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mechanical cues-induced diseases are presented in light of the
most recent advances.

CHARACTERISTICS AND MECHANISMS OF CELLULAR
MECHANOTRANSDUCTION
HP, FSS, TF, and ECM stiffness are the main biological mechanical
cues affecting cell-matrix communications and signal transduc-
tion. These mechanical cues regulate multiple biological pro-
cesses, including cell development, transformation, differentiation,
adhesion, migration, proliferation, and ECM generation (Fig. 2).
Mechanical cues can also trigger sophisticated biological modu-
lated network-dependent tissue and organ development, regen-
eration, repair, tumorigenesis, tumor invasion, and metastasis.
Herein, we focus on the molecular biology of these mechanical
cues.

Hydrostatic pressure
HP generally exists in tissues and organs with fluids, such as blood
vessels, heart, eye, joint cavity, and urinary bladder. The
mechanical cues in hollow organs include HP, sinusoidal stress,
and interstitial fluid pressure.9 HP in the interstitial cavity is

approximately −4 cmH2O
10; in solid tumors and edematous

tissues, the pressure is 25–40 cmH2O
11; in the liver, an increase

of intrahepatic resistance induces augments in the pressure
gradient between the inferior vena cava and the portal vein
(>5mmHg).12

HP in the normal range, also being classified as physiological
HP, can promote the development and repair of tissues. Studies
have revealed that periodic HP promotes bone growth and
organization in developmental models.13,14 However, HP beyond
the normal range, also being classified as pathological HP, can
lead to decompensated lesions in tissues and organs, such as
bladder fibrosis and decreased sperm quality.15 Osteogenesis and
bone density can also be enhanced by HP.13 Additionally, HP can
change the conformation of ion channels and regulate ion
transmembrane transportation,16 thereby affecting pathophysio-
logical processes. For example, HP induces the opening of
transmembranal channels in Hela cells, resulting in an influx of
calcium ions (Ca2+).17 As a mechanosensitive ion channel protein,
Piezo1 can respond to HP, activate mitogen-activated protein
kinases (MAPK) and p38 signaling pathways, and facilitate the
expression of bone morphogenetic protein 2 (BMP2) to affect the
phenotype of mesenchymal stem cells.18 Furthermore, high HP

Fig. 1 Global overview of the mechanical cue-associated pathophysiological processes. The main components of biomechanical cues engage
in several biological processes and diseases, such as pulmonary fibrosis, cardiac fibrosis, renal fibrosis, liver fibrosis, cancer cell behaviors,
embryonic development, skin and wound repair, angiogenesis and vascular remodeling, and nervous system regeneration. ECM extracellular
matrix. This figure was created using Biorender.com
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Mechanical stresses regulate a diverse 
array of physiological functions 
and diseases 

Mechanotransduction is cellular signal 
transduction in response to mechanical 
stimuli. 
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• Muscle Contraction
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• Blood Flow and Vascular Mechanics
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• Cancer Invasion and Metastasis
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(40 mmHg) promotes atrial electrophysiological remodeling and
inflammatory response by regulating the ion flow, reducing atrial
fibrillation.19

HP signals transduce through various functional proteins and
signaling pathways (Fig. 3). For parenchymal cells such as
hepatocytes and hepatic stellate cells (HSCs), the subcapsular HP
affects the biochemical processes.20 The cytoskeleton-related
signals (i.e., RhoA, ROCK, α-SMA) are enhanced by 50mmHg of
HP on HSCs. The increase of interstitial fluid pressure activates the
HSCs to facilitate fibrosis progression.21 Moreover, in hollow
organs such as the urinary bladder, the uroplakins (Ia/Ib/II/III) on
the epithelial cell membrane, which play a pivotal role in cell
differentiation,22,23 are the main components of the high-
resistance barrier of urinary bladder urothelium.24 Intravesical
sustained HP above 40 cmH2O is generally known as pathological
pressure and is a potential cause of fibrosis.25 It has been reported
that 200 cmH2O HP can facilitate the expression of uroplakin Ia
and uroplakin II protein in urothelial cells, which are the key
factors for extracellular signal-related kinase (ERK) 1/2 pathway
activation.26

All the mechanosensitive parenchymal cells and nonparench-
ymal cells (i.e., fibroblasts and immune cells) serve as effectors
responding to HP. For example, endothelin-1 (ET-1) and nitric
oxide are increased under HP and identified as novel insights for
vascular remodeling.27 The M3 muscarinic receptor subtypes are
mainly distributed in the neck and dome region of the urinary
bladder. M2 and M3 muscarinic receptors are involved in the
cholinergic transmission process in the human detrusor muscle or
dome.28,29 Pathological HP also induces atrial fibroblast prolifera-
tion and collagen deposition through the transforming growth

factor β1 (TGFβ1)/Smad3 pathway.30 Similarly, the motility and
proliferation of fibroblast are promoted by increased HP-induced
p38 MAPK cascades.31,32

Fluid shear stress
The intra-organ or intra-capsule fluid can both generate FSS by the
fluid flow. Typical FSS exists in human vasculature (i.e., vessel
bifurcations, stenosis, aortic aneurysms, heart valves, and capillary
networks), including shear and extensional flow.33 The shear flow
is classified as laminar flow and turbulent flow influenced by the
structure of the lumen. Uniaxial extensional (elongational) flow is
the flow acceleration parallel to the vascular wall. Extensional
stress is common in regions with sudden contractions or
expansions of fluid flow. Stable flow or laminar flow functions in
anti-inflammation, anti-adhesion, and anti-thrombosis in the
vascular wall.34 However, persistent turbulent flow in the vascular
wall can increase the endothelial permeability (i.e., junctional
proteins alteration) and proinflammatory signaling (i.e., nuclear
factor κB [NF-κB] signaling, adhesion molecules activation) to
promote the formation of lesions.35,36

