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Abstract

Caveolae are small plasma membrane invaginations that have been implicated in a variety of functions including transcytosis, potocy-
tosis and cholesterol transport and signal transduction. The major protein component of this compartment is a family of proteins called
caveolins. Experimental data obtained in knockout mice have provided unequivocal evidence for a requirement of caveolins to generate
morphologically detectable caveolae structures. However, expression of caveolins is not sufficient per se to assure the presence of these
structures. With respect to other roles attributed to caveolins in the regulation of cellular function, insights are even less clear. Here we
will consider, more specifically, the data concerning the ambiguous roles ascribed to caveolin-1 in signal transduction and cancer. In
particular, evidence indicating that caveolin-1 function is cell context dependent will be discussed.
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Introduction

Caveolae were initially discovered by electron microscopy more
than 50 years ago and described as flask-shaped invaginations of
the plasma membrane [1, 2]. Similar structures are found in a wide
variety of differentiated cells, including adipocytes, pneumocytes,
fibroblasts, smooth and striated muscle cells, as well as endothe-
lial cells [3]. Caveolae have been considered to be a subgroup
within the category of membrane microdomains referred to as
lipid rafts that are enriched in lipids including cholesterol and
sphingolipids (GM1, sphingomyelin and ceramide). The specific
composition results in a higher degree of organization of the lipid
constituents in these membrane microdomains, known as the
liquid-ordered state, as well as the characteristic property of insol-
ubility in non-ionic detergents at lower temperatures that permitted
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biochemical characterization of such domains [4, 5]. In the past
years, considerable controversy has arisen over what constitutes a
lipid raft. However, it is beyond the scope of this review to discuss
this aspect in sufficient detail. The interested reader may wish to
consider additional references discussing related issues [6-8].
Unlike lipid rafts, which represent planar, morphologically
indistinguishable regions of the plasma membrane, caveolae are
coated by a unique family of proteins, termed caveolins that
oligomerize to generate large macromolecular complexes. In
doing so, caveolins are thought to define caveolae architecture
and morphology perceived by microscopy [9-12]. Consistent with
this view, caveolin concentration is high in caveolae (100-200
molecules per caveolae) [13] and they have been proposed to
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represent the structural proteins required for membrane bending
that generates the typical 60-80 nm invaginations of the plasma
membrane (see discussion in [14]). Alternatively, caveolae
formation may require association of other proteins that are then
stabilized in the presence of caveolins [15]. Here, it is important to
emphasize the fact that caveolae morphology is not invariant.
Depending on the cell type and the circumstances, caveolae also
can be flattened out within the plane of the membrane or accumu-
late either individually or as multi-vesicular clusters beneath the
plasma membrane [14, 16].

The caveolins

The caveolin family is composed of the three isoforms in
mammalian cells, caveolin-1, -2 and -3 [17-19]. Caveolin-1 is
expressed in a variety of tissues. Caveolin-3, however, is more
restricted in its distribution and has been described particularly in
muscle [20] and also, more recently, in glial cells [21]. Caveolin-2
is usually co-expressed with caveolin-1, but its function is less
well understood. Caveolin-1 forms homo-dimers, as well as hetero-
dimers with caveolin-2. These aggregate into oligomeric struc-
tures containing 14-16 molecules in the Golgi and then coalesce
into large macromolecular complexes that define caveolae archi-
tecture at the plasma membrane or possibly before hand in the
Golgi (see discussion in [14]). In caveolin-1 knockout mice, cave-
olae are only detectable in skeletal and heart muscle cells [9, 10].
In knockout mice for caveolin-2, no changes in caveolae number
or morphology are detectable [22, 23]. Caveolin-3 knockout mice
lack caveolae in skeletal and heart muscle [24]. Double knockout
mice for caveolin-1 and -3 are completely devoid of caveolae [12].
Together with a large body of data available in the literature, these
results corroborate the notion that either caveolin-1 or caveolin-3
is required to form caveolae. Caveolin-2 appears less important in
this respect, although presence of this isoform does modulate effi-
ciency of caveolae formation, as well as morphological traits of
caveolae. Also other proteins appear important in this respect (see
discussion in [14, 25]). In particular, the cytosolic protein PTRF-
cavin, initially identified as a transcription factor, was recently
shown to represent an abundant caveolar coat protein that is
required for stabilization of the characteristic flask-shaped plasma
membrane invaginations and probably mediates interactions of
these structures with the cytoskeleton [26, 27].

Two variants of caveolin-1 have been described, caveolin-1a
(residues 1-178) and the 3 kD-smaller caveolin-1B (residues
32-178), which is either generated from full-length mRNA by
alternative initiation or by transcription of a shorter splice variant
[28-30]. Interestingly, the shorter caveolin-1@3 variant is mainly
present in shallow caveolae and at the leading edge of migrating
cells (see Table 1, [31]). Coincident with the possibility that cave-
olin-1a and -1B may fulfill distinct functions, different roles have
been ascribed to the two in zebrafish development [32].

Caveolin-1 was initially described as a prevalent target for tyro-
sine phosphorylation in Rous sarcoma virus transformed chicken
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fibroblasts [33-35]. Importantly, for the subsequent discussion,
only caveolin-1a contains a tyrosine residue at position 14 that is
frequently phosphorylated in response to cell stimulation by ago-
nists including insulin [36-38], epidermal growth factor (EGF) [39,
40], platelet-derived growth factor (PDGF) in conjunction with loss
of sterols [41], a progesterone analogue [42], mechanical stress
[43] and oxidative stress [44-46]. Interestingly, however, whether
phosphorylation occurs at this site in response to a stimulus is cell
dependent. In adipocytes, for instance, tyrosine phosphorylation of
caveolin-1 is observed only in response to insulin, but not with EGF,
PDGF, tumour necrosis factor (TNF)-a or interleukin (IL)-6 [39].
Non-receptor src-family tyrosine kinases, such as c¢-Src and c¢-Abl,
have frequently, but not exclusively, been implicated in caveolin-1
phosphorylation at this site (see [36-46]).

In addition to caveolins-1a and -1, three different isoforms of
caveolin-2 (caveolin-2a, -2 and -2v) have been detected,
although these are less well characterized [23, 47]. Caveolins-1
and -2 are broadly expressed, while caveolin-3 expression is
limited to muscle and glial cells [20, 21]. Genes encoding each
family member share significant homology. Also caveolin
homologs have been described in zebrafish D. rerio [32] and the
nematode C. elegans [48].

The caveolin-1 sequence contains a hydrophobic central
domain between residues 102 and 134 that is inserted in the
inner leaflet of the plasma membrane. This region adopts a hair-
pin-like conformation, thereby exposing both COOH- and NHo-
terminus to the cytoplasm (see [14, 16]). In the NHz-terminal
region, immediately adjacent to the hydrophobic domain
(residues 82-101), a modular sequence, termed the ‘caveolin
scaffolding domain’ (CSD) is required for caveolin dimerization,
as well as interactions between caveolin-1 and numerous sig-
nalling proteins that contain a ‘caveolin binding domain’ (CBD,
see next sections). In addition, a WW-like domain initially
described in caveolin-3 [49], may also be present in caveolin-1
(residues 98-132; [50]) and play a role in caveolin-1-mediated
degradation of the inducible isoform of nitric oxide synthase
(iNOS) via the proteasome pathway [51, 52]. A combination of
elements is required for directing caveolin-1 to the Golgi (amino
acids 66-70), oligomerization (amino acids 91-100 and
135-140) and transport to the cell surface (amino acids 71-80)
[53, 54]. The COOH-terminal region contains three palmitoylated
cysteine residues that are not required for caveolin-1 transport or
localization to caveolae, but are relevant to oligomerization
[55, 56], as well as two separate regions implicated in cross-linking
caveolin dimers [57]. Furthermore, a minimal sequence of 10
amino acids (46-55) was defined in the amino terminal region of
caveolin-1 that is required for localization of the protein to the
rear of migrating cells and formation of caveolae [58].

In summary, caveolins are evolutionarily conserved proteins
that contain multiple elements relevant to their function distrib-
uted throughout the sequence and are crucial components of
caveolae. Additionally, overlapping (scaffolding domain) or unique
elements (tyrosine 14) are utilized in signal transduction. Given
that the majority of data available in the literature focuses on cave-
olin-1, we will centre the rest of the discussion on that isoform.
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Table 1 Caveolin-1 localization in cells using different techniques and antibodies

Caveolin-1  Post-translational Subcellular Type of cell Antibody Technique Reference
isoform modification localization
Cav-1 Deep caveolae Human skin Rabbit polyclonal Freeze-fracture immu- [31]
fibroblast sc-894 (Sta Cruz), noelectron microscopy

mouse monoclonal
clone 2234
(Transduction Lab)

Cav-1 /B Deep and shallow cave- Mouse monoclonal

olae clone Z034 (Zymed

Lab), mouse mono-
clonal clone 2297
(Transduction Lab)

Cav-1 o Micropatches within the  FRT (rat thyroid epithe- Mouse monoclonal Confocal [30]
cell, less prevalent along lial cell line) (Transduction Lab immunofluorescence
the edge of the cell clone 2234)
Cav-1 o/B Intense accumulation ~ FRT (rat thyroid epithe- Mouse monoclonal
of micropatches lial cell line) (Transduction Lab
along the leading clone 2297)
edge
Cav-1 Rear of planar migrat-  Bovine aortic endothe- Rabbit polyclonal (BD  Immunofluorescence [209]
ing cell lial cell Biosciences) microscopy
Front of
transmigrating cell
GFP- Cell-cell contact sites ~ NIH3T3 (mouse fibrob- In vivo fluorescence [116]
Cav-1 last cell line) microscopy
Cav-1 Focal adhesions Senescent human fore- Mouse monoclonal Immunofluorescence [210]
skin fibroblasts (C43420, Transduction  confocal microscopy
Lab)
Cav-1 Cytoplasm Human keratinocytes Immunofluorescence [65]
and fibroblasts
Cav-1 Nucleus (nuclear SKOV3 (human ovarian Mouse monoclonal Immunofluorescence [72]
matrix and carcinoma cells) (Santa Cruz) confocal microscopy,
chromatin) chromatin immune
precipitation,
GFP-Cav-1
Cav-1 Secretory vesicles Mouse salivary gland, Immunofluorescence [65]
anterior and immunogold
pituitary detection
Cav-1 /B Mitochondria Rat liver .ImmunoblotFir.lg,l [65]
immunoprecipitacion,
electron microscopy
immunogold
detection
Cav-1 pY14 Cytoplasmic vesicles Human umbilical vein  Rat monoclonal Immunofluorescence [211]
when treated with per- endothelial cells and microscopy
vanadate or hydrogen  bovine aortic
peroxide endothelial cells
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Table 1 Continued
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Caveolin-1  Post-translational Subcellular Type of cell Antibody Technique Reference
isoform modification localization
Cav-1 pY14 Focal adhesions NIH3T3 (mouse fibrob- Mouse monoclonal Immunofluorescence [46]
last cell line) (Transduction Lab microscopy
clone 56)
Cav-1 pY14 Focal adhesions NIH3T3 expressing v-  Mouse monoclonal Immunofluorescence [39]
Src (Transduction Lab confocal microscopy
clone 56)
Cav-1 pY14 Cytoplasmic and flat sre'® NRK (rat kidney ~ Rabbit antiserum Immunofluorescence [212]

intramembrane cell line expressing

microscopy and

particle-free area temperature

sensitive src)

freeze fracture
immunoelectron
microscopy

Caveolin-1 in cell physiology

Given the number of caveolin-1 elements implicated in mediat-
ing protein-protein and protein-lipid interactions, it is not sur-
prising that the protein is detected at many locations throughout
the cell and implicated in a wide variety of processes, including
vesicular transport (endocytosis, transcytosis and potocytosis),
cholesterol homeostasis and regulation of signal transduction
[3, 18, 53, 59, 60]. Particularly in the latter case, the data avail-
able are confusing. On the one hand, caveolin-1 blocks many
signalling events wvia interactions requiring the scaffolding
domain (Fig. 1A and references above). On the other hand, the
protein is implicated as a positive regulator in, for instance, inte-
grin, insulin and progesterone signalling (see Fig. 1B; [42, 59,
61, 62]). This ambiguous relationship combined with variations
in subcellular distribution, provide a potential rationale to under-
standing how caveolin-1 presence in tumour cells may in some
cases be associated with tumour suppression, but in others,
with more malignant phenotypes including multi-drug resistance
and metastasis (Fig. 2). The following paragraphs will focus on
the discussion of such issues.

Caveolin-1 distribution

Caveolin-1 is an integral membrane protein that is generally found
associated with membranous structures, including the endoplasmic
reticulum (ER), Golgi and plasma membrane, as might be expected
since the elements responsible for transit from ER to the plasma
membrane via Golgi have been defined. When synthesized, cave-
olin-1 is co-translationally inserted into the ER, facing the cytoplasm
with both its NH2- and COOH-terminal sequences. Thereafter, cave-
olin-1 is shipped to the Golgi where it oligomerizes and is concen-
trated within cholesterol- and sphingolipid-rich membrane
microdomains. Finally, caveolin-1 oligomers are transported to the
cell surface to form caveolae. From the plasma membrane, caveolae

© 2008 The Authors

can recycle back to intracellular compartments including the ER and
the caveosome [54, 60, 63].

Caveolin-1 is found in additional locations within the cell that
are often difficult to understand within the framework of the
scheme outlined above. For instance, caveolin-1 is associated with
subcellular compartments like mitochondria and is present within
the ER lumen and in secretory vesicles, as well as in the cytoplasm
as a soluble protein, in focal adhesions, at cell-cell contact sites
and even in the nucleus (see Table 1). What determines caveolin-
1 presence there remains unclear. This is particularly important
given the observation that in some cell types caveolin-1 associa-
tion with or presence within these structures prevails (see for
instance [64, 65]). The potential relevance of these non-conven-
tional pools of caveolin-1 protein is underscored by the fact that
secretion of caveolin-1 is associated with enhanced metastatic
potential of some tumour cells [66]. Furthermore, a small but sig-
nificant pool of caveolin-1 is embedded in a lipid particle that is
important for cytoplasmic shuttling of cholesterol from the ER to
the plasma membrane [67]. Additionally, ER accumulation of
caveolin-1 due to over-expression or upon treatment with drugs
like Brefeldin A targets caveolin-1 to lipid droplets. However, the
role of caveolin-1 in these structures remains controversial
[68—71]. Finally, nuclear caveolin-1 has been implicated in tran-
scriptional control [72].

