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Abstract

The effect of caveolin-1 on synthesis and efflux of cholesterol was studied using
three cell systems. The McA-RH7777 cells were stably transfected with caveolin-1
previously. HepG2 cells were infected with a caveolin-1 adenovirus, and primary
hepatocytes were isolated from homozygous and heterozygous caveolin-1 deficient and
control mice.

Overexpression of caveolin-1 resulted in an increase of cholesterol synthesis, and
the absence of caveolin-1 resulted in a decrease in cholesterol synthesis. Cholesterol
ester and phospholipid synthesis are not affected. The influence of caveolin-1 on efflux
to HDL was small in the three cell models. Efflux of cholesterol to apoA-I was not
significantly affected by caveolin-1 over expression.

Caveolin-1 deficient hepatocytes had reduced cholesterol synthesis. Cholesterol
efflux to HDL and exogenously added apoA-I decreased in the absence of apoA-I.
Phospholipid and cholesterol lipidation of endogenously synthesized apoA-I was reduced
in the absence of caveolin-1.

Overall, caveolin-1 deficiency had more consistent effect on cholesterol
metabolism than over expression of caveolin-1, suggesting that the basal level of
caveolin-1 in hepatocytes is probably sufficient to regulate cholesterol homeostasis and

cellular transport.
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Chapter One: Introduction

Heart disease and stroke are the primary causes of death in North America, and
atherosclerosis is a major element of these two diseases (1;2). There are many risk
factors associated with atherosclerosis including a correlation between low density
lipoprotein (LDL) and atherosclerosis, and an inverse correlation between high density
lipoprotein (HDL) and atherosclerosis (3). The absence of caveolin-1, a protein involved
in cellular transport of cholesterol, in the apolipoprotein E (apoE) deficient mice
increases their atherogenic lipid profile. This is one of the reasons for our interest in the
cellular function of caveolin-1 and cholesterol traffic (4).

A. Atherosclerosis

Atherosclerosis is a disease of chronic inflammation and is characterized by
accumulation of lipids and fibrous elements in lesions called atherosclerotic plaques
(1;2;5-7). Key cells involved in plaque formation include endothelial cells, macrophages
and smooth muscle cells; all express caveolin-1, though at various levels (8). There are
three stages of plaque formation. Early lesions, known as fatty streaks, consist of a
subendothelial accumulation of macrophages engorged with cholesterol, called foam cells
(5). More advanced lesions have a fibrous cap composed of smooth muscle cells (SMC),
and an extracellular matrix with a lipid-rich necrotic core (1). In the final stages of lesion
formation, the plaque becomes complex, including calcification. The plaque can become
unstable due to thinning of the fibrous cap and can rupture, causing formation of blood
clots (1:6).

Many studies have shown that HDL is inversely correlated with atherosclerosis.

However, the mechanisms involved in HDL’s atheroprotection are poorly understood



(9;10). “Reverse cholesterol transport” may be a key mechanism by which HDL can
inhibit atherosclerosis (11). In this model, HDL scavenges cholesterol from peripheral
tissues, including foam cells found in the subendothelial space. The HDL transfers the
cholesterol to apoB-containing lipoproteins, and these lipoproteins return the cholesterol

to the liver so it can be eliminated in the bile (11;12).
B. Lipoproteins

Macromolecular complexes called lipoproteins are the vehicles of lipid transport
in the blood. They are made up of amphipathic apolipoproteins and lipids. A neutral
core of cholesteryl esters (CE) and triglycerides (TG) is stabilized by a monolayer of
phospholipids (PL) and unesterified cholesterol (FC)(13). The apolipoproteins are
divided into two classes: the non-exchangeable apolipoproteins (apoB-100 and apoB48),
and the exchangeable apolipoproteins (apoA-I, apoA-II, apoA-IV, apoC-l, apoC-1I,
apoC-III and apoE). The interaction between exchangeable apolipoproteins and lipids is
reversible, and the interaction between nonexchangeable apolipoproteins and lipids is
irreversible (14;15). The apolipoproteins are involved in regulating the metabolism and
structural stability of lipoproteins.

Lipoproteins are identified and purified by their buoyant density. Chylomicrons,
the largest lipoproteins, are secreted from the intestine, containing a large core of TG.
They enter circulation through the lymphatic system, and transport the TG to the muscle
and adipose tissue where fatty acids are hydrolysed from TG by lipoprotein lipase
(LPL)(16). LPL is found in the endothelial cells lining the capillaries. A similar protein,

hepatic lipase (HL), found on hepatic cells also hydrolyses TG and PL from lipoproteins,



including chylomicron remnants (1). Chylomicron remnants, containing mostly

cholesterol, apoB-48 and apoE, bind to and are taken up by the chylomicron remnant

Table 1: Classes of Human Lipoproteins and Their Physical Properties
Lipoproteins | Density Diameter | Molecular | Associated Electrophoretic
(g/ml) (nm) Weight Apolipoproteins | Mobility
(KDa)
Chylomicrons | >0.93 75-1200 | 50-100X10° | A-I, A-II, B-48, | Stays at origin
C-1, C-II, C-111,
E
VLDL 0.93-1.006 | 30-80 10-80X10° | A-I,B-100,C-I, |Prep
CIL C-ILE migration
IDL 1.006- 25-35 5-10X10° B-100, C-I, C-1I, | Slow pre B
1.019 CL E migration
LDL 1.019- 18-25 2.3X10° B-100 B migration
1.063
HDL, 1.063- 9-12 360 A-L A-IL, A-IV, | o migration
1.125 C-1, C-II, C-MI,
E
HDL; 1.125-1.21 | 5-9 175 A-L, A-IL, A-1V, | o migration
C-1
C-II, C-IIL E
Pre p HDL 1.28 ~5 67 A-1 Pre B
migration

Adapted from Havel, R.J. and Kane, J.P. 2001. Introduction: Structure and Metabolism
of Plasma Lipoproteins. In Scriver, C.R., Beaudet, A.L., Sly, W.S., and Valle, D.,
editors. The Metabolic and Molecular Basis of Inherited Disease, McGraw-Hill
Companies Inc., New York.

receptor, which recognizes apoE (17).

The liver is the other major site of apoB synthesis, and where very low density

lipoprotein (VLDL) is formed (18;19). VLDL contains TG and CE at the core with some

cholesterol and various lipoproteins. VLDL enters the circulatory system to deliver TG

to peripheral tissues for energy production or storage, and LPL again hydrolyses the TG

to fatty acids. As VLDL releases its contents to adipose and muscle tissues, the core

becomes smaller, and the lipoprotein becomes the intermediate density lipoprotein,




(IDL). As more TG is hydrolysed IDL becomes low density lipoprotein (LDL), through
two pathways. As more TG is removed from the IDL, CE is added from HDL by action
of cholesterol ester transfer protein (CETP), IDL can be taken up by the liver through an
interaction with the LDL receptor (LDLr), through apoB-100 (1;20;21).

LDL, containing apoB100, circulates to the peripheral tissues, where the lipids
associated with LDL are removed from circulation by hepatic LDLr-mediated
endocytosis (1).

HDL, the least buoyant class of lipoproteins, is a heterogeneous group of lipoproteins
and contains only exchangeable apolipoproteins. The primary apolipoprotein present on
HDL is apolipoprotein A-I (apoA-I). There can be two to five apoA-I molecules per
HDL particle. HDL mediates the transport of cholesterol from peripheral cells to the
liver and steroidogenic tissues in a process called reverse cholesterol transport. Excess
cellular cholesterol can be taken up by HDL, and esterified by lecithin:cholesterol
acyltransferase (LCAT), which is associated with the HDL. The CE can then be
transferred to VLDL and LDL by CETP, another protein associated with HDL. The
LDLr-mediated pathway of the liver internalizes the LDL. The HDL is also internalized
by receptors, including scavenger receptor class BI (SR-BI), a process which leads to
selective uptake of cholesteryl esters but not other HDL constituents, called selective
uptake. The cholesterol in the liver can then be used to synthesize lipoproteins or bile

acids (22;23).



C. HDL

HDL is the smallest class of lipoproteins. This class has a diverse population with

differing structures. HDL is dense and has a protein-rich surface with a small apolar

core. There are three subclasses of HDL, prepp HDL, HDL, and HDL;, which are

characterized by lipid composition, charge, shape, and density. The primary protein

present is apoA-I, which is synthesized in the small intestine, and secreted on

chylomicrons, and in the liver (9), where it is secreted as HDL particles (14;24).

HDL precursors may be produced by the liver or intestine, and also include

surface lipid and exchangeable apolipoproteins that dissociate from chylomicrons and

VLDL during hydrolysis of TG by LDL (1;24). HDL precursors can also be produced by

the conversion of HDL; to HDL3 by CETP (13;26). As the size of the lipoprotein core

decreases the outer surface also can decrease.

ApoA-I and HDL mediate cholesterol efflux from the membrane by several possible

pathways. One of these pathways is named the two-step model of cholesterol efflux. In

this model, lipid-poor and lipid free apoA-I interacts with ATP Binding Cassette Al

Table 2: HDL Subclasses

HDL Composition | (%w/w)

Subclass Protein PL FC CE TG
Pre HDL |70 25 5 nd nd
HDL, 43 30 5 20 2
HDL; 55 25 3 16 1

PL, phospholipid; FC, free cholesterol; CE, cholesteryl ester;

detectable.

TG, triacylgycerol; nd, not

Adapted from Fielding, P.E. and Fielding, C.J. 1996. Biochemistry of Lipids,
Lipoproteins and Membranes, Vance, D.E. and Vance, J.E., eds. New Yor;(, New York:

Elsevier.




(ABCAD1) to bind phospholipid. In step two, the pref HDL accumulates cholesterol from
the plasma membrane, including caveolae (22;25).

The resulting product of the efflux is HDL;. The FC is then esterified by LCAT,
and other components of HDL are remodelled by phospholipid transfer protein (PLTP),
resulting in HDL,, a larger particle. Another efflux pathway is that mediated by ATP
Binding Cassette G1, (ABCG1) (201), or scavenger receptor BI (SR-BI). This pathway
effluxes lipids specifically to HDL but not to apoA-I (26).

D. History of Caveolae

1. Discovery of Caveolae

Caveolae were observed long before caveolin. In 1953, Palade (27) reported small
invaginations on the plasma membrane (PM) of endothelial cells of blood capillaries.
Yamada (28) described a morphologically identical structure in gall bladder epithelium.
He named these structures caveolae because they were like “little caves”. Caveolae have
since been morphologically described as omega, flask-shaped invaginations connected to
the PM by a neck-like structure. By electron microscopy, these caveolae appear to be
smooth-coated compared to the electron dense coat of clathrin-coated pits.

2. Discovery of Caveolin-1

Caveolin was first reported as a 22kD protein in an antibody screening for tyrosine
phosphorylated substrates in Rous sarcoma virus-transformed cells by Glenney and
Zokas (29). The tyrosine phosphorylation of this protein correlated with transformation
potential in cells transformed by Rous sarcoma virus. Antibodies to this protein stained

cells in a punctate pattern that was concentrated at the PM (29).



The same 22kD protein was linked to caveolae by immunogold electron microscopy
using the antibody previously developed (30). Using a rapid freeze technique, the protein
was seen as a series of striated rings. Treatment of the cells with nystatin and filipin,
both cholesterol binding agents, caused the caveolae to flatten, and this protein to
dissociate from the PM (30). This 22kD protein was called caveolin because of its
association with caveolae. Its concentration on caveolae, and the correlation between
caveolin dissociation and the change of caveolae morphology led to the hypothesis that
caveolin was an important structural protein of caveolae (30).

At the same time another group found and cloned a protein they named vesicular
integral protein 21 (VIP21) as part of the cellular machinery sorting vesicles to the apical
and basolateral PM. They noted that VIP21 was a component of vesicles derived from
the trans Golgi network (31).

Cloning of caveolin led to the discovery that VIP21 and caveolin had identical
sequences (32;33). The three fields in which caveolin was discovered has directed
research into the functions of caveolin in signalling and cancer, in endocytosis and in the
structure and role of caveolae.

3. Discovery of caveolins —2 and -3

Since other caveolin proteins have been discovered, the first caveolin protein is called
caveolin-1.
Microsequencing of purified adipocyte caveolae revealed a peptide sequence
closely related to caveolin-1. The cloning of the novel protein revealed similarities
between this 162 amino acid protein and caveolin-1, even though they differed in several

key conserved residues (34). This new protein was called caveolin-2.



Caveolin-3 was cloned from a cDNA library using a sequence related to caveolin-

1 that was found downstream of the rat oxytocin receptor (35).
E. The Caveolin Gene Family

1. Caveolin Genes

Human genes for caveolin-1 and caveolin-2 (CAV1 and CAV2) are found at the locus
7931, downstream of D7S522, a CA-repeat microsatellite that maps to 7q31.1 (36;37).
CAV2 is located approximately 67 kilobases (kb) downstream from the D7S522 marker
and is followed by CAV1 about 19 kb further downstream. CAV1 and CAV2 both have

Table 3: The chromosomal location of the caveolin gene family in human DNA

Gene | Locus  # of exons Markers
CAV1 | 7q31.1 3 D78522
CAV2 | 7931.1 3 D7S522
CAV3 | 3p25 2 D3S18, D35S4163, D3S4539

3 exons, and are highly conserved across species (38). CAV3 is located on a different

chromosome at 3p25 (39).

