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Abstract: Caveolae are the cholesterol-rich small invaginations of the plasma membrane present in
many cell types including adipocytes, endothelial cells, epithelial cells, fibroblasts, smooth muscles,
skeletal muscles and cardiac muscles. They serve as specialized platforms for many signaling
molecules and regulate important cellular processes like energy metabolism, lipid metabolism,
mitochondria homeostasis, and mechano-transduction. Caveolae can be internalized together with
associated cargo. The caveolae-dependent endocytic pathway plays a role in the withdrawal of many
plasma membrane components that can be sent for degradation or recycled back to the cell surface.
Caveolae are formed by oligomerization of caveolin proteins. Caveolin-3 is a muscle-specific isoform,
whose malfunction is associated with several diseases including diabetes, cancer, atherosclerosis,
and cardiovascular diseases. Mutations in Caveolin-3 are known to cause muscular dystrophies
that are collectively called caveolinopathies. Altered expression of Caveolin-3 is also observed
in Duchenne’s muscular dystrophy, which is likely a part of the pathological process leading to
muscle weakness. This review summarizes the major functions of Caveolin-3 in skeletal muscles and
discusses its involvement in the pathology of muscular dystrophies.

Keywords: caveolae; Caveolin-3; scaffolding domain; endocytic pathway; muscular dystrophy;
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1. Introduction

The caveolin family of proteins is comprised of three members: Caveolin-1 (Cav1), Caveolin-2 (Cav2),
and Caveolin-3 (Cav3). Cav1l was the first caveolin discovered as a substrate of tyrosine kinase Src [1].
Cav2 was identified in adipocyte membrane fraction [2], and Cav3, which is specific to muscle cells,
was identified based on sequence similarity to Cav1 [3,4]. Cav1l and 2 form hetero-oligomers that can
aggregate into organized structures at the invaginated membrane pits called caveolae, which in Latin
means “little caves” [5,6]. Caveolae are present in many cell types including adipocytes, endothelial cells,
fibroblasts, smooth-muscles, skeletal and cardiac muscles, and epithelial cells. Caveolae have multiple
functions that involve the organization of specific microdomains at the plasma membrane, the regulation
of signaling, endocytosis, exocytosis, and mechano-transduction [7-10]. Mutations in caveolin proteins
and malfunction of caveolae are associated with several diseases [11-16]. Mutations in muscle-specific
isoform Cav3 lead to muscular dystrophies characterized by muscle weakness, an increased number of
centralized nuclei, and a high level of serum creatine kinase [13,17,18]. Caveolin-3 is known to associate
with several components of the multiprotein dystrophin glycoprotein complex (DGC). Malfunction of
most of the DGC leads to muscular dystrophies, such as Duchene muscular dystrophy (DMD), caused by
a lack of functional dystrophin [19,20]. DMD affects one in 3500 newborn boys worldwide and the main
characteristic features are muscle dystrophy, respiratory insufficiency, cardiomyopathy, and premature
death [21]. The lack of functional dystrophin in DMD is due to the deletions, duplications, or point

Int. ]. Mol. Sci. 2020, 21, 8736; d0i:10.3390/ijms21228736 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-6346-2523
https://orcid.org/0000-0002-1115-0069
http://dx.doi.org/10.3390/ijms21228736
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/21/22/8736?type=check_update&version=2

Int. J. Mol. Sci. 2020, 21, 8736 20f22

mutations in the open reading frame of the dystrophin gene. There are obvious differences in the
pathology of mice models of muscular dystrophy and that in human patients. One reason for this
could be that mice have higher expression of utrophin, which could partially compensate for the lack
of functional dystrophin [22]. On the other hand, there are also variations in the pathology of muscular
dystrophies in human patients. Elevated Cav3 expression has been observed in DMD patients and a
mouse model of this disorder (mdx mice) [19]. This suggests that Cav3 could play an important role in
the pathogenesis of skeletal muscles and could be a potential pharmaceutical target. Further research
should be conducted in this direction.

2. Domain Organization and Structure of Caveolins

The three caveolins have similar domain composition. The C’- and N’-terminal portion of the
proteins are exposed to the cytoplasm and the middle hydrophobic part makes a single loop which is
inserted into the lipid bilayer without crossing through it (Figure 1) [23,24]. The cytoplasmic C’-terminal
region has an additional three palmitoylated sites. The juxta membrane part of the N’-terminal
cytoplasmic tail contains the caveolin scaffolding domain (CSD), which interacts with many signaling
proteins. This region is located within the oligomerization motif, which aggregates caveolins into larger
assemblies (Figure 1). Nine Cav3 monomers assemble to form a toroidal shape complex of ~16.5 nm in
diameter and ~5.5 nm in height [25]. The nonamers of caveolins assemble into larger polyhedral-like
structures, triggering membrane invagination into pits called caveolae. The process of membrane
invagination is somehow similar to that regulated by clathrin. Caveolins can, therefore, be present at
the membranes in three different states: monomers, nonamers, and larger clusters of nonamers which
could have either flat shapes or are curved into caveolae with invaginated membranes.
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Figure 1. Caveolin-3 domain organization and its localization to caveolae. (A) A diagrammatic

(B)
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representation of caveolae with associated Caveolin-3 protein. Caveolae are rich in cholesterol and
provide platforms for various signaling molecules like GPCRs, Src kinase, etc. that interact with
Caveolins’ scaffold domain (shown on the right). The plasma membrane also contains Caveolin-3,
which is not associated with caveolae. (B) Mutations in Caveolin-3 causing caveolinopathies. The figure
was created with BioRender.com.
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Within the membrane inserted region, caveolins have a highly hydrophobic sequence which binds
cholesterol. Oligomerization of caveolins and interactions with cholesterol create a unique environment
in the membrane which triggers accumulation of sphingolipids at the outer leaflet of the bilayer and
formation of a specialized lipid raft [26-30]. Lipid rafts have been proposed to form microdomains
on the cell surface which recruit a specific set of proteins and lipids, while other components of the
plasma membrane are excluded based on physical properties [31]. These platforms at the cell surface
facilitate protein interactions and signaling. Caveolin-rich domains, apart from sphingolipids and
cholesterol, are also enriched in phosphatidylinositol (4,5)-bisphosphate (PtdIn(4,5)P2), which regulates
many signaling proteins [32]. Caveolins at the cell surface can be scaffolded by actin and microtubule
cytoskeletons regulating their stability [9,33,34].

Formation of caveolae is controlled by a family of caveolin-interacting proteins called cavins.
There are four cavin proteins identified. Cavinl targets other cavin proteins to the membrane [35],
while Cavin2 mediates curving of the membrane into caveolae or tubules [36]. Cavin3 mediates
endocytosis of caveolae and their intracellular transport [37]. Cavin4 is expressed predominantly in
muscle cells. This cavin isoform appears to be dispensable for caveolae formation but could be involved
in the recruitment of caveolae-associated signaling proteins like the extracellular signal-regulated
kinase 1 and 2 (ERK1/2) [7].

3. Function of Caveolins in Regulation of Endocytosis and Exocytosis

Internalization of caveolae and endocytosis of associated cargo involves Dynamin GTPase [38],
similar to endocytosis of clathrin-coated vesicles. Upon internalization, the endocytosed vesicles
on the caveolin-dependent pathway can fuse with endosomes from which the associated cargo
could be degraded in the lysosomal pathway or sent back to the plasma membrane through the
recycling pathway. Interestingly, internalization of the cell surface receptors does not necessarily
block their signaling activity. Recent findings suggest that much receptor-dependent signaling
occurs also in the internalized endocytic vesicles [39]. For instance, the epidermal growth factor
receptors (EGFR) interact with growth factor receptor-bound protein 2 (Grb2), which initiates Ras
and mitogen-activated protein kinases (MAPK) signaling at the endosomes from where the signal
transduction is initiated [40]. The caveolin-dependent endocytic pathway provides an entry route
for several pathogenic viruses. For instance, a widely studied Simian virus 40 (SV40) enters cells
through caveolae-mediated endocytosis [41]. A similar mechanism for cell infection has been reported
recently for Zika virus causing microcephaly and neurological disorders [42]. However, the rate at
which caveolae bud from the plasma membrane has been proposed to be very low (at least at steady
state), raising questions about the overall contribution of the caveolae mediated endocytosis to total
endocytosis happening inside the cell [43,44]. Further studies are needed to completely understand
the cellular functions of caveolae mediated endocytosis.

Caveolins can also be involved in autophagy. Cav3 has been shown to play a critical role
in autophagy, protecting the cardiac muscle from damage after ischemia and reperfusion [45,46].
Interestingly, Cav3 interacts with Beclin-1 and Atg12, the important proteins involved in autophagy [45].

Caveolins could also be implicated in the regulation of exocytosis. In the exocytic pathway,
caveolins are clustered into specific secretory vesicles at the trans-Golgi network where protein sorting
takes place. During vesicle formation, caveolins could capture associated proteins and lipids into the
forming transport containers. For instance, exocytosis of the angiotensin II type 1 receptor has been
shown to be regulated by Caveolin-1 [47].

4. Function of Caveolins in Regulation of Signaling

Apart from oligomerization, caveolin proteins can directly interact with a large number of signaling
proteins including EGFR, platelet-derived growth factor (PDGF) receptors, insulin receptors, Shc, Grb-2,
mSOS-1, nitric oxide synthases (NOS), H-Ras, Raf, MEK, and ERK1/2 [8]. Most of these interactions are
mediated by the caveolin scaffolding domain (Figure 1) and occur in caveolae. Caveolins sequester
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many binding-partners in their inactive states, as is the case for H-Ras, G subunits, and Src [48].
Moreover, activation of Ga (and other proteins) has been shown to abolish the interactions with
caveolins and trigger re-localization of activated forms away from caveolae. As a consequence,
caveolae serve as reservoirs for storage of inactivated signaling molecules or pockets at the plasma
membrane where inactivated cargo is collected for subsequent endocytosis. The opposite situation exists
with some G-protein coupled receptors, like B2 bradykinin receptors or the muscarinic acetylcholine
receptor [49]. They translocate to caveolae when activated by ligands or agonists. For instance,
the muscarinic acetylcholine receptor in cardiomyocytes translocate to Cav3-containing caveolae when
activated by its agonist carbachol [49].

In skeletal muscles, the PI3K-Akt-mTOR pathway plays an important role in the regulation
of muscle growth and hypertrophy [50-52]. This is particularly important in muscle wastage after
injury, during aging, in muscular dystrophies, and cancer-mediated cachexia [52-54]. There have been
reports suggesting that Akt signaling could be regulated by caveolins. In HEK-293 and HeLa cells,
Cavl overexpression leads to increased Akt activity, possibly through the diminished synthesis of
ceramides which inhibit PI3K [55,56]. Moreover, in human SV589 fibroblasts and mouse embryonic
fibroblasts, the loss of Cavin3 promoted Akt signaling and Cavin3 overexpression inhibited Akt
signaling [57].

Caveolins’ interaction with many signalling proteins was shown to be mediated by the CSD.
There are also studies that call these interactions into question, arguing that the CSD is too close to
membrane that may block their interactions with cytoplasmic proteins [58,59].

5. Caveolae as Mechanosensors

Mechanosensing refers to mechanisms that cells use to detect and respond to internal and external
forces. In 1975, Dulhunty et al. [60] proposed that muscle caveolae would breakopen in response to
stretching of skeletal muscle fibers. In this process, caveolae serve as a reservoir of membrane located
in the invaginations and internal vesicles which can be quickly released in response to tension on the
plasma membrane. Remarkably, in muscle cells, mechanoprotection by caveolae is directly coupled
with IL6/STAT3 signaling, which malfunctions in Cav3-associated dystrophies [10]. Caveolin-mediated
mechanosensing is not limited to muscle cells and has been reported in many cell types in vitro
and in vivo [61-63]. It has been shown that caveolae present in the vascular endothelial cell act as
mechanosensors of the blood flow and respond to increased blood pressure by disassembly of caveolae,
release of accumulated membrane, and decrease in tension [64-67].

6. Function of Caveolin-3 in Muscle Development and Repair

Caveolin-3 regulates several processes that play important roles at various stages of skeletal muscle
development and repair [68-70]. Its expression is required for differentiation and efficient fusion of
myoblast and myotube formation [69-71]. The targeted downregulation of Cav3 in C2C12 myoblasts
by expressing Cav3 antisense RNA is sufficient to inhibit myoblast fusion [72]. Madaro et al. [73] have
reported that PKCO signaling is required for myoblast fusion by regulating the expression of Cav3 and
(1D integrin.

Corrotte et al. [74] have shown that cellular damage triggers an influx of calcium ions, which leads
to the exocytosis of lysosomal compartments and the release of acidic sphingomyelinase. This enzyme
converts sphingomyelin to ceramides and ceramides-enriched microdomains promote invagination of
the lipid bilayer. Caveolae concentrate at the site of injury and the resorption of material is mediated
through caveolae-dependent endocytosis. The processes of caveolae-mediated repair are inhibited
in caveolinopathies when mutations in caveolins compromise their functions. Caveolin-3 interacts
with dysferlin (DYSF) and TRIM 72, two proteins involved in muscle repair. Dysferlin likely regulates
Ca2+-dependent fusion of the repair exotic vesicle with the plasma membrane at the sites of muscle fibre
injury [75]. Defectsin the DYSF gene resultin several types of muscular dystrophy; including limb-girdle
muscular dystrophy type 2B (LGMD2B), Distal Myopathy (DM), and Miyoshi myopathy (MM).
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Interaction with Cav3 stabilises dysferlin at the cell surface [76]. In the absence of Cav3, dysferlin is
endocytosed at a rapid rate and membrane repair is compromised. TRIM72, a muscle-specific TRIM
(Tri-partite motif) family protein, contributes to intracellular vesicle trafficking and is an essential
component of the membrane repair machinery in striated muscles [77]. Cav3 mutations resulting in
the retention of Cav3 at the Golgi lead to mislocalization of TRIM72 and dysferlin and to defects in
membrane repair [68].

When caveolins’ functions are compromised, compensatory mechanisms could operate to
promote cellular regeneration and survival. Fulizio et al. [78] proposed that regenerating fibers
in caveolinopathies muscle have strong overproduction of Cav3. This has two important consequences.
The first is that Cav3 overproduction increases the rate of exocytosis, so the total amount of Cav3
at the cell surface is increased and could even be close to normal. The second is that mutations in
Cav3 trigger production of the protein with aberrant conformation, which affects its oligomerization
and association with lipid rafts. This triggers accumulation of mutant Cav3 at the Golgi apparatus.
Accumulation of protein aggregates in the Golgi leads to its increased proliferation and increased rate
of exocytosis and repair of the plasma membrane [78,79]. Such accumulation of mutant proteins in the
Golgi is an unusual phenomenon as most proteins, when misfolded, accumulate in the endoplasmic
reticulum through interaction with chaperones [80].

