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Caveolae — mechanosensitive membrane invaginations linked to

actin filaments
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ABSTRACT

An essential property of the plasma membrane of mammalian cells
is its plasticity, which is required for sensing and transmitting of
signals, and for accommodating the tensional changes imposed by
its environment or its own biomechanics. Caveolae are unique
invaginated membrane nanodomains that play a major role in
organizing signaling, lipid homeostasis and adaptation to membrane
tension. Caveolae are frequently associated with stress fibers, a major
regulator of membrane tension and cell shape. In this Commentary, we
discuss recent studies that have provided new insights into the function
of caveolae and have shown that trafficking and organization of
caveolae are tightly regulated by stress-fiber regulators, providing a
functional link between caveolae and stress fibers. Furthermore, the
tension in the plasma membrane determines the curvature of caveolae
because they flatten at high tension and invaginate at low tension, thus
providing a tension-buffering system. Caveolae also regulate multiple
cellular pathways, including RhoA-driven actomyosin contractility and
other mechanosensitive pathways, suggesting that caveolae could
couple mechanotransduction pathways to actin-controlled changes in
tension through their association with stress fibers. Therefore, we
argue here that the association of caveolae with stress fibers could
provide an important strategy for cells to deal with mechanical stress.
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Introduction

The organization of complex organisms requires specialization
of cells into different shapes and functions, and part of this
specialization occurs at the plasma membrane. In mammals, many
cell types undergo constant shape changes during migration, mitosis
or contraction. These processes are highly dependent on the forces
that are generated by the actin cytoskeleton and other filaments.
These forces are ultimately translated to the plasma membrane,
which needs to adjust cell shape to new or evolving scenarios.
The plasma membrane must therefore be highly plastic and able to
sense, respond and adapt to the biochemical and physical clues
that are imposed by its environment. The plasticity of the
plasma membrane is in part accomplished by specialization into
differentiated membrane domains. One such domain is the caveola,
an invagination of the plasma membrane with a diameter of
60—80 nm and a characteristic omega (Q2) shape (Fig. 1).

Several decades after the initial description of caveolae in the
early 1950s, caveolins were identified as the major components of
caveolae (Rothberg et al., 1992; Tang et al., 1996; Way and Parton,
1996). Three genes encoding caveolin proteins exist in mammals:
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CAV1, CAV2 and CAV3. Cavl and Cav2 are expressed in all tissues
except skeletal muscle, whereas Cav3 is expressed mostly in striated
muscle (Parton and del Pozo, 2013). Absence of Cavl or Cav3
results in loss of caveolae in the tissues that normally express them,
strongly suggesting that these are essential caveolar components
(Drab et al., 2001; Galbiati et al., 2001b). Cavl also localizes
outside caveolae, which expands the cellular roles of Cavl (see
Box 1).

Although Cavl by itself can form caveolae-like structures in
bacteria, other components are essential to obtain the shape and
function of caveolae in mammalian cells (Walser et al., 2012). In the
last five years, the cavin family (cavinl, cavin2, cavin3 and cavin4,
also known as PTRF, SDPR, PRKCDBP and MURC) proteins have
emerged as important factors in caveolar biology (Aboulaich et al.,
2004; Ogata et al., 2008; Bastiani et al., 2009; Hansen and Nichols,
2010). Cavl, Cav2 and cavinl form a complex that is essential for
the formation of caveolae (Hill et al., 2008; Ludwig et al., 2013).
Cavinl, in turn, interacts with either cavin2 or cavin3, but not with
both at the same time (Ludwig et al., 2013; Gambin et al., 2014).
Cavin2 has an important role in caveolae formation in certain tissues
such as lung endothelium, whereas cavin3 appears to be important
for caveolae formation in cell lines, but not in mice (Hansen et al.,
2013; Hernandez et al., 2013). In addition to cavins, Pacsin2, an
F-BAR protein involved in clathrin-mediated endocytosis, regulates
caveolar shape (Hansen et al., 2011; Senju et al., 2011; Koch et al.,
2012).

Caveolae are not uniformly distributed in different mammalian
cell types; they are highly abundant in mechanically stressed cells,
such as muscle cells, fibroblasts, endothelial cells and adipocytes,
but are virtually absent in neurons and lymphocytes (Nassoy and
Lamaze, 2012; Parton and del Pozo, 2013). In the last two decades,
caveolae have been shown to be important for the regulation of
many signaling cascades, including several mechanotransduction
pathways (Parton and del Pozo, 2013). Caveolae also play a key role
in lipid homeostasis, and the absence of caveolar components
results in lipodystrophy in mouse models and humans (Pilch and
Liu, 2011). Furthermore, caveolac have a role in buffering
mechanical stress at the plasma membrane (Sinha et al., 2011),
which could explain the occurrence of muscular dystrophies,
myopathies and cardiopathies in mice and humans carrying
mutations in caveolar components, as muscle cells are constantly
experiencing mechanical stress at the plasma membrane (Galbiati
et al., 2001a; Garg and Agarwal, 2008; Rajab et al., 2010). These
topics have been reviewed elsewhere (Pilch and Liu, 2011; Nassoy
and Lamaze, 2012; Parton and del Pozo, 2013), so in this
Commentary, we focus on discussing the literature regarding a
unique characteristic of caveolae, that is, its physical association and
functional interplay with the actin cytoskeleton, particularly the
stress fibers. As mechanically stressed cells adapt to the changing
environment, especially from a mechanical point of view, cells
ought to remodel their plasma membrane and actin cytoskeleton.
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Fig. 1. Association of caveolae and Cav1 with stress fibers.

(A) Myofibroblasts analyzed by electron microscopy, showing numerous
caveolae that are co-aligned with stress fibers. Reproduced from Valentich
et al., 1997 with permission. (B) Electron microscopy image of mouse
embryonic fibroblasts that have been fixed with glutaraldehyde in the presence
of Ruthenium Red to label surface-connected structures (dark signal). Arrows
mark areas where actin filaments are in close proximity to caveolae. (C) Cav1
co-aligns with stress fibers in NIH3T3 cells that were fixed and stained for Cav1
and actin with phalloidin-Rhodamine. The right panel shows a merged image,
illustrating close colocalization. (D,D’) Electron microscopy image revealing a
potential association between caveolae and actin filaments. The caveola
(yellow), the potential linker (red) and the actin filaments (black) are highlighted
in D’. Reproduced from Richter et al., 2008 with permission. Scale bars: 20 nm.
(E) Electron microscopy image of a caveolar rosette. Human fibroblasts culture
in vitro were detached from the ECM, fixed and processed for electron
microscopy. Ruthenium Red labeling (dark signal) shows the connection of the
rosette with the outside of the cell. The asterisk marks the outside of the cell.

We propose that the association of caveolae with stress fibers
ensures the coupling and communication between these two
mechanosensors, which is needed to maintain the integrity of the
plasma membrane and to guarantee proper signaling in response to
physical cues.

Caveolae and the actin cytoskeleton

Association of caveolae with stress fibers

Many membranous structures, including the Golgi stacks,
membrane ruffles, filopodia and mitochondria, are in some way
linked to actin filaments (Boldogh and Pon, 2006; Chhabra and
Higgs, 2007; Kondylis et al., 2007). Moreover, many processes of
the endocytic system, such as endocytosis of clathrin-coated pits
and vesicle movement and recycling, are highly dependent on
actin (Chhabra and Higgs, 2007; Derivery et al., 2009). The pool
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Box 1. Functions of Cav1 beyond caveolae

Although it is clear that in the absence of caveolins there are no caveolae
(Drab et al., 2001; Galbiati et al., 2001b), caveolins, or at least Cav1, have
roles outside of caveolae. Cav1 is found in lipid droplets (Pol et al., 2004),
peripheral adhesions (Nethe et al., 2010), the endomembrane system
(Pelkmans et al., 2004; Botos et al., 2008; Muriel et al., 2011; Ritz et al.,
2011) and even mitochondria (Fridolfsson et al., 2012), where caveolae
are not present. In addition, Cav1 can form non-caveolar scaffolds at the
plasma membrane (Lajoie et al., 2009). This implies that in loss-of-
function studies that have targeted Cav1 and identified a phenotype
associated with loss of Cav1, this phenotype could be due to the
absence of caveolae or to the lack of Cav1 in its other functions. Although
it is likely that the main role of Cav1 is to form caveolae and therefore
most of the phenotypes associated with lack of Cav1 would indeed be
owing to the loss of caveolae, this has not been formally proven. An
additional problem is that, in the absence of Cav1, the level of cavin1 is
also strongly reduced, as well as possibly that of other proteins such as
filamin A, which complicates the interpretation of the data (Hill et al.,
2008; Ravid et al., 2008). For these reasons throughout the review, we
assign roles to caveolae when the respective study provided evidence
pointing in that direction, otherwise we refer to a role for Cav1.

of actin that contributes to membrane remodeling and movement
required in these processes is controlled by the two main actin
nucleators, the Arp2/3 complex and the formins (Chhabra and
Higgs, 2007).

The association between caveolae and stress fibers was shown
by early electron microscopy studies (Fig. 1A and B) (Rohlich
and Allison, 1976; Singer, 1979; Rothberg et al., 1992; Valentich
et al., 1997). The identification of Cavl as the main component of
caveolae led to the first immunostaining of caveolae, which
confirmed the unique co-alignment of Cavl with stress fibers
(Rothberg et al., 1992) (Fig. 1C). This co-alignment of caveolae
with stress fibers has been observed in many cell types, including
fibroblasts (Rohlich and Allison, 1976; Singer, 1979; Rothberg
et al., 1992), myofibroblasts (Valentich et al., 1997), epithelial cells
(Mundy et al., 2002; Echarri et al., 2012) and muscle cells (Sharma
et al., 2010). However, such a co-alignment is not observed in all
cells that have prominent stress fibers. Why caveolae associate
with certain stress fibers but not with others, and when and how this
association is stimulated is unclear. Although other plasma
membrane domains such as clathrin-coated pits are functionally
linked to actin-regulatory factors (Girao et al., 2008), an alignment
with stress fibers is not apparent in these other invaginations,
suggesting that the association of caveolae with stress fibers fulfills a
particular function and that differentiates them from clathrin-coated
pits.

Several lines of evidence suggest that the proximity between
caveolae and stress fibers reflects a direct association between both
elements. Actin depolymerization by cytochalasin D induces a rapid
movement of Cavl spots, which track that of the depolymerizing
actin fiber and finally concentrate with the resulting actin patches,
pointing to a physical association between caveolae and actin
filaments (Echarri et al., 2012; Stoeber et al., 2012). Electron
microscopy studies have also indicated the presence of an electron-
dense structure that potentially connects caveolac and actin
filaments (Fig. 1D), suggesting that there is a linker protein or a
protein complex that can bridge caveolae and stress fibers (Morone
et al., 2006; Richter et al., 2008). Filamin A, an actin cross linker,
has been proposed to regulate the physical association of caveolae
with stress fibers, because (1) it directly interacts with Cavl
(Stahlhut and van Deurs, 2000; Sverdlov et al., 2009) and stress
fibers (Stossel et al., 2001), and (2) closely localizes with caveolae,
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Cavl and stress fibers in spread cells, where prominent actin fibers
are observed (Stahlhut and van Deurs, 2000). Silencing of filamin A
increases the lateral motility of Cavl and reduces its co-alignment
with stress fibers. These phenotypes are dependent on the actin-
binding domain of filamin A, further supporting the idea that
filamin A anchors caveolae to stress fibers (Muriel et al., 2011)
(Fig. 2).

Some evidence suggests that EHD2, a membrane remodeling
ATPase that shares similarities with the dynamin superfamily
(Daumke et al., 2007), might be also involved in regulating this
association of caveolae with the actin cytoskeleton. Silencing of
EHD2 increases Cavl motility and prevents cytochalasin-D-
induced Cavl movement and clustering (Moren et al., 2012;
Stoeber et al., 2012), suggesting that EHD2 might interfere with the
association between caveolae and stress fibers. The mechanism of
how EHD2 regulates caveolae motility and its association with
stress fibers remains to be identified. Pacsin2, which binds to EHD2
(Moren et al., 2012), could link caveolae to actin as it has been
recently shown to directly interact with actin (Kostan et al., 2014)
(Fig. 2).

There is also evidence for an association of cavins with the actin
cytoskeleton, and cavinl has been suggested to be involved in
linking caveolae to the actin cytoskeleton (Liu and Pilch, 2008).
Analysis of detergent-resistant membranes (DRMs) purified after
treatment of cells with latrunculin B, which prevents actin
polymerization, has shown that although Cavl recruitment to
DRMs is unaltered, they contain significantly reduced amounts of
cavinl (Liu and Pilch, 2008). Moreover, silencing of cavinl, which
also reduces the levels of Cavl, decreases the association of actin
with DRMs (Liu and Pilch, 2008). It is therefore possible that more
than one caveolar component forms links to the actin cytoskeleton.

. . ; ents
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Fig. 2. Caveolae composition and their links to stress fibers and the actin
cytoskeleton. The main molecules that shape caveolae (caveolins, cavins
and pacsin2) and the proteins that regulate their dynamics (Dyn2, EHD2 and
filamin A) are depicted. The caveolar molecules that have functional or physical
association with the actin cytoskeleton, and therefore potentially mediate the
physical and functional interaction between caveolae and actin fibers, are also
indicated. Filamin A is depicted here as the main protein mediating a linkage
with stress fibers, but other yet unidentified linkers might exist (indicated as
unknown linker). Regulators of stress fibers (Abl kinases and mDia1) that
impinge on caveolae organization and trafficking are shown next to RhoA, the
main regulator of stress fibers, which is regulated by Cav1.

Recently, the motor protein myosin 1c (Myolc) has also been
suggested to have a role in mediating the association between
caveolae and actin (Hernandez et al., 2013). Myolc depletion
induces a perinuclear accumulation of Cavl, which results in a
decrease in caveolar density, a phenotype that is compatible with the
described role of Myolc¢ in the recycling of lipid rafts (Brandstaetter
et al., 2012). Interestingly, Myolc interacts with Cavin3, and the
two proteins share a similar subcellular distribution (Fig. 2)
(Hernandez et al., 2013). However, whether Myolc directly
mediates the association between caveolae and stress fibers
remains unclear. The width of the striped coat of the caveolar
bulb, which is likely formed by Cavl and cavins (Ludwig et al.,
2013), changes upon exposure to myosin subfragment 1 (the myosin
head fragment containing the ATPase domain and actin-binding
region) or phalloidin, which stabilizes actin filaments, indicating
that actin fibers could have a role in organization of the caveolae
bulb (Izumi et al., 1988).