2. Promoter Region of CAV1

Regulation of CAV1 transcription was first noted in relation to levels of cellular
cholesterol. When fibroblasts were loaded with unesterified cholesterol (FC) by 15%,
caveolin levels increased 3 fold (40). If these cells were depleted of FC by cyclodextrin
or incubation in lipoprotein deficient serum (LPDS) resulting in a 60% decrease of FC,

caveolin-1 mRNA decreased by 4 to 5 fold (40;41). A 924bp CAV1 gene promoter



fragment was ligated to a luciferase gene expression vector pGL3 (42). The caveolin
promoter was directly responsive to cellular FC levels. Transcriptional activity increased
in response to increased cellular FC. From this observation, three putative sterol
response elements (SRE) were identified. Selective mutational deletion revealed that two
of the SRE’s, 640 and 395 bp upstream from the caveolin-1 translation start site, were
essential for the transcriptional response to FC (42). The SRE at —-640bp binds SRE
binding protein 1 (SREBP-1), and the other site binds an unknown transcription factor.
The caveolin-2 gene is reported to contain similar SRE’s (43).

Two other cis elements regulate caveolin-1 transcription; c-Myc, an oncogene,
represses caveolin-1 transcription, and p53, a tumor suppressor, stimulates caveolin-1
expression (44;45). The result of the activity of these elements is the repression of
caveolin-1 expression in transformed cells.

Just as the down regulation of caveolin-1 by oncogenes is desirable to decrease
regulation of signalling molecules involved in transformation and survival of cancer cells,
the removal of caveolin-1 by mutation also promotes tumour formation. Galbiati et al.
(46) found that antisense downregulation of caveolin-1 in NIH 3T3 cells causes cellular
transformation due to hyperactivation of the Ras p42/44 MAP kinase signalling cascade.
These observations suggest that caveolin-1 suppresses tumor formation.

7931 has a high deletion frequency around the D7S522 in many epithelial cancers
including primary breast cancers (47), prostate (48;49), colon (50), ovarian (51) and renal
cell carcinomas (52). The D7S522 maps to 7q31.1 and is upstream from caveolin-1 and

caveolin-2 (36;37). The role of caveolin-1 as a tumor suppressor is contested, as



caveolin-1 is also upregulated in some cancers. Recent research suggests that another

protein, ST7 , is the tumor suppressor proximal to D75522 (61).

3. Caveolin Isoforms

Caveolin-1 has two isoforms, o and B. The a isoform is the full length 22kD
protein and caveolin-1p is 3kD shorter (53). The caveolin-1f isoform is missing 30
amino acids from the N-terminus and is created either by the alternate translation site at
M32, or by a shorter mRNA variant (53;54). Both caveolin-1 isoforms can drive
caveolae formation. However, caveolin-1a appears to create deeper caveolae and drives
caveolae formation more efficiently (53;54).

Caveolin-2 has three isoforms: o, B and y by alternate translation sites as well as

splice variants of mRNA (34;55;56). Caveolin-2a is the most prominently studied

Table 4: Isoforms of the Caveolin Family

Protein Isoform Length (amino acids)
Caveolin-1 o 178
B 147
Caveolin-2 o 162
B 149
Y Unknown
Caveolin-3 151
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isoform and is targeted to caveolae with coexpression of caveolin-1. The B and y
isoforms have not been studied much. However, caveolin-2f has been observed on lipid
droplets.

4. Tissue Specificity of Caveolins

Caveolin-1 and caveolin-2 are expressed at their highest levels in adipocytes,
endothelial cells, pneumocytes and fibroblasts. However, lower levels of both proteins
are found in most cell types (34;57;58). They are not expressed in the majority of cells
expressing caveolin-3 except for smooth muscle cells. Caveolin-3 is expressed in
cardiac, skeletal and smooth muscle cells (59). Expression of all three caveolins is
highest in cells that are terminally differentiated (60).

While caveolin-1 and caveolin-2 have a similar tissue distribution pattern, the
sequence of caveolin-1 is only 58% similar and 38% identical to caveolin-2, but 85%
similar and 65% identical to caveolin-3 (58;61).

F. Caveolin-1 Protein Topology

Caveolin-1 is a 22kD protein that is highly conserved. An 8 amino acid sequence
(FEDVIAEDP) is conserved in all caveolin proteins both in the three proteins of the
caveolin gene family and among all species containing the caveolin proteins. This
sequence is called the “caveolin signature motif” (61;62). Deletion of this sequence traps
caveolin-1 in the endoplasmic reticulum (ER) (62). However, no other role is known for

this sequence yet.
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1. Membrane Binding Domain

Early studies showed that caveolin-1 is a nonconventional membrane-spanning protein.
Caveolin-1 was resistant to extraction by sodium carbonate, indicative of an integral
membrane protein (31;63).

Antibodies against caveolin-1 were incubated with cells to determine whether
caveolin-1 had an extracellular domain. The antibodies bound to caveolin-1 in lysed cells
but not in intact ones, indicating that it may not have any extracellular domain (64). As
well, caveolin-1 is sensitive to proteolysis, but only in lysed cells; the C-terminus is
palmitoylated, and the N-terminus is phosphorylated, indicating that both ends of the
protein are cytoplasmic (65-67).

Surface biotinylation of cells revealed that caveolin-1 was not accessible to
biotinylation, and so not present on the extracellular side of the plasma membrane (68).
The analysis of the caveolin-1 sequence revealed a hydrophobic region 32 amino acids
long (102-134). This hydrophobic region itself acts as a signal peptide to insert into the
membrane cotranslationally.

2. Membrane Attachment Domains

While the hydrophobic region of caveolin is inserted into the membrane, two other
regions are capable of binding tightly to the membrane (69;70). Deletion analysis
showed that amino acid residues 82-101 of the N-terminus and 135-150 of the C-
terminus mediate membrane attachment (70). These two regions, labelled N-terminal
and C-terminal membrane attachment domains (N-MAD and C-MAD), flank the

transmembrane domain.
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C-MAD contains a Golgi targeting sequence. A C-MAD-GFP fusion protein was
localized to the cis-Golgi. This GFP was also resistant to alkaline carbonate buffer,
which is consistent with an integral membrane protein, and TritonX-100 at 4 °C (70).

An N-MAD-GFP fusion protein localized to caveolae on the PM. A shorter
sequence in the N-MAD, KYWFYR, targeted GFP to the PM, but not to caveolae (70).
Amino acids 82-101 are in the same region called the scaffolding domain, and can have
protein-protein interactions with signalling molecules localized in caveolae (71-73). This
domain allows caveolin-1 to hold signalling molecules in caveolae or regulate signalling
activity by inhibition or activation (74-76).

3. Oligomerization Domain

Caveolin-1 forms a highly stable complex of 14-16 monomers. This complex of 350-
400 kD must be dissociated with harsh detergent treatment at high temperatures for
disassembly (77;78). The region responsible for oligomerization was mapped to residues
61-101 by deletion mutagenesis (78). This region is also called the caveolin scaffolding
domain, and binds proteins found in caveolae (61).

A second stage of oligomerization occurs by interaction of the C-terminal domain of
the caveolin-1 proteins, creating a network of caveolin that can drive caveolae formation

(78). Caveolin-2 binds the caveolin-1 membrane binding domain.

4. Posttranslational Modifications

Caveolin-1 is palmitoylated at cysteine 133, 143 and 156. These sites are thought
to stabilize the structure of caveolin-1 at the plasma membrane (65;79). Two of the
palmitoylation sites, 143 and 156, are also required for association of caveolin-1 with

hsp56 and cyclophilin A in the cytosolic complex containing caveolin-1, cholesterol, and
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Figure 1: The 7q31.1 locus. The caveolin-2 gene (CAV2) is 67 kb downstream of the
D7S522 marker and the caveolin-1 gene (CAV1) is 19 kb downstream of CAV2. Exons
of CAV1 and CAV2, and D7S8522 are represented by blue boxes. The numbers above the
boxes are the distance between the exons, and the numbers below the boxes are the length

of each exon.
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Figure 2: Protein Domains and Topology of Caveolin-1. A. A schematic diagram of
caveolin-1. The membrane binding domain (MBD) is flanked by two membrane
attachment domains (N-MAD and C-MAD). The caveolin scaffolding domain (CSD)
interacts with caveolin-1 and other proteins found in the caveolae. The caveolin
signature motif (FEDVIAEP) is found in the CSD. Caveolin-1 has one tyrosine
phosphorylation site (Y14) and three putative palmitoylation sites (C133, C143, C156).

B. Proposed topology of caveolin-1 in the plasma membrane.
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chaperone proteins (80). A third palmitoylation site is not required in this complex, but
may be related to localization of caveolin to lipid droplets.

Phosphorylation at Y14 is involved in the interaction with signalling molecules
(81).
G. Caveolin Transport

Caveolin-1 is cotranslationally inserted into the ER membrane (79). Caveolin-1
does not have an N-terminal signal peptide to cause insertion into the membrane, but the
transmembrane domain acts as a signal peptide. Caveolin-1 homooligomerizes with itself
in the ER (77;79). The amino acid sequence IDFED (66-70) is required for transport of
caveolin-1 to the Golgi (62). In the Golgi, caveolin-1 undergoes the second stage of
oligomerization and becomes detergent insoluble (77;79;82). Binding of caveolin-2
through the membrane binding domain also occurs in the Golgi (83). From the Golgi, the
caveolin-1 network is transported in a vesicle to the PM (72). Caveolin on the PM are
found in caveolae. Internalized caveolae, called caveosomes, may move back to the
Golgi (30).

Caveolin-1 may also enter the cytosol as a soluble complex with cholesterol, and
chaperone proteins HSP56 and cyclophilin A (84-86). This cytosolic complex appears to
be the size and density of HDL, and has multiple intracellular destinations (87). This
includes transport to and from the ER to acquire de novo synthesized cholesterol to

transport back to the caveolae. Little is known about this soluble complex.

16



H. Functions of Caveolin

1. Cholesterol Homeostasis

I Structure of Caveolae

Caveolae are defined as detergent-insoluble plasma membrane domains containing
caveolin proteins. The morphology of caveolae is classically described as a flask-shaped
membrane invagination with a diameter of 50-100 nm (28). This description has been
expanded to add other morphologies. Caveolae can also be flat in the plane of the
membrane, detached from the membrane as vesicles, caveosomes (88), and fused to form
tubules (89-91), or grape-like clusters (57;92).

Biochemically caveolae lipids are primarily cholesterol and sphingolipids
(sphingomyelin and glycosphingolipids) and contain few phospholipids (93). The
cholesterol and sphingolipids form a detergent insoluble membrane termed a liquid
ordered domain (94-97).

Caveolin is not necessary for the formation of liquid ordered domains.
Combining cholesterol and sphingolipids in vitro results in the formation of liquid
ordered domains. Lipid rafts are, in fact, liquid ordered domains without the presence of
any caveolin proteins. Lipid rafts and caveolae are both liquid ordered domains found on
the PM. Caveoiae are considered a subclass of lipid raft (94;95). Liquid ordered
domains are resistant to mild non-ionic detergents and have a low density. These two
biochemical properties allow purification and characterization of lipid raft/caveolar
membranes through incubation with detergent and buoyancy in sucrose

ultracentrifugation.
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II. Cholesterol, Caveolin-1 and Caveolae

The sensitivity of caveolae to changes in cellular cholesterol concentration was
demonstrated in early studies (30). Cholesterol binding agents, such as nystatin, filipin
and methyl B cyclodextrin (mpCD) can flatten the caveolae invaginations on the cell
surface and “unravel” the caveolin-1 coat, causing caveolin-1 to move to an ER/Golgi
complex location. The influence of cholesterol on caveolin-1 is evident by its
intracellular translocation with cholesterol depletion. Caveolin-1 only moves back to the
PM when the cholesterol levels are restored. In vitro caveolin-1 will only bind to
liposomes containing cholesterol (98). Caveolin-1 directly binds cholesterol in a 1:1
ratio. Loading cells with cholesterol resulted in a stabilization and increase of caveolae at
the PM (99).

Caveolin-1 synthesis is directly affected by unesterified cholesterol (FC) levels in the
cell. Depletion of cholesterol reduces caveolin-1 expression in MDCK cells and
fibroblasts (40;41). In contrast, loading smooth muscle cells with low density lipoprotein
(LDL) derived FC results in an increase of caveolin-1 expression and mRNA (40).

Cholesterol can regulate caveolin-1 expression through the two SRE’s present in its
promoter region. SRE binding protein-1 (SREBP-1) binds one of the SRE’s in the
caveolin-1 promoter region (42;99). SREBP-1 also activates the transcription of HMG
CoA Reductase and the LDL receptor.

The expression of caveolin-1 in cells without any endogenous caveolin-1 in the basal
state is sufficient to drive caveolae formation, and downregulation of caveolin-1 results in
a decrease of caveolae at the PM (46;100;101). Caveolin-1 binds both cholesterol and

sphingolipids (98;100;102), creating a detergent resistant domain. The caveolin-1
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oligomeric complexes interact to form the caveolin network resulting in the cave-shaped
morphology (70;72).

