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Abstract

This thesis will discuss the molecular cloning, cellular expression, and functional
study of human caveolin—1. This 21 kDa inter-membrane protein is found in cell surface
invaginations termed caveolae (Gk: little caves). The expression of caveolin-1 has been
shown to be sufficient to form caveolae in cell culture. Caveolin-1 was cloned from
human adipose tissue by RT-PCR, sequenced and subcloned into vectors for its
eukaryotic over-expression. The eukaryotic expression vectors contained either myc or
myc and poly-histidine epitopes to assist in purification. Vectors containing antisemse
caveolin-1 and a ribozyme targeting caveolin-1 were also created for the targeted
disruption of caveolin-1. Caveolin-l cDNA was transfected into McA-RH7777 rat
hepatoma cells, human fibroblasts, human umbilical vein endothelial cells (HUVEC), and
Cos-7 cells to evaluate candidate cell lines for stable expression models. Stable cell lines
over expressing caveolin-1 were generated in McA-RH7777 and HUVEC models.

Confluent HUVEC cells that display cobblestone monolayer morphology were
used for the study of transcellular trafficking on Falcon 3-D cell culture inserts. Intact
monolayer formation as evaluated by Trans-epithelial electrical resistance (TEER) and
was found to be maximal on inserts coated with fibronectin or collagen I, but not collagen
IV, laminin or Matrigel. A sensitive horse radish peroxidase assay was established to
evaluate monolayer integrity and was found to agree well with TEER measurements in
this model. Utilizing radiolabeled inulin and dextran, transcytosis measurements in this
model were used to probe the effect of caveolin-1 over-expression on high density
lipoprotein (HDL) transcytosis. Caveolin-1 expression was shown to have no effect on

HDL transcytosis in this model, and all trafficking could be accounted for by paracellular
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trafficking.

We studied the effect of caveolin-1 expression on cellular cholesterol transport
and efflux. Caveolin-1 cDNA was cloned from human adipose tissue and subcloned into
an expression vector containing a C-terminal myc and a poly-histidine tag. Stable
transfectants expressing different levels of human caveolin-1 were generated using rat
hepatoma McA-RH7777 cells that do not normally express endogenous caveolin-1.
Confocal microscopy showed that caveolin-1 staining was located at the perinuclear
region and the plasma membrane. The expressed caveolin-1 was associated with the
detergent insoluble membrane fraction. The initial rate of [PH]cholesterol efflux from
McA-RH7777 cells to HDL or recombinant discoidal particles (Lp2A-I) was independent
of caveolin expression level. Caveolin-1 expression did not alter 125 HDL binding or
association with the cell surface. However, long term (>10 h) cholesterol efflux to HDL
or recombinant discoidal particles (Lp2A-I) was positively correlated with caveolin-1
levels (r = 0.94). In addition, incorporation of [PH]acetate and [*H]mevalonate into
cholesterol was increased with caveolin-1 expression. Exogenous [’H]cholesterol
movement from the plasma membrane to an acyl cholesterol acyl transferase (ACAT)
accessible pool was increased in caveolin-1 expressing cells, and this transport was
sensitive to progesterone. Thus, through enhanced intracellular cholesterol transport
between cellular cholesterol stores and the efflux accessible pool of cholesterol, stable
caveolin-1 expression in McA-RH7777 cells increased the rate of equilibration of

cholesterol to efflux sites.
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Chapter 1: Introduction and Background

1.1 Historical perspective of atherosclerosis

Atherosclerosis and heart disease will kill more people in North America this year
than any other disease. While much progress has been made in understanding the
mechanisms of this disease, many questions and paradoxes remain. In the early 1970's
the Framingham Heart Study was convened to determine risk factors that correlate with
death as a result of coronary artery disease (1). This study made two major observations,
first low density lipoprotein (LDL) cholesterol levels correlate with risk of death as a
result of coronary artery disease (CAD). Secondly high density lipoprotein (HDL) levels
are inversely correlated with the risk of death as a result of CAD. While considerable
progress has been made in understanding the implications of the first finding of this
study, a comprehensive explanation for the negative correlation between HDL and death
remains to be elucidated.

An understanding of the apparent protective role of HDL has been complicated by
the poorly defined metabolism of HDL (2). Reverse cholesterol transport is currently
accepted as the means of protection mediated by HDL (3). This concept hinges on
HDL s ability to scavenge cholesterol from the peripheral tissues (4). Once HDL absorbs
cholesterol in the periphery, it transfers cholesterol to apoB-containing lipoproteins (5),
that return cholesterol to the liver for elimination in the bile. This process is termed
reverse cholesterol transport (Fig. 1B) (6). HDL is thought to scavenge cholesterol from
engorged foam cells that accumulate below the endothelium of the artery (7). This work
will attempt to address how lipop;oteins traverse the endothelium to gain access to the

foam cells below, and to define the mechanism by which HDL removes cellular



cholesterol.
1.2 Lipoproteins

Lipoproteins (Lp’s) are a broad family of macromolecules, which serve to
solubilize lipid for transport in the aqueous environment of the circulation. This
mechanism of transport is conserved throughout animals and insects (8). These
macromolecules are made of protein (apolipoprotein) and lipid components.
Lipoproteins are classified by their buoyant density upon ultra-centrifugation.

Lp Class Buoyant density Apolipoproteins

Chylomicron | d <.098 g/ml ApoB-48, ApoA-I, I & IV,

ApoC-L, IT & III, ApoE

VLDL 098 <d <1.006 g/ml | ApoB-100 ApoC-I, II & III, ApoE
IDL 1.006 <d <1.019 g/ml | ApoB-100 ApoC-1, II & III, ApoE

LDL 1.019<d<1.063 ¢/ml | ApoB-100

HDL 1.063 <d <121 g/ml | ApoA-L IT & IV, ApoC-I, II & III, ApoE

Apolipoproteins belong to two major classes, exchangeable and integral non-
exchangeable lipoproteins. The first class is characterized by repeated amphipathic a-
helices which mediate the reversible interaction between the protein and phospholipids.
Apolipoprotein A-I is a prototypical exchangeable protein of 28 kDa, composed of 11
amphipathic alpha helices (3). In the case of non-exchangeable apolipoproteins, the
interaction with lipid is irreversible. The mechanism by which apolipoprotein B is
thought to associate irreversibly with lipid, is through extended regions of P—sheet

structure found within this mammoth 550 kDa protein (9).



Figure 1: Models of cholesterol efflux and reverse cholesterol transport

A, Illustration of the two models for HDL mediated cholesterol efflux. At left, specific
efflux where SR-BI is diagrammed as the specific intercessor allowing cholesterol to be
transferred to nascent HDL. At right, non-specific or diffusional efflux where nacent
HDL interacts with the plasma membrane and is able to remove cholesterol without an
accessory protein factor. B, A schematic diagram of reverse cholesterol transport.
Discoidal pre HDL is shown forming spherical HDL; through the action of
lecithin:cholesterol acyltransferase (LCAT). HDL and apoB containing lipoproteins
undergo reciprocal exchange of triglyceride and cholesteryl ester, which loads apoB-
containing lipoproteins that are cleared by the liver. C, A model of HDL maturation.
HDL proceeds from pref HDL to HDL3 (7.2-8.8 nm) then HDL, (8.8-12 nm) through
HDL,. This is achieved through the action of LCAT and the sequestration of peripheral
free cholesterol in the core of the lipoprotein as cholesteryl ester.
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1.21 ApoB-containing lipoproteins

ApoB-containing lipoproteins are composed of a non-exchangeable apoB and a
phospholipid monolayer, which envelops the core of the lipoprotein and is composed of
non-polar lipids including triglycerides (TG) and cholesteryl esters (CE) (10). ApoB-
containing lipoproteins have two major sites of synthesis in humans, the liver and the
intestine (11). The intestinal production of apoB-containing lipoproteins serves to
transport exogenous (dietary) lipids while the hepatic production serves to transport
endogenously synthesized lipids (12). In intestine only 48 % of the entire apoB gene
product is translated, leading to the production of apoB 48. This is achieved through
deaminination of the apoB RNA at NT 6666 leading to a stop codon (11). This apoB 48
stabilizes the large intestinal class of lipoprotein termed chylomicrons (12). These
lipoproteins range in size up to 1200 nm engorged with dietary TG and CE. These
lipoproteins also carry a complement of exchangeable lipoproteins including apoA-I
apoA-II and apoC'’s.

The hepatic secretion of endogenously synthesized lipids is facilitated by the
integral full-length apoB 100. These lipoproteins are predominantly secreted as very low
density lipoproteins (VLDL), with one apoB per particle (13). These lipoproteins, in
addition to a core enriched with TG, carry on their surface a complement of exchangeable
apolipoproteins (14). These exchangeable proteins can govern functions such as receptor
binding (apoE) or cofactors for lipolysis (apoC-II) of the lipoprotein (15, 16). Through
catabolism in the circulation, VLDL are converted into IDL and finally LDL. Through
this conversion the density of these particles shifts from d < 1.006 g/ml to 1.019 <d <

1.063 g/ml as the TG core is hydrolyzed by lipoprotein lipase and hepatic lipase (17, 18).



Also as these particles circulate they are acted upon by CETP which enriches them in CE
(19). This process of cholesterol transfer from HDL. to apoB-containing lipoproteins will
be expanded further as reverse cholesterol transporr in section 1.3

The removal of cholesterol from the plasma is largely mediated through the
interaction of LDL and IDL with the LDL receptor (LDL-R) (20). The LDL-R is capable
of recognizing either apoB 100 or apoE for successful Ca’*-dependent ligand binding.
Once bound, the receptors cluster into clathrin coated pits, and are internalized by
endocytosis (21). Through a process of vesicular trafficking the receptor-ligand
complexes are transported to the late endosome where acidic conditions allow the
separation and recycling of the LDL-R to the plasma membrane.
1.22 High density lipoproteins

High density lipoproteins compose a broad distribution of particles which have a
heterogeneous lipid and protein composition (22). Unlike apoB 100 found on LDL, the
apolipoproteins, which maintain the structure of HDL, are exchangeable. Typically
apoA-I is found on all HDL particles however thee numbers of protein molecules per
lipoprotein can vary from two to five or more. Other exchangeable apolipoproteins found
on HDL include apoC’s, apoD and apoE. Large domains of these proteins are composed
of amphipathic a-helical regions, which confers their exchangeable property. These
regions are multiples of 22 to 33 amino acids, which on one face of the long axis of the
helix contain hydrophobic residues and on the other face contain hydrophilic residues (3).
The mechanism of interaction of these proteins with the lipoprotein surface is a
hydrophobic interaction where the helix dips imto the phospholipid heads of the

monolayer (9).



This family of apolipoproteins evolved from a common ancestral gene some 500
million years ago (23). From predictions based on nucleotide homology, the amphipathic
helices, which comprise these proteins, arose through a series of gene duplication events.
With the exception of apoA-IV all maintain a three intron, four-exon gene structure (Fig.
2B). By comparing the rate of synonymous substitution within domains one can infer
functional significance of a particular domain. For example, helix 8 within apoE, which
encompasses the LDL-R binding region, reveals the most highly conserved region within
apoE (24) and by contrast the non-synonymous substitution rate for apoA-II is one of the
highest rates observed for a mammalian gene (24).

HDL exists as three density subclasses, with HDL, being both the most buoyant
and the largest, HDL; being intermediate and prep HDL being the least buoyant and the
smallest. HDL, particles are further divided by size into subclasses (from largest to
smallest) HDLy,, HDL;,. The HDL; sub-fraction contains the subclasses HDL3,, HDL;,
and HDL;. (25). These classifications group peaks of HDL by density which overlap and
represent a continuum of variable size and lipid composition. By dry mass HDL tends to
be 50% apolipoprotein 3-5% TG, 25% PL and ~15% CE.

ApoA-I is synthesized and secreted by both intestinal and hepatic cells in
approximately equal amounts (26). In the case of intestinal secretion, apoA-I is secreted
on chylomicrons. During the catabolism of the core triglycerides of this particle,

extraneous surface phospholipids may be shed as discs stabilized with apoA-I (27).



Figure 2: Exchangeable apolipoprotein evolution and gene structure

A. Schematic representation of apolipoprotein gene evolution. The progenitor probably
most closely resembled apoC-1. The original divergence is predicted to have occurred
570 x 10° years ago, this is roughly coincident with the divergence between vertebrates
and invertebrates. The square boxes indicate gene duplication events. The divergence
between apoA-II and apoC-III is predicted to have occurred 285 x 10° years ago. B.
Gene structure representation of the exchangeable lipoproteins. the wide bars represent
the exons while the thin lines represent the intronic sequences and 5’ and 3’ flanking
sequence. Shading indicates regions of homology between different genes. Notice that
all genes except apoA-IV share a common four-exon three-intron gene structure (23).
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Lipid free apoA-I has also been shown to be capable of recruiting phospholipid from the
cell surface for disc formation (28). Under normal conditions discs are not seen in human
plasma, but they are seen in patients with defects in lecithin:cholesterol acyl transferase
(LCAT) activity (29).

The use of HDL derived cholesterol for steroidogenesis in the adrenal gland
appears to require a specific HDL receptor, SR-BI (30). This receptor is capable of
binding HDL and mediating the selective uptake of lipids from these particles (31). This
receptor does not appear to be an endocytic receptor and its function is under active
investigation.  Interestingly this receptor has been reported within cell surface
invaganations that are termed caveolae (32). While the SR-BI mediated cholesterol
delivery may serve as an important mode in adrenal function, knock out animals do not
reveal any change in CAD (30).

