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ABSTRACT

Regulation of Low Density Lipoprotein Receptor-related Protein Gene Expression
&
Cholesteryl Ester Transfer Protein-mediated Selective Uptake in the Liver

by André Gauthier

Disordered lipoprotein metabolism is a major risk factor for coronary artery
disease (CAD). This thesis focuses on two proteins that may exert protective effects
against CAD: (1) the regulation of LDL receptor-related protein (LRP) gene expression
and (2) hepatic cholesteryl ester transfer protein (CETP)-mediated selective uptake.

LRP is a large multifunctional receptor, which is implicated in numerous
biologically important processes including lipoprotein metabolism, cell signal
transduction and atherosclerosis. Despite this, regulation of LRP gene expression
remains largely unknown. We have identified a novel transcriptional regulatory element,
known as a peroxisome proliferator response element (PPRE), at position -1185 to -1173
in the 5°-flanking region of the human LRP gene. The PPRE is transactivated by
peroxisome proliferator activated receptors (PPAR) a and y when activated by ligands
such as long chain fatty acids, rosiglitazone (PPARy-specific) and fenofibric acid
(PPARa-specific). This results in upregulation of LRP expression and function in several
cell types including adipocytes (PPARy-expressing) and hepatocytes (PPARa-
expressing). These data suggest that LRP gene expression could be preferentially
modulated by the use of PPAR-selective agonists and may have important implications
for the regulation of human preadipocyte differentiation and triglyceride-rich lipoprotein

metabolism in adipocytes and hepatocytes.
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CETP is a hydrophobic glycoprotein that plays a central role in human high-
density lipoprotein (HDL) metabolism. We have examined the role of CETP in HDL-
cholesteryl ester (CE) selective uptake in primary mouse hepatocytes expressing CETP
via adenovirus-mediated gene transfer (ad-CETP) or incubated in CETP-containing
media. These studies demonstrate that CETP mediates hepatocyte selective uptake of
HDL-derived CE independently of other known lipoprotein receptors. Furthermore,
CETP-mediated selective uptake occurs by two pathways, only one of which requires
CETP transfer activity. Hepatic expression of ad-CETP in vivo resulted in an acute drop
in plasma cholesterol in particles in the HDL density range. Finally, CETP-mediated
selective uptake in vivo was only partially inhibited by concomitant administration of
torcetrapib, a compound which inhibits CETP neutral lipid transfer activity. Taken
together, these studies demonstrate a novel and important role for CETP in the selective
uptake of HDL-derived CE by hepatocytes, findings which are of fundamental

importance to human lipoprotein metabolism.
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CHAPTER 1 - INTRODUCTION

1.1 — Atherosclerosis and Cardiovascular Disease

1.1.1 — Cardiovascular Disease

The World Health Organization estimated that nearly 16.6 million deaths in 2001
were attributable to cardiovascular disease (CVD) accounting for one third of global
deaths . The most common forms of CVD are coronary artery disease (CAD) (coronary
atherosclerosis) and stroke, accounting for 43% (7.2 million) and 33% (5.5 million) of
CVD deaths, respectively. In Canada, 36% of deaths in 1999 were due to CVD, the main
presentations being CAD and stroke 2. Over the past several decades CVD death and
hospitalization rates have decreased largely due to improved treatments and drug
therapies, as evidenced by the increase in prescriptions for cardiovascular diseases.
However, the total number of deaths and hospitalizations related to CVD has remained
constant and is predicted to rise because of the aging population 2. The total cost of CVD
to the Canadian economy was estimated to be approximately 18.5 billion dollars in 1998
3, making it the most costly disease in Canada and the largest burden on our national

health care system.

1.1.2 — Atherosclerosis and Risk Factors

Atherosclerosis of coronary arteries, or CAD, is the major cause of CVD. Itisa
disease characterized by the gradual accumulation of lipids and fibrous elements in the
walls of arteries *. Although lesions can grow sufficiently large to gradually block blood

flow, most lesions do not encroach on the vessel lumen to a large extent. Rather, the



lesions are generally small and stable due to a fibrous cap consisting of vascular smooth
muscle cells (VSMCs) and extracellular matrix that enclose a lipid-rich necrotic core.
Lesions pose a major risk when physical trauma and inflammation result in lesion rupture
or erosion of the fibrous cap. This may ultimately result in thrombus formation and
hence acute occlusion of the vessel causing a heart attack or stroke.

There are numerous risk factors that can individually, or in combination, lead to
CAD (reviewed in 4’5). These include age, male sex, diabetes mellitus, dyslipidemia,
cigarette smoking, hypertension, a family history of heart disease, physical inactivity and
abdominal obesity. “Emerging” risk factors include elevated blood levels of
homocysteine ® and inflammatory markers such as C-reactive protein ’ and pro-coagulant
factors including plasminogen activator inhibitor-1 (PAI-1) . Some of these risk factors
are not modifiable such as age, ethnicity, sex and genetics but others are modifiable by
lifestyle changes (diet, obesity, cigarette smoking and sedentary lifestyle) or medications
(dyslipidemia and hypertension). Of the modifiable risk factors, most converge to
promote atherosclerosis, a process that involves an evolution from fatty streaks (due to

lipid deposition within the vessel walls) to complex plaques and clinical disease >.

1.1.3 — Structure of a Normal Artery

In order to better understand the pathological and cellular basis of atherosclerosis,
a brief overview of the structure of an artery will be considered first. An artery generally
consists of three concentric layers known as the intima, media and adventitia. The inner
most endothelial layer and subendothelial connective tissue comprise the intima. The
vascular endothelium is a continuous layer of endothelial cells connected by tight

Jjunctions that line the entire cardiovascular system. Aside from its role as a selectively



permeable barrier between blood and tissue, it is a multifunctional tissue having
numerous synthetic and metabolic roles including the regulation of coagulation and
fibrinolytic pathways, extracellular matrix production, regulation of inflammation and
immunity and regulation of cell growth. The intima is separated from the media by the
internal elastic lamina which is not continuous; rather, it is full of pores to allow diffusion
of nutrients and oxygen into the media. The media consists of many layers of smooth
muscle cells (SMCs) and in highly elastic arteries like the aorta, contains alternating
layers of SMCs and elastic fibers. The outer limit of the media is defined by the external
elastic lamina which also separates media from the adventitia. The adventitia contains
connective tissue, nerve fibers and the vasa vasorum (blood vessels responsible for

feeding the external layers of the arteries) °.

1.1.4 — Natural Progression of Atherosclerosis

The histological classification of atherosclerosis, as recently summarized by the
American Heart Association '°, divides atherosclerotic lesions into six types, beginning
with isolated foam cells, developing into fatty streaks, atheromas and fibroatheromas, and
culminating in the complicated lesion (Table 1.1). A model of atherosclerotic lesion
development is shown in Figure 1.1.

The earliest lesions of atherosclerosis, also called fatty streaks, consist of an
aggregation of lipid-rich macrophages, also called foam cells, and T lymphocytes within
the intima of the artery wall !!. These lesions are not significantly raised and do not
cause any disturbances in blood flow. The key processes in the development of early

atherosclerotic lesions (type I & II) are intimal thickening and lipid accumulation. The



Lesions Type and Main Growth Typical Age of | Clinical
Histology Mechanism Onset Correlation
Type I (initial)
Isolated macrophage foam
cells
Type II (fatty streak) <10 years old
Mainly localized
intracellular lipid Clinically
accumulation Silent
Growth mainly by
Type III (intermediate) | lipid accumulation
Type II + small
extracellular pools of lipid
Type IV (atheroma) > 20 years old
Type Il + large
intracellular pools forming
a lipid core
Type V (fibroatheroma) | Accelerated smooth Clinically
Lipid core and fibrotic muscle cell overt disease
layer; can contain migration and
calcifications proliferation and > 30 years old
collagen increase
Type VI (complicated) Thrombosis,
Surface defect, hematoma- | hematoma

hemorrhage, thrombus

Table 1.1 American Heart Association classification of human atherosclerotic
lesions. From type I to type III, changes in lesion morphology occur primarily because
of increasing accumulation of lipid within foam cells. Type IV lesions have increased
intracellular lipid deposition in addition to increased foam cell lipid. Type V lesions
involve further derangement of intima but through proliferative and reparative
mechanisms in addition to increased lipid deposition of type IV. In complicated lesions,
thrombotic deposits may form repeatedly over varied time spans in the same location and
may be the principal mechanism for gradual occlusion of medium-sized arteries.

[Adapted from (10)]




Figure 1.1. Schematic diagram of hypothetical sequence of cellular interactions in
atherosclerosis.

Hyperlipidemia is thought to cause endothelial injury, resulting in adhesion of platelets
and monocytes and release of growth factors, including platelet-derived growth factor
(PDGF), which lead to smooth muscle cell migration and proliferation. Foam cells of
atheromatous plaques are derived from both macrophages and smooth muscle. The
macrophages take up oxidized LDL via scavenger receptors. Extracellular lipid is
derived from LDL that has crossed into the intima from the vessel lumen, particularly in
the presence of hypercholesteremia, and also from degenerating foam cells. The
accumulation of foam cells, extracellular lipid and necrotic cells and tissue constitute the
necrotic lipid core of the lesion. Cholesterol accumulation in the plaque reflects an
imbalance between influx and efflux, and HDL plays a key role in helping to clear
cholesterol from these accumulations. Smooth muscle cell migration into the intima,
results in proliferation and excess production of extracellular matrix and ultimately the
thickening of the intima and encroachment into the lumen. [Adapted from (9)]
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intimal thickening, which is intimately related to the presence of fatty streaks, is the result
of smooth muscle cell migration and proliferation within the intima of the vessel wall °.
Type I & II lesions are present in areas of intimal thickening even in infants but generally
disappear shortly after and only return after puberty '2. Fatty streaks are often found at
bifurcations of blood vessels. These areas are extremely susceptible to atherosclerosis
because the disturbed flow around the endothelial cells results in decreased cellular
organization and allows the passage of lipoproteins through the normally selectively
permeable endothelium . The lipid that infiltrates the extracellular space of the intima
is trapped there by interactions between apolipoprotein-B (apoB) and matrix
proteoglycans . Once trapped, apoB-containing lipoproteins may be readily oxidized by
free radicals and it is these oxidized lipoproteins that are easily taken up by macrophages
to form foam cells (discussed below). Intermediate lesions (type III) are the result of
increased deposition of lipids within the extracellular matrix (ECM) in areas of already
increased intima thickness and these form the bridge between early and advanced lesions.
These lesions are the result of the increased permeability of the endothelium to
macromolecules such as lipoproteins '*.

Atheromatous plaques (type IV) are the beginning of intima disruption and are
made up of three principle components: (i) cells, including SMCs, macrophages and other
leukocytes; (ii) ECM, including collagen, elastic fibers and proteoglycans; and (iii)
abundant intracellular and extracellular lipid. Structurally, the atheromatous plaque
appears as a raised focal lesion initiating within the intima, having a soft, yellow necrotic
core of lipid (mainly cholesterol and cholesteryl esters), covered by a firm, white fibrous

cap ’. These lesions are larger and begin to slightly encroach into the lumen of the artery



but are generally clinically silent. In type V lesions (fibroatheromatous), the intima is
thickened by substantial reparative fibrous (mainly collagenous) tissue layers. Type V
lesions display further encroachment of the artery lumen and may or may not be
clinically overt depending on the size of the artery and blood flow demands. The
presence of fibrous connective tissue layers in addition to one or more lipid cores may be
labelled type Va (fibroatheroma). The sides of the fibrous cap, referred to as the
shoulder, are enriched in macrophages, SMCs and leukocytes and represent the weakest
portion of the lesion. These areas are also the most common sites for the formation of
thrombus because of the presence of newly formed blood vessels °. Furthermore,
fibroatheromatous plaques often undergo calcification which increases the risk for
coronary events 10,

Advanced lesions (type VI) generally contain all of the characteristics of the
previous lesions: lipid-laden macrophages and SMCs, deep necrotic core of extracellular
lipids and layers of newly formed fibrous connective tissue '°. In addition, they may also
have surface defects, hematomas and thrombotic deposits which further damage, deform
and thicken the intima of the artery quickly converting this lesion from clinically silent to
overt disease. The strength of the fibrous cap is very important in this type of lesion
since they are at the highest risk for developing acute obstructions caused by thrombus
formation following focal rupture, ulceration or erosion of the luminal surfaces of the
plaques. The occlusion of an artery feeding the heart muscle results in a myocardial

infarction whereas the occlusion of an artery feeding the brain results in a stroke.



1.2 - Lipoproteins

1.2.1 - Lipoprotein Classification

Plasma concentrations of individual lipoproteins are very important predictors of
atherosclerosis risk. As will be discussed below, low density lipoprotein (LDL) plays a
crucial role in the formation of fatty streaks and the progression to a full blown
atherosclerotic lesion. Furthermore, high density lipoprotein (HDL) has several anti-
atherogenic properties including anti-oxidant and anti-inflammatory activities and
importantly, its ability to participate in the removal of cholesterol from macrophages
within the artery wall ©°.

Lipoproteins are complexes of proteins and lipids that transport insoluble lipids
(triglycerides and cholesteryl esters) and fat-soluble vitamins throughout the body
(plasma, interstitial fluid and lymph). The general structure of all lipoproteins is that of
an amphipathic phospholipid (PL) monolayer stabilized by interactions of the
apolipoproteins and free cholestesterol (FC) (or unesterified cholesterol) surrounding a
core of neutral lipids composed of triglycerides (TG) and cholesteryl esters (CE), and the
chemical composition of each of these differs between classes. There are five major
classes of lipoproteins that can be identified by buoyancy: high density lipoproteins
(HDL - p=1.063-1.21 g/ml), low density lipoproteins (LDL - p=1.019-1.063 g/ml),
intermediate density lipoproteins (IDL - p=1.006-1.019 g/ml), and very low density
lipoproteins (VLDL - p=0.93-1.006 g/ml) '®. Chylomicrons (p=0.93) are triglyceride-
rich lipoproteins that are synthesized by the intestine '®. Particles from each of the
lipoprotein classes vary slightly in density, size, migration during gel electrophoresis, and

protein and lipid content. These differences and others are summarized in Table 1.2.
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Lipoproteins also differ in their apolipoprotein content, specialized proteins that are
required for the assembly and structure of lipoproteins. They also serve to mediate
lipoprotein binding to cell surface receptors and to activate enzymes involved in

lipoprotein metabolism '” (summarized in Table 1.3).

1.2.2 — Overview of Lipoprotein Metabolism

Cholesterol is a crucial component of all cells and plays several extremely
important roles. It is an essential component of the plasma membrane '® and an important
regulator of membrane fluidity and function '*%°, Furthermore, cholesterol is the sole
precursor of bile acids, steroid hormones and certain vitamins 2'. Excess cholesterol is
toxic to cells as demonstrated by disruption of the normal plasma membrane and
impaired function of membrane-associated enzymes, channels and receptors %, In

addition, excess cholesterol is one factor responsible for the formation of gallstones **.

For these reasons, cholesterol and lipid movement and storage is tightly regulated.

1.2.2A4 —~ Metabolism of apolipoprotein B-containing Lipoproteins

ApoB-containing lipoprotein metabolism within the body can be divided into two
pathways: exogenous lipoprotein metabolism and endogenous lipoprotein metabolism
(reviewed in 2°). Humans do not have dietary cholesterol requirements because the body
is fully capable of synthesizing all the cholesterol that it needs *°. In the typical Western
diet however, 1/3 of the cholesterol entering the intestinal lumen is of dietary origin 2
and any excess cholesterol consumption is excreted in the feces *”. Lipoproteins play an
essential role in the absorption of dietary cholesterol, long-chain fatty acids and fat-

soluble vitamins. The transport of dietary lipids is mediated by the exogenous pathway
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Apolipoprotein

Primary Source

Function

ApoA-1
ApoA-II
ApoB-48
ApoB-100
ApoC-II
ApoC-III

ApoE

Intestine, liver
Liver
Intestine
Liver

Liver

Liver

Liver

Structural protein for HDL; activates LCAT
Structural protein for HDL

Structural protein for chylomicrons and CR
Structural protein for VLDL, LDL, IDL, Lp(a);
ligand for binding to LDL receptor

Cofactor for LPL

Inhibits lipoprotein binding to receptors

Ligand for binding to LDL receptor family
(LDLR, LRP, VLDLR)

Table 1.3 Major apolipoprotein source & function. Apolipoproteins shown have well
described functions. Other apolipoproteins such as apoC-1, C-IV and A-V shown in
Table 1.2 have unclear functions. HDL, high density lipoprotein; LCAT, lecithin-
cholesterol acyltransferase; CR, chylomicron remnants; VLDL, very low density
lipoprotein; IDL, intermediate density lipoprotein; LDL, low density lipoprotein; Lp(a),
lipoprotein A; LPL, lipoprotein lipase; LDLR, LDL receptor; LRP, LDL receptor-related
protein; VLDLR, VLDL receptor. [Adapted from (25)]
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of lipoprotein metabolism (Figure 1.2). Dietary triglycerides are hydrolyzed by
pancreatic lipases within the intestinal lumen which are further emulsified with dietary
cholesterol and bile acids to form micelles *”. Intestinal cholesterol absorption represents
a major route for the entry of exogenous cholesterol potentially impacting serum
cholesterol levels. The cholesterol-enriched micelles must first move through a diffusion
barrier overlying the surface of the absorptive intestinal cells (enterocytes) after which
the cholesterol within the micelles is taken up by the enterocytes at the brush border
surface by Niemann-Pick C1-Like 1 (NPCIL1) %, the molecular target of the intestinal
cholesterol aborption inhibitor, ezetimibe *. Cholesterol taken up by the enterocytes can
then be excreted back into the lumen of the intestine or into the lymph by a process that is
primarily regulated by ABCG5 and G8 2**. SR-BI has also been implicated in the
uptake of micelle-derived cholesterol although it is not absolutely required since

knockout mice still absorb dietary cholesterol *!

. Furthermore, its role in cholesterol
uptake appears to be indirectly associated with cholesterol efflux to micelles rather than
direct uptake of cholesterol 32" Once the cholesterol is absorbed, it is esterified by the
action of acyl-coenzyme A:cholesterol acyltransferase-2 (ACAT-2), by the addition of a
fatty acid, to form cholesteryl esters **. Long-chain fatty acids are incorporated into
triglycerides and packaged with apoB-48 (generated solely in the intestine via mRNA
editing of the full-length apoB transcript), CE, retinyl esters, PL and FC to form
chylomicrons, a process that requires microsomal transfer protein (MTP) **. Nascent
chylomicrons are secreted into the intestinal lymph by the intestinal epithelial cells and

delivered to the systemic circulation. ApoC-II, which is transferred to circulating

chylomicrons, acts as a cofactor for lipoprotein lipase (LPL) in a hydrolysis reaction in

12



Figure 1.2. The exogenous and endogenous lipoprotein metabolic pathways.

The exogenous pathway transports dietary lipids to the periphery and the liver. The
exogenous pathway transports hepatic lipids to the periphery. LPL, lipoprotein lipase;
FFA, free fatty acids; VLDL, very low density lipoproteins; IDL, intermediate density
lipoproteins; LDL, low density lipoproteins; LDLR, LDL receptor; LRP LDL receptor-
related protein. [Adapted from (25)]
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which the triglycerides of the circulating chylomicrons are hydrolysed releasing free
fatty acids (FFA) *°. The released FFA are taken up by other cells and tissues, including
muscle and adipose tissue, and either oxidized to generate energy or re-esterified and
stored as TG. The chylomicrons are progressively metabolized in the circulation
producing chylomicron remnants (TG-depleted, cholesterol-enriched particles). These
remnants are rapidly removed from the circulation by the liver in an apoE-dependent
mechanism involving particle binding to the LDLR or LRP followed by endocytosis *®.

The endogenous pathway of lipoprotein metabolism involves the hepatic secretion

and metabolism of VLDL to IDL and LDL and represents the transport of de novo
synthesized cholesterol (Figure 1.2). VLDL particles resemble chylomicrons in protein
composition (Table 1.2) except for apoB; intestinal cells produce only apoB-48 whereas
hepatocytes produce full length apoB (apoB-100). The triglycerides of VLDL are
derived primarily from the re-esterification of long-chain fatty acids generated from the
hydrolysis of the TG storage pool within hepatocytes *’. The majority of TG transported
in the plasma in the post-absorptive phase is via VLDL *®. In hepatocytes, the packaging
of VLDL particles requires the activity of MTP *®. Once secreted into the plasma, VLDL
acquires its other apolipoproteins, namely apoE and apoCs, which are largely responsible
for its metabolism. VLDL are hydrolyzed by LPL especially in muscle and adipose
tissue, since the FFA released from this reaction are used for energy or re-esterified and
stored as TG. VLDL remnants undergo further hydrolysis in the circulation until they are
reduced in size and composition to IDL. VLDL remnants and IDL can be cleared from
the circulation via the interaction of the apoE and the members of the LDLR family

(LDLR, LRP and VLDLR) and subsequent endocytosis. In mice, approximately 50% of

14



cholesterol and 30% of TG is removed from the circulation by hepatic LDLR-mediated
clearance of remnant lipoproteins **. The remainder of IDL in the circulation is
remodeled by hepatic lipase (HL) and cholesteryl ester transfer protein (CETP) to form
LDL, during which most of the TG is hydrolyzed and all of the apolipoproteins except
apoB-100 are transferred to other lipoproteins °. The cholesterol in LDL accounts for
approximately 70% of the plasma cholesterol in normal individuals and 2/3 of these
particles are cleared by LDL receptor-mediated endocytosis in the liver 2. When LDL
receptors are down-regulated or dysfunctional, LDL accumulates in the plasma with

potentially harmful consequences (discussed below).

1.2.2B — Metabolism of HDL and Reverse Cholesterol Transport

A schematic diagram of HDL metabolism and reverse cholesterol transport is
given in Figure 1.3. The mechanism of HDL synthesis, secretion, lipidation and its role
in reverse cholesterol transport (RCT) as been extensively reviewed in the literature 34"
% Briefly, poorly-lipidated apoA-1 particles are secreted by both the liver and the
intestine. These poorly-lipidated apoA1 particles readily acquire cholesterol and
phospholipids from the liver and peripheral tissues through ABCA1-mediated efflux
forming nascent HDL. ABCG1 and ABCG4 can then efflux cholesterol to HDL from
peripheral tissues, particularly lipid-laden macrophages **®. FC that has been transferred
to HDL is subsequently esterified to CE by LCAT, which is associated with HDL. As the
particle grows and acquires more PL and CE, the CE is sequestered in the hydrophobic
core of the mature HDL particle. Additional apolipoproteins (A-II, A-IV, E and Cs) are

transferred to the surface of HDL from chylomicrons and VLDL during their lipolysis.

ApoA-1 is also secreted into the plasma on chylomicrons from the intestine, after which

15



Figure 1.3. HDL metabolism and reverse cholesterol transport.

Lipid-poor apoA-1 is secreted from the liver and intestine and quickly gains cholesterol
and phospholipids effluxed from macrophages and peripheral cells via ABCA 1-mediated
efflux. The cholesterol transferred to this nascent HDL particle is esterifed by LCAT and
stored in the core of the lipoprotein particle to generate mature HDL, particles. ABCG1
and ABCG4 are also responsible for the cholesterol efflux to HDL from peripheral
tissues, particularly macrophages. Following CETP-mediated exchange of CE for TG,
the TG within HDL is hydrolyzed by HL. In the direct route of reverse cholesterol
transport, the CE that remains with the HDL particle can be selectively taken up by SR-
B1 in the liver, resulting in small lipid-poor HDL particles that are susceptible to
clearance by the kidney. In the indirect route of reverse cholesterol transport, a portion of
the CE transferred to apoB-containing lipoproteins (VLDL, IDL and LDL) is transported
to the liver for endocytic particle uptake by the LDL receptor, or an LDLR family
member such as LRP and VLDLR. LCAT, lecithin cholesterol acyltransferase; HL,
hepatic lipase; LPL, lipoprotein lipase; FFA, free fatty acids; LDLR, LDL receptor; CE,
cholesterol esters; mLDL, modified LDL; SR, scavenger receptor. [Adapted from (41)]
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it can be exchanged onto HDL particles in the circulation. In the circulation, CETP
mediates the exchange of CE for TG between HDL and apoB-containing lipoproteins,
respectively, and the TG is later hydrolyzed by HL generating smaller HDL particles.
HDL cholesterol is transported back to hepatocytes by both direct and indirect pathways
of reverse cholesterol transport (RCT). In the direct pathway, the CE still associated with
the mature HDL particles can be selectively removed from the particles by SR-B1 in the
liver by a process termed selective uptake (discussed further in section 3.1.6) which
constitutes the final step in RCT. Selective uptake results in small, lipid-depleted apoA-1
particles that are returned to the circulation to acquire more CE and PL. Unfortunately,
these small lipid-depleted particles are also susceptible to clearance by the kidney. In the
indirect pathway, a portion of the CE transferred to apoB-containing particles (VLDL,
IDL and LDL) via the action of CETP is transported back to liver for uptake by LDLR
family members (LDLR, LRP and VLDLR).