7. Caveolin-3 and T-Tubule Systems

T-tubules (or transverse tubules) are invaginations of the plasma membrane into the center of
cardiac and skeletal muscle fibers [81]. T-tubules are abated by two terminal cisternae of the ER
and they collectively form a so-called triad [81]. The T-tubules are enriched in the ion channels and
transporters and facilitate the transmission of the action potential from the exterior to the interior of the
cell. The direct association of T-tubules with the ER through the interactions of the dihydropyridine
receptors (DHPRs) on the T-tubules with the ryanodine receptors (RYRs) on the ER membrane allows
for rapid and efficient calcium release in response to action potential [81]. Thus, formation and
proper functioning of the T-tubules is crucial for fast muscle contraction and synchronization of the
contractions in the heart. Caveolin-3 is enriched in T-tubules in skeletal muscles and cardiac myocytes
and T-tubule formation depends on functional Cav3 proteins [82]. This is supported by the data from
Cav3 null mice which show a disorganized T-tubule system in skeletal muscle and the heart [83-85].
Caveolin-3 has been reported to interact with RYR, DHPR, and other T-tubule proteins [81].

Interestingly, T-tubules have approximately four times more cholesterol than the rest of the plasma
membrane. Since Cav3 binds cholesterol, they likely actively contribute the formation of the unique
biophysical properties of these specialized membrane compartments. The exact mechanisms as to how
the T-tubules form is not clear, but this process, apart from Cav3, also involves a BAR domain protein
Amfiphysine (Binl) and actin organizing protein N-WASP [86,87].

8. Role of Caveolin-3 in Energy Metabolism

Caveolin-3 can stimulate the phosphorylation of insulin receptor substrate 1 (IRS1), a downstream
regulator of an insulin receptor required for glucose uptake in muscles [88]. These receptors
have been localized to caveolae at the plasma membrane [89]. The Caveolin-3 also interacts with
phosphofructokinase-M (PFK-M), a key enzyme in the control of glycolysis in a glucose dependent
manner, and may play a role in the regulation of energy metabolism in skeletal muscle fibers [90].
Shang et al. [91] have shown that in skeletal muscle cell line C2C12, Cav3 protein can activate
Akt signaling and increase glucose transporter type 4 (GLUT4) localization at the cell surface,
leading to increased glucose uptake. This in turn promotes myocytes’ growth and proliferation.
These observations suggest that Cav3 plays an important physiological role in skeletal muscle
cell metabolism.
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9. Caveolin-3 Regulates Lipid Metabolism

Caveolae are abundant in the adipocytes which are cells that store many lipids. It has been
shown that lack of caveolae in caveolin-1 knockout mice leads to reduced size of adipocytes and
lipodystrophies along with other physiological abnormalities [92]. An ectopically expressed dominant
negative mutant of Caveolinl (CAVPSV) promotes complex intracellular lipid imbalance. In particular,
expression of CAVPGY
in the Golgi complex and the plasma membrane [93]. Similarly, human patients with malfunctioning
Cavl mutations develop problems with lipid metabolism and become insulin resistant [94]. It has been
reported that Cav1l mediates the transfer of newly synthesized cholesterol from the ER to the plasma
membrane and mutations in Cav1 lead to increased sterol levels in the ER [95,96]. Accumulation of
cholesterol in the ER would then cause increased acyl-CoA: cholesterol acyltransferase (ACAT) activity
that catalyses the esterification of cholesterol and reduced free cholesterol. Collectively, caveolins,
which bind cholesterol, serve as a sensor for the cholesterol in the membrane, regulate their intracellular
transport, and influence cholesterol metabolism. Cholesterol is an important component of cellular
membranes, which regulates many signaling processes. The misbalance of cholesterol levels in the
body may cause various diseases, i.e., atherosclerosis [97], stroke [98], coronary heart disease [99],
heart attacks [99], and hemorrhagic stroke [100,101].

CD36 is the most important translocase for long-chain unesterified fatty acids, which are the
energy source in skeletal muscles [102]. Vistisen et al. [103] have shown that CD36 colocalizes with
the Cav3 in sarcolemma, suggesting that caveolae may regulate cellular fatty acid uptake by CD36.
Interestingly, Cav3+/— mice have lower CD36 levels in the hearts, which likely leads to decreased
lipid uptake in this organ [104]. Moreover, a case study by Ibarretxe et al. [105] showed that Cav3
deficiency leads to severe hypercholesterolemia and also destabilized low-density lipoprotein receptors,
pointing to the important role of Cav3 in the regulation of lipid metabolism.

increases the level of free cholesterol in late endosomes but depletes cholesterol

10. Function of Caveolin-3 in Mitochondrial Homeostasis

Mitochondrial dysfunction is a hallmark of the pathophysiology of highly metabolic organs like
the heart, brain, muscles, or liver. In these organs, mitochondria play important roles in adaptation
to cellular stress [106]. Several studies have shown that mitochondria and caveolae can be closely
apposed, facilitating their physical and functional interactions [107,108]. Cardiac ischemia, for instance,
can induce translocation of Cav1l proteins from caveolae to mitochondria [109,110]. Caveolin-1 has
been also enriched in the ER membrane at the sites of contact with mitochondria [111], which appears
to be important for Ca?* and lipid homeostasis [112]. The Ca?* released from the ER stimulates
pyruvate dehydrogenase in mitochondria and the FO/F1-ATPase required for ATP synthesis, Krebs cycle,
and pyruvate decarboxylation [113,114]. Shah et al. [115] have revealed that Cav3 deficiency in cardiac
muscle cells associated with the Cav3P104L mutation invokes major disturbances in mitochondrial
respiration and energy status that may contribute to the pathology of RMD-2. The targeting of Cav3 to
mitochondria improves the function of mitochondria and thus induces stress adaptation in the heart.

11. Caveolin-3 Regulates Potassium Channels and Adrenergic Receptors

Caveolin-3 has been reported to regulate TASK1, the two-pore domain potassium channel
expressed at the plasma membrane of neurons, cardiac myocytes, and skeletal muscle fibers [116-118].
TASK1 channels are in permanently opened confirmation, allowing for K* outward currents at the
membrane. This is important for the stabilization of cells below the firing threshold. TASK1 channels
play a crucial role in maintaining the resting membrane potential and their malfunction leads
to depolarization of the membrane, hyperexcitation of the cell, and subsequent cell death due to
excitotoxicity [119,120]. Caveolin-3 inhibits the function of TASK1 and the expression of Cav3 dominant
negative mutant (P104L) abolishes TASK1 inhibition.
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The beta-adrenergic receptors (BAR) are the G-protein coupled receptors that, in the heart and
skeletal muscles, produce cAMP in response to catecholamines, especially adrenalin and noradrenalin,
that regulate the pace of heart beats [121]. There are two types of BAR, i.e., B1AR and 32AR [122-124].
It has been reported that f2AR is exclusively localized to caveolae [125,126]. Wright et al. [127] have
shown that Cav3 plays a crucial role in the function of 32AR in the cardiomyocytes. They have
reported that over expressed Cav3 leads to two-fold lower production of cAMP and its retention in
caveolae. Conversely, the expression of dominant negative mutant of Cav3, which lowers the number
of caveolae, leads to an increase in the cAMP levels.

12. Role of Caveolin-3 in Heart Diseases

Caveolae are specialized lipid rafts at the surface of the cardiac and sarcolemma membrane.
Therefore, they could play an important role in the overall function of the heart. Moreover, mutations in
Cav3 have been detected in various cardiovascular diseases such as arrhythmias, cardiac hypertrophy,
and injury after myocardial ischemia/reperfusion. A broad review on this topic has been published
elsewhere [128-130] and here we summarize only the most important observations.

12.1. Arrhythmias

In the cardiac cells, caveolae contain many ion-gated channels such as the primary voltage-gated
sodium channel (Nav1.5) [131]. It has been reported that mutations in Cav3 lead to dysfunction of
Nav1.5 ion channels observed in inherited arrhythmias such as long QT Syndrome 9 (LQT9) [132].
LQT9 is associated with mutations Thr78Met, Ala85Thr, Phe97Cys, Ser141Arg that affect Cav3
interactions with the Nav1.5 ion channel, resulting in increased late sodium current. These mutations
lead to defects in the heart without causing skeletal muscle defects [133]. Moreover, various mutations
in Cav3, such as Vall4Leu, Thr78Met and Leu79Arg, lead to sudden infant death syndrome, in which a
five-fold increase in the late sodium current was observed [134].

12.2. Cardiac Hypertrophy

Cardiac hypertrophy is caused by the increase in the size of cardiomyocyte, which ultimately leads
to progressive heart failure [135,136]. Several mutations in Cav3, such as Thr63Ser, Thr78Met, Ala46Thr,
and the deletion of Phe96, are known to cause cardiac hypertrophy in human patients [128,137-140].
The Cav3 KO mice show signs of cardiac hypertrophy and reduced function of the heart as characterized
by ventricular dilation and reduced contractility [141]. This is further accompanied by cellular
infiltration and progressive fibrosis of the heart.

12.3. Myocardial Injury after Ischemia/Reperfusion

The overexpression of Cav3 has been shown to protect the heart from ischemia [142]. The heart
of Cav3 KO mice show increased contractile dysfunction and cell damage following ischemia [143].
The mechanism of Cav3-mediated protection against ischemia/reperfusion is likely mediated by the
activation of the PISK/Akt/GSK3[3 pathway [144].

13. Interaction of Caveolin-3 with the Dystrophin-Glycoprotein Complexes

Caveolin-3 also interacts with the dystrophin-associated glycoprotein complex (DGC), which is
a major laminin receptor on the muscle surface. This multiprotein transmembrane complex plays a
pivotal role in the muscle fiber integrity by linking the ECM with cytoskeleton. Additionally, it serves
as a scaffold for the recruitment of many signaling molecules. Proteins associated with this complex
could be divided into two classes. The core of the complex is composed of «- and 3-dystroglycans,
dystrophin, utrophin, sarcospan, sarcoglycans, syntrophins, and dystrobrevins [145,146]. Except for
the dystrobrevins, the absence of the other core components leads to the disassembly of the entire
complex [145,147]. It is, therefore, not surprising that the mutations in most of the core DGC proteins
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lead to muscular dystrophies. The core of the DGC additionally recruits several peripherally-associated
proteins such as signaling molecules nNOS and PI3K, scaffold proteins such as GRB2 and x-Catulin,
or cytoskeleton-organizing proteins such as Liprin-ac1 and Arhgef5 [148-151]. For more comprehensive
reviews on DGC, see [146,152]. It has been reported that Cav3 is an important interactor of several
DGC components including dystrophin, utrophin, and 3-dystroglycan.

13.1. Caveolin-3 and Dystrophin

Dystrophin is a large (430-kDa), rod-shaped protein, which at the DGC binds (3-dystroglycan,
syntrophins, and dystrobrevins [153]. This large protein has multiple protein—protein interaction motifs
and is known to interact with actin, microtubules, and intermediate filaments as well as signaling
molecules like nNOS and certain lipids including cholesterol [154]. Mutation in the dystrophin leads
to Duchenne muscular dystrophy (DMD). Dystrophin by its cysteine-rich ZZ domain is attached to the
PPXY motif of the 3-dystroglycan, anchoring dystrophin’s C terminus to the plasma membrane [155,156].
The WW-like domain of Cav3 also directly interacts with the PPXY motif of the 3-dystroglycan [157]
competing for the same site with the dystrophin. The association of Cav3 with DG has been proposed
to trigger 3-dystroglycan degradation (see next paragraphs). Thus, the Cav3 expression level can
indirectly impact the expression of the dystroglycan and the stability of the entire DGC.

13.2. Caveolin-3 and Utrophin

Utrophin is a dystrophin homolog enriched at the neuromuscular junction in skeletal muscles and
it interacts with dystroglycan and dystrobrevins [158,159]. It has been reported that utrophin interacts
with Cavl1 at the plasma membrane of vascular smooth muscle [160]. This interaction may regulate the
activity of eNOS and its overall effect on the cell.

Caveolin-1 interaction with utrophin has been proposed to mediate the internalization of caveolae
and the low-density lipoprotein receptor-related protein 1 (LRP1) [161]. LRP1 is a member of the
LDL receptor family involved in various biological processes such as lipoprotein metabolism and cell
motility, and diseases such as atherosclerosis and cancer. It has been shown that motor protein KIF13B
recruits LRP1 to caveolae through utrophin and promotes caveolae internalization through their motor
activity and interaction with microtubules [161].

13.3. Caveolin-3 and Dystroglycan

There are two dystroglycan subunits—the extracellular x-dystroglycan and the transmembrane
B-dystroglycan [162]. They are produced from a single precursor protein as a result of proteolytical
cleavage at the Golgi complex. The «-dystroglycan interacts with ECM molecules and the
transmembrane (3-dystroglycan links the alpha subunit to the cytoplasmic components of the complex.
The PPXY motif of 3-dystroglycan binds to the WW domain of dystrophin [163] and the WW-like
domain of Cav3 in a competitive manner [157]. This interaction appears to be crucial for the regulation
of dystroglycan stability and the integrity of the entire DGC. Dystrophin binding to 3-dystroglycan
stabilizes dystroglycan and the DGC, while Cav3 interaction with 3-dystroglycan has been proposed
to trigger its degradation and the disassembly of the DGC.

13.4. Caveolin-3 and Sarcoglycan

Sarcoglycans are transmembrane glycosylated proteins associated with 3-dystroglycan. They have
four subunits, i.e., &, 3, v and 6 [164]. Mutations in «-, 3-, and y-sarcoglycan have been detected in
either autosomal recessive muscular dystrophy, limb-girdle muscular dystrophy, or severe childhood
autosomal recessive muscular dystrophy [165]. The x-sarcoglycan complex was found within caveolae
membranes in differentiated C2C12 cells, but the direct interaction between sarcoglycans and Cav3 has
not been reported [166]. Interestingly, in Cav3 KO heart cells, sarcoglycans are no longer associated
with lipid rafts (or, more precisely, detergent-resistant membranes), but their localization to the plasma
membrane was not affected. Many DGC components have been reported to associate with caveolae
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in various cell types. It is, however, less clear what the function of such localization is. Do DGC
components re-localize to caveolae before internalization? Are caveolar degradation pathways a route
through which DGC is internalized and degraded?

