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Abstract: Caveolin-1 (CAV1) is a scaffolding protein with a controversial role in cancer. This
review will initially discuss earlier studies focused on the role as a tumor suppressor before
elaborating subsequently on those relating to function of the protein as a promoter of metastasis.
Different mechanisms are summarized illustrating how CAV1 promotes such traits upon
expression in cancer cells (intrinsic mechanisms). More recently, it has become apparent that
CAV1 is also a secreted protein that can be included into exosomes where it plays a significant role
in determining cargo composition. Thus, we will also discuss how CAV1 containing exosomes
from metastatic cells promote malignant traits in more benign recipient cells (extrinsic
mechanisms). This ability appears, at least in part, attributable to the transfer of specific cargos
present due to CAV1 rather than the transfer of CAV1 itself. The evolution of how our perception
of CAV1 function has changed since its discovery is summarized graphically in a time line figure.

Keywords: caveolae; cholesterol transport; tumor suppressor; metastasis promoter; exosomes

1. Introduction

Cancer, the second leading cause of death worldwide, arises from the transformation of
normal cells into tumor cells in a sequence of events that generally progresses from a pre-cancerous
lesion to a malignant tumor. This multifactorial pathological process, involves the acquisition of
cancer “traits”, through the accumulation of genetic and epigenetic changes. The overall result is
the loss of adequate communication between cells and their environment in ways that favor
uncontrolled proliferation and tumor growth [1].

Cancer disease is initially characterized by uncontrolled growth of a primary tumor, which
then is followed by spread of cancerous cells to surrounding and secondary tissues in a process
referred to as metastasis. In doing so, cancer disease can affect almost any part of the body.
Currently, it is estimated that metastasis is the primary cause of cancer mortality, and as such
responsible for about 90% of cancer deaths. Cancer metastasis involves different steps, beginning
with local invasion, followed by intravasation, survival in the circulation, extravasation, and finally
colonization of the secondary site and growth at that site [2]. This process is promoted by genetic
and epigenetic events that enhance the oncogenic potential of cells, prevent cell death, rewire
metabolic pathways and bypass the immune surveillance system [1]. In addition, more recently
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evidence has accumulated implicating the release of extracellular vesicles (EVs) and particularly
exosomes from cancer and stroma cells in these events [3].

In this review, we will discuss mechanisms relevant to development of metastatic disease with
a focus on the role of EVs in this context. Additionally, we will center the discussion particularly on
the role of a scaffolding protein called Caveolin-1 (CAV1) and how the protein contributes to this
deadly process, through cell intrinsic mechanisms, as well as extrinsic pathways involving
extracellular vesicles (see Figure 1).
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Figure 1. Time line summarizing the evolution of our understanding of Caveolin-1 (CAV1) function.
(1) Early studies indicated at the onset of the time line centered on the structural role of the protein
and its function in cholesterol transport. (2) Then, several studies emerged relating CAV1 presence
to suppression of oncogenic signaling and correlating cell transformation with loss of CAV1
expression. (3) In later stages of cancer, elevated CAV1 protein levels are often detected and
associated with a more malignant (metastatic) cell phenotype, indicating that in this context, CAV1
regulates different cellular traits. Mechanisms considered to this point are linked to CAV1 function
within the cell, referred to here as being “intrinsic”. (4) CAV1 was then identified as a secreted
protein and “extracellular” presentations of the protein are described. (5) Amongst those, one that is
gaining enormous interest currently relates to its possible function(s) in extracellular vesicles (EVs),

vesicular nanocarriers of cancer disease.

2. Caveolins: Role in Physiological and Pathological Processes

Caveolin-1 (CAV1) is a 178 amino acid membrane protein, and the major structural protein of
caveolae, 50-100 nm invaginations of the cell plasma membrane. These surface structures are found
in many types of cells, such as adipocytes, epithelial cells, endothelial cells, fibroblasts, as well as
smooth muscle cells, where they play important roles in membrane trafficking, determining
membrane lipid composition and signal transduction. CAV1 contains several domains: An N-
terminal domain (1-81 aa), a scaffolding domain (CSD, 82-101 aa), a hairpin-like transmembrane
domain (102-134 aa), and a C-terminal domain (135-178 aa) [4]. The transmembrane domain
contains two a-helices separated by a three-residue linker region including a proline (P110) that
creates a ~50° angle between the two a-helices. This allows CAV1 to adopt the hairpin-like
topology mentioned above, such that both N- and C-termini face the interior of the cell [5] (see
Figure 2). Thanks to efforts by different groups using circular dichroism spectroscopy and NMR
techniques, the overall secondary structure of the CAV1 scaffolding and internal membrane domain
have been elucidated; however, the tertiary structure of the full-length protein still remains elusive

[4].
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Two variants of CAV1 have been described, CAV1a (1-174 aa) and CAV1{ (32-174 aa)
described in Figure 2; the latter is suggested to be generated by either alternative splicing or
alternative initiation [6]. CAV1 is modified post-translationally by phosphorylation in the N-
terminal region (Y14 and S80) and palmitoylation on three cysteine residues at the C-terminal by a
reversible attachment of the 16-carbon acyl chain via a thioester bond [7]. These modifications are
implicated in regulating steps in caveolae assembly, caveolae structure and signaling [6]. The
development of CAV1(-/-) null mice permitted demonstrating the requirement for CAV1 in the
formation of caveolae in vivo because all tissues analyzed in CAV1 null mice lacked these
organelles [8,9]. Despite being widely accepted that CAV1 is necessary for the assembly of caveolae
[10], it is also well known that other proteins are required.
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Figure 2. Proposed structure of Caveolin-1 (CAV1). (A) Schematic of CAV1a highlighting different
domains and posttranslational modifications, including phosphorylation on tyrosine 14 and serine
80, ubiquitination of N-terminal residues and carboxyterminal palmitoylation sites. Simplified
schematic for the @ isoform. (B) CAVla without amino-terminal modifications partially inserted
into sphingolipid and cholesterol-enriched regions via hairpin-like membrane insertion domain.

2.1. Caveolin-1 in Vesicular Transport

CAV1 is initially synthesized in the endoplasmic reticulum, where it is present as detergent-
resistant oligomers [11,12]. Subsequently, once these are transported to the Golgi complex via
COPII-dependent mechanisms, these oligomers associate with lipid domains enriched in
cholesterol, which gives rise to the formation of a membrane-embedded complex containing around
15 to 25 caveolin molecules. These oligomeric CAV1 scaffolds are then transported to the plasma
membrane where they associate with cavins and assemble into the stabilized coat structure
characteristic of Caveolae [12]. Thus, cavins play an important role in defining structure and
morphology of caveolae. In particular, absence of Cavin-1 gives rise to cells which do not possess
caveolae in their plasma membrane despite the presence of CAV1 [13]. Stability of all caveolae
components is crucial, since the absence of any one of these elements (cholesterol, cavin, or CAV1)
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leads to loss of caveolae structures. Alternatively, caveolae are associated with enhanced stability of
protein content. For instance, Hayer and collaborators showed that CAV1 turnover is accelerated by
inhibiting caveolae assembly. In this case, CAV1 is targeted to endosomes, tagged with ubiquitin
and captured within intraluminal vesicles of the multi-vesicle bodies which can fuse with the
lysosomes [12]. When caveolae are correctly assembled, neither CAV1 nor cavin proteins undergo
rapid turnover, but instead they can be internalized by endocytosis [12,14,15] or even engage in
fusion and fission cycles with the cell membrane [12]. Initially, the proposed role for caveolae at the
membrane was limited to the process of pinocytosis; however, with the development of new tools
to investigate their function, their role as vesicular transporters was expanded to include
transcytosis and endocytosis [16].

2.2. CAV1 in Cholesterol Homeostasis and Signal Transduction

Additionally, CAV1 and caveolae are implicated in cholesterol homeostasis. Rothberg and
coworkers [17] were the first in recognizing the importance of cellular cholesterol for the assembly
of caveolar structures, by showing that treating cells with cholesterol binding agents resulted in the
flattening of caveolae. Moreover, cholesterol regulates CAV1 expression at a transcriptional level
through two steroid regulatory binding elements in the CAV1 promoter [18,19]. This connection
between CAV1 and cholesterol is even more intricate given that CAV1 can regulate cholesterol
levels by modulating cellular influx and efflux [20]. Moreover, more recent evidence posits CAV1 as
a key regulator of cholesterol levels in different subcellular organelles. For instance, in fibroblasts
from CAV1 knock-out mice cholesterol accumulation in mitochondria is associated with
dysfunction of that organelle [21].

Beyond the aforementioned functions, CAV1 and caveolae play an important role in signal
transduction. Caveolae have been shown to concentrate a wide variety of signaling molecules, such
as glycosyl phosphatidylinositol-linked proteins, H-Ras, heterotrimeric G protein subunits, Src
family tyrosine kinases, PKC isoforms, and endothelial nitric oxide synthase (eNOS). These findings
led to the “caveolae signaling hypothesis”, which suggests that caveolae function to
compartmentalize signaling molecules and in this way regulate signal transduction [22]. Besides,
many signaling molecules were proposed to directly interact with CAV1 via the caveolin-
scaffolding domain (CSD). Often these interactions were shown to inhibit the respective proteins, as
is the case for endothelial nitric oxide synthase (eNOS) [23], epidermal growth factor receptor
(EGFR) [24] and Src tyrosine kinases [25], among others. CAV1 contains a phosphorylable tyrosine
residue (Y14), a target site for the non-receptor tyrosine kinases, including Src, Fyn, and c-Abl in
response to a large number of stimuli [26-28]. Particularly relevant in this context, is that
phosphorylation at this site has been widely associated with events important in cell migration [29].
Another site of phosphorylation is serine-80 (580), an amino acid implicated in cholesterol transport
as part of the cholesterol recognition/interaction amino acid consensus (CRAC) domain that is also
implicated in retention of the protein in the endoplasmic reticulum (ER), and regulation of the
secretion of the protein [30-32]. Of note, CAV1 is a ubiquitous protein that is present in addition to
the plasma membrane, in a large number of intracellular compartments, including the ER, Golgi,
mitochondria, endosomes, lipid droplets, and even in the nuclear membrane [33].

Regarding cholesterol metabolism, CAV1 has been found in mitochondria-associated
membranes (MAMs), the physical association between the ER and mitochondria. Newly
synthesized CAV1 in the ER binds to cholesterol and then exits ER and is transported to the Golgi
apparatus. This immediate removal from the ER reduces cholesterol levels in general and also in
MAMs. Thus, in the absence of CAV1, cholesterol accumulates in MAMs and mitochondrial
membranes causing mitochondrial dysfunction and apoptosis [21,34]. In relation to autophagy,
CAV1 appears to have an inhibitory role in hepatocellular carcinoma since autophagy markers such
as ATGS5, Beclin-1, and LC3II were upregulated in HCCLM3-shCAV1 cells compared to mock cells
[35]. In colorectal cancer, CAV1 depletion induces autophagy, in a p53-dependent manner [36].
Furthermore, CAV1 regulates autophagy in thyroid follicular cells [37]. These observations raise the
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specter that CAV1 at sites other than the plasma membrane is relevant to cell function and disease,
although this remains an understudied area of research.

2.3. Dual Role of CAV1 in Cancer

Given the wide variety of cellular processes that are modulated by CAV1 (caveolae), it is not
surprising that this protein is involved in the development of many pathologies, such as cardiac
hypertrophy, heart failure, fibrosis diseases, insulin resistance [38] and age-related diseases, such as
atherosclerosis, osteoarthritis, pulmonary emphysema [39], and particularly cancer and metastatic
disease [29]. CAV1 is a protein that has been ascribed a dual role in cancer, depending on cancer
type and stage. In early stages of disease, CAV1 is proposed to function predominantly as a tumor
suppressor, whereas at later stages, CAV1 expression is linked more to tumor progression and
metastasis [29,40,41]. The first finding implicating CAV1 in cell transformation was the discovery
that CAV1 is highly tyrosine phosphorylated in Rous sarcoma virus-transformed fibroblasts [42].
Subsequent experiments showed that protein levels of CAV1 are down regulated in oncogene
transformed fibroblasts, and the reduction in CAV1 correlated with the increased size of colonies
formed by these transformed cells when grown in soft agar [43]. Moreover, re-expression of CAV1
was able to revert the transformed phenotype and prevent anchorage independent growth [44].
These observations gave rise to the “oncosuppressor” hypothesis, suggesting that CAV1 functions
as a tumor suppressor. Importantly, the role for CAV1 in tumor suppression is not based
exclusively on in vitro experiments. CAV1 expression is known to be reduced in a number of
human cancers, such as lung [45], mammary [46], colon [47,48], as well as ovarian [49], sarcoma
[50], including osteosarcoma [51], and glioblastoma [52]. In view of such evidence, it is clear that
CAV1 displays characteristics of a tumor suppressor, particularly in early stages of tumor
development, although the precise mechanisms are often not well-defined.

However, in subsequent years it became clear that the role of CAV1 in cancer is far more
complicated. Particularly in later stages of the disease, expression of the protein increases and can
favor the development of cellular characteristics related to enhanced malignancy, including multi-
drug resistance and metastasis [40,41,53]. In prostate, CAV1 is not present in normal tissue, but
expression increases along with the development of cancer in mouse and human models [54] and in
vitro, CAV1 promotes metastatic features of prostate cancer cells [55]. In patients, expression of
CAV1 in prostate tumors correlates with elevated metastatic potential and poor survival [56].
Similar observations have also been made for CAV1 expression during the development of
melanoma [57-59]. In thyroid cancer, elevated expression of CAV1 and EGFR combined with the
BRAF V600E mutation are associated with more aggressive lesions and thus may be useful for
diagnosis [60]. Taken together, this evidence led to a model suggesting that CAV1 plays a dual role
in cancer, behaving as a tumor suppressor in early stages of cancer, but as a tumor promoter in
advanced and metastatic stages [40,41,53].

