LPI. mRNA expression in cultured macrophages™. Reagents
blocking the c-fos and protein kinase C signalling pathways inhibited this response
and in the glucose-stimulated cell extract, enhanced nuclear factor binding to the
AP-1 (of which c-fos is a component) responsive region of the murine LPL
promoter was observed. These results demonstrate the effect of transcriptional

events in glucose-mediated LPL up-regulation.

1.3 Lipoprotein Lipase Structure and Function

1.3.1 The Lipoprotein Lipase Gene and Promoter

LPL cDNA was cloned and sequenced in 1987°. From this and later studies it
was found that the gene is located on chromosome 8p22”" and spans
approximately 30kbp®™. It is comprised of ten exons with exon 1 encoding the
signal peptide and exon 10 the entire 3’ untranslated region. Several RNA species

are transcribed from the gene ansing from four alternative transcription start
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sites® and two alternative polyadenylation sites”. The complex transcriptional

pattern of the ILPL gene demands a complex promoter to mediate this regulation.

Numerous transcription factor binding site consensus sequences are present in

the known promoter region” (Table 3) but to date, only a few have been shown

to actually bind to their co-ordinate factors.

Site Location Sequence
AP-2 -790 to -783 CCCCAGGC
1/2 GRE -776 to -771 TGATCT
LPa -702 to -666 GCGACTATCTTCTTTCACTTATCATAACTCAATACGG
1/2 GRE -644 to -639 TGTTCT
* Oct -580 to -573 ATTTGCAT
CCAAT -505 to -501 CCAAT
GATA -501 to -496 TGTTAA
LPB -468 to -429 | GGACGCAATGTGTGTCCCTCTATCCCTACATTGACTTTG
Krox -430 to -422 GCGGGGGTG
1/2 VDRE -408 to -403 GGGTGA
CRE like -370 to -366 CGTCA
IRS -367 to -361 CAAAAGA
FSE2 like -362 to -357 GAGAGG
LSEbega -225
* FSE2 like -206 to -200 AGGCAAA
Oct -186 to -179 AAGCAAAT
* LSEcore -169 to -152 TGCCCTTTCCCCCTCTTC
PPRE -169 to -157 TGCCCTTTCCCCC
GA box -91 to -86 CCTCCC
LSEend -81
Heptamer -80 to -74 CTTATGA
IRS -75 to -68 GATTTTAT
* CCAAT -65 to -61 CCAAT
Heptamer like -57 to -52 TGATGA
* Ca?* RE -54 to -47 TGAGGTTT
* Oct-1 -46 to -39 ATTTGCAT
TATA -27 to -22 CATAAG

Table 3: Transcription factor binding site consensus sequences in
the known LPL promoter region. * indicates elements conserved
between mouse, rat and human.
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The first of those factors to be defined was the octamer transcription factor 1
(OTF-1) which binds to the Oct-1 consensus site between nucleotides -46 and
-39'%19 " The AT rich sequences flanking this site are crucial for its binding'® and
when the site is mutated, promoter activity is totally abrogated'®. This finding
correlates with the later findings of Yang ez @/'* who identified a patient with an
LPIL promoter variant, a T to C substitution at nucleotide -39, which destroys the
Oct-1 site and the heterozygote presented with familial combined hyperlipidaemia

and reduced levels of post heparin LPL activity.

The extreme effect resulting from the loss of the Oct-1 site is explained by
Nakshatri ¢z @/'” who showed that the putative TATA box between nucleotides
-27 and -22 1s not required for promoter activity thus indicating that the LPL
promoter is essentially TATA-less. Further results from this study showed that
the binding of Oct-1 to its site is crucial for the correct positioning of the
transcription initiattion complex. This is accomplished by interaction with the
factor TFIIB which usually acts as a bridge between RNA polymerase II and
TATA box binding proteins (TBPs)'®. TFIIB also has other key roles in
transcription initiation'®, one of which is the selection of the transcription start
site’®. In addition to the Oct-1 motif, the CCAAT box at -65 to -61 was also
shown to be essential for promoter activity'®. In this case, it binds the ubiquitous

factor NF-Y™,

The down-regulation of LPL by TNFa is mediated via reduction of both NF-Y
binding to the CCAAT box and Oct-1 binding to the octamer motif . Thus, it is
postulated that TNFa does not operate via a distinct response element but rather

acts through second messenger systems to down-regulate several transcription

factors.
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Transient transfections of CHO cells with vectors containing serial deletions of
the LLPL. promoter revealed the presence of a silencer element in the region

between nucleotides -225 and -81'%.

Within this region, a nuclear factor of
between 54 and 63kDa was shown to bind to the nucleotides between -169 and
-152. More recently, this region was redefined as a positively acting peroxisome
proliferation activated receptor (PPAR) y2 response element'®. Further work has

shown that PPARyY2 binding to this site with the retinoic acid X receptor (RXR)

o as 2 heterodimer causes the DNA to bend, thus promoting subsequent
interaction with the transcription initiation complex. Retinoblastoma protein can
reverse DNA bending and thus result in transcriptional repression'” which may

explain the original report describing the region as a silencer.

Two regions sufficient to confer adipose differentiation-linked expression to a
reporter gene have been identified. LPat (-702 to -666) and LPB (-468 to -430)
bind to a set of DNA-binding proteins of the HNF3/forkhead family'®. The
tirst 230 base pairs of the proximal LPL promoter contain a cAMP responsive
element activated by protein kinase A and transcription factors belonging to the
CREB/CREM familym. This work was performed in the human adrenal cortex
cell line NCI-H295 and suggests that in these cells, the CREB/CREM system may
be involved in the mediation of the LPL cAMP response. This work also
demonstrated that inhibition of protein synthesis induces LPL mRNA levels

suggesting that a negatively regulatory protein mediates expression.

Recently, an attempt has been made to determine which of the consensus sites
listed in Table 3 are functional. This was performed by comparing mouse, rat and
human LPL promoter sequences and proposing that consensus sequences

conserved between all three species may be important™. Of those shown, only
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The polypeptide is divided into an N-terminal globular domain and a C-terminal
B-sheet domain. The catalytic region surrounds a Ser-His-Asp triad chemically
analogous to the catalytic triad of the serine proteases. By comparison with the
pancreatic lipase amino acid sequence, the triad residues in LPL have been
determined as Ser132, His241 and Asp156'°. LPL residues 216-239 comprise a
mobile “lid” which, in its closed formation, blocks access to the hydrophobic
groove of the active site. When the lid “opens” to allow access of the substrate to
the active site, a loop between residues 76 and 85 changes conformation to

enlarge the hydrophobic area of the active site'”.

This lid does not appear to have an absolute sequence requirement, but rather its
structure appears to be the critical factor for its function. Complete replacement

115 but

of the LPL lid by that of hepatic lipase results n an active enzyme
disruption of the Cys216-Cys239 disulphide bond at the base of the lid results in
complete abolition of enzymatic activity®’. Substitution of the lid with a short
peptide allows easier access to the catalytic site, but although the resulting enzyme
has twice the lipolytic activity of the wild type against short, hydrophobic

molecules, it is unable to hydrolyse long chain fatty acids thus implicating the lid

in lipid interfacing''®.

The LPL protein must possess regions to which other molecules may bind.
Among the putative sites required are the lipid interface region, a domain to
which another LPL monomer may bind for dimerisation, a domain to which
lipoproteins may bind for hydrolysis, 2 domain to which apoCII may bind for co-
activation, a domain to which apoCIIl may bind for repression, a domain to

which heparan sulphate proteoglycans may bind for anchoring the dimer to the

41



cell surface and a domain to which receptors of the LDLR supetrfamily may bind

for LPL-mediated lipoprotein uptake.

Residues proposed to be involved in heparin binding occur in four clusters,
residues 148-152, 279-282, 294-300 and a non-contiguous cluster composed of
residues 319, 403, 405, 407, 414 and 415'%. In the proposed dimer conformation,
all of the clusters from both monomers form a single heparin binding site'>. It
has been suggested that the apoCII co-activator binding site lies within the C-
terminal domain, but strong evidence has been presented which argues against
this®. Another group has suggested that the cleft formed by the N-terminal 50

residues may be the site'.

The site which interacts with LRP has been localised to a region in the C-terminal
domain consisting of residues 378-423""® which overlaps a heparin binding region.
Thus, LRP and proteoglycan are unable to bind the same LPL monomer
simultaneously. The importance of the conformation of the dimer is therefore

critical for binding both heparan sulphate proteoglycans and LRP'?.

1.4 Variations in the Lipoprotein Lipase Gene

A genetic vanation is defined as “common” when its frequency in the general
population exceeds 1%. Current nomenclature would term these varants

“polymorphisms” rather than “mutations” which refer to rarer variants.

1.4.1 “Rare” Mutations in the LPL Gene

The frequency of homozygosity for an LPL mutation that causes complete LPL

20

deficiency is approximately one in a million'”. However, this suggests that up to

one in 500 people may be heterozygotes for such a mutation. There is an ever-
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increasing catalogue of published LPL mutations'*

, the majonity of which have
been identified in a small number of LPL-deficient patients. To date, over
seventy vartants in the LPL gene have been described although a recent study

looked at DNA sequence diversity over 9.7 kb of the gene and found 88 variable

o122
sites™ ™.