The actin cytoskeleton regulates the organization of caveolar
domains

Caveolae are not always evenly or individually distributed at the
plasma membrane and tend to cluster in some cell types or under
certain conditions (Fig. 3). Early observations by electron
microscopy revealed that caveolae-shaped invaginations in rat
endothelium extend deep into the cytosplasm, raising the possibility
that they represent pinched-off vesicles or vesicle clusters that are
not connected with the plasma membrane. However, detailed
analysis of these structures by serial sample sectioning and
subsequent electron microscopy analysis revealed that they were
interconnected with other neighboring vesicles and, ultimately, with
the plasma membrane through a tubulo-vesicular structure
(Bundgaard et al., 1983). Such structures were later on confirmed
in other cell types, including muscle, adipocytes, macrophages,
fibroblasts and hepatocarcinoma cells (Parton et al., 1997, 2002;
Kiss et al., 2002; Kiss and Botos, 2009; Echarri et al., 2012);
collectively, they are referred to as caveolar rosettes, but whether
they have additional roles to those assigned to caveolae is currently
unclear (Fig. 1E; Fig. 3).

The actin cytoskeleton appears to antagonize the formation of
rosettes because treatment with cytochalasin D, which prevents
actin polymerization, increases the abundance of caveolar rosettes
as assessed by electron microscopy (Fujimoto et al., 1995; Mundy
etal., 2002) (Fig. 3). Cytochalasin D also induces a strong clustering
of Cav1 that can be detected by immunofluorescence, which reflects
the formation of caveolae rosettes or the coalescence of individual
caveolae (Mundy et al., 2002; Thomsen et al., 2002; Echarri et al.,
2012; Stoeber et al., 2012). Similarly, caveolae clustering is induced
by silencing of positive regulators of stress fibers, such as of the
formin mDial (also known as DIAPH1) and Abl kinases (Echarri
et al., 2012), whereas inducing an increase in stress fiber formation
results in reduced numbers of caveolar rosettes (Echarri et al., 2012).
In differentiated adipocytes, rosettes are highly abundant and this
correlates with the absence of stress fibers in these cells (Novikoff
et al., 1980; Parton et al., 2002), although it is worth noting that
Cavl is still located close to actin-rich structures (Kanzaki and
Pessin, 2002).

In addition, caveolar rosettes or clusters can be induced by
okadaic acid, a serine/threonine phosphatase inhibitor. Although the
exact mechanism by which this treatment induces caveolar rosettes
is unclear, it produces a strong cell rounding effect, which is
compatible with a remodeling of stress fibers (Parton et al., 1994;
Kiss and Botos, 2009). We have shown that the formation of

2749

Q
|
c
2L
v
(V]
ko]
Y
Y-
o
©
c
—
>
o
-_




COMMENTARY

Journal of Cell Science (2015) 128, 2747-2758 doi:10.1242/jcs. 153940

Flattened caveolae

Stress fibers

Tension increase
Stress fiber increase
Cholesterol depletion

Tension
decrease

Single caveolae

Tension decrease

Disruption of the actin cytoskeleton
Loss of cell adhesion

Serine/threonine phosphatase inhibition

Tension increase
Abl kinases
mDia1

Clusters of caveolae

Rosette =

Key é @ MNP NY Cavi L. Filamin A
o' Caveolar

YR coat # cavint

% Unknown linker

Fig. 3. Plasticity in caveolar organization. lllustrated here are the different
organizational forms of caveolae and the conditions that regulate the transition
between them. Cell adhesion and actin cytoskeleton regulators, in addition to
externally applied forces (osmotic swelling and stretching), control the different
types or caveolar organization, such as caveolae flattening or caveolar
rosettes. Flattening of caveolae is induced by an excess of stress fibers or by
osmotic swelling, which is actin-independent and induces cavin1 disassembly
from caveolae. Whether flattened caveolar domains are bound to stress fibers
is unclear, but a linkage is proposed in the model shown here. Filamin A and
unknown linkers are depicted as linkers between caveolae and stress fibers.
Okadaic acid has been used as a serine/threonine phosphatase inhibitor and
inducer of caveolar clustering (Parton et al., 1994; Kiss and Botos, 2009).

caveolae rosettes is also increased upon loss of cell adhesion, which
induces a profound change in the organization of the actin
cytoskeleton (del Pozo et al., 2005; Echarri et al., 2012) (Fig. 3).
Such a correlation between loss of cell adhesion and rosette
abundance has also been observed in adipocytes (Parton et al.,
1997).

Caveolar rosettes are considered to confer additional flexibility to
membranes that are under extensive stress, but specific studies are
needed to verify this idea. Notably, rosettes are abundant in adipose
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tissue and muscle, which are also those tissues that show the most
prominent phenotypes upon caveolae ablation in humans and mice
(Parton and del Pozo, 2013). Consistent with this notion, Cavl and
rosettes are both highly upregulated during adipocyte differentiation
(Scherer et al., 1994), which correlates with the accumulation of
lipid droplets and thus an extensive increase in membrane area
within the cell.

The formation of rosettes precedes the inward trafficking of Cavl
from the plasma membrane to the cytosol, suggesting that rosettes
might be an intermediate stage during caveolae endocytosis (see
below) (Echarri et al., 2012). Recently, endocytosis of caveolar
clusters resembling rosettes has been implicated in the removal of
plasma membrane wounds (Corrotte et al., 2013), suggesting that
rosettes could represent a way to endocytose relatively big areas of
the plasma membrane, which could help to regulate membrane
integrity.

The plasticity of caveolae also depends on their curvature, which
can range from the classical invaginated form to fully flattened
(Fig. 3). Electron microscopy analysis suggests that flattened
caveolae maintain the striated shape of their coat, which makes it
possible to identify them as such (Prescott and Brightman, 1976;
Nassoy and Lamaze, 2012). Cholesterol is required for caveolar
curvature because reduced cholesterol levels result in flattening of
caveolae (Rothberg et al., 1992).

The ability of caveolae to flatten was first shown in early studies
of frog skeletal muscle cells under stretch and was proposed to
contribute to reducing tension (Dulhunty and Franzini-Armstrong,
1975). Later on, flattening of caveolae has also been demonstrated in
endothelial cells under stretch (Lee and Schmid-Schonbein, 1995).
However, the number of caveolae does not change as a function of
sarcomere length in rabbit myocardial cells (Levin and Page, 1980),
raising the possibility that caveolae flattening might occur only
in vivo in certain tissues. More recent studies have shown that
mechanical stretching of cells or their osmotic swelling result in the
flattening of about half of the caveolae (Kozera et al., 2009;
Gervasio et al., 2011; Sinha et al., 2011). Caveolae flattening is also
generated by an excess of stress fibers (Echarri et al., 2012), which
results in an increase in membrane tension (Tamura et al., 2010;
Echarri et al.,, 2012). Interestingly, actin does not appear to
regulate caveolae flattening that is induced by osmotic swelling
(Nassoy and Lamaze, 2012). This difference in actin-dependence
could be explained by the existence of different caveolae pools or of
different molecular mechanisms that induce caveolae flattening.
Alternatively, actin polymerization per se might not be needed to
flatten any caveolae, and the caveolae flattening that is induced by
excessive stress fibers (Echarri et al., 2012) could be due to an
indirect effect of an associated tension increase at the plasma
membrane (Tamura et al., 2010) (Fig. 3).

The flattening of caveolae has been shown to protect muscle cells
from rupture by reducing the tension at the plasma membrane (Sinha
et al.,, 2011). Excess stress fibers increase tension at the plasma
membrane (Tamura et al., 2010), with the associated risk of
inducing membrane rupture, and is accompanied by an increase in
the amount of Cavl at the plasma membrane (Tamura et al., 2010;
Wickstrom et al., 2010b; Echarri et al., 2012). This suggests that
through their association with stress fibers, caveolae represent a
buffering system to deal with the increase in tension without
affecting plasma membrane integrity. Flattening of caveolae also
could have effects on signaling pathways, as cavinl is disengaged
from the caveolar coat and moves to the cytosol upon osmotic
swelling induced flattening, which will alter the biochemical
properties of caveolae (Sinha et al., 2011).
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Role of the actin cytoskeleton in caveolae endocytosis and Cav1
recycling

Endocytosis of caveolae has long been debated, but it is now
becoming clear that a fraction of both individual and clustered
caveolae is endocytosed (Kirkham et al., 2005). Cav1 has been used
as an indirect measure of caveolae trafficking because an
unambiguous identification of the caveolae ‘pinching off” and
their disconnection from the plasma membrane requires relatively
complex electron microscopy protocols.

Caveolae endocytosis was first described to be dependent on the
actin cytoskeleton (Parton et al., 1994). Later, studies using the
SV40 virus, which enters through caveolae at least when caveolae
are present in the cell (Damm et al., 2005), also showed that actin
polymerization was required (Pelkmans et al., 2002). Similar to
clathrin-mediated endocytosis, endocytosis of caveolae is also
regulated by dynamin 2 (Dyn2) (Henley et al., 1998; Oh et al., 1998;
Sharma et al., 2004; Le Lay et al., 2006; Muriel et al., 2011; Echarri
et al, 2012), and Dyn2 has been shown to regulate actin
polymerization directly (Gu et al., 2010) (Fig. 4).

The endocytic behavior of caveolae is highly dependent on
adhesion of the cell to the extracellular matrix (ECM), as loss of this
adhesion results in a relocalization of Cavl from the plasma
membrane to the perinuclear area (del Pozo et al., 2005; Muriel
et al., 2011) (Fig. 4). This movement is dependent on Dyn2, actin
filaments and actin regulatory proteins (Muriel et al., 2011; Echarri
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et al., 2012). Furthermore, filamin A, which cross-links stress fibers
(Stossel et al., 2001), is required for the relocalisation of Cav1 to the
perinuclear region (Muriel et al., 2011). Protein kinase Co. (PKCo),
which phosphorylates filamin A, also regulates this route (Muriel
et al.,, 2011) (Fig. 4). Similarly, silencing of stress fiber regulators,
Abl kinases or mDial, prevents caveolar endocytosis. In contrast,
silencing of the Arp2/3 complex or of its activators, such as N-
WASP or cortactin, does not affect the movement of Cav1 from the
plasma membrane to the perinuclear area (Echarri et al., 2012).
These studies highlight that stress fiber regulators determine
caveolae endocytosis and that in contrast to clathrin-mediated
endocytosis, Arp2/3-dependent actin polymerization is dispensable.

Some studies have shown that the apparent mobility of Cavl
inside the cell is increased upon exposure of cells to cytochalasin D
(Mundy et al., 2002; Thomsen et al., 2002; Echarri et al., 2012).
This, however, does not reflect increased endocytosis but instead a
‘dragging’ effect of depolymerizing actin fibers that are bound to
caveolae (see above) (Echarri et al., 2012; Stoeber et al., 2012).
Thus, the association of caveolae with stress fibers acts as anchoring
sites that locally stabilize caveolae. At the same time, stress fiber
regulators and actin polymerization are needed for caveolae
endocytosis. These apparently contradictory functions could be
explained by a two-step model, in which caveolae that are anchored
to stress fibers remain static, whereas a reorganization of stress fibers
that could be triggered by certain stimuli, for example reduced

1
e'e;

MT-dependent second step

Fig. 4. Role of the actin cytoskeleton in caveolae trafficking. The proteins involved in endocytosis and recycling of caveolae are shown. Actin-dependent
endocytosis of caveolae can be triggered by loss of cell adhesion, serine/threonine phosphatase inhibition or exposure to SV40 virus. This stage is regulated
by several proteins (depicted). Subsequently, microtubules (MTs) are involved in sorting of Cav1-positive vesicles to different compartments. However, the
motors that connect Cav1-positive vesicles to MTs are unknown. MTs are also involved in the initial phase of Cav1 recycling from the recycling endosome,
together with ILK, IQGAP1 and mDia1, whereas actin is required to target Cav1 to the plasma membrane at a later stage, which also involves EXO70 (also known
as EXOCY7). Filamin A and unknown linkers are depicted as linkers between caveolae and stress fibers.
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membrane tension, would pull caveolae away from the plasma
membrane into the cytoplasm, resulting in their endocytosis.
Trafficking of Cavl from the plasma membrane to the perinuclear
area is also dependent on microtubules, but at a later stage than the
actin-regulated phase (Conrad et al., 1995; Mundy et al., 2002;
Echarri et al., 2012) (Fig. 4).

Although loss of adhesion triggers caveolae endocytosis, re-
adhesion induces a recycling of Cav1 and eventual formation of new
caveolae (del Pozo et al., 2005). Regulators of stress fibers and/or
microtubules have been implicated in Cavl recycling. mDial,
together with the protein IQ motif containing GTPase activating
protein 1 (IQGAP1), a scaffold molecule involved in cytoskeleton
remodeling (Hedman et al., 2015), and integrin-linked kinase (ILK),
which is also involved in cytoskeletal organization (Wickstrom
etal., 2010a), regulate the transfer of Cav1 from microtubules to the
cortical actin, and the disruption of any of these filaments prevents
proper Cavl recycling (Wickstrom et al., 2010b; Hertzog et al.,
2012). Exo70, a subunit of the exocyst complex, has been also been
implicated in the late stage of Cav1 recycling (Hertzog et al., 2012)
(Fig. 4).

During mitosis Cavl also changes its localization: during
metaphase, Cavl relocates from the plasma membrane to the
endomembrane system, which is concomitant with cell rounding,
and returns to the plasma membrane during cytokinesis, when the
cell re-spreads (Boucrot et al., 2011). This again highlights the
correlation between profound actin or membrane remodeling and
endocytosis and recycling of caveolae. It is possible that changes in
membrane tension that are associated with these adaptations in cell
shape are the underlying reason for Cavl trafficking. However, the
broader implications of caveolae relocalization for signaling and
lipid homeostasis remain to be determined.