1.3 Reverse cholesterol transport

Reverse cholesterol transport was a hypothesis, presented in 1968 by Dr. John
Glomset at the University of Washington. He had discovered a plasma cholesterol
acyltransferase (LCAT) activity and proposed the need for an enzyme that converted free
cholesterol (FC) to CE on HDL particles (33). He postulated that free cholesterol might
be transferred from a cellular membrane to a HDL particle by physical equilibration and
the CE that was generated would be subsequently cleared by the liver. At the time of this
postulate there was no known interaction of HDL with apoB- containing lipoproteins. It
was only with the discovery of CETP that a transfer of cholesterol from HDL to apoB-

containing lipoprotein particles was suggested (34). It is now known that there are also
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transfer proteins that are capable of transferring PL such as phospholipid transfer protein
(PLTP) between different lipoprotein classes (35).

It is currently believed that the protective function of HDL in CAD, may be
through its role in reverse cholesterol transport (Fig. 1B) (36). HDL is thought to
mediate the efflux of cholesterol from the plasma membrane of cells to its lipid
monolayer (Fig. 1A) (37). Through the action of LCAT the free cholesterol found in the
lipid monolayer which encapsulates HDL is esterified to cholesteryl ester (38). ApoA-I
is a sufficient co-factor for LCAT in this reaction (39). Cholesterol ester is then
sequestered into the core of the HDL particle. As the HDL particle forms a hydrophobic
core of cholesteryl esters, it shifts from a pref electrophoretic mobility to a a-migrating
mobility and to a HDL; density (Fig. 1.C). Cholesterol ester-enriched HDL particles are
acted upon by CETP, transferring CE to apoB-containing lipoprotein particles in
exchange for TG (5). This exchange swells the HDL particles further into the HDL,
density range (Fig. 1C). The reciprocal transfer of TG for CE is responsible for the
loading of apoB-containing particles with CE for elimination by the liver (40). The
rationale for the disposal of cholesterol in the liver is that few peripheral cells contain the
enzymes necessary for cholesterol degradation (41). Partial degradation can be achieved
through conversion by sterol 27-hydroxylase as seen in macrophage (41). However,
complete elimination of sterols through bile acid production creates the need for transport
to the liver (36). In this process HDL could serve as a first step in the removal of
cholesterol from peripheral cells. In this initial step LCAT could serve to load HDL with
cholesterol esters. However if reverse cholesterol transport protects against CAD, LCAT

deficiency should be atherogenic.
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LCAT deficient patients do not exhibit a high incidence of CAD (42). Despite the
reduction of HDL in their plasma, there does not seem to be wide spread deposition of
cholesterol in the peripheral tissues (29). Some tissues in these patients are severely
affected, namely the cornea, kidneys and erythrocytes. This would suggest that these
tissues are dependent on a LCAT mediated elimination of cholesterol (38). This is
currently one of the major paradoxes within the HDL field, and raises serious questions
about the validity of the Glomset hypothesis.

There are currently two models for HDL mediated efflux from the cell surface
(Fig. 1A) (43). Diffusional efﬂu;( describes the desorption of cholesterol from the
cellular membrane and its movement down a physicochemical gradient onto a HDL
particle (44). This mechanism is contrasted by evidence for a specific efflux mechanism
(45). The proof of a specific binding site for HDL or apoA-I has been confounded by the
fact that no membrane protein has been identified as a mediator of cholesterol efflux (3).
Recent reports have implicated SR-BI as a mediator of cholesterol efflux (46, 47).
However others have reported that SR-BI is able to bind many other lipoproteins
suggesting that its role as a specific intercessor of HDL mediated cholesterol efflux may
be questionable (48). Interestingly SR-BI seems to be located in specialized membrane
invaginations termed caveolae (49). While other proteins such as HDL binding protein
(HBP) have been proposed as receptors of HDL, studies of SR-BI remain the most
germane (50). The role of a specific binding site of HDL with the plasma membrane
remains an important area of investigation, both for elucidation of reverse cholesterol
transport and for the metabolism of HDL at the cell surface. This domain may be plasma

membrane caveolae.



During the writing of this thesis the causative defect in Tangiers disease was
identified as mutations in the ABC-1 gene (ATP binding cassette). Tangiers patients are
characterized by an absence of plasma HDL. With the elucidation of the causative defect
by positional cloning, the mechanism of ABC-1 function in reverse cholesterol transport
is actively under investigation. While ABC-1 is beyond the scope of this thesis, a recent
publication has proposed that it acts as a phosphatidyl serine (PS) flippase.

1.4 Caveolae

Caveolae are 50 to 100 nm cell surface invaginations, which have been
characterized by electron microscopy as being un-coated. This is in contrast to the
clathrin coated pits in which the LDL receptor and other endocytic receptors have been
found (51). These caveolae are specialized regions of the plasma membrane which
contain free cholesterol and sphingomyelin. The association of ras, src and small G-
proteins implicate caveolae as a likely locale for cell signaling (52). A 21-24 kDa protein
named caveolin is sufficient to drive the formation of caveolae. This protein serves to
maintain the structure of these plasma membrane domains and anchors signaling
molecules through a unique scaffolding domain (53). In this way it sequesters both
protein signaling factors through protein-protein interaction as well as maintaining a local

environment that is favorable to lipid signaling substrates.

Caveolin proteins belong to a gene family that includes three members (in
humans). These three genes are caveolin-1, caveolin-2 and caveolin-3. Caveolin-1 and 2
are both found in C elegans, suggesting an important evolutionary function.
Interestingly, a yeast homologue has not yet been found. Caveolin-1, 2 and 3 have

similar intron-exon structure, and are found on the same chromosome (54). In mice they
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are found on chromosome 6, and in humans chromosome 7q31. The close similarity in
intron-exon structure suggests that they may have arisen through gene duplication events.
Also conservation of key amino acids in functional domains suggests domains which may
be important to caveolin function. In fact in two Italian kindreds have been identified
which have mutations in one of these key domains and show disrupted caveolin-3

oligomerization, which leads to an autosomal dominant form of limb girdle muscular

dystrophy (55).

1.41 Caveolin isoforms and tissue distribution

The genes for caveolin-1, 2 and 3 encode four different proteins. Caveolin-1
encodes two gene products, which arise as a result of an alternative initiation site, which
occurs at amino acid 32. This gives rise to two caveolin-1 isoforms o and B (56) (Fig.
3A). Caveolin-2 and 3 share other functional domains with caveolin-1 including a stretch
of 33 hydrophobic amino acids, which are thought to mediate its interaction with the
plasma membrane (57). The final topology of all caveolin isoforms result in both the N
and C termini facing the cytosol. The tissues in which the isoforms of caveolin are found
seem to intimate distinct isoform functions. Caveolin-1 is enriched in the epithelia, and
adipose tissue. Caveolin-2 has a similar distribution, but is also found highly expressed in
the lung (58). Caveolin-3 is found predominantly in the muscle and heart (59). In the
tissues where caveolin-1 and 2 are expressed they may function in concert as well as

independently.
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Figure 3: Caveolin isoforms and topology

A. Schematic representation of caveolin isoforms 1, 2 and 3. o and B isoforms
ofcaveolin-1 are generated by an alternative initiation site at AA 35. The putative
intermembrane hydrophobic region of caveolin-1 is indicated from A.A. 100 to 141. B,
Proposed topology of caveolin is diagramed as the intermembrane regions inserts into but
not through the membrane bilayer, exposing both the C and N termini to the cytosolic
side of the membrane.
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Caveolin forms caveolae through ordered aggregation, which can be homo or
hetero-oligomeric (60). In-vitro experiments showed that three cholesterol molecules
bind two molecules of caveolin-1. This probably represents the basic unit of packaging.
These subunits then aggregate into higher order structures with 16-18 molecules of
caveolin (61), which probably represent subunits of intact caveolae. On the cell surface
caveolae can often cluster together, and EM has revealed that caveolae superstructures
may exist on the surface of cells as striations (62). Much of the experimental work in
defining caveolae has relied on its insolubility in Triton X-100. When cell membranes are
solubilized with Triton X-100, caveolin enriched membranes will float upon sucrose
density ultra-centrifugation (63). This has been adopted as one of the functional assays
within the field to assess caveolae formation. The difficulty that has arisen is that many
researchers feel that co-fractionation of other proteins within this caveolar fraction,
constitutes functional localization to the caveolae. While this is provocative it does not
serve as a proof of caveolar localization, merely enrichment within this fraction under
specific experimental conditions. Some proteins such as eNOS and Gi have been further
shown to interact with caveolin directly; strengthening the argument for their caveolar
localization (64).

The association of caveolin-1 with lipid occurs co-translationally (65). This raises
the question of whether caveolae are assembled in the ER or later in the Golgi apparatus
or plasma membrane. Parton and colleagues (65) have shown that caveolin-1
oligomerization and detergent insolubility can be divorced. Their data suggest
oligomerization occurring first in the ER and detergent insolubility occurring later in the

Golgi apparatus. The detergent resistant characteristic of caveolae represents oligomeric
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caveolin-1 in association with its lipid complement. The synthesis of glycosphingolipids
in the early Golgi would argue that the detergent resistant characteristic should be
acquired after ER exit of caveolin-1. There is precedence for assembly to occur within
the Golgi complex, as hemagglutinin oligomers are formed in the ER but do not adopt
detergent insolubility until the Golgi apparatus (66). Likewise, vonWillebrand factor
forms inter-chain disulfide bonds (as dimers) in the ER before oligomerization occurs in
the Golgi apparatus (67).

Caveolae can form - through homo-oligomerization of caveolin-1 or hetero
oligomerization between caveolin-1 and 2 (68). This has been shown by co-
immunoprecipitation studies of caveolin-1 and 2. [nterestingly, only caveolin-1 but not 2
levels are altered in transformed cells (abl and ras) (69). In these cells caveolae disappear
from the cell surface, but detergent insoluble caveolin-2 complexes remain. The
detergent resistant property of caveolin is thought to result from its association with
sphingolipids. Also in an insect cell expression model (Sf-21 cells) caveolin-1
expression but not caveolin-2 is sufficient to drive caveolae formation (70). This has led

to caveolin-2 being labeled as an “accessory protein”.
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Figure 4: Caveolin domain structure

A. Schematic diagram of functional domains within caveolin. Palmitoylation sites at A.A.
133, 143 and 156 are indicated. B. Distance legend for diagrams A and C, numbers
represent amino acid boundaries of structural domains in caveolin-1. C. Proposed
pentapartite structural domain model based on computer algorithm maps (Appendix D).
o denotes proposed a-—helices, B represents regions of P-sheet and m represents
hydrophobic inter-membrane domain.

19



A

Palmitoylation

Sites
A
o ~N
Tyrosine Oligomerization
Phosphorylation DoIain

N (o]
0
Alternate Golgi Scaffolding Inter Membrane
inititation site localization domain Domain
domain

N C

[ | [ | 1 | [

14 35 55 67 70 75 100 140 160

NHMC

oy A, B, mn B,



1.42 Caveolin structure

Caveolin adopts a hairpin structure as it inserts into the membrane, with both the
N and C termini facing the cytosol (Fig. 3B). Mutagenesis of caveolin-1 has implicated a
portion of caveolin that is involved in homo-oligomerization (Fig. 4)(71). This was
observed using short expression constructs of caveolin-1 expressed in E. coli. These
expressed proteins were assayed for the ability to float within a sucrose gradient. One
construct expressing amino acids 61 to 101 was found to float at the same density as full-
length caveolin-1. This region is termed the oligomerization domain (72). A second
domain exists, termed the scaffolding domain, that functions to support or bind signaling
molecules (53). The proof for this interaction has also come from in-vitro binding studies
of a GST caveolin construct 61 to 101. The scaffolding domain extends from 81 to 101,
despite the fact that the binding studies involved the 61 to 101 GST fusion construct.
This delineation is made through sequence comparison of caveolin-1 with Rab GDI
proteins (73). As shown in figure 5A, caveolin-2 and 3 also have regions, which are
similar to these Rab GDI’s. A schematic diagram of GDI function in cell signaling is
included in appendix A.

Caveolin was originally characterized as one of the major phosphoproteins found
in cells transformed with vSrc. At this point the 21 kDa phosphoprotein was termed
virally induced phosphoprotein-21 (VIP-21) (61). It was later shown that VIP-21 shared
complete sequence homology with a protein purified in a vesicular compartment of
MDCK cells. At this point the name was changed to caveolin. Later the precise site of
phosphorylation of caveolin was shown to be tyrosine 14 (74). It seems that the

constitutive phosphorylation, which is seen in the vSrc-transformed state, is dissimilar
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from native caveolin where it is typically unphosphorylated. In 3T3-L1 cells, caveolin-1
undergoes a rapid phosphorylation in a time-dependant fashion when stimulated by
insulin (75). It seems that the insulin-dependent phosphorylation of caveolin-1 is not
mediated by a kinase activity of the insulin receptor but rather by c-Src that is found to
co-purify with caveolin-1 (76). C-Src has been shown to phosphorylate GST-caveolin-1
in vitro, and further in vitro peptide phosphorylation assays have indicated that tyrosine
14 is phosphorylatable by Src kinases. This phosphorylation of caveolin-1 on residue 14
means that only the o isoform of caveolin-1 could be phosphorylated (Fig. 4A) as the 8
isoform lacks the N terminal 35 A.A. (Fig. 3A).

