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ABSTRACT

ATP-binding cassette transporter A1 (ABCA1) promotes the release of
excess cellular cholesterol to apolipoprotein A-l (apoA-l) in the process of
forming high density lipoprotein (HDL) particles. To determine whether
accumulation of cellular unesterified cholesterol in Niemann-Pick type C (NPC)
disease or cholesteryl esters in atherosclerotic lesions is due to impaired ABCA1
actions, the regulation and function of ABCA1 in human NPC1” fibroblasts and
smooth muscle cells (SMC), the predominant cell type in arteries, were studied.

Human NPC1” fibroblasts showed a markedly decreased ability to
release radiolabeled cellular cholesterol and phospholipids to apoA-I compared
to NPC1"* fibroblasts, however, apoA-l binding to NPC1” and NPC1"*
fibroblasts was similar. Consistent with impaired lipid efflux, basal and
cholesterol-stimulated ABCA1 mRNA and protein levels were markedly
decreased in NPC1” fibroblasts compared to NPC1** fibroblasts. Also consistent
with these results, we observed for the first time decreased plasma HDL-
cholesterol levels in 17 of 21 (81%) NPC1”" subjects studied. When ABCA1
expression was increased by an exogenous liver X receptor agonist, TO-901317,
NPC1” fibroblasts showed corrected ABCA1 expression, lipid efflux to apoA-l,
and HDL particle formation.

Epithelioid SMC, the predominant SMC subtype in atherosclerotic intima,
expressed a trace amount of ABCA1 mRNA and protein at basal level and no
significant increase in response to cholesterol loading, which correlated with near

absence of apoA-I-mediated lipid efflux. Spindle SMC, the typical SMC subtype
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in normal arteries, showed increased ABCA1 expression with cholesterol loading,
and active apoA-I-mediated lipid efflux. Although ABCA1 transfection or TO-
901317 treatment significantly increased normally phosphorylated ABCA1 in the
plasma membrane of epithelioid SMC, apoA-lI-mediated lipid efflux was not
corrected. Epithelioid SMC showed markedly decreased apoA-l binding
compared to spindle SMC. No increase of apoA-l binding was seen following
transfection of ABCA1 into epithelioid or spindle SMC.

Correction of ABCA1 activity in NPC1” fibroblasts provides a potential
therapeutic mechanism to decrease lipid accumulation in NPC disease. The lack
of correlation between ABCA1 expression and binding or lipid efflux by apoA-l
suggests that an additional factor or factors necessary for apoA-i-cell binding are

lacking in intimal-phenotype epithelioid SMC.
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CHAPTER 1:

Introduction
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Cholesterol is an essential molecule for the normal function of most
eukaryotic cells and its cellular distribution, trafficking, and flux are strictly
regulated. High density lipoproteins or HDL are the body’s main agents for
removing excess cellular cholesterol. [n this thesis | will present the work | have
done studying two different conditions where the formation of HDL and removal
of excess cell cholesterol are impaired, Niemann-Pick type C disease and
intimal-phenotype smooth muscle cells. The introduction will begin with general
information regarding cholesterol. This is followed by an in-depth discussion

regarding previous HDL studies that have led to the hypotheses of this thesis.

1.1 Cholesterol
1.1.1 History of cholesterol research

The French chemist Michel Chevreul is credited with the initial discovery of
cholesterol in 1815 [1]. He found a substance with fat-like properties in human
gallstones and suggested to name it as cholesterine (Greek: chole, bile + stereos,
solid) at a meeting of the French Academy of Sciences [1]. Later it became called
cholesterol. As early as 1913, the connection between cholesterol and
atherosclerosis was suggested by Anitschkow and his colleagues [2]. Heinrich
Wieland was awarded the Nobel Prize in Chemistry 1927 for his studies on the
structure of cholesterol and bile acids, and he elucidated the structure of
cholesterol in 1932. Cholesterol appeared in medical text books in the 1940s,
and the biosynthetic pathway of cholesterol was studied intensively in the 1950s.
Most of the crucial steps in the complex pathway were worked out by four
biochemists — Konrad Bloch, Feodor Lynen, John Cornforth, and George Popjak
— and the major outlines of the pathway were completed by 1960. Konrad Bloch
and Feodor Lynen were awarded the Nobel Prize in Physiology or Medicine in
1964 for their discoveries concerning the mechanism and regulation of
cholesterol and fatty acid metabolism. In 1974, Michael Brown and Joseph
Goldstein found that the level of low density lipoprotein (LDL) cholesterol in the
blood is controlled by the activity of cell-surface LDL receptors, and that familial

hypercholesterolemia is caused by genetic defects in the LDL receptor, leading
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to impaired removal of LDL cholesterol from the blood. Brown and Goldstein
were awarded the Nobel Prize in Physiology or Medicine 1985 for their
discoveries concerning the regulation of cholesterol metabolism. Today, blood
cholesterol levels are recognized as among the strongest predictors of the
pathogenesis of atherosclerosis, and many cholesterol-lowering drugs are in
clinical use or in development for the treatment of atherosclerosis. Recent
research has also emphasized the critical role of cholesterol in the development

and function of the brain.

1.1.2 Structure of cholesterol

Cholesterol (C27H460) consists of the core steroid rings (A, B, C, and D), a
polar hydroxyl head group on C3, and a non-polar hydrocarbon tail at C17
(Figure 1-1A). The side (Figure 1-1B) and top view (Figure 1-1C) show how flat
and straight cholesterol appears. The steroid core and the hydrocarbon tail make
cholesterol lipid soluble, and possession of the hydroxyl group makes cholesterol
a steroid alcohol or “sterol” and minimally soluble in water. Cholesterol is found in
both leaflets of the plasma membrane and other membranes, and the polar
-hydroxyl head group is aligned with the polar head of the phospholipids (PL)
(Figure 1-1D).

1.1.3 Biological functions of cholesterol

Cholesterol, present as an unesterified free molecule or esterified to fatty
acid in the form of cholesteryl esters (CE), is the most abundant steroid and
accounts for ~99% of all sterols in mammals. Cholesterol is crucial for the
function of most eukaryotic cells and plays multiple biological roles (Figure 1-2).
Cholesterol is a major structural component of cellular membranes, and
biophysical studies have demonstrated that it modulates membrane fluidity and
ion permeability [3]. Cholesterol, together with sphingolipids (sphingomyelin and
glycosphingolipids), constitutes membrane microdomains called lipid rafts in the

outer leaflet of the plasma membrane [4]. Lipid rafts incorporate distinct classes
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non-polar
A hydrocarbon tail

polar head
OH group

HO 4 6 steroid core

Figure 1-1. Structure of cholesterol. (A) Line-bond structure with numbering of
carbon atoms in pink. Ball-and-stick structure from the side (B) or top view (C)
showing the polar head OH group in red. (D) Alignment of cholesterol between
phospholipid molecules in the plasma membrane. Figure 1-1D was adapted from
K. Simons and E. lkonen [4] with permission.
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Figure 1-2. Biological functions of cholesterol in eukaryotic cells.

of proteins and are involved in signal transduction [5]. It was also proposed that
cholesterol together with sphingolipids facilitates protein sorting in the Golgi
apparatus membrane by regulating the thickness of the lipid bilayer [6]. In
addition to being the essential component in cellular membranes, cholesterol is
the precursor for the synthesis of bile acids in the liver, oxysterols in most tissues,
vitamin D in the skin, and steroid hormones in the adrenal glands, ovaries and
testes [7]. Cholesterol is also involved in modification of proteins. The covalent
link of cholesterol to Drosophila Hedgehog protein is crucial for its targeting and
function [8, 9]. Direct binding of cholesterol to sterol regulatory element-binding
protein (SREBP) cleavage-activating protein (SCAP) changes the conformation
of SCAP and allows it to bind to insulin-induced genes (Insigs). This leads to
retention of the SCAP/SREBP complex in the endoplasmic reticulum (ER),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



thereby preventing activation of 3-hydroxy-3-methyiglutaryl coenzyme A
reductase (HMG-CoA reductase) and LDL receptor genes by the cleaved form of
SREBP in the nucleus, and slowing cholesterol synthesis and uptake [10, 11].
SCAP is one of seven membrane proteins presently known that have a
sterol-sensing domain. All of the seven proteins have some relation to cholesterol
metabolism and include the rate-limiting cholesterol biosynthetic enzyme HMG-
CoA reductase [12], the cholesterol biosynthetic enzyme 7-dehydrocholesterol
reductase [13], the Niemann-Pick type C1 (NPC1) protein that is thought to
facilitate the transport of cholesterol and other lipids from late
endosomes/lysosomes to destinations throughout the cell [14, 15], the Niemann-
Pick type C1-like 1 protein that facilitates the intestinal absorption of dietary
cholesterol [16], the developmental protein Patched whose ligand is Hedgehog
mentioned above [17], and the plasma membrane protein Dispatched that
facilitates the release of cholesterol-modified Hedgehog from Hedgehog-
producing cells [17]. Direct binding of a cholesterol analogue to NPC1 has also
been reported [18]. It will therefore be intriguing whether the functions of other
membrane proteins sharing the sterol-sensing domain are also dependent on

direct binding of cholesterol.

1.1.4 Cholesterol homeostasis

Although cholesterol plays an essential role in normal cell structure and
function, over-accumulation of cholesterol causes cytotoxicity and many diseases.
Because of this, normal cells tightly regulate cholesterol levels to satisfy the
balance between demand and supply. Mammalian cells keep cellular cholesterol

levels tightly balanced by regulating biosynthesis, influx, and efflux of cholesterol.

1.1.4.1 Biosynthesis of cholesterol

As shown in Figure 1-3, cholesterol in mammals is synthesized from the
two-carbon building block, acetyl-CoA. Two molecules of acetyl-CoA are
condensed to acetoacetyl-CoA by acetoacetyl-CoA thiolase, and then HMG-CoA
synthase condenses acetoacetyl-CoA with another molecule of acetyl-CoA to
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Figure 1-3. The cholesterol biosynthetic pathway in mammalian cells. The
major intermediates and cholesterol are depicted. The figure was adapted from
T.V. Kurzchalia and S. Ward [7] with permission.
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form HMG-CoA. HMG-CoA reductase catalyzes the reduction of HGM-CoA to
mevalonate utilizing two molecules of NADPH. HMG-CoA reductase is the rate-
limiting enzyme in the cholesterol biosynthetic pathway and is highly regulated by
the cellular cholesterol content (reviewed in [19]). The steady state levels of
HMG-CoA reductase can be altered 200-fold by the combined regulation of
synthesis and turnover. Mevalonate is metabolized to farnesyldiphosphate by five
enzymatic reactions. Two farnesyldiphosphates are condensed head to head by
squalene synthase to form squalene, which is the first committed step in
cholesterol synthesis. Squalene synthase is highly regulated by cellular
cholesterol content. Farnesyl diphosphate can also be converted into non-
steroidal isoprenoids such as prenylated proteins, heme A, dolichol, and
ubiquinone. Squalene synthase therefore plays an important role in directing the
metabolic flow of farnesyl diphosphate into the sterol or non-sterol branches of
the pathway. Squalene is converted into the first sterol, lanosterol, by the action
of squalene epoxidase and oxidosqualene cyclase. Lanosterol is then converted
to cholesterol by a series of oxidation, reduction, and demethylation steps.

The expression levels of HMG-CoA reductase and many other
cholesterol-responsive genes are strongly regulated by cellular cholesterol
content due to having a similar sequence termed the sterol regulatory element
(SRE) within their promoter regions [20-22]. SRE has been identified at least in
HMG-CoA synthase, HMG-CoA reductase, farnesyldiphosphate synthase, and
squalene synthase genes. The transcriptional factor termed the SRE-binding
protein (SREBP) binds the SRE and activates transcription. There are two
SREBP genes that produce three isoforms. SREBP-1a and -1c are produced
from a single gene on human chromosome 17p11.2 [23]. SREBP-2 is produced
from a separate gene on human chromosome 22q13 and is the major
transcription factor regulating cholesterol biosynthesis [23]. SREBPs play a
fundamental role in both cholesterol homeostasis and fatty acid metabolism by
regulating more than 30 genes involved in the synthesis of cholesterol, fatty acids,
triglycerides (TG), and PL [23, 24]. The current model of cholesterol-mediated

SREBP regulation is illustrated in Figure 1-4. When cellular cholesterol levels are
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Figure 1-4. Current model of sterol-mediated regulation of the SREBP
pathway. When cellular cholesterol levels are low, SCAP escorts SREBP from
the ER to the Golgi where the N-terminal bHLH-zipper domain of SREBP is
released into the cytoplasm by S1P cleavage of a luminal loop followed by S2P
cleavage within a transmembrane span. The released SREBP transcription factor
migrates to the nucleus and activates transcription of SRE-containing target
genes. When cellular cholesterol levels are high, cholesterol and oxysterols elicit
the binding of SCAP to Insig, resulting in the retention of the SCAP/SREBP
complex in the ER membrane. The figure was adapted from the website of
Brown-Goldstein laboratory (http://www8.utsouthwestern.edu/utsw/cda/
dept14857ffiles/114532.html) with permission.
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low, the SREBP precursor is synthesized and inserted into the ER membrane
and escorted from the ER to the Golgi by a chaperone, SCAP, where the 68-kDa
N-terminal basic helix-loop-helix (bHLH) zipper domain of SREBP is proteolyzed
by the site-1 protease (S1P) and the site-2 protease (S2P), and then is
translocated into the nucleus to activate transcription of SRE-containing target
genes. When cellular cholesterol levels rise to a threshold level, cholesterol binds
directly to SCAP and induces a conformational change, which allows SCAP to
bind to ER retention proteins, Insigs, resulting in a blockage of SCAP/SREBP
travel from the ER to the Golgi. As a result, the SREBP precursor is not
proteolyzed in the Golgi and the transcription of SREBP-target genes declines to
basal levels.

Recently, Adams et al. [11] reported that 25-hydroxycholesterol was more
potent than cholesterol in eliciting SCAP binding to Insigs, but cross-linking of 25-
hydroxycholesterol to SCAP and a conformational change in SCAP were not
observed. This study suggests that oxysterols generated in cholesterol-loaded
cells regulate SCAP/SREBP pathway in a mechanism different from cholesterol-

mediated regulation.

1.1.4.2 Influx of cholesterol

To maintain cholesterol homeostasis, cells also regulate influx of their
exogenous source of cholesterol supplied from lipoproteins. Lipoproteins are
lipid-protein complexes that transport lipids in the circulation of all vertebrates
and even insects. Lipoproteins consist of a core of non-polar lipids including CE
and TG, surrounded by a surface monolayer consisting of phospholipids,
cholesterol, and proteins termed apolipoproteins. Based on their relative contents
of protein and lipid, they are classified generally into chylomicrons (CM), very low
density (VLDL), low density (LDL), and high density (HDL) lipoproteins. The liver
assembles and secretes TG-rich VLDL particles into the circulation to supply TG
and cholesterol to peripheral tissues. Once VLDL particles have lost most of their
TG by the action of lipoprotein lipase, they become cholesterol-rich LDL particles.
The LDL particles are highest (37-48%) in CE content as % of particle weight,
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and in humans are the primary carriers of cholesterol for delivery to all non-
central nervous system tissues. The simplified structure of LDL is shown in
Figure 1-5A.

LDL-cholesterol is taken up by cells via diverse pathways including simple
diffusion and receptor-mediated uptake [25, 26]. The best characterized and
quantitatively the most important process in eukaryotic cells is receptor-mediated
endocytosis of LDL, in which LDL particles are delivered to cells through LDL
receptors localized within specialized plasma membrane microdomains, clathrin-
coated pits [27]. As depicted in Figure 1-5B, the LDL receptors mediate
endocytosis of whole LDL particles, and multiple steps are employed to release
LDL-cholesterol from the particles. The exit of LDL-derived cholesterol from
endosomes and lysosomes is crucial for subsequent travel to intracellular
compartments and involves the NPC1 and NPC2 proteins. Although the exact
function of the NPC proteins has not been assigned, mutations in NPC genes
lead to the accumulation of cholesterol and other lipids in late
endosomes/lysosomes. The NPC proteins are therefore thought to direct the
transport of LDL-cholesterol and other lipids out of late endosomes/lysosomes.
Details of the NPC proteins will be discussed further in Section 1.3.

LDL cholesterol is not the only exogenous source of cholesterol but is a
key factor in the feedback-regulation of cholesterol homeostasis [27]. LDL-
derived cholesterol transported to the ER suppresses the cholesterol biosynthetic
pathway as shown in Figure 1-4 and activates acyl-CoA:cholesterol
acyltransferase (ACAT), which catalyzes the esterification of excess cholesterol
for storage in cytoplasmic lipid droplets. This protects cells from the cytotoxicity
of excess cholesterol since esterified cholesterol is less cytotoxic than cholesterol.
The expression level of the LDL receptor is also suppressed by LDL-cholesterol,
since the LDL receptor gene has the SRE sequence within its promoter region
and thus is subjected to transcriptional regulation by the SREBP pathway. In this
way, the regulation of both cholesterol biosynthesis and the influx of LDL-

cholesterol are tightly interconnected and controlled.
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Figure 1-5. The simplified structure of LDL and the receptor-mediated
endocytosis of LDL. (A) An LDL particle is 20-25 nm in diameter and
apolipoprotein B100 (apoB100) comprises its protein coat. (B) LDL particles bind
to LDL receptors clustered in clathrin-coated pits. The receptor-LDL complex is
internalized in coated vesicles, which become uncoated and acidified by protons
(H") pumped into their lumen, resulting in endosomes in which the LDL particles
dissociate from the receptors due to the low pH. The LDL particles are delivered
to lysosomes, but almost all of the receptors recycle to the cell membrane via
recycling vesicles. In lysosomes, apoB100 is digested and CE are hydrolyzed,
releasing cholesterol for subsequent diverse intracellular actions. Figure 1-5B
was obtained from the website of Brown-Goldstein laboratory
(http:/iIvww8.utsouthwestern.edu/ utsw/cda/dept14857ffiles/114532.html) and is
presented here with permission.
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LDL receptor-related protein (LRP), another member of the LDL receptor
family, binds and internalizes apolipoprotein E (apoE)-containing lipoproteins
such as CM remnants, lipoproteins that shuttle primarily dietary cholesterol from
the gut to the liver, and VLDL remnants [28, 29]. LRP is highly expressed not
only in the liver, but is also present in virtually all neurons in the brain. The blood-
brain barrier prevents lipoprotein transport into the central nervous system [30].
Glial cells in the central nervous system produce apoE-rich lipoproteins that are
similar to HDL in size and density [30]. It is therefore thought that LRP may play
a major role in mediating the neuronal uptake of glial cell-derived HDL and
cholesterol. Recent studies also suggest that LRP has several other functions in
brain, including cellular signal transduction, neurotransmission, and permeability
control of the blood-brain barrier [31, 32].

1.1.4.3 Efflux of cholesterol

Another important mechanism to maintain cellular cholesterol
homeostasis is the removal of excess cholesterol from cells. As cellular
cholesterol levels increase, cells not only suppress new cholesterol synthesis
and LDL uptake, they also activate cholesterol efflux pathways by generating
oxysterols from excess cholesterol. Oxysterols inhibit the SREBP pathway [11],
and also activate the cholesterol efflux pathway by inducing the expression of
multiple proteins involved in cholesterol efflux [33]. Cholesterol efflux from
peripheral cells and delivery of the cholesterol back to the liver for recycling or
excretion into bile are mediated by HDL and its apolipoproteins in concert with
several proteins including ATP-binding cassette transporter A1 (ABCA1), ATP-
binding cassette transporter G1 (ABCG1), and scavenger receptor class B, type |
(SR-BI), in a process called reverse cholesterol transport (RCT) [34, 35]. The
structure of HDL and a simplified model of RCT are depicted in Figure 1-6. It is
believed that a cellular lipid transporter, ABCA1, promotes the RCT pathway by
mediating the initial lipidation of lipid-free or lipid-poor apolipoprotein A-l (apoA-I),
to generate small HDL that migrate in the pre-f position on agarose gel

electrophoresis [36]. The liver secretes lipid-free/poor apoA-l [37, 38] and
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expresses high levels of ABCA1 [39, 40], suggesting that the liver itself might
mediate the initial lipidation of apoA-l. The importance of hepatic ABCA1 in the
phospholipidation of newly synthesized apoA-l was reported in a study using
primary mouse hepatocytes [41]. Studies using genetically engineered mice have
further supported the role of hepatic ABCA1 in HDL formation; a liver-specific
deletion of ABCA1 in mice dramatically decreased plasma HDL levels [42],
whereas adenoviral over-expression of hepatic ABCA1 increased HDL
production [43, 44]. Although it is still controversial how much lipid-free/poor
apoA-l exists in human plasma, its presence has been reported [45-47]. It is
therefore thought that the liver produces lipid-free/poor apoA-l and partially
lipidated apoA-l termed discoidal HDL particles, containing two or three
molecules of apoA-| plus PL with or without cholesterol, that migrate in the pre-p
position on agarose gel electrophoresis [36]. These cholesterol-poor lipid
acceptors circulate to the periphery and acquire cholesterol and PL from
peripheral cells such as macrophages in the arterial wall via several mechanisms
involving ABCA1, ABCG1, and possibly SR-BI, and thus become cholesterol-rich
HDL particles. The particles are then subjected to multiple reactions in the
plasma to form spherical HDL particles, containing two or more molecules of
apoA-I plus PL, cholesterol, CE and TG, that migrate in the o position on agarose
gel electrophoresis [36]. Cholesterol in spherical HDL particles is then proposed
to be delivered to the liver via SR-BI, which completes a cycle of the RCT
pathway.

ABCA1 interacts preferentially with lipid-free/poor apoA-I to mediate efflux
of cellular cholesterol and PL, but it shows very little or no interaction with
spherical HDL particles [48]. The critical role of ABCA1 in HDL metabolism has
been directly demonstrated by its naturally occurring mutations and animal
studies. ABCA1 deficiency in human, mouse, and chicken results in extremely
low plasma HDL levels [49-53], whereas transgenic mice overexpressing ABCA1
show raised plasma HDL levels [54, 55]. These facts imply that ABCA1-

dependent lipid efflux to lipid-free/poor apoA-l is the first and the most crucial
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Figure 1-6. The structure of HDL and a simplified model of reverse
cholesterol transport. (A) An HDL particle is 8-12 nm in diameter and contains
about 70% by protein weight of apoA-l, 20% of apoA-Il, and 10% of the minor
apolipoproteins. (B) The liver secretes lipid-free/poor apoA-l and partially-
lipidated apoA-I (discoidal HDL) via ABCA1 into the circulation. Peripheral cells
such as macrophages in the arterial wall release cholesterol and PL to the
cholesterol-poor apoA-l particles, and thus convert them into cholesterol-rich
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HDL particles. Several proteins including ABCA1, ABCG1, and SR-BI have been
implicated in cholesterol efflux from cells to apoA-l and HDL, with the precise
mechanism remaining to be determined. After a series of reactions in the plasma,
HDL-cholesterol is delivered back to the liver via SR-BI, leaving lipid-poor apoA-I|
for further cycling in the reverse cholesterol transport pathway. Figure 1-6B was
adapted from M. Van Eck et al. [35] with permission.

step in the biogenesis of HDL particles. The detailed role of ABCA1 in HDL
metabolism will be discussed in Section 1.2.

ATP-binding cassette transporter A7 (ABCA7), expressed in most tissues
tested and sharing 50% sequence identity with ABCA1, has also been reported
to mediate efflux of choline-containing PL and possibly a small amount of
cholesterol to lipid-free apoA-l but not spherical HDL [56, 57]. Correlated with
these findings, Hayashi et al. [58] reported that ABCA1 generates large
cholesterol-rich and small cholesterol-poor HDL particles, whereas ABCA7
generates mostly small cholesterol-poor HDL particles. However, knockdown of
ABCA7 in mouse peritoneal macrophages using small interfering RNA showed
no effect on either PL or cholesterol efflux to lipid-free apoA-I compared with
control cells [67]. Consistent with this, bone marrow-derived macrophages
isolated from ABCA7-knockout (KO) mice showed normal PL and cholesterol
efflux to lipid-free apoA-lI compared with wild type control cells [59]. Plasma lipid
profiles in male ABCA7-KO mice were similar to those in gender matched
littermates, but female ABCA7-KO mice had significantly lower plasma total and
HDL cholesterol levels than gender matched littermates even though plasma
apoA-l levels were similar to the controls [59]. These findings suggest that
ABCA7 may have a gender specific role in lipoprotein metabolism, but does not
play an essential role in cholesterol efflux to apoA-|, and does not substitute for
the actions of ABCA1.

ABCG1 has been reported to mediate cholesterol efflux to spherical HDL
particles but not to lipid-free/poor apoA-l in studies using human embryonic
kidney cells overexpressing ABCG1 or peritoneal macrophages isolated from
wild type and ABCG1-KO mice [60, 61]. However, both ABCG1-KO and -
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transgenic mice had normal plasma lipids and HDL levels even when fed a high-
cholesterol diet [61]. These studies suggest that ABCG1 plays some role in
mediating cholesterol efflux from macrophages to spherical HDL but is not a
major determinant of plasma HDL cholesterol levels.

SR-Bl mediates the uptake of spherical HDL-cholesteryl esters (HDL-CE)
by cells, through a non—endocyti'c mechanism in which the cell-surface receptor
SR-BI binds spherical HDL particles and mediates the selective transport of
spherical HDL-CE to the cell without whole particle uptake [62, 63]. CE-poor HDL
particles are then released from the cell surface [62, 63]. Another model of SR-BI
action is a retroendocytosis mechanism in which the complex of SR-BI and HDL
undergoes endocytosis to release HDL-CE and possibly unesterified cholesterol,
followed by re-secretion of cholesterol-poor HDL particles [64, 65]. Although the
relative contribution of each mechanism is currently unknown, the important role
of SR-BI in the RCT pathway as a cell surface receptor for spherical HDL has
been demonstrated by animal studies. Hepatic over-expression of SR-BI in mice
decreased plasma HDL levels, and increased both hepatic HDL cholesterol
uptake and biliary cholesterol content [66-68], whereas disruption of the SR-BI
gene in mice increased plasma cholesterol levels due to the accumulation of
abnormally large HDL particles [69, 70].

In addition to its role in the uni-directional uptake of HDL-CE, SR-BI has
also been shown to stimulate the bi-directional flux of cholesterol between cells
and HDL particles with the direction of flux being determined by the cholesterol
concentration gradient [71-73]. Cell culture studies in vifro have shown that SR-
Bl transfected Chinese hamster ovary (CHO) cells have significantly enhanced
cholesterol efflux ability to HDL, and that the rate of cholesterol efflux to HDL is
positively correlated with SR-BI expression levels in several different cell types
including macrophages [71]. The physiological role of macrophage SR-Bl in
cholesterol efflux, however, is not clear yet. Bone marrow transplantation studies
from three different laboratories have shown that selective disruption of SR-BI in
bone marrow-derived cells including macrophages did not alter plasma
lipoprotein profiles [74-76]. Van Eck et al. [75] showed 20% reduction of
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cholesterol efflux from SR-Bi-deficient macrophages to HDL for 24 h compared
with control macrophages, whereas Zhang ef al. [76] did not find any significant
effect of macrophage SR-BI expression level on cholesterol efflux to HDL. The
net bi-directional flux of cholesterol between cells and HDL might be strongly
influenced by cellular cholesterol content. Therefore, SR-Bl-mediated cholesterol
efflux from macrophages to HDL might be dependent on in vitro culture
conditions and, in vivo, on the stage of atherosclerotic lesion development. It
could be currently concluded that hepatic SR-Bl-mediated uptake of HDL-CE is
essential for the final step of RCT and the recycling of apoA-l/small HDL in the
RCT pathway, and that SR-Bl-mediated cholesterol efflux from peripheral cells to
HDL is dependent on the local environment.

Cellular cholesterol can also pass between the cell membrane and HDL in
a mechanism called passive diffusion, in which cholesterol flux is driven by the
cholesterol concentration gradient [77, 78] just like SR-Bl-mediated bi-directional
cholesterol flux. At this time, it is not clear whether the passive diffusion
mechanism is distinct from SR-Bl actions or is facilitated by other membrane
proteins, or does not require membrane proteins.

Although the four proteins ABCA1, ABCA7, ABCG1, and SR-Bl might
interact at several steps of lipid metabolism, each protein also has a distinct role
in HDL metabolism such as specificity to lipid acceptors and direction of
cholesterol transport mentioned above. At the current time, a decisive role of
ABCA1 in HDL formation is evident based on genetic studies, although the

mechanism of ABCA1 action is not fully understood.

1.2 ABCA1-dependent lipid efflux and HDL metabolism
1.2.1 Discovery and structure of ABCA1

ABCA1 was discovered from the study of a rare HDL deficiency syndrome
found originally in an isolated community on Tangier Island in Chesapeake Bay,
MD, USA. Tangier patients, characterized by extremely low plasma HDL and
apoA-l levels and accumulation of cellular CE, have large orange tonsils,

peripheral neuropathies, hepatosplenomegaly, and coronary heart disease [79].
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In 1999, four different groups identified ABCA1 as the defective gene in Tangier
disease patients, and proposed the critical role of ABCA1 in cholesterol efflux to
generate HDL particles [80-83].

ABCA1 is a member of a large family of ATP-binding cassette transporters
that utilize ATP as an energy source to transport a variety of substrates including
ions, lipids, and cytotoxins across membranes [84]. ABCA1 is a 2261-amino acid
integral membrane protein arranged in two similar halves. Each half has a six
transmembrane-spanning domain followed by a nucleotide-binding domain
containing two conserved peptide motifs termed Walker A and Walker B. It has
been predicted that each half has a large and highly glycosylated extracellular
loop, and that these two loops are linked by 1 or more disulfide bonds [85-87]
(Figure 1-7).

Walker A

NBD-2

Walker B Walker B

Figure 1-7. Current topological model of ABCA1. “Y” in the extracellular loops
indicates approximate glycosylation sites, and S-S indicates 1 predicted disulfide
bond. Nucleotide-binding domain 1 (NBD-1) and NBD-2 contain the highly
conserved Walker A and Walker B sequences. The figure was obtained from J.F.
Oram [87] and is presented here with permission.

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2.2 Role of ABCA1 in HDL formation

Tangier disease fibroblasts showed little or no ability to release cholesterol
and PL to lipid-free apoA-I, however, they retained ability to efflux cholesterol to
spherical HDL particles [88]. As mentioned in Section 1.1.4.3, several proteins
including ABCG1 and SR-BI are proposed to be involved in HDL-mediated
cholesterol efflux, however cholesterol efflux to lipid-free apoA-l is exclusively
mediated by ABCA1. When ABCA1-dependent initial lipidation of apoA-l is
defective, lipid-free/poor apoA-l will be rapidly removed by the kidney [89-92]. It
is therefore believed that the near-absence of plasma HDL in ABCA1 mutation
homozygotes (Tangier disease), despite having a normal apoA-l gene and
protein, results from the absence of functional ABCA1. An approximately half-
normal level of plasma HDL in human ABCA1 mutation heterozygotes has further
emphasized the decisive role of ABCA1 in the formation of HDL particles and in
determining plasma HDL cholesterol levels [93].

ABCA1-KO mice have been created in three different laboratories to
investigate the role of ABCA1 in animal models. McNeish et al. [50] and Orso et
al. [52] used the DBA/1J strain, whereas Christiansen-Weber et al. [51] used the
C57BL/6 strain to establish ABCA1-KO mouse lines. Although there were
differences between the KO mouse lines in several aspects, including the extent
and severity of lipid accumulation in various tissues, survival rate, and other
pathological findings, a near-absence of plasma HDL was present in all KO-
mouse lines. The differences between the ABCA1-KO mouse lines might be due
to different genetic backgrounds and experimental conditions. The common HDL
deficiency shown in all the ABCA1-KO mice regardless of these differences
demonstrates an intrinsic role of ABCA1 in HDL formation in mice as well as in
humans.

Human ABCA1-expressing transgenic mice (hABCA1 Tg-mice) have also
been created in three different laboratories. Each hABCA1 Tg-mouse model has
unique features including the exon/intron structure of human ABCA1 transgene,
the promoter region controlling ABCA1 expression (and thus the sites and levels

of ABCA1 expression), and the genetic background of the mice. Vaisman et al.
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[54] generated hABCA1 Tg-mice in a pure C57B1/6 background expressing a
significant amount of hABCA1 in the liver and macrophages but not in many
other tissues that endogenous mouse ABCA1 is expressed. Singaraja et al. [55]
generated hABCA1 Tg-mice in a mixed (C57B1/6 x CBAJ) genetic background
overexpressing ABCA1 in the liver, macrophages, lungs, small intestine, stomach,
testis, and brain. These two hABCA1 Tg-mouse lines showed increased plasma
HDL and apoA-l levels when fed both chow and Western-type diets compared
with wild type mice. Cavelier et al. [94] generated hABCA1 Tg-mice in a pure
FVB background. Although these hABCA1 Tg-FVB mice expressed hABCA1 in
the liver, macrophages, spleen, lungs, and heart, brain, intestine, kidney, and
adrenals [94, 95], the expression level of hABCA1 was low compared with the
other two hABCA1 Tg-mouse lines and the mice showed no significant difference
in plasma HDL levels compared with-wild type mice fed either chow or Western-
type diets. One of the several possible explanations for the insignificant changes
in the plasma HDL levels of the hABCA1 Tg-FVB mice could be the lack of
sufficient expression of hABCA1. Other possibilities include differences between
exogenous hABCA1 and endogenous mouse ABCA1 in actions, effect of other

lipoproteins on HDL metabolism, and FVB strain-specific genetic background.

1.2.3 ABCA1-mediated formation of discoidal HDL

The primary function of ABCA1 is believed to be to mediate the delivery of
cellular cholesterol and PL to lipid-free/poor apoA-l and thus to form discoidal
HDL. The formation of discoidal HDL is therefore thought to be the critical
determinant of plasma HDL levels. There are four potential pathways for the
formation of discoidal HDL: (1) intracellular assembly in the liver [38, 96]; (2)
extracellular formation via ABCA1-dependent lipidation of lipid-free/poor apoA-I;
(3) remodeling of HDL in the plasma [97]; and (4) release during lipolysis of CM
[98, 99]. Kiss et al. [41] suggested a potential involvement of ABCA1 in the 1%
pathway by showing that primary hepatocytes from ABCA1-KO mice secrete
apoA-l associated with markedly reduced PL content compared with wild-type

hepatocytes. The requirement of ABCA1 in the 2" pathway is obvious, and the
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3" pathway seems to be independent of ABCA1 functions. It is not clear how
apoA-l is incorporated onto CM in the intestine, but ABCA1-mediated lipidation of
apoA-l might facilitate this step.

The liver is the major organ to synthesize apoA-I [100, 101]. Chisholm et
al. [38] reported that a mammalian hepatoma cell line, HepG2, secreted ~20% of
newly synthesized apoA-l as an intracellularly lipidated form, ~30% in lipid-
free/poor form lipidated immediately following secretion, and that the lipidated
apoA-| was further lipidated with longer incubation. The authors reported that the
lipidated apoA-I particles had a size range of 7.5-8 nm and likely contained two
apoA-|I molecules, which suggests that HepG2 cells may secrete ~50% of apoA-I
in discoidal or spherical HDL form and ~50% in lipid-free/poor form. Considering
ABCA1 as a key player in the formation of discoidal HDL, and the liver as the
major apoA-I producing organ, hepatic ABCA1-dependent lipidation of the ~50%
newly synthesized apoA-l would significantly contribute to plasma HDL
cholesterol levels.

The importance of hepatic ABCA1 in determining plasma HDL cholesterol
levels has been demonstrated by studies using liver-specific ABCA1-KO or -
overexpressing mice. Timminis ef al. [42] created liver-specific ABCA1-KO mice
using the Cre-loxP recombination system and observed a marked (~80%)
decrease in the plasma HDL cholesterol and apoA-l levels in the KO mice
compared with wild type. Basso et al. [43] and Wellington ef al. [44] generated
liver-specific ABCA1-overexpressing mice using adenoviral delivery system in
the C57BL/6 background. Both studies showed that adenovirus-ABCA1 infected
mice have significantly higher plasma HDL cholesterol levels compared with
adenoviral-mock infected control mice. Basso et al. [43] also showed that lipid-
free apoA-l-mediated cholesterol efflux was 2.6-fold higher in primary
hepatocytes isolated from adenovirus-ABCA1 infected mice than in control
hepatocytes, but no difference in spherical HDL-mediated cholesterol efflux,
reemphasizing the role of ABCA1 in the formation of discoidal HDL. The role of
hepatic ABCA1 in lipid efflux has been further supported by its localization to the
basolateral surface of polarized liver cells [102, 103]. If ABCA1 localized to the
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apical surface, it would mediate cholesterol efflux to the bile rather than to the
plasma. The accumulation of cholesterol in the liver of Tangier patients and in
Wisconsin hypoalpha mutant chickens, which have a natural ABCA1 mutation, is
consistent with the role of hepatic ABCA1 in promoting cholesterol efflux from the
liver [103, 104]. These findings demonstrate that hepatic ABCA1-mediated
formation of discoidal HDL plays an important role in hepatic cholesterol
homeostasis and in determining plasma HDL cholesterol levels.

The importance of extrahepatic formation of discoidal HDL should not be
ignored. Most tissues and cells express ABCA1, and Chisholm et al. [38]
suggested that the liver may secrete ~50% of apoA-| in lipid-free/poor form. Bone
marrow transplantation studies demonstrated that the contribution of
macrophage ABCA1-mediated cholesterol efflux to the overall plasma HDL levels
is minimal. However, macrophage-specific ABCA1 deficiency results in
cholesterol-overioaded macrophage foam cells and the development of
atherosclerosis [105-107]. Although the relative contribution of peripheral cells to
ABCA1-dependent formation of discoidal HDL has not been determined, the
contribution of macrophages must be minimal because they comprise only a very
small portion of total peripheral cells in the body, estimated to be approximately
108 cells in an adult mouse [108]. Therefore, studies on macrophage ABCA1
strengthen the importance of peripheral ABCA1 by demonstrating the pivotal role
of peripheral ABCA1-mediated formation of discoidal HDL in peripheral
cholesterol homeostasis. It is also believed that total peripheral cell ABCA1 may

significantly contribute to plasma HDL levels.

