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Versatile Functions of Caveolin-1 in Aging-related Diseases
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Caveolin-1 (Cav-1) is a trans-membrane protein that is a major component of the cav-
eolae structure on the plasma membrane. Cav-1 is involved in the regulation of various
cellular processes, including cell growth, differentiation, endocytosis, and in particular
it has been implied in cellular senescence. Here we review current knowledge about
Cav-1 in cellular signaling and discuss the role of Cav-1 in aging-related diseases.
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INTRODUCTION

Caveolae are structures with a diameter of 50-100 nm
that have been identified by electron microscopy as
flask-shaped invaginations in the membrane lipid rafts of
various cell types and tissues, being especially abundant
in endothelial cells and adipocytes.'® Although caveolae
were discovered over 60 years ago, research on these struc-
tures has made slow progress until the discovery of cav-
eolins, the structural proteins of caveolae.*® The identi-
fication of caveolins in caveolae structures has provided
important insights into the differences between caveolae
and lipid rafts.” The caveolin family consists of 3 distinct
proteins including caveolin-1 (Cav-1), caveolin-2 (Cav-2),
and caveolin-3 (Cav-3).>'%'! Of these, Cav-1 and Cav-2 are
highly co-expressed in non-muscle cells, whereas Cav-3 is
mainly found in skeletal and cardiac muscle cells.'*"*"?
Among the caveolins, the structure and function of Cav-1
has been the most studied.'*'* Cav-1 is well established as
the major structural protein of caveolae, because these
structures disappear from the lipid rafts of Cav-1-depleted
cells.'®'” Moreover, caveolae are composed of various mole-
cules such as cholesterol, sphingolipids, cavins, and other
trans-membrane proteins.'>'"'®

Various signaling molecules and different types of mem-
brane receptors are enriched in caveolae and regulate their
specific functions by binding with caveolins.'®** Therefore,
caveolae and structural caveolins, particularly Cav-1,
have been implicated in various cellular events such as en-
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docytosis, cellular signaling, membrane transport, and im-
munity, as well as in related diseases.”'®*** However,
much remains to be discovered about caveolae structure,
formation, regulation, and function in different cell types
and in pathology.””**® This review discusses caveolae and
Cav-1 along with their functions, particularly in aging and
aging-related diseases.

CAV-1/CAVEOLAE FUNCTIONS

1. Structure of Cav-1 and its function in caveolae formation

Cav-1 was the first protein identified in the caveolin fam-
ily and is the most highly investigated among them."*"?
Experimental results have indicated that Cav-1 is a tra-
ns-membrane protein, but it is different from other tra-
ns-membrane proteins in that both terminals are located
in the cytoplasm.>*” Normally, Cav-1 predominantly local-
izes on the plasma membrane as an oligomer, but it is also
found in the Golgi apparatus in its monomer form.”*** The
Cav-1 protein has two isoforms, Cav-1a and Cav-1p, which
have different sizes due to differences in the translation ini-
tiation site of Cav-1 mRNA that results in Cav-1p lacking
32 amino acids at its N terminal. Therefore, Cav-13, like
Cav-1a, has one phosphorylation site at serine 80, which
has been suggested as playing an important function in the
regulation of the cholesterol tracking and secretory
pathways. On the other hand, Cav-1a has an additional
phosphorylation site at tyrosine 14, which has been pro-
posed as having a vital role in the response to growth factors
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and other stimuli.'®*****! In addition to these phosphor-
ylation sites, the Cav-1 protein has three palmitoylation
sites at cysteine 133, 143, and 156 that are required for oli-
gomerization and cholesterol transport.”** The oligomeri-
zation domain is believed to be a central functional region
of the Cav-1 protein because it is required for caveolae
formation. Cav-1 is also known as a scaffolding protein that
concentrates and functionally regulates various cellular
signaling. Through the scaffolding domain, Cav-1 mainly
interacts with different signaling molecules and regulates
signaling cascade.'®**®* Furthermore, Cav-1 binds to cho-
lesterol with high affinity, a crucial property for the stabili-
zation of Cav-1 in caveolae.*® Taken together, based on the
characteristics and properties of Cav-1, it is believed that
this protein is not only a structural protein but is also in-
volved in broad cellular physiological processes such as ve-
sicular transport and regulation of signal transduction and
differentiation as well as associated diseases.

