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ABSTRACT: Caveolae are 50-100 nm plasma membrane invaginations, which function in cell signaling,
in transcytosis, and in regulating cellular cholesterol homeostasis. These subcompartments of the plasma
membrane are characterized by the presence of caveolin proteins. Recent studies have indicated that caveolae
may be involved in the regulation of cellular cholesterol efflux to high-density lipoproteins (HDL), as
well as selective cholesteryl ester uptake mediated by scavenger receptor class B type I (SR-BI). In the
present studies, we show that caveolin-1 expression in HEK-293T cells has no effect on SR-BI-mediated
cellular cholesterol efflux to reconstituted HDL. However, SR-BI-mediated selective cholesteryl ester
uptake is significantly inhibited by caveolin-1. Interestingly, we also found that SR-BI, but not CD36,
can induce the dramatic stabilization of the caveolin-1 protein, independently of its transcriptional control.
On the other hand, caveolin-1 has little effect on SR-BI stability, but clearly increases CD36 stability.
Since SR-BI expression has been shown to increase cellular cholesterol levels, we next examined the
effect of cholesterol itself on caveolin-1 stabilization and localization. When cells were loaded with
cholesterol, we observed the dramatic stabilization of caveolin-1 with significant clustering of caveolin-1
at the cell surface. In addition, a palmitoylation-deficient caveolin-1 mutant was still responsive to
cholesterol-induced stabilization, indicating that palmitoylation of caveolin-1 is not required for the
cholesterol-induced stabilization of caveolin-1. These results suggest an important role for cholesterol
and SR-BI in the regulation of caveolin functioning, especially in cell types such as endothelial cells and
macrophages, which can be dramatically affected by changes in their cholesterol content during the
development of atherosclerosis.

Caveolae are 50-100 nm plasma membrane invaginations
that participate in cell signaling (1), transcytosis (2, 3), and
regulating cellular cholesterol homeostasis (4). These sub-
compartments of the plasma membrane are characterized by
the presence of caveolin proteins (5, 6). Caveolins are
expressed principally in terminally differentiated cell types
such as fibroblasts, adipocytes, smooth and striated muscle
cells, and endothelial cells (7).

The observation that caveolin-1 binds cholesterol specif-
ically (8, 9) suggests that caveolin-1 may play a direct role

in the regulation of cellular cholesterol homeostasis. Ad-
ditionally, caveolin-1 mRNA expression is under the positive
control of cellular cholesterol levels, and SREBP-1 negatively
regulatesCAV-1 gene transcriptional activity (10). This
finding is also in agreement with our observations that
treatment of NIH 3T3 with HDL31 significantly decreases
caveolin-1 expression levels (11). Early work has proposed
that plasma membrane caveolae can mediate cellular cho-
lesterol efflux to plasma (12). However, this property of
caveolae may be cell-type-specific since we have found that
reduced caveolin-1 levels in transformed NIH 3T3 cells result
in increased cellular cholesterol efflux to HDL3 (11).

The importance of HDL in cholesterol elimination has
been suggested by several epidemiological studies that show
an inverse correlation between the development of coronary
artery disease and HDL-cholesterol levels (13-17). The
formation of HDL and its residence in the circulation depend
on ABCA1-mediated initial lipidation of apolipoprotein A-I
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(18, 19). The HDL particles that are consequently formed
also function as the acceptors of cellular cholesterol (20).
Cholesterol ester from HDL (HDL-CE) may be transferred
to hepatocytes or steroidogenic cells via the scavenger
receptor class B type I (SR-BI), which mediates selective
uptake of HDL-CE without HDL-particle uptake (21).

SR-BI is a transmembrane protein containing two predicted
membrane-spanning domains, with one extracellular domain
as well as a C-terminal and an N-terminal cytoplasmic tail
(22, 23). Interestingly, SR-BI is associated with caveolae
(22). Selective HDL-CE uptake mediated by SR-BI has
recently been shown to be mediated through caveolae (24).
In agreement with this finding, Matveev et al. have shown
that differentiation of THP-1 monocytes into macrophages
is associated with caveolin-1 expression and increased SR-
BI-mediated selective HDL-CE uptake (25). However,
studies with caveolin-1-transfected J774 and RAW mac-
rophages suggested that caveolin-1 might be a negative
regulator of SR-BI-mediated selective HDL-CE uptake (26).
In steroidogenic tissues, the relationship between caveolin-1
and SR-BI-mediated selective HDL-CE uptake does not
appear to be clear (27). In rat ovarian granulosa cells, upon
luteinization, SR-BI does not colocalize with caveolae, and
increases in SR-BI expression and selective CE uptake are
associated with a decline in caveolin-1 expression (28).
However, in similar studies with mouse ovarian granulosa
cells, luteinization was associated with a marked increase
in SR-BI expression, but only a modest increase in SR-BI-
mediated HDL-CE selective uptake. However, caveolin-1
expression in mouse granulosa cells was not affected by
luteinization (29).

In previous studies, we have shown that caveolin-1 can
inhibit selective HDL-CE uptake in mouse hepatocytes
infected with adenovirus carrying the caveolin-1 cDNA (30).
In the present study, we have further examined the role of
caveolin-1 in the regulation of SR-BI function. In addition,
we show that SR-BI-mediated cholesterol enrichment of the
plasma membrane can dramatically increase the stability of
caveolin-1. Our current results represent the first demonstra-
tion that cellular cholesterol levels directly affect the stability
of the caveolin-1 protein, independently of transcriptional
control.

EXPERIMENTAL PROCEDURES

Materials.Antibodies and their sources were as follows:
anti-caveolin-1 IgG (mAb 2297; gift of Dr. Roberto Campos-
Gonzalez, BD Transduction Laboratories) (31), anti-caveo-
lin-2 IgG (mAb 65; gift of Dr. Roberto Campos-Gonzalez,
BD Transduction Laboratories) (32), rabbit polyclonal anti-
GFP, anti-cMyc, and anti-caveolin-1 IgG (N-20; Santa Cruz
Biotechnology, Inc, Santa Cruz, CA), monoclonal antibody
anti-FLAG (Sigma, St. Louis, MO). The cDNAs for caveo-
lin-1, cMyc-SR-BI, V5-CD36, and N-FLAG-CD36 were as
previously described (23, 33-36). 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI) was obtained
from Molecular Probes (Eugene, OR). [1R,2R-3H]cholesterol
was purchased from DuPont NEN (Boston, MA). All other
reagents were analytical grade.

