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Abstract: Contact inhibition (CI) represents a crucial tumor-suppressive mechanism responsible
for controlling the unbridled growth of cells, thus preventing the formation of cancerous tissues.
CI can be further categorized into two distinct yet interrelated components: CI of locomotion
(CIL) and CI of proliferation (CIP). These two components of CI have historically been viewed as
separate processes, but emerging research suggests that they may be regulated by both distinct
and shared pathways. Specifically, recent studies have indicated that both CIP and CIL utilize
mechanotransduction pathways, a process that involves cells sensing and responding to mechanical
forces. This review article describes the role of mechanotransduction in CI, shedding light on
how mechanical forces regulate CIL and CIP. Emphasis is placed on filamin A (FLNA)-mediated
mechanotransduction, elucidating how FLNA senses mechanical forces and translates them into
crucial biochemical signals that regulate cell locomotion and proliferation. In addition to FLNA,
trans-acting factors (TAFs), which are proteins or regulatory RNAs capable of directly or indirectly
binding to specific DNA sequences in distant genes to regulate gene expression, emerge as sensitive
players in both the mechanotransduction and signaling pathways of CI. This article presents methods
for identifying these TAF proteins and profiling the associated changes in chromatin structure,
offering valuable insights into CI and other biological functions mediated by mechanotransduction.
Finally, it addresses unanswered research questions in these fields and delineates their possible
future directions.

Keywords: contact inhibition; contact inhibition of locomotion; contact inhibition of proliferation;
mechanotransduction; filamin; mechanical force; Yes-associated protein (YAP1); WW domain-
containing transcription regulator protein 1 (TAZ); ubiquitin-conjugating enzyme E2 A and B
(UBE2A/B); gene expression; proteomics

1. Introduction

In 1953, Abercrombie and Heaysman made a significant observation regarding fibrob-
last cells: when these cells come into contact with each other, their movement velocity
decreases, and they change their direction of movement [1,2]. The following year, in 1954,
Abercrombie introduced the term “contact inhibition” (CI) to explain why fibroblasts tend
to avoid moving over each other’s surfaces and instead form a monolayer [3]. Initially,
Abercrombie hypothesized that CI occurred due to the inhibition of cell movement. How-
ever, Stoker and Rubin later realized that some cells, such as BHK21 cells, can still grow to
form multilayers despite being subject to CI of movement. Therefore, they proposed the
term “density-dependent inhibition” to describe the restriction of growth in high-density
cells [4]. To distinguish these behaviors, the former is now referred to as CI of locomotion
(CIL), and the latter is referred to as CI of proliferation or growth (CIP). Over the past half
century, the concept of CI has garnered significant attention, particularly because tumor
cells exhibit less sensitivity to CI compared to normal cells [5,6], and CI plays a crucial role
in regulating organ size during development and the regeneration process after injury [2]
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(Figure 1). Despite the attention received, the molecular mechanism of CI has remained
elusive until recent times.

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 2 of 36 
 

 

after injury [2] (Figure 1). Despite the attention received, the molecular mechanism of CI 
has remained elusive until recent times. 

 
Figure 1. Contact inhibition of locomotion and proliferation in normal and cancer cells. (A) Top 
view: When cells contact each other, the cells change the direction of movement (CIL). At high den-
sity, cells stop proliferation (CIP). (B) Side view: When normal cells reach the monolayer, the cells 
stop movement and growth; thereby, both CIL and CIP are on. In cancer cells, metastatic cells mi-
grate (CIL is off) and settle at a target organ (CIL is on). Some cancer cells leave the primary site and 
move (CIL is off). Cancer cells can grow even at high density (CIP is off). 