A recent study'” catalogued LPL mutations found in twenty familial lipoprotein
lipase deficient patients. Eleven point mutations and two deletions were
identified, the most common being the Glu188Gly transition in exon 6 at an allele
frequency of 36%. Only 29 out of a possible 40 mutant alleles were identified in
this study, but only the coding region of the gene was searched. This illustrates
the potential importance of non-coding regulatory regions of the gene.
Altematively, it could highlight the shortcomings of single strand conformational
polymorphism (SSCP) screening as a mutation detection method. Eleven out of
the thirteen functional mutations identified were clustered in exons four, five and
six which encode the central catalytic domain. This is not reflected when the rest
of the gene is considered where mutations are spread quite evenly over the entire
coding region (Figure 7). No correlation between the location of the mutations
and their phenotypic effects was observed'” and the results from this study show

that LPL deficiency is caused by a wide variety of LPL mutations.
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1.4.1.1_LPL-Gly188Glu

The most common point mutation causing familial lipoprotein lipase deticiency is
a glycine to glutamic acid change at codon 188 (G188E). This was first reported
in 1990 in 21 alleles from thirteen unrelated LPL-deficient individuals from
Canada, Britain, The Netherlands, Poland and Germany'*. It was also detected in
an Bast-Indian family and at higher than expected frequency in a South African
group of Indian descent'”. Pre- and post-heparin plasma LPL mass and activity
measurements suggested that LPL-E188 has normal heparin binding capacity but

is catalytically impaired'*,

In vitro expression of LPL-E188 showed that the protein was expressed at the
same levels as wild type LPL, but lipolytic activity was undetectable in LPL-E188
transfected COS cells'*'*"'®. Molecular modelling predicts that residues 189-192
of LPL should be in a tight B-turn conformation. When glycine is replaced by
glutamic acid at residue 188, the side chain 1s proposed to be in close contact with
that of Argl92 or, in an alternative conformation, with those of Ser193 and
Ile194. Both of these interactions will potentially destabilise the B-tum'?. This f3-
turn links o-helices nine and ten, both of which lie in the vicinity of the catalytic

site and this may explain the catalytic inactivity of the mutated protein'”.

This view was reinforced by the work of Hata et &/ who systematically
substituted amino acids at residue 188 and found that only glycihe could
accommodate the structural constraints imposed at this position. When mutant
LPL was extracted from cells, the specific activity was 50% that of normal LPL
(LPL-WT) suggesting that LPL-E188 is not intrinsically inactive and complete loss

of activity occurs during secretion.
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E188 carriers showed significantly higher triglyceride, VLDL-cholesterol and
plasma apoB levels and significantly lower HDL-cholesterol levels compared with
non-carriers'>. Low HDL-cholesterol, high IDL and LDL, higher triglyceride
content of HDL, and higher cholesterol content of VLDL and IDL have all been
observed in E188 heterozygotes'® and the severity of each of the traits can be
directly related to LPL activity. These effects are only seen after an oral fat

1 and in the other, carriers under the age of forty were

tolerance test m one study
normal, but some of those over forty years expressed a form of familial
hypertriglyceridaemia'®>. In other words, the level of LPL activity in these
heterozygote individuals resulting from expression from the G188 allele is enough
to cope with the amount of circulating triglyceride in the normal state but

postprandially, the triglyceride level increases in the plasma to such an extent that

LPL is overwhelmed and unable to clear all of the lipoproteins.

The association of E188 with high triglyceride concentrations was seen

134,135,136

elsewhere and the frequency of the mutation has been reported to be five

times higher in a group of 1000 heart disease patients (0.3%) compared to 7000

137

subjects from the general population (0.06%)™". The distinction must be made

between hypertriglyceridaemia which results from partial LPL-deficiency and

® and chylomicronaemia resulting from

predisposes to coronary artery disease’
complete LPL deficiency in homozygotes. It is postulated that the latter
condition results in the accumulation of so much triglyceride in chylomicrons that
they become too large to cross the arterial wall and therefore lose their
atherogenicity. In addition, circulating levels of atherogenic LDL-cholesterol in

LPL-null individuals are routinely very low'”.



A report by Benlian e a/'®

however, associates complete LPL deficiency with
early onset of atherosclerosis. Possible explanations that the authors propose
include prolonged exposure of triglyceride-rich lipoproteins to oxidation as a
result of delayed clearance and impaired reverse cholesterol transport as a result of
alterations in HDL composition. Furthermore, it 1s suggested that the mutant
LPL protemn, whilst having no lipolytic function, retains full bridging capability

thereby promoting lipoprotein retention and foam cell formation in the artery

wall.

A very interesting finding is that E188 carriers have significantly higher systolic
blood pressure than non-carriers’*’. 'This is postulated to be a result of impaired
LPL-mediated up-regulation of TNFa leading to a reduction in nitric oxide
production. It has been shown that LPL induces TNFa gene expression and
secretion in macrophages'’ which suggests a role for LPL as a cytokine. These
findings suggest that LPL has a role in macrophage activation and the
involvement of nitric oxide could account for the effects on blood pressure of the

G188E mutation.

The mechanism by which LPL and IFNy stimulate nitric oxide is not completely
understood. It has been shown however, that LPL is capable of transcriptional
control of the nitric oxide synthase gene (INOS) and it may accomplish this by

affecting the putative repressors of the NF-kB and TNFa responsive elements'*.

1.41.2 1L.PL Pro207Leu

The LPL-P207L mutation is relatively common and accounts for 73% of
mutations causing LPL deficiency in a French-Canadian sample of 36 LPL-

deficient patients'”. Non-carriers have been shown to have a significantly more
p gn y
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beneficial lipoprotein profile than L207 heterozygotes before the age of twenty in
a French-Canadian family'®. In contrast to the rest of the world, the carrier
frequency of LPL mutations in some areas of Quebec is as high as one i forty
and P207L largely accounts for this elevated frequency. No molecular studies

have been pertormed on LPL-L207 to elucidate its mechanism, but it is known

that the mutation results in a catalytically inactive enzyme'®.

1.4.2 “Common” Variants in the LPL Gene

1.4.2.1 LPL Serine447Stop
This was the first common polymorphism in the coding region of LPL to be

identified'*. It is a C to G transversion at nucleotide 1595 that results in a
nonsense mutation of the serine at residue 447 (S447X) which truncates the LPL

protein by two amino acids.

Hata et al'* reported that the frequency of the X447 allele was significantly lower
in hypertriglyceridaemic cases (9%) than in normal controls (33%). This finding
supplied initial evidence that the X447 allele may be associated with lower plasma
triglyceride concentrations. A similar frequency difference was also observed in
hypertriglyceridaemic patients from the UK'® but a number of other studies have
reported no difference in frequencies between case and control sample
populations 1% On average, the frequency of the X447 allele in the general

population is 20%.

The ECTIM study (Etude Cas-Temotns de I'Infarctus du Myocarde) consists of a
cohort of French and Irish myocardial infarction survivors aged between 25 and
64 years with age-matched, healthy controls totalling about 700 subjects in all'“.

Jemaa et al demonstrated a 10% lower plasma triglyceride concentration in
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carriers of the X447 allele compared with non-carriers from this group. In
addition, a similarly low plasma apoCIII level was also observed'”. In a German
study, Zhang et 2™ found that X447 carrier frequency was no different between
patients with angiographically defined coronary artery disease and controls;
however, the X447 carriers in both cases and controls had 14% lower plasma

triglyceride and 13% lower VLDL-triglyceride concentrations than non-carriers™.

Gagné et 4" have presented data from the Framingham offspring study™

showmng that the frequency of the X447 allele in North American Caucastans is
17% and in addition, in men the allele was associated with 13% lower triglyceride
concentrations and a 60% lower relative risk of coronary artery disease than non-

153 concurs with the earlier data insofar as HDL-

carriers. A recent study
cholesterol was approximately 50% lower in S447 carriers. The authors propose a
“restrictive variability effect” for the variant. In other words, individuals with the

common allele are more susceptible to fluctuations in their plasma lipid and

lipoprotein levels in response to environmental influences.

There is some doubt as to whether changes in the lipolytic activity of LPL are
responsible for the $447X eftect. The lipolytic activity of the truncated LPL has
been investigated using mutant expression vectors to transtect COS

154,155,156,157
cellg™H>>3%

A synthetic substrate (lysophosphatidylcholine-triolemn, oleyl
glycerol or tributyrin) was used in each case to determine that the specific activity
of LPL is unatfected or very slightly reduced by the truncation. Truncation of the
LPL-carboxyl terminus could result in decreased LPL interaction with cell surface
proteoglycans, i.e. impaired bridging function. This would in tum result mn
reduced VLDL-triglyceride hydrolysis and less retention of lipoprotein at the

vessel wall - a key factor in initiation and development of atherosclerotic lesions.
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In vitro studies by Zhang et a/**® have shown a greater amount of LPL-X447 to be
in the lipolytically inactive monomeric form compared to LPL-S447. LPL-X447
1s not defective in lipid interface recognition as shown by comparison of the
ability of the wild type and mutant enzyme to hydrolyse water-soluble (tributyrin)
or hydrophobic (triolein) substrates. Only the hydrophobic substrate requires
LPL lipid-interface recognition prior to hydrolysis and LPL-X447 is able to

hydrolyse both substrates equally well.