Cell Culture and Transfections. COS-7 and HEK-293T
cells were grown in DMEM supplemented with glutamine,
antibiotics (penicillin and streptomycin), and 10% FBS.

Transfections were performed using the Effectene transfec-
tion reagent (QIAGEN, Chatsworth, CA), as per the manu-
facturer’s instructions.

Protein Expression in Transfected Cells.The protein
concentration was measured using the BCA protein assay
(Bio-Rad Laboratories, Hercules, CA), with bovine serum
albumin as the protein standard. Equal amounts of protein
for each sample were loaded and run on SDS-polyacryla-
mide 12% gels. After transfer to nitrocellulose, the expression
levels of caveolin-1, SR-BI, CD36, and GFP were examined
using specific antibodies.

Cellular Cholesterol Efflux.Human recombinant apoA-I
was obtained as previously described (37). Reconstituted
LpA-I complexes were prepared by the cholate dispersion/
Bio-Beads removal technique (38) starting with a POPC/
ApoA-I ratio of 80/1 (mol/mol). LpA-I complexes were
reisolated by size-exclusion chromatography using a Super-
ose 6 column. For efflux experiments, cells in complete
medium were seeded in six-well plates at a density of 2×
104 cells/well. After 24 h, the medium was replaced with
DMEM supplemented with 5% FBS and 5µCi/mL [3H]-
cholesterol dispersed in 0.1% ethanol (percent final volume
of the medium) for 24 h. Twelve hours before the experiment,
the medium was replaced with DMEM containing 0.2%
BSA. Before each efflux experiment, the cells were washed
three times with DMEM and then incubated with DMEM
containing the reconstituted 50µg/mL Lp2A-I and 0.2%
BSA. Medium aliquots were taken at different times of
incubation and treated as previously described (39). At the
end of the experiment, the cells were solubilized in 0.5 N
NaOH to determine the protein and [3H]cholesterol content.
The results presented are expressed as the percentage of
labeled cholesterol remaining in the cells as a function of
time.

DiI-HDL Uptake Experiments. For DiI uptake studies,
DiI-labeled HDL particles were obtained from Intracel Corp.
(Rockville, MD). Transfected cells were seeded in six-well
plates in RPMI 1640 containing 10% FBS. DiI-HDL uptake
experiments were performed as described by Acton and
Rigotti (40). The cells were washed with medium alone and
incubated with DiI-HDL (20 µg/mL in DMEM containing
0.2% fatty acid free BSA) for 5 h at 37°C. The cells were
subsequently washed with PBS, and DiI incorporation was
determined after solubilization of the cells with DMSO. The
fluorescence of the different extracts was then determined.
In parallel wells, the protein content was determined by
solubilizing the cells in 0.5 N NaOH.

Analysis of Cells by Immunofluorescence Microscopy. The
primary antibody (rabbit polyclonal anti-Cav-1 IgG or anti-
GFP IgG) was incubated for 1 h with the fixed cells in the
presence of PBS containing 0.2% BSA and 0.1% Triton
X-100. After three washes, the cells were incubated for 1 h
with secondary antibody (Rhodamine red X-labeled goat
F(ab′)2 anti-mouse IgG or FITC-labeled goat F(ab′)2 anti-
rabbit IgG; Jackson Immunoresearch Laboratory). After the
cells had been rinsed three times, the slides were mounted
with Slow-Fade antifade reagent (Molecular Probes, Eugene,
OR). The cells were observed using a BioRad Radiance 2000
laser scanning confocal microscope.

Cellular Cholesterol Loading Experiments. HEK-293T or
COS-7 cells were first transfected with caveolin-1, GFP, or
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SR-BI cDNAs in a 10 cm dish. Twenty-four hours post-
transfection, the cells were trypsinized and transferred in a
six-well plate for 1 day. The medium was then replaced with
varying concentrations of cholesterol (complexed to cyclo-
dextrin; Sigma, St. Louis, MO). After a 24 h incubation, the
cells were solubilized in lysis buffer. Equal amounts of
protein for each sample were loaded and run on SDS-
polyacrylamide 12% gels. After transfer to nitrocellulose,
the expression levels of caveolins, SR-BI, and GFP were
examined using specific antibodies.

RESULTS

CaVeolin-1 Expression Does Not Affect SR-BI-Mediated
Cellular Cholesterol Efflux. Previous studies have shown that
caveolin-1 may have an important role in the regulation of
cellular cholesterol efflux, but none of these reports have
addressed the role of a possible interaction between SR-BI
and caveolin-1 in this process. Therefore, we decided to
determine the effect of caveolin-1 overexpression on SR-
BI-mediated cellular cholesterol efflux. For this purpose,
HEK-293T cells were transiently transfected either with SR-
BI plus control vector (empty vector used to express the
caveolin-1 cDNA) or SR-BI plus the caveolin-1 cDNA. The
ability of reconstituted Lp2A-I to promote cellular cholesterol
efflux from these cells was then examined.

The results presented in Figure 1 show that caveolin-1
overexpression in HEK-293T cells has no effect on SR-BI-
mediated cholesterol efflux to Lp2A-I. It is important to note
that transfection with SR-BI alone results in a significant
increase in cellular cholesterol efflux as compared to that of
mock-transfected cells (data not shown), as shown previously
(41).

CaVeolin-1 Expression NegatiVely Regulates SR-BI-Medi-
ated SelectiVe Cholesteryl Ester Uptake.We have previously
shown that caveolin-1 can inhibit selective cholesteryl ester
uptake in hepatocytes (30). To examine whether caveolin-1
could directly affect SR-BI-mediated selective HDL-CE

uptake, HEK-293T cells were transfected either with SR-BI
plus control vector or with SR-BI plus the caveolin-1 cDNA.
The cells were incubated with HDL (using DiI as a
fluorescent probe) for 5 h.

