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Abstract

Caveolin-1 (CAV1) has long been implicated in cancer progression, and while widely accepted as an oncogenic protein, CAV1
also has tumor suppressor activity. CAV1 was first identified in an early study as the primary substrate of Src kinase, a potent
oncoprotein, where its phosphorylation correlated with cellular transformation. Indeed, CAV1 phosphorylation on tyrosine-14
(Y14; pCAV1) has been associated with several cancer-associated processes such as focal adhesion dynamics, tumor cell
migration and invasion, growth suppression, cancer cell metabolism, and mechanical and oxidative stress. Despite this, a clear
understanding of the role of Y 14-phosphorylated pCAV1 in cancer progression has not been thoroughly established. Here, we
provide an overview of the role of Src-dependent phosphorylation of tumor cell CAV1 in cancer progression, focusing on
pCAV1 in tumor cell migration, focal adhesion signaling and metabolism, and in the cancer cell response to stress pathways
characteristic of the tumor microenvironment. We also discuss a model for Y14 phosphorylation regulation of CAV1 effector

protein interactions via the caveolin scaffolding domain.

Keywords Tyrosine phosphorylation - Caveolin-1 (CAV1) - Cancer progression - Src kinase - Caveolae - Focal adhesions

1 Src kinase and the discovery of caveolin-1

Tyrosine kinases are key regulators of signaling events related
to cell proliferation, differentiation, and apoptosis and as such,
key instigators in cancer progression. Src kinase, a non-
receptor tyrosine kinase, was first discovered as the protein
responsible for transformation and maintenance of a neoplas-
tic state in fibroblasts infected with avian sarcoma virus [1].
Excitingly at the time, the v-Src protein was discovered to
have kinase activity suggesting a possible mechanism of trans-
formation [2, 3], and shortly thereafter, targets of Src kinase
were identified using anti-phosphotyrosine antibodies [4] (see
[5] for historical review of the discovery of Src). Interestingly,
caveolin-1 (CAV1) was identified as one of the primary
tyrosine-phosphorylated substrates in Rous sarcoma virus-
infected chick embryo fibroblasts; this 22 kDa target of
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v-Sre kinase localized to puncta by immunofluorescence that
were later identified as caveolae [6, 7]. This marked the dis-
covery of CAV1. Moreover, CAV1 was the only Src kinase
substrate identified whose phosphorylation, later identified at
residue tyrosine 14 (Y14; pCAV1), correlated with cellular
transformation [6, 8].

These early experiments were among the first to expose the
role of tyrosine phosphorylation in cellular transformation and
lead to what we know now as a complex signaling cascade that
drives tumor formation and malignancy. Additionally, they
placed CAV1 and, more specifically, CAV1 phosphorylation
as potential regulators of cellular transformation and tumor
progression for the first time. While CAV1 and Src kinase have
since been widely implicated in tumorigenesis [9, 10], the spe-
cific role of pCAV1 in cancer has been difficult to determine.
Here, we review the literature surrounding Src-dependent phos-
phorylation of tumor cell CAV1 focusing on pCAV1-
dependent processes associated with cancer progression.

2 CAV1, caveolae, and scaffolds
CAV1 is an integral membrane protein that forms the coat of

plasma membrane caveolae [11]; CAV1 associates with mem-
branes via a small hairpin insert as well as three palmitoylation
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sites (Cys133/143/156) with its N- and C-termini exposed to
the cytoplasm (Fig. 1) [12, 13]. Palmitoylation, the reversible
post-translational addition of a 16-carbon lipid chain that en-
hances protein hydrophobicity, is not necessary for formation
or localization of CAV1 to caveolae [13]. CAV1
palmitoylation is mediated by the DHHC7 and DHHC21
palmitoyl acyltransferases, inhibited by oxidative stress and
reported to be irreversible as CAV1 embedding in the mem-
brane prevents access and modification to the palmitoylation
sites [14—16]. CAV1 was the first member discovered in a
family of three caveolins and is phosphorylated by Src kinase
at Y14 in response to a multitude of stimuli. Caveolin-2
(CAV2) is co-expressed with CAV1 and cannot form caveo-
lae in the absence of CAV1 [17, 18]. CAV2 is also a Src
kinase substrate, phosphorylated at Y19, and its phosphoryla-
tion results in the dissociation of CAV2 from CAV1 hetero-
oligomers at the plasma membrane [19]. Caveolin-3 (CAV3)
is predominantly expressed in muscle tissue and shares the
highest sequence similarity with CAV1 but is not phosphory-
lated by Src kinase [20, 21]. Two isoforms of CAV1 exist with
different methionine start sites, Met 1 (a-isoform) or an inter-
nal Met 32 (f3-isoform) [22], such that only the a-isoform of
CAV1 is Y 14-phosphorylated. While Src kinase is the prima-
ry kinase studied that phosphorylates CAV1, Fyn and Abl are
two other Src family kinases that also phosphorylate CAV1 at
Y14 [23, 24].