Caveolae and mechanotransduction

Caveolae are enriched in a remarkable amount of signaling
molecules, including adaptor proteins, membrane receptors or
small GTPases (Anderson, 1998). Together with their association
with actin filaments and its ability to respond to tension, either
imposed by mechanical stretching, osmotic swelling or actin-
induced stretching, this positions caveolae as the optimal location to
regulate mechanotransduction pathways (Fig. 5).

Cav1 regulates actin-related mechanosensitive pathways

The actin cytoskeleton is highly sensitive to mechanical forces and,
specifically, stress fibers can sense and transmit mechanical inputs
(Hayakawa et al., 2011; Burridge and Wittchen, 2013). This
physical input can be transmitted to caveolae as discussed above and
multiple lines of evidence suggest that such a regulation is mutual,
that is, that Cavl also regulates actin-regulatory pathways (del Pozo
et al., 2005; Nevins and Thurmond, 2006; Grande-Garcia et al.,
2007; Joshi et al., 2008; Peng et al., 2008) (Fig. 5).

RhoA signaling represents a major mechanosensitive pathway to
control actomyosin contractility (Burridge and Wittchen, 2013), and
the caveolar components Cavl and cavin4 positively regulate RhoA
activity (del Pozo et al., 2005; Grande-Garcia et al., 2007; Ogata
etal., 2008). Cavl is also required for the force-induced cytoskeletal
reorganization that is mediated by RhoA (Peng et al., 2007).
Interestingly, Cavl and RhoA physically interact, and a pool of
RhoA localizes to the same membrane fractions where Cavl is
concentrated (Kawamura et al., 2003); this could be the basis for the
regulation of RhoA localization and activity (Gingras et al., 1998;
Taggart et al., 2000; Samarakoon et al., 2011). However, other
studies have shown that Cavl negatively regulates the localization
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and activity of pl90RhoGAP (also known as Arhgap35), which
results in RhoA activation (Grande-Garcia et al., 2007; Goetz et al.,
2011). Interestingly, silencing of Cav1 in endothelial cells decreases
the intensity of fluorophore-labelled actin filaments, which could be
explained by a reduction in RhoA activity (Wang et al., 2012).
Although Cavl clearly impacts on RhoA activity, which has been
shown to be regulated by phosphorylation of Cavl on tyrosine 14
(Grande-Garcia et al., 2007; Joshi et al., 2008), its remains unclear
whether caveolae per se are important for RhoA activity.
Cholesterol depletion, which disrupts caveolae (Rothberg et al.,
1992), prevents the activation of RhoA by stretch (Kawamura et al.,
2003). Although this result suggests that the caveolae could be
important for RhoA activation, more studies are needed to confirm
such a role. Moreover, the interplay is mutual as RhoA silencing
reduces the alignment of Cavl with stress fibers (Muriel et al.,
2011). These links between caveolae and small GTPases, especially
RhoA, indicate that caveolae likely provide a membrane domain to
spatially restrict RhoA signaling. Similarly, it is reasonable to
speculate that when cells spread and elongate, adhesion receptors
and stress fibers must be able to sense the physical limits of the
plasma membrane, and the association of caveolae with stress fibers
could ensure the transmission of these limits, for example by
flattening of caveolae, to stress fiber regulators, such as RhoA.

Contractility, a RhoA-dependent process, is fundamental to the
function of muscle cells. TGFB1-induced contractile phenotype
markers such as smooth muscle actin are suppressed upon Cavl
silencing, suggesting that Cav1 has an important role in contractile
signaling (Gosens et al., 2011). Indeed, as mentioned before,
caveolae are highly abundant in smooth muscle cells and their
abundance correlates with contractility (Thyberg et al., 1997,
Halayko and Stelmack, 2005; Gosens et al., 2011). Several studies
have shown that Cavl is needed for proper cell contraction, such as
in contraction of airway smooth muscle cells, which is dependent on
muscarinic receptor agonist (Gosens et al., 2007), or in PKC-
dependent contraction in vascular smooth muscle cells (Je et al.,
2004). Similarly, urinary bladder contraction elicited by muscarinic
receptor stimulation was reduced in Cav1-knockout mice (Lai et al.,
2004). The muscarinic receptor localizes to the same membrane
nanodomains as Cavl, suggesting that it associates with caveolae,
which has been proposed to be a mechanism by which Cavl
controls muscarinic-receptor-mediated signaling (Gosens et al.,
2007). In contrast, Cav1 depletion increased contraction in the ileum
longitudinal muscle, indicating that different types of muscle might
show different sensitivity to Cav1 depletion (Shakirova et al., 2006).
Cell contraction and relaxation implies underlying changes in
membrane tension (Gauthier et al., 2011), which would suggest that
they have an effect on caveolae flattening. A study carried out on
muscle strips showed that the number of caveolae, as analyzed by
freeze-fracture electron microscopy, remained constant in response
to contraction that is induced by either an acetylcholine receptor
agonist or by stretching and relaxation, indicating that flattening of
caveolae might not occur during muscle contraction and therefore
changes in caveolar shape might not be involved in regulating
contraction (Gabella and Blundell, 1978). However, this study did
not analyze the amount of rosettes or caveolar clusters deep in the
cytosol, and this pool of caveolae could be sensitive to stretching
and relaxation.

Cavl also regulates the activity of Racl and Cdc42 (Grande-Garcia
et al., 2007). Cavl modulates the targeting of Racl to the plasma
membrane by decreasing the amount of Racl-binding sites at the
plasma membrane (del Pozo et al., 2005; Nethe et al., 2010). Cavl
also promotes Racl degradation, which also inhibits Racl signaling
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inhibiting p190RhoGAP, which results in RhoA activation, or by directly affecting RhoA localization within the plasma membrane, leading to its activation. Control
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Caveolar domains inhibit Rac1 activity by mediating internalization of plasma membrane domains that contain the membrane lipids to which Rac1 binds at the
plasma membrane, resulting in downregulation of many Rac1-driven signaling pathways (e.g. migration, cell cycle progression) (reviewed in del Pozo and
Schwartz, 2007). Mechanosensitive pathways that are regulated by caveolar domains are highlighted in the blue box. Mechanical force leads to phosphorylation
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results in expression of Cav1 and cavin1 and leads to an increased number of caveolae. Mechanical forces activate RhoA, Erk, Akt and eNOS, and caveolar
domains play a role in this activation. Caveolar domains regulate many ion channels and both positive and negative effects on their activity have been reported

(reviewed in Balijepalli and Kamp, 2008). In the case of the chloride channel ¢, s\, Caveolae play a mechanoprotective role and reduce its activation upon

osmotic swelling (see text).

(Nethe et al., 2010). As Racl and RhoA regulate focal adhesions
(Burridge and Wennerberg, 2004), there is also a functional interplay
between Cavl and focal adhesions (discussed in the next section).

Cav1 is functionally linked to the extracellular matrix
The ECM is connected to stress fibers through focal adhesions, modular
structures that include the main adhesion receptors, the integrins, and
actin-binding linkers, such as filamin A or talin (Brakebusch and
Fissler, 2003). Focal adhesions are highly dependent on stress fibers
and have a major role in mechanotransduction (Geiger et al., 2009).
Several studies suggest that Cav1 regulates focal adhesion turnover.
Cavl increases the stability of nascent focal contacts at cell edges
(Grande-Garciaetal.,2007; Urraetal.,2012), likely through regulating
RhoA, as the activity of this GTPase is required for the maturation of
nascent focal contacts into focal adhesions. In mature focal adhesions,

localization of phosphorylated Cav1l (phospho-Cavl) facilitates the
association of focal adhesion kinase (FAK) with focal adhesions, as
well as focal adhesion disassembly (Goetz et al., 2008). In addition, a
pool of Cavl also localizes, at least under specific conditions, to
peripheral adhesions which could facilitate a direct regulation of
adhesive components (Nethe et al., 2010). Similarly, caveolae-
dependent endocytosis of integrin, and the association between Cav1
and filamin A could influence focal adhesion dynamics (Stahlhut and
van Deurs, 2000; Shiand Sottile, 2008; Bass et al., 2011). Furthermore,
the association of Cav1 and caveolae with stress fibers could also affect
focal adhesion turnover because Rho-driven actomyosin contraction is
required for the maturation of focal adhesions (Hanein and Horwitz,
2012). However, additional studies are required to better understand
how Cavl and/or caveolae and their association with stress fibers
regulate the different types of focal adhesions.

2753

Q
|
c
2L
v
(V]
ko]
Y
Y-
o
©
c
—
>
o
-_




COMMENTARY

Journal of Cell Science (2015) 128, 2747-2758 doi:10.1242/jcs. 153940

In skeletal muscle cells where caveolae are highly abundant, a
strong mechanical link between the ECM and the actin cytoskeleton
is mediated by the dystrophin—glycoprotein complex (DGC)
(Lapidos et al., 2004). In this complex, dystrophin tethers the
actin cytoskeleton to B-dystroglycan, the core transmembrane unit
of'the DGC. B-dystroglycan binds to a-dystroglycan, which acts as a
receptor for laminin at the basal lamina (Lapidos et al., 2004).

Several studies have linked the DGC and Cav3 (Fig. 5). Although
biochemical analysis has shown that Cav3 is not an integral
component of the DGC (Crosbie et al., 1998), other studies have
provided evidence that support a functional relationship between the
DGC and caveolae. DGC distribution in the plasma membrane is
altered in Cav3-knockout mice, which present a mild myopathy
(Galbiati et al., 2001b), and, conversely, the distribution of Cav3 is
affected in mice lacking dystroglycan or dystrophin (Cote et al.,
2002). Notably, near-complete loss of a-dystroglycan expression
has been reported in a patient with limb girdle muscular dystrophy
(LGMD) who carried a dominant-negative mutation in Cav3, again
suggesting that there is a functional relationship (Herrmann et al.,
2000). A transgenic mouse overexpressing sarcospan, a protein
component of the DGC, induces elevated levels of many DGC
proteins and also Cav3 (Peter et al., 2007). Dystrophin localizes to
caveolae-enriched areas in smooth muscle cells (North et al., 1993)
and can be detected in Cav3 immunoprecipitates (Doyle et al.,
2000). Notably, independent studies have shown that Cav3 and
Cavl bind to B-dystroglycan (Sotgia et al., 2000; Sharma et al.,
2010). Muscle-specific filamin A has been shown to interact with
sarcoglycans, a family of dystrophin-associated glycoproteins,
indicating that filamin A could link Cav3 to the DGC (Thompson
et al., 2000).

These studies indicate that caveolins are frequently, functionally
and physically connected with cellular elements that support and
sense mechanical force (Fig. 5). These pathways also regulate the
organization of the ECM, which is also controlled by Cav1 through
Rho and actomyosin-contraction-driven ECM remodeling, which
also favors metastasis (Goetz et al., 2011). Therefore, the link
between Cavl and force-regulated pathways has important
physiological and pathological implications.

Caveolae regulate other mechanotransduction pathways

Mechanical forces control multiple pathways and many studies in the
caveolae field have addressed the interplay between caveolae and/or
Cavl and mechanosensitive pathways, including mechanosensitive
ion channels, Akt and ERK family proteins, and endothelial nitric
oxide synthase (eNOS; also known as NOS3).

Several studies have provided compelling evidence that Cavl
regulates mechanosensitive ion channels (Fig. 5) (Balijepalli and
Kamp, 2008; Kozera et al., 2009; Huang et al., 2013). Furthermore,
Cav3 deficiency can lead to long QT syndrome, a frequent
consequence of defective ion channel functioning (Moss and
Kass, 2005). In addition, many ion channels localize to caveolae
and several cardiac arrhythmias are related to caveolae malfunction
(Balijepalli and Kamp, 2008). Interestingly, stretch-activated Ca"
influx through stretch-activated ion channels, some of which are
localized in caveolae and/or regulated by caveolins (Gervasio et al.,
2008), depends on an intact actin cytoskeleton, which raises the
possibility that the association of caveolae with stress fibers might
fine-tune these membrane channels (Hayakawa et al., 2008; Ito
etal., 2010). A specific role for caveolae, mediated by their ability to
flatten out, has recently been demonstrated in the regulation of
osmotic swelling activated chloride channel Iy qyen. Activation of
this channel was increased in the absence of caveolae, suggesting

2754

that caveolae can buffer the effect of mechanical force on specific
membrane components (Kozera et al., 2009).

Caveolae are highly abundant in vascular smooth muscle cells;
here, stretch-induced Akt activation, and cell-cycle progression is
Cavl-dependent (Sedding et al., 2005). Furthermore, Cavl is also
necessary for both rapid and long-term mechanotransduction in
intact blood vessels (Yu etal., 2006). The levels of Cav1 and caveolae
are regulated by stretching in an actin-dependent manner.
Mechanistically, stretch-induced phosphorylation of Cavl tyrosine
14 triggers a cascade that depends on PKC and RhoA, and thatleads to
the inhibition of the transcription factor Egrl, which normally
represses the expression of Cav1 and cavinl, essential components for
the formation of caveolae. Thus, this pathway represents a positive-
feedback loop that, upon stretching and Cav 1 phosphorylation, results
in the formation of additional caveolae. Likely, this pathway ensures a
protective mechanism (i.e. an increase in caveolae) to deal with the
tension increase at the plasma membrane upon stretch (Joshi et al.,
2012) (Fig. 5).