Figure 2 shows that in cells cotransfected with caveolin-1
and SR-BI, DiI uptake is significantly reduced by∼30-
40%, as compared to that in SR-BI-transfected cells. It is
important to note that transfection with SR-BI alone results
in a significant increase in selective cholesteryl ester uptake
as compared to that of mock-transfected cells (data not
shown), as observed previously (42).

Post-translational Stabilization of CaVeolin-1 by Increas-
ing LeVels of SR-BI Expression.In the two experiments
described above, we fortuitously observed that caveolin-1
protein levels in HEK-293T cells were increased by∼8-
fold when the cells were cotransfected with the SR-BI cDNA,
as compared to cells transfected with caveolin-1 alone.
Therefore, we next examined the expression of caveolin-1
as a function of SR-BI expression levels.

For this purpose, HEK-293T cells were transfected with
a constant amount of the caveolin-1 cDNA and increasing
amounts of the SR-BI cDNA (Figure 3A). In parallel, the
same experiment was performed using the CD36 cDNA
instead of the SR-BI cDNA (Figure 3B). CD36 is also a
member of the class B scavenger receptors, but CD36 does
not promote selective HDL-CE uptake.

The results presented in Figure 3 show that increasing SR-
BI expression levels lead to a highly significant increase in
caveolin-1 protein expression. In contrast, the expression of
increasing amounts of CD36 has a smaller effect on
caveolin-1 protein expression levels. It is important to note
that both immunoblots performed for caveolin-1 detection
were exposed for equivalent amounts of time. This result

FIGURE 1: Caveolin-1 expression does not affect SR-BI-mediated
cellular cholesterol efflux in HEK-293T cells. Transfected HEK-
293T cells (SR-BI plus pCB7 (control vector) or SR-BI plus pCB7-
Cav-1) were labeled in the presence of [3H]cholesterol (see the
Experimental Procedures) and incubated with Lp2A-I (50µg/mL).
Aliquots of the medium were removed at the indicated times and
counted. Efflux is expressed as the percentage of [3H]cholesterol
remaining in the cells as a function of time ((standard deviation).

FIGURE 2: Caveolin-1 expression inhibits SR-BI-mediated selective
HDL-CE uptake in HEK-293T cells. Transfected HEK-293T cells
(SR-BI plus pCB7 (control vector) or SR-BI plus pCB7-Cav-1)
were washed with PBS and incubated with DiI-labeled HDL for 5
h at 37°C. The cells were subsequently washed with PBS, and DiI
incorporation was determined after solubilization of the cells with
DMSO. The fluorescence of the different extracts was then
determined. In parallel wells, the protein content was determined
by solubilizing the cells in 0.5 N NaOH. An asterisk indicates a
significant difference, as compared with control cells (p < 0.05).
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suggests that CD36 is not as efficient as SR-BI in stabilizing
caveolin-1. We conclude that expression of SR-BI, and to
much a lesser extent that of CD36, can dramatically stabilize
the caveolin-1 protein product. As the caveolin-1 cDNA is
expressed via a CMV-based vector, this stabilization effect
is clearly independent of the normal transcriptional controls
that regulate caveolin-1 gene expression.

Effect of CaVeolin-1 LeVels on SR-BI and CD36 Expres-
sion.To determine whether caveolin-1 could also affect the
expression levels of SR-BI or CD36, we next transfected
HEK-293T cells with constant amounts of the SR-BI or
CD36 cDNAs and with increasing amounts of the caveolin-1
cDNA (Figure 4). In these experiments, we observed that
increasing amounts of caveolin-1 expression only slightly
increased SR-BI protein levels, except at the highest caveo-
lin-1 cDNA levels used where SR-BI protein levels were
actually reduced (Figure 4A). However, increasing caveolin-1
expression levels resulted in a dramatic increase in CD36
expression levels (Figure 4B). These results provide evidence
that caveolin-1 may be an important regulator of CD36
stability.

Also, it is important to note that in separate cotransfection
experiments, SR-BI had no effect on the expression of CD36,
another known caveolar protein (data not shown).

Coexpression of SR-BI or CD36 with CaVeolin-1 Induces
Changes in Their Cellular Distribution.Confocal immun-

ofluorescence microscopy was used to examine the effects
of SR-BI and CD36 on the subcellular distribution of
caveolin-1 in transfected COS-7 cells.

Figure 5A shows the localization patterns observed in cells
singly transfected with Cav-1, SR-BI, or CD36. Note that
Cav-1 is localized mainly at the plasma membrane, while
SR-BI shows considerable intracellular staining. Furthermore,
CD36 appeared to be retained intracellularly in a peri-nuclear
Golgi-like compartment.

Next, we cotransfected COS-7 cells with either Cav-1 and
SR-BI or Cav-1 and CD36. Interestingly, caveolin-1 had
minimal effects on the cellular localization of SR-BI (Figure
5; compare panels A and B). However, while caveolin-1
remains associated with the plasma membrane, it is important
to note that SR-BI colocalized with caveolin-1 (Figure 5B).
Interestingly, CD36 was targeted to the plasma only when
cotransfected with caveolin-1 (Figure 5; compare panels A
and C). Thus, coexpression of CD36 with caveolin-1 shifts
the cellular distribution of CD36 from the Golgi to the plasma
membrane.

Increases in Cellular Cholesterol LeVels DriVe the Post-
translational Stabilization of CaVeolin-1. Previous studies
have indicated that SR-BI has an important role in the
regulation of cellular cholesterol homeostasis (23, 43).
Moreover, Connelly et al. have shown that, under normal
conditions, transfection of COS-7 cells with SR-BI, but not

FIGURE 3: Caveolin-1 is post-translationally stabilized by SR-BI coexpression. HEK-293T cells were transfected with a constant amount
of the caveolin-1 cDNA (1µg) and increasing levels of the SR-BI (A) or CD36 (B) cDNAs (0-1 µg). Twenty-four hours post-transfection,
the cells were solubilized and equivalent amounts of proteins were analyzed by SDS-PAGE. After transfer to nitrocellulose, expression
levels for each protein were determined with specific antibodies. It is important to note that both immunoblots performed for caveolin-1
detection were exposed for comparable amounts of time. In panel C, densitometric analysis of these cotransfection experiments is presented.
They indicate the fold increase in caveolin-1 protein levels in the presence of different amounts of SR-BI (A) or CD36 (B) cDNA. Note
that caveolin-1 appears to be very efficiently stabilized by SR-BI (increased levels∼20×) but less efficiently by CD36 (∼5×).
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with CD36, leads to increased cellular cholesterol levels (23).
Similarly, stable expression of SR-BI in human lung
fibroblasts causes net increases in both cellular free choles-
terol and phospholipid (44).