As mentioned previously, caveolin-1 is phosphorylated on tyro-
sine-14 (caveolin-1(PY14)) in response to a number of stimuli.
More recently, considerable controversy has arisen concerning the
precise localization of caveolin-1(PY14). While some studies have
shown good co-localization between caveolin-1 and caveolin-
1(PY14) as might be expected, others indicated that caveolin-
1(PY14) accumulated in focal adhesions where caveolin-1 was not
detected (see Table 1). This somewhat confusing observation was
explained by suggesting that the two antibodies employed in the latter
studies bind to overlapping epitopes on the caveolin-1 protein.
However, the monoclonal antibody against caveolin-1(PY14) was
subsequently shown to also label focal adhesions in cells from
caveolin-1 knockout mice. Most recently this controversy was
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resolved by showing that the monoclonal antibody is specific for
caveolin-1(PY14) on western blots, but recognizes phosphorylated
focal adhesion proteins, such as paxillin, in immunofluorescence
studies (see discussion in [73]).

Additional studies will be required to understand how differ-
ences in localization of caveolin-1 are defined. A better under-
standing of the mechanisms responsible for determining where
caveolin-1is found in a cell and how variations in this distribution

cSD WW-like pattern impact on cell function is likely to help in defining the con-
domain? tribution of this protein to human disease states including cancer.
| A specific example that highlights this point involves formation of

PTKs a caveolin-1/E-cadherin complex at the plasma membrane and is

GCRs - Proteasome  qntioned at the end of this article (see Fig. 2).
MAPK/ERK
eNOS

Caveolin-1 and internalization

Inhibitory Caveolin-1 Signaling
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Caveolin-1

Caveolae are implicated in internalization via mechanisms that are
distinct from those described for classic endocytosis [74].
Although several alternatives to clathrin-mediated endocytosis
exist where caveolae or caveolae-like domains have been implicat-

e
Cyclin D1 ed, including potocytosis [75, 76], transcytosis [77, 78] and inter-
Survivin nalization of microorganisms [79, 80], the precise role of caveolin-

1 in these events often remains controversial. For instance, cave-
olin-1 has been proposed to act in internalization in a manner akin
to clathrin that recruits receptor molecules into coated pits and
also drives membrane invagination in classic endocytosis.
Consistent with this type of analogy, caveolin-1 participates in the
B Stimulatory Caveolin-1 Signaling recruitment of src to cholesterol-rich microdomains required for
I dynamin-2 phosphorylation, activation and severing of caveolae
IO from the plasma membrang [81-83]. However, more recent evi-
'\<\\<\\\\\“ \CK\\\\\\\ R - dence indicates that caveolin-1(PY14), rather than the non-phos-
phorylated protein, is responsible for internalization of membrane
microdomains and associated proteins downstream of integrins
[84]. Likewise, the EGF receptor is internalized via caveolae to a
perinuclear compartment following exposure to oxidative stress in
a manner that requires src-dependent phosphorylation of cave-
olin-1 on tyrosine 14 [85]. Thus, while similarities exist, caveolin-
mediated internalization clearly differs from clathrin-dependent

Fig. 1 Caveolin-1 is a highly versatile regulator of cell signaling. (A) At the molecular level, Caveolin-1 can modulate the flow of information through
different cellular signaling pathways in distinct ways. Caveolin-1 acts as a scaffolding protein by binding to proteins involved in different signal trans-
duction pathways. The caveolin-1 scaffolding domain (CSD) mediates interaction with and inhibition of protein tyrosine kinases (PTKs), G-coupled
receptors (GCRs), elements of the MAPK/ERK pathway, members of the protein kinase C (PKC) family and nitric oxide synthases (NOS), in particular
the endothelial isoform (eNOS). Additional mechanisms to CSD-mediated inhibition of target proteins that result in loss of target protein activity, include
proteasome-mediated degradation as has been described for the inducible isoform of nitric oxide synthase (iNOS). Furthermore, inhibition of g-catenin-
Tcf/Lef-dependent transcription of genes such as cyclin D1 and surviving by poorly characterized pathways has been observed. The general conse-
quence of these interactions is that caveolin-1 presence is associated with inhibition of cell proliferation and/or survival. (B) Alternatively, however,
caveolin-1 has been implicated as a positive element in insulin receptor (IR) signalling and coupling of the integrin signalling to the MAPK/ERK path-
way via focal adhesion kinase (FAK) and src family kinases (SFKs). Such positive signalling downstream of caveolin-1 is frequently associated with
phosphorylation on tyrosine 14, whereby downstream positive effectors include Csk, Grb7. Alternatively, however, positive signalling via fyn down-
stream of integrin receptors is not known to require caveolin-1 phosphorylation. Rather, phosphorylation on tyrosine 14 is implicated as a negative reg-
ulator of rac-1 in conjunction with integrin signalling (see text for details).
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CAVEOLIN-1 IN TUMORIGENESIS
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Fig. 2 Caveolin-1 in tumorigenesis. The dual nature of caveolin-1 in cell signalling is reflected at the functional level by data indicating that caveolin-1
develops either tumor suppressor or tumor promoting activities depending on the tumor type under study. In breast, lung, colon and gastric cancer, ini-
tial loss of caveolin-1 is thought to promote cell proliferation and reduce apoptosis. In colon and other cancers, including melanomas, such effects may
be associated with enhanced 3-catenin-dependent transcription. However, during tumor progression a number of additional changes occur at the molec-
ular level that not only reduce the ability of caveolin-1 to function as a tumor suppressor, but then generate a “permissive” cellular environment that
allows caveolin-1 to operate in the opposite fashion. Here loss of E-cadherin is mentioned as one possibility. This model serves to explain how expres-
sion of caveolin-1 at later stages of tumor development may be associated with higher metastatic potential, multi-drug resistance (MDR) and poor
patient survival. In this respect, the model is also applicable to cases like prostate cancer where caveolin-1 is not expressed in the normal tissue. In
summary, the model proposed implicates caveolin-1 as a conditional tumor suppressor that operates in a cell context-dependent fashion.

endocytosis. Additional aspects highlighting these differences are
listed below. First, caveolin-1 interacts with many proteins at the
plasma membrane via the CSD; however, this interaction is not
necessarily what drives presence in the caveolae compartment, as
is the case for the EGF receptor, the endothelial isoform of nitric
oxide synthase (eNOS), src-family tyrosine kinases, Gaq and the
insulin receptor [18, 86, 87]. Second, unlike clathrin-coated endo-
somes, caveolae are essentially stable vesicular transporters that
do not intermix [88]. Third, internalization of cholera toxin (CT)
that binds to the raft marker glycosphingolipid GM1 is sensitive to
cholesterol depletion and requires dynamin, as might be expected
for a caveolae-mediated internalization process. However, CT is
also internalized in a similar fashion in caveolin-1 and caveolae-
deficient Jurkat and CaCo2 cells. Fourth, not only is caveolin-1 dis-
pensable for CT internalization via rafts, but it appears that inter-
nalization is slower in the presence of caveolin-1 [15, 47].
Likewise, experiments investigating internalization of SV40
showed that this occurs via association with caveolin-1-coated
structures and subsequent transport to a novel intracellular, Golgi-
proximal compartment called the caveosome [63, 89].
Interestingly, however, endocytosis of SV40 is also observed in

© 2008 The Authors

cells lacking caveolae via clathrin- and caveolin-1-independent
endocytosis [90, 91]. Finally, FRAP analysis of GFP-caveolin-1
chimeras reveals that caveolin-1 is present within the cell on high-
ly mobile vesicles, but once inserted into the membrane, the
mobility drops dramatically, perhaps due to association with the
cytoskeleton [47, 92-94]. Consistent with this view, mobility of
plasma membrane-associated SV40 particles drops dramatically
upon co-localization with caveolin-1. In the presence of
Latrunculin A, an actin monomer sequestering drug that reduces
SV40 internalization, such immobilization is not observed [89].
For a more detailed discussion of the regulation of raft-dependent
endocytic pathways and the role of caveolin-1 in these events, the
interested reader is referred to a recent review [95].

Caveolin-1 and cholesterol

Early on, following the discovery of caveolins, the relevance of this
protein in modulating cholesterol distribution in cells was estab-
lished. Caveolin-1 was shown to bind directly to cholesterol in
vitro [96] and loss or absence of caveolin-1 reduces cholesterol
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transport to the plasma membrane, as well as presence of choles-
terol in caveolae or rafts [97]. Also caveolin-1 is implicated in cho-
lesterol accumulation in lipid droplets of adipocytes [69]. More
recently, models describing the potential role of aromatic residues
of the hydrophobic motif, as well as phosphorylation at S80 in this
association have become available [14]. In this context, it is per-
haps worth noting that phosphorylation at this same site appears
important for regulation of caveolin-1 secretion [98] and, hence,
might provide a link to the secreted pool of caveolin-1 associated
with metastatic potential of some cancer cells [66].

Given the importance of cholesterol in membrane microdomain
formation, extraction or sequestration using reagents like g-methyl-
cyclodextrin, filipin or nystatin, as well as cholesterol oxidation,
leads to disruption of rafts and caveolae alike and blocks cellular
processes, including a plethora of signal transduction events asso-
ciated with the integrity of such domains [53, 80]. The relevance of
these processes to complex cell behaviour, including cell transfor-
mation, is underscored by genetic evidence showing that a caveolin-
3 mutant that blocks cholesterol transport precludes H-ras-depend-
ent cell transformation [99, 100].

Although disruption of microdomains by cholesterol sequestra-
tion generally blocks signalling via growth factor receptors (PDGF,
insulin), such treatments have also been found to promote sig-
nalling, for instance, downstream of the EGF receptor in cells
expressing caveolins (reviewed in [101]). In T-cells, which typical-
ly lack caveolins, lipid rafts are considered hotspots for both lipid-
and protein-mediated signalling pathways. Interestingly, within the
first few minutes of treatment with B-methylcyclodextrin, transient
activation of several signalling pathways is observed. This is then
followed by inactivation. These results in T cells can be taken to
indicate that cholesterol removal initially promotes mixing of raft
and non-raft components that are segregated to maintain the inac-
tive state. Excessive cholesterol depletion leads then to randomiza-
tion of membrane components, inability to generate the immuno-
logical synapse and down-regulation of signalling (see discussion in
[102, 103]). Taken together, these data underscore the importance
of cholesterol-containing membrane microdomains as structures
that are required to help molecules coalesce in a meaningful manner
and thereby promote signalling (see discussion in [104, 105]).
However the relationship is complex and needs to be assessed on a
case-by-case basis. A more detailed discussion of this topic is avail-
able elsewhere [80, 101].

Regulation of caveolin-1 expression

Analysis of patients identified a P132L mutation in caveolin-1 in
about 16% of breast cancer samples analyzed [106]. Interestingly,
this mutation results in retention of the mutated protein in the
Golgi and subsequent degradation. Moreover, the mutant protein
acts as a dominant negative that precludes appropriate sorting of
endogenous wild type caveolin-1 to the cell surface and also pro-
motes degradation of the wild-type protein. This observation pro-
vides an explanation for how mutation of only one allele can result
in complete loss of caveolin-1 expression [107]. Interestingly,
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additional caveolin-1 mutations have recently been found associ-
ated with oestrogen-receptor «-positive breast cancers [108].
Despite such data and the fact that post-transcriptional mecha-
nisms of caveolin-1 regulation exist [109], the majority of evi-
dence available suggests that caveolin-1 is an example of a non-
classical tumour suppressor protein whose expression is modu-
lated by transcriptional silencing via epigenetic changes rather
than by mutation [110-114]. The following paragraphs are dedi-
cated to the discussion of mechanisms implicated in the control of
caveolin-1 transcription (see Table 2).

The MAPK/ERK pathway has been extensively characterized
as a negative regulator of caveolin-1 expression [115]. In prolif-
erating cells where the MAPK/ERK pathway is active, caveolin-1
levels are low. Alternatively, when cells reach confluency, sig-
nalling via the MAPK/ERK pathway is diminished and caveolin-1
levels increase [116]. Interestingly, anti-sense oligo mediated
down-regulation of caveolin-1 in NIH3T3 cells leads to hyper-
activation of the MAPK/ERK pathway [117]. Likewise, in cave-
olin-1 knockout mice, cell hyper-proliferation observed in differ-
ent tissues often appears linked to elevated signalling via the
MAPK/ERK pathway [59, 118]. Thus, on the one hand the
MAPK/ERK pathway regulates caveolin-1 expression and on the
other hand, caveolin-1 presence reduces signalling through this
pathway. Additional signalling pathways involved in regulation of
caveolin-1 transcription include protein kinase A (PKA) and src
family kinases [60, 115], phosphatidylinositol-3-kinase (PI-3K,
[119]), phosphatidylinositol-3-phosphate dependent kinase 1
(PDK1, [120]) and protein kinase Ca (PKCa, [120]). Also,
testosterone promotes transcription of the caveolin-1 gene via
an androgen receptor-dependent mechanism [121]. Factors
directly implicated in transcription of caveolin-1 include Foxo
[122], PPARy [123], p53 [124], NF-«xB [125] and Sp1 [126].
Furthermore, the caveolin-1 promoter contains two SREBP-bind-
ing elements sensitive to cholesterol content and degree of
oxidation [127]. Indeed, caveolin-1 expression is positively reg-
ulated by cholesterol, both by increasing mRNA levels and by
stabilizing the protein [126]. Unlike the aforementioned
transcription factors, c-myc, KLF11 and oestrogen-receptor o sup-
press caveolin-1 expression [128-131]. Also, oxysterols reduce
caveolin-1 expression via a transcriptional mechanism [127].