14. Caveolin-3 at the Neuromuscular Junction

Muscle fibres and motor neuron axons form specialized synapses called neuromuscular junctions
(NM]Js) on which the impulse to contract is transmitted. The DGC is enriched at the NM]Js, where it
performs an important role in stabilising postsynaptic acetylcholine receptors (AChRs) and other
components of the postsynaptic machinery on the muscle fibre surface. Caveolin-3 is also concentrated
at the postsynaptic specialisation of the NMJ [167] and experimental denervation leads to a decrease
in Cav3 levels at the NMJ [167]. Interestingly, Hezel et al. [168] have reported that Cav3 associates
with AChRs, and this interaction is strongly enhanced upon treatment with agrin, a glycoprotein
secreted by the nerve to promote AChR clustering and assembly of the postsynaptic machinery.
Caveolin-3 also binds to the muscle-specific kinase (MuSK), the receptor for agrin on the muscle surface.
Remarkably, the lack of Cav3 inhibits the agrin-induced activation of Rac1l, which is downstream of
MuSK and impairs clustering of AChR [169]. Thus, Cav3 regulates clustering of the postsynaptic
machinery, at least in vitro. As Cav3 binds cholesterol and organizes lipid rafts [170,171], one of
its functions at the NM]J could be to organise this specialized domain on the surface of muscle
fibre. AChRs also bind cholesterol, are enriched in the detergent resistant membranes and the entire
postsynaptic assembly was proposed to be a clustered raft [172-175]. The role of Cav3 at the NM] may
have important implications for pathological processes in various caveolinopathies in which the level
of Cav3 decreases in the muscle membrane.

15. Muscular Dystrophies Associated with Caveolin-3

Point mutations and dysregulated expression of caveolins have been linked to the pathogenesis of
multiple diseases like cancers, cardiovascular disorders, diabetes, and muscular dystrophies [6]. So far,
18 mutations in Cav3 (Figure 1) have been associated with human dystrophies such as limb-girdle
muscular dystrophy 1C (LGMD-1C), hereditary rippling muscle disease (RMD), hyperCKemia,
and distal myopathy [13], whereas Cav3 overexpression is observed in Duchenne muscular dystrophy.
The set of diseases characterized by reduced levels of Cav3 are collectively called caveolinopathies.

15.1. Limb-Girdle Muscular Dystrophy

Limb-girdle muscular dystrophy (LGMD) is a clinically and genetically heterogeneous group of
myopathies. It has two forms—autosomal dominant form and recessive form. To date, nine autosomal
recessive genes for LGMD (LGMD-2A to 2I) and six genes for autosomal dominant form (LGMD-1A
to 1F) have been mapped [176]. It has been shown that autosomal dominant limb-girdle muscular
dystrophy (LGMD-1C) in humans is caused by mutations in the CAV3 gene. These mutations lead to
the loss of Cav3 expression due to degradation of misfolded Cav3 [12]. Recently, a new nomenclature
guidance suggested renaming LGMD-1C to Rippling Muscle Disease-2 (RMD2) [177]. RMD2 has been
excluded from the list of LGMD as the main clinical features are the rippling muscles and myalgia.

A microdeletion of three amino acids within the caveolin scaffolding domain of Cav3
causes RMD-2 type muscular dystrophy [12]. A point mutation in Cavl (P132L) leads to the
mis-localization and intracellular retention of wild-type Cav1 causing breast cancers in humans in
a dominant-negative fashion [14,178]. An analogous P to L mutation in Cav3 (P104L) has been
detected in patients with autosomal dominant RMD-2, and this mutation also has a dominant-negative
character [12]. Another Cav3 mutation associated with LGMD is a dominant-negative missense
mutation Ala45Thr [179]. This mutation leads to the reduced expression of Cav3. Other mutations
in Cav3 associated with RMD-2 include Asn32Lys, Gly55Ser, Thr63Pro, Cys71Trp, and Argl25His
(Figure 1) [12].
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15.2. Rippling Muscle Disease

Rippling muscle disease (RMD) is a rare autosomal-dominant disorder of skeletal muscle. It is
characterized by signs of increased muscle irritability, such as percussion-induced rapid contraction
(PIRC), percussion-induced muscle mounding (PIMM), and/or electrically silent muscle contractions
(rippling muscle) [180]. Several mutations in Cav3 protein (Arg26Gln, Ala45Thr, Ala45Val, Asp27Glu,
Pro28Leu, Pro28Thr, Val43Glu, Leu86Pro, Ala92Thr, and Prol04Leu) have been associated with
RMD [12,18]. Ricci et al. [180] have shown RMD and facioscapulohumeral dystrophy-like phenotypes
in a patient carrying a heterozygous Cav3 T78M mutation and a D474 partial deletion. Lo et al. [181]
have reported RMD which was associated with reduced Cav3 levels, resulting in partial deficiency,
or “mosaicism”, of Cav3 localization in the absence of mutations in the Cav3 coding region.

15.3. Asymptomatic hyperCKemia

Asymptomatic hyperCKemia is a type of myopathy showing elevated levels of serum creatine
kinase (CK). Creatine kinase is muscle-specific kinase that phosphorylates creatine, which serves
as a reserve of high-energy phosphates. If muscle membrane integrity is compromised, then CK
leaks out from the muscle fibers and can be detected in blood serum in simple laboratory analyses.
Elevated levels of CK in the serum are a hallmark of many muscular disorders, but the asymptomatic
hyperCKemia is characterized by lack of apparent muscle weakness. The mutations in Cav3
protein—Arg26Gln [182], Ala45Thr/Val [12] and Pro28Leu [183]—lead to low expression of Cav3
in asymptomatic hyperCKemia [184]. A missense mutation G169A was found in the CAV3 gene
in a patient who developed transient hyperCKemia, myalgia, and mild muscular weakness [185].
Bruno et al., have reported a Val44Met mutation in the Cav3 protein of patients with persistent elevation
of serum CK levels, myalgia, and hypercholesterolemia [186]. Low expression of Cav3 in this disease
leads to decreased caveolae numbers at the plasma membrane resulting in abnormal response to
mechanical stress and possible damaged membrane of the muscle fibers. Moreover, cholesterol is an
important component of the plasma membrane and it binds with Cav3. Lower levels of cholesterol due
to reduced Cav3 in the membrane may also affect the sarcolemma integrity, resulting in the leakage of
creatine kinase.

15.4. Distal Myopathy

Distal myopathy is a relatively rare subtype of caveolinopathy characterized by weakness of
distal muscle groups at the lower or upper limbs. For instance, muscle atrophy restricted to the small
muscles of the hands and feet was reported due to a Gly80Ala mutation in Cav3 [187]. The mutation
Ala46Thr in Cav3 that turned out to cause a reduced Cav3 expression leads to distal myopathy with
hypertrophy of the calf muscles [188].

15.5. Duchenne Muscular Dystrophy

Duchenne muscular dystrophy is caused by deficiency in expression of the dystrophin.
As mentioned in the previous sections, there is a link between the caveolae, Cav3 expression,
and the pathogenesis of DMD. Electron microscopy analysis revealed a three-fold increase in the
number of caveolae on the surface of muscle fibers from DMD patients [189]. This turned out to
be associated with the elevated expression of Cav3 protein [19]. Similar observations of 2-3-fold
elevated levels of Cav3 expression in skeletal muscles were made in mdx mice, an animal model
of DMD with a dystrophin deficiency [190]. The elevated level of Cav3 expression is likely a
protective response of dystrophin-deficient cells, which have compromised integrity and undergo
regeneration [191]. At the same time, elevated levels of Cav3 in the absence of dystrophin could
increase Cav3 binding to the B-dystroglycan, enhancing its degradation and disassembly of the
DGC [192]. Despite evidence that elevated Cav3 levels could increase the degradation of the DGC,
similarly decreased dystroglycan expression has been observed in a patient with Ala46Val dominant
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negative mutation in Cav3 [179]. The exact functions of Cav3 in the pathology of various muscular
dystrophies needs to be further investigated.

16. Mice Models of Muscular Dystrophy Associated with Caveolin-3

An increased level of Cav3 protein expression in skeletal muscle fibers of transgenic mice leads
to muscular dystrophy, which in many features resembles DMD in humans [192]. These include the
presence of numerous hypertrophic fibers undergoing degeneration/regeneration cycles and having
characteristic centrally located nuclei associated with this process. Many muscle fibers in these mice
undergo necrosis and have increased connective tissues associated with them. The Cav3 transgenic
mice also have high levels of serum CK and decreased expression of dystrophin and degradation of the
DGC. Mice of the DMD model (mdx mice) do not show proliferation of connective tissues, nor do they
show significant necrosis in the muscles [193]. This suggests that Cav3 overexpressing transgenic mice
may be a better model for the Duchenne-like dystrophy than mdx mice. Transgenic mice expressing the
Prol04Leu mutant of Cav3, which acts in a dominant negative manner, have severe downregulation of
the endogenous Cav3 protein and exhibit a myopathic phenotype resembling RMD-2 in humans [17].
A very similar phenotype has been observed in CAV3 knock out mice, which have no caveolae at the
sarcolemma and exhibit a mild muscular dystrophy resembling RMD-2 in humans [84,194]. These mice
can thus be used as a model for RMD-2 disease in humans.

17. Future Perspectives

It has been more than 70 years since caveolae were discovered by G.E. Palade [195]. In recent
decades, our understanding of Cav3 functions in skeletal muscles has been widened. Functions of
caveolins in endocytosis and formation of a platform for signaling at the cell membrane is still in
debate [196]. However, the role of caveolae in muscle and endothelial cells as a protector against the
mechanical stress is very well established. These cell types are very much subject to external mechanical
stress and the high number of caveolae in these cells help in their function. However, the precise
molecular interactions that trigger membrane invaginations and formation of caveolae are not fully
understood. It is still not clear how the cells sense and regulate the invagination of the plasma
membrane at a specific place. Similarly, the mechanisms that regulate the transition of proteins to
and from caveolae require more investigation. Although caveolae are often shaped like little pits
at the membrane, they sometimes acquire the form of elongated tubes. What the function of such
tubes is and how the shape of these structures is achieved is not clear. Many proteins are known to
associate with Caveolins, and some of them have been observed in caveolae. It is not clear, however,
to what extent the interactions occur only in caveolae vs. other parts of the membrane and involve
binding to monomers or small oligomers. In the past ten years, it has become clear that caveolae
and Cav3 regulate muscle functioning, and their altered expression leads to muscular dystrophies.
However, further studies are necessary to elucidate the molecular interactions associated with Cav3,
which lead to muscular dystrophies. The Cav3-deficient mouse models and/or Cav3 overexpressing
transgenic mice will be useful models to study muscular dystrophies—in particular, how a single
mutation in Cav3 leads to many forms of muscular dystrophies. For instance, the mutation R26Q
has been associated with distal myopathy, RMD and hyperCKemia and the A45T/V mutation leads
to RMD-2, RMD and hyperCKemia. Another interesting aspect to study is the role of Cav3 high
expression in muscles of mdx mice and DMD patients. The exact function of caveolae in DMD is still
a debatable issue. The role of Cav3 in the maintenance of sarcolemma integrity and regulation of
dystroglycan degradation in DMD needs further research. Recent reports suggest the involvement
of utrophin, an important DGC component in caveolar internalization and intracellular transport.
While it is certain that caveolae protect cells from mechanical damage, it is still not clear how the cells
sense the tensions on the membrane and induce caveolae disassembly to release the reservoir of the
membrane. These findings may unravel novel mechanisms implicated in the pathology of muscles
and could serve a role in designing new therapeutic strategies for muscular dystrophies.
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Abbreviations

Cavl Caveolin-1

Cav2 Caveolin-2

Cav3 Caveolin-3

DGC Dystrophin glycoprotein complex
DMD Duchene muscular dystrophy

CSD Caveolin scaffolding domain
PtdIn(4,5)P2 Phosphatidylinositol (4,5)-bisphosphate
ERK1/2 Extracellular signal-regulated kinase 1 and 2
EGFR Epidermal growth factor receptors
Grb2 Growth factor receptor-bound protein 2
MAPK Mitogen-activated protein kinases
Atgl2 Autophagy related 12

SV40 Simian virus 40

NOS Nitric oxide synthases

DYSF Dysferlin

LGMD2B Limb-girdle muscular dystrophy type 2B
DM Distal Myopathy

MM Miyoshi myopathy

PDGF Platelet-derived growth factor

NOS Nitric oxide synthases

DHPRs Dihydropyridine receptors

LQT9 Long QT Syndrome 9

RYRs Ryanodine receptors

IRS1 Insulin receptor substrate 1

PFK-M Phosphofructokinase-M

GLUT4 Glucose transporter type 4

BAR Beta-adrenergic receptors

LRP1 Lipoprotein receptor-related protein 1
NMJs Neuromuscular junctions

AChRs Acetylcholine receptors

MuSK Muscle-specific kinase

RMD Rippling muscle disease

LGMD Limb-girdle muscular dystrophy
RMD-2 Rippling Muscle Disease-2

CK Creatine kinase

References

1.  Glenney, J.R,, Jr.; Zokas, L. Novel tyrosine kinase substrates from Rous sarcoma virus-transformed cells are
present in the membrane skeleton. J. Cell Biol. 1989, 108, 2401-2408. [CrossRef] [PubMed]

2. Scherer, PE.; Okamoto, T.; Chun, M.; Nishimoto, I.; Lodish, H.F,; Lisanti, M.P. Identification, sequence,
and expression of caveolin-2 defines a caveolin gene family. Proc. Natl. Acad. Sci. USA 1996, 93, 131-135.
[CrossRef] [PubMed]

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


http://dx.doi.org/10.1083/jcb.108.6.2401
http://www.ncbi.nlm.nih.gov/pubmed/2472406
http://dx.doi.org/10.1073/pnas.93.1.131
http://www.ncbi.nlm.nih.gov/pubmed/8552590
http://dx.doi.org/10.1074/jbc.271.4.2255
http://www.ncbi.nlm.nih.gov/pubmed/8567687

Int. ]. Mol. Sci. 2020, 21, 8736 13 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Way, M.; Parton, R.G. M-caveolin, a muscle-specific caveolin-related protein. FEBS Lett. 1995, 376,
108-112. [CrossRef]

Parolini, I.; Sargiacomo, M.; Galbiati, F.; Rizzo, G.; Grignani, F.; Engelman, J.A.; Okamoto, T.; Ikezu, T.;
Scherer, P.E.; Mora, R.; et al. Expression of caveolin-1 is required for the transport of caveolin-2 to the
plasma membrane. Retention of caveolin-2 at the level of the golgi complex. J. Biol. Chem. 1999, 274,
25718-25725. [CrossRef]

