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Abstract: Cells within tissues are subject to various mechanical forces, including hydrostatic pressure, shear stress, compression, 
and tension. These mechanical stimuli can be converted into biochemical signals through mechanoreceptors or cytoskeleton-dependent 
response processes, shaping the microenvironment and maintaining cellular physiological balance. Several studies have 
demonstrated the roles of Yes-associated protein (YAP) and its homolog transcriptional coactivator with PDZ-binding motif 
(TAZ) as mechanotransducers, exerting dynamic influence on cellular phenotypes including differentiation and disease 
pathogenesis. This regulatory function entails the involvement of the cytoskeleton, nucleoskeleton, integrin, focal adhesions 
(FAs), and the integration of multiple signaling pathways, including extracellular signal-regulated kinase (ERK), wingless/
integrated (WNT), and Hippo signaling. Furthermore, emerging evidence substantiates the implication of long non-coding 
RNAs (lncRNAs) as mechanosensitive molecules in cellular mechanotransduction. In this review, we discuss the mechanisms 
through which YAP/TAZ and lncRNAs serve as effectors in responding to mechanical stimuli. Additionally, we summarize and 
elaborate on the crucial signal molecules involved in mechanotransduction.
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1 Introduction 

Organisms respond to their environment for sur‐
vival, adaptation, and subsequent evolution. Mechanical 
forces play a crucial role in individual development 
and formation, and any imbalance in these forces can 
lead to tissue dysregulation and pathologies. At the 
cellular level, stimuli are perceived and response is given 
via the extracellular matrix (ECM), including chemical 
messages like hormones, and mechanical signals such 
as shear stress, pressure, tissue stiffness, and elastic 

modulus. This process of transducing mechanical sig‐
nals to intracellular biochemical messages, known as 
mechanotransduction, influences cell morphology, pro‐
liferation, and differentiation (Maurer and Lammerd‐
ing, 2019; Uray and Uray, 2021). The understanding 
of mechanosensitive molecules has evolved over time, 
with several significant breakthroughs. In the 1980s, 
the first mechanosensitive ion channel was identified, 
referred to as the “stretch-activated ion channel” (Corey 
and Hudspeth, 1979). This channel is responsible for 
sensing mechanical forces and converting them into 
electrical signals. Additionally, the potential role of in‐
tegrin in mechanotransduction was discussed (Ingber, 
1997). In the early 2000s, the discovery of Piezo1/2 
furthered our understanding of mechanotransduction 
in mammalian cells (Coste et al., 2010). Moreover, 
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several studies have identified and confirmed numer‐
ous other mechanotransduction-dependent proteins, in‐
cluding focal adhesions (FAs), G protein-coupled re‐
ceptors (GPCRs), and stretch-sensitive ion channels 
(e.g., two-pore domain K+ (K2p) channels and trans‐
membrane channels) (Tschumperlin, 2011; Driscoll et al., 
2015; Jin et al., 2020). These proteins are capable of 
perceiving physical stimuli and facilitating the conver‐
sion of mechanical messages to biochemical signals 
through physical unfolding or conformational changes 
(Goldmann, 2014; Kefauver et al., 2020; Jojoa-Cruz 
et al., 2022). In addition to these molecular compon‑
ents, the Hippo pathway, a well-known tumor sup‐
pressor signaling pathway, has been implicated in var‐
ious physiological processes, including organ size con‐
trol, stem cell development, and tumor progression. 
Zhao et al. (2007) discovered the involvement of the 
Hippo signaling pathway in regulating organ size and 
cell density through contact inhibition of proliferation 
(CIP) in mammalian cells, similar to its role in Dro‐
sophila. Further studies demonstrated that the Yes-
associated protein (YAP) can sense factors like cell den‐
sity and adhesion space to regulate its activity, high‐
lighting YAP and its homolog transcriptional coactiva‐
tor with PDZ-binding motif (TAZ) as key mechano‐
sensitive molecules (Zhao et al., 2007). There has been 
a growing emphasis on comprehending the role of 
YAP/TAZ as crucial mechanosensitive transcription 
activators and elucidating their specific mechanisms 
in mechanotransduction.