To determine whether the effect of SR-BI on caveolin-1
stabilization was related to a change in the cellular cholesterol
levels or distribution, HEK-293T cells were transfected with
caveolin-1 and subsequently loaded with cholesterol using
cholesterol complexed with methyl-â-cyclodextrin (CD-
Chol). Using varying concentrations of CD-Chol, we show
that caveolin-1 protein levels increase dramatically (Figure
6A) with increased cellular cholesterol levels. As negative
controls for this experiment, we also examined the effect of
increasing cellular cholesterol concentrations on the expres-
sion levels of SR-BI and GFP. Importantly, increased cellular
cholesterol has no effect on the expression levels of SR-BI
(Figure 6B) or GFP (Figure 6C). Also, mock-transfected
HEK-293T cells loaded with varying CD-Chol concentra-
tions do not express any endogenous caveolin-1 (data not
shown).

Increases in Cellular Cholesterol LeVels Induce Changes
in the Plasma Membrane Distribution of CaVeolin-1.After
cholesterol loading, confocal immunofluorescence micros-
copy was used to examine any possible changes in the
localization of caveolin-1 in transfected COS-7 cells.

We observed that the pattern of caveolin-1 localization
was dramatically affected by cellular cholesterol loading

(Figure 7). In fact, we observed that caveolin-1 is now found
in clusters at the surface of the plasma membrane in cells
loaded with cholesterol. Some staining was also observed
in a perinuclear region corresponding to the Golgi apparatus.
In contrast, increasing cellular cholesterol levels had no effect
on the localization of GFP in COS-7 cells (data not shown)

Palmitoylation Does Not Play a Role in the Stabilization
of CaVeolin-1 by Cholesterol. Previous studies have sug-
gested a positive role for caveolin-1 palmitoylation in
determining caveolin-1’s ability to associate with and
transport cholesterol. To examine the potential role of
caveolin-1 palmitoylation in the stabilization of caveolin-1
by cholesterol, we next employed a well-characterized
palmitoylation-deficient form of caveolin-1. In this caveolin-1
triple mutant, all three normally palmitoylated cysteine
residues within caveolin-1 have been mutated to serine
(C133, 143, 156S) (35).

HEK-293T cells were transfected with the cDNAs encod-
ing wild-type caveolin-1 or the palmitoylation-deficient form
of caveolin-1. Transfected cells were then incubated with 0
or 25 µg/mL CD-Chol. The results presented in Figure 8
directly show that palmitoylation of caveolin-1 is not required
for its stabilization by cholesterol.

DISCUSSION

In the present study, we have shown that caveolin-1
regulates SR-BI-mediated selective HDL-CE uptake, but

FIGURE 4: Caveolin-1 expression post-translationally stabilizes CD36, but not SR-BI. HEK-293T cells were transfected with a constant
amount of the SR-BI or CD36 cDNAs (1µg) and increasing levels of the caveolin-1 cDNA (0-1 µg). Twenty-four hours post-transfection,
the cells were solubilized and equivalent amounts of proteins were analyzed by SDS-PAGE. After transfer to nitrocellulose, expression
levels for each protein were determined with specific antibodies. It is important to note that both immunoblots performed for caveolin-1
detection were exposed for comparable amounts of time. In panel C, densitometric analysis of these cotransfection experiments is presented.
They indicate the fold increase in SR-BI (A) or CD36 (B) protein in the presence of different amounts of the caveolin-1 cDNA. Note that
CD36 is remarkably stabilized by caveolin-1 (increased levels∼10×) whereas SR-BI stabilization remains modest.
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has no effect on SR-BI-mediated cholesterol efflux to HDL.
More importantly, we found that SR-BI expression can also
dramatically regulate the stability of caveolin-1. Mechanisti-
cally, we show that the SR-BI-mediated stabilization of
caveolin-1 may be the result of an increase in the cellular
cholesterol content or a change in its distribution. These
results have broad implications for the regulation of SR-BI-
mediated selective HDL-CE uptake and for the regulation
of caveolin-1’s role in repressing certain signal transduction
pathways.

CaVeolin-1 and Cellular Cholesterol Efflux.Previous
studies have suggested a role for caveolin-1 in the regulation
of cellular cholesterol efflux mediated by HDL. It was
proposed that plasma membrane caveolae can mediate
cellular cholesterol efflux to HDL or plasma (12). We
previously reported that caveolin-1 down-regulation enhances
cellular cholesterol efflux (11). However, we did not examine
the effect of caveolin-1 on SR-BI in this process.

In this study, we show that caveolin-1 has no effect on
the regulation of SR-BI-mediated cellular cholesterol efflux

FIGURE 5: Immunolocalization of caveolin-1 in COS-7 cells coexpressing SR-BI or CD36. COS-7 cells were seeded into 12-well plates
containing coverslips. The following day, the cells were transfected with the indicated construct(s). Twenty-four hours later, the cells were
then immunostained and visualized by confocal fluorescence microscopy. (A) Cav-1, SR-BI, or CD36 alone. Panel A shows the distribution
of Cav-1, SR-BI, and CD36 in singly transfected cells. Note that Cav-1 is localized mainly at the plasma membrane, while SR-BI shows
considerable intracellular staining. Furthermore, CD36 appeared to be retained intracellularly in a peri-nuclear Golgi-like compartment. (B)
Cav-1 and SR-BI. COS-7 cells were cotransfected with Cav-1 and SR-BI. Interestingly, caveolin-1 had minimal effects on the cellular
localization of SR-BI (compare panels A and B). However, while caveolin-1 remains associated with the plasma membrane, it is important
to note that SR-BI colocalized with caveolin-1. (C) Cav-1 and CD36. COS-7 cells were cotransfected with Cav-1 and CD36. Interestingly,
CD36 was targeted to the plasma only when cotransfected with caveolin-1 (compare panels A and C). Thus, coexpression of CD36 with
caveolin-1 shifts the cellular distribution of CD36 from the Golgi to the plasma membrane.
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to Lp2A-I. This result is in agreement with previously
published work from Ji et al. (41). These authors have
correlated SR-BI expression in different cell lines with the
ability of HDL to promote cellular cholesterol efflux from
these cells. These cell lines include Fu5AH, a hepatocyte
cell line, and J774, both of which do not express caveolin-
1, and CHO and Y1-BS1, which express caveolin-1. The