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

Ogata, T.; Naito, D.; Nakanishi, N.; Hayashi, Y.K.; Taniguchi, T.; Miyagawa, K.; Hamaoka, T.;
Maruyama, N.; Matoba, S.; Ikeda, K.; et al. MURC/Cavin-4 facilitates recruitment of ERK to caveolae
and concentric cardiac hypertrophy induced by alphal-adrenergic receptors. Proc. Natl. Acad. Sci. USA
2014, 111, 3811-3816. [CrossRef]

Shaul, PW.; Anderson, R.G. Role of plasmalemmal caveolae in signal transduction. Am. . Physiol. 1998,
275, 1.843-1L.851. [CrossRef]

Stahlhut, M.; Sandvig, K.; van Deurs, B. Caveolae: Uniform structures with multiple functions in signaling,
cell growth, and cancer. Exp. Cell Res. 2000, 261, 111-118. [CrossRef]

Dewulf, M.; Koster, D.V,; Sinha, B.; Viaris de Lesegno, C.; Chambon, V.; Bigot, A.; Bensalah, M.; Negroni, E.;
Tardif, N.; Podkalicka, J.; et al. Dystrophy-associated caveolin-3 mutations reveal that caveolae couple
IL6/STATS3 signaling with mechanosensing in human muscle cells. Nat. Commun. 2019, 10, 1974. [CrossRef]
Galbiati, F; Razani, B.; Lisanti, M.P. Caveolae and caveolin-3 in muscular dystrophy. Trends Mol. Med. 2001,
7,435-441. [CrossRef]

Minetti, C.; Sotgia, F.; Bruno, C.; Scartezzini, P.; Broda, P.; Bado, M.; Masetti, E.; Mazzocco, M.; Egeo, A.;
Donati, M.A,; et al. Mutations in the caveolin-3 gene cause autosomal dominant limb-girdle muscular
dystrophy. Nat. Genet. 1998, 18, 365-368. [CrossRef] [PubMed]

Woodman, S.E.; Sotgia, F.; Galbiati, F.; Minetti, C.; Lisanti, M.P. Caveolinopathies: Mutations in caveolin-3
cause four distinct autosomal dominant muscle diseases. Neurology 2004, 62, 538-543. [CrossRef] [PubMed]
Lee, H.; Park, D.S.; Razani, B.; Russell, R.G.; Pestell, R.G.; Lisanti, M.P. Caveolin-1 mutations (P132L
and null) and the pathogenesis of breast cancer: Caveolin-1 (P132L) behaves in a dominant-negative
manner and caveolin-1 (-/-) null mice show mammary epithelial cell hyperplasia. Am. ]. Pathol. 2002,
161, 1357-1369. [CrossRef]

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

Razani, B.; Wang, X.B.; Engelman, J.A.; Battista, M.; Lagaud, G.; Zhang, X.L.; Kneitz, B.; Hou, H., Jr.;
Christ, G.J.; Edelmann, W.; et al. Caveolin-2-deficient mice show evidence of severe pulmonary dysfunction
without disruption of caveolae. Mol. Cell. Biol. 2002, 22, 2329-2344. [CrossRef]

Sunada, Y.; Ohi, H.; Hase, A.; Ohi, H.; Hosono, T.; Arata, S.; Higuchi, S.; Matsumura, K.; Shimizu, T.
Transgenic mice expressing mutant caveolin-3 show severe myopathy associated with increased nNOS
activity. Hum. Mol. Genet. 2001, 10, 173-178. [CrossRef]

Betz, R.C.; Schoser, B.G.; Kasper, D.; Ricker, K.; Ramirez, A ; Stein, V.; Torbergsen, T.; Lee, Y.A.; Nothen, M.M.;
Wienker, T.F; et al. Mutations in CAV3 cause mechanical hyperirritability of skeletal muscle in rippling
muscle disease. Nat. Genet. 2001, 28, 218-219. [CrossRef]

Repetto, S.; Bado, M.; Broda, P.; Lucania, G.; Masetti, E.; Sotgia, F.; Carbone, I.; Pavan, A.; Bonilla, E.;
Cordone, G,; et al. Increased number of caveolae and caveolin-3 overexpression in Duchenne muscular
dystrophy. Biochem. Biophys. Res. Commun. 1999, 261, 547-550. [CrossRef]

Matsumura, K.; Tome, EM.; Ionasescu, V.; Ervasti, ].M.; Anderson, R.D.; Romero, N.B.; Simon, D.; Recan, D.;
Kaplan, J.C.; Fardeau, M,; et al. Deficiency of dystrophin-associated proteins in Duchenne muscular dystrophy
patients lacking COOH-terminal domains of dystrophin. J. Clin. Investig. 1993, 92, 866-871. [CrossRef]
Angelini, C. Prevention of cardiomyopathy in Duchenne muscular dystrophy. Lancet Neurol. 2015,
14, 127-128. [CrossRef]

Tinsley, J.; Deconinck, N.; Fisher, R.; Kahn, D.; Phelps, S.; Gillis, ].M.; Davies, K. Expression of full-length
utrophin prevents muscular dystrophy in mdx mice. Nat. Med. 1998, 4, 1441-1444. [CrossRef]


http://dx.doi.org/10.1016/0014-5793(95)01256-7
http://dx.doi.org/10.1074/jbc.274.36.25718
http://dx.doi.org/10.1152/physrev.00046.2003
http://dx.doi.org/10.1073/pnas.1315359111
http://dx.doi.org/10.1152/ajplung.1998.275.5.L843
http://dx.doi.org/10.1006/excr.2000.4960
http://dx.doi.org/10.1038/s41467-019-09405-5
http://dx.doi.org/10.1016/S1471-4914(01)02105-0
http://dx.doi.org/10.1038/ng0498-365
http://www.ncbi.nlm.nih.gov/pubmed/9537420
http://dx.doi.org/10.1212/WNL.62.4.538
http://www.ncbi.nlm.nih.gov/pubmed/14981167
http://dx.doi.org/10.1016/S0002-9440(10)64412-4
http://dx.doi.org/10.1124/pr.54.3.431
http://dx.doi.org/10.1128/MCB.22.7.2329-2344.2002
http://dx.doi.org/10.1093/hmg/10.3.173
http://dx.doi.org/10.1038/90050
http://dx.doi.org/10.1006/bbrc.1999.1055
http://dx.doi.org/10.1172/JCI116661
http://dx.doi.org/10.1016/S1474-4422(14)70326-6
http://dx.doi.org/10.1038/4033

Int. ]. Mol. Sci. 2020, 21, 8736 14 of 22

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Schlegel, A.; Lisanti, M.P. A molecular dissection of caveolin-1 membrane attachment and oligomerization.
Two separate regions of the caveolin-1 C-terminal domain mediate membrane binding and oligomer/oligomer
interactions in vivo. J. Biol. Chem. 2000, 275, 21605-21617. [CrossRef] [PubMed]

Schlegel, A.; Schwab, R.B.; Scherer, P.E.; Lisanti, M.P. A role for the caveolin scaffolding domain in mediating
the membrane attachment of caveolin-1. The caveolin scaffolding domain is both necessary and sulfficient for
membrane binding in vitro. J. Biol. Chem. 1999, 274, 22660-22667. [CrossRef] [PubMed]

Whiteley, G.; Collins, R.F; Kitmitto, A. Characterization of the molecular architecture of human caveolin-3
and interaction with the skeletal muscle ryanodine receptor. J. Biol. Chem. 2012, 287, 40302-40316. [CrossRef]
Karnovsky, M.].; Kleinfeld, A.M.; Hoover, R.L.; Klausner, R.D. The concept of lipid domains in membranes.
J. Cell Biol. 1982, 94, 1-6. [CrossRef]

Klausner, R.D.; Kleinfeld, A.M.; Hoover, R.L.; Karnovsky, M.]. Lipid domains in membranes. Evidence derived
from structural perturbations induced by free fatty acids and lifetime heterogeneity analysis. J. Biol. Chem.
1980, 255, 1286-1295.

Lingwood, D.; Simons, K. Lipid rafts as a membrane-organizing principle. Science 2010, 327, 46-50. [CrossRef]
Ortegren, U.; Karlsson, M.; Blazic, N.; Blomqvist, M.; Nystrom, FH.; Gustavsson, J.; Fredman, P; Stralfors, P.
Lipids and glycosphingolipids in caveolae and surrounding plasma membrane of primary rat adipocytes.
Eur. . Biochem. 2004, 271, 2028-2036. [CrossRef]

Pitto, M.; Brunner, J.; Ferraretto, A.; Ravasi, D.; Palestini, P.; Masserini, M. Use of a photoactivable GM1
ganglioside analogue to assess lipid distribution in caveolae bilayer. Glycocon;j. J. 2000, 17, 215-222. [CrossRef]
Simons, K.; Ikonen, E. Functional rafts in cell membranes. Nature 1997, 387, 569-572. [CrossRef]

Fujita, A.; Cheng, J.; Tauchi-Sato, K.; Takenawa, T.; Fujimoto, T. A distinct pool of phosphatidylinositol
4,5-bisphosphate in caveolae revealed by a nanoscale labeling technique. Proc. Natl. Acad. Sci. USA 2009,
106, 9256-9261. [CrossRef]

Head, B.P; Patel, H.H.; Roth, D.M.; Murray, F; Swaney, J.S.; Niesman, L.R.; Farquhar, M.G.; Insel, P.A.
Microtubules and actin microfilaments regulate lipid raft/caveolae localization of adenylyl cyclase signaling
components. J. Biol. Chem. 2006, 281, 26391-26399. [CrossRef]

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

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. MURC/Cavin-4 and cavin family members form tissue-specific
caveolar complexes. J. Cell Biol. 2009, 185, 1259-1273. [CrossRef]

Hansen, C.G.; Bright, N.A.; Howard, G.; Nichols, B.J. SDPR induces membrane curvature and functions in
the formation of caveolae. Nat. Cell Biol. 2009, 11, 807-814. [CrossRef]

McMahon, K.A.; Zajicek, H.; Li, W.P; Peyton, M.].; Minna, J].D.; Hernandez, VJ.; Luby-Phelps, K;
Anderson, R.G. SRBC/cavin-3 is a caveolin adapter protein that regulates caveolae function. EMBO ].
2009, 28, 1001-1015. [CrossRef]

Oh, P; McIntosh, D.P,; Schnitzer, J.E. 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. 1998,
141, 101-114. [CrossRef]

Miaczynska, M.; Christoforidis, S.; Giner, A.; Shevchenko, A.; Uttenweiler-Joseph, S.; Habermann, B.;
Wilm, M,; Parton, R.G.; Zerial, M. APPL proteins link Rab5 to nuclear signal transduction via an endosomal
compartment. Cell 2004, 116, 445-456. [CrossRef]

Sorkin, A.; McClure, M.; Huang, E,; Carter, R. Interaction of EGF receptor and grb2 in living cells visualized
by fluorescence resonance energy transfer (FRET) microscopy. Curr. Biol. 2000, 10, 1395-1398. [CrossRef]
Pelkmans, L.; Kartenbeck, J.; Helenius, A. Caveolar endocytosis of simian virus 40 reveals a new two-step
vesicular-transport pathway to the ER. Nat. Cell Biol. 2001, 3, 473-483. [CrossRef]

Li, M.; Zhang, D.; Li, C.; Zheng, Z.; Fu, M.; Ni, F; Liu, Y,; Du, T.; Wang, H.; Griffin, G.E.; et al.
Characterization of Zika Virus Endocytic Pathways in Human Glioblastoma Cells. Front. Microbiol.
2020, 11, 242. [CrossRef]

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


http://dx.doi.org/10.1074/jbc.M002558200
http://www.ncbi.nlm.nih.gov/pubmed/10801850
http://dx.doi.org/10.1074/jbc.274.32.22660
http://www.ncbi.nlm.nih.gov/pubmed/10428847
http://dx.doi.org/10.1074/jbc.M112.377085
http://dx.doi.org/10.1083/jcb.94.1.1
http://dx.doi.org/10.1126/science.1174621
http://dx.doi.org/10.1111/j.1432-1033.2004.04117.x
http://dx.doi.org/10.1023/A:1026593307882
http://dx.doi.org/10.1038/42408
http://dx.doi.org/10.1073/pnas.0900216106
http://dx.doi.org/10.1074/jbc.M602577200
http://dx.doi.org/10.1111/j.1600-0854.2008.00733.x
http://dx.doi.org/10.1083/jcb.200903053
http://dx.doi.org/10.1038/ncb1887
http://dx.doi.org/10.1038/emboj.2009.46
http://dx.doi.org/10.1083/jcb.141.1.101
http://dx.doi.org/10.1016/S0092-8674(04)00117-5
http://dx.doi.org/10.1016/S0960-9822(00)00785-5
http://dx.doi.org/10.1038/35074539
http://dx.doi.org/10.3389/fmicb.2020.00242
http://dx.doi.org/10.1083/jcb.200407078

Int. ]. Mol. Sci. 2020, 21, 8736 15 of 22

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

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

Kassan, A.; Pham, U.; Nguyen, Q.; Reichelt, M.E.; Cho, E.; Patel, PM.; Roth, D.M.; Head, B.P; Patel, H.H.
Caveolin-3 plays a critical role in autophagy after ischemia-reperfusion. Am. J. Physiol. Cell Physiol. 2016,
311, C854—C865. [CrossRef]

Roth, D.M.; Patel, H.H. Role of caveolae in cardiac protection. Pediatr. Cardiol. 2011, 32, 329-333. [CrossRef]
Wyse, B.D.; Prior, I.A.; Qian, H.; Morrow, I.C.; Nixon, S.; Muncke, C.; Kurzchalia, T.V.; Thomas, W.G.;
Parton, R.G.; Hancock, J.E. Caveolin interacts with the angiotensin II type 1 receptor during exocytic transport
but not at the plasma membrane. J. Biol. Chem. 2003, 278, 23738-23746. [CrossRef]

Okamoto, T; Schlegel, A.; Scherer, PE.; Lisanti, M.P. Caveolins, a family of scaffolding proteins for organizing
“preassembled signaling complexes” at the plasma membrane. . Biol. Chem. 1998, 273, 5419-5422. [CrossRef]
Feron, O.; Smith, T.W.; Michel, T.; Kelly, R.A. Dynamic targeting of the agonist-stimulated m2 muscarinic
acetylcholine receptor to caveolae in cardiac myocytes. J. Biol. Chem. 1997, 272, 17744-17748. [CrossRef]
Coleman, M.E.; DeMayo, E; Yin, K.C.; Lee, HM.; Geske, R.; Montgomery, C.; Schwartz, R.]. Myogenic vector
expression of insulin-like growth factor I stimulates muscle cell differentiation and myofiber hypertrophy in
transgenic mice. J. Biol. Chem. 1995, 270, 12109-12116. [CrossRef]