The YAP and TAZ proteins serve as the effectors 
of the Hippo signaling pathway. They regulate target 
gene expression by translocating to the nucleus and 
binding to YAP-transcriptional enhanced associate do‐
main (TEAD) family proteins (Dupont et al., 2011). 
Research has shown that the activity of YAP/TAZ can 
be influenced by substrate stiffness. That is, on a stiff 
matrix, YAP becomes activated and translocates to 
the nucleus, while on a soft substrate, it is phosphory‐
lated and remains in the cytoplasm. This process has 
been found to be associated with various signaling 
pathways, including extracellular signal-regulated ki‐
nase (ERK), wingless/integrated (WNT), and Hippo 
signaling (Morgan et al., 2013; Driscoll et al., 2015; 
Wang et al., 2015; Aharonov et al., 2020; Owens et al., 
2020). In addition, the cytoskeleton and nucleoskele‐
ton have been identified as mediators of YAP mechano‑
transduction, both dependent on and independent of 

large tumor suppressor kinase 1/2 (LATS1/2) (Driscoll 
et al., 2015; Elosegui-Artola et al., 2017; Owens et al., 
2020). This YAP/TAZ-dependent mechanotransduc‐
tion is involved in many physiological processes such 
as stem cell differentiation (Dupont, 2016; Chu et al., 
2021; Virdi and Pethe, 2021), bone homeostasis, tissue 
repair (Yui et al., 2018), and tissue reprogramming 
(Kurotsu et al., 2020). Besides, YAP/TAZ-mediated 
mechanotransduction can impact tumorigenesis and 
other diseases. Therefore, we summarize the mech‐
anisms and molecules involved in the YAP/TAZ-mediated 
response in mechanotransduction, and thus expand 
the regulatory network of YAP/TAZ upstream and 
downstream.

Non-coding RNAs (ncRNAs) represent nearly 
98% of all genome outputs in humans, playing a critic‑
al role in the downstream regulation of signal trans‐
duction (Gao et al., 2022; Hu et al., 2022). Among 
them, long non-coding RNAs (lncRNAs) are tran‐
scripts longer than 200 nucleotides that lack protein-
coding ability, although they may encode small pep‐
tides (Choi et al., 2019; Wu et al., 2020). Recent evi‐
dence underscores the significance of lncRNAs in epi‐
genetic regulation, cell cycle regulation, and cell dif‐
ferentiation regulation. Given the close relationship 
between cell differentiation and extracellular mechan‐
ical forces, lncRNAs have garnered significant atten‐
tion in the process of mechanotransduction. Herein, 
we enumerate several lncRNAs that respond to mech‑
anical signals and discuss the potential of lncRNAs to 
mechanistically respond to these signals by interact‐
ing with YAP/TAZ, enhancing our comprehension of 
mechanotransduction.

2 Responses of YAP/TAZ network to mechanical 
messages 

The mechanism of YAP/TAZ mechanotransduc‐
tion is complex and involves multiple components. In 
this study, we present the most widely accepted effec‐
tors and summarize their regulatory pathways to stream‐
line and facilitate the comprehension of this process 
(Fig. 1).

2.1 Cytoskeleton

The cytoskeleton, composed of actin, microtu‐
bules, and intermediate fibers, is a dynamic network 
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that can sense and transmit mechanical forces through 
the modulation of regulatory factors such as capping 
proteins, depolymerizing factors, and severing pro‐
teins (Fletcher and Mullins, 2010). Studies have indi‐
cated that cytoskeleton dynamics are involved in regu‐
lating cell contact and spreading (Aguirre Ghiso et al., 
1997; Tanoue and Takeichi, 2004). Zhao et al. (2007) 
discovered that YAP localization and activation were 
influenced by cell contact, suggesting a potential con‐
nection between YAP and cytoskeleton-mediated mech‐
anotransduction. GPCR signaling, a famous signaling 
that modulates rearrangements of the cytoskeleton, 
has also been found to regulate the Hippo pathway, 
with different effects depending on the coupled G pro‐
tein (Yu et al., 2012). These findings underscore a regu‑
latory network between YAP and cytoskeleton-related 
mechanotransduction, implying that YAP may modu‐
late mechanotransduction in a cytoskeleton-dependent 
manner.

In order to investigate the role of YAP in mech‐
anotransduction, Aragona et al. (2013) discovered 

that filamentous actin (F-actin)-capping and -severing 
proteins, such as Cofilin, CapZ, and Gelsolin, suppress 
YAP nuclear translocation by inhibiting F-actin poly‑
merization. Additionally, inhibitors of globular actin 
(G-actin), such as Latrunculin B and myosin II inhibi‐
tor Blebbistatin, also sequester YAP in the cytoplasm 
(Bruyère et al., 2019; Liu et al., 2019). Research has 
shown that F-actin bundles, rather than branches or 
other forms of cytoskeleton, are essential for modulat‐
ing YAP activation in mechanotransduction, and this 
route is mainly LATS-independent (Aragona et al., 
2013; Hoffman et al., 2020; Owens et al., 2020).