ability of HDL or serum to promote cellular cholesterol efflux
from these cells (CHO< J774< Y1-BS1< Fu5H) was not
correlated with caveolin-1 expression, but only with SR-BI
expression levels. These results suggest that other proteins
have a more important role in the regulation of cellular
cholesterol efflux to HDL. Furthermore, transient and stable
expression of varying caveolin-1 levels were shown to
increase cellular cholesterol synthesis and cycling, but had
no effect on the initial rates of efflux to HDL (P. H. Links,
A. G. McKenzie, X. Zha, P. G. Frank, Z. Yao, M. P. Lisanti,
and Y. L. Marcel, submitted for publication).

We have also shown that caveolin-1 down-regulation in
NIH 3T3 cells was associated with increased cellular
cholesterol efflux to HDL3 (11). This finding may suggest
that the transformed cells used in our previous studies may
have an altered regulation of cellular cholesterol homeostasis,
as suggested by previous studies. For example, it has been
demonstrated that tumors and transformed cells show
diminished control of cholesterogenesis (see ref45 and
references therein). Most of these studies have in fact
demonstrated enhanced cholesterol synthesis and, often,
cholesterol enrichment of the plasma membrane. In addition,
these transformed cells can also secrete lipid vesicles. Taken
together, these properties may contribute toward enhanced
cellular cholesterol efflux from cells in which caveolin-1 is
down-regulated. Increased cholesterol synthesis in the trans-
formed cell lines may be compensated by an increased
cholesterol effluxsto maintain normal cellular cholesterol
levels (11).

CaVeolin-1 and the Regulation of SR-BI-mediated SelectiVe
HDL-CE Uptake.Overexpression of caveolin-1 in hepato-
cytes was shown to down-regulate selective HDL-CE uptake
without changing SR-BI protein levels (30). However, we
did not examine whether this was directly due to an effect
of caveolin-1 on SR-BI. The present study suggests a direct
effect of caveolin-1 on SR-BI-mediated selective HDL-CE
uptake. Selective HDL-CE uptake mediated by SR-BI was
recently shown to be mediated through caveolae in CHO
cells (24). This group also showed that caveolin-1 expression
might alter selective HDL-CE uptake in macrophages (25).
However, these effects appeared to be dependent on the cell
type used (26). In steroidogenic tissues, the relationship
between caveolin-1 and SR-BI-mediated selective HDL-
CE uptake is still unclear (27, 46).

FIGURE 6: Cholesterol loading of HEK-293T cells increases
caveolin-1 protein stability, but has no effect on the protein
expression of GFP or SR-BI. HEK-293 T cells in 10 cm dishes
were transfected with cDNAs encoding caveolin-1, GFP, or SR-
BI. Twenty-four hours post-transfection, the cells were trypsinized
and seeded into six-well plates. The following day, the cells were
incubated with varying amounts of CD-Chol (cholesterol com-
plexed with methylâ-cyclodextrin, Sigma). Cell extracts were then
analyzed by SDS-PAGE/Western blotting∼24 h after cholesterol
loading. Note that caveolin-1 protein levels increase dramatically
with increased cellular cholesterol levels (A). However, increased
cellular cholesterol has no effect on the expression levels of SR-
BI (B) or GFP (C). Also, mock-transfected HEK-293T cells loaded
with varying CD-Chol concentrations do not express any endog-
enous caveolin-1 (data not shown).

FIGURE 7: Immunofluorescence localization of caveolin-1 in COS-7
cells loaded with varying amounts of cholesterol. COS-7 cells in
10 cm dishes were transfected with the cDNA encoding caveolin-
1. Twenty-four hours post-transfection, the cells were trypsinized
and seeded into 12-well plates containing coverslips. The following
day, the cells were incubated with 0 or 25µg/mL CD-Chol. The
cells were then immunostained with antibodies to caveolin-1 and
visualized by confocal fluorescence microscopy. Note that the
pattern of caveolin-1 localization is dramatically affected by cellular
cholesterol loading. In fact, caveolin-1 is now found clustered at
the surface of the plasma membrane in cholesterol-loaded cells.
After cholesterol loading, Cav-1 immunostaining was also observed
in a perinuclear region corresponding to the Golgi apparatus.

FIGURE 8: Palmitoylation does not play a role in the stabilization
of caveolin-1 by cholesterol. HEK-293T cells were transfected with
cDNAs encoding either wild-type caveolin-1 or a palmitoylation-
deficient mutant of caveolin-1 (C133, 143, 156S). Twenty-four
hours post-transfection, the cells were trypsinized and seeded into
six-well plates. The following day, the cells were incubated with 0
or 25 µg/mL CD-Chol. The cell extracts were then analyzed by
SDS-PAGE/Western blotting∼24 h after cholesterol loading.
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HDL-CE may be transferred, after binding of HDL to
SR-BI, to what has been termed a reversible pool. This pool
may be internalized within the cell or returned to HDL. The
equilibrium may be affected by caveolae components, such
as caveolin-1 and/or cholesterol. High levels of caveolin-1
protein and/or cholesterol may prevent the transfer of CE to
intracellular stores. The mechanism for this inhibition may
be due to an enhanced association of caveolin-1 with SR-
BI, since SR-BI has been shown to coimmunoprecipitate with
caveolin-1 (22, 47). In that case, caveolin-1 may interact with
one of the SR-BI intracellular domains, and this interaction
may regulate SR-BI-mediated selective HDL-CE uptake.