FSS determines the tissue homeostasis such as blood vessels,
the heart, the airway, and the urinary bladder37–39 (Fig. 3). The
frictional forces generated by the bloodstream, also known as the
wall FSS, can lead to the luminal stress of the vascular wall.40 High
FSS can induce anti-inflammatory effects, such as Klf2/4 or
endothelial nitric oxide synthase (eNOS). The turbulent flow,
oscillatory, and low FSS trigger pro-inflammatory responses. In the
circulatory system, the bloodstream is generated by the heart
contract, which produces FSS. In this situation, FSS is determined
by wall shear rate and blood viscosity.41 FSS in large blood vessels

Fig. 2 Cellular mechanotransduction in tissues and organs. Typically, fluid shear force and hydrostatic pressure exist in blood vessels. Tensile
force, hydrostatic pressure, and fluid shear force function in the urinary bladder. The fluid shear force and tensile force function in the
intestine. The ECM stiffness functions in fibrotic liver. ECM extracellular matrix, EMT epithelial–to-mesenchymal transition. This figure was
partly created using Biorender.com
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and arterioles are approximately 10 dyn/cm2 and 50 dyn/cm2,
respectively.42 Many studies have shown that FSS facilitates
epithelial cells and triggers atherosclerosis, lipid deposition, and
vessel wall thickening,43 while the endothelial cells remain

polygonal in shape and unorganized in turbulent flow or low
FSS (≤5 dyn/cm2).44

The blood flow-induced hemodynamic changes regulate multi-
ple signaling pathways in various vascular wall cells.45–47 The

Fig. 3 Regulatory mechanisms of tensile force, hydrostatic pressure, and shear stress on different cell types. Red arrows refer to stretching
force, green arrows refer to shear stress, and black arrows refer to hydrostatic pressure. ADRB β adrenoceptors, ECM extracellular matrix, ERK
extracellular signal-related kinase, MCP1 monocyte chemotactic protein 1, MCPIP1 MCP1-induced protein, MMP matrix metalloprotease,
mTOR mammalian target of rapamycin, NF-κB nuclear factor-κB, TGFβ transforming growth factor β, TNFα tumor necrosis factor α, VCAM-1
vascular cell adhesion molecule 1
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(40 mmHg) promotes atrial electrophysiological remodeling and
inflammatory response by regulating the ion flow, reducing atrial
fibrillation.19

HP signals transduce through various functional proteins and
signaling pathways (Fig. 3). For parenchymal cells such as
hepatocytes and hepatic stellate cells (HSCs), the subcapsular HP
affects the biochemical processes.20 The cytoskeleton-related
signals (i.e., RhoA, ROCK, α-SMA) are enhanced by 50mmHg of
HP on HSCs. The increase of interstitial fluid pressure activates the
HSCs to facilitate fibrosis progression.21 Moreover, in hollow
organs such as the urinary bladder, the uroplakins (Ia/Ib/II/III) on
the epithelial cell membrane, which play a pivotal role in cell
differentiation,22,23 are the main components of the high-
resistance barrier of urinary bladder urothelium.24 Intravesical
sustained HP above 40 cmH2O is generally known as pathological
pressure and is a potential cause of fibrosis.25 It has been reported
that 200 cmH2O HP can facilitate the expression of uroplakin Ia
and uroplakin II protein in urothelial cells, which are the key
factors for extracellular signal-related kinase (ERK) 1/2 pathway
activation.26

All the mechanosensitive parenchymal cells and nonparench-
ymal cells (i.e., fibroblasts and immune cells) serve as effectors
responding to HP. For example, endothelin-1 (ET-1) and nitric
oxide are increased under HP and identified as novel insights for
vascular remodeling.27 The M3 muscarinic receptor subtypes are
mainly distributed in the neck and dome region of the urinary
bladder. M2 and M3 muscarinic receptors are involved in the
cholinergic transmission process in the human detrusor muscle or
dome.28,29 Pathological HP also induces atrial fibroblast prolifera-
tion and collagen deposition through the transforming growth

factor β1 (TGFβ1)/Smad3 pathway.30 Similarly, the motility and
proliferation of fibroblast are promoted by increased HP-induced
p38 MAPK cascades.31,32

Fluid shear stress
The intra-organ or intra-capsule fluid can both generate FSS by the
fluid flow. Typical FSS exists in human vasculature (i.e., vessel
bifurcations, stenosis, aortic aneurysms, heart valves, and capillary
networks), including shear and extensional flow.33 The shear flow
is classified as laminar flow and turbulent flow influenced by the
structure of the lumen. Uniaxial extensional (elongational) flow is
the flow acceleration parallel to the vascular wall. Extensional
stress is common in regions with sudden contractions or
expansions of fluid flow. Stable flow or laminar flow functions in
anti-inflammation, anti-adhesion, and anti-thrombosis in the
vascular wall.34 However, persistent turbulent flow in the vascular
wall can increase the endothelial permeability (i.e., junctional
proteins alteration) and proinflammatory signaling (i.e., nuclear
factor κB [NF-κB] signaling, adhesion molecules activation) to
promote the formation of lesions.35,36

