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mechanosensation, endocytosis, onco- 
genesis, and uptake of pathogens ( Li 
et al., 2005 ; Pelkmans, 2005 ; Parton and 
del Pozo, 2013 ; Del Pozo et al., 2021 ) . As 
one of the essential structural proteins of 
caveolae, caveolin-1 ( Cav-1 ) is essential 
for multiple biological processes such 
as membrane trafficking, signal trans- 
duction, and tumorigenesis ( Feng et al., 
2013 ) . 
The second messenger of mechano- 

transduction is ensured by cytoskeleton 
tension ( Discher et al., 2005 ) . Cellular 
cytoskeleton is composed of three 
components, actin filaments ( F-actin ) , 
microtubules ( MTs ) , and intermediate 
filaments ( IFs ) . Each of the components 
displays a highly organized structure 
contributing to multifaceted functions, 
including physically and biochemically 
connecting to the external environment 
and generating coordinated forces 
for cell migration and morphologic 
changes ( Fletcher and Mullins, 2010 ) . 
Stress fibers are contractile actomyosin 
bundles composed of F-actin, myosin II, 
and crosslinking proteins ( e.g. 
α-actinin, filamin A, and fascin ) 
( Martino et al., 2018 ) . The structural 
and contractile properties of stress 
fibers underlie many cellular processes, 
including cell migration, adhesion, and 
mechanosensing ( Kassianidou and 
Kumar, 2015 ) . 
Cell migration is a mechanical phe- 

extracellular cues and is driven by in- 
tracellular biochemical and biomechani- 
cal organization ( Mak et al., 2016 ) . The 
key mechanical machinery of cell migra- 
tion involves actin filaments, myosin mo- 
tors, and adhesion complexes. Actin fila- 
ments and myosin generate contractile 
forces and drive protrusions. Adhesion 
complexes connect the cell to the exter- 
nal environment and enable force trans- 
mission ( Mak et al., 2016 ) . Besides, an- 
other cytoskeletal component, vimentin, 
a well-known IF protein, is also involved 
in cell mechanosensing and migration 
( Swoger et al., 2022 ) . Here, we discuss 
how Cav-1 interacts with F-actin and 
vimentin IFs, and summarize their roles 
in cell mechanosensing and migration. 

Interactions between Cav-1 and actin 
cytoskeleton in terms of cell 
mechanosensing and migration 
Caveolae, as a dynamic mechano- 

sensor, can change their shape and 
organization to buffer membrane 
tension induced by mechanical 
stress ( Sinha et al., 2011 ) . Increased 
membrane tension results in flattened 
caveolae, which leads to release of 
specific proteins to further mediate 
mechanotransduction ( Torrino et al., 
2018 ) . Decreased membrane tension 
leads to caveolae forming clusters 
called rosettes ( Golani et al., 2019 ) . 
Cav-1 can interact with cell membrane 
to cause membrane curvature and 
Introduction 
Cell mechanosensing is the process 

that cell senses extracellular mechani- 
cal cues through mechanosensors and 
transduces them to downstream signal- 
ing pathways to alter cell mechanics and 
behaviors, which is involved in embry- 
onic development ( Gaetani et al., 2020 ) , 
tissue regeneration ( Fu et al., 2019 ) , 
inflammatory response ( Worbs et al., 
2017 ) , and tumor invasion and metasta- 
sis ( Gargalionis et al., 2018 ) . This ability
is crucial for cells to adapt to mechanical
stimuli ( compressive force, shear stress, 
substrate rigidity, topology, adhesive- 
ness, etc. ) and maintain homeostasis 
( Chen et al., 2017 ) . 
The primary site of force transmis- 

sion to a cell is the plasma membrane 
( PM ) ( Martino et al., 2018 ) . As a dy- 
namic mechanosensor, caveolae are PM- 
invaginated microdomains with specific 
lipid and protein composition, which are 
widely abundant in mechanically chal- 
lenged tissues ( muscles, lungs, vessels, 
etc. ) ( Del Pozo et al., 2021 ) . Caveolae 
can bud to generate endocytic vesicles 
named caveosome or undergo disassem- 
bly to play a role in mechanoprotection, 
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clustering of specific lipids, which is
essential for caveolae formation and 
function ( Prakash et al., 2022 ) . Actin
filaments, especially stress fibers, are 
intimately associated with caveolae. 
It has been proved that uncontrolled
actin polymerization leads to reduction 
of caveolae rosettes and caveolae 
flattening, which results from the 
increased membrane tension caused 
by the excessive forces generated by
actin filaments ( Kozera et al., 2009 ;
Echarri et al., 2012 ) . In this section,
we focus on how Cav-1 interacts with
actin cytoskeleton to participate in cell
mechanosensing and migration. 