The role of caveolin-1 in cholesterol regulation was studied directly in synchronized
primary skin fibroblasts. Immediately after S phase, caveolin-1, caveolar FC and efflux
to lipoproteins decreased in order to increase the cellular FC mass in preparation for cell
division. When cells were transfected with caveolin-1 cDNA, cholesterol efflux
increased and the FC accumulation was significantly inhibited (103).

III. Cholesterol Efflux to HDL

The influence of caveolin-1 on HDL mediated cholesterol efflux is poorly
understood, and the field is filled with conflicting reports. It has been suggested that
caveolin-1 promotes efflux (104-107), caveolin-1 does not affect efflux, and caveolin-1
decreases efflux (108).

A large portion of the studies of the relationship between cholesterol and caveolin-1
used fibroblasts as the working model since they have high caveolin-1 expression and
many caveolae. Fielding et al. (109), have studied the relationship between caveolin-1
and cholesterol efflux to HDL, plasma and apoA-I. In fibroblasts, cholesterol efflux
occurs by a diffusional method and by a receptor mediated method. Cholesterol efflux to
pre B HDL or apoA-I was defined as receptor mediated efflux, and cholesterol efflux to
plasma HDL or native plasma was considered to be diffusional (109). LDL derived
cholesterol was found enriched in caveolae. The cholesterol content of the caveolae was
correlated to the rate of cholesterol efflux to HDL (40). Labelling cells with LDL
cholesterol increased the level of caveolin-1 mRNA. Inhibiting caveolin-1 with okadaic

acid decreased the efflux to HDL and native plasma (104). Antisense caveolin-1 also
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decreased the efflux of LDL derived cholesterol (110). Conversely, overexpression of
caveolin-1 cDNA increased efflux of cholesterol to HDL (40), and decreased the
cholesterol mass of the fibroblasts (103). Caveolar cholesterol can be transferred to
apoA-I as well (179). The transfer of newly synthesized cholesterol to the caveolae was
stimulated by incubation with apoA-L.

THP-1 cells differentiated into macrophages by phorbol myristate 13-acetate (PMA),
show a large increase in cholesterol mass, an increase in caveolin-1 expression and an
increase in HDL mediated cholesterol efflux. Transfection of these cells with a caveolin-
1 antisense oligomer causes a decrease in cholesterol incorporation into HDL, but
phospholipid efflux is unchanged (106). In HepG2 cells stably transfected with caveolin-
1, efflux to human plasma was 280% higher than negative controls and efflux to apoA-I
was 45% higher (105).

The influence of caveolin-1 on plasma HDL was studied using mice infected with
Ad5-caveolin-1 in which caveolin-1 expression was confined to the liver. This
expression resulted in a two-fold increase of total HDL cholesterol mass in the plasma.
Hepatocytes infected with caveolin-1 have an increased apoA-I secretion (107).

In RAW and J774 macrophage cell lines (111-113) caveolin-1 was not detected, nor
did caveolin-1 mRNA respond to cholesterol loading. Transfection of caveolin-1 cDNA
resulted in no changes in efflux to HDL. The authors thought that the influence of
caveolin-1 on cholesterol efflux may be dependent on cholesterol mass as caveolin-1

expression in THP-1 cells was correlated with a large increase in cellular cholesterol

mass (111).
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In another conflicting report about caveolin-1 and cholesterol efflux, NIH 3T3 cells
were used. NIH 3T3 cells express high levels of caveolin-1. When they are transformed
by H-ras or v-abl, caveolin-1 expression decreases. HDL-mediated cholesterol efflux
was lower in the parental cell line than the transformed cells. The parental cells were
transfected with a caveolin-1 antisense or sense oligomer, and HDL mediated efflux was
once again increased with the decrease of caveolin-1 expression (108). Caveolin-1
expression and activity of the caveolin-1 promoter region were also decreased with
chronic exposure to HDL.

i) Facilitated Diffusion

Cholesterol can transfer by simple diffusion between the PM and FC sequestering
molecules like albumin and lipoproteins along the concentration gradient. This allows a
bi-directional flux of cholesterol between the PM and lipoproteins in an energy-
independent manner. This process is slow and depends on the proximity of the
lipoproteins to the PM. By interacting with receptors, such as SR-BI or ABCG1, on the
PM this process is faster and more efficient. This process, called facilitated diffusion, is
still energy independent, and bi-directional. SR-BI binds to HDL to transfer cholesterol
esters to the cell and facilitate the diffusion of FC between HDL and the PM (114-118).
In both the mouse overexpressing SR-BI and the SR-BI null mice, there were changes to
the plasma HDL (56;119).

SR-BI is localized to the caveolae in several cell lines (120;121). In CHO cells
transfected with SR-BI cDNA, 80% of the SR-BI expressed was localized to PM
caveolae (121). Coexpression of caveolin-1 and SR-BI in THP1 cells also resulted in a

localization of SR-BI to caveolae (122) and negatively regulated cholesterol ester uptake.
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Transfection of fibroblast cells with SR-BI increased HDL-mediated cholesterol efflux.
Decreased expression of caveolin-1 by okadaic acid, or antisense caveolin-1 resulted in
inhibition of the efflux facilitated by SR-BI (110).

SR-BI, an HDL receptor, stabilizes and increases the caveolae at the PM (99). In
caveolae, CD36, a receptor for oxidized LDL (0xLDL), promotes sterol efflux to oxLDL,
and causes caveolin-1 and endothelial NO synthase (eNOS), to translocate to an
intracellular compartment (123). HDL protects against this translocation in an SR-BI-
dependent manner by replacing the sterol removed by oxLLDL (124).

ii) The Two-Step Model of Efflux

ATP-binding cassette A1, ABCAL, is a protein whose involvement in apoA-I
specific efflux has only been studied recently. Defects in ABCA1 cause Tangier
disease, in which efflux of cholesterol from macrophages is impaired, resulting in low
concentrations of HDL and apoA-I, and an accumulation of foam cells. Tangier
disease fibroblasts have impaired efflux of both phospholipid and cholesterol
(125;126). In the absence of ABCAL1 in hepatocytes, efflux to apoA-I is inhibited.

Two cell lines were used to identify the role of ABCAL in efflux (25). HUVEC
cells have low ABCA1 expression and very high caveolin-1 expression, while aortic
smooth muscle cells (SMC) have high ABCA1 expression and low caveolin-1
expression. Incubation of apoA-I with HUVEC cells resulted in little efflux of
phospholipid or cholesterol to apoA-I. Incubation of SMC with apoA-I resulted in a
phospholipid rich, cholesterol poor complex with apoA-I. This efflux was not
inhibited by vanadate, (Vanadate is an inhibitor of H-type ATPases and protein

phosphatases, and causes caveolae to internalize) (127). If the media containing the
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phospholipid rich apoA-I complex from aortic SMC was then incubated with the
HUVEC cells, cholesterol was incorporated into the lipoprotein complex with the
phospholipid and apoA-I (25). This efflux of cholesterol was inhibited by vanadate.
Cholesterol efflux to preformed HDL was possible in Tangier fibroblasts, but not to
lipid-free apoA-I (128). These observations led to the “two-step model” of efflux
(25). In this model ABCAL interacts and lipidates apoA-I with phospholipids. This
pref-apoA-I then acquires cholesterol from the PM, including caveolae. In
endothelial cells and human SMC, 80% of cholesterol efflux can be inhibited by
vanadate (127) and is filipin sensitive. Cells without caveolin and caveolae, such as
J774 cells are still capable of efflux. However, this efflux is cAMP dependent, and
unaffected by either filipin or vanadate. This highly specific efflux of cholesterol is
dependent on ABCAL1, not caveolin. Fielding et al. (110), suggest that this ABCA1-
dependent efflux of cholesterol may be specific to transformed and immortalized cell
lines. However, this alternate pathway of cholesterol efflux may be valid in other
cells deficient in caveolin.

IV. Caveolin-1 and Intracellular Lipid Transport

The identification of caveolin-containing vesicles suggests that caveolin is involved
in intracellular transport as well as efflux. Caveolin-1 associates with liquid ordered
domains in the Golgi complex before moving to the PM. With the depletion of
cholesterol, caveolin-1 moves to the ER, and then to the Golgi until cholesterol levels are
restored. The cycling of caveolin-1 between the PM and the Golgi network may be
involved in the cycling of cholesterol to the PM from intracellular stores or endosomal

vesicles. The cholesterol from LDL can be selectively internalized independently from
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the LDL receptor pathway (129). Cholesterol label was traced from the PM to
endosomal vesicles, then to vesicles with markers of the trans Golgi network, and
caveolin-1. Finally this cholesterol was found in the caveolae (130).

The transport of cholesterol from the ER to the PM occurs independently from the
Golgi compartment. Pulse labelling of the cholesterol with [°H]-mevalonate or [*H]-
acetate resulted in cholesterol label rapidly entering the caveolae with a half-life of 10
min. From the caveolae, FC was either transferred rapidly to HDL, or, in the absence of
HDL, slowly dispersed to the rest of the membrane (t;,=30-40min) (131). This de novo
cholesterol was isolated in a cytosolic complex containing caveolin-1, heat shock protein
56 (HSP56), cyclophilin A and cyclophilin 40. Inhibition of HSP56 or the cyclophilins
blocked the transport of cholesterol to the PM (84). This complex is the same size and
buoyant density as HDL. Mutational analysis revealed that palmitoylation of caveolin-1
is required for the formation of this complex. Cyclophilin A is unable to bind with
caveolin-1 mutant cav(cys143ala) and resuited in a 50% decrease of cholesterol binding.
HSP56 cannot bind cav(cys156ala), and cholesterol binding decreased 75% (80). Since
cells containing little or no caveolin-1 can still transport de novo cholesterol, caveolin-1
may only facilitate cholesterol transport. In cells transfected with caveolin-1 cDNA,
caveolar cholesterol levels were enhanced 4-5 fold (131). |

V. Lipid Droplets

Recently caveolins were found on lipid droplets (132-134). Lipid droplets are
found in all cells, but are most prominent in adipocytes. They are used for storage of
excess lipids and cholesterol in the forms of triglycerides (TG) and cholesterol esters

(CE). The core of TG and CE is surrounded by a phospholipid monolayer derived from
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the ER and the surface is covered with proteins. The major proteins on thé lipid droplet
are perilipins in adipocytes and steroidogenic cells (135-137), and adipocyte
differentiation related protein (ADRP) in preadipocytes and other cells (138).

Fujimoto and colleagues (132), found that the B isoform of caveolin-2 localized to
the lipid droplet while caveolin-2a localized to the Golgi, and, with caveolin-1
expression, moved to form caveolae on the plasma membrane.

The caveolin-3 mutant cav-3 (DGV) is distributed to the lipid droplets (133;134).
All of the caveolins can also distribute to the lipid droplets when they were retained in the
ER by tagging an ER retrieval signal (KKSL) onto caveolin transfected into culture cells,
or by brefeldin A treatment of cells already expressing caveolin-1. Caveolin targeting to
the lipid droplets was irreversible (133;134;139). The conclusion of these results is that
excess caveolin in the ER is targeted to lipid droplets. While this targeting appears to be
physiological for caveolin-2p, the other caveolins only appear to target lipid droplets
when there is excess caveolin in the ER.

Recent work by Pol and colleagues (140), suggests that caveolin-1 and caveolin-2
redistribute to lipid bodies in cells loaded with lipids, and leave the lipid droplets with
lipid depletion. This adds to the idea that caveolin plays a critical role in cholesterol
homeostasis within the cell, and needs further examination to determine the role caveolin
does play with lipid droplets.

2. Endocytosis

Clathrin coated pits are the best characterized mechanism for internalizing

specific proteins and bulk membrane by endocytosis (141). However, another

pathway of endocytosis has also been reported (142;143). This clathrin independent
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pathway is cholesterol sensitive (144;145), and inhibited by okadaic acid (146). This
pathway uses both lipid rafts and caveolae. Antibodies for proteins found exclusively
in caveolae accumulated interstitially 50 fold more than non-specific antibodies
(147). This showed that caveolin-1 is involved in endocytosis.

Caveosomes are defined as endosomes containing caveolin-1, and caveolin-1
remains an effective marker of endosomes involved in the clathrin-independent
endocytic pathway. Caveosomes are likely involved with the transport of

sphingolipid and GPI-linked proteins from the PM to the Golgi (148;149).

3. Cell Signalling

Through both biochemical and morphological studies many of the signalling
molecules isolated in both the caveolae and lipid rafts are at a higher concentration than
found in total plasma membrane samples (61). This led to the hypothesis that there is a
raft/caveolae compartment on the plasma membrane that concentrates and organizes
signalling molecules (150). This would increase the efficiency of signalling, and also
explain the cross talk between signalling pathways. Proteins localized to caveolae
include G-proteins (151;152), insulin receptor (153), PDGF receptor (154),and EGF
receptor (155), eNOS (156), GLUT-4 (157), nonreceptor tyrosine kinases (63;158), and
adaptor proteins (159). The roles of both lipid rafts and caveolae as signalling
compartments cannot be separated at this time, and new methods need to be developed to

look at the separate roles of these two membrane domains.
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i) Caveolin Scaffolding Domain (CSD)

The CSD binds directly to proteins found in the caveolae. $XPpXXXX¢,

PXXXX XX, and $XOXXXX$XX¢ are the sequences that bind the CSD, where ¢ is
Phe, Tyr or Trp, and X is any amino acid (71). These sequences are called the caveolin
binding sequence (CBD). In all of the proteins known to interact with caveolin-1, a CBD
was found at least once in their primary structure, but not all proteins with putative
CBD’s bind caveolin-1.