CAV1 exists as monomers but also forms stable SDS-
resistant oligomers that are composed of 14-16 CAV1 mole-
cules [25]. CAV1 oligomerization is stabilized by interactions
with fatty acids and cholesterol and mediated by the oligomer-
ization domain (amino acids 61-101) [26-28]. This domain
also mediates CAV1 interaction with cholesterol and overlaps

the highly conserved membrane proximal caveolin scaffold-
ing domain (CSD) (Fig. 1), a hydrophobic region from amino
acids 82-101 [29, 30]. The CSD mediates CAV1 interaction
with multiple signaling molecules, including Src family tyro-
sine kinases, growth factor receptors, endothelial nitric oxide
synthase (eNOS), and G proteins [30-35].

CAV1 is the main structural component of caveolae, small
plasma membrane invaginations of 50-100 nm [6, 7, 36].
Functional roles of caveolae include mechanoprotective mem-
brane buffers, mechanosensors, signaling hubs, and endocytic
transporters [11]. Caveolae formation also requires an adaptor
protein CAVIN1 (also called PTRF) [37]. Other CAVINS
include CAVIN2 and CAVIN3 that associate with and modify
caveolae size and dynamics but are not required for caveolae
formation, as well as muscle specific CAVIN4 [38, 39]. Other
regulators of caveolae formation and stability include
dynamin-2, PACSIN2, and EHD2. Dynamin-2 localizes to
the neck of caveolae and mediates caveolae scission via
GTP hydrolysis and Src-mediated phosphorylation of
dynamin-2 [40—42]. EHD2 also localizes to the neck of cave-
olae where it interacts with PACSIN2, CAVINI, and the actin
cytoskeleton to stabilize and constrain caveolae to the plasma
membrane [43-45]. The PACSIN2 F-BAR domain interacts
directly with CAV1 to shape caveolae formation and recruit
dynamin-2 [46, 47]. Protein kinase C (PKC) phosphorylation
of PACSIN2 decreases its stabilizing effect on caveolae and
triggers dynamin-mediated removal of caveolae [48].
Complex interactions between CAV1 and various effectors
thereby impact the stability of caveolae at the plasma
membrane.

CAV1 Y14 phosphorylation induces detachment of cave-
olae from the plasma membrane and accumulation of CAV1-

Fig. 1 Structure of a CAV1
monomer. Cavl alpha isoform
(178 amino acids) is an integral
membrane protein embedded into
the membrane via a small hairpin
insert and three palmitoylation
sites (Cys133/143/156) with both
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positive cytoplasmic vesicles [49]. More recently, expression
of phosphomimetic CAV1Y 14D was shown to increase ves-
icle number and mobility by total internal reflection fluores-
cence microscopy (TIRF) analysis and to induce swelling of
caveolae vesicles [50]. Increased caveolae formation in re-
sponse to epidermal growth factor (EGF) stimulation of
PANC-1 human pancreatic tumor cells is pCAV1-dependent
as it is prevented by expression of a non-phosphorylatable
CAV1Y 14F mutant [51]. However, mutation of the Y14 site
to either a phosphomimetic Y14D or non-phosphorylatable
Y 14F did not prevent formation of caveolae upon expression
of exogenous CAV1 in CAV1 null mouse embryo fibroblasts
(MEFs) [52]. This study further showed that CAV 1 phosphor-
ylation in response to mechanical stress feeds back to regulate
the plasma membrane abundance of caveolae via relief of
Egrl transcriptional inhibition of CAV1 and CAVINI1 [52].
Together, these studies suggest that while not a determinant of
caveolae formation, CAV1 Y14 phosphorylation may alter
CAV1 organization within caveolae, caveolae dynamics and
also drive caveolae formation through transcriptional upregu-
lation of the caveolae constituents, CAV1 and CAVINI.

In the absence of CAVINI, CAV1 is localized to non-
caveolar homo-oligomerizations known as CAV1 scaffolds
[53]. Non-caveolar CAV1 scaffolds lack a defined morphol-
ogy, are difficult to identify by electron microscopy (EM), and
cannot be distinguished from caveolae by diffraction-limited
fluorescence microscopy, as both are smaller than the diffrac-
tion limit of visible light (~ 200-250 nm). Super-resolution
single-molecule localization microscopy (SMLM) approaches
(PALM, dSTORM) obtain resolutions of < 20 nm and have
been used to study CAV1 [54-57]. SMLM network analysis
[56, 57] showed that caveolae present a modular CAV1 coat,
corresponding to that determined by cryoelectron microscopy
[58, 59]. Tt also identified distinct scaffolds: small STA scaf-
folds corresponding to SDS-resistant CAV1 oligomers of 10-
15 CAV1 molecules [25, 60]; S1B scaffolds that correspond
to S1A dimers and form modular units that compose the ca-
veolae coat, and previously undescribed larger hemispherical
S2 scaffolds [56, 57]. CAVINI has been reported to interact
with both caveolae and scaffolds [61, 62]. This suggests that
caveolae, the various scaffolds and, indeed, monomeric
CAV1 may form part of a dynamic equilibrium impacted by
expression of the various caveolae-associated proteins de-
scribed previously. How pCAV1 impacts this equilibrium is
not known.