Musaro, A.; McCullagh, K.; Paul, A.; Houghton, L.; Dobrowolny, G.; Molinaro, M.; Barton, E.R.; Sweeney, H.L.;
Rosenthal, N. Localized Igf-1 transgene expression sustains hypertrophy and regeneration in senescent
skeletal muscle. Nat. Genet. 2001, 27, 195-200. [CrossRef] [PubMed]

Castets, P,; Rion, N.; Theodore, M.; Falcetta, D.; Lin, S.; Reischl, M.; Wild, F.; Guerard, L.; Eickhorst, C.;
Brockhoff, M.; et al. mTORC1 and PKB/Akt control the muscle response to denervation by regulating
autophagy and HDAC4. Nat. Commun. 2019, 10, 3187. [CrossRef] [PubMed]

Bodine, S.C.; Latres, E.; Baumhueter, S.; Lai, V.K.; Nunez, L.; Clarke, B.A.; Poueymirou, W.T.; Panaro, F]J.;
Na, E.; Dharmarajan, K.; et al. Identification of ubiquitin ligases required for skeletal muscle atrophy. Science
2001, 294, 1704-1708. [CrossRef] [PubMed]

Zhou, X.; Wang, J.L.; Lu, J.; Song, Y.; Kwak, K.S,; Jiao, Q.; Rosenfeld, R.; Chen, Q.; Boone, T.; Simonet, W.S.;
et al. Reversal of cancer cachexia and muscle wasting by ActRIIB antagonism leads to prolonged survival.
Cell 2010, 142, 531-543. [CrossRef]

Shack, S.; Wang, X.T.; Kokkonen, G.C.; Gorospe, M.; Longo, D.L.; Holbrook, N.J. Caveolin-induced activation
of the phosphatidylinositol 3-kinase/Akt pathway increases arsenite cytotoxicity. Mol. Cell. Biol. 2003,
23,2407-2414. [CrossRef]

Zundel, W.; Giaccia, A. Inhibition of the anti-apoptotic PI(3)K/Akt/Bad pathway by stress. Genes Dev. 1998,
12, 1941-1946. [CrossRef]

Hernandez, VJ.; Weng, J.; Ly, P; Pompey, S.; Dong, H.; Mishra, L.; Schwarz, M.; Anderson, R.G.; Michaely, P.
Cavin-3 dictates the balance between ERK and Akt signaling. eLife 2013, 2, €00905. [CrossRef]

Collins, B.M.; Davis, M.J.; Hancock, ].E; Parton, R.G. Structure-based reassessment of the caveolin signaling model:
Do caveolae regulate signaling through caveolin-protein interactions? Dev. Cell 2012, 23, 11-20. [CrossRef]
Kirkham, M.; Nixon, S.J.; Howes, M.T.; Abi-Rached, L.; Wakeham, D.E.; Hanzal-Bayer, M.; Ferguson, C.;
Hill, M.M.; Fernandez-Rojo, M.; Brown, D.A_; et al. Evolutionary analysis and molecular dissection of
caveola biogenesis. |. Cell Sci. 2008, 121, 2075-2086. [CrossRef]

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

Cheng, ]J.P.; Mendoza-Topaz, C.; Howard, G.; Chadwick, J.; Shvets, E.; Cowburn, A.S.; Dunmore, B.J.;
Crosby, A.; Morrell, N.W.; Nichols, B.J. Caveolae protect endothelial cells from membrane rupture during
increased cardiac output. J. Cell Biol. 2015, 211, 53-61. [CrossRef]

Lo, H.P; Nixon, S.J.; Hall, T.E.; Cowling, B.S.; Ferguson, C.; Morgan, G.P,; Schieber, N.L.; Fernandez-Rojo, M. A ;
Bastiani, M.; Floetenmeyer, M.; et al. The caveolin-cavin system plays a conserved and critical role in
mechanoprotection of skeletal muscle. J. Cell Biol. 2015, 210, 833-849. [CrossRef]

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


http://dx.doi.org/10.1091/mbc.01-06-0317
http://dx.doi.org/10.1152/ajpcell.00147.2016
http://dx.doi.org/10.1007/s00246-010-9881-8
http://dx.doi.org/10.1074/jbc.M212892200
http://dx.doi.org/10.1074/jbc.273.10.5419
http://dx.doi.org/10.1074/jbc.272.28.17744
http://dx.doi.org/10.1074/jbc.270.20.12109
http://dx.doi.org/10.1038/84839
http://www.ncbi.nlm.nih.gov/pubmed/11175789
http://dx.doi.org/10.1038/s41467-019-11227-4
http://www.ncbi.nlm.nih.gov/pubmed/31320633
http://dx.doi.org/10.1126/science.1065874
http://www.ncbi.nlm.nih.gov/pubmed/11679633
http://dx.doi.org/10.1016/j.cell.2010.07.011
http://dx.doi.org/10.1128/MCB.23.7.2407-2414.2003
http://dx.doi.org/10.1101/gad.12.13.1941
http://dx.doi.org/10.7554/eLife.00905
http://dx.doi.org/10.1016/j.devcel.2012.06.012
http://dx.doi.org/10.1242/jcs.024588
http://dx.doi.org/10.1113/jphysiol.1975.sp011068
http://dx.doi.org/10.1083/jcb.201504042
http://dx.doi.org/10.1083/jcb.201501046
http://dx.doi.org/10.1016/j.cell.2010.12.031

Int. ]. Mol. Sci. 2020, 21, 8736 16 of 22

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Corvera, S.; DiBonaventura, C.; Shpetner, H.S. Cell confluence-dependent remodeling of endothelial
membranes mediated by cholesterol. J. Biol. Chem. 2000, 275, 31414-31421. [CrossRef]

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

Spisni, E.; Bianco, M.C.; Griffoni, C.; Toni, M.; D’Angelo, R.; Santi, S.; Riccio, M.; Tomasi, V. Mechanosensing role of
caveolae and caveolar constituents in human endothelial cells. J. Cell. Physiol. 2003, 197, 198-204. [CrossRef]
Sun, R.J.; Muller, S.; Stoltz, ].F.; Wang, X. Shear stress induces caveolin-1 translocation in cultured endothelial
cells. Eur. Biophys. J. 2002, 30, 605-611. [CrossRef]

Cai, C.; Weisleder, N.; Ko, ].K.; Komazaki, S.; Sunada, Y.; Nishi, M.; Takeshima, H.; Ma, ]. Membrane repair
defects in muscular dystrophy are linked to altered interaction between MG53, caveolin-3, and dysferlin.
J. Biol. Chem. 2009, 284, 15894-15902. [CrossRef]

Towler, M.C.; Kaufman, S.J.; Brodsky, EM. Membrane traffic in skeletal muscle. Traffic 2004, 5, 129-139. [CrossRef]
Volonte, D.; Peoples, A.].; Galbiati, F. Modulation of myoblast fusion by caveolin-3 in dystrophic skeletal
muscle cells: Implications for Duchenne muscular dystrophy and limb-girdle muscular dystrophy-1C.
Mol. Biol. Cell 2003, 14, 4075-4088. [CrossRef]

Quach, N.L,; Biressi, S.; Reichardt, L.F; Keller, C.; Rando, T.A. Focal adhesion kinase signaling regulates the
expression of caveolin 3 and betal integrin, genes essential for normal myoblast fusion. Mol. Biol. Cell 2009,
20, 3422-3435. [CrossRef] [PubMed]

Galbiati, F; Volonte, D.; Engelman, J.A.; Scherer, P.E.; Lisanti, M.P. Targeted down-regulation of caveolin-3
is sufficient to inhibit myotube formation in differentiating C2C12 myoblasts. Transient activation of p38
mitogen-activated protein kinase is required for induction of caveolin-3 expression and subsequent myotube
formation. J. Biol. Chem. 1999, 274, 30315-30321. [CrossRef] [PubMed]

Madaro, L.; Marrocco, V.; Fiore, P; Aulino, P; Smeriglio, P.; Adamo, S.; Molinaro, M.; Bouche, M.
PKCtheta signaling is required for myoblast fusion by regulating the expression of caveolin-3 and betalD
integrin upstream focal adhesion kinase. Mol. Biol. Cell 2011, 22, 1409-1419. [CrossRef] [PubMed]
Corrotte, M.; Almeida, P.E.; Tam, C.; Castro-Gomes, T.; Fernandes, M.C.; Millis, B.A.; Cortez, M.; Miller, H.;
Song, W.; Maugel, TK.; et al. Caveolae internalization repairs wounded cells and muscle fibers. eLife 2013,
2, €00926. [CrossRef] [PubMed]

Bansal, D.; Miyake, K.; Vogel, S.S.; Groh, S.; Chen, C.C.; Williamson, R.; McNeil, PL.; Campbell, K.P. Defective
membrane repair in dysferlin-deficient muscular dystrophy. Nature 2003, 423, 168-172. [CrossRef] [PubMed]
Hernandez-Deviez, D.J.; Howes, M.T.; Laval, S.H.; Bushby, K.; Hancock, ].E,; Parton, R.G. Caveolin regulates
endocytosis of the muscle repair protein, dysferlin. J. Biol. Chem. 2008, 283, 6476—-6488. [CrossRef] [PubMed]
Cai, C.; Masumiya, H.; Weisleder, N.; Matsuda, N.; Nishi, M.; Hwang, M.; Ko, ].K,; Lin, P.; Thornton, A.;
Zhao, X.; et al. MG53 nucleates assembly of cell membrane repair machinery. Nat. Cell Biol. 2009, 11, 56-64.
[CrossRef] [PubMed]

Fulizio, L.; Nascimbeni, A.C.; Fanin, M.; Piluso, G.; Politano, L.; Nigro, V.; Angelini, C. Molecular and muscle
pathology in a series of caveolinopathy patients. Hum. Mutat. 2005, 25, 82—89. [CrossRef]

Nascimbeni, A.C.; Fanin, M.; Tasca, E.; Angelini, C. Molecular pathology and enzyme processing in various
phenotypes of acid maltase deficiency. Neurology 2008, 70, 617-626. [CrossRef]

Ren, X.; Ostermeyer, A.G.; Ramcharan, L.T.; Zeng, Y.; Lublin, D.M.; Brown, D.A. Conformational defects
slow Golgi exit, block oligomerization, and reduce raft affinity of caveolin-1 mutant proteins. Mol. Biol. Cell
2004, 15, 4556-4567. [CrossRef]

Al-Qusairi, L.; Laporte, J. T-tubule biogenesis and triad formation in skeletal muscle and implication in
human diseases. Skelet. Muscle 2011, 1, 26. [CrossRef] [PubMed]

Parton, R.G.; Way, M.; Zorzi, N.; Stang, E. Caveolin-3 associates with developing T-tubules during muscle
differentiation. . Cell Biol. 1997, 136, 137-154. [CrossRef] [PubMed]

Bryant, S.M.; Kong, C.H.T.; Watson, ].J.; Gadeberg, H.C.; James, A.E; Cannell, M.B.; Orchard, C.H.
Caveolin 3-dependent loss of t-tubular ICa during hypertrophy and heart failure in mice. Exp. Physiol. 2018,
103, 652-665. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M001708200
http://dx.doi.org/10.1074/jbc.273.52.34724
http://dx.doi.org/10.1002/jcp.10344
http://dx.doi.org/10.1007/s00249-001-0195-x
http://dx.doi.org/10.1074/jbc.M109.009589
http://dx.doi.org/10.1111/j.1600-0854.2003.00164.x
http://dx.doi.org/10.1091/mbc.e03-03-0161
http://dx.doi.org/10.1091/mbc.e09-02-0175
http://www.ncbi.nlm.nih.gov/pubmed/19458188
http://dx.doi.org/10.1074/jbc.274.42.30315
http://www.ncbi.nlm.nih.gov/pubmed/10514527
http://dx.doi.org/10.1091/mbc.e10-10-0821
http://www.ncbi.nlm.nih.gov/pubmed/21346196
http://dx.doi.org/10.7554/eLife.00926
http://www.ncbi.nlm.nih.gov/pubmed/24052812
http://dx.doi.org/10.1038/nature01573
http://www.ncbi.nlm.nih.gov/pubmed/12736685
http://dx.doi.org/10.1074/jbc.M708776200
http://www.ncbi.nlm.nih.gov/pubmed/18096699
http://dx.doi.org/10.1038/ncb1812
http://www.ncbi.nlm.nih.gov/pubmed/19043407
http://dx.doi.org/10.1002/humu.20119
http://dx.doi.org/10.1212/01.wnl.0000299892.81127.8e
http://dx.doi.org/10.1091/mbc.e04-06-0480
http://dx.doi.org/10.1186/2044-5040-1-26
http://www.ncbi.nlm.nih.gov/pubmed/21797990
http://dx.doi.org/10.1083/jcb.136.1.137
http://www.ncbi.nlm.nih.gov/pubmed/9008709
http://dx.doi.org/10.1113/EP086731
http://www.ncbi.nlm.nih.gov/pubmed/29473235

Int. ]. Mol. Sci. 2020, 21, 8736 17 of 22

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

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

Minetti, C.; Bado, M.; Broda, P.; Sotgia, F.; Bruno, C.; Galbiati, F.; Volonte, D.; Lucania, G.; Pavan, A.; Bonilla, E.;
et al. Impairment of caveolae formation and T-system disorganization in human muscular dystrophy with
caveolin-3 deficiency. Am. J. Pathol. 2002, 160, 265-270. [CrossRef]

Caldwell, J.L.; Smith, C.E; Taylor, R F; Kitmitto, A.; Eisner, D.A.; Dibb, KM.; Trafford, A.W. Dependence of cardiac
transverse tubules on the BAR domain protein amphiphysin IT (BIN-1). Circ. Res. 2014, 115, 986-996. [CrossRef]
Hong, T.; Yang, H.; Zhang, S.S.; Cho, H.C.; Kalashnikova, M.; Sun, B.; Zhang, H.; Bhargava, A.; Grabe, M.;
Olgin, J.; et al. Cardiac BIN1 folds T-tubule membrane, controlling ion flux and limiting arrhythmia. Nat. Med.
2014, 20, 624-632. [CrossRef]

Yamamoto, M.; Toya, Y.; Schwencke, C.; Lisanti, M.P,; Myers, M.G,, Jr.; Ishikawa, Y. Caveolin is an activator
of insulin receptor signaling. J. Biol. Chem. 1998, 273, 26962-26968. [CrossRef]

Gustavsson, ].; Parpal, S.; Karlsson, M.; Ramsing, C.; Thorn, H.; Borg, M.; Lindroth, M.; Peterson, K.H.;
Magnusson, K.E,; Stralfors, P. Localization of the insulin receptor in caveolae of adipocyte plasma membrane.
FASEB]. 1999, 13, 1961-1971. [CrossRef]