How CAV1 can develop such distinct functions in cancer cells represents an important and
challenging area of research. Results from our laboratory suggest that this switch is linked, at least
in part, to the presence or absence of E-cadherin in cancer cells. Our findings in colon cancer cells
expressing E-cadherin indicate that CAV1 promotes the sequestration of 3-catenin to the plasma
membrane and thereby prevents B-catenin/Tcf-LEF dependent transcription of survivin and cyclo-
oxygenase-2 (COX-2), both implicated in tumor development, progression, inflammation and
angiogenesis [61-64]. Moreover, in murine melanoma B16F10 cells expressing low levels of CAV1
and E-cadherin levels, transfection with plasmids encoding CAV1, E-cadherin, or both proteins
revealed that expression of either protein individually decreased the ability of B16F10 cells to form
subcutaneous tumors in syngeneic C57BL/6 mice. Combined expression of the two proteins,
completely abolished tumor formation by B16F10 cells. Intriguingly, metastasis to the lung
following intravenous injection of cells into the tail vein was increased by CAV1 expression alone,
while co-expression with E-cadherin ablated the ability of CAV1 to enhance melanoma migration in
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vitro and metastasis in vivo. These results suggest that E-cadherin determines CAV1 tumor
suppression or metastasis enhancing function in melanoma cells [57].

The metastatic potential of tumor cells is determined by their ability to migrate and invade in
response to changes in the extracellular matrix surrounding the tumor [53,65]. CAV1 controls cell
mobility by interacting with the cytoskeleton and regulating cellular interaction with the
extracellular matrix [66]. In the human metastatic breast cancer cell line, MDA-MB-231, knock-
down of CAV1 using a “small hairpin” leads to reduced migration, polarization, and focal adhesion
turnover compared to MDA-MB-231 control cells [67]. CAV1 also regulates the degradation of the
matrix by regulating the activity of matrix metalloproteinases (MMPs), which are proteolytic
enzymes required for cell invasion [65].

More recently, a strong connection has been established between CAV1, cell migration, and
metastasis [29]. CAV1 phosphorylation on Y14 is required for the control of pathways associated
with cellular migration [67-71]. Although mechanisms by which CAV1 promotes the migratory
phenotype appear to depend on the cell type under study. For instance, in fibroblasts CAV1
promotes cell adhesion via RhoA activation and also accumulates at the rear of cells where it
enhances calcium-signaling events [72,73]. Alternatively, in metastatic colon, breast cancer, and
melanoma cells (lacking E-cadherin), CAV1 does not polarize during migration and presence of the
protein following Y14 phosphorylation is associated with activation of a novel CAV1-Rab5-Racl
signaling axis [29,74]. Thus, while Y14 phosphorylation appears to represent a common
denominator to how CAVI1 promotes migration and invasion, the pathways by which this
modification triggers such responses varies depending on the cellular context.

2.4. Role of CAV1 in Metastatic Disease

Metastasis, as stated, is responsible for as almost 90% of cancer-related deaths and can be
divided into different stages. Malignant cells from the primary tumor must first infiltrate the
surrounding parenchyma and enter into the circulation by intravasation, survival in the circulation
(hematogenous and/or lymphatic) where these disseminated tumor cells travel to distant sites, then
extravasate, and finally colonize and metastasize target tissues. Following a process of adaptation,
the preliminary micrometastatic cell mass grows into macroscopic metastatic nodules. This process
is also referred to as the colonization of a target organ. The progression of metastasis is variable
among different cancer types, and also, sometimes includes a varying period of latency. Each one of
these steps is characterized by specific phenotypic features of the tumor cell, as well as interactions
with the surrounding microenvironment and the immune system [2].

For metastasis to occur, cancer cells must acquire the ability to migrate and invade. Acquisition
of these traits allows cells to degrade the surrounding extracellular matrix (ECM) and move
towards blood and/or lymphatic vessels. In this context, evidence suggests a crucial role for CAV1
in different metastasis-related processes, such as epithelial to mesenchymal transition (EMT),
cellular migration, ECM degradation, and angiogenesis, as summarized in Table 1 [29].

Table 1. Summary of evidence linking CAV1 expression to cancer metastasis. Note that the data
summarized here represents an update on related information provided in a table published in [29].

Model Study Type Major Finding Reference

Embryonal R Cav-1 overexpression enhances tumor formation and
In vivo/in vitro

rhabdomyosarcoma metastasis to the lung (73]

CAV1 was overexpressed in low shear stressed cells and
In vitro prevented tumor cells from anoikis, while depletion of [76]
CAV1 restored sensitivity to anoikis.

Human breast carcinoma
cells MDA-MB-231

CAV1 and STAT3 are involved in electrotaxis playing a role

in cell migration guidance 771

Lung cancer In vivo/in vitro

CAV1 ubiquitylation and subsequent degradation is
Human colorectal cancer In vivo/in vitro promoted by NDRGI, which inhibits Epithelial- [78]
Mesenchymal transition (EMT), migration and invasion

Clear cell renal cell . .. CAV1 is overexpressed in renal cell carcinoma and has
In vitro/clinical

. . . . o [79]
carcinoma diagnostic and prognostic value. In vitro, it promotes cell
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migration and invasion

. In vitro/in Hypoxia upregulates CAV1 expression, which acts on
Hepatocellular carcinoma . .. . c g . . [80]
vivo/clinical calcium-binding protein S100P and promotes metastasis
CAV1 is phosphorylated on tyrosine-14 in an extracellular
Melanoma In vitro/in vivo matrix-specific manner, and this is required to promote [71]
melanoma
CAV1 regulates MMP-9 expression through MAPK/ERK
Ewing sarcoma In vitro/in vivo pathway, in this way regulating Ewing’s sarcoma [81]
metastasis

CAV1 is mechanosensitive to low shear-stress exposure,
In vitro/in vivo and its activation induces PI3K/Akt/mTOR signaling, which [82]
promotes motility, invadopodia formation and metastasis

Breast carcinoma MDA-
MB-231 cells

High expression of CAV1 is associated with metastatic
Uveal melanomas Clinical disease, larger tumor size, lymph node metastasis and [83]
invasion of the optic nerve head

Non-caveolar CAV1 enhances lymphatic endothelial cell
Prostate cancer In vitro proliferation, migration and differentiation, thus promoting [84]
lymphagiogenesis

CAV1 inhibits autophagy, thus promoting tumor growth

Hepatocellular carcinoma In vitro .
and metastasis

[35]

Overexpression of CAV-1 increased proliferation,

— migration and invasion. CAV1-expressing cell tumors were
In vitro/in

Lung adenocarcinoma . L
vivo/clinical

larger in an in vivo xenograft model. In patients, CAV1 [85]
expression correlated positively with lymph node

metastasis and cancer stage

— CAV1 is overexpressed in human pancreatic cancer cell

. In vitro/in . . ) .

Pancreatic cancer . L. lines, mouse models, and patients tumors, and is associated [86]
vivo/clinical .

with worse tumor grade

CAV1 down regulation reduces cell invasion. Activation of
In vitro Aktl is also decreased leading to reduced phosphorylation [87]
of RhoC GTPase

Inflammatory Breast
Cancer Cell

CAV1 levels positively correlate with anoikis resistance,
Lung cancer In vitro anchorage-independent growth, migration, and invasion in [88]
a variety of lung carcinoma cells

CAV1 knockdown decreases cell proliferation, migration,
and invasion. In addition, activity of the extracellular
signal-regulated kinase 1/2 pathway was reduced.

Human breast cancer . . . . . .
In vitro Likewise, expression of the cell cycle-associated proteins [89]

BT474 cell
el (cyclin D1, c-Fos and B-catenin), and metalloproteinases

(MMP-1, -2, -9), were also decreased, while E-cadherin
increased

However, the role of CAV1 is complex and can also vary in metastasis and thus, be considered
controversial, since depending on the context different signaling pathways are activated, as
summarized below.

2.5. Downstream Signaling of CAV1 in Advanced Cancer

EMT is critical in cancer progression and metastasis, and involves the downregulation of
epithelial markers (e.g., E-cadherin and y-catenin), upregulation of mesenchymal markers (e.g.,
vimentin, fibronectin and N-cadherin) and transcription factors (e.g., Snail and Slug), which in
conjunction enhance invasion, migration, and the acquisition of stem cell-like properties of cancer
cells [90]. Another important feature of EMT is the upregulation of MMPs, which aid in the process
of invasion. In addition, there is evidence that CAV1 is implicated in several aspects of EMT, thus
driving cancer progression. For example, CAV1 is up-regulated after induction of EMT and upon
expression enhances cancer cell adhesion [91]. Furthermore, CAV1 knockdown inhibits invasion
and migration of BT474 breast cancer cells, upregulates E-cadherin and downregulates MMP-2,
MMP-9 and MMP-1. Together, these results suggest that the inhibition of migration and invasion of
BT474 cells following knockdown of CAV1 expression is attributable to the upregulation of E-
cadherin and downregulation of MMPs [89]. Expression of CAV1 in SUM149 cells (an inflammatory
breast cancer model) increased the invasive potential of these cells via activation of the Aktl
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pathway, which phosphorylates the RhoC GTPase, a key player in microtubule and microfilament
regulation, to promote cell adhesion and migration [87]. Diaz and collaborators showed that CAV1
can recruit p85a (a Rab5 GAP) and thus preclude p85a-mediated Rab5 inactivation [92]. Activation
of Rab5 in turn increases the activity of Racl to enhance migration and invasion of breast and colon
cancer cells, as well as melanoma cells.

Upon detachment from the surrounding ECM, normal cells suffer a type of programmed cell
death called anoikis. However, metastatic tumor cells are able to avoid anoikis upon detachment,
which allows them then to invade other organs. CAV1 also participates in breast cancer metastasis
by suppressing this process. When MDA-MB-231 cells detach from the ECM and enter the blood
stream, CAV1 levels increase and promote resistance to anoikis by inactivating caspase-8 [76].
Similarly, CAV1 confers anoikis resistance to MDA-MB-231 cells by activation of PI3K/AKT and
MEK/ERK pathways, as well as ITGB1-FAK signaling [93]. In another study, CAV1
phosphorylation enhanced HMGB1 secretion to the extracellular matrix, which activates TLR4
signaling, NF-xB phosphorylation along with the upregulation of Snail and Twist, as well as MMP2
activation [94].

In hepatocellular carcinoma, CAV1 is over-expressed as mentioned previously and promotes
cell motility and invasion by inducing EMT. Overexpression of CAV1 decreases E-cadherin
expression and increases expression of N-cadherin, Fibronectin, and Vimentin, which are changes
that are typically associated with the EMT process. Additionally, overexpression of CAV1 increased
cell migration and invasion in these cells [95]. For melanoma, increased CAV1 expression was
associated with disease progression by favoring migration, invasion and metastasis [57,58,96]. In
lung adenocarcinoma cells, CAV1 expression is enough to promote filopodia formation, cell
migration and increase metastatic potential [97].

In order for cells to migrate, the formation of focal adhesions is required at these contact sites
between the cells and the ECM. CAV1 phosphorylation on tyrosine participates in the localization
and stabilization of focal adhesion kinase (FAK) in focal adhesions, an essential kinase that recruits
p130Cas and paxillin, thereby promoting focal contact stability and subsequently focal adhesion
turnover, which is essential to allow cells to move forward in the desired direction [69]. Increased
FAK stability, migration, and invasion attributed to CAV1 presence involves the Src/Rho/ROCK
signaling axis and CAV1 phosphorylation on Y14 functions as an effector of Rho/ROCK signaling
promoting tumor progression and metastasis [68]. Moreover, regarding the tumor-promoting role
of CAV1 in absence of E-cadherin, downstream targets of CAV1 may contribute in promoting this
role, specifically Racl, whose activity increases significantly in presence of CAV1 and has also been
held responsible for the regulation of several cellular behaviors, including cell migration and
invasion [29,98,99]. In this regard, CAV1 overexpression in B16-F10 cells promotes migration,
polarization and focal adhesion turnover, in a sequence of events that involves phosphorylation of
tyrosine-14 along with Rac-1 activation [67]. Alternatively, depletion of CAV1 leads to focal
adhesion disorganization and reduced cell migration [100,101]. Although important in cell
migration, CAV1 function depends on the cell type. Given that there are several intracellular CAV1
pools, these may also be important in defining the seemingly different roles of CAV1 [29,71].

CAVl1 is also involved in endocytosis, a process that controls the availability and turnover of
cell surface molecules, as well as the ability of a cell to respond to certain extracellular stimuli. Thus,
CAV1 is implicated in the turnover of growth factor receptors, like the EGFR [102], ECM binding
proteins, like the 1 integrin [103], as well as the turnover of E-cadherin, known to be highly
relevant to metastasis [104]. In order for tumor cells to metastasize, they need to remodel the cell-
ECM interactions, in a way that allows tumor cells to escape from the original site to the
bloodstream and colonize a new site. This can be achieved by degradation of ECM via release of
MMPs, plasmin, and other proteases, as well as by internalization of ECM proteins and their
subsequent intracellular degradation via lysosomes. There is evidence that both processes are
modulated by CAV1. For example, CAV1 has been shown to organize ECM remodeling by
coordinating proteolysis at sites adjacent to the apical membrane [66].
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2.6. CAV1 in Preclinical Studies

In view of this information, CAV1 has also been mentioned as a potentially useful marker for
diagnosis and treatment. For instance, in triple negative breast cancer (TNBC), the most aggressive
type of breast cancer, no detectable targets are available compared to other subtypes. However,
CAV1 does appear in a list of genes associated with Wnt/{3-catenin signaling, which is used to
distinguish mesenchymal subtype TNBC from the luminal subtype. Lehman and collaborators also
described that the mesenchymal subtype may be targeted efficiently with specific inhibitors (e.g
PIBK/mTOR and abl/src inhibitors). Such evidence can be taken to suggest that the detection of
CAV1, may serve to identify which type of treatment will be more effective at eliminating specific
subtypes of TNBC [105]. Along a different line, a recent study with the herbal adjuvant drug termed
Oldenlandia diffusa (OD), which is used in traditional Chinese medicine to treat advanced-stage
breast cancer patients, may inhibit the development of metastasis by diminishing CAV1 expression
[106]. In vitro migration and invasion experiments using the highly metastatic breast cancer cell
lines MDA-MB-231 and MDA-MB-453 revealed that reduced CAV1 levels due to OD treatment
coincided with reduced migration/invasion by these cells, and that an overexpression of CAV1
attenuated the beneficial effects of OD in these cell lines. Extrapolation to the clinical setting
suggests that elevated CAVI1, often observed in advanced-stage cancers, can be successfully
targeted with existing treatments to reduce the metastatic potential of tumor cells.