1.2.4 Mechanism of ABCA1-dependent lipid efflux
While it is generally accepted that ABCA1 promotes the efflux of cellular
cholesterol and phospholipids to lipid-free/poor apoA-|, the detailed mechanism

of ABCA1 action remains controversial.
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1.2.4.1 Plasma membrane versus intracellular lipidation of apoA-/ by ABCA1
ABCA1 is primarily localized to the plasma membrane, but it has also
been found in the Golgi complex and endocytic vesicles including early
endosomes, late endosomes, and lysosomes [52, 102, 109]. Primary localization
to the plasma membrane supports the concept that ABCA1 functions mainly at
the cell surface to lipidate apoA-l. The presence of ABCA1 in endocytic vesicles
might represent ABCA1 pools under processes of degradation. However, several
lines of investigation have proposed a retroendocytic mechanism involving
endocytosis of an ABCA1/apoA-lI complex, lipidation of apoA-l to form HDL, and
resecretion of the HDL. This mechanism has been supported by a significant
reduction of apoA-lI-mediated cholesterol efflux from the murine macrophage
RAW264 cell line in the presence of inhibitors of receptor-mediated endocytosis
[110]. Smith et al. [111] further showed that 8Br-cAMP-induced ABCA1 in
RAW264.7 cells markedly increased the uptake of fluorescently labeled apoA-I|
into intracellular vesicles and increased cholesterol efflux at 37 °C. However,
when apoA-l was added to cells at 21 °C, a temperature at which receptor-
mediated endocytosis is reduced, there was no increase in the internalization of
apoA-| despite an increase in cell surface binding and no significant increase in
cholesterol efflux compared with 8Br-cAMP-nontreated control. Neufeld ef al.
[109, 112] suggested that internalized ABCA1/apoA-I-containing endosomes fuse
with late endosomes/lysosomes and ABCA1 mobilizes late endosomal/lysosomal
lipid pools to apoA-l-associated lipid pools, and lipidated apoA-Il in the lumen of
the vesicles travels back to the cell surface to be released as HDL particles.
Their studies using time-lapse video fluorescence microscopy showed ABCA1-
green fluorescent protein (GFP) fusion protein traveled between the cell surface
and late endosomal/lysosomal compartments, and that treatment with brefeldin
A or monensin, intracellular vesicular traffic blocking agents, trapped the ABCA1-
GFP protein in late endosome/lysosome compartments in HelLa cells, resulting in
markedly reduced apoA-I-mediated cholesterol efflux [109]. Also, they showed
that late endosomel/lysosome vesicles in Tangier disease fibroblasts were

defective in trafficking and accumulated lipids (cholesterol and sphingomyelin)
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and protein (NPC1), and that adenovirus-mediated ABCA1-GFP expression
corrected the late endosome/lysosome trafficking defects and restored apoA-I-
mediated cholesterol efflux [112]. Recently, Chen et al. [113] suggested that
ABCA1 promotes lipid efflux to apoA-l in late endosomes/lysosomes as well as at
the cell surface. They showed that a cytoplasmic PEST sequence-deleted
ABCA1, a mutant defective in internalization into late endosomes/lysosomes, has
higher ability to remove plasma membrane cholesterol pools to apoA-I but has
lower ability to remove late endosomal/lysosomal cholesterol pools compared
with wild-type ABCA1 in HEK293 cells.

1.2.4.2 Models of apoA-I-ABCA1 interaction

There are presently three models to explain the interaction between
ABCA1 and apoA-l to mediate lipid efflux (Figure 1-8). The first model has
proposed that a direct association between ABCA1 and apoA-I is required for the
lipidation of apoA-I (Figure 1-8A). This model has been supported by functional
cross-linking studies. Four natural mutations in the extracellular loops of ABCA1
abolished its cross-linking and cholesterol efflux ability to apoA-l even though
these mutants were localized to the plasma membrane [114]. In addition, cross-
linking studies by Chroni et al. [115] indicated that apoA-I and ABCA1 are within
a distance of 3 A of each other. These studies showed that the cross-linking
ability of various apoA-l mutants to ABCA1 is positively correlated with
cholesterol efflux. These findings suggest that ABCA1 and apoA-I interact in very
close proximity or are directly associated to lipidate apoA-l. A specific mutation
(W590S) in the first extracellular loop of ABCA1 had a greater efficiency in cross-
linking to apoA-Il than wild-type, but the apoA-I was released in a lipid-free form
with similar dissociation kinetics to the dissociation of lipidated apoA-I from wild-
type ABCA1 [114, 116]. The formation of a non-productive complex of ABCA1
and apoA-| suggests that improper association of the two proteins fails to induce
subsequent cellular events such as conformational changes of ABCA1 and/or

intracellular signaling events required for the transport of lipids to apoA-I.
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(A)

Apoprotein Interaction
with ABCA1

(B)

Apoprotein Interaction
with Lipid Domain

(C)

Apoprotein Interaction with m\
Lipid Domain and ABCA1

ABCA1

ﬂ = Phospholipid m\ = Apolipoprotein 0 = Cholesterol

Figure 1-8. Proposed models for ABCA1-mediated lipid efflux to apoA-l. (A)
ApoA-| binds directly to ABCA1 and acquires both cholesterol and phospholipids
to form HDL. (B) ApoA-I associates with a specialized membrane domain formed
by the action of ABCA1 and extracts membrane lipids. (C) Helix 10 of apoA-I
tethers apoA-l to a specialized membrane domain formed by ABCA1. ApoA-I|
diffuses laterally along the membrane bilayer and complexes with ABCA1 to
accept lipids. The figure was obtained from P.G. Yancey ef al. [78] and is
presented here with permission.
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ABCA1-dependent lipid efflux is not specific to apoA-I, but can also occur
with other apolipoproteins containing amphipathic helices, such as apoA-Il,
apoA-lIV, apoC-l, apoC-ll, apoC-Ill, and apoE [117, 118] and synthetic
amphipathic helical peptides [119, 120] that mimic apoA-l. The lack of an obvious
common binding sequence among these amphipathic molecules has led to the
second model, in which apoA-l interacts with a specialized membrane lipid
domain formed by ABCA1 rather than directly with ABCA1 (Figure 1-8B). In
support of this model, Chambenoit ef al. [121] reported that ABCA1 levels at the
surface of RAW264.7 cells are positively correlated with cell surface binding of
apoA-l, but postulated that apoA-| associates with specially arranged membrane
lipids rather than with a protein. This proposal was based on their observations
that the mobility of membrane-associated apoA-l was not consistent with the
mobility of ABCA1 on the cell surface and that apoA-I binding at the cell surface
was positively correlated with the exposure of phosphatidylserine to the outer
leaflet of the plasma membrane. Rigot ef al. [122] reported that the ABCA1
mutant W590S has an enhanced binding capacity to apoA-I compared with wild-
type, but fails to drive both flipping of phosphatidylserine at the plasma
membrane and release of PL to apoA-l, suggesting that ABCA1-mediated
rearrangement of membrane lipids may be independent of the binding of apoA-I.
Consistent with this idea, Vaughan et al. [123] reported that overexpression of
ABCA1 in baby hamster kidney cells in the absence of apolipoproteins
redistributes cellular cholesterol to cell surface domains, where it becomes
accessible for removal by apoA-l. Furthermore, Drobnik et al. [124] showed that
in human skin fibroblasts, apoA-l mediates lipid efflux from distinct membrane
microdomains enriched in cholesterol and choline-containing PL where ABCA1 is
not found. These findings indicate that functional ABCA1 generates special
membrane domains enriched in some PL and cholesterol in the outer leaflet of
the plasma membrane, which allows apoA-I to associate with the domains and
extract lipids to form HDL.

A third model requiring the interaction of apoA-l with both lipid domains
and ABCA1 has been proposed by Panagotopulos et al. [125] (Figure 1-8C).
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They suggested that the 10" helix of apoA-I, the strongest lipid binding helix in
apoA-| [126], tethers apoA-I to lipid domains formed by ABCA1. This suggestion
was based on their observations that lipid binding abilities of various helix 10
mutants of apoA-l are positively correlated with their abilities in ABCA1-
dependent lipid efflux. In addition, they suggested that the tethered apoA-l may
diffuse laterally along the membrane to bind ABCA1 and induce ABCA1-
mediated lipidation of apoA-I rather than directly extracting lipids from the binding
domains. This suggestion was based on their observations that two helix
replacement mutants (H4@H1 and H10@H7; helix 1 and 7 were replaced with
the sequence for helix 4 and 10, respectively) exhibited ABCA1-dependent
cholesterol efflux capacities similar to wild-type in spite of markedly reduced lipid
binding affinity. This third model absolutely requires functional helix 10 for the
initial binding of apoA-I to lipid domains. However, Chroni et al. [127] showed that
the central helices (3-7) of apoA-| are sufficient to promote ABCA1-dependent
lipid efflux, despite finding that a helices 3-7 mutant has an impaired ability to
stimulate ABCA1-independent lipid efflux pathway in vitro. Their in vivo studies
utilizing adenovirus-mediated gene transfer in apoA-I-KO mice showed that mice
infected with wild-type apoA-l formed spherical HDL, whereas mice infected with
the helix 3-7 mutant formed discoidal HDL [127]. These data suggest that the
strongest (helix 10) and the second strongest (helix 1) lipid binding helices in
apoA-l [126] may function after discoidal HDL formation by tethering discoidal
HDL to lipid domains for further maturation into spherical HDL. At present, none
of the three models is conclusively accepted, and further studies are required to
elucidate the interaction mechanism between apoA-I and ABCA1 to generate
HDL particles.

1.2.4.3 Lipid mobilization by ABCA1

Although ABCA1 is thought to promote the transport of both cholesterol
and PL to apoA-l, its primary substrate and the process of lipid transport are not
yet known. Two models have been proposed: a one-step and a two-step process.

According to the two-step model, ABCA1 first transports PL to apoA-l to form
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apoA-I-PL complexes, which then acquire cholesterol in a second ABCA1-
independent step. This model seems to be plausible when we consider that the
formation of discoidal HDL, which is believed to be the major role of ABCA1,
absolutely requires the loading of PL to make a lipid bilayer capable of
absorbing/solubilizing cholesterol. The presence of two discrete steps has been
supported by several different studies. Fielding et al. [128] showed that apoA-I-
mediated cholesterol efflux was dramatically reduced by vanadate, while PL
efflux was minimally reduced. Moreover, they showed that apoA-l-containing
medium preincubated with ABCA1-expressing smooth muscle cells promoted
cholesterol efflux but not PL efflux from human aortic endothelial cells that do not
express ABCA1. Wang et al. [48] reported that depletion of cellular cholesterol by
treatment with cyclodextrin abolished ABCA1-dependent cholesterol efflux but PL
efflux was not affected. They also found that apoA-l-containing conditioned
medium from cyclodextrin pre-treated (to deplete plasma membrane cholesterol)-
ABCA1-transfected HEK293 cells was much more efficient in promoting
cholesterol efflux from ABCA1-deficient HEK 293 cells, when compared to apoA-
I-containing conditioned medium from cyclodextrin pre-treated-mock-transfected
HEK293 cells [48]. Arakawa ef al. [129] showed that undifferentiated THP-1
monocytes formed HDL particles containing PL with almost no cholesterol,
whereas differentiated THP-1 macrophages formed HDL enriched in both PL and
cholesterol. However, there are no convincing kinetic data yet that support the
sequential transport of PL and then cholesterol.

The one-step model proposes that ABCA1 transports both PL and
cholesterol to apoA-I simultaneously, and has been supported by kinetic studies.
Gillotte et al. [130] showed that the efflux rate of PL during the initial 10 min of
apoA-| incubation with human skin fibroblasts was similar to that of cholesterol,
and that the Km value of apoA-| for PL efflux was not significantly different from
that for cholesterol efflux. In contrast to the findings of Wang ef al. [48], Vaughan
et al. [123] observed that apoA-I-containing conditioned medium from ABCA1-
transfected baby hamster kidney (BHK) cells was no more effective than

conditioned medium from mock-transfected BHK cells in promoting cholesterol
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efflux from mock-transfected BHK cells that are deficient in ABCA1 expression,
regardless of whether cells were pretreated with cyclodextrin. These
observations indicate the expression of ABCA1 is required to promote cholesterol
efflux even after formation of apoA-I-PL complexes. In addition, Smith ef al. [111]
showed that apoA-Il-containing conditioned medium from ABCA1-expressing
RAW264.7 or ABCA1-transfected HEK293 cells did not promote cholesterol
efflux when the medium was incubated with RAW264.7 or HEK293 cells that
lacked ABCA1 expression, regardiess of whether cells were pre-treated with
cyclodextrin. Also, the authors reported that the high concentration of vanadate
(1 mM) and cyclodextrin (20 mM) used by Fielding et al. [128] and Wang et al.
[48], respectively, increases PL efflux from ABCA1-induced RAW264.7 cells
even in the absence of apoA-l, suggesting that PL efflux measured by Fielding et
al. [128] and Wang et al. [48] might be not derived from an apoA-l-dependent
mechanism.

The process of lipid transport will also be dependent upon how ABCA1
interacts with apoA-lI, and where ABCA1 functions, as mentioned above. At
present, there is no dominant model that can reconcile all the different findings.
Moreover, there might be tissue and cell specific mechanisms, for instance,
apoA-| synthesized by the liver might be lipidated before secretion. It is therefore
conceivable that more than one mechanism of ABCA1-dependent lipid efflux

exists to meet diverse functional demands.

1.2.5 Expression and regulation of ABCA1

ABCA1 is expressed in most of tissues and cells, with high levels in
macrophages, liver cells, intestinal cells, adrenal gland, and placental
trophoblasts [39]. ABCA1 protein turns over rapidly with a half-life of 1-2 h [131,
132], which suggests that ABCA1 level is strictly controlled and is metabolically
unstable like cell-cycle regulators [133], and that transcriptional regulation plays a
key role in maintaining ABCA1 levels.

The transcription of ABCA1 is regulated by various molecules including

cholesterol, nutritional lipids, hormones, and cytokines, as reviewed by Schmitz
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and Langmann [134]. Considering the critical role of ABCA1 in cholesterol efflux,
regulation in response to cellular cholesterol levels seems to be most important.
Cells overloaded with cholesterol stimulate the transcription of ABCA1 [135]. This
inductive effect of cholesterol is mediated by activation of the nuclear receptors
liver X receptor a and B (LXRa and LXR) [135, 136]. LXRa is highly expressed
in macrophages and liver with lower, but significant, levels in kidney, spleen,
intestine and adipose tissue, whereas LXRp is expressed ubiquitously [137, 138].
LXR binds as a heterodimer with the retinoid X receptor (RXR) to specific
response elements called LXR response elements of target genes, which are
comprised of two direct repeats of a hexanucleotide motif (AGGTCA) separated
by four nucleotides [139, 140]. Ligands for either LXR or RXR activate a target
gene, but when ligands for both receptors are present, there is additive or
synergistic activation [135, 136]. Although cholesterol loading of cells induces
LXR target genes, LXR ligands are a specific group of oxysterols. Therefore the
conversion of cholesterol to oxysterols is required for transcriptional activity.
Naturally occurring oxysterols 20(S)-, 22(R)-, 24(S)-, 27-hydroxycholesterol, and
24(S),25-epoxycholestrol have been demonstrated to activate LXR [135, 136,
141-145].

Steroidogenic cells produce 20(S)- and 22(R)-hydroxycholesterol as
intermediates in steroid hormone biosynthesis. [142]. 24(S)-hydroxycholesterol
is formed in the brain and is also found in the liver [146-148]. The most abundant
hydroxycholesterol in human circulation is 27-hydroxycholesterol, and the rate-
limiting enzyme in its synthetic pathway, sterol 27-hydroxylase encoded by
CYP27A1 gene, is ubiquitously expressed with the highest level in the liver [145,
149, 150]. One of the most potent oxysterols in activating LXR is 24(S),25-
epoxycholestrol [151], formed by a shunt pathway of cholesterol biosynthesis
[152, 153]. Thus, this oxysterol might not be physiologically relevant since
cholesterol-loaded cells would block the cholesterol synthetic pathway and
therefore the generation of 24(S),25-epoxycholestrol. Consistent with this
concept, Fu et al. [145] observed that cholesterol-loaded macrophages produce

27-hydroxycholesterol but not 24(S),25-epoxycholestrol.

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Vitamin A (retinol), derived from carotinoids in plants and retinyl esters in
animal fat, is steadily present at relatively high concentration in the plasma under
normal dietary conditions. In the plasma, retinol binding protein binds this
hydrophobic molecule and ensures receptor-mediated uptake by cells, where
retinoid is metabolized to several active molecules including all-trans retinoic acid
and 9-cis retinoic acid (9-cis RA) [154]. RXR is mainly bound and activated by 9-
cis RA [155], and the activated RXR forms a heterodimer with LXR to induce
expression of target genes including ABCA71. Also, active RXR can be
heterodimerized with RAR, which is bound by all-trans retinoic acid and 9-cis RA
[155], to induce target genes including ABCA1, LXRa, and CYP27A1 [134].

The expression level of ABCA1 is also modulated at post-translational
steps. It has been reported that unsaturated fatty acids [131] and increased cell
unesterified cholesterol [156] promote the degradation of ABCA1 protein in
macrophages without altering ABCA1 mRNA abundance, whereas
apolipoproteins protect ABCA1 protein from degradation [157]. Yamauchi et al.
[158] proposed that apoA-l-mediated sphingomyelin efflux activates protein
kinase C (PKC), that then phosphorylates ABCA1 to prevent its degradation by
calpain protease.

The activity of ABCA1 is modulated by several protein kinases. See ef al.
[159] reported that PKA-mediated phosphorylation of serine-1042 and -2054
residues in the nucleotide binding domains of ABCA1 occurs constitutively and is
essential for optimum lipid-transport activity, without affecting apoA-I binding or
ABCA1 protein stability. Tang et al. [160] reported that the interaction of apoA-l
with ABCA1-expressing cells activates tyrosine kinase Janus kinase 2 (JAK2) by
stimulating autophosphorylation of JAK2, which in turn phosphorylates unknown
proteins to enhance apoA-I| binding to cells and ABCA1-dependent lipid efflux,
but without affecting ABCA1 protein content or ABCA1 phosphorylation.
Roosbeek et al. [161] reported that protein kinase CK2 phosphorylates threonine-
1242, threonine-1243, and serine-1255 residues downstream of the first

nucleotide binding domain of ABCA1, and that mutations preventing protein
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kinase CK2 phosphorylation enhance apolipoprotein binding to cells and ABCA1-
dependent lipid efflux.

1.3 Niemann-Pick type C (NPC) disease and ABCA1-dependent

cholesterol efflux

NPC disease, caused by mutations in either the NPC1 or NPC2 genes, is
a severe, inherited intracellular lipid trafficking disorder in which patients exhibit
progressive neurodegeneration and hepatosplenomegaly [14, 30, 162]. Most
cases (~95%) result from mutations in the NPC7 gene and more than 170
mutations have been identified in NPC1 patients [162]. The NPC1 protein is a
ubiquitously expressed, 1278 amino acid membrane glycoprotein that is primarily
localized in late endosomes and travels to lysosomes and the frans-Golgi
network [163, 164]. Structural analysis has predicted that NPC1 protein contains
13 transmembrane domains, three heavily glycosylated large loops, and a sterol-
sensing domain [162] (Figure 1-9). Ohgami et al. [18] suggested that the sterol-
sensing domain is required for direct binding to cholesterol. As mentioned in
Section 1.1.3, the direct binding of cholesterol to the sterol-sensing domain in
SCAP plays a key role in regulating the cholesterol biosynthetic pathway,
supporting an important role for NPC1 in cholesterol metabolism.

In support of this, NPC1 mutations are characterized by the accumulation
of cholesterol, gangliosides and other glycosphingolipids in late
endosomes/lysosomes [165, 166], and reintroduction of the NPC7 gene in
NPC1-deficient cells corrects the cholesterol trafficking defect [167]. It has not
been answered yet whether the accumulation of cholesterol is a primary cause of
NPC disease or the accumulation of other lipids, nor whether NPC disease is
caused by excess lipid accumulation or impaired lipid trafficking. Double KO
(Npc1”GalNAcT”) mice, which are deficient in biosynthesis of both NPC1 and
complex gangliosides, exhibit the same life-span and neuropathology seen in
Npc1” mice, even though the double KO mice did not accumulate several
gangliosides that are accumulated in Npc7” mice [168]. This study suggests that
the accumulation of gangliosides affected by GM2/GD2/GA2 synthase, encoded
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by the beta 1,4 N- acetylgalactosaminyltransferase gene (GalNAcT) [169], is not
responsible for NPC disease. Npc1”GalNAcT” mice showed marked reduction
in the accumulation of UC in the brain, but not in the liver, compared with Npc1"'
mice [168, 170]. Cruz and Chang [171] reported that the cholesterol trafficking
defect in NPC1 cells is not caused by ganglioside accumulation. This was based
on their observation that the treatment of N-butyldeoxynojirimycin (NB-DNJ), an
inhibitor of complex ganglioside biosynthesis, depleted GM3, GM2, GM1, and
GD1a gangliosides in 25RA cells, a CHO cell line, and CT43 cells, NPC1-
defective 25RA cells, however sterol biosynthesis and cholesterol esterification
were not changed in these cells. Much more data are required to target a specific

lipid species relevant to treating this disease.

Membrane

Figure 1-9. Current topological model of NPC1. The three large luminal loops
(loop A, C, and 1) have been predicted to be heavily glycosylated. Five of the
transmembrane domains (transmembrane 3-7) have sequence homology to the
sterol sensing domain (SSD). The figure was obtained from C. Scott and Y.A.
loannou [162] and is presented here with permission.
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The involvement of NPC1 in lipid trafficking from late
endosomes/lysosomes to the trans-Golgi network and the plasma membrane has
been proposed. Puri et al. [172] observed that a fluorescent lipid analogue
(BODIPY-labeled lactosyl ceramide) was localized predominantly in the trans-
Golgi network in normal cells, whereas most of the label was distributed
throughout the cytoplasm in punctate vesicles characteristic of endosomes and
lysosomes in NPC1 deficient cells. Millard et al. [173] reported that
overexpression of NPC1 increases the transport of LDL-derived cholesterol to
the plasma membrane.

Although the exact function of NPC1 protein has not yet been assigned,
previous findings indicate that NPC1 plays an essential role in trafficking of late
endosomal/lysosomal lipids to other cellular destinations. As depicted in Figure
1-5, LDL-derived cholesterol is metabolized through the endosomal/lysosomal
system, and NPC1 deficiency sequesters LDL-derived cholesterol within the late
endosomes/lysosomes, the biochemical hallmark of NPC disease. It has been
reported that endogenously synthesized cholestero! is also accumulated within
NPC1 compartment in NPC1-deficient cells [171].

The sequestration of cholesterol in late endosomes/lysosomes of NPC
cells impairs key regulatory steps of cholesterol homeostasis that normally occur
in response to excess cellular cholesterol, i.e., down-regulation of HMG-CoA
reductase and LDL receptor, and up-regulation of cholesterol esterification by
ACAT [174-177]. The impaired regulation of cholesterol biosynthetic and influx
pathways suggests that the ABCA1-dependent cholesterol efflux pathway may
also be defective in NPC1 cells, since ABCA1 expression is strongly regulated by
cell cholesterol content (as described in Section 1.2.5). In addition, the
retroendocytosis model of ABCA1 function (Section 1.2.4.1) proposes
internalized ABCA1/apoA-I mobilizes late endosomal/lysosomal cholesterol to
the cell surface for secretion as HDL particles. This model suggests that the
accumulation of cholesterol in late endosomes/lysosomes in NPC disease could

be due to impaired ABCA1 function.
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In this thesis, the expression of ABCA1 and its function on lipid efflux and
HDL particle formation were studied in NPC1-defecient human fibroblasts. In
conjunction with in vitro studies, HDL levels in NPC patients were also

investigated.

1.4 Atherosclerotic smooth muscle cells and ABCA1-dependent

cholesterol efflux

Atherosclerotic lesions (atheromas) are asymmetric focal thickenings of
the innermost layer of the artery, the intima. Several cell types including blood-
borne inflammatory and immune cells, endothelial cells, and smooth muscle cells
(SMC) contribute to the development of atheroma. SMC represent the
predominant cell type in the intima. A major role of intimal SMC is thought to be
the production of collagen and other components of extracellular matrix, which
form a fibrous intimal tissue distinct from the fibrous tissue formed by fibroblasts
in usual wound repair [178, 179]. The fibrous intimal tissue is heavily infiltrated
with circulating apoB100-containing lipoproteins such as LDL and VLDL.
Extracellular matrix components such as proteoglycans bind to apoB100-
containing lipoproteins, leading to their retention and modification [180, 181].
Intimal SMC, like intimal macrophages, take up the modified lipoproteins via
scavenger and other receptors, accumulate large amounts of lipids, and become
foamy appearing SMC, like macrophage foam cells, in the intima [182-186].
Over-accumulation of lipids and other toxic agents induces apoptotic and/or
necrotic death of intimal SMC [187-189], which leads to discharge of the
accumulated lipids and other cellular elements into the extracellular space,
forming a lipid-rich necrotic core. As the necrotic core grows in the center of
atheroma, the fibrous intimal tissue appears as a cap. As more intimal SMC die,
the fibrous cap will become weakened}and eventually degenerated, resulting in
rupture of the atheroma. Although several species of lipids are accumulated in
atheroma, the accumulation of CE is considered as a biochemical marker of the
development of atherosclerosis. It is therefore pivotal to prevent over-

accumulation of cholesterol in intimal SMC for the stabilization of atheromas.
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Arterial SMC have been identified to be heterogeneous in morphology and
biochemical properties in various species including human (reviewed in [190]).
Arterial SMC have been categorized into at least two distinct subtypes, spindle-
shaped SMC and epithelioid-shaped SMC (Table 1-1). Features of another
subtype, rhomboid-shaped SMC, were similar to epithelioid-shaped SMC and
distinct features of these two SMC subtypes included greater proliferation, faster
migration, and poor differentiation as defined by the expression levels of
cytoskeletal and contractile proteins, when compared to spindle-shaped SMC
(Table 1-1).

Table 1-1. Biological and biochemical features of SMC subpopulations.

Species Rat Cow Pig Human
Phenotype Spindle  Epithelioid  Spindle  Rhomboid  Epithelioid  Spindle  Rhomboid  Spindle  Epithelioid
Autonomous growth No Yes No Yes Yes No No No No
Migratory activity Low High ND ND ND Low High Low* High*
Differentiation features

a-SM actin ++ + ++ +/- + +++ + +H4+ 4
Desmin +/- - ND ND ND + +/- ND ND
SMMHC + +- ++ - - ++ + +++
Smoothelin ND ND ND ND ND + +/- ND ND
SM22a ++ ND ++ +/- + ND ND ND ND

* Under platelet-derived growth factor. SM, smooth muscle; SMMHC, smooth
muscle myosin heavy chain; ND, not determined. The table was obtained from H.
Hao et al. [190] and is presented here with permission.
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It has been reported that spindle-shaped contractile SMC are typical of the
normal artery medial layer, whereas epithelioid-shaped synthetic SMC are
predominant in atherosclerotic artery intima [190-192]. Although the change in
the proportion of arterial SMC in response to atherosclerotic injury might be a
part of vascular adaptation to meet altered functional demands and to maintain
the structural integrity of injured arteries, the accumulation of CE in
atherosclerotic intimal SMC, but not in normal SMC [183, 193] strongly suggests
that altered cholesterol metabolism in intimal SMC may be a key contributing
factor in the progression of atherosclerosis.

As mentioned in Section 1.1.4 of cholesterol homeostasis, excess
cholesterol in cells is removed by cholesterol efflux pathways, but cholesterol
efflux from intimal SMC has not been studied in detail. In this thesis, to examine
whether ABCA1-dependent cholesterol efflux from intimal SMC is different from
normal medial SMC, epithelioid-shaped synthetic SMC and spindle-shaped
contractile SMC lines have been utilized as models of the major intimal and

normal arterial SMC subtypes, respectively.

1.5 Thesis objectives

Dynamic intracelluiar cholesterol trafficking allows cells to sense their
cholesterol content and therefore to regulate cholesterol homeostasis
mechanisms including biosynthesis, influx, and efflux of cellular cholesterol.
Dysfunction of the NPC1 protein results in the sequestration of cholesterol in late
endosomes and lysosomes. Previous studies have demonstrated that NPC1
deficiency impaired cholesterol biosynthesis and influx regulation, however the
effect of NPC1 deficiency on the cholesterol efflux mechanism has not been
studied in detail. The lipid transporter ABCA1, which mediates the critical step of
lipid efflux to lipid-free/poor apoA-I to form HDL particles, is also regulated by cell
cholesterol content. It is therefore hypothesized that NPC1 deficiency impairs the
regulation of ABCA1 and therefore the ABCA1-dependent cholesterol efflux

mechanism.
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In Chapter 3, ABCA1 expression levels and ABCA1-dependent lipid efflux
were examined in normal, NPC1*", and NPC1” human fibroblasts. To confirm
results obtained from cell studies in vivo, plasma lipid profiles of NPC patients
were investigated. To test whether impaired ABCA1 regulation in NPC1” cells is
corrected by exogenously added ABCA1 inducers, cells were treated with a
synthetic ABCA1 inducer and the effects on ABCA1 expression, ABCA1-
dependent lipid efflux, and HDL particle formation were determined.

A biochemical marker of atherosclerotic lesions is accumulation of CE in
the intimal layer of atheromas. Cloning studies have demonstrated that arterial
SMC are heterogeneous in morphology and biological functions. Normal arteries
are mainly composed of spindle-shaped contractile SMC, whereas the major
SMC subtype in atherosclerotic lesions is epithelioid-shaped synthetic SMC. The
accumulation of CE in atherosclerotic arteries but not in normal arteries suggests
that epithelioid-shaped synthetic SMC may have impaired ABCA1-dependent
cholesterol efflux. To test this possibility, the following studies were performed
and are divided into two Chapters:

In Chapter 4, ABCA1 expression levels and ABCA1-dependent lipid efflux
were examined in three epithelioid-shaped synthetic and three spindle-shaped
contractile SMC lines.

In Chapter 5, to test whether an increase in ABCA1 expression can
correct impaired ABCA1-dependent lipid efflux from epithelioid-shaped synthetic
SMC, cells were treated with a synthetic ABCA1 inducer or transfected with
ABCA1 construct, and the effects on ABCA1-dependent lipid efflux and apoA-I

binding were determined.

In Chapter 6, the research is summarized and proposed future research

presented.
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CHAPTER 2:

General Methodoloqgy
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The following methods were used in the research studies presented in the
next three Chapters, and are therefore provided only once here. Additional

methods unique to each study are provided in the individual Chapters.

2.1 Materials
Cholesterol, phosphatidylcholine (PC), sphingomyelin (SM), and essentially

fatty acid-free bovine serum albumin (BSA) were purchased from Sigma-Aldrich,
Oakville, ON. [1,2-*H]Cholesterol, [methyl-*H]choline chloride, and [cholesteryl-
1,2,6,7—3H]cholesteryl linoleate were purchased from NEN Life Science Products,
Boston, MA, and (RS)-[2-'*“C]mevalonic acid lactone and Na'®’l were from
Amersham Biosciences, Baie d’Urfé, QC. The organic solvents used in this study
were purchased from Fisher Scientific, Ottawa, ON.

Dulbecco’s modified Eagle's medium (DMEM) was purchased from
BioWhittaker, Walkersville, MD, and lipoprotein-deficient serum and fetal bovine
serum (FBS) from Hyclone, Logan, UT.

Nitrocellulose membranes, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) reagents, and pre-stained protein molecular mass

markers were purchased from Bio-Rad Laboratories, Mississauga, ON.

2.2 Preparation of lipoproteins and apoA-I

HDL (d = 1.063—-1.21 g/ml) and LDL (d = 1.019-1.063) were isolated by
standard ultracentrifugation techniques from the pooled plasma of healthy
volunteers [194]. HDL fractions were subjected to heparin-Sepharose affinity
chromatography to remove apoE- and apoB-containing particles [195]. The whole
protein fraction of HDL was obtained by delipidating HDL and purified apoA-I
obtained using DEAE-cellulose chromatography as described [196]. Purified
apoA-l was lyophilized and stored at -80 °C. ApoA-l was dissolved in 66 mM
KH,PO4 containing 0.1 mM diethylenetriamine pentaacetic acid (pH 8.0) at a
concentration of 1 mg/ml before use. LDL was labeled with [1,2,6,7-
*H]cholesteryl linoleate by the method of Sattler and Stocker [197] to a specific
activity of ~14 cpm/ng LDL protein. For apoA-l binding assays, apoA-l1 was
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iodinated with '?°I by IODO-GEN (Pierce, Rockford, IL ) to a specific activity of ~
860 cpm/ng apoA-I.

2.3 Cell culture

All cell lines were cultured in DMEM supplemented with 10% FBS, 50
units/mi penicillin, and 50 pg/ml streptomycin in humidified 95% air and 5% CO;
at 37°C unless specifically indicated.

To load cells with non-lipoprotein cholesterol, confluent cells were rinsed
twice with phosphate-buffered saline (PBS) containing 1 mg/ml BSA (PBS/BSA)
and incubated for 24 h in DMEM containing 2 mg/ml BSA with 30 ug/ml
cholesterol added from a 10 mg/ml stock in ethanol. To allow equilibration of
added cholesterol, cells were rinsed twice with PBS/BSA and incubated for an
additional 24 h in DMEM containing 1 mg/mIBSA (DMEM/BSA).

2.4 Labeling of cellular cholesterol pools and choline-containing
phospholipids

To radiolabel LDL-derived cellular cholesterol pools, cells were incubated
in DMEM containing 10% lipoprotein-deficient serum during the last 40% of
growth to confluence to up-regulate LDL receptor expression and then incubated
for 24 h with 50 ug/mi [*H]cholestery! linoleate-labeled LDL (protein). Cells were
then rinsed 3 times with PBS/BSA prior to addition of apoA-l.

To radiolabel non-LDL-derived cellular cholesterol pools, rapidly growing
cells were labeled during the last 40% of growth to confluence by addition of 0.2
HCi/ml [*H]cholesterol in DMEM containing 10% FBS [198]. Radiolabeled cells
were loaded with non-lipoprotein cholesterol prior to addition of apoA-I.

To label more selectively plasma membrane cholesterol pools,
cholesterol-loaded and equilibrated cells were incubated for 2 h with DMEM/BSA
containing 0.2 uCi/ml [*H]cholesterol followed by extensive rinse prior to addition
of apoA-1 [199].

To label newly synthesized cholesterol, rapidly growing cells were
incubated with DMEM/BSA containing 0.5 pCi/m! ['*C]mevalonic acid lactone
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during the last 40% of growth to confluence. Cells were then rinsed 3 times with
PBS/BSA, equilibrated 24 h in DMEM/BSA, and rinsed 3 times with PBS/BSA
prior to addition of apoA-I.

Choline-containing phospholipids were labeled in cholesterol-loaded cells
by addition of 3 uCi/m! [PH]choline chloride to the DMEM/BSA medium during the
24 h equilibration period. Cells were rinsed 5 times with PBS/BSA prior to
addition of apoA-| [119].

2.5 Cholesterol and phospholipid efflux

After the desired labeling protocol, cells were incubated for 148 h in
DMEM/BSA containing 0-10 pg/m! apoA-l. At the end of the indicated incubation
periods, cell layers were rinsed twice with iced PBS/BSA and twice with iced PBS.
Cells were stored at —20 °C until lipid extraction.

Efflux media were collected and centrifuged at 3,000 rpm (2,045 x g) for
10 min to remove cell debris. The supernatant efflux media were then either
counted directly for determination of [*H]cholesterol or extracted with
chloroform/methanol (2:1, v/v) as described [200] for separation of [°H]choline-
containing phospholipids. Cellular lipids were extracted with hexane/isopropanol
(3:2, v/v) as described [201].

To separate cellular sterol species, cellular extracts were dried under air,
re-dissolved in a small volume of chloroform, and applied to silica gel G thin-layer
chromatography plates (Whatmann Inc., Florham Park, NJ). The plates were
developed in hexane/diethyl ether/acetic acid (130:40:1.5, viviv). To separate
choline-containing phospholipids, medium and cellular extracts were dried under
air, re-dissolved in a small volume of chloroform and applied to silica gel H thin-
layer chromatography plates (Fisher Scientific, Ottawa, ON). The plates were
developed in chloroform/methanol/acetic acid/water (100:60:16:8, v/v/viv). Lipid
spots were visualized by exposure of thin-layer chromatography plates to iodine
vapor and identified by comparing their migration with standards. Target spots
were taken and dissolved in 4.5 ml of EcolLite liquid scintillation cocktail (ICN
Biomedicals, Irvine, CA). The radioactivity associated with each lipid was
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determined by a Beckman LS 6000TA counter. Cell proteins were determined by
the Lowry assay using BSA as standard [202].

2.6 Sterol mass analysis by gas chromatography

Incubation condition of cells for sterol mass analysis is described in the
relevant Chapters. At the end of the incubation, media and cells were collected.
Phospholipids from media or cell homogenates were digested by phospholipase
C to remove the polar head groups, and total lipids were extracted in the
presence of tridecanoin as the internal standard. Samples were derivatized with
Sylon BFT (Supelco, Bellefonte, PA) and analyzed by gas chromatography
(Agilent Technologies, 6890 Series equipped with a Zebron capillary column (ZB-
5,15m x 0.32 mm x 0.25 ym) and connected to a flame ionization detector; Palo
Alto, CA). The oven temperature was raised from 170 to 290 °C at 20 °C/min,
and then to 340°C at 10 °C/min where the temperature was kept for 24 min.
Helium (He) was used as the carrier gas. The gas chromatography was operated
in constant flow mode with a flow rate of 4.5 ml He/min. The injector was
operated in the split mode and was kept at 325 °C, and the detector was kept at
350 °C. Separation of sterols was identified by comparing their retention times
with standards, and calculation of sterol mass in samples was based on the

internal standard.

2.7 Protein electrophoresis and immunoblot analysis

In preparation of immunoblotting of proteins, crude cellular membrane
proteins or whole cell lysates were processed as described in individual Chapters.
Protein concentrations were determined by the Lowry assay using BSA as
standard [202]. Proteins in the samples were resolved by SDS-PAGE by the
method of Laemmli [203] and transferred onto nitrocellulose membranes by
electroblotting for 16 h at 4 °C. Membranes were blocked 1 h at room
temperature with 5% skimmed milk power in Tris-buffered saline (TBS; 25 mM
Tris, 137 mM NaCl, pH 7.5) containing 0.1% Tween 20 (TBS/T), rinsed three
times with TBS/T, and incubated for 1 h at room temperature or 16 h at 4 °C with
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primary antibodies diluted in TBS/T containing 1% skimmed milk powder or 5%
BSA (essentially protease free) at ratios indicated in individual Chapters.
Following the incubation, membranes were rinsed five times with TBS/T and
incubated with appropriate horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Typically secondary antibodies were
diluted in TBS/T containing 1% skimmed milk powder at ratios of 1:5,000 or
1:10,000 antibody to TBS/T. Membranes were extensively rinsed with TBS/T
before chemiluminescent detection using the enhanced chemiluminescence

assay system (Amersham Biosciences, Baie d'Urfé, QC).

2.8 Statistical analysis

Statistics were performed using Prism software (GraphPad, San Diego,
CA). Results are presented as the mean + S.D. Comparison of 2 samples was
performed by a two-tailed Student { test and for 3 or more samples ANOVA was
performed with either Dunnett’'s mulitiple test for comparison of each group vs.
control, or Newman-Keuls multiple test for comparison of all groups with each

other.
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CHAPTER 3:

Impaired ABCA1-dependent Lipid Efflux

and Hypoalphalipoproteinemia in Human

Niemann-Pick type C Disease
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3.1 Introduction

3.1.1 Niemann-Pick type C disease and cholesterol accumulation

Niemann-Pick type C (NPC) disease is a neurodegenerative disorder
characterized by a variable phenotype but that frequently leads to premature
death in childhood or adolescence [204]. Biochemically the disorder is
characterized by impaired intracellular lipid trafficking, with accumulation of
unesterified cholesterol and glycosphingolipids in late endosomes/lysosomes
[175, 205]. Recent studies [163, 206] have indicated the NPC1 protein resides in
a unique late endosomal compartment that becomes enriched with cholesterol in
cells with dysfunctional NPC1. Although the exact function of the NPC1 protein
remains unknown, it is believed to facilitate the transport of lipids, particularly
cholesterol, from late/endosomes lysosomes to the Golgi apparatus, endoplasmic
reticulum, and plasma membrane [207-209]. Impaired cholesterol trafficking in
NPC1-deficient cells results in blunted down-regulation of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMG-CoA reductase) and LDL receptor
activity, and a defect in the delivery of unesterified cholesterol to the ER for
esterification by acyl-CoA:cholesterol acyltransferase (ACAT) [174, 176, 177].