Src interacts directly with the oligomerization domain (61 to 101) as shown by in-
vitro binding studies using GST caveolin-1. The region of interaction is believed to be
between A.A. 81 to since a GST protein stretching from 1 to 81 was incapable of binding
to Src (77). This delineation was corroborated by inactivation of Src auto-
phosphorylation by a peptide from the region 81 to 101. It is noteworthy, however, that
the authors have at their disposal a GST caveolin construct from 81 to 101 but the
binding of Src to this peptide was not shown (77). Peptides from caveolin-3 but not 2
have also been shown to inhibit auto-phosphorylation of Src in vitro (77). Using phage
display techniques a degenerate peptide library was used to determine what patterns were
found within proteins that recognized the scaffolding domain. Two patterns were

elucidated pXPXXXXp and ¢XXXX$XX¢p where ¢ is an aromatic residue usually

phenylalanine. These motifs are found in Ga proteins Src as well as eNOS (78).
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Figure 5: The GDI homology and phosphorylation sites within caveolin

A. Comparison of caveolin-1 domain 91-101 with known GDI’s. Red letters indicate
homology between this domain and other known GDI proteins. Similar domains are also
indicated for human caveolin-2 and mouse caveolin-3. B. Comparison of Caveolin-1
domain 9-14 to other known substrates of src. Homologous amino acids are indicated in
red and * indicates conservation of amino acids between all caveolin-1 species cloned to

date.
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1.43 Caveolar constituents

Caveolae are a specialized type of lipid raft (79). The term raft was introduced to
describe a lateral organization of lipids within the plane of the membrane (80). This is in
contrast to the fluid mosaic model, which predicts that lipids move freely throughout the
plane of the membrane (81, 82). These rafts of glycosphingolipids and cholesterol seem
to function as domains, which serve to order lipids and proteins for processes such as
signaling or membrane transport (82). These domains have been defined by their
insolubility to detergent and their floatation characteristics wupon gradient
ultracentrifugation. Lipid rafts are capable of sequestering specific classes of proteins,
particularly glycosylphosphatidylinositol (GPI) linked proteins (83).

There is an ever-growing list of molecules which are classified as localizing
within caveolae. This definition has led to a divide in the field, as some researchers feel
that co-localization of proteins within the same fraction of a caveolae preparation
constitutes co-localization. Other researchers believe that only direct interaction between
caveolin and the protein of interest shows that they may co-localize in vivo. Coincident
staining by imuno-fluorescence has been difficult, as methods to stain caveolin require
cell permeabilization. With the advent of green fluorescence protein (GFP) and
construction of GFP-caveolin this problem may rapidly disappear. Of many molecules
which have been ascribed a caveolar distribution, eNOS remains one of the most relavant
(84).

This enzyme is responsible for the conversion of L-arginine to nitric oxide (NO),
which is a potent mediator of vascular tone. This enzyme has been intensely studied in

both its physiological role and its intracellular function. ENOS expression has been
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shown to correlate with cellular cholesterol levels, as HMG Co-A reductase inhibit.ors are
known to increase its expression. Its role in caveolae has only recently been ide-ntified
(85). Many of the modifications, namely acylation and phosphorylation which modulate
caveolin, are also found in eNOS. It is now known that co-translational myristoylation of
eNOS is required for its targeting to the plasma membrane. While eNOS is known to
cycle on and off the plasma membrane, it is unlikely that myristoylation will regulate this
trafficking, since myristoylation of proteins is typically irreversible (86).

ENOS localization on the plasma membrane is dynamically regulated by
bradykinin. Bradykinin is a potent vasodilatory peptide that is degraded by angiotensin
converting enzymes (ACE). If bradykinin is able to reach the cell surface, it may act
through an increase in intracellular calcium, promoting the binding of calcium to
calmodulin (87). Caveolin and calmodulin are thought to regulate the activation of eNOS
through opposite effects, caveolin inhibiting and calmodulin stimulating its activity" (88).

ENOS is one of the few proteins for which there is compelling evidemce of
caveolar localization. This protein differs in that there is co-immunoprecipitatiom data,
which suggests caveolin-1 binds directly to eNOS. This interaction has been studied
using antibodies against both caveolin-1 and eNOS (85). Further, caveolin-1 has been
shown to have a functional role with eNOS in that the interaction with caveolin-1 imhibits
eNOS activity (64). The localization of proteins to caveolae domains may require other
criteria to define proteins as localized to caveolae. One potential approach may be the
collection of ligand protected within caveolae (89). However the mechanical production
of caveolae will continue to be criticized as homogenization may lead to the artifactual

enrichment of a candidate ligand.
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1.44 Caveolin function

Assigning a function to this cell surface microdomain has been one of the central
difficulties since its discovery. There has been no shortage of postulates as to a potential
function for this microdomain even the invention of a new term, potocytosis to describe a
postulated endocytotic function (90). The reason for this has been difficulty in assigning
molecules that interact specifically with this microdomain. Molecules such as transferrin
were once thought to localize to the caveolae through receptor mediated interaction, but
none of these has stood the test of time. Many researchers have resorted to intracellular
ligands to probe the function of caveolae by attacking the intracellular tails of caveolin.
In this way one of the most promising potential functions for caveolae is as a locale to
concentrate and transduce cellular signals. If the protein eNOS is also considered, these
locales can be thought of as a site not just to manage in-coming signals but as a way for
the cell to communicate with the extracellular milieu.

One of the other functions now being actively investigated is the role for caveolae
in the intracellular transport of cholesterol (81). As this site serves as an area where
cellular cholesterol can be concentrated within easy reach of extracellular removal
mechanisms, it may be a site where cholesterol may be removed from the cell through
efflux. This role for caveolin in cholesterol efflux is strengthened by the fact that
cholesterol sequesterants or caveolin disrupting agents such as progesterone or NEM
disrupt not only caveolae but also cholesterol efflux (91). Some researchers have also
shown a correlation between caveolin expression levels in various cell types, and efflux

potential (92).
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1.5 Rationale and Aims

The aim of this work is to probe the potential interaction between HDL and
caveolae. Two primary questions will be addressed with two different model systems.
The first aim is to elucidate the mechanism of HDL’s movement from the lumen of the
artery through the endothelium. There is some evidence that lipoproteins may traffic
through endotﬁelial cells via non-coated vesicles of a size that is consistent with caveolae
(93). Further studies with other ligands such as albumin suggest that they may also
traffic via a similar mechanism (94). It seems that this mechanism may require caveolin-
1. This will be determined experimentally by first generating a cell culture model of the
endothelium, then recombinant DNA techniques will be employed to disrupt caveolin
levels in these cells. This model will then be used to ask whether HDL traffics through
the endothelium via caveolin-1 mediated transport. The second aim is to understand how
HDL removes cholesterol from cells. To probe the role of caveolin in cholesterol efflux
stable cell lines expressing caveolin-1 will be generated. The first issue that will be
addressed is whether there is a relationship between caveolin and HDL mediated efflux.
Then the model will be used to explore and elucidate the mechanism whereby caveolin is
involved in cholesterol efflux. This work will show for the first time that caveolin
expression alters cholesterol cycling. This novel observation stems from an increase in

cholesterol synthesis and cholesterol esterification in McA- RH7777 cells.
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Chapter 2: Experimental Procedures

Materials

DNA restriction and modification enzymes were purchased from New England
Biolabs. Oligonucleotides, primers and ultra pure agarose were obtained from Gibco
BRL. All reagents for cell culture were purchased from Life Technologies Inc. The
pCDNA3.1 mychisB- plasmid was obtained from Invitrogen, T7 sequencing kit was
obtained from Pharmacia. Anti-caveolin polyclonal antibody was obtained from
Transduction labs (cat #C13630). Monoclonal anti-myc was produced from hybridomas
obtained from the ATCC (1-9E10.2). '»’I was obtained from NEN, *’S dATP was
obtained from NEN, [°H]cholesterol and [*H]acetate were obtained from ICN. Primers
were purchased from Gibco BRL, Acrylamide was of analytical grade from BioRad. All

other reagents were of analytical grade and obtained from standard commercial sources.

Methods

Preparation of Caveolin-1 Expression Plasmid — RNA was obtained from human
adipose tissue (obtained by approval of the human ethics committee) and purified by the
GTC-D purification method (95). RNA was reverse transcribed using an oligo dT primer
and MMLV-RT, and the caveolin-1 ¢cDNA was amplified by PCR using primers, 5’
cggaattccatccagccacgg 3’ and 5° cggggtaccaggtatacttctatce 3° that contained EcoRI and
Xhol restriction sites respectively (underlined). PCR was performed using
preamplification (10 cycles at an annealing temperature of 45° C) and amplification
periods (20 cycles at an annealing temperature of 60° C). The product was subcloned into

pCMVS5. The construct was sequenced and subcloned into pPCDNA3.1 myc his —B. This
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construct incorporates a c-terminal myc and a histidine tag adding only two amino acids
(Ala and Leu ) between the c-terminal Ile of caveolin-1 and the myc epitope.

Cell culture and Transfection — McA-RH7777 cells were grown to 60% confluency in
DMEM containing 10% FBS and 10% Horse Serum. Stable transfection was performed
as described perviously by the Ca*" dispersion method (96). Stable transformants were
selected in 500uM G418, clonaly expanded and screened for expression by western blot
(97). HUVEC cells were cultured in 199 medium supplemented with 10% FBS. For
experiments where HRP activity assays were performed, phenol free media was used.
HUVEC cells were transfected using lipofectamine and were selected in 500uM G418,
clonaly expanded and screened for expression by western blotting.

Immunofluorescence - Cells were cultured on poly-lysine coated cover-slip plastic
dishes (MatTek Ashland, MA) for two days. After fixation with 4 % paraformaldehyde,
cells were permeabilized with 0.1 mg/ml saponin in PBS for 10 min. A polyclonal anti-
caveolin antibody was added for 30 min, then cells were washed with M1 media (150
mM NaCl, 5 mM KCI, 1 mM CaCl,, | mM MgCl,, 20 mM HEPES pH 7.4;
supplemented with 2 mg/ml glucose) containing 2 mg/ml BSA (98). A rhodamine
conjugated anti rabbit antibody was added for 30 min, and laser scanning confocal
immunomicroscopy was performed using a BioRad MRC 1024 on an Olympus IX70
with a 60x NA 1.4 objective.

Cellular cholesterol efflux to HDL and Lp2A-I— Cells were maintained at 37 °C at 7 %
CO, on 12-well Falcon dishes. HDL and Lp2A-I were prepared as described previously

(99). Cells were incubated with 15 pCi of [*H]cholesterol for 12 h in the presence of 2.5

pg/ml Sandoz 58-035 ACAT inhibitor. Cells were rinsed with PBS containing 2 mg/ml
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fatty acid free BSA (PBS-BSA) and placed in serum free DMEM with 2 mg/ml BSA
(DMEM-BSA), HDL or Lp2A-I was added at a concentration of 50 pg/ml. Efflux
determinations were made as described previously (100).

HDL Binding and Association- Cells were plated onto 6-well Primaria culture dishes.
HDL was iodinated by the MacFarlane method (101). Cells were rinsed with PBS-BSA,
then incubated with radiolabeled HDL for 1 h in the presence or absence of 40-fold
excess unlabelled HDL. Experiments were performed on ice for binding assays and at 37
°C for cell association assays. Cells were rinsed three times with PBS-BSA, and collected
in 0.5 N NaOH for counting and protein determination (102).

Cell surface cholesterol influx and efflux - [°H]cholesterol was dissolved in ethanol and
dispersed in DMEM-BSA (< 0.1 % final ethanol concentration) and 5 pg/ml HDL.
Labeling medium was incubated for 30 min at 37 °C as described previously (103). Cells
were then incubated in the labeling medium for the indicated times, washed twice with
PBS-BSA, and collected in 500 pl of 0.5 N NaOH for determination of protein
concentration by Lowry or for scintillation counting (102). To verify that the label was
associated with the cell surface and had not equilibrated with intracellular pools, cells
were treated with 50 nM methyl-B—cyclodextrin after labeling. Cells were sedimented at
2,000 rpm for 5 min, washed twice with PBS-BSA, and lysed in 0.5 N NaOH for protein
determination and scintillation counting. To evaluate desorption of cholesterol from the
plasma membrane to HDL, cells were labeled with [°H]cholesterol as above, washed, and
incubated with 50 pg of HDL for 3 h. Medium was collected for scintillation counting,
cells were rinsed twice with 1 ml of PBS-BSA and twice with 1 ml of PBS, and collected

in 500 ul of 0.5 N NaOH for scintillation counting and protein determination.
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PH]Acetate and ['H]Mevalonate incorporation - Cells were seeded at 1.2x10°
cells/well onto 6-well Primaria dishes. Serum-free medium was added 2 h prior to the
addition of 100 puCi/ml [3H]acetate. Cells were then labeled for up to 2 h, rinsed with 1
ml of PBS-BSA, rinsed twice with 1 ml of PBS, and collected into 2 ml of 1:1 (v/v)
methanol and H,O. In some experiments, cells were labeled with 100 nCi/ml [*H]acetate
or 10 pCi/ml [*H]mevalonate in DMEM-BSA for 90 min at 37 °C or 15 °C. Cells were
then rinsed twice with 1 ml of PBS, and collected into 2 ml of 1:1 (v/v) methanol and
H,O. Lipids were extracted and resolved by TLC using a diethylether : hexane : acetic
acid (105:40:1.5; v/v/v) solvent system. Radioactivity associated with triglyceride, free
cholesterol, cholesteryl ester and phospholipid was quantified by scintillation counting.