The interaction of caveolin-1 in several cases inhibits the basal level of the
signalling molecule. In some of those cases, this is due to the location of the CBD in the
active catalytic domain of the protein. The CSD is sufficient to inhibit signalling activity
(160) including eNOS, endothelial nitric oxide synthase (74;161-164).

I. Caveolin-1 Knockout Mice

To examine the overall effects of caveolin-1 in vivo, caveolin-1 deficient mice
were created (165;166). Initially these mice appeared normal and healthy. On closer
examination abnormalities were found in adipose tissue, cardiac function and lung
differentiation. Life span was reduced by 50%. The caveolin-1 deficient mice suffer
from abnormalities in both the heart and pulmonary organs (165;167-169). In both cases
these defects stem from fibroblast and endothelial cells, both normally abundant in
caveolae.

No caveolae were found in adipose or endothelial tissue in these mice, where
normally 5000 to 10 000 caveolae are found in endothelial cells (27). Caveolin-2 protein
levels were reduced by approximately 90% due to protein destabilization and

proteasomal degradation. Remaining caveolin-2 was retained in the Golgi (61). Cardiac
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and striated muscle cells, expressing caveolin-3 retained their caveolae, but smooth
muscle cells did not. While caveolae were absent in most cells, the GPI-anchored protein
and lipid compositions of detergent-insoluble membranes were unchanged in cells
isolated from the caveolin-1 deficient mice (61).

1. Lipid Homeostasis

The caveolin-1 null mouse has hypertriglyceridemia, and elevated chylomicrons
and VLDL. The adipocytes of these mice were poorly differentiated and hypercellular,
and the adipocyte cell diameters were reduced. The mice were lean and resistant to diet
induced obesity. Lipid droplets were smaller in caveolin-1 null adipocytes, and
responded poorly to lipolytic agonists (170;171). These mice are insulin resistant, and
the insulin receptor levels in the adipocytes were severely reduced (170). The decrease
of HDL in the caveolin-1 null mouse was small (171).

2. Signalling

Many important signalling molecules do not localize to caveolae exclusively, the
absence of caveolae still changes the activation of some signalling molecules
(61;166;167).

eNOS (endothelial nitric oxide synthase) signalling is upregulated in the caveolin-
1 null mouse (165;172). eNOS causes the vasodilation of blood vessels (165;169) and is
active in adhesion molecule expression on endothelial cells (173).

3. Cardiac function

Cardiac myocytes do not express caveolin-1, but do express caveolin-3. Cardiac
endothelial cells and fibroblasts do express caveolin-1. They have a 50% reduction in

life span, living for about 27 to 62 weeks and typically dying from sudden cardiac death
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syndrome (169). The hearts of caveolin-1 null mice are abnormal with the right
ventricular cavity enlarged and the left ventricular wall thickened. Caveolin-1 null mice
develop cardiac hypertrophy (167). The absence of caveolin-1 causes an upregulation of
p42/44 MAP kinase activity, hyperproliferation and fibrosis. The activity of eNOS,
which regulates the contraction of the vessels and the heart, is increased in the caveolin-1
null mouse. The increased permeability of the blood vessels is also attributed to
increased eNOS activity.
4. Lungs

Caveolin-1 null mice showed a lack of lung capacity and endurance by a
swimming test in which the wild-type mice had a longer endurance than the caveolin-1
knockout mice (165;172). On closer inspection, the lung parenchymal cells were poorly
differentiated, and there was a thickening of the alveolar wall due to an increase in the
number of cells present. This phenotype was not due to the absence of caveolin-1,
however, but the inability of caveolin-2 to form caveolae in the absence of caveolin-1.
This phenotype was also seen in caveolin-2 knockout mice (174), and this phenotype is
seen in caveolin-1 deficient mice due to degradation of caveolin-2.

5. ApoE™ caveolin-1"" mice

The caveolin-1 deficient mouse has a decrease in atherosclerotic lesion incidence
and size. In order to look at the activity of caveolin-1 in an atherosclerotic background,
the caveolin null mouse was crossed with the apoE deficient mouse (4). Caveolin-1 has
both pro and anti-atherogenic properties.

Firstly, in the cavl” 'apoE" " mouse, there is an increase in plasma cholesterol

levels with both the normal chow diet and the western-type diet. The non-HDL
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cholesterol plasma levels are two-fold higher with the western-type diet (4). This lipid
profile indicates an anti-atherogenic role for caveolin-1.

In contrast measurement of lesion size and quantity shows that caveolin-1 has an
overall proatherogenic effect. The area of the lesions was reduced by ~70% in the
absence of caveolin-1 in the apoE-/- mice with either the normal chow diet or the
western-type diet.

The influence of caveolin-1 on the lipid profile of these mice suggests that
caveolin-1 influences the metabolism of lipoproteins (4;8). The absence of caveolin-1 in
an apoE deficient background results in hypercholesterolemia, whether the animals are
fed a low fat, low cholesterol diet or a Western diet (4). The lipid profile shows that this
is largely due to high levels of VLDL and IDL. Mice fed the control diet have no change
in HDL levels or apoA-I expression. However, when caveolin-1 < apoE ¢ mice are

fed a western diet plasma apoA-I plasma apoA-I drops by more than 80% (4).
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Hypothesis‘
Our hypothesis is that caveolin-1 influences the metabolism of cholesterol in
hepatic cells. We will show the effect of caveolin-1 expression on two areas of
cholesterol metabolism: cholesterol synthesis and efflux, using three different cell

systems.
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Chapter Two: Materials and Methods

Materials

The adenovirus vectors Ad5-GFP (green fluorescent protein), Ad5-cavl
(caveolin-1) and Ad5-tTA (tetracycline transactivator) were a gift from the lab of Dr.
Lisanti, and the caveolin-1 deficient mice were from the same lab (175). Ad5-caveolin-2
and Ad5-caveolin-1 adenovirus vector were a generous gift from the lab of Dr. Sessa.
[PH]cholesterol, [’H]mevalonate, [’H]acetate, and [°H]choline were purchased from
PerkinElmer Life and Analytical Sciences. Anti-caveolin polyclonal antibody was
purchased from Transduction labs, anti human apoA-I antibody from Calbiochem, and
anti murine apoA-I antibody from Biodesign International. Sepharose G beads were
ordered from Amersham Biosciences. Dulbecco’s Modified Eagle’s Medium (DMEM),
Eagle’s Modified Essential Medium (EMEM), Hepatozyme, fetal bovine serum (FBS)
and bovine serum albumin (BSA) were from Sigma. Trypsin, L-glutamine and
penicillin-streptomycin were purchased from Gibco. Methyl B cyclodextrin was obtained

from Cerestar.

Adenovirus systems

Caveolin-1, green fluorescent protein, and tetracycline transactivator recombinant
AE1AE3 adenoviruses (Ad5-cavl, Ad5-GFP and Ad5-tTA respectively) were donated by
Dr. Lisanti and generated as described previously (175). The C-terminal Myc-tagged
canine caveolin-1 cDNA or GFP cDNA was placed under the control of a CMV
immediate early (IE) minimal promoter preceded by a heptamer of tetO sequences.

Protein expression in cells was then induced by the co-infection of caveolin-1 (or GFP)
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adenovirus with a second adenovirus containing a constitutive CMV-driven transactivator
(Ad5-tTA) whose expression was suppressed in the presence of tetracycline.

Cells were infected with 25 moi of Ad5-cavl or Ad5-GFP, accompanied by the
25 moi of Ad5-tTA for 1 hat 37 °C.

The caveolin-1 and caveolin-2 adenoviruses were from the lab of Dr. William
Sessa(176). These vectors were not tétracycline inducible, but gene transcription was
controlled by a CMV immediate early minimal promoter. Cells were infected with 30
moi of Ad5-caveolin-1 or -2 for 1 hat 37 °C.

Ad5-Luciferase (Ad5-luc), and Ad5-apoA-I were generated in this lab by Dan
McManus and colleagues (177). Luciferase and apoA-I were also under the control of
the CMV promoter(177). Cells were infected with 75 moi of Ad5-apoA-I for 1 h at 37
9C. McA-RH7777 and HepG2 cells were infected with 30 moi of Ad5;luc for 1 hat 37
%C, and hepatocytes were infected with 75 moi of Ad5-luc for 1 h at 37 °C.

Viral Scale-up and Titering
Virus was grown in 293 cells starting with 1 x 10 cm dish up to 30 x 100 cm

dishes. Cells were scraped. Cells were frozen at —80 °C in PBS ** -glycerol, and then

thawed three times. Cell lysates were fractionated on a cesium chloride gradient.
Cesium chloride was solubilized in 10mM Tris-HCl to make three solutions at densities
of 1.4 g/ml, 1.35 g/ml and 1.2 g/ml. In 2 tubes, 2 ml of the 1.4 g/ml cesium chloride
solution was added first, and then 4 ml of the 1.2 g/ml solution. The viral stock was

added gently on the top, and balanced. Tubes were centrifuged for 90 min at 100 000 x g
at 4 °C. The white band of viral particles was completely removed. The 1.35 g/ml

cesium chloride solution was added to the tube and balanced with another tube. The viral
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particles taken from the first spin were combined. The tubes were centrifuged for 18 h at

100 000 x g at 4 °C and the lower white band was taken. Viruses were dialyzed in 3 x 4L

of PBSZ* with 10% glycerol at 4 °C, and titer was determined by plaque assay (177).

Cell culture of McA-RH7777 cells and HepG2 cells

McA-RH7777 cells were grown in DMEM, 10% FBS, 1% L-glutamine and 100
ng G418. Cells were seeded 1 x 10 cells into 6-well Primaria plates, and cultured for 24
h in a CO, incubator at 37 °C.
- HepG2 cells were grown in EMEM, 10% FBS, 100 U/ml peniéillin and 100 pg/ml
streptomycin. Cells were seeded 8 x 10* cells into 6-well Primaria plates, and grown for

24 h in a CO; incubator at 37 °C.

Hepatocyte culture

Hepatocyte cells were prepared by Vivian Franklin, and seeded on 6-well plates
coated with 20 ug/well of fibronectin. Hepatocytes from mouse liver, both C57B16 and
caveolin-1 deficient mice were seeded at 2 x 10° cells/well and incubated for 5 h at 37

°C. Radioactivity was added at 5 pCi/ml of [*H]choline or [PH]cholesterol, or 10 pCi/ml

of [*H]mevalonate for a total of 40 h.

Lipid Synthesis
Cells were labelled with 10 pCi/ml of [*H]acetate or ["H]mevalonate in DMEM

containing 2 mg/ml BSA (DMEM-BSA) for 1 h up to 24 h. Cells were rinsed in PBS and

scraped into 2 ml H,O:methanol (1:1 v/v). Lipids were extracted as described previously.
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Cells were extracted in 4:1:1:1:0.1 (vIvivIv) of chloroform: methanol, H,O: water
saturated NaCl:acetic acid. The organic phase was removed and the aqueous phase was

discarded.

Thin Layer Chromatography (TLC)

Samples in the organic phase were dried down under N; gas. To each sample, 50
ul of chloroform was added and then loaded onto a silicon-coated glass plate, and run in
polar and nonpolar solvent systems: chloroform:methanol:acetic acid:formic acid:H,O
(105:45:7.5:3:1.5 v/viv/viv) and hexane:diethyl ether:acetic acid (105:45:1.5 v/v/v).
Band locations were determined by iodine. Bands were scraped and radioactivity was

determined by scintillation counting.

HDL and apoA-I mediated efflux from McA-RH7777 and HepG2 cells

labelled by [’H]cholesterol

Cells were seeded in 6-well plates for 24 h before labelling. [*H]cholesterol was
incubated with HDL or LDL isolated human plasma for 30 min at 37°C in 500ul of
DMEM-BSA. The volume was increased so that there is 5 pg/ml of LDL or HDL and 1
pCiml [*H]cholesterol in the labelling media. Labelling media was added to the cells for
24h. Cells were equilibrated for 4 h with DMEM-BSA in order to allow the
[PH]cholesterol to label the recycling endosomes. Efflux media containing 50 pg/ml of
either HDL isolated from human plasma, or 15 pg/ml of recombinant his-tagged human

apoA-I was then added to the cells. Media was collected for scintillation counting and

cells were solubilized in 0.5N NaOH.
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HDL and apoA-I mediated efflux of newly synthesized cholesterol from
McA-RH7777 and HepG2 cells

To label cells with newly synthesized cholesterol the label media was either 10
pCi/ml of [*H]acetate or 5 pCi/m! of [°’H]mevalonate. Efflux occurred as in the previous
efflux assays. However, media and cell samples were collected in 1:1 HO:MeOH and

samples were processed as described in lipid synthesis.