Caveolae are also abundant in endothelial cells that constantly
experience fluid force. Shear stress induces a relocation of caveolae
to the trailing edge of the cell (Isshiki et al., 2002) and triggers an
increase in caveolae density at the luminal face (Boyd et al., 2003).
Shear stress activates several pathways that lead to Src-dependent
Cavl phosphorylation (Radel and Rizzo, 2005) or Cav1-dependent
ERK activation (Park et al., 2000). Phosphorylation of Cavl
tyrosine 14 upon experiencing shear forces (Radel and Rizzo, 2005)
could explain the increase in caveolae observed upon shear stress
(Boyd et al., 2003; Joshi et al., 2012), as Cavl phosphorylation
results in transcriptional upregulation of Cavl and cavinl (see
above) (Joshi etal., 2012) (Fig. 5). Cav1 interacts with eNOS, which
inhibits its activity, and shear stress reduces this interaction, thereby
resulting in eNOS activation. As eNOS controls the production of
nitric oxide, a major player in vascular tone regulation, Cavl could
partially influence vascular tone through binding to eNOS (Rizzo
et al., 1998; Balligand et al., 2009). Interestingly, actin and eNOS
co-immunoprecipitate in purified caveolar fractions, suggesting that
actin-linked caveolar domains might be involved in the regulation of
eNOS (Su et al., 2003).

Stress fibers are highly sensitive to shear stress (Malek and
Izumo, 1996), and actin reorganization correlates with a change in
Cavl distribution and an increase in its expression (Zeng and
Tarbell, 2014). As expected, shear-stress-induced stress fiber
formation is dependent on both Cavl (Yang et al., 2011) and
RhoA (Tzima et al., 2002). Interestingly, in vivo, the number of
caveolae is reduced upon the increase of the transmural tension in
endothelial cells, probably due to a flattening effect (Lee and
Schmid-Schonbein, 1995). Taken together, these studies suggest
that mechanical forces reorganize caveolae in vivo, which could
facilitate the regulation of the actin cytoskeleton and other
mechanosensitive pathways (Fig. 5).

Conclusions and perspectives

The fact that both caveolae and stress fibers are sensitive to force and
regulate tension at the plasma membrane raises the possibility that,
conceptually, regulation of tension is the main reason for the
association between caveolae and stress fibers. The current literature
provides two non-mutually exclusive models that could provide the
molecular basis for this association; first, Cav1 and/or caveolae could
associate with stress fibers to locally regulate signaling associated
with stress fibers, mostly RhoA signaling. Second, the association of
caveolae with stress fibers would help to buffer tension in areas of the
plasma membrane where tension changes are likely to occur through
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the action of stress fibers. This would prevent membrane rupture by
ensuring that the physical limits of the plasma membrane are
recognized and not exceeded. In this scenario, it is possible that the
flattening of caveolae, besides buffering membrane tension, could
also impinge on RhoA signaling. Caveolae flattening results in the
release of cavinl from caveolar Cavl (Sinha et al., 2011), which
raises the question of what is the effect of disengaged caveolar
components on RhoA or other signaling pathways.

Despite the accumulated information regarding the interplay
between caveolae and stress fibers, we still do not understand the
exact mechanisms by which caveolae are linked to stress fibers.
Similarly, the timing of caveolae association with stress fibers and
the pool of fibers they associate with remains unknown.
Furthermore, it is important to understand which of the actin-
related functions of Cavl, that is, activation of RhoA, focal
adhesion stability, functional association with the DGC or with
filamin A, or integrin endocytosis, are direct consequences of the
association of caveolae with stress fibers. It is probably not a
coincidence that caveolae associate with stress fibers, which
themselves are linked to pathways or cellular components that are
also regulated by caveolae.

In physiological terms, future studies will need to address the
extent to which actin filaments control the organization of caveolar
domains and how caveolae regulate actin filaments in response to
different types of mechanical force and other stimuli in vivo.
Answers to these questions will not only shed light into the
biological mechanisms underlying this association, but might also
be exploited in pathological conditions arising from them, such as
cancer metastasis and myopathies.

Acknowledgements
Simon Bartlett (CNIC) provided editorial assistance. We apologize to those authors
whose work could not be cited due to space limitations.

Competing interests
The authors declare no competing or financial interests.

Funding

Our work was supported by grants from the Spanish Ministry of Economy and
Competitiveness (MINECO) [grant number SAF2011-25047 and CONSOLIDER
CSD2009-00016 to M.A.D.P.] and from Fundaci6 la Marat6 TV3 (674/C/2013) to
M.A.D.P. The Centro Nacional de Investigaciones Cardiovasculares Carlos IlI
(CNIC) is supported by MINECO and the Pro-CNIC Foundation. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

References

Aboulaich, N., Vainonen, J. P., Stralfors, P. and Vener, A. V. (2004). Vectorial
proteomics reveal targeting, phosphorylation and specific fragmentation of
polymerase | and transcript release factor (PTRF) at the surface of caveolae in
human adipocytes. Biochem. J. 383, 237-248.

Anderson, R. G. W. (1998). The caveolae membrane system. Annu. Rev. Biochem.
67, 199-225.

Balijepalli, R. C. and Kamp, T. J. (2008). Caveolae, ion channels and cardiac
arrhythmias. Prog. Biophys. Mol. Biol. 98, 149-160.

Balligand, J.-L., Feron, O. and Dessy, C. (2009). eNOS activation by physical
forces: from short-term regulation of contraction to chronic remodeling of
cardiovascular tissues. Physiol. Rev. 89, 481-534.

Bass, M. D., Williamson, R. C., Nunan, R. D., Humphries, J. D., Byron, A.,
Morgan, M. R., Martin, P. and Humphries, M. J. (2011). A syndecan-4 hair
trigger initiates wound healing through caveolin- and RhoG-regulated integrin
endocytosis. Dev. Cell 21, 681-693.

Bastiani, M., Liu, L., Hill, M. M., Jedrychowski, M. P., Nixon, S. J., Lo, H. P.,
Abankwa, D., Luetterforst, R., Fernandez-Rojo, M., Breen, M. R. et al. (2009).
MURC/Cavin-4 and cavin family members form tissue-specific caveolar
complexes. J. Cell Biol. 185, 1259-1273.

Boldogh, I. R. and Pon, L. A. (2006). Interactions of mitochondria with the actin
cytoskeleton. Biochim. Biophys. Acta 1763, 450-462.

Botos, E., Klumperman, J., Oorschot, V., igyarté, B., Magyar, A., Olah, M. and
Kiss, A. L. (2008). Caveolin-1 is transported to multi-vesicular bodies after

albumin-induced endocytosis of caveolae in HepG2 cells. J. Cell. Mol. Med. 12,
1632-1639.

Boucrot, E., Howes, M. T., Kirchhausen, T. and Parton, R. G. (2011).
Redistribution of caveolae during mitosis. J. Cell Sci. 124, 1965-1972.

Boyd, N. L., Park, H., Yi, H., Boo, Y. C., Sorescu, G. P., Sykes, M. and Jo, H.
(2003). Chronic shear induces caveolae formation and alters ERK and Akt
responses in endothelial cells. Am. J. Physiol. Heart Circ. Physiol. 285,
H1113-H1122.

Brakebusch, C. and Fassler, R. (2003). The integrin-actin connection, an eternal
love affair. EMBO J. 22, 2324-2333.

Brandstaetter, H., Kendrick-Jones, J. and Buss, F. (2012). Myo1c regulates lipid
raft recycling to control cell spreading, migration and Salmonella invasion. J. Cell
Sci. 125, 1991-2003.

Bundgaard, M., Hagman, P. and Crone, C. (1983). The three-dimensional
organization of plasmalemmal vesicular profiles in the endothelium of rat heart
capillaries. Microvasc. Res. 25, 358-368.

Burridge, K. and Wennerberg, K. (2004). Rho and Rac take center stage. Cell 116,
167-179.

Burridge, K. and Wittchen, E. S. (2013). The tension mounts: stress fibers as force-
generating mechanotransducers. J. Cell Biol. 200, 9-19.

Chhabra, E. S. and Higgs, H. N. (2007). The many faces of actin: matching
assembly factors with cellular structures. Nat. Cell. Biol. 9, 1110-1121.

Conrad, P. A., Smart, E. J., Ying, Y. S., Anderson, R. G. and Bloom, G. S. (1995).
Caveolin cycles between plasma membrane caveolae and the Golgi complex by
microtubule-dependent and microtubule-independent steps. J. Cell Biol. 131,
1421-1433.

Corrotte, M., Almeida, P. E., Tam, C., Castro-Gomes, T., Fernandes, M. C., Millis,
B. A, Cortez, M., Miller, H., Song, W., Maugel, T. K. et al. (2013). Caveolae
internalization repairs wounded cells and muscle fibers. Elife 2, €00926.

Cote, P. D., Moukhles, H. and Carbonetto, S. (2002). Dystroglycan is not required
for localization of dystrophin, syntrophin, and neuronal nitric-oxide synthase at the
sarcolemma but regulates integrin alpha 7B expression and caveolin-3
distribution. J. Biol. Chem. 277, 4672-4679.

Crosbie, R. H., Yamada, H., Venzke, D. P., Lisanti, M. P. and Campbell, K. P.
(1998). Caveolin-3 is not an integral component of the dystrophin glycoprotein
complex. FEBS Lett. 427, 279-282.

Damm, E.-M., Pelkmans, L., Kartenbeck, J., Mezzacasa, A., Kurzchalia, T. and
Helenius, A. (2005). Clathrin- and caveolin-1-independent endocytosis: entry of
simian virus 40 into cells devoid of caveolae. J. Cell Biol. 168, 477-488.

Daumke, O., Lundmark, R, Vallis, Y., Martens, S., Butler, P. J. G. and McMahon,
H. T. (2007). Architectural and mechanistic insights into an EHD ATPase involved
in membrane remodelling. Nature 449, 923-927.

del Pozo, M. A. and Schwartz, M. A. (2007). Rac, membrane heterogeneity,
caveolin and regulation of growth by integrins. Trends Cell Biol. 17, 246-250.

del Pozo, M. A., Balasubramanian, N., Alderson, N. B., Kiosses, W. B., Grande-
Garcia, A., Anderson, R. G. W. and Schwartz, M. A. (2005). Phospho-caveolin-
1 mediates integrin-regulated membrane domain internalization. Nat. Cell Biol. 7,
901-908.

Derivery, E., Sousa, C., Gautier, J. J., Lombard, B., Loew, D. and Gautreau, A.
(2009). The Arp2/3 activator WASH controls the fission of endosomes through a
large multiprotein complex. Dev. Cell 17, 712-723.

Doyle, D. D., Goings, G., Upshaw-Earley, J., Ambler, S. K., Mondul, A., Palfrey,
H. C. and Page, E. (2000). Dystrophin associates with caveolae of rat cardiac
myocytes: relationship to dystroglycan. Circ. Res. 87, 480-488.

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

Dulhunty, A. F. and Franzini-Armstrong, C. (1975). The relative contributions of
the folds and caveolae to the surface membrane of frog skeletal muscle fibres at
different sarcomere lengths. J. Physiol. 250, 513-539.

Echarri, A., Muriel, O., Pavon, D. M., Azegrouz, H., Escolar, F., Terron, M. C.,
Sanchez-Cabo, F., Martinez, F., Montoya, M. C., Llorca, O. et al. (2012).
Caveolar domain organization and trafficking is regulated by Abl kinases and
mDia1. J. Cell Sci. 125, 3097-3113.

Fridolfsson, H. N., Kawaraguchi, Y., Ali, S. S., Panneerselvam, M., Niesman,
I.R., Finley, J. C., Kellerhals, S. E., Migita, M. Y., Okada, H., Moreno, A. L. et al.
(2012). Mitochondria-localized caveolin in adaptation to cellular stress and injury.
FASEB J. 26, 4637-4649.

Fujimoto, T., Miyawaki, A. and Mikoshiba, K. (1995). Inositol 1,4,5-trisphosphate
receptor-like protein in plasmalemmal caveolae is linked to actin filaments. J. Cell
Sci. 108, 7-15.

Gabella, G. and Blundell, D. (1978). Effect of stretch and contraction on caveolae of
smooth muscle cells. Cell Tissue Res. 190, 255-271.

Galbiati, F., Razani, B. and Lisanti, M. P. (2001a). Caveolae and caveolin-3 in
muscular dystrophy. Trends Mol. Med. 7, 435-441.

Galbiati, F.,Engelman, J. A., Volonte, D., Zhang, X. L., Minetti, C., Li, M., Hou, H., Jr,
Kneitz, B., Edelmann, W. and Lisanti, M. P. (2001b). Caveolin-3 null mice show
a loss of caveolae, changes in the microdomain distribution of the dystrophin-
glycoprotein complex, and t-tubule abnormalities. J. Biol. Chem. 276,21425-21433.