Additional HDL receptors, other than SR-B1, have been identified. HDL
particles highly enriched in apoE can be cleared by holoparticle uptake via members of
the LDLR family. In addition, LRP can mediate the selective uptake of HDL-derived CE
in adipocytes “*°. HL and LPL have also been shown to mediate selective uptake of
HDL-derived CE dependent on heparan sulphate proteoglycans (HSPGs) in culture and
invivo >'*2. These were both independent of SR-B1 but the role of other endocytic
receptors was not excluded. Finally, CETP has also been shown to mediate the selective

53,54

uptake of HDL-derived cholesteryl esters in adipocytes , which is further discussed in

chapter 3.

17



1.2.3 — Lipoproteins and the Pathogenesis of Atherosclerosis

There are several lines of major evidence implicating elevated plasma
concentrations of LDL cholesterol in the pathogenesis of atherosclerosis. For example,
the major lipids in atheromatous plaques are plasma-derived cholesterol and cholesteryl
esters, and oxidized LDL is observed in macrophages in arteries at sites of fatty streaks °.
Genetic defects in lipoprotein metabolism causing hyperlipoproteinemia, such as familial
hypercholesteremia due to complete (homozygous FH) or partial (heterozygous FH)
absence of functional LDL receptors, are associated with accelerated atherosclerosis >°.
Epidemiological data demonstrate that for both men and women, there is a positive and
curvilinear relationship between plasma LDL cholesterol concentrations and age-specific
risk of CAD. Conversely, there is a strong inverse correlation between plasma
concentrations of HDL cholesterol levels and risk for both CAD and stroke *°. Overall, a
1% decrease in HDL cholesterol (HDL-C) results in a 1% to 2% increased risk for CAD
*7. Finally, numerous studies demonstrate that lowering levels of serum cholesterol,
particularly LDL cholesterol via statin treatment, slows the rate of progression of
atherosclerosis and dramatically reduces the risk of clinical CAD events 5.

The mechanisms whereby LDL cholesterol contributes to atherogenesis are
complex. With chronic hyperlipidemia, lipoproteins accumulate within the intima at sites
of increased endothelial permeability. Increased lipid deposition within the intima results
in increased production of oxidized lipoproteins induced by the free radicals generated in
macrophages or endothelial cells in the arterial wall. Oxidized LDL plays several
important roles °. It is readily ingested by macrophages through scavenger receptors

forming foam cells. Oxidized LDL also acts as a chemoattractant increasing monocyte
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accumulation in lesions. It stimulates the release of growth factors and cytokines
resulting in the migration and proliferation of smooth muscle cells within the intima.
Oxidized LDL may directly impair endothelial cell function through decreased mRNA
expression of endothelial nitric oxide synthase (eNOS) and increased degradation of
nitric oxide (NO), the major endothelial-relaxing factor. Finally, oxidized LDL is
cytotoxic to endothelial cells and smooth muscle cells resulting in further endothelial and
intimal damage.

Whereas LDL functions in the delivery of cholesterol to many tissues, HDL plays
an important role as a carrier of excess cholesterol in the reverse cholesterol transport
pathway (as discussed above) and is a negative risk factor for CAD. Aside from this very
important role, HDL is also believed to have at least two other antiatherogenic
mechanisms. HDL is also atheroprotective via its anti-oxidative effects. Oxidized (or
modified) LDL, as discussed above, is readily taken up by macrophages in the vessel wall
via scavenger receptors resulting in foam cell formation. HDL has been shown in mice to
reduce the oxidation of LDL and this resulted in a reduction in atherosclerosis > and it is
the HDL-associated paraoxonase that is believed to be responsible for these effects *°.
HDL may also slow lesion progression by selectively decreasing the production of
vascular cell adhesion molecules such as E-selectin, P-selectin, vascular cell adhesion
molecule-1 and intercellular adhesion molecule-1 that are responsible for the uptake of

1 61-63

cells into the vessel wal , a key component in the development of atherosclerotic

lesions. HDL also preserves endothelial function through maintaining normal

vasoreactivity by stimulating nitric oxide and prostacyclin production %+,
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1.2.4 — Strategies Aimed at Raising HDL

As discussed above, one of the major atherosclerosis risk factors modifiable by
medications is dyslipidemia. The negative impact of dyslipidemia on overall health has
prompted the development of very effective drugs aimed at reducing plasma LDL-
cholesterol and TG levels including fibric acid derivatives, nicotinic acid (niacin), bile-
acid binding resins, intestinal sterol absorption inhibitors, and statins (reviewed in ®¢7).
Although these numerous classes of medications are extremely successful at reducing
plasma concentrations of triglyceride-rich lipoproteins and LDL, statins, fibrates and
niacin have the added benefit of increasing HDL cholesterol but, with the exception of
niacin, their HDL effects are modest at best and in some cases, the side-effects preclude
widespread use (niacin) .

Several other approaches have been used to target HDL and increase HDL
cholesterol. One short-term approach used to investigate the atheroprotective effects of
HDL involved five weekly infusions of poorly-lipidated apoA-1 Milano into patients
with known cardiovascular disease *°. ApoA-1 Milano is a naturally occurring variant of
apoA-1 that contains a single point mutation resulting in a cysteine substitution. About
70% of ApoA-1 Milano is expressed as a dimer, linked by the sulfhydryl groups. This
restricts HDL size and growth, but allows the remaining 30% of monomeric ApoA-1
Milano to act as an antioxidant, protecting lipids from free radical oxidation. This
resulted in a significant reduction in the volume of coronary atheroma after only six
weeks. Additional short term therapies under development include the infusion of

synthetic peptides based on the amphipathic structure of apoA-1 and the reinfusion of
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autologous delipidated HDL 7. Long-term approaches aimed at raising HDL cholesterol

levels involve the inhibition of CETP, which is discussed further in chapter 3.
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CHAPTER 2 - REGULATION OF LRP GENE EXPRESSION

2.1 - Background

2.1.1 — LRP and the LDL Receptor Gene Family

The LDL receptor (LDLR) gene family consists of a class of structurally related
cell surface receptors that are involved in diverse biological functions with varied organ,
tissue and cell type distribution. Members of this family include LDLR, for which the
class is named, very low-density lipoprotein receptor (VLDLR), apolipoprotein E
receptor 2 (apoE2R), LDL receptor-related protein (LRP) which is also known as the o2
macroglobulin (a2M) receptor, LRP5 and LRP6, multiple epidermal growth factor-
containing protein 7 (MEGF7), LRP1B and megalin.

Although LDLR appears to be involved solely in lipoprotein metabolism, LRP
and other members of this family have other distinct biological functions ”'. These
distinct biological functions are made possible through the varied arrangement of their
common structural units. Members of the LDLR receptor gene family are made up of
five common structural units: ligand-binding-type (or complement-type) cysteine-rich
repeats, epidermal growth factor (EGF)-like cysteine-rich repeats, YWTD domains, a
single membrane-spanning segment, and a cytoplasmic tail that can contain multiple
NPxY motifs (reviewed in ’?). The difference between the various members is the

arrangement of these constituent modules and thus the ligands, that they can bind.

22



2.1.2 — Protein Structure of LRP

LRP is synthesized as a 600 kDa polypeptide and undergoes multiple co- and
post-translational modifications including N-linked glycosylation and proteolytic
cleavage . It is this cleavage that takes place in the late-Golgi ’* that is responsible for
generating the 515 kDa a-subunit and 85 kDa B-subunit. These two subunits associate
non-covalently at the cell-surface as a heterodimeric protein to generate the mature LRP.
The B-subunit includes a cytoplasmic tail and a membrane spanning region, which is non-
covalently associated with the extracellular a-subunit ", The o-subunit is composed
primarily of multiple copies of three different types of repeats. These include the four
clusters of 2,8,10, and 11 ligand-binding-type cysteine-rich repeats similar to the cluster
of 7 such motifs that comprise the LDL-receptor ligand binding domains. In addition, the
LRP a-subunit contains EGF-type repeats separated from each other by YWTD repeats.
The a—chain of LRP contains several distinct but overlapping sequences that bind to
several classes of biologically diverse ligands. Additionally, the intracellular portion of

the 0-subunit binds many adapter and scaffold proteins.

2.1.3 - Ligands of LRP

In contrast to the LDL receptor, LRP recognizes more than 30 ligands that can
be sub-classified in several families that are structurally diverse with extremely varied
functions. This diverse ligand recognition is made possible by the 31 ligand-binding-
type repeats, each with its own unique surface contour and charge distribution ™.
Ligands associate with the receptor through these repeats within the clusters sometimes

via multiple interactions with two or more clusters. LRP ligands include lipoproteins
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and proteins involved in lipoprotein metabolism, proteinases, proteinase-inhibitor
complexes, extracellular matrix proteins, bacterial toxins, viruses and other
intracellular proteins such as adapter and scaffold proteins, many of which are involved
in intracellular signaling (reviewed in ">777%).

The largest group of LRP ligands are proteinases and proteinase-inhibitor
complexes which include proteinases of the fibrinolytic pathway *, serpin-enzyme

complexes *', 12-macroglobulin %

and complement C3 * and more recently, proteins
involved in blood coagulation such as factors IXa, VIIIa and VIIa 3% antithrombin III
81 and tissue factor plasminogen inhibitor *.

Another important group of LRP ligands are those involved in lipoprotein
metabolism and include lipoprotein lipase (LPL) ¥, hepatic lipase (HL) * and apoE-rich
lipoproteins %,

Enormous progress has been made on the identification of adapter and scaffold
proteins that bind to the intracellular domain of LRP solidifying its role in cellular
communication and signal transduction pathways . These include proteins such as
Disabled-1 *, She **, FE65 ** and Jun N-terminal kinase (JNK) interacting protein 1
(JIP-1) and 2% which interact with the NPXY motifs of LRP through either a
phosphotyrosine binding (PTB) domain or PDZ domain.

Other documented LRP ligands include pathogens such as rhinovirus * and
pseudomonas exotoxin A 7 as well as beta-amyloid precursor protein (APP) %.

A 39kD receptor-associated protein (RAP) is an endoplasmic reticulum (ER)

resident protein which functions intracellularly as a molecular chaperone for LRP and
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other members of the LDLR family * and regulates its ligand-binding activity. RAP is
required for proper folding and export of LRP from the ER ' as demonstrated by the
severely impaired cell-surface presentation of LRP in RAP-deficient mice '°!. It is
believed that RAP functions by preventing the premature binding of co-expressed
ligands, such as apoE '®°. RAP binds LRP directly via adjacent complement-type repeats,
both containing a conserved acidic residue %2, and thus stearically interferes with binding
of other LRP ligands including a2M* and remnant lipoproteins. For this very reason,
RAP is often used as a control when studying LRP function. Interestingly, RAP is the

only LRP ligand confirmed to bind within cluster III of the ligand-binding-type-repeats

78

2.1.4 — LRP Functions

LRP is expressed in mammals, most notably humans '® and mice '%, as well as
chickens ' and the nematode Caenorhabditis elegans ' suggesting a common ancestry
and common functions. Although LRP is essential for normal development as
demonstrated by the embryonic lethality of the LRP knockout mouse '9'%, its exact role
is unclear, however, its function in regulating tissue remodeling pathways might play a
role. Tissue distribution in mammals is extremely varied with high expression in neurons
and astrocytes within the central nervous system, hepatocytes, smooth muscle cells,
fibroblasts, testes and ovaries, macrophages, kidney, lung and intestinal cells as well as

adipocytes %11

. Because of the large variety of ligands, LRP is a multifunctional
scavenger receptor whose numerous biological functions are likely tissue- and cell-

dependent. These processes include: homeostasis of proteinases and proteinase

inhibitors, some of which are involved in coagulation and fibrinolysis; cellular entry of
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viruses and toxins; activation of lysosomal enzymes; neurotransmission; and metabolism
of lipoproteins and B amyloid in the central nervous system (reviewed in ">"""°). For the
purpose of this thesis, discussion below will be limited to the functions of LRP important
in adipocytes and atherosclerosis, specifically adipocyte and hepatocyte lipoprotein

metabolism and intracellular signalling.

2.1.44 — LRP and Adipocyte Lipoprotein Metabolism

This laboratory has demonstrated that LRP is absent from human preadipocytes
and is expressed during differentiation concomitant with PPARy and C/EBPa. (Benoist &
McPherson, unpublished data), consistent with a functional role in human adipocyte
metabolism. Since cholesterol synthesis is limited in human adipocytes, the majority of
cholesterol is provided by lipoproteins via specific receptors or by passive diffusion
1213 “Both in vivo and in vitro studies suggest that LRP promotes adipocyte acquisition
of lipoprotein-derived fatty acids and cholesterol. This effect is markedly enhanced in
the presence of insulin, which elicits a rapid translocation of LRP to the cell surface ',
Herz’s group '! infused *H cholesterol-labelled chylomicron remnants (CR) into rats
and demonstrated that the uptake of labelled CR cholesterol by epididymal fat pads was
increased 24-fold in the postprandial hyperinsulinemic state as compared to the fasting
state. Similarly, when human adipose tissue was maintained in organ culture, incubation
with CR in the presence of insulin resulted in marked accumulation of chylomicron
cholesterol (McPherson et al., unpublished results). Overall, these studies suggest that
adipocyte LRP enhances the clearance of CR cholesterol and that adipose tissue may

account for over 20% of CR cholesterol clearance in the rat, a species with low adipose

tissue stores as compared to human. LRP also functions in adipocyte HDL metabolism.
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This laboratory has demonstrated that adipocyte LRP mediates the selective uptake of
HDL-derived CE through a novel efflux-recapture mechanism which requires apo E and
heparan sulphate proteoglycans (HSPG) ***°. Thus, CR cholesterol clearance could be
due in part to transfer of CR cholesterol to HDL and selective uptake of HDL cholesterol

by adipocytes, an effect which may be mediated by LRP.

2.1.4B — LRP and Hepatic Lipoprotein Metabolism

Since hepatocytes are highly enriched in both LDLR and LRP '*, when LRP was
first identified based on its structural homology with the LDL receptor, its primary
function in the liver was estimated to be in lipoprotein metabolism and cholesterol
homeostasis. Although the LDL receptor (LDLR) plays a significant role in the hepatic
clearance of remnant lipoproteins, evidence that the LDL receptor-related protein (LRP)
is an important alternate receptor for chylomicron remnant (CR) clearance has been

36,1 16,117’ Herz 101,118-122

provided by several groups including those of Mahley , Redgrave

123125 and others 1'%, The space of Disse is the space between the endothelial cells
and hepatocytes in the liver, enabling intercellular exchange of metabolites. It is rich in
HSPG, apoE and hepatic lipase. ApoE can mediate the trapping of remnants by binding
to HSPG, followed by the transfer of remnants from the HSPG to LRP for endocytosis or
by formation of a ternary complex which is internalized. LRP not only binds the remnant
lipoproteins via its interaction with apoE, but also HL and LPL which are responsible for
the formation of these remnants from the triglyceride-rich chylomicrons '*°. Following
heparinase treatment, LRP-mediated remnant uptake by the hepatocyte is markedly

impaired, suggesting an important role for the HSPG matrix. Orlando has recently

proposed a model whereby dissociation of HSPG from LRP on the cell surface allows
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binding and internalization of VLDL independently of LRP endocytic activity '*!. In rat
hepatocytes in vivo, endocytosis of hepatic lipase is partially mediated by LRP and that of
lipoprotein lipase almost exclusively mediated by LRP °. Functional impairment of the
LRP/HSPG pathway by over-expression of RAP via an adenoviral construct had little
effect on plasma lipids in normal mice but resulted in a 10-fold increase in plasma
cholesterol and triglycerides in LDLR null mice ''®. In RAP-knockout mice, in which
LRP expression is decreased by 75%, there was little change in plasma lipids in LDLR-
expressing mice but marked remnant accumulation in double knockout mice lacking both
LDLR and RAP "', Similarly, inducible inactivation of the hepatic LRP gene by Cre-
mediated recombination in LDLR-deficient mice resulted in accumulation of cholesterol-
rich remnants confirming the role of LRP in CR clearance '**. Finally, human subjects
with homozygous familial hypercholesterolemia do not exhibit marked accumulation of
CR demonstrating that LRP is an effective backup receptor for remnant clearance when

the LDLR is absent or impaired '*2.

2.1.4C— LRP in Signalling

The members of the LDL receptor family, including LRP, play a well-established
role in signal transduction '*3. LRP interacts with numerous cytosolic adaptor and
scaffold proteins including Disabled-1, JIP-2, PSD-95, Shc and FE65, originally
identified as a transcriptional activator **13413 The intracellular domain of LRP has
been proposed to be part of a pre-assembled signalling complex that is released into the
cell once cleaved by y-secretase-like activity *°. The cytoplasmic adaptor proteins bound
to the cytosolic tail of LRP, controlled in part by its phosphorylation state, appear to

regulate the subcellular localization and signalling functions of the intracellular domain
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of LRP thus regulating its numerous intracellular effects. For example, LRP negatively

regulates transcriptional activity of the amyloid precursor protein, Fe65 and Tip60

complex in the nucleus . LRP has also been identified as a co-receptor for calreticulin
8

and has a signalling function in the thrombospondin cell adhesion regulatory pathway '*%.

By interacting with active tissue-type plasminogen activator (tPA) at the cell surface,

139 140

LRP also appears to control permeability of the blood-brain barrier ', vascular tone ',

and the expression of matrix metalloproteinases (MMPs) 4!

through intracellular signals
which remain unclear. An additional mechanism whereby LRP regulates cell signalling
involves the sequestration of activated JNK in the plasma membrane thus inhibiting
nuclear activation of the INK-dependent transcription factors, Elk-1 and cJun '42.

The most clinically important signalling pathway involving LRP is that of the
platelet-derived growth factor isoform BB (PDGF-BB) and platelet-derived growth factor
receptor (PDGFR). PDGF induces the proliferation and migration of vascular smooth
muscle cells (VSMC), a critical step in the formation of atherosclerotic lesions *. The
mechanism is proposed to be PDGF-BB induced phosphorylation of the second NPxY
motif within the intracellular domain of LRP when LRP is complexed with PDGFR-B,
Src tyrosine kinase and PI3 kinase '**'**. ApoE inhibits both PDGF-induced VSMC

145146 and LRP phosphorylation '* leading Boucher et al. '*’

proliferation and migration
to determine the effects of PDGF signalling by LRP on atherosclerosis in vivo. Mice
with VSMC-specific deletion of LRP displayed severe hyperplasia of the aorta and

increased susceptibility to atherosclerotic lesions as well as increased phosphorylated

PDGEFR expression indicating an important function of LRP in vascular wall integrity and

resistance to atherosclerosis.
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2.1.5 — Human LRP Gene Structure and Regulation

Considering the overall importance of LRP function, very few details surrounding
the regulation of its gene expression are available. Several specific consensus sequences
have been identified in the promoter but very few have actually been confirmed as
functional discrete elements. Furthermore, the specific mechanisms or discrete promoter
elements responsible for many of the observed changes in LRP mRNA and protein

expression by some of the molecules discussed below are still unknown.

2.1.5A4 — Organization of the Human LRP Gene

The human LRP gene consists of 89 exons spanning 92 kb'*® on chromosome
12q13-q14 and encodes an mRNA of 15 kb that is translated into a peptide of 4525 amino

acids'®,

2.1.5B — Organization of the Human LRP Promoter

A portion of the 5’-flanking region of the LRP gene was described by Stanley’s
group *¥1%, Despite the sequence homology between LRP and the LDL receptor in the
coding region, there is little apparent similarity in the promoter region. In CHO cells, the
minimal promoter driving expression of the LRP gene was contained within a 1.6 kb
fragment. This region is GC-rich and does not contain a classical TATA box. However,
an SP1 sequence at -80 and two clusters of SP1 sequences between -620 and -752 were
characterized and shown to be critical for expression of the gene. In addition, the
promoter region also contains an NRF-1 element located at -152 which may account for
the regulation of LRP gene expression by cAMP and IFNy. Although a consensus sterol

response element, similar to that found in the LDL receptor promoter, exists at +233 in
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the 5’-untranslated region of LRP'*, cholesterol treatment of macrophages actually
increased LRP mRNA expression unlike the decrease observed with the LDL receptor
149 The significance of this element in either regulation of gene transcription or mRNA

stability remains obscure.

2.1.5C - Factors Affecting LRP Expression

In rats, LRP is very low in fetal cells but is induced shortly before birth *! and
there is a particularly high level of LRP mRNA expression in rat brain in the perinatal
period '*2, In a rat model of nephritic syndrome, hepatic LRP mRNA and protein levels
were increased and this could be reversed with statin treatment . In contrast, a model
of chronic renal failure showed significantly reduced hepatic LRP mRNA and protein >*.
In differentiated placental trophoblasts, LRP protein levels are down-regulated by cAMP
155, Impaired expression of LRP has been reported in a number of neoplastic cells !>
although LRP expression is increased in malignant astrocytes "°’. Epidermal growth
factor (EGF) has been shown to decrease LRP mRNA expression in neoplastic astrocytes
but not normal human astrocytes '°*. In HepG2 cells, dexamethasone increased LRP
mRNA and LRP receptor activity by two-fold and nuclear run-on experiments
demonstrated that this effect was at the post-transcriptional level *°. Other studies using
HepG2 cells found that the HIV-1 protease inhibitor, Nelfinavir, reduced LDL receptor
and LRP mRNA and protein levels by reducing active levels of SREBP-1 in the nucleus
' In macrophages, LRP expression is decreased by lipopolysaccharide and interferon y
and the effect of IFy on LRP expression is at the transcriptional level and is inhibited by

TGFP '°'. On the other hand, IFy has been reported to increase LRP gene expression in

astrocytes ‘2. Insulin was shown to have a biphasic effect on LRP mRNA expression in
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macrophages . I vivo studies demonstrated that insulin infusion had a small effect on
skeletal muscle LRP mRNA abundance in normal subjects but had no effect in either
overweight or diabetic subjects '**.

LRP gene expression is upregulated during monocyte differentiation into
macrophages ', especially in the presence of VLDL-1 '%. Another study found that
VLDL significantly increased VLDL receptor mRNA but only slightly increased LRP
mRNA in macrophages, suggesting that foam cell formation more likely involves the
VLDL receptor rather than LRP '’. Several studies have shown that expression of LRP
is increased in atherosclerotic lesions, particularly in intimal SMC and lipid-rich foam

9
cells 168,16

, two key cell types in the development of atherosclerotic lesions. Badimon
and colleagues '™ reported upregulation of LRP expression in porcine vascular smooth
muscle cells by LDL and attributed this to a decrease in nuclear SREBP-2. However, no
effort was made to identify and characterize cis-acting element(s) and their cognéte
transcription factors within the LRP promoter. More recently, they reported increased
LRP mRNA levels in plaque-derived vascular smooth muscle cells from human
coronaries compared to non-plaque '”* correlating increased lipid deposition to LRP
expression levels. Dietary cholesterol increased LRP mRNA levels in circulating
monocytes ' similar to previous in vitro observations '*°, however in more recent

studies patients suffering from myocardial infarction had reduced LRP protein levels in

circulating monocytes compared to controls, despite significantly increased LRP mRNA

levels 173,

32



2.1.6 — Adipogenesis

Although LRP is highly expressed in adipocytes, few data are available on factors
involved in its activation, regulation, and function during adipogenesis. Following
hormonal induction, confluent preadipocytes undergo mitosis and clonal expansion and
coordinately express C/EBPP and 3. C/EBP induces the expression of PPARy, which
initiates the adipogenic program '’ Specific adipocyte proteins important in triglyceride
accumulation such as LPL, fatty acid transport protein-1 (FATP-1), acetyl coA synthetase
(ACS), CD36, and adipocyte fatty acid binding protein (aP2) 1”18, all contain at least
one peroxisome proliferator response element (PPRE) in their 5’-flanking sequences and
are all regulated by PPARy. The free cholesterol concentration in the membrane of the
adipocyte core lipid droplet is tightly regulated at approximately 2 mg per gram of TG
suggesting a structural role for cholesterol in the formation of the lipid droplet 1”18,
However, adipocytes have a very low capacity for cholesterol synthesis and studies in
this laboratory using '*C-glycerol incorporation into TG demonstrate that lipoprotein
cholesterol availability is rate-limiting for adipocyte TG synthesis (Benoit and
McPherson, unpublished data). Adipocyte LRP functions in chylomicron remnant
cholesterol clearance by an unknown mechanism both iz vitro and in vivo ''!, and in
HDL-CE acquisition and thus may play a role in the maturation of the pre-adipocytes into
fat cells. This laboratory has demonstrated that LRP can also play a role in the selective
uptake of HDL-CE by human adipocytes >3, Thus, co-ordinate regulation of LRP
and fatty acid transporters may be a mechanism by which adipocytes can regulate

cholesterol uptake to match TG synthesis during differentiation.
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2.1.7 — Peroxisome Proliferator-Activated Receptors (PPARs)

Three PPAR subtypes (a, y and 8 or B) have been identified and they are members of the
nuclear hormone receptor superfamily. PPARYy is further divided into PPARy1 and
PPARY2 isoforms, which are identical except, due to different first exons, PPARy2
contains an additional 30 amino acids at its N-terminus. Nuclear hormone receptors are
ligand-dependent transcription factors that stimulate transcription of specific genes via
dimerization with their obligate partner RXRa, recognition of and binding to specific
DNA sequences known as a peroxisome proliferator response element (PPRE), and
activation by ligand '*>'*, The PPRE consists of a hexameric nucleotide repeat of the
recognition motif (TGACCT) spaced by one nucleotide (DR-1) '¥2!%_ Within a given
species, the DNA binding domains of the three PPARSs are 80% identical (slightly higher
between PPARY2 and PPARa '*), thus PPARa and PPARy recognize the same basic
DNA sequence although the flanking sequence can confer some specificity for PPAR
subtype %1%, Despite the homology in the DNA binding domains, their ligand-binding
domains only share approximately 65% homology '*’. PPARS is ubiquitously expressed
and until recently, its function was unclear. PPARS is an important regulator of
embryonic and tissue development and it also plays a regulatory role in fatty acid
catabolism in several tissues, including skeletal muscle and adipose tissue (reviewed in
'8 The tissue distribution of the PPAR « and Y subtypes however, is very distinct.
PPARa is predominantly expressed in liver, heart, kidney, intestinal mucosa and brown
adipose tissue '®2. These are all sites with high fatty acid catabolism and peroxisomal
metabolism. PPARY is expressed mainly in adipose tissue, where it plays a major role in

adipocyte differentiation, but is also found in skeletal muscle, heart, brain, vascular
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smooth muscle cells and monocyte/macrophages 182,183,189, PPARY2 is relatively adipose
specific, although in animal models of obesity, hepatic expression of PPARY2 has been

documented ',

2.1.8 — Ligand Activation of PPARs

The transcriptional activity of each of the PPAR subtypes is enhanced by a
multitude of distinct compounds. Long chain polyunsaturated fatty acids are less specific
ligands recognizing all PPAR subtypes '°! however their actual effectiveness in vivo is

questioned by the supra-physiological concentrations required for efficient activation *2,

The arachidonic acid metabolite, 15-deoxy-A'>"

-prostaglandin J2 is a physiological
ligand for PPARy '** and leukotriene B4 '** for PPARa.  Members of the
thiazolidinedione (TZD) class of insulin-sensitizing drugs, rosiglitazone for example, are

195,196

specific ligands for PPARy and do not activate PPARa whereas members of the

fibrate class of drugs, for example fenofibric acid, are selective PPAR« activators 821!,

TZDs are routinely used to improve peripheral insulin sensitivity in type 2
diabetic patients without affecting pancreatic B-cell insulin secretion '*’. TZD-treated
patients also respond with a reduction in fasting and postprandial serum glucose and free
fatty acids. These effects have been attributed to the primary effect of enhanced lipid
storage in subcutaneous adipocytes and improved adipocyte function '*®'*°. We propose
that part of the beneficial effect of TZD administration on adipocyte lipid metabolism is
through the upregulation of LRP and subsequent increase in free fatty acid uptake and
storage.