Crosstalk between mechanosensory 
Cav-1 and actin stress fibers in cell 
mechanosensing 
Shear stress can be sensed by cells

through mechanical effectors on cell
membrane and activate several signaling 
pathways to regulate actin cytoskeleton 
remodeling ( Qin et al., 2021 ) . Cav-1
has been reported to participate in
regulating tumor cell responses to shear
stress. Cav-1 silence reduces actin stress
fibers traversing the cytoplasm and cell
motility, which can be rescued by low
shear stress ( LSS ) treatment ( Xiong et al.,
2017a ) . Specifically, LSS exposure down-
regulates the expression levels of the
F-actin depolymerization factor cofilin 
and phosphorylated myosin light chain 
( p-MLC ) whereas upregulates filamin A 
expression in Cav-1 knockdown cells
( Xiong et al., 2017a ) . The alterations of
these actin-associated proteins promote 
actin bundling, stress fiber formation, 
and cell migration. These data indicate
that LSS regulates tumor cell functions
such as motility and adhesion in a
Cav-1-dependent manner, emphasizing 
the importance of interactions between 
Cav-1 and actin filaments in tumor cell
translocation under shear stress during 
tumor cell passage in the blood vessels
( Xiong et al., 2017a ) . Besides, caveolae
control contractile tension for epithelia to
eliminate tumor cells ( Teo et al., 2020 ) .
Depletion of Cav-1 increases the levels
of phosphoinositide-4,5-bisphosphate 
( PtdlIns ( 4,5 ) P 2 ) , recruits the F-actin
elongation factor FMNL2 to the cortex for
-actin bundling, which then increases
teady-state tensile stresses in epithelial
onolayers ( Teo et al., 2020 ) . These
esults suggest that Cav-1 can regulate
ctive mechanical tension for epithelial
omeostasis by governing lipid signaling
o actin cytoskeleton ( Teo et al., 2020 ) . 
Signaling pathways have been

dentified involving in shear stress-
nduced actin remodeling ( Figure 1 ) . For
xample, disruption of cytoskeleton by
OCK inhibitor reduces actin stress fiber
ormation and cell proliferation, which
an be rescued by LSS treatment in con-
rol cells but not in Cav-1-depleted cells,
uggesting that LSS triggers events by
av-1-mediated ROCK/p-MLC pathways
 Figure 1 A and B; Xiong et al., 2017a ) . In
ddition, Src-family kinase ( SFK ) is con-
idered as a key part in Cav-1-mediated
echanosensing and actin reorganiza-
ion ( Grande-García et al., 2007 ; Yang
t al., 2011 ) . Acute shear stress results in
ntegrin-dependent tyrosine phosphory-
ation of Cav-1 via p38 mitogen-activated
rotein kinase and SFK ( Figure 1 C and D;
olonté et al., 2001 ) . This integrin/Cav-1
echanosignaling complex temporally
egulates RhoA activity, which is critical
or the actin cytoskeleton reorganization
o maintain long-term adaptiveness to
hear stress ( Yang et al., 2011 ) . However,
epletion of p190RhoGAP, a downstream
ignaling molecule of SFK, or depletion
f Cav-1 disturbs temporal regulation
f RhoA activity, thereby attenuating
ctin organization induced by flow ( Yang
t al., 2011 ) . These findings reveal
hat p190RhoGAP links β1 integrin–
av-1 complex to RhoA in a
echanotransduction cascade, which
lays a role in endothelial adaptation to
ow ( Figure 1 C; Yang et al., 2011 ) . 
Moreover, caveolae can cooperate
ith the membrane curvature regulator
ormin-binding protein 17 ( FBP17 ) to
ontribute to cell mechanoprotection
 Figure 1 E ) . By Cav-1 inward trafficking
ssay, researchers found that FBP17
olocalizes with Cav-1, regulates inward
rafficking of Cav-1, and induces the
ormation of caveolar rosettes ( Echarri
t al., 2019 ) . Depletion of FBP17 results
n Cav-1 moving away from the plasma
embrane at a lower rate than control,
Page 2 of 8 
indicating a defect in the early stages 
of caveolae redistribution ( Echarri et al., 
2019 ) . Furthermore, FBP17 depletion 
and Cav-1 depletion increase the sen- 
sitivity of cells to prolonged mechanical 
stretching treatments like osmotic shock 
( Echarri et al., 2019 ) . Besides, FBP17 in- 
hibits mDia1-mediated actin polymeriza- 
tion and reduces stress fiber and mem- 
brane bending ( Figure 1 E; Echarri et al., 
2019 ) . Combined with the phenomenon 
that the density of stress fiber positively 
correlates with plasma membrane 
tension increase ( Burridge and Wittchen, 
2013 ) , these results uncover part of the 
basic mechanisms for cells to sense 
mechanical cues through caveolae and 
subsequently regulate actin cytoskeleton 
to adapt to extracellular mechanical 
environment ( Echarri et al., 2019 ) . 
Apart from being the downstream 