2755

Q
|
c
2L
v
(V]
ko]
Y
Y-
o
©
c
—
>
o
-_



http://dx.doi.org/10.1042/BJ20040647
http://dx.doi.org/10.1042/BJ20040647
http://dx.doi.org/10.1042/BJ20040647
http://dx.doi.org/10.1042/BJ20040647
http://dx.doi.org/10.1146/annurev.biochem.67.1.199
http://dx.doi.org/10.1146/annurev.biochem.67.1.199
http://dx.doi.org/10.1016/j.pbiomolbio.2009.01.012
http://dx.doi.org/10.1016/j.pbiomolbio.2009.01.012
http://dx.doi.org/10.1152/physrev.00042.2007
http://dx.doi.org/10.1152/physrev.00042.2007
http://dx.doi.org/10.1152/physrev.00042.2007
http://dx.doi.org/10.1016/j.devcel.2011.08.007
http://dx.doi.org/10.1016/j.devcel.2011.08.007
http://dx.doi.org/10.1016/j.devcel.2011.08.007
http://dx.doi.org/10.1016/j.devcel.2011.08.007
http://dx.doi.org/10.1083/jcb.200903053
http://dx.doi.org/10.1083/jcb.200903053
http://dx.doi.org/10.1083/jcb.200903053
http://dx.doi.org/10.1083/jcb.200903053
http://dx.doi.org/10.1016/j.bbamcr.2006.02.014
http://dx.doi.org/10.1016/j.bbamcr.2006.02.014
http://dx.doi.org/10.1111/j.1582-4934.2007.00167.x
http://dx.doi.org/10.1111/j.1582-4934.2007.00167.x
http://dx.doi.org/10.1111/j.1582-4934.2007.00167.x
http://dx.doi.org/10.1111/j.1582-4934.2007.00167.x
http://dx.doi.org/10.1242/jcs.076570
http://dx.doi.org/10.1242/jcs.076570
http://dx.doi.org/10.1152/ajpheart.00302.2003
http://dx.doi.org/10.1152/ajpheart.00302.2003
http://dx.doi.org/10.1152/ajpheart.00302.2003
http://dx.doi.org/10.1152/ajpheart.00302.2003
http://dx.doi.org/10.1093/emboj/cdg245
http://dx.doi.org/10.1093/emboj/cdg245
http://dx.doi.org/10.1242/jcs.097212
http://dx.doi.org/10.1242/jcs.097212
http://dx.doi.org/10.1242/jcs.097212
http://dx.doi.org/10.1016/0026-2862(83)90025-0
http://dx.doi.org/10.1016/0026-2862(83)90025-0
http://dx.doi.org/10.1016/0026-2862(83)90025-0
http://dx.doi.org/10.1016/S0092-8674(04)00003-0
http://dx.doi.org/10.1016/S0092-8674(04)00003-0
http://dx.doi.org/10.1083/jcb.201210090
http://dx.doi.org/10.1083/jcb.201210090
http://dx.doi.org/10.1038/ncb1007-1110
http://dx.doi.org/10.1038/ncb1007-1110
http://dx.doi.org/10.1083/jcb.131.6.1421
http://dx.doi.org/10.1083/jcb.131.6.1421
http://dx.doi.org/10.1083/jcb.131.6.1421
http://dx.doi.org/10.1083/jcb.131.6.1421
http://dx.doi.org/10.7554/eLife.00926
http://dx.doi.org/10.7554/eLife.00926
http://dx.doi.org/10.7554/eLife.00926
http://dx.doi.org/10.1074/jbc.M106879200
http://dx.doi.org/10.1074/jbc.M106879200
http://dx.doi.org/10.1074/jbc.M106879200
http://dx.doi.org/10.1074/jbc.M106879200
http://dx.doi.org/10.1016/S0014-5793(98)00442-6
http://dx.doi.org/10.1016/S0014-5793(98)00442-6
http://dx.doi.org/10.1016/S0014-5793(98)00442-6
http://dx.doi.org/10.1083/jcb.200407113
http://dx.doi.org/10.1083/jcb.200407113
http://dx.doi.org/10.1083/jcb.200407113
http://dx.doi.org/10.1038/nature06173
http://dx.doi.org/10.1038/nature06173
http://dx.doi.org/10.1038/nature06173
http://dx.doi.org/10.1016/j.tcb.2007.03.001
http://dx.doi.org/10.1016/j.tcb.2007.03.001
http://dx.doi.org/10.1038/ncb1293
http://dx.doi.org/10.1038/ncb1293
http://dx.doi.org/10.1038/ncb1293
http://dx.doi.org/10.1038/ncb1293
http://dx.doi.org/10.1016/j.devcel.2009.09.010
http://dx.doi.org/10.1016/j.devcel.2009.09.010
http://dx.doi.org/10.1016/j.devcel.2009.09.010
http://dx.doi.org/10.1161/01.RES.87.6.480
http://dx.doi.org/10.1161/01.RES.87.6.480
http://dx.doi.org/10.1161/01.RES.87.6.480
http://dx.doi.org/10.1126/science.1062688
http://dx.doi.org/10.1126/science.1062688
http://dx.doi.org/10.1126/science.1062688
http://dx.doi.org/10.1126/science.1062688
http://dx.doi.org/10.1113/jphysiol.1975.sp011068
http://dx.doi.org/10.1113/jphysiol.1975.sp011068
http://dx.doi.org/10.1113/jphysiol.1975.sp011068
http://dx.doi.org/10.1242/jcs.090134
http://dx.doi.org/10.1242/jcs.090134
http://dx.doi.org/10.1242/jcs.090134
http://dx.doi.org/10.1242/jcs.090134
http://dx.doi.org/10.1096/fj.12-215798
http://dx.doi.org/10.1096/fj.12-215798
http://dx.doi.org/10.1096/fj.12-215798
http://dx.doi.org/10.1096/fj.12-215798
http://dx.doi.org/10.1007/BF00218174
http://dx.doi.org/10.1007/BF00218174
http://dx.doi.org/10.1016/S1471-4914(01)02105-0
http://dx.doi.org/10.1016/S1471-4914(01)02105-0
http://dx.doi.org/10.1074/jbc.M100828200
http://dx.doi.org/10.1074/jbc.M100828200
http://dx.doi.org/10.1074/jbc.M100828200
http://dx.doi.org/10.1074/jbc.M100828200

COMMENTARY

Journal of Cell Science (2015) 128, 2747-2758 doi:10.1242/jcs. 153940

Gambin, Y., Ariotti, N., McMahon, K.-A., Bastiani, M., Sierecki, E., Kovtun, O.,
Polinkovsky, M. E., Magenau, A., Jung, W., Okano, S. et al. (2014). Single-
molecule analysis reveals self assembly and nanoscale segregation of two
distinct cavin subcomplexes on caveolae. Elife 3, e€01434.

Garg, A. and Agarwal, A. K. (2008). Caveolin-1: a new locus for human
lipodystrophy. J. Clin. Endocrinol. Metab. 93, 1183-1185.

Gauthier, N. C., Fardin, M. A., Roca-Cusachs, P. and Sheetz, M. P. (2011).
Temporary increase in plasma membrane tension coordinates the activation of
exocytosis and contraction during cell spreading. Proc. Natl. Acad. Sci. USA 108,
14467-14472.

Geiger, B., Spatz, J. P. and Bershadsky, A. D. (2009). Environmental sensing
through focal adhesions. Nat. Rev. Mol. Cell Biol. 10, 21-33.

Gervasio, O. L., Whitehead, N. P., Yeung, E. W., Phillips, W. D. and Allen, D. G.
(2008). TRPC1 binds to caveolin-3 and is regulated by Src kinase - role in
Duchenne muscular dystrophy. J. Cell Sci. 121, 2246-2255.

Gervasio, O. L., Phillips, W. D., Cole, L. and Allen, D. G. (2011). Caveolae
respond to cell stretch and contribute to stretch-induced signaling. J. Cell Sci. 124,
3581-3590.

Gingras, D., Gauthier, F., Lamy, S., Desrosiers, R. R. and Béliveau, R. (1998).
Localization of RhoA GTPase to endothelial caveolae-enriched membrane
domains. Biochem. Biophys. Res. Commun. 247, 888-893.

Girao, H., Geli, M.-l. and Idrissi, F.-Z. (2008). Actin in the endocytic pathway: from
yeast to mammals. FEBS Lett. 582, 2112-2119.

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

Goetz, J. G., Minguet, S., Navarro-Lérida, l., Lazcano, J. J., Samaniego, R.,
Calvo, E., Tello, M., Osteso-lbanez, T., Pellinen, T., Echarri, A. et al. (2011).
Biomechanical remodeling of the microenvironment by stromal caveolin-1 favors
tumor invasion and metastasis. Cell 146, 148-163.

Gosens, R., Stelmack, G. L., Dueck, G., Mutawe, M. M., Hinton, M., McNeill,
K. D., Paulson, A., Dakshinamurti, S., Gerthoffer, W. T., Thliveris, J. A. et al.
(2007). Caveolae facilitate muscarinic receptor-mediated intracellular Ca2+
mobilization and contraction in airway smooth muscle. Am. J. Physiol. Lung
Cell. Mol. Physiol. 293, L1406-L.1418.

Gosens, R., Stelmack, G. L., Bos, S. T., Dueck, G., Mutawe, M. M., Schaafsma, D.,
Unruh, H., Gerthoffer, W. T., Zaagsma, J., Meurs, H. et al. (2011). Caveolin-1 is
required for contractile phenotype expression by airway smooth muscle cells.
J. Cell. Mol. Med. 15, 2430-2442.

Grande-Garcia, A., Echarri, A., de Rooij, J., Alderson, N. B., Waterman-Storer,
C. M., Valdivielso, J. M. and del Pozo, M. A. (2007). Caveolin-1 regulates cell
polarization and directional migration through Src kinase and Rho GTPases.
J. Cell Biol. 177, 683-694.

Gu, C., Yaddanapudi, S., Weins, A., Osborn, T., Reiser, J., Pollak, M., Hartwig, J.
and Sever, S. (2010). Direct dynamin-actin interactions regulate the actin
cytoskeleton. EMBO J. 29, 3593-3606.

Halayko, A. J. and Stelmack, G. L. (2005). The association of caveolae, actin, and
the dystrophin-glycoprotein complex: a role in smooth muscle phenotype and
function? Can. J. Physiol. Pharmacol. 83, 877-891.

Hanein, D. and Horwitz, A. R. (2012). The structure of cell-matrix adhesions: the
new frontier. Curr. Opin. Cell Biol. 24, 134-140.

Hansen, C. G. and Nichols, B. J. (2010). Exploring the caves: cavins, caveolins
and caveolae. Trends Cell Biol. 20, 177-186.

Hansen, C. G., Howard, G. and Nichols, B. J. (2011). Pacsin 2 is recruited to
caveolae and functions in caveolar biogenesis. J. Cell Sci. 124, 2777-2785.

Hansen, C. G., Shvets, E., Howard, G., Riento, K. and Nichols, B. J. (2013).
Deletion of cavin genes reveals tissue-specific mechanisms for morphogenesis of
endothelial caveolae. Nat. Commun. 4, 1831.

Hayakawa, K., Tatsumi, H. and Sokabe, M. (2008). Actin stress fibers transmit and
focus force to activate mechanosensitive channels. J. Cell Sci. 121, 496-503.
Hayakawa, K., Tatsumi, H. and Sokabe, M. (2011). Actin filaments function as a
tension sensor by tension-dependent binding of cofilin to the filament. J. Cell Biol.

195, 721-727.

Hedman, A. C., Smith, J. M. and Sacks, D. B. (2015). The biology of IQGAP
proteins: beyond the cytoskeleton. EMBO Rep. 16, 427-446.

Henley, J. R., Krueger, E. W. A., Oswald, B. J. and McNiven, M. A. (1998).
Dynamin-mediated internalization of caveolae. J. Cell Biol. 141, 85-99.

Hernandez, V. J., Weng, J., Ly, P., Pompey, S., Dong, H., Mishra, L., Schwarz,
M., Anderson, R. G. and Michaely, P. (2013). Cavin-3 dictates the balance
between ERK and Akt signaling. Elife 2, €00905.

Herrmann, R., Straub, V., Blank, M., Kutzick, C., Franke, N., Jacob, E. N.,
Lenard, H.-G., Kroger, S. and Voit, T. (2000). Dissociation of the dystroglycan
complex in caveolin-3-deficient limb girdle muscular dystrophy. Hum. Mol. Gen. 9,
2335-2340.

Hertzog, M., Monteiro, P., Le Dez, G. and Chavrier, P. (2012). Exo70 subunit of the
exocyst complex is involved in adhesion-dependent trafficking of caveolin-1.
PLoS ONE 7, 52627.

Hill, M. M., Bastiani, M., Luetterforst, R., Kirkham, M., Kirkham, A., Nixon, S. J.,
Walser, P., Abankwa, D., Oorschot, V. M. J., Martin, S. et al. (2008). PTRF-

2756

Cavin, a conserved cytoplasmic protein required for caveola formation and
function. Cell 132, 113-124.

Huang, H., Bae, C., Sachs, F. and Suchyna, T. M. (2013). Caveolae regulation of
mechanosensitive channel function in myotubes. PLoS ONE 8, e72894.

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

Ito, S., Suki, B., Kume, H., Numaguchi, Y., Ishii, M., Iwaki, M., Kondo, M.,
Naruse, K., Hasegawa, Y. and Sokabe, M. (2010). Actin cytoskeleton regulates
stretch-activated Ca2+ influx in human pulmonary microvascular endothelial cells.
Am. J. Respir. Cell. Mol. Biol. 43, 26-34.

lzumi, T., Shibata, Y. and Yamamoto, T. (1988). Striped structures on the
cytoplasmic surface membranes of the endothelial vesicles of the rat aorta
revealed by quick-freeze, deep-etching replicas. Anat. Rec. 220, 225-232.

Je, H.-D., Gallant, C., Leavis, P. C. and Morgan, K. G. (2004). Caveolin-1 regulates
contractility in differentiated vascular smooth muscle. Am. J. Physiol. Heart Circ.
Physiol. 286, H91-H98.

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. (2008).
Phosphorylated caveolin-1 regulates Rho/ROCK-dependent focal adhesion
dynamics and tumor cell migration and invasion. Cancer Res. 68, 8210-8220.

Joshi, B., Bastiani, M., Strugnell, S. S., Boscher, C., Parton, R. G. and Nabi, |. R.
(2012). Phosphocaveolin-1 is a mechanotransducer that induces caveola
biogenesis via Egr1 transcriptional regulation. J. Cell Biol. 199, 425-435.

Kanzaki, M. and Pessin, J. E. (2002). Caveolin-associated filamentous actin (Cav-
actin) defines a novel F-actin structure in adipocytes. J. Biol. Chem. 277,
25867-25869.

Kawamura, S., Miyamoto, S. and Brown, J. H. (2003). Initiation and transduction of
stretch-induced RhoA and Rac1 activation through caveolae: cytoskeletal
regulation of ERK translocation. J. Biol. Chem. 278, 31111-31117.

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

Kiss, A. L. and Botos, E. (2009). Ocadaic acid retains caveolae in multicaveolar
clusters. Pathol. Oncol. Res. 15, 479-486.

Kiss, A. L., Turi, A., Miiller, N., Kantor, O. and Botos, E. (2002). Caveolae and
caveolin isoforms in rat peritoneal macrophages. Micron 33, 75-93.

Koch, D., Westermann, M., Kessels, M. M. and Qualmann, B. (2012).
Ultrastructural freeze-fracture immunolabeling identifies plasma membrane-
localized syndapin Il as a crucial factor in shaping caveolae. Histochem. Cell
Biol. 138, 215-230.

Kondylis, V., van Nispen tot Pannerden, H. E., Herpers, B., Friggi-Grelin, F. and
Rabouille, C. (2007). The golgi comprises a paired stack that is separated at G2
by modulation of the actin cytoskeleton through Abi and Scar/WAVE. Dev. Cell 12,
901-915.