Fibrates substantially decrease plasma triglyceride levels and this effect has been

primarily attributed to an increase in LPL activity and decreased expression of apoCIII
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82185191 Fenofibric acid treatment results in a dramatic improvement in the lipoprotein

phenotype in type III dysbetalipoproteinemia due to homozygosity for apoE2. Most

90,156,200 1 123

, but not all " reports indicate that in contrast to the LDLR, LRP binds apoE2
efficiently. Thus we propose that a PPARa-mediated increase in hepatic LRP expression
may explain in part the triglyceride-lowering effects of fibric acid derivatives.
2.2 — Rationale

This laboratory has examined LRP gene expression during human preadipocyte
differentiation and in response to free fatty acid (FFA) availability. LRP mRNA was
absent in human preadipocytes and the appearance of LRP mRNA during differentiation
coincided with that of the peroxisome proliferator activated receptor gamma (PPARY)
(Benoist and McPherson, unpublished results; Figure 2.1). These data suggested that
LRP is regulated by PPARY in the adipocyte. The primary objective of these studies was
the eluéidation of the mechanism by which PPARY regulates LRP gene expression in
adipocytes. The specific activation by various distinct activators or ligands and distinct
tissue-specific expression of the different PPAR subtypes suggests a mechanism for
highly tissue-specific regulation of genes with a PPRE, including LRP therefore in
additional studies, it was hypothesized that regulation of hepatic LRP could be achieved
with PPARa agonists. The specific functions of LRP in each cell type may differ and an
understanding of the regulation of LRP gene expression by the TZD or fibrate classes of
drugs could have considerable clinical importance in light of LRP’s important function in

lipoprotein metabolism and atherosclerosis.
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Figure 2.1. RT-PCR of selected adipocyte genes during differentiation.

LRP mRNA is absent in primary human preadipocytes and appears several days
following the induction of adipocyte differentiation. mRNA transcripts for indicated
genes were measured by RT-PCR and their products were resolved on 1% agarose gel
and viewed by ethidium bromide staining. The key transcription factors involved in
adipogenesis, C/EBPa and PPARY, are absent in the preadipocytes and appear only once
differentiation has been induced. The adipocyte markers adipsin and lipoprotein lipase
(LPL) confirm that the differentiation has occurred. LRP mRNA appears several days
following the induction of adipocyte differentiation, concomitant with the appearance of
other adipocyte markers, suggesting that it might be regulated by PPARy. These
experiments were performed by Dr Benoit Gauthier. SVF, stromal vascular fraction.
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2.3 — Materials & Methods
Reagents

Cell culture medium and reagents were purchased from Life Technologies and cell
culture plasticware was purchased from Falcon. Chemical reagents were from Fisher or
Sigma chemicals. Restriction enzymes and Vent DNA polymerase were purchased from
New England Biolabs. Taq DNA polymerase was purchased from Invitrogen. Maxiprep,
miniprep and gel purification kits were purchased from Qiagen. Iodobeads and Super
Signal chemiluminescence reagents were purchased from Pierce. Horseradish
peroxidase-conjugated secondary antibodies and radioisotopes were purchased from
Amersham. LRP antibodies were kindly provided by Dr. G Bu. Rosiglitazone (BRL
49653) was kindly provided by Dr. Steven Smith of Smith Kline Beecham. Dr. Michael
Saunders of Glaxo Wellcome Inc provided the plasmid for RXRa and Dr. Bruce
Spiegelman provided the plasmid for PPARY2.

Human Preadipocyte Isolation and Culture

Subcutaneous adipose tissue was collected from healthy normolipemic subjects
undergoing reduction mammoplasty procedures. Preadipocytes were isolated and
cultured from adipose tissue through collagenase digestion, centrifugation and filtration
as previously described 2129 The preadipocytes were cultured in differentiation
media for 10 to 14 days. The cells were then insulin starved in the presence or absence of
varying concentrations of the PPARYy ligand, rosiglitazone, for 24 h prior to assays. The

control cells, which were also insulin starved, were treated with vehicle only (DMSO).
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Cell Culture
The human liposarcoma cell line SW872 (American Type Culture Collection, Rockville,
MD) was previously characterized and has been shown to be a good cell model for
adipocyte gene expression 2%*?%, Cells were cultured in Dulbecco’s modified
Eagle’s/fHAM F12 (3:1) (DMEM/F12) (Life Technologies, Burlington, ON)
supplemented with 5% fetal bovine serum and 1% L-glutamine (Life Technologies,
Burlington, ON), 10 mM NaCO3, and 50 pg/ml gentamycin (NovoPharm, Toronto, ON)
in the presence of 5% CO; at 37°C. Lipoprotein deficient fetal bovine serum (LPDS) was
prepared as described previously 27 and dialyzed against PBS for 24 h. The effect of
fatty acids and TZDs on LRP mRNA and protein levels was determined by incubating
cells for 24 h in medium containing either LPDS or fetal calf serum in the presence or
absence of oleic acid (18:1) or arachidonic acid (20:4) (Sigma Chemical Co., St. Louis,
MO) or rosiglitazone (Smith Kline Beecham Pharmaceuticals, King of Prussia, PA). All
conditions were studied in triplicate.

3T3-L1 mouse pre-adipocyte cell line was obtained from ATCC and maintained
at low passage number. 3T3-L1 preadipocytes were grown to confluence in Dulbecco’s
Modified Eagle’s Medium (DMEM), supplemented with 10% fetal bovine serum, 100
units/ml penicillin, and 100 pg/ml streptomycin. Two days post-confluence,
differentiation was induced by the addition of 100 nM insulin, 0.25 pM dexamethasone
and 0.5 mM isobutylmethylxanthine (IBMX) in DMEM containing 10% fetal bovine
serum. Cells were incubated with this differentiation medium for 2 days. The medium
was then changed to DMEM with 10% fetal bovine serum containing 100 nM insulin

only and this medium was changed every 2 days until the cells were terminally
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differentiated (approximately 8 days following addition of differentiation media). Cells
were incubated with either vehicle (DMSO) or rosiglitazone at the indicated
concentrations for 24 hours prior to RT-PCR or '*I-02M* binding and degradation
assays as described below.

Primary mouse hepatocytes were isolated from retired breeders of the C57B16J
(wild type) mouse strain purchased from Charles River (Wilmington, MA) using
established protocols 2°*?%°. Briefly, mice were sedated and livers perfused with
collagenase solution. The cells were seeded on fibronectin-coated (4 pg/well) 24-well
plates at an initial density of 2.9 X 10° cells per well in William’s medium containing
penicillin (100 units/ml), streptomycin sulfate (100 units/ml), Fungizone (250 ng/ml;
Invitrogen) and 10% fetal bovine serum (Sigma). Six hours following the initial plating,
the cells were washed in William’s medium without fetal bovine serum and then fresh
media (as above) was added with either vehicle (DMSO) or fenofibric acid for 24 hours
prior to '**I-02M* binding and degradation assays as described below.

Primary human hepatocytes isolated from a recently deceased individual who was
otherwise in good health were obtained commercially (Gentest, BD Biosciences). The
cells were seeded on BIOCOAT MATRIGEL matrix cellware and maintained in Hepato-
STIM media containing 10 ng/ml epidermal growth factor (EGF) and 2 mM L-glutamine.
Cells were treated with 250 pM fenofibric acid or vehicle control (DMSO) for 24 hours
prior to the '*[-02M* degradation assay, as described below.

RNA Extraction, Northern Blot and RT-PCR
Total cellular RNA was isolated from both differentiated primary human

adipocytes and SW872 cells with Tri-Reagent (Bio/Can, Mississauga, ON) according to
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the manufacturer’s instructions. RNA samples from differentiated primary adipocytes
that were to be used in RT-PCR reactions were treated with amplification grade DNAsel
to deplete the samples of any DNA contamination according to the manufacturer’s
instructions (Life Technologies, Burlington, ON). RNA concentration was determined
spectrophotometrically using OD¢g/250.

Total RNA (5 pg) was separated by agarose gel electrophoresis using the
NorthernMax-Gly kit and transferred to BrightStar-Plus nylon membrane according to
the manufacturer’s instructions (Ambion, Austin, TX). DNA probes were synthesized by
RT-PCR; 1* strand DNA was synthesized as described below and PCR was performed
using the following primers: LRPf 5’-GAGTACCAGGTCCTGTACATCGCTG-3’ and
LRPr 5’-CTCGTCAATCATGCCCGAGATGAGC-3’ and B-actin-f 5°-
GCCCCTCCATCGTCCACCGC-3’ and B-actin-r 5’-GGGCACGAAGGCTCATCATT-
3’. The PCR products were gel purified using the QiaexII kit (Qiagen) and the purified
DNA was subsequently labeled using the Rediprime II random prime labeling kit
according the manufacturer’s instructions (Amersham). The probes were cleaned up with
NICK columns (Amersham) and the specific activity was determined by scintillation
counting. Hybridizations and washes were performed according the NorthernMax-Gly
kit instructions (Ambion).

RT-PCR was performed using a two-step approach. First strand cDNA was
synthesized using 2.5 pg of total RNA, 10 uM random decamer primers (Ambion,
Austin, TX) and 200 units of MMLYV reverse transcriptase (Life Technologies,
Burlington, ON) and incubated at 42°C for 1 hour. Consecutive PCR reactions were then

performed on the 1* strand cDNA using the primers shown below and the SYBR green
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“taq-start” polymerase and the LightCycler Apparatus according the manufacturer’s
instructions (Roche, Mont'real, PQ). Some of the data from the LightCycler was repeated
using relative-quantitative RT-PCR as described below. For the RT-PCR experiments
performed on murine-derived cells, the following primers were designed using the Light
Cycler Primer Design Software from Roche: mouse LRP forward 5°-
CCCAAGCATTTCGTGT-3’ and reverse 5°’-CGCGTTCGTCTGAACC-3’; GAPDH
forward 5’-GTCGGAGTCAACGGAT-3’ and reverse 5°-CCACGACGTACTCAGC-3’;
B-actin forward 5’-CTACGAGCTGCCTGAC-3’ and reverse 5°-
GGGTACATGGTGGTGC-3’. These primers were used along with Tag DNA
polymerase to amplify their respective sequences from an RT reaction on RNA isolated
from primary mouse hepatocytes. The amplicons were subsequently cloned into the pCR
2.1-TOPO vector using the TOPO TA cloning kit (Invitrogen). Plasmids containing each
of these genes were purified from bacterial culture using the Maxi Prep DNA isolation
kits (Qiagen). Serial dilutions of these plasmids were generated and used as templates in
real-time PCR reactions to generate a standard curve that can be used for future runs on
the Light Cycler to measure mRNA abundance in experimental samples.

For certain SW 872 samples, relative-quantitative RT-PCR (RQ-RT-PCR) was
performed using the Quantum RNA 18s Internal Standards kit from Ambion (Austin,
TX). This kit has been shown previously to allow the accurate determination of relative
changes in gene expression between samples 2'°. Briefly, first strand cDNA was
synthesized by reverse transcription at 42 °C for 1 hour using 2.5 pg of total RNA, 10 uM
random decamer primers (Ambion, Austin, TX) and 200 units of MMLYV reverse

transcriptase (Life Technologies, Burlington, ON). LRP forward primer (5°-
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GAGTACCAGGTCCTGTACATCGCTG-3’) and reverse primer (5°-
CTCGTCAATCATGCCCGAGATGAGC-3’) were designed to amplify a region of the
LRP mRNA that is approximately 400 bp in size whereas the primers provided in the 18s
Internal Standards kit produced a band that is approximately 500 bp. A cycle number of
23 was determined to be within the linear range of PCR and was used for all subsequent
PCR reactions. The 18s primer:competimer ratio of 3:7 was experimentally determined
so that the LRP and 18s PCR products were amplified to give similar yields so that they

could be compared between samples. PCR was performed on 1 pl of the RT reaction

using 20 pmol of each LRP primer and 4 ul of 18s primer/competimer mix with the
following PCR conditions; 1 cycle X 95°C, 3 min., 23 cycles X 95 °C, 30 sec., 66 °C, 30
sec., 72°C, 30 sec. Cocktails containing all shared components were used to reduce
variation between samples. PCR products were subjected to electrophoresis through a
1.5% agarose gel and visualized with ethidium bromide staining. Band intensities were
measured using the ChemiDoc apparatus and Quantity One software (Bio-Rad,
Mississauga, ON). Relative intensity was calculated by dividing the 400 bp band
corresponding to the LRP message by the 488 bp band corresponding to the 18s message.
To determine if the effect of rosiglitazone was at the transcriptional level, 500 nM
of this ligand was added to cells cultured as described above in the presence or absence of
10 pg/ml a-amanitin (Sigma Chemical Co., St. Louis, MO), a potent inhibitor of RNA
polymerase I1 *'!. Total RNA was isolated and subject to relative-quantitative RT-PCR

as described above.
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LRP Reporter Gene Constructs

Complementary oligomers with flanking Nhel and Xhol restriction sites (5° —
CTAGCCTCCTTGAACTCTGACATGCAGACC - 3’) were annealed and subcloned into
the luciferase reporter vector, pGL3-Promoter (Promega Corp.) (a vector map is provided
in Appendix I). The pGL3-promoter vector contains only an SV40 promoter and is
suitable for experimentally testing the function of enhancer elements such as the PPRE in
the LRP promoter. This new vector contains a single copy of the putative PPRE
upstream of the SV40 promoter and is designated pGL3-PPRE. For pGL3-PPRES3,
oligomers consisting of 3 tanderﬁ copies of the LRP PPRE (5°-
CTAGCCTCCTTGAACTCTGACATGCTCCTGAACTCTGACATGCTCCTGAACTC
TGACATGCAGAC-3") were synthesized and hybridized prior to cloning into the pGL3-
promoter vector.

A 1.9 kb fragment of the 5’-flanking region of LRP was also prepared by PCR
amplification from the LRP-BAC construct prepared by Dr. Jan Boren 2'2, which contains
the entire 92 kb gene of human LRP, using the primers 5°-
GCAACGAGCTCCGTAAAAGGGGGAAG-3’ and 5°-
GCAGCAGATCTTTCCCCGGACTGAAG-3’. This fragment was subcloned into the
Sacl and BgllI sites of the luciferase reporter vector, pGL3-Basic (Promega Corp.)(a
vector map is provided in Appendix I) and designated pGL3-LRP. The Mutagenesis of
the PPRE was performed by PCR using PFUTurbo (Stratagene, La Jolla, CA) according
to their Quikchange site-directed mutagenesis protocol. The complementary primers (5°-
CCCGCTCCTTGAACTCAACGATGCAGACACC-3") were designed to mutate a single

half-site of the PPRE so that PPARy would no longer bind the response element (mutated
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nucleotides are underlined). This construct was designated pGL3-LRPpyyeant ppre. Both
pGL3-LRP and pGL3-LRPmyant prre Were sequenced to confirm that the promoter
sequence was correct (compared to GenBank Accession Y18524) and to verify the

mutagenesis.

Transient Transfection and Luciferase Activity Promoter Assays

Confluent SW872 cells were trypsinized and seeded at a density of 1.25 X 10°
cells/well in 12 well plates 48 h prior to transfection. The cells were approximately 70-
80% confluent at the time of transfection. Fresh media containing fetal bovine serum
was added 12 h preceding transfections. The cells were co-transfected with 4 pg of the
Firefly luciferase reporter vector (either pGL3-basic, pGL3-LRP, PGL3-PPRE or pGL3-
LRPrutant prre) and 0.25 ug of the Renilla luciferase-bearing reporter vector, pRL-CMV
(Promega Corp.) using the calcium phosphate-DNA precipitate method **>. Four hours
after the transfection, the cells were subjected to glycerol (15%) for 2 min, and washed 3
times with PBS before the addition of media. Cells were treated 12 h later with DMSO
alone (vehicle control) or varying concentrations of rosiglitazone. After 24 h (36 hours
total post-transfection) the cells were scraped in 250 pl of reporter lysis buffer (Promega
Corp.) and kept on ice until assayed.

Luciferase activities derived from both Firefly (LRP constructs) and Renilla
(PRL-CMYV) proteins were measured using the Dual-Luciferase Reporter Assay System
(Promega Corp.) and recorded using a Monolight 2010c luminometer (Analytical
Luminescence Laboratory, Ann Arbor, MI). Renilla luciferase activity was then used to

standardize for transfection efficiency.
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Preparation of Nuclear Protein Extracts

214

Nuclear proteins were extracted from SW872 cells™" or from primary human

adipocytes®'®

as described. Protein concentration was determined using BCA protein
reagent (BioLynx, Brockville, ON) according the manufacturer’s instructions.
Electrophoretic Mobility Shift Assays (EMSA)

Double stranded oligonucleotides (oligomers) corresponding to the PPRE of
human LRP (5’-CCCCGCTCCTTGAACTCTGACATCGAGACACCTA-3’) were
radioactively end-labeled with [y*°P]-dATP (Amersham Pharmacia Biotech, Baie D’Urfé,
PQ) using T4 polynucleotide kinase (Life Technologies, Burlington, ON) and purified
from unincorporated nucleotides by gel filtration through G-50 spin columns (Amersham

Pharmacia Biotech, Baie D’Urfé, PQ). The same procedure was used for oligomers
corresponding to the PPRE of the human fatty acyl coA oxidase gene (hACOX), a gene
containing a known PPRE in its promoter 2!® (5°-
TCCGAACGTGACAGCTGACCTGGTCCCCTTT-3’) and oligomers corresponding to
the mutated form of the human LRP PPRE (the mutated half-site is underlined) (5°’-
CCCCGCTCCTTGAACTCAACGATCGAGACACCTA-3’). The specific activities of the
oligomers were approximately 250 cpm/fmol. These were diluted to 60 fmol/pl for use
in the assay. PPARy (from Dr. Bruce Spiegelman) was subcloned into the Mlul and Notl
sites of pSPORT1 (Life Technologies, Burlington, ON) using PCR based methods.
RXRa in pSGS5 was provided by Dr. Michael Saunders. Both constructs are driven by
the T7 RNA polymerase promoter for use in the TnT T7 Coupled Reticulocyte Lysate
System (Promega Corp.) for in-vitro transcription/translation. All EMSA reactions were

carried out on ice in 20 pl binding buffer (12.5 mM HEPES-KOH (pH7.6), 6 mM MgCl,,
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5.5 mM EDTA and 50 mM KClI) supplemented with 5 mM DTT, 0.25 pg low fat milk,
0.05 pg poly dI:dC and 10% glycerol. For EMSA reactions with TnT purified proteins, 2
ul of the TNT reaction was added to the reaction mix along with 1 pl (60 fmol) of labeled
oligomers. For EMSA reactions with nuclear protein extracts, 6 pul of nuclear extracts
were added to the reaction mix with 1 pul (60 fmol) of labeled oligomers. These reactions
were left on ice for 20 minutes. Following the 20 min incubation, 2 ul of 20% ficoll was
added to the samples. DNA/protein complexes were then resolved by electrophoresis
through 6% polyacrylamide gels in 0.25X Tris-borate running buffer (20 mM Tris-borate
pH 7.2, 0.5 mM EDTA). Supershift assays were performed using the PPARy NuShift kit
following the manufacturer’s protocol (Active Motif). The non-specific antibody used
was mouse monoclonal anti-B-actin (Santa-Cruz).

For experiments comparing human and mouse PPRE sequences EMSA and
supershift assays were done using the PPARy NuShift kit (Active Motif). Oligomers
corresponding to the human LRP PPRE sequence were the same as those above. The
oligomers corresponding to the mouse LRP PPRE sequence were the following: (5°-
TGAGCTTTCCAGAACTTTCACTTCAGGTCACAGA-3’). Radioactive end-labeling
was as described above.

Cell Surface Fluorescent Detection of LRP

Cells were cultured on 35 mm cover glass bottom dishes (MatTek, Ashland, MA)
as described above and supplemented with 160 uM arachidonic acid, 500 nM
rosiglitazone, or control for 24 hours prior to experiment. a2M was activated by
incubating purified a2M with 400 mM methylamine for 16 hours at room temperature.

Activated a2M (a2M*) was fluorescently labeled using Cy3 Monofunctional reactive
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dye (Amersham Pharmacia Biotech, Baie D’Urfé, PQ) to a dye:protein ratio of 1.3
according to the manufacturer’s instructions. Cells were placed on ice for 1 h in 3:1
DMEM/F12 supplement with 2 mg/ml BSA buffered with 10 mM HEPES. Labeled
o2M* was diluted in the same media to a concentration of 1 ug/ml and was added to the
cells at 0 °C for 45 min. The cells were washed with ice cold PBS 3 times prior to being
fixed with 4% paraformaldehyde for 10 min at 0 °C. Cells were rinsed with PBS and
kept in 2 ml of PBS at room temperature for fluorescence microscopy. Binding was
competed with 30-fold excess of unlabelled a2M*. Cells were viewed with an Olympus
IX350 fluorescent microscope and images were taken using a coded CCD camera
(MicroMax) and WinView software from Princeton Instruments (Princeton, NJ).
Western Blotting of LRP

Total cellular protein (5 pug) from SW872 cells incubated in the presence or
absence of various PPARy ligands, was subjected to SDS-polacrylamide gel
electrophoresis and transferred to nitrocellulose 2!”. The LRP was detected 2!’ by
chemiluminescent detection (Pierce Biochemicals) using a polyclonal rabbit antisera
(from Dr. G. Bu) followed with a secondary antibody conjugated to horseradish
peroxidase. The blot was developed and the bands quantified using the ChemiDoc
apparatus and Quantity One software (Bio-Rad, Mississauga, ON). Triplicate cell
samples were processed and are summarized in the graph.

Molecular biology techniques were essentially as described by Sambrook et al.

218
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1557 copg> Degradation and Binding Assays

SW872 cells were cultured for 24 h with either 160 uM arachidonic acid or 500
nM rosiglitazone in media containing CS prior to measuring their ability to degrade '*’I-
labelled activated alpha 2 macroglobulin (‘**I-a2M*) as previously described **°.
Differentiated primary human adipocytes cultured in differentiating media, were starved
of insulin in the presence or absence of increasing concentrations of rosiglitazone prior to
measuring their ability to degrade or bind '*I-a2M* ?'°. Control cells were treated with

vehicle only (DMSO). As a further control, cells were treated in the presence or absence

of RAP.