The REGRESS study (Regression Growth Evaluation Statin Study) s a placebo
controlled study to investigate the effect of treatment with pravastatin on
progression and regression of coronary artery disease in 885 male subjects with
normal or moderately elevated serum cholesterol and triglycerides less than 4.0
mmol/L"™. Groenemeijer et al studied the effect of X447 on LPL activity in this
study and found significantly higher LPL activity in X447 carriers on B-blockers

than S447 individuals on B-blockers. In those individuals not using B-blockers, no

effect was seen. The mechanism behind the effect of B-blockers on LPL activity
is unknown, but numerous studies besides this one have reported an
interaction®**>'**'¢! " No difference between the truncated or full-length LPL
with respect to stability, half-life, proteoglycan binding, ability to mediate VLDL

binding or ability of apoCII to stimulate lipolytic activity has been seen®>"****",

It is commonly reported that the X447 allele is assoctated with a beneficial lipid
profile. Although there is most certainly a bias towards this, only one published
study reports a significantly lower carrier frequency of LPL-X447 in patients
versus controls' and only one study reports that LPL-X447 has greater lipolytic
activity than LPL-S447"%. Other studies consistently fail to corroborate these

findings and so, although the X447 allele is consistently associated with lower
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tnglycerides and raised HDL-cholesterol, the mechanism behind this is unclear
and the possibility remains that the X447 allele is a2 marker for an as yet undefined

functional mutation.

1.4.2.2 HindII1
A number of polymorphic variants which occur in non-coding regions of the LPL

J167163:164165166.167  The most common and best

gene have been identifie
characterised of these is the HizdIII restriction fragment length polymorphism
(RFLP) m intron 8. This was the first polymorphism to be identified after the
publication of the human LPL. cDNA sequence” but prior to the work presented
in Chapter 3, the exact location of the variant had not been determined.
Heinzmann e a. '® found that the frequency of the rare allele (H™ - absence of
the HindIII site) was 33% in 131 Americans and a subsequent study found a
similar frequency of the H allele in normolipidaemic Caucasian (41%) and
Japanese (34%) samples'®. In hypertriglyceridaemic subjects however, the
frequency was significantly lower (21% Caucastans, 12% Japanese) indicating an

association of the common H" allele with higher triglyceride levels'®.

Hybridisation experiments using cDNA probes localised the HindIII

1'®. This study by Heizmann e @/ did not

polymorphism to intron 8 in 199
uncover any association between H' and higher triglyceride concentrations but
rather found an association between H' and higher HDL-cholesterol and
decreased total plasma cholesterol which contrasts with the association with a
predisposition to hypertriglyceridaemia referred to above'®. It has been proposed

that since the polymorphism is intronic, in all likelihood, the vamant i1s not

functional itself, but serves as a marker for a functional variation'”. A likely
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candidate for this is the S447X polymorphism because of the strong allelic

association between the two'’’.

Peacock ¢f al. determined that X447 alleles occur only on H alleles'”’, however,
the association observed of higher plasma triglycerides in H" individuals could not
be attributed entirely to the S447X polymorphism. When observing H°
individuals alone (Table 4), triglyceride concentrations were lower in Ser/Ser H'
carrier individuals than in Ser/Ser H non-carriers suggesting a factor independent

of S447 having a triglyceride concentration lowering effect.

H'H' HH&HH
 Ser/Ser Ser/Ser Ser/Ter & Ter/Ter
Plasma triglyceride concentration | 143 1.02 1.18
(mmol/L) (22166 (087,118)  (107,150)

Table 4: Plasma triglyceride concentrations in healthy Swedish
controls by HindIII and S447X genotype (Ref. 147). Triglyceride
concentrations are presented as antilog of log transformed mean
with 95% confidence intervals.

Similar findings later led Mattu ez a/'** to conclude that “...a putative mutation at
or near the LPL gene locus, marked by the [H'] allele...predisposes to
dyslipidaemia. ..; the S447X mutation is clearly not this mutation.” More recently,
a predisposition to myocardial infarction was found in H' individuals although no
association with higher triglyceride concentrations was observed'®. The lack of
association between S447X and myocardial infarction seen in this study'® further
supports the conclusion that despite the allelic association, this variation is not the

cause of the HindI1T-associated effect.

The European Atherosclerosis Research Study (EARS), is a group of 1500
students divided into “cases” and “controls” on the basis of the presence or

absence of a paternal history of myocardial infarction'”’. Humphries et @/
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considered subjects in the EARS study on the basis of H/X447 or H'/S447
haplotype and found lower plasma triglycerides and a lower odds ratio of having a

170

paternal history of myocardial infarction in H/X447 individuals'”.

The H" allele has been associated with higher plasma triglycerides in other

148,172,173,174

studies and the argument that it is a marker for a functional mutation
has continued. What has not been considered however, s that the intronic
variation itself may be functional. The obvious way in which it would accomplish
this 1s by affecting nascent mRINA stability or splicing. The possibility remains
that the HzzdIII change is a marker for variants in regions of the LPL gene which
are not yet charactenised. Experiments using transgenic mice suggest that

sequence as far as 80 kb upstream of the transcription start site may be involved

in tissue-specific expression of the gene'”.

1423 Pl

The H allele is in allelic association with another RFLP in a non-coding region,
identified by the presence or absence of a Puull restriction enzyme recognition
site’®. The PwIl RFLP was identified in 1987 by Fisher ez 2/'®* where the
common allele was determined to be the presence of the cutting site (P*)
occurring at a frequency of 59% in the 49 individuals studied. A subsequent study
from Li et a/'™ corroborated these findings in 37 Caucasians. The same group
determined a possible elevation of P’ carrier frequency in Japanese
hypertriglyceridaemic patients versus controls, but no association of this kind was
observed in a similar Caucasian cohort'®. However, no significant association
between Pusll genotype and any quantitative trait has been detected in most

. 147,169,172
studies "%,
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The polymorphic site was mapped in 1989 independently by both Gotoda ez 4
and Oka ez a/'”" and found to be a C to T transition within intron 6. The former
study detected four PP~ homozygotes in eight LPL-deficient patients but found
none in fifty unrelated “normal” subjects. This led to the notion, in the authors’
view, that the Pull polymorphism may be functional and so to investigate
whether the C to T change could affect mRNA splicing, the sequence
surrounding the polymorphic site was compared with the 3’ splice site consensus

sequence and the LPL intron 6-exon 7 junction (Figure 8).

Consensus Sequence «e.. (C/T)510....N(C/T)AG|G(G/T)
Intron 6 - Exon 7Junction CGAATTTCCTCCCA A C AG|T C
Prall Local Sequence TCTCTTCATCTTTTAG (C/T)AG|C T

Figure 8: Alignment of intron-exon junction sequences and the
sequence around the PwlI site. The variant base is shown
underlined. | denotes intron/exon boundary.

Despite the polymorphism being located some 1500 base pairs from the nearest
3’ splice site the homology is good, supporting the authors’ hypothesis. A larger
study of 87 young Swedish myocardial infarction survivors and 93 healthy
controls detected no P* carrier frequency differences and no significant lipid level
associations’”. No frequency difference was seen in a study of 21 non insulin
dependent diabetes mellitus (NIDDM) patients and 923 non-diabetic controls'
and no assoctation with triglyceride or cholesterol concentrations was seen in a
Welsh sample of 310 individuals consisting of coronary artery disease patients and

148
controls

. However, significantly higher plasma HDL concentrations were seen
in PP case and control individuals compared with P° non-carriers. No
differences in allele frequencies or lipid varable associations were seen in a

Russtan case-control study' .
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An investigation of 479 white coronary artery disease patients found significantly

179
" and

fewer diseased vessels in PP individuals compared with P*P" individuals
the atherosclerosis severity score was significantly reduced with P allele count.
Plasma triglyceride concentrations were lower in PP individuals and the
coexistence of NIDDM with P"P* was present at a frequency far higher than by
chance alone, but no gene dosage eftect was obsetved in this latter finding. No
explanation is offered for the discrepancy between the earlier data and these very
different results and to date, this study stands alone as the only one to associate
Puull genotype with diabetes. Possible explanations for these contradictory data
may retlect errors in sample origin and analyses; these could include small sample

sizes, differences in ethnicity of the study subjects and effects of failing to analyse

men and women separately.