The review article of CIL in 2017 remarked that “So far, there is no clear mechanistic 
connection between CIL and CIP, and they should not be thought of as interrelated pro-
cesses as some people have suggested” [7]. However, recent evidence has emerged 
demonstrating the involvement of mechanical forces in both CIL and CIP [8], with some 
signaling pathways showing overlaps between the two [9]. This suggests the possibility 
of a mechanistic connection between CIL and CIP, which I will explore and discuss in this 
article. To illustrate this point, I will use FLNA, an actin cross-linking protein, as an exam-
ple and delve into how FLNA mediates mechanotransduction, potentially playing signif-
icant roles in both CIL and CIP. Mechanotransduction refers to the cellular process 
through which cells perceive mechanical forces from their environment, as well as forces 
generated within the cells themselves, and convert them into biochemical and bioelectric 
signals and subsequent cellular responses, including cell adhesion, shape change, and mi-
gration, tissue development, cell proliferation, differentiation, and gene expression [10–
12]. This intricate process enables cells to sense and adapt to various mechanical cues, such 
as shear stress, tension, compression, substrate stiffness, and even gravitational forces [13–
16]. Mechanotransduction is attracting attention as a new target for disease treatment and 
tissue engineering [17–19]. Furthermore, I will emphasize the role of TAFs and chromatin 
structures that are regulated during CI and downstream of mechanotransduction, shed-
ding light on their importance in these processes [20]. Lastly, I will address the remaining 
questions in these research fields and contemplate potential future directions for further 
investigation. 

2. CIL 
The loss of CIL enables malignant cells to invade normal cell clusters within tissues. 

A comprehensive review article on CIL was published by Stramer and Mayor in 2017 [7], 
prompting me to focus on the advancements in this field over the past seven years. In their 
review article, CIL was categorized into at least two types (Figure 2A). Type I arises from 

Figure 1. Contact inhibition of locomotion and proliferation in normal and cancer cells. (A) Top view:
When cells contact each other, the cells change the direction of movement (CIL). At high density,
cells stop proliferation (CIP). (B) Side view: When normal cells reach the monolayer, the cells stop
movement and growth; thereby, both CIL and CIP are on. In cancer cells, metastatic cells migrate
(CIL is off) and settle at a target organ (CIL is on). Some cancer cells leave the primary site and move
(CIL is off). Cancer cells can grow even at high density (CIP is off).

The review article of CIL in 2017 remarked that “So far, there is no clear mechanis-
tic connection between CIL and CIP, and they should not be thought of as interrelated
processes as some people have suggested” [7]. However, recent evidence has emerged
demonstrating the involvement of mechanical forces in both CIL and CIP [8], with some
signaling pathways showing overlaps between the two [9]. This suggests the possibility
of a mechanistic connection between CIL and CIP, which I will explore and discuss in
this article. To illustrate this point, I will use FLNA, an actin cross-linking protein, as an
example and delve into how FLNA mediates mechanotransduction, potentially playing
significant roles in both CIL and CIP. Mechanotransduction refers to the cellular process
through which cells perceive mechanical forces from their environment, as well as forces
generated within the cells themselves, and convert them into biochemical and bioelectric
signals and subsequent cellular responses, including cell adhesion, shape change, and mi-
gration, tissue development, cell proliferation, differentiation, and gene expression [10–12].
This intricate process enables cells to sense and adapt to various mechanical cues, such as
shear stress, tension, compression, substrate stiffness, and even gravitational forces [13–16].
Mechanotransduction is attracting attention as a new target for disease treatment and tissue
engineering [17–19]. Furthermore, I will emphasize the role of TAFs and chromatin struc-
tures that are regulated during CI and downstream of mechanotransduction, shedding light
on their importance in these processes [20]. Lastly, I will address the remaining questions in
these research fields and contemplate potential future directions for further investigation.