3.1.2 ATP-binding cassette transporter A1 (ABCA1)-dependent lipid efflux and
NPC1 deficiency

The membrane protein required for lipidation of apolipoprotein A-l (apoA-
1), ABCA1, is up-regulated in response to increased cell cholesterol, leading to
high density lipoprotein (HDL) particle formation and assisting with the
maintenance of cell cholesterol homeostasis (reviewed in Ref. [210]). ABCA1
mediates the rate-limiting step of HDL particle formation and is thought to
function by transferring cellular phospholipids and/or cholesterol to lipid-free/poor
apoA-| [210]. Mutations in ABCAT result in a failure of lipidation of apoA-I [88],
increased intracellular cholesterol, and extremely low HDL levels in the
hypoalphalipoproteinemic syndrome Tangier disease {211]. ABCA1 expression is
normally upregulated by increasing cell cholesterol and oxysterol content, as

seen in arterial wall macrophages in atherosclerosis, through oxysterol-
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dependent activation of the nuclear transcription factor liver X receptor (LXR)
[136, 212]. Although HDL levels in human subjects with NPC disease had not
been reported, the failure to regulate appropriately other cholesterol metabolic
genes in NPC disease predicts ABCA1 regulation and function would also be
impaired in this disorder, resulting in decreased HDL particle formation.

3.1.3 Study objectives

To test the hypothesis that ABCA1 regulation and function are impaired in
NPC1-deficient cells, apoA-I-mediated efflux of phospholipids and cholesterol
from distinct cellular pools, cellular binding of apoA-l, and regulation of ABCA1
expression were examined in normal (NPC1*"), NPC1*", and NPC1”~ human
fibroblasts. To see whether results obtained from cell studies correlate with HDL

metabolism in patients, the plasma lipid profiles of NPC patients were also
investigated.
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3.2 Method's
3.2.1 Cell culture

Normal human skin fibroblasts (NPC1**, CRL-2076) were purchased from
the American Type Culture Collection (Manassas, VA). NPC1 heterozygous
human fibroblasts (NPC7*") containing the L1213V mutation were generously
provided by Dr. David Byers (Dalhousie University) [213]. NPC1 compound
heterozygote human fibroblasts containing the most prevalent NPC7 mutation
[214],11061T, and the P237S mutation (NPC1™~, GM3123) were purchased from
the Human Mutant Cell Repository (Camden, NJ). The NPC17" cells are from an
affected child and have been shown previously to have a severe defect in
cholesterol esterification [215]. All cell lines were maintained in Dulbecco’s

modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS).

3.2.2 Filipin staining

Cells were grown to confluence on glass coverslips in DMEM containing
10% FBS, incubated for 24 h in DMEM containing 1 mg/ml essentially fatty acid-
free bovine serum albumin (DMEM/BSA) to allow equilibration of cholesterol,
rinsed three times with phosphate-buffered saline (PBS), and fixed in 3%
paraformaldehyde for 15 min at room temperature in PBS. The cells were rinsed
three times with PBS, incubated with 1.5 mg glycine/ml in PBS for 10 min at
room temperature, rinsed three times with PBS, and stained with 50 pg/ml filipin
in PBS for 1 h at room temperature [216]. The cells were rinsed three times with
PBS and mounted in Prolong Antifade mounting medium (Molecular Probes,
Burlington, ON). Filipin fluorescence was detected under a Leica DM IRE2 digital
microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Fluotar

x63/0.70 objective and a Leica ebq100 fluorescence lamp.
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3.2.3 Cholesterol efflux assay

Cells were seeded on 16-mm wells. Four distinct cellular cholesterol pools
(LDL-derived, non-lipoprotein-derived, plasma membrane, and newly
synthesized cholesterol pools) were radiolabeled, and efflux assays were

performed as described in Sections 2.3 - 2.5.

3.2.4 Phospholipid efflux assay

Cells were seeded on 35-mm wells, choline-containing phospholipids
were radiolabeled, and efflux assays were performed as described in Sections
23-25.

3.2.5 Sterol mass analysis by gas chromatography

Cells grown to ~60% confluence in DMEM containing 10% FBS on 60-mm
dishes were incubated in DMEM containing 10% lipoprotein-deficient serum
during the last 40% growth to up-regulate LDL receptor expression. Confluent
cells were rinsed twice with PBS/BSA and incubated for 24 h with 50 png/ml LDL
(protein). The cells were rinsed twice with PBS/BSA and equilibrated for 24 h in
DMEM/BSA with or without 5 uM TO-901317. The cells were then rinsed twice
with PBS/BSA and incubated for 24 h with 10 pg/ml apoA-l in the absence or
presence of 5 uM TO-901317. At the end of the incubation, media and cells were

collected for sterol mass analyses as described in Section 2.6.

3.2.6 Cellular binding of apoA-/

The binding of apoA-1 to cells was determined as described previously
[217]. Non-cholesterol-loaded cells or cells loaded with non-lipoprotein
cholesterol in 35-mm wells were incubated for 2 h at 0 °C in DMEM/BSA
containing 25 mM HEPES and increasing concentrations of 125I-apoA-I. The
medium was then removed and cells were rinsed 5 times with iced PBS/BSA and
twice with iced PBS. Cell layers were dissolved in 0.1 N NaOH, and aliquots were

taken for quantitation of radioactivity and protein.
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3.2.7 Reverse transcriptase-PCR analysis of ABCAT mRNA

Total RNA was isolated from cells by guanidine isothiocyanate/phenol/
chloroform extraction [218]. The concentration of RNA was measured
spectrophotometrically at a wavelength of 260 nm, and 2 ug of RNA was treated
with DNase | (Invitrogen, Burlington, ON) following the manufacturer's guidelines.
First strand cDNA synthesis was performed using 500 nM of oligo(dT) primer and

t™ RNase H (Invitrogen). Each reaction mixture contained 100 units of

Superscrip
Superscript™ enzyme, 1x first strand buffer (50 mM Tris-HCI, pH 8.0), 0.5 pM
dNTP mix, 0.01 M dithiothreitol, 0.05 ug/ul BSA, and 2 units of RNase inhibitor
(Invitrogen). The mixtures were incubated at 45 °C for 90 min followed by
incubation at 95 °C for 3 min (Whatman Biometra T-gradient thermocycler) and
then put promptly on ice. Amplification of ABCA1 and cyclophilin mMRNAs was
performed in tandem to ensure equal amounts of starting cDNA for each sample.
Diethyl pyrocarbonate-treated water, 1x PCR buffer (20 mM Tris-HCI, pH 8.4, and
50 mM KCI), 1.5 mM MgClz, 0.1 mM dNTPs, and cDNA were added to 200 ul of
thin walled PCR tubes and mixed, and one-half volume was transferred to
another PCR tube. One unit of Taqg DNA polymerase (Invitrogen) and 2 ul of 10
MM forward and reverse primers (ABCA1 or cyclophilin) were added to complete
the reaction mixture. ABCA1 amplification was performed by initially denaturing
DNA at 95 °C for 3 min. Thereafter, denaturing was at 95 °C for 75 s, annealing
at 54.6 °C for 75 s, and extension at 72 °C for 55 s for a total of 31 cycles with a
final extension period of 5 min. Human cyclophilin amplification was performed
using similar conditions except the annealing temperature was 48 °C with a total
of 33 cycles. PCR products were electrophoresed on a 1.2% agarose gel,
stained with ethidium bromide, and visualized under UV light. The primers used
were as follows: human ABCA1, 5-GAC ATC CTG AAG CCA ATC CTG
(forward), 5'-CCT TGT GGC TGG AGT GTC AGG T (reverse); human cyclophilin,
5-ACC CAA AGG GAA CTG CAG CGA GAG C (forward), 5'-CCG CGT CTC
CTTTGA GCT GTT TGC AG (reverse).
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3.2.8 Northern blot analysis of ABCA1T mRNA

Total RNA was isolated from cells as described [218]. Seven micrograms
of RNA were electrophoresed on a 1% agarose gel containing 5% formaldehyde
in 20 mM 4-morpholinepropanesulfonic acid (MOPS), 5 mM sodium acetate, 1
mM ethylenediamine-N,N,N’,N'-tetraacetic acid (EDTA) buffer, pH 7.0, and
transferred onto a nylon membrane (Amersham Biosciences) by capillary transfer.
The probe for ABCA1 was obtained by purifying PCR products described above
using a gel extraction kit (Qiagen, Mississauga, ON) and then radiolabeled by the
random priming method with [«-*P]JdCTP (Invitrogen). After cross-linking with UV
light (Stratalinker model 1800, Stratagene), the membranes were hybridized with

*2p_|abeled probes. The hybridization signal was detected by autoradiography.

3.2.9 Western blot analysis of ABCA1 protein

To prepare crude cellular membrane proteins, cells were homogenized on
ice in 50 mM Tris-HCI buffer, pH 7.4, containing protease inhibitors and 2 mM
EDTA. The nuclear fraction was removed by centrifugation for 10 min at 700 rpm
(40 x g), and the supernatant was subsequently centrifuged for 20 min at 14,000
rpm (16,000 x g). The pellet, resuspended in 0.45 M urea containing 0.1% Triton
X-100 and 0.05% dithiothreitol, was used as crude cellular membrane proteins
[219]. To prepare total tissue proteins, dissected tissues were homogenized on
ice in radio-immunoprecipitation assay (RIPA) buffer [20 mM Tris-HCI (pH 8.0),
150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, and 4
mM EDTA] containing complete protease inhibitors, and then lysed in the RIPA
buffer for 30 min on ice [156]. The homogenate was centrifuged for 20 min at
14,000 rpm (16,000 x g), and the supernatant was used as total tissue proteins.
Thirty micrograms of crude cellular membrane proteins or 100 ng of total tissue
proteins were separated by 7.5% SDS-PAGE under reducing conditions and
transferred to nitrocellulose membrane. Immunoblotting was performed as
described in Section 2.7 using a polyclonal rabbit anti-human ABCA1 antibody
(1:500 dilution) (a kind gift of Dr. Shinji Yokoyama, Nagoya City University [219])
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and a goat anti-rabbit 1gG horseradish peroxidase-conjugated secondary
antibody (1:10,000, Sigma-Aldrich, Oakville, ON).

3.2.10 Lipid profiles of NPC patients

Fasting lipid profiles for 21 NPC1-deficient subjects (10 male and 11
female, age ranges 3—42) and 31 NPC heterozygous parents (15 males and 16
females) were obtained from routine clinical laboratory analyses with the

assistance of the Ara Parseghian Medical Research Foundation (Tucson, AZ).

3.2.11 Two-dimensional gel electrophoresis of HDL particles

+/+

To characterize apoA-l-containing particles generated by NPC1"" and
NPC1~~ human skin fibroblasts, cell-conditioned media in 35 mm dishes were
centrifuged at 2000 rpm (912 x g) for 5 min at 4°C to pellet cells and the
supernatant was concentrated 10-fold by ultrafiltration (Amicon Ultra-4, MWCO
10000 from Millipore, Cambridge, ON). Media samples were kept on ice and
used the same day or frozen at -20°C. Freezing at -20°C and thawing did not
affect HDL particle size distribution or abundance on two-dimensional gel
electrophoresis. HDL particles in equivalent volumes of concentrated apoA-I-
conditioned media were separated according to the method of Castro and
Fielding [220] except that in the second dimension, voltage was increased from
100V for 19 h to 125V for 24 h to increase the separation of the a-migrating HDL
species. Briefly, 20 yl samples were separated in the first dimension by 0.75%
agarose gel in 50 mM barbital buffer, pH 8.6, at 200 V for 5.5 h at 5°C.
Electrophoresis in the second dimension was performed with a 2-23%
polyacrylamide concave gradient gel at 125 V for 24 h at 5°C in 0.025 M Tris,
0.192 M glycine buffer, pH 8.3. High molecular weight protein standards (7.1 to
17.0 nm from Amersham Pharmacia Biotech, Baie d’Urfé, QC) were run on each
gel. Following electrophoresis, samples were electrotransferred (30 V, 24 h, 4° C)
onto nitrocellulose membranes (Trans-Blot from Bio-Rad Laboratories,
Mississauga, ON). To locate size markers, the nitrocellulose membranes were

stained with Ponceau S and the position of each protein marked. Membranes
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were blocked by 1 h incubation in Tris-buffered saline containing 1% Tween 20
(TBS/T) and 10% skimmed milk at room temperature. ApoA-I-containing particles
were detected by blotting the membranes with rabbit polyclonal anti-human

apoA-l antibody (Calbiochem, Mississauga, ON) in TBS/T containing 1%

125
skimmed milk for 1 h at room temperature, and then with [ []-labeled donkey-
anti-rabbit antibody (Amersham Biosciences, Baie d'Urfé, QC) [221]. The specific

activity of the secondary antibody was 4.8 X 106 cpm/mg. Membranes were
incubated for 3 h in 80 ml TBS/T containing 1% skimmed milk and 2.6 ug
antibody, followed by three washes of 5 min each in TBS/T before
autoradiography.
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3.3 Results

3.3.1 Human NPC1™ fibroblasts accumulate unesterified cholesterol

To confirm whether human NPC7-deficient fibroblasts used in this study
accumulated unesterified cholesterol, cells were grown to confluence in DMEM
containing 10% FBS and were stained with filipin. Filipin emits fluorescence after
binding to unesterified cholesterol. NPC1™ fibroblasts showed much brighter
fluorescence compared with NPC1*~ and NPC1"* fibroblasts (Figure 3-1),
indicating that this NPC1™ cell line accumulates unesterified cholesterol.

NPc1*

Figure 3-1. Accumulation of unesterified cholesterol in human NPC1-
deficient fibroblasts. Human NPC1™, NPC1*~, and NPC1™ fibroblasts were
grown to confluence in DMEM containing 10% FBS, incubated for 24 h in
DMEM/BSA, and stained with filipin for 1 h at room temperature. Filipin
fluorescence was visualized by fluorescent microscopy.
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3.3.2 ApoA-I-mediated efflux of LDL-derived cholesterol is impaired in human
NPC1™" fibroblasts

Impaired trafficking of LDL-derived cholesterol in fibroblasts or
lymphocytes is a biochemical hallmark of NPC disease [204]. To assess the
removal of LDL-derived cholesterol by apoA-l in human NPC1-deficient
fibroblasts, cells were grown to confluence in lipoprotein-deficient serum. Cells
were then labeled with [*H]cholesteryl linoleate-labeled LDL for 24 h prior to
incubation with apoA-l. Incorporation of LDL-derived [*H]cholesterol was
approximately 3 times higher in NPC1™ than in NPC1** or NPC1*~ cells (see
Figure 3-2 legend), consistent with accumulation of cholesterol in Ilate
endosomes/lysosomes and a failure to down-regulate LDL receptor activity in
NPC1™ cells [176, 177]. Incubation of cells with 10 ug/ml apoA-| for 48 h resulted
in efflux of 13—14% of LDL-derived [°H]cholesterol to the medium from NPC1**
cells (Figure 3-2A). NPC1*~ cells showed a slightly decreased ability to release
LDL-derived cholesterol to apoA-l, whereas NPC1™ cells showed markedly
diminished efflux (only 2% above basal levels of efflux to albumin alone) to apoA-
| compared with both these other cell lines. Removal of radiolabeled cellular
cholesterol to the medium was accompanied by a marked decrease in
radiolabeled cellular cholesteryl ester (CE) in NPC** and NPC"" cells (Figure 3-
2B). NPC™ cells showed a sharper decline in cellular CE levels and a
simultaneous accumulation of [*H]cholesterol (Figure 3-2, B and C), consistent
with normal rates of CE hydrolysis but failure to re-esterify cholesterol in the

endoplasmic reticulum in NPC™" cells [204].

3.3.3 ApoA-I-mediated efflux of total cell, plasma membrane, and newly
synthesized cholesterol is impaired in human NPC1” fibroblasts

Accumulation of LDL-derived cholesterol in late endosomes/lysosomes in
NPC1-deficient fibroblasts suggests that these compartments are the main site of
NPC1 protein function [164, 206]. To investigate whether apoA-lI-mediated efflux
of cholesterol derived from non-lipoprotein sources is also impaired in human

NPC1-deficient fibroblasts, cells were incubated with [*H]cholesterol during the
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Figure 3-2. ApoA-l-mediated efflux of LDL-derived cholesterol from human
NPC1-deficient fibroblasts. NPC1*"* (black symbols), NPC1"~ (gray symbols),
and NPC1™~ (white symbols) fibroblasts incubated in lipoprotein-deficient serum
were incubated for 24 h with 50 pg/ml [*H]cholesteryl linoleate-labeled LDL and
then with 10 pyg/ml apoA-l for 148 h. At the indicated times the medium was
removed, and cell cholesteryl ester (CE) and unesterified cholesterol (UC) in
cells and media were analyzed for [*H]cholesterol. Results are expressed as
percent of total cell plus medium [*H]sterol in the medium (A), cell CE (B), and
cell UC (C) following subtraction of efflux to medium containing 1 mg/ml BSA
alone. Cell [*H]cholesterol immediately prior to addition of apoA-l was 94 + 5, 115
+ 14, and 346 + 19 x 10° dpm/mg cell protein for NPC1™*, NPC1*~, and NPC17~
cells, respectively. Values are the mean + S.D. of quadruplicate determinations
and are representative of two experiments with similar results. A, values for
NPC1™ cells at = 4 h and for NPC1*" cells at 24 h are lower than NPC1** cells.
B, values for NPC1™" cells are lower than NPC1** cells at > 4 h. C, values for
NPC1™~ cells are greater than NPC1"* cells at = 4 h. For all significant
differences, p < 0.05. The figure was published in Choi H.Y. et al. (2003) J Biol
Chem. 278: 32569-32577.
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last 40% of growth to label all cellular cholesterol pools. In other experiments,
cells were pulse-labeled with [*H]cholesterol for 2 h after confluence to label more
specifically plasma membrane cholesterol [198]. It has been previously reported
that a 2 h pulse of cholesterol-loaded normal human fibroblasts with
[*H]cholesterol results in less than 2% of labeled cholesterol being incorporated
into cholesteryl esters [198]. Although cholesterol may be internalized without
being esterified, we used this method to label more specifically the plasma
membrane cholesterol pool. Cells were also incubated with ['“C]mevalonate
lactone to label newly synthesized cholesterol. Consistent with the known defect
in esterification of non-lipoprotein cholesterol, as well as LDL-derived cholesterol,
in NPC1™ cells [174], these cells esterified only 7.5 + 1.8% of total cell
[*H]cholesterol delivered to cells during growth, compared with 31.4 + 2.2 and
31.1 + 1.3% in NPC1"* and NPC1*" cells, respectively. As shown in Figure 3-3,
efflux of cholesterol to apoA-I from cells labeled by each of these methods was
diminished from NPC17" fibroblasts compared with NPC1™* cells. Diminished
efflux from NPC1™ cells occurred despite increased levels of [°H]cholesterol and
['“C]mevalonate lactone incorporation by these cells during growth (see Figure 3-
3 legend). Despite higher incorporation of [*H]cholesterol during the pulse-
labeling protocol, NPC1™~
of cholesterol to apoA-l compared with NPC1** and NPC1™ cells (Figure 3-3B)

and similarly intermediate levels of efflux of total cell (Figure 3-3A) and newly

cells showed intermediate levels of efflux of this pool

synthesized [*H]cholesterol (Figure 3-3C). These results indicate that cholesterol
efflux to apoA-I from NPC1™ cells is diminished regardless of the pool of cellular

cholesterol labeled.

3.3.4 ApoA-I-mediated removal of choline-containing phospholipids is defective
in human NPC1-deficient fibroblasts

The ability of apoA-l to act as a cholesterol acceptor is thought to be
dependent upon apoA-l being first or simultaneously phospholipidated in a
process that requires ABCA1 [210]. [*H]Choline-labeled NPC1™ cells showed a
diminished ability to mobilize both PC and SM to apoA-I (Figure 3-4). NPC1*~
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Figure 3-3. ApoA-I-mediated efflux of non-LDL-derived cholesterol from
human NPC1-deficient fibroblasts. A, Cells labeled with [°H]cholesterol during
growth, loaded with unlabeled non-lipoprotein cholesterol for 24 h, and
equilibrated for 24 h were incubated with apoA-I for 148 h to determine efflux of
cellular cholesterol. Cell [°’H]cholesterol at time 0 h of apoA-I efflux was 407 + 11,
477 + 21, and 633 + 35 x 10° dpm/mg cell protein for NPC1"*, NPC1*~, and
NPC1™ cells respectively. B, Cells were cholesterol-loaded for 24 h, equilibrated
for 24 h, and then radiolabeled with [°H]cholesterol for 2 h prior to incubation with
apoA-1 for 1-48 h to determine efflux of plasma membrane cholesterol. Cellular
[3H]cholesterol at time 0 h of apoA-I efflux was 1049 + 47, 2084 + 165, and 1133
+ 64 x 10° dpm/mg cell protein for NPC1”*, NPC1*~, and NPC1™" cells,
respectively. C, Cells were radiolabeled with [**C]mevalonic acid lactone during
the last 40% of growth to confluence, equilibrated for 24 h, and incubated with 10
pg/ml apoA-| for 8—48 h to assess efflux of newly synthesized cholesterol. Cell
[1 C]cholesterol at time 0 h of apoA-| efflux was 10.8 £+ 1.0, 104 + 1.8, and 17.1
17 x 10° dpm/mg cell protein for NPC1"*, NPC1"~, and NPC1™" cells,
respectively. In each panel the data are expressed as amount of labeled sterol
effluxed to the medium (following subtraction of efflux to medium containing 1
mg/ml BSA alone) as a percentage of total labeled sterol in medium and cells. A
and B represent averages + S.D. of three experiments performed in
quadruplicate. C shows the mean + S.D. of quadruplicate determinations and is
representative of two experiments with similar results. Symbols are as in Figure
3-2. For all panels, values at = 4 h are lower for NPC17" cells than NPC1** cells;
for A and B, values at > 8 h are lower for NPC1*~ cells than NPC1** cells, and

for C, at > 8 h. For all significant differences, p < 0.05. The figure was published
in Choi H.Y. et al. (2003) J Biol Chem. 278: 32569-32577.
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+

cells showed intermediate levels of PC efflux; SM efflux from NPC1™" cells was
similar to NPC1** cells at early time points (8 h) but fell to levels similar to those
from NPC1™ cells at later time points. Impaired efflux of choline-containing
phospholipids by NPC1-deficient cells parallels the decreased ability of apoA-I to
mobilize cholesterol from all of the cellular cholesterol pools examined (Figures 3-

2 and 3-3).
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Figure 3-4. ApoA-l-mediated efflux of choline-containing phospholipids
from human NPC1-deficient fibroblasts. Confluent cells were cholesterol-
loaded for 24 h, radiolabeled with [*H]choline chloride for 24 h, and then
incubated with 10 pg/ml apoA-l for 1-48 h to determine efflux of
phosphatidyl[*H]choline (PC) (A) and [*H]sphingomyelin (SM) (B). Total cell
[*H]choline at time 0 h of apoA-I efflux was 558 + 8, 351 + 39, and 573 + 24 x 10°
dpm/mg cell protein for NPC1**, NPC1™%, and NPC1™" cells, respectively.
Values are the averages + S.D. of three experiments performed in quadruplicate,
expressed as the percentage of total cellular plus medium counts for PC or SM in
the medium following subtraction of efflux to medium containing 1 mg/ml albumin
alone. Symbols are as in Figure 3-2. For both panels, values at = 4 h are lower
for NPC17~ cells than NPC1** cells, and values for NPC1*" cells are lower than
NPC1** cells at > 8 h (p < 0.05). The figure was published in Choi H.Y. et al.
(2003) J Biol Chem. 278: 32569-32577.
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3.3.5 ABCA1 expression is diminished in human NPC1™" fibroblasts

Impaired efflux of phospholipids and various pools of cellular cholesterol to
apoA-I from NPC1™ fibroblasts suggests ABCA1 regulation and activity is also
impaired in these cells. Levels of ABCA1 mRNA and protein were determined
under non-cholesterol-loaded and cholesterol-loaded conditions. Semi-
quantitative determination of ABCA1 mRNA using reverse transcriptase-PCR
was consistent with results obtained by Northern blotting (Figure 3-5A). ABCA1

+/+

mRNA and protein levels increased in NPC71™" fibroblasts in response to non-
lipoprotein cholesterol loading. NPC71*~ cells showed somewhat lower ABCA7
mRNA levels by Northern blot and lower ABCA1 protein levels in response to

+A4

cholesterol loading compared with NPC1** cells. In sharp contrast, NPC17~
fibroblasts showed diminished basal and cholesterol-stimulated ABCA1 mRNA
and protein levels when compared with NPC1** and NPC*~ cells. Although
loading with cholesterol increased ABCA1 expression in all cells, the amount of
ABCAT1 mRNA and protein was much less in NPC1™" cells, despite the fact that
incorporation of both LDL-derived and non-lipoprotein cholesterol was higher in
these cells (Figure 3-2 and 3-3 legends). A similar pattern of ABCA1 protein
levels was seen in Western blots of LDL-loaded cells. NPC71™" cells showed

+/+

significantly lower ABCA1 protein levels than NPC1™" cells both before and after
loading with non-lipoprotein cholesterol (Figure 3-5B). Diminished ABCA1
expression in NPC™" cells is consistent with the decreased ability of these cells to
mobilize phospholipids and cholesterol to apoA-l. The results strongly suggest
that NPC1 protein function is required for the regulation and activity of ABCA1
and that the accumulation of cellular lipids in NPC1 disease fibroblasts results in

part from diminished function of ABCA1.
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Figure 3-5. Expression of ABCA1 in human NPC1-deficient fibroblasts. A,
cells were grown to confluence in DMEM containing 10% FBS, then incubated in
the absence or presence of 30 ug/ml non-lipoprotein cholesterol for 24 h, and
equilibrated in DMEM/BSA for 24 h prior to the determination of ABCA1 mRNA
and protein levels. Alternatively, cells were grown the last 40% to confluence in
lipoprotein-deficient serum and then incubated with 50 pg/ml LDL for 24 h.

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cyclophilin and 28 S rRNA were used as loading controls for reverse
transcriptase-PCR and Northern blotting, respectively; the ratio of ABCAT mRNA
to 28 S rRNA for the Northern blot is indicated. RNA determinations and Western
blots are representative of two or more experiments each with similar results.
ABCA1 protein was detected by Western blotting of 30 ug of cellular membrane
protein with rabbit polyclonal anti-human ABCA1 antibody. Numeric values
represent the intensities of ABCA1 protein bands relative to non-cholesterol
loaded NPC1** cells. B, average ABCA1 protein levels as determined by
Western blotting in cells incubated in the absence (-) or presence (+) of non-
lipoprotein cholesterol, relative to non-cholesterol-loaded NPC1** cells. Results
are averages + S.D. for 3 experiments. *, p < 0.05 relative to non-cholesterol-
loaded NPC** cells; **, p < 0.001 relative to cholesterol-loaded NPC1™* cells.
Average ABCA1 protein levels in cholesterol-loaded NPC1™" cells are less than
those in cholesterol-loaded NPC1*" cells, p < 0.01. The figure was published in
Choi H.Y. et al. (2003) J Biol Chem. 278: 32569-32577.

3.3.6 ABCA1 expression levels do nof predict binding of ApoA-I to NPC-deficient
fibroblasts

Lipid efflux to apoA-I has been shown to correlate directly with binding of
apoA-l to cells [222] and with levels of ABCA1 expression (reviewed in Ref.
[210]). Cross-linking studies have suggested a direct protein-protein interaction
between apoA-1 and ABCA1 [114, 223, 224], and apoA-I binding appears to
enhance ABCA1 activity by preventing its degradation by a calpain protease [132,
157]. To assess binding of apoA-l to NPC1-deficient cells, fibroblasts grown to
confluence in 10% FBS were incubated in the presence or absence of non-
lipoprotein cholesterol and then with '®°l-apoA-l. As expected from previous
reports [222], binding of apoA-I was markedly higher to cholesterol-loaded
(Figure 3-6A) than to non-cholesterol-loaded (Figure 3-6B) cells of all 3 NPC1
genotypes. With both degrees of cholesterol loading, NPC1* cells showed the
highest levels of apoA-| binding. Despite marked differences in ABCA1 protein
levels in cholesterol-loaded and non-loaded conditions (Figure 3-5), NPC1"* and
NPC17 cells showed similar levels of apoA-I binding. The results with all three of
these cell types suggest that other factors in addition to the amount of ABCA1

determine apoA-I binding to cells.
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Figure 3-6. Binding of '**l-apoA-I to human NPC1-deficient fibroblasts. Cells
grown to confluence in DMEM, 10% FBS were incubated with (A) or without (B)
non-lipoprotein cholesterof for 24 h and equilibrated for an additional 24 h. Cells
were then incubated with '?°l-apoA-l for 2 h at 0 °C. After extensive washing,
cells were assessed for radioactivity. B, inset represents the data with the y axis
expanded. Values represent the averages + S.D. of three (A) and two (B)
experiments performed in duplicate. Symbols are as in Figure 3-2. Values for
NPC1*~ cells are greater than NPC1™* and NPC17" cells at 2 0.625 pg/ml (A) or
>2.5 pg/ml (B) '*°l-apoA-| (p < 0.05). The figure was published in Choi H.Y. et al.
(2003) J Biol Chem. 278: 32569-32577.
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3.3.7 HDL levels are low in NPC1™" subjects

The results using human fibroblasts indicate impaired ABCA1-dependent
HDL particle formation by NPC1-deficient cells in culture. Although the lipid
profiles of NPC-deficient patients have been reported previously to be normal
[204, 225], the only data inthe literature were for total plasma cholesterol levels
[226]. With the help of the Ara Parseghian Medical Research Foundation, we
obtained the fasting lipid profiles of 21 NPC1™ patients (Table 1). The majority of
NPC patients are compound heterozygotes for NPC1 mutations [227]. Consistent
with the finding of impaired ABCA1 expression in human NPC17 fibroblasts, we
found that 9 of 10 male and 8 of 11 female subjects had HDL-cholesterol levels
below the currently identified lower limit of normal for adults and children, 40
mg/dl or 1.03 mmol/liter (Figure 3-7) [228, 229]. The very high prevalence of fow
HDL levels in NPC1™" subjects is even more striking given that children normally
have higher HDL levels than adults. HDL-cholesterol levels fall by an average of
14% in males and 5% in females following puberty [230]. The Bogalusa Heart
Study of 4074 children reported average HDL-cholesterol levels in pre-pubertal
Caucasian children ages 5-9 of 1.73 + 0.57 mmol/liter (mean £ S.D., n = 459) for
boys and 1.69 + 0.56 mmol/liter (n = 450) for girls [230]. In contrast, HDL levels
for children aged 5-9 in our study were strikingly lower, 0.63 + 0.21 for boys
(mean £ S.D., n=5) and 0.81 £ 0.24 (n = 5) for girls, p < 0.005 for both boys and
girls compared with Bogalusa Heart Study children in this age group. Other than
low HDL- cholesterol, no consistent abnormalities were found in the remaining
plasma lipid parameters of NPC1™" subjects (Table 1). Although 2 of the 21
subjects had mildly elevated plasma triglyceride levels, the low incidence of this
finding suggests the absence of an association between hypertriglyceridemia and
the low HDL-cholesterol of human NPC disease.

Fasting lipid profiles were also obtained for 31 parents of NPC subjects in
this study. Of these, 4 of 15 male and 2 of 16 female heterozygotes had low HDL-
cholesterol (0.93, 0.90, 0.90. 0.93, 0.88, and 0.77 mmol/liter, respectively). Again,
no consistent abnormalities were found among the other lipid parameters in the

NPC heterozygote profiles (data not shown).
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Table 3-1. Plasma lipid profiles in NPC17" patients.

No. Sex Age TC {(mmol/L) TG {mmeol/l) LDL (mmol/L} HDL {(mmol/L)
1 M 5 587 2.51 445 028"
2 M 7 4.09 2.28 2.38 067"
3 M 7 3.39 0.94 2.12 083~
4 M g 279 1.49 1.27 067"
5 M g 3.08 1.37 1.76 070"
6 M 11 409 0.98 2.38 1.27
7 M 17 378 1.26 2.33 088"
8 M 33 422 1.74 2.48 0e3~
9 M 40 3.44 0.98 2.35 083~

AoMoa2 XS N, 199 e, 0787 ...
11 F 3 3.65 1.43 246 0.54”

12 F 5 3.59 1.87 2.15 059"
13 F 7 5.5 1.1 3.9 1.09
14 F 8 287 1.2 1.47 085"
5 F 8 372 1.13 2.22 098~
16 F 10 349 1.31 2.28 0g2*
17 F 11 3.39 342 1.22 089"
18 F 17 559 2.28 4.45 091~
19 F 18 3.49 0.93 1.66 1.42
20 F 20 478 2.19 2.97 080~
21 F 32 3.39 2.21 1.19 1.19

* HDL level lower than normal range. TC, total cholesterol; TG, triglycerides.
The Table was published in Choi H.Y. et al. (2003) J Biol Chem. 278:

32569-32577.
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Figure 3-7. Plasma HDL levels in NPC1-deficient subjects. HDL-cholesterol
levels (mmol/liter) obtained for male and female subjects are taken from Table |.
The dashed line represents the lower limit of normal of HDL-cholesterol for
children and adults (1.03 mmol/iiter) [228, 229]. The figure was published in Choi
H.Y. et al. (2003) J Biol Chem. 278: 32569-32577.
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3.4 Further work done in our laboratory

The decreased expression and activity of ABCA1 despite accumulation of
excess unesterified cholesterol in human NPC1™ fibroblasts indicates that
NPC1™ cells may be impaired in the production or transport of oxysterols, which
are normally produced in cholesterol-loaded cells [145, 231], and induce
expression of genes involved in cholesterol efflux such as ABCA1 via activation
of LXR (reviewed in [232]). In support of this concept, Frolov et al. [231] recently
reported that the production of 25- and 27-hydroxycholesterol was impaired in
human NPC71™ fibroblasts, leading to the failure of LXR-mediated cellular
responses. Frolov et al. [231] also showed that exogenously added 25- or 27-
hydroxycholesterol to NPC1™ cells significantly reduced cholesterol
accumulation measured by cholesterol mass and filipin staining. These results,
combined with earlier findings by Liscum et al. [177] and Lange et al. [233],
suggest that correction of oxysterol-regulated gene expression may normalize
the cholesterol trafficking defect caused by NPC1 deficiency.

In order to examine the effect of LXR activation more specifically, our
laboratory tested whether treatment of NPC7™ cells with a non-oxysterol
synthetic LXR agonist, TO-901317, would correct the regulation and functions of
ABCA1 and therefore HDL particle formation. | contributed to these studies by
performing mRNA analysis and cholesterol mass assays, preparing experimental
materials such as radiolabeled LDL and apoA-1, and advising on experimental

techniques.

3.4.1 Diminished ABCA1 expression in NPC1”~ human fibroblasts is corrected by
LXR agonists

To confirm whether exogenous LXR ligands can correct ABCA1
expression in NPC1” fibroblasts, cells were incubated with TO-901317 or 25- or
27-hydroxycholesterol. Again, basal and cholesterol-stimulated ABCA1 protein

+/+

levels were low in NPC1” cells compared to NPC1** cells. However, treatment

with LXR ligands induced a similar increase of ABCA1 protein in NPC1” and
NPC1"* cells relative to non-treated NPC1** cells, and TO-901317-stimulated
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NPC1” cells showed a slightly higher ABCA1 level than cholesterol-stimulated
NPC1** cells (Figure 3-8).

LXR ligand-stimulated mRNA levels of ABCA1 in NPC1” cells had been
examined by reverse transcription PCR long before these studies were planned.
At that time, 22(R)- and 27-hydroxycholesterol were tested as LXR ligands and a
retinoid X receptor (RXR) ligand, 9-cis retinoic acid, was also tested since LXR
functions with its obligate heterodimer partner RXR to activate target genes.
NPC1” cells showed increased ABCA1 mRNA in response to exogenously
added LXR or RXR ligands (Figure 3-9). These results indicate that the ABCA1
gene in NPC1” cells is normally regulated in the presence of LXR/RXR ligands.

NPC1++ NPC1--
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Figure 3-8. Correction of ABCA1 expression in NPC1” human fibroblasts
treated with LXR agonists

. NPC1** and NPC1™ fibroblasts were grown to confluence in DMEM/10% FBS
and then incubated in the absence (-Chol) or presence of non-lipoprotein
cholesterol 30 pg/ml (+Chol) in DMEM/BSA for 24 h. Non-cholesterol loaded
cells were then equilibrated in DMEM/BSA plus 5 yM TO-901317 (TO-901317),
2.5 uM 25-hydroxycholesterol (25-OH), or 0.25 uM 27-hydroxycholesterol (27-OH)
for 24 h prior to determination of ABCA1 protein by Western blot. ABCA1 protein
was detected using 30 pg cellular membrane protein. Numeric values represent
the intensities of ABCA1 protein bands relative to non-cholesterol loaded
NPC1** cells. Results are representative of two separate experiments with
similar results.
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Figure 3-9. Normal up-regulation of ABCA1 mRNA in NPC1”" human
fibroblasts treated with LXR/RXR agonists. NPC1” fibroblasts were grown to
confluence in DMEM/10% FBS and then incubated in DMEM/BSA alone (control)
or with 10 uM 22(R)-hydroxycholesterol (22-OH), 10 uM 9-cis retinoic acid (9-cis
RA), 10 uM 22-OH + 10 pM 9-cis RA, 10 uM 27-hydroxycholesterol (27-OH), or
10 uM 27-OH + 10 pM 9-cis RA for 24 h prior to determination of ABCA1 mRNA
by reverse transcription PCR. Results are representative of two separate
experiments with similar results.

3.4.2 ApoA-I mediated efflux of LDL-derived cholesterol and phosphatidylcholine
is increased in NPC1” fibroblasts treated with TO-901317

To determine whether the activation of LXR corrects impaired lipid efflux
from NPC1”" cells to apoA-l, efflux of [°H]-labeled cholesterol derived from LDL
and [°H]PC derived from [*H]choline to apoA-I from cells were examined in the
presence of TO-901317. These experiments were done by Diana Lee and Teddy
Chan in our laboratory. TO-901317-stimulated NPC71” cells significantly
increased efflux of the radiolabeled LDL-derived cholesterol and PC to apoA-l
compared to non-stimulated NPC1” cells, reaching 83% of cholesterol and 103%
of PC efflux from non-stimulated NPC1** cells (Figure 3-10). These resuits

suggest that the activation of LXR may be sufficient to promote lipid efflux to
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apoA-l even in the presence of NPC1 mutations. Efflux of cholesterol and
phospholipids to lipid-free apoA-l is mediated mainly by ABCA1, as mentioned in
Section 1.1.4.3. It is therefore thought that TO-901317-stimulated increased

expression of ABCA1 is responsible for this effect.