Cholesterol Depletion with Methyl B Cyclodextrin

Methyl B cyclodextrin (mBCD) was solubilized in DMEM to a concentration of

10 mM. Cells were labelled as described above in HDL and apoA-I mediated efflux.
Cells were labelled with [*H]cholesterol, and incubated for 30 min at either 4 °C or 37 °C
to bring the cells to the temperature required for cholesterol depletion. The mpCD
solution was added to cells for 15 min at either 4 °C or 37 °C. The media was collected

for scintillation counting, and cells were scraped into 0.5 N NaOH for scintillation

counting and protein determination.

ApoA-I Specific Efflux from Hepatocytes

The cells were labelled for 40 h as described in hepatocyte culture. To quantify
the lipidation of secreted apoA-I, 20h into the labelling period, hepatocytes were infected
with 75 moi of either AdS-apoA-I or AdS-Luc for 1 h. Cells were equilibrated for 1 hin

Hepatozyme media, and then cells are incubated in the presence or absence of human

apoA-I for 5 h at 37 °C either by adenovirus infection or exogenously adding 15 pg/ml of
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apoA-I. Excess cells and cell debris in the media were removed by centrifugation. The
media was incubated with anti-human apoA-I antibody for 18 h and then with Sepharose
G beads to précipitate the labelled lipids associated with apoA-I. Cells were also
collected for protein determination and cholesterol extraction. Determination of
synthesized lipids is described above. All samples were scintillation counted to

determine radioactivity.

Electron Microscopy

McA-RH7777 and HepG2 cells were fixed in 1.6% glutaraldehyde in 0.1 M
cacodylate buffer, and post fixed with osmium tetroxide. Cells were stained with uranyl
acetate, and dehydrated in consecutive solutions of increasing ethanol concentration.
Cells were embedded in Spurr resin, stained with uranyl acetate and lead citrate, and cut
into sections by Peter Rippstein. The sections were examined with a Jeol 1230

transmission electron microscope.

Western Blot Analysis

Cell proteins were solubilized in 1 ml/well of SDS loading buffer. The samples
were loaded into a 12% SDS PAGE gel and run at 90 V. They were transferred to
nitrocellulose membrane at 125 V for 2 h. The membrane was incubated for 1h in
blocking buffer (5% skim milk, and 0.2% Tween in PBS). The membrane was probed

with either anti-caveolin-1 antibody or anti-HSP 60 antibody overnight, or with the
biotinylated anti-apoA-I antibody, 4H1, for 1 h at 4 °C. The membrane was subsequently

probed with the secondary antibody coupled to horse radish peroxidase (HRP): anti-
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rabbit IgG, anti-mouse IgG or streptavidin antibody respectively. The proteins were

detected using Pierce West Pico SuperSignal substrate.

Statistical Analysis

Each data point was calculated as the average +/- SD of triplicate or quadruplicate
samples. All experiments were reproduced between 2 and 5 times, and the experiments
shown are representative. In order to determine significance the two-tailed t test was

used.
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Chapter Three: Results

A. Stably Transfected McA-RH7777 cells

Electron Microscopy

The ultrastructure of the McA-RH7777 cells was examined for caveolae. No
caveolae were formed in the MH cells, (expressing no caveolin-1), but caveolae were
found attached to the membrane of both the M3-31 and M3-35 stably transfected cells.
Thirty-one percent of M3-31 sections contained caveolae, and 49% of M3-35 sections

contained caveolae (Fig 3).

Lipid Synthesis

Cells were labelled with 1 pCi/ml of [*H]acetate for 1 h. After lipid extraction the
lipids were separated by TLC as described in the Materials and Methods section. The
synthesis of cholesterol from cells labelled with [’H]acetate was increased by 30% in the
presence of caveolin-1. However, the synthesis of triglycerides, cholesterol esters, and
phosphatidyl choline was not significantly increased with caveolin-1 expression (Fig 4).
This was previously observed in the lab by Philip Links (178).

Earlier findings suggested that apoA-I is capable of stimulating cholesterol
synthesis (85;179). The synthesis of cholesterol, triglycerides, cholesterol esters, and
phosphatidyl choline was measured again in repeated experiments, but in the presence of
15 pg of apoA-I during 1 h of lipid synthesis. We found no significant increase in the

synthesis of any lipids when apoA-I was present (Fig 4 B, C, D).
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Figure 3. Electron Microscopy pictures of McA-RH7777 cells show that stable
transfection with caveolin-1 results in caveolae formation. Stably transfected McA-
RH7777 cells are shown at 15000-fold magnification. MH (A) are mock transfected,
M3-31 (B) are an intermediate, and M3-35 are high expressers of caveolin-1. These data
are representative of the examination of 50 cells where caveolae were counted and this
experiment was repeated twice.
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Figure 4. Caveolin-1 expression in McA-RH7777 cells increases cholesterol
synthesis. Stably transfected caveolin-1 McA-RH7777 cells were labelled with 10
uCi/ml [PHJacetate for 1 h, and then incubated for 3 h in the presence or absence of 15 ug
of apoA-I. Synthesis of [’H]cholesterol (A), [’H]sphingomyelin (B), [*H]phosphatidyl
choline (C), and cholesterol esters (D) from the ["H]acetate was measured. Cell lysate
was collected for lipid extraction and TLC to separate the lipids. Cholesterol synthesis
increases significantly in M3-35 cells compared with MH cells (* = P<0.01)
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Cholesterol efflux to apoA-I, HDL,

Mock (MH), M3-31, and M3-35 cells were labelled for 24 h with [*H]cholesterol
as described in Materials and Methods. After a 4-h equilibration period, HDL was added
to the cells for 0, 3, 6 and 24 h (Fig SA). At 6 h and 24 h, there were significant increases
in the amount of cholesterol effluxed from the cells with the highest level of caveolin-1
expression, p<0.01 and p<0.005, respectively. At 24 h there was an increase in the
amount of cholesterol efflux to HDL from the cells with intermediate expression of
caveolin-1. This is consistent with previous work from our lab (178).

In order to examine efflux of the newly synthesized cholesterol from caveolin-1
expressing cells, mock and M3-35 cells were labelled with [*H]mevalonate for 24 h and
the cells were treated as described previously (Fig 5B). After incubation for 0, 3, 6 and
24 h in the presence of HDL, *H-cholesterol in the medium was measured as described in
Materials and Methods. ApoA-I mediated efflux of newly synthesized sterol
significantly increased by 20% (p<0.01) with the expression of caveolin-1 when
immunoprecipitated by human apoA-I antibody. This amount does correlate with the
increase of cholesterol synthesis observed in these cells observed previously by Philip
Links (178).

To understand how caveolin-1 influences efflux, cells were incubated with methyl

B cyclodextrin, a cholesterol binding agent at temperatures preventing intracellular

trafficking (4 °C). Cells labelled with exogenous cholesterol were incubated with 10 mM

mpBCD for 15 min at 4 °C or 37 °C (Fig 6). The overexpression of caveolin-1 did
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Figure 5. HDL mediated efflux of exogenous cholesterol and newly synthesized
cholesterol is increased in the presence of caveolin-1. (A) MH, and M3-35 cells were
labelled with 1 pCi/ml of [*H]cholesterol for 24 h, equilibrated for 4 h and effluxed to 50
pg of HDL for 3, 6 and 24 h. Media and celis were collected and counted by scintillation
counting. (B) MH and M3-35 cells were labelled with 5 pCi/ml of [3H]mevalonate for
24 h, equilibrated for 4 h, and effluxed to 15 pg of apo for 3, 6 and 24 h. Media was
collected and immunoprecipitated using anti human apoA-I antibody. Cells were
collected for lipid extraction and isolation of cholesterol by TLC. Each point is an
average +/- SD, n=4. There were significant differences in efflux between MH and M3-
35 cells at 6 and 24 h, (* P<0.01, **<0.005).
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Figure 6. Overexpression of caveolin-1 does not change the accessibility of mpCD to
[’H]cholesterol in McA-RH7777 cells. Efflux of [PH]cholesterol was mediated by 10

mM methyl B cyclodextrin (mBCD) at 4 °C (A), and 37 °C (B) for 15 min. Mock (MH)
and M3-35 cells were incubated with [*H]cholesterol associated with LDL for 24 h, and

equilibrated to the temperature for efflux (4 °C or 37 °C). Each bar is an average +/- SD,
n=3. The difference between MH and M3-35 cells was not significant (P>0.01)
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not change the amount of cholesterol accessible to mBCD at 4 °C or 37 °C, and therefore,

caveolin-1 did not increase the amount of cholesterol accessible on the PM.

B. HepG2 cells infected with Caveolin-1 tetracycline Sensitive

Adenovirus

In order to evaluate the effect of short-term caveolin-1 expression on cholesterol
efflux, we selected an inducible adenovirus tetracycline off system of caveolin-1
expression (175). First, McA-RH7777 cells were infected with 25 moi of both Ad5-tTA
and Ad5-cavl or Ad5-tTA and Ad5-GFP. Even though infection efficiency was high and
cells were healthy as determined by trypan blue, the cells did not adhere to the plate
effectively and were washed off of the plate during the efflux assay. McA-RH7777 cells
were then abandoned as a model for these transfections and replaced by HepG2 cells.

HepQG?2 cells also represent another hepatoma cell line, which, like the McA-
RH7777 cells, are easily infected with adenovirus. They are good models, because they
do not express detectible levels of caveolin-1 (Fig 7B), and do not show caveolae (data

not shown).

Caveolin-1 expression

HepG?2 cells were infected with 5 to 50 moi of Ad5-tTA and AdS5-cavl,
respectively for 24 h and the expression of caveolin-1 was verified by western blot
analysis (Fig 7B). As more adenovirus is added to the cells, the level of protein
expression is increased. Cells infected with 5 moi of adenovirus had low infection

efficiency. With 10
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Figure 7. Caveolin-1 expression occurs in HepG2 cells infected with AdS-caveolin-1.
(A) This model demonstrates the tetracycline sensitive adenovirus system used to express
caveolin-1 in HepG2 cells. (B) The western blot shows the expression of caveolin-1 with
rabbit anti-caveolin in HepG2 cells infected with AdS-GFP, Ad5-tTA, and AdS-caveolin-
1.
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Figure 8. Caveolae are present in HepG2 cells overexpressing caveolin-1. HepG2
cells expressing GFP show no caveolae (A) and caveolin-1 expressing cells have
caveolae present (B) at 15000-fold magnification. Cells expressing caveolin-1 have an
increase in the number of vesicles present (D) compared to GFP expressing cells (C).
Cells were infected with 25 moi of Ad5-caveolin-1 or AdS-GFP accompanied by
infection with 25 moi of Ad5-tTA. Cells were fixed and prepared for electron
microscopy as described in Materials and Methods.
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moi of virus there was about 25 % infection efficiency. With 25 moi of Ad5-cavl and
Ad5-tTA there was 96% infection efficiency. Trypan blue dye was added to the cells to
verify the viability of the cells infected with adenovirus. At 100 moi of both Ad5-tTA

and Ad5-cavl, the cell viability decreased by 9%.

Electron Microscopy

HepG2 ceﬂs were infected with adenovirus to express GFP or caveolin-1 for 24 h.
Cells were then fixed and prepared for examination of the ultrastructure. Caveolae were
not found in cells with GFP, but 83% of cells expressing caveolin-1 contained caveolae
(Fig 8B). On average, most cell sections containing caveolin-1 contained two or more
caveolae. There was also an increase in small vesicles in the cytosol in caveolin-1

expressing cells that were not visible in cells expressing GFP (Fig 8 C, D).

Lipid Synthesis

After 1-h co-infection of the HepG2 cells with 25 moi of both Ad5-tTA and Ad5-
caveolin-1 we incubated them with [*H]acetate. We found a ~48% increase in
cholesterol synthesis when caveolin-1 was expressed (Fig 9). This was consistent with

the results found in the McA-RH7777 cells stably transfected with caveolin-1.