In summary, evidence is available implicating CAV1 as a protein that precludes as well as
favors the acquisition of cancer cell traits associated with enhanced or reduced metastatic potential.
However, a majority of the data available implicate the protein as displaying a pro-metastatic role.
This notion is further supported by a considerable body of evidence suggesting that increased
CAV1 favors experimental metastasis of tumor cells of varying origin, including those from
prostate [55,107], pancreas [108], bladder [109], and melanomas [57,71]. As such, CAV1 may also
have some potential in the diagnosis and as a therapeutic target in cancer disease.

3. Caveolin-1 Outside of the Cell: CAV1 as a Secretable Protein

The evidence discussed in previous sections focusses largely on how CAV1 modulates cell
function as an intracellular protein, be the site of action the plasma membrane or another location
within the cells. However, a considerable amount of evidence now points towards the possibility
that “extracellular” CAV1 may be particularly relevant in cancer cell metastasis.

The first report suggesting that CAV1 entered the secretory pathway was obtained in exocrine
cells [110]. Anderson and coworkers reported on the secretion of CAV1 from pancreatic acinar cells
and a transfected exocrine cell line, by the treatment with secretagogue secretin, cholecystokinin,
and dexamethasone. In addition, this report revealed that the secreted CAV1 co-fractionated with
apolipoproteins, suggesting that the secreted protein may be associated with lipids. Subsequently,
pituitary cells were also reported to secrete CAV1. However, unlike pancreatic acinar cells, CAV1
secretion was not regulated by secretagogues [111].

In the same year, Lisanti and colleagues employed a site-directed mutational approach to
elucidate the functional contribution of phosphorylation at two highly conserved serine residues of
CAV1. Mutation of Ser80 to alanine (S80A) precludes phosphorylation and targeted the protein to
caveolae membranes; however, the protein was not secreted by pancreatic adenocarcinoma cells
even following dexamethasone stimulation. Alternatively, substitution of Serine 80 by glutamate
(S80E), which is a mutation that mimics chronic phosphorylation, lead to loss of CAV1 from
caveolae and the ER in fibroblasts. In addition, CAV1(S80E) secretion was enhanced compared to
wildtype CAV1 following dexamethasone treatment. These findings were taken to suggest that
phosphorylation on S80 may regulate CAV1 binding to ER membranes and incorporation into the
regulated secretory pathway [30].
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3.1. Secretable CAV1 Promotes the Acquisition of Malignant Traits in Recipient Cells

Thompson and colleagues were the first to show that CAV1 is secreted by prostate cancer cells
in a manner regulated by steroid hormones. CAV1 was detected in serum from patients with
advanced prostate cancer and to a significantly lesser extent in normal subjects. In addition, they
provided evidence for the functionality of CAV1 secreted by cells. CAV1-containing conditioned
media (CM) from high passage CAV1-secreting, human prostate cancer LNCaP (LNCaPCAV1) cells
augmented viability and clonal growth of low passage, CAV1-negative, LNCaP (LNCaP) cells in
vitro, and addition of CAV1-specific antibodies to the CM blocked this effect. Moreover,
intraperitoneal injections of mice with these CAV1-specific antibodies suppressed the orthotopic
growth and spontaneous metastasis of highly metastaticc CAV1-secreting mouse prostate cancer
cells in vivo [107].

Expression of CAV1 in LNCaP cells increased cell proliferation and tumor growth in vivo.
LNCaPCAV1 cells injected into one flank of nude mice promoted tumor growth of LNCaP cells
(initially lacking CAV1) injected into the contralateral flank of the animal. Interestingly, the LNCaP
tumors were positive for CAV1; however, presence of the protein was not attributable to infiltration
by LNCaPCAV1 cells. Rather CAV1 was secreted by the LNCaPCAV1 tumors. Moreover,
conditioned media (CM) from LNCaPCAV1 cells contained CAV1 associated with 15 to 30 nm
lipoprotein particles. These results suggest that LNCaPCAV1 cells secrete CAV1-containing
particles that stimulate tumor growth [112].

Interestingly, CAV1 was detected in the conditioned media (CM) of human melanoma cells
expressing this protein. Functionally, a significant increase in invasion and migration of cells was
observed in the presence of CAV1-containing CM. Moreover, addition of a polyclonal CAV1-
specific antibody to the CM from human melanoma cell lines reduced cell migration and invasion.
Taken together these data indicate that secreted CAV1 promotes invasion of melanoma cell lines
[96].

Additionally, Ewing’s sarcoma (EWS) cells were found to secrete CAV1. Furthermore, these
cells can take up the secreted protein and CM containing CAV1 increases the proliferation of EWS
cells [113]. Thus, evidence available from several groups indicates that CAV1 is secreted by cancer
cells and can promote the acquisition of traits associated with enhanced malignancy of such cells. In
addition, other reports show that CAV1 is enriched in the endolysosomal compartment of human
melanoma cells, where it is suggested to contribute in the regulation of some functions of tumor
cells mediated by vesicles, such as cellular cannibalism, which generally refers to the capacity of a
cell to engulf another smaller cell [114].

3.2. CAV1 Released in Extracellular Vesicles

Prostate epithelial cells produce prostasomes, defined vesicular organelles enriched in raft
components that are secreted in the prostate fluid. The prostasomes isolated from the CM of PC-3
cells were shown to be 30 to 130 nm vesicles that contained CAV1 and CD63, an integral membrane
protein found in multi-vesicular bodies/lysosomes and secretory granules [115]. Sawada and
colleagues showed that CAV1 is present in the “matrix vesicle” fraction from osteoblasts. In
addition, this study was the first to show that caveolae membrane fractions and matrix vesicles of
MC3T3-E1 cells are similarly enriched in cholesterol and sphingomyelin [116].

CAV1-containing exosomes and melanoma cells lacking CAV1 were used to test whether low
pH conditions, a hallmark of tumor malignancy, increase the intercellular incorporation of tumor-
associated molecules through exosomes. Indeed, acidic pH conditions favored exosome-mediated
delivery of CAV1 to less aggressive melanoma cells lacking CAV1. These data suggest that low pH
conditions favor cell-to-cell exchange by exosomes and the transfer of characteristics associated
with the more aggressive phenotype to less aggressive sibling cells [117].

Using an ELISA assay to analyze plasma samples, a significantly augmented ratio of exosomes
containing tumor markers, including CAV1, was detected in melanoma patients compared to
healthy individuals. Alternatively, the plasma levels of CAV1-containing exosomes decreased



Biomolecules 2019, 9, x FOR PEER REVIEW 11 of 25

significantly in patients undergoing chemotherapy compared to patients that had not been treated
at the time of sampling [59].

Di Vizio and colleagues described methods for the analysis of large oncosomes in the absence
of vesicles <1 pm. The sorting of CAV1-positive vesicles from the plasma of transgenic mice with
autochthonous prostate tumors (TRAMP) showed that for this tumor model, microvesicles (>2 to 3
um) larger than the exosome-sized particles could be detected and quantified in tissues and in
circulation. These vesicles were present in greater quantities in the circulation of TRAMP mice with
lymph node and lung metastases. These results suggested that CAV1-containing large oncosomes
reached the circulation of mice with prostate cancer. Importantly, the presence of smaller CAV1-
positive vesicles (<1 um), which were also detected in the plasma, did not correlate with disease
progression in this model [118].

Interestingly, recent studies revealed the existence of extracellular vesicle (EV)-mediated
communication between different cell types within the adipose tissue. This phenomenon was
evidenced upon generating an adipocyte-specific knockout of CAV1. Although the CAV1 gene was
effectively knocked out in adipocytes, CAV1 protein remained abundantly detectable. By
generating additional mouse models, it was then shown that neighboring endothelial cells (ECs)
deliver CAV1-containing EVs to adipocytes in vivo [119].

3.3. CAV1-Containing EVs Promote Malignancy of Recipient Cells

In vitro hypoxia experiments using glioma cells combined with the analysis of patient samples
revealed an increase in hypoxia-regulated mRNAs and proteins (including CAV1) in exosomes. The
exosomes derived from hypoxic glioblastoma multiforme (GBM) cells increased autocrine secretion
of growth factors and cytokines compared with exosomes isolated under normoxic conditions, and
were able to activate the PI3K/AKT signaling, as well as increase the migration of endothelial cells
[120].

Characterization of the proteome content by mass spectrometry of exosomes derived from
three hepatocellular carcinoma (HCC) cell lines and an immortalized hepatocyte line showed that
only the exosomes derived from metastatic HCC cell lines contained CAV1. Notably, exosomes
from the motile HCC cell lines augmented the migration and invasion of the non-motile,
immortalized hepatocyte cell line [121].

More recent work from our laboratory showed that the CAV1-containing EVs from MDA-MB-
231 breast cancer cells contain different protein cargos. EV analysis by proteomics revealed that
some proteins related to biological adhesion, like tenascin and cysteine-rich angiogenic inducer 61
(Cyr61), were detected only in CAV1-containing EVs. Moreover, only incubation with the CAV1-
containing EVs increased the migration and invasion of non-metastatic breast cancer cells. These
observations are the first reported evidence that support the notion that the presence of CAV1 plays
an active role in determining the cargo protein composition/biogenesis of EVs and that such
differences in cargo have functional consequence in the recipient cells [122].

4. Extracellular Vesicles in Cancer

EVs are vesicles composed of a heterogeneous phospholipid bilayer, which are actively
secreted by different kinds of mammalian cells, and particularly dividing cells [123]. They were
initially identified as structures involved in the removal of cellular debris, as is the case for
receptors by reticulocytes [124]. More recently; however, their role is considered far more complex.
Specifically, in cancer, EV functions vary considerably and may include their use as biomarkers of
disease [125], modulation of the immune response [126], changes in proliferation [127], modulation
of non-tumor cells in the tumor microenvironment [128,129], as well as conditioning the metastatic
niche [130]. More recent studies identified these vesicles aid in driving cancer progression, since
they facilitate communication by exchanging components ranging from nucleic acids to lipids and
proteins, between the cells of origin and nearby cells, as well as distant tissues [131,132].
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4.1. Types of Extracellular Vesicles

Essentially two mechanisms are considered most relevant for the formation of these EVs. One
involves blebbing of the plasma membrane followed by membrane fission to release the vesicles
[133], which are often referred to as microvesicles. However, depending on the cellular origin, such
EVs have other names, including ectosomes, oncosomes, and platelet dust, among others. These
EVs vary greatly in size and can be anywhere from 50 to 1000 nm or even larger.

The second origin of EVs is more intricate and currently considered of greater interest. As part
of the endocytic pathway, vesicular structures are generated, referred to as multivesicular bodies
(MVBs), that contain intraluminal vesicles (ILVs), generated by budding of the endosomal
membrane towards the luminal space [131]. As mentioned previously, MVBs may fuse with
lysosomes, which lead to degradation of MVB content (including CAV1; see Section 2.1);
alternatively, they can also traffic to the plasma membrane, then fuse there and release the ILVs to
the cell exterior, to yield what are commonly known as exosomes [134]. The size range of exosomes
is more limited, being between 50 to 150 nm [131].

4.2. Biogenesis of Exosomes

One of the best characterized mechanisms involved in vesicle secretion is the endosomal
sorting complex required for transport (ESCRT), a system that selects proteins by ubiquitination
and segregates transmembrane proteins to microdomains of the endosomal membrane (ESCRT-0
and ESCRT-I). Others (ESCRT-II) participate in the recruitment to those domains of complexes that
cause the deformation and fission of the ILV (ESCRT-III) [135]. These complexes require the
assistance of accessory proteins, such as ALIX, tsg101 and VSP4, which facilitate the interaction of
cargos with subunits of the ESCRT machinery and direct them to multivesicular bodies.
Modification of the ESCRT complexes has a variety of different consequences for the genesis of EVs,
but the specific responses vary in a cell type-specific manner. For example, the depletion of ESCRT
elements, such as ALIX, reduces the production of vesicles by MCF7, but in HeLa cells [136] there is
no clear response with respect to the production of exosomes.

These results indicate that EV production is not dependent on a single type of machinery and
that there are other ESCRT-independent mechanisms involved in the genesis of extracellular
vesicles. For instance, there is lipid-dependent machinery, which generates microdomains required
for the genesis of intraluminal vesicles by favoring luminal bending of the MVB. Important in this
context is the neutral sphingomyelinase, which processes sphingomyelin to generate ceramide, a
conical lipid, which favors the deformation of the endosomal membrane [137]. The relevance of this
enzyme is evidenced by showing that inhibition affects both exosome number and cargo [138,139].
In addition to ceramide, lipidomics analysis revealed that the membrane domains that give rise to
the exosomes are enriched in lyso-phospholipids and cholesterol, both lipids which form raft-like
structures that favor luminal bending of the MVB membranes [140,141].

Another ESCRT-independent mechanism involves endosomal microdomains rich in CD63
[140] and CD81 [142], tetraspanins that interact with cargoes destined for exosomes and whose
functioning is not altered by eliminating components of the ESCRT machinery.