Thus, on the one hand a variety of signalling mechanisms that
result in suppression of caveolin-1 expression, as well as several
transcription factors that promote transcription of the caveolin-1
gene have been described. An important question that remains to
be resolved is how, if at all, these molecular events relate to sup-
pression of caveolin-1 expression observed early in tumour devel-
opment or re-expression of caveolin-1 detected at later stages
(see Fig. 2). Segregation of the data available into mechanisms
reported in ‘non-transformed’ versus ‘cancer’ cells does not yield
additional insight in this respect (see Table 2). In addition, the
recent finding that regulation of caveolin-1 expression down-
stream of ras differs dramatically between mouse and human cells
[132] may indicate that results obtained using mouse (cell) mod-
els need to be interpreted with caution when attempting to under-
stand caveolin-1 regulation in human cancer.
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Table 2 Regulation of caveolin-1 expression in non-transformed and cancer cells

Non-transformed cells

Cell Regulation Effects Transcription Implicated signaling mRNA Protein Reference
factor pathway

Human fibroblasts Increase in Senescence Sp1 Oxidative stress/p38 ot + [147]
Cav1

Human skin Increase in Cholesterol p53 ol + [124]

fibroblasts Cav1 efflux

Human lung Increase in PKCa n.d. + [213]

fibroblasts Cav1

Human macrophage  Increase in PPARy i + [214]

cell line (THP-1) Cav1

Human endothelial Increase in Sp1 Cholesterol/SREBP ol + [130]
cell line (ECV304) Cav1

Human endothelial Increase in Shear stress/intracellular n.d. + [215]
cells Cav1 calcium

Mouse epithelial lung Increase in Ets oo n.d. [216]
cell line (E10) Cav1

Mouse peritoneal Increase in Lipopolysaccharide/p38 n.d. + [217]
macrophage Cavi (MEK-independent)

Mouse myoblasts Increase in Quiescence FOXO0 Insulin/PI3kinase/PKB/ 4 + [122]
(C2C12) and NIH3T3  Cavi FOXO

stably expressing
insulin receptor

Rat aortic smooth Increase in Estrogen N + [218]
muscle cells Cav1 receptor

(raloxifene,

17B-estradiol)
Primary rat Increase in Anti- Carbon monoxide/p38 n.d. + [219]
pulmonary artery Cav1 proliferative

smooth muscle cells
and mouse fibroblasts

Human endothelial Decrease in TNFa n.d. + [215]
cells Cav1

Human endothelial Decrease in KLF11 (repres- alf + [130]
cell line (ECV304) Cav1 sor)

Human (hTERT- Decrease in Lactogenesis Prolactin/MEK s Al + [220]

HME1) and mouse Cav1 and Cav2
(HC11) mammary
epithelial cell lines

Human umbilical vein Decrease in Cell VEGF/MEK n.d. + [221]
endothelial cell line  Cav1 (Cav2 proliferation

(ECV 304) constant)
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Table 2 Continued

Mouse mammary Decrease in Cell PDK1/PKCa/B- n.d. + [120]
epithelial cell line Cav1 transformation catenin/c-Myc
(COMMA-1D)
Mouse fibroblast cell Decrease in Cell c-Myc ot + [128]
line (NIH3T3) Cav1 transformation  (repressor)
Mouse fibroblast cell Decrease in Cell Human papillomavirus i + [222]
line (NIH3T3) Cav1 transformation E6 oncoprotein/p53

(decrease)
Mouse fibroblast cell Decrease in Cell H-Ras(G12V)/p42/44 s ol + [115]
line (NIH3T3) Cav1 (Cav2 transformation

constant)

MAPK

PKA
Mouse fibroblast cell Decrease in Cell Neu tyrosine kinase/ERK + + [223]
line (NIH3T3) Cav1 (Cav2 transformation

constant)

Ceramide/ERK

v-Src/ERK
Primary rat Decrease in Associated with cAMP 4 + [224]
astrocytes Cav1 and Cav2 senescence

TGFa/P13kinase

(p42/44 MAPK-

independent)

Histone deacetylase

Human ovarian Increase in Growth inhibi-  Progesterone o + [225]
cancer cells Cav1 tion receptor
Human colon Increase in PPARy + + [226]

(HT29) and breast ~ Cav1 and Cav2
(MCF7) carcinoma

cell lines

Human ovarian can- Increase in NF-xB IL-1g n’ n.d. [125]
cer cell line Cav1

(OVCAR3)

Human prostate can- Increase in Growth PKCe/MEK/c- n.d. + [227]
cer model (CWR22) Cavi promotion Myc/Androgen receptor

Mouse (C4D)/ Increase in Proliferation Progesterone  PI3kinase o o + [42]
human (T47D) breast Cav1 receptor MEK

cancer cell lines
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Tahle 2 Continued
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Cell Regulation Effects Transcription Implicated signalling mRNA Protein Reference
factor pathway

Human Decrease in Oestrogen- ERo/MEK//DNA + + [131]
neuroblastoma Cav1 and receptor o methylation
cells (SK-N-MC) Cav2 (ligand

independent)
Human ovarian can- Decrease in o folate receptor + + [228]
cer cell lines Cav1
Human epidermoid  Decrease in Cell invasion EGF/EGFR ol + [154]
carcinoma cells Cav1

(A431), prostate
cancer cells
(DU145), non-
small cell lung
cancer cells
(A549)

p.d., not determined.
Northern blot or RT-PCR.
fCav-1 promoter reporter assay.

Caveolin-1 in signal transduction

As alluded to previously, caveolin-1 was first described as a highly
phosphorylated protein on tyrosine in Rous sarcoma virus trans-
formed chick fibroblasts and a component of caveolae [33-35,
133]. Thus, from the onset, presence and phosphorylation of
caveolin-1 were associated with events involved in cell signalling
and transformation.

Since then a great deal of effort has been focused on charac-
terizing the proteins associated with caveolin-1 and caveolae. In
this respect, the observation that caveolin-1 is identical to VIP21,
a major component of detergent-insoluble, non-coated pits [134,
135] turned out to be particularly helpful. Since then, a plethora of
purification schemes have been devised to isolate and character-
ize caveolae and raft components, a large number of which are
based on procedures involving cell solubilization in non-ionic
detergents at low temperature and subsequent flotation of the
light buoyant, vesicle-associated components in a sucrose gradi-
ent. Although prone to many artefacts [6, 16, 50], results from
these studies helped to identify a large number of proteins and
lipids associated with caveolae, many of which are involved in sig-
nal transduction [136]. In doing so, the experimental basis was
generated supporting the ‘signalosome’ or ‘caveolae signalling
hypothesis’, by which caveolae were suggested to play a central
role in orchestrating signal transduction, and caveolin-1 was con-
sidered essential both to caveolae structure and function [3, 18,
53, 60]. Insights gained from knockout mice, unequivocally
demonstrated the importance of caveolin-1 (and caveolin-3) in
caveolae formation [9, 10, 12, 24]. Quite unexpectedly, however,

© 2008 The Authors

the animals are viable and fertile. Thus, while the structural role of
caveolin-1 became immediately apparent from the knockout
mouse studies, conclusions with respect to the role of caveolin-1
in signal transduction were less clear.

Perhaps the clearest, generally accepted, exception in this
respect is the endothelial isoform of nitric oxide synthase (eNOS).
Caveolin-1 presence inhibits eNOS in vitro and in vivo, most likely
via direct interaction, and in knockout mice eNOS activity is elevat-
ed and associated with vascular defects [9, 10]. Additional exam-
ples underscoring the role of caveolin-1 as a regulator of cell sig-
nalling do exist. For instance, caveolin-1 knockout mice display a
premature lactation phenotype that is attributed to hyperactivation
of the Jak2/STAT5a signalling pathway due to reduced Jak2 tyrosine
kinase inhibition via interaction with caveolin-1 [137]. Moreover,
increased activity of the MAPK/ERK signalling pathway is associat-
ed with neointimal hyperplasia, cardiac hypertrophy and increased
sensitivity to carcinogens, while enhanced proliferation of intestinal
crypts cells is linked to alterations in Wnt/g-catenin signalling. A
more extensive summary of connections between observed pheno-
types and possible mechanisms is provided elsewhere [138]. Thus,
despite the relatively mild phenotypes detected, knockout mice do
display physiologically significant deficiencies. Presumably, the
conjunction of effects contributes to the reduced ability of these
mice to respond to specific stress situations and, as a consequence,
a significant reduction in lifespan is observed [9, 10, 139, 140].

Following the isolation and characterization of caveolae, it
quickly became apparent that caveolin-1 not only co-fractionated
(and in some cases co-localized) with many signal transduction
proteins, such as EGF receptor, PDGF receptor, insulin receptor,
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src family kinases, PKCs, H-Ras, Raf kinase, 14-3-3 proteins,
ERKs, eNOS, Shc, Grb2, mSOS1 and Nck, to mention a few [60],
but also inhibited the catalytic activity of a considerable number,
including the EGF receptor, PKCw, eNOS, and src family kinases
via interaction between the CSD and a CBD located within the tar-
get protein. Since the interaction between caveolin-1 and target
proteins is often inhibitory and many of the target proteins are
important in cell proliferation, caveolin-1 was suggested to repre-
sent a negative regulator of proliferation and survival, giving rising
to the ‘oncosuppressor hypothesis’ [18, 60]. Entirely consistent
with this interpretation, oncogene-mediated cell transformation
coincides with loss of caveolin-1 expression and re-expression of
caveolin-1 in transformed cells is sufficient to revert the trans-
formed phenotype [141, 142]. In addition, targeted down-regula-
tion of caveolin-1 leads to hyper-activation of p42/44 MAP kinase
and cell transformation [117]. Furthermore, caveolin-1 inhibits
signalling via the B-catenin/Tcf-Lef pathway [143, 144], promotes
cell cycle arrest via a p53/p21"CP _gependent mechanism
[145] and favours premature cell senescence [146, 147].

Alternative mechanisms of caveolin-1-mediated
control in signalling

The aforementioned view of caveolin-1-mediated control in sig-
nalling was based on observations linking binding to subsequent
inhibition of target protein function. Most of the initial interactions
described occurred via the CSD in caveolin-1 and the CBD found
in the respective target protein (see text above, [18, 23]). However,
a considerable number of additional modes of action exist for
caveolin-1: (1) Association between caveolin-1 and target proteins
needs neither to involve the scaffolding domain nor be direct. (2)
The presence of caveolin-1 quite often promotes signalling events.
This is particularly apparent where, for instance, caveolin-1 phos-
phorylation is involved (see insulin and integrin signalling, Fig.
1B). Also, caveolin/caveolae are implicated in a variety of aspects
concerning calcium signalling and handling [148-153]. (3) The
ability of caveolin-1 to modulate cholesterol transport and distri-
bution in cells and as a consequence signalling was already men-
tioned briefly (see section, Caveolin-1 and cholesterol). The
remaining discussion in this section will focus on the first two
aspects listed here.

Control of transcription

Work from a number of independent research groups has impli-
cated caveolin-1 as a negative regulator of B-catenin-Tcf/Lef-
dependent transcription [143, 144, 154]. Association between
caveolin-1 and B-catenin was initially observed in different cell
systems [144]. Furthermore, caveolin-1 expression and intracellu-
lar distribution depend on cell-cell adhesion in a manner similar
to B-catenin [116, 117]. Although it remains unclear whether the
interaction between caveolin-1 and B-catenin is direct or indirect,
recruitment of 3-catenin to caveolae and/or caveolin-1-containing
protein complexes at the cell surface is thought to preclude
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B-catenin Tcf/Lef-dependent transcription of target genes [143,
144]. The first target gene found to be controlled in this manner
was cyclin D1 [155]. Caveolin-1 was suggested to promote cell
cycle arrest in Go/G1 and decrease the number of cells in S phase
by decreasing cyclin D1 expression [145, 155]. More recently, the
inhibitor of apoptosis (IAP) protein survivin was also shown to be
down-regulated by caveolin-1 in a -catenin-Tcf/Lef-dependent man-
ner [143] that appears to depend on the expression of E-cadherin
[156]. Reduction of survivin expression provides an explanation for
several alterations caused by the presence of caveolin-1, including a
decrease in the number of cells in Go/M and an increment in the sus-
ceptibility to apoptosis [143].

Alternatively, Hunter et al. showed that EGF-induced epithelial
to mesenchymal transition (EMT) in A431 human epidermoid car-
cinoma cells involved down-regulation of caveolin-1 and E-cad-
herin, and as a consequence enhanced Tcf/Lef-dependent
transcription via a GSK3pB-independent pathway. Importantly,
E-cadherin expression was augmented by the presence of cave-
olin-1 [154, 157]. The expression of E-cadherin is reportedly
inhibited by B-catenin dependent mechanisms and by the repres-
sor snail [158-160]. Consistent with the notion that caveolin-1
presence can promote E-cadherin expression, caveolin-1 inhibits
-catenin-mediated transcription as well as the expression of snail
[154]. Interestingly, caveolin-1 also precludes EMT by promoting
membrane localization of E-cadherin and stabilizing adherens
junctions via inhibition of src [161].

In this respect, it is worth noting that the regulation of
B-catenin-dependent transcription by caveolin-1 is likely to be
relevant in human cancers, especially those where B-catenin-
dependent transcription is altered, such as colon cancer ([162]; see
Fig. 2). Caveolin-1 expression is down-regulated both in colon
tumour mucosa and stroma when compared to samples of normal
tissue from the same patients. Furthermore, caveolin-1 levels were
found to be extremely low in a number of different colon carcino-
ma cell lines and re-expression of caveolin-1 was sufficient to block
tumour formation of colon carcinoma cells in nude mice [50, 163].
Also, the re-expression of caveolin-1 in the breast cancer cell lines
MCF7 and ZR75 is sufficient to reduce proliferation and promote
apoptosis, possibly by a mechanism involving down-regulation of
survivin [143]. Consistent with these observations, the absence of
caveolin-1 in vivo in knockout mice leads to hyper-proliferation and
enhanced B-catenin-Tcf/Lef signalling in both, intestinal crypts and
mammary gland stem cells [164, 165].

Other modes of control
Unlike the above cases, caveolin-1-mediated inhibition of iNOS
involves enhanced degradation of this protein via the proteasome
pathway. Caveolin-1 recruits iINOS to detergent-insoluble
microdomains, presumably through an interaction that requires
the segment 101-135 of caveolin-1, a region that may harbour a
putative WW-like domain. Components of the proteasome com-
plex were also found in these microdomains [51, 52].

Alternative modes of action involve phosphorylation of cave-
olin-1 on Tyr14 by src-family kinases. Subsequent recruitment of
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cytosolic COOH-terminal src kinase (Csk) to caveolin-1 then pro-
motes inactivation of src kinases [166, 167]. Phosphorylation of
caveolin-1 on Tyr-14 is observed in response to insulin stimulation
[36-38], as well as in response to extracellular stimuli, such as
ultraviolet irradiation, H202 and hyperosmolarity. Thus, phospho-
rylation of caveolin-1 at this site may represent an important ele-
ment in cellular stress responses [46, 167]. Interestingly, phos-
phorylation of caveolin-1 on Tyr-14 promotes anchorage-inde-
pendent growth and cell migration via a Grb7-dependent mecha-
nism [39]. Furthermore, src-dependent phosphorylation of cave-
olin-1 augments its association with type-I matrix metallopro-
teinase [168]. Alternatively, however, phosphorylation at this site
is considered to be a crucial event in integrin-regulated membrane
microdomain internalization [84, 169], as well as EGF-induced
caveolae formation [40].