1.4.2.4 IPL Asp9Asn

In 1995, Mailly ez a/'* detected 2 G to A change at nucleotide 280 in exon two
resulting in a substitution of the aspartic acid at residue nine for asparagine
(DIN). The carrier frequency of the mutant allele (N9) in a middle-aged, UK
male Caucastan population (NPHSII - see Section 2.1.1) was 3.0%, but the
trequency was twice as high in selected CHL, type IV hyperlipidaemia and CAD
patients'®. In general, this frequency difference is also reported elsewhere'
although very often, small numbers preclude statistical significance'”. In EARS"",
no frequency ditferences between cases and controls were seen, but the “cases” in
this study were healthy young students whose fathers had suffered an early
myocardial infarction and a frequency dilution would have been having an effect.
The rare allele (N9) 1s associated with higher triglycerides in a number of

171,180,181

studies (Figure 9) and EARS also reported significant decreases in

cardioprotective HDL-cholesterol in N9 carriers versus non-carriers'”".
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When individuals from the REGRESS study'® were divided into N9 carriers and
non-carriers, it was noted that the carriers had a positive family history of
cardiovascular disease significantly more often than non-carriers. This study
suggested that a relatively small disturbance of lipoprotein metabolism caused by
this mutation could lead to accelerated progression of coronary atherosclerosis
and a diminished event-free survival rate. Also, the reductions in both total and

LDL-cholesterol as a result of pravastatin treatment were lower in carriers versus

2

non-carriers'”. N9 is found in both patient and control groups which strongly

suggests a predisposing rather than a causative role in cardiovascular disease.

g
-y
J

=
[]
E
E
c 2.2
o
E I
c
@ 20
©
c
o
Q
O 18-
« [
E
w
©
E 18 - F T T T
(o) 1 2 3 Mean

Years from baseline

Figure 9: Plasma triglyceride concentrations in NPHSII by
genotype. Triangle - LPL-N9 carders; Circle - LPL-S291 carriers;
Diamond LPL-WT. (Figure taken from ref. 120). Triglyceride
concentrations are shown as mean + SEM for each group.

In vivo characterisation of the N9 polymorphism was carried out by Mailly ez a/'*
and demonstrated post-heparin LPL activity in N9 carriers reduced by 15-40%
relative to the sample mean in a number of cohorts. Heparin-sepharose
separation revealed no difference in monomer to dimer ratio between LPL-D9
and LPL-N9 and LPL isolated from carriers and non-carriers had comparable

stabilities and substrate affinities. Using transiently transfected COS-B cells, this

56



study went on to show reduced LPL-N9 activity and mass 7z #itro although
specific activity was not affected. These results have been broadly supported by

146,183,184

later findings which additionally showed that the cellular mass of LPL was
increased while the cellular activity of LPL was reduced'® suggesting that LPL-N9

may be secretion defective.

1.4.2.5 LPI. Asn291Ser

A substitution of asparagine with serine at residue 291 (N291S) was first identified
in 1993" and subsequently in 1994 in a patient with pregnancy-induced
chylomicronaemia who had partial LPL deficiency'®. LPL from this patient had
50% wild type (LPL-WT) activity. Several groups have found an elevation of the
mutant allele (5291) carrier frequency in FCHL groups versus controls'"*'* and
there is some evidence that this may also be the case in comparisons between

190,191

types 111, IV and V hyperlipoproteinaemic patient groups and controls . In

contrast however, no frequency differences between cases and controls were

194

observed in the Copenhagen City Heart Study * and Fisher ez 4/ investigated
case-control groups from the UK, Sweden and Germany and found no significant
differences in $291 frequency between any of the groups'””. Despite this, $291
carriers had significantly higher fasting plasma triglyceride levels than non-carriers
but total plasma and HDL-cholesterol were not significantly different. Higher

plasma triglyceride concentrations were also detected in $291 individuals from

NPHSII (Figure 9).

In other studies, S291 was very strongly associated with 10-15% lower HDL-
cholesterol concentrations'”*¥'**'**. When the subjects in the study of coronary
artery disease patients by Reymer e 4/ were stratified into sextiles on the basis of

HDL-cholesterol levels, the carrier frequency of 5291 rose to 9.4% in the lowest
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sextile'” compared to the frequency in the general population of between 1.5 and
4%'*. S291 is also associated with lower apoAl concentrations in a large general
population sample (approximately 8000 subjects) from the Copenhagen City

Heart Study"* and in EARS'®.

In all cohorts investigated, the S291 allele is found in both patients and in healthy,
normolipidaemic individuals. Therefore, this mutation itself does not cause
dyslipidaemia, but owing to its association with an unfavourable lipid profile, it is
likely to be a predisposing factor /# ww. A reduction of LPL activity in the
medium of LPL-S291 transfected cells compared to LPL-WT transfected cells has
also been observed. This reduction ranges from 30%' to 50%'. An overall
decrease in dimer and increase in monomer concentration is found with LPL-

$291 compared to LPL-WT in cell culture studies in witro'®*"**',

The specific
activity of LPL-S291 dimer is no different to that of LPL-WT dimer'®, but
overall, LPL-S291 specific activity is about 40% that of LPL-WT"**""*'* and in
addition, after two hours incubation at 37°C, the half-life of LPL-S291 is 50% that
of LPL-WT. A number of studies have shown reductions in post-heparin LPL
activity in wro of between 70% and 80% in carriers versus non-carriers'®>'*.

These data combine to suggest that LPL-5291 is less stable as the active dimer

than LPL-WT and more readily dissociates into lipolytically inactive monomer.

In NPHSII, when S$291 carriers were divided into tertiles of BMI, a significant
interaction between BMI, L.PL. genotype and triglyceride level was seen'®. This
suggests that when triglyceride levels are low, the reduced LPL activity is sufficient
to maintain these levels. However, in more obese individuals, the increased

secretion of VLDL from the liver which accompanies an increase in obesity may
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overwhelm the partially impaired lipolytic system and result in an elevation of

triglyceride concentration.
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Figure 10: Postprandial plasma triglyceride levels in EARSII. Filled
circle: Case S291 carders. Open circle: Control S291 carrers. Filled
diamond: All non-carriers. (Figure taken from Ref. 192). Plasma

triglyceride concentration is shown as mean + SEM for each group.

A clear S291 effect is seen postprandially in EARSIT'"'"®.  After correction for
the difference in baseline triglycerides shown in Figure 10, six hours after an oral
fat load, plasma triglyceride concentrations in S291 carriers remained significantly
higher than those in non-carriers. The effect was seen more strongly in the cases
than in the controls suggesting that the former group had inhented a
predisposition to coronary artery disease from their fathers. This impaired
postprandial triglyceride clearance was also observed in another study of healthy,
unrelated individuals from Canada’. In addition, the S291 carriers were shown

to have an unfavourable lipid profile with respect to plasma-VLDL, chylomicron-

VLDL and HDL-triglyceride.
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1.5 Aims of the Thesis
When I began work on this project, SSCP analysis of the proximal region of the

LPL promoter had identified a T to G transversion at nucleotide -93. This thesis
describes work undertaken to characterise this new variant and its effects on the
lipid profile. Samples were genotyped to investigate its impact in the general
population and in ethnically defined groups and in addition, the effects of other
known common vanants in the LPL gene were investigated. New PCR-based
assays for the vanants were developed and are descnbed. Finally, functional
studies were undertaken i order to clarify the molecular basis behind the effects

of the -93T/G variation.
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2. MATERIALS AND METHODS

2.1 Study Samples
2.1.1 Northwick Park Heart Study II (NPHSII) **

3050 healthy Caucasian men aged between 40 and 64 on entry into the study were
recruited from nine general practices from around the UK. Individuals were
excluded if any history of heart disease was evident (as assessed by questionnaire),
if they were undergoing treatment with aspirin or anticoagulants and if there was
any evidence of cerebrovascular disease or malignancy. Each individual attended
the clinic annually in the non-fasting state having been told to avoid heavy meals
and a cooked breakfast. Smoking habit was determined by questionnaire and
blood pressure, height and weight were measured in the clinic. Blood samples
were taken and stored prior to being used to measure concentrations of factors
VII, VIIa, VIlc, IX, fibrinogen, serum cholesterol and serum triglyceride. An
electrocardiogram was recorded and used to determine the probability of a

previous myocardial infarction.

2.1.2 New York Postprandial Trial (NYPT)"

The New York Postprandial Trial comprising 191 men and women between the
ages of 20 and 75 referred to the Columbian-Presbyterian Medical Centre or the
Harlem Hospital Centre in New York for ECG exercise or thallium stress tests
owing to the presence of symptoms suggestive of coronary artery disease.
Individuals with a history of heart disease and those using lipid-altering drugs were
excluded. Subjects were classified into “case” and “control” groups by the stress
test results and into “Black” or “Hispanic” groups by questionnaire. All subjects

fasted for twelve hours prior to attending the clinic when waist and hip
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measurements were taken. Food frequency, estimation of physical activity,
smoking status and alcohol intake were assessed by questionnaire. Blood samples
were taken at intervals during an eight hour postprandial lipaemia protocol and
used to measure concentrations of whole plasma cholesterol and triglyceride,
HDL-cholesterol, triglyceride-rich lipoproteins (d<1.006 triglycerides) and plasma
retinyl palmitate. FEach subject’s apoE isoform pattern was determined by
polymerase chain reaction and Hpal restriction enzyme digestion. After the eight
hour postprandial blood sample had been taken, a post-heparin plasma sample

was taken from a subset of individuals and used to measure LPL activity.

2.1.3 Wandsworth Heart and Stroke Study*”

A combined prospective study of 1314 healthy White, South Asian and Black
individuals (defined by grandparent ethnicity) recruited from south London and
based at St. George’s Hospital. Participants attended a screening unit between the
hours of eight and twelve o’clock in the moming after an overnight fast. They
were asked to refrain from smoking and vigorous exercise for at least one hour
prior to the visit. A questionnaire was used to determine place of birth, language,
religion, migration history, parental place of birth, medical history, drug treatment
and smoking status. Height, weight, blood pressure and glycosuria were measured
in the clinic. Blood samples were taken before and two hours after an oral
glucose tolerance test and used to measure concentrations of plasma triglyceride,

total cholesterol and HDL-cholesterol.
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2.1.4 Other Studies

The following studies were used for allele frequency analysis only. No further

analyses were performed and details are therefore presented in summary.