Further studies have also shown that of all the 
cytoskeleton components, stress fibers, consisting of 
F-actin and myosin, have been particularly implicated 
in the regulation of YAP-mediated mechanotransduc‐
tion (Driscoll et al., 2015). Impaired stress fiber for‐
mation on a soft matrix leads to YAP phosphorylation 
and cytoplasmic retention (Solon et al., 2007; Tee et al., 
2011), whereas a stiff ECM promotes stress fiber for‐
mation and translocation of YAP to the nucleus in 

Fig. 1  Proposed mechanisms linking YAP/TAZ activity to mechanical cues from the ECM. (a) Activation of YAP/TAZ in 
response to high mechanical tension. Increased extracellular tension leads to the interaction between integrins and FAs, 
triggering Rho GTPase activation, G-actin polymerization, and the formation of F-actin. This complex stretches the 
LINC complex, leading to the inactivation of LATS1/2 and facilitating the nuclear translocation of YAP/TAZ for gene 
expression. (b) Inactivation of YAP/TAZ under low mechanical tension conditions. When cells experience low extracellular 
tension, the connection between integrins and FAs becomes unstable, causing F-actin depolymerization into G-actin. 
This process triggers the activation of the Hippo pathway, resulting in the cytoplasmic retention of YAP/TAZ and 
subsequent degradation induced by 14-3-3. YAP: Yes-associated protein; TAZ: transcriptional coactivator with PDZ-
binding motif; ECM: extracellular matrix; FAs: focal adhesions; Rho: Ras homology; GTPase: guanosine triphosphatase; 
G-actin: globular actin; F-actin: filamentous actin; LINC: linker of nucleoskeleton and cytoskeleton; LATS: large tumor 
suppressor kinase; TEAD: transcriptional enhanced associate domain; MOB1: Mps one binder kinase activator-like 1; 
MST1/2: macrophage stimulating 1/2; SAV: Salvador family WW‑domain‑containing protein; P: phosphorylated.

282



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2024 25(4):280-292    |

a LATS1-independent manner (Engler et al., 2004; 
Elosegui-Artola et al., 2017).

According to further studies, LATS1/2 kinases 
and Ras homology (Rho) guanosine triphosphatases 
(GTPases) have been shown to participate in YAP 
mechanotransduction related to F-actin. Cytoskeleton 
polymerization inhibits LATS1/2 and promotes YAP 
nuclear localization during cell attachment, while cyto‐
skeleton reorganization upon cell detachment activates 
LATS1/2, leading to YAP phosphorylation and inhib‑
ition (Zhao et al., 2012). The Rho/Rho-associated coiled-
coil containing protein kinase (ROCK) signaling path‐
way, which mediates actin cytoskeleton reorganiza‐
tion, acts downstream of cellular tension to promote 
YAP/TAZ nuclear translocation by inhibiting LATS1/2 
activity (Zhang et al., 2018).

However, LATS1/2 knockdown is insufficient 
to reverse the decrease in YAP/TAZ activity caused by 
mechanical cues, indicating the involvement of LATS1-
independent mechanisms (Dupont et al., 2011). 
Caveolin-1 (CAV-1), for example, facilitates actin or‐
ganization and actomyosin contraction, thereby acti‐
vating YAP independently of LATS (Moreno-Vicente 
et al., 2018; Chu et al., 2021; Wu et al., 2022). More‐
over, the PDZ and LIM domain protein 5/7 (PDLIM5/
7, Enigma homolog) has been discovered to directly 
promote YAP nuclear translocation without affecting 
the kinase activity of the LATS family (Elbediwy et al., 
2018; Liu et al., 2021). In addition, Merlin, a tumor 
suppressor protein, is involved in YAP/TAZ nuclear 
localization through the modulation of circumferential 
actin β tension (Furukawa et al., 2017). Mechanically, 
the tension in the circumferential actin β at high-
density epithelial cells diminished the association be‐
tween E-cadherin and Merlin, leading to the nucleo-
cytoplasmic shutting of Merlin and the formation of 
YAP/TAZ nuclear export complex, thereby inhibiting 
the YAP and cell proliferation (Furukawa et al., 2017).

In summary, the polymerization state of F-actin 
regulates YAP activity through both LATS-dependent 
and -independent mechanisms in mechanotransduc‐
tion processes.

2.2 Nucleoskeleton

The dynamic network of the cytoskeleton actively 
senses and transmits mechanical forces within cells. 
Apart from the cytoskeleton, the F-actin-mediated 
nuclear skeleton also plays a significant role in the 

mechanotransduction process of YAP/TAZ (Driscoll 
et al., 2015; Elosegui-Artola et al., 2017). The linker 
of nucleoskeleton and cytoskeleton (LINC) complex, 
serving as a bridge between cytoskeleton and nu‐
cleoskeleton, plays an essential role in mediating 
the sense and response of the nucleus to mechanical 
stresses.