Cell proliferation

Earlier work by Lisanti and collaborators showed that caveolin-1
modulated the expression of cyclin D1 via a transcriptional mech-
anism involving the Wnt-B-catenin-Tcf/Lef [144, 155].
Subsequent studies in fibroblasts indicated that expression of
caveolin-1 inhibited cell proliferation by arresting cells in the Go/G1
phase of the cell cycle and decreasing the S phase population.
These chan1ges were mediated by a mechanism dependent on
p53/p21WAF fCIP1 [145]. Moreover, expression of caveolin-1 in pri-
mary fibroblast cultures promoted a senescent cell phenotype via
p53/p21 and, conversely, induction of senescence in cells
increased endogenous caveolin-1 levels [146]. Interestingly,
combined loss of caveolin-1 and the tumour suppressor INK4 in
mouse embryonic fibroblasts led to enhanced proliferation via
changes in the cell cycle that are accompanied by increased cyclin
D1 and PCNA levels, down-regulation of p21 WAFI/CIPT - and
enhanced p42/44 MAP kinase signalling [170].

Although initial data restricted caveolin-1-mediated control of
the cell cycle to the Go/G1 and S phases, more recent evidence
indicates that caveolin-1 expression also reduces the number of
cells in Go/M while augmenting the sub Go/G1, apoptotic popula-
tion. These alterations were associated with changes in survivin,
rather than cyclin D1 expression [143]. In support of the notion
that caveolin-1 modulates passage through the Go/M checkpoint,
the chemotherapeutic drug, taxol, was shown to induce caveolin-
1 accumulation and Go/M arrest in A549 lung cancer cells before
these cells commit to cell death [171].

In summary, both inhibition of cyclin D1 and survivin expres-
sion reduce cell proliferation. The extent to which one or the other
of these two mechanisms is operational downstream of caveolin-
1 appears to depend on the cellular context [143]. This conclusion
is further sustained by the fact that caveolin-1 presence is also
associated with enhanced cell cycle progression in hormone-
dependent breast cancer cells stimulated with a progesterone ana-
logue [42]. The precise mechanisms that explain such differential
responsiveness to caveolin-1 presence remain to be defined
(see Fig. 1).
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Cell death and apoptosis

Although a considerable body of evidence supports the notion that
caveolin-1 sensitizes, predisposes or directly promotes cell death
(mainly apoptosis), some reports suggest an opposite situation.
Initial studies showed that caveolin-1 expression sensitizes NIH3T3
fibroblasts and T24 bladder carcinoma cells to staurosporine-
induced apoptosis, as assessed by DNA fragmentation, focal adhe-
sion kinase cleavage and changes in nuclear and plasma membrane
morphology [119]. In a correlative study, treatment of macrophages
with several pro-apoptotic agents or glucose deprivation promoted
cell death and increased caveolin-1 at the cell surface, where it co-
localized with annexin [172]. In vascular smooth muscle cells, the
presence of caveolin-1 ‘switched’ the effect of PDGF from a prolif-
erative to a pro-apoptotic signal by down-regulating cyclin D1 and
increasing caspase-9 cleavage [173].

Intriguingly, two independent studies showed that caveolin-1
sensitizes L929 fibrosarcoma, HEK293T and Hela cells to differ-
ent cytotoxic insults, such as TNFa, H202, staurosporine and
arsenite via activation of the PI3K/Akt pathway [174, 175].
Caveolin-1-mediated activation of Akt was associated with
reduced ceramide synthesis [175]. This observation is controver-
sial, given that caveolin-1 reportedly promotes ceramide-mediat-
ed cell death via inhibition of the PI3K/Akt pathway [176].
Furthermore, cells lacking endogenous caveolin-1 are resistant to
apoptosis and, in this case, inhibition of the PI3K/Akt pathway
promotes apoptosis [119].

Although apoptosis appears to be the predominant mode of
cell death promoted by caveolin-1 presence, the mechanisms
underlying these events are still not well defined. Caveolin-1 has
been shown to promote caspase-3 activation [119] and data from
our laboratory implicated caspase-9, but not caspase-8, as
assessed by caspase-9 cleavage and selective inhibition of apop-
tosis using z-LEHD-fmk (Torres and Quest, unpublished data).
Also caveolin-1 tyrosine phosphorylation was recently shown to
sensitize MCF7 breast cancer cells to paclitaxel-induced apoptosis
by inactivating Bcl2 and increasing mitochondrial permeability
[177]. Taken together, these results suggest that caveolin-1 pro-
motes activation of the intrinsic cell death pathway. Indeed, cell
cycle changes and apoptosis induced by caveolin-1 expression
are prevented by ectopic expression of survivin [143] as might be
expected given that survivin inhibits the intrinsic apoptosis path-
way and ‘default’ apoptosis at the Go/M checkpoint of the cell
cycle [178].

Caveolin-1 in cancer

Cancer is a multi-factorial process that involves loss of a cell’s
ability to respond to cues provided by the microenvironment in an
appropriate fashion. During tumorigenesis, different mechanisms
contribute to development of ‘acquired capacities’ that explain
such autonomous behaviour [179]. The underlying molecular
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changes are brought about by both genetic mutations and epige-
netic mechanisms. According to whether changes involve a ‘gain
of function’ or a ‘loss of function’, the molecules are classified as
either oncogenes or tumour suppressors. Interestingly, however,
caveolin-1 appears to belong to a very select group of proteins
that displays both characteristics. Whether caveolin-1 acts to pre-
vent or promote tumour development appears to depend on the
cellular context. In the following paragraphs, evidence indicating
that caveolin-1 displays traits consistent with a role as a tumour
suppressor and/or tumour promotor is summarized.

The tumour suppressor hypothesis

In the past 10-15 years, a large amount of data have accumu-
lated associating changes in caveolin with the process of cell
transformation and indicating that caveolin-1 functions as a
tumour suppressor. Caveolin-1 was first described as a highly
tyrosine phosphorylated substrate in Rous sarcoma virus-trans-
formed fibroblasts suggesting a role for the protein in the trans-
formation process [34, 35]. Later on, caveolin-1 mRNA and
protein levels were shown to be down-regulated in oncogene-
transformed fibroblasts in culture [141] and re-expression of
caveolin-1 was sufficient to revert the transformed phenotype
and prevent anchorage independent growth of these cells [142].
In addition, caveolin-1 down-regulation using antisense oligos
is sufficient to drive NIH3T3 cell transformation [117]. These
results indicate that loss of caveolin-1 is necessary and suffi-
cient to promote cell transformation, at least in some cell lines,
supporting the notion that it functions as a tumour suppressor
[18, 60]. Indeed, caveolin-1 expression is reduced in several
human tumours, including lung [66, 180, 181], mammary
[182], colon [50, 163] and ovarian carcinomas [183] and sarco-
mas [184], as well as osteosarcomas [185] and re-expression
of caveolin-1 often, but not always (see [121, 186-190] and fol-
lowing section) results in reversal of characteristics associated
with the transformed phenotype. Consistent with these results,
lung hyperplasia, predisposition to mammary as well as car-
cinogen-induced skin hyperplasia or tumour formation and
enhanced angiogenesis are observed in caveolin-1 knockout
mice [9, 10, 118, 191-193]. In view of the fact that elimination
of caveolin-1 expression per se does not increase the sponta-
neous incidence rate of tumour formation in vivo in knockout
mice, but rather promotes susceptibility to tumour formation in
response to additional insult(s), it may be more appropriate to
consider caveolin-1 as a ‘tumour susceptibility’ rather than a
tumour suppressor gene.

Also, evidence to the contrary is available. For instance,
absence of caveolin-1 expression in primary mammary tumours
and tumour-derived cell lines was linked to absence of the protein
in primary ductal epithelial cells rather than suppression of
expression via promotor methylation [194]. Additionally,
hematopoietic cells that normally do not express caveolin-1 have
been shown to augment caveolin-1 levels in certain states of cell
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activation and it has been suggested that the caveolin-1 expression
may serve as a useful marker for the diagnosis of advanced T-cell
leukemia [195]. Related aspects are discussed in the following
section.

Caveolin-1 in multi-drug resistance
and metastasis

Despite the extensive list of evidence favouring the role of cave-
olin-1 as a tumour suppressor, data are also available in the lit-
erature supporting an alternative, even opposite view of cave-
olin-1 as a protein that promotes more aggressive traits in
tumour cells, such as metastasis and multi-drug resistance. In
normal prostate tissue caveolin-1 is absent, but expression
increases upon tumour formation in mouse models and human
patients [121] and caveolin-1 presence promotes tumour growth
[186] and metastasis of prostate cancer cells via an
autocrine/paracrine mechanism [188, 189]. In patients, cave-
olin-1 presence is associated with angiogenesis, aggressive can-
cer recurrence, elevated metastasis of prostate tumours and
poorer patient prognosis [121, 187, 190].

One might argue that such aberrant behaviour of caveolin-1 in
the case of prostate (and T cell leukaemia cell lines, see [195])
could be linked to the fact that the protein is not expressed in nor-
mal tissue. However, a wealth of data is accumulating indicating
that even in tissues where tumour formation is associated with an
initial loss of caveolin-1, re-expression of the protein at later
stages of tumour development correlates with more malignant
tumour characteristics (see Fig. 2). Specifically, in colon cancer
cells selected for resistance to methotrexate (HT29-5M21 or
M12) or with higher metastatic potential (Lovo E2 versus
LovoEb), caveolin-1 levels are elevated with respect to those
detected in the wild-type cells [163]. Furthermore, HT29(US)
cells, which were obtained from secondary metastasis after injec-
tion into nude mice of primary tumour-derived HT29 cells,
showed increased endogenous caveolin-1 when compared to the
parental HT29 cells (Bender and Quest, unpublished data).
Likewise, caveolin-1 expression is increased in multi-drug resist-
ant MCF7 breast cancer cells [196, 197] and caveolin-1 expres-
sion in these cells promotes anchorage-independent survival by
preventing anoikis [198, 199]. In breast carcinomas, caveolin-1
overexpression has also been associated with metastasis and
poor patient prognosis [200]. Likewise, others detected caveolin-
1 in myoepithelial cells, endothelial cells and a subset of fibrob-
lasts, but not in luminal epithelial cells (see also [194]). Rather
caveolin-1 staining was readily detected in metaplastic breast
cancers and to a lesser extent in invasive breast cancers. In the
latter case, caveolin-1 expression was associated with reduced
patient survival. These results questioned the role of caveolin-1
as a tumour suppressor in basal-like breast carcinomas [201].
Similarly, in patients with non-small cell lung cancer and
esophageal squamous cell carcinoma increased expression of
caveolin-1 correlates with poor patient prognosis [202, 203].
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Furthermore, reduction in caveolin-1 expression was observed
at the mRNA and protein level for neoplastic mucosa samples
from patients with gastric cancer and caveolin-1 expression was
low in cell lines derived from primary tumours. Interestingly, how-
ever, caveolin-1 expression increased in cell lines derived from
distant metastases, suggesting that stage-dependent fluctuations
in caveolin-1 expression (initial suppression followed by re-
expression at later stages, see Fig. 2) may contribute to the patho-
genesis of gastric cancer [204].

Interestingly, caveolin-1 is associated with polarized distribu-
tion of cell signalling components and caveolin-1 is required for
cell polarization and migration in two and three dimensions
[148, 205, 206]. Consistent with a role for caveolin-1 in migra-
tion, re-expression of caveolin-1 in lung adenocarcinoma cells is
sufficient to promote filopodia formation, cell migration and
metastatic potential of these cells [66]. Furthermore, phosphory-
lation of caveolin-1 on tyrosine favours cell migration and
anchorage-independent growth via the adaptor protein Grb7
[39]. Also, caveolin-1 favours directional migration and cell
polarization via intermediate filament binding [207], as well as a
mechanism involving src kinase and Rho GTPases [208].
Alternatively, however, overexpression of caveolin-1 in osteosar-
comas abolishes the metastatic ability of these cells by reducing
activity of c-src and c-met [185].

In summary, some data indicate that caveolin-1 functions as
a tumour suppressor; however, there are equally convincing data
associating the presence of caveolin-1 with more aggressive
tumour phenotypes even in cells derived from tumours where
loss of caveolin-1 is thought to represent an early event in the
transition towards a tumour cell (Fig. 2). A possible explanation
for these discrepancies is that caveolin-1 functions as a tumour
suppressor in systems where negative signalling events down-
stream of caveolin-1 prevail (Fig. 1A). Alternatively, positive
caveolin-1-mediated signalling is likely to be more important in
those cases where presence of the protein is associated with
more aggressive tumour behaviour (Fig. 1B). Perhaps, one way
to resolve the above dilemma is by defining caveolin-1 as a
‘conditional tumour suppressor’ protein.

In this respect, the recent discovery that caveolin-1 requires
presence of E-cadherin in cells to display characteristics associat-
ed with its role as a tumour suppressor, is of considerable interest
[156]. Specifically, caveolin-1 was shown to inhibit B-catenin-
Tcf/Lef-dependent transcription of genes associated with cell
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transformation, like survivin, only when E-cadherin is expressed.
Therefore, it is tempting to propose as a working model that cave-
olin-1 effects in a given cancer cell depends on the ‘transformation
status’. In primary cancer cells, where E-cadherin is often still
expressed, caveolin-1 exerts its anti-proliferative and pro-apoptot-
ic properties, but in highly metastatic cells from colon or
melanoma, this ability is lost [156]. Although we still do not know
to what extent the absence of E-cadherin modulates other func-
tions of caveolin-1, loss of E-cadherin is frequently associated with
metastasis of tumour cells and thus represents an interesting can-
didate protein to begin to understand how alterations in cellular
‘context’ contribute to this dramatic switch in caveolin-1 function.

Concluding remarks

From the onset, caveolin-1 was ascribed a role in processes lead-
ing to cell transformation. Despite the plethora of pathways that
have been identified since then linking caveolin-1 function to can-
cer, the precise role of this protein remains unclear. Specifically,
caveolin-1 triggers signalling events that are consistent with a
role both as a tumour suppressor or as a tumour promotor (Fig.
1). Thus, while it is clear that caveolin-1 function in tumour cells
depends on the cellular context, the precise molecular determi-
nants that define how one set of characteristics prevails over the
other remain essentially undefined. A crucial issue that needs to
be addressed is to define the cellular changes that occur during
tumour progression responsible for converting a restrictive cell
environment in which caveolin-1 functions as a tumour suppres-
sor to a permissive cell environment where caveolin-1 presence
is associated with malignant tumour cell behaviour (Fig. 2). In
this respect, the recent discovery that E-cadherin is required for
caveolin-1 to inhibit 3-catenin/Tcf-Lef-dependent transcription of
the inhibitor of apoptosis protein survivin is likely to represent a
helpful advance in the field.

Acknowledgements

Work from this laboratory was supported by the following awards: FONDAP
15010006 (to AFGQ) as well as CONICYT PhD fellowships (to VAT and JLG-P).

bladder epithelium of the mouse. J
Biophys Biochem Cytol. 1955; 1: 445-58.
Palade GE. Fine structure of blood capil-
laries. J Appl Phys. 1953; 24: 1424.
Anderson RG. The caveolae membrane
system. Annu Rev Biochem. 1998; 67:
199-225.