Study Name (n)

Details

B&H A-C (86) and

B&H Guj (71) ™

Randomly selected individuals between the ages of 45
and 74 recruited from population registers held in
Brent and Harrow health centres. The cohort was
divided into “Afro-Canibbean” (A-C) or “Gujeratt
Indian” (Guj) by the subject having three out of four

grandparents in that group.

Swedish MI (115) and

Swedish Controls (89) 202

Men from the Stockholm region who had suffered a
myocardial infarction before the age of 45 and age-
matched, randomly selected, healthy controls free of
clinical signs of coronary artery disease. Patients with
serum cholesterol above 9.5mM, a history of familial
hypercholesterolaemia, diabetes or porphyria were

excluded.
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2.2 PCR Cycling, Restriction Digest and Electrophoresis

Conditions
Polymorphism Oligonucleotide Cycling MgCL | Eazyme MADGE
Sequences Parameters (mM) Electrophoresis
(Product Size) Conditions
-93T/G GGGCAGCTAGAAGTGGGCAGC 1x 95°C 5, 57°C 2, 72°C 2 1.0 Haelll 5 15.0V )
minutes
GGGTTGATCCTCATTACTGTTTGC 35X 95°C 1, 55°C 1", 72°C 1
(203bp) 1x 72°C ¢
-95G/T GGGCAGCTAGAAGTGGGCAGC 1x 95°C 5, 579C 2, 72°C 2 1.0 Bfal ISQV
TGCTCAAACGTTTAGAAGTGAATCTA | 355 050C 1. 55°C 1. 72°C 1 30 minutes
(182bp) 1x 72°C 6
DIN CTCCAGTTAACCTCATATCC 1x 95°C 5, 57°C 2, 12°C 2 3.0 Taql » 15'0Vt¢
minutes
AGGGCAAATTTACTTGCGATG 2% 95°C r, 55°C r, 72°C 1
(76bp) 2x 95°C v, 53°C 1, 72°C
2x 95°C v, 51°C ', 72°C v
35x 95°C 1°,50°C 1, 72°C 1
1x 72°C 2
N291S ACAATCTGGGCTATGAGCTCA 1x 95°C 5 20 Ddel 150V
CITTGTAGGGCATCTGAGAAC 2% 95°C 1. 62°C 1. 72°C. 1 30 mimutes
(®7bp) 2% 95°C 1, 60°C v, 72°C v
35x 95°C 1, 58°C 1, 72°C 1’
1x 72°C 2
S447X CATCCATTTTCTTCCACAGGG 1x 96°C 5 4.0 Hinfl 150V
TAGCCCAGAATGCTCACCAGACT 30% 94°C 1. 55°C 1. 72°C 1 60 mimutes
(137bp) 1x 72°C T
HindIII CCCATGTGTACCCATAAAATGAAT 1x 95°C 3 1.25 HimdII1 150V
20 minutes

CACTATAGTTTGCAAAATCCCAGC

(92bp)

10x 95°C 30s, 65°C 30s, 72°C 20s
-1°C per cycle
30x 95°C 30s, 55°C 30s, 72°C 20s

Table 5: Polymerase chain reaction conditions used to genotype for

common LPL variants.

Amplification primers were obtained from Genosys or GibcoBRL and diluted to

a stock concentration of 100pmol/pL. DNA was stored in a 1:20 dilution in

deep-well Beckman 8x12 array boxes and 2-3pL dried onto a 96-well microtitre

plate prior to the reaction. The reaction mixture consisted of 50mM potassium

chloride, 10mM Tris-HCl (pH 8.3), 0.2mM each of dATP, dGTP, dCTP and

dTTP, 0.001% gelatine, 0.05% W-1 (polyoxyethylene ether, GibcoBRL), 10pmol

of each primer, 0.4U of Tag polymerase (GibcoBRL) and magnesium chloride as

shown above in a final volume of 25uL. The mixture was overlaid with 20puL

paraffin to prevent evaporation.

PTC220 Tetrad thermal cycler.
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2.3 MADGE

This 1s a technique whereby ninety-six samples may be run in microtitre format
on a single horizontal polyacrylamide gel to enable rapid genotyping®®. All
restriction digest products were resolved on 7.5% polyacrylamide MADGE gels in
trs-borate-EDTA (TBE) buffer (pH 8.2). To facilitate electrophoresis,
formamide-based dye containing 0.025% bromophenol blue, 0.025% xylene

cyanole and 10mM EDTA was used.

Prior to running, the gels were agitated gently for ten minutes in 100mL
0.5pg/mlL ethidium bromide solution in TBE buffer. 5uL of PCR product with
2uL of loading dye were loaded onto the gel in rows of eight with a multichannel
pipette such that their orientation on the gel matched the orientation of the DNA
samples in the orginal array. After electrophoresis, DNA bands were visualised
by placing the gel on an ultra-violet transilluminator. A UVP CCD camera was

used to photograph the gel.

2.4 DIN Genotyping

Initially, to genotype for the DIN variant, the reaction consisted essentially of the
same ingredients as detailed in Table 5 except that 1.7mM magnesium chloride

were used. The primer sequences were:

Forward: 5 CTCCAGTTAACCTCATATCC »

Reverse: 5 CACCACCCCAATCCACTIC 3
The cycling conditions were one cycle of 97°C 5, 70°C 1°, 72°C 1’30 then four
cycles of 98°C 1°, 67°C 1°, 72°C 1’30. The annealing temperature was reduced by

3°C every fifth cycle until it reached 55°C making a total of 30 cycles'®.
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Subsequently, the protocol was modified in order to allow MADGE (Section 2.3)

to be used. The new protocol is detailed fully in Table 5.

2.5 Restriction Enzyme Digestions
The PCR products were digested with the restriction enzymes shown in Table 5.

The digest reaction mixtures consisted of 8uL. PCR, 1uL appropriate 10x buffer
from the enzyme supplier (New England Biolabs, Boehringer Mannheim or
Helena Biosciences) and 2U of enzyme in a tinal volume of 10puL. The mixture

was incubated at 37°C overnight.

The Tagl reaction mixture consisted of 10uL. PCR, 1.5ug of acetylated bovine
serum albumin and 2.5U of enzyme in a final volume of 15uL. The reaction was

then overlaid with 20pL paratfin and incubated at 65°C for four hours.

2.6 “Mighty Small” PAGE and Silver Staining
For the initial protocol used for DIN genotyping, 10% polyacrylamide “Mighty

Small” gels (Hoefer) were run for approximately 90 minutes at 110V in tris-

acetate-EDTA (TAE) buffer (pH 7.4) and the DNA bands visualised by ethidium

bromide staining as above or by silver staining.

To silver stain the gel, it was first immersed in 100mL 10% ethanol for five
minutes. This was poured off and replaced by 100mL 1% nitric acid for three to
five minutes when the xylene cyanole in the gel turned green. The gel was then
rinsed once in distilled water and immersed in 100mL 12mM silver nitrate in the
dark for at least forty mimnutes. The silver nitrate was poured off and retained for
reuse and the gel rinsed three times in distilled water. To visualise the DNA,
100mL of developer solution (3% sodium carbonate, 0.0005% formaldehyde)
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were made fresh and added to the gel until it tued yellow when it was discarded
and 150mL more were added. The gel was agitated gently in the solution for
between one and five minutes until the bands were clearly visible when the
developer was poured off and the reaction terminated with 100mL 10% acetic
acid. After a final rinse in distilled water, the stained gel was dried in order to

keep a permanent record.

2.7 Automated Fluorescent Sequencing
Sequencing of PCR products was petformed by dideoxy chain termination on a

Perkin-Elmer ABI 377 DNA Sequencer as described by the manufacturer. This
entailed punfication of the PCR product by removal of excess primers in a
Microcon-100 spin column and subsequent dilution of the sample to 100pL with
ultrapure water. Between 2uL and 4pL of this were used with 1.6pmol of
sequencing oligonucleotide primer and 4.0uL of dye terminator ready reaction
mix (A-Dye terminator, C-Dye terminator, G-Dye terminator, T-Dye terminator,
dITP, dATP, dCTP, dTTP, Trns-HCl (pH 9.0), 2.0mM magnesium chloride,
thermal stable pyrophosphatase and AmpliTaq DNA Polymerase FS) in a final
reaction volume of 10pL. The reaction was overlaid with paratfin and subjected
to cycle sequencing on a Perkin-Elmer Thermal Cycler TC-1 with 25 cycles of
96°C for 30 seconds, 50°C for 15 seconds and 60°C for 4 minutes. The reaction
products were purified by addition of 50puL 95% ethanol and 2.0pL 7.5M
ammonium acetate followed by thorough mixing and incubation on ice for ten

minutes. The labelled products were then pelleted by centrifugation in a bench-

top centrifuge at full speed for 25 minutes. The ethanol supernatant was removed

and the pellet washed with 250puL 70% ethanol before air-drying and resuspension
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in 3uL of loading buffer ( 25mM EDTA (pH 8.0), 50mg/mL Blue dextran in
detonised formamide) by vortexing. The sample was denatured at 95°C for two
minutes and 1.5uL per lane loaded on a 4.2% denaturing polyacrylamide gel and

electrophoresis performed at 1.68kV at 40°C for seven hours.