Plasma membrane cholesterol conversion to Cholesterol Esters. — [’H]cholesterol was
dissolved in ethanol and dispersed in DMEM-BSA (< 0.1 % final ethanol concentration)
containing 5 pg/ml HDL. Labeling media was incubated for 30 min at 37 °C as
described previously (103). Cells were then incubated in the labeling medium for the
indicated times, washed twice with PBS-BSA, and collected in 500 ul of 0.5 N NaOH for
determination of protein concentration (102) or for scintillation counting. Cells were
either continuously labeled or subjected to a 1 h pulse and 2 h chase (in the case of rate

determination). Lipids were then extracted and analyzed by TLC as described above.
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Chapter 3: Caveolin-1 Cloning and Transient Expression

3.1 Rationale for caveolin expression system

The goal of this project was to establish stable cell models to investigate the
function of caveolin-1 on cholesterol efflux and to evaluate the possibility that caveolin-1
expression was capable of increasing transcytosis. In order to do this the cDNA of
caveolin was required; therefore a cloning strategy was adopted. In addition, cell models
had to be evaluated for the generation of stably expressing caveolin cell lines. Criteria
for cell line selection included transfection efficiency, physiological relevance,
endogenous caveolin levels, and potential for transcytosis study.
3.2 Caveolin-1 cloning

In order to begin the molecular assembly of cellular expression vectors for
caveolin-1, a RT-PCR strategy was devised. The strategy involved first the isolation of
RNA from a tissue in which caveolin-1 is highly expressed. Human adipose tissue was
chosen as it contains high levels of human caveolin-1 and tissue was available from
reduction mammoplasty procedures (obtained according to standards set by the human
ethics research committee at the OCH). The RNA was isolated and purified as outlined in
material and methods. This RNA was then used as a template for a reverse transcription
reaction in which an oligo dT primer was used to exclusively amplify the mRNA in the
preparation. The RNA dependent DNA polymerase reverse transcriptase used was
MMLV. This reverse transcription yielded DNA-RNA hybrid strands, which were then
used as a template for the final PCR.

The PCR reaction that was designed utilized the incorporation of unique

restriction sites into the primers. This strategy conveyed two major advantages. First the
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homology to the caveolin-1 template strand served to amplify only the target gene of
interest from the mixed population of DNA/RNA duplex. Secondly with the
incorporation of these unique restriction sites, the PCR product could be easily cloned
into the expression vector pPCMV5. The restriction sites chosen were EcoRI and Kpnl for
their ability to cleave near to the ends of a PCR fragment. The PCR reaction was
performed in a two-part reaction designated the Preamplification and Amplification
reactions. The preamplification cycles were intended to allow the PCR reaction to
proceed with an optimal reaction temperature for the regions of the primers, which were
homologous to the target gene. This preamplification was allowed to cycle ten times
before the annealing temperature was increased to the optimal melting temperature of the
entire primer. During the amplification cycle there should be templates, which have
incorporated the unique restriction sites of the primers. The PCR product was then
analyzed by agarose gel electrophoresis and a 600 N.T. product was produced as
expected. This PCR product was then generated on a larger scale, using the original
RNA/DNA hybrid as a template in 20 x 25 pl reaction tubes. The product of these
reactions was then pooled and an aliquot was again used for verification of size on
agarose gel.

The PCR product was then digested with EcoRI and Kpnl to create 4 base pair
overhangs, which allowed forced insertion into the pCMV5 vector. After the digestion of
PCR product and vector with EcoRI and Kpnl the DNA fragments were PAGE purified.
These fragments were then used for ligation reactions and transformation into
DHSa E.coli. Clones were then assayed by restriction digest for the presence of the

caveolin-1 fragment. Further restriction digests were then performed to ensure that the



fragment was correct. This construct was termed pCAV1 for pCMV35 containing full-
length caveolin-1. This construct was amplified using the CsCl centrifugation method
(104), and sequenced using a T7 DNA polymerase kit with both sense and anti-sense
primers. Sequencing revealed two single nucleotide differences between pCAV1 and the
sequence for human caveolin-1 in Genbank (Z18951) (105). The first difference was that
at NT 100 where a cytosine is substituted for a thymidine, this substitution changes
amino acid 33 from alanine to valine. The second difference occurs at NT 433 where
again a cytosine is substituted for a thymidine. In this case amino acid 144 changes from
a threonine to an isoleucine. It is not possible to assign these differences solely to PCR
error, as both of these differences are conservative substitutions and in fact the amino
acid encoded at 144 in pCAV1 is found to be isoleucine in all other species of caveolin-1
cloned. Thus these differences are more likely to represent allelic variation due to

different tissue sources than PCR error.
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Figure 6: Sequencing of human caveolin-1

Caveolin-1 was sequenced with a T7 polymerase kit from Pharmacia with primers in both
sense and antisense orientations. Two differences from the human caveolin-1 sequence
in genebank were noted ( Z18951). The first difference is a T-to-C substitution, which
leads to an alanine to valine substitution at amino acid 33. The second difference is again
a T-to-C substitution changing a threonine to isoleucine at amino acid 144. Both
substitutions are conservative and probably represent allelic polymorphisms, the
alteration at amino acid 144 encoding isolucine has been reported in all other caveolin-1
species cloned, except human.
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3.3 Transient expression of pCavl

The pCMVS5 based expression systems have been used for both stable and
transient expression in cell culture model systems (106). Using this vector system various
cell types were evaluated for their utility as a cell culture model for caveolin-1
expression. Cell types, which were evaluated, included Cos-7 cells, human foreskin
fibroblasts, HUVEC cells, and McA-RH7777 rat hepatoma cells. Cells were transfected
using lipofectamine, then collected 48 h post transfection into SDS-PAGE loading buffer.
Samples were then resolved by 10% SDS-PAGE, transferred to nitrocellulose, and
Western blotted using a polyclonal antibody against caveolin-1. In fibroblasts,
transfection of pCAV1 did not lead to elevations in caveolin-1 expression (data not
shown). These cells expressed endogenous caveolin-1, which reacted with the polyclonal
anti caveolin-1 antibody. Also these cells exhibit characteristic 200 and 400 kDa homo-
oligomers of caveolin-1 (107). The Cos-7 and McA-RH7777 cells proved to be more
amenable to transfection. Cos—7 cells had only a very small amount of cross reacting
endogenous caveolin-1 which was also seen as high molecular weight oligomers (Fig. 7).
McA-RH7777 cells had no endogenous caveolin-1 and expressed recombinant caveolin-1
at high levels. In these cells homo-oligomers were also formed after transfection, which
suggests that the caveolin-1 gene product may be functional (data not shown). Also in
these cells there appears to be a doublet at 21kDa which supports correct o and 3
processing of caveolin-1 (data not shown). Transfection into the HUVEC cells proved
very difficult as had been reported previously (108). However at high concentrations of
pCav-1 DNA, expression levels were raised above background. These cells showed

characteristic o and B bands as well as two larger molecular species which probably
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represent acylation or phosphorylation states of caveolin-1. In addition to the
transfection difficulties with these cells, there was difficulty in identifying the transfected
gene product from the endogenous caveolin. In order to resolve this, an epitope tagging

strategy was adopted.

3.4 Epitope tagging of caveolin-1

A myc epitope was selected for epitope tagging at the c-terminus of caveolin-1.
Others had adopted a similar strategy for probing the interactions of ras with caveolin-1
(109). A di-glycine was also added as a swivel to allow the epitope more accessibility
and to reduce interference of the epitope tag with protein folding and secondary structure.
This tag was added to the caveolin-1 protein immediately proximal to the stop codon.
This was done again using PCR cloning where the myc epitope was encoded by the 100
NT 3’ primer. The PCR procedure included a pre-amplification phase, which was
intended to overcome the low melting temperature of the annealing region of the myc
primer. The fragment was confirmed by restriction digest and prepared on a large scale
for sub cloning into pCMVS5. The strategy also incorporated a BglII site 3° of the myc
epitope and a Kpnl site at the very 5’ terminus of the PCR fragment (Fig. 10). The
fragment was subcloned into pCMV35, EcoRI to Kpnl. The addition of a BglII site allows
removal of the caveolin-1 fragment from pCMVS5 and leaves the myc tail in the vector.
This created a myc-tailed vector for the expression of other proteins, if the insertion is
EcoRI to BglIl and in frame with the myc tail. The sequence encoding the myc epitope
was also altered to introduce a Bcll site within the myc tail to aid in rapid diagnostics of
the myc tail. This alteration of the nucleotide sequence was done so as not to alter the

primary amino acid sequence of the myc epitope. The construct was confirmed by
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restriction diagnostics and sequencing, creating a C terminal myc tailed caveolin-1 in
pCMV5. This construct was termed pCAV 1myc (Fig. 10).

Transient transfection with this construct in Cos-7 cells led to a puzzling
observation, while expression of a 21 kDa protein which cross-reacted with polyclonal
anti-caveolin was achieved (Fig. 7B), it was not detectable with an anti myc antibody
(Fig. 7A). This was puzzling as the 9E10 anti-myc antibody c:learly reacted with positive
controls (Fig. 7A), indicating it was able to recognize myc epitopes by western blot.
Since pCAV1myc had been sequenced and was found to be «orrect, a defect in cloning
was ruled out. Also the expression of a 24 kDa protein whi ch was cross reactive with
anti-caveolin antibodies suggested that the transgene was translated as caveolin-1 (Fig.
7B). Thus it was assumed that there must be a post-translati_onal disruption of the myc
epitope which was preventing its detection. The junction point of the pCAVImyc
construct was reviewed and evidence was found for cleavagse at a di-glycine motif by
enzymes, such as the protease elastase or V-8 (110). With this consideration in mind a
new strategy was adopted for the generation of a myc tagged caveolin-1.

A strategy was devised which would allow the insesrtion of caveolin—1 into a
commercially available vector which incorporates a myc and Tis epitope into the protein
of interest. The vector chosen was pCDNA3.1 myc his B-, firom Invitrogen. The insert
for this construct was again generated by PCR using EcoRI amd Xhol primers. The PCR
product was digested and inserted into the Invitrogen vector. Restriction digests showed
that insertion was successful and the new caveolin construct -was termed pCAV1mychis
for human caveolin-1 in pCDNA3.1 myc his B- (Fig. 10). This construct was amplified

by the CsCl method (104), and transfected into Cos-7 cells usiing the Ca®* PO4 method of



transfection. In this experiment pCAV1lmyc was also transfected. Detection by western
blot yielded proteins of the expected size, which were reactive with anti-caveolin
antibody but not with the anti-myc antibody (Fig. 7).

In an attempt to corroborate this finding, HepG2 cells were transfected with the
pCAV1 myc his construct. In this experiment the protein expressed was cross reactive
with the 9E10 anti myc antibody by western blot. With this apparent discrepancy in the
detection of myc tailed caveolin by western blot, HUVEC cells were transfected with
pCAV1 myc his to determine whether the myc epitope was detectable in these cells.
HUVEC cells were transfected using the Ca®" method and caveolin-1 was found to be
expressed and also formed high molecular weight oligomers and a doublet at 28kDa (Fig
8). Taken together these results suggest that the sensitivity of the myc epitope to
proteoylysis may vary between cell lines. In the HepG-2 and HUVEC cell lines the myc

tailed proteins are expressed and detectable with 9E10 anti myc antibody by western blot.
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Figure 7: Western blot of caveolin-1 transient expression in Cos-7 cells

Cells were transiently tranfected with caveolin-1 DNA by the Ca®>" method as described
in materials and methods. Cell lysates were subjected to SDS PAGE and transferred to
nitrocellulose. The membrane was probed with A. mono clonal anti-myc antibody or B.
poly clonal anti-caveolin antibody and visualized by chemiluminescence.
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Figure 8: Transient expression of caveolin-1 in HUVEC cells

Western Blot of transient transfection of HUVEC cells, with pCavl myc his. Cells were
transfected with pCavl myc his using the Ca®*" method described in Materials and
Methods. Panel A shows western blot with 9E10 monoclonal anti myc antibody.
Caveolin-lis shifted slightly higher as a result of the epitope tag. Panel B shows western
blot with anti caveolin polyclonal antibody. Note large molecular mass bands which
represent caveolin oligomers at MW > 200 kDa
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3.5 Antisense Caveolin