3 CAV1 and pCAV1 in cancer

CAV1 is known for its dual role in cancer acting as both a
tumor suppressor and promoter depending on tumor type and
context. Early studies showed that oncogene transformation of
NIH-3T3 fibroblasts reduced CAV1 expression and correlated

with increased cell growth; re-expression of CAV1 in the
transformed lines prevented growth and induced apoptosis
suggesting a tumor suppressor role for CAV1 [63, 64].
Subsequently, while CAV1 was shown to reduce xenograft
tumor development of colon cancer cells in mice, increased
CAV1 expression was found to correlate with drug resistance
and metastatic potential [65]. This led to early consideration of
the multifaceted role of CAV1 in cancer [66]. Indeed, CAV1
expression at later stages of cancer development is associated
with a poor prognosis in breast and prostate cancers, and spe-
cifically with highly aggressive triple-negative basal-type
breast cancers [67—-69]. On the contrary, in some tumor types,
CAV1 expression is associated with improved prognosis [9,
70-72]. Stromal CAV1 deficiency has also been associated
with autophagy, hypoxia, and oxidative stress, processes in
which pCAV1 also plays a role in vitro, and leads to tumor
recurrence, metastasis, and a poor patient prognosis [73, 74].

Interestingly, a number of studies have shown that
exogeneous CAVIN1 expression, which induces caveolae for-
mation, neutralizes the pro-cancer effects of CAV1 in PC3
prostate cancer cells [75-77]. PC3 cells express neither
CAVINI nor caveolae and only scaffolds [37, 57]. The pro-
migratory role of CAV1 in these cells is therefore scaffold-
mediated and suppressed by induction of caveolae through
expression of CAVINI1 [75, 77]. Since CAV1 promotion of
PC3 cell migration is Y14 phosphorylation-dependent, this
argues that the pCAV1 functions in scaffolds to promote tu-
mor cell migration and cancer progression [78]. Study of
LNCaP prostate cancer cells that express neither CAV1 nor
CAVINI showed that CAVINI expression only affected
growth and metastasis of LNCaP cells upon overexpression
of CAV1, indicating that the tumor suppressor function of
CAVINI is mediated by CAV1 and acts through induction
of caveolae [75]. Additionally, the receptor tyrosine kinase-
like orphan receptor 1 (RORI), a pro-survival signaling mol-
ecule in lung adenocarcinomas, is a scaffold protein that pro-
motes the association between CAV1 and CAVINI and
CAVIN3 maintaining caveolae at the plasma membrane [79,
80]. How CAVINI, RORI, and other regulators of caveolae
stability, such as EHD2, and PACSIN2, interact to regulate
CAV1 function in cancer progression through both caveolae
and scaffolds remains to be determined.

Specific analysis of the contribution of CAV1 Y14 phos-
phorylation, as opposed to total CAV1 expression, to CAV1
function in cancer has been limited due to the lack of specific
antibodies to Y14-phosphorylated CAV1. The CAV1 Y14
phosphorylation site shows high sequence homology with
the Y118 site of phospho-paxillin, a phosphorylated focal ad-
hesion protein, and the widely used monoclonal anti-pCAV1
antibody was found to bind phospho-paxillin [81]. The exten-
sive labeling of focal adhesions with this antibody, presumed
to reflect a role for pPCAV1 in focal adhesions, was therefore
not specific [81]. Nevertheless, use of CAV1Y14D
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phosphomimetic and Y 14F non-phosphorylatable mutants
showed that CAV1 Y 14 phosphorylation does indeed control
focal adhesion dynamics and cell migration [82, 83] (see
“pCAV1 and focal adhesion signaling” section). A second
pCAV1-specific antibody did not show distinctive labeling
in focal adhesions and had increased puncta labeling with
the activation of a temperature-sensitive v-Src in NRK cells
[49]. However, this polyclonal antibody has not been used
extensively and a more recent test of the antibody found that
the signal-to-noise ratio was not above non-immune purified
IgG [81]. There are currently no pCAV 1-specific antibody
probes that can be used outside of Western blotting, limiting
our ability to determine the specific contribution of Y14 phos-
phorylation to CAV1 function in cancer progression.