FSS determines the tissue homeostasis such as blood vessels,
the heart, the airway, and the urinary bladder37–39 (Fig. 3). The
frictional forces generated by the bloodstream, also known as the
wall FSS, can lead to the luminal stress of the vascular wall.40 High
FSS can induce anti-inflammatory effects, such as Klf2/4 or
endothelial nitric oxide synthase (eNOS). The turbulent flow,
oscillatory, and low FSS trigger pro-inflammatory responses. In the
circulatory system, the bloodstream is generated by the heart
contract, which produces FSS. In this situation, FSS is determined
by wall shear rate and blood viscosity.41 FSS in large blood vessels

Fig. 2 Cellular mechanotransduction in tissues and organs. Typically, fluid shear force and hydrostatic pressure exist in blood vessels. Tensile
force, hydrostatic pressure, and fluid shear force function in the urinary bladder. The fluid shear force and tensile force function in the
intestine. The ECM stiffness functions in fibrotic liver. ECM extracellular matrix, EMT epithelial–to-mesenchymal transition. This figure was
partly created using Biorender.com
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renewal, differentiation, and proper tissue 
function.
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and arterioles are approximately 10 dyn/cm2 and 50 dyn/cm2,
respectively.42 Many studies have shown that FSS facilitates
epithelial cells and triggers atherosclerosis, lipid deposition, and
vessel wall thickening,43 while the endothelial cells remain

polygonal in shape and unorganized in turbulent flow or low
FSS (≤5 dyn/cm2).44

The blood flow-induced hemodynamic changes regulate multi-
ple signaling pathways in various vascular wall cells.45–47 The

Fig. 3 Regulatory mechanisms of tensile force, hydrostatic pressure, and shear stress on different cell types. Red arrows refer to stretching
force, green arrows refer to shear stress, and black arrows refer to hydrostatic pressure. ADRB β adrenoceptors, ECM extracellular matrix, ERK
extracellular signal-related kinase, MCP1 monocyte chemotactic protein 1, MCPIP1 MCP1-induced protein, MMP matrix metalloprotease,
mTOR mammalian target of rapamycin, NF-κB nuclear factor-κB, TGFβ transforming growth factor β, TNFα tumor necrosis factor α, VCAM-1
vascular cell adhesion molecule 1
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are highly expressed in the cardiomyocyte to promote fibro-
sis.256–258 Besides, cardiac fibroblast expresses α1β1, α2β1,
α11β1, and β3 integrins, which act as collagen-binding
integrins.259–262 The integrin αv is recognized as a principal
pathway in multiple organ fibrosis. The attenuation of integrin αv
can alleviate liver and lung fibrosis.263 The integrins α1β1, α2β1,
α3β1, α4β1, α5β1, α6β1, αvβ1, αvβ3, and αvβ5 have all been
identified in cardofibroblast that play important role in cardiac
remodeling. Apart from the above statement, the integrins α8β1
and α11β1 are selectively expressed HSCs that induce liver
fibrosis.264,265

Integrins are also recognized as mechanotransducers in cell-
ECM and cell-cell communication processes.258,266 Integrins can
respond to various mechanical cues, especially the ECM stiffness
(Fig. 5). Integrin signaling is assisted by many signaling molecules,
including talin, paxillin, vinculin, FAK, ILK, and α-actin, to form links
between intracellular and extracellular signals.267,268 Integrin-
associated signaling pathways are activated by mechanical cues
to promote cell proliferation, cell apoptosis, cell migration, cell
survival, angiogenesis, and ECM deposition with positive feedback.
For example, matrix crosslinking can enhance the integrin
signaling cascades to facilitate tumor progression and tissue
fibrosis.269,270 In renal fibrosis, ECM deposition and cross-linking
result in pathological fibrotic change induced by mechanical

stress.271 The integrin αvβ3 serves as a mechanosensor to
promote the development of keloid.272 A stiffening keloid matrix
activates integrins to induce gene expression through FAK/ERK
signaling pathway and interacts with TGFβ/Smad cascades as
well.273 In cellular mechanotransduction process, integrin-
dependent RhoA/ROCK signaling is required in signal transduction
and the related gene expression of fibrosis. Besides, RhoA/ROCK
also triggers nonmuscle myosin II activity that influences the
architecture of cytoskeleton. TF triggers integrins to interact with
FAK and Src family kinases and promotes cell stiffening.274 The
change of cytoskeleton transduces the signal to activate YAP/TAZ
dephosphorylation and translocate into the nucleus to promote
downstream gene expression through FAK, Src, and JNK signaling
pathways.275–277

Taken together, integrins are important sensors in mechan-
otransduction, which can interact with many functional domains
and signaling pathways to promote pathophysiological processes.
Given that many emerging therapies targeting integrins (i.e., α4β7,
αvβ6, and α5β1) in multiple diseases are in process (Table 2),
whether the interventions affect normal tissue or organs is
uncertain. Therefore, more tissue- or organ-specific therapies
targeting integrins are needed. In addition, how these integrins
communicate with other receptors, ion channels, or transmem-
branal proteins still needs further discussion.

Fig. 5 Mechanisms of integrins responding to mechanical stimulation. The β integrin interacts with ILK and talin to trigger downstream
cascades. ECM extracellular matrix, ILK integrin-linked kinase
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diseases. Therefore, investigating mechanical cues in normal
conditions and diseases is essential and provides insights for
therapies targeting multiple diseases.

CRITICAL EFFECTORS IN MECHANICAL SIGNALING
Mechanical effectors have been widely investigated in recent
years, mainly including ion channels,169–178 receptors,179–181

integrins,182,183 and transcriptional factors.184–187 These sensors
behave differently in the mechanotransduction process and some
mechanisms are still poorly elaborated. They function depen-
dently or cooperatively and the interactive networks are
sophisticated in regulating cell function. Hence, several typical
and highlighted sensors are depicted in the current review.