effector of caveolae, actin and actin- 
associated proteins can inversely 
regulate Cav-1 in cell mechanosensing. 
Oligomers of the ATPase EHD2 restrict 
caveolae to the plasma membrane 
through association with actin cortex 
( Stoeber et al., 2012 ) . Besides, scaffold 
protein IQGAP1 and its downstream 

mDia1 are recruited to actin cortex 
to promote caveolin trafficking to the 
plasma membrane, which allows stable 
insertion of caveolae into the plasma 
membrane ( Wickström et al., 2010 ) . 
Complete depolymerization of actin cyto- 
skeleton by latrunculin A triggers rapid 
and massive movements of caveolin- 
positive structures, suggesting that actin 
cytoskeleton is important for caveolar 
membrane traffic ( Mundy et al., 2002 ) . 
Our recent work explored the relationship 
between actin nucleator formins and 
Cav-1. Depletion of formin proteins 
FHOD1 and Dia1 results in enlarged size, 
decreased number, and slower move- 
ment velocity of Cav-1 vesicles ( Shi et al., 
2021a ) . Furthermore, formin proteins are 
proved to be substantial for the tension- 
sensing function of Cav-1 when cells 
grow on softer matrix or are challenged by 
hypo-osmotic shock ( Figure 1 F and G; Shi 
et al., 2021a ) . These results indicate that 
Cav-1 and actin cytoskeleton influence 
each other in the process of cell response 
to mechanical stress. 
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( Yokomori et al., 2002 ) . Overexpression
of Cav-1 could increase the fluorescence
intensity of actin, reorganize F-actin 
cytoskeleton, change cell morphology, 
and promote cell migration and cell
proliferation in murine liver ( GRX )
cells ( Ilha et al., 2019 ) . These results
indicate that interconnection between 
Cav-1 expression and actin filaments
contributes to hepatic stellate cell
activation, an important process of liver
fibrosis by producing and altering the
extracellular matrix in acute injury of
the liver ( Ilha et al., 2019 ) . Analogously,
increased Cav-1 level can promote the
metastasis of rhabdomyosarcoma to the 
lung ( Codenotti et al., 2019 ) . Depletion
of Cav-1 compromises lung metastasis
of bladder cancer cells ( Thomas et al.,
2011 ) , indicating that Cav-1 expression
positively correlates with cancer cell
motility and metastasis. Apart from 

cancer cells, Cav-1 expression is also
associated with microglial morphology
and activity. The expression level of
Cav-1 is lower in inactivated microglia
cells whereas increases in activated 
microglia cells. Depletion of Cav-1 
reduces overall migration of mouse 
microglia BV2 cells, indicating an 
important role of Cav-1 in microglia
activation and providing a promising 
novel therapeutic target in central
nervous system injury or disease 
( Niesman et al., 2013 ) . 
Stress fibers are contractile 