4.3. Exosomal Cargos

The content of EVs frequently is a reflection of the cell of origin and this aspect is important
when considering exosomes for diagnosis. The ESCRT machinery is responsible for defining
protein cargoes enriched in the exosomes. But in addition to proteins, exosomes also transport
nucleic acids, as DNA [143] and different classes of RNAs, such as messenger RNA and non-coding
RNAs (including micro-RNA and long non-coding RNA) [144].

It is still a matter of debate as to whether the transfer of nucleic acids to the exosomes is a
passive event in which certain abundant RNAs accumulate in these vesicles, or rather whether
there are selective mechanisms that facilitate the enrichment of certain RNAs. In favor of the latter
possibility, some RNA binding proteins (RBP) have increased affinity for the ceramide-rich
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domains of multivesicular bodies, such as those destined for formation of exosomes [145]. These
proteins recognize short sequences of nucleic acids that would allow targeting of these molecules to
vesicles [146]. Other molecular machineries involved in the transfer of such material to exosomes
include ESCRTs, miRISC, and AGO-2 [147].

4.4. EV Secretion

The secretion of EVs can occur in response to specific stimuli (fetal bovine serum, infection)
[148,149], which is indicative of a regulated process. However, secretion is also observed in the
absence of a stimulus, as a constitutive event [150]. In this scenario, the machinery of the endosomal
pathway that determines the fate of multivesicular bodies must be considered. In this process, Rab
GTPases are responsible for the trafficking of endosomal vesicles. One of the most important Rabs
in the context of endosome secretion is Rab27 [151]. This Rab modifies both the interaction of the
multivesicular bodies with the cell membrane and the secretion of EVs. Other Rab GTPases, such as
Rabl11 and Rab35, generally implicated in early endosome trafficking, are now also considered as
regulatory molecules of exosome secretion [152,153]. Finally, for the fusion of multivesicular bodies
with the cell membrane, the SNARE proteins are important, given that they form complexes that
facilitate organelle membrane fusion [154,155].

4.5. EV Uptake

Considering the importance attributed to EVs in cellular communication, at least three
possibilities are considered relevant to the interaction with the recipient cells. The first possibility
involves reciprocate recognition of surface molecules present on the vesicles and the cells. This
interaction may suffice to activate the recipient cell without the necessity of delivering the
intravesicular cargo [156]. However, fusion between vesicles and the recipient cell plasma
membrane may also occur resulting in release of the encapsulated content into cells [157].
Additionally, EVs can be internalized by endocytosis, via either clathrin-dependent or -independent
molecular machineries [158-160]. In these events participation of lipid-rafts and CAV1 has also
been reported. For instance, manipulation of lipid-rafts, by diminishing cholesterol content using
methyl-f-cyclodextrin (MPCD) or simvastatin, can also inhibit EV uptake. The function of CAV1 in
the recipient cells is more debated, since in some cases the presence of CAV1 favors internalization
[161], while in others CAV1 delays the internalization of exosomes [162].

After endocytosis or phagocytosis, EVs ultimately reach the MVBs of the recipient cell.
Frequently, the final destination of such internalized structures is the lysosome; however, in some
cases endocytosed vesicles gain access to the cytosol from MVBs by vesicle attachment with the
endosomal membrane, an essential step for cytosolic proteins and nucleic acids to accomplish their
function [163]. Other reports show that after the vesicles have been internalized, they make brief
contact with the endoplasmic reticulum [164]. This is potentially of great importance, considering
that in doing so vesicular mRNAs and miRNAs could gain direct access to the translation
machinery of the recipient cell. In summary, the role of CAV1 in EVs is an interesting and still to be
explored field.

4.6. CAV1 Involved in EV Biogenesis and Protein Sorting

Phosphorylation of CAV1 on tyrosine 14 has more recently also been implicated in the
internalization and subsequent redistribution of this protein to the late endosome or MVBs.
Redistribution to this compartment is observed in the absence of Cavin-1 (PTRF), an essential coat
protein of caveolae [165], in mouse-derived embryonic fibroblasts (MEFs) and COS7 cells, or when
these same cells were exposed to orthovanadate [166] or EDTA [167]. In addition, tyrosine-14
phosphorylation of CAV1 alone may not suffice. Indeed, N-terminal lysine residues of CAV1
(Figure 2) were identified as critical ubiquitin conjugation sites for sorting of this protein to other
endocytic compartments by recruiting a specific type of AAA+ ATPase, termed VCP (valosin-
containing protein, also known as p97/Cdc48) and its cofactor UBXD1 [168].
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Additionally, UBXD1 in the presence of another VCP cofactor, Ankrd13, is capable of
regulating VCP interaction with ubiquitinated CAV1 and; therefore, can drive CAV1 sorting to
intraluminal vesicles in the endolysosomal compartment [168-170].

Although the sorting of CAV1 is thought to occur in the late endosome compartment or MVBs
and lead to degradation at the lysosomal level [12], there are reports which show how stimuli, such
as changes in cellular cholesterol levels, or an unbalanced lysosomal pH may promote the presence
of CAV1 in MVBs without altering their degradation rate [171]. Thus, the latter observation points
towards to the existence of alternative regulatory pathways for this type of CAV1 pool.

In addition to CAV1 phosphorylation on tyrosine 14 and its ubiquitination at specific N-
terminal lysine residues, other post-translational modifications, such as palmitoylation, might be
essential to dynamically modulate the balance of CAV1 between degradation or its secretion in EVs
[172]. Additionally, in this regard, the presence of other scaffolding proteins, such as flotillin-1,
have been reported to modulate the sorting of CAV1 into exosomes in PC3 prostate cancer cells
[140]. Furthermore, inhibition of the PIKfyve kinase in PC3 cells not only leads to an increase in the
rate of the secretion of exosomes, but also alters exosome composition, as reflected in a modest
increase in CAV1 and Alix presence [173].

Accordingly, the question that arises is whether CAV1 might be able to promote segregation of
other proteins into EVs. This may be possible, since results from our laboratory provide evidence
indicating that CAV1-containing EVs from breast cancer cells are enriched in cell adhesion-related
proteins, such as cysteine-rich angiogenic inducer 61 (Cyr61), S100A9, and tenascin [122]. On the
other hand, for EVs obtained from the same metastatic breast cancer cell lines, where CAV1 was
silenced, proteomic profiling and gene ontology analysis revealed preferential accumulation of
proteins that specifically bind to DNA/RNA, such as histones, and chaperones [supplementary
material, 122]. Thus, at least in this metastatic breast cancer cell model, CAV1 presence in EV
preparations is associated with the accumulation of specific metastasis-related components.

4.7. CAV1-Containing EVs Transport Proteins Which Promote Malignant Traits in Recipient Cells

Beyond the question of changes in protein and lipid content of EVs/exosomes due to CAV1
presence, the key issue is whether these changes in composition lead to functional changes in, for
instance, recipient cells. In this context, CAV1 and CD59 together with delta-catenin in urinary EVs
of prostate cancer patients, whereby delta-catenin was released to the extracellular matrix thanks to
the presence of CAV1 and CD59 [174,175].

Taraska and collaborators described that EVs from metastatic breast cancer cells with high
endogenous CAV1 levels are capable of stimulating migration in non-metastatic breast cancer cells
such as MCF7 [176], which coincidently express relatively low levels of CAV1. However, these
results did not attribute this characteristic to the selective presence of this protein. Alternatively,
results from our research group revealed that T47-D cells lacking CAV1 increased their migration
and invasion after being exposed to EVs derived from metastatic breast cancer cells with high
endogenous levels of CAV1. Interestingly, and somewhat counterintuitively, CAV1-containing EVs
also promoted the migration and invasion of breast cancer cells that already expressed high levels
of CAV1 [122]. This may be also taken to suggest that it is not the sole presence of CAV1 in EVs that
contributes to the observed biological effects, but that instead specific components are co-
segregated with CAV1, such as the aforementioned cell adhesion-related proteins, which might be
potentiating the observed biological effects in vitro.

In this regard, Cyr61, a member of the CCN (connective, cysteine, nephroblastoma) family of
matricellular proteins that also includes CTGF [177,178] is of interest given that Cyr61 promotes the
migration, growth, and invasion of tumor cells in gastric, breast, and ovarian cancers [179,180].
Specifically, reports described that the high Cyr61 expression promotes the dissemination of gastric
cancer cells to the peritoneal cavity through a2f1 integrin [181]. Additionally, the interaction
between this matricellular protein and av3 integrin is suggested to promote the development of
peritoneal metastasis [182]. Coincidentally, this interaction allows the binding of CAV1 to this
complex between Cyr61 and av(3 integrin in bronchial epithelial cells [183]. In addition, 5100
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proteins are a family of calcium-binding proteins, which are found together with caveolins as
cargos in exosomes derived from metastatic hepatocellular carcinoma samples [121]. The presence
of S100 correlates with a diminished overall survival in patients with breast cancer [184,185], and is
held responsible for promoting the homing or targeting of tumor cells to pre-metastatic niches
[186]. On the other hand, presence of tenascin, an extracellular matrix glycoprotein, is associated
with stromal levels of CAV1 in patients with non-small cell lung cancer [187], and is thought to
enhance the viability of breast cancer cells that initiate metastasis and has been described as an
extracellular matrix constituent of the metastatic niche [188-190]. Additionally, Tenascin-C
promotes migration and anchorage independent growth of non-metastatic breast cancer cells, such
as MDA-MB-435 [191], and also regulates tumor angiogenesis by controlling the expression of
vascular endothelial growth factor (VEGF) [192].

5. Concluding Remarks

In summary, CAV1 is implicated in cancer, both as a promoter and a suppressor of this disease
(see Figure 1). Multiple mechanisms explaining this duality are discussed here. Taken together,
they point towards a “complex” role for CAV1 in cancer development, because on the one hand the
protein promotes completely opposing facets of the disease, and on the other because the protein
appears to modulate so many different pathways and do so often in a cell context-specific fashion.
Our view is that these transitions in function are associated with the presence or absence of certain
proteins depending on disease progression. Specifically, we have shown that tumor suppression by
CAV1 is linked to the expression of E-cadherin. Upon E-cadherin down-regulation, as occurs
during epithelial-mesenchymal transition, CAV1 takes on a completely different role by promoting
signaling pathways associated with enhanced migration and invasion. A large part of this review
focused then on discussing the role of CAV1 in such processes and metastasis (Table 1). A number
of different mechanisms are summarized, illustrating how CAV1 promotes such traits upon
expression in cancer cells (intrinsic mechanisms) (Figure 1). However, it has become apparent that
CAV1 is also included into EVs, and evidence is discussed showing that CAV1 plays a significant
role in determining cargo composition of EVs. Finally, the ability of CAV1 containing EVs from
metastatic cells to promote malignant traits in more benign recipient cells (extrinsic mechanisms)
appears, at least in part, attributable to the transfer of specific cargos present due to CAV1 rather
than the transfer of CAV1 itself. Future research in this area of extrinsic mechanisms is likely to
uncover many new and surprising insights to the biology of this fascinating protein.

Funding: Project FONDAP 15130011, Universidad de Chile, RUT: 60.910.000-1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646—674.

2. Valastyan, S.; Weinberg, R.A. Tumor metastasis: Molecular insights and evolving paradigms. Cell 2011,
147, 275-292.

3. Syn, N,; Wang, L.; Sethi, G.; Thiery, ]J.P.; Goh, B.C. Exosome-Mediated Metastasis: From Epithelial-
Mesenchymal Transition to Escape from Immunosurveillance. Trends Pharmacol. Sci. 2016, 37, 606-617.

4. Root, K.T.; Plucinsky, S.M.; Glover, K.J. Recent progress in the topology, structure, and oligomerization of
caveolin: A building block of caveolae. Curr. Top. Membr. 2015, 75, 305-336.

5. Rui, H; Root, K.T.; Lee, J.; Glover, KJ.; Im, W. Probing the U-shaped conformation of caveolin-1 in a
bilayer. Biophys. |. 2014, 106, 1371-1380.

6. Okamoto, T.; Schlegel, A.; Scherer, P.E.; Lisanti, M.P. Caveolins, a family of scaffolding proteins for
organizing “preassembled signaling complexes” at the plasma membrane. J. Biol. Chem. 1998, 273, 5419—
5422,

7. Krishna, A.; Sengupta, D. Interplay between Membrane Curvature and Cholesterol: Role of Palmitoylated
Caveolin-1. Biophys. ]. 2019, 116, 69-78, doi:10.1016/j.bpj.2018.11.3127.



Biomolecules 2019, 9, x FOR PEER REVIEW 16 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Drab, M.; Verkade, P.; Elger, M.; Kasper, M.; Lohn, M.; Lauterbach, B.; Menne, J.; Lindschau, C.; Mende,
F.; Luft, F.C.; et al. Loss of caveolae, vascular dysfunction, and pulmonary defects in caveolin-1 gene-
disrupted mice. Science 2001, 293, 2449-2452.

Razani, B.; Engelman, J.A.; Wang, X.B.; Schubert, W.; Zhang, X.L.; Marks, C.B.; Macaluso, F.; Russell,
R.G,; Li, M,; Pestell, R.G.; et al. Caveolin-1 null mice are viable but show evidence of hyperproliferative
and vascular abnormalities. J. Biol. Chem. 2001, 276, 38121-38138.

Han, B.; Copeland, C.A.; Tiwari, A.; Kenworthy, A.K. Assembly and Turnover of Caveolae: What Do We
Really Know? Front. Cell Dev. Biol. 2016, 4, 68.

Fernandez, I.; Ying, Y.; Albanesi, J.; Anderson, R.G. Mechanism of caveolin filament assembly. Proc. Natl.
Acad. Sci. USA 2002, 99, 11193-11198.

Hayer, A.; Stoeber, M.; Ritz, D.; Engel, S.; Meyer, H.H.; Helenius, A. Caveolin-1 is ubiquitinated and
targeted to intralumenal vesicles in endolysosomes for degradation. J. Cell Biol. 2010, 191, 615-629.
Lamaze, C.; Tardif, N.; Dewulf, M.; Vassilopoulos, S.; Blouin, C.M. The caveolae dress code: Structure and
signaling. Curr. Opin. Cell Biol. 2017, 47, 117-125.