Piezo channels in mechanotransduction
Piezo proteins (Piezo1 and Piezo2) are mechanosensitive ion
channels encoded by two genes at chromosomes 16 and 18 in
humans. Piezo proteins are initially identified as evolutionary
conserved mechanically activated cation channels, producing the
most stable current under mechanical stimulation.188,189 Human
transmembrane Piezo1 consists of 2521 amino acids, and Piezo2

consists of 2752 amino acids with a molecular weight of about 300
kDa.190,191 The Piezo channels with three kinetic states (open,
closed, and inactivated) are responsible for converting the
mechanical cues into biochemical signals.192,193 It has been
proved that Piezo1 senses bilayer tension in bleb membranes
that can be modulated by cytoskeletal proteins and ECM
stiffness.194–196 Piezo1 selectively conducts cations including K+,
Na+, Mg2+, and especially Ca2+, while Piezo2 indicates non-
selective properties in ions conduction.188,197

Piezo channels function in the cardiovascular, gastrointestinal,
nervous, respiratory, exercise, and urinary systems of the human
body198–225 (Table 1). Piezo channels have been reported to be
related to several pathophysiological processes, including ery-
throcyte volume regulation,201 cell division,226 cell migration,227

and innate immunity.228 Piezo channels are presented in various
mechanically sensitive cells coupling Ca2+ transmembrane con-
version.229 In addition, Piezo1 is mainly associated with Ca2+

signaling, and Piezo2 functions in touching sensation, tactile pain,
balance, respiration, blood pressure, and urinary bladder full-
ness.218,230–232 For instance, the ablation of Piezo2 results in
impaired bladder filling in humans and mice.221,225 In the innate
immune system, immune cells respond to the local environment

Fig. 4 Cellular mechanotransduction of ECM stiffness. The integrins convey mechanical and biochemical signals from ECM into cells and
facilitate cell proliferation, differentiation, migration, and invasion. The RhoA/ROCK pathway is activated, enhancing collagen and fibronectin
accumulation. Talin/FAK facilitates the assembly of F-actin to promote signal transduction. The actin connects with myosin II and conveys the
mechanical cues to the nucleus. YAP/TAZ is translocated into the nucleus to promote the transcription of downstream genes, collagen
synthesis, and cell differentiation. ECM extracellular matrix, ER endoplasmic reticulum, ERK extracellular signal-related kinase, FAK focal
adhesion kinase, ILK integrin-linked kinase, P phosphate, TGFβ transforming growth factor β
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Example: Focal adhesions serve as a prime illustration of 
bidirectional mechanobiological processes. When a cell 
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mechanical signaling can trigger intracellular responses, such 
as changes in gene expression, cytoskeletal rearrangements, or 
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adhesions through the actomyosin cytoskeleton. These forces 
are involved in various cellular processes, including cell 
migration, tension sensing, and tissue remodeling. As the cell 
applies forces to the ECM, it can influence its own 
microenvironment, potentially affecting neighboring cells and 
the overall tissue architecture.
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distress syndrome (ARDS)-associated pulmonary fibrosis via
Piezo1-mediated Ca2+ influx and ATP release in lung epithelial
cells.564 In addition, physiological stress promotes the develop-
ment and structural stability of tissues and organs, while
pathological stress disrupts this balance, thus resulting in
irreversible damage to anatomical functions.565

Mechanical cues can target nearly all types of cells in the human
body. Fibroblast, a common functional cell type in fibrosis,
responds to the mechanical cues in fibrosis progression. In the
early stage of tissue injury, mechanical cues integrates with
inflammatory factors to enhance tissue adhesion and fibrosis.566

For example, the elevated ECM stiffness regulates fibroblast DNA
methylation and chromatin condensation.567 Persistent fibroblast
phenotype forms after the first week’s rapid response to ECM
stiffness. In myocardial fibrosis, Selenbp1 knockdown enhances
fibroblast activation and deters fibroblast transformation to
matrix-degrading form.568 Mechanical cues activate TGFβ1, which
is latent in ECM, subsequently activating fibroblasts.569 The
activated fibroblasts are transformed to injury-related fibroblasts
subtype, promoting ECM secretion. In addition, epithelial and
endothelial cells can also sense changes in intracellular mechan-
ical signals during tissue damage. Mechanosensors of epithelial
and endothelial cells include adhesion protein complexes, primary
cilia, and mechanosensitive ion channels.199,570 The activation of
sensors can lead to functional alterations of the endothelial and

epithelial barrier, inflammatory signaling, arteriogenesis, cell
migration, invasion, adhesion, and proliferation.61,571 Endothelial
cells transduce signals to the surrounding microenvironment
through growth factors and chemokines.572 ECM can activate the
cell status and promote fibrosis progression through biomecha-
nical signals in a continuous and persistent manner.573 Apart from
epithelium and endothelium, smooth muscle cells, HSCs, and renal
tubular cells can also serves in cellular mechanotransduction.
Furthermore, several mechanical cues-induced signaling path-

ways are engaged in muscarinic receptor-mediated fibrosis.
Muscarinic receptor-mediated HP/NF-κB induces the pro-
inflammatory processes in the urothelium and smooth muscle of
the urinary bladder.25,574 Similar performances are also observed
in β adrenoceptors and integrin/FAK signaling.430,575,576 However,
the β2 adrenoceptors in the heart can strengthen heart
contraction and heartbeat by coupling with adenylyl cyclase,
which is contrary to the observations in the urinary bladder.577,578