40 1 25
—_ A [ ApoAd B
2 . ApoA-l+LXR
hvi 20
x —
.*Tz 30 - i} [ g
- * L1535
[} Yoo
8 20- i i
b4 =10
° Lo}
T
S 10- 3
= 5
.
0 0
4 o/ ++ o/
veer™™t npet™ npet™” nper”

Figure 3-10. LXR agonist TO-901317 increases apoA-l mediated efflux of
LDL-derived cholesterol and phosphatidylcholine from NPC1”" human
fibroblasts. NPC1"* and NPC1” fibroblasts were labeled with [°H]cholesteryl
linoleate-labeled LDL or [*H]choline and incubated with DMEM/BSA for 24 h
followed by 10 pg/ml apoA-l for 24 h in the absence (white bars) or presence
(black bars) of 5 yM TO-901317 (LXR). Results are expressed as percent of total
cell plus medium [*Hlcholesterol (A) or [*H]phosphatidylcholine (PC, B) in the
medium. Total cell plus medium [*H]cholesterol was 2566 + 832, 2500 + 79, 4793
+ 989, and 5295 + 409 X 10* dpm/mg protein and of [*H]choline was 4389 + 566,
5993 + 306, 7229 + 892, and 8619 + 883 X 10* dpm/mg protein for apoA-I-
treated NPC1"* cells, apoA-I-TO-901317-treated NPC1™* cells, apoA-I-treated
NPC1” cells, and apoA-1-TO-901317-treated NPC1™ cells, respectively. Panel A:
* efflux greater than apoA-I-treated NPC1” cells, p < 0.0001, and greater than
apoA-I-TO-901317-treated NPC1” cells, p < 0.001; *, efflux greater than apoA-I-
treated NPC1” cells, p < 0.001. Panel B: *, efflux greater than apoA-I-treated
NPC1” cells, p < 0.01 for both. Values are the means + S.D. of quadruplicate
determinations and are representative of three experiments with similar results.
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3.4.3 ApoA-I mediated efflux of LDL-derived cholesterol mass is increased in
NPC1” fibroblasts treated with TO-901317

To determine whether efflux of LDL-derived radiolabeled cholesterol to
apoA-| is correlated with cholesterol mass efflux, we next determined the efflux of
LDL-derived cholesterol mass to apoA-| in the absence or presence (following
correction of ABCA1 expression) of TO-901317. NPC1” fibroblasts showed

+/+

significantly higher cholesterol mass efflux than NPC1”" fibroblasts in the control
medium of DMEM containing 1 mg/ml BSA (Figure 3-11A, white bars); however,
cholesterol mass efflux in the presence of 10 pg/mi apoA-I for 24 h was similar to
NPC1"* fibroblasts (Figure 3-11A, hatched bars). Therefore, apoA-I-dependent
cholesterol mass efflux from NPC1” fibroblasts following subtraction of efflux to
BSA-containing control medium was significantly lower than that from NPC1**
fibroblasts (Figure 3-12). TO-901317-stimulated NPC1” fibroblasts markedly
increased efflux of LDL-derived cholesterol mass to apoA-| (Figure 3-12). These
results are similar to apoA-l mediated efflux of LDL-derived radiolabeled
cholesterol (Figure 3-10).

Consistent with previous reports [174, 205], NPC1” fibroblasts loaded
with LDL accumulated approximately 3.5 fold more UC when compared to
NPC1*"* fibroblasts, and approximately 50% less CE mass in the control medium
(Figure 3-11C and B, respectively, white bars). Incubation with 10 ug/ml apoA-I|
for 24 h significantly lowered cellular CE mass both in NPC1** and NPC1™"
fibroblasts (Figure 3-11B). TO-901317-stimulated NPC1*™* fibroblasts showed a
further lowering of cellular CE mass (Figure 3-11B) and also significantly lowered
cellular UC mass when compared to non-TO-901317 treated NPC71"* fibroblasts
in the presence of apoA-l (Figure 3-11C). TO-901317-stimulated NPCT1”
fibroblasts also lowered cellular UC mass when compared to non-TO-901317
treated NPC1™ fibroblasts, however it did not reach to statistical significance due
to a large error bar (Figure 3-11C). These results suggest that correction of
ABCA1 expression in human NPC1” fibroblasts may decrease the accumulation

of UC in NPC1 disease by promoting lipid efflux to apoA-I.
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Figure 3-11. Efflux of LDL-derived cholesterol mass from human fibroblasts.
NPC1** and NPC1” fibroblasts incubated in DMEM containing 10% lipoprotein-
deficient serum during the last 40% of growth were loaded with 50 pg/ml LDL for
24 h and equilibrated for 24 h with or without 5 pM TO-901317. The cells were
then incubated with medium containing 1 mg/ml BSA alone (control) or the same
medium containing 10 pg/ml apoA-l in the absence or presence of 5 uM TO-
901317 (LXR). At the end of the incubation, media and cells were collected and
total lipids were extracted. Unesterified cholesterol (UC) mass in the medium (A),
cellular cholesteryl ester (CE) mass (B), and cellular UC mass (C) were
determined by gas chromatography. Panel A: *, mass greater than control
NPC1** cells, p < 0.05. Panel C: **, mass less than control and apoA-I-treated
NPC1** cells, p < 0.01. Results represent averages + S.D. of a single
experiment performed in triplicate.
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Figure 3-12. ApoA-i-dependent efflux of LDL-derived cholesterol mass from
human fibroblasts. ApoA-I-dependent efflux of LDL-derived cholesterol mass
was determined using the data from Figure 3-11 and subtracting cholesterol
mass in the medium containing BSA alone of control cells from cholesterol mass
in the medium containing BSA plus apoA-l or apoA-l plus TO-901317-treated
cells. *, mass greater than apoA-l-treated NPC1” cells, p < 0.05; #, mass greater
than apoA-I plus TO-901317-treated NPC1” cells, p < 0.05; **, mass greater than
apoA-l-treated NPC1” cells, p < 0.001.
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3.4.4 Correction of apoA-l-induced HDL particle formation by NPC1” fibroblasts
treated with TO-901317

ApoA-|-containing HDL is present in various forms in human plasma. HDL
subspecies differ in apolipoprotein and lipid composition, size, and charge. When
separated by two-dimensional non-denaturing gel electrophoresis on the basis of
charge and size differences, HDL subspecies are classified as small pre
mobility (pre p-1 and pre B-2) and large o mobility (a—1, a—2, and a—3) particles
(Figure 3-13) [234].
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Figure 3-13. ApoA-l-containing HDL subpopulations determined by two-
dimensional non-denaturing gel electrophoresis, immunoblot and image
analysis. Panel A shows the apoA-l-containing HDL subpopulations of a
normolipidemic male subject (HDL=47.5 mg/dl). The rectangular insert
represents the first-dimensional separation on agarose gel. A duplicate of the
agarose strip was applied on the top of a 3-35% concave gradient gel and
electrophoresed in the second dimension. Molecular weight standards are on the
left side of panel A. Panel B is a schematic representation of individual
subpopulations in human plasma. The figure was taken from B.F. Asztalos and
E.J. Schaefer [234] and is presented here with permission.
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To determine the effect of TO-901317 treatment on HDL patrticle formation
by cultured NPC1” cells, cell-conditioned medium was analyzed for HDL species
following incubation with apoA-l in the absence or presence of TO-901317.
These experiments were done by Emmanuel Boadu in our laboratory. Two-
dimensional ge! electrophoresis showed NPC1” cells generate fewer large o
mobility particles than NPC1** cells in the absence of TO-901317 (Figure 3-14A).
Treatment with TO-901317 corrected the generation of large o mobility particles
by NPC1” cells to a pattern similar to that seen in non-TO-901317-treated
NPC1™* cells (Figure 3-14B).
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Figure 3-14. Correction of HDL particle formation by TO-901317-treated
human NPC1" fibroblasts. NPC1** and NPC1” fibroblasts incubated in 10%
lipoprotein-deficient serum during the last 40% growth were incubated for 24 h
with 50 ug/ml LDL. The cells were then equilibrated for 24 h and incubated for 24
h with 10 pg/ml apoA-| in the absence (A) or presence (B) of 5 uM TO-901317
(LXR). Media from the cells were collected and analyzed for HDL particle species
by two-dimensional non-denaturing gel electrophoresis and Western blotting with
anti-human apoA-I antibody. Results are representative of two separate
experiments with similar results.
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These results suggest that the NPC1 mutation-induced impairment of HDL
particle formation can be corrected by exogenous TO-801317, which provides a
potential therapeutic mechanism for correction of lipid accumulation and

trafficking in NPC disease.
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3.5 Discussion

Niemann-Pick type C disease is characterized by the accumulation of
cholesterol in late endosomes/lysosomes and an inability to regulate normally
three central mechanisms of cholesterol homeostasis: delivery of unesterified
cholesterol to the endoplasmic reticulum for esterification by acyl-CoA:cholesterol
acyltransferase, regulation of cholesterol synthesis by 3-hydroxy-3-
methylglutaryl-coenzyme A reductase, and regulation of LDL receptor activity
[174, 176, 177, 204]. In the current studies, we demonstrate that regulation of
another pivotal mediator of cholesterol homeostasis, ABCA1, is also impaired in
human NPC1-deficient fibroblasts. ApoA-l showed a diminished ability to mobilize
radiolabeled cholesterol in NPC1™ cells from LDL-derived and non-lipoprotein-
derived cholesterol pools, and to mobilize radiolabeled cellular
phosphatidylcholine and sphingomyelin. ABCA1 mRNA and protein levels in
NPC1™ cells were diminished at basal levels of cell cholesterol and following
loading of cells with either non-lipoprotein- or LDL-derived cholesterol, when
compared with NPC** and NPC"" cells. Consistent with impaired regulation of
ABCA1 at the cellular level, we found a strikingly high incidence of
hypoalphalipoproteinemia (90% of males and 73% of females) in the lipid profiles
of 21 NPC1™" subjects.

Impaired activity of ABCA1 in NPC-deficient cells is strongly suggested by
the diminished basal and cholesterol-stimulated levels of ABCA1 mRNA and
protein, and decreased levels of phospholipid and cholesterol efflux to apoA-I
from these cells. The pattern of accumulation of cell cholesterol in NPC disease
and localization of the NPC1 protein has led to the conclusion that the major site
of action of NPC1 is in late endosomes/lysosomes [164, 206]. ABCA1 mobilizes
cellular lipids to apoA-l at the plasma membrane [210, 235] and may also
facilitate the delivery of intracellular lipids to internalized or cell surface
apolipoproteins from late endosomes/lysosomes [109, 110, 113, 236]. As such,
mutationsin NPC1 might adversely affect the function of ABCA1 in facilitating the
removal of late endosomal/lysosomal cholesterol. We found the greatest degree

of inhibition of apoA-l-mediated cholesterol mobilization from NPC1™~ cells from
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LDL-derived cholesterol (Figure 3-2), which accumulates mainly in late
endosomes/lysosomes in these cells [171]. We also found a >50% decrease in
cholesterol mobilization to apoA-I from non-lipoprotein-derived cholesterol pools,
including newly synthesized cholesterol, in NPC17" cells (Figure 3-3). Although
the initial delivery of newly synthesized cholesterol to the plasma membrane is
normal in NPC cells [171, 207, 237], subsequent trafficking of this cholesterol
back to intracellular compartments and therefore mobilization to apoA-l may be
impaired in the presence of NPC1 mutations. Of the several cholesterol labeling
methods utilized, efflux to apoA-l of cholesterol from cells pulse-labeled with
[*H]cholesterol may represent the pathway least dependent on NPC1, as NPC1
is not currently known to function directly in the plasma membrane. ABCA1, on
the other hand, is thought to function, at least in part, at the cell surface to deliver
lipids to apoA-l. Impaired efflux of cholesterol from NPC1™ cells labeled using
this method therefore provides further evidence for decreased ABCA1 activity in
NPC1™~ cells, and for ABCA1 mobilizing cholesterol from plasma membrane as
well as late endosomal/lysosomal pools.

Intermediate levels of esterification of LDL-derived cholesterol have been
reported previously [205] in heterozygous NPC17 cells during the first 6 h of
incubation with LDL, with normal levels of esterification in these cells incubated
over 24 h with LDL. We found similar overall levels of esterification and efflux to
apoA-l of LDL-derived [*H]cholesterol in NPC1*~ and NPC1** cells following a
24-h incubation with labeled LDL (Figure 3-2). Efflux of total cellular, plasma
membrane, and newly synthesized [*H]cholesterol from NPC71"~ cells were
intermediate between NPC1"* and NPC1™ cells (Figure 3-3), as was efflux of
phosphatidylcholine (Figure 3-4). Northern blot analysis indicated a moderate
decrease in cholesterol-induced levels of ABCAT mRNA in NPC1*~ relative to
NPC1'* cells, whereas ABCA1 protein levels in response to cholesterol and LDL
loading were similar between NPC1"* and NPC1*~ cells (Figure 3-5). We found
low HDL in 6 out of 31 NPC1 heterozygote lipid profiles studied, which is likely
more than expected in the general population. The ability of NPC1* cells to

mediate ABCA1-dependent lipid efflux might vary based on heterogeneity of
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NPC1 mutations, but intermediate levels of lipid efflux to apoA-lI from NPC1""
cells shown in this study may be useful in predicting low HDL formation or plasma
levels of HDL in NPC heterozygotes.

The markedly decreased ABCAT expression and decreased ABCA1-
dependent lipid efflux to apoA-! in the classic NPC1™ phenotype cells studied,
however, and the low HDL-cholesterol levels in the vast majority (81%) of NPC1~
*~ patients studied (Table 3-1 and Figure 3-7) do indicate the strong likelihood of
impaired ABCA1 regulation in NPC disease subjects with the classic biochemical
phenotype. This very high incidence of hypoalphalipoproteinemia suggests these
results cannot be explained by chance. Although the incidence of heterozygous
ABCA1 mutations in the general population is unknown, they are unlikely to
represent a frequent cause of low HDL-cholesterol [238]. ABCA1-mediated
lipidation of apoA-Il is now widely accepted to be the rate-limiting step in HDL
particle formation and a key predictor of circulating HDL levels [210, 239].
Therefore, impaired regulation of ABCA1 activity, as indicated by the lipid efflux
results and ABCA7 expression levels in human NPC1™ cells, is the most likely
explanation for such a high incidence of low HDL-cholesterol values in NPC
disease. The absence of low HDL in all the NPC patient lipid profiles obtained is
likely an additional demonstration of the known heterogeneity of biochemical and
clinical presentations in this disorder [240, 241], which would include variable
regulation of ABCA7 expression. The very high incidence of low HDL in NPC
disease patients, however, suggests this could be used as an additional
diagnostic criterion to help rule in or out Niemann Pick C disease in children,
which is frequently a difficult diagnosis.

The ability of an exogenous LXR agonist, TO-901317, to increase ABCA1
gene expression (Figure 3-8 and 3-9) and correct phospholipid and cholesterol
efflux to apoA-l (Figure 3-10) for HDL particle formation (Figure 3-14) in the
presence of NPC1 mutations provides additional evidence that impaired
regulation of ABCA1 is the most likely explanation for the low HDL-cholesterol
levels shown in the majority of NPC patients. Correction of ABCA1 functions in
NPC1™ cells by TO-901317 is consistent with the known ability of exogenously
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added oxysterols to correct the defects in cholesterol esterification, cholesterol
synthesis, LDL receptor activity, and lysosomal cholesterol accumulation in
human NPC1™ fibroblasts [177, 231, 233]. These results suggest that LXR
agonists could be attractive molecules for correction of lipid accumulation and
trafficking in NPC disease. When we consider that hepatic accumulation of UC is
an important part of NPC disease [242] and hepatic ABCA1 is responsible for
~80% of HDL particle formation, at least in one mouse model [42], it seems to be
crucial to increase hepatic ABCA1 expression in NPC patients. However, hepatic
ABCA1 is reported to be much less responsive to LXR agonist stimulation
compared with extrahepatic ABCA1 [243]. Therefore, the development of specific
LXR agonists, which effectively stimulate hepatic ABCA1 expression, will likely
determine the potential usefulness of LXR agonist treatment to correct lipid
accumulation and low HDL-cholesterol in NPC disease.

Figure 3-12 showed that efflux of LDL-derived cholesterol mass from
NPC1™ fibroblasts was significantly lower than that from NPC71** fibroblasts,
however, the extent of the decreased efflux of LDL-derived cholesterol mass was
smaller than the decreased efflux of LDL-derived radiolabeled cholesterol (Figure
3-10A). This seems likely due to dilution of radiolabeled cholesterol in NPC17"
fibroblasts; NPC1™~ fibroblasts accumulated approximately 3.5 fold more UC
than NPC17" fibroblasts (Figure 3-11C), therefore, specific radioactivity
(radiolabeled cholesterol mass divided by total cholesterol mass) will be much
less in NPC1™” cells than that in NPC1™ cells, which may lead us to
underestimate cholesterol efflux from NPC71™ cells. NPC17 cells showed

+/+

cholesterol mass efflux higher than NPC1™" cells into the control medium of
DMEM containing 1mg/ml BSA (Figure 3-11A). The reason for that result is not
clear from this study, and it remains to be determined whether NPC1™" cells have

+/+

higher interaction capacity with BSA when compared with NPC1™" cells. Even
though apoA-l-treated NPC71™7 cells showed similar efflux of LDL-derived
cholesterol to apoA;I-treated NPC1"* cells before subtracting efflux to medium
containing BSA alone (Figure 3-11A), apoA-I-treated NPC1™ cells generated

fewer and smaller HDL particles (Figure 3-14A). These results suggest that
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cholesterol released into BSA-containing medium from NPC71™ cells does not
contribute to HDL particle formation. The consistency between apoA-Il-specific
cholesterol mass efflux (Figure 3-12) and HDL particle formation (Figure 3-14)
indicate that HDL particle formation is determined by apoA-I-dependent
cholesterol efflux. Although Figure 3-11C showed that TO-901317-stimulated
NPC1™7 cells lowered cellular UC mass when compared to non-TO-901317-
treated NPC1™" cells, it was not statistically significant because of a large error
bar. Further studies with a longer apoA-l incubation period are required to
determine whether correction of ABCA1 expression reduces the accumulation of
UC in NPC disease significantly.

Although the normalization of ABCA1 expression and HDL particle
formation by TO-901317-treatred NPC1™~ cells demonstrate the critical role of
ABCA1 in HDL formation, we can not exclude possible roles of other lipid
transporters in HDL particle formation. The traditional view of ABCA1 action has
been that it mediates the initial delivery of phospholipids and/or cholesterol to
lipid-free/poor apoA-l to form small nascent HDL particles, which subsequently
enlarge following delivery of additional lipids from cells via non-ABCA1
dependent mechanisms, possibly facilitated by the actions of other lipid
transporters including ABCG1 [60, 244], ABCG4 [60], and scavenger receptor
class B type | (SR-BIl) [71]. The presence of large HDL particles in the
conditioned medium of TO-901317 and apoA-I-treated NPC1™~ cells (Figure 3-
14) suggests that lipid transporters facilitating cholesterol efflux to pre-formed
HDL could play a role in enlargement of small nascent HDL particles formed by
ABCA1. SR-BI is, however, not considered to be LXR-responsive [245] and our
laboratory previously found no SR-Bl in human fibroblasts [246]. ABCG1 and
ABCG4 are LXR responsive genes [60, 244], and their expression in human
fibroblasts has not been reported. Therefore, our laboratory determined levels of
ABCG1 and ABCG4 mRNA in human NPC1** and NPC1™ fibroblasts with
positive controls for ABCG1 expression (mouse liver and brain [247]) and
ABCG4 expression (mouse brain [248]). Reverse transcription PCR analyses
showed that NPC1™ fibroblasts express low basal levels of ABCG1 compared to
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NPC1™* fibroblasts with an increase upon addition of TO-901317 to levels similar
to TO-901317-treated NPCT1™* fibroblasts, and that ABCG4 is not detected in
human fibroblasts. These results suggest that the regulation of ABCG1 is also
impaired in human NPC1™ fibroblasts, and TO-901317-stimulated ABCG1
expression may contribute to the correction of HDL particle formation.

ABCA1 is thought to mobilize cellular phospholipids and cholesterol to
apoA-l mainly from the plasma membrane [210], but may also facilitate the
mobilization of late endosomal/lysosomal pools of lipids to apoA-l internalized
along with ABCA1 and then resecreted at the plasma membrane as nascent HDL
[109, 110, 113]. If enhanced ABCA1 activity effectively mobilized cellular
cholesterol and phospholipids even in the presence of dysfunctional NPC protein,
it would be important to determine whether this was a consequence of
mobilization of plasma membrane lipids and secondary mobilization of lipid
stores in the late endosome/lysosome compartment, or from direct mobilization
of lipids by ABCA1 in this intracellular compartment. Lange et al. [233]
speculated previously that the effect of exogenous oxysterols might be to cause
a shift of lysosomal cholesterol to the plasma membrane following decreased
cholesterol synthesis in oxysterol-treated NPC1™~ cells. The same could be true
following ABCA1-mediated mobilization of plasma membrane cholesterol in TO-
901317-treated cells, or a combination of this plus mobilization of intracellular
lipid pools by ABCA1. Further studies are required to address the effects of
specific upregulation of ABCA1 on cholesterol mobilization in NPC deficient cells.

Interestingly, NPC1*~ fibroblasts showed the highest levels of '*l-apoA-|
binding in both non-cholesterol-loaded and cholesterol-loaded cells (Figure 3-6).
In addition, despite marked differences in ABCA1 expression, levels of apoA-I
binding to NPC1** and NPC1™~ cells were similar under both conditions. The
reasons for this are unclear; however, they strongly suggest that factors other
than ABCA1 are important in facilitating the apoA-l-cell interaction. These results
suggest NPC cells may be an excellent model to study other key determinants of
apoA-| binding.
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Of note, Chen et al. [236] reported that macrophages from a murine model
of NPC disease were impaired in cholesterol efflux but not in phospholipid efflux
to apoA-l. This is in contrast to our results showing impaired efflux of both
cholesterol and phospholipids from human NPC7~~ fibroblasts. Chen et al. [236]
reported similar levels of induction of AbcA1 mRNA and protein for Npc1™ and
wild type mouse macrophages in response to treatment with LXR/RXR agonists,
which is consistent with our findings in human fibroblasts. However, the Abca1
data were not shown and basal levels of Abca? expression were not indicated
[236]. Low HDL-cholesterol levels found in the majority of NPC patients in our
study are also in contrast to normal plasma HDL-cholesterol levels in BALB/c
Npc1”~ mice [249, 250]. When we measured ABCA1 protein levels in 5 week old
BALB/c Npc1™ mice, liver ABCA1 protein levels were decreased to ~55% of wild
type but brain ABCA1 protein levels were similar to wild type (Figure 3-15).
Normal level of brain ABCA1 protein in BALB/c Npc1™~ mice was shown recently
by Karten et al. [251]. Considering the drastic decrease of plasma HDL-
cholesterol (17% of wild type) levels in liver-specific ABCA1 knockout mice [42],
normal HDL-cholesterol levels in BALB/c Npc1™™ mice despite a significant
decrease in ABCA1 protein is not easy to explain. Although the biochemical and
pathologic changes in Npc?1™ mice are similar to those seen in humans [252,
253], lipoprotein physiology varies considerably between rodents and humans
[254]. The findings presented here suggest striking differences in the impact of

NPC deficiency on HDL metabolism in mice compared with humans.
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A. Liver ABCA1 protein levels
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Figure 3-15. ABCA1 protein levels in 5 week old BALB/c mouse tissues.
ABCA1 protein was detected by Western blotting of 100 ug of total liver (A) or
brain (B) proteins with a rabbit polyclonal antibody to ABCA1. Numeric values
represent the densities of ABCA1 protein bands normalized to protein disulfide
isomerase (PDI) loading control, and relative to the average of ABCA1 protein
levels in two Npc?** mouse livers. Results are representative of two separate
experiments with similar results.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.6 Conclusions

The results presented here demonstrate an additional defect in regulation
of a cholesterol-dependent gene, ABCA1,in NPC disease. The data suggest that
this dysregulation is responsible for the hypoalphalipoproteinemia seen in the
majority of NPC disease patients studied. However, these data do not allow us to
draw conclusions about whether the severity of clinical disease in NPC patients
correlates with their level of ABCA1 dysfunction and/or HDL-cholesterol level.

The ability of a specific LXR agonist TO-901317 to upregulate ABCAT for
the correction of lipid efflux and HDL particle formation by human NPC disease
fibroblasts demonstrates that NPC7 mutation-induced impairment of ABCA1
regulation and function can be bypassed using exogenous LXR agonists. These
results have importance in understanding the interrelationships between ABCA1
and NPC1 in cell cholesterol homeostasis, and provide a potential therapeutic
mechanism for correction of lipid accumulation and trafficking in NPC disease.

Further studies are required to examine ABCA1-specific role in the
correction of lipid efflux and HDL formation by NPC disease cells, and to
understand the role of ABCA1 in the pathogenesis of NPC disease.
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CHAPTER 4:

Impaired Apolipoprotein A-l-mediated

Cholesterol Efflux as a Novel Marker of
Epithelioid Arterial Smooth Muscle Cells
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4.1 Introduction
4.1.1 Atherosclerosis and cholesterol

Atherosclerosis and its clinical manifestations, coronary heart disease and
stroke, are the leading causes of death in the world in adults [255]. Multiple
processes including endothelial dysfunction, inflammation, vascular cell
proliferation and matrix alteration are involved in the progression of
atherosclerosis. The presence of cholesteryl ester (CE)-overloaded foam cells in
the intimal layer of arteries is considered the biochemical hallmark of
atherosclerosis [256, 257]. Cholesterol deposited in atherosclerotic lesions is
derived from pathogenically modified forms of apolipoprotein B (apoB)-containing
lipoproteins such as low density lipoprotein (LDL) and very low density lipoprotein
(VLDL) [258], and therefore a high concentration of apoB-containing lipoprotein
in the circulation is pro-atherogenic. On the other hand, high density lipoprotein
(HDL) and its apolipoproteins are believed to protect against atherosclerosis by
mediating removal and transport of cholesterol from atherosclerotic lesions to the
liver for excretion into bile, in a process called reverse cholesterol transport [87,
259]. A high level of circulating HDL in human plasma is one of strongest

predictors of protection against the clinical manifestations of atherosclerosis [260].

4.1.2 Arterial smooth muscle cells and cholesterol

Arterial smooth muscle cells (SMC) are found only in the medial layer of
undiseased arteries. SMC appear in the intimal layer of injured arteries [261], and
represent the predominant cell type in the intima as atherosclerotic lesions
develop [262].

Intimal SMC are thought to originate from SMC migrating into the
developing atherosclerotic lesion from the medial layer of arteries [262]. However,
many studies indicate that intimal SMC may also originate from other cell types.
Adventitial fibroblasts were reported to be able to express a smooth muscle
marker, smooth muscle a-actin, and migrate to the intima after vascular balloon
injury in rats [263]. Quail embryonic endothelial cells were reported to be able to

trans-differentiate into mesenchymal cells expressing smooth muscle a-actin

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[264]. Animal studies showed that intimal SMC can originate from bone marrow-
and non-bone-marrow-derived circulating cells [265-268]. Smooth muscle
progenitor cells have been identified in human blood [269]. These findings
suggest that intimal SMC might originate from diverse cell types, but the relative
contribution of each site of origin is presently unknown.

Intimal SMC produce large amounts of extracellular matrix components
including collagen and proteoglycans to maintain the integrity of the injured
vessel. Proteoglycans contain highly negatively charged carbohydrate chains,
and associate with positively-charged arginine and lysine residues on apoB in
lipoproteins infiltrated into the intima. These lipoproteins can then be modified
and taken up by intimal SMC and macrophages to become foam cells [258, 270].
It is therefore believed that the accumulation of SMC and CE in the intima are
key events in the pathogenesis of atherosclerosis [257, 262, 271]. It has been
reported that scavenger receptors, such as class A scavenger receptor and
CD36, mediate uncontrolled uptake of modified lipoproteins into intimal SMC as
well as macrophages, leading to CE-enriched foam cell formation [185, 186,
272]. In addition, SMC isolated from human atherosclerotic lesions showed an
increased capacity to esterify cholesterol [193]. However, it is not clear yet how
intimal SMC release excess cholesterol to lipid acceptors, HDL and its
apolipoproteins, in order to maintain their cholesterol homeostasis. The ability of
cells to release excess cholesterol to apolipoprotein A-I (apoA-l), the most
abundant apolipoprotein on HDL, and thus form HDL particles is determined by
the interaction between apoA-l and ATP-binding cassette transporter At
(ABCA1), a membrane lipid transporter upregulated by high cell cholesterol
content. The presence of CE-engorged SMC in the intima leads us to
hypothesize that intimal SMC are defective in apoA-I-mediated cholesterol efflux.

4.1.3 Heterogeneity of arterial smooth muscle cells
Several lines of investigation including tissue explantation and cloning

from primary culture have indicated that arterial SMC are heterogeneous in

morphology, growth properties, and gene expression patterns in various species
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including rat, cow, pig and human (reviewed in [190]). Arterial SMC have been
categorized into two main morphologic subtypes, spindle and epithelioid
phenotype. Their morphologic appearances are shown in Figure 4-1. Irrespective
of the species, epithelioid SMC are characterized as less differentiated than
spindle SMC, and exhibit greater proliferation, poor contraction, and faster
migration compared to spindle SMC [190]. With their enhanced migrating and
proliferating ability, epithelioid SMC are thought to migrate from the media to the
intima, expand the intima, and become atherogenic SMC. In support of this

scenario, epithelioid-shaped synthetic SMC are the predominant SMC subtype in

the thickened intima, whereas spindle-shaped contractile SMC are typical in the
normal media [191, 192, 273].

e
Spindle SMC Epithelioid SMC

Figure 4-1. Morphological aspects of two main SMC subtypes.
Photomicrographs show spindle- and epithelioid-morphology rat SMC clones
isolated from the thoracic aorta. The figure was obtained from M.L. Bochaton-
Piallat et al [191] and is presented here with permission.
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The accumulation of CE and the predominance of epithelioid-shaped synthetic
SMC in the intima suggest that epithelioid SMC accumulate CE. In further
support of the hypothesis that intimal SMC are defective in the release of
cholesterol, Francis et al. [246] reported that cultured human medial (spindle)
arterial SMC bind and release phospholipids and cholesterol to apoA-l, while
SMC obtained from a rat pup aorta and having an epithelioid phenotype fail to
bind or release lipids to apoA-I.

4.1.4 Study objectives

To test the hypothesis that intimal-phenotype epithelioid SMC are
defective in apoA-l-mediated cholesterol efflux, the ability of SMC of varying
phenotype to release cholesterol and phospholipids to apoA-I and to bind apoA-I
are examined. To correlate apoA-lI-mediated lipid efflux results with ABCA1

function, expression levels of ABCA1 are also examined.
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4.2 Methods
4.2.1 Cell lines used in this study

No human atherosclerotic intima SMC line suitable for use in continuous
culture studies is presently available. In order to examine whether apoA-I-
mediated cholesterol efflux is defective in intimal-phenotype SMC, rat and human
SMC lines characterized as epithelioid- or spindle-shaped were used. WKY12-22
and SD12d SMC lines derived from thoracic aortas of 12-day old Wistar-Kyoto
rats and Sprague-Dawley rats, respectively, were characterized as epithelioid-
shaped SMC, and WKY3M-22 and SD3M-23 SMC lines derived from 3-month
old Wistar-Kyoto or Sprague Dawley rats were characterized as spindle-shaped
SMC [274-276]. These cell lines were a kind gift from Dr. Joan Lemire, University
of Washington. HITA2 SMC derived from human internal thoracic artery (a kind
gift of Dr. Geoff Pickering, University of Western Ontario) were characterized as
epithelioid-shaped SMC [277], and human aortic smooth muscle cells (HASMC)
from American Type Culture Collection (CRL-1999) were characterized as
spindle-shaped SMC.

4.2.2 Cell culture

Frozen vials of the three epithelioid-shaped SMC lines (WKY12-22,
SD12d, and HITA2) and three spindle-shaped SMC lines (WKY3M-22, SD3M-23,
and HASMC) were thawed and cultures re-established in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS). Cells were
subcultured using 0.25% trypsin-EDTA (Invitrogen, Burlington, ON) whenever
they became confluent and were used between the second and tenth passage
after re-establishing the culture. All the six cell lines maintained their distinct
morphologic phenotypes and growth rates during these passages.

To load cells with cholesterol, confluent cell layers were rinsed twice with
phosphate-buffered saline (PBS) containing 1 mg/ml BSA (PBS/BSA) and
incubated for 24 h in DMEM containing 2 mg/ml BSA with 30 pg/ml cholesterol

added from a 10 mg/ml stock in ethanol. To allow equilibration of added
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cholesterol, cell layers were rinsed twice with PBS/BSA and incubated for an
additional 24 h in DMEM containing 1 mg/mIBSA (DMEM/BSA).

4.2.3 Cholesterol efflux assay
Cells were seeded on 16-mm wells, non-LDL-derived cellular cholesterol
pools were radiolabeled during the last 40% of growth to confluence, and efflux

assays were performed as described in Section 2.3 — 2.5.

4.2.4 Phospholipid efflux assay

Cells were seeded on 35-mm wells, choline-containing phospholipids
were radiolabeled, and efflux assays were performed as described in Section 2.3
-2.5.

4.2.5 Cholesterol esterification assay

Cells were seeded on 16-mm wells and grown to confluence in DMEM
containing 10% FBS. To assess the size of the pool of cell cholesterol available
for esterification by ACAT following incubation with apoA-I, cells loaded with non-
lipoprotein cholesterol and equilibrated were rinsed once with PBS/BSA,
incubated for 16 h in DMEM/BSA containing 0-10 pug/ml apoA-I, rinsed once with
PBS, and incubated for 1 hr more with DMEM containing 9 uM ['“CJoleate bound
to 3 M BSA [246]. At the end of the incubation, cells were chilled on ice, rinsed
twice with iced PBS/BSA and twice with iced PBS, and stored at —20 °C until lipid
extraction. Cellular lipids were extracted and separated by thin layer
chromatography, and the cholesteryl ester spot was obtained for determination of
radioactivity as described in Section 2.5. Cell proteins were determined by the
Lowry assay using BSA as standard.

4.2.6 Sterol mass analysis by gas chromatography
Cells were seeded on 60-mm dishes and grown to confluence in DMEM

containing 10% FBS. The cells were loaded with non-lipoprotein cholesterol for
24 h and equilibrated for 24 h. The cells were then rinsed twice with PBS/BSA
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and incubated for 24 h in DMEM/BSA with or without 10 pg/ml apoA-Il. At the end
of the incubation, media and cells were collected for sterol mass analyses as

described in Section 2.6.

4.2.7 Cellular binding of apoA-I

Cells were grown to confluence on 35-mm wells in DMEM containing10%
FBS, then incubated with or without 30 pg/ml cholesterol for 24 h and
equilibrated in DMEM/BSA for 24 h. Cells were then incubated for 2 h at 4 °C in
DMEM/BSA containing 25 mM HEPES and 10 pg/mi 125_apoA-l + 200 pg/mi
unlabeled apoA-| [160]. Cells were rinsed 5 times with iced PBS/BSA and twice
with iced PBS. Cell layers were dissolved in 0.2 N NaOH and aliquots were taken
for quantification of radioactivity and protein. Cell surface '*°l-apoA-l bound per
mg of cell protein was determined by subtracting values in the presence of the

excess unlabeled apoA-l to exclude non-specifically bound '?°l-apoA-l.

4.2.8 Quantitative real-time PCR analysis of ABCA1

Cells were grown to confluence on 35-mm wells in DMEM containing 10%
FBS, then incubated with or without 30 pg/ml cholesterol for 24 h and
equilibrated in DMEM/BSA for 24 h prior to determining ABCA1 mRNA levels.
Total RNA was isolated as described [278]. Two micrograms of RNA were
treated with DNase | (Invitrogen, Burlington, ON) and used for first-strand cDNA
synthesis. The RNA was incubated with 0.5 pg of oligo (dT)2.1s primer
(Invitrogen) at 70 °C for 10 min and then reverse-transcribed by incubating with
100 units of Superscript RNase H™ Reverse Transcriptase (Invitrogen), 1x first-
strand buffer, 0.5 mM dNTP mix, 0.01 M dithiothreitol, 1 ug BSA, and 2 units of
RNase Inhibitor (Invitrogen) in a 20 pl reaction volume at 45 °C for 90 min. The
reaction was terminated by inactivating the polymerase at 95 °C for 3 min and
then put promptly on ice. Real-Time PCR analyses were performed using the
Rotor-Gene 3000 instrument and software (Corbett Research, Kirkland, PQ).
DNA amplification was monitored by detecting the binding of a fluorescent dye
SYBR Green | (Molecular Probes, Burlington, ON) to double-stranded DNA.
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Each 25 pl reaction contained 1X PCR buffer, 3 mM MgCl,, 0.2 mM dNTP mix, 1
ul of SYBR Green | diluted in 1/1000 in sterile water, 0.3 uM each primer, 0.25
unit of Platinum Taq DNA polymerase (Invitrogen), and template cDNA. All
samples were run in triplicate and a no template control was run to determine the
level of primer dimer formation. PCR parameters for both the target gene ABCA1
and a reference gene cyclophilin were an initial denature at 95 °C for 120 s
followed by 40 cycles of 95 °C for 20 s, 62 °C for 15 s, and 72 °C for 15 s.
Specific amplification of a single PCR product with the desired length (ABCA1,
152 bp and cyclophilin, 356 bp) was confirmed with high resolution gel
electrophoresis and melting curve analysis. The relative abundance of ABCA1
mRNA in comparison to cyclophilin mRNA was calculated by the Pfaffl analysis
method [279]. The primers used are as follows: ABCA1, 5-AGT ACC CCA GCC
TGG AAC TT (forward), 5'-TGG GTT TCC TTC CAT ACA GCG (reverse);
cyclophilin, 5-TCC AAA GAC AGC AGA AAA CTT TCG (forward), 5-TCT TCT
TGC TGG TCT TGC CAT TCC (reverse).

4.2.9 Western blot analysis of ABCA1

Cells were grown to confluence on 75 cm? flasks in DMEM containing
10% FBS, then incubated with or without 30 pg/ml cholesterol for 24 h and
equilibrated in DMEM/BSA for 24 h prior to determination of ABCA1 protein
levels. Crude membranes proteins were prepared by homogenizing cells on ice
in 50 mM Tris-HClI buffer, pH 7.4, containing complete protease inhibitors (Roche
Molecular Biochemicals, Laval, QC) and 1 mM EDTA. The nuclear fraction was
removed by centrifugation for 2 min at 5,000 rpm (2,040 x g), and the supernatant
was subsequently centrifuged for 30 min at 14,000 rpm (16,000 x g). The pellet
was then resuspended in the homogenizing buffer with 0.45 M urea, 0.1 % Triton
X-100, 0.2 % SDS and 0.05 % dithiothreitol and protein concentrations were
determined. Fifty micrograms of membrane proteins were separated by 7.5%
SDS-PAGE under reducing conditions and transferred to nitrocellulose
membrane. Immunoblotting was performed as described in Section 2.7 using a
rabbit polyclonal antibody to ABCA1 (1:1000, Novus Biologicals, Littleton, CO)
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and a goat anti-rabbit IgG horseradish peroxidase-conjugated secondary
antibody (1:10,000, Sigma-Aldrich, Oakville, ON).