Cholesterol efflux mediated by HDL and apoA-1

Cells were labelled with HDL [’H]cholesterol for 24 h, and caveolin-1 was
expressed for 3, 7 or 24 h (Fig 9A). After 4-h equilibration, cells were incubated with
HDL for 3 h. No increase in HDL mediated efflux was observed between cells with
caveolin-1 expression and GFP expression (Fig 10B).
To examine the influence of caveolin-1 on the efflux of newly synthesized cholesterol to

apoA-I and HDL, cells were labelled with [PHjmevalonate, and infected to
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Figure 9. Short-term caveolin-1 expression in HepG2 cells increases cholesterol
synthesis. HepG2 cells were infected with Ad5-tTA and Ad5-cavl or Ad5-tTA and
AdS5-GFP. Cells were rinsed and incubated with EMEM-BSA for 2 h before the addition

of 10 pCi/ml [*H]acetate. The cells were labelled for 2 h at 37 °C. Cellular cholesterol
was extracted and measured as described under Materials and Methods. (A) Western
blot of HepG?2 cells infected with the adenovirus was performed. (B) 3H-cholesterol
synthesized from [*H]acetate was increased in cells expressing caveolin-1. Each bar is
the average cholesterol per cell protein +/- SD (n=3). The difference in cholesterol
synthesis between GFP and caveolin-1 expressing cells was significant (* p<0.0005).
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Figure 10. HDL and apoA-I mediated efflux from HepG2 cells infected with AdS-
caveolin-1 was unchanged. A. 24 h after seeding, the cells were infected with 25 moi
each of Ad5-cavl and Ad5-tTA or with 25 moi or Ad5-GFP and Ad5-tTA for1 h
Tetracycline was used to suppress expression of GFP and caveolin-1 until the desired
time. The cells were washed and incubated with 1 pCi/ml [*H]cholesterol associated
with HDL for 23 h. After labelling and washing, the cells were switched to medium
without tetracycline, and for the last 3 h to an efflux medium containing 50 pg HDL and
no tetracycline. B. Cholesterol was effluxed to 50 pg HDL for 3h with 3, 7and 24 h
caveolin-1 or GFP protein expression. C. Efflux of newly synthesized cholesterol was
mediated by HDL or apoA-I in the presence of 24 h caveolin-1 or GFP protein induction.
Each bar is the average percent efflux +/- S.D. (n = 3) and is representative of three
independent experiments. The difference in efflux to HDL between GFP and caveolin-1
expressing HepG2 cells was significant in B (* = p<0.005).
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Figure 11. Adenoviral vector mediated caveolin-1 expression does not increase

[PH]cholesterol accessibility to mpCD in HepG2 cells. HepG2 cells were infected with
Ad5-TA and either Ad5-GFP or Ad5-caveolin-1 and then labelled with [*H]cholesterol
for 18 h. Cells were equilibrated to the correct temperature for efflux, and then efflux of

[3H]cholesterol was mediated by 10 mM methyl B cyclodextrin (mBCD) at either 4 °C or

37 °C for 15 min. Each bar is an average +/- SD, n=3. The difference in cholesterol
removal between cells expressing caveolin-1 or GFP was not significant (P>0.01)
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expressed either GFP or caveolin- for 24 h. There was no increase in *H-sterol
efflux to BSA or apoA-I, but efflux to HDL increased by 30% when cells expressed
caveolin-1 instead of GFP (Fig 10C).

HepG?2 cells overexpressing caveolin-1 or GFP were incubated with methyl B
cyclodextrin (mPCD). Cells labelled with exogenous cholesterol were incubated with 10
mM mBCD at 4°C, to prevent intracellular trafficking, or 37°C for 15 min. We found that
there was no significant difference in [°H]cholesterol accessibility to mpCD between

cells overexpressing GFP or caveolin-1 (Fig. 11)

Influence of Caveolin-2 on Cholesterol Efflux to HDL and ApoA-I in

Hepatocytes and McA-RH7777 Cells

Fujimoto et. al (54) found that caveolae were stabilized when caveolin-1 and
caveolin-2 were coexpressed in HepG2 cells compared to cells expressing only caveolin-
1. We obtained a caveolin-2 adenoviral vector (Ad5-cav2) from Dr. William Sessa. We
infected HepG2 cells with 30 moi of Ad5-luc, Ad5-cav-1 and Ad5-cav-2 (Fig 12A), and
Found that caveolin-2 was expressed in the HepG2 cells. We wanted to look at the result
of coexpressing caveolin-1 and caveolin-2 on efflux of exogenous cholesterol to apoA-I.

Cells were infected with a total of 60 moi of adenovirus for 1 h before labelling
cells with LDL-cholesterol for 24 h. After 1-h equilibration of the label, 15ug of apoA-I
was added to the cell for a 6 h efflux. One group of cells was not infected in order to
observe the effect of the adenovirus itself on efflux. No changes in efflux were detected.
The cells were infected with Ad5-luc, Ad5-luc and Ad5-cav-1, Ad5-cav-1 and Ad5-cav-

2or Ad5-luc and Ad5-cav-2. There was no change to efflux of exogenous cholesterol

52



Figure 12: Coexpression of caveolin-1 and caveolin-2 does not change efflux of
exogenously added cholesterol mediated by HDL or apoA-1 in HepG2 or McA-
RH7777 cells. A. Western blots of HepG2 cells infected with Ad5-luciferase, AdS-
caveolin-1, or AdS5-caveolin-2 show expression of caveolin-1 or caveolin-2. The first
nitrocellulose membrane was probed with a caveolin-1 polyclonal antibody, and the
second membrane was probed with a monoclonal caveolin-2 antibody. HepG2 cells were
infected with 30 moi of Ad5-luciferase, Ad5-caveolin-1 or Ad5-caveolin-2 for 1 h and
then grown for 24 h before collection in SDS loading buffer. Samples were normalized
to cell protein. B. Efflux assay of HepG2 cells expressing luciferase, caveolin-1,
caveolin-2 or caveolin-1 and caveolin-2. Cells were infected with adenovirus for 1 h
before labelling. After 1 h equilibation, cells were incubated with apoA-I for 6 h. C and
D show an efflux assay of M3-35 cells expressing luciferase or caveolin-2. Cells were
infected with adenovirus for 1 h before labelling for 24 h with 1 pCi/ml of *H}-
cholesterol equilibrated with LDL. After 1 h equilibration of the label, cells were
incubated for 6 h with 50 pg HDL (C), or 3 and 21 h with 15 pg apoA-I (D). Each bar is
an average +/- SD (n=3)
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with the expression of caveolin-2 or the coexpression of caveolin-1 and caveolin-2 (Fig.
12B).

Since McA-RH7777 cells were more responsive to the effects of caveolin-1 on
efflux, we decided to see if caveolin-2 would change efflux of exogenous cholesterol in a
different cell model. We infected M3-35 caveolin-1 expressing cells with 30 moi of
caveolin-2. In order to ensure that the virus itself did not affect the efflux of cholesterol,
we also performed the experiment with cells not infected with the virus. We used the
same method of efflux that we used above with the HepG2 cells, except that we used 50
pg of HDL instead of the apoA-I. We found no change in HDL mediated efflux of
exogenously added cholesterol (Fig. 12C). Lastly, we looked at efflux to apoA-I from
M3-35 cells transiently expressing caveolin-2 (Fig. 12D). We used the same efflux
method as we used above-in the previous experiment, but we changed the efflux time to 3
and 21 h (Fig. 12D). We found no change in efflux of exogenous cholesterol to apoA-I.

Thus, despite significant expression of caveolin-2, we conclude that caveolin-1

and caveolin-2 coexpression does not result in augmented efflux of cholesterol.

C. Hepatocytes from Caveolin-1 deficient C57Bl6 mice

The introduction of caveolin-1 into two hepatoma cell lines has shown that caveolin-1
increases cholesterol efflux gradually, and also increases the synthesis of cholesterol. In
order to confirm the significance of these findings, caveolin-1 deficient mice were
obtained from Jackson laboratories. Previous work by Lisanti’s lab shows that no
caveolin-1 is present in these mice, caveolae are not present with the exception of striated

and cardiac muscles (172).
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Cholesterol Synthesis

Homozygous caveolin-1 deficient (cav-/-), heterozygous caveolin-1 deficient
(cav+/-) and control (cav+/+) hepatocytes were incubated with 5 pCi/ml of [*H]choline or
10 pCi/mi of [*H]mevalonate for 40 h to examine the influence of caveolin-1 on lipid
synthesis in hepatocytes. To determine phospholipid synthesis, cells labelled with
[PH]choline were subjected to lipid extraction with dH,O:methanol:chloroform (2:1:4
v/v). No significant differences in phospholipid synthesis were detected (Fig 13).
Cholesterol in the cell lysate was isolated by TLC. Cholesterol synthesis was decreased
~40% in the absence of caveolin-1. LDL-mediated cholesterol influx was unchanged in

the absence of caveolin-1.

ApoA-1 and HDL, mediated efflux

Hepatocytes from the cav-/-, cav+/- and cav+/+ mice were labelled with [*H]-
mevalonate and LDL derived cholesterol (LDL-C). They were incubated with 50 pg/ml
of HDL for 5 h and the media was collected. Cholesterol bound to human apoA-I was
measured after immunoprecipitation. HDL-mediated efflux of LDL-C decreased by
approximately 25%, and efflux of newly synthesized cholesterol decreased by over 74%
in the absence of caveolin-1 (Fig 14). This experiment was repeated with efflux
mediated by apoA-I instead of HDL. The absence of caveolin-1 resulted in a similar
decrease in apoA-I mediated efflux of both LDL-C (36%), and newly synthesized
cholesterol (83%) (Fig. 15). ApoA-I needs to acquire phospholipid before cholesterol, so
we labelled the phospholipids of the cell with [°’H}-choline. Cells were incubated for 5 h

with apoA-1, and media was collected for immunoprecipitation. The apoA-I mediated
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efflux of PL was decreased by approximately 68% in the caveolin-1 deficient hepatocytes
(Fig 15A).

Hepatocytes secrete lipoproteins, including apoA-I. To look at the influence of
caveolin-1 on the secretion of lipids with apoA-I, the cav-/-, cav+/- and cav+/+ mice were
infected with Ad5-apoA-I. Cells were labelled with tritiated choline, mevalonate or
LDL-derived cholesterol. The impairment of the lipidation of endogenously synthesized
apoA-I was more pronounced than efflux to exogenous apoA-I. Lipidation of newly
synthesized apoA-I by phospholipid was decreased by over 90% in caveolin-1 null mice,

- and lipidation by newly synthesized cholesterol decreased by 90% (Fig 16). Efflux of
LDL-C decreased to 73% in the caveolin-1 null mouse compared to the wild type. To
understand this difference, hepatocytes were infected with Ad5-apoA-I and the cells were
collected to quantify the amount of human apoA-I present in the hepatic cells. The
samples were transferred to nitrocellulose and probed for human apoA-I, caveolin-1 and
HSP60. We were concerned that caveolin-1 deficiency was impairing the ability of the
adenovirus to infect the hepatocytes and synthesize apoA-I. Cellular human apoA-I was
equal between all three types of hepatocytes, despite varying levels of caveolin-1
synthesis (Fig 17A). Intensity of the signal of apoA-I was determined through Quantity
One, and compared, relative to HSP 60 (Fig 17B). No difference in cellular apoA-I was

found. Secretion of apoA-I into the media was not tested.
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Figure 13. Caveolin-1 deficient hepatocytes have decreased cholesterol synthesis.
Hepatocytes were labelled with [*H]choline (A), PH]mevalonate (B), or exogenously
added [*H]cholesterol for 48 h before cells were collected. (A) Phospholipid synthesis
from ["H]choline was not significantly decreased. (B) Synthesis of cholesterol from
[PH]mevalonate is decreased significantly in caveolin-1 deficient cells compared to wild
type hepatocytes (* = P<0.001). (C) Influx of exogenous LDL cholesterol was unchanged
by the absence of caveolin-1. Each bar is the average percent efflux +/- S.D. (n = 3).
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Figure 14. Caveolin-1 deficient hepatocytes have decreased HDL mediated
cholesterol efflux. HDL mediated efflux of sterol synthesized from [°H]mevalonate (A),
and exogenously added cholesterol (B) is significantly decreased in the absence of
caveolin-1. Cells were incubated with 10 pCi/ml of [*H]mevalonate or 5 pCi/ml of
[PH]cholesterol-LDL in Hepatozyme for 40 h. After a 1 h equilibration, 50 pg/ml of
HDL was added for 5 h. Media was incubated with anti human apoA-I antibody and
precipitated with Sepharose G beads. Each bar is the average percent efflux +/- S.D. (n
=3). The difference in efflux was significant compared to wild type hepatocytes (** =
P<0.005, * = P<0.05).
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Figure 15. Caveolin-1 deficient hepatocytes have decreased apoA-I mediated efflux.
ApoA-I mediated efflux of phospholipid synthesized from [PH]choline (A), sterol
synthesized from *Hjmevalonate (B), and exogenously added cholesterol (C) is
significantly decreased in the caveolin-1 deficient hepatocytes compared to wild-type
hepatocytes. Cells were incubated with 5 pCi/mt of [*H]choline, 10 uCi/ml of
[*H]mevalonate or 5 pCi/mi of [PH]cholesterol-LDL in Hepatozyme for 40 h. Afteral
h equilibration, 15pug/ml of apoA-I was added for 5 h. Media was incubated with anti
human apoA-I antibody and precipitated with Sepharose G beads. Each bar is the
average percent efflux +/- S.D. (n=4). The difference in efflux was significant
compared to wild type hepatocytes (* = P<0.05, ** = P<(0.005, *** = P<0.0001).
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Figure 16. Caveolin-1 deficient hepatocytes have decreased cholesterol and
phospholipid lipidation of endogenously synthesized apoA-I. (A) Phospholipid
secretion with apoA-I is abolished in the absence of caveolin-1. (B) Newly synthesized
sterol secreted with apoA-I is decreased with the absence of caveolin-1. (C) Exogenously
added cholesterol secreted with apoA-I is decreased with the absence of caveolin-1.
Cells were incubated with [*H]choline (A), [’H]mevalonate (B) or [’H]cholesterol-LDL
(C) in Hepatozyme for 40 h, and infected with 75moi of AdS-apoA-I or Ad5-Luc 18 h
prior to efflux. After a 1 h equilibration, Media was added for 5 h. Media containing the
secreted human apoA-I was incubated with anti human apoA-I antibody and precipitated
with Sepharose G beads. Each bar is the average percent efflux +/- S.D. (n=3). The
difference in efflux was significant compared to wild type hepatocytes (* = P<0.005, **
= P<0.0001).
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Figure 17. Expression of caveolin-1 and human apoA-I in primary hepatocytes shows
that caveolin-1 deficiency does not effect adenovirus infection. A. Primary hepatocytes
were harvested from wild type (cav+/+), heterozygous (cav+/-), and knockout (cav-/-)
mice, and infected with 75 moi Ad5-apoA-I for 18 h. Cells were collected in loading
buffer, and loaded on a 12% Novex gel. The samples were transferred to nitrocellulose
and probed for caveolin-1, human apoA-I and HSP 60. B. Relative expression of apoA-
I detected compared to HSP 60.
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Chapter Four: Discussion

We used three hepatocyte models to examine the role of caveolin-1 in cholesterol
efflux and synthesis. Two cell models overexpressed caveolin-1, McA-RH7777 cells
were stably transfected with caveolin-1, and HepG2 cells were infected with adenovirus
caveolin-1. Primary hepatocytes deficient in caveolin-1 provided the third cell model.