2. Cav-1 in cellular signaling

Cav-1 has been implicated as a specific regulator, which
plays a role in signal transduction.'>*® Using methods that
isolate caveolae structures, many proteins and lipids asso-
ciated with caveolae have been detected.*'"***" As a con-
sequence, many of these molecules are believed to be asso-
ciated with the regulation of signal transduction by Cav-1
(Table 1). eNOS, a nitric oxide synthase targeted to the cav-
eolae, is the best characterized Cav-1 binding partner, and
the presence of Cav-1 inhibited eNOS signaling in both in
vitro and in vivo experiments.'"*® Moreover, Cav-1 has
been proposed to attenuate the activity of other signal
transduction proteins such as the epidermal growth factor
(EGF) receptor (EGFR).****! In contrast, Cav-1 positively
regulates several proteins such as the insulin and estrogen
receptors.'****** In most cases, signal proteins interact
with the Cav-1 scaffolding domain via special binding mo-
tifs to activate signaling pathways.*'"** However, in some
cases, companion proteins that lack binding motifs still in-
teract with Cav-1, such as a nerve growth factor receptor,
a sterol carrier protein or a DNA-binding protein
inhibitor.***® Furthermore, Cav-1 is also involved in the
regulation of cell fates such as cell proliferation, survival,
and differentiation, leading to the development of asso-
ciated diseases. For instance, down-regulation of Cav-1
leads to decreased E-cadherin expression but increased
B-catenin transcription, subsequently enhancing the in-
vasion of cancer cells.* Along with this finding, the associa-
tion of Cav-1 and metalloproteases also supports cancer in-
vasion and metastasis.*> Moreover, Cav-1 also associates
with different innate immune receptors such as Toll like
receptors (TLRs), a class of proteins that play a key role in
the innate immune systems.'?*® Hence, Cav-1, the major
protein of caveolae, is important in the regulation of cellular
signaling.

3. Cav-1 gene regulation mechanisms
Cav-1 has various functions in the regulation of cells and
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TABLE 1. Summary of caveolin-1 binding partners

Caveolin-1 associated partners References
Adenosine receptor Al 97
Cavins 67, 98
Cholesterol 67,99
Cytosolic phospholipase A2 34
DNA-binding protein inhibitor 34, 43
Endothelial nitric oxide synthases 38
Epidermal growth factor receptor 56
Estrogen receptor 39, 42
Extracellular signal-regulated kinases 1/2 67, 100
Fatty acid synthase 28
G proteins 101, 102
Inducible nitric oxide synthases 103
Insuline receptor 104
Insulin receptor substrate 1 67
Leukemia inhibitory factor receptor 34
Nerve growth factor receptor 34,43
Neuronal nitric oxide synthases 105
Nuclear factor erythroid 2 106
P-glycoprotein 107
Protein phosphatase 1 107, 108
Protein phosphatase 2A 107, 108
Protein kinase A 34, 109
Protein kinase C 110
Phosphatase and tensin homolog 111
Rho family of GTPases 112
Sterol carrier protein 43
Transforming growth factor p receptor I 113
TLR4 19
TLR5 46,114
Tumor necrosis factor receptor-associated factor 2 67
Type-1 angiotensisn receptor 115
Vascular endothelial growth factor receptor 2 108,116

tissues, and the mechanisms of Cav-1 gene regulation have
been investigated. Initial data shows that both the levels
of Cav-1 mRNA and protein are up-regulated during adipo-
genesis, and glucose transporter 4 (GLUT4) may play a role
in this process, but the detailed mechanism is still
unknown."” Subsequently, Yamamoto investigated the
function of the adenylyl cyclase pathway on Cav-1 gene ex-
pression and observed that Cav-1 mRNA levels decreased
by activating this pathway.*® In addition to this finding,
other data suggests that Myc, a transcription factor, and
prolactin are involved in the negative regulation of Cav-1
mRNA.** Details about the underlying mechanisms have
recently emerged, providing evidence that certain element
and transcription factors are involved in Cav-1 gene
regulation. For instance, sterol regulatory element-bind-
ing protein 1 inhibits Cav-1 gene transcription, resulting
in the control of intracellular, free cholesterol transport.”
In addition to this finding, the transcription factor GATA-6,
a GATA-binding factor 6, was shown to bind to the Cav-1
promoter and suppress gene expression.”” On the other
hand, FOXO, the O subclass of the forkhead family of tran-
scription factors, has been identified as a binding partner
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of the Cav-1 promoter and promotes Cav-1 gene expression.”
Moreover, epigenetic marks that control gene expression
without modifying the DNA sequence have also been inves-
tigated as important factors that regulate Cav-1 expression."’
Epigenetic processes induce DNA promoter hypermethy-
lation by adding methyl groups to cytosine residues by
DNA methyltransferase on CpG dinucleotides that have a
high density at promoter regions of the genome, named
CpG islands, and this CpG island methylation inhibits the
activation of transcriptional elements.” To date, many
studies have shown that epigenetics plays a crucial role in
the methylation and histone modifications of Cav-1, and
the majority of these reports have focused on the effects of
epigenetics in various cancer types such as breast, pros-
tate, lung, liver, ovarian, and colon cancer.'"”