In addition to caveolin-1 over-expression, an effective tool to probe caveolin-1’s
role in HUVEC membrane function would be the ability to decrease caveolin-1 protein
levels. In order to do this a construct was designed that encode antisense caveolin-1. In
this way the antisense mRNA would be transcribed and hybridize with endogenous sense
transcripts of caveolin-1. These duplex strands of RNA are unstable and are degraded by
RNAseH. This construct was designed by inverting the sense cDNA of caveolin-1
backwards and upside-down. Reversing the restriction sites with which the caveolin-1
fragment was inserted into pCMV5 did this. Engineering primers, which encoded Kpnl
at the 5’ end and EcoRI at the 3° end, reversed the fragment’s orientation and reading
strand. This PCR product was generated and cloned into pCMVS, generating the
construct pacCAV 1, for antisense caveolin-1 in pCMVS5 (Fig. 10). This construct was then
used for transient transfection of HUVEC cells. With increasing concentration of
paCAV1 the endogenous caveolin-l1 was reduced in HUVEC cells as detected by
Western blot (Fig. 9A). This confirms that this antisense strategy can lead to a decrease
in the endogenous protein of interest. The paCAV1 construct can also be used for the
generation of stable cell lines, making the generation of HUVEC cells with reduced
caveolin-1 levels possible. This antisense construct was also used to generate an
inducible antisense construct utilizing Invitrogen’s pIND system (Fig. 10). This
construct was generated by removal of antisense caveolin-1 from paCAV1 and insertion
into pIND Kpnl to EcoRI. This inducible antisence construct in addition to an inducible
sense caveolin-1 construct (Obtained from Charles Baum, University of Chicago) will be

powerful new tools to investigate the function of caveolin-1 (Fig. 10).
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Figure 9: Antisense caveolin-1 strategies

A. HUVEC cells were transiently transfected with antisense caveolin-1 using the
lipofectamine. Cell lysates were normalized to cell protein and subjected to SDS-PAGE.
The samples were western blotted with polyclonal anti caveolin antibody and subjected to
chemilumenescence. B. Illustration of plasmid utilized for the construction of a ribozyme
against caveolin-1. The ribozyme is driven by a Ul snRNA promoter and resistance is
conferred by a Zeocin selection marker. C. Schematic diagram of caveolin-1 ribozyme
RNA encoding 5’ nuclear localization sequence and 3’ stabilization element.
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A second antisense construct was built using hammerhead ribozyme technology.
Simply put, catalytic RNA can be generated such that it targets a particular region of
mRINA with a target sequence that includes a Yguc® sequence (Fig. 9C). After
successful binding, cleavage of the target strand is made by the catalytic ribozyme,
leading to degradation of the target RNA. To design a caveolin-1 ribozyme, caveolin-1
mRNA was modeled using RNAfold software (111) in an attempt to identify GUC
sequences that were not contained in regions of secondary structure. As a result of the
heavy computing power required to model the entire sequence, truncated sequences were
modeled and secondary sequence that was conserved across overlapping constructs was
assumed to be formed. Using this method a target site was identified outside regions of
predicted secondary structure, and a hammerhead ribozyme was built with arms flanking
the sequence at A.A. 53. This construct is diagrammed in figure 9C and at the time of
writing this construct appears to be functional in cell culture.

All of the human caveolin-1 constructs that I have generated are shown below
(Fig. 10). The first two constructs make use of the pCMV5 vector, which contains a
powerful CMV promoter, which drives high levels of protein expression in eukaryotic
systems. For the generation of stable cell lines these constructs require the co-
transfection of a second plasmid encoding a neomycin selection marker. The third
construct uses a pCDNA3.1-based vector, which also exploits the CMV promoter for
eukaryotic expression. This plasmid also encodes a neomycin selection marker so that
co-transfection for stable eukaryotic expression is not required. The inducible constructs
employ a concatamer of E/GRE sites to promote the binding of an RXR heterodimeric

nuclear receptor to the promoter region of these plasmids (appendix C).
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Figure 10: Caveolin-1 expression vectors

Expression constructs for human caveolin-1 are diagrammed in blue. Antisense
constructs for human caveolin-1 are diagrammed in red. Myc epitope tags are
represented in red and his epitope tags in green. All plasmids utilize ampicillin resistance
for prokariotic selection. Neomycin markers for eukariotic selection are denoted Neo.
E/GRE concatamers are indicated by nested arrows.
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Chapter 4: Expression of Caveolin-1 in HUVEC Cells and the
Development of a Transcytosis Model System

4.1 Rationale

Epithelial cells serve as a barrier to regulate the passage of macromolecules and
ions between separated compartments (112). Epithelial cells achieve this by establishing
tight junctions and zones of adherence (zonula adherens) which seal monolayers
preventing the nonspecific paracellular transport of molecules. This allows regulated
endocytosis and trans-cellular trafficking to control the movement of molecules from one
side of an epithelial barrier to the other. Very little work has been preformed to explain
how lipoproteins traverse the endothelium of the artery.. There have been some
provocative electron microscopy studies which have implicated caveolae in transcytosis
of lipoproteins (113). Since the original electron microscopy data was presented there
have been several attempts to evaluate transcytosis of lipoproteins in cell culture systems
(114, 115). This work had been focused on transcytosis of LDL but had not established
the role of caveolin-1 in the process.

In order to explore the potential transcytotic function of caveolin-1, an endothelial
cell model was selected. The cell line that was chosen was the HUVEC ECV 304
immortal cell line (116). This cell line was a spontaneous transformant, which led to the
production of this immortal clone. By exploiting the cobblestone morphology of the
HUVEC cells, we sought to perform direct experiments to explore the movements of
macromolecules across intact cell monolayers. With the exception of trancytotic studies
of the IgA receptor trafficking, most other models rely on microscopic evidence for

transcytosis (117). There are very few biochemical models of trancytosis in cell culture
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(118, 119). Other approaches to investigate transcytosis include separation of binding,
endocytosis and trafficking through different biochemical approaches (118). Utilizing the
transwell system we sought to perturb transcytosis in the HUVEC cell system by over-
expressing caveolin-1.

The Falcon transwell 3D cell culture system was chosen in this study for its utility
as a biochemical method of exploring the transcytosis of macromolecules. 12 well Falcon
dishes with transwell inserts were chosen, largely due to the prohibitive cost of each
disposable insert. Each well was assembled under sterile conditions where transwell
chambers had to be removed from packaging and properly seated in the well to prevent
leakage. These inner chambers had a filter diameter of .8 cm and a pore size of 3 pm.
Cells were cultured on the inner chamber of this transwell chamber as diagramed in
figure 11. The filter can be coated with various matrix coatings to encourage improved

cell growth and monolayer formation.
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Figure 11: Transwell 3-D cell culture system

Schematic diagram of the Falcon 3D-cell culture system. Cells were cultured on the filter
insert on the inner transwell chamber. Hydrostatic pressure was minimized by adding 1.5
ml of media to the apical chamber and 2.5 ml of media was placed in the outer chamber.
TEER measurements were made with a Millicell-ERS cell culture Voltmeter. Platinum
electrodes were placed as illustrated for TEER measurements without contacting the
plastic with the probes.
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The formation of intact monolayers in this system can be evaluated by inserting
probes into the upper and lower chamber of the well, and measuring the resistance across
the monolayer. This measurement of TEER is used as a measure of monolayer integrity.
The level of media in the upper and lower chamber was maintained at equal levels to
minimize the potential effects of hydrostatic pressure. Once an intact monolayer has been
established target ligands can be introduced into either the apical or basal compartment
and their appearance in the opposite chamber can be monitored.

4.2 Generation of stable cell lines

In order to generate stable cell lines over-expressing human caveolin-1, the myc
tailed vectors described in chapter two were employed. These two vectors employed
either a single myc tail or a myc and poly histidine tail (Fig. 10). The first vector used
was the myc and his tailed vector in pCDNA3.1. This vector employs a neomycin
selection marker on the plasmid. This plasmid was transfected into HUVEC cells using
the lipofectamine procedure outlined in Materials and Methods. After twenty-four hours
cells were transferred to media that contained 500 uM G418 (a neomycin analogue).
After 14 days the transfected cells displayed significant cell death and colonies developed
from individual progenitors. These colonies were removed to 24-well dishes and
expanded as individual clones. These clones were then screened by Western blot for
their expression of myc tagged caveolin-1. Figure 12 shows some of the clones derived
from the pCDNA based caveolin construct.

It was noticed that after ten passages some of these clones showed decreased
expression of caveolin-1. In order to ensure long term stable expression of caveolin-1

cell lines were also generated using the pCMVS5 based myc tagged caveolin. To generate
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cell lines using this vector a co-transfection strategy was employed where the selection
marker is introduced on a second vector, in this case pSV2neo. The cell line generated
with this vector is shown in figure 12A (Clone C2) in comparison to the cell lines
generated with the pCDNA3.1 construct (Clone 5-2 and 2-8). We speculate that the cell
lines built with the pCDNA construct may exist as episomal plasmids in some of the cell
colonies. The stable expression levels of the pCMVS5 based construct may be explained
by more efficient integration into the host genome. This speculation can be formally
tested to establish whether these plasmids have different efficiencies of integration into
the host genome.

Noteably in all clones overexpressing caveolin-1 there was no change in the
expression level of eNOS (Fig. 12B). Caveolin-1 has been proposed to be a negative
regulator of eNOS function through direct inhibitory binding. The inhibition of eNOS
activity appears to correspond to an altered intracellular distribution when bound to
caveolin-1. Utilizing these cell lines the effect on eNOS function and distribution could

be easily addressed.
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Figure 12: HUVEC stable cell lines

A. Western blot of stable HUVEC cell lines over expressing caveolin-1. Note
endogenous o and B forms of caveolin. The pCavMyc vector was used to generate C-2
while the pCavl myc his construct was used to generate clones 5-2 and 2-8. Note that the
clones expressing myc and his tags are shifted slightly higher. Panel B shows expression

levels of eNOS by western blot.
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4.3 Evaluation of growth matrices and membrane inserts

Using the Falcon 3D-cell culture system we determined optimal growth
conditions for these endothelial cells. The importance of optimal growth conditions is
underscored by the central weakness of this Transwell approach, which is the incomplete
formation of an intact monolayer. Without the complete formation of an intact
monolayer trafficking events can be attributed to paracellular trafficking, or leakage. In
order to minimize the contribution of paracellular trafficking, the trans-epithelial
resistance of the monolayers was measured. The trans-epithelial electrical resistance
(TEER) is the resistance, which is established as the monolayer reaches confluence,
through the formation of tight junctions. As intact monolayers form, the resistance
measured across the insert increases. This measure of confluency and tight junction
formation helps to ensure that the paracellular trafficking component is minimized.

Trans-epithelial measurements of resistance can reflect differences in confluency
as the time required to establish TEER varies depending on the number of cells plated.
HUVEC cells were plated at three different cell densities and their transepithelial
resistance was measured over ten days. Cells plated at the lowest cell density (1 x 10°
cells/ml) took the longest period of time to establish high TEER values. Higher cell
densities of 1 x 107 cells/m!l in a .8 cm diameter dish seemed to achieve high TEER
values most rapidly. Using this cell density for further experiments, various matrix
coatings were explored for their utility in improving monolayer integrity as evaluated by

TEER.
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Figure 13: HUVEC growth on coated inserts

Cells were maintained at 37 °C at 7 % CO; in M199 media containing 10 % FBS.
Twelve well Falcon plates were used to suspend inserts with a pore size of 3 uM. A.
Growth of wild type (wt) HUVEC cells and caveolin-1 expressing clone 3-8 on transwell
inserts coated with collagen I. Cells were plated at 1 x 107 cells per well, TEER
measurements were made using a Millicell ERS voltmeter. B. Establishment of TEER
values on Matrigel (proprietary matrix by Becton Dikenson for endothelial cells)
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Cells were cultured on .8 cm, twelve well inserts, which were coated with various
matrix coatings. The types of matrix that were investigated, included collagen I, collagen
[V, fibronectin, laminin, and Matrigel (a proprietary preparation produced by Becton
Dickinson). Experiments showed that not only matrix coating and cell confluency can
effect TEER values but also individual clones seem to have different abilities for
achieving high TEER values (Fig. 13). For example clone 5-2 which showed lower
TEER values in cell density experiments still showed TEER values which were 30 x 10*
Ohms lower than parental or caveolin-1 expressing clone 2-8. This impaired ability to
maintain high TEER was also seen on all matrices tested for this clone (2-8). Clone 3-8
and parental HUVEC cells showed increased TEER values when cultured on plates
coated with fibronectin and collagen I (Fig. 13). This data suggests that utilization of
filters which have matrix proteins coated on them encourage cell growth, which leads to
higher TEER. The largest increase in TEER was seen utilizing inserts coated with
collagen I and fibronectin. The ability of a given clone to establish high TEER seems to
vary, and the inability to establish high TEER values can be improved by coating the

filter inserts with matrix proteins.

4.4 Development of non isotopic assay for transcytosis

In order to evaluate the integrity of the cell monolayers a biochemical evaluation
of membrane integrity was developed. Horse Radish Peroxidase (HRP) was chosen as a
non radioactive marker, which is not actively transported across HUVEC monolayers.
This marker conveys a number of advantages, first its small size should allow the
detection of paracellular trafficking in the monolayer of cells. Secondly it is amenable to

the development of very sensitive colorometric assays, but can also be tracked by



radioisotopic methods such as 1251 labeling. Most significantly this assay can be used as
an internal control in radio-isotopic assays of other ligands.