This SR-BI/caveolin-1 interaction may be similar to the
one proposed for p70 (48). p70 or CLAMP is a 70 kDa
protein containing four PDZ domains. This protein has been
shown to interact with the SR-BI C-terminal domain.
Moreover, this SR-BI/p70 interaction may also regulate SR-
BI expression and function (48). Therefore, caveolin-1 may
act in a similar manner by directly inhibiting SR-BI-mediated
selective HDL-CE uptake. An important role for the
C-terminal domain has also been demonstrated in the case
of SR-BII, an isoform of SR-BI containing an alternative
C-terminal tail (49). SR-BII has been shown to have a
reduced ability to promote selective HDL-CE uptake (50)
due to an inhibitory effect of the alternate C-terminal tail
(23).

Recent studies by Silver et al. have shown that when SR-
BI is expressed in MDCK cells, HDL cholesterol and protein
are selectively sorted after uptake (51). In these studies, SR-
BI was primarily localized to the basolateral plasma mem-
brane of the cells and HDL-derived cholesterol was secreted
to the apical plasma membrane. Interestingly, MDCK cells
express both caveolin-1 and caveolin-2. While caveolin-1
and caveolin-2 are associated together at the basolateral
plasma membrane, caveolin-1 is found alone at the apical
plasma membrane (52). Caveolin-2 may therefore not allow
for an interaction between caveolin-1 and SR-BI and permit
selective HDL-CE uptake. However, coexpression and
colocalization of caveolin-1 and SR-BI may inhibit selective
HDL-CE uptake.

Cholesterol and the Regulation of CaVeolin-1 Protein
LeVels. Studies have shown that caveolin-1 expression is
positively regulated by cellular cholesterol content at the level
of transcriptional control (10, 53). Cyclodextrin and HDL
can both reduce endogenous caveolin-1 expression, while
LDL can increase endogenous caveolin-1 expression levels
(11, 53). The role of cholesterol in the regulation ofCAV-1
transcriptional control has been evaluated by Fielding and
co-workers (4, 23). Their findings suggest that SREBP-1 can
inhibit CAV-1 transcription while activating other genes
involved in the synthesis or uptake of cholesterol (23). These
studies were performed examining endogenous caveolin-1
levels and suggest that increased cholesterol can lead to
increasedCAV-1 transcriptional activity. However, it re-
mained unknown whether caveolin-1 protein levels are post-
translationally regulated by the cellular content of cholesterol.

Regulation of caveolin-1 expression at the protein level
may also be important, especially in the case of changes in
the plasma membrane cholesterol content. Furuchi et al. have
shown that short-term treatment with methylâ-cyclodextrin
is accompanied by the redistribution of caveolin-1 from
plasmalemmal caveolae to other cellular organelles, such as

the Golgi and the ER (54). Similar results have been obtained
in the case of cells treated with cholesterol oxidase (55).
Treatment with this enzyme leads to the internalization and
redistribution of caveolin-1 to the ER and the Golgi ap-
paratus. This treatment may therefore lead to the rapid
degradation of caveolin-1.

It is therefore not surprising to observe that cholesterol
loading of COS-7 or HEK-293T cells induces the dramatic
stabilization of the caveolin-1 protein since plasma membrane
cholesterol should be highly increased by cholesterol loading.
In the case of SR-BI cotransfection experiments, caveolin-1
stabilization was even more pronounced. This effect may
be due in part to the specific localization of SR-BI in
caveolae (22) and the activity of SR-BI to alter the content
and distribution of free cholesterol in plasma membrane
microdomains. Transient or stable expression of SR-BI
increases the plasma membrane pool of free cholesterol that
is sensitive to oxidation by exogenous cholesterol oxidase
(23, 43, 44, 56).

Furthermore, SR-BI enlarges the fast kinetic pool of
membrane free cholesterol that effluxes to cyclodextrin
acceptors (43). SR-BI has also been shown to mediate HDL-
dependent activation of endothelial nitric oxide synthase, an
enzyme localized to caveolae (57). These findings indicate
that SR-BI alters the free cholesterol content of membrane
microdomains. The SR-BI-mediated stabilization of caveolin
may occur in a similar manner due to an altered content or
organization of caveolar cholesterol.

A role for caveolin-1 palmitoylation in cholesterol me-
tabolism has been suggested by Uittenbogaard et al. (58).
This study suggested that caveolin-1 palmitoylation is
required for cholesterol binding of caveolin-1 and cholesterol
transport to plasma membrane caveolae. However, we show
here that cholesterol loading of HEK-293T cells also
dramatically stabilizes a palmitoylation-deficient mutant of
caveolin-1 at levels that are virtually identical to those
obtained with wild-type caveolin-1. This result indicates that
cholesterol binding to caveolin-1 does not necessarily require
palmitoylation. This result is in direct agreement with our
previous studies using bacterially expressed caveolin-1 (59).
We have shown that recombinant bacterially expressed
caveolin-1, which lacks palmitoylation, incorporates into
reconstituted membrane vesicles in a cholesterol-dependent
fashion. A cholesterol liposome content of 50% increases
the incorporation of caveolin-1 by∼25-fold. Similar results
were obtained by Murata et al. (8). In addition, Dietzen et
al. (35) and Uittenbogaard et al. (58) have shown that
palmitoylation of caveolin-1 is not necessary for its localiza-
tion to plasmalemmal caveolae (35). Therefore, palmitoy-
lation of caveolin-1 is not necessary for cholesterol binding
and caveolae formation, but may increase the stability of
caveolin oligomers (60). However, caveolin-1 palmitoylation
may still affect the caveolin-1 affinity for cholesterol and
the rate of the biosynthetic transfer of cholesterol to caveolae.

Regulation of SR-BI and CD36 Expression by CaVeolin-
1. Our results also suggest that caveolin-1 can positively
regulate the stability of the CD36 protein, but caveolin-1
expression does not appreciably affect SR-BI expression
(Figures 3 and 4). In addition, we show that caveolin-1 can
induce the targeting of CD36 to the plasma membrane.
Interestingly, Devaraj et al. showed that differentiation of
human monocytes into macrophages is associated with

11938 Biochemistry, Vol. 41, No. 39, 2002 Frank et al.



increased CD36 protein levels (61). This finding is therefore
consistent with the results presented in the current study since
differentiation of human THP-1 monocytes into macrophages
is associated with increased caveolin-1 protein expression
(25). The up-regulation/stabilization of CD36 by caveolin-1
suggests that caveolin-1 may play an important role in CD36
functioning and regulation. Additional studies are required
to characterize how caveolin-1 contributes to the regulation
of CD36 stability and function. In further support of these
findings, CD36 has been shown to localize within plasma
membrane caveolae (62).