It is speculated that tissue heterogeneity is a possible reason for
this and further validations are required. In addition, the monocyte
chemotactic protein 1 (MCP1) and its receptor chemokine (C-C
motif) receptor 2 (CCR2), and MCP1-induced protein (MCPIP1) are
also engaged in mechanical cues-induced fibrosis. Pathological HP
regulates the human bladder smooth muscle cell proliferation
through MCP1/CCR2-SGK-1 signaling and contraction through
MCP1/CCR2-MCPIP1.579,580 Therefore, HP is important in tissue

Fig. 6 A schematic view of the fibrotic response. The innate and adaptive immune systems are activated at the tissue repair stage. The pro-
inflammatory chemokines and cytokines secreted by macrophage cells trigger the inflammatory recruitment process. TGFβ1, IL-17, and IL-18
from immune cells promote fibroblast proliferation and transformation. In addition, type I and type II immunity are cross-activated for defense
and metabolic homeostasis maintenance. The adaptive immune CD4+ Th2 cell can directly activate fibroblasts by IL-4 and IL-21, independent
of TGFβ1 induced fibrosis. Excessive ECM deposition leads to fibrosis ultimately. ECM extracellular matrix, EMT epithelial-to-mesenchymal
transition, IL interleukin, ILC2 group 2 innate lymphoid cells, MMP matrix metalloprotease, Th2 T helper 2, TGFβ1 transforming growth factor
β1, TNF tumor necrosis factor

Cellular mechanotransduction in health and diseases: from molecular. . .
Di et al.

15

Signal Transduction and Targeted Therapy ����������(2023)�8:282�

EMT transcription factor TWIST1 is phosphorylated by LYN and
releases TWIST1 to the nucleus, thereby facilitating EMT and
invasion. More and more researchers started to regard the
mechanical properties of microtubules and their dynamics as
the major mechanism for tubulin.656 The change in microtubule
properties affects the migration of cancer cells. A recent study
showed that ECM stiffness-activated of glutamine catabolism can
induce microtubule glutamylation to stabilize the MT network,
thereby promoting cancer aggressiveness.657

For cancer dissemination, blood, and lymphatic circulations are
important factors contributing to the efficiency of cancer cell
transit from the primary tumor, metastasis, and extravasation.658

In the circulatory system, flow rates and FSS affect the survival of
cancer cells. After being exposed to FSS in the circulatory system,
anti-anoikis properties of the circulating tumor cells (CTCs) can be
improved.659 Specific circulatory transition phenotype cancer cells
can survive prolonged FSS and lead to cancer dissemination with
a shorter survival.660 It has been demonstrated that low FSS can
activate β1 integrin trafficking through cytoskeleton reconstruc-
tion and ROCK/histone deacetylase 6 (HDAC6)-mediated deacety-
lation of MT.661 In addition, intratumor pressure, ECM
compression, and lack of functional lymphatic vessels can all lead
to an increase in HP.662 The increased ECM macromolecules also
contribute to elevated ECF elevation, which enhances cell
migration and cancer dissemination through NHE1/RhoA/TRPV4-
dependent signaling.163

Mechanisms of anti-cancer therapy resistance induced by
mechanical cues. Cellular mechanotransduction in TME are critical
in cancer immunotherapy and contribute to immunotherapy

resistance.663 Mechanical cues lead to immunotherapy resistance
by being engaged in the anti-tumor immunity cascade.
The ECM stiffness in the tumor is often 5–10 times that in

normal tissue. For example, the normal stiffness of breast tissue is
0.4–2.0 kPa but increases to 12.0 kPa for breast cancer.664 Notably,
the stiffness of a tumor changes at different tumor stages. For
example, the elasticity of stage III lung adenocarcinoma is higher
than that of the stage II.665 Currently, numerous studies have
focused on the impact of ECM stiffness on cancer immunotherapy.
PD-L1 overexpression is an adaptive immune resistance strategy
for immune surveillance escape of cancer cells. It has been
demonstrated that lung cancer cells cultured on a 25 kPa medium
exhibited an increased expression of PD-L1 compared with those
cultured on a softer medium, possibly due to F-actin polymeriza-
tion.666 Furthermore, high ECM stiffness in TME will also affect
immune cell behaviors in the immunotherapy against cancer. In
response to ECM stiffness, the natural killer (NK) cells lyse cancer
cells to release antigens. Dendritic cells (DCs) and macrophage
cells are transformed into immunosuppressive phenotypes, which
lead to immunotherapy resistance. ECM stiffness also triggers DCs
differentiation and maturation.667 The migration of immune DCs
(iDCs) through ECM depends on integrin-based adhesion struc-
ture. C-type lectin receptors (CLRs), which are found on the surface
of iDCs, are downregulated by the stiff ECM in TME to prevent it
from binding with internalized antigens. On the other hand, the
degradation of ECM is essential for the migration and accumula-
tion of NK cells.668 Elevated ECM stiffness breaks the balance
between NK cell secretions of TIMP and MMP, thereby deterring
NK cells to proceed with tumor-killer functions.663 In addition,
tumor-associated macrophages (TAMs) are major immune cells in

Fig. 8 The mechanisms of mechanical cues-induced cancer cell behavior in tumor microenvironment. Mechanical cues induced cancer cell
growth, invasion, migration and metastasis in multiple signaling pathways. Cancer-associated fibroblasts engage in ECM remodeling process,
which trigger cancer cell migration and dissemination. ECF extracellular fluid, ECM extracellular matrix, EMT epithelial-to-mesenchymal
transition, HDAC6 histone deacetylase 6, NHE1 Na+/H+ exchanger 1, TRPV4 transient receptor potential vanilloid 4. This figure was created
using Biorender.com

Cellular mechanotransduction in health and diseases: from molecular. . .
Di et al.