For this work HRP was added to the upper or lower chamber of a transwell dish.
After the course of the experiment the media from the opposite chamber was collected
and assayed for the presence of HRP®. The HRP was detected by a colorometric reaction
in which HRP acts on the substrate o-Dianasiadine to cause a pink color change which is
detectable at 450 nm. To assay the appearance of HRP in the opposite chamber of a
transwell dish a micro assay was developed where a 50 pl sample of media could be
evaluated for the presence of HRP through this colorometric detection method. This
system which was developed was very robust and sensitive; samples as small as 5 pl of
media could be assayed. Concentrations of HRP as low as .015 pg/ml could be detected,
and the reaction was linear over two orders of magnitude (maximum of 5 pg/ml).
Quantities of HRP lying outside this range could be determined using serial dilutions.
This methodology allowed evaluatio-n of HRP trafficking at the same time that a second
radiolabelled protein was assayed.
4.5 Comparison of HRP and albumin transcytosis

Albumin is a protein that is thought to traffic across endothelial cells via caveolae
mediated vesicular transcytosis (120). This protein was selected as a convenient marker
to evaluate trafficking across HUVEC monolayers. Cells were seeded onto transwell
filters and allowed to reach confluen.cy as evaluated by a TEER greater than 0.1 x 20kQ.
125]_albumin and HRP (1 mg/ml) were added to the upper chamber of the transwell
compartment and their appearance in the lower chamber was tracked with respect to

time. The trafficking of HRP and albumin were evaluated in wild type and caveolin-1
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over-expressing HUVEC cells. The transport of albumin, which has been shown in
microscopy studies to traffic in caveolae, was not increased in this model where caveolin-
1 was over-expressed. The appearance of HRP in the opposite chamber was not different
between caveolin-1 expressing and parental cells. Further experiments suggested that
caveolin over-expression was not sufficient to increase trafficking of albumin in this
model. To better compare the trafficking of albumin and HRP in this model equimolar
concentrations of the two ligands were added to either the top or bottom of the transwell
chamber and their appearance in the opposite chamber was monitored. Both of these
ligands were labeled with 1231 to improve inter-comparability. This experiment showed
that trafficking of these ligands in three hours was less than 3 % of the initial 20 pg/ml
that was introduced. Also the transport of albumin was actually less than that of HRP

when the samples were added at equal concentrations.

Top to Bottom Bottom to Top
HRP 2.7 +/- 0.1% 1.6 +/- 0.6%
Albumin 0.8 +/- 0.2% 0.4 +/-0.01%

Table 1
The appearance of ligands in opposite chambers of a wild type culture of HUVEC cells.

Values are expressed as a molar percentage of ligand appearing in the opposite well after
a 3 h incubation.

The previous work on transport of albumin, used lung epithelium by microscopic
methodologies (121). This model employs a different cell type, which may not interact
with albumin in the same manner. It is also difficult to say whether the appearance in the
opposite chamber is a result of trafficking or leakage. Methods to evaluate intra-cellular
trafficking usually involve the use of energy poisons or reduced temperature both of

which cause loss of TEER in other endothelial model systems.

55



Further investigation of this system was continued with cell line C2, which
showed higher caveolin-1 expression than 2-8 or 5-2, which were used, in the previous
experiments (Fig. 12). This cell line also was able to maintain high TEER values under
the experimental conditions used. Additional ligands, which were used to probe this
model included, HDL, inulin and dextran. Inulin and dextran were used to try to dissect
intracellular movement from paracellular movement. Dextran is a very large branched
polysaccharide ( > 500 kDa) while inulin is a smaller polysaccharide purified from dahlia
tubers (~5 kDa). These two markers served as markers of paracellular and transcellular
transport respectively. In all of the experiments performed the transport of specific
ligand was equivalent to the transport of these two markers. This suggests that studies
utilizing this HUVEC cell model in this culture system display biochemical
characteristics of leakiness. Any difference in transcytosis imparted by the over
expression of caveolin-1 cannot be detected, as the background contribution of apparent
paracellular trafficking is too great. Caveolin-1 knockout constructs are diagramed in

figure 10, which will address whether caveolin-1 is involved in transcytosis.
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Figure 14: Transcytosis of HDL is independent of cav-1 over-expression

Cells were plated at 1x107 cell per well onto 12 well falcon transwell inserts. Cells were
cultured to confluence as determined by TEER >.1 kQ. Equimolar P HDL
concentrations were added to the apical and basal Transwell cambers. HUVEC cells
denoted A-2 are mock transfected and C-2 are caveolin-1 over-expressing cells. A. 1251
HDL which has moved from the upper chamber into the lower chamber in l1hr. B. 125y,
HDL which has moved from the lower chamber into the upper chamber in lhr. C.
[*H]Dextran transported from the basal chamber appearing in the apical chamber after lh
D. [*HjInulin transported to the apical chamber from the basal chamber after 1 h In all
cases the difference in transport rates of each ligand was the same (70 % when A2 and
C2 are compared.)
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4.6 HDL association with caveolin-1 over-expressing HUVEC cells

If caveolin-1 expression alters the interaction of HDL with cells, this may be
detectable at the cell membrane. To investigate the interaction of HDL at the cell
surface, binding studies were performed. Experiments were performed in 6-well dishes
looking at the properties of HDL interaction with the cell surface. These cells work very
well for these types of surface interaction assays as they can withstand rigorous washing
that the McA-RH7777 cells can not. These studies revealed that at 0 °C there is no
difference in the binding of HDL to the surface of these cells. However it was found that
if the experiment was performed at 37 °C there was an increase in the '’I-HDL
associated with the caveolin-1 expressing cell line (Fig. 15).

Other researchers have used cell association studies (37 °C) to probe the
interaction of HDL with the cell surface (122). It has previously been shown that the
cells under these conditions do not degrade HDL. Using this system we also found that
this increased association was seen only at high HDL concentrations. This suggests that
the alteration in these cells have led to an increase in a low affinity, high capacity site of
interaction at the cell surface. We were also able to show that the increase in cell
association in the caveolin-1 expressing cells was specific (Fig. 16). Incubating the
radiolabelled ligand in the presence of a 40-fold excess of cold ligand competes 50 % of
125 HDL binding. Under these conditions we see that the non-specific association of
HDL to both cell types is equal (Fig. 15). Thus we can conclude that the difference in

cell association due to caveolin-1 over expression is specific.
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Figure 15: HDL binding and association in cav-1 expressing HUVEC cells

Cells were grown to confluency in 6-well falcon dishes in M199 media supplemented
with 10 % FBS. Cells were rinsed twice with PBS-BSA and '>’I-HDL and competitor
HDL was added (forty-fold excess). Cells were incubated for 1 h at 4 °C or 37 °C before
being rinsed three times with PBS and collected into .5 ml of .5 N NaOH for scintillation
counting and protein determination. A. Binding (4 °C) of '2I_LHDL to mock transfected
HUVEC cells. B. Binding of '***I-HDL to Caveolin-1 transfected HUVEC cell line C-2.
C. Association (37 °C) of '25_HDL to mock transfected HUVEC cells. D. Association of
'25L_HDL to Caveolin-1 transfected HUVEC cell line C-2.
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Figure 16: '*I-HDL association is increased with cav-1 expression in HUVEC cells

HUVEC cells were cultured in M199 media supplemented with 10 % FBS to confluency
in 6-well Falcon dishes. HUVEC cells denoted A-2 are mock transfected and C-2 are
caveolin-1 over-expressing cells. A. Cells were rinsed twice with PBS-BSA before 60 g
of '’I-HDL was added to each of the wells. In the case of non-specific association 40-
fold excess HDL was added as a competitor. Specific association is determined by
subtracting total binding from non-specific binding (n=5). B. Cells were rinsed twice
with PBS-BSA before 60 ug of '"*’I-HDL was added to each of the wells in the presence
of increasing concentration of cold HDL competitor. Radioactivity is expressed as a
percentage of total association in the absence of cold competitor.
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Chapter 5: Caveolin-1 Expression and Function in
McA-RH7777 cells

5.1 Rationale

Caveolae at the cell surface have been implicated as potential sites for the efflux
of cellular cholesterol to HDL (43, 49, 123, 124). The co-localization of the HDL
binding protein SR-B1 to caveolae has lead to the notion that caveolae may be an active
site not only for selective uptake of lipids (49) but also for diffusional cholesterol efflux
(46). Caveolae transport has also been recently linked to defects in ABC1, the causative
defect in Tangier's disease (125). Transient expression of caveolin-1 in fibroblasts
modestly increased cholesterol efflux (126) and antisense methodologies have also
implicated caveolin-1 in HDL mediated cholesterol efflux, however the mechanism has
not been defined (127). Cholesterol within caveolae is packaged in a highly ordered
manner, and efflux may require cholesterol to be localized to more fluid, efflux
competent, regions of the plasma membrane (128). While caveolae have been proposed
to mediate the efflux of cellular cholesterol (124), a number of cells including hepatoma
cells have little or no caveolin-1 (16) but possess high efflux potentials (17). The formal
possibility exists that the role of caveolae in cholesterol efflux is not to act as the site for
cholesterol efflux, but rather to move cholesterol to the plasma membrane where it may
diffuse to efflux competent regions of the plasma membrane.

In this study, we have selected the McA-RH7777 rat hepatoma cell line as a
model to study the contribution of caveolin-1 to cholesterol efflux. Hepatoma cells have
been reported to produce no caveolin-1 mRNA (129) and have also been shown to

demonstrate robust cholesterol efflux properties (37). While there have been reports of
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caveolae in primary hepatic tissue (130), caveolin-1 appears to be absent in hepatoma cell
lines (92). Thus the McAH7777 cells constituted a good model for the generation of a
panel of stably transfected cells expressing a wide range of caveolin-1. We show here
that these cells reveal proportionality between caveolin-1 expression level and long term
diffusional efflux to HDL and Lp2A-I. This increase in specific efflux is not apparent
during initial rates of efflux, but only after extended efflux periods. Using this model, we
also analyze the contribution of caveolin-1 to the transport of exogenously introduced
cholesterol and the effect of caveolin-1 expression on cholesterol synthesis.
5.2 Generation and Expression of Human Caveolin-1

To ensure that the construct would produce recombinant caveolin-1 we performed
transient transfection in HepG2 cells. Immunoblots with a polyclonal anti-caveolin
antibody (Transduction labs C136130) revealed no endogenous caveolin in this cell
model. The construct produced a recombinant protein of the correct molecular weight
which was immunoreactive to both polyclonal anti-caveolin and monoclonal anti-myc
antibodies (Fig. 17B). This construct was then used to generate a spectrum of stable
caveolin-1 expressing cell lines in the rat hepatoma cell model McA-RH7777 (Fig. 17C).
5.3 Characterization of caveolin-1 localization and function

Stable cell lines were examined by confocal microscopy to determine the
intracellular distribution of recombinant caveolin-1. Recent studies have shown that
monoclonal antibodies against the N-terminus of caveolin-1 preferentially stain plasma
membrane caveolin-1, while C-terminal monoclonal antibodies preferentially stain Golgi
caveolin-1 (131). To avoid such preferential staining of PM or Golgi pools of caveolin-

1, we utilized a polyclonal anti-caveolin antibody in an attempt to reveal the steady state
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distribution of caveolin-1 within these cells. Strong caveolin-1 staining was seen in a
peri-nuclear region of the cells, which probably represents the Golgi apparatus. Punctate
membrane staining was also seen along the plasma membrane of these cells, and the its
intensity correlates with caveolin-1 expression levels (Fig. 18).

One of the prototypical characteristics of caveolin is its insolubility in non-ionic
detergents. To ensure that the recombinant caveolin-1 displayed this property in
hepatoma cells, detergent insoluble membrane fractions (DIM) were prepared. These
membrane preparations were normalized to protein and equivalent protein concentrations
were subjected to SDS-PAGE and Western blotting (Fig. 19). These DIM fractions were
enriched approximately four fold in caveolin-1 relative to total cell extracts. The
caveolin-1 found within these extracts was proportional to the expression level in the
different stable clones. By Western blot analysis of whole cell lysates, caveolin-1
expressing cells displayed high molecular mass complexes at 200, 400 and 600 kDa
which were disrupted by alkylation and, probably represented homo-oligomers (data not

shown).
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Figure 17: Cloning of human caveolin-1 and expression in hepatocytes

A, schematic diagram of caveolin-1 expression vector containing C-termiral myc and his
epitope tags. CMV, cytomegalovirus promoter, BGH PA, bovine growth hormone poly-
adenylation sequence. Insertion of the 3’ Xhol site encodes Ala, Leu after the C-terminal
Ile of caveolin-1. B, transient expression of caveolin-1 in HepG2 cells that were
transfected with increasing concentrations of caveoin-1 cDNA. Cell lysates were
collected 48 h post transfection resolved by SDS-PAGE and transferred to nitrocellulose.
Caveolin-1 was detected by anti-caveolin (Transduction labs C13630) or anti-myc (9E10)
antibody and visualized by chemiluminescence (ECL). C, immunoblot analysis of
Caveolin-1 expressed in stably transfected McA-RH7777 cells.
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Figure 18: Cellular localization of recombinant caveolin-1 in McA-RH7777 cells

Cells cultured on 35-mm poly-lysine coated, glass bottom dishes were fixed and
permeabilized as described in Materials and Methods. Caveolin-1 was detected by an
anti-caveolin polyclonal antibody (Transduction labs C13630) followed by Rhodamine
conjugated anti-rabbit secondary antibody. Caveolin-1 expression levels are MH < 3-25
< 3-35.
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5.4 HDL and Lp2A-I mediated efflux

The effect of caveolin-1 expression on cholesterol efflux was determined using cells that
were labeled for 12 h with [’H]cholesterol. After this long labeling period, the efflux to
HDL was evaluated over a 24 h period. Efflux values are represented after the
subtraction of non-specific efflux to a 40-fold excess of fatty acid-free BSA. The efflux
to BSA was equivalent between all cell lines (data not shown), imdicating that nacent
lipoprotein secretion does not account for differences in efflux. Durimg short term (< 6 h)
HDL mediated efflux, there was a slight increase in efflux with caveolin-1 expression
level (not statistically significant). However efflux to HDL at 10 In and 24 h increased
significantly with caveolin-1 expression level (Fig. 20 A and B).