actomyosin bundles in non-muscle cells
and provide forces for cell migration.
The interactions between Cav-1 and 
stress fibers have been demonstrated to
regulate cancer cell migration in several
studies. Our recent work found that
contractile myosin bundles are essential
for the organization and dynamics
of cytoplasmic Cav-1. Cav-1 vesicles
display actin-associated motility by
sliding along actin filaments or coupling
to do retrograde flow with stress fibers
in human osteosarcoma ( U2OS ) cells
( Shi et al., 2021b ) . Inhibition of stress
fiber reduces the phosphorylation 
level of Cav-1 on site Tyr14, enlarges
size, and decreases motility of Cav-1
vesicles ( Shi et al., 2021b ) . In turn, Cav-1
expression is necessary for stress fiber
ormation. In metastatic bladder cancer
MUC-3 cells, Cav-1 depletion reduces
ctivation levels of RhoA, RhoC, and
he Rho effector ROCK1, which further
esults in a significant loss of actin stress
bers and compromised cell migration,
uggesting that Cav-1 modulates actin
eorganization and promotes cancer
ell dissemination through regulating
ho activity ( Figure 1 A; Thomas et al.,
011 ) . Similar phenomenon was also
ound in U2OS cells. Phospho-deficiency
r depletion of Cav-1 compromises
he contractile myosin bundles by
eactivating RhoA-dependent myosin
hosphorylation, results in enhanced
amellipodia formation by activating
denosine monophosphate-activated
rotein kinase ( AMPK ) followed by
ac1-dependent p21-activated kinase 1
 PAK1 ) and cofilin phosphorylation,
nd further leads to a failure of
he establishment of polarized cell
orphology and directional cell
igration ( Figure 1 A and H; Shi et al.,
021b ) . In human metastatic melanoma
e665/1 cells, Cav-1 deficiency results
n the imbalance of actin cytoskeleton
quilibrium achieved by RhoA and
ac1/cdc42 counteracting activities and
ubsequently delays the cell spreading
 Figure 1 A and H; Fecchi et al., 2012 ) . In
ddition, Cav-1 overexpression promotes
he metastatic progression of embryonal
habdomyosarcoma in an Erk-dependent
ay and also leads to increased stress
ber and reorganized actin cytoskeleton
 Codenotti et al., 2019 ) . These results
ndicate that Cav-1 and stress fibers
egulate each other to maintain proper
unctions and promote metastasis. The
nvolved signaling pathways of Cav-1
nd actin filaments and their effects
n cell migration are summarized in
igure 1 . 
Actin-associated proteins also interact
ith Cav-1 during cell migration. Cav-1
s connected to stress fibers through
he actin filament crosslinker filamin A
 Stahlhut and van Deurs, 2000 ; Muriel
t al., 2011 ) . Overexpression of Cav-1
ncreases the mRNA and protein levels
f filamin A, and enhances insulin-
ike growth factor I ( IGF-I ) -dependent
CF-7 cell migration through Akt
Page 4 of 8 
( Figure 1 I; Ravid et al., 2008 ) . Flotillins 
are peripherally membrane-associated 
proteins, which can interact with F-actin 
and thus link rafts to cytoskeleton 
( Langhorst et al., 2007 ) . A study 
revealed that Cav-1 colocalizes with 
flotillin and α-actinin, another F-actin- 
crosslinking protein, both of which 
are enriched in lipid rafts and play an 
important role in cell migration and axon 
ensheathment ( Campos et al., 2021 ) . 
Interactions between Cav-1 and actin- 
associated proteins and their effects 
on cell migration are also summarized 
in Figure 1 . 
On the other hand, Cav-1 expression 

can inhibit cell migration and re- 
epithelialization of non-healing wounds. 
Cav-1 was found localized to basal 
keratinocytes and spatiotemporally 
downregulated during acute wound 
healing ( Jozic et al., 2019 ; Sawaya 
et al., 2019 ) . Cav-1 antagonizes the 
glucocorticoid receptor repressor 
ArhGAP35, which increases activation of 
RhoA and diminishes activation of cdc42 
( Figure 1 A; Jozic et al., 2021 ) . Increase of 
Cav-1 expression level contributes to im- 
paired actin-cytoskeletal signaling and 
further leads to aberrant keratinocyte 
migration, which prevents the wound 
closure ( Jozic et al., 2021 ) . The opposite 
regulation of Cav-1 on cell migration 
indicates that the role of Cav-1 appears to 
vary with cell types, microenvironmental 
factors, and pathology conditions. 