19

Signal Transduction and Targeted Therapy ����������(2023)�8:282�

How mechanobiological processes are involved in various 
physiological and pathological conditions.
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YAP/TAZ in mechanotransduction
YAP was previously isolated from the interacting protein of Yes
kinase278 and acted as a transcriptional coactivator.279 In general,
YAP binds to TAZ to interact with the TEAD family of transcrip-
tional enhancers (TEAD1-4) to regulate gene transcription.280 YAP
functions in tissue and organ development, cell migration, tissue
regeneration, and homeostasis.281 YAP receives both biochemical
and biomechanical signals dependent or independent of the
Hippo signaling pathway. Once YAP is activated, it is depho-
sphorylated and translocates into the nucleus to regulate down-
stream gene expression. As a transcriptional coactivator, YAP often
functions with the assistance of several transcriptional factors,
such as Smad, RUNX, signal transducers and activators of
transcription (STAT), and others.
As a critical downstream effector of the Hippo signaling

pathway, Hippo/YAP signaling pathway regulates the regenera-
tion of organs and induces the occurrence and progression of
tumors and fibrotic diseases.282–285 For instance, in gastric cancer,
Hippo/YAP promotes cancer cell survival and metastasis by
activating SIRT/Mfn2/mitochondrial signaling.286 Current studies
have shown that ECM is one of the crucial factors promoting
fibrosis.287,288 ECM stiffness can significantly enhance matrix
deposition, cell adhesion, and tissue remodeling.118,289 YAP/TAZ
is highly expressed in fibrotic tissues and upregulates the
expression of ECM-related genes through TGFβ/Smad signaling
pathway.151 High expression of YAP in adherent cells promotes
normal cell proliferation in vitro.290 However, the excessive
dephosphorylation of YAP results in uncontrolled cell proliferation
and, ultimately, organ overgrowth and diseases.290 Studies
demonstrated that Yap knock-out mice presented attenuation in
cardiac hypertrophy and progression in fibrosis and apoptosis.
This indicated that YAP could promote hypertrophy and survival in
adaptive response.291 It was reported that YAP-regulated prolif-
eration of small intestinal epithelial cells in the nucleus controls
post-inflammatory cell regeneration and serves as a potential
therapeutic target for ulcerative colitis.292 Under various condi-
tions, YAP/TAZ also reprograms mature cells to a poorly
differentiated state both in vivo and in vitro.283 Besides, YAP/

TAZ also plays a crucial role in EMT,293 promotion of angiogen-
esis,294 hypoxic stress-induced cancer glycolysis,295 and
metabolism.281,296

More importantly, YAP/TAZ responds to mechanical cues,
including ECM stiffness, skeletal TF, cell geometry, cell density,
substrate adhesion, and non-directional FSS, thereby regulating
tumor and fibrosis progression.149,297,298 The currently known
biological stress-promoting effects of YAP are mainly manifested
in cell self-renewal,299,300 osteocyte differentiation,149,301 epithe-
lium and vascular remodeling,149,302,303 epithelial damage
repair,304,305 fibrosis,151,306–308 and others. Additionally, mechan-
ical cues can modulate YAP/TAZ activity via large tumor
suppressor kinase (LATS)-dependent or LATS-independent path-
ways. For example, it has been reported that ECM stiffness
interacts with TGFβ depending on YAP/TAZ and Smad2/3. The
inhibition of YAP/YAZ lowers the accumulation of Smad2/3 and
alleviates renal fibrosis.309 NUAK family kinase1 (NUAK1) expres-
sion is triggered by YAP/TAZ to create a positive feedback loop of
fibrosis.310 Fibroblast activation, a key result of fibrosis, is mediated
by CD44/RhoA/YAP signaling under mechanical stimulation in
crystalline silica-induced silicosis.311 ECM deposition and smooth
muscle actin expression are initiated, associated with fibroblast
generation and transformation.312 YAP has been identified to
respond to ECM stiffness-induced bladder smooth muscle
proliferation in urinary bladder fibrosis. Prolonged high ECM
stiffness results in YAP shuttle to the nucleus and bound to Smad3
to trigger a downstream proliferative cascade.313 Moreover, the
inhibition of mechanotransduction by YAP ablation restricts the
activation of Engrailed-1 to promote wound healing mediated by
Engrailed-1-negative fibroblast without scarring.314 Scarring is
attenuated by the limitation of ECM/YAP/integrin-triggered pro-
fibroblast phenotype, induced by P21-activated kinase (PAK)
protein inhibition.315 The potential YAP/TAZ-targeted drugs have
been ubiquitously investigated in several clinical trials (Table 3).
Besides, TRPV4 is another important mechanosensitive ion

channel that responds to mechanical cues, such as ECM stiffness.
For instance, ECM stiffness can induce the EMT process by
activating TRPV4/AKT/YAP signaling.316,317 Recently, mechanical

Table 2. Typical clinical trials targeting integrins

Integrin subtype Intervention/treatment Disease type Phase Current status ClinicalTrials.gov identifier