CAV-1 IN AGING-RELATED DISEASES

1. Aging

Cav-1is well known as a gatekeeper of cellular senescence
and is widely used to detect the aging phenotype.”’”®
Senescent human diploid fibroblasts (HDFs) show an in-
creased level of Cav-1, and studies show that it colocalizes
with EGFR.”® Cav-1 is also involved in senescence-asso-
ciated morphological changes by modulation of focal adhe-
sion kinase and actin stress fiber formation.”” Moreover,
overexpression of Cav-1 induces premature cellular sen-
escence in primary cultures of murine fibroblasts.*® Ano-
ther experiment with Cav-1 knockout (KO) mice showed
that the presence of Cav-1 was important for maintaining
good health.®’ Cav-1 is also believed to be an important reg-
ulator of premature senescence of the lung fibroblasts of
cigarette smokers.®! Interestingly, a reduction of the Cav-1
level in senescent HDF cells induced the restoration of the
extracellular signal-regulated kinases (Erks) signaling
pathway upon EGF stimulation, not only in terms of its
phosphorylation but also its translocation into the nucleus
and activation of transcriptional factors similar to young
HDF cells.” Reduction of Cav-1 in senescent cells can lead
to morphological changes similar to young cells, causing
them to become small and spindle-shaped.”” These results
clearly point towards a central role of Cav-1 in suppressing
mitogenic signaling and regulating morphological changes,
leading to the promotion of cellular senescence.

Increased Cav-1 expression affects tissue aging by in-
ducing tissue-specific dysfunctions and age-related dise-
ases. Moreover, in the skin of the elderly, Cav-1 upregula-
tion contributes to skin aging by suppressing collagen syn-
thesis via the transforming growth factor-p pathway in der-
mal fibroblasts.®” In vascular aging, it is well known that
Cav-1 is essential for vascular function and is involved in
senescence phenotypes and inflammatory responses.®
Cav-1 has also been associated with various age-related
diseases, such as cancer, type II diabetes, atherosclerosis,
and infectious diseases, as discussed in the following
sections.
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2. Cancer

Older tissues are considered to be fertile ground for can-
cer development since a number of cells in those tissues ac-
cumulate mutations leading to an increased cancer rate in
the elderly.®* Much evidence has emerged about the func-
tions of Cav-1 in cancer." Cav-1 was initially hypothesized
to be a tumor suppressor, since Cav-1 maps to a tumor sup-
pressor region of the genome.""* Moreover, experimental
results showed that Cav-1 was deleted or down-regulated
in many oncogene-transformed cells and that onco-
gene-transformed phenotypes could be reversed by the
re-introduction of Cav-1 expression."" However, Cav-1
does not only function as a tumor suppressor in cancer,
since different explanations of Cav-1 expression levels
have been proposed, and Cav-1 mutations are diverse de-
pending on the cancer type.®*®” For instance, Cav-1 ex-
pression levels are down-regulated in various cancers such
as ovarian, lung, and mammary carcinomas, but are
up-regulated in other cancers such as bladder, esophagus,
and prostate carcinomas.® Contradictory roles of Cav-1 in
various cancers have been shown in animal models and hu-
man patients. Specifically, Cav-1 increases in metastatic
breast and prostate cancers compared with that in primary
tumors® and promotes cell survival through Akt, a ser-
ine/threonine-specific protein kinsase, signaling and by
regulating metastatic cancer microenvironments in pa-
tients with metastatic prostate cancers. Cav-1 is also se-
creted during prostate cancer development, indicating its
potential as a diagnostic and therapeutic target.*

These results suggest the two faces of Cav-1, since it may
be lost, promoting the growth of cancer cells in early stages,
but enhances expression in late stages of cancer, provoking
tumors to become aggressive and metastasize (Table 2).