Scherer, PE.; Lisanti, M.P. Association of phosphofructokinase-M with caveolin-3 in differentiated skeletal
myotubes. Dynamic regulation by extracellular glucose and intracellular metabolites. ]. Biol. Chem. 1997,
272,20698-20705. [CrossRef]

Shang, L.; Chen, T,; Deng, Y.; Huang, Y.; Huang, Y.; Xian, J.; Lu, W.; Yang, L.; Huang, Q. Caveolin-3 promotes
glycometabolism, growth and proliferation in muscle cells. PLoS ONE 2017, 12, 0189004. [CrossRef] [PubMed]
Razani, B.; Combs, T.P; Wang, X.B.; Frank, PG.; Park, D.S; Russell, R.G.; Li, M,; Tang, B.; Jelicks, L.A.; Scherer, PE,;
et al. Caveolin-1-deficient mice are lean, resistant to diet-induced obesity, and show hypertriglyceridemia with
adipocyte abnormalities. J. Biol. Chem. 2002, 277, 8635-8647. [CrossRef] [PubMed]

Ingelmo-Torres, M.; Gonzalez-Moreno, E.; Kassan, A.; Hanzal-Bayer, M.; Tebar, F; Herms, A.; Grewal, T.;
Hancock, J.E; Enrich, C.; Bosch, M.; et al. Hydrophobic and basic domains target proteins to lipid droplets.
Traffic 2009, 10, 1785-1801. [CrossRef] [PubMed]

Kim, C.A.; Delepine, M.; Boutet, E.; El Mourabit, H.; Le Lay, S.; Meier, M.; Nemani, M.; Bridel, E.; Leite, C.C.;
Bertola, D.R,; et al. Association of a homozygous nonsense caveolin-1 mutation with Berardinelli-Seip
congenital lipodystrophy. J. Clin. Endocrinol. Metab. 2008, 93, 1129-1134. [CrossRef] [PubMed]

Frank, P.G.; Cheung, M.W,; Pavlides, S.; Llaverias, G.; Park, D.S.; Lisanti, M.P. Caveolin-1 and regulation of
cellular cholesterol homeostasis. Am. |. Physiol. Heart Circ. Physiol. 2006, 291, H677-H686. [CrossRef]
Smart, E.J.; Ying, Y.; Donzell, W.C.; Anderson, R.G. A role for caveolin in transport of cholesterol from
endoplasmic reticulum to plasma membrane. J. Biol. Chem. 1996, 271, 29427-29435. [CrossRef] [PubMed]
Feig, ].E.; Hewing, B.; Smith, ].D.; Hazen, S.L.; Fisher, E.A. High-density lipoprotein and atherosclerosis
regression: Evidence from preclinical and clinical studies. Circ. Res. 2014, 114, 205-213. [CrossRef]

Lisak, M.; Demarin, V.; Trkanjec, Z.; Basic-Kes, V. Hypertriglyceridemia as a possible independent risk factor
for stroke. Acta Clin. Croat. 2013, 52, 458-463.

Kratzer, A.; Giral, H.; Landmesser, U. High-density lipoproteins as modulators of endothelial cell functions:
Alterations in patients with coronary artery disease. Cardiovasc. Res. 2014, 103, 350-361. [CrossRef]

Riedel, C.H.; Zimmermann, P.; Jensen-Kondering, U.; Stingele, R.; Deuschl, G.; Jansen, O. The importance of
size: Successful recanalization by intravenous thrombolysis in acute anterior stroke depends on thrombus
length. Stroke 2011, 42, 1775-1777. [CrossRef]

Wang, X.; Dong, Y.; Qi, X.; Huang, C.; Hou, L. Cholesterol levels and risk of hemorrhagic stroke: A systematic
review and meta-analysis. Stroke 2013, 44, 1833-1839. [CrossRef] [PubMed]

Glatz, J.F; Luiken, J.J.; Bonen, A. Membrane fatty acid transporters as regulators of lipid metabolism:
Implications for metabolic disease. Physiol. Rev. 2010, 90, 367—417. [CrossRef] [PubMed]

Vistisen, B.; Roepstorff, K.; Roepstorff, C.; Bonen, A.; van Deurs, B.; Kiens, B. Sarcolemmal FAT/CD36 in
human skeletal muscle colocalizes with caveolin-3 and is more abundant in type 1 than in type 2 fibers.
J. Lipid. Res. 2004, 45, 603—609. [CrossRef] [PubMed]

Talukder, M.A.; Preda, M.; Ryzhova, L.; Prudovsky, I.; Pinz, .M. Heterozygous caveolin-3 mice show
increased susceptibility to palmitate-induced insulin resistance. Physiol. Rep. 2016, 4. [CrossRef]


http://dx.doi.org/10.1074/jbc.M100828200
http://www.ncbi.nlm.nih.gov/pubmed/11259414
http://dx.doi.org/10.1016/S0002-9440(10)64370-2
http://dx.doi.org/10.1161/CIRCRESAHA.116.303448
http://dx.doi.org/10.1038/nm.3543
http://dx.doi.org/10.1074/jbc.273.41.26962
http://dx.doi.org/10.1096/fasebj.13.14.1961
http://dx.doi.org/10.1074/jbc.272.33.20698
http://dx.doi.org/10.1371/journal.pone.0189004
http://www.ncbi.nlm.nih.gov/pubmed/29206848
http://dx.doi.org/10.1074/jbc.M110970200
http://www.ncbi.nlm.nih.gov/pubmed/11739396
http://dx.doi.org/10.1111/j.1600-0854.2009.00994.x
http://www.ncbi.nlm.nih.gov/pubmed/19874557
http://dx.doi.org/10.1210/jc.2007-1328
http://www.ncbi.nlm.nih.gov/pubmed/18211975
http://dx.doi.org/10.1152/ajpheart.01092.2005
http://dx.doi.org/10.1074/jbc.271.46.29427
http://www.ncbi.nlm.nih.gov/pubmed/8910609
http://dx.doi.org/10.1161/CIRCRESAHA.114.300760
http://dx.doi.org/10.1093/cvr/cvu139
http://dx.doi.org/10.1161/STROKEAHA.110.609693
http://dx.doi.org/10.1161/STROKEAHA.113.001326
http://www.ncbi.nlm.nih.gov/pubmed/23704101
http://dx.doi.org/10.1152/physrev.00003.2009
http://www.ncbi.nlm.nih.gov/pubmed/20086080
http://dx.doi.org/10.1194/jlr.M300424-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/14729862
http://dx.doi.org/10.14814/phy2.12736

Int. ]. Mol. Sci. 2020, 21, 8736 18 of 22

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Ibarretxe, D.; Pelleja, J.; Ortiz, N.; Masana, L. Caveolin 3 deficiency myopathy associated with dyslipidemia:
Treatment challenges and possible pathophysiological association. J. Clin. Lipidol. 2017, 11, 1280-1283. [CrossRef]
Jennings, R.B.; Ganote, C.E. Mitochondrial structure and function in acute myocardial ischemic injury.
Circ. Res. 1976, 38, 180-191.

Fawcett, D.W.; McNutt, N.S. The ultrastructure of the cat myocardium. I. Ventricular papillary muscle.
J. Cell Biol. 1969, 42, 1-45. [CrossRef]

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

McCafferty, K.; Byrne, C.; Yaqoob, M. Intestinal microbiota determine severity of myocardial infarction in
rats. FASEB . 2012, 26, 4388, author reply 4388-4389. [CrossRef]

Fridolfsson, H.N.; Roth, D.M.; Insel, P.A.; Patel, H.H. Regulation of intracellular signaling and function by
caveolin. FASEB J. 2014, 28, 3823-3831. [CrossRef]

Sala-Vila, A.; Navarro-Lerida, I.; Sanchez-Alvarez, M.; Bosch, M.; Calvo, C.; Lopez, J.A.; Calvo, E,;
Ferguson, C.; Giacomello, M.; Serafini, A.; et al. Interplay between hepatic mitochondria-associated
membranes, lipid metabolism and caveolin-1 in mice. Sci. Rep. 2016, 6, 27351. [CrossRef]

Raturi, A.; Simmen, T. Where the endoplasmic reticulum and the mitochondrion tie the knot: The mitochondria-
associated membrane (MAM). Biochim. Biophys. Acta 2013, 1833, 213-224. [CrossRef] [PubMed]

Cardenas, C.; Miller, R.A.; Smith, I; Bui, T.; Molgo, ].; Muller, M.; Vais, H.; Cheung, K.H.; Yang, J.; Parker, I;
et al. Essential regulation of cell bioenergetics by constitutive InsP3 receptor Ca2+ transfer to mitochondria.
Cell 2010, 142, 270-283. [CrossRef] [PubMed]

Territo, P.R.; Mootha, V.K.; French, S.A.; Balaban, R.S. Ca?*) activation of heart mitochondrial oxidative
phosphorylation: Role of the F(q)/F(1)-ATPase. Am. |. Physiol. Cell Physiol. 2000, 278, C423-C435.
[CrossRef] [PubMed]

Shah, D.S.; Nisr, R.B.; Stretton, C.; Krasteva-Christ, G.; Hundal, H.S. Caveolin-3 deficiency associated with the
dystrophy P104L mutation impairs skeletal muscle mitochondrial form and function. J. Cachexia Sarcopenia
Muscle 2020, 11, 838-858. [CrossRef] [PubMed]

Kang, C.; Hernandez, V.A.; Hu, K. Functional interaction of the two-pore domain potassium channel TASK-1
and caveolin-3. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 1537-1544. [CrossRef] [PubMed]

Lesage, E; Guillemare, E.; Fink, M.; Duprat, F; Lazdunski, M.; Romey, G.; Barhanin, ]. TWIK-1, a ubiquitous human
weakly inward rectifying K+ channel with a novel structure. EMBO J. 1996, 15, 1004-1011. [CrossRef] [PubMed]
Lesage, F.; Lazdunski, M. Molecular and functional properties of two-pore-domain potassium channels.
Am. |. Physiol. Renal. Physiol. 2000, 279, F793-F801. [CrossRef]

Donner, B.C.; Schullenberg, M.; Geduldig, N.; Huning, A.; Mersmann, J.; Zacharowski, K.; Kovacevic, A.;
Decking, U.; Aller, ML.I.; Schmidt, K.G. Functional role of TASK-1 in the heart: Studies in TASK-1-deficient
mice show prolonged cardiac repolarization and reduced heart rate variability. Basic Res. Cardiol. 2011,
106, 75-87. [CrossRef]

Meuth, S.G.; Kleinschnitz, C.; Broicher, T.; Austinat, M.; Braeuninger, S.; Bittner, S.; Fischer, S.; Bayliss, D.A.;
Budde, T.; Stoll, G.; et al. The neuroprotective impact of the leak potassium channel TASK1 on stroke
development in mice. Neurobiol. Dis. 2009, 33, 1-11. [CrossRef]

Brodde, O.E.; Michel, M.C. Adrenergic and muscarinic receptors in the human heart. Pharmacol. Rev. 1999,
51, 651-690. [PubMed]

Engelhardt, S.; Hein, L.; Wiesmann, F; Lohse, M.]. Progressive hypertrophy and heart failure in betal-adrenergic
receptor transgenic mice. Proc. Natl. Acad. Sci. USA 1999, 96, 7059-7064. [CrossRef] [PubMed]

Schafer, M.; Frischkopf, K.; Taimor, G.; Piper, HM.; Schluter, K.D. Hypertrophic effect of selective
(1-adrenoceptor stimulation on ventricular cardiomyocytes from adult rat. Am. J. Physiol. Cell Physiol. 2000,
279, C495-C503. [CrossRef] [PubMed]

Zhu, W.Z.; Zheng, M.; Koch, WJ.; Lefkowitz, R.].; Kobilka, B.K.; Xiao, R.P. Dual modulation of cell survival
and cell death by (3;-adrenergic signaling in adult mouse cardiac myocytes. Proc. Natl. Acad. Sci. USA 2001,
98, 1607-1612. [CrossRef]

Head, B.P; Patel, H.H.; Roth, D.M.; Lai, N.C.; Niesman, L.R.; Farquhar, M.G.; Insel, P.A. G-protein-coupled
receptor signaling components localize in both sarcolemmal and intracellular caveolin-3-associated
microdomains in adult cardiac myocytes. J. Biol. Chem. 2005, 280, 31036-31044. [CrossRef]


http://dx.doi.org/10.1016/j.jacl.2017.07.009
http://dx.doi.org/10.1083/jcb.42.1.1
http://dx.doi.org/10.1096/fj.12-215798
http://dx.doi.org/10.1096/fj.12-1102LTR
http://dx.doi.org/10.1096/fj.14-252320
http://dx.doi.org/10.1038/srep27351
http://dx.doi.org/10.1016/j.bbamcr.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22575682
http://dx.doi.org/10.1016/j.cell.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20655468
http://dx.doi.org/10.1152/ajpcell.2000.278.2.C423
http://www.ncbi.nlm.nih.gov/pubmed/10666039
http://dx.doi.org/10.1002/jcsm.12541
http://www.ncbi.nlm.nih.gov/pubmed/32090499
http://dx.doi.org/10.1016/j.bbamcr.2017.06.016
http://www.ncbi.nlm.nih.gov/pubmed/28648645
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00437.x
http://www.ncbi.nlm.nih.gov/pubmed/8605869
http://dx.doi.org/10.1152/ajprenal.2000.279.5.F793
http://dx.doi.org/10.1007/s00395-010-0128-x
http://dx.doi.org/10.1016/j.nbd.2008.09.006
http://www.ncbi.nlm.nih.gov/pubmed/10581327
http://dx.doi.org/10.1073/pnas.96.12.7059
http://www.ncbi.nlm.nih.gov/pubmed/10359838
http://dx.doi.org/10.1152/ajpcell.2000.279.2.C495
http://www.ncbi.nlm.nih.gov/pubmed/10913016
http://dx.doi.org/10.1073/pnas.98.4.1607
http://dx.doi.org/10.1074/jbc.M502540200

Int. ]. Mol. Sci. 2020, 21, 8736 19 of 22

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Xiang, Y.; Rybin, V.O.; Steinberg, S.F,; Kobilka, B. Caveolar localization dictates physiologic signaling of beta
2-adrenoceptors in neonatal cardiac myocytes. . Biol. Chem. 2002, 277, 34280-34286. [CrossRef]