The effect of caveolin-1 expression on cholesterol efflux was also examined using
Lp2A-I particles that were prepared with POPC and human apoA-I. Again, the caveolin-
1 induced efflux was observed only after prolonged efflux periods (= 6 h) (Fig 20C, D).
Furthermore, experiments with lipid free apoA-I also revealed an in«crease in cholesterol
efflux, which required long efflux periods to become apparent (data: not shown). These
results suggest that increasing caveolin-1 levels increase cholesterml concentration in a
compartment that is in slow equilibrium with the efflux accessible pool at the cell
surface. Values of specific HDL-mediated efflux after 24 h were compared to the
caveolin-1 expression levels, which were semi-quantified by densitometry of Western
blots for caveolin-1. A highly significant correlation was seen between caveolin-1

expression level and HDL-mediated cholesterol efflux (= 0.94 data not shown)
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Figure 19 Cav-1 is enriched in the detergent insoluble membrane fraction.

Stable McA-RH7777 cells expressing caveolin-1 were solubilized with 1% Triton X-100
for 30 min. Cell membrane fractions were rinsed twice with M1 buffer. The DIM
fractions were collected and normalized to protein. Equal amounts of protein per lane
were resolved on SDS-PAGE transferred to nitrocellulose and blotted with polyclonal
anti-caveolin or anti-myc antibodies as described above.
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Figure 20: HDL and Lp2A-I mediated efflux

A, cells were seeded at 1.5 x 10 cells/well on 6-well Primaria plates. After 24 h,
complete media was removed, and DMEM-BSA, 15 uCi [*H]cholesterol and 5 pg HDL
was added to each well. After a 12 h loading period, cells were rinsed 2 times with
DMEM-BSA. Efflux media was then placed on the cells with or without 50 ug of HDL.
Each point is the average +/- S.D (n=3). and is representative of three independent
experiments. B, HDL mediated efflux was performed as above with an efflux period of
24 h. HDL mediated specific efflux was determined (HDL mediated efflux minus BSA
mediated efflux) after a 24 h efflux period. C, Lp2A-I mediated efflux was performed as
above with 50 pg of acceptor particle over efflux periods up to 5 h. D, Lp2A-I mediated
specific efflux (Lp2A-I mediated efflux minus BSA mediated efflux) represented as % of
radiolabel effluxed after 18 h / cell associated counts before efflux. All data are the
average +/- S.D. (n=3) and is representative of three independent experiments, * p<
.0005 ** p<.0001.
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5.5 HDL Binding and Association

The stable cell lines expressing caveolin-1 were then evaluated for HDL interaction at the
cell surface. The total binding of 'I-HDL was the same for mock transfected or
caveolin-1 expressing cells (Data not shown). Forty-fold excess cold HDL was added to
evaluate non-specific binding; specific binding was determined by subtraction of non-
specific binding from total binding. Specific binding was not altered by the expression of
caveolin-1 in these cells (Data not shown). The cell surface association of 125] HDL was
assessed at 37°C. Cell association assays allow the interaction of 1251 HDL with the cell
surface, which may require lipid domain function. This may be impaired during binding
assays performed at 4°C. However total and specific association was unchanged with the
over-expression of caveolin-1 in this liver cell line (Data not shown).

5.6 Plasma membrane labeling and efflux

To gain insight into the mechanism by which expression of caveolin—1 would facilitate
cholesterol desorption and efflux to HDL, we first examined HDL mediated efflux of
cholesterol from the plasma membrane. The enrichment of [*H]cholesterol in the plasma
membrane was achieved by incubation of cells with HDL that contained [*H]cholesterol
for influx periods up to thirty minutes at 37 °C. The influx of [H]cholesterol under these
conditions was not altered by caveolin-1 expression (Fig. 21A). Methyl-B-cyclodextrin, a
potent cholesterol binding but membrane-impermeable agent (132) could remove all the
[*H]cholesterol from the cells (Fig. 21B), indicating that [*H]cholesterol from HDL was
incorporated into the plasma membrane but not intracellular compartments. We then
measured the rate of [*H]cholesterol desorption from the plasma membrane and its

transfer to HDL. We found that the short-term desorption and efflux of [*H]cholesterol
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from the plasma membrane to HDL was unaffected by caveolin-1 expression (Fig. 21C).
Furthermore, expression of caveolin-1 in McA-RH7777 cells did not result in increased
HDL interaction at the cell surface. Neither the total binding nor the specific binding of
25 HDL was increased in cells expressing caveolin-1 (data not shown). Cell surface
association of '>’I-HDL (37 °C) also revealed no difference in specific or total association

with caveolin-1 expression (data not shown).

5.7 [’H]Acetate Incorporation

We next investigated the metabolism of cholesterol within the caveolin-1 expressing
cells. Continuous labeling with [H]acetate showed that the rate of [*H]acetate
incorporation into cholesterol was faster in cells expressing caveolin-1 (Fig. 22A),
whereas incorporation of the [*H]acetate into CE was unaltered (Fig. 22B). Incorporation
of [*H]acetate into triglyceride showed a 50 % increase in caveolin-1 transfected cells
(Fig. 22C), while incorporation into phospholipid was decreased (Fig. 22D). Cell lines
expressing intermediate levels of caveolin-1 showed rates of [*H]acetate incorporation
that were intermediate of MH and 3-35 (data not shown). To determine whether the effect
of caveolin-1 on [*H]acetate incorporation into free cholesterol was dependent on
vesicular transport, we compared [*H]cholesterol accumulation at 37 °C and 15 °C (data
not shown). At 15 °C, transport from the ER and Golgi apparatus to the plasma
membrane would be retarded. Under these conditions the incorporation of acetate into
cholesterol was reduced, but the caveolin-1 expressing cells still showed a significant
increase in [*H]cholesterol (p < .0005). To evaluate whether the altered cholesterol
metabolism was at the level of HMG-CoA reductase, we evaluated the incorporation of

[PH]mevalonate into free cholesterol. At 37 °C, there was a significant increase in
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[*H]mevalonate incorporation into free cholesterol in caveolin-1 expressing cells (p <
.0002) (data not shown). This increase in [PH]mevalonate incorporation into free
cholesterol is still significant (p < .0005) at 15 °C. The effect of caveolin-1 expression on

[*H]acetate and [’H]mevalonate incorporation into cholesterol was insensitive to 15 °C

temperature blockage.
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Figure 21: McA-RH7777 Cell surface labeling

Cells were seeded at 2 x 10* cells per well in 6-well Primaria dishes. One day after
plating, cells were rinsed twice with DMEM-BSA. A, HDL mediated cholesterol influx
was evaluated by the addition of 50ug of [PH]cholesterol labeled HDL. Cells were
incubated for up to 30 min to label cells. Cells were then rinsed twice with DMEM and
twice with PBS-BSA. Cells were then collected into 500 pl of 0.5 N NaOH for
scintillation counting and determination of cellular protein. B, The PH]cholesterol
labeled cells were then subjected to 50 uM me-B-cyclodextrin mediated efflux for a
period of one hour at 37 °C. Media samples were collected and spun at 3000 rpm for 5
min to pellet any cell debris. The supernatant was then removed for scintillation
counting. C, Cells were labeled with [*H]cholesterol as in A. HDL mediated efflux of
cell surface cholesterol label was then evaluated comparing caveolin expression levels to
HDL mediated specific cholesterol efflux. All data are the mean +/- S.D. of three separate

determinations.



-o— MH
—O0— 24
—w— 3-35

2500
2000 -
500
000
500 -

E_&o._.a mz\ﬂ:aov
Xnyuj j0193s810Y[H]

-

15 20 25 30 35

Time (min)

10

T4
Sam
l T T T T
=4 (=] o o o
o = © o o
-] =] w o w0
~N o~ - -
(urmyoud Brijwido)
|04a1s3[0YD[H,]

3|qISS392y UUIXapoah)

15§ 20 25 30 35

Time (min)

10

3-35

MH
Cell HDLBSA Cell HDLBSA

0 -

| | I
Q o Q
ﬂ 0 <
(wayoud Bvijwido)
josysajoyoH,]

200 —
160 —



5.8 Trafficking of cholesterol from the PM to an ACAT accessible pool

Utilizing the approach used to label the plasma membrane pool of cholesterol, we sought
to evaluate the retrograde movement of cholesterol from the plasma membrane to the ER
as a function of caveolin-1 levels. The activity of the ER resident protein ACAT, is
governed primarily by substrate availability (133). We monitored the conversion of
exogenously added [*H]cholesterol to cholesteryl esters. We found that the incorporation
of [PH]cholesterol label into cholesterol esters after 2 h increased with caveolin-1
expression (Fig. 23A). When pulse chase experiments were performed, the rate of
appearance of labeled cholesterol esters correlated with caveolin-1 expression levels (Fig.
23B). Finally, when the cells were supplemented with serum during the chase, the cells
expressing caveolin-1 showed the least sensitivity to decreases in esterification as a result
of dilution of the [3H]cholesterol label (Fig. 23C). When cells were incubated with 50
1M progesterone, cholesterol esterification was decreased by > 50 % (data not shown).
This effect of progesterone was seen in both caveolin-expressing and mock-transfected
cells. The relative decrease in esterification during progesterone treatment was again
more pronounced in the mock transfected cells. This increased sensitivity of mock-
transfected cells to progesterone treatment mirrors the effect of serum on esterification in

figure 23C.
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Figure 22: [’H]Acetate incorporation into cellular lipids.

Cells were seeded at 1.2 x 10° cells/well onto 6-well Primaria dishes. Serum-free
DMEM-BSA was added 2 h prior to the addition of 100 pCi/ml [*HJacetate. Cells were
then continuously labeled for up to 2 h, rinsed with PBS-BSA, rinsed two times with
PBS, and collected into 2 ml of 1:1 (v/v) methanol and H,O. A, the synthetic rate of
[*H]acetate incorporation into cholesterol was evaluated by continuous labeling. Cells
were collected at indicated times and lipids were extracted and separated by TLC.
Cholesterol (A), CE (B), TG(C), PL (D), were scraped and radioactivity was quantified
by scintillation counting. The values represent the average of two experiments
represented as cpm/mg cell protein.
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Figure 23: Incorporation of exogenous [FH]cholesterol into cholesterol esters

A. cells were labeled with [*H]cholesterol for 2 h as described in Materials and Methods.
The appearance of this label as cholesterol esters was monitored after 2 h. Cells were
washed then lipids were extracted and separated by TLC, cholesteryl esters were then
scraped and counted. The levels of [PH]cholesterol esters expressed as cpm/ug cell
protein after 2 h. (* p<.05 and ** p<.005.) B, Cells were pulsed for 1 hr with
[*H]cholesterol, cells were rinsed twice with DMEM-BSA andchased for 2 h. Cells were
washed then lipids were extracted and separated by TLC, cholesteryl esters were then
scraped and counted. Caveolin-1 expressing cells show an increased rate of esterification
under these conditions. C, Cells were pulsed for 1 hr with [H]cholesterol, cells were
rinsed twice with DMEM-BSA and chased for 2 h in the presence of 10% FBS. Cells
were washed then lipids were extracted and separated by TLC, cholesteryl esters were
then scraped and counted. Caveolin-1 expressing cells show smallest decrease in CE
formation upon serum treatment.
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Chapter 6: Discussion

This work sought to create a model to explore the function of caveolin-1 in cell
culture. With the successful cloning of caveolin-1 from human adipose tissue, the
materials were generated for the creation of cell models. To explore the function of
caveolin-1 in cell culture, five novel expression systems and three antisense constructs
were built. The expression constructs will allow the manipulation of caveolin-1 through
the use of two epitope tags, a myc epitope and a poly-histidine tail. These constructs
exploit two different vectors for the generation of stable cell lines, pCMV5 and
pCDNA3.1. Finally antisense constructs utilizing inducible antisense RNA and a
catalytic ribozyme will allow the study of caveolin-1 function through the generation of
knock out cell lines.