A key role for Y 14 phosphorylation of CAV1 in tumor cell
migration and invasion was defined by the demonstration that
(1) wild-type (WT) CAV1 and phosphomimetic CAV1Y 14D/
Y 14E but not non-phosphorylatable CAV1Y 14F induced tu-
mor cell migration and (2) that migration induced by WT
CAVI1 but not CAV1Y 14D was sensitive to Src inhibition
[67, 84-86]. Expression of phosphomimetic CAV1 Y 14E re-
sults in an augmented metastatic phenotype in B16F10 mela-
noma cells promoting invasion and transendothelial cell mi-
gration (TEM) in vivo [85]. Comparable results were found
for MDA-MB-231 breast cancer cells in vitro [86]. Further,
enhanced extravasation from the bloodstream is exhibited in
MDA-MB-435 cells expressing WT CAV1 and the Y14D
mutant in comparison to control cells or cells expressing the
non-phosphorylatable Y 14F mutant [87]. Phosphorylation of
CAV1 promotes the phosphorylation of either ERK or AKT
kinase and contributes to enhanced tumor cell proliferation,
migration, and invasion in thabdomyosarcoma [88]. Finally, a
recent study shows that CAV1 is a substrate for the phospha-
tase PTPN14 whose dephosphorylation of CAV1 prevents
CAV-induced metastasis, defining a critical role for CAV1
Y 14 phosphorylation in tumor metastasis [89].

CAV1 has been associated with chemoresistance in various
types of tumors [90-92]. Radiation sensitivity is enhanced by
the disturbance of the association between CAV1 and B1-
integrin or focal adhesion kinase (FAK) in pancreatic carcino-
ma cell lines [93]. Cells overexpressing CAV1 were more
resistant to treatment with the chemotherapeutic drugs cisplat-
in and doxorubicin, while CAV1 knockdown cells were re-
spectively more sensitive to cell death upon treatment [88].
Interestingly, the Src kinase inhibitor PP2 reversed the drug-
resistant phenotype of CAV1-overexpressing cells, suggest-
ing a role for pCAV1 in chemoresistance of cancer cells [88].
However, pCAV1 enhanced paclitaxel-mediated cytotoxicity
in MCF7 breast cancer cells [94].

At the same time, upregulation of CAV1 is associated with
premature senescence [95]. MDM2 is an E3 ubiquitin ligase
that normally targets p53 for degradation in the nucleus; in
response to oxidative stress, CAV1 sequesters MDM2 out of
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the nucleus to the plasma membrane, resulting in increased
expression of the tumor suppressor protein p53 [96, 97].
Indeed, while stable expression of phosphomimetic
CAV1Y14D in MDA-MB-435 cancer cells induces
invadopodia and promotes tumor cell extravasation, it also
enhances p53 expression, which in turn, reverses the
Warburg effect and restricts tumor growth in vivo, identifying
a tumor suppressor role for pCAVI1, albeit at
supraphysiological levels [87].

These results highlight the multidimensional and conflict-
ing roles of tumor cell CAV1 in cancer progression and un-
derscore the importance of better understanding how Y14
phosphorylation impacts CAV1 functionality to better define
its role in cancer.

4 pCAV1 in migrating tumor cells

In migrating fibroblast and endothelial cells, caveolae accu-
mulate at the rear of the cell, and CAV 1 expression is required
to maintain cell polarity [83, 98—101]. Deletion of the N-
terminal 60 amino acids of CAV1 prevented caveolae forma-
tion, trailing edge CAV1 polarization and polarized migration;
the domain responsible for this phenotype mapped to amino
acids 46-55 and was therefore distinct from the Y14 phos-
phorylation site [101]. Endothelial cells in 3D culture
transmigrating through a pore present a redistribution of
CAV1 from the trailing edge to leading edge pseudopodial
protrusions, a redistribution that requires Y 14 phosphoryla-
tion [99]. Further, in various cancer cell lines, CAV 1 promotes
cell migration and is not polarized to the trailing edge but
also associates with the leading edge [67, 86].