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Brown DA, London E. Functions of lipid 6.

rafts in biological membranes. Annu Rev
Cell Dev Biol. 1998; 14: 111-36.

Brown DA, Rose JK. Sorting of GPI-
anchored proteins to glycolipid-enriched
membrane subdomains during transport
to the apical cell surface. Cell. 1992; 68:
533-44.

Pike LJ. Rafts defined: a report on the
Keystone Symposium on Lipid Rafts and Cell
Function. J Lipid Res. 2006; 47: 1597-8.

7. Brown DA. Seeing is believing: visualiza-
tion of rafts in model membranes. Proc
Natl Acad Sci USA. 2001; 98: 10517-8.

8. Bacia K, Schwille P, Kurzchalia T. Sterol

structure determines the separation of

1143



10.

1.

12.

13.

14,

15.

16.

17.

18.

19.

1144

phases and the curvature of the liquid-
ordered phase in model membranes. Proc
Natl Acad Sci USA. 2005; 102: 3272-7.
Razani B, Engelman JA, Wang XB,
Schubert W, Zhang XL, Marks CB,
Macaluso F, Russell RG, Li M, Pestell
RG, Di Vizio D, Hou H Jr, Kneitz B,
Lagaud G, Christ GJ, Edelmann W,
Lisanti MP. Caveolin-1 null mice are viable
but show evidence of hyperproliferative
and vascular abnormalities. J Biol Chem.
2001; 276: 38121-38.

Drab M, Verkade P, Elger M, Kasper M,
Lohn M, Lauterbach B, Menne J,
Lindschau C, Mende F, Luft FC, SchedI A,
Haller H, Kurzchalia TV. Loss of caveolae,
vascular dysfunction, and pulmonary
defects in caveolin-1 gene-disrupted mice.
Science. 2001; 293: 2449-52.

Minetti C, Bado M, Broda P, Sotgia F,
Bruno C, Galbiati F, Volonte D, Lucania
G, Pavan A, Bonilla E, Lisanti MP,
Cordone G. Impairment of caveolae for-
mation and T-system disorganization in
human muscular dystrophy with cave-
olin-3 deficiency. Am J Pathol. 2002; 160:
265-70.

Park DS, Woodman SE, Schubert W,
Cohen AW, Frank PG, Chandra M, Shirani
J, Razani B, Tang B, Jelicks LA, Factor
SM, Weiss LM, Tanowitz HB, Lisanti MP.
Caveolin-1/3 double-knockout mice are
viable, but lack both muscle and non-mus-
cle caveolae, and develop a severe car-
diomyopathic phenotype. Am J Pathol.
2002; 160: 2207-17.

Pelkmans L, Zerial M. Kinase-regulated
quantal assemblies and kiss-and-run recy-
cling of caveolae. Nature. 2005; 436:
128-33.

Parton RG, Hanzal-Bayer M, Hancock JF.
Biogenesis of caveolae: a structural model
for caveolin-induced domain formation. J
Cell Sci. 2006; 119: 787-96.

Nabi IR, Le PU. Caveolae/raft-dependent
endocytosis. J Cell Biol. 2003; 161: 673-7.
Parton RG, Simons K. The multiple faces
of caveolae. Nat Rev Mol Cell Biol. 2007; 8:
185-94.

Williams TM, Lisanti MP. The caveolin
proteins. Genome Biol. 2004; 5: 214.
Okamoto T, Schlegel A, Scherer PE,
Lisanti MP. Caveolins, a family of scaffold-
ing proteins for organizing ‘preassembled
signaling complexes’ at the plasma mem-
brane. J Biol Chem. 1998; 273: 5419-22.
Razani B, Schlegel A, Lisanti MP.
Caveolin proteins in signaling, oncogenic
transformation and muscular dystrophy. J
Cell Sci. 2000; 113: 2103-9.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Tang Z, Scherer PE, Okamoto T, Song K,
Chu C, Kohtz DS, Nishimoto I, Lodish HF,
Lisanti MP. Molecular cloning of caveolin-
3, a novel member of the caveolin gene
family expressed predominantly in muscle.
J Biol Chem. 1996; 271: 2255-61.

Silva WI, Maldonado HM, Velazquez G,
Rubio-Davila M, Miranda JD, Aquino E,
Mayol N, Cruz-Torres A, Jardon J,
Salgado-Villanueva IK. Caveolin isoform
expression during differentiation of C6
glioma cells. Int J Dev Neurosci. 2005; 23:
599-612.

Razani B, Wang XB, Engelman JA,
Battista M, Lagaud G, Zhang XL, Kneitz
B, Hou H, Jr, Christ GJ, Edelmann W,
Lisanti MP. Caveolin-2-deficient mice
show evidence of severe pulmonary dys-
function without disruption of caveolae.
Mol Cell Biol. 2002; 22: 2329-44.

Razani B, Woodman SE, Lisanti MP.
Caveolae: from cell biology to animal phys-
iology. Pharmacol Rev. 2002; 54: 431-67.
Galbiati F, Engelman JA, Volonte D,
Zhang XL, Minetti C, Li M, Hou H Jr,
Kneitz B, Edelmann W, Lisanti MP.
Caveolin-3 null mice show a loss of caveo-
lae, changes in the microdomain distribu-
tion of the dystrophin-glycoprotein com-
plex, and t-tubule abnormalities. J Biol
Chem. 2001; 276: 21425-33.

Quest AF, Leyton L, Parraga M.
Caveolins, caveolae, and lipid rafts in cellu-
lar transport, signaling, and disease.
Biochem Cell Biol. 2004; 82: 129-44.

Liu L, Pilch PF. A critical role of cavin
(polymerase | and transcript release fac-
tor) in caveolae formation and organiza-
tion. J Biol Chem. 2008; 283: 4314-22.
Hill MM, Bastiani M, Luetterforst R,
Kirkham M, Kirkham A, Nixon SJ, Walser
P, Abankwa D, Oorschot VM, Martin S,
Hancock JF, Parton RG. PTRF-Cavin, a
conserved cytoplasmic protein required
for caveola formation and function. Cell.
2008; 132: 113-24.

Kogo H, Aiba T, Fujimoto T. Cell type-spe-
cific occurrence of caveolin-1alpha and -
1beta in the lung caused by expression of
distinct mRNAs. J Biol Chem. 2004; 279:
25574-81.

Kogo H, Fujimoto T. Caveolin-1 isoforms
are encoded by distinct mRNAs.
Identification Of mouse caveolin-1 mRNA
variants caused by alternative transcription
initiation and splicing. FEBS Lett. 2000;
465: 119-23.

Scherer PE, Tang Z, Chun M, Sargiacomo
M, Lodish HF, Lisanti MP. Caveolin iso-
forms differ in their N-terminal protein

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

sequence and subcellular distribution.
Identification and epitope mapping of an

isoform-specific monoclonal antibody
probe. J Biol Chem. 1995; 270:
16395-401.

Fujimoto T, Kogo H, Nomura R, Une T.
Isoforms of caveolin-1 and caveolar struc-
ture. J Cell Sci. 2000; 113: 3509-17.
Fang PK, Solomon KR, Zhuang L, Qi M,
McKee M, Freeman MR, Yelick PC.
Caveolin-1alpha and -1beta perform
nonredundant roles in early vertebrate
development. Am J Pathol. 2006; 169:
2209-22.

Glenney JR Jr. Tyrosine phosphorylation
of a 22-kDa protein is correlated with
transformation by Rous sarcoma virus. J
Biol Chem. 1989; 264: 20163-6.

Glenney JR Jr, Soppet D. Sequence and
expression of caveolin, a protein compo-
nent of caveolae plasma membrane
domains phosphorylated on tyrosine in
Rous sarcoma virus-transformed fibrob-
lasts. Proc Natl Acad Sci USA. 1992; 89:
10517-21.

Glenney JR Jr, Zokas L. Novel tyrosine
kinase substrates from Rous sarcoma
virus-transformed cells are present in the
membrane skeleton. J Cell Biol. 1989; 108:
2401-8.

Mastick CC, Saltiel AR. Insulin-stimulated
tyrosine phosphorylation of caveolin is
specific for the differentiated adipocyte
phenotype in 3T3-L1 cells. J Biol Chem.
1997; 272: 20706-14.

Kimura A, Mora S, Shigematsu S, Pessin
JE, Saltiel AR. The insulin receptor cat-
alyzes the tyrosine phosphorylation of cave-
olin-1. J Biol Chem. 2002; 277: 30153-8.
Mastick CC, Brady MJ, Saltiel AR.
Insulin stimulates the tyrosine phospho-
rylation of caveolin. J Cell Biol. 1995;
129: 1523-31.

Lee H, Volonte D, Galbiati F, lyengar P,
Lublin DM, Bregman DB, Wilson MT,
Campos-Gonzalez R, Bouzahzah B,
Pestell RG, Scherer PE, Lisanti MP.
Constitutive and growth factor-regulated
phosphorylation of caveolin-1 occurs at
the same site (Tyr-14) in vivo : identifica-
tion of a c-Src/Cav-1/Grb7 signaling cas-
sette. Mol Endocrinol. 2000; 14: 1750-75.
Orlichenko L, Huang B, Krueger E,
McNiven MA. Epithelial growth factor-
induced phosphorylation of caveolin 1 at
tyrosine 14 stimulates caveolae formation
in epithelial cells. J Biol Chem. 2006; 281:
4570-9.

Fielding PE, Chau P, Liu D, Spencer TA,
Fielding CJ. Mechanism of platelet-

© 2008 The Authors

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



42.

43.

44,

45.

46.

47.

48.

49.

50.

derived growth factor-dependent caveolin-
1 phosphorylation: relationship to sterol
binding and the role of serine-80.
Biochemistry. 2004; 43: 2578-86.
Salatino M, Beguelin W, Peters MG,
Carnevale R, Proietti CJ, Galigniana MD,
Vedoy CG, Schillaci R, Charreau EH,
Sogayar MC, Elizalde PV. Progestin-
induced caveolin-1 expression mediates
breast cancer cell proliferation. Oncogene.
2006; 25: 7723-39.

Radel C, Rizzo V. Integrin mechanotrans-
duction stimulates caveolin-1 phosphory-
lation and recruitment of Csk to mediate
actin reorganization. Am J Physiol Heart
Circ Physiol. 2005; 288: H936-45.
Sanguinetti AR, Mastick CC. c-Abl is
required for oxidative stress-induced
phosphorylation of caveolin-1 on tyrosine
14. Cell Signal. 2003; 15: 289-98.

Li S, Seitz R, Lisanti MP. Phosphorylation
of caveolin by src tyrosine kinases. The
alpha-isoform of caveolin is selectively
phosphorylated by v-Src in vivo. J Biol
Chem. 1996; 271: 3863-8.

Volonte D, Galbiati F, Pestell RG, Lisanti
MP. Cellular stress induces the tyrosine
phosphorylation of caveolin-1 (Tyr(14))
via activation of p38 mitogen-activated
protein kinase and c-Src kinase. Evidence
for caveolae, the actin cytoskeleton, and
focal adhesions as mechanical sensors of
osmotic stress. J Biol Chem. 2001; 276:
8094-103.

van Deurs B, Roepstorff K, Hommelgaard
AM, Sandvig K. Caveolae: anchored, mul-
tifunctional platforms in the lipid ocean.
Trends Cell Biol. 2003; 13: 92-100.

Tang Z, Okamoto T,
Boontrakulpoontawee P, Katada T,
Otsuka AJ, Lisanti MP. Identification,
sequence, and expression of an inverte-
brate caveolin gene family from the nema-
tode Caenorhabditis elegans. Implications
for the molecular evolution of mammalian
caveolin genes. J Biol Chem. 1997; 272:
2437-45.

Sotgia F, Lee JK, Das K, Bedford M,
Petrucci TC, Macioce P, Sargiacomo M,
Bricarelli FD, Minetti C, Sudol M, Lisanti
MP. Caveolin-3 directly interacts with the
C-terminal tail of beta -dystroglycan.
Identification of a central WW-like domain
within caveolin family members. J Biol
Chem. 2000; 275: 38048-58.

Bender F, Montoya M, Monardes V,
Leyton L, Quest AF. Caveolae and caveo-
lae-like membrane domains in cellular sig-
naling and disease: identification of down-
stream targets for the tumor suppressor

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

protein caveolin-1. Biol Res. 2002; 35:
151-67.

Felley-Bosco E, Bender F, Quest AF.
Caveolin-1-mediated post-transcriptional
regulation of inducible nitric oxide syn-
thase in human colon carcinoma cells.
Biol Res. 2002; 35: 169-76.

Felley-Bosco E, Bender FC, Courjault-
Gautier F, Bron C, Quest AF. Caveolin-1
down-regulates inducible nitric oxide syn-
thase via the proteasome pathway in
human colon carcinoma cells. Proc Nat/
Acad Sci U S A. 2000; 97: 14334-9.

Liu P, Rudick M, Anderson RG. Multiple
functions of caveolin-1. J Biol Chem. 2002;
277: 41295-8.

Machleidt T, Li WP, Liu P, Anderson RG.
Multiple domains in caveolin-1 control its
intracellular traffic. J Cell Biol. 2000; 148:
17-28.

Monier S, Dietzen DJ, Hastings WR,
Lublin DM, Kurzchalia TV. Oligomeri-
zation of VIP21-caveolin in vitro is
stabilized by long chain fatty acylation or
cholesterol. FEBS Lett. 1996; 388:
143-9.

Dietzen DJ, Hastings WR, Lublin DM.
Caveolin is palmitoylated on multiple cys-
teine residues. Palmitoylation is not nec-
essary for localization of caveolin to cave-
olae. J Biol Chem. 1995; 270: 6838-42.
Schlegel A, Lisanti MP. The caveolin triad:
caveolae biogenesis, cholesterol trafficking,
and signal transduction. Cytokine Growth
Factor Rev. 2001; 12: 41-51.

Sun XH, Flynn DC, Castranova V,
Millecchia LL, Beardsley AR, Liu J.
Identification of a novel domain at the N
terminus of caveolin-1 that controls rear
polarization of the protein and caveolae
formation. J Biol Chem. 2007; 282:
7232-41.

Cohen AW, Hnasko R, Schubert W,
Lisanti MP. Role of caveolae and caveolins
in health and disease. Physiol Rev. 2004;
84: 1341-79.

Smart EJ, Graf GA, McNiven MA, Sessa
WC, Engelman JA, Scherer PE, Okamoto
T, Lisanti MP. Caveolins, liquid-ordered
domains, and signal transduction. Mol
Cell Biol. 1999; 19: 7289-304.

Giancotti FG, Ruoslahti E. Integrin signal-
ing. Science. 1999; 285: 1028-32.