3. Type II diabetes

The rate of type II diabetes is increased in the elderly,
but the underlying mechanisms remain partly unknown.”
Recent evidence shows that Cav-1 may play a role as a me-
diator in insulin signaling and a defect of Cav-1 is involved
in non-obese type II diabetes development. The first clues
about the function of Cav-1 in type II diabetes came from
experimental results in Cav-1 KO mice that showed these
mice to be insulin resistant with attenuated insulin
signaling.”"* Additionally, other studies have determined

TABLE 2. Caveolin-1 status in various cancer

Cancer Caveolin-1 status References
Brain cancer Up-regulation 117
Breast cancer Down-regulation 118
Cervical cancer Up-regulation 119
Kidney cancer Up-regulation 120
Ovary cancer Up-regulation 121
Pancreas cancer Up-regulation 122
Prostate cancer Up-regulation 123, 124




that the level of Cav-1 in skeletal muscle was associated
with age-dependent type II diabetes.” During aging, Cav-1
directly binds to insulin receptors and mediates the ensu-
ing signaling pathways, leading to increased glucose ab-
sorption in the muscle. Cav-1 downregulation in old mice
caused severe impairments of glucose and insulin toler-
ance, whereas Cav-1 upregulation in aged diabetic JYD
mice, non-diabetic C57BL/6 , DBA/2 mice, develop insulin
resistance and type 2 diabetes when they grow old, sig-
nificantly improved insulin sensitivity, with a concomitant
increase in glucose uptake by the skeletal muscle. In addi-
tion, sex hormones are implicated in the regulation of
Cav-1 expression, which subsequently affects insulin re-
sistance and type II diabetes in aged, male, diabetic JYD
mice.™ Moreover, the mechanistic links between Cav-1 and
type II diabetes have become better understood, and Cav-1
expression is associated with the RhoA/Rho kinase, a small
GTPases protein of Ras family, pathway that controls
diabetes.” This research suggests various roles of Cav-1 in
type II diabetes. In addition, increased Cav-1 expression
in the smooth muscle upregulates the RhoA/Rho kinase
pathway, leading to an increase in sustained muscle con-
tractions in diabetic mice and patients with hyperglycemia.
However, most studies on Cav-1 were limited to muscle tis-
sues, and the roles Cav-1 in type II diabetes need to be fur-
ther studied in liver, adipose tissues, and other related
tissues.

4. Atherosclerosis

Atherosclerosis is a disease that is classified as a univer-
sal form of vascular aging in which lipids and cellular de-
bris build up inside blood vessels, and Cav-1 has been
shown to have an important function in the development
of this disease.” Cav-1 is abundantly expressed in endothe-
lial cells as the main transporter of cholesterol and
low-density lipoprotein (LDL) and is therefore involved in
key events leading to atherosclerosis development.”’ Some
lipoproteins involved in lipid metabolism are also enriched
and regulated in caveolae structures,” and Cav-1 expre-
ssion was sufficient to induce atherosclerosis in a mouse
model.” Furthermore, Cav-1 KO mice displayed selective
loss of endothelial functions, leading to pulmonary and car-
diac defects, atherosclerosis, and tissue ischemia. Analysis
of lipoproteins in the plasma from Cav-1 KO mice displays
a shift in their distribution towards an atherogenic profile
characteristic of hypertriglyceridemia (elevated VLDL/ch-
ylomicrons), with intolerance in the clearance of oral fat
load independent of lipoprotein and hepatic lipase activi-
ties.*® Moreover, it has been proposed that Cav-1 has two
different functions in accelerating atherosclerosis. In en-
dothelial cells, Cav-1 regulates low-density protein trans-
cytosis in the intima as well as, it also involves in develop-
ment of atherosclerosis by amplifying inflammation in
macrophages, subsequently enhancing plaque forma-
tion.”®®" Therefore, this data suggests that caveolae and
caveolin-1 must plays an important role in the regulation
of endothelial function and in the development of athe-
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rosclerosis.