Analyses of data (Bnax and Ky) were done using GraphPad Prism v.4.02 software
(GraphPad Software Inc.).
Statistical Analysis

Results are expressed as the mean + SEM. Where indicated, the statistical

significance of the differences between groups was determined using Student’s 7 test or
ANOVA using GraphPad InStat v.3.06 statistical analysis software (GraphPad Software

Inc.).
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2.4 — Results
2.4.1 — The Human LRP Promoter Contains a Conserved Peroxisome Proliferator
Response Element (PPRE)

Analysis of the human LRP promoter, accession Y18524, has identified a novel
sequence (TGAACTcTGACAT) in the 5°-flanking sequence (-1185 to —1173) with
homology to a consensus PPRE (Figure 2.2). The consensus PPRE is a direct repeat
spaced by a single nucleotide (DR-1) with the sequence TGACCTnTGACCT. This
newly identified element contains a single mismatch per half-site of the DR-1 for a total

homology of 83%.

2.4.2 — Endogenous LRP mRNA Levels are Increased Upon Exposure to PPARy

Ligands

The effect of PPARY ligands on levels of LRP mRNA was determined in the
adipocytic cell line, SW872, by relative-quantitative RT-PCR. The relative intensity was
determined by the ratio of the LRP band intensity compared to the 18s band intensity and
these values were normalized to the control samples to give values of fold increase. The
fold increases of LRP mRNA in cells upon treatment with oleic acid, arachidonic acid
and rosiglitazone are summarized in figure 2.3A, B & C (respectively). PPARy ligands,
rosiglitazone (500 nM), arachidonic acid (160 uM) and oleic acid (0.8 mM) increased
LRP mRNA levels by 1.5 fold, 1.6 fold and 1.3 fold respectively. The maximum effect
of the ligands was observed after 24 h treatment. In SW 872 cells, increases in LRP
mRNA levels were not observed for concentrations of rosiglitazone above 1 pM (data not

shown). When cells were cultured in media containingLPDS instead of complete fetal
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Figure 2.2. Nucleotide sequence of the human LRP promoter.

The sequence is numbered with reference to the putative transcription start site which is
situated 466 bp upstream of the LRP open reading frame. Boxes show previously
identified DNase protected footprint regions using rat liver nuclear extract '°. Previously
identified putative response elements are underlined '*°. The arrows indicate the
direction and type of site (forward arrow = sense strand; reverse arrow = antisense
strand). By sequence scanning, we have found that the human LRP promoter contains a
novel peroxisome proliferator response element at -1185 to -1173 with 83% homology to
the consensus PPRE sequence (TGACCTnTGACCT). The promoter also contains two
CCAAT-boxes to which C/EBPa may bind but this has not been confirmed
experimentally. There are other numerous DR-1 and DR-2 sites with slightly less
homology to the consensus but since their significance is unknown they have not been
indicated.
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Figure 2.3. Endogenous LRP mRNA levels in SW872 cells are modulated by PPARYy
ligands at the transcriptional level.

The effect of PPARy ligands on levels of LRP mRNA was determined by incubating
SW872 cells for 24 h in DMEM/HAMF12 (3:1) supplemented with complete serum in
the presence or absence of the PPARY ligands: A. oleic acid; B. arachidonic acid; C.
rosiglitazone. Also a potent inhibitor of RNA polymerase 11, a-amanitin, was added to
SW872 cells in the presence or absence of 500 nM rosiglitazone to inhibit transcription
(C). Reverse transcription was performed on total RNA isolated from these cells and
multiplex PCR was performed using LRP and 18s gene specific primers (RQ-RT-PCR).
PCR products were visualized by EtBr staining on the ChemiDoc and band intensities
were determined using Quantity One software. The intensity of the LRP product was
divided by the intensity of the 18s product to obtain a value termed relative intensity.
These results were normalized to the control and shown as fold increases. The bars in
each graph represent the mean of triplicate experiments and the error bars represent the
standard error of the mean. One tailed p values from paired ¢ test are shown above bars
to indicate significant differences.
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bovine serum, the increases in LRP mRNA levels upon stimulation with 160 uM
arachidonic acid or 500 nM rosiglitazone were similar to those shown in figure 2.3 B & C
(data not shown). These data support the reports demonstrating that the previously
identified sterol response element in the 5° untranslated region of the LRP promoter is
inactive '**1%°,

The effect of rosiglitazone on LRP mRNA levels was also determined in
differentiated primary human adipocytes, as measured by Northern blot and real time
PCR, and these results are summarized in Figure 2.4. According to the Northern blot
analysis, LRP mRNA is increased by rosiglitazone treatment by approximately 1.6 fold.
Using real-time RT-PCR, there was a dose dependent increase in LRP mRNA levels
(ranging from 1.4 to 1.8 fold) after 24 h ligand treatment. The levels of LRP mRNA

were also verified using relative-quantitative RT-PCR and the fold increases in LRP

expression were similar to those shown in Figure 2.4 (data not shown).

2.4.3 — PPARy Ligands Act at the Transcriptional Level to Increase LRP mRNA

The increase in LRP mRNA could be due to an mRNA stabilization effect or to
increased transcription of the mRNA. To distinguish between these possibilities, a potent
inhibitor of RNA polymerase II activity, a-amanitin, was used to inhibit new
transcriptional activity. If the level of mRNA were increased by a stabilization effect of
rosiglitazone or other PPARY ligands, then the increase in mRNA levels would still be
observed when both a-amanitin and rosiglitazone were added to cells concomitantly. We
did not observe an increase in LRP mRNA in cells cultured with both rosiglitazone and

a-amanitin (Figure 2.3C). Although there was a small decrease in LRP mRNA levels
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Figure 2.4. Endogenous LRP mRNA levels in differentiated primary human
adipocytes are modulated by rosiglitazone.

A. Northern blot analysis of total RNA from differentiated primary human adipocytes.
Differentiated primary human adipocytes were cultured for 24 h in differentiating media
without insulin in the presence or absence of 1 uM rosiglitazone. Total RNA was
subsequently isolated and separated by agarose gel electrophoresis and transferred to
BrightStar-Plus nylon membrane. The membrane was probed with either an LRP or j-
actin random labelled probe. A representative blot is shown here (n=3). B.
Quantification of Northern blots. Northern blots were scanned using the ChemiDoc and
densitometry was performed using Quantity One software. Data shown are the average of
three independent Northern blots from the RNA of three individual tissue samples (each
done in triplicate) and the error bars represent the standard error of the mean. C.
Quantification of mMRNA changes using real-time RT-PCR. Differentiated primary
human adipocytes were cultured for 24 h in differentiating media without insulin in the
presence or absence of various concentrations of rosiglitazone. Reverse transcription was
performed on total RNA isolated from these cells and independent real-time PCR
reactions were performed using LRP and 18s gene specific primers on the LightCycler.
These results were normalized to the control and shown as fold increases. The bars in
each graph represent the mean of triplicate experiments and the error bars represent the
standard error of the mean. The same RT reaction was subjected to RQ-RT-PCR and the
results were similar to those shown here. Two-tailed p-values from student’s 7 test are
shown above bars to indicate significant differences. A p-value of 0.02 for all values is
obtained using ANOVA.
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with the addition of a-amanitin, this decrease was identical in both the vehicle treated
and rosiglitazone treated cells suggesting this is due to normal turnover of the mRNA.

These results support a role for these ligands as transcriptional up-regulators of LRP gene

expression.

2.4.4 ~ LRP PPRE Luciferase Constructs are Responsive to Rosiglitazone in Dual

Luciferase Assay

Although the basal transcriptional activity of the pGL3-PPRE and pGL3-PPRE3
constructs were approximately 2 fold higher than the pGL3-LRP construct due to the
context of the SV40 ideal promoter (data not shown), the promoter context of the
endogenous LRP promoter, which is present in pGL3-LRP, is the more physiologically
relevant of the three constructs. This portion of the promoter drove the basal activity of
the reporter gene as determined by the Dual Luciferase Reporter assay system (Figure
2.5A). The values were normalized to the cells treated with DMSO only (vehicle
control). The empty pGL3-basic vector had no basal activity above the background
measurements of the instrument (data not shown). For pGL3-LRP (Figure 2.5A), as well
as pGL3-PPRE and pGL3-PPRE3 (Figure 2.5B and C), there was a dose dependent
response of the luciferase activity upon treatment with rosiglitazone that corresponded to
the increases in LRP mRNA shown in figure 2.3. The ratio of firefly to renilla luciferase
activities are shown in the figures; it is important to note that the luciferase activity

increases with rosiglitazone treatment and the renilla does not decrease.
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Figure 2.5. LRP promoter confers regulation of Luciferase activity by rosiglitazone.

A. The promoter region of human LRP (0 to —1200) was cloned into pGL3-Basic. This
construct was then transiently co-transfected into SW872 cells along with the Renilla
luciferase reporter vector pRL-CMV using the calcium-phosphate precipitation method.
Luciferase activities for each of Firefly and Renilla luciferase were determined using the
Dual Luciferase assay system. The intensity of Firefly luciferase is shown as a function
of Renilla luciferase (relative activity). The relative intensity is normalized to the control
(vehicle treatment) values. The means of triplicate experiments are graphed and the error
bars represent the standard error of the mean. The one-tailed p values from paired #-tests
are shown for significant differences. B. The sequence corresponding to the LRP PPRE
and its immediate flanking sequences were cloned into the pGL3-promoter vector
yielding pGL3-PPRE. This vector contains the SV40 promoter but no other enhancer
elements such that we can test the LRP PPRE experimentally on its own. Transfections
and assays were carried out as described above. Increases in luciferase activity were
significant (2-tailed p-value <0.05). C. Three copies of the LRP PPRE and flanking
sequences were cloned into the pGL3-promoter vector yielding pGL3-PPRE3.
Transfections and assays were carried out as described above. Increases in luciferase
activity were significant (2-tailed p-value <0.05).
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2.4.5 — Mutagenesis of the PPRE Results in the Loss of Enhancer Activity

A single half-site of the PPRE, to which PPARY binds, was mutated using the
Quikchange mutagenesis protocol (Figure 2.6A) and designated pGL3-LRPomuant pPRE.
This construct was sequenced and the point mutations within the PPRE were verified.
The basal activity of this reporter construct (vehicle control) was similar to that of the
pGL3-LRP construct (Figure 2.6B). In the presence of 500 nM rosiglitazone there was
approximately a 1.5-fold increase in promoter activity of the pGL3-LRP construct. This
increase, however, was lost in the pGL3-LRP ¢ pprE CONStruct, indicating a role for this

PPRE as a transcriptional enhancer.

2.4.6 — PPARy:RXRc Heterodimers Selectively Bind the PPRE Identified in the LRP

Promoter Region

The novel PPRE identified within the human LRP promoter is shown along with
the previously characterized PPRE from the hACOX promoter which was used as a
control for the assays below (Figure 2.7A). The TnT in-vitro transcription/translation of
pSPORTI1-PPARYy and pSG5-RXRa was first shown to express PPARy and RXRa: when
35S-methionine was added to the reaction miXx, proteins of the correct molecular mass for
RXRa, PPARY and the luciferase control (48 kDa, 57 kDa and 62 kDa, respectively)
were synthesized as verified by SDS-PAGE and autoradiography (Figure 2.7B).

For the EMSA, these constructs were subjected to the TnT reaction (without **S-
methionine) and incubated with **P-end labeled oligomers corresponding to the PPRE of
LRP. A clear shift was evident in the presence of these transcription factors (Figure

2.7C, lane 2) compared to when the TnT reaction was carried out with the empty
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Figure 2.6. Site-directed mutagenesis of the PPRE abolishes the response to
rosiglitazone.

A. pGL3-LRP was subjected to site-directed mutagenesis, in which the half-site of the
DR-1 to which PPAR binds, was mutated so that 5 of 6 nucleotides no longer matched
the consensus. PPREs of pGL3-LRP and pGL3-LRPmutan: pere are shown with the
consensus sequence for comparison. Point-mutations are underlined and mismatches
present in endogenous PPRE are in italics. B. PGL3-LRPmuytant prrE, Was transiently co-
transfected with pRL-CMYV into SW872 cells and their respective luciferase activities
were determined using the Dual Luciferase assay system. The relative intensity was
calculated and the means of triplicate experiments are shown. The values of relative
intensity are normalized to the control (vehicle treated) cells. The error bars represent the
standard error of the mean. Rosiglitazone has a significant effect on pGL3-LRP,
however, it is not significant for pGL3-LRPpuant ppre. The one-tailed p values from ¢-tests
were 0.02 and 0.2 respectively.
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Figure 2.7. PPARy:RXRo heterodimers selectively bind PPRE in the LRP
promoter.

Electrophoretic mobility shift assays (EMSA) were performed on oligomers
corresponding to the PPREs of LRP, hACOX and LRPy,, and a sequence comparison in
shown in A. The mismatches for each PPRE are underlined. The mutant LRP oligomer
is also shown with the mutated half-site underlined. B. Autoradiograph of TnT in-vitro
transcribed translated PPARy and RXRa. C. Oligomers were incubated on ice for 20
minutes with various components. Reticulocyte lysate generated with empty pSPORT1
vector was used as a negative control (lanes 1, 7 and 13). TnT in-vitro
transcribed/translated PPARy and RXRa were incubated with radiolabeled PPRE
oligomers (lanes 2, 8 and 14). To control for specificity of binding, competition
experiments were performed by adding increasing amounts of unlabeled oligomer to the
binding reactions. LRP binding reactions were competed using cold hACOX oligomers
at 5, 10, 25 and 50X excess (lanes 3-6) and hACOX binding reactions were competed
using cold LRP oligomers at 5, 10, 25 and 50X excess (lanes 9-12). D. Nuclear extracts
from primary human adipocytes were incubated with radiolabeled oligomer (lanes 1, 6
and 11) on ice for 20 minutes. Competition experiments were done as described in B
(lanes 2-5 and 7-10). E. Gel super-shift analysis was used to determine if PPARy was
present in shift seen with nuclear extracts. Free probe (lane 1) was used as a control
reaction. Nuclear extracts (18 pug) were incubated with labelled oligomer and run in lane
2. NuShift anti-PPARy antibody (4 pl) was incubated with 18 pg of nuclear extracts
from SW872 cells prior to being added to the EMSA reaction mix containing labelled
oligomers (lane 3). A non-specific antibody (mouse monoclonal anti-B-actin) was used

as a negative control for the supershift (lane 4). Arrows indicate the shift and the super-
shift.
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pSPORT1 vector (negative control) (Figure 2.7C, lane 1). The interaction between the
protein complex and the DNA could be competed by the addition of increasing amounts
of excess of unlabeled hACOX oligomer (Figure 2.7C, lanes 3-6). Identical experiments
using the hACOX probe yielded very similar results (Figure 2.7C, lanes 7-12).

Incubation of the probes with nuclear protein extracts from primary adipocytes
gave a shift of the same size as the TnT proteins (Figure 2.7D, lane 2). This shift could
also be inhibited by increasing amounts of excess unlabeled hACOX oligomer (Figure
2.7D, lane 2-5). Nuclear extracts from the SW872 cell line yielded similar results. These
results are comparable to those obtained using oligomers corresponding to the hACOX
PPRE (Figure 2.7D, lanes 6-10). A probe containing a mutated PPRE half-site, LRP
could no longer interact and bind TnT proteins (Figure 7C, lane 14) or nuclear extracts
(Figure 2.7D, lane 11).

The shift caused by the nuclear extracts was further analyzed by gel super-shift
analysis to confirm that PPARy was a component of this complex (Figure 2.7E). Free
probe was run in lane 1 as a control reaction, while a reaction containing nuclear protein
extracts from primary human adipocytes is shown in lane 2. The nuclear protein extracts
were pre-incubated with anti-PPARYy antibody prior to being added to the reaction
containing labelled oligomers and this was run in lane 3. A band of the same size as that
seen in lane 2 was present as well as a larger band that was absent in all other lanes
(super-shift). The same results were obtained for the oligomer corresponding to the
hACOX PPRE (data not shown). A supershift was not observed when a non-specific

antibody was used in place of the anti-PPARy antibody. Similar results were also
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obtained using nuclear extracts from SW872 cells supporting the involvement of PPARy

in the protein/DNA complex (data not shown).

2.4.7 — Functional Cell Surface LRP is Increased Upon Exposure to PPARy Ligands

Cell surface LRP was increased in SW872 cells treated with 160 uM arachidonic
acid or 500 nM rosiglitazone as determined by cell surface labelling experiments using
fluorescently labelled a2M* (Figure 2.8A). In addition, total cellular LRP, which is
represented by the 515 kDa band corresponding to the a-subunit, was increased in those
cells as determined by Western blot analysis (Figure 2.8B). The increases seen in LRP
using these methods were approximately 1.5 to 2 fold, supporting the increases seen in

binding and degradation data below.

B oom* degradation assays were performed in the presence or absence of
PPARYy ligands for the differentiated primary human adipocytes and SW872 cells to test
LRP function. In primary adipocytes, there was a direct relationship between the amount
of rosiglitazone added and the amount of a2M* degradation over 8 hours (Figure 2.9A)
with very significant increases ranging from 1.2 to 1.7 fold over control (P<0.009). The
receptor associated protein (RAP) is an antagonist of all identified LRP ligands including
a2M* therefore purified RAP was used to block LRP function in these assays. When
cells were treated with RAP, the amount of '*I-a2M* degraded was diminished to

background levels demonstrating that this process is LRP specific. Degradation assays
were also performed in the SW872 cells treated with rosiglitazone (Figure 2.9B) or

arachidonic acid (Figure 2.9C). There was a 1.5 fold increase in the amount of
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Figure 2.8. LRP protein levels are increased in SW872 cells upon exposure to
PPARY ligands.

A. Cells were incubated with 1 pg/ml fluorescently labeled activated a2M (a2M*) (Cy3
Monofunctional reactive dye) on ice for 45 min in 3:1 DMEM/F12 supplemented with 2
mg/ml BSA buffered with 10 mM HEPES after an equilibration period of 1 h. The cells
were washed with ice cold PBS 3 times prior to being fixed with 4% paraformaldehyde
for 10 min at 0 °C. Cells were rinsed with PBS and kept in 2 ml of PBS at room
temperature for fluorescence microscopy. Photographs are representative of cells treated
with the ligands indicated. A 30 fold excess of unlabeled activated a2M (02M*) was
used to compete for binding with the fluorescently labelled a2M*. Photographs are
normalized so that an increase in intensity on the cell surface and the cell circumference
between photographs represents an increase in the fluorescence (i.e. total binding). B.
Western blot of cells treated with DMSO (vehicle control), 160 uM arachidonic acid, or
500 nM rosiglitazone for 24 h. 5 pg of total protein was loaded in each lane. LRP was
detected with a polyclonal anti-LRP antisera (Dr. G. Bu). The blot was developed using
chemiluminescent techniques and bands were visualized using the ChemiDoc apparatus.
The band at 515 kDa corresponds to the a-subunit of LRP. C. Quantification of Western
blot. The 515 kDa band corresponding to LRP was quantified using Quantity One
software. All samples are normalized to the vehicle treated cells (control). Results are
shown as the mean of triplicate experiments and the error bars represent the standard
error of the mean. (*) The two-tailed p value is 0.002; (**) The two-tailed p value is
0.003.



A- -

control competition

160 M arachidonic acid 500 nM rosiglitazone
B C

s - - -
515KkDa> wer - -

Fold Increase

& & &
& gi» & ei’@

62



Figure 2.9. Increased cellular degradation of >’I-q2M* by cells treated with PPARy
ligands.

A. Differentiated primary human adipocytes were treated with various concentrations of
rosiglitazone in the absence of insulin for 24 h prior to the experiment. The cells were
then incubated at 37°C with HBSS, 25 mM Hepes pH 7.45, 10 mg/ml BSA containing 1
ng/ml I-a2M* with or without RAP (30 pg/ml). At the beginning of the incubation
period and at each time point, the medium was precipitated with ice-cold tricarboxylic
acid, and the tricarboxylic acid-soluble material was used as a measure of the degraded
protein. Data points represent means from triplicate experiments and the error bars
represent the standard error of the mean. (*) p=0.009; (**) p=0.007; (***) p=0.002 B,C.
SW872 cells (vehicle, 500 nM rosiglitazone and 160 uM arachidonic acid treated) were
washed at 37 °C to remove any residual fetal calf serum. The cells were incubated at 37
°C for the indicated times in HBSS, 25 mM Hepes pH 7.45, 10 mg/ml BSA containing 1
pg/ml Pl-a2M*. At the beginning of the incubation period and at each time point, the
medium was precipitated with ice-cold tricarboxylic acid, and the tricarboxylic acid-
soluble material was used as a measure of the degraded protein. TCA soluble material
from untreated cells (vehicle) was compared to the TCA soluble material from cells
treated with (B) 500 nM rosiglitazone or (C) 160 uM arachidonic acid. Data points
represent means from triplicate experiments and the error bars represent the standard
error of the mean. (*) p=0.006; (**) p=0.03
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'2].a2M* degraded over 8 hours in the treated cells versus the control cells for both of
the PPARYy ligands.

The effects of PPARY ligands on differentiated primary human adipocytes were
further examined by '*I-a2M* binding assays (Figure 2.10A). The B,y for cells
incubated with 1 uM rosiglitazone (27.0 fmol/mg cell protein) is approximately 1.5 times
greater than the vehicle treated cells (17.3 fmol/mg cell protein), indicating that there is
an increase in the levels of functional cell surface LRP. The difference in binding was
found to be highly significant with a two-tailed P value of less than 0.0001. When the
cells were treated with RAP (30 pg/ml), the amount of binding was reduced to
background levels demonstrating that this process is LRP specific. There was no
statistically significant difference (2-tailed p value = 0.1292) in the K4 between the
treated and control cells (0.1464 + 0.03781 (SE) and 0.3243 + 0.08513 (SE),
respectively) as illustrated in the Scatchard plot (Figure 2.10B), indicating that the

binding affinities have not changed.

2.4.8-""La2M* Binding at 0°C is Increased in Primary Human Hepatocytes Treated

with the PPARa Agonist Fenofibric Acid

Primary human hepatocytes isolated from the victim of a motor vehicle accident,
who was otherwise healthy, were purchased commercially. '*I-a2M* binding at 0°C
was measured following treatment with 250 uM fenofibric acid and is shown in Figure
11A. There was approximately a 50% increase in binding compared to the vehicle
control and the Scatchard plot (Figure 2.11B) confirms that this effect is in the number of
receptors on the cell surface and not an increase in binding affinity, similar to the

observations made previously in the adipocyte experiments.
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Figure 2.10. Increased cell surface binding of '**I-a2M* by cells treated with a
PPARYy ligand.

A. "PL-a2M* binding curve for differentiated primary human adipocytes. Differentiated
primary human adipocytes were pre-incubated for 24 h in differentiating media without
insulin in either 1 uM rosiglitazone or vehicle alone (DMSO). Cells were then washed
twice with HBSS, 25 mM Hepes pH 7.45, at 37 °C for 20 minutes each, placed on ice for
20 minutes to allow the cells to equilibrate and then ice cold HBSS, 25 mM Hepes pH
7.45, 10 mg/ml BSA containing various concentrations of BLa2M (1,0.5,0.25, 0.125,
0.0625, 0.03125 pg/ml) was added to the cells. Cells were also incubated in the presence
or absence of RAP (30 pg/ml), a LRP ligand that acts as an antagonist to the binding of
all other LRP ligands. Cells were further incubated on ice for 2 h and then washed six
times with ice cold HBSS, 25 mM Hepes pH 7.45. Cells were then solubilized in 0.2 M
NaOH and then cell associated radioactivity counted. B. Scatchard analysis of '>°I-
a2M* binding curves. Scatchard analysis was performed on the data plotted in A to
obtain information regarding the binding kinetics of '*’I-a2M on differentiated primary
human adipocytes in the presence of vehicle alone or 1 uM rosiglitazone. This analysis
is presented as a Scatchard plot with bound/free plotted against the bound 'I-a2M*,
The Kq is 2 measure of the binding affinity between the ligand and the receptor and is
determined from the slope. The B, is a measure of the number of receptors on the cell
surface and is represented by the X-intercept. Data points represent means from triplicate
experiments and the error bars represent the standard error of the mean. (*) The two-
tailed p value is < 0.0001.
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Figure 2.11. "*I-a2M binding is increased by PPARa ligand fenofibric acid in
cultured primary human hepatocytes.