2. CIL

The loss of CIL enables malignant cells to invade normal cell clusters within tissues.
A comprehensive review article on CIL was published by Stramer and Mayor in 2017 [7],
prompting me to focus on the advancements in this field over the past seven years. In their
review article, CIL was categorized into at least two types (Figure 2A). Type I arises from the
suppression of cell protrusive activity at the contact site, causing leading-edge contraction
and migration away from the point of collision. For example, zebrafish endodermal cells
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undergo homotypic Type I CIL [21]. Conversely, Type II occurs when a cell struggles
to move over another cell due to weaker adhesion with the neighboring cell compared
to the substratum [22]. Regulation of type I CIL involves cell surface transmembrane
proteins and downstream signaling molecules like small GTPases [22]. Meanwhile, type II
CIL appears to be primarily influenced by membrane tension and external forces, which
also induce cytoskeleton remodeling. Since the publication of the review article, several
additional players, such as cadherin, Eph-Ephrin, Wnt, protein tyrosine kinase 7 (PTK7),
and junctional adhesion molecule-A (JAM-A), have been discovered to contribute to type I
CIL [23–28]. For instance, the binding of Eph receptors to their ephrin ligands at cell–cell
contact sites leads to the tyrosine phosphorylation of ephrinB2 and the disruption of the
ephrinB2/Dsh/TBC1d24 complex. Consequently, this complex disruption results in an
increase in E-cadherin levels at the plasma membrane, leading to the loss of CIL and
subsequent regulation of neural crest cell migration (collective migration) [23]. The deletion
of extracellular domains of Cadherin3 in Xenopus mesendodermal cells disrupts CIL by
reducing Rac1 activity, implying the involvement of adhesion-independent signaling by
Cadherin3 [25]. However, the specific molecular mechanism through which non-junctional
Cadherin3 regulates Rac1 activity remains unknown. In MCF7 mammary epithelial cells
derived from human breast adenocarcinoma, when the leader cells of migrating sheets
come into head-on contact, it induces changes in retrograde cortical actin flow within
lamellipodia. Additionally, antiparallel cortical flows are observed at the lamellipodia of
colliding cells, exerting tension on the α-catenin actin-binding domain, leading to increased
adhesion growth. Subsequently, mechanical loading results in the downregulation of
cortical flow, effectively immobilizing lamellipodia and inhibiting cell locomotion [28].
PTK7 is an evolutionary conserved transmembrane protein with an intracellular kinase
homology domain that lacks catalytic activity. It also functions as a Wnt co-receptor and
plays a crucial role in neural crest migration [26]. PTK7 is found at cell–cell contact sites of
migrating Xenopus neural crest cells and is essential for CIL.

On the other hand, JAM-A, localized at membrane protrusions in migrating cells,
associates with αvβ5 integrin through the tetraspanins CD9 and/or CD81 [27]. In this
state, Rac1 remains active, promoting cell protrusion and migration. However, upon cell
contact with colliding cells, JAM-A clusters and inhibits Src and Rac1 activities, effectively
suppressing cell migration. It is worth noting that the outcome of such collisions appears
to be predictable. For instance, cells with a smaller contact angle (indicating a broader
spread of lamellipodia) relative to the surface or those with higher speeds are more likely
to maintain their direction after a collision [29,30].

CIL plays a role in regulating the assembly and disassembly of microtubules (MTs)
through coupled Rho GTPase signaling, thus influencing actin remodeling, adhesion, and
myosin-mediated contraction as well [31]. Furthermore, there is crosstalk between MTs
and the actin cytoskeleton through their shared binding partners [32,33]. However, the
specific involvement of these molecules in CIL remains relatively understudied.

Type II CIL’s mechanism has received less attention in research. Nonetheless, it
has been observed that even weak forces can stall protrusion at the leading edge of the
lamellipodium [34], and protrusion events are restricted by membrane tension [35].
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expression for proliferation, respectively. Both biochemical signals and mechanical forces control 
the activation of genes. At high density, transmembrane proteins, membrane tension, and the relax-
ation of myosin contraction promote the translocation and dissociation/association of TAFs to chro-
matin, leading to growth arrest. Some TAFs may bind to chromatin only in high-density cells, alt-
hough such TAFs have not yet been identified. Receptor tyrosine kinase (RTK). 
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ERK is knocked down in fibrosarcoma cells. 
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Figure 2. Signaling pathways in CIL and CIP. (A) Signaling pathways of CIL. In type I CIL, cell
protrusion is inhibited through transmembrane proteins that regulate the balance of RhoA and Rac
activities. Wnt-planar cell polarity (PCP) pathway, junctional adhesion molecules (JAMs). In type II
CIL, inhibition of protrusion may be regulated by (a) force generated by collision and alteration of
membrane tension, and/or (b) loss of adhesion to a colliding cell. (B) Signaling pathways of CIP. At
low cell density, TAFs (e.g., transcriptional coactivator YAP1, with the transcription factor represented
in magenta and the repressor in cyan) bound to chromatin either induce or suppress gene expression
for proliferation, respectively. Both biochemical signals and mechanical forces control the activation
of genes. At high density, transmembrane proteins, membrane tension, and the relaxation of myosin
contraction promote the translocation and dissociation/association of TAFs to chromatin, leading
to growth arrest. Some TAFs may bind to chromatin only in high-density cells, although such TAFs
have not yet been identified. Receptor tyrosine kinase (RTK).