Wary KK, Mariotti A, Zurzolo C, Giancotti
FG. A requirement for caveolin-1 and
associated kinase Fyn in integrin signaling
and anchorage-dependent cell growth.
Cell. 1998; 94: 625-34.

Pelkmans L, Kartenbeck J, Helenius A.
Caveolar endocytosis of simian virus 40

J. Cell. Mol. Med. Vol 12, No 4, 2008

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

reveals a new two-step vesicular-transport
pathway to the ER. Nat Cell Biol. 2001; 3:
473-83.

Liu P, Li WP, Machleidt T, Anderson RG.
Identification of caveolin-1 in lipoprotein
particles secreted by exocrine cells. Nat Cell
Biol. 1999; 1: 369-75.

Li WP, Liu P, Pilcher BK, Anderson RG.
Cell-specific targeting of caveolin-1 to
caveolae, secretory vesicles, cytoplasm or
mitochondria. J Cell Sci. 2001; 114:
1397-408.

Ho CC, Huang PH, Huang HY, Chen YH,
Yang PC, Hsu SM. Up-regulated caveolin-
1 accentuates the metastasis capability of
lung adenocarcinoma by inducing filopo-
dia formation. Am J Pathol. 2002; 161:
1647-56.

Uittenbogaard A, Ying Y, Smart EJ.
Characterization of a cytosolic heat-shock
protein-caveolin  chaperone complex.
Involvement in cholesterol trafficking. J
Biol Chem. 1998; 273: 6525-32.

Cohen AW, Razani B, Schubert W,
Williams TM, Wang XB, lyengar P,
Brasaemle DL, Scherer PE, Lisanti MP.
Role of caveolin-1 in the modulation of
lipolysis and lipid droplet formation.
Diabetes. 2004; 53: 1261-70.

Le Lay S, Hajduch E, Lindsay MR, Le
Liepvre X, Thiele C, Ferre P, Parton RG,
Kurzchalia T, Simons K, Dugail I.
Cholesterol-induced caveolin targeting to
lipid droplets in adipocytes: a role for
caveolar endocytosis. Traffic. 2006; 7:
549-61.

Ostermeyer AG, Paci JM, Zeng Y,
Lublin DM, Munro S, Brown DA.
Accumulation of caveolin in the endo-
plasmic reticulum redirects the protein
to lipid storage droplets. J Cell Biol.
2001; 152: 1071-8.

van Meer G. Caveolin, cholesterol, and
lipid droplets? J Cell Biol. 2001; 152:
F29-34.

Sanna E, Miotti S, Mazzi M, De Santis G,
Canevari S, Tomassetti A. Binding of
nuclear caveolin-1 to promoter elements of
growth-associated genes in ovarian carcino-
ma cells. Exp Cell Res. 2007; 313: 1307-17.
Hill MM, Scherbakov N, Schiefermeier
N, Baran J, Hancock JF, Huber LA, Parton
RG, Parat MO. Reassessing the role of
phosphocaveolin-1 in cell adhesion and
migration. Traffic. 2007; 8: 1695-705.
Goldstein JL, Brown MS, Anderson RG,
Russell DW, Schneider WJ. Receptor-
mediated endocytosis: concepts emerging
from the LDL receptor system. Annu Rev
Cell Biol. 1985; 1: 1-39.

1145



75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

1146

Rothberg KG, Ying YS, Kolhouse JF,
Kamen BA, Anderson RG. The glycophos-
pholipid-linked folate receptor internalizes
folate without entering the clathrin-coated
pit endocytic pathway. J Cell Biol. 1990;
110: 637-49.

Anderson RG, Kamen BA, Rothberg KG,
Lacey SW. Potocytosis: sequestration and
transport of small molecules by caveolae.
Science. 1992; 255: 410-1.

Tuma PL, Hubbard AL. Transcytosis:
crossing cellular barriers. Physiol Rev.
2003; 83: 871-932.

Stan RV. Structure and function of
endothelial caveolae. Microsc Res Tech.
2002; 57: 350-64.

Shin JS, Abraham SN. Co-option of endo-
cytic functions of cellular caveolae by
pathogens. Immunology. 2001; 102: 2—-7.
Fielding CJ, Fielding PE. Relationship
between cholesterol trafficking and signal-
ing in rafts and caveolae. Biochim Biophys
Acta. 2003; 1610: 219-28.

Shajahan AN, Timblin BK, Sandoval R,
Tiruppathi C, Malik AB, Minshall RD.
Role of Src-induced dynamin-2 phospho-
rylation in caveolae-mediated endocytosis
in endothelial cells. J Biol Chem. 2004;
279: 20392-400.

Schnitzer JE, Oh P, Mcintosh DP. Role of
GTP hydrolysis in fission of caveolae
directly from plasma membranes. Science.
1996; 274: 239-42.

Oh P, Mcintosh DP, Schnitzer JE.
Dynamin at the neck of caveolae mediates
their budding to form transport vesicles by
GTP-driven fission from the plasma mem-
brane of endothelium. J Cell Biol. 1998;
141:101-14.

del Pozo MA, Balasubramanian N,
Alderson NB, Kiosses WB, Grande-
Garcia A, Anderson RG, Schwartz MA.
Phospho-caveolin-1 mediates integrin-
regulated membrane domain internaliza-
tion. Nat Cell Biol. 2005; 7: 901-8.

Khan EM, Heidinger JM, Levy M, Lisanti
MP, Ravid T, Goldkorn T. Epidermal
growth factor receptor exposed to oxida-
tive stress undergoes Src- and caveolin-1-
dependent perinuclear trafficking. J Biol
Chem. 2006; 281: 14486-93.

Gonzalez E, Nagiel A, Lin AJ, Golan DE,
Michel T. Small interfering RNA-mediated
down-regulation of caveolin-1 differential-
ly modulates signaling pathways in
endothelial cells. J Biol Chem. 2004; 279:
40659-69.

Yamabhai M, Anderson RG. Second cys-
teine-rich region of epidermal growth fac-
tor receptor contains targeting information

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

for caveolae/rafts. J Biol Chem. 2002; 277:
24843-6.

Tagawa A, Mezzacasa A, Hayer A,
Longatti A, Pelkmans L, Helenius A.
Assembly and trafficking of caveolar
domains in the cell: caveolae as stable,
cargo-triggered, vesicular transporters. J
Cell Biol. 2005; 170: 769-79.

Pelkmans L, Puntener D, Helenius A.
Local actin polymerization and dynamin
recruitment in SV40-induced internaliza-
tion of caveolae. Science. 2002; 296:
535-9.

Damm EM, Pelkmans L, Kartenbeck J,
Mezzacasa A, Kurzchalia T, Helenius A.
Clathrin- and caveolin-1-independent
endocytosis: entry of simian virus 40 into
cells devoid of caveolae. J Cell Biol. 2005;
168: 477-88.

Kirkham M, Fujita A, Chadda R, Nixon
SJ, Kurzchalia TV, Sharma DK,
Pagano RE, Hancock JF, Mayor S,
Parton RG. Ultrastructural identifica-
tion of uncoated caveolin-independent
early endocytic vehicles. J Cell Biol.
2005; 168: 465-76.

Thomsen P, Roepstorff K, Stahlhut M,
van Deurs B. Caveolae are highly immo-
bile plasma membrane microdomains,
which are not involved in constitutive
endocytic trafficking. Mol Biol Cell. 2002;
13: 238-50.

Mundy DI, Machleidt T, Ying VYS,
Anderson RG, Bloom GS. Dual control of
caveolar membrane traffic by microtubules
and the actin cytoskeleton. J Cell Sci.
2002; 115: 4327-39.

Hommelgaard AM, Roepstorff K, Vilhardt
F, Torgersen ML, Sandvig K, van Deurs B.
Caveolae: stable membrane domains with
a potential for internalization. Traffic. 2005;
6: 720-4.

Lajoie P, Nabi IR. Regulation of raft-
dependent endocytosis. J Cell Mol Med.
2007; 11: 644-53.

Murata M, Peranen J, Schreiner R,
Wieland F, Kurzchalia TV, Simons K.
VIP21/caveolin is a cholesterol-binding
protein. Proc Natl Acad Sci USA. 1995; 92:
10339-43.

Fielding CJ, Fielding PE. Caveolae and
intracellular trafficking of cholesterol. Adv
Drug Deliv Rev. 2001; 49: 251-64.
Schlegel A, Arvan P, Lisanti MP.
Caveolin-1 binding to endoplasmic reticu-
lum membranes and entry into the regu-
lated secretory pathway are regulated by
serine phosphorylation. Protein sorting at
the level of the endoplasmic reticulum. J
Biol Chem. 2001; 276: 4398-408.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Pol A, Luetterforst R, Lindsay M, Heino
S, Ikonen E, Parton RG. A caveolin domi-
nant negative mutant associates with lipid
bodies and induces intracellular choles-
terol imbalance. J Cell Biol. 2001; 152:
1057-70.

Roy S, Luetterforst R, Harding A,
Apolloni A, Etheridge M, Stang E, Rolls
B, Hancock JF, Parton RG. Dominant-neg-
ative caveolin inhibits H-Ras function by
disrupting cholesterol-rich plasma mem-
brane domains. Nat Cell Biol. 1999; 1:
98-105.

Pike LJ. Growth factor receptors, lipid
rafts and caveolae: an evolving story.
Biochim Biophys Acta. 2005; 1746:
260-73.

Magee T, Pirinen N, Adler J, Pagakis SN,
Parmryd 1. Lipid rafts: cell surface plat-
forms for T cell signaling. Biol Res. 2002;
35:127-31.

Faroudi M, Zaru R, Favier B, Valitutti S.
New insights to the functional role of the
T cell-antigen presenting cell immuno-
logical synapse. Biol Res. 2002; 35:
133-7.

Leyton L, Quest AF. Supramolecular com-
plex formation in cell signaling and dis-
ease: an update on a recurrent theme in
cell life and death. Biol Res. 2004; 37:
29-43.

Leyton L, Quest AF. Introduction to
supramolecular complex formation in cell
signaling and disease. Biol Res. 2002; 35:
117-25.

Hayashi K, Matsuda S, Machida K,
Yamamoto T, Fukuda Y, Nimura Y,
Hayakawa T, Hamaguchi M. Invasion acti-
vating caveolin-1 mutation in human scir-
rhous breast cancers. Cancer Res. 2001;
61: 2361-4.

Lee H, Park DS, Razani B, Russell RG,
Pestell RG, Lisanti MP. Caveolin-1 muta-
tions (P132L and null) and the pathogene-
sis of breast cancer: caveolin-1 (P132L)
behaves in a dominant-negative manner
and caveolin-1 (/=) null mice show mam-
mary epithelial cell hyperplasia. Am J
Pathol. 2002; 161: 1357-69.

Li T, Sotgia F, Vuolo MA, Li M, Yang WC,
Pestell RG, Sparano JA, Lisanti MP.
Caveolin-1 mutations in human breast
cancer: functional association with estro-
gen receptor alpha-positive status. Am J
Pathol. 2006; 168: 1998-2013.

Forbes A, Wadehra M, Mareninov S,
Morales S, Shimazaki K, Gordon LK,
Braun J. The tetraspan protein EMP2 reg-
ulates expression of caveolin-1. J Biol
Chem. 2007; 282: 26542-51.

© 2008 The Authors

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



110.

111.

112.

113.

114,

115.

116.

117.

118.

119.

Chen ST, Lin SY, Yeh KT, Kuo SJ, Chan
WL, Chu YP, Chang JG. Mutational, epige-
netic and expressional analyses of cave-
olin-1 gene in breast cancers. Int J Mol
Med. 2004; 14: 577-82.

Engelman JA, Zhang XL, Lisanti MP.
Sequence and detailed organization of the
human caveolin-1 and -2 genes located
near the D7S522 locus (7g31.1).
Methylation of a CpG island in the 5’ pro-
moter region of the caveolin-1 gene in
human breast cancer cell lines. FEBS Lett.
1999; 448: 221-30.

Hirasawa Y, Arai M, Imazeki F, Tada M,
Mikata R, Fukai K, Miyazaki M, Ochiai T,
Saisho H, Yokosuka 0. Methylation status
of genes upregulated by demethylating
agent 5-aza-2’-deoxycytidine in hepatocel-
lular carcinoma. Oncology. 2006; 71:
77-85.

Lin SY, Yeh KT, Chen WT, Chen HC,
Chen ST, Chang JG. Promoter CpG
methylation of caveolin-1 in sporadic col-
orectal cancer. Anticancer Res. 2004; 24:
1645-50.

Sunaga N, Miyajima K, Suzuki M, Sato M,
White MA, Ramirez RD, Shay JW, Gazdar
AF, Minna JD. Different roles for caveolin-
1 in the development of non-small cell lung
cancer versus small cell lung cancer.
Cancer Res. 2004; 64: 4277-85.
Engelman JA, Zhang XL, Razani B,
Pestell RG, Lisanti MP. p42/44 MAP
kinase-dependent and -independent sig-
naling pathways regulate caveolin-1 gene
expression. Activation of Ras-MAP kinase
and protein kinase A signaling cascades
transcriptionally down-regulates caveolin-
1 promoter activity. J Biol Chem. 1999;
274: 32333-41.

Volonte D, Galbiati F, Lisanti MP.
Visualization of caveolin-1, a caveolar
marker protein, in living cells using green
fluorescent protein (GFP) chimeras. The
subcellular distribution of caveolin-1 is
modulated by cell-cell contact. FEBS Lett.
1999; 445: 431-9.

Galbiati F, Volonte D, Engelman JA,
Watanabe G, Burk R, Pestell RG, Lisanti
MP. Targeted downregulation of caveolin-1
is sufficient to drive cell transformation
and hyperactivate the p42/44 MAP kinase
cascade. EMBO J. 1998; 17: 6633-48.
Williams TM, Lisanti MP. Caveolin-1 in
oncogenic transformation, cancer, and
metastasis. Am J Physiol Cell Physiol.
2005; 288: C494-506.

Liu J, Lee P, Galbiati F, Kitsis RN, Lisanti
MP. Caveolin-1 expression sensitizes
fibroblastic and epithelial cells to apoptotic

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

stimulation. Am J Physiol Cell Physiol.
2001; 280: C823-35.

Xie Z, Zeng X, Waldman T, Glazer RI.
Transformation of mammary epithelial
cells by 3-phosphoinositide-dependent
protein kinase-1 activates beta-catenin and
c-Myc, and down-regulates caveolin-1.
Cancer Res. 2003; 63: 5370-5.