A. Pl-o2M* binding curve for cultured primary human hepatocytes. Cultured primary
human hepatocytes were purchased commercially and pre-incubated for 24 h in media
containing either 250 uM fenofibric acid or vehicle alone (DMSO). Cells were then
washed twice with HBSS, 25 mM Hepes pH 7.45, at 37 °C for 20 minutes each, placed
on ice for 20 minutes to allow the cells to equilibrate and then ice cold HBSS, 25 mM
Hepes pH 7.45, 10 mg/ml BSA containing various concentrations of '**I-a2M (1, 0.5,
0.25, 0.125, 0.0625, 0.03125 pg/ml) was added to the cells. Cells were also incubated in
the presence or absence of RAP (30 pug/ml), a LRP ligand that acts as an antagonist to the
binding of all other LRP ligands. Cells were further incubated on ice for 2 h and then
washed six times with ice cold HBSS, 25 mM Hepes pH 7.45. Cells were then
solubilized in 0.2 M NaOH and then cell associated radioactivity counted. Data points
represent means from triplicate samples and the error bars represent the standard error of
the mean. * 2 tailed p-value<0.02 for unpaired t-test between fenofibric acid and DMSO.
B. Scatchard analysis of '*I-a2M* binding curves. Scatchard analysis was performed
on the data plotted in A to obtain information regarding the binding kinetics of **I-o2M
on cultured primary human hepatocytes in the presence of vehicle alone or 250 uM
fenofibric acid. This analysis is presented as a Scatchard plot with bound/free plotted
against the bound '®I-a2M*. The Ky is a measure of the binding affinity between the
ligand and the receptor and is determined from the slope. The By is a measure of the
number of receptors on the cell surface and is represented by the X-intercept. Data points
represent means from triplicate samples and the error bars represent the standard error of
the mean. (*) The two-tailed p value is < 0.05.
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2.4.9 — Mouse LRP mRNA Levels are not Increased Upon Stimulation by PPAR
Agonists

In preliminary studies designed to test the efficacy of LRP upregulation in mouse,
differentiated 3T3-L1 cells, a murine-derived adipocyte cell line, were treated with
rosiglitazone for 24 hours and the levels of LRP mRNA were measured using real-time
RT-PCR. Surprisingly, there was no change in LRP mRNA levels compared to the
vehicle control cells however, the mRNA levels of the fatty acid transport protein
(FATP), a known target of PPARy and PPARa*?, was increased nearly 2 fold (Figure
2.12A). LRP mRNA was also measured in isolated primary mouse hepatocytes that were
treated with the PPARa agonist fenofibric acid (Figure 2.12B). At concentrations of
fenofibric acid known to induce the expression of PPARa. target genes %!, there was no
increase in LRP mRNA levels but there was again a 2 fold increase in the FATP mRNA
levels. These observations do not indicate a problem with the chosen ligands since the
control gene (FATP1), known to contain a functional PPRE specifically in mouse,

responded appropriately.

2.4.10 — LRP Promoter PPRE not Conserved Between Human and Mouse

Human LRP promoter sequence, accession Y 18524, was aligned against the
mouse chromosome 10 sequence, accession NT 039502.1, using Vector NTI software.
The human LRP mRNA sequence, accession NM 002332, was also aligned against the
mouse LRP mRNA sequence, accession NM 008512. The human LRP protein sequence,
accession NP 002323, was aligned against the mouse LRP protein sequence, accession

NP 035538 using blastp. Although the protein sequence, nucleotide coding sequence and
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Figure 2.12. Endogenous LRP mRNA levels in murine derived cell lines are not
affected by PPAR agonists.

A. Differentiated 3T3-L1 adipocytes, a mouse derived cell line, were treated with vehicle
control (DMSO) or the PPARy agonist rosiglitazone for 24 hours prior to RNA isolation
and 2-step RT-PCR for LRP and FATP mRNA using the LightCycler. Data points
represent means from triplicate experiments and the error bars represent the standard
error of the mean. Increase in FATP mRNA was significant (2-tailed p-value=0.0138 in
unpaired t-test). B. Primary mouse hepatocytes were isolated from C57B16J retired
breeders and treated with various concentrations of the PPARa. agonist fenofibric acid for
24 hours prior to RNA isolation and 2-step RT-PCR using the LightCycler. Data points
represent means from triplicate experiments and the error bars represent the standard
error of the mean. Increases in FATP mRNA for fenofibrate concentrations of 50 pM
and 250 pM were significant (2-tailed p-values=0.0041 and 0.0015 for unpaired t-test,
respectively).
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5’-untranslated regions of the mRNA are highly conserved at 93%, 87% and 85%
respectively, the promoters share much less homology at 75%. Additionally, the mouse
contains 2 mismatches per half-site of the DR-1 consensus sequence compared to the
single mismatch per half-site in the human (66% versus 83% homology to consensus DR-
1 PPRE) (Figure 2.13A). Furthermore, when the PPRE and flanking sequences are
examined together, there is only 51.5% homology between the human and mouse
sequences suggesting that the two promoters might differ in their response to PPAR

agonists.

2.4.11 - Nuclear Extracts Containing PPARy do not Bind to Mouse PPRE Sequence in
vitro

Electrophoretic mobility shift assays (EMSA) were performed using *2P-labelled
double-stranded oligomers corresponding to the human and mouse LRP PPRE and
immediate flanking sequences. Figure 2.13B shows that the human oligomer binds
nuclear extracts from THP-1 cells that are known to contain PPARy and the complex is
confirmed to contain PPARy by super-shift. The mouse oligomer does not bind any

proteins found within the nuclear extracts. Additionally, the cold mouse oligomer cannot

compete for binding against the human sequence.

2.4.12 - LRP Function is not Stimulated by PPAR Agonists in Murine Derived Cells

To examine LRP function, activated a2M binding at 0°C was measured using
differentiated 3T3-L1 mouse adipocytes (Figure 2.14A) and isolated primary mouse
hepatocytes (Figure 2.14B). '*I-a2M* degradation at 37°C was also measured in

primary mouse hepatocytes (Figure 2.14C). Stimulation of mouse adipocytes with
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Figure 2.13. Comparison of mouse and human LRP promoter sequences and
evaluation of PPARY binding by EMSA.

A. Human LRP promoter sequence (Y18524) was aligned against mouse chromosome
10 sequence (NT_039502.1). The PPRE sequences, including flanking regions, are
shown and homologous sequences are indicated in yellow. The region of the PPRE is in
bold and consensus matching nucleotides are underlined. The consensus PPRE sequence
is given below. B. Double stranded oligomers corresponding to the sequences shown in
A were radioactively end-labeled and subjected to EMSA using nuclear extracts from
THP-1 cells provided in the Nushift PPARy supershift kit. Conditions are as indicated
below the figure.
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Figure 2.14. '»[-a2M* binding and degradation are not affected by PPAR agonists
in murine derived cells.

A. Pl-o2M* binding curve at 0°C for differentiated 3T3-L1 mouse adipocytes.
Differentiated 3T3-L1 mouse adipocytes were pre-incubated for 24 h in DMEM/10%
fetal bovine serum without insulin in either 1 uM rosiglitazone or vehicle alone (DMSO).
Cells were then washed twice with HBSS, 25 mM Hepes pH 7.45, at 37 °C for 20
minutes each, placed on ice for 20 minutes to allow the cells to equilibrate and then ice
cold HBSS, 25 mM Hepes pH 7.45, 10 mg/ml BSA containing various concentrations of
PL-a2M (1, 0.5, 0.25, 0.125, 0.0625, 0.03125 pg/ml) was added to the cells. Cells were
also incubated in the presence or absence of RAP (30 ug/ml), a LRP ligand that acts as an
antagonist to the binding of all other LRP ligands. Cells were further incubated on ice for
2 h and then washed six times with ice cold HBSS, 25 mM Hepes pH 7.45. Cells were
then solubilized in 0.2 M NaOH and then cell associated radioactivity counted. Data
points represent means from triplicate experiments and the error bars represent the
standard error of the mean. B. '*’I-a2M* binding curve at 0°C for isolated primary
mouse hepatocytes. Primary mouse hepatocytes were pre-incubated for 24 h in DMEM
containing various concentrations of fenofibric acid or vehicle alone (DMSQ). RAP was
used to block all LRP binding as a control. Data points represent means from triplicate
experiments and the error bars represent the standard error of the mean. C. '*’I-a2M*
degradation at 37°C for isolated primary mouse hepatocytes. Primary mouse hepatocytes
were pre-incubated for 24 h in DMEM containing various concentrations of fenofibric
acid or vehicle alone (DMSO). RAP was used to block all LRP binding as a control.
Data points represent means from triplicate experiments and the error bars represent the
standard error of the mean.
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rosiglitazone (Bmax: 76.01 + 4.409 versus 70.25 + 3.538, 2-tailed p value = 0.1524; Kd:

1.133 £ 0.1054 versus 0.9514 + 0.1004, 2-tailed p value = 0.1004) or hepatocytes with
fenofibric acid (Bmax: 31.30 + 6.922 versus 34.16 + 13.44, 2-tailed p value = 0.7596;
Kd: 0.9425 + 0.3529 versus 1.159 £ 0.7255, 2-tailed p value = 0.4969) did not cause
increased binding of 125I-labelled activated a2M at 0°C. Stimulation of mouse
adipocytes with rosiglitazone did not increase 1251-02M* degradation at 37°C either.
These observations support the data presented above demonstrating that mouse LRP is

not regulated by PPAR agonists due to the lack of a conserved PPRE in its promoter.
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2.5 — Discussion

Despite the role of LRP in such important processes as lipoprotein metabolism
and atherosclerosis, these studies are the first to demonstrate that human LRP gene
expression is regulated at both the mRNA and protein levels via a discrete promoter
clement. The mechanism by which LRP gene expression is increased involves the
ligand-induced upregulation of transcription via the activation of PPARy:RXRa
heterodimers which bind a newly identified PPRE in the promoter of the human LRP
gene.

In human-derived SW872 cells or primary human adipocytes, LRP mRNA levels
were modulated at the transcriptional level by ligands that activate PPARy and this
response was dose dependent. As anticipated, there was an inverse correlation between
the amount of ligand required and the affinity of the ligand for PPARy '*>%%,
Rosiglitazone, the most potent ligand used, was found to have a maximal effect at
approximately 500 nM in SW872 cells although there was significant up-regulation of
LRP at 50 nM, a concentration much closer to rosiglitazone’s reported Ky of 40 nM ',
Rosiglitazone concentrations of 750 nM or higher did not alter LRP mRNA abundance or
promoter activity of pGL3-LRP in SW872 cells. In differentiated primary human
adipocytes, LRP mRNA levels were upregulated by rosiglitazone in a dose dependent
manner at concentrations up to 1 uM, and only a slightly decreased efficacy was
observed at a concentration of 2 uM. It has been suggested that rosiglitazone might act

as a partial antagonist of PPARY activation at these high concentrations ***. In addition,

73



activation of PPARY at the activation function 2 (AF2) domain enhances its degradation
4 which would explain the reduced efficacy of rosiglitazone at higher concentrations.

The intact full length LRP promoter conferred a measurable basal transcriptional
rate of the luciferase reporter gene in dual luciferase activity assays in the absence of any
other transcriptional signals. In the presence of rosiglitazone, the promoter yielded a
50% increase in luciferase activity, correlating with the increases in mRNA observed for
SW872 cells. The isolated PPRE, alone or in tandem, acted as an enhancer for
expression of luciferase driven by the SV40 ideal promoter, increasing luciferase activity
by 50%, demonstrating that the LRP PPRE is a functional enhancer element. With a
mutated LRP PPRE, luciferase activities were no longer increased in response to
rosiglitazone, confirming that the LRP PPRE is the sole element responsible for this
effect.

Rosiglitazone had a slightly larger effect on LRP mRNA levels in primary human
adipocytes compared to SW872 cells (2 fold versus 1.5 fold) and primary human
adipocytes responded to slightly higher concentrations of this ligand. This most likely
reflects some inherent difference between the primary cell cultures and immortalized cell
lines but is not due to decreased levels of PPARy in SW872 cells since when PPARy was
co-transfected into SW872 cells with the luciferase reporter vectors, results were exactly
the same as shown in Figure 2.5.

Direct binding of PPARy:RXRa heterodimers to the PPRE identified in the
human LRP promoter was demonstrated in vitro using electrophoretic mobility shift
assays. The doublet bands that appeared in experiments using in vitro

transcribed/translated PPARy and RXRa have been observed in other studies where
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rabbit reticulocyte lysate was used to produce these same proteins 25227, These doublets
cannot be homodimers since PPARy and RXRa TnT reactions, added individually to the
EMSA reaction did not give shifts (data not shown). Proteins contained within the
nuclear extracts of SW872 cells, primary human adipocytes or THP-1 cells could interact
with the PPRE probe and PPARy was shown as being one of the proteins bound. A probe
corresponding to a mutated form of the LRP PPRE sequence (the same sequence found in
PGL3-LRPyean: pere used in Figure 2.6B) could not interact with nuclear extracts
containing PPARy and RXRa confirming the importance of this sequence.

As the result of the increased LRP gene expression, levels of cell surface LRP
were also increased in SW872 cells upon exposure to PPARy ligands. This increased cell
surface LRP resulted in increased LRP function in SW872 cells and primary human
adipocytes upon exposure to rosiglitazone. Adipocyte LRP functions in chylomicron
remnant cholesterol clearance both in vitro and in vivo ''! and also plays a role in the
selective uptake of HDL-CE by human adipocytes **!8! but the exact function of LRP in
adipocytes is still unclear. The fact that it is co-ordinately regulated during pre-adipocyte
differentiation by PPARy along with many other adipocyte specific genes related to lipid
metabolism such as LPL, FATP-1, ACS, CD36, and aP2 '"*' (all of which contain at
least one PPRE in their 5°-flanking sequences), suggests that LRP might serve in part to
regulate cholesterol uptake to match TG synthesis during differentiation and maturation
of the pre-adipocytes into fat cells.

Primary human hepatocytes treated with the PPARa ligand fenofibric acid also
demonstrated increased LRP function. Although the increase in binding was slightly

smaller compared to primary human adipocytes (1.4 fold and 1.5 fold, respectively), it
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was significant. It is possible that this response was relatively low due to the lack of
optimization of conditions for these cells. Adipocytes and hepatocytes are two very
distinct cell types with varied physiological functions. The PPAR subtype expressed in
each of these tissues is different (PPARy and PPARa, respectively), yet stimulation with
selective agonists resulted in similar increases in LRP function. This would suggest that
the use of selective PPAR agonists in other tissues and cell types may yield similar
results.

In all experiments, LRP function was determined by measuring binding and
degradation of a well-characterized LRP ligand, a2M* %22 Although this represents
only one function of LRP, namely endocytosis of bound ligand, it is logical to conclude
that all other potential functions that do not necessarily rely on endocytosis, such as
intracellular signalling, would also be increased because they depend on extracellular
ligand binding.

The increases in LRP expression and function observed in these studies were in
the range of 1.5 to 2 fold and although not large in magnitude, were significant and
similar to changes reported for other genes containing a PPRE in the promoter region
2L27.29 - Guch small changes should not, and do not, reflect on their physiological
importance. For example, the PPARa agonist fenofibrate increases apoA-I expression by
only 1.5 to 2.0 fold, yet this translates into a clinically important HDL raising effect 2*°.

There are no studies in the literature examining the mouse or human LRP
promoters and certainly no studies directly comparing the mouse and human LRP
promoters. It was surprising to see that a functional enhancer element in the human

promoter was not present in the mouse when the rest of the promoter sequences are so
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similar. These differences could arise due to novel mutations in the human promoter
rendering it a consensus PPRE or a loss of the enhancer sequence in mouse due to lack of
selection against such mutations. These data emphasize that care should be taken when
examining data from mouse studies and extrapolating it to humans since discrete
promoter elements might not necessarily be conserved.

The studies presented here have important clinical significance since several
PPAR ligands are already in widespread use. For example, type 2 diabetic patients
administered rosiglitazone were found to have lower postprandial free fatty acid
concentrations by increased metabolism of large triglyceride-rich lipoproteins 2*!. Given
the data presented above and our knowledge of LRP function in the adipocyte, this effect
could be associated with increased LRP gene expression and function in adipocytes. In
another study, administration of drugs of the thiazolidinedione class, including
rosiglitazone and troglitazone, resulted in decreased progression of atherosclerosis in
humans as demonstrated by decreased carotid intima-media thickness**>***,
Rosiglitazone treatment in mice could also attenuate atherosclerosis and this was
independent of its metabolic effects **. Fenofibrate, a widely used PPARa agonist of the
fibric acid derivative class of drugs, is very effective at reducing plasma triglycerides in
hypertriglyceridemic patients although the direct mechanism is not known. These studies
suggest that a PPARa-mediated increase in hepatic LRP expression may explain in part
the triglyceride-lowering effects of fibric acid derivatives. Finally, LRP has been shown
to directly suppress atherosclerosis through inhibition of PDGF-dependent vascular
smooth muscle cell migration and proliferation in mice '*’. This process required a

ligand interaction between LRP apoE and interestingly, the apoE gene is regulated by
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PPARYy through a PPRE contained within its promoter 2°. Tt is easy to speculate that
upregulation of LRP and apoE by TZD administration could reduce atherosclerosis
however, the direct effect of PPAR stimulation on LRP and apoE upregulation and
ultimately on atherosclerosis will be difficult to address since current mouse models do
not contain the human LRP promoter.

In conclusion, human LRP gene expression is clearly upregulated by PPARy and
PPARa ligands in two distinct cell types by a transcription dependent mechanism. The
upregulation in gene expression results in increased protein function. Considering LRP is
implicated in so many fundamentally important processes, these studies warrant further
investigation into potential clinical effects of LRP upregulation, especially

atherosclerosis.
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CHAPTER 3 - CETP-MEDIATED HDL SELECTIVE UPTAKE IN

THE LIVER

3.1 - Background

3.1.1 - Cholesteryl Ester Transfer Protein

Cholesteryl ester transfer protein (CETP) is a hydrophobic glycoprotein of 476
amino acids with a molecular weight of 66 to 74 kDa **. It is a member of the lipid
transfer protein/lipopolysaccharide binding protein (LTP/LBP) gene family which also
includes phospholipid transfer protein (PLTP), lipopolysaccharide binding protein (LBP)
and bactericidal/permeability increasing protein (BPI). Although these proteins share

little polynucleotide or peptide sequence similarity 27>

, they share functional and
structural similarities. Very little is known about the molecular structure of CETP since a
crystal structure has not yet been resolved. The crystal structure for BPI however, has

been solved 2*°

and immunochemical studies of CETP structure using the atomic
coordinates of BPI support a common surface topology between BPI and CETP 2°. The
putative structure function relationships of CETP and the other members of the lipid
transfer/lipopolysaccharide binding protein family have been described exhaustively in
the literature 24124,

Several key regions and residues within CETP have critical importance in CETP
function. Using a site-directed point mutagenesis approach, lysine 233 and arginine 259,
two conserved residues found in all members of the LTP/LBP family, have been shown

to be critical in the lipid transfer function of CETP and for HDL binding ***. A mutant

CETP protein carrying two point mutations at lysine residues 233 and 239 was reported
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to have decreased CE transfer and decreased specific activity *°. Compared to BPI,
CETP has an additional 12 C-terminal amino acids which are predicted to form an
amphiphilic helix critical for CE transfer ** and possibly comprise the neutral lipid
binding site directly involved in the lipid transfer mechanism 2*’. This site is essential for
transfer activity since neutral lipid transfer can be blocked by TP2, a monoclonal

antibody against this epitope 2*%.

3.1.2 — CETP Gene Structure and Regulation

The human CETP gene contains 16 exons spanning approximately 25 kb **° of
chromosome 16 at locus 16q12-21 near the LCAT locus 2. In humans, CETP is highly
expressed in the liver, spleen and adipose tissue with lower levels of expression found in
the small intestine, adrenal, kidney and heart L2521 other species the levels of
expression can vary between tissues but the site with the most conserved expression of
CETP is adipose tissue >°2, ¢cDNAs encoding CETP have been cloned from several
species including monkey, rabbit, hamster, chicken and tree shrew with variations in
homology of between 80-95% compared to the human cDNA #3123 Interestingly, mice
and rats do not have the gene encoding CETP in their genomes .

A number of studies have demonstrated that CETP mRNA and protein expression
are increased by cholesterol. Plasma CETP activity increases in rabbits in response to a
high fat, high cholesterol diet >, an effect attributed mainly to increased production of
CETP in the liver **®. Similarly, a high fat and high cholesterol diet induces increased
plasma CETP transfer activity, plasma cholesterol and plasma triglycerides in hamsters
2 In monocyte-derived macrophages, the secretion of CETP into the media was

facilitated by cholesterol loading with acetylated LDL or free cholesterol and the
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accumulation of CE is positively regulated with the secretion of CETP ?°, The human
liposarcoma cell line, SW872, expresses 50-fold greater CETP than HepG?2 cells and
CETP mRNA and protein levels increased significantly in response to cholesterol loading
205 In human adipose tissue, CETP expression and secretion were also increased by
incubation with cholesterol-rich chylomicron remnants 203, Furthermore, CETP
expression is a function of membrane cholesterol content rather than lipid droplet
cholesterol, that is, smaller less lipid loaded adipocytes secrete more CETP 2. These
data clearly demonstrate that cholesterol increases the expression of CETP.

In humans, increased plasma CETP levels are observed in the obese state
resulting from increased CETP mRNA in the liver and adipose tissue 2°!. In obese type 2
diabetic individuals however, plasma CETP levels were reportedly decreased, apparently
the result of decreased CETP mRNA expression specifically in the liver, while adipose
tissue expression remained unchanged. Sterol response element binding proteins
(SREBP) -1 and -2 were lower in liver homogenates, suggesting that these transcription
factors may mediate the effects of type 2 diabetes on hepatic CETP expression 2.
Although the liver is a major contributor of CETP, there is a strong correlation between
adipose tissue CETP mRNA abundance and plasma CETP concentrations suggesting
adipocytes contribute significantly to the plasma pool of CETP 2°!:263

Much of our understanding surrounding the regulation of human CETP gene
expression and activity comes from mouse models expressing the human CETP
transgene. When human CETP with minimal 5” and 3’ flanking sequences was placed
under the control of the mouse metallothionein-1 promoter 264, moderate amounts of the

CETP mRNA were detected in adipose tissue, heart and brain with smaller amounts
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found in the liver, small intestine and muscle, similar to the expression pattern found in

humans except for the liver expression 2

. No changes in CETP expression or activity
were noted when mice were fed a high cholesterol diet. In contrast, when a large portion
of the CETP 5’ and 3’ flanking sequences (3.2 kb upstream and 2 kb downstream) were
used along with the CETP transgene to generate transgenic mice 2%, the expression
pattern of CETP again mimicked that of humans (with somewhat higher hepatic
expression), and with its natural flanking sequences intact, CETP expression and activity
were significantly increased by a high cholesterol diet. Increases in the mRNA levels
upon exposure to the high cholesterol diet were greatest in the liver with only small
increases observed in the spleen, small intestine and adipose tissue. Later studies
demonstrated that the tissue specific regulation of CETP is mediated mainly by sequences
found in the immediate 5* and 3” flanking sequences and that upregulation by cholesterol
is mediated at several tissue specific sites in the upstream 5° flanking sequences up to —
570 bp 2. Further examination of the 5° flanking sequences in the transgenic mice
determined the regions containing specific elements yielding the tissue specific
expression of CETP 2%, A sterol regulatory element (SRE)-like element in the region
from -138 to -370 of the CETP 5’ flanking sequence was identified to have homology to
those found in other cholesterol responsive genes such as HMG CoA reductase. This
element was shown to bind SREBP-1 and YY-1 by gel shift assays in vitro®®’. However,
in vivo mutation of this element in the transgenic CETP mice demonstrated that the
element is not involved in the upregulation by cholesterol, suggesting that there is an
alternative distinct site containing a positive sterol response factor **’. More recently, the

transgenic mice described above **° containing the natural human flanking sequences
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demonstrated regulation of CETP gene expression in adipocytes and hepatocytes via a
discrete DR-4 element within the promoter for LXR %%,

Several specific DNA elements have been identified within the 5° flanking
sequence of the human CETP gene using cell based studies. A site at -93 to -118
contains a discrete element to which the nuclear hormone receptor apolipoprotein A1
regulatory protein-1 (ARP-1) can bind and transactivate CETP expression in HepG2 liver
cells °, A functional cholesterol response element has been identified at position -186
to -213 of the human CETP promoter and this element conferred cholesterol regulation
via transactivation from SREBP-1a and YY1 in the SW872 liposarcoma cell line 2%,
Although the 5’ flanking sequence up to 3.4 kb of the human CETP gene is sufficient for
transcriptional activity and tissue-specific gene expression, distal promoter regions were
also found to be important. An Alurepeatat -2153 to -2414 acts as a repressive
element, whereas a binding site for the orphan nuclear receptor CYP7A promoter binding
factor (CPF) at position -1042 facilitates activation of human CETP promoter activity
suggesting a mechanism by which liver specific expression is achieved *°. Finally, Spl
and Sp3 sites have been identified at positions -37, -629 and -690 of the human CETP
promoter. The Sp1/Sp3 site at -690 is a repressive element in reducing CETP promoter
activity in reporter assays carried out in HepG2 cells working additively with the site at -
629 when Sp3 levels are high. When Spl is present with lower levels of Sp3, there is
activation at the -690 and -37 sites *".