α5β1 Volociximab Metastatic renal cell carcinoma 2 Terminated NCT00100685

Pancreatic cancer 2 Completed NCT00401570

Ovarian cancer, primary peritoneal cancer 1/2 Completed NCT00635193

α4β7 Vedolizumab Ulcerative colitis 4 Recruiting NCT05481619

Crohn’s disease; ulcerative colitis Not applicable Completed NCT02862132

Inflammatory bowel disease Not applicable Completed NCT02712866

Type 1 diabetes 1 Recruiting NCT05281614

αvβ1; αvβ3; αvβ6 IDL-2965 oral capsule Idiopathic pulmonary fibrosis 1 Terminated NCT03949530

αvβ6; αvβ1 PLN-74809 Idiopathic pulmonary fibrosis 2 Completed NCT04072315

αLβ2; α4β1 7HP349 Solid tumor 1 Completed NCT04508179

Table 3. Typical clinical trials targeting YAP/TAZ

Target Intervention/treatment Disease type Phase Current status ClinicalTrials.gov identifier

YAP Simvastatin Prostate cancer 2 Recruiting NCT05586360

ION537 Advanced solid tumors 1 Completed NCT04659096

YAP/TAZ Zoledronate Breast cancer 2 Terminated NCT02347163

TEAD IK-930 Solid tumors 1 Recruiting NCT05228015
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Cell polarity and directed cell motion
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Mechanosensing in soft and stiff substrate
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Mechanisms of Directional Migration 
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Gradient Formation of Migratory Cues 
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ed on the type of ECM ligand: sheared cells plated on f i-
bronectin accumulated αvβ3-Shc complexes, whereas similarly
treated cells on vitronectin accumulated α6β1-Shc complexes
(22). The accumulation of these putative signaling complexes
under shear flow required dynamic interactions between inte-
grins and the activating ligands; blocking new binding of addi-
tional integrins with antibodies prevented the integrin-Shc asso-
ciation. Finally, other investigators have demonstrated that api-
cally applied forces require mDia1-Rho-mediated transmission
through the cytoskeleton to stimulate basal focal adhesion
growth and activity (23). All of these findings raise the possibil-
ity that the mechanical load in fluid shear flow is transmitted
from the luminal surface of the cell, through the cytoskeleton,
to the basal focal adhesions, and that this is where much of the
mechanochemical conversion occurs, rather than on the apical
cell surface. 

Despite the strong evidence for the
role of integrins and the cytoskeleton in
mechanotransduction, some researchers
argue that certain mechanosensitive
events may occur independently of focal
adhesion-dependent linkages to the cy-
toskeleton. For example, fluid shear flow
activates G proteins that have been recon-
stituted in liposomes, suggesting that lipid
bilayer distortion, or membrane fluidity, is
alone sufficient for activation in the cell
(10), and that such a mechanism could
account for transient shear-induced ERK
activation (24). Membrane transport 
vesicles called caveolae, which are char-
acterized morphologically by a smooth
invagination of the plasma membrane and
biochemically by the presence of cave-
olin, may also be important for mechan-
otransduction, in that flow induces tyro-
sine-phosphorylation and recruitment of
cytosolic signaling molecules to caveolae
(25). A separate study blocked the fluid
shear flow-activated ERK pathway by in-
troducing anti-caveolin-1 antibody into
the cytoplasm (26). Given the role of
caveolae in the compartmentalization and
concentration of cell-surface Gq, re-
searchers have also proposed that the 
Gq-caveolin complex functions as a
mechanotransducer (27).

But links are even emerging be-
tween integrins and these putative
membrane mechanotransducers. For in-
stance, caveolin-1 association with in-
tegrin subunits is required for Shc re-
cruitment to integrins, subsequent ERK
pathway activation, and adhesion-de-
pendent cell proliferation (28). These
findings agree well with the aforemen-
tioned independent findings that fluid
shear flow induces ERK activation both
through caveolin-1 and through activat-
ed integrins. As for biological respons-
es to shear flow mediated by G pro-

teins, increasing evidence suggests their connection to integrins
through an intermediate linker. Because caveolin-1 associates
with both G proteins and integrins, it is a good candidate. Other
studies, however, have uncovered a supramolecular complex
containing G protein subunits, an integrin-associated protein
(CD47), and integrins. This linkage possibility is particularly
intriguing in that CD47 (with five transmembrane segments)
appears to play the role of an adapter by associating with the
two integrin subunits to form a seven-transmembrane spanning
complex that resembles a traditional G protein-coupled receptor
(29).

The future of the field requires a more detailed view of the
connections between activated integrins, other structural com-
ponents of focal adhesions, and the signal transduction
molecules that are involved in mechanosensitive pathways (Fig.

P E R S P E C T I V E

Fig. 1. Schematic diagram of how forces applied through the ECM (A) or directly to the cell
surface (B) travel to integrin-anchored focal adhesions through matrix attachments or cy-
toskeletal filaments, respectively. Internally-generated tension and forces transmitted through
cell-cell contact similarly reach focal adhesions through the cytoskeleton. Forces concentrated
within the focal adhesion (magnified at bottom of figure) can stimulate integrin clustering and
induce recruitment of additional cytoskeletal linker proteins (Vin, vinculin; Pax, paxillin; Tal, tal-
in) that connect directly to microfilaments and indirectly to microtubules. Forces applied to this
specialized cytoskeletal adhesion complex also activate integrin-associated signal cascades.
Focal adhesion kinase (FAK) may be involved in Shc recruitment as well as modulation of Rho
activity which, in turn, can regulate the force response through mDia1. Caveolin-1 (cav-1) can
also recruit Shc to integrins to activate the ERK cascade. CD47 associates with the integrin
heterodimer to form a protein complex with seven transmembrane segments that mimics the
action of G protein-coupled receptors. In the case shown, when integrins are mechanically
stressed, the complex stimulates Gs-mediated up-regulation of the cAMP cascade through
adenylate cyclase (AC), resulting in nuclear translocation of the catalytic subunit of protein ki-
nase A, PKA-c. See text for details. MEK, mitogen-activated protein kinase or extracellular sig-
nal-regulated kinase kinase; ERK, extracellular signal-regulated kinase; GDP, guanosine
diphosphate; ATP, adenosine triphosphate.
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Schematic diagram of how forces applied through the ECM (A) or directly to the cell surface (B) travel to 
integrin-anchored focal adhesions through matrix attachments or cytoskeletal filaments, respectively. 
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Forces transmission: mechanotransduction