4.2.10 Western blot analysis of apoA-I contained in media

Cells were grown to confluence on 35-mm wells in DMEM containing10%
FBS, then incubated with 30 pg/ml cholesterol for 24 h and equilibrated in
DMEM/BSA for 24 h. Cells were then incubated for 24 h in DMEM/BSA
containing 10 ug/ml apoA-l. During the 24 h incubation period, 200 pl of media
were collected at 0, 12, and 24 h time points to determine apoA-l levels
contained in media. Forty microliters of media were analyzed by 15% SDS-PAGE
under reducing conditions and transferred to nitrocellulose membrane.
Immunoblotting was performed as described in Section 2.7 using a rabbit
polyclonal antibody to apoA-I (1:10,000, Calbiochem, San Diego, CA) and a goat
anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (1:10,000,
Sigma-Aldrich, Oakville, ON).
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4.3 Results
4.3.1 ApoA-I-mediated cholesterol efflux is impaired in epithelioid morphology
SMC

ApoA-I removes cellular cholesterol by interacting with ABCA1 upregulated
in response to increased cell cholesterol content. | found that this active
cholesterol removal pathway is nearly absent or markedly low in all three
epithelioid-morphology SMC lines (open symbols) examined, whereas all three
spihdle-morphology SMC lines (filled symbols) actively release cholesterol to
apoA-l in a dose-dependent and saturable manner (Figure 4-2Aa). This dramatic
difference between SMC subtypes in apoA-I-mediated cholesterol efflux is very
well correlated with the expression levels of ABCA1 protein (Figure 4-2B). Two
epithelioid SMC lines (WKY12-22 and HITA2) express a trace amount ABCA1
protein at basal level but show no significant increase in response to cholesterol
loading, which correlates with the near absence of apoA-I-mediated cholesterol
efflux. Although another epithelioid cell line, SD12d, expressed ABCA1 to a
similar extent as spindie SMC from the same species (SD3M-23) at basal level,
cholesterol-stimulated increase in ABCA1 was seen only in the SD3M-23 cell line
(Figure 4-2B). The basal level of ABCA1 in SD12d cells explains the small extent
of cholesterol efflux to apoA-l. The near absence of apoA-I-mediated cholesterol
release to medium from WKY12-22 and HITAZ2 cells is reflected in no significant
change in radiolabeled cellular cholesteryl ester (CE) (Figure 4-2Ab) and
unesterified cholesterol (UC) (Figure 4-2Ac) in these cells. The small amount of
cholesterol efflux from SD12d cells is reflected in a corresponding decrease in
cellular CE label. Impaired cholesterol efflux from WKY12-22 cells was
accompanied by accumulation of cellular CE label (Figure 4-2Ab), in contrast to
the accumulation of UC label in SD12d and HITA2 cells (Figure 4-2Ac). The
finding of CE accumulation in WKY12-22 cells is in accordance with previous
observations that human atherosclerotic lesions accumulate CE, and that human
intimal SMC have an increased capacity to esterify cholesterol [193]. For this

reason, it appears that among the three epithelioid SMC lines tested, the
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Figure 4-2. ApoA-l-mediated cholesterol efflux from arterial SMC and the
expression levels of ABCA1. (A) Cells were labeled with [°H]cholesterol during
growth, loaded with unlabeled cholesterol for 24 h, equilibrated for 24 h, and
incubated with the indicated concentration of apoA-I for 24 h. At the end of the
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incubation the medium was removed and cell cholesteryl ester (CE) and
unesterified cholesterol (UC) in cells and media were analyzed for [*H]jcholesterol.
Results were expressed as percent of total cell plus medium [°H]sterol in the
medium (a), cell CE (b), and cell UC (c) following subtraction of efflux to medium
containing 1 mg/ml BSA alone. Results for WKY cells represent averages + S.D.
of three separate experiments performed in quadruplicate. Results for SD and
human cells show the mean + S.D. of quadruplicate determinations and are
representative of two separate experiments with similar results. (B) Cells were
grown to confluence in DMEM/10% FBS, then incubated with or without 30 pg/mi
cholesterol for 24 h and equilibrated in DMEM/BSA for 24 h prior to determination
of ABCA1 protein levels. ABCA1 protein was detected by Western blotting of 50
pg of cellular membrane protein with a rabbit polyclonal antibody to ABCA1.
Results are representative of three or more separate experiments with similar
results.

WKY12-22 SMC line represents the best model of human atherosclerotic intima
SMC.

The absence of depletion of CE accumulated in WKY12-22 SMC in
response to apoA-l provides further evidence for the absence of ABCA1 function,
based on the observation that ABCA1 releases regulatory pools of cholesterol to
apoA-| that would be otherwise esterified by acyl CoA:cholesterol acyltransferase
(ACAT) [88]. To confirm this, | assessed the ability of WKY cells to deplete
cholesterol pools available for esterification by ACAT. Addition of apoA-l to
WKY12-22 cells did not affect their subsequent ability to esterify cholesterol,
whereas WKY3M-22 cells were depleted of cholesterol pools available for
esterification in an apoA-| dose dependent and saturable manner (Figure 4-3).

These results suggest that all epithelioid SMC lines studied here are
impaired in apoA-l-mediated cholesterol efflux, but that the WKY12-22 cell line
most closely resembles human intimal SMC based on the accumulation of
cholesteryl ester. For this reason, the WKY SMC lines were chosen for my

subsequent studies.
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Figure 4-3. ApoA-l-mediated depletion of cell cholesterol available for
esterification in WKY SMC. Confluent cells were loaded with 30 pg/ml
cholesterol for 24 h, and then equilibrated in DMEM/BSA for 24 h. Cells were
then incubated with DMEM/BSA plus the indicated concentration of apoA-| for 16
h. After washing, cells were incubated for 1 h with ['“CJoleate to assess formation
of cellular cholesteryl ['“C]oleate. Results are the mean + S.D. of quadruplicate
determinations, expressed as percentage of picomoles of ["*Cloleate
incorporated into cholesteryl ester per milligram of cell protein per hour in cells
treated with DMEM/BSA alone (control), and are representative of three separate
experiments with similar results.
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4.3.2 WKY12-22 SMC are impaired in cholesterol mass efflux

Although removal of radiolabeled cholesterol is the most commonly used
method for assessing cholesterol efflux from cultured cells, a potential problem
with this method is that it may not reflect similar changes in cell cholesterol mass.
To quantitate net cholesterol movement directly, we measured sterol mass using
gas chromatography as described in Section 4.2.5. WKY3M-22 cells showed an
approximate doubling of cholesterol mass efflux to DMEM/BSA medium
containing 10 pg/ml apoA-l when compared to DMEM/BSA medium alone.
WKY12-22 cells released a minimal amount of cholesterol to DMEM/BSA
medium, and showed no increase in cholesterol mass efflux to apoA-I-containing
medium (Figure 4-4A). WKY3M-22 cells were depleted of ~55% of CE mass
during the incubation with apoA-l, whereas WKY12-22 cells showed no depletion
of CE mass even though they accumulated markedly more CE compared to
WKY3M-22 cells (Figure 4-4B). Although there was no significant change in
cellular UC levels in both cell lines, there was a trend to decreased UC in
WKY3M-22 in the presence of apoA-I (Figure 4-4C). These results confirm that
WKY3M-22 cells actively release excess cholesterol mass to apoA-l, whereas
WKY12-22 cells are impaired in apoA-I-mediated cholesterol efflux.

Cholesterol efflux to the DMEM/BSA medium without apoA-| is thought to
occur through passive diffusion of cholesterol from the cell surface to the medium.
The markedly low passive diffusion from WKY12-22 cells compared to WKY3M-
22 cells (Figure 4-4A) might suggest that the concentration or localization of
cholesterol in the surface of WKY12-22 cells is not optimal for passive diffusion.

To see if the impaired apoA-I-mediated cholesterol efflux from WKY12-22
cells was due to any degradation of apoA-I during the 24 hr incubation with cells,
| examined apoA-| levels in media after 0, 12, and 24 hr incubations with cells.
The amount of apoA-l contained in both WKY3M-22 and WKY12-22 cell-
conditioned medium was not altered throughout the incubation period (Figure 4-
5), indicating that degradation of apoA-| is not the reason for impaired cholesterol
efflux from WKY12-22 cells.
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Figure 4-4. ApoA-l-mediated efflux of cholesterol mass from WKY SMC.
Confluent cells were loaded with 30 pg/ml cholesterol for 24 h, and then
equilibrated in DMEM/BSA for 24 h. Cells were then incubated for 24 h in
DMEM/BSA with or without 10 ug/ml apoA-I. At the end of the incubation, media
and cells were collected and total lipids were extracted. Unesterified cholesterol
(UC) mass in the medium (A), cellular cholesteryl ester (CE) mass (B), and
cellular UC mass (C) were determined by gas chromatography as described in
Section 4.2.5. Results represent averages + S.D. of two separate experiments

performed in quadruplicate.
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Figure 4-5. ApoA-l levels contained in media during incubation with WKY
SMC. Confluent cells were loaded with 30 pg/mi cholesterol for 24 h, and then
equilibrated in DMEM/BSA for 24 h. Cells were then incubated for 24 h in
DMEM/BSA containing 10 pg/ml apoA-l. During the 24 h incubation period,
aliquots of media were collected at 0, 12, and 24 h time points to determine
apoA-l levels contained in media by Western blots. Results are representative of
two separate experiments with similar results.
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4.3.3 Epithelioid SMC are impaired in apoA-I-mediated choline-containing
phospholipid efflux

The mechanism of apoA-I-mediated cholesterol efflux is still in debate,
however, phospholipidation of apoA-lI by ABCA1 is believed to be required
simultaneously or prior to cholesterol efflux, as discussed in Section 1.2.4.3.
Phosphatidylcholine (PC) is the major phospholipid (PL) substrate transferred by
ABCA1 [87]. [*H]choline-labeled WKY12-22 cells showed only a minimal amount
of [*HJPC and [3H]sphingomyelin (SM) release to apoA-l, in contrast to active
efflux of both phospholipids from WKY3M-22 cells in a dose-dependent and
saturable manner (Figure 4-6). Similar experiments with HITA2 and HASMC cells
also showed the same results: near absence of [°H]PC and [°H]SM efflux from
the epithelioid HITA2 cells, in contrast to active efflux from spindle-shaped
HASMC (Figure 4-7). These results suggest that epithelioid SMC are impaired in

choline-containing PL efflux due to defective ABCA1 action.
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Figure 4-6. ApoA-l-mediated efflux of choline-containing phospholipids
from WKY SMC. Cells loaded with cholesterol and radiolabeled with [°H]choline
chloride for 24 h were incubated with the indicated concentration of apoA-I for 24
h to determine efflux of phosphatidyl[*H]choline (PC) (A) and [’H]sphingomyelin
(SM) (B). Results are averages + S.D. of two separate experiments performed in
cguadruplicate, expressed as the percentage of total cellular plus medium
["H]counts for PC or SM in the medium following subtraction of efflux to medium
containing 1 mg/ml BSA alone.
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Figure 4-7. ApoA-l-mediated efflux of choline-containing phospholipids
from human arterial SMC. Experimental procedures and analysis of data are as
in Figure 4-5 legend. Results are averages + S.D. of one experiment performed

in quadruplicate.

4.3.4 ABCAT1 regulation in WKY12-22 SMC is impaired at the level of mRNA

Although ABCA1 transcription is strongly upregulated in response to
increasing cell cholesterol content, ABCA1 protein levels are also regulated at
post-translational steps [87]. To find at which step regulation of ABCA1 in
WKY12-22 cells is impaired, we measured mRNA abundance by Real-Time PCR.
WKY3M-22 cells had a high basal level of ABCA1 mRNA and significantly
increased ABCA1 transcription in response to cholesterol loading, whereas
WKY12-22 cells had a markedly low basal level of ABCA1 mRNA and showed no
significant increase after cholesterol loading (Figure 4-8). ABCA1 mRNA levels
were consistent with the protein levels shown in Figure 4-2B, indicating that
ABCA1 regulation in WKY12-22 cells is impaired at a step of transcription or
possibly mRNA stabilization.
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Figure 4-8. Quantification of ABCA1 mRNA levels in WKY SMC. Confluent
cells were incubated with or without 30 pg/ml cholesterol for 24 h, and then
equilibrated in DMEM/BSA for 24 h prior to determination of ABCA1 mRNA levels
by Real-Time PCR. Levels of ABCA1T mRNA were normalized to cyclophilin
mRNA levels. Results are averages = S.D. of three separate experiments and
relative to the ratio of ABCA1/cyclophilin mRNA in non-cholesterol loaded
WKY3M-22 cells.

4.3.5 WKY12-22 SMC have low binding capacity to apoA-/

Direct binding of apoA-| to ABCA1 and/or a cellular association of apoA-|
with lipid domains formed by ABCA1 are thought to be necessary for apoA-I-
mediated lipid efflux [87, 114]. To assess whether binding capacity of WKY SMC
to apoA-l is correlated with ABCA1 levels and lipid efflux results, we measured
cellular binding capacity to apoA-l at 4 °C. WKY12-22 cells showed a markedly
low binding capacity in both basal and cholesterol-loaded conditions compared to
WKY3M-22 celis (Figure 4-9). These results suggest that a defective interaction
between WKY12-22 cells and apoA-I leads to impaired lipid efflux from WKY12-
22 cells.
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The apoA-l binding results are somewhat inconsistent with ABCA1
expression levels shown in Figure 4-2B and Figure 4-8. Cholesterol-loaded
WKY12-22 cells showed a small but statistically significant increase in their
apoA-l binding capacity despite no significant increase in ABCA1 levels,
suggesting that interaction between cells and apoA-l might be facilitated not only
by ABCA1 but by additional factors.
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Figure 4-9. Binding of '®l-apoA-l to WKY SMC. Confluent cells were incubated
with or without 30 pg/ml cholesterol for 24 h, and then equilibrated in DMEM/BSA
for 24 h. Cells were then incubated with 10 pg/ml '**l-apoA-l + 200 pg/ml
unlabeled apoA-Il for 2 h at 4 °C. After extensive rinsing, cells were assessed for
radioactivity. Cellular '®l-apoA bound per mg of cell protein was determined by
subtracting values in the presence of the uniabeled apoA-I. Results are the mean
t+ S.D. of quadruplicate determinations and are representative of three separate
experiments with similar results.
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4.4 Discussion and conclusions

It has been reported that SMC derived from the aortas of several animal
species, including rat, monkey, rabbit, and pig are resistant to apoA-I-mediated
cholesterol efflux [280-282]. Our laboratory previously showed that SMC derived
from human thoracic aorta efficiently bind and release choline-containing PL and
cholesterol to apoA-I [246]. Here | show that the responsiveness of arterial SMC
to apoA-l is dependent not on species but on SMC subtype. Considering the
heterogeneity of arterial SMC and the predominance of epithelioid-morphology
SMC in atherosclerotic lesions, it is very important to characterize subpopulations
of SMC rather than mixed, whole cell populations. Our finding that epithelioid,
intimal-phenotype SMC are impaired in apoA-Il-mediated lipid efflux suggests a
crucial reason for CE accumulation in atherosclerotic lesion SMC.

Although all the three epithelioid SMC lines studied here were defective in
apoA-I-mediated cholesterol efflux, CE accumulation, the biochemical hallmark of
foam cell formation in atherosclerotic lesions, was observed only in WKY12-22
SMC. These results indicate that epithelioid SMC lines are not all the same in
terms of cholesterol metabolism. This seems to be true even in SMC lines
derived from the same species, as shown by the differences between WKY and
SD rat SMC lines. The reason for the different cholesterol metabolism between
epithelioid SMC lines is unclear, but based on the accumulation of cholesteryl
ester, we considered the WKY12-22 SMC to be the best model of intimal
epithelioid SMC present in human atherosclerotic lesions. Moreover, several
distinct gene-expression patterns shown in WKY12-22 SMC were also observed
in rat intimal SMC or during intimal thickening, including increased expression of
monooxygenase, growth factors, transcription factors, and extracellular matrix
molecules [275, 283, 284]. At this time, heterogeneity of SMC has been classified
mainly based on morphologic differences, however, our finding that cholesterol
metabolism is different even in SMC of similar morphology indicates that more
careful characterization and classification of SMC are required.

Biochemically, epithelioid SMC are characterized by suppressed

expression of contractile proteins, such as a-smooth muscle actin and smooth
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muscle myosin, compared to spindle SMC. However, the correlation between
these contractile proteins and the development of atherosclerosis has not been
elucidated. Numerous other proteins and/or mMRNA expressed in a phenotype-
specific manner have been identified. Some of the well characterized markers for
epithelioid SMC include platelet-derived growth factor B chain (rat) [285, 286],
osteopontin (rat and human) [275, 287-289], cellular retinoi-binding protein-1 (rat)
[290], zonula occludens 2 (rat) [275], versican (rat) [274], extracellular signal-
regulated kinase (rat and cow) [276, 291], and cytokeratin 18 (mouse and
human) [292, 293]. However, none of these markers have been conclusively
proven to be relevant to the pathogenesis of atherosclerosis. It is critical to
discover new markers providing insight into the pathogenesis of the human
disease. Here | propose ABCA1 expression as a new marker of proatherogenic
intimal SMC. Impaired apoA-I-mediated lipid efflux from epithelioid SMC and the
resulting accumulation of CE in atherosclerotic lesions have a direct correlation
and relevance to the pathogenesis of atherosclerosis. Further studies to obtain
evidence of low ABCA1 expression in human intimal SMC are required to
strengthen this proposal.

Rat epithelioid SMC have been reported to be more sensitive to apoptosis
induced by reactive oxygen species, retinoic acid, and antimitotic drugs, when
compared with spindle SMC [294, 295]. It has been known that ABCA1 promotes
engulfment of apoptotic cells by exposing phosphatidylserine on the outer leaflet
of the plasma membrane [296]. These findings suggest that the markedly low
ABCA1 levels in epithelioid SMC may interrupt normal phagocytosis by
macrophages in atherosclerotic lesions, leading to necrotic cell death and
resulting in inflammatory damage and destabilization of atherosclerotic lesions.
Impairment in ABCA1 regulation may therefore provide another reason for the
progression of atherosclerotic disease and plaque rupture.

Impaired ABCA1 reguiation in epithelioid SMC despite accumulation of CE
suggests that epithelioid SMC might be defective in generation of oxysterols.
Oxysterols are generated normally in cells overloaded with cholesterol, and are

the most potent physiological ligands activating the nuclear receptor liver X
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receptor (LXR). LXR activates several target genes involved in cholesterol efflux,
including ABCA1, ABCG1 and ABCG4 [144, 232, 297]. To date, ABCA1 is
believed to mediate lipid efflux to lipid-free/poor apoA-I, while ABCG1 and
ABCG4 have been proposed to facilitate cholesterol efflux to HDL particles [34,
60], It will therefore be intriguing to examine whether ABCG1 and ABCG4 are
expressed, and whether their regulation is also impaired in epithelioid SMC. If
ABCG1 and ABCG4 are expressed in SMC and facilitate cholesterol efflux to
HDL, epithelioid SMC might be also impaired in HDL-mediated cholesterol efflux.
In support of this speculation, it has been reported that de-differentiation of rat
aortic SMC in cell culture is associated with decreased HDL-mediated cholesterol
efflux [298], and that the ability of rabbit intimal SMC to release cholesterol to
HDL was decreased compared to medial SMC [299]. Although these studies
used whole SMC populations rather than defined subpopulations, the results
support the concept that epithelioid SMC might be defective in generation of the
oxysterols necessary to promote genes involved in cholesterol efflux.

In conclusion, | have found that spindle morphology SMC have intact
apoA-l binding and ABCA1-mediated lipidation of apoA-l, whereas intimal-
phenotype epithelioid SMC have impaired ABCA1 expression, apoA-l binding,
and apoA-l-mediated lipid efflux. Impaired ABCA1 expression and apoA-I-
mediated lipid efflux from epithelioid SMC may contribute to the accumulation of

excess cholesterol in atherosclerotic lesions.
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CHAPTER 5:

Increased ABCA1 expression fails to

correct apolipoprotein A-I-mediated lipid

efflux in intimal-phenotype epithelioid

smooth muscle cells
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5.1 Introduction

The role of smooth muscle cells (SMC) in the pathogenesis of
atherosclerosis can be divided into five key events: (1) appearance and
proliferation of epithelioid-shaped synthetic SMC in the intima in response to
arterial injury; (2) production of large amounts of extracellular matrix by
epithelioid-shaped synthetic SMC; (3) accumulation of lipid within intimal SMC as
well as macrophages to form foam cells; (4) foam cell death and growth of a
necrotic lipid core; and (5) rupture of the fibrous cap comprised of extracellular
matrix and epithelioid-shaped synthetic SMC [190, 257, 262, 270]. The 1*! and
2" events are thought to be physiological repair processes for injured arteries.
The latter 3 events are thought to be undesirable pathogenic processes that are
strongly affected by lipoprotein metabolism. Apolipoprotein B (apoB)-containing
lipoproteins are sources of cholesterol for foam cell formation, whereas high
density lipoproteins (HDL) and their apolipoproteins decrease foam cell formation
by mediating removal of excess cholesterol from intimal cells. It is therefore
crucial to reduce levels of circulating apoB-containing lipoproteins and to
increase HDL formation to prevent and treat atherosclerosis.

In Chapter 4, | showed that spindle morphology SMC, the typical SMC
subtype in the medial layer of arteries, are active in apolipoprotein A-l (apoA-I)-
mediated lipid efflux to form HDL particles, whereas epithelioid morphology SMC,
the predominant SMC subtype in atherosclerotic artery intima, are impaired in
apoA-l-mediated lipid efflux. Considering the presence of cholesteryl ester (CE)-
enriched foam cells in the arterial intima, and previous findings that intimal SMC,
like intimal macrophages, also show excess CE accumulation [193], these results
have provided a clue to understand a pathogenic mechanism of CE accumulation
in intimal SMC. The epithelioid SMC model chosen in Chapter 4, WKY12-22 cells,
showed impaired regulation of ATP-binding cassette transporter A1 (ABCA1) at
the level of mMRNA in response to increased cell cholesterol content. Since
ABCA1-dependent lipidation of apoA-| is believed to be the rate-limiting step in
HDL particle formation [239, 300], the impaired apoA-I-mediated lipid efflux from
WKY12-22 cells was ascribed to impaired regulation of ABCA1. It is therefore
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important to know whether the ABCAT gene in WKY12-22 cells is functional at all,
and whether upregulation of ABCA1 expression in WKY12-22 cells corrects
apoA-I-mediated lipid efflux in these intimal-phenotype SMC.

5.1.1 Study objectives

To determine whether the ABCA7 gene in WKY12-22 cells is functional,
ABCA1 expression levels and apoA-l-mediated cholesterol efflux are examined
after incubating cells with exogenous liver X receptor (LXR) and/or retinoid X
receptor (RXR) ligands. In addition, the ability of WKY12-22 cells transfected with
ABCA1 cDNA to correct apoA-l-mediated cholesterol efflux is examined.
Alterations in apoA-l binding in response to ABCA1 transfection are also

examined.
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5.2 Methods
5.2.1 Cell culture

WKY12-22 and WKY3M-22 cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), and were
used between the second and tenth passage as described in Section 4.2.2.

Cholesterol loading and equilibration procedures are as in Section 4.2.2.

5.2.2 Induction of ABCA1 expression and measurement of crude membrane
ABCAT1 protein levels

Cells were grown to confluence in 75 cm? flasks in DMEM containing 10%
FBS. To induce ABCA1 expression, cells were incubated for 24 h in DMEM/BSA
containing 10 uM 22(R)-hydroxycholesterol (Steraloids Inc., Newport, RI), 10 uM
9-cis-retinoic acid (Biomol, Plymouth Meeting, PA), 10 uM 22(R)-
hydroxycholesterol plus 10 yM 9-cis-retinoic acid, 0.3 mM 8-Br-cAMP (Sigma-
Aldrich, Oakville, ON) or 10 yM TO-901317 (Sigma-Aldrich, Oakville, ON). The
concentration of ABCA1 inducers and incubation time were chosen based on
previous reports [223, 236]. At the end of the incubation, the media were
removed and the cells were harvested on ice. Preparation of crude cell
membrane proteins and measurement of crude cell membrane ABCA1 levels by

Western blot were performed described in Section 4.2.9.

5.2.3 Cholesterol esterification assay

Cells grown to confluence on 16-mm wells in DMEM containing 10% FBS
were loaded with cholesterol, equilibrated, rinsed once with PBS/BSA, and
incubated for 16 h in DMEM/BSA with the indicated concentration of apoA-l. In
some experiments, TO-801317 was added during the periods of equilibration and
apoA-| treatment. Cells were then rinsed once with PBS and incubated for 1 h
with DMEM containing 9 uM [“Cloleate bound to 3uM BSA to determine the size
of the remaining cholesterol pool available for esterification by ACAT, as

described in Section 4.2.5.
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5.2.4 Cholesterol efflux assay and parallel measurement of total and cell surface
ABCA1

Cells were grown to ~ 60% confluence on 16-mm wells and radiolabeled
during the last 40% of growth by addition of 0.3 uCi/ml [*H]cholesterol (NEN Life
Science Products, Boston, MA) in DMEM containing 10% FBS. The confluent
cells were then loaded with non-lipoprotein cholesterol, equilibrated, rinsed twice
with PBS/BSA, and incubated for 24 h in DMEM/BSA containing the indicated
concentration of apoA-l. In some conditions, 10 uM TO-901317 was added
during the periods of equilibration and apoA-l treatment. At the end of the
incubation, the media and cells were collected to determine radioactivity present
in the medium or in cellular cholesterol and cholesteryl esters, as described in
Section 2.5

In parallel incubations, cells seeded on 100-mm dishes and treated like
those in the cholesterol efflux studies but without [*H]cholesterol labeling or
apoA-| incubation were chilled on ice, and cell surface proteins were biotinylated
using a cell surface protein biotinylation and purification kit (Pierce, Rockford, IL)
according to the manufacturer’s protocol. The biotinylated samples were lysed in
RIPA buffer [20 mM Tris-HC! (pH 8.0), 150 mM NaCl, 0.5% sodium deoxycholate,
0.1% SDS, 1% Triton X-100, and 4 mM EDTA] containing complete protease
inhibitors (Roche Molecular Biochemicals, Laval, QC). Cell protein concentration
was determined using BSA as standard and 100 pg of protein were run on 7.5%
SDS-PAGE to determine total ABCA1 levels by Western blot as described in
Section 4.2.9. The blots were reprobed with anti-protein disulfide isomerase
antibody (StressGen Biotechnologies, Victoria, Canada) to verify equal protein
loading. To determine cell surface ABCA1 levels, biotinylated proteins were
isolated from 2 mg of total cell proteins according to the manufacturer’s protocol,
and 50 pl of isolated samples were run on 7.5% SDS-PAGE. ABCA1 protein
levels were determined by Western blot and the blots were reprobed with anti-
heat shock protein 90 (HSP90) antibody (Sigma-Aldrich, Oakville, ON) to verify

no cytosolic protein in the purified samples, and we found no HSP90 signal from
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the purified cell surface protein, whereas HSP90 signal was detected from the

blots of total cell protein.

5.2.5 Transfection of ABCA1 and cholesterol efflux assay

Cells were grown to ~ 60% confluence on 35-mm wells and radiolabeled
for 24 h by addition of 0.3 pCi/m! [*H]cholesterol in DMEM contaihing 10% FBS.
At the end of the radiolabeling, the cells reached ~ 90% confluence and were
transfected for 24 h with full-length murine ABCA1 cDNA cloned in a pcDNA3.1
vector that is strongly transcribed in mammalian cells via a cytomegalovirus
promoter (a generous gift from Dr. Alan R. Tall, Columbia University, NY), or with
empty vector, using Lipofectamine 2000 (Invitrogen, Burlington, ON). The cells
were rinsed three times with PBS/BSA and incubated in DMEM/BSA containing
10 pg/ml apoA-l for 4 h because ABCA1 levels were higher after 4 h incubation
than after 24 h incubation. At the end of the incubation, the media were collected
and counted for radioactivity as described in Section 2.5. The cells were rinsed
twice with iced PBS/BSA and twice with iced PBS, harvested, and homogenized
in RIPA buffer containing complete protease inhibitors. Radioactivity remaining in
cells was counted with aliquots of the homogenates. To measure ABCA1
expression levels, cell homogenates obtained following the same experimental
conditions (n=4) were pooled. After determination of protein concentration using
BSA as standard, 100 pug of protein was subjected to 7.5% SDS-PAGE and
Western blots were performed as described in Section 4.2.8.

In parallel, cells seeded on 100-mm dishes were treated and transfected
under conditions equivalent to the cholesterol efflux studies above. Total and cell
surface proteins were isolated and ABCA1 levels were determined as described
in Section 5.2.4. Total cell proteins were also used to detect phosphorylated
ABCA1 by protein kinase A (PKA) [159]. One hundred micrograms of total cell
protein were subjected to 7.5% SDS-PAGE and Western blots were performed
using anti-phospho-(Ser/Thr) PKA substrate antibody (Cell Signaling Technology,
Beverly, MA) according to the manufacturer's protocol. This antibody is specific
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for protein containing a phospho-Ser/Thr residue with Arg at the -3 position and
does not recognize nonphosphorylated PKA substrates.

5.2.6 Assessment of cholesteryl ester hydrolysis

Cells were grown to confluence on 16-mm wells in DMEM containing 10%
FBS, rinsed twice with PBS/BSA, and incubated with DMEM containing 30 ug/ml
cholesterol, 9 uM ['“Cloleate and 5 mg/ml BSA for 24 h. The cells were rinsed
twice with PBS/BSA, equilibrated in DMEM containing 9 uM [*C]oleate and 5
mg/mi BSA for 24 h, rinsed three times with PBS/BSA, and incubated in
DMEM/BSA containing 2 ug/ml of acyl CoA:cholesterol acyltransferase (ACAT)
inhibitor Sandoz 58-035 (a generous gift from Sandoz Pharmaceuticals) with or
without 10 pug/ml apoA-l up to 48 h [198]. After the indicated intervals, the media
were removed and cellular lipids were analyzed to determine radioactivity

associated with cholesteryl esters as described in Section 2.5

5.2.7 Transfection of ABCA1 and cellular binding of ApoA-I

Cells were grown to ~70% confluence on 35-mm wells in DMEM
containing10% FBS and transfected for 24 h with ABCA1 construct or empty
vector as described in Section 5.2.5. After reaching confluence, the cells were
rinsed twice with PBS/BSA, and incubated for 2 h at 4 °C in DMEM/BSA
containing 25 mM HEPES and 10 pg/ml '?°l-apoA-I + 200 pg/ml unlabeled apoA-I
[160]. The cells were rinsed five times with iced PBS/BSA and twice with iced
PBS. The cells were dissolved in 0.2 N NaOH and aliquots were taken to
determine radioactivity associated with cells and cell protein concentration. Cell
surface '?°[-apoA-l bound per mg of cell protein was determined by subtracting
values in the presence of the unlabeled apoA-| to exclude non-specifically bound
12%_apoA-I.

In parallel, cells were transfected and treated equivalent to the binding
studies above, harvested, and pooled (n=3) to determine crude membrane
ABCA1 levels by Western blots as described in Section 4.2.8.
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5.3 Results
5.3.1 ABCA1 gene expression is normally requlated in WKY12-22 SMC

Transcription of ABCA1 is strongly induced through activation of the
nuclear receptor LXR and its obligate heterodimer partner RXR, or via an
LXR/RXR-independent mechanism by cyclic AMP (cAMP) [87]. LXR and RXR
are activated by the binding of their ligands oxysterols and retinoic acid,
respectively [138]. Either LXR or RXR ligand binding activates transcription of
ABCA1, and the binding of both ligands shows an additive or synergistic
activation [136].

To test whether the impaired regulation of ABCA1 mRNA in WKY 12-22
SMC in response to increased cell cholesterol content is due to a defective
responsiveness of the ABCAT gene to its inducers, cells were treated with
exogenous LXR/RXR ligands. Treatment of cells with 10 pM 22(R)-
hydroxycholesterol, 10 uM 9-cis-retinoic acid, or 10 yM LXR agonist TO-901317
markedly increased cellular ABCA1 protein levels in both WKY12-22 and
WKY3M-22 cells (Figure 5-1). Combined addition of 10 uM 22(R)-
hydroxycholesterol plus 10 yM 9-cis-retinoic acid showed an increased effect on
ABCA1 upregulation compared with either agonist alone in both cell lines (Figure
5-1). Treatment of cells with 0.3 mM 8-Br-cAMP showed no significant effect on
ABCA1 protein levels in either cell line (Figure 5-1). These results indicate that
the ABCA1 gene in both WKY SMC lines is normally regulated by exogenously
added LXR/RXR ligands, and that the cAMP-dependent mechanism for ABCA1
regulation seems to be absent in these WKY SMC lines.

No effect of cAMP on ABCA1 expression has also been reported in
several other cell types [301]. The actual cAMP regulatory element in the ABCA1
gene promoter has not been definitively identified, and most cases of cAMP-
stimulated ABCA1 transcription have been observed in macrophages [223, 301].
It is therefore suggested that the effect of cCAMP on ABCA1 expression may be
specific to cell type.

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



WKY3M-22

WKY12-22

RA
cAMP

©
=
c
O
o

220HChol
TO-901317

220HChol+RA

Figure 5-1. Normal regulation of ABCA1 gene expression in WKY SMC by
exogenous LXR/RXR ligands. Confluent cells were incubated for 24 h in the
presence of 10 uM 22(R)-hydroxycholesterol (220HChol), 10 uM 9-cis-retinoic
acid (RA), 220HChol! plus RA, 0.3 mM 8-Br-cAMP (cAMP), or 10 yM LXR
agonist TO-901317 prior to determination of ABCA1 protein levels. ABCA1
protein was detected by Western blotting of 50 pg of crude membrane proteins
with a rabbit polyclonal antibody to ABCA1. Results are representative of two
separate experiments with similar results.

5.3.2 LXR agonist TO-901317-induced expression of ABCA1 does not correct
impaired apoA-I-mediated cholesterol efflux from WKY12-22 cells

In Chapter 4, a near absence of apoA-l-mediated cholesterol efflux from
WKY12-22 was ascribed to impaired upregulation of ABCA1 in response to
increased cell cholesterol content. The finding that ABCA7 in WKY12-22 cells is
normally regulated by exogenous LXR/RXR ligands made it possible to test
whether upregulation of ABCA1 activates WKY12-22 cells to release excess
cholesterol to apoA-I.

First, the ability of WKY12-22 cells to be depleted of cholesterol available
for esterification by ACAT was assessed by incubating TO-901317-treated
WKY12-22 cells with apoA-l. Consistent with previous findings, cholesterol-
loaded WKY3M-22 cells were actively depleted of ACAT-substrate cholesterol by

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A
ABCA1 protein

TO-901317 (M) O 01 1 10

120

B

100

(0]
o
1

—@- WKY3M-22
—A— WKY12-22
—W— WKY12-22 + 0.1pM TO-901317
—@— WKY12-22 + 1uM TO-901317

(% of control)
(e}
(@]

Cholesterol Esterification

40 1 —- WKY12-22 + 10pM TO-901317
20 ) o Y
O i 1 1 ] 13 1] T i
0 2 4 6 8 10

ApoA-l (pg/ml)

Figure 5-2. TO-901317-stimulated upregulation of ABCA1 fails to correct
apoA-l-mediated depletion of cholesterol available for esterification in
WKY12-22 cells. (A) Confluent cells were incubated for 24 h with the indicated
concentration of LXR agonist TO-901317, and crude membrane ABCA1 protein
levels were determined by Western blotting. (B) Confluent cells were loaded with
cholesterol, equilibrated, and incubated with the indicated concentration of apoA-
| for 16 h. To increase ABCA1 expression in WKY12-22 cells, the indicated
concentration of TO-901317 was added during the periods of equilibration and
apoA-| treatment. Cells were then incubated with [*Cloleate for 1 h to measure
formation of new cholesteryl [*“Clester. Values are the mean + S.D. of
quadruplicate determinations expressed as percentage of picomoles of
[*Cloleate incorporated into cholesteryl ester per milligram of cell protein per
hour in cells treated with control medium containing no apoA-l, and
representative of two separate experiments with similar results.
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apoA-l, whereas cholesterol-loaded WKY12-22 cells were resistant to apoA-I-
mediated depletion of ACAT-substrate cholesterol (Figure 5-2B). Cholesterol-
loaded WKY12-22 cells showed increasing levels of ABCA1 protein in response
to increasing concentration of TO-901317 (Figure 5-2A). Very interestingly,
however, no depletion of ACAT accessible cholesterol was seen in cells treated
with any concentration of TO-901317 tested, despite the increased ABCA1
protein and the known ability of ABCA1 to deplete ACAT-accessible cholesterol
[88]. These results suggest either that ABCA1 in WKY12-22 SMC lacks activity,
or that factor(s) other than ABCA1 necessary for lipid efflux are lacking in these
cells.

Next, the effect of TO-901317 treatment on apoA-l-mediated cholesterol
efflux was examined. Cholesterol-loaded WKY3M-22 cells released cholesterol
to apoA-| in a apoA-l dose-dependent and saturable fashion, and the addition of
10 pM TO-901317 further enhanced the ability of WKY3M-22 cells to release
cholesterol to apoA-l. In contrast, apoA-lI-mediated cholesterol efflux was near
absent in cholesterol-loaded WKY12-22 cells, and the addition of 10 uM TO-
901317 showed no ability to increase apoA-l-mediated cholesterol efflux from
these cells (Figure 5-3Aa). Treatment with 10 pM TO-901317 significantly
increased both total and cell surface ABCA1 protein levels in both WKY SMC
lines (Figure 5-3B), suggesting TO-901317-induced ABCA1 is targeted normally
to the plasma membrane. Enhanced apoA-l-mediated cholesterol efflux from TO-
901317-treated WKY3M-22 cells correlated well with the increased cell surface
ABCA1 levels. However, despite a significant increase in cell surface ABCA1 in
TO-901317-treated WKY12-22 cells, there was no significant increase in
cholesterol efflux to apoA-I. The near absence of cholesterol efflux from WKY12-
22 cells to medium was reflected in no significant changes in cellular CE and
unesterified cholesterol (UC) levels (Figure 5-3Ab and Ac). The apoA-l-mediated
cholesterol efflux results were consistent with the results of apoA-l-mediated
depletion of ACAT-accessible cholesterol. These results together suggest that
upregulation of ABCA1 is not sufficient to correct the impaired apoA-I-mediated
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Figure 5-3. TO-901317-stimulated upregulation of ABCA1 fails to correct
apoA-l-mediated cholesterol efflux in WKY12-22 cells. (A) Confluent cells
labeled with [*H]cholesterol during growth were loaded with cholesterol for 24 h.
The cells were incubated in the absence or presence of 10 yM TO-901317 during
equilibration for 24 h and incubation with the indicated concentration of apoA-I for
24 h. At the end of the incubation, the media were collected and cell cholesteryl
ester (CE) and unesterified cholesterol (UC) in cells and media were analyzed for
[PH]sterol. Results are expressed as percentage of total cell plus medium
[°H]sterol in the medium (Aa), cell CE (Ab), and cell UC (Ac) following subtraction
of efflux to medium containing 1 mg/ml BSA alone. Values are the mean + S.D.
of quadruplicate determinations, and representative of two separate experiments
with similar results. (B) Cells treated equivalent to the cholesterol efflux studies
were biotinylated, and total and cell surface ABCA1 levels were determined by
Western blotting. Protein disulfide isomerase (PDI) levels were determined by
Western blotting as a loading control. Results are representative of two separate
experiments with similar results.
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cholesterol efflux from WKY12-22 cells, despite apparent normal localization of
the increased ABCA1 in agonist-treated cells. The absence of an effect of TO-
901317 on apoA-l-mediated cholesterol efflux from WKY12-22 cells also
suggests that additional LXR agonist-nonresponsive factors are necessary to
facilitate apoA-l-mediated cholesterol efflux, and are lacking in WKY12-22 cells.
An interesting additional finding was that treatment with 10 uM TO-901317
markedly decreased cellular CE label and increased cellular UC label at time
zero in both cell lines (Figure 5-3Ab and Ac). A similar effect of TO-901317 on
the shift of cell cholesterol has also been observed in human macrophages [302].
The increased UC label in TO-901317-treated WKY3M-22 cells was removed by
apoA-l (Figure 5-3Ac), indicating that TO-901317 stimulation causes a shift of
cell cholesterol from the ACAT substrate pool to an apoA-lI accessible pool.
However, the apoA-l accessible cholesterol pool in WKY12-22 cells was not
removed by apoA-l despite the presence of a significantly increased amount of
ABCA1 in the plasma membrane (Figure 5-3Ac and 5-3B), providing further
evidence for a missing additional factor(s) necessary for apoA-I-mediated
cholesterol efflux in WKY12-22 cells. At this time, it is not clear whether the
increased ABCA1 itself induces the shift of cell cholesterol, or whether other TO-

901317-responsive cellular factors are responsible for this.