Interestingly, functional CETP expression appears to be regulated by the
dominant negative suppression of an alternatively spliced transcript termed exon 9-

deleted >">*", Additional studies in Caco-2 cells which normally have a low expression
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of CETP activity found that these cells had an extremely high level of the exon 9-deleted
mRNA suggesting tissue specific control over functional CETP expression through the

exon 9-deleted transcript ***

. Furthermore, the expression of the functional full length
transcript was increased with the addition of oleate but this did not affect the levels of the
exon 9-deleted transcript suggesting that other positive elements exist within the

promoter of CETP that can overcome the suppression 2.

3.1.3 — CETP Function

Early studies found that an unknown protein within the high density fraction of
lipoproteins (>1.25 g/ml) from rabbit plasma could stimulate the exchange of cholesteryl
esters between VLDL and LDL from hypercholesterolemic rabbits 2”°. The same
observation was later made for human plasma and the glycoprotein isolated from human
plasma that was unlike any known apolipoprotein, and unable to esterify cholesterol or
hydrolyze cholesteryl esters in lipoproteins, was termed cholesteryl ester transfer protein
%76 CETP is secreted from various tissues and the large majority of plasma CETP is
associated with HDL, mostly within the pre-beta migrating fraction *’"*" although CETP

can bind to all lipoprotein classes in vitro %

. In plasma, CETP mediates the hetero- and
homo-exchange of CE and TG between plasma lipoproteins resulting in the net transfer
of CE from HDL to the triglyceride rich lipoproteins (TRLs), VLDL and chylomicron
remnants, and to LDL. The net reciprocal transfer of TG to HDL results in a TG-
enriched particle which is a better substrate for hepatic lipase **'*%2. CETP can also

stimulate the exchange of LDL cholesteryl esters with VLDL triglycerides 2. All

neutral lipid exchange in human plasma is mediated by CETP 281:2%,
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The majority of studies measuring the kinetics of CETP lipid exchange between
lipoprotein substrates support a mechanism whereby CETP acts as a shuttle 224286,
Recently, the CETP inhibitor torcetrapib was reported to inhibit CETP transfer activity
by creating a non-functional complex between HDL and CETP 27288 supporting the

shuttling model for neutral lipid transfer.

3.1.4 — CETP and Atherosclerosis

The controversy regarding the atherogenic potential of CETP relates to its
multiple potential functions in lipoprotein metabolism and reverse cholesterol transport,
the complex effects of CETP in genetically modified mouse models and the variable
effects of polymorphisms in the CETP gene on coronary heart disease (CHD) risk in
humans. On one hand, the transfer of CE from HDL to TRLs by CETP constitutes one of
the pathways of the reverse cholesterol transport by which HDL cholesterol is returned to
the liver (as discussed in section 1.2.2B). Additionally, CETP-mediated remodelling of
HDL and subsequent action of hepatic lipase results in the production of smaller HDL
particles, which can be a vehicle for both ABCG1-mediated and diffusional cholesterol
efflux. For these reasons, CETP function has been proposed to be antiatherogenic.
However, by increasing the cholesterol content of the TRLs, it has been proposed that
CETP may promote atherogenesis **°. Finally, much of the argument regarding a
proatherogenic effect of CETP relates to the fact that high CETP activity is generally
associated with low plasma concentrations of HDL, which is a risk factor for
atherosclerosis.

Several mutations in the CETP gene in humans have been identified as a cause of

CETP deficiency in individuals of Japanese descent 2°2°%, In the homozygous state,
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these mutations caused either a partial or a complete absence of CETP mass and activity
in plasma resulting in an elevated level of HDL (lipid and apolipoprotein). In addition,
LDL cholesterol and apoB are substantially reduced in individuals homozygous for these
mutations. Although CETP deficiency results in an apparently antiatherogenic lipid
profile, complete CETP deficiency does not clearly decrease susceptibility to
atherosclerosis. A study of CHD susceptibility in men who were heterozygous carriers of
functional mutations in CETP (Honolulu Heart Study) found a significantly increased
risk of CHD in subjects with haploinsufficiency of CETP and average HDL cholesterol
levels but not in men with very high HDL concentrations 2**. Overall, men with elevated
HDL cholesterol levels due to partial CETP deficiency had the same rate of CHD as the
control subjects with similar levels of HDL cholesterol not associated with a deficiency
of CETP. However, more recently, 7-year prospective data from the participants of the
Honolulu Heart Study reported no statistically significant relationship between
heterozygosity for mutations in CETP and CHD incidence *°. In a separate study of
Japanese subjects, CETP deficiency was atheroprotective if the HDL concentrations were
high **. Similar confusion has resulted from the studies of common single nucleotide
polymorphisms (SNPs) in CETP and susceptibility to atherosclerosis (reviewed in 2°"2%).
CETP expression in a variety of animal models of atherosclerosis has been
extensively studied. These studies have also not provided a clear answer regarding CETP
and atherosclerosis risk since the outcomes have varied, apparently contingent on the
level of CETP expression and the genetic background of the animals studied. The
introduction of the simian CETP transgene into cholesterol and bile salt-fed wild-type

mice resulted in plasma CETP concentrations 8 to 10 fold greater than normal CETP
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levels in humans, decreased HDL cholesterol and increased LDL and VLDL cholesterol
and apoB and enhanced formation of fatty streak lesions compared with non-expressing

controls 2*°

. When the human CETP gene was introduced into apoE-knockout mice or
LDL receptor-knockout mice fed a Western diet, cholesterol esters were redistributed
from HDL to VLDL/LDL and atherosclerosis was increased . However, in mice
overexpressing human apoA-1, the effect of CETP expression on lesion formation was
not significant despite reduced HDL cholesterol levels **. Surprisingly, CETP transgene
expression in mice made hypertriglyceridemic by overexpression of human apoC-III,

actually reduced the extent of atherosclerotic lesions *°!

. Finally, recent experiments on
the effects of overexpression of reverse cholesterol transport genes (apoA-1, LCAT and
CETP), in aged mice, individually or in combination, suggested that CETP is protective.
While transgenic mice expressing CETP alone did not demonstrate a decrease in
atherosclerotic lesion size, CETP expression in combination with LCAT overexpression
only, or LCAT and apoA-1 overexpression, significantly decreased lesion size (back to
non-transgenic control levels) compared to the deleterious effect LCAT and LCAT/
apoA-1 overexpression alone %,

Rabbits express very high levels of CETP and are highly susceptible to diet-
induced atherosclerosis. Inhibition of CETP expression in cholesterol fed rabbits resulted
in decreased plasma CETP activity, increased HDL cholesterol levels and decreased LDL
and VLDL cholesterol levels as well as increased hepatic LDL receptor expression %%,
These changes ultimately led to a decrease in atherosclerosis. In further attempts to

inhibit CETP, cholesterol fed rabbits were vaccinated to produce neutralizing anti-CETP

antibodies and were shown to have a marked reduction in atherosclerosis %~ This

87



approach has been tested in humans and shown to be effective at generating anti-CETP
antibodies but the effect on CETP activity or HDL cholesterol levels remains to be

determined 3",

3.1.5 — Pharmacological Inhibition of CETP

Low HDL-cholesterol levels are highly predictive of CAD risk and high CETP
levels are generally associated with reduced HDL-cholesterol concentrations. The
marked increase in HDL cholesterol and apoA-1 associated with human deficiency of
cholesteryl ester transfer protein (CETP) #*3%3% has led to the suggestion that CETP
inhibition might be a useful strategy aimed at raising HDL-C levels *'°. Several
approaches have been used to inhibit CETP and include monoclonal antibodies 312,

304313 "and vaccines 3397314 Another approach involves

antisense oligonucleotides
small molecule CETP inhibitors and several have been reported in the literature.

Dibenzodioxocinones are derivatives of the natural compound 11-hydroxy-3-[(S)-
1-hydroxy-3-methylbutyl]-4-methoxy-9-methyl-5H,7H-dibenzo[b,g][1,5]dioxocin-5-one
and several have been shown to act as CETP inhibitors in vifro with good stability in rat
plasma 35

A second small molecule CETP inhibitor, JTT-703, increased HDL cholesterol,
decreased non-HDL cholesterol and inhibited the progression of atherosclerosis in
cholesterol fed rabbits *'. In a phase II safety and dose-response study in healthy
individuals, the highest dose of JTT-705 (900 mg/d) was shown to be successful at
decreasing plasma CETP activity by 37%, raising HDL-C by 34% all the while

decreasing LDL-C levels by 7% *'7. The doses required to obtain reasonable effects

were, however, quite high and the apparent occurrence of serious adverse effects raise
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concerns regarding the safety of the drug. In a more recent study, 300 or 600 mg/d of
JTT-705 was administered to patients with type II dyslipidemia in combination with 40
mg/d of pravastatin *'®, Four weeks of treatment with JTT-705 600 mg led to a 30%
decrease in CETP activity, a similar increase in HDL-cholesterol and a small decrease in
LDL-cholesterol concentrations.

Another compound under development by Pfizer, torcetrapib (CP-529,414), has
undergone several clinical studies, the results of which were recently published. Reports
from an initial phase 1 multidose study in healthy individuals %7, indicated a dose-
dependent inhibition of CETP activity up to nearly 100% along with increases in HDL-C
of 16% to 91% and decreases in LDL-C of 21% to 42%. There was also a significant
increase in apoA1 and apoE concentrations (27% and 66%, respectively). In a single-
blind study involving patients with low HDL-C levels *'°, 120 mg/d of torcetrapib
increased HDL-C levels by 41% while decreasing the levels of LDL-C by 8%. The
effects of this lower dose of torcetrapib were greater in combination with atorvastatin
(HDL increased by 61% and LDL decreased by 17%). Additional data regarding HDL
composition, apoA-1 kinetics, bile acid synthesis and fecal sterol excretion (markers of
reverse cholesterol transport) were published separately *%°. This report indicated that
torcetrapib did not affect HDL apoA-1 production but reduced the fractional catabolic
rate of apoA-1 in a dose-dependent fashion. No change was found in fecal sterol
excretion or bile acid synthesis. In both trials, the therapy was very effective at raising
HDL-C and lowering LDL-C, well tolerated and side effects were mild to moderate,

giving promise for future clinical use of this drug.
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3.1.6 — Selective Uptake

In the 1980s, a mechanism for the delivery of HDL cholesterol to cells was
described that was very different from the classical mechanism of receptor-mediated
endocytosis, the prototype being the LDL receptor *2'*?%. Pittman and colleagues coined
the term “selective lipid uptake” because following interaction of HDL with hepatocytes,
cholesterol (primarily cholesteryl ester) was transferred into the hepatocyte, following
which the lipid-depleted HDL particle dissociated from the cell to re-enter the circulation.
Selective uptake has since been documented in many cell types including steroidogenic

53324 and the liver. The

tissues (adrenal glands, testes and ovaries) >3, adipose tissue
major HDL selective uptake receptor in the liver is believed to be SR-B1 and was first
identified in mouse-derived cell lines %%, SR-BI is clearly responsible for HDL-
cholesterol clearance in the mouse **7, a species that lacks CETP 2*°, The human
homolog, CLA-1, has been identified **® but its overall importance in HDL metabolism in
humans remains unclear. Selective uptake represents the final step in HDL-mediated

movement of cholesterol from the periphery to the liver and the net hepatic accumulation

of this cholesterol is a final step in reverse cholesterol transport.

3.1.7 — CETP and Selective Uptake

Early studies investigating cholesterol and CE metabolism in adipocytes reported
transfer of FC and CE from LDL and HDL to adipocytes®2***°, which was later attributed
to CE selective uptake by an unknown component of the plasma membrane >>!. This
laboratory later reported that human adipose tissue in organ culture or isolated primary
cell culture accumulated significant amounts of HDL-derived CE without appreciable

accumulation of the main protein component of HDL, apoA-1, and that the accumulation
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of HDL-CE was enhanced by the addition of recombinant human CETP and partially
inhibited by incubation of adipose tissue with TP2, an anti-CETP monoclonal antibody
which inhibits neutral lipid transfer”. Other studies from this laboratory examined the
role of CETP in selective uptake using CHO cells stably-expressing CETP (Zha and
McPherson, unpublished data). These studies demonstrated that endogenously expressed
CETP from these stably transfected cells associated with the plasma membrane by cell
surface labeling with fluorescent TP2 anti-CETP antibody. Furthermore, CETP mediated
the selective uptake of HDL-derived CE determined by the cellular uptake of fluorescent
bodipy-CE independently of the fluorescently labeled apoA-1. More recent studies
demonstrated that monensin treatment or energy depletion of the SW872 liposarcoma
cells with 2-deoxyglucose and NaN3 had no effect on CETP-mediated selective uptake,

indicating that endocytosis is not required >*.

3.2 — Rationale

The concept that CETP has a cellular function in mediating selective uptake of
HDL-CE, analogous to that of SR-B1, is still not widely accepted. It has been proposed
that CETP-mediated selective uptake observed in many cells is attributable to the CETP-
mediated transfer of CE from HDL to newly secreted apolipoprotein B-containing
lipoproteins, which are then internalized by the LDL receptor (LDL-R) as was first
reported using HepG2 cells **2, however, this paradigm cannot explain our observations
demonstrating CETP-mediated selective uptake in adipocytes since these cells do not

synthesize or secrete apoB lipoproteins.
At the time these studies were initiated, there was no clear evidence that CETP

mediated direct cellular uptake of cholesteryl esters but it was accepted that CETP played
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an important role in indirect and quantitatively important pathways for the clearance of
HDL-CE **, both through its transfer of cholesterol from HDL to other lipoproteins for
subsequent receptor-mediated endocytosis and in the remodelling of HDL rendering it a
better substrate for SR-B1-mediated uptake ***. The studies described below are an
extension of the adipocyte work previously published from this laboratory. The primary
objective was to determine the role of CETP in HDL-CE selective uptake in primary
mouse hepatocytes and to establish a role for CETP in HDL-CE selective uptake in vivo.
An important additional objective was to determine the effect of the CETP inhibitor
torcetrapib on CETP-mediated selective uptake in vitro and in vivo. Based on this
laboratory’s previous observations that the anti-CETP monoclonal antibody, TP2,
significantly reduced the ability of CETP to mediate selective uptake, we hypothesized
that inhibition of CETP would lead to decreased CETP-mediated HDL-CE selective

uptake and potentially impede a final step in reverse cholesterol transport.

3.3 — Materials & Methods

Reagents

Cell culture medium and reagents were purchased from Life Technologies and
cell culture plasticware was purchased from Falcon. All common reagents were
analytical grade and purchased from Fisher (Fair Lawn, NJ) and Sigma (St Louis, MO).
Restriction enzymes and Vent DNA polymerase were purchased from New England
Biolabs. Taq DNA polymerase was purchased from Invitrogen. Maxiprep, miniprep and
gel purification kits were purchased from Qiagen. Iodobeads and Super Signal
chemiluminescence reagents were purchased from Pierce. Horseradish peroxidase-

conjugated secondary antibodies and radioisotopes were from purchased from
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Amersham. Partially purified recombinant CETP (rCETP) was purchased from
Cardiovascular Targets, Inc (New York, NY).

Torcetrapib (CP-529,414) was kindly provided by Pfizer Inc. (Groton CT).
Generation of CETP adenoviruses

Wild type human CETP, in the pPCMV5 expression mammalian expression vector
(kindly provided by Dr Alan Tall), was subcloned into the pShuttle-CMV vector using
the following PCR-based strategy. The following PCR primers (CETP SS/Kpnl-f; 5°-
GCGGTACCATGCTGGCTGCCAC-3’ and Not1/ECFP-r; 5°-
TTCCCTTGCGGCCGCCCTTGTACAGCTC-3’) were used to amplify the CETP
sequence with the Kpnl and HindIII restriction sites designed into the primers. This PCR
fragment, along with pShuttle-CMV, were subsequently digested with the above
restriction enzymes and both were gel purified prior to ligation and screening for the
pShuttle-CETP recombinant vectors.

A variant of the CETP, designated CETPkp, which was previously shown to have

very little transfer activity 2*°

, was subcloned into pShuttle-CMV using restriction
digests. The CETP cDNA was excised from pCMV4 (kindly provided by Dr Alan Tall)
with Smal and cloned into the EcoRV site within the pShuttle vector. Screening of
recombinants was performed to ensure that the CETP ¢cDNA was inserted in the proper
orientation.

An additional construct was generated in which an enhanced cyan fluorescent
protein (¢CFP) was added to the N-terminus of the mature CETP peptide. This was

accomplished using a multi-step cloning approach described below. The CETP signal

sequence (Metl to Gly10 of mature CETP peptide) was generated by dimerizing
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complementary oligos (CETPss 1; 5°-
GATCTATGCTGGCTGCCACAGTCCTGACCCTGGCCCTGCTGGGCAATGCCCAT
GCCTGCTCCAAAGGCACCTCGCACGAGGCAGGG-3’ & CETPss 2; 5°-
GATCCCCTGCCTCGTGCGAGGTGCCTTTGGAGCAGGCATGGGCATTGCCCAG
CAGGGCCAGGGTCAGGACTGTGGCAGCCAGCATA-3) corresponding to the
CETP signal sequence with BglII and BamHI restriction sites designed into the 5’ and 3’
ends, respectively. The first 10 amino acids of the mature peptide were included in the
signal sequence peptide so that the cell can recognize the cleavage site and properly
process the mature eCFP-CETP. These first 10 amino acids will be repeated again after
the eCFP as part of the mature CETP. This double stranded oligo was then subcloned
into the BglIl and BamHI sites in eCFP-N1 (kindly provided by Dr H McBride) to
generate the plasmid CETPss/eCFP-N1. Meanwhile, pPCMV5-CETP was used as a
template to PCR generate the mature CETP sequence using the following primers:
Notl/CETP-f; 5’ AATTGGCGGCCGCTGCTCCAAAGGC-3’

& CETP/HindIll-r; 5°-CCGCCAAGCTTCTAGCTCAAGCTCTG-3’. These primers
contained Notl and HindIII restriction sites so that once the PCR product was generated,
it could be cut with these restriction enzymes and subcloned into the multiple cloning site
of the pShuttle vector (Q-biogene) generating the plasmid pShuttle-CETP 0. The
following primers (CETP SS/Kpn1-f; 5’-GCGGTACCATGCTGGCTGCCAC-3’

& Notl/ECFP-r; 5’-TTCCCTTGCGGCCGCCCTTGTACAGCTC-3") were then used to
PCR generate the CETPss/eCFP with Kpnl and Notl restriction sites from the
CETPss/eCFP-N1 plasmid generated above without the stop codon of the eCFP. This

PCR product was then digested and ligated into the corresponding sites in the pShuttle-
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CETPuawre. The new vector generated above, designated pShuttle-CFP/CETP, now
contains the CETP signal sequence upstream the eCFP which has now been attached to
the sequence coding for the mature CETP peptide.

For the luciferase control adenovirus, the luciferase cDNA was excised by
restriction digest from the pCA13-luciferase construct kindly provided by Dr Marcel and
subcloned into the HindIII and Xbal sites of the pShuttle-CMV vector.

The pShuttle vectors generated above were transfected into Cos7 cells and
Western blot analysis was performed using TP2 monoclonal anti-CETP antibodies to
ensure that the CETP proteins were expressed correctly. Sequencing was also performed
to ensure that there were no point mutations introduced during the cloning of the various
constructs. The pShuttle vectors were used for subsequent generation of the adenovirus
DNA construct via homologous recombination with the pAd-Easyl adenovirus DNA
vector in BJ5183 E. coli following the manufacturer’s instructions (Qbiogene). The
adenovirus was then generated and scaled-up in 293 cells, purified by cesium-chloride
density ultracentrifugation and measured by OD following the manufacturer’s
instructions (Qbiogene). Virus particles per ml are converted to plaque forming units per
ml (PFU/ml) by dividing by 18.

Immunoprecipitation and Western blot analysis

Cos7 cells were plated in 6-well culture dishes in DMEM containing 10% fetal
bovine serum. Each well was infected with 1 x 10 PFU of each of the adenovirus
constructs. Media was collected 2 days later and spun at 1000 rpm for 5 minutes to pellet
cellular debris prior to the addition of 40 pg of purified TP2 IgG. The cells were scraped

down in PBS and spun at 3000 rpm for 5 minutes to form a pellet which was
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subsequently washed and spun with PBS twice more. The media samples were placed in
a rotator overnight at 4°C. A 1:5 mix of protein G-sepharose was prepared with PBS and
150 pl of this slurry was added to the media samples the following morning and
incubated at 4°C in the rotator. 24 hours later, the samples were spun at 300 rpm for 5
minutes and the pellets washed with 11 ml of cold PBS by rotating 5 minutes each. The
final pellet was resuspended in 40 pl of denaturing/reducing loading buffer (10% SDS
and 0.1% B-mercaptoethanol) and heated for 5 minutes at 95°C before being subjected to
SDS-polacrylamide gel electrophoresis (8% gel with 4% stacking) at 100 V for 2 hours
and transferred to nitrocellulose for 1 hour at 4°C ", Blocking of the blot was done with
a 5% skim milk/1X Blotto solution for 1 hour followed by a 1:1000 dilution of the
monoclonal anti-CETP antibody TP2 overnight. The blot was washed 3 times 5 minutes
each in PBS and incubated with 1:5000 dilution secondary antibody conjugated to
horseradish peroxidase. CETP bands were detected by chemiluminescent detection using
the Super Signal solutions (Pierce Biochemicals).

Molecular biology techniques were essentially as described by Sambrook et al.
218
Animals and primary hepatocyte isolation and culture

Retired breeders of the C57B16J (wild type) mouse strain were purchased from
Charles River (Wilmington, MA). Mice do not express CETP 2, making them an ideal
model for these studies. As indicated below for certain experiments, primary hepatocytes
were isolated from SR-B1 and LDLR deficient mice. SR-B1 null mice (strain B6.129S2-
Scarb1™*™) and LDLR null mice (strain B6.129S7-1d1r™") were purchased from

Jackson Laboratory (Bar Harbour, ME). The mice were maintained on a 12 h light/12 h
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dark schedule on a normal chow diet. Primary hepatocytes were prepared from mice

according to established protocols 208,209

. Briefly, mice were sedated and livers perfused
with collagenase solution. The cells were seeded on fibronectin-coated (4 pg/well) 24-
well plates at an initial density of 2.9 X 10° cells per well in William’s medium
containing penicillin (100 units/ml), streptomycin sulfate (100 units/ml), Fungizone (250
ng/ml; Invitrogen) and 10% fetal bovine serum (Sigma). 6 h following the initial plating,
the cells were washed in William’s medium without fetal bovine serum and fresh media
(as above).

For experiments using adenovirus-mediated expression of CETP, CETP
adenovirus (ad-CETP) or control luciferase adenovirus (ad-Luc) was added to the wells at
a concentration of 2.175 X 10’ PFU/well (75 MOI). The infected cells were left to
express the transgene for 36 to 48 hours prior to the assay. Otherwise, cells were used
12-36 hours after initial wash.

Lipoprotein purification and labelling

Total HDL was purified from normolipemic plasma from a healthy male donor by
density gradient ultracentrifugation *** followed by dialysis X 3 against 4 L of nitrogen-
sparged PBS, pH 7.4, with 2 g of Chelex (BioRad). The lipoproteins were labeled with
H-cholesteryl oleate using a modified protocol as described by Reaven **. Briefly, 100
uCi of 3H-cholesteryl oleate ([°’H]}-CE) (Amersham Biosciences), 0.92 umol
phosphatidylcholine, 0.24 pmol sphingomyelin, 0.24 pmol unesterified cholesterol, and
0.14 umol triolein were dissolved in chloroform and dried under N; as a thin film. The
mixture was resuspended in 2 ml of Tris-NaCI-EDTA buffer (10 mM Tris-HCl, 150 mM

NaCl, and 0.25 mM EDTA, pH 8.0) and sonicated on ice 3 X 10 minutes. 5 mg of total
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HDL and 2 ml of lipoprotein-deficient serum were added to the lipid mixture and
incubated overnight at 37°C. *H-CE HDL was separated by sequential gradient density
ultracentrifugation and dialyzed against PBS as above.

Human apolipoprotein A-1 was kindly provided by Dr Daniel Sparks and labeled
with "I as described **. 3H-CE HDL was then incubated with '*5I-labeled apoA-1 or
cold apoA-1 for 24 h at 37°C prior to being re-isolated by gradient density
ultracentrifugation as described above. This results in an HDL particle that is labeled in
the core with *H-CE and on the protein moiety with '*I-apoA-1. The charge and size of
the labeled HDL particles were verified to be normal by Lipogel analysis.