Functional Significance. The role of cholesterol in the
regulation of caveolin-1 stability may be important for several
of its functions, especially relating to the pathogenesis of
atherosclerosis. For example, we have shown that a decrease
in caveolin-1 protein levels in endothelial cells can reduce
the uptake of oxidized LDL uptake by these cells (11).

Another important function of caveolin-1 is the inhibition
of endothelial nitric oxide synthase (eNOS) activity (63). SR-
BI has also been shown to mediate HDL-dependent activation
of endothelial nitric oxide synthase, an enzyme localized to
caveolae (57). Therefore, hypercholesterolemia and an
increased plasma cholesterol content in endothelial cells are
likely to have negative effects on endothelium-derived
relaxation. However, this effect may be counteracted by HDL
(11, 47).

REFERENCES

1. Lisanti, M. P., Scherer, P., Tang, Z.-L., and Sargiacomo, M. (1994)
Trends Cell Biol. 4, 231-235.

2. Dehouck, B., Fenart, L., Dehouck, M. P., Pierce, A., Torpier, G.,
and Cecchelli, R. (1997)J. Cell Biol. 138, 877-889.

3. Tiruppathi, C., Song, W., Bergenfeldt, M., Sass, P., and Malik,
A. B. (1997)J. Biol. Chem. 272, 25968-25975.

4. Fielding, C. J., and Fielding, P. E. (1997)J. Lipid Res. 38, 1503-
1521.

5. Glenney, J. R. (1989)J. Biol. Chem. 264, 20163-20166.
6. Glenney, J. R., and Soppet, D. (1992)Proc. Natl. Acad. Sci. U.S.A.

89, 10517-10521.
7. Schlegel, A., Volonte, D., Engelman, J. A., Galbiati, F., Mehta,

P., Zhang, X. L., Scherer, P. E., and Lisanti, M. P. (1998)Cell
Signal 10, 457-463.

8. Murata, M., Peranen, J., Schreiner, R., Wieland, F., Kurzchalia,
T. V., and Simons, K. (1995)Proc. Natl. Acad. Sci. U.S.A. 92,
10339-10343.

9. Thiele, C., Hannah, M. J., Fahrenholz, F., and Huttner, W. B.
(2000)Nat. Cell Biol. 2, 42-49.

10. Bist, A., Fielding, P. E., and Fielding, C. J. (1997)Proc. Natl.
Acad. Sci. U.S.A. 94, 10693-10698.

11. Frank, P. G., Galbiati, F., Volonte, D., Razani, B., Cohen, D. E.,
Marcel, Y. L., and Lisanti, M. P. (2001)Am. J. Physiol. 280,
1204-1214.

12. Fielding, P. E., and Fielding, C. J. (1995)Biochemistry 34, 14288-
14292.

13. Gordon, D. J., and Rifkind, B. M. (1989)N. Engl. J. Med. 321,
1311-1316.

14. Miller, N. E., Thelle, D. S., Forde, O. H., and Mjos, O. D. (1977)
Lancet 1, 965-968.

15. Gordon, T., Castelli, W. P., Hjortland, M. C., Kannel, W. B., and
Dawber, T. (1977)Am. J. Med. 62, 707-714.

16. Wilson, P. W., Anderson, K. M., Harris, T., Kannel, W. B., and
Castelli, W. P. (1994)J. Gerontol. 49, M252-M257.

17. Castelli, W. P. (1996)Atherosclerosis, Suppl. 124, S1-S9.
18. Schmitz, G., and Langmann, T. (2001)Curr. Opin. Lipidol. 12,

129-140.
19. Oram, J. F. (2000)Biochim. Biophys. Acta 1529, 321-330.
20. Yokoyama, S. (2000)Biochim. Biophys. Acta 1529, 231-244.
21. Krieger, M. (1999)Annu. ReV. Biochem. 68, 523-558.
22. Babitt, J., Trigatti, B., Rigotti, A., Smart, E. J., Anderson, R. G.,

Xu, S., and Krieger, M. (1997)J. Biol. Chem. 272, 13242-13249.

23. Connelly, M. A., de la Llera-Moya, M., Monzo, P., Yancey, P.
G., Drazul, D., Stoudt, G., Fournier, N., Klein, S. M., Rothblat,
G. H., and Williams, D. L. (2001)Biochemistry 40, 5249-5259.

24. Graf, G. A., Connell, P. M., Van der Westhuyzen, D. R., and
Smart, E. J. (1999)J. Biol. Chem. 274, 12043-12048.

25. Matveev, S., van der Westhuyzen, D. R., and Smart, E. J. (1999)
J. Lipid Res. 40, 1647-1654.

26. Matveev, S., Uittenbogaard, A., van Der Westhuyzen, D., and
Smart, E. J. (2001)Eur. J. Biochem. 268, 5609-5616.

27. Graf, G. A., Matveev, S. V., and Smart, E. J. (1999)Trends
CardioVasc. Med. 9, 221-225.

28. Azhar, S., Nomoto, A., Leers-Sucheta, S., and Reaven, E. (1998)
J. Lipid Res. 39, 1616-1628.

29. Reaven, E., Lua, Y., Nomoto, A., Temel, R., Williams, D. L.,
Van der Westhuyzen, D. R., and Azhar, S. (1999)Biochim.
Biophys. Acta 1436, 565-576.

30. Frank, P. G., Pedraza, A., Cohen, D. E., and Lisanti, M. P. (2001)
Biochemistry 40, 10892-10900.

31. Scherer, P. E., Tang, Z., Chun, M., Sargiacomo, M., Lodish, H.
F., and Lisanti, M. P. (1995)J. Biol. Chem. 270, 16395-16401.

32. Scherer, P. E., Lewis, R. Y., Volonte, D., Engelman, J. A., Galbiati,
F., Couet, J., Kohtz, D. S., van Donselaar, E., Peters, P., and
Lisanti, M. P. (1997)J. Biol. Chem. 272, 29337-29346.