The LINC complex consists of an SUN (SAD1/
UNC84 homology) domain protein at the inner nuclear 
membrane and a KASH (Klarsicht, ANC-1 and Syne/
Nesprin homology) domain protein at the outer nuclear 
membrane (Tschumperlin, 2011; Driscoll et al., 2015; 
Maurer and Lammerding, 2019; Janota et al., 2020; 
Uray and Uray, 2021). Through their primary compon‑
ents, the SUN protein interacts with the nucleoskele‐
ton and the KASH protein binds to the cytoskeleton, 
enabling force transmission across the nuclear enve‐
lope. It has been observed that disruption of the LINC 
complex, for instance by the knockout of nuclear en‐
velope spectrin repeat protein 1 (Nesprin-1), results in 
decreased cell contractility and inhibits YAP nuclear 
accumulation, highlighting the significant role of a 
functional LINC complex in facilitating the mechano‐
responsive behavior of YAP (Driscoll et al., 2015). 
Conversely, enhancing the LINC complex under cer‐
tain mechanical conditions increases the sensitivity of 
YAP to mechanical signals. For example, uniaxial mech‑
anical stimulation reinforces actin assembly and pro‐
motes the formation of linear SUN2 (SUN domain 
protein 2) lines, subsequently activating the nuclear 
accumulation of mechanically-sensitive transcription 
factors, including YAP/TAZ (Hoffman et al., 2020). 
Furthermore, the effect of changes in the LINC com‐
plex on the nuclear translocation of YAP has been in‐
vestigated. It has been found that on a stiff substrate, 
the integrin/FAs–stress fibers–LINC complex axis trans‐
mits stretch force to the nucleus, causing nuclear flat‐
tening and loss of nuclear lamina, ultimately promot‐
ing YAP nuclear accumulation (Driscoll et al., 2015; 
Bruyère et al., 2019; Hoffman et al., 2020). Further 
studies demonstrated that applying mechanical force to 
Nesprin-1 in isolated nuclei triggers nuclear stiffen‐
ing, dependent on the nuclear lamina and emerin, em‐
phasizing the irreplaceable role of the LINC complex 
(Guilluy et al., 2014).

The nuclear lamina also plays a critical role in 
the LINC complex-mediated regulation of YAP mech‐
anotransduction. As a fibrous meshwork in the inner 
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nuclear membrane, it consists of A- and B-type lam‐
ins and lamin-associated proteins, which determine 
the morphology and stiffness of the nucleus. Normally, 
the nuclear lamina acts as a backbone for multiple 
chromatin anchoring sites, and any structural changes 
result in chromosome architectural alterations, there‐
by affecting DNA transcription activity (Shevelyov and 
Ulianov, 2019). Studies have demonstrated that on a 
soft matrix, cells and nuclei maintain a rounded shape, 
with YAP remaining in the cytoplasm for degradation. 
However, with increasing matrix stiffness, cells be‐
come more dispersed, the nucleus flattens, and YAP 
translocates to the nucleus (Elosegui-Artola et al., 
2017). This nucleus deformation induces changes in 
chromatin stretching and decompensation by losing 
highly compact A-type lamin, stimulating DNA tran‐
scription and the activation of mechanosensitive tran‐
scription regulators like YAP/TAZ (Donnaloja et al., 
2020). Furthermore, the nuclear lamina interacts with 
intima proteins, nuclear pore complexes, and other nu‐
clear factors in eukaryotic cells, regulating the size 
and shape of nuclear pores, and in turn altering trans‐
membrane substance transport. When cells are cul‐
tured on a stiff substrate, the stretch forces transmitted 
from the ECM cause the disintegration of proteins in 
the nuclear lamina, opening nuclear pores to the cyto‐
plasm and increasing the import rate of YAP through 
both active and passive transports (Driscoll et al., 2015; 
Bruyère et al., 2019; Hoffman et al., 2020). Impaired 
matrix stiffness sensing and the ability to withstand 
mechanical stretching of the ECM have been ob‐
served in muscle stem cells from patients carrying A-
type lamin mutations, resulting in the aberrant regula‐
tion of YAP and compromising its function (Bertrand 
et al., 2014; Schwartz et al., 2017; Owens et al., 2020). 
Furthermore, transcription factors bound to the nu‐
cleoskeleton can also impact YAP mechanotransduc‐
tion. Chang et al. (2018) reported that some nuclear 
co-factors like AT-rich interaction domain-containing 
protein 1A (ARID1A, a switch/sucrose non-fermentable 
(SWI/SNF) subunit) can bind to YAP/TAZ and inhibit 
its activity. They found that under high mechanical 
stress, nuclear F-actin can directly bind to the ARID1A-
containing SWI/SNF complex (ARID1A-SWI/SNF), 
limiting the formation of the ARID1A-SWI/SNF-YAP/
TAZ complex. This promotes the YAP/TAZ complex 
formation and the downstream expression of target 
genes. These findings highlight the significance of 

the nuclear lamina in connecting cytoplasmic cyto‐
skeletal tension with the nuclear activation of YAP, 
ultimately expanding our understanding of YAP 
mechanotransduction.