Pseudopodia purified from an invasive variant of Moloney
sarcoma virus-transformed MDCK (MSV-MDCK-INV) tu-
mor cells are enriched for focal adhesion proteins, Src,
CAV1, and pCAV1; similarly, pseudopodia of MDA-MB-
231 breast carcinoma cells show enrichment for pCAV1 [67,
102]. A comparative proteomic analysis of pseudopodia from
MDA-MB-435 cancer cells that express low CAV1 levels
[103] and from CAV1-overexpressing MDA-MB-435 cells
showed that CAV1 expression promoted pseudopodial en-
richment of various glycolytic enzymes [87]. Similarly,
CAV1 recruits glycolytic enzymes to the plasma membrane
of'smooth muscle cells [104]. Glycolysis promotes pseudopod
protrusion and tumor cell migration [105, 106] and it is tempt-
ing to speculate that pPCAV1 may act as a scaffolding mole-
cule that recruits glycolytic enzymes to pseudopodia promot-
ing local glycolysis and ATP production [87]. A role for
CAV1 tumor cell metabolism is supported by CAV1 promo-
tion of aerobic glycolysis in colorectal cancer cells via en-
hanced nuclear localization of HMGA 1, which binds and ac-
tivates the GLUT3 promoter [107]. In addition, loss of stromal
CAV1 promotes a metabolic switch to aerobic glycolysis,
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producing metabolites such as lactate and pyruvate that fuel
neighbouring cancer cells [73].

CAV1 domains have a long-established role as signaling
platforms that both suppress and promote signaling of multi-
ple and varied receptors and activation of downstream path-
ways [108—110]. In addition, CAV1 is phosphorylated in re-
sponse to a large variety of signaling molecules and pathways
that are far too numerous to enumerate here. An example is the
epidermal growth factor receptor (EGFR), whose binding to
CAV1 via the CSD prevents EGFR autophosphorylation, ef-
fector protein binding, kinase activity, and downstream sig-
naling [111-114]. CAV1 inhibition of EGFR signaling can be
overridden by galectin-3, a glycan-binding protein with
established roles in cancer progression that recruits EGFR to
the galectin lattice and promotes EGFR signaling [114-116].
EGF also induces Src-dependent CAV1 phosphorylation [51,
117, 118]. EGF transactivation of integrins and downstream
Rho signaling drives tumor cell migration and is dependent on
both pCAV1 and galectin-3 signaling [67, 82, 118]. These
studies define an interaction between two plasma membrane
domains, the extracellular galectin lattice and cytoplasmic
CAV1 domains, whose suppression or activation of EGFR
signaling is critically dependent on CAV1 Y 14 phosphoryla-
tion [53]. Curiously, CAV1 promotes pseudopodial recruit-
ment of galectin-3 [87] and it is tempting to speculate that
local pCAV1 interaction with pseudopodial galectin-3 in-
duces the focal adhesion signaling, tension, and turnover re-
sponsible for pseudopod protrusion.

Finally, endocytosis of focal adhesion-associated integrins
is mediated by pCAV1 and requires the CSD [119, 120].
These studies suggest that CAV1 Y14 phosphorylation pro-
motes caveolae endocytosis and mediates integrin internaliza-
tion at the leading edge. The clathrin-independent carrier
(CLIC) raft endocytic pathway is also localized to the leading
edge and internalizes 3 1-integrin [121, 122]. CLIC-mediated
integrin endocytosis is promoted by extracellular galectin-3
[121], while CAV1 inhibits leading edge CLIC endocytosis
[122]. CAVI inhibition of leading edge CLIC endocytosis
supports our early studies showing that CAV1 is a negative
regulator of raft endocytosis [123, 124]; at the same time, they
highlight the complex nature of CAV1, pCAV1, and galectin-
3 interaction in endocytosis at the leading edge.

5 pCAV1 and focal adhesion signaling

The protrusion of pseudopodia and invadopodia that drives
cancer cell migration and invasion is dependent on the dynam-
ic formation and disassembly of focal adhesions.
Coordination of RhoGTPases RhoA and Racl signaling reg-
ulates focal adhesion dynamics and actin remodeling that
drive pseudopodial protrusion and migration [125]. CAV1
and pCAV1 have been proposed to participate in the

regulation of various Src and RhoGTPase pathway signaling
proteins [118]. CAV1 phosphorylation increased C-terminal
Src kinase interaction with CAV1 by > 35-fold, resulting in
the inactivation of Src [126]. Subsequent binding to pCAV1
of Src via its Src homology 2 (SH2) domain leads to the
accumulation of activated Src in focal adhesions [127].
Directional migration is impaired in CAV1 knockout MEFs
and can be rescued by WT CAV1 and p190RhoGAP knock-
down, but not by CAV1Y 14F [83]. Both Src inactivation and
p190RhoGAP knockdown restore impaired migration in
CAV1 knockout MEFs, suggesting that CAV1 stimulates nor-
mal Rho activity through inactivation of the Src—
pl90RhoGAP pathway [83]. In metastatic tumor cells,
pCAV1 is associated with elevated GTP-RhoA levels and
stable expression of CAV1Y 14D in tumor cells stimulates
ROCK- and Src-dependent Rho activation [67]. At the same
time, activated Src and FAK stimulate Racl activity [128].
Racl binds CAV1 and promotes CAV1 accumulation at pe-
ripheral focal adhesions, while CAV1 controls Racl protein
levels by regulating degradation of Racl [129].