5.3.3 Transfection of ABCA1 fails to correct impaired apoA-I-mediated
cholesterol efflux from WKY12-22 cells

The synthetic LXR agonist TO-901317 can turn on not only ABCA1 but
also many other genes containing an LXR response element in their promoter
regions. This makes it difficult to make conclusions about the specific effects of
the agonist on ABCA1 regulation. To examine the specific effect of ABCA1,
apoA-l-mediated cholesterol efflux studies were performed using cells
transfected with full-length murine ABCA1 cDNA. WKY3M-22 cells transfected
with the ABCA1 construct showed an increase in ABCA1 protein and a
significantly enhanced ability tb release cholesterol to apoA-l, even in the

absence of cholesterol loading, when compared to empty vector-transfected
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Figure 5-4. Transfection of ABCA1 fails to correct impaired apoA-l-
mediated cholesterol efflux from WKY12-22 cells. (A) Cells labeled with
[*H]cholesterol during growth were transfected with ABCA1 construct or empty
vector for 24 h, and incubated with 10 pg/ml apoA-1 for 4 h. At the end of the
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incubation period, the media and cells were collected and the cells were
homogenized. The media and aliquots of cell homogenates were analyzed for
[*H]cholesterol, and 100 pg of cell proteins were used to determine total ABCA1
protein by Western blotting. Cholesterol efflux data are expressed as percentage
of total cell plus medium [°H]sterol in the medium and values are the mean + S.D.
of quadruplicate determinations. Results are representative of two separate
experiments with similar results. (B) Cells grown to ~70% confluence were
transfected with ABCA1 construct or empty vector for 24 h. The cells were
biotinylated and lysed in RIPA buffer. One hundred micrograms of total cell
protein were subjected to Western analyses for total ABCA1, and the blots were
reprobed with anti-PDI antibody to verify equal loading. The levels of PKA-
dependent phosphorylated ABCA1 (phospho-ABCA1) were determined by
separate Western analyses with 100 ug of total cell protein using anti-phospho-
(Ser/Thr) PKA substrate antibody. To determine cell surface ABCA1 levels,
biotinylated proteins were purified from 2 mg of total cell protein, and 50 pi of
purified samples were subjected to Western analyses for cell surface ABCA1.

control cells (Figure 5-4A). In sharp contrast, WKY12-22 cells showed no
significant increase in apoA-l-mediated cholesterol efflux despite a marked
increase in total cell ABCA1 protein (Figure 5-4A).

In parallel, cell surface localization and PKA-mediated phosphorylation of
transfected ABCA1 were investigated to attempt to determine whether the
transfected ABCA1 was processed in the same way as endogenous ABCAA1.
PKA-mediated phosphorylation of ABCA1 has been reported to occur
constitutively and is essential for optimum lipid-transport activity of ABCA1 [159,
160]. WKY3M-22 and WKY12-22 cells transfected with ABCA1 increased both
cell surface and phosphorylated ABCA1 compared to mock-transfected control
cells, and WKY12-22 cells showed a higher fold increase in these parameters
than WKY3M-22 cells (Figure 5-4B). The increase of total ABCA1 protein in
transfected WKY12-22 cells was also confirmed by immunofluorescence
detection of ABCA1 (data not shown). The absence of a significant effect of
apparently normally processed ABCA1 in WKY12-22 cells on apoA-l-mediated
cholesterol efflux strongly suggests that other factor(s), in addition to ABCA1,
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limit the ability of WKY12-22 SMC to interact with apoA-| for ABCA1-dependent

cholesterol mobilization and HDL particle formation.

5.3.4 Hydrolysis of cholesteryl esters does not limit apoA-I-mediated cholesterol
efflux from WKY12-22 cells

CE droplets in the cytoplasm undergo a continual cycle of hydrolysis and
re-esterification as part of normal cholesterol homeostasis, and UC generated by
the hydrolysis of CE is excreted from cells when extracellular cholesterol
acceptors such as apoA-l or HDL are present [303-305]. To see whether the
impaired apoA-l-mediated cholesterol efflux from WKY12-22 cells could be
explained by a defect in hydrolysis of CE stores, | assessed hydrolysis of
cholesteryl ['“Cloleate in the presence of an ACAT inhibitor, Sandoz 58-035, to
prevent re-esterification of UC. Consistent with previous findings, cholesterol-
loaded WKY12-22 cells accumulated much more cholesteryl [“Cloleate
compared to cholesterol-loaded WKY3M-22 cells (Figure 5-5A). Both WKY3M-22
and WKY12-22 cells showed a time-dependent decrease in the level of
cholesteryl ['*Cloleate in the presence of Sandoz 58-035 (Figure 5-5A). When |
expressed the hydrolysis rates of cholesteryl ['“Cloleate as percentage of 0 h
incubation, WKY12-22 cells showed a somewhat slower rate of hydrolysis at
early time points compared to WKY3M-22 cells, but there was no difference
between the two cell lines after 48 h incubation (Figure 5-5B). It is also notable
that the absolute amount of CE hydrolyzed at all time points is much more in
WKY12-22 cells than in WKY3M-22 cells. The presence of 10 ug/ml apoA-1 in the
culture medium did not affect the rate of hydrolysis of cholesteryl ['“Cloleate
(Figure 5-5A and B). This was previously shown to be the case with HDL as the
lipid acceptor by Brown et al. [303]. The abundance of CE hydrolyzed in WKY12-
22 cells and the lack of dependence on apoA-l suggest that cholesterol efflux is
not limited by hydrolysis of accumulated CE in these cells.
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Figure 5-5. Hydrolysis of cholesteryl esters in WKY SMC in the presence of
ACAT inhibitor. Confluent cells were labeled with ['“C]oleate during cholesterol
loading and equilibration. The cells were incubated up to 48 h in the presence of
2 yg/ml ACAT inhibitor Sandoz 58-035 with or without 10 pg/ml apoA-I. After the
indicated intervals, cellular lipids were extracted and analyzed for cholesteryl
[“Cloleate. Values are the mean t+ S.D. of quadruplicate determinations
expressed as picomoles of ['“Cloleate incorporated into cholesteryl ester per
milligram of cell protein (A) or as percentage of O h incubation (B). Open symbols
overlapped with filled symbols are not shown. Results are representative of two
separate experiments with similar results.
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5.3.5 Factors in addition to ABCA1 predict apoA-I binding to cells

It has been suggested that apoA-l binds directly to ABCA1 and/or
associates with specific lipid domains created by the action of ABCA1 in the
plasma membrane to mediate lipid efflux [116, 121, 125, 224, 306]. However, in
Chapter 4 | observed that WKY12-22 cells loaded with cholesterol showed
significantly increased binding of apoA-I despite no significant increase in ABCA1
expression. This suggests that ABCA1 may be not the determining factor for the
apoA-I-cell binding interaction. To examine more directly the effect of ABCA1
expression level on apoA-I binding, cells were transfected with ABCA1 construct
and their ability to bind apoA-| was assessed. Mock-transfected WKY12-22 cells
had markedly lower binding of apoA-I compared to similarly-treated WKY3M-22
cells (Figure 5-6), which might be attributed to the lower expression of ABCA1 in
WKY12-22 cells. A significant increase in ABCA1 protein in both cell lines
following transfection, however, resulted in no significant increase in apoA-|
binding in either cell line. These results, combined with the cell surface
biotinylation and PKA-dependent ABCA1 phosphorylation results, strongly
suggest that factors in addition to ABCA1 and lacking in WKY12-22 intimal-
phenotype cells predict binding of apoA-I to cells.
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Figure 5-6. Transfection of ABCA1 fails to increase apoA-l bindings in WKY
SMC. Cells transfected with ABCA1 construct or empty vector for 24 h were
incubated for 2 h at 4 °C with 10 ug/ml '®l-apoA-I + 200 pg/ml unlabeled apoA-I.
The cells were rinsed extensively and assessed for radioactivity associated with
cells (A). Cell surface 12%|_apoA-I bound per mg of cell protein was determined by
subtracting values in the presence of the unlabeled apoA-I and values are the
mean + S.D. of quadruplicate determinations. To see the efficiency of
transfection, cells transfected for 24 h were harvested and the expression levels
of crude membrane ABCA1 were determined by Western blotting (B). Results
are representative of three separate experiments with similar results.
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5.4 Discussion
The predominance of epithelioid-shaped synthetic SMC in the

atherosclerotic intima has motivated intensive research to understand what
properties of these cells are linked to atherogenesis. Numerous studies have
attempted to determine cellular factors leading intimal SMC to be atherogenic by
comparing these cells to spindle-shaped contractiie SMC, the major SMC
subtype in the normal artery medial layer (reviewed in [190]). Our previous
findings that epithelioid SMC showed impaired upregulation of ABCA1 in
response to increasing cellular cholesterol content, and therefore impaired apoA-
I-mediated lipid efflux, suggested impaired ABCA1 regulation or expression alone
might explain the overaccumulation of cholesterol in these cells. In the current
studies, we show that ABCA1 is regulated normally in epithelioid WKY12-22
SMC by exogenous LXR and RXR ligands, but that increased ABCA1 protein
levels seen in LXR agonist-treated or transfected cells fails to correct the
impaired apoA-l-mediated cholesterol efflux from these cells. Low binding
capacity of WKY12-22 cells to apoA-lI and the absence of a significant effect of
transfected ABCA1 on apoA-l-cell association (Figure 5-6) suggests that in
addition to ABCA1, an additional cellular factor or factors facilitating the apoA-I-
cell association are lacking in WKY12-22 cells.

It has been believed that oxysterols produced in cholesterol-loaded cells
are the key physiological regulators turning on LXR target genes, including
ABCA1, to activate the cholesterol efflux pathway [134]. Despite the
accumulation of CE, and the presence of a normally responsive ABCA1 gene in
WKY12-22 cells (Figure 5-1), ABCA1 expression was not upregulated in
response to cholesterol loading. This suggests that WKY12-22 epithelioid cells
may be defective in the production of oxysterols. In support of this speculation,
Shanahan et al. [307] reported that de-differentiated human aortic SMC
expressed a very low level of 27-hydroxylase, which catalyzes the rate-limiting
step in the production of 27-hydroxycholesterol, the most abundant oxysterol in

atherosclerotic lesions.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The failure of increased ABCA1 protein levels following treatment with an
LXR agonist or transfection with ABCA1 construct to correct the impaired apoA-I-
mediated cholesterol efflux from WKY12-22 cells strongly suggests that ABCA1
alone or other LXR-target genes are not sufficient to release cholesterol from
WKY12-22 cells to apoA-l. Since hydrolysis of CE was normal in WKY12-22 cells
(Figure 5-5), it is plausible to speculate that the transport of UC to the plasma
membrane might be not normal in WKY12-22 cells. In support of this idea, TO-
901317-treated WKY12-22 cells accumulated UC generated by hydrolysis of CE
without releasing it to apoA-I, suggesting cellular UC may not be mobilized to
apoA-l-accessible sites in the plasma membrane. Kellner-Weibel et al. [305]
reported that UC generated by hydrolysis of CE is transported through acidic
vesicles to the plasma membrane. Therefore, the level of plasma membrane
cholesterol and the presence of normal acidic vesicle transport system in
WKY12-22 cells remain to be investigated. If WKY12-22 cells are impaired in the
production of oxysterols, it would also be interesting to explore whether the
impaired production of oxysterols is also due to an abnormal transport system of
the acidic vesicles.

Although the low binding capacity of WKY12-22 cells to apoA-l is
consistent with impaired cholesterol efflux from WKY12-22 cells, apoA-I binding
did not correlate with ABCA1 protein levels. Cholesterol-loaded WKY3M-22 cells
showed increased ABCA1 expression and apoA-l binding capacity, but
cholesterol-loaded WKY12-22 cells significantly increased apoA-l binding
capacity without a significant increase in ABCA1 expression (Figure 4-2 and 4-9).
Transfection of ABCA1 into both cells lines without cholesterol loading increased
ABCA1 protein levels, but the binding capacity to apoA-l was not increased in
either cell line (Figure 5-6). These results suggest that ABCA1 alone is not
sufficient to facilitate apoA-I-cell binding, and that cholesterol-stimulated
modulation of cells, including changes in lipid composition in the plasma
membrane and activation/induction of cellular factors in addition to ABCA1, are
involved in facilitating apoA-I-cell binding. Lipid composition in the plasma

membrane is influenced by the traffic of cytosolic UC to the plasma membrane,
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again suggesting it will be important to examine whether WKY12-22 cells have a
normal transport system for UC-containing acidic vesicles.

The presence of additional apoA-I binding factors has been suggested
previously. Fitzgerald et al. [308] reported that mutation in the highly conserved
C-terminal VFVNFA motif of ABCA1 abolishes its lipid efflux activity and cross-
linking ability to apoA-I without affecting its localization to the plasma membrane.
The authors speculated that the VFVNFA motif may be a protein-protein
interaction domain that recruits additional factors that promote the apoA-I-ABCA1
interaction and lipid efflux to apoA-l. Burgess ef al. [309] speculated that trypsin-
sensitive extracellular matrix components of THP-1 and J777 macrophages
facilitate binding of these cells to apoA-l in promoting cholesterol efflux.
Considering the importance of the apoA-l-cell interaction in initiating and
promoting ABCA1-dependent lipid efflux, it is crucial to identify this additional
factor or factors involved in apoA-I-cell binding. The marked difference in apoA-I-
binding capacity between WKY3M-22 and WKY12-22 cells provides an excellent
model to explore additional factors required for the apoA-I-cell interaction.

Several protein kinases have been reported to influence the function and
stability of ABCA1. We showed that PKA-mediated phosphorylation of ABCA1,
constitutive and essential for optimum lipid-transport activity of ABCA1 [159], was
present in transfected ABCA1 in both WKY12-22 and WKY3M-22 cells (Figure 5-
4B). We therefore concluded that impaired PKA-dependent phosphorylation of
ABCA1 was unlikely to explain the absence of increased cholesterol efflux in
ABCA1-transfected WKY12-22 SMC. In addition, total and cell surface ABCA1
were similar in ABCA1 transfected WKY12-22 and WKY3M-22 SMC (Figure 5-
4B), suggesting inappropriate trafficking/localization of ABCA1 in transfected
WKY12-22 SMC also did not explain the failure to correct apoA-l-mediated
cholesterol efflux in these cells.

Tang et al. [160] reported that the apoA-I-cell interaction triggers the
autophosphorylation of Janus Kinase 2 (JAK2), and that phosphorylated JAK2 in
turn phosphorylates another protein to stimulate ABCA1-dependent lipid efflux.
The poor apoA-Il-binding capacity of WKY12-22 cells, however, suggests that
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WKY12-22 cells would be defective in activating JAK2 and therefore in JAK2-
mediated stimulation of ABCA1 activity. The authors reported that ABCA1 is not
the direct target of the activated JAK2, and suggested that another protein
phosphorylated by JAK2 would stimulate ABCA1 functions. The marked
difference in apoA-l-binding capacity between WKY12-22 and WKY3M-22 cells
would also be a good model to search which protein is targeted by
phosphorylated JAK2.

Several synthetic LXR agonists have been developed and their effects on
cholesterol efflux, especially increased ABCA1 expression and activity, have
been well studied in cell and mouse models (reviewed in [34, 134]). These
promising results have given impetus to the development of LXR activators for
the treatment of atherosclerosis. Our results suggest, however, that an LXR-
agonist induced increase in epithelioid intimal SMC ABCA1 expression would fail
to correct impaired apoA-I-mediated lipid efflux from these celis. This finding
highlights the urgency of identifying the additional cellular factor or factors
required for a productive ABCA1-apoA-l interaction, to effectively design novel

therapies to decrease the burden of excess cholesterol in atherosclerotic SMC.
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5.5 Conclusions

The results presented here suggest that WKY12-22 cells used as a model
of atherogenic intima epithelioid SMC may be defective in the production of
oxysterols, resulting in impaired ABCA1 regulation and apoA-I-mediated
cholesterol efflux. More importantly, the data also suggest that in addition to
ABCA1, a factor or factors involved in apoA-l-cell binding and necessary for the
apoA-1-ABCA1 interaction are lacking in WKY12-22 cells. The marked difference
in response to apoA-l1 between WKY3M-22 and WKY12-22 cells suggests a
mechanism for accumulation of cholesterol in atherosclerotic lesion SMC, and
provides an excellent model to study the additional cellular requirements for a

productive apoA-l-cell interaction to form HDL particles.
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CHAPTER 6:

Conclusions and Future Directions
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6.1 Summary
6.1.1 ATP-binding cassette transporter A1 (ABCA1) deficiency in Niemann-Pick
type C (NPC) disease

Cellular cholesterol homeostasis is stringently controlled through the
regulation of genes and proteins involved in the biosynthesis, influx, efflux, and
esterification of cholesterol. The intracellular cholesterol trafficking defect in NPC
disease, a neurovisceral disorder characterized by the accumulation of
unesterified cholesterol and glycosphingolipids in late endosomes/lysosomes,
results in impaired regulation of biosynthesis, influx, and esterification of
cholesterol. ABCA1 mediates the efflux of cholesterol and phospholipids to lipid-
poor HDL apolipoproteins, in particular apolipoprotein A-l (apoA-l), in the process
of high density lipoprotein (HDL) formation, and is also regulated by cellular
cholesterol content. The alterations in cholesterol homeostatic mechanisms in
NPC disease led us to hypothesize that ABCA1 regulation and HDL formation
would also be impaired in this disease.

In Chapter 3, the effect of NPC1 deficiency on the expression and function
of ABCA1 were studied to test the hypothesis. The function of ABCA1 on lipid
efflux was determined by examining the ability of apoA-l to remove pools of
radiolabeled cellular cholesterol and phospholipids in human fibroblasts derived
from NPC1**, NPC1*", and NPC1” subjects. Efflux of radiolabeled low density
lipoprotein (LDL)-derived, non-lipoprotein-derived, plasma membrane and newly
synthesized pools of cell cholesterol by apoA-I were all diminished from NPC1”
cells, as was efflux of phosphatidylcholine (PC) and sphingomyelin (SM). NPC1*
cells showed intermediate levels of lipid efflux compared to NPC1** and NPC1™”
cells. Consistent with the ABCA1-dependent lipid efflux results, basal and
cholesterol-stimulated ABCA1 mRNA and protein levels were markedly
decreased in NPC1” cells compared to NPC1"”* and NPC1* cells. Correlated
with impaired ABCA1-dependent lipid efflux from NPC1” cells to apoA-! for HDL
particle formation, we observed for the first time that plasma HDL-cholesterol
levels in 17 of 21 (81%) NPC1” subjects was below the currently identified lower

limit of normal level (1.03 mmol/liter). These results indicate that the cholesterol
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trafficking defect in NPC disease impairs ABCA1 regulation and therefore
ABCA1-dependent lipid efflux, which is responsible for the low HDL-cholesterol in
the majority of NPC subjects, and at least partially responsible for the
accumulation of cellular lipids in this disorder.

To examine whether ABCA1 expression levels in NPC disease correlate
with binding of apoA-l to cells, cholesterol-loaded and non-cholesterol-loaded
cells were incubated with '%I-labeled apoA-l. NPC1*" cells showed the highest
binding capacity to apoA-l, with NPC1** and NPC1” cells showing a similar
binding capacity despite markedly different levels of ABCA1 expression. These
results suggest that the association of apoA-I with cells is facilitated by factors
other than or in addition to ABCA1.

Subsequent work done in our laboratory, in which | was indirectly involved,
showed that treatment of NPC17” cells with a synthetic liver X receptor (LXR)
agonist, TO-901317, corrects ABCA1 expression as well as PC and LDL-derived
cholesterol efflux to apoA-l. Consistent with this, we observed decreased
formation of large HDL particles by NPC1”" cells as assessed by 2-dimemsional
gel electrophoresis, with correction to a normal pattern of HDL species following
stimulation with TO-901317. These results suggest that the NPC71 mutation-
induced impairment of ABCA1 regulation and HDL particle formation can be
corrected by exogenous LXR agonists, which provides a potential therapeutic

mechanism for correction of lipid accumulation and trafficking in NPC disease.

6.1.2 ABCAT1 deficiency in atherosclerotic smooth muscle cells (SMC)

A biochemical marker of atherosclerotic lesions is the accumulation of
cholesteryl esters (CE) in the innermost layer of the artery, the intima, and
several cell types including macrophages, endothelial cells, and SMC contribute
to the enlargement of this normally acellular layer. The initial recruitment of SMC
to the intima could be a defensive response to arterial injury, because fibrous
intimal tissue produced primarily by intimal SMC is thought to enclose injurious
agents and assist in resolution of the injury. However, intimal SMC, like intimal

macrophages, take up modified cholesterol-rich lipoproteins such as oxidized
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LDL and become CE-enriched SMC foam cells [183, 185]. Heterogeneity of
arterial SMC in morphology and biochemical properties has been identified in
various species including human. Spindle-shaped contractile SMC comprise the
major SMC subtype in the normal medial layer of arteries, whereas epithelioid-
shaped synthetic SMC are the mayor subtype of intimal SMC. The accumulation
of CE in the intima but not in the media led us to hypothesize that intimal-
phenotype epithelioid SMC are impaired in ABCA1-dependent cholesterol efflux.

In Chapter 4, the ability of epithelioid and spindle SMC lines to bind and
release lipids to apoA-l was examined to test the hypothesis. Spindle SMC
showed active efflux of radiolabeled non-lipoprotein-derived cholesterol, PC, and
SM to apoA-l, and were actively depleted of cholesterol available for
esterification by acyl-CoA:cholesterol acyltransferase (ACAT) by apoA-l.
Remarkably, however, epithelioid SMC showed a near absence of these ABCA1-
dependent lipid efflux activities despite accumulation of excess CE. The impaired
radiolabeled cholesterol efflux to apoA-l from epithelioid SMC was confirmed by
measuring cholesterol mass in medium and cells. Consistent with the lipid efflux
results, spindie SMC showed a relatively high (compared to skin fibroblasts)
basal level of ABCA1 mRNA and protein, and increase in ABCA1 expression with
cholesterol loading, whereas epithelioid SMC showed a very low basal level of
ABCA1 mRNA and protein and no significant increase in response to cholesterol
loading. Binding of apoA-l to both cell lines was significantly increased with
cholesterol loading, however epithelioid SMC showed a markedly low apoA-I-
binding capacity under both basal and cholesterol-loaded conditions compared to
spindle SMC. These results suggest intimal-phenotype epithelioid SMC are
impaired in upregulation of ABCA1 in response to increasing cell cholesterol
content, and therefore in ABCA1-dependent lipid efflux, whereas spindle SMC
actively regulate ABCA1-dependent lipid efflux to maintain cellular cholesterol
homeostasis.

In Chapter 5, ABCA1 expression in epithelioid SMC was upregulated by
treating cells with TO-901317 or transfecting cells with full-length murine ABCA1

cDNA to examine whether increased ABCA1 can correct the impaired lipid efflux.
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TO-901317-stimulated epithelioid SMC significantly increased total and cell
surface ABCA1 protein compared with non-stimulated control cells, however the
impaired depletion of cellular cholesterol available for esterification by apoA-I and
impaired cholesterol efflux to apoA-I were not corrected. Epithelioid SMC
transfected with ABCA1 construct showed a marked increase in total ABCA1
normally phosphorylated by PKA, and in cell surface ABCA1, compared with
mock transfected control cells, however the impaired ABCA1-dependent
cholesterol efflux to apoA-l was again not corrected. These results strongly
suggest that in addition to ABCA1, other factor or factors involved in ABCA1-
dependent lipid efflux to apoA-| are lacking in intimal-phenotype epithelioid SMC
but present in spindle SMC. The normal hydrolysis of CE accumulated in
epithelioid SMC in the presence of ACAT inhibitor excluded the possibility of
defective CE hydrolase activity as a cause of impaired cholesterol mobilization
from these cells. Following transfection with ABCA1 construct, increased cell
surface ABCA1 resulted in no significant increase in apoA-l binding to either
epithelioid or spindle SMC, but spindle SMC showed a persistent higher binding
capacity. These results further suggest that a factor or factors facilitating the
interaction between cells and apoA-I is lacking in epithelioid SMC.

Impaired ABCA1-dependent lipid efflux from intimal-phenotype epithelioid
SMC suggests a mechanism for the accumulation of excess cholesterol in these
cells in the intima of atherosclerotic lesions. Our finding that increased ABCA1 in
intimal-phenotype epithelioid SMC is not sufficient to correct impaired apoA-I-
mediated lipid efflux from these cells indicates how critical it is to identify the
additional cellular factor or factors necessary for a productive apoA-I-cell
interaction to decrease cholesterol accumulation in atherosclerotic lesions. The
marked difference in ABCA1-dependent lipid efflux between spindle SMC and
epithelioid SMC provides an excellent model to identify these additional

requirements for a productive apoA-I-cell interaction leading to HDL formation.
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6.2 Future directions

An exogenous LXR ligand, TO-901317, corrected impaired regulation and
function of ABCA1 in NPC1” fibroblasts, however increased ABCA1 in intimal-
phenotype epithelioid SMC induced by TO-901317 or transfection was not active
in releasing overloaded CE to apoA-l despite appropriate localization and
phosphorylation of the increased ABCA1 protein. These results suggest the
presence of additional factors to activate ABCA1-dependent cholesterol efflux to
apoA-l, and are absent in epithelioid SMC. ApoA-I binding assays showed that
the ability of human fibroblasts (Figure 3-6) and rat SMC (Figure 5-6) studied in
this thesis to bind apoA-1 was not determined by cellular ABCA1 protein levels,
and that epithelioid SMC had markedly low apoA-| binding capacity compared to
spindle SMC. If the initial interaction between cells and apoA-l is defective,
subsequent cellular ABCA1 actions are ineffective, which seems to be the most
likely explanation for the near absence of lipid efflux from epithelioid SMC
following upregulation of ABCA1 by LXR agonist or transfection. These results
suggest that additional factors in ABCA1-dependent lipid efflux facilitate the initial
interaction between apoA-| and cells.

This speculation proposes the most important future study, to examine
what additional factors facilitate the apoA-l-cell interaction and that might be
present in spindle but absent or diminished in epithelioid SMC. Possible apoA-I
interacting factors include cell surface lipids, cell surface proteins, and
extracellular matrix proteins. Methods for isolation of plasma membranes [310]
and extracellular matrix proteins [311-313] have been established. Analysis of
proteins using two-dimensional gel electrophoresis and analysis of lipid
composition using gas chromatography and/or high-performance lipid
chromatography could provide useful information to narrow down target
molecules. The presence of specific proteins interacting with apoA-lI can be
tested by protein cross-linking and immunoprecipitaion of apoA-I. To increase the
sensitivity of apoA-l detection, '®I-labeled apoA-l can be used in protein cross-
linking studies. Tang et al. [160] reported that the apoA-I-cell interaction

stimulates autophosphorylation of Janus kinase 2, which in turn phosphorylates
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proteins other than ABCA1 to enhance apoA-lI-mediated lipid efflux. This study
provides another tool to search cellular factors necessary for ABCA1 actions.
Janus kinase 2-stimulated phosphorylation would be expected to occur normally
in spindle SMC but possibly not or less so in epithelioid SMC, because apoA-i
binding by epithelioid SMC was much lower than spindle SMC.

Although a minimal amount of cholesterol and phospholipid efflux from
epithelioid SMC to apoA-l suggests apoA-| fails to form even small sized HDL
particles from epithelioid SMC, analysis of HDL particle species in cell-
conditioned media by two-dimensional non-denaturing gel electrophoresis might
provide further insight into the apoA-I-cell interaction.

Epithelioid SMC showed not only impaired apoA-I-mediated cholesterol
efflux but also very low apoA-l-independent passive diffusion of cholesterol to the
medium compared to spindle SMC (Figure 4-4). Passive diffusion occurs down a
concentration gradient of unesterified cholesterol (UC) from the cell surface to
acceptors in the medium, suggesting epithelioid SMC may contain less cell
surface UC than spindle SMC. This speculation can be tested by assessing
levels of cell surface UC by treating cells with cholesterol oxidase and assaying
for cellular cholestenone [123, 305].

Treatment with TO-901317 increased cellular UC content and ABCA1
expression in WKY SMC (Figure 5-3). The increased UC in spindle SMC was
removed by apoA-I, but epithelioid SMC failed to release UC to apoA-I (Figure 5-
3). Most cellular UC is normally present in the plasma membrane, where it can
be released to apoA-l via the actions of ABCA1. The absence of apoA-l-
mediated cholesterol efflux from TO-801317-treated epithelioid SMC suggests a
potential defect in intracellular trafficking of UC to the plasma membrane in these
cells. This possibility could be tested by studying intracellular trafficking of a
fluorescent cholesterol analog. The movement of fluorescent cholesterol over
time under a fluorescence microscope would provide insight into intracellular
cholesterol trafficking as well as assessment of cell surface UC. ABCA1 is
involved in intracellular cholesterol distribution [123], therefore it would be

interesting to see how transfected ABCA1 in epithelioid SMC influences
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cholesterol distribution. It will be also necessary to examine the role of other
proteins involved in the traffic of cholesterol to the plasma membrane, such as
caveolins [314, 315].

ABCA1 is upregulated in response to increasing cell cholesterol content,
but the actual molecules turning on ABCA1 transcription are oxysterols. NPC1”
fibroblasts were reported to be defective in production of oxysterols [{231], and
our data suggested epithelioid SMC are also defective in production of oxysterols.
Cellular oxysterol levels can be measured by gas chromatography connected to
mass spectrometry [231]. Alternatively, the expression levels of key enzymes in
the synthesis of oxysterols can be measured, such as 27-hydroxylase and 25-
hydroxylase [150].

Our cell studies demonstrate that impaired regulation and function of
ABCA1 contribute to accumulation of CE in intimal-phenotype epithelioid SMC.
Further studies are required to identify whether ABCA1 expression is also low in
human atherosclerotic intima SMC compared to medial SMC. In situ hybridization
analysis of ABCA1 in artery sections can be performed to determine ABCA1
mRNA levels. Immunohistochemical analysis of SMC markers, such as smooth
muscle a-actin and smooth muscle myosin heavy chain, on sections adjacent to
those used for in situ hybridization will differentiate ABCA1 in SMC from ABCA1

in macrophages.
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6.3 Concluding remarks

The findings of this thesis describe significant advances in our
understanding of NPC disease and proatherogenic SMC. Our finding of ABCA1
deficiency in both NPC disease cells and intimal-phenotype epithelioid SMC
further emphasize the crucial role of ABCA1 in cholesterol homeostasis. The
ability of correction of ABCA1 expression to bypass the NPC1 mutation in
mobilizing cell lipids provides a potential therapeutic mechanism for correcting
cholesterol accumulation in NPC disease. This work also provides strong
evidence for the presence of an additional factor or factors required for ABCA1-
dependent lipid efflux, which opens diverse and exciting avenues for future

research.

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



References

[11  Vance, D. E. and Van den Bosch, H. Cholesterol in the year 2000.
Biochim Biophys Acta 2000; 1529:1-8.

(2] Steinberg, D. Thematic review series: the pathogenesis of atherosclerosis.
An interpretive history of the cholesterol controversy: part |. J Lipid Res 2004;
45:1583-1593.

[3] Haines, T. H. Do sterols reduce proton and sodium leaks through lipid
bilayers? Prog Lipid Res 2001; 40:299-324.

(4] Simons, K. and Ikonen, E. How cells handle cholesterol. Science 2000;
290:1721-1726.

[5] Simons, K. and Toomre, D. Lipid rafts and signal transduction. Nat Rev
Mol Cell Biol 2000; 1:31-39.

[6] Holthuis, J. C. and Levine, T. P. Lipid traffic. floppy drives and a
superhighway. Nat Rev Mol Cell Biol 2005; 6:209-220.

[7] Kurzchalia, T. V. and Ward, S. Why do worms need cholesterol? Nat Cell
Biol 2003; 5:684-688.

[8] Mann, R. K. and Beachy, P. A. Cholesterol modification of proteins.
Biochim Biophys Acta 2000; 1529:188-202.

[9] Incardona, J. P. and Eaton, S. Cholesterol in signal transduction. Curr
Opin Cell Biol 2000; 12:193-203.

[10] Radhakrishnan, A., Sun, L. P., Kwon, H. J., Brown, M. S. and Goldstein, J.
L. Direct binding of cholesterol to the purified membrane region of SCAP:
mechanism for a sterol-sensing domain. Mo/ Cell 2004; 15:259-268.

[11] Adams, C. M., Reitz, J., De Brabander, J. K., Feramisco, J. D., Li, L.,
Brown, M. S. and Goldstein, J. L. Cholesterol and 25-hydroxycholesterol inhibit
activation of SREBPs by different mechanisms, both involving SCAP and Insigs.
J Biol Chem 2004, 279:52772-52780.

[12] Hua, X., Nohturfft, A., Goldstein, J. L. and Brown, M. S. Sterol resistance
in CHO cells traced to point mutation in SREBP cleavage-activating protein. Cell
1996; 87:415-426.

[13] Bae, S. H., Lee, J. N, Fitzky, B. U., Seong, J. and Paik, Y. K. Cholesterol
biosynthesis from lanosterol. Molecular cloning, tissue distribution, expression,
chromosomal localization, and regulation of rat 7-dehydrocholesterol reductase,
a Smith-Lemli-Opitz syndrome-related protein. J Biol Chem 1999; 274:14624-
14631.

[14] Carstea, E. D., Morris, J. A., Coleman, K. G., Loftus, S. K., Zhang, D.,
Cummings, C., Gu, J., Rosenfeld, M. A., Pavan, W. J., Krizman, D. B., Nagle, J.,
Polymeropoulos, M. H., Sturley, S. L., loannou, Y. A., Higgins, M. E., Comly, M.,
Cooney, A., Brown, A., Kaneski, C. R., Blanchette-Mackie, E. J., Dwyer, N. K.,
Neufeld, E. B., Chang, T. Y., Liscum, L., Strauss, J. F., 3rd, Ohno, K., Zeigler, M.,
Carmi, R., Sokol, J., Markie, D., O'Neill, R. R., van Diggelen, O. P., Elleder, M.,
Patterson, M. C., Brady, R. O., Vanier, M. T., Pentchev, P. G. and Tagle, D. A.
Niemann-Pick C1 disease gene: homology to mediators of cholesterol
homeostasis. Science 1997; 277:228-231.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[15] Liscum, L. Niemann-Pick type C mutations cause lipid traffic jam. Traffic
2000; 1:218-225.

[16] Altmann, S. W,, Davis, H. R., Jr., Zhu, L. J., Yao, X., Hoos, L. M., Tetzloff,
G., lyer, S. P., Maguire, M., Golovko, A., Zeng, M., Wang, L., Murgolo, N. and
Graziano, M. P. Niemann-Pick C1 Like 1 protein is critical for intestinal
cholesterol absorption. Science 2004; 303:1201-1204.

[17] McMahon, A. P. More surprises in the Hedgehog signaling pathway. Cell
2000; 100:185-188.

[18] Ohgami, N., Ko, D. C., Thomas, M., Scott, M. P., Chang, C. C. and Chang,
T. Y. Binding between the Niemann-Pick C1 protein and a photoactivatable
cholesterol analog requires a functional sterol-sensing domain. Proc Natl Acad
SciU S A2004;101:12473-12478.

[19] Friesen, J. A. and Rodwell, V. W. The 3-hydroxy-3-methylglutaryl
coenzyme-A (HMG-CoA) reductases. Genome Biol 2004; 5:248.

[20] Brown, M. S. and Goldstein, J. L. The SREBP pathway: regulation of
cholesterol metabolism by proteolysis of a membrane-bound transcription factor.
Cell 1997, 89:331-340.

[21] Edwards, P. A., Tabor, D., Kast, H. R. and Venkateswaran, A. Regulation
of gene expression by SREBP and SCAP. Biochim Biophys Acta 2000;
1529:103-113.

[22] Sakai, J. and Rawson, R. B. The sterol regulatory element-binding protein
pathway: control of lipid homeostasis through regulated intracellular transport.
Curr Opin Lipidol 2001; 12:261-266.

[23] Horton, J. D., Goldstein, J. L. and Brown, M. S. SREBPs: activators of the
complete program of cholesterol and fatty acid synthesis in the liver. J Clin Invest
2002; 109:1125-1131.

[24] Horton, J. D. Sterol regulatory element-binding proteins: transcriptional
activators of lipid synthesis. Biochem Soc Trans 2002; 30:1091-1095.

[25] Rhainds, D. and Brissette, L. Low density lipoprotein uptake: holoparticle
and cholesteryl ester selective uptake. Int J Biochem Cell Biol 1999; 31:915-931.
[26] Schroeder, F., Gallegos, A. M., Atshaves, B. P., Storey, S. M., Mcintosh,
A. L., Petrescu, A. D., Huang, H., Starodub, O., Chao, H., Yang, H., Frolov, A.
and Kier, A. B. Recent advances in membrane microdomains: rafts, caveolae,
and intracellular cholesterol trafficking. Exp Biol Med (Maywood) 2001; 226:873-
890.

[27] Goldstein, J. L., Brown, M. S., Anderson, R. G., Russell, D. W. and
Schneider, W. J. Receptor-mediated endocytosis. concepts emerging from the
LDL receptor system. Annu Rev Cell Biol 1985; 1:1-39.

[28] Chappell, D. A. and Medh, J. D. Receptor-mediated mechanisms of
lipoprotein remnant catabolism. Prog Lipid Res 1998; 37:393-422.

[29] Ruiz, J., Kouiavskaia, D., Migliorini, M., Robinson, S., Saenko, E. L.,
Gorlatova, N., Li, D., Lawrence, D., Hyman, B. T., Weisgraber, K. H. and
Strickland, D. K. The apoE isoform binding properties of the VLDL receptor
reveal marked differences from LRP and the LDL receptor. J Lipid Res 2005;
46:1721-1731.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[30] Vance, J. E., Hayashi, H. and Karten, B. Cholesterol homeostasis in
neurons and glial cells. Semin Cell Dev Biol 2005; 16:193-212.

[31] Herz, J. LRP: a bright beacon at the blood-brain barrier. J Clin Invest
2003; 112:1483-1485.

[32] Herz, J. and Strickland, D. K. LRP: a multifunctional scavenger and
signaling receptor. J Clin Invest 2001; 108:779-784.

[33] Tall, A. R, Costet, P. and Wang, N. Regulation and mechanisms of
macrophage cholesterol efflux. J Clin Invest 2002; 110:899-904.

[34] Linsel-Nitschke, P. and Tall, A. R. HDL as a target in the treatment of
atherosclerotic cardiovascular disease. Nat Rev Drug Discov 2005; 4:193-205.
[35] Van Eck, M., Pennings, M., Hoekstra, M., Out, R. and Van Berkel, T. J.
Scavenger receptor Bl and ATP-binding cassette transporter A1 in reverse
cholesterol transport and atherosclerosis. Curr Opin Lipidol 2005; 16:307-315.
[36] Rye, K. A. and Barter, P. J. Formation and metabolism of prebeta-
migrating, lipid-poor apolipoprotein A-l. Arterioscler Thromb Vasc Biol 2004;
24:421-428.

[37] Windmueller, H. G., Herbert, P. N. and Levy, R. |. Biosynthesis of lymph
and plasma lipoprotein apoproteins by isolated perfused rat liver and intestine. J
Lipid Res 1973; 14:215-223.

[38] Chisholm, J. W., Burleson, E. R., Shelness, G. S. and Parks, J. S. ApoA-I|
secretion from HepG2 cells: evidence for the secretion of both lipid-poor apoA-|
and intracellularly assembled nascent HDL. J Lipid Res 2002; 43:36-44.