Several McA-RH7777 cell lines stably transfected with caveolin-1 have been
developed in our lab by Philip Links. We used three of these cell lines: the MH cell line
was developed by transfecting cells with the plasmid containing no caveolin-1, to act as a
control. The M3-31 and M3-35 cell lines were transfected with the caveolin-1 vector,
and expressed intermediate and high levels of caveolin-1, respectively.

The original purpose of this cell model was to study the influence of caveolin-1
on efflux, but we found that the influence of caveolin-1 on cholesterol efflux to HDL was
limited. This may be due to adaptation of the cells to high caveolin-1 expression to
preserve cholesterol homeostasis. While this may be due to the few caveolae presented
on the cell surface of the hepatoma cells, Fu et. al (105) found cholesterol efflux did
increase with caveolin-1 expression, and presented a comparable number of caveolae.

Cells may adapt quickly to inbalances in cellular cholesterol, whether as a change
in the net content or as a result of transfer to a specific pool. This would minimize
changes to efflux. Therefore, another system was obtained to evaluate the effect of
inducible caveolin-1 expression in cholesterol efflux to HDL. Lisanti et. al (175)
developed a caveolin-1 adenovirus vector where expression was inhibited through
tetracycline. This system allowed us to express caveolin-1 for short periods of time, and

keep the cells from adapting to changes to cholesterol homeostasis. The expression times
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we used for caveolin-1 expression coincide with labelling the cells with cholesterol (24
h), equilibration of the labelled cholesterol (7 h), and the start of the efflux period (3 h).

Originally we intended to use this system in McA-RH7777 cells. However, two
different adenovirus vectors were necessary for this system, (Ad5-caveolin-1 and Ad5-
tetracycline transactivator), and while the McA-RH7777 cells were still viable they were
not able to remain attached during the subsequent washing necessary in an efflux
experiment. Therefore, we used another hepatoma cell line. We did not detect caveolin-
1 in the HepG2 cell line, (Fig. 7B), in agreement with Fujimoto et. al, who found no
caveolin-1 in HepG2 cells (54) . Infection of the HepG2 cells with Ad5-caveolin-1 and
Ad5-tTA was effective and did not affect cell viability or the attachment of the cells to
the plate. Exposure of HepG2 cells for 24 h to the adenovirus system resulted in
caveolin-1 expression similar to the high expression in McA-RH7777 cells. Tetracycline
could effectively inhibit caveolin-1 expression, which allowed us to induce caveolin-1
expression independently of adenoviral infection.

In both the McA-RH7777 and HepG2 cell models, there was a consistent increase
of cholesterol synthesis. The increase in efflux of exogenously added cholesterol to HDL
was small in both cells systems in the presence of caveolin-1. The increase in efflux only
started to become significant at 6 h.

We had the opportunity to test these observations from a different angle. We used
hepatocytes from caveolin-1 deficient mice obtained from the lab of Dr. Lisanti. We
wanted to determine if the removal of caveolin-1 from hepatocytes would result in the
opposite effect to that seen in caveolin-1 overexpressing cells. In hepatocytes, caveolin-1

expression is low, and there are few caveolae (107). This system allowed us to observe
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the effect of physiological levels of caveolin-1 in primary hepatocytes compared to no
caveolin-1. We were able to examine cholesterol and phospholipid synthesis, and the

efflux of LDL-derived cholesterol and newly synthesized cholesterol to HDL and apoA-1.

1. Caveolae Formation

The necessary components for caveolae formation are cholesterol, sphingolipids
and caveolin (93;180;181). Caveolin-1 expression is sufficient to induce caveolae
formation (100). We wanted to ensure that caveolin-1 overexpression resulted in
functional caveolin-1 that could move to the PM. Fu et. al (105) found that stable
transfection of HepG2 cells with caveolin-1 could induce caveolae formation. In the
McA-RH7777 cell model, we fixed the MH, M3-31 and M3-35 cells and identified
caveolae by electron microscopy. We found no caveolae in the MH cells (Fig. 3A), while
in the M3-31 cells, approximately 1 caveola per cell could be seen (Fig. 3B). In the M3-
35 cells, 1-2 caveolae were found per cell (Fig. 3C). To look for caveolae formation in
the HepG2 cells, we exposed them to the caveolin-1 adenovirus 24 h before fixing. We
found 2-4 caveolae per cell and no caveolae were seen in untransfected HepG2 cells (Fig.
8).

The caveolae found in the HepG2 cells and McA-RH7777 cells were not
reflective of cells expressing high levels of caveolin-1 such as fibroblasts, endothelial
cells and adipocytes (43), but Fu et al (105) also found that cggo_lae formed in low
numbers in their stably transfected HepG2 cells. They also %ound that cholesterol efflux

to plasma and apoA-I increased in the presence of caveolin-1.
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2. Cholesterol Synthesis

Caveolin-1 is known to be involved in cholesterol homeostasis, and conversely
cholesterol regulates caveolin-1 synthesis (42) and localization (30). Here also we found
that caveolin-1 influences the synthesis of cholesterol.

In McA-RH7777 cells M3-31, cholesterol synthesis increased by 30% compared
to MH cells (Fig. 4). These caveolin-1 overexpressing cells were incubated with
PHJacetate for 1 h. Similarly, when we incubated HepG2 cells with [*H]acetate for 24 h
after infection with caveolin-1 adenovirus for 1 h, we observed a 48% increase increase
in cholesterol synthesis (Fig. 9). The same trend is found in both cell lines and with
similar proportions. Fu et. al (105) found that cholesterol synthesis doubled in HepG2
cells stably transfected with caveolin-1. The difference between our results and these
other results in HepG?2 cells may be due to the method of overexpressing caveolin-1.
Since we infected the cells with adenovirus shortly before labelling them with
[PH]acetate, at the beginning of the period of cholesterol synthesis, caveolin-1 expression
would have been low (Fig. 10B), but the stably transfected HepG2 cells would have had a
constant level of caveolin-1 expression. If this is the case, then we can conclude that the
effect of caveolin-1 is greater in HepG2 cells than in McA-RH7777 cells. If the
difference of cholesterol synthesis is due to the amount of caveolin-1 expression, then the
increase of cholesterol synthesis is related to the levels of caveolin-1 in the cell.

We also incubated the primary hepatocytes with [°H]mevalonate to directly
examine the effects of caveolin-1 deficiency on cholesterol synthesis (Fig 13B). We
found that cholesterol synthesis decreased in the absence of caveolin-1 by approximately

40%, a difference parallel to the results found with the overexpression of caveolin-1.
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The observed impact of caveolin-1 on cholesterol synthesis suggests that
caveolin-1 is important in the homeostasis of cholesterol in these cells. Fu et. al (105)
observed the same influence of caveolin-1 on cholesterol synthesis in HepG2 cells. They
also observed a 67% increase in cholesterol transport (105).

Smart et. al (131) observed that caveolin-1 could transport newly synthesized
cholesterol directly from the ER to the PM. They also observed that cells lacking
caveolin-1 could transport newly synthesized cholesterol, but at approximately one fourth
of the control rate (131). Further work by Uittenbogaard et. al showed that caveolin-1
and cholesterol moved from the ER to the PM as part of a chaperone complex (84).

Because caveolin-1 increased the rate of cholesterol transport four fold (131), the
resulting decrease of cholesterol in the ER would cause an increase in cholesterol
synthesis. SREBP resides in the ER and regulates the synthesis of proteins involved in
cholesterol homeostasis, such as HMG CoA Reductase (182). Future studies into
caveolin-1 should include examining how caveolin-1 expression changes the expression
of proteins involved in cholesterol homeostasis.

Sviridov et. al (183) observed an increase in transport of newly synthesized
cholesterol to the PM in fibroblast cells as a result of stimulation by apoA-I. They
suggested that the caveolin-1 chaperone complex responds to stimulation by apoA-I. To
examine this possibility in the McA-RH7777 cell model, we incubated cells with apoA-I
for 1 h, while cells were synthesizing cholesterol from [3H]acetate (Fig. 4). We found no
significant increase in cholesterol synthesis due to apoA-I. Our results indicate a
connection between caveolin-1 transport of newly synthesized cholesterol and cholesterol

synthesis, but caveolin-1 transport of cholesterol from the ER to the PM is probably not
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stimulated by apoA-I in the McA-RH7777 cell system. Fibroblasts have many more
caveolae than what we observed in the McA-RH7777 cells stably transfected with
caveolin-1 (Fig. 3). This probably explains why apoA-I did not stimulate cholesterol
transport, since less caveolin-1 was on the PM.

In McA-RH7777 cells we also examined the synthesis of sphingomyelin,
phosphatidyl choline and cholesterol ester (Fig. 4B, C, D), but we found no significant
change in the synthesis of any of these lipids. As well, in the caveolin-1 deficient
hepatocytes, we found no change in phospholipid synthesis from [*H]choline (Fig. 13A).
The increase of synthesis is only evident for cholesterol, confirming the role caveolin-1

plays in cholesterol homeostasis.
3. Efflux of exogenously added and equilibrated cholesterol

The majority of cell cholesterol is on the PM (184). However, cholesterol is also
located in the recycling endosomes and Golgi network (185), and synthesized in the ER
(186), and lipid droplets contain cholesterol, mainly as cholesteryl esters (187). These
can all be sources of cholesterol for efflux. In order to analyze the efflux from these
different pools of cholesterol, specific labelling procedures need to be used. Various labs
have already used [*HJacetate and [°H]mevalonate to study the pool of newly synthesized
cholesterol (131;179;188), which also enables tracking of the transport of this newly
synthesized cholesterol from the ER to the PM (80;84;131;179). Fielding et. al (130)
reported that LDL-derived, unesterified cholesterol enters the cell via the clathrin coated
pits and is found first colocalized with Golgi markers and then in caveolae. Hui Zheng
and colleagues in our lab (188) used three methods to preferentially label specific pools

of cholesterol in hepatocytes. The first method involved labelling the pool of newly
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synthesized cholesterol by incubating with [*H]mevalonate, a cholesterol precursor. In
the second method, [*H]cholesterol was pre-equilibrated with LDL or HDL to label the

PM and recycling endosomes. Lastly, [3H]cholesterol was delivered by mBCD to the PM

at 4°C. Zheng et. al (188) used mpCD to bind cholesterol and determine the proportion
of [’H]cholesterol associated with the three different pools. At 4 °C mBCD removes

[PH]cholesterol from the PM exclusively, and at 37 °C mBCD removes [*H]cholesterol
from both the PM and the recycling endosomes. The radioactivity that is not accessible to
mpBCD at 37 °C was considered associated with intracellular pools (188).

In our study, we labelled two pools of cholesterol. We found that the uptake of
cholesterol into these pools was not modified by overexpression or deficiency of
caveolin-1 (Fig. 12C). To label intracellular compartments, we used newly synthesized
cholesterol derived from [*H]acetate or [’H]mevalonate. The PM and recycling
endosomes were labelled with exogenously added [*H]cholesterol.

SR-Bl is a receptor known to bind HDL, and has been shown to facilitate
diffusion of cholesterol to HDL (116;117). Matveev et. al (122) demonstrated that when
SR-BI and caveolin-1 are coexpressed, SR-BI is localized in caveolae, and Malerod et. al
(189) reported SR-BI in the caveolae of several cell lines. Because hepatocytes have a
high level of SR-BI, efflux to HDL is mainly mediated by SR-BI in these cells (189).
Graf et. al (190) suggest that caveolin-1 plays an important role in SR-BI mediated efflux
of cholesterol due to the localization of SR-BI in caveolae. Though caveolae presentation

on the PM is low in the hepatoma cells, we wanted to look at the influence of caveolin-1
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on diffusional efflux. We used HDL as a cholesterol acceptor to examine the influence of
caveolin-1 on diffusional efflux.

With McA-RH7777 cells labelled at the PM and recycling endosomes, we
observed a gradual increase in cholesterol efflux to HDL with increasing caveolin-1
expression (Fig. 4A). This diffusional cholesterol efflux was directly proportional to the
concentration of caveolin-1, in agreement with previous work done in our lab by Philip
Links.

Using cholesterol pre-equilibrated with LDL, we labelled the PM and recycling

endosomes of cells overexpressing caveolin-1 with exogenous cholesterol. Then we used

mpCD at 4 °C to remove cholesterol from the PM (Fig. 6A, 11). And we used mpCD at

37°C to remove cholesterol from the PM and recycling endosomes (Fig. 6B, 11). If
caveolin-1 influenced the concentration of cholesterol at the PM, we would have
expected to see higher levels of cholesterol removed from there at 4 °C. We did not.