pCAV1 stabilizes focal adhesion components within focal
adhesions, promoting focal adhesion signaling and turnover to
drive cancer cell migration [67, 82, 86]. Fluorescence recov-
ery after photobleaching (FRAP) analysis showed that
pCAV1 stabilized FAK in focal adhesions, reflecting reduced
exchange of focal adhesion-associated FAK with cytosolic
pools and increased focal adhesion signaling [82]. Using a
fluorescent Laurdan probe that provides a measure of mem-
brane order, CAV1 knockout MEFs were found to have both
less abundant and less ordered focal adhesion membrane do-
mains; transfection of CAV1 WT but not CAV1Y14F re-
stored the ordered state of focal adhesion lipids in CAV1
knockout MEFs [130]. Consistent with FAK stabilization in
focal adhesions, we observed that pCAV1 enhanced vinculin
tension in focal adhesions, stabilizing high-tension cellular
focal adhesions [78]. pCAV1-dependent focal adhesion ten-
sion and tumor cell migration were prevented by both muta-
tion of the CSD (F92A/V94A in the essential F92TVT95 seg-
ment) and cell treatment with AP-CAV (Cavtratin), in which
the CSD sequence of CAV1 is fused to the cell-permeable
Antennapedia (AP) peptide [78]. These studies argue that
pCAVI acts via the CSD to promote engagement of the mo-
lecular clutch [131, 132] that links the extracellular matrix
(ECM) to actin dynamics, driving membrane protrusion and
migration of cancer cells [78].

Many components of focal adhesions are found in
invadopodia, and migratory phenotypes have been linked to
the formation of invadopodia [133, 134]. Invadopodia are
actin-based pseudopodial protrusions that attach to and de-
grade the ECM [133]. CAV1 has been reported to colocalize
and cotraffic with MT1-MMP into pseudopodia [135-138].
Reduced ECM degradation due to CAV1 knockdown was
restored by CAV 1Y 14F expression or addition of cholesterol,
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but not CAV1Y 14D, suggesting that pCAV1 inhibits
invadopodia biogenesis via control of membrane cholesterol
[139]. At the same time, conflicting findings have reported
that the addition of cholesterol did not rescue ECM degrada-
tion in CAV1 knockdown MDA-MB-231 cells, suggesting a
cholesterol-independent mechanism [135]. Further, low shear
stress induced CAV1 phosphorylation and CAV1
colocalization with MT1-MMP into invadopodia [136]. As
previously described, a study with MDA-MB-435 cells used
an in vivo extravasation assay to show that phosphomimetic
CAV1Y 14D promoted invadopodia protrusion into the vas-
culature [87]. CAV1 and pCAV1 regulation of focal adhe-
sions and pseudopod/invadopod protrusion highlights the
need for more research into understanding their role in the
promotion of migratory cancer phenotypes.

6 pCAV1 and the tumor cell response to stress

Within tumors, an irregular, leaky vasculature creates a mi-
croenvironment in which oxygen and nutrient levels are in
constant flux, such that tumor cells encounter a local environ-
ment of oxidative stress and hypoxia [140]. Further, stiffness
of the stromal ECM is closely associated with malignancy of
various cancers, inducing mechanical stress on the tumor cell
and promoting tumor cell migration and metastasis through
focal adhesion signaling [141]. Both CAV1 and its Y 14 phos-
phorylation are upregulated in response to these cellular
stressors encountered in the tumor microenvironment that po-
tentially play roles in tumor cell survival, metastasis, and drug
resistance.