In conclusion, the LINC complex and the nucleo‐
skeleton, particularly the nuclear lamina, are crucial com‐
ponents in regulating YAP/TAZ mechanotransduction.

2.3 Integrin and focal adhesions

The initial and crucial step in cell mechanotrans‐
duction involves the perception of external mechanical 
signals by mechanosensitive molecules located in the 
cell membrane. Mechanosensors have been studied ex‐
tensively and can be categorized into stretch-activated 
ion channels, GPCR, integrins, and FAs (including fo‐
cal adhesion kinase (FAK), steroid receptor coactiva‐
tor (Src), vinculin, and talin). Herein, the focus is mainly 
on the roles of integrins and FAs in regulating the 
mechanotransduction of YAP/TAZ.

Integrins are a major class of ECM receptors 
composed of unique α and β subunits. They respond 
to various extracellular molecules, such as collagen, 
laminin, and fibronectin (Humphries et al., 2006), and 
induce a specific intracellular response (Seetharaman 
and Etienne-Manneville, 2018). Upon encountering a 
stiff substrate or high mechanical stress, integrins be‐
come activated and clustered, leading to conform‑
ational changes in FA components. This in turn recruits 
downstream signaling molecules and triggers the 
assembly of the actin-myosin cytoskeleton (Tamada 
et al., 2004; Goldmann, 2012). For instance, the appli‐
cation of mechanical force can induce an allosteric ef‐
fect in the extracellular domain of integrin αVβ3, lead‐
ing to increased expression levels of integrin αVβ3 
and fibronectin. Subsequently, FAs aggregate and regu‑
late the actin cytoskeleton function through down‐
stream signals such as RhoA GTPases, thus promot‐
ing F-actin assembly (Puklin-Faucher and Sheetz, 2009). 
Besides, tension applied on cells can cause a confor‐
mational change in vinculin, disrupting its binding to 
vinexin family proteins and promoting high-affinity 
binding between vinculin and F-actin. These processes 
result in F-actin polymerization and YAP activation 
(Kuroda et al., 2018).

Integrins and FAs can interconnect with intracel‐
lular signaling pathways, including mitogen-activated 
protein kinase (MAPK), ERK, and Hippo pathways, 
to respond to mechanical forces. On stiff matrices, FAs 
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mature and activate the ERK/MAPK pathway, enhanc‐
ing YAP/TAZ nuclear translocation (Owens et al., 2020). 
Conversely, FAs appear immature and vague in cells 
on soft substrates or small patterns, inhibiting the ac‐
tivity of ERK1/2 and downstream YAP/TAZ (Driscoll 
et al., 2015; Virdi and Pethe, 2021). Additionally, FAs 
enhanced by mechanical stress can activate the RhoA/
ROCK pathway and promote actin polymerization, 
which in turn inhibits the LATS1/2 activity and ul‐
timately activates YAP (Zhang et al., 2018). In MCF-
10A cells, the stimulation of fibronectin adhesion acti‐
vates FAK–Src–phosphatidylinositol 4,5-bisphosphate 
3-kinase (PI3K)–3-phosphoinositide-dependent pro‐
tein kinase 1 (PDK1) signaling, inhibits LATS, and 
stimulates YAP (Kim and Gumbiner, 2015). Moreover, 
ECM collagen type I can modulate FAK/Src to pro‐
mote the nuclear accumulation of YAP through the 
canonical WNT pathway, stimulating epithelial re‐
pair (Yui et al., 2018). Interestingly, YAP can also 
regulate the assembly of FAs through a feedback 
mechanism. YAP activation promotes FA assembly 
and increases cellular stiffness by upregulating genes 
encoding integrins and FA docking proteins, thereby 
forming a positive feedback loop that facilitates YAP 
signaling.

Although previous studies have emphasized the 
key role of FAs in mediating YAP mechanotransduc‐
tion, Nardone et al. (2017) found that the overexpres‐
sion of FAs (vinculin and zyxin) in adipose tissue-
derived mesenchymal stem cells (MSCs) does not im‐
pact cell size or YAP localization. They suggested that 
YAP nuclear accumulation is solely dependent on cell 
size and not on FA assembly in mechanotransduction. 
Moreover, their work highlights the significance of 
integrin αVβ3 in YAP-mediated mechanical transduc‐
tion by compensatory experiments (Nardone et al., 
2017). Overall, as the first responders to mechanical 
signals, integrins play a role in the regulation of YAP 
mechanotransduction through FAs and downstream 
signaling pathways, with FAs serving as intermediaries 
and solely transmitting the signal.