This suggests that there was no change in the amount of cholesterol located at the PM,
and that partition of cholesterol between the PM and recycling endosomes was
independent of the presence of caveolin-1. Fu et. al (105) also found that HepG2 cells
stably transfected with caveolin-1 had no increase of mBCD accessible cholesterol. They
did note that there was an increase of cholesterol accessible to cholesterol oxidase, and
suggest that this is a pool of detergent insoluble membrane (105). We did not examine
the accessibility of cholesterol to cholesterol oxidase in the caveolin-1 overexpressing

cells, nor did we investigate the amount of cholesterol in detergent insoluble membranes.
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Fujimoto et. al (54) suggested that caveolin-2 can stabilize caveolae. In vivo
caveolin-1 and caveolin-2 are coexpressed (54). In order to see if caveolin-2 would
influence the efflux of exogenous cholesterol, we used an adenoviral vector to transiently
express caveolin-2 in the stable caveolin-1 overexpressing cell system (Fig. 7). Cells
labelled with exogenously added cholesterol were incubated with HDL. Efflux of
cholesterol was unchanged by caveolin-2 expression.

Because the McA-RH7777 cells were stably transfected, the cells may have
adapted to caveolin-1 expression in order to keep cholesterol homeostasis. We decided to
see if a transient expression of caveolin-1 by adenovirus infection would increase the
effect of caveolin-1 on efflux of exogenously added cholesterol to HDL (Fig. 10A, B).
By varying the infection time, caveolin-1 protein expression was induced 24, 7 and 3 h
before the media was collected (Fig. 10A). We found no significant increase in efflux of
the exogenously added cholesterol to HDL with any of the time points of protein
induction (Fig. 10B). The effects of caveolin-1 on HDL mediated efflux gradual in the
McA-RH7777 stably transfected cell line. Fu et. al (105) found that overexpression of
caveolin-1 in HepG2 cells resulted in a 280% increase of efflux to human plasma, and a
45% increase of efflux to apoA-I. Both of these results are higher than what we observed
in either of our caveolin-1 overexpressing cell models. The differences in cholesterol
efflux between the two labs may be due to differences in :_:gperimental procedures, such
as labelling, and the cholesterol acceptors. The differenéé of caveolin-1 expression levels
may be a significant factor in the increase of cholesterol efflux.

To further confirm that caveolin-1 does stimulate HDL mediated efflux of

exogenously added cholesterol, we used primary hepatocytes labelled with LDL-derived
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cholesterol (Fig. 14B). We found that efflux to HDL was increased by 25% in the
presence of caveolin-1. This confirmed our previous results with McA-RH7777 cells,
that overexpression of caveolin-1 does moderately increase efflux of exogenously added
cholesterol.

The colocalization of SR BI and caveolin-1 has led researchers to believe that
caveolin-1 may facilitate SR BI mediated cholesterol efflux (190;191). Matveeyv et. al
(191) reported that caveolin-1 enhances cholesterol efflux to HDL in THP-1 cells. Two
other labs have shown that caveolin-1 does not regulate SR BI mediated cholesterol
efflux in other cell lines (99;192). Despite the reported localization of SR-BI in caveolae,
we observed only a small increase in cholesterol efflux to HDL, so we can conclude that
caveolin-1 only plays a small role in SR-BI mediated efflux in hepatocytes.

ApoA-I, the primary protein component of HDL (26;193), and its interaction with
hepatic ABCAL results in the primary lipidation which is essential for HDL formation
(194;195). Results from the ABCA1 deficient mice, and Tangier patients show that
ABCALI is necessary for the lipidation of apoA-I, and thus the formation of HDL (194).
Efflux to HDL still occurs in the absence of ABCAL1, but efflux to apoA-I does not (25).
ABCAL1 is highly expressed in hepatic cells. Zheng et. al (188) found that ABCA1
deficiency in hepatic cells results in significant decrease in efflux of exogenously added
cholesterol. At later timepoints cholesterol efflux was ABCA1 dependent. We used
apoA-I to look at ABCA1 dependent efflux in our three cell models.

Previous work by Philip Links in our lab with McA-RH7777 cells overexpressing
caveolin-1 showed that apoA-I mediated efflux of exogenous cholesterol increased in

response to caveolin-1 overexpression in the same manner as HDL mediated efflux. In
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HepG2 cells, however, we found that there was no significant increase of apoA-1
mediated efflux of exogenously added cholesterol (Fig. 10C). This also contradicted the
results of Fu et. al (105) who reported that cholesterol efflux to apoA-I increased by 45%
with the overexpression of caveolin-1. The differences between these systems of
caveolin-1 overexpression and those of Links and colleagues and of Fu and colleagues
are two-fold. First, this may reflect differences between cell lines. However, Fu et. al
(105), also contradicted our results and reported that cholesterol efflux to apoA-I
increased by 45% with the stable overexpression of caveolin-1 in HepG2 cells. The other
possibility is that the different methods of caveolin-1 expression account for the
inconsistency in efflux to apoA-I. The McA-RH7777 cells stably overexpressed
caveolin-1, and the HepG2 cells studied by Fu et. al (105) also were stably transfected
with caveolin-1, whereas our HepG2 cells were infected with AdS-caveolin-1. This
difference in either the method of caveolin-1 expression or the length of time caveolin-1
was expressed may account for the differences divergent effects of cholesterol efflux to
apoA-1. The results from the knockout mouse were also consistent with the results from
the caveolin-1 stable transfections.

In caveolin-1 deficient hepatocytes, the efflux of exogenously added cholesterol
mediated by exogenously added apoA-I decreased by 36% in caveolin-1 deficient
hepatocytes (Fig. 15C), and also the cholesterol efflux to endogenously synthesized
apoA-I decreased by 73% in the absence of caveolin-1 (Fig. 16C).

As seen in the efflux to HDL, caveolin-1 had only a small increase on efflux to
exogenous apoA-I. However, cholesterol lipidation of endogenously synthesized apoA-1

is very low in the absence of caveolin-1. This suggests that apoA-I lipidation before

72



leaving the hepatocytes is critical, since efflux to exogenously added apoA-I was not
affected as much. The ABCAL1 is involved in the lipidation of endogenously synthesized
apoA-I (188), but ABCAL is not localized in caveolae. To determine how caveolin-1

may be involved in the intracellular lipidation of apoA-I more experiments are needed.
4. Efflux of Newly Synthesized Cholesterol

Work by Smart et. al (131) shows that newly synthesized cholesterol is
transported from the ER directly to caveolae where it can be effluxed to HDL, or
dispersed to the rest of the plasma membrane. Transport of newly synthesized
cholesterol occurs in the absence of caveolin-1, but transport of this pool of cholesterol is
4-5 times faster in the presence of caveolin-1 (131). This means that this pool of newly
synthesized cholesterol is implicated in intracellular transport of cholesterol as well as
efflux.

In HepG?2 cells caveolin-1 overexpression resulted in an increase of newly
synthesized cholesterol efflux to HDL, but this did not reflect in efflux to apoA-1
(Fig.10C). Efflux of newly synthesized cholesterol to HDL also decreased by 74% in
caveolin-1 deficient hepatocytes compared to control cells (Fig. 16A). This large
decrease of cholesterol efflux, which is significantly greater than the decrease in efflux of
cell surface cholesterol, probably reflects a decrease in newly synthesized cholesterol
transport to the cell surface.

We labelled MH and M3-35 cells with ["H]mevalonate to study the efflux of
newly synthesized cholesterol to apoA-I (Fig. 5B). We also immunoprecipitated apoA-I
associated sterol with an anti-apoA-I antibody. Under these conditions apoA-I mediated

efflux of newly synthesized cholesterol was significantly increased at 6 and 24 h, in
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contrast to the results seen in McA-RH7777 cells. Since hepatocytes also secrete
lipoproteins, the immunoprecipitation accurately reflects the efflux of cholesterol to
apoA-L

In caveolin-1 deficient hepatocytes, efflux of newly synthesized cholesterol to
exogenously added apoA-I decreased by 83% (Fig. 15B), in agreement with the
observations of Smart et. al (131) that intracellular transport of newly synthesized
cholesterol is faster in the presence of caveolin-1.

Efflux of newly synthesized cholesterol to endogenously synthesized apoA-1
decreased by approximately 90% (Fig. 16B). This may also be explained by the decrease
of intracellular cholesterol transport which results in a decrease of newly synthesized

cholesterol at the PM.

5. Phospholipid Efflux

To further examine the possible effects of caveolin-1 on ABCA1 efflux, we
looked at efflux of phospholipid to exogenously added apoA-I and endogenously
synthesized apoA-I. Zheng et. al (188) had found that phospholipid efflux to exogenous
apoA-I was decreased 80% in ABCA1 deficient hepatocytes. No significant defect in
phospholipid metabolism was observed in caveolin-1 null mice (Fig 13A). To our
surprise, phospholipid efflux to exogenously added apoA-I decreased by 68% (Fig. 15A).
This was not as high as efflux of newly synthesized cholesterol to exogenously added
apoA-I or HDL, but still very significant. This decrease in phospholipid efflux to apoA-I
would suggest a relationship between ABCA1 and caveolin-1, for which there is no

evidence in the literature.
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We also found that phospholipid efflux to endogenously synthesized apoA-I
decreased by over 90% in the absence of caveolin-1 (Fig. 16A). These unexpected
results made us question the effectiveness of our adenoviral vector infection and
expression in the caveolin-1 deficient hepatocytes, and we collected the samples of cell
lysate and performed a western blot for human apoA-I (Fig. 17). ApoA-I expression was
the same in all of the hepatocytes. Frank et. al (107) found that overexpression of
caveolin-1 in mouse hepatocytes increased the secretion of apoA-I. When fed a western
diet, caveolin-1 deficient mice on an apoE deficient background have low apoA-I
secretion(4).

The dramatic changes we found in phospholipid efflux do not reflect the
circulating levels of HDL repoted by Razani et. al (171) in the caveolin-1 null mice.
They only observed a small decrease in plasma HDL. The small change in efflux of
exogenously added cholesterol is more reflective of the influence of caveolin-1 on efflux
in these cells.

ABCAL1 is a primary component involved in apoA-I phospholipidation, and the
importance of this step in HDL metabolism is seen in Tangiers patients (196) and the
ABCAT1 deficient mice (197). In ABCA1 null mice plasma apoA-I was very low and
HDL was almost nonexistent (197). Since plasma levels of HDL are almost unchanged
in the caveolin-1 knockout mouse (171), we conclude that caveolin-1 does not play a

significant role in the phospholipidation of apoA-I by ABCAL.
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6. Conclusion

My hypothesis was that caveolin-1 would influences cholesterol metabolism in
hepatic cells. Effectively, whether caveolin-1 was overexpressed or deficient in the
hepatic cells used, cholesterol synthesis and efflux were altered.

In agreement with other investigators, we found that overexpression of caveolin-1
resulted in caveolae formation, and an increase in intracellular cholesterol transport. This
demonstrated that our cell models all were appropriate to examine the role of caveolin-1
in cholesterol homeostasis.

Cholesterol synthesis was consistently affected by caveolin-1 in the three cell

models in response to intracellular cholesterol transport. The mechanism for this
response should be studied in the future to understand the relationship between
cholesterol synthesis and intracellular transport. Cholesterol synthesis is tightly
regulated, and sensors in the ER detect changes in cholesterol concentration. Transport
of cholesterol from the ER mediated by caveolin-1 would decrease the regulatory pool of
cholesterol transport and increase cholesterol synthesis to maintain the cholesterol
concentration in the ER. Fu et. al (105) also observed an increase in cholesterol transport
in the presence of caveolin-1. An increase in cholesterol efflux would also increase
requirement for cholesterol synthesis since cholesterol uptake did not increase.
The efflux of newly synthesized cholesterol in caveolin-1 deficient hepatocytes also
effectively demonstrated the importance of caveolin-1 in intracellular transport, and
confirmed observations by Smart et. al (131).

The efflux of cholesterol to HDL is the initial step in the reverse cholesterol

transport process (9). This process is thought to be one of the key elements of the
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atheroprotective nature of HDL (198). Studies with ABCA1 deficient cells demonstrate
the influence of efflux on circulating levels of HDL (199;200). We found that the
influence of caveolin-1 on efflux to HDL was small, which agrees with observations that
HDL levels are largely unaffected by caveolin-1 deficiency (171). The efflux of
cholesterol to apoA-I was also not significantly affected by caveolin-1 expression, with
the exception of lipidation of endogenously synthesized apoA-I. The interpretation of
this finding will require other experiments.

| Caveolin-2 does not change the efflux of cholesterol inspite of its role of
stabilizing caveolae (54).

In conclusion, we have found that caveolin-1 consistently increases cholesterol
synthesis through its effect on cholesterol transport from ER to plasma membrane. Stable
or transient transfections of caveolin-1 have little effect on cholesterol efflux, however
cells derived from caveolin-1 deficient mice display decreased efflux of newly
synthesized lipids. This effect remains to be elucidated. Therefore, caveolin-1 is mainly
involved in cellular cholesterol transport. This narrows the focus of caveolin-1 research
to a particular process in cholesterol metabolism, namely its intracellular transport

between the ER and the plasma membrane.
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