Mechanical stress induces both CAV1 expression and
CAV1 Y14 phosphorylation [52, 142—144] while shear stress
induces CAV1-dependent motility in MDA-MB-231 breast
cancer cells [136, 145]. CAV1 has been implicated as a mod-
ulator of the activity of the YAP transcriptional regulator that
mediates the mechanoresponsiveness of the cell and plays an
important role in tumorigenesis [146]. Plating cells on soft
matrix decreases CAV1 and 3 1-integrin levels and reduces
cell spreading; expression of CAV1Y 14D restored (31-
integrin levels and induced cell spreading independently of
matrix stiffness [147]. ECM-dependent pCAV1 activity was
shown to promote melanoma metastasis [85]. Together with
pCAVI1 regulation of focal adhesion tension [78], these stud-
ies demonstrate that CAV1 Y14 phosphorylation plays an
important role in the cellular response to mechanical stress.
Moreover, pCAV1 mediates RhoA- and Akt-dependent ma-
trix production in response to mechanical strain; expression of
non-phosphorylatable CAVY14A reduced CAV1-RhoA as-
sociation, RhoA activation, fibronectin production, and Akt-
dependent type I collagen production [148, 149]. This sup-
ports a role for pCAV1 in matrix organization.
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Caveolae flattening in response to mechanical stress acts as
a membrane buffer to mediate membrane tension, protecting
cells against membrane rupture and death. This role has been
extensively validated in adipocytes, endothelial, and muscle
cells [150—155]. Physical stress on the membrane flattens ca-
veolae dissociating CAV1 from the CAVINS that are then
released into the cytosol; incorporation of the caveolar mem-
brane into the plasma membrane may expand the surface area
of the membrane thereby acting to negate mechanical stress
and prevent cell lysis [156]. The role of Y 14 phosphorylation
in caveolae membrane buffering remains unclear. CAV1
phosphorylation in response to mechanical stress feeds back
to regulate, via relief of Egrl transcriptional inhibition of
CAV1 and CAVINI, the plasma membrane abundance of
caveolae [52]. Expression of CAV1 and CAVINI is also tran-
scriptionally controlled in response to mechanical stress via
the YAP/TAZ co-activator and caveolae-associated EHD2
ATPase [146, 157, 158]. Together, these studies suggest that
complex signaling mechanisms control expression of caveo-
lae through transcriptional control of CAV1 and CAVINI
expression, including but not limited to Y14 phosphorylation
of CAV1. Whether pCAV1 feedback control serves to pro-
mote cancer cell resistance and survival under conditions of
mechanical stress remains to be determined.

In response to oxidative stress, Src kinase activity increases
CAV1 Y14 phosphorylation [52, 142, 159, 160] and induces
endocytosis and cytoplasmic relocalization of CAV1 [160,
161]. CAV1 Y14 phosphorylation mediates EGFR endocyto-
sis and maintenance of EGFR activity in response to oxidative
stress in A549 lung adenocarcinoma cells [162] and also me-
diate oxidative stress induced pulmonary vascular permeabil-
ity [163]. CAV1 expression is upregulated in response to 0x-
idative stress via enhanced binding of the SP1 transcription
factor, and reduced binding of the EGRI1 transcription factor
that target similar GC-box promotor regions [52, 164]. EGR1
regulation of CAV1 gene transcription was shown to be
pCAVI1-mediated [52]. Studies using CAV1 knockout
MEFs showed that CAV1 induced premature senescence in
response to oxidative stress via CSD-dependent sequestration
of MDM2 to the plasma membrane, thus preventing its inter-
action with and degradation of nuclear p53 [96]. Oxidative
stress-induced senescence is not observed in MCF7 breast
cancer cells lacking CAV1 [164]. Similarly, TP53 induction
was minimal in MDA-MB-435 cancer cells that express low
CAV1 levels and undetectable pCAV1 [103] and, interesting-
ly, enhanced by expression of WT CAV1 but not CAV1Y 14F
[87]. Mouse tumor xenografts of CAV1Y14D-expressing
MDA-MB-435 cells showed significantly higher TP53 stain-
ing and reduced tumor growth, suggesting CAV'1 Y14 control
of TP53-dependent cell growth in vivo [87].

Hypoxia is a result of abnormal tumor microvasculature
and is a characteristic of the tumor microenvironment.
Intriguingly, downregulation of endocytosis and cell surface
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protein internalization in hypoxic conditions was shown to be
regulated by CAV1 inhibition of dynamin-mediated endocy-
tosis [165]. This is consistent with our early studies that doc-
umented CAV1 as a negative regulator of raft-dependent en-
docytosis [123, 124]. Indeed, CAVs and CAVINs also act to
inhibit non-clathrin endocytic pathways [122]. Treatment of
mouse melanoma cells with PP2, the Src kinase inhibitor,
resulted in decreased hypoxia-induced migration, suggesting
a potential role for CAV1 phosphorylation in the process
[166]. Subsequently, uptake of the HER2-targeted antibody-
drug conjugate trastuzumab-emtansine (T-DMI) was shown
to be pCAV1-mediated; hypoxia inhibition of T-DMI uptake
was related to disruption of pCAV1-dependent endocytosis
[167]. These data are consistent with a role for pCAV1 in
integrin and insulin receptor endocytosis [120, 168] and sug-
gest that hypoxia induces T-DMI resistance by preventing
pCAVI1-dependent endocytosis.

CAV1 CSD binding partners

7 pCAV1 and the CSD

Multiple studies on CAV1 function, including but not limited
to those described previously, report on functional roles for
the CAV1 CSD as a regulator of CAV1 function and interac-
tion with effector proteins. However, close proximity of the
CSD to the cell membrane and consequent low accessibility to
binding partners led to questions as to whether the CSD could
interact with CAV1-binding proteins [169].