Kostan, J., Salzer, U., Orlova, A., Toro, l., Hodnik, V., Senju, Y., Zou, J.,
Schreiner, C., Steiner, J., Merilainen, J. et al. (2014). Direct interaction of actin
filaments with F-BAR protein pacsin2. EMBO Rep. 15, 1154-1162.

Kozera, L., White, E. and Calaghan, S. (2009). Caveolae act as membrane
reserves which limit mechanosensitive I(Cl,swell) channel activation during
swelling in the rat ventricular myocyte. PLoS ONE 4, e8312.

Lai, H. H., Boone, T. B,, Yang, G., Smith, C. P, Kiss, S., Thompson, T. C. and
Somogyi, G. T. (2004). Loss of caveolin-1 expression is associated with
disruption of muscarinic cholinergic activities in the urinary bladder. Neurochem.
Int. 45, 1185-1193.

Lajoie, P., Goetz, J. G., Dennis, J. W. and Nabi, I. R. (2009). Lattices, rafts, and
scaffolds: domain regulation of receptor signaling at the plasma membrane. J. Cell
Biol. 185, 381-385.

Lapidos, K. A., Kakkar, R. and McNally, E. M. (2004). The dystrophin glycoprotein
complex: signaling strength and integrity for the sarcolemma. Cir. Res. 94,
1023-1031.

Le Lay, S., Hajduch, E., Lindsay, M. R., Le Liépvre, X., Thiele, C., Ferré, P.,
Parton, R. G., Kurzchalia, T., Simons, K. and Dugail, I. (2006). Cholesterol-
induced caveolin targeting to lipid droplets in adipocytes: a role for caveolar
endocytosis. Traffic 7, 549-561.

Lee, J. and Schmid-Schoénbein, G. W. (1995). Biomechanics of skeletal muscle
capillaries: hemodynamic resistance, endothelial distensibility, and pseudopod
formation. Ann. Biomed. Eng. 23, 226-246.

Levin, K. R. and Page, E. (1980). Quantitative studies on plasmalemmal folds and
caveolae of rabbit ventricular myocardial cells. Cir. Res. 46, 244-255.

Liu, L. and Pilch, P. F. (2008). A critical role of cavin (polymerase | and transcript
release factor) in caveolae formation and organization. J. Biol. Chem. 283,
4314-4322.

Ludwig, A., Howard, G., Mendoza-Topaz, C., Deerinck, T., Mackey, M., Sandin, S.,
Ellisman, M. H. and Nichols, B. J. (2013). Molecular composition and ultrastructure of the
caveolar coat complex. PLoS Biol. 11, €1001640.

Malek, A. M. and Izumo, S. (1996). Mechanism of endothelial cell shape change and
cytoskeletal remodeling in response to fluid shear stress. J. Cell Sci. 109, 713-726.

Q
|
c
2L
v
(V]
ko]
Y
Y-
o
©
c
—
>
o
-_



http://dx.doi.org/10.7554/eLife.01434
http://dx.doi.org/10.7554/eLife.01434
http://dx.doi.org/10.7554/eLife.01434
http://dx.doi.org/10.7554/eLife.01434
http://dx.doi.org/10.1210/jc.2008-0426
http://dx.doi.org/10.1210/jc.2008-0426
http://dx.doi.org/10.1073/pnas.1105845108
http://dx.doi.org/10.1073/pnas.1105845108
http://dx.doi.org/10.1073/pnas.1105845108
http://dx.doi.org/10.1073/pnas.1105845108
http://dx.doi.org/10.1038/nrm2593
http://dx.doi.org/10.1038/nrm2593
http://dx.doi.org/10.1242/jcs.032003
http://dx.doi.org/10.1242/jcs.032003
http://dx.doi.org/10.1242/jcs.032003
http://dx.doi.org/10.1242/jcs.084376
http://dx.doi.org/10.1242/jcs.084376
http://dx.doi.org/10.1242/jcs.084376
http://dx.doi.org/10.1006/bbrc.1998.8885
http://dx.doi.org/10.1006/bbrc.1998.8885
http://dx.doi.org/10.1006/bbrc.1998.8885
http://dx.doi.org/10.1016/j.febslet.2008.04.011
http://dx.doi.org/10.1016/j.febslet.2008.04.011
http://dx.doi.org/10.1083/jcb.200709019
http://dx.doi.org/10.1083/jcb.200709019
http://dx.doi.org/10.1083/jcb.200709019
http://dx.doi.org/10.1016/j.cell.2011.05.040
http://dx.doi.org/10.1016/j.cell.2011.05.040
http://dx.doi.org/10.1016/j.cell.2011.05.040
http://dx.doi.org/10.1016/j.cell.2011.05.040
http://dx.doi.org/10.1152/ajplung.00312.2007
http://dx.doi.org/10.1152/ajplung.00312.2007
http://dx.doi.org/10.1152/ajplung.00312.2007
http://dx.doi.org/10.1152/ajplung.00312.2007
http://dx.doi.org/10.1152/ajplung.00312.2007
http://dx.doi.org/10.1111/j.1582-4934.2010.01246.x
http://dx.doi.org/10.1111/j.1582-4934.2010.01246.x
http://dx.doi.org/10.1111/j.1582-4934.2010.01246.x
http://dx.doi.org/10.1111/j.1582-4934.2010.01246.x
http://dx.doi.org/10.1083/jcb.200701006
http://dx.doi.org/10.1083/jcb.200701006
http://dx.doi.org/10.1083/jcb.200701006
http://dx.doi.org/10.1083/jcb.200701006
http://dx.doi.org/10.1038/emboj.2010.249
http://dx.doi.org/10.1038/emboj.2010.249
http://dx.doi.org/10.1038/emboj.2010.249
http://dx.doi.org/10.1139/y05-107
http://dx.doi.org/10.1139/y05-107
http://dx.doi.org/10.1139/y05-107
http://dx.doi.org/10.1016/j.ceb.2011.12.001
http://dx.doi.org/10.1016/j.ceb.2011.12.001
http://dx.doi.org/10.1016/j.tcb.2010.01.005
http://dx.doi.org/10.1016/j.tcb.2010.01.005
http://dx.doi.org/10.1242/jcs.084319
http://dx.doi.org/10.1242/jcs.084319
http://dx.doi.org/10.1038/ncomms2808
http://dx.doi.org/10.1038/ncomms2808
http://dx.doi.org/10.1038/ncomms2808
http://dx.doi.org/10.1242/jcs.022053
http://dx.doi.org/10.1242/jcs.022053
http://dx.doi.org/10.1083/jcb.201102039
http://dx.doi.org/10.1083/jcb.201102039
http://dx.doi.org/10.1083/jcb.201102039
http://dx.doi.org/10.15252/embr.201439834
http://dx.doi.org/10.15252/embr.201439834
http://dx.doi.org/10.1083/jcb.141.1.85
http://dx.doi.org/10.1083/jcb.141.1.85
http://dx.doi.org/10.7554/eLife.00905
http://dx.doi.org/10.7554/eLife.00905
http://dx.doi.org/10.7554/eLife.00905
http://dx.doi.org/10.1093/oxfordjournals.hmg.a018926
http://dx.doi.org/10.1093/oxfordjournals.hmg.a018926
http://dx.doi.org/10.1093/oxfordjournals.hmg.a018926
http://dx.doi.org/10.1093/oxfordjournals.hmg.a018926
http://dx.doi.org/10.1371/journal.pone.0052627
http://dx.doi.org/10.1371/journal.pone.0052627
http://dx.doi.org/10.1371/journal.pone.0052627
http://dx.doi.org/10.1016/j.cell.2007.11.042
http://dx.doi.org/10.1016/j.cell.2007.11.042
http://dx.doi.org/10.1016/j.cell.2007.11.042
http://dx.doi.org/10.1016/j.cell.2007.11.042
http://dx.doi.org/10.1371/journal.pone.0072894
http://dx.doi.org/10.1371/journal.pone.0072894
http://dx.doi.org/10.1165/rcmb.2009-0073OC
http://dx.doi.org/10.1165/rcmb.2009-0073OC
http://dx.doi.org/10.1165/rcmb.2009-0073OC
http://dx.doi.org/10.1165/rcmb.2009-0073OC
http://dx.doi.org/10.1002/ar.1092200302
http://dx.doi.org/10.1002/ar.1092200302
http://dx.doi.org/10.1002/ar.1092200302
http://dx.doi.org/10.1152/ajpheart.00472.2003
http://dx.doi.org/10.1152/ajpheart.00472.2003
http://dx.doi.org/10.1152/ajpheart.00472.2003
http://dx.doi.org/10.1158/0008-5472.CAN-08-0343
http://dx.doi.org/10.1158/0008-5472.CAN-08-0343
http://dx.doi.org/10.1158/0008-5472.CAN-08-0343
http://dx.doi.org/10.1158/0008-5472.CAN-08-0343
http://dx.doi.org/10.1083/jcb.201207089
http://dx.doi.org/10.1083/jcb.201207089
http://dx.doi.org/10.1083/jcb.201207089
http://dx.doi.org/10.1074/jbc.C200292200
http://dx.doi.org/10.1074/jbc.C200292200
http://dx.doi.org/10.1074/jbc.C200292200
http://dx.doi.org/10.1074/jbc.M300725200
http://dx.doi.org/10.1074/jbc.M300725200
http://dx.doi.org/10.1074/jbc.M300725200
http://dx.doi.org/10.1083/jcb.200407078
http://dx.doi.org/10.1083/jcb.200407078
http://dx.doi.org/10.1083/jcb.200407078
http://dx.doi.org/10.1083/jcb.200407078
http://dx.doi.org/10.1007/s12253-008-9139-4
http://dx.doi.org/10.1007/s12253-008-9139-4
http://dx.doi.org/10.1016/S0968-4328(00)00100-1
http://dx.doi.org/10.1016/S0968-4328(00)00100-1
http://dx.doi.org/10.1007/s00418-012-0945-0
http://dx.doi.org/10.1007/s00418-012-0945-0
http://dx.doi.org/10.1007/s00418-012-0945-0
http://dx.doi.org/10.1007/s00418-012-0945-0
http://dx.doi.org/10.1016/j.devcel.2007.03.008
http://dx.doi.org/10.1016/j.devcel.2007.03.008
http://dx.doi.org/10.1016/j.devcel.2007.03.008
http://dx.doi.org/10.1016/j.devcel.2007.03.008
http://dx.doi.org/10.15252/embr.201439267
http://dx.doi.org/10.15252/embr.201439267
http://dx.doi.org/10.15252/embr.201439267
http://dx.doi.org/10.1371/journal.pone.0008312
http://dx.doi.org/10.1371/journal.pone.0008312
http://dx.doi.org/10.1371/journal.pone.0008312
http://dx.doi.org/10.1016/j.neuint.2004.06.016
http://dx.doi.org/10.1016/j.neuint.2004.06.016
http://dx.doi.org/10.1016/j.neuint.2004.06.016
http://dx.doi.org/10.1016/j.neuint.2004.06.016
http://dx.doi.org/10.1083/jcb.200811059
http://dx.doi.org/10.1083/jcb.200811059
http://dx.doi.org/10.1083/jcb.200811059
http://dx.doi.org/10.1161/01.RES.0000126574.61061.25
http://dx.doi.org/10.1161/01.RES.0000126574.61061.25
http://dx.doi.org/10.1161/01.RES.0000126574.61061.25
http://dx.doi.org/10.1111/j.1600-0854.2006.00406.x
http://dx.doi.org/10.1111/j.1600-0854.2006.00406.x
http://dx.doi.org/10.1111/j.1600-0854.2006.00406.x
http://dx.doi.org/10.1111/j.1600-0854.2006.00406.x
http://dx.doi.org/10.1007/BF02584425
http://dx.doi.org/10.1007/BF02584425
http://dx.doi.org/10.1007/BF02584425
http://dx.doi.org/10.1161/01.RES.46.2.244
http://dx.doi.org/10.1161/01.RES.46.2.244
http://dx.doi.org/10.1074/jbc.M707890200
http://dx.doi.org/10.1074/jbc.M707890200
http://dx.doi.org/10.1074/jbc.M707890200
http://dx.doi.org/10.1371/journal.pbio.1001640
http://dx.doi.org/10.1371/journal.pbio.1001640
http://dx.doi.org/10.1371/journal.pbio.1001640

COMMENTARY

Journal of Cell Science (2015) 128, 2747-2758 doi:10.1242/jcs. 153940

Moren, B., Shah, C., Howes, M. T., Schieber, N. L., McMahon, H. T., Parton,
R. G., Daumke, O. and Lundmark, R. (2012). EHD2 regulates caveolar
dynamics via ATP-driven targeting and oligomerization. Mol. Biol. Cell 23,
1316-1329.

Morone, N., Fujiwara, T., Murase, K., Kasai, R. S., ke, H., Yuasa, S., Usukura, J.
and Kusumi, A. (2006). Three-dimensional reconstruction of the membrane
skeleton at the plasma membrane interface by electron tomography. J. Cell Biol.
174, 851-862.

Moss, A. J. and Kass, R. S. (2005). Long QT syndrome: from channels to cardiac
arrhythmias. J. Clin. Invest. 115, 2018-2024.

Mundy, D. I., Machleidt, T., Ying, Y.-S., Anderson, R. G. W. and Bloom, G. S.
(2002). Dual control of caveolar membrane traffic by microtubules and the actin
cytoskeleton. J. Cell Sci. 115, 4327-4339.

Muriel, O., Echarri, A., Hellriegel, C., Pavon, D. M., Beccari, L. and Del Pozo,
M. A. (2011). Phosphorylated filamin A regulates actin-linked caveolae dynamics.
J. Cell Sci. 124, 2763-2776.

Nassoy, P. and Lamaze, C. (2012). Stressing caveolae new role in cell mechanics.
Trends Cell Biol. 22, 381-389.

Nethe, M., Anthony, E. C., Fernandez-Borja, M., Dee, R., Geerts, D.,
Hensbergen, P. J., Deelder, A. M., Schmidt, G. and Hordijk, P. L. (2010).
Focal-adhesion targeting links caveolin-1 to a Rac1-degradation pathway. J. Cell
Sci. 123, 1948-1958.