Interactions between Cav-1 and 
vimentin IFs in terms of cell 
mechanosensing and migration 
Interactions between Cav-1 and IFs 

are less studied compared to that 
between Cav-1 and actin cytoskeleton. 
Several studies reported interactions 
or regulations between Cav-1 and 
IF proteins including keratin ( Sotgia 
et al., 2005 ; Yamaguchi et al., 2015 ) , 
nestin ( Chen et al., 2021 ) , and 
vimentin ( Kamibeppu et al., 2018 ; 
Sun et al., 2020 ) . Among them, 
only interactions between vimentin 
IFs and Cav-1 are discussed in the 
context of mechanosensing and cell 
migration. Vimentin IFs are important 
players in the migration process and 
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barriers to constrain movement of Cav-1 ves
vesicles. ( C ) Depletion of vimentin results in
reduced motility of Cav-1 vesicles in cells un
Cav-1 upregulates or downregulates vimen
( F ) Cav-1 and vimentin colocalize at the fron

cell mechanoprotection. Absence of 
vimentin impairs cellular mechanical 
stability, migration, and contractile 
capacity ( Eckes et al., 1998 ; Brown et al., 
2001 ) . Recent studies have revealed 
the role of vimentin in Cav-1-mediated 
cell migration and mechanosensing, as 
discussed below ( Figure 2 ) . 
ll migration

B

D

e   Vimentin    

P

P

P

d their effects on cell migration and mech
 and inhibits Cav-1-promoted cell migration
eased motility and phosphorylation of Cav-1
smotic stress. ( E ) Cav-1 regulates vimentin
pression remains controversial and may d
ells and interact with each other during thr

Several studies pointed out that Cav-1
ffects cell migration through regulating
he expression level of vimentin.
av-1 and vimentin are representative
pithelial–mesenchymal transition
iomarkers of metastatic tumors
 Chanvorachote et al., 2014 ; Yu et al.,
016 ; Xiong et al., 2017b ) . Silence of
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Osmotic stress

Osmotic stress

ucleus

P

ensing. ( A ) Vimentin functions as physical
smotic stress reduces the motility of Cav-1
 Depletion of vimentin partially rescues the
ession level to alter cell migration. Whether
d on cell types and experimental systems.
mensional cell migration. 

Cav-1 increases vimentin expression and
cell migration rate, which promotes cell
metastasis in head and neck squamous
cell carcinoma ( Sun et al., 2020 ) .
However, different phenomenon is
observed in prostate cancer PC3 cells, in
which Cav-1 knockdown decreases mRNA
level of vimentin and downregulates cell
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motility ( Kamibeppu et al., 2018 ) . These
data suggest that the expression level
of vimentin is positively correlated 
with cell motility, but the relationship
between Cav-1 expression and 
vimentin may vary with cell types. The
underlying mechanisms and involved 
signaling pathways still require further 
investigation. 
In turn, vimentin can also regulate