Endothelial nitric oxide synthase (eNOS) is an important
regulator of vascular health through its production of the sig-
naling molecule nitric oxide (NO) [170]. eNOS binds directly
to CAV1, an interaction that has been mapped to a 10-amino
acid sequence within the CSD [32, 171, 172] and that has been
shown to negatively regulate eNOS activity and NO produc-
tion in vitro [171, 173, 174]. This interaction is Y 14-depen-
dent, with eNOS-derived NO production activating Src and
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Y 14 phosphorylation of CAV1 in a negative feedback loop to
reduce eNOS activity [174]. eNOS is detected ubiquitously in
tumors and eNOS-derived NO promotes vessel remodeling
and angiogenesis and therefore promotes tumor progression
[170, 175]. AP-CAV inhibits eNOS function and blocks NO
release in vitro preventing eNOS remodeling of the tumor
vasculature, blocking tumor angiogenesis, and delaying tumor
progression in vivo [176]. pCAV1-dependent focal adhesion
tension and tumor cell migration is prevented by mutation of
the CSD and by cell treatment with AP-CAYV [78]. The ability
of AP-CAV to inhibit both tumor cell migration and tumor
angiogenesis [78, 176] is intriguing and identifies critical roles
for the CAV1 CSD in both stromal and tumor cells.

Dual regulation of focal adhesion tension [78], eNOS bind-
ing [174], and stress-induced mitochondrial recruitment of
beclin-1 (BECN1) [177] by both CAV1 Y 14 phosphorylation
and the CSD is suggestive of a functional interaction between
these two CAV1 domains. pCAV1-dependent focal adhesion
tension and tumor cell migration is prevented by mutation of
the CSD and by cell treatment with AP-CAV [78]. To study
the impact of Y14 phosphorylation on CAV1 interaction with
its binding partners, CAV1 polypeptides from amino acids 1-
101, encompassing both Y14 and the CSD, were conjugated
to glutathione-S-transferase (GST) for GST pulldown analysis
[78]. Phosphomimetic Y 14D GST-CAV1(1-101) showed sig-
nificantly elevated binding to a large number of proteins rela-
tive to non-phosphorylated Y14F GST-CAV1(1-101), such as
focal adhesion proteins (vinculin, talin, x-actinin-4, filamin
A/B, and (1-integrin [78]). Interestingly, pCAV1 activity at
focal adhesions is mimicked not only by a negatively charged
phosphomimetic Y14D mutation but also by a positively

Fig. 3 CAV1 phosphorylation in
the tumor microenvironment. Src-
dependent CAV1 phosphoryla-
tion has both tumor promoting
and suppressing functions.
pCAV1 inhibits cell proliferation
and tumor growth and induces
TP53; in neurons, pCAV1 in-
duces cell death through CSD in-
teraction with BECN1.
Simultaneously, pCAV1 is up-
regulated in highly aggressive
breast and prostate cancers, pro-
moting focal adhesion signaling
and tension, integrin activation,
and endocytosis and producing
pseudopodia and invadopodia
protrusions, placing pCAV1 as a
critical proponent of tumor cell
migration, invasion, and metasta-
sis in aggressive cancers

Focal adhesion signaling and tension

charged Y14R mutation [82]; this suggests that introduction
of a charged phosphate group at the CAV1 N-terminal may
induce conformational alterations that impact CSD interaction
with effector proteins (Fig. 2). The CAV1 N-terminal domain
is a disordered domain, lacking any distinct structural features,
and is therefore quite flexible [178]. Consistent with this mod-
el, intermolecular fluorescent resonance energy transfer
(FRET) analysis of CAV1 oligomers showed that CAV1
Y 14 phosphorylation induced spatial separation of CAV1
oligomers [50]. Together, these studies suggest that Y 14 phos-
phorylation may promote CSD-mediated CAV1 binding not
only to eNOS and focal adhesion proteins, but also to multiple
other CAV1 effectors.

8 Conclusion

CAV1 plays an important yet complex role in cancer progres-
sion. In spite of being initially identified as a major Src kinase
substrate, understanding the contribution of CAV1 Y 14 phos-
phorylation remains limited. This is in part due to the lack of
specific probes and limited tools to study pCAV 1, particularly
in vivo. It also relates to the ongoing challenges of considering
and distinguishing the function of CAV1 and pCAV1 in the
context of both caveolae and scaffolds. As outlined in this
review, pCAV1 is upregulated in response to stressors en-
countered in the tumor microenvironment and is critically in-
volved in the promotion of tumor cell migration, invasion, and
metastasis (Fig. 3). Further, regulation of CSD function by
Y 14 phosphorylation places this post-translational modifica-
tion as a key regulator of CAV1 interaction with effector
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proteins and thereby CAV1 function. Further definition of
how pCAV1 promotes cancer may enable the development
of pCAV1-specific therapeutics that selectively target the pro-
cancer functions of this complex and functionally diverse
protein.
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