A number of cell lines were evaluated for their utility as models for the expression
of caveolin-1. The cell lines chosen for stable transfection were the rat hepatoma cell line
McA-RH7777 and the human endothelial cell line HUVEC ECV 304. The McA-
RH7777 cell line was chosen since no caveolin-1 was detected by western blot so this
cell line served as a model to explore the function of caveolin-1 in a cell line that does not
normally express caveolin-1. The HUVEC cell line conveyed a number of advantages
including its human origin, and its ability to form monolayers. These unique
characteristics allow us to test its utility as a transcytosis model. This model is also well
suited for microscopy studies due to its flat and extended morphology. Finally the
expression of caveolin-1 in these cells makes it a relevant cell model to look at the effects

of over expression of caveolin-1.
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6.1 Transcytosis

Stable cell lines generated in the HUVEC cell model were evaluated for their
utility as a model of transcytosis. To develop this model a cell culture model system was
developed using the Falcon transwell 3-D cell culture system. Studies in this system
required the generation of a number of novel assays to evaluate the formation of an intact
monolayer. In order to evaluate monolayer integrity transepithelial electrical resistance
(TEER) measurements were used. This work showed that matrix coatings fibronectin or
collagen-I increased the TEER of HUVEC monolayers to the greatest extent. In order to
evaluate the monolayer integrity by biochemical methods a colorometric assay using
HRP was developed. Also I25_HRP and '®I-albumin were used to probe the monolayer
integrity. The polysaccharides [*H]dextran and [*H]inulin were used in an attempt to
evaluate specificity of trafficking of I25I.HDL in this system. The work to date suggests
that caveolin-1 expression in this system does not increase the transcytosis of any of the
ligands studied. Any trafficking observed in this system can be explained through the
sensitive biochemical assays developed, as paracellular transport.

Other critical issues found with this model include the high cost of the Falcon
transwell system and the maintenance of sterility during the manipulations required to
assay membrane integrity. Also the culture time required and the preparation of cell
monolayers and reagents suggests that extensive studies with this model will be
prohibitively expensive and time consuming. However, this work has made significant
progress in the development of this model system. Namely the improvement of TEER
values using matrix coatings, the optimization of cell culture conditions for rapid

formation of monolayers and the development and evaluation of six biochemical
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measures of monolayer integrity.

Finally the role of caveolin-1 in transcytosis remains largely unresolved. Thhis
model suggests that the over-expression of caveolin-1 in HUVEC cells does not cawse
perturbations in transcytosis as evaluated in the transwell culture system. This does mot
however rule out caveolin-1 playing a role in transcytosis. To address whether caveolim-1
plays a role in transcytosis an antisense strategy will need to be employed. Transcyto sis
studies have been performed using EM techniques to track the movement of immunogold
labeled particles through the endothelium (121). Simonescu showed that both albumin
and lipoproteins traffic through uncoated vesicles whose size is consistent with caveol=ae.
Other biochemical methods to evaluate transcytosis require the independent biochemiscal
analysis of binding uptake and appearance on the opposite side of the cell (11 8).
Attempts are on going to establish direct cell culture assays of transcytosis but as —yet
these models are in their infancy (119).

6.2 Caveolin-1 over-expression in HUVEC stable cell lines

The HUVEC stable cell lines were explorea for their cell surface interaction with
HDL particles. At high HDL concentrations cells over expressing caveolin-1 were fouand
to have increased HDL association. This may indicate a change in a low affinity high
capacity binding site on the surface of these cells. This interaction was explored sinc-e a
putative HDL receptor SR-B1 has been reported to be localized in the caveolae (A9).
This model of caveolin-1 over expression may serve as a meaningful model to probe the
relationship between caveolin expression and Cla-1 (the human homologue of SR-B81).
At the time of this work we do not have Cla-1 antibodies available, so further exploration

of the potential interaction of caveolin-1 with SR-B1 and HDL association will require
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more molecular tools.

It is also noteworthy that in these endothelial models of caveolin over expression
the expression level of eNOS is not perturbed. Caveolin-1 expression does not seem to
affect the expression of eNOS, however it may alter the intracellular distribution of
eNOS. Caveolin-1 has been shown by immunoprecipitation to co-precipitate with eNOS
suggesting a direct interaction (64). Also caveolin has been shown to repress the function
of eNOS working in opposition to the stimulatory effects of calmodulin (88). Tt would be
interesting to use these endothelial cells over expressing caveolin-1 as models to explore
the interaction of eNOS with caveolin-1. If caveolin-1 acts as an inhibitor of eNOS

activity then these cell lines may produce less NO.

6.3 Caveolin-1 Over expression in McA RH7777 cells

The potential role of caveolin-1 in HDL-mediated cholesterol transport was first
presented by Fielding et. al. (124). Since this seminal observation, the mechanism
whereby caveolin may affect cholesterol efflux has not been defined. We have generated
a panel of stable cell lines that express human caveolin-1, which are used here to study
the role that caveolin-1 plays in cholesterol trafficking and efflux. The selection of a
hepatoma cell line, which does not express endogenous caveolin-1, also provides a model
to study the effects of caveolin-1 on cholesterol synthesis, transport and storage. Our
independent cloning of caveolin-1 reveals two sequence differences from the current
sequence listed in Genebank acc #Z18951. Considering the conservative nature of these
substitutions and the fact that the codon for amino acid 144 encodes a residue that is

found in caveolin-1 of all other non human species cloned to date, we propose that these
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differences represent allelic variations in human caveolin-1 and that isoleucine 144 is the
wild type form.

Utilizing these stable cell lines, we observe an intracellular distribution of
caveolin-1, which mirrors the distribution in cell types that normally express caveolin-1
(131). Expression of autologous caveolin-1 in other cell types has been shown to be
sufficient to drive the formation of cell surface caveolae (134). The strong Golgi staining
and increased punctate plasma membrane staining correlate with increased expression
levels of caveolin-1. The functionality of caveolin-1 was confirmed by its enrichment in
the DIM fraction (Fig. 19), which suggests that the recombinant caveolin-1 retains
detergent insolubility in this cell type, and therefore associates with lipid domains that
confer such insolubility. Also the presence of high molecular weight oligomers, which
are disrupted upon extensive boiling and NaOH treatment suggests that the recombinant
caveolin is capable of forming homo-oligomers.

With this model we sought to determine whether stable caveolin-1 expression
affects cholesterol efflux and the underlying mechanisms. Using long-term cholesterol
labeling method, which labels all internal as well as plasma membrane cholesterol, no
difference was noted in initial rates of efflux to HDL (Fig. 20A) or the well-defined
efflux acceptor Lp2A-I (Fig. 20C) as a function of caveolin-1 expression. However, long-
term incubations (between 10h and 24 h) revealed an increase in HDL-mediated specific
cholesterol efflux, which was proportional to caveolin-1 expression level reaching two
fold greater levels in the highest expressing cell line (Fig. 20B). The efflux observed in
the presence of 40-fold excess fatty acid free BSA (non specific efflux) was significantly

less than that mediated by HDL and equivalent between cell lines, demonstrating that the
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difference in [°H]cholesterol detected in the efflux media at 10 h or 24 h cannot be
attributed to nascent lipoprotein secretion. The effect of caveolin-1 expression levels on
cholesterol efflux requires prolonged efflux periods to become apparent. Under the same
conditions efflux experiments using Lp2A-I (Fig. 20D), or lipid-free apoA-I (data not
shown) revealed an increase in [*H]cholesterol efflux as a function of caveolin-1
expression after long efflux periods. Therefore, the effect of caveolin-1 expression in the
MCcA-RH7777 cell model appears restricted to long-term diffusional cholesterol efflux.
This suggests that caveolin-1 levels may correlate with an increase of cholesterol in a
cellular compartment that is in slow equilibrium with the membrane pool accessible to
HDL-mediated diffusional efflux.

Fielding et al. (127) showed that transfer of fibroblasts that had been conditioned
in medium containing 7 % plasma into a medium containing 80 % plasma lead to an
acute increase in caveolin-1 expression after 90 min. This increase coincided with a 2-
fold increase in cholesterol efflux to 80 % plasma measured within a 3 min efflux period.
These data and that derived from other experiments (16), in which the cells respond to an
acute increase in the concentration of medium cholesterol, present an interesting and
informative contrast to the experiments presented here, where the cells stably express
caveolin-1 and are cultured in constant serum concentration. In our experiments, stable
expression of different levels of caveolin-1 does not induce increased initial rates of
cholesterol efflux, but augments a cellular pool of cholesterol that is in slow equilibrium
with the efflux-accessible pool of caveolae at the plasma membrane. This suggests that
in the steady state, caveolin-1-associated cholesterol represents a buffer or recycling pool,

that is not rapidly efflux accessible. In contrast an acute cellular cholesterol loading
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causes the cells to present cholesterol that is rapidly efflux accessible (18).

In an attempt to explain the mechanism whereby caveolin-1 expression affects
only long-term HDL mediated cholesterol efflux, we investigated the interaction of HDL
with the cell surface. We found no difference in HDL binding or association between
caveolin-1 expressing and mock transfected cells. This was also seen at 37 °C during cell
association assays, which would allow lipid domain interactions or retro-endocytosis.
We then characterized cholesterol influx from HDL to the plasma membrane. We found
that the influx of free cholesterol was unaltered by the expression of caveolin-1 (Fig.
21A). The radiolabeled cholesterol was confirmed to be at the plasma membrane by
methyl-B-cyclodextrin-mediated removal of the entire exogenously added label (Fig.
21B). HDL mediated efflux experiments utilizing this cell surface labeling strategy,
showed identical cholesterol desorption properties (Fig. 21C), although clearly caveolin-1
was increased at the plasma membrane (Fig. 18). Thus, binding, association, short-term
cholesterol influx and short-term diffusional efflux are all unaltered by the expression of
caveolin-1. These experiments suggest that the expression of caveolin-1 by itself does not
alter the interaction of HDL with the cell surface. This is noteworthy since of SR-BI and
caveolin-1 have been implicated in the selective uptake of cholesterol (32, 49).

The lack of effect of caveolin-1 expression on the initial rates of efflux suggested
the possibility of an altered intracellular trafficking mechanism. Incorporation of
[3H]acetate into free cholesterol increases with caveolin-1 expression level (Fig. 22A).
Since between 64 % (128) and 90 % of the cellular free cholesterol is found at the plasma
membrane, as reported by Lange et. al. (135), this increase in cholesterol synthesis may

represent an increased rate of delivery to the plasma membrane. Experiments by Smart
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et. al. (136) have shown that newly synthesized cholesterol moves first into caveolae and
then into the plasma membrane and that this process is accelerated with caveolin-1
expression. Since caveolae have now been implicated in vesicular trafficking and
cholesterol transport, we propose that the increased cholesterol synthesis is due to an
increase in cholesterol trafficking from the ER to the plasma membrane. We
hypothesize that increased caveolin-1 would increase trafficking of cholesterol between
the ER and the plasma membrane. This may create the illusion within the cell of a
localized deficit in ER cholesterol, which in turn leads to increased cholesterol synthesis.

Without a recycling of cholesterol off the plasma membrane, the fluidity of the plasma
membrane could be affected by the increased synthesis of cholesterol. To investigate the
mobilization of cholesterol off of the plasma membrane we used the short-term
exogenous labeling of cholesterol, which we had shown by cyclodextran treatment to be
on the plasma membrane. By monitoring the conversion of this cholesterol to cholesteryl
ester by ACAT, we can evaluate the movement of cholesterol from the plasma membrane
to intracellular stores. We find that caveolin-1 expression correlates with the appearance
of cholesterol in this cholesteryl ester pool. By pulse chase experiments this was shown
to be reflective of an increase in the rate of cholesteryl ester formation. The movement of
caveolin in response to changes in cholesterol content of the plasma membrane has been
shown by Anderson and colleagues (137). While cholesterol has been shown to affect
caveolin expression (138) and distribution (127), this is the first report that caveolin
expression at different steady state levels alters the cycling of cholesterol. Also the
appearance of plasma membrane cholesterol as cholesteryl esters could be used as a

novel method to evaluate the role of caveolin-1 in vesicular trafficking of cholesterol.

83



The combined data suggest that the correlation between caveolin-1 expression and long-
term diffusional cholesterol efflux to HDL cannot be explained by HDL interactions with

the cell surface but rather is due to alterations in cholesterol cycling.
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Appendix A: Rab GDI function and G protein cycling

Schematic diagram of rab GDI function, and small G protein cycling. Small G proteins
are loaded with GTP by guanine nucleotide exchange factors, which remove spent GDP
for GTP. Small G proteins such as Rab are thought to cycle onto the plasma membrane
with the assitance of a guanine nucleotide dissociation inhibitor (GDI). The GDI holds
the small G protein (which is armed with GTP) in an inactive conformation. Once the
GDI is removed the G protein can fire, hydrolyzing GTP to GDP.

88



Appendix A




Appendix B: G protein binding to GTP and GDP

Diagram of the cycle of small G proteins between GDP and GTP bound states. The small
G protein RAB is illustrated here. The guanine nucleotide exchange factor (GEF)
facilitates the removal of spent GDP, while GTPase-activating protein (GAP) loads the
small G protein with GTP.
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Appendix C: pIND promoter function

Schematic diagr am of promoter function in the pIND vector system. Promoter activity
of the pIND vector is driven when dimerization between RXR and chimeric YgEcR
nuclear receptors occrs in the presence of Muristone A. These hetero-dimers recognize
E/GRE repeats located upstream of the multiple cloning site. Both RXR and YgEcR
nuclear receptors are encoded on a second plasmid and are under the control of
constitutive promoters.
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Appendix D: Caveolin-1 structural predictions

o~helical prediction was made at the Expasy website, data from the Chow-Fasman
algorithm is illustrated. o; and o, denote regions of high a-helical probability as denoted
in figure 4C. [B-sheet prediction was made using the Levitt algorithm and the regions of
high probability of forming B-sheet domains are indicated as B and B;. Hydropathy data
was generated using the Kyte and Doolittle algorithm. A large hydrophobic domain is
denoted by 1.
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