2.8 Genotyping
MADGE gels were read independently by two people and any discrepancies

identified were genotyped again. Genotypes were entered onto spreadsheets
containing sample ID numbers and array position and subsequently data entry

was verified by checking back to the MADGE.

2.9 Determination of Allelic Association
Statistical analyses performed in this laboratory used the SPSS/PC+ statistical

package. Allelic association was estimated using the correlation coefficient A™.

This was calculated for two polymorphisms by haplotype counting as follows:

Number of A1B1 chromosomes = 4
Number of A1B2 chromosomes = 4
Number of A2B1 chromosomes = ¢
Number of A2B2 chromosomes = 4

ad - bc
J@+b)c+d)(a+c)(b+d)

A was then given as

Where doubly heterozygotic (i.e. A1A2/B1B2) individuals occur, haplotypes

cannot be unambiguously inferred so a maximum likelihood algorithm was
employed to enable haplotype counting in this group as follows. Using a 3x3

cross-tabulation of genotypes for all individuals:
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BiB1 | B1B2 | B2B2
AlA1l r s t
AlA2 " v w
A2A2 x y 2

The chromosomes belonging to the double heterozygotes (1) were mitially

assumed to be divided equally among the four haplotypes; i.e. there were —;— AlB1

chromosomes, % A1B2 chromosomes, % A2B1

chromosomes.

Therefore, in the equations that follow, by giving 7 an mitial value of 0.5, first

approximations of 4, b, cand d were denived.

a=2r+s+ut+my

b=2t+s+w+my

c=2x+ut+y+my

d=2z+w+y+my

New values for 7, were then derived by between five and ten iterations of:

= (IZ) Z(adaf bc)

Where 7 1s a, b, ¢ or d and 7 is the total number of chromosomes, 1.e. twice the

total population size. The final values of 4, 4, ¢ and 4 were then used in the A

equation above.
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This procedure was automated using a spreadsheet that also calculated allele

trequencies, associations and differences in distribution between populations.

2.10 Statistical Analyses in NPHSII

Statistical analyses were carried out at the Wolfson Centre, St. Bartholomew’s
Hospital where the NPHSII database 1s kept. Body mass index and serum
triglyceride concentrations were log transformed prior to analysis to normalise
their distibution. Welch’s test was used when there was evidence for unequal
variance between groups’, otherwise, univariate analysis of continuous variables
was carried out by one-way analysis of variance. Men in NPHSII were initially
classified as current, ex- or never smokers. Owing to the low frequency of N9
and small numbers of ischaemic heart disease (IHD) events, ex-smokers were
grouped with never smokers for analysis and termed “non-smokers”. This was
deemed acceptable as the incidence of IHD in both groups was very similar (0.004
and 0.006 events per person per year respectively). Survival analysis was carried

1206

out using Cox’s proportional hazards model™ and “failure time” was taken as

time to the first IHD event.

2.11 Vectors
Initially, the pGL3-enhancer vector (Promega; Figure 11) was used as the reporter

with a B-galactosidase expressing vector as the transfection control. Subsequently,
this control vector was replaced with pRLTK, a Renia luciferase expressing
plasmid, in order to utilise the Promega Dual Luciferase Assay which affords

greater ease of use and reproducibility in the results.
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presence of the enhancer sequence here aims to increase the level of luciferase

expression.

2.12 DNA Preparation

The vectors were transformed into competent E. co JM101 cells as follows.
100pL of competent cells were thawed on ice and 10ng of plasmid added. The
mixture was then incubated on ice for 45 minutes followed by heating at 42°C for
three minutes in a water bath. 1ml of antibiotic-free LB broth (1% Bacto
tryptone; 0.5% Bacto yeast extract; 1% sodium chloride) was then added prior to
incubation at 37°C for one hour with shaking at 200epm. 250uL of this mixture
was then plated out onto LB agar plates (LB broth plus 1.5% agar (w/v))
containing 50pg/mL ampicillin. When the plates were dry, they were incubated at
37°C for between fourteen and sixteen hours. After this time, a single colony was
taken on a sterile loop and shaken in 5mL of LB broth containing 50pg/mL
ampicillin at 37°C for eight hours. 1mL of this culture was then taken and grown

in 500mL LB broth ovemight.

To purify the DNA, the Qiagen MaxiPrep protocol was employed. The host
bacteria were pelleted by centrifugation at 6000rpm for 15 minutes at 4°C and
subsequently resuspended in buffer P1 (50mM Trs-HCl (pH 8.0); 10mM EDTA)
with RN Ase added to 100pg/mL. The cells were then lysed by addition of buffer

P2 (0.2M sodium hydroxide; 1% sodium dodecyl sulphate) and ncubation for five
minutes at room temperature followed by addition of chilled 3M potassium

acetate (pH 5.5) and incubation on ice for twenty minutes.
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Cell debris were removed by centrifugation at 30000g for thirty minutes at 4°C
and a Qiagen-2500 column was used as directed by the manufacturer to isolate the
vector. The column was first equilibrated with 35mL of bufter QBT (0.75M
sodium chloride; 50mM MOPS (pH 7.0); 15% ethanol; 0.15% Triton X-100) and
then the supernatant was added. The column was washed twice with 100mL
bufter QC (1M sodium chloride; 50mM MOPS (pH 7.0); 15% ethanol) and finally
DNA was eluted with 35mL buffer QF (1.25M sodium chloride; 50mM Tris-HCl
(pH 8.5); 15% ethanol). The DNA was precipitated with isopropanol, pelleted by

centrifugation at 15000g for thirty minutes at 4°C and finally washed in cold 70%

ethanol before dissolution in 500pL purified water.

2.13 Cell Culture

All cell lines were cultured at 37°C in 5% carbon dioxide. To re-seed adherent
cells, the medium was removed and the monolayer washed with phosphate
buffered saline (PBS: 0.14M sodium chlonide; 0.01M phosphate buffer; 0.002M
potassium chloride).  Sufficient trypsin (5g/L) - EDTA (0.2g/L) solution
(GibcoBRL 45300-019) was then added to cover the bottom of the culture flask
and incubated for about five minutes at 37°C. When the cells were no longer
attached to the flask, the suspension was transferred to a sterile centrifuge tube,
diluted with PBS or medium and the cells pelleted by centrifugation at 1000rpm
for five minutes at 4°C. The cells were then resuspended in 1mL of medium and

divided out among new flasks as required.

To prepare for long-term storage in liquid nitrogen, cells were harvested as above
and resuspended in medium. An equal volume of cell-freezing medmum

containing dimethylsulphoxide (DMSO) and foetal calf serum (FCS, GibcoBRL)
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was then added and mixed gently with the cell solution before slow cooling to

-70°C prior to immersion in liquid nitrogen.

HepG2 cells, a human hepatoblastoma cell line, were grown in Minimal Essential
Medium (MEM) (GibcoBRL 31095-029) which was supplemented with 10%
foetal calf serum (FCS), 0.2U/mL penicillin, 0.2U/mL streptomycin, 1mM
sodium pyruvate and 1x non-essential amino acids solution (GibcoBRL 11140-

035).

A10 cells, a rat smooth muscle cell line, were grown in Dulbecco’s MEM
containing 25mM Hepes, sodium pyruvate, pyridoxine and 1g/L glucose
(GibcoBRL 22320-022) which was supplemented with 10% FCS, 0.2U/mL

penicillin, 0.2U/mL streptomycin and 1mM L-glutamine.

The LPL-expressing human monocyte/macrophage cell lne THP-1, was
propagated in RPMI 1640 medium with L-glutamine (GibcoBRL 21875-125)
which was supplemented with 10% FCS, 0.2U/mL penicillin, 0.2U/mL
streptomycin and 11uM B-mercaptoethanol. To differentiate these cells to
mature macrophages, they were first removed from their culture flasks and
pelleted by centrifugation at 1000rpm for five minutes. This was necessary as
THP-1 cells grow in suspension and pelleting is the only way to perform a
complete medium change. Differentiation was induced by incubation in the
above medium additionally containing 96nM phorbol myristoyl acetate for six
hours at 37°C whereupon slight morphological differences were evident, including

the presence of polymorphic nuclei.
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3T3-L1 is a human pre-adipocyte cell line grown in Dulbecco’s MEM containing
25mM Hepes, sodium pyruvate, pyridoxine and 1g/L glucose (GibcoBRL 22320-

022) which was supplemented with 10% FCS, 0.2U/mL penicillin and 0.2U/mL
streptomycin. These cells were differentiated into adipocytes by addition of 1uM
dexamethasone, 10pug/mL insulin and 0.5mM 3-isobutyl-1-methylxanthine®’ to
the medium followed by incubation for 48 hours. The supplemented medium
was then replaced with regular medium additionally containing 10pg/mL insulin.

Twenty-four hours later, morphological change was evident and four days after

this, the cells were uniformly fat-laden.