Kirkham, M.; Fujita, A.; Chadda, R.; Nixon, S.J.; Kurzchalia, T.V.; Sharma, D.K.; Pagano, R.E.; Hancock,
J.E.; Mayor, S.; Parton, R.G. Ultrastructural identification of uncoated caveolin-independent early
endocytic vehicles. J. Cell Biol. 2005, 168, 465—476.

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, 769-779.

Cohen, A.W.; Hnasko, R.; Schubert, W.; Lisanti, M.P. Role of caveolae and caveolins in health and
disease. Physiol. Rev. 2004, 84, 1341-1379.

Rothberg, K.G.; Heuser, ].E.; Donzell, W.C.; Ying, Y.S.; Glenney, J.R.; Anderson, R.G. Caveolin, a protein
component of caveolae membrane coats. Cell 1992, 68, 673-682.

Bist, A.; Fielding, P.E.; Fielding, C.]. Two sterol regulatory element-like sequences mediate up-regulation
of caveolin gene transcription in response to low density lipoprotein free cholesterol. Proc. Natl. Acad. Sci.
USA 1997, 94, 10693-10698.

Hitkova, I.; Yuan, G.; Ander], F.; Gerhard, M.; Kirchner, T.; Reu, S.; Rocken, C.; Schifer, C.; Schmid, R.M.;
Vogelmann, R.; et al. Caveolin-1 protects B6129 mice against Helicobacter pylori gastritis. PLoS Pathog.
2013, 9, e1003251.

Graf, G.A.; Connell, P.M.; van der Westhuyzen, D.R.; Smart, E.J. The class B, type I scavenger receptor
promotes the selective uptake of high density lipoprotein cholesterol ethers into caveolae. J. Biol. Chem.
1999, 274, 12043-12048.

Bosch, M.; Mari, M.; Herms, A.; Fernandez, A.; Fajardo, A.; Kassan, A.; Giralt, A.; Colell, A.; Balgoma, D.;
Barbero, E.; et al. Caveolin-1 deficiency causes cholesterol-dependent mitochondrial dysfunction and
apoptotic susceptibility. Curr. Biol. 2011, 21, 681-686.

Razani, B.; Woodman, S.E.; Lisanti, M.P. Caveolae: From cell biology to animal physiology. Pharmacol.
Rev. 2002, 54, 431-467.

Ju, H; Zou, R,; Venema, V.J.; Venema, R.C. Direct interaction of endothelial nitric-oxide synthase and
caveolin-1 inhibits synthase activity. J. Biol. Chem. 1997, 272, 18522-18525.

Couet, J.; Sargiacomo, M.; Lisanti, M.P. Interaction of a receptor tyrosine kinase, EGF-R, with caveolins.
Caveolin binding negatively regulates tyrosine and serine/threonine kinase activities. J. Biol. Chem. 1997,
272, 30429-30438.

Li, S.; Couet, J.; Lisanti, M.P. Src Tyrosine Kinases, Ga Subunits, and H-Ras Share a Common Membrane-
Anchored Scaffolding Protein, Caveolin Caveolin Binding Negatively Regulates the Auto-Activation of
Src Tyrosine Kinases. |. Biol. Chem. 1996, 271, 29182-29190.

Li, S.; Seitz, R.; Lisanti, M.P. Phosphorylation of Caveolin by Src Tyrosine Kinases the a-Isoform of
Caveolin Is Selectively Phosphorylated by v-Src In Vivo. ]. Biol. Chem. 1996, 271, 3863-3868.

Sanguinetti, A.R.; Mastick, C.C. c-Abl is required for oxidative stress-induced phosphorylation of
caveolin-1 on tyrosine 14. Cell. Signal. 2003, 15, 289-298.

Sanguinetti, A.R.; Cao, H.; Corley Mastick, C. Fyn is required for oxidative- and hyperosmotic-stress-
induced tyrosine phosphorylation of caveolin-1. Biochem. J. 2003, 376, 159-168.

Nunez-Wehinger, S.; Ortiz, R.J.; Diaz, N.; Diaz, ]J.; Lobos-Gonzalez, L.; Quest, A.F.G. Caveolin-1 in cell
migration and metastasis. Curr. Mol. Med. 2014, 14, 255-274.



Biomolecules 2019, 9, x FOR PEER REVIEW 17 of 25

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Schlegel, A.; Arvan, P.; Lisanti, M.P. Caveolin-1 binding to endoplasmic reticulum membranes and entry
into the regulated secretory pathway are regulated by serine phosphorylation protein sorting at the level
of the endoplasmic reticulum. J. Biol. Chem. 2001, 276, 4398-4408.

Fielding, P.E.; Chau, P.; Liu, D.; Spencer, T.A ; Fielding, C.J. Mechanism of platelet-derived growth factor-
dependent caveolin-1 phosphorylation: Relationship to sterol binding and the role of serine-80.
Biochemistry 2004, 43, 2578-2586.

Yang, G.; Xu, H.; Li, Z,; Li, F. Interactions of caveolin-1 scaffolding and intramembrane regions containing
a CRAC motif with cholesterol in lipid bilayers. Biochim. Biophys. Acta 2014, 1838, 2588-2599.

Parton, R.G.; Howes, M.T. Revisiting caveolin trafficking: The end of the caveosome. ]. Cell Biol. 2010, 191,
439-441.

Bosch, M.; Mari, M.; Gross, S.P.; Fernandez-Checa, J.C.; Pol, A. Mitochondrial cholesterol: A connection
between caveolin, metabolism, and disease. Traffic 2011, 12, 1483-1489.

Liu, W.R; Jin, L.; Tian, M.X,; Jiang, X.F.; Yang, L.X.; Ding, Z.B.; Shen, Y.H.; Peng, Y.F.; Gao, D.M.; Zhou, J ;
Qiu, SJ.; Dai, Z.; Fan, J. & Shi, Y.H. Caveolin-1 promotes tumor growth and metastasis via autophagy
inhibition in hepatocellular carcinoma. Clin. Res. Hepatol. Gastroenterol. 2016, 40, 169-178.

Ha, T.K,; Her, N.G.; Lee, M.G.; Ryu, BK,; Lee, ] H.,; Han, J.; Jeong, S.I.; Kang, M.].; Kim, N.H.; Kim, H.]. &
Chi, S.G. Caveolin-1 increases aerobic glycolysis in colorectal cancers by stimulating HMGA1-mediated
GLUTS3 transcription. Cancer Res. 2012, 72, 4097-4109.

Lu, Q.; Luo, X;; Mao, C.; Zheng, T.; Liu, B.; Dong, X.; Zhou, Y.; Xu, C.; Mou, X;; Wu, F.; Bu, L. & Yuan, G.
Caveolin-1 regulates autophagy activity in thyroid follicular cells and is involved in Hashimoto’s
thyroiditis disease. Endocr. J. 2018, doi:10.1507/endocrj.EJ18-0003.

Schwencke, C.; Braun-Dullaeus, R.C.; Wunderlich, C.; Strasser, R.H. Caveolae and caveolin in
transmembrane signaling: Implications for human disease. Cardiovasc. Res. 2006, 70, 42—49.

Zou, H.; Stoppani, E.; Volonte, D.; Galbiati, F. Caveolin-1, cellular senescence and age-related diseases.
Mech. Ageing Dev. 2011, 132, 533-542.

Quest, AF,; Leyton, L.; Parraga, M. Caveolins, caveolae, and lipid rafts in cellular transport, signaling,
and disease. Biochem. Cell Biol. 2004, 82, 129-144.

Quest, A.F.; Gutierrez-Pajares, J.L.; Torres, V.A. Caveolin-1: An ambiguous partner in cell signalling and
cancer. J. Cell. Mol. Med. 2008, 12, 1130-1150.

Glenney, J.R.; Soppet, D. Sequence and expression of caveolin, a protein component of caveolae plasma
membrane domains phosphorylated on tyrosine in Rous sarcoma virus-transformed fibroblasts. Proc.
Natl. Acad. Sci. USA 1992, 89, 10517-10521.

Koleske, A.J.; Baltimore, D.; Lisanti M.P. Reduction of caveolin and caveolae in oncogenically
transformed cells. Proc. Natl. Acad. Sci. USA 1995, 92, 1381-1385.

Engelman, J.A.; Wykoff, C.C.; Yasuhara, S.; Song, K.S,; Okamoto, T.; Lisanti M.P. Recombinant
expression of caveolin-1 in oncogenically transformed cells abrogates anchorage-independent growth. J.
Biol. Chem. 1997, 272, 16374-16381.

Racine, C.; Bélanger, M.; Hirabayashi, H.; Boucher, M.; Chakir, J.; Couet, J. Reduction of caveolin 1 gene
expression in lung carcinoma cell lines. Biochem. Biophys. Res. Commun. 1999, 255, 580-586.

Lee, SSW.; Reimer, C.L.; Oh, P.; Campbell, D.B.; Schnitzer, J.E. Tumor cell growth inhibition by caveolin
re-expression in human breast cancer cells. Oncogene 1998, 16, 1391-1397.

Bender, F.C.; Reymond, M.A_; Bron, C.; Quest, A.F. Caveolin-1 levels are down-regulated in human colon
tumors, and ectopic expression of caveolin-1 in colon carcinoma cell lines reduces cell tumorigenicity.
Cancer Res. 2000, 60, 5870-5878.

Torrejon, B.; Cristdbal, I.; Rojo, F.; Garcia-Foncillas, J. Caveolin-1 Is Markedly Downregulated in Patients
with Early-Stage Colorectal Cancer. World . Surg. 2017, 41, 2625-2630.

Wiechen, K.; Diatchenko, L.; Agoulnik, A.; Scharff, KM.; Schober, H.; Arlt, K.; Zhumabayeva, B.; Siebert,
P.D.; Dietel, M,; Schéfer, R.; et al. Caveolin-1 is down-regulated in human ovarian carcinoma and acts as a
candidate tumor suppressor gene. Am. ]. Pathol. 2001, 159, 1635-1643.

Wiechen, K,; Sers, C.; Agoulnik, A.; Arlt, K.; Dietel, M.; Schlag, P.M.; Schneider, U. Down-regulation of
caveolin-1, a candidate tumor suppressor gene, in sarcomas. Am. J. Pathol. 2001, 158, 833-839.

Manara, M.C.; Bernard, G.; Lollini, P.L.; Nanni, P.; Zuntini, M.; Landuzzi, L.; Benini, S.; Lattanzi, G.;
Sciandra, M.; Serra, M.; et al. CD99 acts as an oncosuppressor in osteosarcoma. Mol. Biol. Cell 2006, 17,
1910-1921.



Biomolecules 2019, 9, x FOR PEER REVIEW 18 of 25

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Quann, K,; Gonzales, D.M.; Mercier, 1; Wang, C.; Sotgia, F.; Pestell, R.G.; Lisanti, M.P.; Jasmin, J.F.
Caveolin-1 is a negative regulator of tumor growth in glioblastoma and modulates chemosensitivity to
temozolomide. Cell Cycle 2013, 12, 1510-1520.

Quest, A.F.G.; Lobos-Gonzélez, L.; Nufiez, S.; Sanhueza, C.; Fernandez, ].-G.; Aguirre, A.; Rodriguez, D.;
Leyton, L.; Torres, V. The caveolin-1 connection to cell death and survival. Mol. Med. 2013, 13, 266-281.
Yang, G.; Truong, L.D.; Timme, T.L.; Ren, C.; Wheeler, T.M.; Park, S.H.; Nasu, Y.; Bangma, C.H.; Kattan,
M.W.; Scardino, P.T.; et al. Elevated expression of caveolin is associated with prostate and breast cancer.
Clin. Cancer Res. 1998, 4, 1873-1880.

Li, L.; Yang, G.; Ebara, S.; Satoh, T.; Nasu, Y.; Timme, T.L.; Ren, C.; Wang, J.; Tahir, S.A. & Thompson,
T.C. Caveolin-1 mediates testosterone-stimulated survival/clonal growth and promotes metastatic
activities in prostate cancer cells. Cancer Res. 2001, 61, 4386—4392.

Yang, G.; Truong, L.D.; Wheeler, T.M.; Thompson, T.C. Caveolin-1 expression in clinically confined
human prostate cancer: A novel prognostic marker. Cancer Res. 1999, 59, 5719-5723.

Lobos-Gonzalez, L.; Aguilar, L.; Diaz, J.; Diaz, N.; Urra, H.; Torres, V.A ; Silva, V; Fitzpatrick, C.; Lladser,
A.; Hoek, KS; et al. E-cadherin determines Caveolin-1 tumor suppression or metastasis enhancing
function in melanoma cells. Pigment Cell Melanoma Res. 2013, 26, 555-570.

Lobos-Gonzalez, L.; Aguilar-Guzman, L.; Fernandez, ].G.; Mufioz, N.; Hossain, M.; Bieneck, S.; Silva, V;
Burzio, V.; Sviderskaya, E.V.; Bennett, D.C.; et al. Caveolin-1 is a risk factor for postsurgery metastasis in
preclinical melanoma models. Melanoma Res. 2014, 24, 108-119.

Logozzi, M.; De Milito, A.; Lugini, L.; Borghi, M.; Calabro, L.; Spada, M.; Perdicchio, M.; Marino, M.L.;
Federici, C; Iessi, E.; et al. High levels of exosomes expressing CD63 and caveolin-1 in plasma of
melanoma patients. PLoS ONE 2009, 4, e5219.

Jankovi¢, J.; Tati¢, S.; Bozié, V.; 2iva1jevic', V.; Cveji¢, D.; Paskas, S. Inverse expression of caveolin-1 and
EGEFR in thyroid cancer patients. Hum. Pathol. 2017, 61, 164-172.