Nevins, A. K. and Thurmond, D. C. (2006). Caveolin-1 functions as a novel Cdc42
guanine nucleotide dissociation inhibitor in pancreatic beta-cells. J. Biol. Chem.
281, 18961-18972.

North, A. J., Galazkiewicz, B., Byers, T. J., Glenney, J. R., Jr and Small,
J. V. (1993). Complementary distributions of vinculin and dystrophin define
two distinct sarcolemma domains in smooth muscle. J. Cell Biol. 120,
1159-1167.

Novikoff, A. B., Novikoff, P. M., Rosen, O. M. and Rubin, C. S. (1980). Organelle
relationships in cultured 3T3-L1 preadipocytes. J. Cell Biol. 87, 180-196.

Ogata, T., Ueyama, T., Isodono, K., Tagawa, M., Takehara, N., Kawashima, T.,
Harada, K., Takahashi, T., Shioi, T., Matsubara, H. et al. (2008). MURC, a
muscle-restricted coiled-coil protein that modulates the Rho/ROCK pathway,
induces cardiac dysfunction and conduction disturbance. Mol. Cell. Biol. 28,
3424-3436.

Oh, P., Mcintosh, D. P. and Schnitzer, J. E. (1998). Dynamin at the neck of
caveolae mediates their budding to form transport vesicles by GTP-driven fission
from the plasma membrane of endothelium. J. Cell Biol. 141, 101-114.

Park, H., Go, Y. M., Darji, R., Choi, J. W,, Lisanti, M. P., Maland, M. C. and Jo, H.
(2000). Caveolin-1 regulates shear stress-dependent activation of extracellular
signal-regulated kinase. Am. J. Physiol. Heart Circ. Physiol. 278, H1285-H1293.

Parton, R. G. and del Pozo, M. A. (2013). Caveolae as plasma membrane sensors,
protectors and organizers. Nat. Rev. Mol. Cell Biol. 14, 98-112.

Parton, R. G., Joggerst, B. and Simons, K. (1994). Regulated internalization of
caveolae. J. Cell Biol. 127, 1199-1215.

Parton, R. G., Way, M., Zorzi, N. and Stang, E. (1997). Caveolin-3 associates with
developing T-tubules during muscle differentiation. J. Cell Biol. 136, 137-154.
Parton, R. G., Molero, J. C., Floetenmeyer, M., Green, K. M. and James, D. E.
(2002). Characterization of a distinct plasma membrane macrodomain in

differentiated adipocytes. J. Biol. Chem. 277, 46769-46778.

Pelkmans, L., Piintener, D. and Helenius, A. (2002). Local actin polymerization
and dynamin recruitment in SV40-induced internalization of caveolae. Science
296, 535-539.

Pelkmans, L., Biirli, T., Zerial, M. and Helenius, A. (2004). Caveolin-stabilized
membrane domains as multifunctional transport and sorting devices in endocytic
membrane traffic. Cell 118, 767-780.

Peng, F., Wu, D., Ingram, A. J., Zhang, B., Gao, B. and Krepinsky, J. C. (2007).
RhoA activation in mesangial cells by mechanical strain depends on caveolae and
caveolin-1 interaction. J. Am. Soc. Nephrol. 18, 189-198.

Peng, F., Zhang, B., Wu, D., Ingram, A. J., Gao, B. and Krepinsky, J. C. (2008).
TGFbeta-induced RhoA activation and fibronectin production in mesangial cells
require caveolae. Am. J. Physiol. Renal Physiol. 295, F153-F164.

Peter, A. K., Miller, G. and Crosbie, R. H. (2007). Disrupted mechanical stability of
the dystrophin-glycoprotein complex causes severe muscular dystrophy in
sarcospan transgenic mice. J. Cell Sci. 120, 996-1008.

Pilch, P. F. and Liu, L. (2011). Fat caves: caveolae, lipid trafficking and lipid
metabolism in adipocytes. Trends Endocrinol. Metab. 22, 318-324.

Pol, A., Martin, S., Fernandez, M. A., Ferguson, C., Carozzi, A., Luetterforst, R.,
Enrich, C. and Parton, R. G. (2004). Dynamic and regulated association of
caveolin with lipid bodies: modulation of lipid body motility and function by a
dominant negative mutant. Mol. Biol. Cell 15, 99-110.

Prescott, L. and Brightman, M. W. (1976). The sarcolemma of Aplysia smooth
muscle in freeze-fracture preparations. Tissue Cell 8, 241-258.

Radel, C. and Rizzo, V. (2005). Integrin mechanotransduction stimulates caveolin-1
phosphorylation and recruitment of Csk to mediate actin reorganization.
Am. J. Physiol. Heart Circ. Physiol. 288, H936-H945.

Rajab, A., Straub, V., McCann, L. J., Seelow, D., Varon, R., Barresi, R., Schulze, A.,
Lucke, B., Liitzkendorf, S., Karbasiyan, M. et al. (2010). Fatal cardiac arrhythmia

and long-QT syndrome in a new form of congenital generalized lipodystrophy with
muscle rippling (CGL4) due to PTRF-CAVIN mutations. PLoS Genet. 6, e1000874.

Ravid, D., Chuderland, D., Landsman, L., Lavie, Y., Reich, R. and Liscovitch, M.
(2008). Filamin A is a novel caveolin-1-dependent target in IGF-I-stimulated
cancer cell migration. Exp. Cell Res. 314, 2762-2773.

Richter, T., Floetenmeyer, M., Ferguson, C., Galea, J., Goh, J., Lindsay, M. R.,
Morgan, G. P., Marsh, B. J. and Parton, R. G. (2008). High-resolution 3D
quantitative analysis of caveolar ultrastructure and caveola-cytoskeleton
interactions. Traffic 9, 893-909.

Ritz, D., Vuk, M., Kirchner, P., Bug, M., Schiitz, S., Hayer, A., Bremer, S., Lusk,
C., Baloh, R. H., Lee, H. et al. (2011). Endolysosomal sorting of ubiquitylated
caveolin-1 is regulated by VCP and UBXD1 and impaired by VCP disease
mutations. Nat. Cell Biol. 13, 1116-1123.

Rizzo, V., Mcintosh, D. P., Oh, P. and Schnitzer, J. E. (1998). In situ flow activates
endothelial nitric oxide synthase in luminal caveolae of endothelium with rapid
caveolin dissociation and calmodulin association. J. Biol. Chem. 273,
34724-34729.

Rohlich, P. and Allison, A. C. (1976). Oriented pattern of membrane-associated
vesicles in fibroblasts. J. Ultrastruct. Res. 57, 94-103.

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

Samarakoon, R., Chitnis, S. S., Higgins, S. P., Higgins, C. E., Krepinsky, J. C.
and Higgins, P. J. (2011). Redox-induced Src kinase and caveolin-1 signaling in
TGF-beta1-initiated SMAD2/3 activation and PAI-1 expression. PLoS ONE 6,
22896.

Scherer, P. E., Lisanti, M. P., Baldini, G., Sargiacomo, M., Mastick, C. C. and
Lodish, H. F. (1994). Induction of caveolin during adipogenesis and association of
GLUT4 with caveolin-rich vesicles. J. Cell Biol. 127, 1233-1243.

Sedding, D. G., Hermsen, J., Seay, U., Eickelberg, O., Kummer, W., Schwencke,
C., Strasser, R. H., Tillmanns, H. and Braun-Dullaeus, R. C. (2005). Caveolin-1
facilitates mechanosensitive protein kinase B (Akt) signaling in vitro and in vivo.
Circ. Res. 96, 635-642.

Senju, Y., Itoh, Y., Takano, K., Hamada, S. and Suetsugu, S. (2011). Essential
role of PACSIN2/syndapin-Il in caveolae membrane sculpting. J. Cell Sci. 124,
2032-2040.

Shakirova, Y., Bonnevier, J., Albinsson, S., Adner, M., Rippe, B., Broman, J.,
Arner, A. and Sward, K. (2006). Increased Rho activation and PKC-mediated
smooth muscle contractility in the absence of caveolin-1. Am. J. Physiol. Cell
Physiol. 291, C1326-C1335.

Sharma, D. K., Brown, J. C., Choudhury, A., Peterson, T. E., Holicky, E., Marks,
D. L., Simari, R., Parton, R. G. and Pagano, R. E. (2004). Selective stimulation of
caveolar endocytosis by glycosphingolipids and cholesterol. Mol. Biol. Cell 15,
3114-3122.

Sharma, P., Ghavami, S., Stelmack, G. L., McNeill, K. D., Mutawe, M. M.,
Klonisch, T., Unruh, H. and Halayko, A. J. (2010). beta-Dystroglycan binds
caveolin-1 in smooth muscle: a functional role in caveolae distribution and Ca2+
release. J. Cell Sci. 123, 3061-3070.

Shi, F. and Sottile, J. (2008). Caveolin-1-dependent beta1 integrin endocytosis is a
critical regulator of fibronectin turnover. J. Cell Sci. 121, 2360-2371.

Singer, . I.. (1979). Microfilament bundles and the control of pinocytotic vesicle
distribution at the surfaces of normal and transformed fibroblasts. Exp. Cell Res.
122, 251-264.

Sinha, B., Koster, D., Ruez, R., Gonnord, P., Bastiani, M., Abankwa, D., Stan,
R. V., Butler-Browne, G., Vedie, B., Johannes, L. et al. (2011). Cells respond to
mechanical stress by rapid disassembly of caveolae. Cell 144, 402-413.

Sotgia, F., Lee, J. K., Das, K., Bedford, M., Petrucci, T. C., Macioce, P.,
Sargiacomo, M., Bricarelli, F. D., Minetti, C., Sudol, M. et al. (2000). Caveolin-3
directly interacts with the C-terminal tail of beta -dystroglycan. Identification of a
central WW-like domain within caveolin family members. J. Biol. Chem. 275,
38048-38058.

Stahlhut, M. and van Deurs, B. (2000). Identification of filamin as a novel ligand for
caveolin-1: evidence for the organization of caveolin-1-associated membrane
domains by the actin cytoskeleton. Mol. Biol. Cell 11, 325-337.

Stoeber, M., Stoeck, I. K., Hanni, C., Bleck, C. K. E., Balistreri, G. and Helenius,
A. (2012). Oligomers of the ATPase EHD2 confine caveolae to the plasma
membrane through association with actin. EMBO J. 31, 2350-2364.

Stossel, T. P., Condeelis, J., Cooley, L., Hartwig, J. H., Noegel, A., Schleicher,
M. and Shapiro, S. S. (2001). Filamins as integrators of cell mechanics and
signalling. Nat. Rev. Mol. Cell Biol. 2, 138-145.

Su, Y., Edwards-Bennett, S., Bubb, M. R. and Block, E. R. (2003). Regulation of
endothelial nitric oxide synthase by the actin cytoskeleton. Am. J. Physiol. Cell
Physiol. 284, C1542-C1549.

Sverdlov, M., Shinin, V., Place, A. T., Castellon, M. and Minshall, R. D. (2009).
Filamin A regulates caveolae internalization and trafficking in endothelial cells.
Mol. Biol. Cell 20, 4531-4540.

Taggart, M. J., Leavis, P., Feron, O. and Morgan, K. G. (2000). Inhibition of
PKCalpha and rhoA translocation in differentiated smooth muscle by a caveolin
scaffolding domain peptide. Exp. Cell Res. 258, 72-81.