NCI-H295 cells are a human adrenal carcinoma cell line. They are grown in
RPMI 1640 medium with L-glutamine and 25mM Hepes buffer (GibcoBRL
52400-025) supplemented with 2% FCS, 0.2U/mL penicillin, 0.2U/mL
streptomycin, 10nM B-oestradiol, 10nM hydrocortisone, 5pg/mlL  insulin,
5ug/mL transferrin and 5ng/ml sodium selenite (Boehringer Mannheim

1074547)1%,

2.14 Transient Transfections
For all cell types, transfection studies were performed using the Lipofectin

liposomal reagent (GibcoBRL). The protocol was followed according to the
manufacturer as follows. 1-2 x 10° cells per well in a six-well cell culture plate
were seeded and left to grow for approximately 24 hours. The actual number of
cells used for each cell type was determined by a titration of cell number against

transgene expression.
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DNA Ratio | Firefly Luciferase | Renilla Luciferase | Ratio
9:1 38.78 3.822 10.15
9:1 151.3 9.374 16.14
9:1 112.5 7.040 15.97

24:1 156.9 4.322 36.30
24:1 226.8 4.849 46.78
24:1 189.0 5.429 34.81
49:1 143.4 4.141 34.63
49:1 155.4 3.514 44.22
49:1 1771 3.436 51.54
99:1 198.9 2.558 71.75
99:1 153.8 2.897 53.08
99:1 179.9 2.558 70.35
199:1 148.9 2.553 58.33
199:1 177.1 2.396 73.89
199:1 151.4 2.522 60.04
499:1 124.7 2.226 55.99
499:1 130.6 3.452 37.83
499:1 213.0 2.366 90.01

Table 6: An example of a Dual Luciferase Assay result The second
column shows expression of the reporter gene, the third column
shows expression of the transfection control and the fourth shows
the ratio between the two. In this case, the 49:1 ratio was selected.

The transfection itself was performed as follows. DNA was diluted into 100pL
per well of Opti-MEM (GibcoBRL 31985-047) and 5pL of Lipofectin reagent
were diluted nto 100 pL per well of serum-free medium and incubated at room
temperature for 45 minutes. The two solutions were then combined and
incubated at room temperature for a further 15 minutes. Meanwhile, the cells to
be transfected were washed twice with PBS in their wells. 800pL per well of
serum-free medium was finally added to the DNA-Lipofectin complex, mixed

gently and 1mL overlaid onto the cells in each well.

Incubation at 37°C in 5% carbon dioxide for approximately 16 hours followed
and then the DNA-containing medium was replaced with normal growth medium
for 48 hours when the cells were harvested and assayed (see below). Cell extracts

for the assays were obtained by thoroughly washing the transfected cells with PBS
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three times followed by incubation at room temperature for 15 to 30 minutes
with gentle shaking with enough Passive Lysis Buffer (Promega) to cover the

bottom of the culture well.

2.15 p-Galactosidase Assay
150ul of cell extract was mixed with 150ul of assay buffer (120mM sodium

phosphate, 80mM sodium hydrogen phosphate, 2mM magnesium chloride,
100mM B-mercaptoethanol, 1.33mg/mL o-nitrophenyl-B-D-galactopyranoside),
vortexed briefly and incubated overnight at 37°C. 500ul of 1M sodium carbonate
was added to stop the reaction and 1mL of purified water added to dissolve the
precipitate formed by the presence of cell culture lysis buffer. B-galactosidase

activity was measured as absorbance at 420nm and used as a measure of

transtection efficiency.

2.16 Bradford Assay

This technique was employed in order to determine the protein concentrations of

the extracts used subsequently in electrophoretic mobility shift assays and also to

provide a crude measure of harvested cell number prior to B-galactosidase assay.

The assay reagent consisted of 100mg Coomassie Blue G250 n 50mL 95%
ethanol, 100mL phosphoric acid and 850mL water. This was filtered through

Whatman No. 1 filter paper and stored in the dark at room temperature. To
perform the assay, 50pL of the solution to be measured was added to 2.5mL of

assay reagent in a suitable cuvette and incubated at room temperature for at least
ten minutes. Protein concentration was determined by correlation of absorbance

at 595nm against a bovine serum albumin calibration curve.
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2.17 Luciferase Assay

Luciferase assay reagent and cell extract were allowed to equilibrate to room
temperature for 30 minutes prior to use. To assay for luciferase, 20pl of luciferase

assay reagent was added to 4pl of cell extract and mixed by pipetting. Luminosity

was measured over a ten second integration period in a Tumer Designs 20/20

luminometer.

2.18 Dual Luciferase Assay
This assay is an extension of that above and was petformed as described by the

manufacturer. All solutions, including the cell extract were allowed to equilibrate
to room temperature before the assay. 10uL of cell extract was added to 50puL of
pre-pipetted luciferase assay reagent Il and mixed gently. After a three second
delay, luminescence was measured over a ten second integration period. 50uL of
“Stop & Glo” reagent was then added and mixed gently by pipetting to quench
the first luciferase reaction and initiate the second Renilla reporter reaction.

Emitted light was then measured in the same way as the first reaction.

2.19 Whole Cell Protein Extract Preparation

To prepare a solution containing whole-cell proteins, cells were harvested from
their culture flasks with Versene (GibcoBRL), pelleted by centrifugation at
1000rpm for five minutes, resuspended in PBS and pelleted and resuspended once
again in order to thoroughly clean the cells of medium. They were then pelleted a
final time and snap frozen at -70°C. Five volumes of Whole Cell Extraction
Buffer (10mM Hepes (pH 7.9); 1.5mM magnesium chloride; 0.1mM EGTA; 5%
glycerol with 0.4M sodium chloride, 0.5mM dithiothreitol and 0.5mM phenyl

methyl sulphonyl fluoride (PMSF) added fresh) were then added to the frozen
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pellet and the cells lysed by vigorous pipetting. Cell debris were removed by
centnifugation at 250g for ten minutes at 4°C and the resulting supematant
aliquoted and snap-frozen in dry ice/ethanol before storage at -70°C. When used,

each aliquot was never exposed to more than three freeze-thaw cycles.

2.20 Nuclear Protein Extract Preparation

To prepare a nuclear protein solution for subsequent use in electrophoretic
mobility shift assays, cells were removed from their flask with Versene and
washed in PBS as above. They were then resuspended in five volumes of buffer
A (10mM Hepes (pH 7.9); 1.5mM magnesium chloride, 10mM potassium
chloride; 0.5mM dithiothreitol; 0.5mM PMSF) and incubated on ice for ten
minutes. The buffer was then removed after centrifugation at 250g for ten
minutes at 4°C and the pellet resuspended in three volumes of buffer A to which
the non-ionic detergent Igepal CA-630 was added to 0.05%. The nuclet were

released with twenty strokes of a tight-fitting Dounce homogeniser.

The nuclei were pelleted by centrifugation at 250g for ten minutes and
resuspended in 1mL buffer C (5mM Hepes (pH 7.9); 26% glycerol (v/v); 1.5mM
magnesium chlornide; 0.2mM EDTA; 0.5mM dithiothreitol; 0.5mM PMSEF).
Sodium chloride was then added to a final concentration of 300mM and mixed
well. After incubation on ice for 30 minutes to release the nuclear proteins, the
nuclear debris were pelleted by centrifugation at 24000g for 20 minutes at 4°C.

The resulting supematant was aliquoted and stored as above.

2.21 Electrophoretic Mobility Shift Assay (Bandshift)

These assays were performed essentially as described in the Pharmacia Biotech

Bandshift Kit. Target DNA used were 29-mer double stranded DNA fragments
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derived from synthesised oligonucleotides (GibcoBRL), the sequences of which
corresponded to the local sequence around -93. 5 overhangs were incorporated

to facilitate radionucleide labelling with **P-dATP.

> TAGAAGTGAATTTAGGTCCCTCCCCCCAA®
,IIIIIIIIIIIIIIIIIIIIHIII , -93T
¥ TCACTTAAATCCAGGGAGGGGGGTTAGAT®

> TAGAAGTGAATTTAGGGCCCTCCCCCCAA®

TR o 93G
¥ TCACTTAAATCCCGGGAGGGGGGTTAGAT?

The oligonucleotides were annealed by mixing, heating to 85°C and very slow
cooling to room temperature overnight. Subsequently they were radiolabelled
with *’P as follows: 50ng of DNA were added to a solution containing 0.02mM

each of dGTP, dCTP and dTTP; 10mM Tris-HCl (pH 7.5); 10mM magnesium
chloride; 50mM sodium chloride; 5SmM B-mercaptoethanol; 5-10 units of Klenow
fragment and 20uCi of [0-’P]dATP in a final reaction volume of 50uL. The
reaction was incubated at 37°C for one hour and diluted at the end of this time
with 50pL of ultrapure water. The labelled DNA was then purified using
MicroSpin G-25 columns (Pharmacia Biotech). This entailed column preparation
by vortexing to resuspend the resin followed by centrifugation for one minute at
735g. The sample to be purified was then slowly applied to the centre of the resin
and the purified DNA collected in a support tube after centrifugation for two

minutes at 735g.