Selective uptake assay

Experiments were carried out essentially as outlined in detail previously ¥.
Briefly, hepatocytes were seeded as described above, washed twice at 37°C in 1 ml of
ligand buffer (HBSS, 25 mM Hepes, 5 mg/ml BSA, pH 7.45) and then incubated at 37°C
for 30 min in this buffer. This buffer was replaced with 300 pl of ligand buffer
containing *H-CE HDL or '% I-apoA-1 HDL, with the addition of CETP and other
compounds as indicated (concentrations as stated in figure and figures legends), and the
cells were incubated at 37°C for 8 hours, unless otherwise indicated. At the end of the
incubation, the extracellular buffer was removed, and the cells washed 5 times in HBSS,
25 mM Hepes, pH 7.45 at room temperature. If '*’I-apoA-1 HDL was used in the
experiment, 250 pl of the extracellular buffer was subjected to TCA precipitation and
TCA-soluble counts were determined by gamma counting to determine the amount of
degraded 125I-apoA-l HDL. After the final wash, the remaining buffer was removed, and

the cells were solubilized with 500 ul of 0.2 M NaOH overnight at room temperature
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with gentle shaking. The protein content of 40 ul from each well was measured using a
BSA standard and the BCA protein assay reagent according to the manufacturer’s
instructions (Pierce). The cell associated *H or %I radioactivity in 400 pl of each cell
lysate was measured by liquid scintillation counting using Ecolite (ICN, Costa Mesa, CA)
or by gamma counting, respectively. The cell-association of *H-CE or 12[.apoA-1 or
degradation of '*’I-apoA-1 are measured in units of the amount of these labels contained
in 1 ng (protein content) of HDL and corrected for mg of cell protein in each well.
Measured this way, an equivalent amount of *H-CE and '% I-apoA-1 labels represents
holoparticle uptake and any additional *H-CE cell association is attributed to selective
uptake.

For experiments examining the reversible and irreversible components of
selective uptake, hepatocytes were preincubated with 50 pg/ml *H-CE-HDL for 2 or 4
hours and then incubated for 4 h with 400 pg/ml cold HDL. The reversible phase was
measured by counting the radioactivity found in the media that was removed from the
cells. The irreversible phase was determined by measuring the cell-associated counts
following 4 washes with HBSS.

CETP Transfer Activity Assays

CETP transfer activity assay was performed as follows. For each sample, done in
duplicate, 2 pl of mouse plasma was diluted in 18 pl of PBS. 80 pl of TSE (50 mM tris,
150 mM NaCl, with azide and EDTA, pH 7.4) containing 50 pg LDL and 1 pg of *H-CE
labeled HDL (labeling described above), based on total cholesterol content and not
protein content, was added to each sample and incubated at 37°C for 3 hours with

shaking. There are also 3 control samples in duplicate; 2 pl of human plasma to which
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all the other samples will be compared, 2 pl of plasma that will not be precipitated
(measures total counts) and the final control measures total precipitable counts in the
absence of plasma (20 pl of PBS). 175 pl of a precipitate solution (4:1:1 mix of 20%
BSA:MnCl,:heparin) is added to each of the samples followed by 400 ul cold TSE. The
samples are left on ice for 10 minutes followed by centrifugation at 4°C on maximum
setting. The amount 6f radioactivity in 100 pl of the supernatant is determined and this
represents the amount of *H-CE remaining in the HDL (*H-CE transferred to LDL by
CETP was precipitated and therefore removed from the supernatant).
In vivo Experiments

Preliminary experiments were carried out in 6-8 week-old C57B16J (wild-type)
mice (Charles River). Wild-type mice (C57B16J) were injected with increasing amounts
of CETPyw and CETPxp adenoviruses (1.25 x 108, 2.5 x 10%, 5 x 10% and 1 x10° PFU).
Blood was collected by saphenous vein puncture 6 days later and plasma obtained
following centrifugation. CETP was detected by Western blot, as described above except
for the following changes: electrophoresis conditions were denaturing only (10%
SDS/non-reducing) and the anti-CETP monoclonal antibody was TP24 rather than TP2.

In some experiments, mice were subjected to tail vein injection of either ad-Luc

or ad-CETPxp, (1.25 X 108 PFU in 100 pl total volume). At baseline and 3, 6, and 10
days post injection, fasting blood samples were obtained for cholesterol measurements.
Animals were sacrificed at 10 days and primary hepatocytes isolated for determination of
CETP protein expression and *H-CE-HDL selective uptake assays.

In the final experiments, mice were injected via the tail vein with 2.5 x 10 PFU

of ad-Luc or ad-CETPy; (day 0) in a total volume of 100 ul. Mice were injected daily

100



via the tail vein with 100 pl of intralipid containing either vehicle (DMSO) or torcetrapib
(0.125 mM; such that the final concentration in the mouse, assuming a 3 ml total blood
volume, would be approximately 4 uM). Mice were fasted 8 hours and 100 ul of blood
was collected in an EDTA collection vial via saphenous vein puncture on day 2, 4, 5, and
7 post-injection. The blood samples were centrifuged and plasma was aliquoted and
frozen for assay at experiment completion. CETP expression in plasma samples was
confirmed by Western blot. Samples were also assayed for total cholesterol using a
colorimetric assay (Roche Diagnostics, Montreal, PQ). On day 7, the mice were bled
using mild sedation and cardiac puncture to obtain approximately 1 ml whole blood. The
blood samples were spun and sera were stored at 4°C prior to discontinuous density
gradient ultracentrifugation in order to separate LDL and HDL subfractions. 500 pl
aliquots were removed from the tubes after 18 hours at 45000 rpm and stored at 4°C prior
to density measurement and total cholesterol determination using a colorimetric assay
(Roche Diagnostics, Montreal, PQ).
Statistical Analysis

Results are expressed as the mean + SEM. Where indicated, the statistical
significance of the differences between groups was determined using two-tailed p values
of the unpaired ¢ test using GraphPad InStat v.3.06 statistical analysis software

(GraphPad Software Inc.).
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3.4 — Results

3.4.1 — Expression of CETP Using Adenovirus-mediated Gene Transfer

Cos7 cells, which are a monkey-derived cell line, do not express endogenous
CETP making them a suitable cell line for preliminary experiments. Expression of CETP
using adenovirus-mediated gene transfer resulted in equal expression levels of all three
constructs (ad-CETPy, ad-CETPkp and ad-CFP-CETP) as determined by Western blot
analysis of cell lysates, using an anti-CETP monoclonal antibody TP2 (Figure 3.1).
CETP and CFP-CETP were found at the expected molecular weights of approximately 74
kDa and 101 kDa (74 kDa + 27kDa (eCFP)), respectively. Ad-CETP,,; and ad-CFP-
CETP were secreted into the media; in contrast CETPkp was poorly secreted despite
having good expression in the cell. This was surprising since CETPxp was previously
reported by Alan Tall’s laboratory to exhibit normal secretion but impaired CETP
transfer activity *** and this was the main reason this particular combination of point
mutations was chosen for the adenovirus construct. Furthermore, CETPxp demonstrated
normal CETP activity in mouse plasma when expressed in the liver via tail vein injection
of the adenovirus (shown below) contrary to the previous report using cell culture
expression. Nonetheless, this construct was suitable for further experimentation since
CETPxp was shown previously to associate with the cell in a similar fashion to wild-type
CETP (Zha & McPherson, unpublished data) and was therefore used in experiments to

examine the effects of cell-associated CETP on selective uptake.
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Figure 3.1. Expression of CETP transgenes in Cos7 cells following adenovirus-
mediated gene transfer.

Cos7 cells, cultured to a confluent monolayer in a 6-well dish, were infected with 1 x 10®
PFU of adenovirus. Cells were left to express the transgenes for 2 days prior to Western
blot analysis of the cell lysate and immunoprecipitation of CETP from the media. A.
Western blot of cell lysate and immunoprecipitable CETP from the media of Cos7 cells
infected with ad-CETP,. or ad-CETPkp. B. Western blot of cell lysate and
immunoprecipitable CETP from the media of Cos7 cells infected with ad-CETPy or ad-
CFP-CETP.
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3.4.2 — CETP Mediates Selective Uptake of HDL-derived CE in Primary Mouse
Hepatocytes

Western blot analysis of wild-type mouse hepatocytes infected in culture with
CETP adenovirus (ad-CETP.) or the control luciferase adenovirus (ad-Luc)
demonstrates that CETP is expressed at the expected molecular weight in cell lysates
from ad-CETP,,-infected hepatocytes in contrast to control (Figure 3.2A). For these
experiments, in order to specifically address the effects of cell associated CETP as
opposed to CETP secreted into the media, a moderate viral titer of ad-CETP, (2.175 x
107 PFU/well) was used to test expression and secretion into the media over an 8 hour
time period, the incubation time used for the selective uptake experiments. Under these
conditions, hepatocyte secretion of CETP was negligible as demonstrated by the absence
of CETP in the media by Western blot following immunoprecipitation (IP) with TP2 anti-
CETP monoclonal antibody (mAb) at the end of the 8h time course (Figure 3.2A) and no
detectable transfer of *H-CE from HDL to LDL in an in vitro transfer assay (data not
shown). Cells were subsequently isolated from additional wild-type mice and infected
with a low viral titer of ad-CETPyy, 7.25 x 10° PFU/well (Figure 3.2B), which
corresponds to a multiplicity of infection of approximately 25 PFU per cell (MOI 25).
Cells were also infected with a moderate dose of ad-CETP, (2.175 x 10’ PFU/well),
which corresponds to an MOI of 75 (Figure 3.2C). As expected in luciferase-transfected
hepatocytes, *H-CE cellular incorporation was greater than that of '*’I-apoA-I, consistent
with SR-BI mediated selective uptake of HDL-CE by primary hepatocytes (Figure
3.2A&B). However, even in the absence of detectable CE transfer activity in the media,

adenovirus-mediated expression of CETP in mouse primary hepatocytes resulted in a
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Figure 3.2, CETPy, transgene expression mediates selective uptake of HDL-
derived *H-CE in primary mouse hepatocytes.

A. Western blot (post selective uptake assay) for CETP in cell lysate from isolated
primary hepatocytes (C57B16J) infected with ad-CETP,, (2.175 x 107 PFU/well) for 2
days and IP from the media collected following the 8 hour incubation time. B. Selective
uptake assay on primary mouse hepatocytes (C57BI6J) infected with 7.25 x 10° PFU/well
(multiplicity of infection of 25 (MOI)) of ad-CETP., or ad-Luc 2 days prior. *H-CE
uptake in cells infected with ad-CETP,,; (A) or ad-Luc (A); '*I-apoA-I cell uptake in
cells infected with ad-CETPy (@) or ad-Luc (0); '*I-apoA-I degradation in cells infected
with ad-CETPy; (w) or ad-Luc (0). *2-tailed p values < 0.05 for all values compared to
luciferase for all concentrations of HDL. C. Selective uptake assay on primary mouse
hepatocytes (C57B16J) infected with 2.175 x 10’ PFU/well (75 MOI) of ad-CETP,,, or
ad-Luc 2 days prior. *H-CE uptake in cells infected with ad-CETPy; (A) or ad-Luc (A);
B]apoA-I cell uptake in cells infected with ad-CETP,, (®) or ad-Luc (0); 125I-apoA-I
degradation in cells infected with ad-CETP. (m) or ad-Luc (g). * 2-tailed p values <
0.0007 compared to luciferase for all concentrations of HDL.



ASERIONT-PY
dLHAD-PV
[O[UOD AL

® ©
Q0 Q
x =
v O
r~ 0

seRIONT-PY |
arao-pvj &
ewse[d ugwmpy .

cell lysate

24

T
Q
Q
[ =}
-

3000
2000 -

(uiajoud @3 BuygH Bu)
uoljepeibap Eo%._mNF 1o

axexdn |yode-_ Jo 30-H,

105

*
> ® -8
'y
E T
2 3
= e O
T g
4 \g - o
r T T T~ Q
[ =] [ =) [ =] (=]
=] [ =] 2
=] [ =] [ =]
Lot ] (4] L
(uiajoud |j@3 w1 Bu)
uoiepelfap |yode-| o, 49
axjexdn Eonm-_mﬂ 40 30-H,
@)



viral dose-dependent increase in *H-CE cell-association as compared to ad-Luc control
(20% and 65% increase, respectively). This effect began to saturate at 50 pg/ml of HDL
and therefore further experiments used this concentration of HDL. For future
expetiments, the MOI of 75 was chosen because of the more robust effect on *H-CE
uptake. The cell-association of '*I-apoA-1 or the cell-mediated degradation of '*I-
apoA-1 was unchanged with ad-CETP expression compared to ad-Luc control cells,

indicating that although CETP increases CE uptake, it does not alter HDL particle uptake

demonstrating true selective uptake.

3.4.3 — CETP-mediated Selective Uptake Does Not Depend on CETP Secretion into the

Media

This laboratory has shown previously that CETPgp, when expressed
endogenously by stable transfection of Cos7 cells, associates with the cell plasma
membrane where it is thought to participate in the selective uptake of HDL-derived CE
(Zha & McPherson, unpublished data). Although ad-CETPxp is poorly secreted (Figure
3.1A), it had equivalent cell uptake of HDL-derived *H-CE to the other wild-type

constructs tested (ad-CETPy and ad-CFP-CETP) (Figure 3.3A).

3.4.4 — CETP-mediated Selective Uptake is Independent of Other Lipoprotein

Receptors

Ad-CETP expression in isolated primary mouse hepatocytes isolated from SR-B1
-/- animals resulted in increased selective uptake of HDL-derived *H-CE compared to ad-

Luc-infected cells (Figure 3.3B). Although the absolute levels of uptake were lower in
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Figure 3.3. CETP-mediated selective uptake is independent of secretion, SR-B1 or
LDLR family members.

A. Selective uptake assay (50 pg/ml *H-CE-HDL) on isolated primary mouse
hepatocytes (C57B16J) infected with 2.175 x 107 PFU/ml of each of the adenovirus
constructs (ad-CETPyy, ad-CETPkp and ad-CFP-CETP) 2 days prior. * 2-tailed p values
<0.002 for all compared to luciferase. B. Selective uptake assay (50 pg/ml *H-CE-HDL
or "®I-apoA1-HDL) on isolated primary hepatocytes from a wild type (C57B16J) mouse
and an SR-B1 -/- mouse infected with 2.175 x 10’ PFU/ml of each ad-CETPy 2 days
prior. * 2 tailed p value < 0.0001; ** 2 tailed p value = 0.004. C. Selective uptake assay
(50pg/ml *H-CE-HDL) on isolated primary mouse hepatocytes (C57B16J) infected with
2.175 x 10’ PFU/ml of each of ad-CETPyy 2 days prior. Some of the cells were infected
with a RAP-expressing adenovirus 24 hours prior to the selective uptake assay (2.175 x
107 PFU/ml). * 2 tailed p value = 0.03; ** 2 tailed p value = 0.003; n.s. = not significant.
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the ad-CETP-infected SR-B1-/- hepatocytes compared to wild-type hepatocytes, the
increase in selective uptake was the same (approximately 65%). These results were
similar with ad-CETPp, infection (data not shown).

Adenovirus-mediated expression of RAP, which has been shown to impede the
expression, presentation and function of LDLR family members 128, did not affect
CETP-mediated HDL-derived *H-CE uptake (Figure 3.3C). The results were similar

when cells were infected with ad-CETPkp rather than ad-CETP,, (data not shown).

3.4.5 — CETP-mediated Selective Uptake is Independent of CETP Transfer Activity

To verify that torcetrapib could inhibit CETP transfer activity, a transfer activity
assay was performed and results are shown in Figure 3.4A. Torcetrapib was very
effective at inhibiting CETP transfer activity of 2 pl of fresh human plasma at extremely
low concentrations. TP2 Fab, on the other hand, was only 75% effective at inhibiting
CETP transfer activity. This laboratory has shown previously that TP2 Fab can inhibit
CETP-mediated selective uptake by nearly 80% in adipocytes®’, but we show here
complete inhibition of CETP-mediated *H-CE uptake (Figure 3.4B). This difference is
likely due to different concentrations of CETP present on the adipocyte versus the mouse
hepatocyte infected with ad-CETP, (2.175 x 10’ PFU/well). Surprisingly, torcetrapib
was not able to inhibit *H-CE uptake mediated by cell-associated CETP (Figure 3.4B),
even at concentrations much higher than those shown to be effective for inhibiting

transfer activity. Identical data was obtained using primary mouse hepatocytes infected

with ad-CETPkp rather than ad-CETP,,, (data not shown).
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Figure 3.4. Selective uptake mediated by cell-associated CETP does not require
transfer activity.

A. CETP transfer activity assay measuring transfer of HDL-derived *H-CE to LDL in the
presence of increasing concentrations of the CETP inhibitor torcetrapib or TP2 Fab.
Values are expressed as a percentage of the assay control sample (2 pl human plasma
without torcetrapib). B. Selective uptake assay (50 pg/ml *H-CE-HDL) on isolated
primary mouse hepatocytes (C57BI6J) infected with 2.175 x 10’ PFU/ml of ad-CETP, 2
days prior. Assay was performed in the absence or presence of increasing amounts of
torcetrapib (vehicle was DMSO) or TP2 Fab. * 2 tailed p values < 0.05 for all CETP
values compared to luciferase.
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3.4.6 — Exogenously Added Recombinant CETP Mediates HDL-derived *H-CE

Selective Uptake, an Effect Which is Partially Inhibitable by Torcetrapib

Exogenously added recombinant CETP (rCETP) can mediate the selective uptake
of HDL-derived CE in wild type (C57BI16J) primary mouse hepatocytes. As shown in
Figure 3.5A, rCETP, which was added to the media at a concentration of 0.48 pg/ml,
increased the selective uptake of HDL-derived CE by 400%. Surprisingly, torcetrapib
only partially inhibited rCETP-mediated selective uptake of *H-CE (70% increase).
There were no significant differences observed in the cellular uptake or degradation of
'%L.apoA-1 in the rCETP treated cells in the presence or absence of torcetrapib. To
exclude the possibility that there was insufficient inhibition of CETP transfer activity,
rCETP(0.48 ug/ml) was added to the media with or without increasing concentrations of
torcetrapib. As shown in Figure 3.5B, *H-CE uptake increased by 500-600% in mouse
hepatocytes treated with rCETP, and incubation of cells with increasing concentrations of
torcetrapib reduced the ability of exogenously added CETP to enhance *H-CE uptake by
up to 80%. Identical results were obtained when rCETP, *H-CE HDL and torcetrapib
were pre-incubated for 2 hours prior to being added to the primary hepatocytes (data not

shown).

3.4.7 — Exogenously added rCETP can Associate with Primary Hepatocytes in Culture

and Mediate Uptake of HDL-derived *H-CE

To further investigate the mechanism by which exogenously added rCETP
mediates selective uptake, cells were incubated with 0.48 ug/ml of rCETP for 2 h at 4°C

and 37°C and then probed for CETP by Western blot to determine whether CETP added
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Figure 3.5. Exogenously added CETP mediates selective uptake in primary mouse
hepatocytes by 2 distinct mechanisms.

A. Selective uptake assay on primary mouse hepatocytes (C57B16J) incubated with *H-
CE HDL or '®I-apoA-1 HDL (50 pg/ml), with or without the addition of recombinant
CETP (rCETP) at a concentration of 0.48 pug/ml. * 2 tailed p value < 0.0001; ** 2 tailed
p value = 0.0007. B. Selective uptake assay on primary mouse hepatocytes (C57B16])
incubated with *H-CE HDL (50 png/ml), with or without the addition of recombinant
CETP (rCETP) at a concentration of 0.48 ug/ml and 0 to 25 uM torcetrapib. 2-tailed p-
values < 0.04 for all rCETP values compared to control.
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to the media could associate with the cells (Figure 3.6A). Western blot of cell lysates
shows the presence of immunoreactive CETP in the cell lysate of the cells pre-incubated
with CETP at 37°C. The light bands in the other lanes are likely cross-reactivity or
overflow during filling. The media sample (control) represents approximately 12 ng of
rCETP loaded on the gel and this band is approximately 50-75% the intensity of the 37°C
cell lysate sample. Half the cell lysate was loaded onto the gel indicating that
approximately 36-48 ng, or one-third of rCETP added to the media, became cell-
associated at 37°C.

Cells preincubated with rCETP at 37°C for 2 hours prior to the selective uptake,
in which no additional rCETP was added, had an increase in SH-CE uptake of 122% and
this was insensitive to torcetrapib (Figure 3.6B). This is similar to the increase observed
when cells were incubated with rCETP during the assay in the presence of torcetrapib
(155% increase). Interestingly, the increase in *H-CE uptake of 122% is approximately
30% of that of cells incubated with rCETP during the selective uptake assay (406%
increase) and this correlates to the 33% of the rCETP that associated with the cells during
a 2-hour pre-incubation in another experiment; the small difference could be due to cell
to cell differences from different hepatocyte preparations. The difference in *H-CE
uptake observed between rCETP + torcetrapib incubation during the assay versus rCETP
pre-incubation was significant (2-tailed p value = 0.001) and likely reflects the longer

incubation time for CETP cell association (8 hour assay versus 2 hour pre-incubation).
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Figure 3.6. CETP added to media can associate with primary mouse hepatocytes
and mediate selective uptake.

A. Western blot analysis of isolated primary mouse hepatocytes (C57B16J) incubated
with rCETP (0.48 pg/ml) for 2 hours at 4°C or 37°C. Cells were washed twice with
either cold or room temperature HBSS, respectively, following the 2 hour incubation and
scraped down in SDS-loading buffer (denaturing/reducing) and half of the sample was
used to detect CETP by Western analysis. A portion of the ligand mix was run on the
same Western analysis as a positive control. B. Selective uptake assay (50 pg/ml *H-CE
HDL) on primary mouse hepatocytes (C57B16J) that were pre-incubated or not with 0.48
pug/ml rCETP for 2 hours at 37°C. Cells were washed twice with room temperature
HBSS prior to being subjected to a selective uptake assay, during which some wells
received an additional 0.48 pg/ml of rCETP. Some cells also received 500 nM of
torcetrapib. All results are significant compared to control (2-tailed p value < 0.0001).

* 2-tailed p-value = 0.001.
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3.4.8-°H-CE Uptake, Mediated by Exogenous rCETP, is Independent of Other

Classical Selective Uptake Pathways

As shown in Figure 3.3 for ad-CETP, neither SR-B1 nor LDL receptor family
members were required for exogenously added rCETP (0.48 pg/ml) to mediate uptake of
HDL-derived *H-CE (Figure 3.7A&B). In both cases, torcetrapib only partially inhibited
3H-CE uptake to similar magnitudes observed in Figure 3.5.

Additional studies were carried out in hepatocytes from SR-B1 deficient mice.

As expected, the overall levels of HDL-CE uptake were lower in hepatocytes from mice
lacking SR-B1. However, exogenous rCETP (0.48pg/ml) enhanced hepatocyte
incorporation of *H-CE to a similar extent irrespective of SR-BI expression (Figure
3.7B).

Hepatocytes were incubated with or without 30 pg/ml of receptor associated
protein (RAP) to block the members of the LDLR family through competitive binding.
Incubation with RAP did not affect rtCETP-mediated selective uptake and both
torcetrapib-sensitive and insensitive pathways were again observed (Figure 3.7C).

Finally, studies were carried out in the presence of heparin (100 U/ml), which
disrupts binding of hepatic lipase and lipoprotein lipase to the HSPGs. Heparin treatment
did not reduce the ability of exogenous rCETP to enhance hepatocyte accumulation of
3H-CE nor alter the torcetrapib-sensitive or insensitive components of rCETP-mediated

selective uptake (Figure 3.7D).
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Fig 3.7. Selective uptake mediated by exogenously added CETP is independent of
classical lipoprotein receptors.

Uptake of *H-CE HDL (50pg/ml) with or without the addition of CETP (0.48 pg/ml) and
in the presence of 0 to 5 uM torcetrapib by primary mouse hepatocytes prepared from
LDLR null mice (A), SR-BI-/- mice (B) or from wild type mice and incubated with RAP
(30mg/ml) (C) or from wildtype mice and incubated with heparin (100 U/ml) (D). The 2-
tailed p values < 0.05 for all CETP samples compared to control.
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3.4.9 — Effects of Torcetrapib on Reversible and Irreversible Components of CETP

Selective Uptake

The reversible and irreversible phases of CE-uptake at 2 and 4 hours in the
presence or absence of torcetrapib (500 nM) were determined to further investigate the
mechanism by which exogenous rCETP and cell-associated ad-CETP mediate selective
uptake. As shown in Figure 3.8A, when primary hepatocytes were incubated with 0.48
ng/ml of rCETP, entry of *H-CE into a reversible compartment was completely inhibited
by torcetrapib whereas accumulation of *H-CE in the irreversible compartment was
partially but not completely inhibited by torcetrapib (Figure 3.8B). In contrast, when this
experiment was carried out using hepatocytes infected with a moderate level of ad-
CETPys (2.175 x 107 PFU/ml) there was no effect of torcetrapib on entry of *H-CE into
either the reversible or irreversible compartments (Figure 3.8C), further demonstrating
that selective uptake mediated by cell-associated CETP (ad-CETP) is not susceptible to

inhibition by torcetrapib.

3.4.10 — Ad-CETP,,; and ad-CETPxp Expression in vivo

Wild type mice (C57BI16J) at 6-8 weeks of age were injected with increasing titres of
either ad-CETP or ad-CETPxp via tail vein injection. Plasma samples from each
mouse were obtained 6 days after the injections and subjected to Western blot analysis
for CETP. As shown in Figure 3.9A, CETP, expression in vivo was dependent on the
dose of adenovirus administered. Almost no CETP was detectable in the plasma of the
1.25x 10® PFU dose whereas the plasma sample from the 2.5 x 108 PFU dose appeared to

contain the same amount of immunoreactive CETP as human plasma. CETPxp
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Figure 3.8. Effects of torcetrapib on reversible and irreversible components of
selective uptake.