Yang G, Truong LD, Timme TL, Ren C,
Wheeler TM, Park SH, Nasu Y, Bangma
CH, Kattan MW, Scardino PT, Thompson
TC. Elevated expression of caveolin is
associated with prostate and breast can-
cer. Clin Cancer Res. 1998; 4: 1873-80.
van den Heuvel AP, Schulze A, Burgering
BM. Direct control of caveolin-1 expres-
sion by FOXO transcription factors.
Biochem J. 2005; 385: 795-802.
Chintharlapalli S, Smith R, 3rd, Samudio
I, Zhang W, Safe S. 1,1-Bis(3'-indolyl)-1-
(p-substitutedphenyl)methanes  induce
peroxisome proliferator-activated receptor
gamma-mediated growth inhibition, trans-
activation, and differentiation markers in
colon cancer cells. Cancer Res. 2004; 64:
5994-6001.

Bist A, Fielding CJ, Fielding PE. p53 reg-
ulates caveolin gene transcription, cell
cholesterol, and growth by a novel mecha-
nism. Biochemistry. 2000; 39: 1966-72.
Deregowski V, Delhalle S, Benoit V,
Bours V, Merville MP. Identification of
cytokine-induced nuclear factor-kappaB
target genes in ovarian and breast cancer
cells. Biochem Pharmacol. 2002; 64:
873-81.

Bist A, Fielding PE, Fielding CJ. Two
sterol regulatory element-like sequences
mediate up-regulation of caveolin gene
transcription in response to low density
lipoprotein free cholesterol. Proc Nat/
Acad Sci USA. 1997; 94: 10693-8.
Fielding CJ, Bist A, Fielding PE. Caveolin
mRNA levels are up-regulated by free cho-
lesterol and down-regulated by oxysterols
in fibroblast monolayers. Proc Natl Acad
Sci USA. 1997; 94: 3753-8.

Park DS, Razani B, Lasorella A,
Schreiber-Agus N, Pestell RG, lavarone
A, Lisanti MP. Evidence that Myc isoforms
transcriptionally repress caveolin-1 gene
expression via an INR-dependent mecha-
nism. Biochemistry. 2001; 40: 3354-62.
Timme TL, Goltsov A, Tahir S, Li L, Wang
J, Ren C, Johnston RN, Thompson TC.
Caveolin-1 is regulated by c-myc and sup-
presses  c-myc-induced  apoptosis.
Oncogene. 2000; 19: 3256-65.

Cao S, Fernandez-Zapico ME, Jin D, Puri
V, Cook TA, Lerman LO, Zhu XY, Urrutia

J. Cell. Mol. Med. Vol 12, No 4, 2008

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

R, Shah V. KLF11-mediated repression
antagonizes Sp1/sterol-responsive ele-
ment-binding protein-induced transcrip-
tional activation of caveolin-1 in response
to cholesterol signaling. J Biol Chem.
2005; 280: 1901-10.

Zschocke J, Manthey D, Bayatti N, van
der Burg B, Goodenough S, Behl C.
Estrogen receptor alpha-mediated silenc-
ing of caveolin gene expression in neu-
ronal cells. J Biol Chem. 2002; 277:
38772-80.

Sasai K, Kakumoto K, Hanafusa H, Akagi
T. The Ras-MAPK pathway downregulates
Caveolin-1 in rodent fibroblast but not in
human fibroblasts: implications in the
resistance to oncogene-mediated transfor-
mation. Oncogene. 2007; 26: 449-55.
Rothberg KG, Heuser JE, Donzell WC,
Ying YS, Glenney JR, Anderson RG.
Caveolin, a protein component of caveolae
membrane coats. Cell. 1992; 68: 673-82.
Dupree P, Parton RG, Raposo G,
Kurzchalia TV, Simons K. Caveolae and
sorting in the trans-Golgi network of epithe-
lial cells. EMBO J. 1993; 12: 1597-605.
Kurzchalia TV, Dupree P, Parton RG,
Kellner R, Virta H, Lehnert M, Simons K.
VIP21, a 21-kD membrane protein is an
integral component of trans-Golgi-net-
work-derived transport vesicles. J Cell
Biol. 1992; 118: 1003—14.

Galbiati F, Razani B, Lisanti MP.
Emerging themes in lipid rafts and caveo-
lae. Cell. 2001; 106: 403-11.

Park DS, Lee H, Frank PG, Razani B,
Nguyen AV, Parlow AF, Russell RG, Hulit
J, Pestell RG, Lisanti MP. Caveolin-1-
deficient mice show accelerated mammary
gland development during pregnancy, pre-
mature lactation, and hyperactivation of
the Jak-2/STAT5a signaling cascade. Mol
Biol Cell. 2002; 13: 3416-30.

Insel PA, Patel HH. Do studies in cave-
olin-knockouts teach us about physiology
and pharmacology or instead, the ways
mice compensate for ‘lost proteins’? Br J
Pharmacol. 2007; 150: 251-4.

Fernandez MA, Albor C, Ingelmo-Torres
M, Nixon SJ, Ferguson C, Kurzchalia T,
Tebar F, Enrich C, Parton RG, Pol A.
Caveolin-1 is essential for liver regenera-
tion. Science. 2006; 313: 1628-32.

Park DS, Cohen AW, Frank PG, Razani B,
Lee H, Williams TM, Chandra M, Shirani
J, De Souza AP, Tang B, Jelicks LA,
Factor SM, Weiss LM, Tanowitz HB,
Lisanti MP. Caveolin-1 null (-/-) mice
show dramatic reductions in life span.
Biochemistry. 2003; 42: 15124-31.

1147



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

1148

Koleske AJ, Baltimore D, Lisanti MP.
Reduction of caveolin and caveolae in
oncogenically transformed cells. Proc Nat/
Acad Sci USA. 1995; 92: 1381-5.
Engelman JA, Wykoff CC, Yasuhara S,
Song KS, Okamoto T, Lisanti MP.
Recombinant expression of caveolin-1 in
oncogenically transformed cells abrogates
anchorage-independent growth. J Biol
Chem. 1997; 272: 16374-81.

Torres VA, Tapia JC, Rodriguez DA,
Parraga M, Lishoa P, Montoya M, Leyton
L, Quest AF. Caveolin-1 controls cell prolif-
eration and cell death by suppressing
expression of the inhibitor of apoptosis pro-
tein survivin. J Cell Sci. 2006; 119: 1812-23.
Galbiati F, Volonte D, Brown AM,
Weinstein DE, Ben-Ze’ev A, Pestell RG,
Lisanti MP. Caveolin-1 expression inhibits
Wht/beta-catenin/Lef-1 ~ signaling by
recruiting beta-catenin to caveolae mem-
brane domains. J Biol Chem. 2000; 275:
23368-77.

Galbiati F, Volonte D, Liu J, Capozza F,
Frank PG, Zhu L, Pestell RG, Lisanti MP.
Caveolin-1 expression negatively regulates
cell cycle progression by inducing
G(0)/G(1) arrest viaa p53/p21(WAF1/Cip1)-
dependent mechanism. Mol Biol Cell. 2001;
12: 2229-44.

Volonte D, Zhang K, Lisanti MP, Galbiati
F. Expression of caveolin-1 induces pre-
mature cellular senescence in primary cul-
tures of murine fibroblasts. Mol Biol Cell.
2002; 13: 2502-17.

Dasari A, Bartholomew JN, Volonte D,
Galbiati F. Oxidative stress induces pre-
mature senescence by stimulating cave-
olin-1 gene transcription through p38
mitogen-activated protein kinase/Sp1-
mediated activation of two GC-rich pro-
moter elements. Cancer Res. 2006; 66:
10805-14.

Isshiki M, Ando J, Yamamoto K, Fujita T,
Ying Y, Anderson RG. Sites of Ca(2+)
wave initiation move with caveolae to the
trailing edge of migrating cells. J Cell Sci.
2002; 115: 475-84.

Isshiki M, Ying YS, Fujita T, Anderson
RG. A molecular sensor detects signal
transduction from caveolae in living cells.
J Biol Chem. 2002; 277: 43389-98.
Fujimoto T. Calcium pump of the plasma
membrane is localized in caveolae. J Cell
Biol. 1993; 120: 1147-57.

Gherghiceanu M, Popescu LM. Caveolar
nanospaces in smooth muscle cells. J Cell
Mol Med. 2006; 10: 519-28.

Daniel EE, El-Yazhi A, Cho WJ. Caveolae
and calcium handling, a review and a

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

hypothesis. J Cell Mol Med. 2006; 10:
529-44.

Murata T, Lin MI, Stan RV, Bauer PM, Yu
J, Sessa WC. Genetic evidence supporting
caveolae microdomain regulation of calci-
um entry in endothelial cells. J Biol Chem.
2007; 282: 16631-43.

Lu Z, Ghosh S, Wang Z, Hunter T.
Downregulation of caveolin-1 function by
EGF leads to the loss of E-cadherin,
increased transcriptional activity of beta-
catenin, and enhanced tumor cell invasion.
Cancer Cell. 2003; 4: 499-515.

Hulit J, Bash T, Fu M, Galbiati F,
Albanese C, Sage DR, Schlegel A,
Zhurinsky J, Shtutman M, Ben-Ze’ev A,
Lisanti MP, Pestell RG. The cyclin D1
gene is transcriptionally repressed by
caveolin-1. J Biol Chem. 2000; 275:
21203-9.

Torres VA, Tapia JC, Rodriguez DA,
Lladser A, Arredondo C, Leyton L, Quest
AF. E-cadherin is required for caveolin-1-
mediated down-regulation of the inhibitor
of apoptosis protein survivin via reduced
{beta}-catenin-tcf/lef-dependent transcrip-
tion. Mol Cell Biol. 2007; 27: 7703-17.

Lu Z, Hunter T. Wnt-Independent beta-
catenin transactivation in tumor develop-
ment. Cell Cycle. 2004; 3: 571-3.
Peinado H, Portillo F, Cano A.
Transcriptional regulation of cadherins
during development and carcinogenesis.
Int J Dev Biol. 2004; 48: 365-75.

Potter E, Bergwitz C, Brabant G. The cad-
herin-catenin system: implications for
growth and differentiation of endocrine tis-
sues. Endocr Rev. 1999; 20: 207-39.
Hirohashi S, Kanai Y. Cell adhesion sys-
tem and human cancer morphogenesis.
Cancer Sci. 2003; 94: 575-81.

Miotti S, Tomassetti A, Facetti I, Sanna
E, Berno V, Canevari S. Simultaneous
expression of caveolin-1 and E-cadherin in
ovarian carcinoma cells stabilizes
adherens junctions through inhibition of
src-related kinases. Am J Pathol. 2005;
167: 1411-27.

Wong NA, Pignatelli M. Beta-catenin — a
linchpin in colorectal carcinogenesis? Am
J Pathol. 2002; 160: 389-401.

Bender FC, Reymond MA, Bron C, Quest
AF. Caveolin-1 levels are down-regulated
in human colon tumors, and ectopic
expression of caveolin-1 in colon carcino-
ma cell lines reduces cell tumorigenicity.
Cancer Res. 2000; 60: 5870-8.

Li J, Hassan GS, Williams TM, Minetti C,
Pestell RG, Tanowitz HB, Frank PG, Sotgia
F, Lisanti MP. Loss of caveolin-1 causes the

165.

166.

167.

168.

169.

170.

171.

172.

173.

hyper-proliferation of intestinal crypt stem
cells, with increased sensitivity to whole
body gamma-radiation. Cell Cycle. 2005; 4:
1817-25.

Sotgia F, Williams TM, Cohen AW,
Minetti C, Pestell RG, Lisanti MP.
Caveolin-1-deficient mice have an
increased mammary stem cell population
with upregulation of Wnt/beta-catenin sig-
naling. Cell Cycle. 2005; 4: 1808-16.

Cao H, Courchesne WE, Mastick CC. A
phosphotyrosine-dependent protein inter-
action screen reveals a role for phosphory-
lation of caveolin-1 on tyrosine 14: recruit-
ment of C-terminal Src kinase. J Biol
Chem. 2002; 277: 8771-4.

Cao H, Sanguinetti AR, Mastick CC.
Oxidative stress activates both Src-kinases
and their negative regulator Csk and
induces phosphorylation of two targeting
proteins for Csk: caveolin-1 and paxillin.
Exp Cell Res. 2004; 294: 159-71.
Labrecque L, Nyalendo C, Langlois S,
Durocher Y, Roghi C, Murphy G, Gingras
D, Beliveau R. Src-mediated tyrosine
phosphorylation of caveolin-1 induces its
association with membrane type 1 matrix
metalloproteinase. J Biol Chem. 2004; 279:
52132-40.

Del Pozo MA, Schwartz MA. Rac, mem-
brane heterogeneity, caveolin and regula-
tion of growth by integrins. Trends Cell
Biol. 2007; 17: 246-50.

Williams TM, Lee H, Cheung MW,
Cohen AW, Razani B, lyengar P, Scherer
PE, Pestell RG, Lisanti MP. Combined
loss of INK4a and caveolin-1 synergisti-
cally enhances cell proliferation and
oncogene-induced tumorigenesis: role of
INK4a/CAV-1 in mammary epithelial cell
hyperplasia. J Biol Chem. 2004; 279:
24745-56.

Roussel E, Belanger MM, Couet J. G2/M
blockade by paclitaxel induces caveolin-1
expression in A549 lung cancer cells:
caveolin-1 as a marker of cytotoxicity.
Anticancer Drugs. 2004; 15: 961-7.
Gargalovic P, Dory L. Cellular apoptosis is
associated with increased caveolin-1
expression in macrophages. J Lipid Res.
2003; 44: 1622-32.

Peterson TE, Guicciardi ME, Gulati R,
Kleppe LS, Mueske CS, Mookadam M,
Sowa G, Gores GJ, Sessa WC, Simari
RD. Caveolin-1 can regulate vascular
smooth muscle cell fate by switching
platelet-derived growth factor signaling
from a proliferative to an apoptotic path-
way. Arterioscler Thromb Vasc Biol. 2003;
23:1521-7.

© 2008 The Authors

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Ono K, Iwanaga Y, Hirayama M,
Kawamura T, Sowa N, Hasegawa K.
Contribution of caveolin-1 alpha and Akt to
TNF-alpha-induced cell death. Am J
Physiol Lung Cell Mol Physiol. 2004; 287:
L201-9.

Shack S, Wang XT, Kokkonen GC,
Gorospe M, Longo DL, Holbrook NJ.
Caveolin-induced activation of the phos-
phatidylinositol  3-kinase/Akt pathway
increases arsenite cytotoxicity. Mol Cell
Biol. 2003; 23: 2407-14.

Zundel W, Swiersz LM, Giaccia A.
Caveolin 1-mediated regulation of receptor
tyrosine kinase-associated phosphatidyli-
nositol 3-kinase activity by ceramide. Mol
Cell Biol. 2000; 20: 1507-14.