Wright, P.T.; Nikolaev, V.O.; O'Hara, T.; Diakonov, I.; Bhargava, A.; Tokar, S.; Schobesberger, S.; Shevchuk, A.L;
Sikkel, M.B.; Wilkinson, R.; et al. Caveolin-3 regulates compartmentation of cardiomyocyte beta2-adrenergic
receptor-mediated cAMP signaling. J. Mol. Cell. Cardiol. 2014, 67, 38-48. [CrossRef]

Gazzerro, E.; Bonetto, A.; Minetti, C. Caveolinopathies: Translational implications of caveolin-3 in skeletal
and cardiac muscle disorders. Handb. Clin. Neurol. 2011, 101, 135-142. [CrossRef]

Panneerselvam, M.; Patel, H.H.; Roth, D.M. Caveolins and heart diseases. Adv. Exp. Med. Biol. 2012,
729, 145-156. [CrossRef]

Tian, J.; Popal, M.S.; Huang, R.; Zhang, M.; Zhao, X.; Zhang, M.; Song, X. Caveolin as a Novel Potential
Therapeutic Target in Cardiac and Vascular Diseases: A Mini Review. Aging Dis. 2020, 11, 378-389. [CrossRef]
Folco, E.J.; Liu, G.X.; Koren, G. Caveolin-3 and SAP97 form a scaffolding protein complex that regulates
the voltage-gated potassium channel Kv1.5. Am. . Physiol. Heart Circ. Physiol. 2004, 287, H681-H690.
[CrossRef] [PubMed]

Balijepalli, R.C.; Kamp, T.J. Caveolae, ion channels and cardiac arrhythmias. Prog. Biophys. Mol. Biol. 2008,
98, 149-160. [CrossRef] [PubMed]

Vatta, M.; Ackerman, M.]; Ye, B.; Makielski, ].C.; Ughanze, E.E.; Taylor, EW.; Tester, D.J.; Balijepalli, R.C.;
Foell, ].D.; Li, Z.; et al. Mutant caveolin-3 induces persistent late sodium current and is associated with
long-QT syndrome. Circulation 2006, 114, 2104-2112. [CrossRef] [PubMed]

Cronk, L.B.; Ye, B.; Kaku, T.; Tester, D.]J.; Vatta, M.; Makielski, ]J.C.; Ackerman, M.J. Novel mechanism
for sudden infant death syndrome: Persistent late sodium current secondary to mutations in caveolin-3.
Heart Rhythm 2007, 4, 161-166. [CrossRef]

Kimura, T.E,; Jin, J.; Zi, M.; Prehar, S.; Liu, W.; Oceandy, D.; Abe, ].; Neyses, L.; Weston, A.H.; Cartwright, E.J.;
etal. Targeted deletion of the extracellular signal-regulated protein kinase 5 attenuates hypertrophic response
and promotes pressure overload-induced apoptosis in the heart. Circ. Res. 2010, 106, 961-970. [CrossRef]
Swynghedauw, B.; Delcayre, C.; Samuel, ]J.L.; Mebazaa, A.; Cohen-Solal, A. Molecular mechanisms in
evolutionary cardiology failure. Ann. N.Y. Acad. Sci. 2010, 1188, 58-67. [CrossRef]

Cagliani, R.; Bresolin, N.; Prelle, A.; Gallanti, A.; Fortunato, F.; Sironi, M.; Ciscato, P; Fagiolari, G.; Bonato, S.;
Galbiati, S.; et al. A CAV3 microdeletion differentially affects skeletal muscle and myocardium. Neurology
2003, 61, 1513-1519. [CrossRef]

Catteruccia, M.; Sanna, T.; Santorelli, EM.; Tessa, A.; Di Giacopo, R.; Sauchelli, D.; Verbo, A.; Lo Monaco, M.;
Servidei, S. Rippling muscle disease and cardiomyopathy associated with a mutation in the CAV3 gene.
Neuromuscul. Disord. 2009, 19, 779-783. [CrossRef]

Hayashi, T.; Arimura, T.; Ueda, K.; Shibata, H.; Hohda, S.; Takahashi, M.; Hori, H.; Koga, Y.; Oka, N.;
Imaizumi, T.; et al. Identification and functional analysis of a caveolin-3 mutation associated with familial
hypertrophic cardiomyopathy. Biochem. Biophys. Res. Commun. 2004, 313, 178-184. [CrossRef]

Traverso, M.; Gazzerro, E.; Assereto, S.; Sotgia, F.; Biancheri, R.; Stringara, S.; Giberti, L.; Pedemonte, M.;
Wang, X.; Scapolan, S.; et al. Caveolin-3 T78M and T78K missense mutations lead to different phenotypes
in vivo and in vitro. Lab. Investig. 2008, 88, 275-283. [CrossRef]

Woodman, S.E.; Park, D.S.; Cohen, A.W.; Cheung, M.W.; Chandra, M.; Shirani, J.; Tang, B.; Jelicks, L.A.;
Kitsis, R.N.; Christ, G.J.; et al. Caveolin-3 knock-out mice develop a progressive cardiomyopathy and show
hyperactivation of the p42/44 MAPK cascade. ]. Biol. Chem. 2002, 277, 38988-38997. [CrossRef] [PubMed]
Kaakinen, M.; Reichelt, M.E.; Ma, Z.; Ferguson, C.; Martel, N.; Porrello, E.R.; Hudson, J.E.; Thomas, W.G.;
Parton, R.G.; Headrick, J.P. Cavin-1 deficiency modifies myocardial and coronary function, stretch responses
and ischaemic tolerance: Roles of NOS over-activity. Basic Res. Cardiol. 2017, 112, 24. [CrossRef] [PubMed]
Tsutsumi, Y.M.; Horikawa, Y.T.; Jennings, M.M.; Kidd, M.W.; Niesman, L.R.; Yokoyama, U.; Head, B.P;
Hagiwara, Y.; Ishikawa, Y.; Miyanohara, A.; et al. Cardiac-specific overexpression of caveolin-3 induces
endogenous cardiac protection by mimicking ischemic preconditioning. Circulation 2008, 118, 1979-1988.
[CrossRef] [PubMed]

Zhu, A.; Wei, X.; Zhang, Y.; You, T.; Yao, S.; Yuan, S.; Xu, H.; Li, F.; Mao, W. Propofol Provides Cardiac
Protection by Suppressing the Proteasome Degradation of Caveolin-3 in Ischemic/Reperfused Rat Hearts.
J. Cardiovasc. Pharmacol. 2017, 69, 170-177. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.M201644200
http://dx.doi.org/10.1016/j.yjmcc.2013.12.003
http://dx.doi.org/10.1016/B978-0-08-045031-5.00010-4
http://dx.doi.org/10.1007/978-1-4614-1222-9_10
http://dx.doi.org/10.14336/AD.2019.09603
http://dx.doi.org/10.1152/ajpheart.00152.2004
http://www.ncbi.nlm.nih.gov/pubmed/15277200
http://dx.doi.org/10.1016/j.pbiomolbio.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19351512
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.635268
http://www.ncbi.nlm.nih.gov/pubmed/17060380
http://dx.doi.org/10.1016/j.hrthm.2006.11.030
http://dx.doi.org/10.1161/CIRCRESAHA.109.209320
http://dx.doi.org/10.1111/j.1749-6632.2009.05084.x
http://dx.doi.org/10.1212/01.WNL.0000097320.35982.03
http://dx.doi.org/10.1016/j.nmd.2009.08.015
http://dx.doi.org/10.1016/j.bbrc.2003.11.101
http://dx.doi.org/10.1038/labinvest.3700713
http://dx.doi.org/10.1074/jbc.M205511200
http://www.ncbi.nlm.nih.gov/pubmed/12138167
http://dx.doi.org/10.1007/s00395-017-0613-6
http://www.ncbi.nlm.nih.gov/pubmed/28343262
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.788331
http://www.ncbi.nlm.nih.gov/pubmed/18936328
http://dx.doi.org/10.1097/FJC.0000000000000454
http://www.ncbi.nlm.nih.gov/pubmed/28009721

Int. ]. Mol. Sci. 2020, 21, 8736 20 of 22

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Gao, Q.Q.; McNally, EM. The Dystrophin Complex: Structure, Function, and Implications for Therapy:.
Compr. Physiol. 2015, 5, 1223-1239. [CrossRef] [PubMed]

Belhasan, D.C.; Akaaboune, M. The role of the dystrophin glycoprotein complex on the neuromuscular
system. Neurosci. Lett. 2020, 722, 134833. [CrossRef]

Grady, RM.; Grange, RW.; Lau, K.S.; Maimone, M.M.; Nichol, M.C.; Stull, J.T.; Sanes, J.R. Role for
alpha-dystrobrevin in the pathogenesis of dystrophin-dependent muscular dystrophies. Nat. Cell Biol. 1999,
1,215-220. [CrossRef]

Bernadzki, K.M.; Daszczuk, P; Rojek, K.O.; Pezinski, M.; Gawor, M.; Pradhan, B.S.; de Cicco, T.; Bijata, M.;
Bijata, K.; Wlodarczyk, J.; et al. Arhgef5 Binds alpha-Dystrobrevin 1 and Regulates Neuromuscular Junction
Integrity. Front. Mol. Neurosci. 2020, 13, 104. [CrossRef]

Bernadzki, K.M.; Gawor, M.; Pezinski, M.; Mazurek, P.; Niewiadomski, P.; Redowicz, M.J.; Proszynski, T.J.
Liprin-alpha-1 is a novel component of the murine neuromuscular junction and is involved in the organization
of the postsynaptic machinery. Sci. Rep. 2017, 7, 9116. [CrossRef]

Gingras, ].; Gawor, M.; Bernadzki, K.M.; Grady, R.M.; Hallock, P.; Glass, D.J.; Sanes, J.R.; Proszynski, T.J.
Alpha-Dystrobrevin-1 recruits Grb2 and alpha-catulin to organize neurotransmitter receptors at the
neuromuscular junction. J. Cell Sci. 2016, 129, 898-911. [CrossRef]

Oh, H.J.; Abraham, L.S.; van Hengel, ].; Stove, C.; Proszynski, T.J.; Gevaert, K.; DiMario, ].X.; Sanes, J.R.;
van Roy, F; Kim, H. Interaction of alpha-catulin with dystrobrevin contributes to integrity of dystrophin
complex in muscle. J. Biol. Chem. 2012, 287, 21717-21728. [CrossRef] [PubMed]

Gawor, M.; Proszynski, T.]. The molecular cross talk of the dystrophin-glycoprotein complex. Ann. N. Y.
Acad. Sci. 2018, 1412, 62-72. [CrossRef]

Small, ].V.; Furst, D.O.; Thornell, L.E. The cytoskeletal lattice of muscle cells. Eur. |. Biochem. 1992, 208, 559-572.
[CrossRef] [PubMed]

Allen, D.G.; Whitehead, N.P.; Froehner, S.C. Absence of Dystrophin Disrupts Skeletal Muscle Signaling;:
Roles of Ca2+, Reactive Oxygen Species, and Nitric Oxide in the Development of Muscular Dystrophy:.
Physiol. Rev. 2016, 96, 253-305. [CrossRef] [PubMed]

Ishikawa-Sakurai, M.; Yoshida, M.; Imamura, M.; Davies, K.E.; Ozawa, E. ZZ domain is essentially required
for the physiological binding of dystrophin and utrophin to beta-dystroglycan. Hum. Mol. Genet. 2004,
13, 693-702. [CrossRef] [PubMed]

Rentschler, S.; Linn, H.; Deininger, K.; Bedford, M.T.; Espanel, X.; Sudol, M. The WW domain of dystrophin
requires EF-hands region to interact with beta-dystroglycan. Biol. Chem. 1999, 380, 431-442. [CrossRef]
Sotgia, F,; Lee, ] K.; Das, K.; Bedford, M.; Petrucci, T.C.; Macioce, P.; Sargiacomo, M.; Bricarelli, ED.; Minetti, C.;
Sudol, M,; et al. Caveolin-3 directly interacts with the C-terminal tail of beta-dystroglycan. Identification of a
central WW-like domain within caveolin family members. J. Biol. Chem. 2000, 275, 38048-38058. [CrossRef]
Chung, W.; Campanelli, ].T. WW and EF hand domains of dystrophin-family proteins mediate dystroglycan
binding. Mol. Cell Biol. Res. Commun. 1999, 2, 162-171. [CrossRef]

Winder, S.J.; Gibson, T.J.; Kendrick-Jones, J. Dystrophin and utrophin: The missing links! FEBS Lett. 1995,
369, 27-33. [CrossRef]

Palma-Flores, C.; Ramirez-Sanchez, I.; Rosas-Vargas, H.; Canto, P.; Coral-Vazquez, R.M. Description of
a utrophin associated protein complex in lipid raft domains of human artery smooth muscle cells.
Biochim. Biophys. Acta 2014, 1838, 1047-1054. [CrossRef]

Kanali, Y.; Wang, D.; Hirokawa, N. KIF13B enhances the endocytosis of LRP1 by recruiting LRP1 to caveolae.
J. Cell Biol. 2014, 204, 395-408. [CrossRef] [PubMed]

Ibraghimov-Beskrovnaya, O.; Ervasti, ].M.; Leveille, C.J.; Slaughter, C.A.; Sernett, S.W.; Campbell, K.P.
Primary structure of dystrophin-associated glycoproteins linking dystrophin to the extracellular matrix.
Nature 1992, 355, 696-702. [CrossRef] [PubMed]

Sotgia, F.; Lee, H.; Bedford, M.T.; Petrucci, T.; Sudol, M.; Lisanti, M.P. Tyrosine phosphorylation of
beta-dystroglycan at its WW domain binding motif, PPxY, recruits SH2 domain containing proteins.
Biochemistry 2001, 40, 14585-14592. [CrossRef] [PubMed]

Pilgram, G.S.; Potikanond, S.; Baines, R.A.; Fradkin, L.G.; Noordermeer, J.N. The roles of the dystrophin-
associated glycoprotein complex at the synapse. Mol. Neurobiol. 2010, 41, 1-21. [CrossRef]