Iskratsch T et al; Nat Rev Mol Cell Biol 2014

and transduction

Mechanotransducers are in a Tug of war
Extracellular 
forces

Force generating machinery

(RECEPTORS)

(Mechano-TRANSDUCERS)

Pruitt, BL et al; Plos BIology_2014
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Techniques such as atomic force microscopy, traction force 
microscopy, and microfabrication tools that enable us to study 

mechanobiology at the cellular and molecular levels.
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Migratory response to ECM stiffness
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Dominio “rod” de Talina
Vinculin

Tension applied

[Mingxi Yao et al., (2016) Nat 
Commun]

[A. Kumar et al., (2016) J Cell Biol]

Talin tension is alterated by ECM stiffness

[L. Trichet et al., (2012) 
Proc Natl Acad Sci USA]

Mechanosensing by: 1) Cell adhesion tension

[A. Shellard & R. Mayor (2021) Dev Cell]
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Cellular Extension

[N. Yasuda et al., (2008) EMBO Rep.]

AT1R (activated by tension)

[U. Storch et al., (2012) Am J Physiol Heart 
Circ Physiol.]

GPCR activated form chemical ligand or 
membrane tension

Mechanosensing by: 2) plasma membrane lateral stretching
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Piezo1 (activated by tension)

GPCR

Ion 
Channel

[Adam Engler et al., (2004) 
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Gastrulation 
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Xenopus tropicalis embryo development

[Dan Magliano
(2016), Xenbase]

[H. Williams y J. Smith 
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Neurulation
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Migration in Craneal Neural Crest (CNC)

snail2 (st 25)

GPCRs
Cxcr4 [Theveneau et al. 
(2009), Developmental 
Cell]

C3aR [Carmona-Fontaine et 
al., (2011), Developmental 
Cell]

Mayor et al., 214, Biochem J. 29
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[Modified from Contos and Claing, (2009) Cell. Signal.

G-protein dependent cell migration
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Gai2 controls cranial NC migration by regulating mucrotubules dynamics

Villaseca et al., in revision

Modified from Pruit  et al., 2014

Gai2 (Mechano-TRANSDUCERS)



These findings may suggest a role for b-catenin in the
response to mechanical cues during cell migration,
although this possibility remains to be explored.

In this section, we have described the roles of only a
few structural elements in the process of mechan-
otransduction during cell migration. However, several
other structures and pathways have been suggested to
work as mechanotransductive elements of cells, in a
variety of cellular processes, aside from cell migration.
We refer you to a number of excellent reviews, written
on this topic [48,129–131].

Durotaxis: mechanosensing and
mechanotransduction in action

Cell migration is a dynamic process and when migrat-
ing on a chemical, electrical or stiffness gradient, cells
are required to constantly monitor changes in their
migratory substrate, that is, rigidity changes in the
case of durotaxis (Fig. 4). We have described several

cellular structures that have been proposed to work as
mechanical sensors and transducers in cells adhering
to substrates of isotropic stiffness (either soft or stiff).
Nonetheless, during durotaxis, migration occurs in a
rather anisotropic substrate, from which mechanical
cues must be differentially ‘read’ and transmitted
across the cell or the cluster. Hence, in this part of our
work we will refer just to work performed by analys-
ing cell behaviour in anisotropic surfaces.

Once internalized, the output of this differential
elasticity of the migratory substrate is translated into a
cascade that stabilizes cell polarity to bias the direction
of cell migration, transforming what is known as ‘ran-
dom walk’ into ‘directed cell migration’ (Box 1. Here,
we comment on advances that depict, in part, how the
above-described mechanisms of sensing and transduc-
tion of mechanical cues can work to direct cell migra-
tion via durotaxis.

As stated, most evidence points towards integrin-
based FAs and actomyosin-based contractility as key

Fig. 4. Durotaxis: mechanosensing and mechanotransduction in action. When cells follow stiffness gradients, different events can be

observed at the front and the rear of the cells. At the front, due to higher rigidity, there is high recruitment of FA proteins, higher rate of

assembly and thus larger FA size. On the other hand, in the rear of the cell, the softer substrate promotes lower recruitment of FA

proteins, with an increased frequency of FA disassembly. This asymmetry between front and rear generates a net flow of FA proteins to

the leading edge. Thus, mature FAs form mainly at the front to promote protrusion extension and establish the direction of migration to the

stiffer regions of the substrate.

2744 The FEBS Journal 289 (2022) 2736–2754 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Durotaxis in silico, in vitro and in vivo J. A. Espina et al.
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Does Gai2 function as a mechanotransducer?

Espina et al., 2021. The FEBS journal
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Traction force análisis in Xenopus cranial NC cells.
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Cranial NC cells morphology inalysis in response to different stiffness
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