2757

Q
|
c
2L
v
(V]
ko]
Y
Y-
o
©
c
—
>
o
-_



http://dx.doi.org/10.1091/mbc.E11-09-0787
http://dx.doi.org/10.1091/mbc.E11-09-0787
http://dx.doi.org/10.1091/mbc.E11-09-0787
http://dx.doi.org/10.1091/mbc.E11-09-0787
http://dx.doi.org/10.1083/jcb.200606007
http://dx.doi.org/10.1083/jcb.200606007
http://dx.doi.org/10.1083/jcb.200606007
http://dx.doi.org/10.1083/jcb.200606007
http://dx.doi.org/10.1172/JCI25537
http://dx.doi.org/10.1172/JCI25537
http://dx.doi.org/10.1242/jcs.00117
http://dx.doi.org/10.1242/jcs.00117
http://dx.doi.org/10.1242/jcs.00117
http://dx.doi.org/10.1242/jcs.080804
http://dx.doi.org/10.1242/jcs.080804
http://dx.doi.org/10.1242/jcs.080804
http://dx.doi.org/10.1016/j.tcb.2012.04.007
http://dx.doi.org/10.1016/j.tcb.2012.04.007
http://dx.doi.org/10.1242/jcs.062919
http://dx.doi.org/10.1242/jcs.062919
http://dx.doi.org/10.1242/jcs.062919
http://dx.doi.org/10.1242/jcs.062919
http://dx.doi.org/10.1074/jbc.M603604200
http://dx.doi.org/10.1074/jbc.M603604200
http://dx.doi.org/10.1074/jbc.M603604200
http://dx.doi.org/10.1083/jcb.120.5.1159
http://dx.doi.org/10.1083/jcb.120.5.1159
http://dx.doi.org/10.1083/jcb.120.5.1159
http://dx.doi.org/10.1083/jcb.120.5.1159
http://dx.doi.org/10.1083/jcb.87.1.180
http://dx.doi.org/10.1083/jcb.87.1.180
http://dx.doi.org/10.1128/MCB.02186-07
http://dx.doi.org/10.1128/MCB.02186-07
http://dx.doi.org/10.1128/MCB.02186-07
http://dx.doi.org/10.1128/MCB.02186-07
http://dx.doi.org/10.1128/MCB.02186-07
http://dx.doi.org/10.1083/jcb.141.1.101
http://dx.doi.org/10.1083/jcb.141.1.101
http://dx.doi.org/10.1083/jcb.141.1.101
http://dx.doi.org/10.1038/nrm3512
http://dx.doi.org/10.1038/nrm3512
http://dx.doi.org/10.1083/jcb.127.5.1199
http://dx.doi.org/10.1083/jcb.127.5.1199
http://dx.doi.org/10.1083/jcb.136.1.137
http://dx.doi.org/10.1083/jcb.136.1.137
http://dx.doi.org/10.1074/jbc.M205683200
http://dx.doi.org/10.1074/jbc.M205683200
http://dx.doi.org/10.1074/jbc.M205683200
http://dx.doi.org/10.1126/science.1069784
http://dx.doi.org/10.1126/science.1069784
http://dx.doi.org/10.1126/science.1069784
http://dx.doi.org/10.1016/j.cell.2004.09.003
http://dx.doi.org/10.1016/j.cell.2004.09.003
http://dx.doi.org/10.1016/j.cell.2004.09.003
http://dx.doi.org/10.1681/ASN.2006050498
http://dx.doi.org/10.1681/ASN.2006050498
http://dx.doi.org/10.1681/ASN.2006050498
http://dx.doi.org/10.1152/ajprenal.00419.2007
http://dx.doi.org/10.1152/ajprenal.00419.2007
http://dx.doi.org/10.1152/ajprenal.00419.2007
http://dx.doi.org/10.1242/jcs.03360
http://dx.doi.org/10.1242/jcs.03360
http://dx.doi.org/10.1242/jcs.03360
http://dx.doi.org/10.1016/j.tem.2011.04.001
http://dx.doi.org/10.1016/j.tem.2011.04.001
http://dx.doi.org/10.1091/mbc.E03-06-0368
http://dx.doi.org/10.1091/mbc.E03-06-0368
http://dx.doi.org/10.1091/mbc.E03-06-0368
http://dx.doi.org/10.1091/mbc.E03-06-0368
http://dx.doi.org/10.1016/0040-8166(76)90050-1
http://dx.doi.org/10.1016/0040-8166(76)90050-1
http://dx.doi.org/10.1152/ajpheart.00519.2004
http://dx.doi.org/10.1152/ajpheart.00519.2004
http://dx.doi.org/10.1152/ajpheart.00519.2004
http://dx.doi.org/10.1371/journal.pgen.1000874
http://dx.doi.org/10.1371/journal.pgen.1000874
http://dx.doi.org/10.1371/journal.pgen.1000874
http://dx.doi.org/10.1371/journal.pgen.1000874
http://dx.doi.org/10.1016/j.yexcr.2008.06.004
http://dx.doi.org/10.1016/j.yexcr.2008.06.004
http://dx.doi.org/10.1016/j.yexcr.2008.06.004
http://dx.doi.org/10.1111/j.1600-0854.2008.00733.x
http://dx.doi.org/10.1111/j.1600-0854.2008.00733.x
http://dx.doi.org/10.1111/j.1600-0854.2008.00733.x
http://dx.doi.org/10.1111/j.1600-0854.2008.00733.x
http://dx.doi.org/10.1038/ncb2301
http://dx.doi.org/10.1038/ncb2301
http://dx.doi.org/10.1038/ncb2301
http://dx.doi.org/10.1038/ncb2301
http://dx.doi.org/10.1074/jbc.273.52.34724
http://dx.doi.org/10.1074/jbc.273.52.34724
http://dx.doi.org/10.1074/jbc.273.52.34724
http://dx.doi.org/10.1074/jbc.273.52.34724
http://dx.doi.org/10.1016/S0022-5320(76)80059-7
http://dx.doi.org/10.1016/S0022-5320(76)80059-7
http://dx.doi.org/10.1016/0092-8674(92)90143-Z
http://dx.doi.org/10.1016/0092-8674(92)90143-Z
http://dx.doi.org/10.1016/0092-8674(92)90143-Z
http://dx.doi.org/10.1371/journal.pone.0022896
http://dx.doi.org/10.1371/journal.pone.0022896
http://dx.doi.org/10.1371/journal.pone.0022896
http://dx.doi.org/10.1371/journal.pone.0022896
http://dx.doi.org/10.1083/jcb.127.5.1233
http://dx.doi.org/10.1083/jcb.127.5.1233
http://dx.doi.org/10.1083/jcb.127.5.1233
http://dx.doi.org/10.1161/01.RES.0000160610.61306.0f
http://dx.doi.org/10.1161/01.RES.0000160610.61306.0f
http://dx.doi.org/10.1161/01.RES.0000160610.61306.0f
http://dx.doi.org/10.1161/01.RES.0000160610.61306.0f
http://dx.doi.org/10.1242/jcs.086264
http://dx.doi.org/10.1242/jcs.086264
http://dx.doi.org/10.1242/jcs.086264
http://dx.doi.org/10.1152/ajpcell.00046.2006
http://dx.doi.org/10.1152/ajpcell.00046.2006
http://dx.doi.org/10.1152/ajpcell.00046.2006
http://dx.doi.org/10.1152/ajpcell.00046.2006
http://dx.doi.org/10.1091/mbc.E04-03-0189
http://dx.doi.org/10.1091/mbc.E04-03-0189
http://dx.doi.org/10.1091/mbc.E04-03-0189
http://dx.doi.org/10.1091/mbc.E04-03-0189
http://dx.doi.org/10.1242/jcs.066712
http://dx.doi.org/10.1242/jcs.066712
http://dx.doi.org/10.1242/jcs.066712
http://dx.doi.org/10.1242/jcs.066712
http://dx.doi.org/10.1242/jcs.014977
http://dx.doi.org/10.1242/jcs.014977
http://dx.doi.org/10.1016/0014-4827(79)90302-1
http://dx.doi.org/10.1016/0014-4827(79)90302-1
http://dx.doi.org/10.1016/0014-4827(79)90302-1
http://dx.doi.org/10.1016/j.cell.2010.12.031
http://dx.doi.org/10.1016/j.cell.2010.12.031
http://dx.doi.org/10.1016/j.cell.2010.12.031
http://dx.doi.org/10.1074/jbc.M005321200
http://dx.doi.org/10.1074/jbc.M005321200
http://dx.doi.org/10.1074/jbc.M005321200
http://dx.doi.org/10.1074/jbc.M005321200
http://dx.doi.org/10.1074/jbc.M005321200
http://dx.doi.org/10.1091/mbc.11.1.325
http://dx.doi.org/10.1091/mbc.11.1.325
http://dx.doi.org/10.1091/mbc.11.1.325
http://dx.doi.org/10.1038/emboj.2012.98
http://dx.doi.org/10.1038/emboj.2012.98
http://dx.doi.org/10.1038/emboj.2012.98
http://dx.doi.org/10.1038/35052082
http://dx.doi.org/10.1038/35052082
http://dx.doi.org/10.1038/35052082
http://dx.doi.org/10.1152/ajpcell.00248.2002
http://dx.doi.org/10.1152/ajpcell.00248.2002
http://dx.doi.org/10.1152/ajpcell.00248.2002
http://dx.doi.org/10.1091/mbc.E08-10-0997
http://dx.doi.org/10.1091/mbc.E08-10-0997
http://dx.doi.org/10.1091/mbc.E08-10-0997
http://dx.doi.org/10.1006/excr.2000.4891
http://dx.doi.org/10.1006/excr.2000.4891
http://dx.doi.org/10.1006/excr.2000.4891

COMMENTARY

Journal of Cell Science (2015) 128, 2747-2758 doi:10.1242/jcs. 153940

Tamura, K., Mizutani, T., Haga, H. and Kawabata, K. (2010). Nano-mechanical
properties of living cells expressing constitutively active RhoA effectors. Biochem.
Biophys. Res. Commun. 403, 363-367.

Tang, Z., Scherer, P. E., Okamoto, T., Song, K., Chu, C., Kohtz, D. S,,
Nishimoto, I., Lodish, H. F. and Lisanti, M. P. (1996). Molecular cloning of
caveolin-3, a novel member of the caveolin gene family expressed
predominantly in muscle. J. Biol. Chem. 271, 2255-2261.

Thompson, T. G., Chan, Y.-M., Hack, A. A., Brosius, M., Rajala, M., Lidov,
H. G. W,, McNally, E. M., Watkins, S. and Kunkel, L. M. (2000). Filamin 2
(FLN2): a muscle-specific sarcoglycan interacting protein. J. Cell Biol. 148,
115-126.

Thomsen, P., Roepstorff, K., Stahlhut, M. and van Deurs, B. (2002). Caveolae
are highly immobile plasma membrane microdomains, which are not involved in
constitutive endocytic trafficking. Mol. Biol. Cell 13, 238-250.

Thyberg, J., Roy, J., Tran, P. K., Blomgren, K., Dumitrescu, A. and Hedin, U.
(1997). Expression of caveolae on the surface of rat arterial smooth muscle cells is
dependent on the phenotypic state of the cells. Lab. Invest. 77, 93-101.

Tzima, E., Del Pozo, M. A., Kiosses, W. B., Mohamed, S. A, Li, S., Chien, S. and
Schwartz, M. A. (2002). Activation of Rac1 by shear stress in endothelial cells
mediates both cytoskeletal reorganization and effects on gene expression. EMBO
J. 21, 6791-6800.

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

Valentich, J. D., Popov, V., Saada, J. I. and Powell, D. W. (1997). Phenotypic
characterization of an intestinal subepithelial myofibroblast cell line.
Am. J. Physiol. 272, C1513-C1524.

2758

Walser, P. J., Ariotti, N., Howes, M., Ferguson, C., Webb, R., Schwudke, D.,
Leneva, N., Cho, K.-J., Cooper, L., Rae, J. etal. (2012). Constitutive formation of

caveolae in a bacterium. Cell 150, 752-763.
Wang, H., Wang, A. X. and Barrett, E. J. (2012). Insulin-induced endothelial cell

cortical actin filament remodeling: a requirement for trans-endothelial insulin

transport. Mol. Endocrinol. 26, 1327-1338.
Way, M. and Parton, R. G. (1996). M-caveolin, a muscle-specific caveolin-related

protein. FEBS Lett. 378, 108-112.
Wickstrom, S. A., Lange, A., Montanez, E. and Féssler, R. (2010a). The ILK/

PINCH/parvin complex: the kinase is dead, long live the pseudokinase! EMBO J.
29, 281-291.

Wickstrom, S. A,, Lange, A., Hess, M. W., Polleux, J., Spatz, J. P., Kriiger, M.,
Pfaller, K., Lambacher, A., Bloch, W., Mann, M. et al. (2010b). Integrin-linked
kinase controls microtubule dynamics required for plasma membrane targeting of

caveolae. Dev. Cell 19, 574-588.
Yang, B., Radel, C., Hughes, D., Kelemen, S. and Rizzo, V. (2011). p190

RhoGTPase-activating  protein  links the betal integrin/caveolin-1
mechanosignaling complex to RhoA and actin remodeling. Arterioscler.
Thromb. Vasc. Biol. 31, 376-383.

Yu, J., Bergaya, S., Murata, T., Alp, I. F., Bauer, M. P., Lin, M. |, Drab, M.,
Kurzchalia, T. V., Stan, R. V. and Sessa, W. C. (2006). Direct evidence for the
role of caveolin-1 and caveolae in mechanotransduction and remodeling of blood

vessels. J. Clin. Invest. 116, 1284-1291.
Zeng, Y. and Tarbell, J. M. (2014). The adaptive remodeling of endothelial

glycocalyx in response to fluid shear stress. PLoS ONE 9, €86249.

Q
|
c
2L
v
(V]
ko]
Y
Y-
o
©
c
—
>
o
-_


http://dx.doi.org/10.1016/j.bbrc.2010.11.036
http://dx.doi.org/10.1016/j.bbrc.2010.11.036
http://dx.doi.org/10.1016/j.bbrc.2010.11.036
http://dx.doi.org/10.1074/jbc.271.4.2255
http://dx.doi.org/10.1074/jbc.271.4.2255
http://dx.doi.org/10.1074/jbc.271.4.2255
http://dx.doi.org/10.1074/jbc.271.4.2255
http://dx.doi.org/10.1083/jcb.148.1.115
http://dx.doi.org/10.1083/jcb.148.1.115
http://dx.doi.org/10.1083/jcb.148.1.115
http://dx.doi.org/10.1083/jcb.148.1.115
http://dx.doi.org/10.1091/mbc.01-06-0317
http://dx.doi.org/10.1091/mbc.01-06-0317
http://dx.doi.org/10.1091/mbc.01-06-0317
http://dx.doi.org/10.1093/emboj/cdf688
http://dx.doi.org/10.1093/emboj/cdf688
http://dx.doi.org/10.1093/emboj/cdf688
http://dx.doi.org/10.1093/emboj/cdf688
http://dx.doi.org/10.1371/journal.pone.0033085
http://dx.doi.org/10.1371/journal.pone.0033085
http://dx.doi.org/10.1371/journal.pone.0033085
http://dx.doi.org/10.1371/journal.pone.0033085
http://dx.doi.org/10.1016/j.cell.2012.06.042
http://dx.doi.org/10.1016/j.cell.2012.06.042
http://dx.doi.org/10.1016/j.cell.2012.06.042
http://dx.doi.org/10.1210/me.2012-1003
http://dx.doi.org/10.1210/me.2012-1003
http://dx.doi.org/10.1210/me.2012-1003
http://dx.doi.org/10.1016/0014-5793(96)82884-5
http://dx.doi.org/10.1016/0014-5793(96)82884-5
http://dx.doi.org/10.1038/emboj.2009.376
http://dx.doi.org/10.1038/emboj.2009.376
http://dx.doi.org/10.1038/emboj.2009.376
http://dx.doi.org/10.1016/j.devcel.2010.09.007
http://dx.doi.org/10.1016/j.devcel.2010.09.007
http://dx.doi.org/10.1016/j.devcel.2010.09.007
http://dx.doi.org/10.1016/j.devcel.2010.09.007
http://dx.doi.org/10.1161/ATVBAHA.110.217794
http://dx.doi.org/10.1161/ATVBAHA.110.217794
http://dx.doi.org/10.1161/ATVBAHA.110.217794
http://dx.doi.org/10.1161/ATVBAHA.110.217794
http://dx.doi.org/10.1172/JCI27100
http://dx.doi.org/10.1172/JCI27100
http://dx.doi.org/10.1172/JCI27100
http://dx.doi.org/10.1172/JCI27100
http://dx.doi.org/10.1371/journal.pone.0086249
http://dx.doi.org/10.1371/journal.pone.0086249


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