In summary, integrins and FAs are critical com‐
ponents of the mechanotransduction machinery. They 
play a crucial role in sensing and transmitting mechan‐
ical signals, modulating actin cytoskeletal dynamics, 
and participating in various signaling pathways to regu‑
late YAP/TAZ activity in response to mechanical 
forces.

3 Involvement of lncRNAs in mechanotrans-
duction

LncRNAs are a class of single-strand transcripts 
longer than 200 nucleotides with limited or no protein-
coding ability. Numerous studies have demonstrated 
their involvement in various processes, including 
epigenetic regulation, cell cycle regulation, and tumor‐
igenesis (Niu et al., 2020; Qu et al., 2022). Recently, 
attention has been increasingly drawn to the potential 
role of lncRNAs in mechano-response, leading to the 
identification of mechano-sensitive lncRNAs (Fig. 2). 
For example, Mantella et al. (2017) conducted a screen‐
ing study in human aortic smooth muscle cells exposed 
to circulatory mechanical stretching intervention and 
identified 580 differentially expressed lncRNAs out of 
30 586, which are implicated in cell differentiation 
and stress response.

Stem cell differentiation is closely linked to the 
regulation of external mechanical forces, particularly 
substrate stiffness (Discher et al., 2005). It has been 
reported that a soft matrix below 10 kPa promotes the 

Fig. 2  Involvement of lncRNAs in mechanotransduction. 
Under stress tension, mechanosensitive lncRNAs function 
by acting as miRNA sponges or modulating mRNA and 
proteins related to cell proliferation and differentiation. 
LncRNA: long non-coding RNA; miRNA: microRNA; 
mRNA: messenger RNA; FAs: focal adhesions; Neat1: 
nuclear paraspeckle assembly transcript 1; SNHG9: small 
nucleolar RNA host gene 9; CRYBG3: crystallin β-γ domain-
containing 3; F-actin: filamentous actin; G-actin: globular 
actin; LATS1/2: large tumor suppressor kinase 1/2; YAP: 
Yes-associated protein; TAZ: transcriptional coactivator with 
PDZ-binding motif; MEG3: maternally expressed gene 3.
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adipogenic differentiation of MSCs, while a stiff mat‑
rix above 30 kPa induces osteogenic differentiation. 
Additionally, MSCs cultured on a 48‒53 kPa matrix 
differentiate into muscle cells (Engler et al., 2006; Gu‐
vendiren and Burdick, 2012; Xu et al., 2017). Exten‐
sive research has suggested that lncRNAs participate 
in the regulation of MSC differentiation (Ju et al., 
2019). Wu et al. (2018) demonstrated that the lncRNA 
H19 acts as a positive regulator for the tension-
induced osteogenesis of human bone marrow MSCs 
(hBMMSCs). H19 functions as a microRNA-138 (miR-
138) sponge, activating FAK and subsequent mechano-
response (Leucht et al., 2007; Hu et al., 2016). Fur‐
thermore, tensile strain upregulates lncRNA maternally 
expressed gene 3 (MEG3) in a time-dependent man‐
ner, leading to the enhanced osteogenic differentiation 
of BMMSCs through the inhibition of miR-140-5p 
(Zhu GZ et al., 2021). In addition, MEG3 has been 
found to induce the endothelial differentiation of mouse-
derived adipose-derived stem cells (ADSCs) by reduc‐
ing miR-145-5p expression (Zhang et al., 2022). Re‐
cently, Liu et al. (2022) identified the mechanosensi‐
tive lncRNA nuclear paraspeckle assembly transcript 1 
(Neat1) under simulated microgravity, which forms 
the backbone of subnuclear “paraspeckle” bodies and 
plays a crucial role in bone remodeling. Neat1-knockout 
mice exhibited disrupted bone formation and reduced 
response of osteoblasts to mechanical stimulation. 
Mechanistically, Neat1 enhances the paraspeckle-
dependent translation of small mothers against decap‐
entaplegic homolog (Smad) ubiquitination regulatory 
factor 1 (Smurf1) messenger RNA (mRNA) to the nu‐
cleus and inhibits the ubiquitination-mediated degrad‑
ation of Runt-related transcription factor 2 (Runx2), an 
osteoblast-related protein.