Torres, V.A,; Tapia, ]J.C.; Rodriguez, D.A.; Parraga, M.; Lisboa, P.; Montoya, M.; Leyton, L.; Quest, AF.
Caveolin-1 controls cell proliferation and cell death by suppressing expression of the inhibitor of
apoptosis protein survivin. J. Cell Sci. 2006, 119, 1812-1823.

Torres, V.A.; Tapia, ].C.; Rodriguez, D.A,; Lladser, A.; Arredondo, C.; Leyton, L.; Quest, A.F. E-cadherin
is required for caveolin-1-mediated down-regulation of the inhibitor of apoptosis protein survivin via
reduced beta-catenin-Tcf/Lef-dependent transcription. Mol. Cell. Biol. 2007, 27, 7703-7717.

Rodriguez, D.A.; Tapia, J.C; Fernandez, ].G.; Torres, V.A.; Mufioz, N.; Galleguillos, D.; Leyton, L.; Quest,
AF. Caveolin-1-mediated suppression of cyclooxygenase-2 via a beta-catenin-Tcf/Lef-dependent
transcriptional mechanism reduced prostaglandin E2 production and survivin expression. Mol. Biol. Cell
2009, 20, 2297-2310.

Fernandez, ].G.; Rodriguez, D.A.; Valenzuela, M.; Calderon, C.; Urztia, U.; Munroe, D.; Rosas, C.; Lemus,
D.; Diaz, N.; Wright, M.C,; et al. Survivin expression promotes VEGF-induced tumor angiogenesis via
PI3K/Akt enhanced p-catenin/Tcf-Lef dependent transcription. Mol. Cancer 2014, 13, 209.

Senetta, R.; Stella, G.; Pozzi, E.; Sturli, N.; Massi, D.; Cassoni, P. Caveolin-1 as a promoter of tumour
spreading: When, how, where and why. |. Cell. Mol. Med. 2013, 17, 325-336.

Navarro, A.; Anand-Apte, B.; Parat, M.O. A role for caveolae in cell migration. FASEB ]. 2004, 18, 1801-
1811.

Urra, H.; Torres, V.A.; Ortiz, R].; Lobos, L; Diaz, M.I,; Diaz, N.; Hértel, S.; Leyton, L.; Quest, A.F.
Caveolin-1-enhanced motility and focal adhesion turnover require tyrosine-14 but not accumulation to
the rear in metastatic cancer cells. PLoS ONE 2012, 7, e33085.

Joshi, B.; Strugnell, S.S.; Goetz, ]J.G.; Kojic, L.D.; Cox, M.E.; Griffith, O.L.; Chan, S.K,; Jones, S.J.; Leung,
S.P.; Masoudi, H.; et al. Phosphorylated caveolin-1 regulates Rho/ROCK-dependent focal adhesion
dynamics and tumor cell migration and invasion. Cancer Res. 2008, 68, 8210-8220.

Goetz, ].G.; Joshi, B.; Lajoie, P.; Strugnell, S.S.; Scudamore, T.; Kojic, L.D.; Nabi, LR. Concerted regulation
of focal adhesion dynamics by galectin-3 and tyrosine-phosphorylated caveolin-1. J. Cell Biol. 2008, 180,
1261-1275.

Shatz, M.; Lustig, G.; Reich, R.; Liscovitch, M. Caveolin-1 mutants P132L and Y14F are dominant negative
regulators of invasion, migration and aggregation in H1299 lung cancer cells. Exp. Cell Res. 2010, 316,
1748-1762.



Biomolecules 2019, 9, x FOR PEER REVIEW 19 of 25

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ortiz, R.; Diaz, J.; Diaz, N.; Lobos-Gonzalez, L.; Cardenas, A.; Contreras, P.; Diaz, M.L; Otte, E.; Cooper-
White, J.; Torres, V.; et al. Extracellular matrix-specific Caveolin-1 phosphorylation on tyrosine 14 is
linked to augmented melanoma metastasis but not tumorigenesis. Oncotarget 2016, 7, 40571-40593.
Grande-Garcia, A.; Echarri, A.; de Rooij, J.; Alderson, N.B.; Waterman-Storer, C.M.; Valdivielso, ].M.; del
Pozo, M.A. Caveolin-1 regulates cell polarization and directional migration through Src kinase and Rho
GTPases. J. Cell Biol. 2007, 177, 683-694.

Isshiki, M.; Ando, J.; Yamamoto, K.; Fujita, T.; Ying, Y.; Anderson, R.G. Sites of Ca(2+) wave initiation
move with caveolae to the trailing edge of migrating cells. J. Cell Sci. 2002, 115, 475-484.

Diaz, J.; Mendoza, P.; Ortiz, R,; Diaz, N.; Leyton, L.; Stupack, D.; Quest, A.F.; Torres, V.A. Rab5 is
required in metastatic cancer cells for Caveolin-1-enhanced Racl activation, migration and invasion. J.
Cell Sci. 2014, 127, 2401-2406.

Codenotti, S.; Faggi, F.; Ronca, R.; Chiodelli, P.; Grillo, E.; Guescini, M.; Megiorni, F.; Marampon, F. &
Fanzani, A. Caveolin-1 enhances metastasis formation in a human model of embryonal
rhabdomyosarcoma through Erk signaling cooperation. Cancer Lett. 2019, 449, 135-144.

Li, S.; Chen, Y.; Zhang, Y.; Jiang, X,; Jiang, Y.; Qin, X,; Yang, H.; Wu, C.; Liu, Y. Shear stress promotes
anoikis resistance of cancer cells via caveolin-1-dependent extrinsic and intrinsic apoptotic pathways. J.
Cell. Physiol. 2019, 234, 3730-3743.

Li, L.; Zhang, K; Lu, C.; Sun, Q.; Zhao, S; Jiao, L.; Han, R; Lin, C,; Jiang, J.; Zhao, M. & He, Y. Caveolin-1-
mediated STAT3 activation determines electrotaxis of human lung cancer cells. Oncotarget 2017, 8, 95741.
Mi, L.; Zhu, F.; Yang, X,; Lu, J.; Zheng, Y.; Zhao, Q.; Wen, X,; Lu, A.; Wang, M.; Zheng, M.; Ji, ]. & Sun, J.
The metastatic suppressor NDRG1 inhibits EMT, migration and invasion through interaction and
promotion of caveolin-1 ubiquitylation in human colorectal cancer cells. Oncogene 2017, 36, 4323.

Ruan, H,; Li, X,; Yang, H.; Song, Z.; Tong, J.; Cao, Q.; Wang, K,; Xiao, W.; Xiao, H.; Chen, X.; Xu, G.; Bao,
L.; Xiong, Z.; Yuan, C; Liu, L.; Qu, Y.; Hu, W.; Gao, Y.; Ru, Z.; Chen, K. & Zhang, X. Enhanced expression
of caveolin-1 possesses diagnostic and prognostic value and promotes cell migration, invasion and
sunitinib resistance in the clear cell renal cell carcinoma. Exp. Cell Res. 2017, 358, 269-278.

Mao, X.; Wong, S.Y.S.; Tse, EY.T.; Ko, F.C.F.; Tey, SK,; Yeung, Y.S.; Man, K,; Lo, R.CL.; Ng, LO.L. &
Yam, ].W.P. Mechanisms through which hypoxia-induced caveolin-1 drives tumorigenesis and metastasis
in hepatocellular carcinoma. Cancer Res. 2016, 76, 7242-7253.

Lagares-Tena, L.; Garcia-Monclas, S.; Lopez-Alemany, R.; Almacellas-Rabaiget, O.; Huertas-Martinez, J.;
Sainz-Jaspeado, M.; Mateo-Lozano, S.; Rodriguez-Galindo, C.; Rello-Varona, S.; Herrero-Martin, D. &
Tirado, O.M. Caveolin-1 promotes Ewing sarcoma metastasis regulating MMP-9 expression through
MAPK/ERK pathway. Oncotarget 2016, 7, 56889.

Luan, T.Y.; Zhu, T.N,; Cui, Y.J.; Zhang, G.; Song, X.J.; Gao, D.M.; Zhang, Y.M.; Zhao, Q.L.; Liu, S.; Su, T.Y.
& Zhao, RJ. Yang, H,; Guan, L.; Li, S,; Jiang, Y.; Xiong, N.; Li, L.; Wu, C.; Zeng, H. & Liu, Y. Correction:
Mechanosensitive caveolin-1 activation-induced PI3K/Akt/mTOR signaling pathway promotes breast
cancer motility, invadopodia formation and metastasis In Vivo. Oncotarget 2018, 9, 32730.

Stenzel, M.; Tura, A.; Nassar, K.; Rohrbach, ].M.; Grisanti, S.; Liike, M.; Liike, J. Analysis of caveolin-1 and
phosphoinositol-3 kinase expression in primary uveal melanomas. Clin. Exp. Ophthalmol. 2016, 44, 400-
409.

Nassar, Z.D.; Hill, M.M.; Parton, R.G.; Francois, M.; Parat, M.O. Non-caveolar caveolin-1 expression in
prostate cancer cells promotes lymphangiogenesis. Oncoscience 2015, 2, 635.

Luan, T.Y.; Zhu, T.N.; Cui, Y.J.; Zhang, G.; Song, X.J.; Gao, D.M.; Zhang, Y.M.; Zhao, Q.L.; Liu, S.; Su, T.Y.
& Zhao, R.J. Expression of caveolin-1 is correlated with lung adenocarcinoma proliferation, migration,
and invasion. Med. Oncol. 2015, 32, 207.

Chatterjee, M.; Ben-Josef, E.; Thomas, D.G.; Morgan, M.A.; Zalupski, M.M.; Khan, G.; Robinson, C.A,;
Griffith, K.A.; Chen, C.S.; Ludwig, T.; Bekaii-Saab, T.; Chakravarti, A. & Williams, T.M.Caveolin-1 is
associated with tumor progression and confers a multi-modality resistance phenotype in pancreatic
cancer. Sci. Rep. 2015, 5, 10867.

Joglekar, M.; Elbezanti, W.O.; Weitzman, M.D.; Lehman, H.L.; van Golen, K.L. Caveolin-1 mediates
inflammatory breast cancer cell invasion via the Aktl pathway and RhoC GTPase. J. Cell. Biochem. 2015,
116, 923-933.

Chanvorachote, P.; Pongrakhananon, V.; Halim, H. Caveolin-1 regulates metastatic behaviors of anoikis
resistant lung cancer cells. Mol. Cell. Biochem. 2015, 399, 291-302.



Biomolecules 2019, 9, x FOR PEER REVIEW 20 of 25

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Wang, R; Li, Z.; Guo, H.; Shi, W.; Xin, Y.; Chang, W.; Huang, T. Caveolin 1 knockdown inhibits the
proliferation, migration and invasion of human breast cancer BT474 cells. Mol. Med. Rep. 2014, 9, 1723~
1728.

Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev.
Mol. Cell Biol. 2014, 15, 178-196.

Bailey, K.M.; Liu, J. Caveolin-1 up-regulation during epithelial to mesenchymal transition is mediated by
focal adhesion kinase. J. Biol. Chem. 2008, 283, 13714-13724.

Diaz, ].E; Diaz, N.; Leyton, L.; Torres, V.A.; Quest, A.F. Molecular insights to a novel Caveolin-1-Rab5-
Rac-1 signaling pathway important for metastatic cancer cell migration and invasion. Cancer Cell
Microenviron. 2014, 1, doi:10.14800/ccm.332.

Wang, K.; Zhu, X.; Chen, Y.; Yin, Y. & Ma, T. Tubeimoside V sensitizes human triple negative breast
cancer MDA-MB-231 cells to anoikis via regulating caveolin-1-related signaling pathways. Arch. Biochem.
Biophys. 2018, 646, 10-15.

Lv, W.; Chen, N,; Lin, Y,; Ma, H; Ruan, Y.; Li, Z; Li, X,; Pan, X. & Tian, X. Macrophage migration
inhibitory factor promotes breast cancer metastasis via activation of HMGB1/TLR4/NF kappa B axis.
Cancer Lett. 2016, 375, 245-255.

Gai, X,; Lu, Z,; Tu, K;; Liang, Z.; Zheng, X. Caveolin-1 is up-regulated by GLI1 and contributes to GLI1-
driven EMT in hepatocellular carcinoma. PLoS ONE 2014, 9, e84551.

Felicetti, F.; Parolini, I.; Bottero, L.; Fecchi, K.; Errico, M.C.; Raggi, C.; Biffoni, M.; Spadaro, F.; Lisanti,
M.P.; Sargiacomo, M.; et al. Caveolin-1 tumor-promoting role in human melanoma. Int. J. Cancer 2009,
125,1514-1522.

Ho, C.C; Huang, P.H.; Huang, H.Y.; Chen, Y.H, Yang, P.C,;, Hsu, SM. Up-regulated caveolin-1
accentuates the metastasis capability of lung adenocarcinoma by inducing filopodia formation. Am. |.
Pathol. 2002, 161, 1647-1656.

Jaffe, A.B.; Hall, A. Rho GTPases: Biochemistry and biology. Annu. Rev. Cell Dev. Biol. 2005, 21, 247-269.
Davis, M.J; Ha, B.H.; Holman, E.C,; Halaban, R.; Schlessinger, ].; Boggon, T.J. RACIP29S is a
spontaneously activating cancer-associated GTPase. Proc. Natl. Acad. Sci. USA 2013, 110, 912-917.
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, 3541-3547.

Wei, Y.; Yang, X,; Liu, Q.; Wilkins, J.A.; Chapman, H.A. A role for caveolin and the urokinase receptor in
integrin-mediated adhesion and signaling. . Cell Biol. 1999, 144, 1285-1294.

Schmidt-Glenewinkel, H.; Reinz, E.; Bulashevska, S.; Beaudouin, J.; Legewie, S.; Alonso, A.; Eils, R.
Multiparametric image analysis reveals role of Caveolinl in endosomal progression rather than
internalization of EGFR. FEBS Lett. 2012, 586, 1179-1189.