characteristics of Cav-1. Previous study
found that Cav-1 and vimentin colocalize
and interact with each other, both
polarizing and accumulating at the 
front of transmigrating bovine aortic
endothelial cells ( Santilman et al., 2007 ) .
Vimentin deficiency leads to patch and
diffusion of Cav-1 instead of polarized
distribution, suggesting that the 
interaction between Cav-1 and vimentin 
is required for Cav-1 anterior polarization
in transmigrating cells ( Santilman et al.,
2007 ) . Besides, vimentin filaments can
affect the motility of cytoplasmic Cav-1
vesicles. In our work, vimentin IFs
function as a physical barrier to restrain
movement of the vesicles during the
intracellular trafficking of Cav-1 in U2OS
cells ( Jiu, 2018 ) . Depletion of vimentin
promotes the release of vimentin- 
associated Cav-1 vesicles, and then 
increases the motility of Cav-1 vesicles
( Jiu, 2018 ) . These results reveal a
negative role of vimentin IFs in regulating
the trafficking of intracellular Cav-1 
vesicles, which is crucial for caveolae
rapid assembly and disassembly in 
response to mechanical stress ( Sinha 
et al., 2011 ) . Moreover, Tyr14 residue of
Cav-1, a substrate for SFK, is necessary
for binding to vimentin ( Santilman et al.,
2007 ) . Vimentin depletion significantly
increases the level of phosphorylation on
Cav-1 Tyr14 site without influencing total
protein level of Cav-1, which partially
recovers the reduced intracellular motil- 
ity of Cav-1 vesicles upon hypo-osmotic
shock ( Jiu, 2018 ; Shi et al., 2020 ) , sug-
gesting that vimentin is associated with
Cav-1-mediated cell mechanoprotection. 
To sum up, vimentin can interact with
Cav-1 and regulate its cellular localiza-
tion, motility, and phosphorylation to 
participate in cell migration and cell
mechanosensing. 
oncluding remarks 
In summary, the studies discussed
ere suggest that mechanical stimula-
ion can induce cytoskeletal reorganiza-
ion and change cell migration in a Cav-1-
ependent manner, indicating that cells
se similar mechanisms for mechanopro-
ection and mechanotransduction. On
he one hand, the expression level and
hosphorylation at Tyr14 of Cav-1 influ-
nce contractile actin bundle organiza-
ion by interacting with actin-associated
roteins or regulating several signaling
athways such as ROCK, Rho, and Src.
n the other hand, the complete actin
etwork ensures the dynamic movement
f Cav-1 vesicles. Our studies on the
nteractions between Cav-1 and actin
etwork differentiate themselves from
revious reports: ( i ) we identified actin
ucleator formin proteins FHOD1 and
Dia1 as indispensable factors to main-
ain the proper mechanosensing function
f Cav-1; ( ii ) we decoded the underly-
ng molecular mechanisms that Cav-1 ex-
ression influences AMPK activation, fol-
owed by Rac-1-dependent PAK1/cofilin
hosphorylation, and subsequently af-
ects lamellipodia formation and distri-
ution. From our point of view, there
re still three major challenges in study-
ng the interactions between Cav-1 and
ctin network: ( i ) further detailed studies
n the underlying molecular mechanisms
f crosstalk among the known signaling
athways; ( ii ) further investigation on the
nteractions between Cav-1 and actin-
ssociated proteins; and ( iii ) in-depth
tudies on how interactions between
av-1 and F-actin regulate mechanosens-
ng and cell migration in the context of
elated diseases, such as cancer metas-
asis and hypertension-derived diseases.
ifferent cell types and animal models,
icroenvironmental factors, and patho-
ogy conditions need to be carefully con-
idered and modulated to gain new in-
ights into potential therapies. 
There are few studies focusing on the

nteractions between Cav-1 and IFs in cell
igration and mechanosensing. Cav-1
an influence cell migration by regulating
he expression of vimentin protein. In
urn, vimentin IFs can influence cell
ehavior through the regulation of dis-
Page 6 of 8 
tribution and motility of Cav-1 vesicles. 
Our studies on the interactions between 
Cav-1 and vimentin also differentiate 
themselves from previous reports: ( i ) we 
discovered vimentin functioning as a bar- 
rier to physically affect the intracellular 
motility of Cav-1 vesicles; ( ii ) we explored 
the effects of vimentin on Cav-1 expres- 
sion and cell migration; ( iii ) we revealed 
the regulation of mechanosensing by 
vimentin and Cav-1 interactions. The pri- 
mary unsolved challenge is the in-depth 
study of molecular mechanisms underly- 
ing interactions between IFs ( especially 
IF proteins other than vimentin ) and 
Cav-1, as well as their regulation on cell 
mechanosensing and migration. Given 
that vimentin is an important marker of 
tumors, the interactions between Cav-1 
and vimentin may provide a potential 
perspective in cancer studies. 
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