5. Infectious diseases

The elderly population is more susceptible to infection
by age-associated changes in physiology and anatomy as
well as the weakening of the immune system.**** Along
with aging, epithelial cells experience changes in their sig-
naling pathways and functions, subsequently affecting the
ability of physical barriers such as the skin, bladder, and
bronchial and digestive systems to prevent infection.®
Interestingly, caveolae-dependent endocytosis is elevated
in senescent host cells, and this pathway may serve as a
gateway toward increased infection in the elderly.®*
Caveolae-dependent infection is divided into 2 different
categories, infection by caveolae-dependent endocytosis
and Cav-1-dependent actin rearrangement. The ability of
caveolae, with their flask-shaped invagination structures,
to exit the plasma membrane as enclosed vesicles first gave
rise to the idea of an endocytotic function of these structures
in 1975.% Additionally, it has been established that cav-
eolae have an advantage over other endocytotic pathways,
since they ferry most cargo directly to the Golgi apparatus
or endoplasmic reticulum without lysosome fusion.****%’
Hence, the caveolae-mediated endocytosis pathway pro-
tects cargo from degradation by lysosome enzymes and
maintains them in the cytoplasm. Therefore, many viruses
and bacteria use this as a smart pathway to escape the lyso-
somal degradation in host cells and cause disease.****° On
the other hand, Cav-1 is highly expressed and is important
for enhancing Salmonella typhimurium (S. typhimurium)
infection in M-like cells and senescent fibroblasts. More im-
portantly, the mechanism of Cav-1-mediated invasion of S.
typhimurium has been identified. Unlike other pathogens,
Cav-1is involved in the early phagocytotic processing of S.
typhimurium into host cells through binding with SopE, a
bacterial effector protein delivered into host cells via the
type III secretion system. After injecting into host cells,
SopE binds and activates cellular Racl protein, leading to
cellular responses such as the rearrangement of actin fi-
bers for facilitating infection. The expression of Cav-1 re-
cruits and induces association of Racl and SopE in caveolae
for invasion of S. typhimurium into host cells.®**** M cells
are found in peyer’s patch which is known as a main gate
of S. typhimurium infection. Interestingly, during differ-
entiation of M cells from epithelial precursor cells, Cav-1
remarkably increased and finally mediated the trans-
cytosis of S. typhimurium. These results indicate that
up-regulated Cav-1 in senescent host cells or M cells may
explain the high susceptibility to microbial infections that
occurs with age.

6. Immunosenescence

Recent evidence has been used to outline the function of
Cav-1in both adaptive and innate immunity. Cav-1 is be-
lieved to have an important function in the activation of
lymphocytes since it induces T lymphocyte proliferation
and cytokine production” ** and stimulates B lymphocytes
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to develop an immune response against thymus-in-
dependent antigens.” Moreover, Cav-1 KO mice show de-
fects in innate immunity, resulting in insignificant de-
crease in survival by infection or increased production of
inflammatory cytokines.” Along with this finding, several
papers have reported an association between Cav-1 and
Toll-like receptors (TLRs), receptors that recognize the
conserved structures of microbes early in infection. The ini-
tial evidence was provided by Lei and Morrison,” who
showed that Cav-1 expression was altered in lipopolysa-
ccharide (LPS)-activated murine macrophages, and they
suggested that Cav-1 levels might be correlated with LPS
signaling. More interestingly, a new function of Cav-1 in
age-associated immunity (immunosenescence) has recently
emerged, since there is evidence of a direct interaction be-
tween Cav-1 and TLR5.* This interaction is important to
maintain TLR5 expression and signaling during the aging
process.*® Experimental results also support Cav-1 de-
pendent TLR5 preservation in aging. Overexpressed Cav-1
in vitro enhances TLR5 mRNA through the mitogen-ac-
tivated protein kinases (MAPKs) pathway and prolonged
TLR5 protein half-life through direct interaction.”® KO
mice research also demonstrate that TLR5/MyD88, an
adaptor protein of TLRs, signaling is regulated by Cav-1
and induces the production of pro-inflammatory cytokines
by stimulation of a TLR5 agonist flagellin.*® Moreover, it
also proved that flagellin-conjugated antigens induce a sig-
nificantly higher level of specific antibodies in response to
the antigen and better protection against lethal challe-
nges.*® It means that Cav-1/TLR5 signaling plays a key role
in age-associated innate immune responses and that stim-
ulation of Cav-1/TLR5 may be a good model of a mucosal
vaccine adjuvant against infection via overcoming im-
munosenescence in the elderly.

CONCLUSIONS

Cav-1/caveolae have emerged as having vital functions
in aging and aging-related diseases. The different density
of Cav-1/caveolae in different cell types or tissues may asso-
ciate with particular functions (Table 1). In aging, Cav-1
is up-regulated, causing cellular senescence with changing
in cellular morphology, weakening the proliferation rate as
well as cellular signaling. However, Cav-1 up-regulation
also has a vital role in maintaining and stabilizing TLR5
against immunosenescence. These results significantly
contribute to our understanding of innate immunity in ag-
ing and support the need to extend Cav-1 research in
immunity. Moreover, Cav-1 expression level changes in
various types of cancer, subsequently affecting cancer
growth rates, are considered to be a valuable prognostic
marker for cancer. Furthermore, the function of Cav-1/cav-
eolae in other aging related-diseases such as type II dia-
betes and atherosclerosis is also well established and sug-
gests that Cav-1/caveolae may serve as a therapeutic tar-
get for these diseases. Taken together, Cav-1/caveolae re-
search in the aging field is important to more deeply under-
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stand the underlying mechanisms of Cav-1-dependent ag-
ing processes as well as efficiently develop therapies
against aging-related diseases.
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