Shajahan AN, Wang A, Decker M,
Minshall RD, Liu MC, Clarke R. Caveolin-
1 tyrosine phosphorylation enhances
paclitaxel-mediated cytotoxicity. J Biol
Chem. 2007; 282: 5934-43.

Altieri DC. Validating survivin as a cancer
therapeutic target. Nat Rev Cancer. 2003;
3: 46-54.

Hanahan D, Weinberg RA. The hallmarks
of cancer. Cell. 2000; 100: 57-70.
Wikman H, Kettunen E, Seppanen JK,
Karjalainen A, Hollmen J, Anttila S,
Knuutila S. Identification of differentially
expressed genes in pulmonary adenocarci-
noma by using cDNA array. Oncogene. 2002;
21: 5804-13.

Racine C, Belanger M, Hirabayashi H,
Boucher M, Chakir J, Couet J. Reduction
of caveolin 1 gene expression in lung car-
cinoma cell lines. Biochem Biophys Res
Commun. 1999; 255: 580-6.

Lee SW, Reimer CL, Oh P, Campbell DB,
Schnitzer JE. Tumor cell growth inhibition
by caveolin re-expression in human breast
cancer cells. Oncogene. 1998; 16: 1391-7.
Wiechen K, Diatchenko L, Agoulnik A,
Scharff KM, Schober H, Arit K,
Zhumabayeva B, Siebert PD, Dietel M,
Schafer R, Sers C. Caveolin-1 is down-
regulated in human ovarian carcinoma
and acts as a candidate tumor suppres-
sor gene. Am J Pathol. 2001; 159:
1635-43.

Wiechen K, Sers C, Agoulnik A, Arlt K,
Dietel M, Schlag PM, Schneider U.
Down-regulation of caveolin-1, a candidate
tumor suppressor gene, in sarcomas. Am
J Pathol. 2001; 158: 833-9.

Cantiani L, Manara MC, Zucchini C, De
Sanctis P, Zuntini M, Valvassori L, Serra
M, Olivero M, Di Renzo MF, Colomho MP,
Picci P, Scotlandi K. Caveolin-1 reduces
osteosarcoma metastases by inhibiting

© 2008 The Authors
Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

c-Src activity and met signaling. Cancer
Res. 2007; 67: 7675-85.

Bartz R, Zhou J, Hsieh JT, Ying Y, Li W,
Liu P. Caveolin-1 secreting LNCaP cells
induce tumor growth of caveolin-1 nega-
tive LNGaP cells in vivo. Int J Cancer.
2007; 122: 520-5.

Karam JA, Lotan Y, Roehrborn CG,
Ashfaq R, Karakiewicz Pl, Shariat SF.
Caveolin-1 overexpression is associated
with aggressive prostate cancer recur-
rence. Prostate. 2007; 67: 614-22.

Li L, Yang G, Ebara S, Satoh T, Nasu Y,
Timme TL, Ren C, Wang J, Tahir SA,
Thompson TC. Caveolin-1 mediates
testosterone-stimulated survival/clonal
growth and promotes metastatic activities
in prostate cancer cells. Cancer Res. 2001;
61: 4386-92.

Tahir SA, Yang G, Ebara S, Timme TL,
Satoh T, Li L, Goltsov A, Ittmann M,
Morrisett JD, Thompson TC. Secreted
caveolin-1 stimulates cell survival/clonal
growth and contributes to metastasis in
androgen-insensitive prostate cancer.
Cancer Res. 2001; 61: 3882-5.

Yang G, Addai J, Wheeler TM, Frolov A,
Miles BJ, Kadmon D, Thompson TC.
Correlative evidence that prostate cancer
cell-derived caveolin-1 mediates angiogen-
esis. Hum Pathol. 2007; 38: 1688-95.
Williams TM, Cheung MW, Park DS,
Razani B, Cohen AW, Muller WJ, Di Vizio
D, Chopra NG, Pestell RG, Lisanti MP.
Loss of caveolin-1 gene expression acceler-
ates the development of dysplastic mam-
mary lesions in tumor-prone transgenic
mice. Mol Biol Cell. 2003; 14: 1027-42.
Capozza F, Williams TM, Schubert W,
McClain S, Bouzahzah B, Sotgia F,
Lisanti MP. Absence of caveolin-1 sensi-
tizes mouse skin to carcinogen-induced
epidermal hyperplasia and tumor forma-
tion. Am J Pathol. 2003; 162: 2029-39.
Lin MI, Yu J, Murata T, Sessa WC.
Caveolin-1-deficient mice have increased
tumor microvascular permeability, angio-
genesis, and growth. Cancer Res. 2007,
67: 2849-56.

Hurlstone AF, Reid G, Reeves JR, Fraser
J, Strathdee G, Rahilly M, Parkinson EK,
Black DM. Analysis of the CAVEOLIN-1
gene at human chromosome 7q31.1 in pri-
mary tumours and tumour-derived cell
lines. Oncogene. 1999; 18: 1881-90.
Hatanaka M, Maeda T, lkemoto T, Mori
H, Seya T, Shimizu A. Expression of cave-
olin-1 in human T cell leukemia cell lines.
Biochem Biophys Res Commun. 1998;
253: 382-7.

J. Cell. Mol. Med. Vol 12, No 4, 2008

196.

197.

198.

199.

200.

201.

202.

208.

204.

Lavie Y, Liscovitch M. Changes in lipid
and protein constituents of rafts and cave-
olae in multidrug resistant cancer cells and
their functional consequences. Glycoconj
J. 2000; 17: 253-9.

Lavie Y, Fiucci G, Liscovitch M. Up-regu-
lation of caveolae and caveolar con-
stituents in multidrug-resistant cancer
cells. J Biol Chem. 1998; 273: 32380-3.
Fiucci G, Ravid D, Reich R, Liscovitch M.
Caveolin-1 inhibits anchorage-independent
growth, anoikis and invasiveness in MCF-7
human breast cancer cells. Oncogene.
2002; 21: 2365-75.

Ravid D, Maor S, Werner H, Liscovitch M.
Caveolin-1 inhibits anoikis and promotes
survival signaling in cancer cells. Adv
Enzyme Regul. 2006; 46: 163-75.

Garcia S, Dales JP, Charafe-Jauffret E,
Carpentier-Meunier S, Andrac-Meyer L,
Jacquemier J, Andonian C, Lavaut MN,
Allasia C, Bonnier P, Charpin C. Poor
prognosis in breast carcinomas correlates
with increased expression of targetable
CD146 and c-Met and with proteomic
basal-like phenotype. Hum Pathol. 2007
38: 830-41.

Savage K, Lambros MB, Robertson D,
Jones RL, Jones C, Mackay A, James M,
Hornick JL, Pereira EM, Milanezi F,
Fletcher CD, Schmitt FC, Ashworth A,
Reis-Filho JS. Caveolin 1 is overex-
pressed and amplified in a subset of
basal-like and metaplastic breast carcino-
mas: a morphologic, ultrastructural,
immunohistochemical, and in situ
hybridization analysis. Clin Cancer Res.
2007; 13: 90-101.

Ho CC, Kuo SH, Huang PH, Huang HY,
Yang CH, Yang PC. Caveolin-1 expression
is significantly associated with drug resist-
ance and poor prognosis in advanced non-
small cell lung cancer patients treated with
gemcitabine-based chemotherapy. Lung
Cancer. 2008; 59: 105-10.

Ando T, Ishiguro H, Kimura M, Mitsui A,
Mori Y, Sugito N, Tomoda K, Mori R,
Harada K, Katada T, Ogawa R, Fujii Y,
Kuwabara Y. The overexpression of cave-
olin-1 and caveolin-2 correlates with a
poor prognosis and tumor progression in
esophageal squamous cell carcinoma.
Oncol Rep. 2007; 18: 601-9.
Burgermeister E, Xing X, Rocken C,
Juhasz M, Chen J, Hiber M, Mair K,
Shatz M, Liscovitch M, Schmid RM,
Ebert MP. Differential expression and
function of caveolin-1 in human gastric
cancer progression. Cancer Res. 2007,
67: 8519-26.

1149



205.

206.

207.

208.

209.

210.

211.

212.

213.

1150

Beardsley A, Fang K, Mertz H,
Castranova V, Friend S, Liu J. Loss of
caveolin-1 polarity impedes endothelial
cell polarization and directional movement.
J Biol Chem. 2005; 280: 3541-7.

Parat MO, Anand-Apte B, Fox PL.
Differential caveolin-1 polarization in
endothelial cells during migration in two
and three dimensions. Mol Biol Cell. 2003;
14: 3156-68.

Santilman V, Baran J, Anand-Apte B,
Evans RM, Parat MO. Caveolin-1 polariza-
tion in transmigrating endothelial cells
requires binding to intermediate filaments.
Angiogenesis. 2007; 10: 297-305.
Grande-Garcia A, Echarri A, de Rooij J,
Alderson NB, Waterman-Storer CM,
Valdivielso JM, del Pozo MA. Caveolin-1
regulates cell polarization and directional
migration through Src kinase and Rho
GTPases. J Cell Biol. 2007; 177: 683-94.
Santilman V, Baran J, Anand-Apte B, Fox
PL, Parat MO. Caveolin-1 polarization in
migrating endothelial cells is directed by
substrate topology not chemoattractant
gradient. Cell Motil Cytoskeleton. 2006;
63: 673-80.

Cho KA, Ryu SJ, Oh YS, Park JH, Lee JW,
Kim HP, Kim KT, Jang IS, Park SC.
Morphological adjustment of senescent
cells by modulating caveolin-1 status. J
Biol Chem. 2004; 279: 42270-8.

Aoki T, Nomura R, Fujimoto T. Tyrosine
phosphorylation of caveolin-1 in the
endothelium. Exp Cell Res. 1999; 253:
629-36.

Nomura R, Fujimoto T. Tyrosine-phos-
phorylated caveolin-1: immunolocalization
and molecular characterization. Mol Biol
Cell. 1999; 10: 975-86.

Tourkina E, Gooz P, Pannu J, Bonner M,
Scholz D, Hacker S, Silver RM,
Trojanowska M, Hoffman S. Opposing
effects of protein kinase Calpha and protein
kinase Cepsilon on collagen expression by
human lung fibroblasts are mediated via
MEK/ERK and caveolin-1 signaling. J Biol
Chem. 2005; 280: 13879-87.

214.

215.

216.

217.

218.

219.

220.

221.

Llaverias G, Vazquez-Carrera M,
Sanchez RM, Noe V, Ciudad CJ, Laguna
JC, Alegret M. Rosiglitazone upregulates
caveolin-1 expression in THP-1 cells
through a PPAR-dependent mechanism. J
Lipid Res. 2004; 45: 2015-24.
Fawzi-Grancher S, Sun RJ, Traore M,
Stoltz JF, Muller S. Role of Ca2+ in the
effects of shear stress and TNF-alpha on
caveolin-1 expression. Clin Hemorheol
Microcirc. 2005; 33: 253-61.

Kathuria H, Cao YX, Ramirez MI,
Williams MC. Transcription of the cave-
olin-1 gene is differentially regulated in
lung type | epithelial and endothelial cell
lines. A role for ETS proteins in epithelial
cell expression. J Biol Chem. 2004; 279:
30028-36.

Lei MG, Tan X, Qureshi N, Morrison DC.
Regulation of cellular caveolin-1 protein
expression in murine macrophages by
microbial products. Infect Immun. 2005;
73: 8136-43.

Yang FL, He H, Liu XX, Tu B, Zeng XW, Su
JX, Wang X, Hu Q. Effects of raloxifene on
caveolin-1 mRNA and protein expressions
in vascular smooth muscle cells. Acta
Biochim Biophys Sin (Shanghai). 2006;
38: 747-52.

Kim HP, Wang X, Nakao A, Kim SI,
Murase N, Choi ME, Ryter SW, Choi AM.
Caveolin-1 expression by means of
p38beta mitogen-activated protein kinase
mediates the antiproliferative effect of car-
bon monoxide. Proc Natl Acad Sci USA.
2005; 102: 11319-24.

Park DS, Lee H, Riedel C, Hulit J,
Scherer PE, Pestell RG, Lisanti MP.
Prolactin negatively regulates caveolin-1
gene expression in the mammary gland
during lactation, via a Ras-dependent
mechanism. J Biol Chem. 2001; 276:
48389-97.

Liu J, Razani B, Tang S, Terman BI, Ware
JA, Lisanti MP. Angiogenesis activators
and inhibitors differentially regulate cave-
olin-1 expression and caveolae formation
in vascular endothelial cells. Angiogenesis

222.

223.

224.

225.

226.

227.

228.

inhibitors block vascular endothelial
growth factor-induced down-regulation of
caveolin-1. J Biol Chem. 1999; 274:
15781-5.

Razani B, Altschuler Y, Zhu L, Pestell
RG, Mostov KE, Lisanti MP. Caveolin-1
expression is down-regulated in cells
transformed by the human papilloma virus
in a p53-dependent manner. Replacement
of caveolin-1 expression suppresses HPV-
mediated cell transformation.
Biochemistry. 2000; 39: 13916-24.
Engelman JA, Lee RJ, Karnezis A, Bearss
DJ, Webster M, Siegel P, Muller WJ,
Windle JJ, Pestell RG, Lisanti MP.
Reciprocal regulation of neu tyrosine
kinase activity and caveolin-1 protein
expression in vitro and in vivo.
Implications for human breast cancer. J
Biol Chem. 1998; 273: 20448-55.
Zschocke J, Bayatti N, Behl C. Caveolin
and GLT-1 gene expression is reciprocally
regulated in primary astrocytes: associa-
tion of GLT-1 with non-caveolar lipid rafts.
Glia. 2005; 49: 275-87.

Syed V, Mukherjee K, Lyons-Weiler J,
Lau KM, Mashima T, Tsuruo T, Ho SM.
Identification of ATF-3, caveolin-1, DLC-1,
and NM23-H2 as putative antitumorigenic,
progesterone-regulated genes for ovarian
cancer cells by gene profiling. Oncogene.
2005; 24: 1774-87.

Burgermeister E, Tencer L, Liscovitch M.
Peroxisome proliferator-activated recep-
tor-gamma upregulates caveolin-1 and
caveolin-2 expression in human carcinoma
cells. Oncogene. 2003; 22: 3888-900.

Wu D, Terrian DM. Regulation of caveolin-
1 expression and secretion by a protein
kinase cepsilon signaling pathway in
human prostate cancer cells. J Biol Chem.
2002; 277: 40449-55.

Bagnoli M, Tomassetti A, Figini M, Flati
S, Dolo V, Canevari S, Miotti 8.
Downmodulation of caveolin-1 expression
in human ovarian carcinoma is directly
related to alpha-folate receptor overex-
pression. Oncogene. 2000; 19: 4754-63.

© 2008 The Authors

Journal compilation © 2008 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