[39] Langmann, T., Klucken, J., Reil, M., Liebisch, G., Luciani, M. F., Chimini,
G., Kaminski, W. E. and Schmitz, G. Molecular cloning of the human ATP-
binding cassette transporter 1 (hABC1): evidence for sterol-dependent regulation
in macrophages. Biochem Biophys Res Commun 1999; 257:29-33.

[40] Lawn, R. M., Wade, D. P., Couse, T. L. and Wilcox, J. N. Localization of
human ATP-binding cassette transporter 1 (ABC1) in normal and atherosclerotic
tissues. Arterioscler Thromb Vasc Biol 2001; 21:378-385.

[41] Kiss, R. S., McManus, D. C., Franklin, V., Tan, W. L., McKenzie, A.,
Chimini, G. and Marcel, Y. L. The lipidation by hepatocytes of human
apolipoprotein A-l occurs by both ABCA1-dependent and -independent pathways.
J Biol Chem 2003; 278:10119-10127.

[42] Timmins, J. M., Lee, J. Y., Boudyguina, E., Kluckman, K. D., Brunham, L.
R., Mulya, A., Gebre, A. K., Coutinho, J. M., Colvin, P. L., Smith, T. L., Hayden,
M. R., Maeda, N. and Parks, J. S. Targeted inactivation of hepatic Abca1 causes
profound hypoalphalipoproteinemia and kidney hypercatabolism of apoA-Il. J Clin
Invest 2005; 115:1333-1342.

[43] Basso, F., Freeman, L., Knapper, C. L., Remaley, A., Stonik, J., Neufeld,
E. B., Tansey, T., Amar, M. J., Fruchart-Najib, J., Duverger, N., Santamarina-
Fojo, S. and Brewer, H. B., Jr. Role of the hepatic ABCA1 transporter in
modulating intrahepatic cholesterol and plasma HDL cholesterol concentrations.
J Lipid Res 2003; 44:296-302.

[44] Wellington, C. L., Brunham, L. R., Zhou, S., Singaraja, R. R., Visscher, H.,
Gelfer, A., Ross, C., James, E., Liu, G., Huber, M. T., Yang, Y. Z,, Parks, R. J.,
Groen, A., Fruchart-Najib, J. and Hayden, M. R. Alterations of plasma lipids in

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mice via adenoviral-mediated hepatic overexpression of human ABCA1. J Lipid
Res 2003; 44:1470-1480.

[45] Neary, R. H. and Gowland, E. Stability of free apolipoprotein A-1
concentration in serum, and its measurement in normal and hyperlipidemic
subjects. Clin Chem 1987; 33:1163-1169.

[46] Daerr, W. H., Minzlaff, U. and Greten, H. Quantitative determination of
apolipoprotein A-l in high-density lipoproteins and 'free' apolipoprotein A-I by two-
dimensional agarose gel lipoprotein-rocket’ immunoelectrophoresis of human
serum. Biochim Biophys Acta 1986; 879:134-139.

[47] Borresen, A. L. and Berg, K. Presence of "free" apoA-l in serum:
implications for immunological quantification of HDL and its apoproteins. Artery
1980; 7:139-160.

[48] Wang, N., Silver, D. L., Thiele, C. and Tall, A. R. ATP-binding cassette
transporter A1 (ABCA1) functions as a cholesterol efflux regulatory protein. J Biol
Chem 2001; 276:23742-23747.

[49] Fredrickson, D. S. The Inheritance of High Density Lipoprotein Deficiency
(Tangier Disease). J Clin Invest 1964; 43:228-236.

[50] McNeish, J., Aiello, R. J., Guyot, D., Turi, T., Gabel, C., Aldinger, C.,
Hoppe, K. L., Roach, M. L., Royer, L. J., de Wet, J., Broccardo, C., Chimini, G.
and Francone, O. L. High density lipoprotein deficiency and foam cell
accumulation in mice with targeted disruption of ATP-binding cassette
transporter-1. Proc Natl Acad Sci U S A 2000; 97:4245-4250.

[51] Christiansen-Weber, T. A., Voland, J. R., Wu, Y., Ngo, K., Roland, B. L.,
Nguyen, S., Peterson, P. A. and Fung-Leung, W. P. Functional loss of ABCA1 in
mice causes severe placental malformation, aberrant lipid distribution, and
kidney glomerulonephritis as well as high-density lipoprotein cholesterol
deficiency. Am J Pathol 2000; 157:1017-1029.

[62] Orso, E., Broccardo, C., Kaminski, W. E., Bottcher, A., Liebisch, G.,
Drobnik, W., Gotz, A., Chambenoit, O., Diederich, W., Langmann, T., Spruss, T.,
Luciani, M. F., Rothe, G., Lackner, K. J., Chimini, G. and Schmitz, G. Transport
of lipids from golgi to plasma membrane is defective in tangier disease patients
and Abc1-deficient mice. Nat Genet 2000; 24:192-196.

[63] Attie, A. D., Hamon, Y., Brooks-Wilson, A. R., Gray-Keller, M. P.,
MacDonald, M. L., Rigot, V., Tebon, A., Zhang, L. H., Mulligan, J. D., Singaraja,
R. R., Bitgood, J. J., Cook, M. E., Kastelein, J. J., Chimini, G. and Hayden, M. R.
Identification and functional analysis of a naturally occurring E89K mutation in the
ABCA1 gene of the WHAM chicken. J Lipid Res 2002; 43:1610-1617.

[54] Vaisman, B. L., Lambert, G., Amar, M., Joyce, C., Ito, T., Shamburek, R.
D., Cain, W. J., Fruchart-Najib, J., Neufeld, E. D., Remaley, A. T., Brewer, H. B.,
Jr.  and Santamarina-Fojo, S. ABCA1 overexpression leads to
hyperalphalipoproteinemia and increased biliary cholesterol excretion in
transgenic mice. J Clin Invest 2001; 108:303-309.

[55] Singaraja, R. R., Bocher, V., James, E. R, Clee, S. M., Zhang, L. H.,
Leavitt, B. R., Tan, B., Brooks-Wilson, A., Kwok, A., Bissada, N., Yang, Y. Z., Liu,
G., Tafuri, S. R., Fievet, C., Wellington, C. L., Staels, B. and Hayden, M. R.
Human ABCA1 BAC transgenic mice show increased high density lipoprotein

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cholesterol and ApoAl-dependent efflux stimulated by an internal promoter
containing liver X receptor response elements in intron 1. J Biol Chem 2001;
276:33969-33979.

[56] Wang, N., Lan, D., Gerbod-Giannone, M., Linsel-Nitschke, P., Jehle, A. W.,
Chen, W., Martinez, L. O. and Tall, A. R. ATP-binding cassette transporter A7
(ABCAY7) binds apolipoprotein A-I and mediates cellular phospholipid but not
cholesterol efflux. J Biol Chem 2003; 278:42906-42912.

[67] Linsel-Nitschke, P., Jehle, A. W., Shan, J., Cao, G., Bacic, D., Lan, D.,
Wang, N. and Tall, A. R. Potential role of ABCA7 in cellular lipid efflux to apoA-I.
J Lipid Res 2005; 46:86-92.

[58] Hayashi, M., Abe-Dohmae, S., Okazaki, M., Ueda, K. and Yokoyama, S.
Heterogeneity of high density lipoprotein generated by ABCA1 and ABCA7. J
Lipid Res 2005; 46:1703-1711.

[59] Kim, W. S., Fitzgerald, M. L., Kang, K., Okuhira, K., Bell, S. A., Manning, J.
J., Koehn, S. L., Lu, N., Moore, K. J. and Freeman, M. W. Abca7 null mice retain
normal macrophage phosphatidylcholine and cholesterol efflux activity despite
alterations in adipose mass and serum cholesterol levels. J Biol Chem 2005;
280:3989-3995.

[60] Wang, N., Lan, D., Chen, W., Matsuura, F. and Tall, A. R. ATP-binding
cassette transporters G1 and G4 mediate cellular cholesterol efflux to high-
density lipoproteins. Proc Natl Acad Sci U S A 2004; 101:9774-9779.

[61] Kennedy, M. A., Barrera, G. C., Nakamura, K., Baldan, A., Tarr, P.,
Fishbein, M. C., Frank, J., Francone, O. L. and Edwards, P. A. ABCG1 has a
critical role in mediating cholesterol efflux to HDL and preventing cellular lipid
accumulation. Cell Metab 2005; 1:121-131.

[62] Trigatti, B., Rigotti, A. and Krieger, M. The role of the high-density
lipoprotein receptor SR-BI in cholesterol metabolism. Curr Opin Lipidol 2000;
11:123-131.

[63] Liu, B. and Krieger, M. Highly purified scavenger receptor class B, type |
reconstituted into phosphatidylcholine/cholesterol liposomes mediates high
affinity high density lipoprotein binding and selective lipid uptake. J Biol Chem
2002; 277:34125-34135.

[64] Silver, D. L. and Tall, A. R. The cellular biology of scavenger receptor
class B type |. Curr Opin Lipidol 2001; 12:497-504.

[65] Rhainds, D., Bourgeois, P., Bourret, G., Huard, K., Faistrault, L. and
Brissette, L. Localization and regulation of SR-Bl in membrane rafts of HepG2
cells. J Cell Sci 2004; 117:3095-3105.

[66] Kozarsky, K. F., Donahee, M. H., Rigotti, A., Igbal, S. N., Edelman, E. R.
and Krieger, M. Overexpression of the HDL receptor SR-BI alters plasma HDL
and bile cholesterol levels. Nature 1997; 387:414-417.

[67] Wang, N., Arai, T., Ji, Y., Rinninger, F. and Tall, A. R. Liver-specific
overexpression of scavenger receptor Bl decreases levels of very low density
lipoprotein ApoB, low density lipoprotein ApoB, and high density lipoprotein in
transgenic mice. J Biol Chem 1998; 273:32920-32926.

[68] Ueda, Y., Royer, L., Gong, E., Zhang, J., Cooper, P. N., Francone, O. and
Rubin, E. M. Lower plasma levels and accelerated clearance of high density

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



lipoprotein (HDL) and non-HDL cholesterol in scavenger receptor class B type |
transgenic mice. J Biol Chem 1999; 274.7165-7171.

[69] Rigotti, A, Trigatti, B. L., Penman, M., Rayburn, H., Herz, J. and Krieger,
M. A targeted mutation in the murine gene encoding the high density lipoprotein
(HDL) receptor scavenger receptor class B type | reveals its key role in HDL
-metabolism. Proc Natl Acad Sci U S A 1997; 94.12610-12615.

[70] Trigatti, B., Rayburn, H., Vinals, M., Braun, A., Miettinen, H., Penman, M.,
Hertz, M., Schrenzel, M., Amigo, L., Rigotti, A. and Krieger, M. Influence of the
high density lipoprotein receptor SR-Bl on reproductive and cardiovascular
pathophysiology. Proc Natl Acad Sci U S A 1999; 96:9322-9327.

[71] Ji, Y., Jian, B., Wang, N., Sun, Y., Moya, M. L., Phillips, M. C., Rothblat, G.
H., Swaney, J. B. and Tall, A. R. Scavenger receptor Bl promotes high density
lipoprotein-mediated cellular cholesterol efflux. J Biol Chem 1997; 272:20982-
20985.

[72] Rothblat, G. H., de la Llera-Moya, M., Atger, V., Kellner-Weibel, G.,
Williams, D. L. and Phillips, M. C. Cell cholesterol efflux: integration of old and
new observations provides new insights. J Lipid Res 1999; 40:781-796.

[73] de La Llera-Moya, M., Connelly, M. A., Drazul, D., Klein, S. M., Favari, E.,
Yancey, P. G., Williams, D. L. and Rothblat, G. H. Scavenger receptor class B
type | affects cholesterol homeostasis by magnifying cholesterol flux between
cells and HDL. J Lipid Res 2001; 42:1969-1978.

[74] Covey, S. D., Krieger, M., Wang, W., Penman, M. and Trigatti, B. L.
Scavenger receptor class B type |-mediated protection against atherosclerosis in
LDL receptor-negative mice involves its expression in bone marrow-derived cells.
Arterioscler Thromb Vasc Biol 2003; 23:1589-1594.

[75] Van Eck, M., Bos, I. S., Hildebrand, R. B., Van Rij, B. T. and Van Berkel, T.
J. Dual role for scavenger receptor class B, type | on bone marrow-derived cells
in atherosclerotic lesion development. Am J Pathol 2004; 165:785-794.

[76] Zhang, W., Yancey, P. G, Sy, Y. R., Babaev, V. R., Zhang, Y., Fazio, S.
and Linton, M. F. Inactivation of macrophage scavenger receptor class B type |
promotes atherosclerotic lesion development in apolipoprotein E-deficient mice.
Circulation 2003; 108:2258-2263.

[77] Rothblat, G. H., de la Llera-Moya, M., Favari, E., Yancey, P. G. and
Kellner-Weibel, G. Cellular cholesterol flux studies: methodological
considerations. Atherosclerosis 2002; 163:1-8.

[78] Yancey, P. G., Bortnick, A. E., Kellner-Weibel, G., de la Liera-Moya, M.,
Phillips, M. C. and Rothblat, G. H. Importance of different pathways of cellular
cholesterol efflux. Arterioscler Thromb Vasc Biol 2003; 23:712-719.

[79] Knight, B. L. ATP-binding cassette transporter A1: regulation of
cholesterol efflux. Biochem Soc Trans 2004; 32:124-127.

[80] Brooks-Wilson, A., Marcil, M., Clee, S. M., Zhang, L. H., Roomp, K., van
Dam, M., Yu, L., Brewer, C., Collins, J. A., Molhuizen, H. O., Loubser, O.,
Ouelette, B. F., Fichter, K., Ashbourne-Excoffon, K. J., Sensen, C. W., Scherer,
S., Mott, S., Denis, M., Martindale, D., Frohlich, J., Morgan, K., Koop, B.,
Pimstone, S., Kastelein, J. J., Genest, J., Jr. and Hayden, M. R. Mutations in

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABC1 in Tangier disease and familial high-density lipoprotein deficiency. Nat
Genet 1999; 22:336-345.

[81] Bodzioch, M., Orso, E., Kiucken, J., Langmann, T., Bottcher, A., Diederich,
W., Drobnik, W., Barlage, S., Buchler, C., Porsch-Ozcurumez, M., Kaminski, W.
E., Hahmann, H. W., Oette, K., Rothe, G., Aslanidis, C., Lackner, K. J. and
Schmitz, G. The gene encoding ATP-binding cassette transporter 1 is mutated in
Tangier disease. Nat Genet 1999; 22:347-351.

[82] Rust, S., Rosier, M., Funke, H., Real, J., Amoura, Z., Piette, J. C., Deleuze,
J. F., Brewer, H. B., Duverger, N., Denefle, P. and Assmann, G. Tangier disease
is caused by mutations in the gene encoding ATP-binding cassette transporter 1.
Nat Genet 1999; 22:352-355.

[83] Lawn, R. M., Wade, D. P., Garvin, M. R., Wang, X., Schwartz, K., Porter, J.
G., Seilhamer, J. J., Vaughan, A. M. and Oram, J. F. The Tangier disease gene
product ABC1 controls the cellular apolipoprotein-mediated lipid removal
pathway. J Clin Invest 1999; 104:R25-31.

[84] Dean, M., Hamon, Y. and Chimini, G. The human ATP-binding cassette
(ABC) transporter superfamily. J Lipid Res 2001; 42:1007-1017.

[85] Bungert, S., Molday, L. L. and Molday, R. S. Membrane topology of the
ATP binding cassette transporter ABCR and its relationship to ABC1 and related
ABCA transporters: identification of N-linked glycosylation sites. J Biol Chem
2001; 276:23539-235486.

[86] Fitzgerald, M. L., Mendez, A. J., Moore, K. J., Andersson, L. P., Panjeton,
H. A. and Freeman, M. W. ATP-binding cassette transporter A1 contains an
NH2-terminal signal anchor sequence that translocates the protein's first
hydrophilic domain to the exoplasmic space. J Biol Chem 2001; 276:15137-
15145.

[87] Oram, J. F. HDL apolipoproteins and ABCA1: partners in the removal of
excess cellular cholesterol. Arterioscler Thromb Vasc Biol 2003; 23:720-727.

[88] Francis, G. A., Knopp, R. H. and Oram, J. F. Defective removal of cellular
cholesterol and phospholipids by apolipoprotein A-l in Tangier Disease. J Clin
Invest 1995; 96:78-87.

[89] Gilass, C., Pittman, R. C., Civen, M. and Steinberg, D. Uptake of high-
density lipoprotein-associated apoprotein A-I and cholesterol esters by 16 tissues
of the rat in vivo and by adrenal cells and hepatocytes in vitro. J Biol Chem 1985;
260:744-750.

[90] Glass, C. K., Pittman, R. C., Keller, G. A. and Steinberg, D. Tissue sites of
degradation of apoprotein A-l in the rat. J Biol Chem 1983; 258:7161-7167.

[91] Rader, D. J. and lkewaki, K. Unravelling high density lipoprotein-
apolipoprotein metabolism in human mutants and animal models. Curr Opin
Lipidol 1996; 7:117-123.

[92] Moestrup, S. K. and Kozyraki, R. Cubilin, a high-density lipoprotein
receptor. Curr Opin Lipidol 2000; 11:133-140.

[93] Asztalos, B. F., Brousseau, M. E., McNamara, J. R., Horvath, K. V.,
Roheim, P. S. and Schaefer, E. J. Subpopulations of high density lipoproteins in
homozygous and heterozygous Tangier disease. Atherosclerosis 2001; 156:217-
225.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[94] Cavelier, L. B., Qiu, Y., Bielicki, J. K., Afzal, V., Cheng, J. F. and Rubin, E.
M. Regulation and activity of the human ABCA1 gene in transgenic mice. J Bio/
Chem 2001; 276:18046-18051.

[95] AQiu, Y., Cavelier, L., Chiu, S., Yang, X., Rubin, E. and Cheng, J. F.
Human and mouse ABCA1 comparative sequencing and transgenesis studies
revealing novel regulatory sequences. Genomics 2001; 73:66-76.

[96] Forte, T. M., McCall, M. R., Amacher, S., Nordhausen, R. W, Vigne, J. L.
and Mallory, J. B. Physical and chemical characteristics of apolipoprotein A-I-lipid
complexes produced by Chinese hamster ovary cells transfected with the human
apolipoprotein A-l gene. Biochim Biophys Acta 1990; 1047:11-18.

[97] Rye, K. A, Clay, M. A. and Barter, P. J. Remodelling of high density
lipoproteins by plasma factors. Atherosclerosis 1999; 145:227-238.

[98] Schaefer, E. J., Wetzel, M. G., Bengtsson, G., Scow, R. O, Brewer, H. B.,
Jr. and Olivecrona, T. Transfer of human lymph chylomicron constituents to other
lipoprotein density fractions during in vitro lipolysis. J Lipid Res 1982; 23:1259-
1273.

[99] Tall, A. R. and Small, D. M. Body cholesterol removal: role of plasma high-
density lipoproteins. Adv Lipid Res 1980; 17:1-51.

[100] Zannis, V. |, Cole, F. S., Jackson, C. L., Kurnit, D. M. and Karathanasis, S.
K. Distribution of apolipoprotein A-l, C-ll, C-lll, and E mRNA in fetal human
tissues. Time-dependent induction of apolipoprotein E mRNA by cultures of
human monocyte-macrophages. Biochemistry 1985; 24:4450-4455.

[101] Elshourbagy, N. A., Boguski, M. S., Liao, W. S., Jefferson, L. S., Gordon,
J. I. and Taylor, J. M. Expression of rat apolipoprotein A-IV and A-I genes: mRNA
induction during development and in response to glucocorticoids and insulin.
Proc Natl Acad Sci U S A 1985; 82:8242-8246.

[102] Neufeld, E. B., Demosky, S. J., Jr., Stonik, J. A., Combs, C., Remaley, A.
T., Duverger, N., Santamarina-Fojo, S. and Brewer, H. B., Jr. The ABCA1
transporter functions on the basolateral surface of hepatocytes. Biochem Biophys
Res Commun 2002; 297:974-979.

[103] Mulligan, J. D., Flowers, M. T., Tebon, A., Bitgood, J. J., Wellington, C.,
Hayden, M. R. and Attie, A. D. ABCA1 is essential for efficient basolateral
cholesterol efflux during the absorption of dietary cholesterol in chickens. J Biol
Chem 2003; 278:13356-13366.

[104] Assmann, G., Von Eckardstein, A. and Brewer, H. B. Familial high density
liporpteoin deficiency: Tangier Disease. In: The Metabolic and Molecular Basis of
Inherited Disease (Eds C. R. Scriver, A. L. Beaudet, W. S. Sly and D. Valle).
McGraw-Hill, New York, 1995: pp. 2053-2072.

[105] Haghpassand, M., Bourassa, P. A., Francone, O. L. and Aiello, R. J.
Monocyte/macrophage expression of ABCA1 has minimal contribution to plasma
HDL levels. J Clin Invest 2001; 108:1315-1320.

[106] Aiello, R. J., Brees, D., Bourassa, P. A., Royer, L., Lindsey, S., Coskran,
T., Haghpassand, M. and Francone, O. L. Increased atherosclerosis in
hyperlipidemic mice with inactivation of ABCA1 in macrophages. Arterioscler
Thromb Vasc Biol 2002; 22:630-637.

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[107] van Eck, M., Bos, I. S., Kaminski, W. E., Orso, E., Rothe, G., Twisk, J.,
Bottcher, A., Van Amersfoort, E. S., Christiansen-Weber, T. A., Fung-Leung, W.
P., Van Berkel, T. J. and Schmitz, G. Leukocyte ABCA1 controls susceptibility to
atherosclerosis and macrophage recruitment into tissues. Proc Natl Acad Sci U S
A 2002; 99:6298-6303.

[108] Lee, S. H., Starkey, P. M. and Gordon, S. Quantitative analysis of total
macrophage content in adult mouse tissues. Immunochemical studies with
monoclonal antibody F4/80. J Exp Med 1985; 161:475-4809.

[109] Neufeld, E. B., Remaley, A. T., Demosky, S. J., Stonik, J. A., Cooney, A.
M., Comly, M., Dwyer, N. K., Zhang, M., Blanchette-Mackie, J., Santamarina-
Fojo, S. and Brewer, H. B., Jr. Cellular localization and trafficking of the human
ABCA1 transporter. J Biol Chem 2001; 276:27584-27590.

[110] Takahashi, Y. and Smith, J. D. Cholesterol efflux to apolipoprotein Al
involves endocytosis and resecretion in a calcium-dependent pathway. Proc Natl
Acad Sci U S A 1999; 96:11358-11363.

[111] Smith, J. D., Le Goff, W., Settle, M., Brubaker, G., Waelde, C., Horwitz, A.
and Oda, M. N. ABCA1 mediates concurrent cholesterol and phospholipid efflux
to apolipoprotein A-1. J Lipid Res 2004; 45:635-644.

[112] Neufeld, E. B., Stonik, J. A., Demosky, S. J., Jr., Knapper, C. L., Combs,
C. A, Cooney, A., Comly, M., Dwyer, N., Blanchette-Mackie, J., Remaley, A. T.,
Santamarina-Fojo, S. and Brewer, H. B., Jr. The ABCA1 transporter modulates
late endocytic trafficking: insights from the correction of the genetic defect in
Tangier disease. J Biol Chem 2004; 279:15571-15578.

[113] Chen, W., Wang, N. and Tall, A. R. A PEST deletion mutant of ABCA1
shows impaired internalization and defective cholesterol efflux from late
endosomes. J Biol Chem 2005; 280:29277-29281.

[114] Fitzgerald, M. L., Morris, A. L., Rhee, J. S., Andersson, L. P., Mendez, A. J.
and Freeman, M. W. Naturally occurring mutations in the largest extracellular
loops of ABCA1 can disrupt its direct interaction with apolipoprotein A-l. J Biol
Chem 2002; 277:33178-33187.

[115] Chroni, A., Liu, T., Fitzgerald, M. L., Freeman, M. W. and Zannis, V. |
Cross-linking and lipid efflux properties of apoA-I mutants suggest direct
association between apoA-| helices and ABCA1. Biochemistry 2004; 43:2126-
2139.

[116] Fitzgerald, M. L., Morris, A. L., Chroni, A., Mendez, A. J., Zannis, V. |. and
Freeman, M. W. ABCA1 and amphipathic apolipoproteins form high-affinity
molecular complexes required for cholesterol efflux. J Lipid Res 2004; 45:287-
294,

[117] Remaley, A. T., Stonik, J. A., Demosky, S. J., Neufeld, E. B., Bocharov, A.
V., Vishnyakova, T. G., Eggerman, T. L., Patterson, A. P., Duverger, N. J.,
Santamarina-Fojo, S. and Brewer, H. B., Jr. Apolipoprotein specificity for lipid
efflux by the human ABCAI transporter. Biochem Biophys Res Commun 2001;
280:818-823.

[118] Hara, H., Hara, H., Komaba, A. and Yokoyama, S. Alpha-helical
requirements for free apolipoproteins to generate HDL and to induce cellular lipid
efflux. Lipids 1992; 27:302-304.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[119] Mendez, A. J., Anantharamaiah, G. M., Segrest, J. P. and Oram, J. F.
Synthetic amphipathic helical peptides that mimic apolipoprotein A-l in clearing
cellular cholesterol. J Clin Invest 1994; 94:1698-1705.

[120] Yancey, P. G., Bielicki, J. K., Johnson, W. J., Lund-Katz, S., Palgunachari,
M. N., Anantharamaiah, G. M., Segrest, J. P., Phillips, M. C. and Rothblat, G. H.
Efflux of cellular cholesterol and phospholipid to lipid-free apolipoproteins and
class A amphipathic peptides. Biochemistry 1995; 34:7955-7965.

[121] Chambenoit, O., Hamon, Y., Marguet, D., Rigneault, H., Rosseneu, M.
and Chimini, G. Specific docking of apolipoprotein A-l at the cell surface requires
a functional ABCA1 transporter. J Biol Chem 2001; 276:9955-9960.

[122] Rigot, V., Hamon, Y., Chambenoit, O., Alibert, M., Duverger, N. and
Chimini, G. Distinct sites on ABCA1 control distinct steps required for cellular
release of phospholipids. J Lipid Res 2002; 43:2077-2086.

[123] Vaughan, A. M. and Oram, J. F. ABCA1 redistributes membrane
cholesterol independent of apolipoprotein interactions. J Lipid Res 2003;
44:1373-1380.

[124] Drobnik, W., Borsukova, H., Bottcher, A., Pfeiffer, A., Liebisch, G., Schutz,
G. J., Schindler, H. and Schmitz, G. Apo Al/ABCA1-dependent and HDL3-
mediated lipid efflux from compositionally distinct cholesterol-based
microdomains. Traffic 2002; 3:268-278.

[125] Panagotopulos, S. E., Witting, S. R., Horace, E. M., Hui, D. Y., Maiorano,
J. N. and Davidson, W. S. The role of apolipoprotein A-l helix 10 in
apolipoprotein-mediated cholesterol efflux via the ATP-binding cassette
transporter ABCA1. J Biol Chem 2002; 277:39477-39484.

[126] Palgunachari, M. N., Mishra, V. K, Lund-Katz, S., Phillips, M. C., Adeyeye,
S. O., Alluri, S., Anantharamaiah, G. M. and Segrest, J. P. Only the two end
helixes of eight tandem amphipathic helical domains of human apo A-l have
significant lipid affinity. Implications for HDL assembly. Arterioscler Thromb Vasc
Biol 1996; 16:328-338.

[127] Chroni, A., Liu, T., Gorshkova, ., Kan, H. Y., Uehara, Y., Von Eckardstein,
A. and Zannis, V. |. The central helices of ApoA-l can promote ATP-binding
cassette transporter A1 (ABCA1)-mediated lipid efflux. Amino acid residues 220-
231 of the wild-type ApoA-I are required for lipid efflux in vitro and high density
lipoprotein formation in vivo. J Biol Chem 2003; 278:6719-6730.

[128] Fielding, P. E., Nagao, K., Hakamata, H., Chimini, G. and Fielding, C. J. A
two-step mechanism for free cholesterol and phospholipid efflux from human
vascular cells to apolipoprotein A-1. Biochemistry 2000; 39:14113-14120.

[129] Arakawa, R., Abe-Dohmae, S., Asai, M., Ito, J. I. and Yokoyama, S.
Involvement of caveolin-1 in cholesterol enrichment of high density lipoprotein
during its assembly by apolipoprotein and THP-1 cells. J Lipid Res 2000;
41:1952-1962. ~

[130] Gillotte, K. L., Davidson, W. S., Lund-Katz, S., Rothblat, G. H. and Phillips,
M. C. Removal of cellular cholesterol by pre-beta-HDL involves plasma
membrane microsolubilization. J Lipid Res 1998; 39:1918-1928.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[131] Wang, Y. and Oram, J. F. Unsaturated fatty acids inhibit cholesterol efflux
from macrophages by increasing degradation of ATP-binding cassette
transporter A1. J Biol Chem 2002; 277.5692-5697.

[132] Wang, N., Chen, W., Linsel-Nitschke, P., Martinez, L. O., Agerholm-
Larsen, B., Silver, D. L. and Tall, A. R. A PEST sequence in ABCA1 regulates
degradation by calpain protease and stabilization of ABCA1 by apoA-l. J Clin
Invest 2003; 111:99-107.

[133] Rechsteiner, M. and Rogers, S. W. PEST sequences and regulation by
proteolysis. Trends Biochem Sci 1996; 21:267-271.

[134] Schmitz, G. and Langmann, T. Transcriptional regulatory networks in lipid
metabolism control ABCA1 expression. Biochim Biophys Acta 2005; 1735:1-19.
[135] Schwartz, K., Lawn, R. M. and Wade, D. P. ABC1 gene expression and
ApoA-I-mediated cholesterol efflux are regulated by LXR. Biochem Biophys Res
Commun 2000; 274:794-802.

[136] Costet, P., Luo, Y., Wang, N. and Tall, A. R. Sterol-dependent
transactivation of the ABC1 promoter by the liver X receptor/retinoid X receptor. J
Biol Chem 2000; 275:28240-28245.

[137] Willy, P. J., Umesono, K., Ong, E. S., Evans, R. M., Heyman, R. A. and
Mangelsdorf, D. J. LXR, a nuclear receptor that defines a distinct retinoid
response pathway. Genes Dev 1995; 9:1033-1045.

[138] Repa, J. J. and Mangelsdorf, D. J. Nuclear receptor regulation of
cholesterol and bile acid metabolism. Curr Opin Biotechnol 1999; 10:557-563.
[139] Song, C., Kokontis, J. M., Hiipakka, R. A. and Liao, S. Ubiquitous
receptor: a receptor that modulates gene activation by retinoic acid and thyroid
hormone receptors. Proc Natl Acad Sci U S A 1994; 91:10809-10813.

[140] Edwards, P. A., Kast, H. R. and Anisfeld, A. M. BAREing it all: the
adoption of LXR and FXR and their roles in lipid homeostasis. J Lipid Res 2002;
43:2-12.

[141] Lehmann, J. M., Kliewer, S. A., Moore, L. B., Smith-Oliver, T. A., Oliver, B.
B., Su, J. L., Sundseth, S. S., Winegar, D. A., Blanchard, D. E., Spencer, T. A.
and Willson, T. M. Activation of the nuclear receptor LXR by oxysterols defines a
new hormone response pathway. J Biol Chem 1997; 272:3137-3140.

[142] Janowski, B. A., Willy, P. J., Devi, T. R,, Falck, J. R. and Mangelsdorf, D. J.
An oxysterol signalling pathway mediated by the nuclear receptor LXR alpha.
Nature 1996; 383:728-731.

[143] Janowski, B. A., Grogan, M. J., Jones, S. A., Wisely, G. B., Kliewer, S. A.,
Corey, E. J. and Mangelsdorf, D. J. Structural requirements of ligands for the
oxysterol liver X receptors LXRalpha and LXRbeta. Proc Natl Acad Sci U S A
1999; 96.266-271.

[144] Kennedy, M. A., Venkateswaran, A., Tarr, P. T., Xenarios, |., Kudoh, J.,
Shimizu, N. and Edwards, P. A. Characterization of the human ABCG1 gene:
liver X receptor activates an internal promoter that produces a novel transcript
encoding an alternative form of the protein. J Biol Chem 2001; 276:39438-39447.
[145] Fu, X., Menke, J. G., Chen, Y., Zhou, G., MacNaul, K. L., Wright, S. D.,
Sparrow, C. P. and Lund, E. G. 27-hydroxycholesterol is an endogenous ligand

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



for liver X receptor in cholesterol-loaded cells. J Biol Chem 2001; 276:38378-
38387.

[146] Bjorkhem, I. and Meaney, S. Brain cholesterol: long secret life behind a
barrier. Arterioscler Thromb Vasc Biol 2004; 24:806-815.

[147] Norlin, M., Toll, A., Bjorkhem, I. and Wikvall, K. 24-hydroxycholesterol is a
substrate for hepatic cholesterol 7alpha-hydroxylase (CYP7A). J Lipid Res 2000;
41:1629-1639.

[148] Lund, E. G., Xie, C., Kotti, T., Turley, S. D., Dietschy, J. M. and Russell, D.
W. Knockout of the cholesterol 24-hydroxylase gene in mice reveals a brain-
specific mechanism of cholesterol turnover. J Biol Chem 2003; 278:22980-22988.
[149] Dzeletovic, S., Breuer, O., Lund, E. and Diczfalusy, U. Determination of
cholesterol oxidation products in human plasma by isotope dilution-mass
spectrometry. Anal Biochem 1995; 225:73-80.

[150] Russell, D. W. Oxysterol biosynthetic enzymes. Biochim Biophys Acta
2000; 1529:126-135.

[151] Spencer, T. A., Li, D., Russel, J. S., Collins, J. L., Bledsoe, R. K., Consler,
T. G., Moore, L. B., Galardi, C. M., McKee, D. D., Moore, J. T., Watson, M. A.,
Parks, D. J., Lambert, M. H. and Willson, T. M. Pharmacophore analysis of the
nuclear oxysterol receptor LXRalpha. J Med Chem 2001; 44.:886-897.

[152] Nelson, J. A., Steckbeck, S. R. and Spencer, T. A. Biosynthesis of 24,25-
epoxycholesterol from squalene 2,3;22,23-dioxide. J Biol Chem 1981; 256:1067-
1068.

[153] Rowe, A. H., Argmann, C. A., Edwards, J. Y., Sawyez, C. G., Morand, O.
H., Hegele, R. A. and Huff, M. W. Enhanced synthesis of the oxysterol 24(S),25-
epoxycholesterol in macrophages by inhibitors of 2,3-oxidosqualene:lanosterol
cyclase: a novel mechanism for the attenuation of foam cell formation. Circ Res
2003; 93:717-725.

[154] Giguere, V. Retinoic acid receptors and cellular retinoid binding proteins:
complex interplay in retinoid signaling. Endocr Rev 1994, 15:61-79.

[155] Allenby, G., Bocquel, M. T., Saunders, M., Kazmer, S., Speck, J.,
Rosenberger, M., Lovey, A., Kastner, P., Grippo, J. F., Chambon, P. and et al.
Retinoic acid receptors and retinoid X receptors: interactions with endogenous
retinoic acids. Proc Natl Acad Sci U S A 1993, 90:30-34.

[156] Feng, B. and Tabas, |. ABCA1-mediated cholesterol efflux is defective in
free cholesterol-loaded macrophages. Mechanism involves enhanced ABCA1
degradation in a process requiring full NPC1 activity. J Biol Chem 2002;
277:43271-43280.

[157] Arakawa, R. and Yokoyama, S. Helical apolipoproteins stabilize ATP-
binding cassette transporter A1 by protecting it from thiol protease-mediated
degradation. J Biol Chem 2002; 277:22426-22429.

[158] Yamauchi, Y., Hayashi, M., Abe-Dohmae, S. and Yokoyama, S.
Apolipoprotein A-l activates protein kinase C alpha signaling to phosphorylate
and stabilize ATP binding cassette transporter A1 for the high density lipoprotein
assembly. J Biol Chem 2003; 278:47890-47897.

[159] See, R. H., Caday-Malcolm, R. A,, Singaraja, R. R., Zhou, S., Silverston,
A., Huber, M. T., Moran, J., James, E. R., Janoo, R., Savill, J. M., Rigot, V.,

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Zhang, L. H., Wang, M., Chimini, G., Wellington, C. L., Tafuri, S. R. and Hayden,
M. R. Protein kinase A site-specific phosphorylation regulates ATP-binding
cassette A1 (ABCA1)-mediated phospholipid efflux. J Biol Chem 2002;
277:41835-41842.

[160] Tang, C., Vaughan, A. M. and Oram, J. F. Janus kinase 2 modulates the
apolipoprotein interactions with ABCA1 required for removing cellular cholesterol.
J Biol Chem 2004; 279:7622-7628.

[161] Roosbeek, S., Peelman, F., Verhee, A., Labeur, C., Caster, H., Lensink, M.
F., Cirulli, C., Grooten, J., Cochet, C., Vandekerckhove, J., Amoresano, A.,
Chimini, G., Tavernier, J. and Rosseneu, M. Phosphorylation by protein kinase
CK2 modulates the activity of the ATP binding cassette A1 transporter. J Biol
Chem 2004; 279:37779-37788.

[162] Scott, C. and loannou, Y. A. The NPC1 protein: structure implies function.
Biochim Biophys Acta 2004; 1685:8-13.

[163] Neufeld, E. B., Wastney, M., Patel, S., Suresh, S., Cooney, A. M., Dwyer,
N. K., Roff, C. F., Ohno, K., Morris, J. A., Carstea, E. D., Incardona, J. P.,
Strauss, J. F., 3rd, Vanier, M. T., Patterson, M. C., Brady, R. O., Pentchev, P. G.
and Blanchette-Mackie, E. J. The Niemann-Pick C1 protein resides in a vesicular
compartment linked to retrograde transport of multiple lysosomal cargo. J Biol
Chem 1999; 274:9627-9635.

[164] Higgins, M. E., Davies, J. P., Chen, F. W. and loannou, Y. A. Niemann-
Pick C1 is a late endosome-resident protein that transiently associates with
lysosomes and the trans-Golgi network. Mol Genet Metab 1999; 68:1-13.

[165] Fink, J. K., Filling-Katz, M. R., Sokol, J., Cogan, D. G., Pikus, A., Sonies,
B., Soong, B., Pentchev, P. G., Comly, M. E., Brady, R. O. and et al. Clinical
spectrum of Niemann-Pick disease type C. Neurology 1989; 39:1040-1049.

[166] Sturley, S. L., Patterson, M. C., Balch, W. and Liscum, L. The
pathophysiology and mechanisms of NP-C disease. Biochim Biophys Acta 2004;
1685:83-87.

[167] Watari, H., Blanchette-Mackie, E. J., Dwyer, N. K., Glick, J. M., Patel, S.,
Neufeld, E. B., Brady, R. O., Pentchev, P. G. and Strauss, J. F., 3rd Niemann-
Pick C1 protein: obligatory roles for N-terminal domains and lysosomal targeting
in cholesterol mobilization. Proc Natl Acad Sci U S A 1999; 96:805-810.

[168] Liu, Y., Wu, Y. P., Wada, R., Neufeld, E. B., Mullin, K. A., Howard, A. C.,
Pentchev, P. G., Vanier, M. T., Suzuki, K. and Proia, R. L. Alleviation of neuronal
ganglioside storage does not improve the clinical course of the Niemann-Pick C
disease mouse. Hum Mol Genet 2000; 9:1087-1092.