Apart from regulating stem cell differentiation, 
lncRNAs are also involved in other processes related 
to mechanical transduction. For instance, lncRNA re‐
lated to mechanical stress (lncRNA-MSR, a thymosin 
β-4 (TMSB4) pseudogene), upregulated under cyclic 
tensile strain (CTS), regulates the expression of TMSB4 
and promotes cartilage degradation in chondrocytes 
by competing with miR-152 (Liu et al., 2016). Besides, 
studies have found that the expression of lncRNA 
Neat1 is enhanced at higher matrix stiffness, promot‐
ing the proliferation and epithelial‒mesenchymal tran‐
sition (EMT) of HepG2 cells through the activation 
of the WNT/β-catenin pathway (Xu et al., 2021). 

Paraspeckles induced by Neat1 in cancer cells exhibit 
an inverse relationship to substrate stiffness and show 
signs of mechanomemory on stiff substrates (Todoro‐
vski et al., 2020), suggesting the potential role of Neat1 
as a mechanosensor in cancer mechanobiology. More‐
over, certain lncRNAs are involved in converting mech‑
anical signals into biological signals. For example, 
lncRNA LINC01569, by directly binding to the gluco‐
corticoid receptor-mediated mRNA decay (GMD) fac‐
tor Y-box-binding protein 1 (YBX1), guides this com‐
plex to mechanosensory mRNA, triggering active GMD 
and arresting cellular mechanotransduction (Zhu HY 
et al., 2021).

Given the prominent role of YAP in mechano‐
transduction, the connection between lncRNAs and YAP 
in mechanical response is gaining increasing attention. 
Li et al. (2021) identified differentially expressed 
lncRNAs in triple-negative breast cancer (TNBC) cells 
and found that lncRNA small nucleolar RNA host gene 
9 (SNHG9) significantly responded to three-dimensional 
(3D) culture among 11 candidates. Subsequent studies 
revealed that SNHG9 promotes the liquid-liquid phase 
separation of LATS, reducing its kinase activity and 
promoting downstream YAP expression. This suggests 
the involvement of lncRNA in YAP-mediated mech‑
anotransduction. Furthermore, Zheng et al. (2022) iden‐
tified an ionizing radiation-induced lncRNA, crystallin 
β-γ domain containing 3 (CRYBG3), which decreases 
the level of F-actin by preventing its formation and 
promoting depolymerization, ultimately blocking YAP/
TAZ mechanotransduction. This result further supports 
the idea that lncRNAs can regulate signaling path‐
ways to mediate YAP mechanical response, although 
the underlying mechanism remains to be elucidated.

4 Discussion 

In the process of mechanotransduction, YAP has 
emerged as a pivotal player in a cytoskeleton-related 
role. It mediates cellular responses to various mechan‐
ical signals, including substrate stiffness, shear stress, 
pressure, and tissue elasticity. Multiple mechanisms 
have been identified to involve YAP, with integrin, 
FAs, cytoskeletal tension, nucleoskeletal tension, and 
actin dynamics acting as important upstream regulators 
of YAP via both LATS1-dependent and -independent 
mechanisms.
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On stiff substrates or under stretched conditions, 
FAs sense tension and transmit signals to increase cy‐
toskeletal tension, ultimately resulting in YAP/TAZ 
nuclear translocation and activation. This process is 
known to be regulated by LATS1/2 kinase activity in‐
hibition through various signaling pathways, such as 
the Rho/ROCK pathway (Zhao et al., 2012; Feng et al., 
2014; Zhang et al., 2018). However, LATS1/2 knock‐
down is insufficient to restore YAP/TAZ function when 
mechanosignaling is inhibited (Dupont et al., 2011; 
Panciera et al., 2020), indicating the existence of 
LATS1/2-independent mechanisms in YAP mechano‐
transduction. Regarding the nuclear import process, the 
opening of nuclear pores is a key step, which can be 
modulated by the F-actin–LINC complex–nucleoskeleton 
axis independently of LATS1. The involvement of 
CAV-1 (Moreno-Vicente et al., 2018; Chu et al., 2021) 
and Enigma homolog (ENH) (Liu et al., 2021) in YAP 
mechanotransduction without affecting LATS1 kinase 
activity has also been reported. In contrast, when cells 
are grown on soft substrates or restricted to small 
areas, the Hippo pathway is predominantly activated 
and acts as a major mediator in retaining YAP/TAZ in 
the cytoplasm. This modulation is closely linked to 
F-actin (Sun et al., 2014; López-Gay et al., 2020), as 
the low-level F-actin releases LATS1 to inactivate 
and phosphorylate YAP (Jia et al., 2016). Through 
various studies, a YAP mechanical response mech‐
anism independent of F-actin has been revealed, indi‐
cating that low ECM stiffness can activate Ras-related 
protein 2 (RAP2), subsequently triggering MAPK4/6/7 
and Rho GTPase activating protein 29 (ARHGAP29), 
and ultimately activating LATS to inhibit YAP/TAZ 
(Meng et al., 2018). Furthermore, F-actin depolymer‐
ization has been found to impede the nuclear translo‐
cation of YAP/TAZ independently of LATS1 (Chen 
et al., 2016). Nevertheless, the role of LATS1 in YAP 
mechanotransduction remains elusive and requires fur‐
ther investigation. It has been proposed that LATS1/2 
represents a tonic checkpoint that is dispensable for 
the F-actin–YAP/TAZ axis but is related to axis inhib‑
ition. Our understanding of YAP/TAZ-mediated mech‐
anotransduction, both reliant on and independent 
of Hippo kinases, remains incomplete; an intricate 
regulatory network exists between Hippo kinases 
and F-actin-mediated mechanotransduction. Rho and 
F-actin serve as primary determinants of the regulation 
of Hippo kinases and their effects on YAP and TAZ. 