Shi, F.; Sottile, J. Caveolin-1-dependent betal integrin endocytosis is a critical regulator of fibronectin
turnover. J. Cell Sci. 2008, 121, 2360-2371.

Orlichenko, L.; Weller, 5.G.; Cao, H.; Krueger, EW.; Awoniyi, M.; Beznoussenko, G.; Buccione, R;
McNiven, M.A. Caveolae mediate growth factor-induced disassembly of adherens junctions to support
tumor cell dissociation. Mol. Biol. Cell 2009, 20, 4140—4152.

Lehmann, B.D.; Bauer, J.A,; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A.
Identification of human triple-negative breast cancer subtypes and preclinical models for selection of
targeted therapies. J. Clin. Investig. 2011, 121, 2750-2767.

Yang, B.; Wang, N.; Wang, S;; Li, X.; Zheng, Y.; Li, M,; Song, J.; Zhang, F.; Mei, W.; Lin, Y. & Wang, Z.
Network-pharmacology-based identification of caveolin-1 as a key target of Oldenlandia diffusa to
suppress breast cancer metastasis. Biomed. Pharmacother. 2019, 112, 108607.

Tahir, S.A.; Yang, G.; Ebara, S.; Timme, T.L.; Satoh, T.; Li, L.; Goltsov, A.; Ittmann, M.; Morrisett, ].D.;
Thompson, T.C. Secreted caveolin-1 stimulates cell survival/clonal growth and contributes to metastasis
in androgen-insensitive prostate cancer. Cancer Res. 2001, 61, 3882-3885.

Huang, C.; Qiu, Z.; Wang, L.; Peng, Z.; Jia, Z.; Logsdon, C.D.; Le, X.; Wei, D.; Huang, S.; Xie, K. A novel
FoxM1-caveolin signaling pathway promotes pancreatic cancer invasion and metastasis. Cancer Res. 2012,
72, 655-665.

Thomas, S.; Overdevest, J.B.; Nitz, M.D.; Williams, P.D.; Owens, C.R.; Sanchez-Carbayo, M.; Frierson,
H.F.; Schwartz, M.A.; Theodorescu, D. Src and caveolin-1 reciprocally regulate metastasis via a common
downstream signaling pathway in bladder cancer. Cancer Res. 2011, 71, 832-841.



Biomolecules 2019, 9, x FOR PEER REVIEW 21 of 25

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Liu, P.; Li, W.P.; Machleidt, T.; Anderson, R.G. Identification of caveolin-1 in lipoprotein particles
secreted by exocrine cells. Nat. Cell Biol. 1999, 1, 369-375.

Li, W.P.; Liu, P.; Pilcher, B.K.; Anderson, R.G. Cell-specific targeting of caveolin-1 to caveolae, secretory
vesicles, cytoplasm or mitochondria. J. Cell Sci. 2001, 114, 1397-1408.

Bartz, R.; Zhou, J.; Hsieh, J.T,; Ying, Y.; Li, W.; Liu, P. Caveolin-1 secreting LNCaP cells induce tumor
growth of caveolin-1 negative LNCaP cells In Vivo. Int. ]. Cancer 2008, 122, 520-525.

Sengupta, A.; Mateo-Lozano, S.; Tirado, O.M.; Notario, V. Auto-stimulatory action of secreted caveolin-1
on the proliferation of Ewing’s sarcoma cells. Int. J. Oncol. 2011, 38, 1259-1265.

Lugini, L.; Matarrese, P.; Tinari, A.; Lozupone, F.; Federici, C.; Iessi, E.; Gentile, M.; Luciani, F,;
Parmiani, G.; Rivoltini, L.; Malorni, W. & Fais, S. Cannibalism of live lymphocytes by human metastatic
but not primary melanoma cells. Cancer Res. 2006, 66, 3629-3638.

Llorente, A.; de Marco, M.C.; Alonso, M.A. Caveolin-1 and MAL are located on prostasomes secreted by
the prostate cancer PC-3 cell line. J. Cell Sci. 2004, 117, 5343-5351.

Sawada, N.; Taketani, Y.; Amizuka, N.; Ichikawa, M.; Ogawa, C.; Nomoto, K.; Nashiki, K.; Sato,T.; Arai,
H.; Isshiki, M.; Segawa, H.; Yamamoto, H.; Miyamoto, K. & Takeda, E. Caveolin-1 in extracellular matrix
vesicles secreted from osteoblasts. Bone 2007, 41, 52-58.

Parolini, I.; Federici, C.; Raggi, C.; Lugini, L.; Palleschi, S.; De Milito, A.; Coscia, C.; Iessi, E.; Logozzi, M.;
Molinari, A.; Colone, M.; Tatti, M.; Sargiacomo, M. & Fais, S. Microenvironmental pH is a key factor for
exosome traffic in tumor cells. J. Biol. Chem. 2009, 284, 34211-34222.

Di Vizio, D.; Morello, M.; Dudley, A.C.; Schow, P.W.; Adam, R.M.; Morley, S.; Mulholland, D.; Rotinen,
M.; Hager, M.H.; Insabato, L.; Moses, M.A.; Demichelis, F.; Lisanti M.P.;, Wu, H.; Klagsbrun, M.;
Bhowmick, N.A.; Rubin, M.A.; D'Souza-Schorey, C. & Freeman, M.R. Large oncosomes in human
prostate cancer tissues and in the circulation of mice with metastatic disease. Am. J. Pathol. 2012, 181,
1573-1584.

Crewe, C;; Joffin, N.; Rutkowski, ].M.; Kim, M.; Zhang, F.; Towler, D.A.; Gordillo, R. & Scherer, P.E. An
endothelial-to-adipocyte extracellular vesicle axis governed by metabolic state. Cell 2018, 175, 695-708.
Kucharzewska, P.; Christianson, H.C.; Welch, J.E.; Svensson, K.J.; Fredlund, E.; Ringnér, M.; Morgelin,
M.; Bourseau-Guilmain, E.; Bengzon, J. & Belting M. Exosomes reflect the hypoxic status of glioma cells
and mediate hypoxia-dependent activation of vascular cells during tumor development. Proc. Natl. Acad.
Sci. USA 2013, 110, 7312-7317.

He, M., Qin, H.; Poon, T.C.W,; Sze, S.C; Ding, X, Co, N.N.; Ngai, S.M.; Chan, T.F. & Wong, N.
Hepatocellular carcinoma-derived exosomes promote motility of immortalized hepatocyte through
transfer of oncogenic proteins and RNAs. Carcinogenesis 2015, 36, 1008-1018.

Campos, A.; Salomon, C.; Bustos, R.; Diaz, ].; Martinez, S; Silva, V.; Reyes, C.; Diaz-Valdivia, N.; Varas-
Godoy, M.; Lobos-Gonzalez, L. & Quest A.F.G. Caveolin-1-containing extracellular vesicles transport
adhesion proteins and promote malignancy in breast cancer cell lines. Nanomedicine 2018, 13, 2597-2609.
Shao, H.; Im, H.; Castro, C.M.; Breakefield, X.; Weissleder, R.; Lee, H. New Technologies for Analysis of
Extracellular Vesicles. Chem. Rev. 2018, 118, 1917-1950.

Johnstone, RM.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte
maturation. Association of plasma membrane activities with released vesicles (exosomes). . Biol. Chem.
1987, 262, 9412-9420.

Sagredo, A.L; Sepulveda, S.A.; Roa, ].C.; Orostica, L. Exosomes in bile as potential pancreatobiliary tumor
biomarkers. Transl. Cancer Res. 2017, 6, S1371-51383.

Czernek, L.; Duchler, M. Functions of Cancer-Derived Extracellular Vesicles in Immunosuppression.
Arch. Immunol. Ther. Exp. 2017, 65, 311-323.

Liu, M.X,; Liao, J.; Xie, M.; Gao, Z.K.; Wang, X.H.; Zhang, Y.; Shang, M.H,; Yin, L.H.; Pu, Y.P,; Liu, R. miR-
93-5p Transferred by Exosomes Promotes the Proliferation of Esophageal Cancer Cells via Intercellular
Communication by Targeting PTEN. Biomed. Environ. Sci. 2018, 31, 171-185.

La Shu, S; Yang, Y.; Allen, C.L.; Maguire, O.; Minderman, H.; Sen, A.; Ciesielski, M.].; Collins, K.A.; Bush,
PJ.; Singh, P, Wang, X.; Morgan, M.; Qu, J.; Bankert, R.B.; Whiteside, T.L.; Wu Y. & Ernstoff, M.S.
Metabolic reprogramming of stromal fibroblasts by melanoma exosome microRNA favours a pre-
metastatic microenvironment. Sci. Rep. 2018, 8, 12905.

Pfeiler, S.; Thakur, M.; Griinauer, P.; Megens, R.T.A,; Joshi, U.; Coletti, R.; Samara, V.; Miiller-Stoy, G.;
Ishikawa-Ankerhold, H.; Stark, K; Klingl, A.; Frohlich, T.; Arnold, G.J.; Wérmann, S.; Bruns, C.J.; Algiil,



Biomolecules 2019, 9, x FOR PEER REVIEW 22 of 25

130.

131.

132.
133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

H.; Weber, C; Massberg, S. & Engelmann, B. CD36-triggered cell invasion and persistent tissue
colonization by tumor microvesicles during metastasis. FASEB J. 2018, 33, 1860-1872.

Kahlert, C.; Kalluri, R. Exosomes in tumor microenvironment influence cancer progression and
metastasis. ]. Mol. Med. 2013, 91, 431-437.

van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat.
Rev. Mol. Cell Biol. 2018, 19, 213-228.

Zijlstra, A.; Di Vizio, D. Size matters in nanoscale communication. Nat. Cell Biol. 2018, 20, 228-230.
Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases
2017, 8, 220-232.

Raposo, G.; Nijman, H.W.; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.J.; Geuze, H.]J. B
lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 1996, 183, 1161-1172.

Raiborg, C.; Rusten, T.E.; Stenmark, H. Protein sorting into multivesicular endosomes. Curr. Opin. Cell
Biol. 2003, 15, 446-455.

Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, L.F.; Thery,
C.; Raposo, G. Analysis of ESCRT functions in exosome biogenesis, composition and secretion highlights
the heterogeneity of extracellular vesicles. ]. Cell Sci. 2013, 126, 5553-5565.

Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F.; Schwille, P.; Brugger, B.;
Simons, M. Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 2008,
319, 1244-1247.

Chairoungdua, A.; Smith, D.L.; Pochard, P.; Hull, M.; Caplan, M.]. Exosome release of beta-catenin: A
novel mechanism that antagonizes Wnt signaling. J. Cell Biol. 2010, 190, 1079-1091.

Kajimoto, T.; Okada, T.; Miya, S.,; Zhang, L.; Nakamura, S. Ongoing activation of sphingosine 1-
phosphate receptors mediates maturation of exosomal multivesicular endosomes. Nat. Commun. 2013, 4,
2712.

Phuyal, S.; Hessvik, N.P.; Skotland, T.; Sandvig, K.; Llorente, A. Regulation of exosome release by
glycosphingolipids and flotillins. FEBS J. 2014, 281, 2214-2227.

Rappa, G.; Mercapide, J.; Anzanello, F.; Pope, R.M.; Lorico, A. Biochemical and biological characterization
of exosomes containing prominin-1/CD133. Mol. Cancer 2013, 12, 62.

Buschow, S.I; Nolte - ‘t Hoen, EIN.M.; Van Niel, G.; Pols, M.S.; Ten Broeke, T.; Lauwen, M.; Ossendorp,
F.; Melief, C.J.M.; Raposo, G.; Wubbolts, R.; Wauben, M.H.M. & Stoorvogel, W. MHC II in dendritic cells
is targeted to lysosomes or T cell-induced exosomes via distinct multivesicular body pathways. Traffic
2009, 10, 1528-1542.

Lee, T.H.; Chennakrishnaiah, S.; Meehan, B.; Montermini, L.; Garnier, D.; D'Asti, E.; Hou, W.; Magnus,
N.; Gayden, T.; Jabado, N.; Eppert, K.; Majewska, L. & Rak, J. Barriers to horizontal cell transformation by
extracellular vesicles containing oncogenic H-ras. Oncotarget 2016, 7, 51991.

Jenjaroenpun, P.; Kremenska, Y., Nair, V.M., Kremenskoy, M. Joseph, B., Kurochkin, LV.
Characterization of RNA in exosomes secreted by human breast cancer cell lines using next-generation
sequencing. Peer] 2013, 1, e201.

Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F.; Perez-Hernandez, D.; Vazquez, J.; Martin-
Cofreces, N.; Martinez-Herrera, D.].; Pascual-Montano, A., Mittelbrunn, M.; Sanchez-Madrid, F.
Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes through binding to specific
motifs. Nat. Commun. 2013, 4, 2980.

Statello, L.; Maugeri, M.; Garre, E.; Nawaz, M.; Wahlgren, J.; Papadimitriou, A.; Lundqvist, C.; Lindfors,
L.; Collén, A.; Sunnerhagen, P.; Ragusa, M.; Purrello, M., Di Pietro, C.; Tigue, N. & Valadi, H.
Identification of RNA-binding proteins in exosomes capable of interacting with different types of RNA:
RBP-facilitated transport of RNAs into exosomes. PLoS ONE 2018, 13, e0195969.

Melo, S.A.; Sugimoto, H.; O’Connell, ].T.; Kato, N.; Villanueva, A.; Vidal, A.; Qiu, L.; Vitkin, E.; Perelman,
L.T.; Melo, C.A,; Lucci, A,; Ivan, C.; Calin, G.A. & Kallur, R. Cancer exosomes perform cell-independent
microRNA biogenesis and promote tumorigenesis. Cancer Cell 2014, 26, 707-721.

Deschamps, T.; Kalamvoki, M. Extracellular Vesicles Released by Herpes Simplex Virus 1-Infected Cells
Block Virus Replication in Recipient Cells in a STING-Dependent Manner. J. Virol. 2018, 92,
doi:10.1128/JV1.01102-18.