[169] Zhu, G., Jaskiewicz, E., Bassi, R., Darling, D. S. and Young, W. W, Jr.
Beta 1,4 N-acetylgalactosaminyltransferase (GM2/GD2/GA2 synthase) forms
homodimers in the endoplasmic reticulum: a strategy to test for dimerization of
Golgi membrane proteins. Glycobiology 1997; 7:987-996.

[170] Gondre-Lewis, M. C., McGlynn, R. and Walkley, S. U. Cholesterol
accumulation in NPC1-deficient neurons is ganglioside dependent. Curr Biol
2003; 13:1324-1329.

[171] Cruz, J. C. and Chang, T. Y. Fate of endogenously synthesized
cholesterol in Niemann-Pick type C1 cells. J Biol Chem 2000; 275:41309-41316.

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[172] Puri, V., Watanabe, R., Dominguez, M., Sun, X., Wheatley, C. L., Marks,
D. L. and Pagano, R. E. Cholesterol modulates membrane traffic along the
endocytic pathway in sphingolipid-storage diseases. Nat Cell Biol 1999; 1:386-
388.

[173] Millard, E. E., Srivastava, K., Traub, L. M., Schaffer, J. E. and Ory, D. S.
Niemann-pick type C1 (NPC1) overexpression alters cellular cholesterol
homeostasis. J Biol Chem 2000; 275:38445-38451.

[174] Pentchev, P. G., Comly, M. E., Kruth, H. S., Vanier, M. T., Wenger, D. A.,
Patel, S. and Brady, R. O. A defect in cholesterol esterification in Niemann-Pick
disease (type C) patients. Proc Natl Acad Sci U S A 1985; 82:8247-8251.

[175] Pentchev, P. G., Kruth, H. S., Comly, M. E., Butler, J. D., Vanier, M. T,
Wenger, D. A. and Patel, S. Type C Niemann-Pick disease. A parallel loss of
regulatory responses in both the uptake and esterification of low density
lipoprotein-derived cholesterol in cultured fibroblasts. J Biol Chem 1986;
261:16775-16780.

[176] Pentchev, P. G., Comly, M. E., Kruth, H. S., Tokoro, T., Butler, J., Sokol,
J., Filling-Katz, M., Quirk, J. M., Marshall, D. C., Patel, S. and et al. Group C
Niemann-Pick disease: faulty regulation of low-density lipoprotein uptake and
cholesterol storage in cultured fibroblasts. Faseb J 1987; 1:40-45.

[177] Liscum, L. and Faust, J. R. Low density lipoprotein (LDL)-mediated
suppression of cholesterol synthesis and LDL uptake is defective in Niemann-
Pick type C fibroblasts. J Biol Chem 1987; 262:17002-17008.

[178] Benditt, E. P. The origin of atherosclerosis. Sci Am 1977, 236:74-85.

[179] Ross, R. The pathogenesis of atherosclerosis: a perspective for the 1990s.
Nature 1993; 362:801-809.

[180] Camejo, G., Fager, G., Rosengren, B., Hurt-Camejo, E. and Bondjers, G.
Binding of low density lipoproteins by proteoglycans synthesized by proliferating
and quiescent human arterial smooth muscle cells. J Biol Chem 1993;
268:14131-14137.

[181] Llorente-Cortes, V., Otero-Vinas, M., Hurt-Camejo, E., Martinez-Gonzalez,
J. and Badimon, L. Human coronary smooth muscle cells internalize versican-
modified LDL through LDL receptor-related protein and LDL receptors.
Arterioscler Thromb Vasc Biol 2002; 22:387-393.

[182] Frink, R. J. Inflammatory Atherosclerosis: Characteristics of the Injurious
Agent, Heart Research Foundation of Sacramento, Sacramento, 2002.

[183] Llorente-Cortes, V., Otero-Vinas, M., Berrozpe, M. and Badimon, L.
Intracellular lipid accumulation, low-density lipoprotein receptor-related protein
expression, and cell survival in vascular smooth muscle cells derived from
normal and atherosclerotic human coronaries. Eur J Clin Invest 2004; 34:182-
190.

[184] Llorente-Cortes, V., Martinez-Gonzalez, J. and Badimon, L. LDL receptor-
related protein mediates uptake of aggregated LDL in human vascular smooth
muscle cells. Arferioscler Thromb Vasc Biol 2000; 20:1572-1579.

[185] Mietus-Snyder, M., Gowri, M. S. and Pitas, R. E. Class A scavenger
receptor up-regulation in smooth muscle cells by oxidized low density lipoprotein.

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Enhancement by calcium flux and concurrent cyclooxygenase-2 up-regulation. J
Biol Chem 2000; 275:17661-17670.

[186] Zingg, J. M., Ricciarelli, R., Andorno, E. and Azzi, A. Novel &' exon of
scavenger receptor CD36 is expressed in cultured human vascular smooth
muscle cells and atherosclerotic plaques. Arterioscler Thromb Vasc Biol 2002,
22:412-417.

[187] Bauriedel, G., Hutter, R., Welsch, U., Bach, R., Sievert, H. and Luderitz, B.
Role of smooth muscle cell death in advanced coronary primary lesions:
implications for plaque instability. Cardiovasc Res 1999; 41:480-488.

[188] Best, P. J., Hasdai, D., Sangiorgi, G., Schwartz, R. S., Holmes, D. R., Jr.,
Simari, R. D. and Lerman, A. Apoptosis. Basic concepts and implications in
coronary artery disease. Arterioscler Thromb Vasc Biol 1999; 19:14-22.

[189] Seshiah, P. N., Kereiakes, D. J., Vasudevan, S. S., Lopes, N., Su, B. Y.,
Flavahan, N. A. and Goldschmidt-Clermont, P. J. Activated monocytes induce
smooth muscle cell death: role of macrophage colony-stimulating factor and cell
contact. Circulation 2002; 105:174-180.

[190] Hao, H., Gabbiani, G. and Bochaton-Piallat, M. L. Arterial smooth muscle
cell heterogeneity: implications for atherosclerosis and restenosis development.
Arterioscler Thromb Vasc Biol 2003; 23:1510-1520.

[191] Bochaton-Piallat, M. L., Ropraz, P., Gabbiani, F. and Gabbiani, G.
Phenotypic heterogeneity of rat arterial smooth muscle cell clones. Implications
for the development of experimental intimal thickening. Arterioscler Thromb Vasc
Biol 1996; 16:815-820.

[192] Stolle, K., Weitkamp, B., Rauterberg, J., Lorkowski, S. and Cullen, P.
Laser microdissection-based analysis of mMRNA expression in human coronary
arteries with intimal thickening. J Histochem Cytochem 2004; 52:1511-1518.
[193] Batetta, B., Mulas, M. F., Petruzzo, P., Putzolu, M., Bonatesta, R. R.,
Sanna, F., Cappai, A., Brotzu, G. and Dessi, S. Opposite pattern of MDR1 and
caveolin-1 gene expression in human atherosclerotic lesions and proliferating
human smooth muscle cells. Cell Mol Life Sci 2001; 58:1113-1120.

[194] Chung, B. H., Wilkinson, T., Geer, J. C. and Segrest, J. P. Preparative and
guantitative isolation of plasma lipoproteins: rapid, single discontinuous density
gradient ultracentrifugation in a vertical rotor. J Lipid Res 1980; 21:284-291.

[195] Weisgraber, K. H. and Mahley, R. W. Subfractionation of human high
density lipoproteins by heparin-Sepharose affinity chromatography. J Lipid Res
1980; 21:316-325.

[196] Yokoyama, S., Tajima, S. and Yamamoto, A. The process of dissolving
apolipoprotein A-1 in an aqueous buffer. J Biochem (Tokyo) 1982; 91:1267-1272.
[197] Sattler, W. and Stocker, R. Greater selective uptake by Hep G2 cells of
high-density lipoprotein cholesteryl ester hydroperoxides than of unoxidized
cholesteryl esters. Biochem J 1993, 294 ( Pt 3):771-778.

[198] Francis, G. A., Oram, J. F., Heinecke, J. W. and Bierman, E. L. Oxidative
tyrosylation of HDL enhances the depletion of cellular cholesteryl esters by a
mechanism independent of passive sterol desorption. Biochemistry 1996;
35:15188-15197.

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[199] Mendez, A. J., Oram, J. F. and Bierman, E. L. Protein kinase C as a
mediator of high density lipoprotein receptor-dependent efflux of intracellular
cholesterol. J Biol Chem 1991, 266:10104-10111.

[200] Folch, J., Lees, M. and Sloane Stanley, G. H. A simple method for the
isolation and purification of total lipides from animal tissues. J Biol Chem 1957;
226:497-509.

[201] Hara, A. and Radin, N. S. Lipid extraction of tissues with a low-toxicity
solvent. Anal Biochem 1978; 90:420-426.

[202] Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. Protein
measurement with the Folin phenol reagent. J Biol Chem 1951; 193:265-275.
[203] Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 1970; 227.680-685.

[204] Patterson, M. C., Vanier, M. T., Suzuki, K., Morris, J. E., Carstea, E. D,
Neufeld, E. B., Blanchette-Mackie, E. J. and Pentchev, P. G. In: The Metabolic &
Molecular Bases of Inherited Disease

(Eds C. R. Scriver, A. L. Beaudet, W. S. Sly and D. Valle). McGraw-Hill Inc.,
New York 2001: pp. 3611-3633.

[205] Kruth, H. S., Comly, M. E., Butler, J. D., Vanier, M. T., Fink, J. K., Wenger,
D. A, Patel, S. and Pentchev, P. G. Type C Niemann-Pick disease. Abnormal
metabolism of low density lipoprotein in homozygous and heterozygous
fibroblasts. J Biol Chem 1986; 261:16769-16774.

[206] Garver, W. S., Heidenreich, R. A., Erickson, R. P., Thomas, M. A. and
Wilson, J. M. Localization of the murine Niemann-Pick C1 protein to two distinct
intracellular compartments. J Lipid Res 2000; 41:673-687.

[207] Liscum, L., Ruggiero, R. M. and Faust, J. R. The intracellular transport of
low density lipoprotein-derived cholesterol is defective in Niemann-Pick type C
fibroblasts. J Cell Biol 1989; 108:1625-1636.

[208] Garver, W. S., Krishnan, K., Gallagos, J. R., Michikawa, M., Francis, G. A.
and Heidenreich, R. A. Niemann-Pick C1 protein regulates cholestero! transport
to the trans-Golgi network and plasma membrane caveolae. J Lipid Res 2002;
43:579-589.

[209] Wojtanik, K. M. and Liscum, L. The transport of low density lipoprotein-
derived cholesterol to the plasma membrane is defective in NPC1 cells. J Biol
Chem 2003; 278:14850-14856.

[210] Oram, J. F. ATP-binding cassette transporter A1 and cholesterol
trafficking. Curr Opin Lipidol 2002; 13:373-381.

[211] Assmann, G., Von Eckardstein, A. and Brewer, H. B. in: The Metabolic
and Molecular Bases of Inherited Disease (Eds C. R. Scriver, A. L. Beaudet, W.
S. Sly and D. Valle). McGraw Hill Inc., New York 2001: pp. 2937-2980.

[212] Venkateswaran, A., Laffitte, B. A., Joseph, S. B., Mak, P. A., Wilpitz, D. C.,
Edwards, P. A. and Tontonoz, P. Control of cellular cholesterol efflux by the
nuclear oxysterol receptor LXR alpha. Proc Natl/ Acad Sci U S A 2000; 97:12097-
12102.

[213] Greer, W. L., Dobson, M. J., Girouard, G. S., Byers, D. M., Riddell, D. C.
and Neumann, P. E. Mutations in NPC1 highlight a conserved NPC1-specific
cysteine-rich domain. Am J Hum Genet 1999; 65:1252-1260.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[214] Millat, G., Marcais, C., Rafi, M. A., Yamamoto, T., Morris, J. A., Pentchev,
P. G., Ohno, K., Wenger, D. A. and Vanier, M. T. Niemann-Pick C1 disease: the
[1061T substitution is a frequent mutant allele in patients of Western European
descent and correlates with a classic juvenile phenotype. Am J Hum Genet 1999;
65:1321-1329.

[215] Sun, X., Marks, D. L., Park, W. D., Wheatley, C. L., Puri, V., O'Brien, J. F.,
Kraft, D. L., Lundquist, P. A., Patterson, M. C., Pagano, R. E. and Snow, K.
Niemann-Pick C variant detection by altered sphingolipid trafficking and
correlation with mutations within a specific domain of NPC1. Am J Hum Genet
2001, 68:1361-1372.

[216] Karten, B., Vance, D. E., Campenot, R. B. and Vance, J. E. Cholesterol
accumulates in cell bodies, but is decreased in distal axons, of Niemann-Pick C1-
deficient neurons. J Neurochem 2002; 83:1154-1163.

[217] Tsujita, M. and Yokoyama, S. Selective inhibition of free apolipoprotein-
mediated cellular lipid efflux by probucol. Biochemistry 1996; 35:13011-13020.
[218] Chomczynski, P. and Sacchi, N. Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Biochem 1987;
162:156-159.

[219] Kojima, K., Abe-Dohmae, S., Arakawa, R., Murakami, |., Suzumori, K. and
Yokoyama, S. Progesterone inhibits apolipoprotein-mediated cellular lipid
release: a putative mechanism for the decrease of high-density lipoprotein.
Biochim Biophys Acta 2001; 1532:173-184.

[220] Castro, G. R. and Fielding, C. J. Early incorporation of cell-derived
cholesterol into pre-beta-migrating high-density lipoprotein. Biochemistry 1988;
27:25-29.

[221] Asztalos, B. F., Sloop, C. H., Wong, L. and Roheim, P. S. Two-
dimensional electrophoresis of plasma lipoproteins: recognition of new apo A-I-
containing subpopulations. Biochim Biophys Acta 1993; 1169:291-300.

[222] Oram, J. F. and Yokoyama, S. Apolipoprotein-mediated removal of cellular
cholesterol and phospholipids. J Lipid Res 1996, 37:2473-2491.

[223] Oram, J. F., Lawn, R. M., Garvin, M. R. and Wade, D. P. ABCA1 is the
cAMP-inducible apolipoprotein receptor that mediates cholesterol secretion from
macrophages. J Biol Chem 2000; 275:34508-34511.

[224] Wang, N., Silver, D. L., Costet, P. and Tall, A. R. Specific binding of ApoA-
I, enhanced cholesterol efflux, and altered plasma membrane morphology in cells
expressing ABC1. J Biol Chem 2000; 275:33053-33058.

[225] Shamburek, R. D., Pentchev, P. G., Zech, L. A., Blanchette-Mackie, J.,
Carstea, E. D., VandenBroek, J. M., Cooper, P. S., Neufeld, E. B., Phair, R. D.,
Brewer, H. B., Jr., Brady, R. O. and Schwartz, C. C. Intracellular trafficking of the
free cholesterol derived from LDL cholesteryl ester is defective in vivo in
Niemann-Pick C disease: insights on normal metabolism of HDL and LDL gained
from the NP-C mutation. J Lipid Res 1997; 38:2422-2435.

[226] Patterson, M. C., Di Bisceglie, A. M., Higgins, J. J., Abel, R. B,
Schiffmann, R., Parker, C. C., Argoff, C. E., Grewal, R. P., Yu, K., Pentchev, P. G.
and et al. The effect of cholesterol-lowering agents on hepatic and plasma
cholesterol in Niemann-Pick disease type C. Neurology 1993; 43.61-64.

160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[227] Ory, D. S. Niemann-Pick type C: a disorder of cellular cholesterol
trafficking. Biochim Biophys Acta 2000; 1529:331-339.

[228] Lipid Research Clinics Population Studies Data Book, Publication 80-1527,
National Institutes of Health, Bethesda, 1980.

[229] Third Report of the National Cholesterol Education Program Expert Panel
on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults
(Adult Treatment Panel ll), Publication 01-3670, National Institutes of Health,
Bethesda, 2001.

[230] Berenson, G. S., Srinivasan, S. R., Cresanta, J. L., Foster, T. A. and
Webber, L. S. Dynamic changes of serum lipoproteins in children during
adolescence and sexual maturation. Am J Epidemiol 1981; 113:157-170.

[231] Frolov, A., Zielinski, S. E., Crowley, J. R., Dudley-Rucker, N., Schaffer, J.
E. and Ory, D. S. NPC1 and NPC2 regulate cellular cholesterol homeostasis
through generation of low density lipoprotein cholesterol-derived oxysterols. J
Biol Chem 2003; 278:25517-25525.

[232] Francis, G. A., Fayard, E., Picard, F. and Auwerx, J. Nuclear receptors
and the control of metabolism. Annu Rev Physiol 2003; 65:261-311.

[233] Lange, Y., Ye, J., Rigney, M. and Steck, T. Cholesterol movement in
Niemann-Pick type C cells and in cells treated with amphiphiles. J Biol Chem
2000; 275:17468-17475.

[234] Asztalos, B. F. and Schaefer, E. J. HDL in atherosclerosis: actor or
bystander? Atheroscler Suppl 2003; 4:21-29.

[235] Tanaka, A. R., Abe-Dohmae, S., Ohnishi, T., Aoki, R., Morinaga, G.,
Okuhira, K., lkeda, Y., Kano, F., Matsuo, M., Kioka, N., Amachi, T., Murata, M.,
Yokoyama, S. and Ueda, K. Effects of mutations of ABCA1 in the first
extracellular domain on subcellular trafficking and ATP binding/hydrolysis. J Biol
Chem 2003; 278:8815-8819.

[236] Chen, W., Sun, Y., Welch, C., Gorelik, A., Leventhal, A. R., Tabas, |. and
Tall, A. R. Preferential ATP-binding cassette transporter A1-mediated cholesterol
efflux from late endosomes/lysosomes. J Biol Chem 2001; 276:43564-43569.
[237] Neufeld, E. B., Cooney, A. M., Pitha, J., Dawidowicz, E. A., Dwyer, N. K,
Pentchev, P. G. and Blanchette-Mackie, E. J. Intracellular trafficking of
cholesterol monitored with a cyclodextrin. J Biol Chem 1996; 271:21604-21613.
[238] Hovingh, G. K., Van Wijland, M. J., Brownlie, A., Bisoendial, R. J., Hayden,
M. R., Kastelein, J. J. and Groen, A. K. The role of the ABCA1 transporter and
cholesterol efflux in familial hypoalphalipoproteinemia. J Lipid Res 2003;
44:1251-1255.

[239] Attie, A. D., Kastelein, J. P. and Hayden, M. R. Pivotal role of ABCA1 in
reverse cholesterol transport influencing HDL levels and susceptibility to
atherosclerosis. J Lipid Res 2001; 42:1717-1726.

[240] Vanier, M. T., Wenger, D. A., Comly, M. E., Rousson, R., Brady, R. O. and
Pentchev, P. G. Niemann-Pick disease group C: clinical variability and diagnosis
based on defective cholesterol esterification. A collaborative study on 70 patients.
Clin Genet 1988; 33:331-348.

[241] Argoff, C. E., Comly, M. E., Blanchette-Mackie, J., Kruth, H. S., Pye, H. T,
Goldin, E., Kaneski, C., Vanier, M. T., Brady, R. O. and Pentchev, P. G. Type C

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Niemann-Pick disease: cellular uncoupling of cholesterol homeostasis is linked to
the severity of disruption in the intracellular transport of exogenously derived
cholesterol. Biochim Biophys Acta 1991; 1096:319-327.

[242] Beltroy, E. P., Richardson, J. A., Horton, J. D., Turley, S. D. and Dietschy,
J. M. Cholesterol accumulation and liver cell death in mice with Niemann-Pick
type C disease. Hepatology 2005; 42:886-893.

[243] Joseph, S. B., McKilligin, E., Pei, L., Watson, M. A, Collins, A. R., Laffitte,
B. A., Chen, M., Noh, G., Goodman, J., Hagger, G. N., Tran, J., Tippin, T. K,,
Wang, X,, Lusis, A. J., Hsueh, W. A, Law, R. E,, Collins, J. L., Willson, T. M. and
Tontonoz, P. Synthetic LXR ligand inhibits the development of atherosclerosis in
mice. Proc Natl Acad Sci U S A 2002; 99:7604-7609.

[244] Klucken, J., Buchler, C., Orso, E., Kaminski, W. E., Porsch-Ozcurumez,
M., Liebisch, G., Kapinsky, M., Diederich, W., Drobnik, W., Dean, M., Allikmets,
R. and Schmitz, G. ABCG1 (ABC8), the human homolog of the Drosophila white
gene, is a regulator of macrophage cholesterol and phospholipid transport. Proc
Natl Acad Sci U S A 2000; 97:817-822.

[245] Yu, L., Cao, G., Repa, J. and Stangl, H. Sterol regulation of scavenger
receptor class B type | in macrophages. J Lipid Res 2004; 45:889-899.

[246] Francis, G. A., Tsujita, M. and Terry, T. L. Apolipoprotein Al efficiently
binds to and mediates cholesterol and phospholipid efflux from human but not rat
aortic smooth muscle cells. Biochemistry 1999; 38:16315-16322.

[247] Nakamura, K., Kennedy, M. A., Baldan, A., Bojanic, D. D., Lyons, K. and
Edwards, P. A. Expression and regulation of multiple murine ATP-binding
cassette transporter G1 mRNAs/isoforms that stimulate cellular cholesterol efflux
to high density lipoprotein. J Biol Chem 2004; 279:45980-45989.

[248] Annilo, T., Tammur, J., Hutchinson, A., Rzhetsky, A., Dean, M. and
Allikmets, R. Human and mouse orthologs of a new ATP-binding cassette gene,
ABCG4. Cytogenet Cell Genet 2001; 94:196-201.

[249] Xie, C., Turley, S. D. and Dietschy, J. M. Cholesterol accumulation in
tissues of the Niemann-pick type C mouse is determined by the rate of
lipoprotein-cholesterol uptake through the coated-pit pathway in each organ.
Proc Natl Acad Sci U S A 1999; 96:11992-11997.

[250] Amigo, L., Mendoza, H., Castro, J., Quinones, V., Miquel, J. F. and
Zanlungo, S. Relevance of Niemann-Pick type C1 protein expression in
controlling plasma cholesterol and biliary lipid secretion in mice. Hepatology
2002; 36:819-828.

[251] Karten, B., Hayashi, H., Francis, G. A., Campenot, R. B., Vance, D. E. and
Vance, J. E. Generation and function of astroglial lipoproteins from Niemann-Pick
type C1-deficient mice. Biochem J 2005; 387.779-788.

[252] Pentichev, P. G., Boothe, A. D., Kruth, H. S., Weintroub, H., Stivers, J. and
Brady, R. O. A genetic storage disorder in BALB/C mice with a metabolic block in
esterification of exogenous cholesterol. J Biol Chem 1984; 259:5784-5791.

[253] Higashi, Y., Murayama, S., Pentchev, P. G. and Suzuki, K. Cerebellar
degeneration in the Niemann-Pick type C mouse. Acta Neuropatho! (Berl) 1993;
85:175-184.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[254] Breslow, J. L. Mouse models of atherosclerosis. Science 1996; 272:685-
688.

[255] Murray, C. J. and Lopez, A. D. Mortality by cause for eight regions of the
world: Global Burden of Disease Study. Lancet 1997; 349:1269-1276.

[256] Ross, R. Cell biology of atherosclerosis. Annu Rev Physiol 1995; 57:791-
804.

[257] Dzau, V. J., Braun-Dullaesus, R. C. and Sedding, D. G. Vascular
proliferation and atherosclerosis: new perspectives and therapeutic strategies.
Nat Med 2002; 8:1249-1256.

[268] Khalil, M. F., Wagner, W. D. and Goldberg, I. J. Molecular interactions
leading to lipoprotein retention and the initiation of atherosclerosis. Arterioscler
Thromb Vasc Biol 2004; 24:2211-2218.

[259] Fielding, C. J. and Fielding, P. E. Molecular physiology of reverse
cholesterol transport. J Lipid Res 1995; 36:211-228.

[260] Rubins, H. B., Robins, S. J., lwane, M. K., Boden, W. E., Elam, M. B., Fye,
C. L., Gordon, D. J., Schaefer, E. J., Schectman, G. and Wittes, J. T. Rationale
and design of the Department of Veterans Affairs High-Density Lipoprotein
Cholesterol Intervention Trial (HIT) for secondary prevention of coronary artery
disease in men with low high-density lipoprotein cholesterol and desirable low-
density lipoprotein cholesterol. Am J Cardiol 1993; 71:45-52.

[261] Ross, R. Atherosclerosis--an inflammatory disease. N Engl J Med 1999;
340:115-126.

[262] Schwartz, S. M., deBlois, D. and O'Brien, E. R. The intima. Soil for
atherosclerosis and restenosis. Circ Res 1995; 77:445-465.

[263] Siow, R. C., Mallawaarachchi, C. M. and Weissberg, P. L. Migration of
adventitial myofibroblasts following vascular balloon injury: insights from in vivo
gene transfer to rat carotid arteries. Cardiovasc Res 2003; 59:212-221.

[264] DeRuiter, M. C., Poelmann, R. E., VanMunsteren, J. C., Mironov, V.,
Markwald, R. R. and Gittenberger-de Groot, A. C. Embryonic endothelial cells
transdifferentiate into mesenchymal cells expressing smooth muscle actins in
vivo and in vitro. Circ Res 1997; 80:444-451.

[265] Sata, M., Saiura, A., Kunisato, A., Tojo, A., Okada, S., Tokuhisa, T., Hirai,
H., Makuuchi, M., Hirata, Y. and Nagai, R. Hematopoietic stem cells differentiate
into vascular cells that participate in the pathogenesis of atherosclerosis. Nat
Med 2002; 8:403-409.

[266] Campbell, J. H., Han, C. L. and Campbell, G. R. Neointimal formation by
circulating bone marrow cells. Ann N Y Acad Sci 2001; 947:18-24; discussion 24-
15.

[267] Hillebrands, J. L., Klatter, F. A., van den Hurk, B. M., Popa, E. R,,
Nieuwenhuis, P. and Rozing, J. Origin of neointimal endothelium and alpha-actin-
positive smooth muscle cells in transplant arteriosclerosis. J Clin Invest 2001;
107:1411-1422.

[268] Shimizu, K., Sugiyama, S., Aikawa, M., Fukumoto, Y., Rabkin, E., Libby, P.
and Mitchell, R. N. Host bone-marrow cells are a source of donor intimal smooth-
muscle-like cells in murine aortic transplant arteriopathy. Nat Med 2001; 7:738-
741.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[269] Simper, D., Stalboerger, P. G., Panetta, C. J., Wang, S. and Caplice, N. M.
Smooth muscle progenitor cells in human blood. Circulation 2002; 106:1199-
1204.

[270] Campbell, J. H. and Campbell, G. R. The role of smooth muscle cells in
atherosclerosis. Curr Opin Lipidol 1994; 5:323-330.

[271] Petruzzo, P., Cappai, A., Brotzu, G., Batetta, B., Putzolu, M., Muilas, M. F.,
Bonatesta, R. R., Sanna, F. and Dessi, S. Lipid metabolism and molecular
changes in normal and atherosclerotic vessels. Eur J Vasc Endovasc Surg 2001;
22:31-36.

[272] Zingg, J. M., Ricciarelli, R. and Azzi, A. Scavenger receptor regulation and
atherosclerosis. Biofactors 2000; 11:189-200.

[273] Walker, L. N., Bowen-Pope, D. F., Ross, R. and Reidy, M. A. Production
of platelet-derived growth factor-like molecules by cultured arterial smooth
muscle cells accompanies proliferation after arterial injury. Proc Natl Acad Sci U
S A 1986; 83:7311-7315.

[274] Lemire, J. M., Potter-Perigo, S., Hall, K. L., Wight, T. N. and Schwartz, S.
M. Distinct rat aortic smooth muscle cells differ in versican/PG-M expression.
Anrterioscler Thromb Vasc Biol 1996; 16:821-829.

[275] Adams, L. D., Lemire, J. M. and Schwartz, S. M. A systematic analysis of
40 random genes in cultured vascular smooth muscle subtypes reveals a
heterogeneity of gene expression and identifies the tight junction gene zonula
occludens 2 as a marker of epithelioid "pup" smooth muscle cells and a
participant in carotid neointimal formation. Arterioscler Thromb Vasc Biol 1999;
19:2600-2608.

[276] Kavurma, M. M. and Khachigian, L. M. ERK, JNK, and p38 MAP kinases
differentially regulate proliferation and migration of phenotypically distinct smooth
muscle cell subtypes. J Cell Biochem 2003; 89:289-300.

[277] Li, S., Fan, Y. S., Chow, L. H., Van Den Diepstraten, C., van Der Veer, E.,
Sims, S. M. and Pickering, J. G. Innate diversity of adult human arterial smooth
muscle cells: cloning of distinct subtypes from the internal thoracic artery. Circ
Res 2001; 89:517-525.

[278] Choi, H. Y., Karten, B., Chan, T., Vance, J. E., Greer, W. L., Heidenreich,
R. A., Garver, W. S. and Francis, G. A. Impaired ABCA1-dependent lipid efflux
and hypoalphalipoproteinemia in human Niemann-Pick type C disease. J Biol
Chem 2003; 278:32569-32577.

[279] Pfaffl, M. W. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 2001; 29:e45.

[280] Komaba, A., Li, Q., Hara, H. and Yokoyama, S. Resistance of smooth
muscle cells to assembly of high density lipoproteins with extracellular free
apolipoproteins and to reduction of intracellularly accumulated cholesterol. J Biol
Chem 1992; 267:17560-17566.

[281] Li, Q., Komaba, A. and Yokoyama, S. Cholesterol is poorly available for
free apolipoprotein-mediated cellular lipid efflux from smooth muscle cells.
Biochemistry 1993; 32:4597-4603.

[282] Daum, U., Leren, T. P., Langer, C., Chirazi, A., Cullen, P., Pritchard, P. H.,
Assmann, G. and von Eckardstein, A. Multiple dysfunctions of two apolipoprotein

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A-l variants, apoA-I[(R160L)Oslo and apoA-I(P165R), that are associated with
hypoalphalipoproteinemia in heterozygous carriers. J Lipid Res 1999; 40:486-494.
[283] Majesky, M. W., Benditt, E. P. and Schwartz, S. M. Expression and
developmental control of platelet-derived growth factor A-chain and B-chain/Sis
genes in rat aortic smooth muscle cells. Proc Natl Acad Sci U S A 1988;
85:1524-1528.

[284] Giachelli, C. M., Majesky, M. W. and Schwartz, S. M. Developmentally
regulated cytochrome P-450IA1 expression in cultured rat vascular smooth
muscle cells. J Biol Chem 1991; 266:3981-3986.

[285] Majesky, M. W., Giachelli, C. M., Reidy, M. A. and Schwartz, S. M. Rat
carotid neointimal smooth muscle cells reexpress a developmentally regulated
mMRNA phenotype during repair of arterial injury. Circ Res 1992; 71:759-768.
[286] Lemire, J. M., Covin, C. W., White, S., Giachelli, C. M. and Schwartz, S. M.
Characterization of cloned aortic smooth muscle cells from young rats. Am J
Pathol 1994; 144:1068-1081.

[287] Giachelli, C. M., Bae, N., Almeida, M., Denhardt, D. T., Alpers, C. E. and
Schwartz, S. M. Osteopontin is elevated during neointima formation in rat arteries
and is a novel component of human atherosclerotic plaques. J Clin Invest 1993,
92:1686-1696.

[288] Shanahan, C. M., Weissberg, P. L. and Metcalfe, J. C. Isolation of gene
markers of differentiated and proliferating vascular smooth muscle cells. Circ Res
1993; 73:193-204.

[289] O'Brien, E. R., Garvin, M. R, Stewart, D. K., Hinohara, T., Simpson, J. B.,
Schwartz, S. M. and Giachelli, C. M. Osteopontin is synthesized by macrophage,
smooth muscle, and endothelial cells in primary and restenotic human coronary
atherosclerotic plaques. Arterioscler Thromb 1994; 14.1648-1656.

[290] Neuville, P., Geinoz, A., Benzonana, G., Redard, M., Gabbiani, F., Ropraz,
P. and Gabbiani, G. Cellular retinol-binding protein-1 is expressed by distinct
subsets of rat arterial smooth muscle cells in vitro and in vivo. Am J Pathol 1997;
150:509-521.

[291] Frid, M. G., Aldashev, A. A., Nemenoff, R. A., Higashito, R., Westcott, J. Y.
and Stenmark, K. R. Subendothelial cells from normal bovine arteries exhibit
autonomous growth and constitutively activated intracellular signaling.
Arterioscler Thromb Vasc Biol 1999; 19:2884-2893.

[292] Ehler, E., Jat, P. S., Noble, M. D., Citi, S. and Draeger, A. Vascular
smooth muscle cells of H-2Kb-tsA58 transgenic mice. Characterization of cell
lines with distinct properties. Circulation 1995; 92:3289-3296.

[293] Jahn, L., Kreuzer, J., von Hodenberg, E., Kubler, W., Franke, W. W,
Allenberg, J. and lzumo, S. Cytokeratins 8 and 18 in smooth muscle cells.
Detection in human coronary artery, peripheral vascular, and vein graft disease
and in transplantation-associated arteriosclerosis. Arterioscler Thromb 1993;
13:1631-1639.

[294] Li, W. G., Miller, F. J., Jr., Brown, M. R., Chatterjee, P., Aylsworth, G. R.,
Shao, J., Spector, A. A., Oberley, L. W. and Weintraub, N. L. Enhanced
H(2)O(2)-induced cytotoxicity in "epithelioid" smooth muscle cells: implications
for neointimal regression. Arterioscler Thromb Vasc Biol 2000; 20:1473-1479.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[295] Orlandi, A., Francesconi, A., Cocchia, D., Corsini, A. and Spagnoli, L. G.
Phenotypic heterogeneity influences apoptotic susceptibility to retinoic acid and
cis-platinum of rat arterial smooth muscle cells in vitro: Implications for the
evolution of experimental intimal thickening. Arterioscler Thromb Vasc Biol 2001;
21:1118-1123.

[296] Hamon, Y., Broccardo, C., Chambenoit, O., Luciani, M. F., Toti, F,,
Chaslin, S., Freyssinet, J. M., Devaux, P. F., McNeish, J., Marguet, D. and
Chimini, G. ABC1 promotes engulfment of apoptotic cells and transbilayer
redistribution of phosphatidylserine. Nat Cell Biol 2000; 2:399-406.

[297] Engel, T., Lorkowski, S., Lueken, A., Rust, S., Schluter, B., Berger, G,
Cullen, P. and Assmann, G. The human ABCG4 gene is regulated by oxysterols
and retinoids in monocyte-derived macrophages. Biochem Biophys Res
Commun 2001; 288:483-488.

[298] Dusserre, E., Bourdillon, M. C., Pulcini, T. and Berthezene, F. Decrease in
high density lipoprotein binding sites is associated with decrease in intracellular
cholesterol efflux in dedifferentiated aortic smooth muscle cells. Biochim Biophys
Acta 1994; 1212:235-244.

[299] Ishii, I., Satoh, H., Kawachi, H., Jingami, H., Matsuoka, N., Ohmori, S.,
Bujo, H., Yamamoto, T., Saito, Y. and Kitada, M. Intimal smooth muscle cells up-
regulate beta-very low density lipoprotein-mediated cholesterol accumulation by
enhancing beta-very low density lipoprotein uptake and decreasing cholesterol
efflux. Biochim Biophys Acta 2002; 1585:30-38.

[300] Oram, J. F. and Lawn, R. M. ABCA1. The gatekeeper for eliminating
excess tissue cholesterol. J Lipid Res 2001; 42:1173-1179.

[301] Bortnick, A. E., Rothblat, G. H., Stoudt, G., Hoppe, K. L., Royer, L. J.,
McNeish, J. and Francone, O. L. The correlation of ATP-binding cassette 1
mRNA levels with cholesterol efflux from various cell lines. J Biol Chem 2000;
275:28634-28640.

[302] Rigamonti, E., Helin, L., Lestavel, S., Mutka, A. L., Lepore, M., Fontaine,
C., Bouhlel, M. A,, Bultel, S., Fruchart, J. C., Ikonen, E., Clavey, V., Staels, B.
and Chinetti-Gbaguidi, G. Liver X Receptor Activation Controls Intracellular
Cholesterol Trafficking and Esterification in Human Macrophages. Circ Res 2005.
[303] Brown, M. S., Ho, Y. K. and Goldstein, J. L. The cholesteryl ester cycle in
macrophage foam cells. Continual hydrolysis and re-esterification of cytoplasmic
cholesteryl esters. J Biol Chem 1980; 255:9344-9352.

[304] von Eckardstein, A., Nofer, J. R. and Assmann, G. High density
lipoproteins and arteriosclerosis. Role of cholesterol efflux and reverse
cholesterol transport. Arterioscler Thromb Vasc Biol 2001; 21:13-27.

[305] Kellner-Weibel, G., Geng, Y. J. and Rothblat, G. H. Cytotoxic cholesterol
is generated by the hydrolysis of cytoplasmic cholesteryl ester and transported to
the plasma membrane. Atherosclerosis 1999; 146:309-319.

[306] Gillotte-Taylor, K., Nickel, M., Johnson, W. J., Francone, O. L., Holvoet, P.,
Lund-Katz, S., Rothblat, G. H. and Phillips, M. C. Effects of enrichment of
fibroblasts with unesterified cholesterol on the efflux of cellular lipids to
apolipoprotein A-l. J Biol Chem 2002; 277:11811-11820.

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[307] Shanahan, C. M., Carpenter, K. L. and Cary, N. R. A potential role for
sterol 27-hydroxylase in atherogenesis. Atherosclerosis 2001; 154:269-276.

[308] Fitzgerald, M. L., Okuhira, K., Short, G. F., 3rd, Manning, J. J., Bell, S. A.
and Freeman, M. W. ATP-binding cassette transporter A1 contains a novel C-
terminal VFVNFA motif that is required for its cholesterol efflux and ApoA-I
binding activities. J Biol Chem 2004; 279:48477-48485.

[309] Burgess, J. W, Kiss, R. S., Zheng, H., Zachariah, S. and Marcel, Y. L.
Trypsin-sensitive and lipid-containing sites of the macrophage extracellular
matrix bind apolipoprotein A-l and participate in ABCA1-dependent cholesterol
efflux. J Biol Chem 2002; 277:31318-31326.

[310] Rahbar, A. M. and Fenselau, C. Integration of Jacobson's pellicle method
into proteomic strategies for plasma membrane proteins. J Proteome Res 2004;
3:1267-1277.

[311] Owensby, D. A., Morton, P. A. and Schwartz, A. L. Interactions between
tissue-type plasminogen activator and extracellular matrix-associated
plasminogen activator inhibitor type 1 in the human hepatoma cell line HepG2. J
Biol Chem 1989; 264:18180-18187.

[312] Burgess, J. W., Gould, D. R. and Marcel, Y. L. The HepG2 extracellular
matrix contains separate heparinase- and lipid-releasable pools of ApoE.
Implications for hepatic lipoprotein metabolism. J Biol Chem 1998; 273:5645-
5654.

[313] Mai, S. and Chung, A. E. Cell attachment and spreading on extracellular
matrix-coated beads. Exp Cell Res 1984; 152:500-509.

[314] Thyberg, J. Caveolae and cholesterol distribution in vascular smooth
muscle cells of different phenotypes. J Histochem Cytochem 2002; 50:185-195.
[315] Doyle, D. D., Upshaw-Earley, J., Bell, E. and Palfrey, H. C. Expression of
caveolin-3 in rat aortic vascular smooth muscle cells is determined by
developmental state. Biochem Biophys Res Commun 2003; 304:22-25.

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