Simultaneously, it is evident that LATS can also affect 
the cytoskeleton. More in-depth research is needed to 
understand the delicate equilibrium between these two 
pillars and whether LATS1/2 directly participates in 
YAP/TAZ-related mechanotransduction.

Mechanotransduction via YAP participates in 
various physiological activities of cells. For instance, 
it plays a crucial role in the differentiation of MSCs, 
where tension-activated YAP is necessary for main‐
taining stemness and promoting osteogenic differenti‐
ation on stiff substrates. The depletion of YAP/TAZ 
inhibits osteoblast differentiation on stiff substrates 
and promotes adipogenic differentiation under low 
mechanical force conditions (Kuroda et al., 2018; Liu 
et al., 2019). YAP/TAZ mechanotransduction is also 
connected to the contact inhibition of proliferation in 
high-density conditions, where cell‒cell contact leads 
to the activation of junction-related proteins, inhibit‐
ing YAP through the Hippo pathway mediated by 
LATS1/2 (Liu et al., 2018; Ahmad et al., 2022). More‐
over, YAP/TAZ mechanotransduction is implicated 
in cell senescence and aging in vivo by suppressing cyc‑
lic GMP-AMP synthase (cGAS)-stimulator of inter‐
feron genes (STING) signaling with the involvement 
of Lamin B1 and actin-related protein 2 (ACTR2) 
(Sladitschek-Martens et al., 2022). Apart from these 
known physiological activities, the role of YAP-
associated mechanotransduction in other cellular pro‐
cesses will merit further investigation.

Aberrant YAP mechanotransduction emerges as a 
pivotal determinant of the pathogenesis of diverse dis‐
eases, including cardiovascular diseases (Wang L et al., 
2016), inflammation (Meli et al., 2023), and cancer 
(Zanconato et al., 2016). Studies have elucidated the role 
of YAP mechanotransduction in mediating the hemo‐
dynamic influences on vascular endothelial cells (ECs), 
thereby contributing to vascular remodeling (Kim et al., 
2017; Yamashiro et al., 2020) and atherosclerotic pro‐
cesses (Wang KC et al., 2016; Wang L et al., 2016). 
Mechanical inputs originating from the aberrant tumor 
microenvironment induce YAP/TAZ over-activity 
within cancer cells, establishing a consequential feed-
forward loop to regulate ECM remodeling and sus‐
tain malignant properties (Calvo et al., 2013; Pat‐
wardhan et al., 2021). A fascinating issue to address 
is whether targeting YAP and TAZ mechanotrans‐
duction can be leveraged for therapeutic interven‐
tions in these diseases.
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Recent research has shed light on the crucial role 
of lncRNAs in mechanotransduction. These lncRNAs 
were identified to interact with signaling pathways or 
microRNAs to perform various functions. However, 
research in this area is still fragmented and lacks a 
systematic understanding. It is worth investigating 
whether these discovered mechanosensitive lncRNAs 
have common features. Moreover, the relationship be‐
tween lncRNAs and YAP in mechanotransduction has 
gained attention, with studies that have identified 
lncRNAs such as SNHG9 (Li et al., 2021) and CRYBG3 
(Zheng et al., 2022) to participate in YAP mechano‐
transduction. However, data on this area are scarce 
and need to be expanded.

In conclusion, YAP is a key player in cytoskeleton-
related mechanotransduction. The relevant regulatory 
mechanisms involve various upstream mediators and 
demonstrate both LATS1-dependent and -independent 
pathways. Additionally, further research is necessary 
on the involvement of lncRNAs in mechanotransduc‐
tion and their interplay with YAP.
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