A and B. The reversible and irreversible components of selective uptake mediated by
exogenously added rCETP (0.48 pg/ml). Hepatocytes were preincubated with 50pg/ml
H-CE-HDL for the indicated times and then incubated for 4 h with 400 pg/ml cold HDL.
Cells were treated with either vehicle (DMSO) or torcetrapib (1 uM). Removal of *H-CE
label from the reversible phase is represented by the media counts in A. The irreversible
phase was determined by measuring the cell-associated counts following 4 washes with
HBSS and is represented by the cell counts in B. C. The reversible and irreversible
components of CETP selective uptake in mouse hepatocytes infected with ad-CETP,
(2.175 x 107 PFU/well). Cells were treated as above. # 2-tailed p value = 0.007; * 2-
tailed p value < 0.0001; ** 2-tailed p value = 0.005.
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Figure 3.9. CETPw/t and CETPxp are secreted into plasma irn vivo.

A&B. Western blot analysis of plasma from C57B16J mice 6 days after they were
injected with various concentrations of either ad-CETPy, (A) or ad-CETPxp (B). 2ul of
human plasma was loaded as a control. C&D. CETP transfer activity assays of plasma
samples from each of the ad-CETPy or ad-CETPkp mice 6 days after the injections. 2 pl
of plasma was used from each mouse and compared to the transfer activity of 2ul of
human plasma. Plasma samples were tested in duplicates and the mean +/- SEM is
shown.
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expression also showed dose dependent expression (Figure 3.9B), except that no CETP
was detected in the plasma from the 1.25 x 10® dose. The plasma samples from day 6 of
each of the mice were also subjected to a CETP transfer activity assay that measures the
transfer of HDL-derived *H-CE to LDL (Figure 3.9C & D). The transfer activities
measured correlated well with the amount of immunoreactive CETP detected by Western
blot analysis. Surprisingly, CETPxp transfer activities correlated well with the mass
detected by Western blot and it had comparable activity levels to CETP,,;. This is
contradictory to the previous reports stating limited transfer activity of CETPkp secreted

into the media by transfected Cos7 cells **.

3.4.11 — CETPxp Expression in vivo Decreases Total Plasma Cholesterol and Total

Cholesterol of Lipoprotein Fractions Corresponding to HDL

Based on the data in Figure 3.9, ad-CETPxp was injected at a dose of 1.25 x 10%
PFU/mouse. At this dose, no CETP was detected in plasma by either Western blot or
transfer activity assay thus reducing the potentially confounding effects of CETP
secretion into plasma. In parallel, mice were also injected with 1.25 X 10® PFU of ad-
Luc (n=4 for each) and all mice were sacrificed on day 10. Plasma total cholesterol was
significantly lower in mice infected with ad-CETP on day 6 and 10 (20% and 35%,
respectively) (Figure 3.10A). This was due to a selective decrease in cholesterol in

particles within the HDL density range (Figure 3.10B).
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Figure 3.10. Effects of hepatic ad-CETPxp, expression on selective uptake in vivo.

A. Plasma total cholesterol from mice injected with 1.25 X 10® PFU of ad- CETPkp
compared to ad-Luc injected mice (n=4 for each). Mice were bled via saphenous vein
puncture on days 3, 6 and 10 and plasma obtained following centrifugation. * 2-tailed p
value = 0.013; ** 2-tailed p value = 0.006. B. Lipid profiles of ad-CETPxp and ad-Luc
injected mice (1.25 x 10’ PFU). The mice above were exsanguinated on day 10 and
serum obtained following centrifugation. Total cholesterol was measured in each of the
fractions separated by discontinuous density gradient ultracentrifugation. The 2 tailed p
values for ad-CETP mice compared to ad-Luc mice at the HDL peak are * 0.047 and
**0.033.
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3.4.12 - In vivo CETPxp Expression Mediates Selective Uptake of HDL-derived >H-

CE in vitro

Mice were injected with 1.25 X 10® PFU of either ad-Luc or ad-CETPxp. Plasma
total cholesterol was measured and results were similar to those presented in Figure
3.10A. The mice were sacrificed on day10 and primary hepatocytes were isolated from
each. CETP was detectable by Western blot in the cell lysate of the hepatocytes from ad-
CETPxp infected mice (Figure 3.11A). H-CE cell uptake was increased by 25% as
compared to hepatocytes from ad-Luc infected mice (Figure 3.11B), which correlates

closely with the decrease in total plasma cholesterol and HDL-cholesterol seen in Figure

3.10.

3.4.13 — CETP,, Mediates Hepatic Selective Uptake of HDL-derived CE in vivo

To confirm the functional importance of CETP in hepatocyte selective uptake of
HDL-CE in vivo, we determined changes in plasma total cholesterol and lipoprotein sub-
fractions 7 days post tail vein injection of ad-CETPyy; or ad-Luc. Ad-CETP,; and ad-Luc
were used at a dose of 2.5 x 10® PFU/mouse such that the expression level and activity in
plasma is roughly that of humans as demonstrated in Figure 3.9. As shown in Figure
3.12A, hepatic expression of CETP at levels sufficient to elicit CETP, secretion into
plasma, in a species lacking endogenous CETP, reduced plasma total cholesterol by 50%
relative to luciferase control. Importantly, this decrease was entirely due to a decrease in
cholesterol in particles in the HDL density range (Figure 3.12B).

Since torcetrapib was found to reduce selective uptake mediated by exogenously

added rCETP in vitro (Figure 3.5A), studies were also carried out to determine the effects
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Figure 3.11. Effects of in vivo hepatic expression of ad-CETPxp on selective uptake
in vitro.

A. Western blot of the cell lysate of hepatocytes isolated from a mouse (C57B16J)
infected with ad-CETPgp, or ad-Luc (1.25 x 10 PFU) 10 days prior. B. Effects of in vivo
expressed CETPxp on selective uptake in vitro. Primary hepatocytes isolated from mice
10 days post ad-Luc or ad-CETPxp, infection (1.25 x 10° PFU) were incubated at 37°C for
8 h with *H-CE HDL or '*I-apoA-1 HDL (50 pg/ml). *H-CE uptake in cells infected
with ad-CETP,, (A) or ad-Luc (A); 125I-apoA-I cell uptake in cells infected with ad-
CETPy (@) or ad-Luc (0); 125 I[-apoA-I degradation in cells infected with ad-CETP,,; (m)
or ad-Luc (O). ** 2-tailed p value = 0.01.
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Figure 3.12. Effects of hepatic expression of ad-CETPw/t on selective uptake in vivo.

Mice were injected via tail vein with 2.5 x 10® PFU of ad-CETP, or ad-Luc and treated
with daily IV injections of Intralipid® containing vehicle (DMSO) or torcetrapib X 7d.
A. Fasting plasma total cholesterol from day 7 post injection. Data is presented as a %
of the day 0 total plasma cholesterol measurements. * 2-tailed p value < 0.001 compared
to luciferase control; ** 2-tailed p value = 0.02 comparing vehicle and torcetrapib treated
ad-CETPy,; mice. B. Total cholesterol in lipoprotein fractions separated by
discontinuous density gradient ultracentrifugation. The 2 tailed p values for ad-CETP
mice compared to ad-Luc mice at the main peak (corresponding to HDL) are < 0.0001.
The 2-tailed p value comparing vehicle and torcetrapib ad-CETP mice = 0.002.
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of concomitant administration of the CETP inhibitor, torcetrapib, on CETP-mediated
selective uptake in vivo. Torcetrapib is poorly absorbed by the oral route in rodents and
thus mice received daily tail vein injections of vehicle (DMSO) or torcetrapib (0.125
mM) in 100 pl of Intralipid®. Torcetrapib treated mice had slightly smaller decreases in
total plasma cholesterol and in total serum cholesterol in lipoprotein particles of the HDL
density range (Figure 3.12A and B). Overall, ad-CETP,, expression acutely reduced
total cholesterol (mainly in particles in the HDL density range) by 50% in mice not
treated with torcetrapib and by 33% in animals subjected to concomitant torcetrapib

treatment.
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3.5 — Discussion

The studies presented here are the first to demonstrate that hepatocyte CETP
directly mediates the selective uptake of HDL-derived cholesteryl esters. An increase in
cellular accumulation of *H-CE was observed in an ad-CETP viral dose-dependent
manner (up to 100%) while cellular or degraded **I-apoA-1 did not change with ad-
CETP expression. In contrast to the above experiments using adenovirus-driven
expression of CETP, recombinant CETP added exogenously to cells at a concentration
much lower than that normally found in human plasma (0.48 pg/ml versus ~1.8 pg/ml),
caused a 500 to 700% increase in *H-CE selective uptake.

CETP’s established role in the plasma is to mediate the transfer of HDL-CE to
apoB containing lipoproteins. It was believed that the major role of CETP in the return
of HDL-CE to the liver consisted of the selective transfer of CE to apoB lipoproteins for
subsequent uptake into the cell by receptor-mediated endocytosis involving the LDLR or
other members of the LDLR family. However, the present studies demonstrate that
members of the LDLR family of receptors are not required for CETP-mediated selective
uptake since this process occurs in LDLR-deficient hepatocytes and blocking of LRP and
VLDLR by expression of RAP following adenovirus infection did not alter CETP-
mediated uptake of HDL-derived *H-CE. The only well established receptor for selective
uptake of HDL-CE and free cholesterol is SR-B1. It was proposed that CETP remodels
the HDL particle such that it becomes a better substrate for SR-B1-mediated selective
uptake ***, To exclude this possibility, experiments were performed in primary mouse

hepatocytes isolated from SR-B1 -/- animals. As expected, selective uptake of HDL-
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derived *H-CE in luciferase infected cells was decreased in SR-B1 /- hepatocytes
compared to wild type (C57B16J) supporting a role for SR-B1 in this process. However,
when CETP was expressed using adenovirus or added exogenously to cells, there was a
similar increase in HDL-derived *H-CE selective uptake irrespective of SR-B1
expression.

To exclude a role for other members of the LDL receptor gene family, we
incubated cells with 30 pg/ml of RAP to competitively block those receptors. Uptake of
H-CE was unaffected by RAP and both the torcetrapib-sensitive and insensitive
components were observed. To exclude a role of other molecules identified to mediate
selective uptake, cells were incubated with heparin thus preventing HL- and LPL-
mediated selective uptake *'~2. Heparin treatment did not reduce the ability of exogenous
rCETP to enhance hepatocyte accumulation of *H-CE nor alter the torcetrapib-sensitive
or insensitive components of rCETP-mediated selective uptake, ruling out a requirement
for hepatic lipase or lipoprotein lipase in this process (Figure 3.7D). In fact, heparin
increased the CE uptake in both control and rCETP treated cells. One explanation is the
ability of heparin to release bound HL from the surface thus allowing more of the HDL to
interact with other cell surface proteins not displaced by heparin, such as the rCETP.
Thus, the torcetrapib-sensitive and insensitive components of exogenously added rCETP
selective uptake do not require the LDLR or any other LDLR family member, SR-B1, HL
or LPL. These studies demonstrate that in hepatocytes, as in adipocytes, CETP directly
mediates selective uptake independently of known lipoprotein receptors.

To gain further insight into the mechanism of CETP-mediated selective uptake,

ad-CETP,., and ad-CETPxp selective uptake were compared. Secretion of CETP into the
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media, which is severely impaired in the case of ad-CETPxp, was not required for CETP
to mediate the uptake of HDL-derived *H-CE.

Using the CETP inhibitor torcetrapib as a tool, selective uptake mediated by
CETP expressed at a low dose such that CETP was not detectable in the media over the
time frame of the assay, was examined. Under these conditions, cell-associated CETP
increased selective uptake irrespective of torcetrapib treatment, even though the
torcetrapib dose was sufficiently high to completely prevent CE transfer *”. In contrast,
the Fab fragment of the anti-CETP monoclonal antibody, TP2, completely blocked
selective uptake in hepatocytes. Although TP2 Fab completely blocked selective uptake,
it was only partially capable of inhibiting transfer activity, whereas torcetrapib
completely inhibited transfer activity but has no effect on selective uptake mediated by
cell-associated CETP. TP2 inhibition of selective uptake demonstrates that the C
terminus of CETP is required for selective uptake but the lack of effect of torcetrapib
confirms that this effect is not contingent on inhibition of transfer activity.

In other studies, torcetrapib was used to examine exogenous rCETP-mediated
selective uptake, and up to 80% of rCETP-mediated selective uptake was inhibited by
torcetrapib. The rCETP-mediated *H-CE uptake that remained despite torcetrapib
treatment, corresponded to an increase in *H-CE uptake of approximately 70-155%
versus control. Notably, this torcetrapib-independent component of selective uptake in
the presence of exogenous CETP was observable even at concentrations far exceeding the
clinically effective dose 2*73!°, The torcetrapib-insensitive fraction of selective uptake
does not appear to be due to inaccessibility of CETP to torcetrapib since preincubation of

HDL and CETP with torcetrapib for 2 hours prior to the assay failed to reduce the

127



fraction of selective uptake not inhibitable by torcetrapib. These data suggest that two
distinct mechanisms are responsible for rCETP-mediated selective uptake: one that is
torcetrapib-sensitive and the other torcetrapib-insensitive. Furthermore, rCETP added to
the media of primary hepatocytes associated with the cells and mediated the uptake of
HDL-derived *H-CE irrespective of torcetrapib suggesting that the torcetrapib-insensitive
component of rCETP-mediated selective uptake represents CETP which has become cell
associated and functions similarly to CETP endogenously expressed by low dose ad-
CETP.

To further investigate the mechanism by which exogenous rCETP and cell-
associated ad-CETP mediate selective uptake, the reversible and irreversible phases of
CE-uptake at 2 and 4 hrs were measured in the presence or absence of torcetrapib.
Selective uptake of HDL-derived CE is characterized by its entry into reversible and
irreversible compartments*>>’. The reversible compartment is proposed to include CE
that has entered the plasma membrane and remains accessible to extraction by
extracellular, unlabeled HDL *°. This reversible pool attains a plateau value after 2 h,
possibly because the plasma membrane has a limited capacity to store CE or because the
incorporation of CE into the plasma membrane is in equilibrium with the transfer out of
this compartment. The plasma membrane CE is subsequently transferred to an
irreversible compartment as it is internalized and becomes inaccessible to extraction by
extracellular, unlabeled HDL ***. Torcetrapib has been shown to increase the association
of CETP with its lipoprotein substrates creating a non-functional complex 2*’, which
would be expected to impair the ability of CETP to shuttle CE directly to the plasma

membrane and this could account for the torcetrapib-sensitive component of CETP-
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mediated selective uptake. In contrast, the torcetrapib-insensitive pathway may represent
CETP which has become cell associated. Neither the reversible nor irreversible phases
of selective uptake mediated by cell-associated CETP were affected by torcetrapib.
Based on the data presented above and previous published studies in adipocytes
>, the following model of CETP-mediated selective uptake in the hepatocyte is proposed,
in which 2 mechanisms are functioning simultaneously. First, circulating CETP mediates
selective uptake by shuttling CE directly from HDL to the plasma membrane. It has been
previously proposed that CETP may transfer lipids to particular membrane structures
such as microvilli or protrusions that have a high curvature, comparable to a lipoprotein
at the molecular level >*. This portion of selective uptake depends on CETP transfer
activity and thus is inhibited by torcetrapib. Second, cell-associated CETP, either
endogenously expressed CETP that is not released by the cell during secretion or
circulating CETP re-associating with the cell, mediates the transient fusion of HDL with
the cell membrane allowing transfer of CE into the membrane by a concentration
gradient. CETP-mediated HDL particle fusion has been demonstrated previously **°. It
is possible that a similar fusion process is occurring between the phospholipid bilayer of
the plasma membrane and HDL phospholipids. This fusion process however must be
transient since no binding of particles (lzsl-apoA-l-HDL) was observed at 0°C in primary

mouse hepatocytes when tested. Furthermore, this process requires the C-terminal amino

acids of CETP since it can be blocked by TP2 Fab but does not require transfer activity

since it is unaffected by torcetrapib.
To establish the physiological significance of CETP-mediated selective uptake,

the effect of hepatic CETP expression in vivo was examined in mice. Recombinant
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adenoviruses infect mouse hepatocytes very well in vitro and in vivo. It has been
demonstrated that greater than 99% of recombinant adenoviruses injected into mice via
tail vein injection are targeted to the liver **°. The cellular uptake of the adenovirus is
mediated by coxsackievirus receptor binding **!, which is highly expressed in murine
hepatocytes **2. The principal drawback of first generation recombinant adenoviruses is
that they may elicit non-specific effects on HDL metabolism due to the immune response
that results from the viral protein expression. To control for these potentially
confounding effects, a firefly luciferase reporter adenovirus (ad-Luc) in the same Ad5
gene as that in the CETP transgenes, was used as an injection control. Additionally,
experiments were carried out at early time points after the adenovirus injections (0-10
days) when the immune responses would be less significant.

In preliminary experiments, serial doses of ad-CETP,,; and ad-CETPkp were
injected into mice via the tail vein. The result was a dose-dependent expression of CETP
as demonstrated by CETP detected in the plasma. The CETP transfer activity correlated
well with the amount of immunoreactive CETP detected in the plasma.

The effect of a low dose injection of ad-CETPxp, in which no CETP was detected
in the plasma by Western blot or activity assay, was decreased total plasma cholesterol
over the 10 days, with a drop specifically in the density range of HDL.

When hepatocytes were isolated from a different mouse treated in exactly the
same manner, CETP expression was detected in the cell lysate. CETP expression,
resulting from in vivo injection of adenovirus 10 days previous, was sufficient to mediate

the selective uptake of HDL-derived *H-CE. The 25% increase in selective uptake
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correlated well with the 35% drop in plasma total cholesterol and HDL total cholesterol
observed in vivo.

Finally, the effects of torcetrapib on CETP-mediated selective uptake of HDL-CE
were determined under conditions designed to achieve plasma levels of CETP expression
similar to those in healthy human subjects. Using a dose of ad-CETPy; or ad-Luc (2.5 x
10® PFU) that yielded approximately 100% of human plasma CETP mass (detected by
Western blot) and activity, changes in plasma total cholesterol and lipoprotein sub-
fractions 7 days post tail vein injection were determined. This model allowed the
measurement of both pools of CETP; (i) a cell associated pool which corresponds to the
cell-associated CETP in the in vitro experiments, and (ii) a plasma pool of secreted CETP
which corresponds to exogenously added rCETP in the in vitro experiments. CETP
expression resulted in a 50% reduction in total plasma cholesterol compared to ad-Luc
injected controls and this decrease was entirely due a decrease in cholesterol in particles
in the HDL density range (Figure 3.12), consistent with an acute effect of hepatic CETP
expression on selective uptake in vivo. CETP expressing animals were treated with 0.125
mM torcetrapib. Assuming a 3 ml total blood volume, the final plasma concentration in
the mouse would be approximately 4 uM which is severai fold higher than those
achieved with clinically effective doses of this agent (0.1-1uM) *731%3% " Consistent
with the results of the in vitro experiments, torcetrapib was found to partially attenuate
the ability of adenovirus-driven hepatocyte expressed CETP to mediate selective uptake
as indicated by smaller decreases in total cholesterol in lipoprotein particles of the HDL

density range compared to non-torcetrapib treated animals (Figure 3.11A and B).
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Overall, these data suggest that CETP can mediate the selective uptake of HDL-derived
CE in vivo and that this process is independent of transfer activity.

The evidence provided above using CETP expression in primary mouse
hepatocytes supports the role of CETP as a direct mediator of selective uptake.
Furthermore, the data demonstrating increased selective uptake ex vivo and decreased
HDL total cholesterol in vivo following liver-specific CETP expression in mice supports
arole for CETP in the selective uptake of HDL-CE in vivo. Unlike humans and several
other species including the rabbit, mice do not express CETP and exhibit low plasma
concentrations of apoB-containing lipoproteins. Although endogenous CETP has been
shown to mediate selective uptake in adipose tissue in vitro >, it is not known whether
endogenous hepatic CETP could mediate selective uptake in vivo in humans.
Interestingly, the composition of HDL in humans treated with torcetrapib differs from
that associated with homozygous CETP deficiency. In torcetrapib-treated subjects, there
was not the significant increase in the CE content of HDL noted in patients that are
CETP-deficient **’, suggesting that CETP-mediated selective uptake of HDL-CE may in
fact occur in vivo in humans although its overall importance remains to be determined.
Clearly, in humans, the established role for CETP is the transfer of neutral lipids between
HDL and apoB-containing lipoproteins in the plasma compartment. The potential
atherogenicity of this process has resulted in the development of CETP inhibitors. The
implication of the data presented here is that although the potentially atherogenic function
of CETP is inhibited by torcetrapib, this agent has much smaller effects on the ability of

CETP to mediate selective uptake.
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CHAPTER 4 - CONCLUSIONS & FUTURE DIRECTIONS

Atherosclerosis is a complex disease with many contributing factors. This work
has attempted to address potential mechanisms related to atherosclerosis through the
study of two distinct biological pathways.

The first pathway investigated was the regulation of LRP gene expression. LRP
is a molecule with wide tissue distribution and biological function and understanding its
regulation at the molecular level is important for a number of disease processes. The
studies presented here have demonstrated that LRP gene expression and function are
upregulated by ligands for PPAR, specifically the PPARY agonist rosiglitazone and the
PPARa agonist fenofibric acid, in a cell type specific manner.

An important clinical observation made in patients on PPARy agonist therapy is
increased central adiposity due to the differentiation of preadipocytes into small mature
adipocytes. This effect is beneficial for glycemic control since small adipocytes are more
insulin sensitive as compared to large adipocytes and small fat cells can sequester and
store large amounts of triglycerides and cholesterol. LRP may have several potential
functions in adipocyte physiology. First, upregulation of LRP by PPARY agonists could
have a functional role in adipocyte differentiation. Second, LRP is an important receptor
for TG rich remnant lipoproteins thereby assisting in the clearance of TG from the
circulation and improving the insulin sensitivity of skeletal muscle and liver. An
additional mechanism whereby LRP upregulation may alter the risk of atherosclerosis is
via the hepatic clearance of triglyceride-rich lipoproteins. Furthermore, HDL levels are
inversely related to TG-rich lipoproteins therefore strategies aimed to increase the

clearance of TG-rich lipoproteins, such as upregulation of LRP gene expression in
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adipocytes and hepatocytes, may be of benefit. More recently, LRP has been implicated
directly in preventing the formation of atherosclerotic lesions through inhibition of
PDGF-induced vascular smooth muscle cell proliferation and migration. LRP
upregulation in vascular smooth muscle cells could be beneficial in attenuating
atherosclerosis by further inhibiting PDGF signaling. Interestingly, the co-activator
required for this process is apoE, which is itself up-regulated by PPAR agonists, thus
supporting an overall beneficial role for PPAR agonists.

Future experiments in the laboratory are focused on determining factors
responsible for the temporal regulation of LRP gene expression during differentiation of
primary human adipocytes. By better understanding the differentiation-dependent
expression of LRP, insights should be gained into its potential functions, possibly leading
to the development of more specific pharmacological targets for upregulating LRP. In
ongoing studies, the role of LRP in adipocyte differentiation is being elucidated using
primary mouse adipocytes from LRP™* mice. Using this model, the LRP gene is
deactivated in isolated preadipocytes in vitro with cre-expressing adenovirus prior to
induction of differentiation. If a difference in the ability to differentiate is established,
further experiments will focus on the role of LRP as an endocytic receptor or a signaling
receptor.

The second pathway studied was that of CETP-mediated selective uptake. These
studies demonstrated for the first time that CETP could mediate the selective uptake of
HDL-CE in the liver. This finding is of major physiological importance since selective
uptake of HDL-CE is the final step in the reverse cholesterol transport pathway. Studies

presented in this thesis demonstrate that CETP-mediated selective uptake is only partially
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inhibited by the CETP inhibitor torcetrapib. Thus, the potentially atherogenic transfer
activity of CE and TG between HDL and apoB-containing lipoproteins can be inhibited
by torcetrapib without significantly impairing the potentially antiatherogenic process of
HDL-CE selective uptake.

Ongoing studies in the laboratory are determining the effect of CETP transgene
expression in the SR-B1-knockout background. Relevant to the above findings, that
CETP can function in the liver in an analogous fashion to SR-B1, it will be of interest to
determine whether CETP over-expression can attenuate the moderate atherosclerosis that
develops in SR-B1-deficient mice fed a high fat diet.

Future experiments in the laboratory are focused on further defining the
mechanism of CETP-mediated selective uptake of HDL-CE. As described above (3.3
Materials and Methods), we have generated a fluorescent CETP fusion protein by adding
a eCFP tag (engineered to contain the proper CETP signal sequence) to the N-terminus of
the mature CETP peptide. This protein was expressed at the correct molecular weight
and secreted into the media (Figure 3.1). In addition, CFP-CETP was shown to mediate
the uptake of *H-CE from HDL (Figure 3.3). Future studies will use live cell microscopy

to explore intracellular trafficking of CETP and HDL-cholesterol.
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