Worton, R. Muscular dystrophies: Diseases of the dystrophin-glycoprotein complex. Science 1995,
270, 755-756. [CrossRef]


http://dx.doi.org/10.1002/cphy.c140048
http://www.ncbi.nlm.nih.gov/pubmed/26140716
http://dx.doi.org/10.1016/j.neulet.2020.134833
http://dx.doi.org/10.1038/12034
http://dx.doi.org/10.3389/fnmol.2020.00104
http://dx.doi.org/10.1038/s41598-017-09590-7
http://dx.doi.org/10.1242/jcs.181180
http://dx.doi.org/10.1074/jbc.M112.369496
http://www.ncbi.nlm.nih.gov/pubmed/22577143
http://dx.doi.org/10.1111/nyas.13500
http://dx.doi.org/10.1111/j.1432-1033.1992.tb17220.x
http://www.ncbi.nlm.nih.gov/pubmed/1396662
http://dx.doi.org/10.1152/physrev.00007.2015
http://www.ncbi.nlm.nih.gov/pubmed/26676145
http://dx.doi.org/10.1093/hmg/ddh087
http://www.ncbi.nlm.nih.gov/pubmed/14962982
http://dx.doi.org/10.1515/BC.1999.057
http://dx.doi.org/10.1074/jbc.M005321200
http://dx.doi.org/10.1006/mcbr.1999.0168
http://dx.doi.org/10.1016/0014-5793(95)00398-S
http://dx.doi.org/10.1016/j.bbamem.2013.09.010
http://dx.doi.org/10.1083/jcb.201309066
http://www.ncbi.nlm.nih.gov/pubmed/24469637
http://dx.doi.org/10.1038/355696a0
http://www.ncbi.nlm.nih.gov/pubmed/1741056
http://dx.doi.org/10.1021/bi011247r
http://www.ncbi.nlm.nih.gov/pubmed/11724572
http://dx.doi.org/10.1007/s12035-009-8089-5
http://dx.doi.org/10.1126/science.270.5237.755

Int. ]. Mol. Sci. 2020, 21, 8736 21 of 22

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Song, K.S.; Scherer, PE.; Tang, Z.; Okamoto, T.; Li, S.; Chafel, M.; Chu, C.; Kohtz, D.S,; Lisanti, M.P.
Expression of caveolin-3 in skeletal, cardiac, and smooth muscle cells. Caveolin-3 is a component of the
sarcolemma and co-fractionates with dystrophin and dystrophin-associated glycoproteins. J. Biol. Chem.
1996, 271, 15160-15165. [CrossRef]

Carlson, B.M.; Carlson, J.A.; Dedkov, E.I; McLennan, 1.S. Concentration of caveolin-3 at the neuromuscular
junction in young and old rat skeletal muscle fibers. J. Histochem. Cytochem. 2003, 51, 1113-1118. [CrossRef]
Hezel, M.; de Groat, W.C.; Galbiati, F. Caveolin-3 promotes nicotinic acetylcholine receptor clustering and
regulates neuromuscular junction activity. Mol. Biol. Cell 2010, 21, 302-310. [CrossRef]

Weston, C.; Yee, B.; Hod, E.; Prives, ]. Agrin-induced acetylcholine receptor clustering is mediated by the
small guanosine triphosphatases Rac and Cdc42. |. Cell Biol. 2000, 150, 205-212. [CrossRef]

Epand, R.M.; Sayer, B.G.; Epand, R.F. Caveolin scaffolding region and cholesterol-rich domains in membranes.
J. Mol. Biol. 2005, 345, 339-350. [CrossRef]

Hoop, C.L,; Sivanandam, V.N.; Kodali, R.; Srnec, M.N.; van der Wel, P.C. Structural characterization of the
caveolin scaffolding domain in association with cholesterol-rich membranes. Biochemistry 2012, 51, 90-99.
[CrossRef] [PubMed]

Bermudez, V.; Antollini, S.S.; Fernandez Nievas, G.A.; Aveldano, M.I; Barrantes, FJ. Partition profile of
the nicotinic acetylcholine receptor in lipid domains upon reconstitution. J. Lipid. Res. 2010, 51, 2629-2641.
[CrossRef] [PubMed]

Cartaud, A.; Stetzkowski-Marden, F.; Maoui, A.; Cartaud, J. Agrin triggers the clustering of raft-
associated acetylcholine receptors through actin cytoskeleton reorganization. Biol. Cell 2011, 103, 287-301.
[CrossRef] [PubMed]

Corbin, J.; Wang, H.H.; Blanton, M.P. Identifying the cholesterol binding domain in the nicotinic acetylcholine
receptor with [125I]azido-cholesterol. Biochim. Biophys. Acta 1998, 1414, 65-74. [CrossRef]

Zhu, D.; Xiong, W.C.; Mei, L. Lipid rafts serve as a signaling platform for nicotinic acetylcholine receptor
clustering. J. Neurosci. 2006, 26, 4841-4851. [CrossRef]

Bushby, K.M. The limb-girdle muscular dystrophies-multiple genes, multiple mechanisms. Hum. Mol. Genet.
1999, 8, 1875-1882. [CrossRef]

Straub, V.; Murphy, A.; Udd, B.; LGMD Workshop Study Group. 229th ENMC international workshop:
Limb girdle muscular dystrophies—Nomenclature and reformed classification Naarden, the Netherlands,
17-19 March 2017. Neuromuscul. Disord. 2018, 28, 702-710. [CrossRef]

Hayashi, K.; Matsuda, S.; Machida, K.; Yamamoto, T.; Fukuda, Y.; Nimura, Y.; Hayakawa, T.; Hamaguchi, M.
Invasion activating caveolin-1 mutation in human scirrhous breast cancers. Cancer Res. 2001, 61, 2361-2364.
Herrmann, R.; Straub, V.; Blank, M.; Kutzick, C.; Franke, N.; Jacob, ENN.; Lenard, H.G.; Kroger, S.;
Voit, T. Dissociation of the dystroglycan complex in caveolin-3-deficient limb girdle muscular dystrophy.
Hum. Mol. Genet. 2000, 9, 2335-2340. [CrossRef]

Ricci, G.; Scionti, I; Ali, G.; Volpi, L.; Zampa, V.; Fanin, M.; Angelini, C.; Politano, L.; Tupler, R.; Siciliano, G.
Rippling muscle disease and facioscapulohumeral dystrophy-like phenotype in a patient carrying a
heterozygous CAV3 T78M mutation and a D474 partial deletion: Further evidence for “double trouble”
overlapping syndromes. Neuromuscul. Disord. 2012, 22, 534-540. [CrossRef]

Lo, H.P,; Bertini, E.; Mirabella, M.; Domazetovska, A.; Dale, R.C.; Petrini, S.; D’Amico, A.; Valente, E.M.;
Barresi, R.; Roberts, M.; et al. Mosaic caveolin-3 expression in acquired rippling muscle disease without
evidence of myasthenia gravis or acetylcholine receptor autoantibodies. Neuromuscul. Disord. 2011,
21,194-203. [CrossRef] [PubMed]

Sotgia, F.; Woodman, S.E.; Bonuccelli, G.; Capozza, F.; Minetti, C.; Scherer, PE.; Lisanti, M.P. Phenotypic
behavior of caveolin-3 R26Q, a mutant associated with hyperCKemia, distal myopathy, and rippling muscle
disease. Am. J. Physiol. Cell Physiol. 2003, 285, C1150-C1160. [CrossRef] [PubMed]

Merlini, L.; Carbone, I.; Capanni, C.; Sabatelli, P; Tortorelli, S.; Sotgia, F,; Lisanti, M.P.; Bruno, C.; Minetti, C.
Familial isolated hyperCKaemia associated with a new mutation in the caveolin-3 (CAV-3) gene. ]. Neurol.
Neurosurg. Psychiatr. 2002, 73, 65-67. [CrossRef] [PubMed]

Carbone, I; Bruno, C.; Sotgia, F; Bado, M.; Broda, P.; Masetti, E.; Panella, A.; Zara, F,; Bricarelli, ED.;
Cordone, G.; et al. Mutation in the CAV3 gene causes partial caveolin-3 deficiency and hyperCKemia.
Neurology 2000, 54, 1373-1376. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.271.25.15160
http://dx.doi.org/10.1177/002215540305100901
http://dx.doi.org/10.1091/mbc.e09-05-0381
http://dx.doi.org/10.1083/jcb.150.1.205
http://dx.doi.org/10.1016/j.jmb.2004.10.064
http://dx.doi.org/10.1021/bi201356v
http://www.ncbi.nlm.nih.gov/pubmed/22142403
http://dx.doi.org/10.1194/jlr.M005132
http://www.ncbi.nlm.nih.gov/pubmed/20516251
http://dx.doi.org/10.1042/BC20110018
http://www.ncbi.nlm.nih.gov/pubmed/21524273
http://dx.doi.org/10.1016/S0005-2736(98)00153-9
http://dx.doi.org/10.1523/JNEUROSCI.2807-05.2006
http://dx.doi.org/10.1093/hmg/8.10.1875
http://dx.doi.org/10.1016/j.nmd.2018.05.007
http://dx.doi.org/10.1093/oxfordjournals.hmg.a018926
http://dx.doi.org/10.1016/j.nmd.2011.12.001
http://dx.doi.org/10.1016/j.nmd.2010.11.015
http://www.ncbi.nlm.nih.gov/pubmed/21295981
http://dx.doi.org/10.1152/ajpcell.00166.2003
http://www.ncbi.nlm.nih.gov/pubmed/12839838
http://dx.doi.org/10.1136/jnnp.73.1.65
http://www.ncbi.nlm.nih.gov/pubmed/12082049
http://dx.doi.org/10.1212/WNL.54.6.1373
http://www.ncbi.nlm.nih.gov/pubmed/10746614

Int. ]. Mol. Sci. 2020, 21, 8736 22 of 22

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.
196.

Macias, A.; Gambin, T.; Szafranski, P.; Jhangiani, S.N.; Kolasa, A.; Obersztyn, E.; Lupski, ].R.; Stankiewicz, P;
Kaminska, A. CAV3 mutation in a patient with transient hyperCKemia and myalgia. Neurol. Neurochir. Pol.
2016, 50, 468-473. [CrossRef]

Bruno, G.; Puoti, G.; Oliva, M.; Colavito, D.; Allegorico, L.; Napolitano, F; Sampaolo, S. A novel missense
mutation in CAV3 gene in an Italian family with persistent hyperCKemia, myalgia and hypercholesterolemia:
Double-trouble. Clin. Neurol. Neurosurg. 2020, 191, 105687. [CrossRef]

Tateyama, M.; Aoki, M.; Nishino, I.; Hayashi, Y.K.; Sekiguchi, S.; Shiga, Y.; Takahashi, T.; Onodera, Y.;
Haginoya, K.; Kobayashi, K.; et al. Mutation in the caveolin-3 gene causes a peculiar form of distal myopathy.
Neurology 2002, 58, 323-325. [CrossRef]

Chen, J.; Zeng, W.; Han, C.; Wu, ].; Zhang, H.; Tong, X. Mutation in the caveolin-3 gene causes asymmetrical
distal myopathy. Neuropathology 2016, 36, 485-489. [CrossRef]

Bonilla, E.; Fischbeck, K.; Schotland, D.L. Freeze-fracture studies of muscle caveolae in human muscular
dystrophy. Am. J. Pathol. 1981, 104, 167-173.

Vaghy, P.L.; Fang, ].; Wu, W.; Vaghy, L.P. Increased caveolin-3 levels in mdx mouse muscles. FEBS Lett. 1998,
431, 125-127. [CrossRef]

Merrick, D.; Stadler, LK,; Larner, D.; Smith, J. Muscular dystrophy begins early in embryonic development
deriving from stem cell loss and disrupted skeletal muscle formation. Dis. Models Mech. 2009, 2, 374-388.
[CrossRef] [PubMed]

Galbiati, F.; Volonte, D.; Chu, ].B.; Li, M.; Fine, S.W.; Fu, M.; Bermudez, ].; Pedemonte, M.; Weidenheim, K.M.;
Pestell, R.G.; et al. Transgenic overexpression of caveolin-3 in skeletal muscle fibers induces a Duchenne-like
muscular dystrophy phenotype. Proc. Natl. Acad. Sci. USA 2000, 97, 9689-9694. [CrossRef]

Sicinski, P.; Geng, Y.; Ryder-Cook, A.S.; Barnard, E.A.; Darlison, M.G.; Barnard, P.J. The molecular basis of
muscular dystrophy in the mdx mouse: A point mutation. Science 1989, 244, 1578-1580. [CrossRef] [PubMed]
Hagiwara, Y.; Sasaoka, T.; Araishi, K.; Imamura, M.; Yorifuji, H.; Nonaka, I.; Ozawa, E.; Kikuchi, T. Caveolin-3
deficiency causes muscle degeneration in mice. Hum. Mol. Genet. 2000, 9, 3047-3054. [CrossRef] [PubMed]
Palade, G.E. The fine structure of blood capillaries. . Appl. Phys. 1953, 24, 1424.

Cheng, J.P.X.; Nichols, B.]. Caveolae: One Function or Many? Trends Cell Biol. 2016, 26, 177-189. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.pjnns.2016.06.008
http://dx.doi.org/10.1016/j.clineuro.2020.105687
http://dx.doi.org/10.1212/WNL.58.2.323
http://dx.doi.org/10.1111/neup.12297
http://dx.doi.org/10.1016/S0014-5793(98)00738-8
http://dx.doi.org/10.1242/dmm.001008
http://www.ncbi.nlm.nih.gov/pubmed/19535499
http://dx.doi.org/10.1073/pnas.160249097
http://dx.doi.org/10.1126/science.2662404
http://www.ncbi.nlm.nih.gov/pubmed/2662404
http://dx.doi.org/10.1093/hmg/9.20.3047
http://www.ncbi.nlm.nih.gov/pubmed/11115849
http://dx.doi.org/10.1016/j.tcb.2015.10.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Domain Organization and Structure of Caveolins 
	Function of Caveolins in Regulation of Endocytosis and Exocytosis 
	Function of Caveolins in Regulation of Signaling 
	Caveolae as Mechanosensors 
	Function of Caveolin-3 in Muscle Development and Repair 
	Caveolin-3 and T-Tubule Systems 
	Role of Caveolin-3 in Energy Metabolism 
	Caveolin-3 Regulates Lipid Metabolism 
	Function of Caveolin-3 in Mitochondrial Homeostasis 
	Caveolin-3 Regulates Potassium Channels and Adrenergic Receptors 
	Role of Caveolin-3 in Heart Diseases 
	Arrhythmias 
	Cardiac Hypertrophy 
	Myocardial Injury after Ischemia/Reperfusion 

	Interaction of Caveolin-3 with the Dystrophin-Glycoprotein Complexes 
	Caveolin-3 and Dystrophin 
	Caveolin-3 and Utrophin 
	Caveolin-3 and Dystroglycan 
	Caveolin-3 and Sarcoglycan 

	Caveolin-3 at the Neuromuscular Junction 
	Muscular Dystrophies Associated with Caveolin-3 
	Limb-Girdle Muscular Dystrophy 
	Rippling Muscle Disease 
	Asymptomatic hyperCKemia 
	Distal Myopathy 
	Duchenne Muscular Dystrophy 

	Mice Models of Muscular Dystrophy Associated with Caveolin-3 
	Future Perspectives 
	References