33. Sargiacomo, M., Sudol, M., Tang, Z., and Lisanti, M. P. (1993)
J. Cell Biol. 122, 789-807.

34. Tang, Z.-L., Scherer, P. E., and Lisanti, M. P. (1994)Gene 147,
299-300.

35. Dietzen, D. J., Hastings, W. R., and Lublin, D. M. (1995)J. Biol.
Chem. 270, 6838-6842.

36. Tao, N., Wagner, S. J., and Lublin, D. M. (1996)J. Biol. Chem.
271, 22315-22320.

37. Bergeron, J., Frank, P. G., Emmanuel, F., Latta, M., Zhao, Y.
W., Sparks, D. L., Rassart, E., Dena¨fle, P., and Marcel, Y. L.
(1997)Biochim. Biophys. Acta 1344, 139-152.

38. Sparks, D. L., Phillips, M. C., and Lund-Katz, S. (1992)J. Biol.
Chem. 267, 25830-25838.

39. Frank, P. G., N’Guyen, D., Franklin, V., Neville, T., Desforges,
M., Rassart, E., Sparks, D. L., and Marcel, Y. L. (1998)
Biochemistry 37, 13902-13909.

40. Acton, S., and Rigotti, A. (1998) inMethods in Molecular Biology
(J. M., O., Ed.) pp 253-268, Humana Press Inc., Totowa, NJ.

41. Ji, Y., Jian, B., Wang, N., Sun, Y., Moya, M. D., Phillips, M. C.,
Rothblat, G. H., Swaney, J. B., and Tall, A. R. (1997)J. Biol.
Chem. 272, 20982-20985.

42. Acton, S., Rigotti, A., Landschulz, K. T., Xu, S., Hobbs, H. H.,
and Krieger, M. (1996)Science 271, 518-520.

43. Kellner-Weibel, G., de La Llera-Moya, M., Connelly, M. A.,
Stoudt, G., Christian, A. E., Haynes, M. P., Williams, D. L., and
Rothblat, G. H. (2000)Biochemistry 39, 221-229.

44. De la Llera-Moya, M., Connelly, M. A., Drazul, D., Klein, S. M.,
Favari, E., Yancey, P. G., Williams, D. L., and Rothblat, G. H.
(2001)J. Lipid Res. 42, 1969-1978.

45. Coleman, P. S., Chen, L.-C., and Sepp-Lorenzino, L. (1997) in
Subcellular Biochemistry(Bittman, R., Ed.) pp 363-435, Plenum
Press, New York.

46. Williams, D. L., Connelly, M. A., Temel, R. E., Swarnakar, S.,
Phillips, M. C., de la Llera-Moya, M., and Rothblat, G. H. (1999)
Curr. Opin. Lipidol. 10, 329-339.

47. Uittenbogaard, A., Shaul, P. W., Yuhanna, I. S., Blair, A., and
Smart, E. J. (2000)J. Biol. Chem. 275, 11278-11283.

48. Ikemoto, M., Arai, H., Feng, D., Tanaka, K., Aoki, J., Dohmae,
N., Takio, K., Adachi, H., Tsujimoto, M., and Inoue, K. (2000)
Proc. Natl. Acad. Sci. U.S.A. 97, 6538-6543.

49. Webb, N. R., de Villiers, W. J., Connell, P. M., de Beer, F. C.,
and Van der Westhuyzen, D. R. (1997)J. Lipid Res. 38, 1490-
1495.

50. Webb, N. R., Connell, P. M., Graf, G. A., Smart, E. J., de Villiers,
W. J., de Beer, F. C., and Van der Westhuyzen, D. R. (1998)J.
Biol. Chem. 273, 15241-15248.

51. Silver, D. L., Wang, N., Xiao, X., and Tall, A. R. (2001)J. Biol.
Chem. 276, 25287-25293.

52. Scheiffele, P., Verkade, P., Fra, A. M., Virta, H., Simons, K., and
Ikonen, E. (1998)J. Cell Biol. 140, 795-806.

53. Hailstones, D., Sleer, L. S., Parton, R. G., and Stanley, K. K. (1998)
J. Lipid Res. 39, 369-379.

54. Furuchi, T., and Anderson, R. G. W. (1998)J. Biol. Chem. 273,
21099-21104.

55. Smart, E. J., Ying, Y. S., Conrad, P. A., and Anderson, R. G.
(1994)J. Cell Biol. 127, 1185-1197.

Caveolin-1, SR-BI, and Cellular Cholesterol Biochemistry, Vol. 41, No. 39, 200211939



56. De la Llera-Moya, M., Rothblat, G. H., Connelly, M. A., Kellner-
Weibel, G., Sakr, S. W., Phillips, M. C., and Williams, D. L.
(1999)J Lipid Res. 40, 575-580.

57. Yuhanna, I. S., Zhu, Y., Cox, B. E., Hahner, L. D., Osborne-
Lawrence, S., Lu, P., Marcel, Y. L., Anderson, R. G., Mendelsohn,
M. E., Hobbs, H. H., and Shaul, P. W. (2001)Nat. Med. 7, 853-
857.

58. Uittenbogaard, A., and Smart, E. J. (2000)J. Biol. Chem. 275,
25595-25599.

59. Li, S., Song, K. S., and Lisanti, M. P. (1996)J. Biol. Chem. 271,
568-573.

60. Monier, S., Dietzen, D. J., Hastings, W. R., Lublin, D. M., and
Kurzchalia, T. V. (1996)FEBS Lett. 388, 143-149.

61. Devaraj, S., Hugou, I., and Jialal, I. (2001)J. Lipid Res. 42, 521-
527.

62. Lisanti, M. P., Scherer, P. E., Vidugiriene, J., Tang, Z.-L.,
Hermanoski-Vosatka, A., Tu, Y.-H., Cook, R. F., and Sargiacomo,
M. (1994)J. Cell Biol. 126, 111-126.

63. Garcia-Cardena, G., Martasek, P., Siler-Masters, B. S., Skidd, P.
M., Couet, J. C., Li, S., Lisanti, M. P., and Sessa, W. C. (1997)
J. Biol. Chem. 272, 25437-25440 (Communication).

BI0257078

11940 Biochemistry, Vol. 41, No. 39, 2002 Frank et al.