In all cases, the basic binding reaction contained the following: 10mM Tris-HCI
(pPH 7.5); 50mM sodium chloride; 0.5mM dithiothreitol; 10% glycerol (v/v);

0.05% Nonidet P-40; 1pg poly(dI-dC)epoly(dI-dC); 1uL of protein extract and
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2uL of purified *’P target DNA in a final volume of 20uL. For supershift assays,
antibodies against the transcription factors Sp1 and Sp3 were obtained from Santa
Cruz Biotechnology. 0.9ug of the antibody was added to the binding reaction in a

volume of 9uL after addition of all the other reaction components.

Once assembled, the reaction was mixed gently, centrifuged briefly and incubated
at room temperature for twenty minutes. Meanwhile an 18x14x0.15cm 5%

polyacrylamide gel was prepared between silanized plates and subjected to pre-

electrophoresis at 5V/cm for approximately thirty minutes in TBE buffer.

When the reactions were complete, 2ul. of loading dye (250mM Tns-HCl (pH
7.5); 0.2% bromophenol blue; 0.2% xylene cyanole; 40% glycerol (v/v)) were
added and mixed gently. 20uL were then loaded in each well of the gel and
electrophoresis performed vertically at 10V/cm. Electrophorests was stopped
when the bromophenol blue dye had almost migrated to the bottom of the gel.

This usually took between 150 and 180 minutes.

The gel was then removed from the glass plates by sticking it to a sheet of filter
paper and marking its orientation. It was dried under vacuum at 80°C before

autoradiography on Hyperfilm MP (Amersham) at -70°C for between one and
five days depending on the age of the radioactive label. At the end of this time,

the film was developed manually and kept as a permanent record.

2.22 Declaration
The initial -93T/G PCR design, SSCP screening and sequencing were carried out

by Grace Chu as was the optimisation of the Awll -93T/G assay. Assistance in

genotyping for the -93T/G variant in the Wandsworth study was provided by
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Sam Cooke. Some of the genotyping of the Wandsworth Heart and Stroke Study
DNA was performed by Sam Cooke and Thomas Matthews. Analyses of the
Wandsworth data were performed by Derek Cook, Paul Wicks and Francesco
Cappuccio. All lipid and lipoprotein data were supplied in full and much of the
statistical analysis was carried out by the respective study co-ordinators. Some
assistance with cell culture was given by Grace Chu and Renate Schreiber. BMI
and triglyceride data from NPHSII were provided by Jackie Cooper and Sarah
Bujac. The statistical analyses of the NPHSII data were performed by Sarah
Bujac. DNA samples from Cebus, Talapoin, Marmoset and Orang-utan were kindly
provided by Professor David Hunt of the Institute of Ophthalmology, University
College London. Some of the work presented in this thesis has been submitted

for publication®®*%#1%211,
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3. DEVELOPMENT OF NEW ASSAYS FOR COMMON LPL
VARIANTS

3.1 Introduction
In order to genotype large, population-based groups, a rapid and robust protocol

1s required. Microtitre array diagonal gel electrophoresis (MADGE) where 96
DNA samples can be run on the same polyacrylamide gel provides such a
protocol as long as a suitable PCR-based restriction digest mutation detection
method exists. This chapter deals with the design and execution of new PCR

reactions designed to facilitate LPL genotyping by MADGE.

The PCR product to be used in MADGE genotyping must be short enough to
allow rapid electrophoretic separation of bands but long enough that suitable
band resolution is possible. In addition, in the case of point mutations, a
restriction enzyme cutting site must be able to distinguish between alleles. The
location of the site within the DNA fragment is critical. It must be far enough
away from one end to produce fragments of significantly different sizes upon
digestion to enable electrophoretic resolution, but ideally, the cutting site should
be unique within the PCR product so that only one variant band is produced.
The assays described here were used in subsequent chapters to genotype the large

studies detailed in section 2.1.

3.2 Results
3.2.1 S47X

The major problem with designing a MADGE genotyping protocol for most of

the LPL. variations is the absence of a naturally occurring restriction enzyme
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cutting site to discriminate between the varants. S447X and N291S are such
mutations and the way to obviate this is to “force” a restriction enzyme
recognition site dependent on the variant base. For example, the local region

around nucleotide 1595, the base responsible for the S447X variant is:

AAGAAGTCAGGCTGAAA  S447
AAGAAGTGAGGCTGAAA X447
No naturally occurring site is present with either variant, but simply changing base
1598 from a G to a T creates a Hizfl site (GANTC) in the X447 variant which can

be used for genotyping;

AAGAAGTGAGTCTGAAA X447

To accomplish this, a mismatched PCR primer is utilised to indiscriminately force
the nucleotide in the PCR product to a T during replication:
5447 . . .AAGAAGTCAGGCTGAAA Template
FE T
Extensiont- LCAGACTTT  Primer
X447 . . .AAGAAGTGAGGCTGAAA Template

AERERRRN
Extensione- LCAGACTTT  Primer

It 1s important that the “forcing” primer does not overlap the variant base
otherwise that will be forced too and no polymorphism will be subsequently
detected. The reaction used to detect X447 was similar to that published by
Stocks ef al'"* with a redesigned reverse primer and gave a 137bp product cut to
114bp and 23bp after digestion with Hinfl if X447 but not if S447. 'These
fragments can be resolved on a 7.5% polyacrylamide MADGE as detailed above

and produces the pattem shown in Figure 14.
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create a site, except in this case, the constitutive Tagl site is destroyed (Figure 19).
This new method results in fragments of 76bp (N9) and 52bp (D9) needing to be
resolved. This is easily done over a short run time on a 7.5% polyacrylamide

MADGE (Figure 20).

3.2.5 HindIIl

Although it was known that the presence or absence of a HindIII site could be
used to determine the presence or absence of this allele, this could not be used
for MADGE as the sequence of intron 8 was unknown. This intron is over 1kb
long and therefore, using PCR primers located in the adjacent exons (the nearest
region of known sequence) would produce a product too large for rapid
genotyping. To solve this problem, intron 8 was sequenced in common H'H"
and rare HH homozygotes in order to design appropriate PCR primers. This
sequencing revealed the nature of the HizdIII RFLP, a single nucleotide insertion

550 nucleotides downstream of the exon 7/intron 8 junction.

H' ...GTATARAAGCTTTAA...

H ...GTATAAAACGCTTTAA...
Using the sequencing data obtained, primers were designed to produce a PCR
product 92bp long which s cut into fragments of 42bp and 50bp by HindIII if

carrying an H' allele.
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4, IDENTIFICATION AND CHARACTERISATION OF A NEW
CoOMMON LPL PROMOTER POLYMORPHISM

4.1 Introduction
When I began work on this project, the proximal region of the human LPL

promoter had already been screened by SSCP with five overlapping PCR
products. A common SSCP was identified in two overlapping PCR products
from a number of individuals, one of whom appeared to be a homozygote.
Direct sequencing of the PCR products revealed a single base change in the
region of overlap as anticipated. This base change was a T to G transition at

nucleotide -93 (93 bases upstream of the transcription start site).

-100

ATTTAGGTCCC -93T
ATTTAGGGCCC -936

-100 9

Figure 21: The LPL -93T/G polymorphism.

4.1.1 An Assay for the -93T /G Polymorphism

The PCR product from oligonucleotides used during the SSCP screening was
203bp long and the nucleotide corresponding to -93 located 50bp from the
upstream end. The base change both abolishes an Awdll restriction enzyme
cutting site (GGTCC) and creates a Haelll restriction enzyme cutting site
(GGCC) and it 1s possible to use either to genotype for the vartant. Haelll was
chosen to be routinely used due to enzyme availability. Subsequently, the

presence of a second variation at nucleotide -95 was revealed”® (Chapter 3) and
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Study n Ethnic Origin Fr ncy % = Alleli
(95% C.L) Association A (p)
Swedish | 89 White 1.12 (0.425,2.67) 1.00 (<10-19)
Controls
B&H 71 South Astan 1.35 (0.509,3.21) -
Gujeratis
NPHSII |3050 Caucasian 1.68 (1.33,2.04) 0.92 (<10-19)
Swedish MI | 115 White 1.74 (0.0497,3.43) 1.00 (<10-19)
Wandsworth| 436 White 2.52 (1.50,3.53) 0.65 (<10-1)
Whites
Wandsworth| 420 South Asian 4.42 (3.07,5.78) 0.55 (<10-19)
Asians
NYPT 66 Hispanic 9.09 (4.19,14.0) 0.66(<10°)
Hispanics
NYPT 42 | African-American 28.6 (18.9,38.2) 0.06 (NS)
Africans
B&H Afro- | 86 | Afro-Caribbean 39.8 (32.7,47.1) 0.31 (0.08)
Caribbeans
Wandsworth| 424 | West African and 40.7 (37.5,43.9) 0.18 (0.005)
Blacks Afro-Caribbean

A striking feature is that -93G is 20 to 30 times more frequent in the Black
populations than the Caucasian and White groups (Wandsworth Blacks versus
Wandsworth Whites p<10‘1°; Wandsworth Blacks versus Wandsworth Asians

p<10™"). As African populations predate Caucasians, these results suggest that

Table 7: -93G allele frequencies and allelic association with N9 in
the samples studied.

-93G may be the ancestral allele.

4.2.2 Sequencing of Primate LPL

To test the hypothesis that -93G may be antediluvian, primate DNA was obtained

from Professor David Hunt (Institute of Ophthalmology, UCL). Samples from
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