Biomolecules 2019, 9, x FOR PEER REVIEW 23 of 25

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Ginestra, A.; Monea, S.; Seghezzi, G.; Dolo, V.; Nagase, H.; Mignatti, P.; Vittorelli, M.L. Urokinase
plasminogen activator and gelatinases are associated with membrane vesicles shed by human HT1080
fibrosarcoma cells. J. Biol. Chem. 1997, 272, 17216-17222.

Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and
other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289.

Ostrowski, M.; Carmo, N.B.; Krumeich, S.; Fanget, I.; Raposo, G.; Savina, A.; Moita, C. F.; Schauer, K,;
Hume, A.N.; Freitas, R.P.; Goud, B.; Benaroch, P.; Hacohen, N.; Fukuda, M.; Desnos, C.; Seabra M.C,,
Darchen, F.; Amigorena, S.; Moita L.F. & Thery, C.Rab27a and Rab27b control different steps of the
exosome secretion pathway. Nat. Cell Biol. 2010, 12, 19.

Hsu, C.; Morohashi, Y.; Yoshimura, S.I.; Manrique-Hoyos, N.; Jung, S.; Lauterbach, M.A.; Bakhti, M.;
Gronborg, M.; Mébius, W.; Rhee, J.; Barr, F.A. & Simons, M. Regulation of exosome secretion by Rab35
and its GTPase-activating proteins TBC1D10A-C. |. Cell Biol. 2010, 189, 223-232.

Savina, A.; Fader, C.M.; Damiani, M.T.; Colombo, M.I. Rabll promotes docking and fusion of
multivesicular bodies in a calcium-dependent manner. Traffic 2005, 6, 131-143.

Jahn, R.; Scheller, R.H. SNAREs —Engines for membrane fusion. Nat. Rev. Mol. Cell Biol. 2006, 7, 631-643.
Verweij, F.J.; Bebelman, M.P.; Jimenez, C.R.; Garcia-Vallejo, J.J.; Janssen, H.; Neefjes, J.; Knol, ]J.C.; de
Goeij-de Haas, R.; Piersma, S.R.; Baglio, S.R.; Verhage, M.; Middeldorp, ].M.; Zomer, A.; van Rheenen, J.;
Coppolino, M.G.; Hurbain, I; Raposo, G.; Smit, M.].; Toonen, RF.G,; van Niel, G. & Pegtel, D.M.
Quantifying exosome secretion from single cells reveals a modulatory role for GPCR signaling. J. Cell Biol.
2018, 217, 1129-1142.

Barres, C.; Blang, L.; Bette-Bobillo, P.; Andre, S.; Mamoun, R.; Gabius, H.].; Vidal, M. Galectin-5 is bound
onto the surface of rat reticulocyte exosomes and modulates vesicle uptake by macrophages. Blood 2010,
115, 696-705.

Tian, T.; Wang, Y.; Wang, H.; Zhu, Z,; Xiao, Z. Visualizing of the cellular uptake and intracellular
trafficking of exosomes by live-cell microscopy. J. Cell. Biochem. 2010, 111, 488-496.

Costa Verdera, H.; Gitz-Francois, ].J.; Schiffelers, R.M.; Vader, P. Cellular uptake of extracellular vesicles
is mediated by clathrin-independent endocytosis and macropinocytosis. . Control. Release 2017, 266, 100
108.

Horibe, S.; Tanahashi, T.; Kawauchi, S.; Murakami, Y.; Rikitake, Y. Mechanism of recipient cell-dependent
differences in exosome uptake. BMC Cancer 2018, 18, 47.

Mulcahy, L.A,; Pink, R.C; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell.
Vesicles 2014, 3, 24641.

Nanbo, A.; Kawanishi, E.; Yoshida, R.; Yoshiyama, H. Exosomes derived from Epstein-Barr virus-infected
cells are internalized via caveola-dependent endocytosis and promote phenotypic modulation in target
cells. J. Virol. 2013, 87, 10334-10347.

Svensson, K.J.; Christianson, H.C.; Wittrup, A.; Bourseau-Guilmain, E.; Lindqvist, E.; Svensson, L.M.;
Morgelin, M.; Belting, M. Exosome uptake depends on ERK1/2-heat shock protein 27 signaling and lipid
Raft-mediated endocytosis negatively regulated by caveolin-1. . Biol. Chem. 2013, 288, 17713-17724.
Montecalvo, A.; Larregina, A.T.; Shufesky, W.].; Stolz, D.B.; Sullivan, M.L.; Karlsson, ].M.; Baty, C.J,;
Gibson, G.A.; Erdos, G.; Wang, Z.; Milosevic, J.; Tkacheva, O.A.; Divito, S.J.; Jordan, R.; Lyons-Weiler, J.;
Watkins, S.C. & Morelli, A.E. Mechanism of transfer of functional microRNAs between mouse dendritic
cells via exosomes. Blood 2012, 119, 756-766.

Heusermann, W.; Hean, J.; Trojer, D.; Steib, E.; Von Bueren, S.; Graff-Meyer, A.; Genoud, C.; Martin, K,;
Pizzato, N.; Voshol, J.; Morrissey, D.V.; Andaloussi, S.E.L; Wood, M.]. & Meisner-Kober, N.C. Exosomes
surf on filopodia to enter cells at endocytic hot spots, traffic within endosomes, and are targeted to the
ER. J. Cell Biol. 2016, 213, 173-184.

Hill, M.M.; Bastiani, M.; Luetterforst, R.; Kirkham, M.; Kirkham, A.; Nixon, S.J.; Hancock, J.F. PTRF-
Cavin, a conserved cytoplasmic protein required for caveola formation and function. Cell 2008, 132, 113-
124.

del Pozo, M.A.; Balasubramanian, N.; Alderson, N.B.; Kiosses, W.B.; Grande-Garcia, A.; Anderson, R.G;
Schwartz, M.A. Phospho-caveolin-1 mediates integrin-regulated membrane domain internalization. Nat.
Cell Biol. 2005, 7, 901.

Grande-Garcia, A.; del Pozo, M.A. Caveolin-1 in cell polarization and directional migration. Eur. J. Cell
Biol. 2008, 87, 641-647.



Biomolecules 2019, 9, x FOR PEER REVIEW 24 of 25

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Kirchner, P.; Bug, M.; Meyer, H. Ubiquitination of the N-terminal region of caveolin-1 regulates
endosomal sorting by the VCP/p97 AAA-ATPase. . Biol. Chem. 2013, 288, 7363-7372.

Burana, D.; Yoshihara, H.; Tanno, H.; Yamamoto, A.; Saeki, Y.; Tanaka, K.; Komada, M. The Ankrd13
family of ubiquitin-interacting motif-bearing proteins regulates valosin-containing protein/p97 protein-
mediated lysosomal trafficking of caveolin 1. J. Biol. Chem. 2016, 291, 6218-6231.

Ritz, D.; Vuk, M.,; Kirchner, P.; Bug, M.; Schiitz, S.; Hayer, A.; Bremer, S.; Lusk, C.; Baloh, R.H.; Lee, H.;
Glatter, T.; Gstaiger, M.; Aebersold, R.; Weihl, C.C & Meyer, H. Endolysosomal sorting of ubiquitylated
caveolin-1 is regulated by VCP and UBXD1 and impaired by VCP disease mutations. Nat. Cell Biol. 2011,
13, 1116.

Mundy, D.I; Li, W.P.; Luby-Phelps, K.; Anderson, R.G. Caveolin targeting to late endosome/lysosomal
membranes is induced by perturbations of lysosomal pH and cholesterol content. Mol. Biol. Cell 2012, 23,
864-880.

Parat, M.O.; Anand-Apte, B.; Fox, P.L. Differential caveolin-1 polarization in endothelial cells during
migration in two and three dimensions. Mol. Biol. Cell 2003, 14, 3156-3168.

Hessvik, N.P.; Overbye, A.; Brech, A.; Torgersen, M.L.; Jakobsen, LS.; Sandvig, K.; Llorente, A. PIKfyve
inhibition increases exosome release and induces secretory autophagy. Cell. Mol. Life Sci. 2016, 73, 4717—
4737.

Lu, Q.; Zhang, J.; Allison, R.; Gay, H.; Yang, W.X,; Bhowmick, N.A ; Frelix, G.; Shappell, S. & Chen, Y.H.
Identification of extracellular & - catenin accumulation for prostate cancer detection. Prostate 2009, 69,
411 - 418.

Kosaka, N.; Kogure, A.; Yamamoto, T.; Urabe, F.; Usuba, W.; Prieto-Vila, M.; Ochiya, T. Exploiting the
message from cancer: The diagnostic value of extracellular vesicles for clinical applications. Exp. Mol.
Med. 2019, 51, 31.

Harris, D.A.; Patel, S.H.; Gucek, M.; Hendrix, A.; Westbroek, W.; Taraska, J.W. Exosomes released from
breast cancer carcinomas stimulate cell movement. PLoS ONE 2015, 10, e0117495.

Holbourn, K.P.; Acharya, K.R,; Perbal, B. The CCN family of proteins: Structure-function relationships.
Trends Biochem. Sci. 2008, 33, 461-473.

Cheng, T.Y.; Wu, M.S.;; Hua, K.T.; Kuo, M.L.; Lin, M.T. Cyr61/CTGF/Nov family proteins in gastric
carcinogenesis. World ]. Gastroenterol. 2014, 20, 1694-1700.

Tsai, M.S.; Bogart, D.F.; Castaneda, ].M.; Li, P.; Lupu, R. Cyr61 promotes breast tumorigenesis and cancer
progression. Oncogene 2002, 21, 8178-8185.

Huang, Y.T; Lan, Q.; Lorusso, G.; Duffey, N.; Ruegg, C. The matricellular protein CYR61 promotes breast
cancer lung metastasis by facilitating tumor cell extravasation and suppressing anoikis. Oncotarget 2017,
8, 9200-9215.

Lin, M.T.; Chang, C.C.; Lin, B.R.; Yang, H.Y.; Chu, C.Y.; Wu, M.H.; Kuo, M.L. Elevated expression of
Cyr61 enhances peritoneal dissemination of gastric cancer cells through integrin a231. J. Biol. Chem. 2007,
282, 34594-34604.

Holloway, S.E.; Beck, A.W.; Girard, L.; Jaber, M.R.; Barnett, C.C., Jr.; Brekken, R.A.; Fleming, J.B.
Increased expression of Cyr61 (CCN1) identified in peritoneal metastases from human pancreatic cancer.
J. Am. Coll. Surg. 2005, 200, 371-377.

Jin, Y,; Kim, H.P.; Cao, ]J.; Zhang, M.; Ifedigbo, E.; Choi, A.M. Caveolin-1 regulates the secretion and
cytoprotection of Cyr61 in hyperoxic cell death. FASEB J. 2009, 23, 341-350.

Bergenfelz, C.; Gaber, A.; Allaoui, R.; Mehmeti, M.; Jirstrom, K.; Leanderson, T.; Leandersson, K. SI00A9
expressed in ER"PgR™ breast cancers induces inflammatory cytokines and is associated with an impaired
overall survival. Br. |. Cancer 2015, 113, 1234.

Miller, P.; Kidwell, KM.; Thomas, D.; Sabel, M.; Rae, ].M.; Hayes, D.F.; Hudson, B.L; El-Ashry, D. &
Lippman, M.E. Elevated SI00A8 protein expression in breast cancer cells and breast tumor stroma is
prognostic of poor disease outcome. Breast Cancer Res. Treat. 2017, 166, 85-94.

Hiratsuka, S.; Watanabe, A.; Aburatani, H.; Maru, Y. Tumour-mediated upregulation of chemoattractants
and recruitment of myeloid cells predetermines lung metastasis. Nat. Cell Biol. 2006, 8, 1369-1375.

Onion, D.; Isherwood, M.; Shridhar, N.; Xenophontos, M.; Craze, M.L.; Day, L.J.; Garcia-Marquez, M.A.;
Pineda, R.G.; Reece-Smith, A.M.; Saunders, J.H.; Duffy, J.P.; Argent, RH. & Grabowska A.M.
Multicomponent analysis of the tumour microenvironment reveals low CD8 T cell number, low stromal



Biomolecules 2019, 9, x FOR PEER REVIEW 25 of 25

188.

189.

190.

191.

192.

caveolin-1 and high tenascin-C and their combination as significant prognostic markers in non-small cell
lung cancer. Oncotarget 2018, 9, 1760.

Yoshida, T.; Ishihara, A., Hirokawa, Y., Kusakabe, M.; Sakakura, T. Tenascin in breast cancer
development-Is epithelial tenascin a marker for poor prognosis? Cancer Lett. 1995, 90, 65-73.

Adams, M.; Jones, J.; Walker, R.A.; Pringle, J.H.; Bell, S.C. Changes in tenascin-C isoform expression in
invasive and preinvasive breast disease. Cancer Res. 2002, 62, 3289-3297.

Oskarsson, T.; Acharyya, S.; Zhang, X. H. F.; Vanharanta, S.; Tavazoie, S. F.; Morris, P. G.; Downey R.J.;
Manova-Todorova k.; Brogi E & Massagué, ]J. Breast cancer cells produce tenascin C as a metastatic niche
component to colonize the lungs. Nat. Med. 2011, 17, 867.

Calvo, A.; Catena, R.; Noble, M.S.; Carbott, D.; Gil-Bazo, 1., Gonzalez-Moreno, O.; Merlino, G.
Identification of VEGF-regulated genes associated with increased lung metastatic potential: Functional
involvement of tenascin-C in tumor growth and lung metastasis. Oncogene 2008, 27, 5373.

Tanaka, K.; Hiraiwa, N.; Hashimoto, H.; Yamazaki, Y.; Kusakabe, M. Tenascin-C regulates angiogenesis
in tumor through the regulation of vascular endothelial growth factor expression. Int. J. Cancer 2004, 108,
31-40.

© 2019 by the authors. Submitted for possible open access publication under the
@ ® terms and conditions of the Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