2.1. CIL in Different Dimensional Environments

CIL, originally observed in two-dimensional tissue culture cells, plays a vital role in
three-dimensional settings as well, influencing animal development and cancer invasion.
In the collective migration of mesenchymal cells like neural crest cells, CIL works by
inhibiting lamellipodial protrusions at cell–cell contacts and facilitating polarization at the
leading edge [36]. However, different cells employ distinct modes of collective migration,
either filopodia-based or lamellipodia-based [37]. Interactions between different cell types
can induce specific forms of CIL, known as heterotypic CIL, which leads to cell sorting
between epithelial and mesenchymal cell populations [24]. For instance, when migrating
epithelial cells (HaCaT) come into contact with migrating fibroblasts (NIH3T3), both cells
halt their forward motion. In contrast, fibrosarcoma cells (HT1080) experience repulsion
after colliding with epithelial cells (HaCaT). This repulsion is prevented when EphB2 or
ERK is knocked down in fibrosarcoma cells.

Cells on fibers that mimic the in vivo extracellular matrix (ECM) exhibit distinct
behaviors compared to cells on 2D surfaces [38]. When approaching cells are attached
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to a single fiber, they do not repolarize upon contact but rather migrate past each other,
continuing along their respective directions. However, when two parallel cells attached
to two fibers with a spacing of approximately 10 µm come into contact, one cell will
repolarize, change its migration direction, and move together with the other. Additionally,
if a trailing cell moves faster and contacts the leading cells, the leading cells will speed up
in response [38]. As a result, conventional CIL, which occurs when the heads of migrating
cells come into contact on 2D surfaces, does not occur on fibers. Instead, contacts between
different regions of cells elicit varied responses. For example, when a trailing cell contacts
the tail of a neighboring cell, the trailing cell migrates towards the tail. This behavior is
known as “contact following of locomotion” (CFL) and is implicated in collective migration
regulated by the Wnt signaling pathway [39]. Inhibition of the Wnt pathway disrupts both
CFL and the collective migration of epithelial cells. Consequently, both CIL and CFL play
vital roles in controlling collective cell migration within a multicellular environment [40].

2.2. Cell Rigidity Transition between Jamming and Unjamming in Collective Cell Migration

During wound healing, embryogenesis, and tumor invasion, only a portion of ep-
ithelial cells engage in directed movement, while others remain in a jammed or solid-like
state [41]. In contrast, the majority of mesenchymal cells are actively migratory and do
not experience this jammed state. The transition from a jammed to a more fluid or un-
jammed state occurs in various physiological and pathological contexts where cell mobility
and adaptability are essential. This transition, which is different from the epithelial-to-
mesenchymal transition, often leads to changes in cell behavior, such as CIL, increased
mobility, and the ability to move collectively. For instance, in densely populated cellular
environments, jamming can result from physical crowding. Unjamming might happen as
cells rearrange or exert forces to open up spaces between neighboring cells, thus facilitating
more fluid movement. The molecular mechanisms behind this transition are starting to
be understood. For example, RAB5A, which is elevated by various factors such as growth
factors, stress, and oncogenic factors, enhances non-clathrin-mediated endocytosis of the
epidermal growth factor receptor (EGFR), leading to its accumulation in endosomal vesicles.
These vesicles then act as signaling hubs for sustained and heightened ERK1/2 activation.
This activation is enough to cause hyper-phosphorylation of WAVE2, which plays a role in
controlling actin polymerization. This contributes to the dynamics of cell protrusions and
leads to the unjammed state [42,43].

Unjamming is also linked to mechanotransduction, as the ability of cells to unjam is
influenced by mechanical signals. For example, the formation of cortical branched actin by
Arp2/3 complexes containing ARPC1B is regulated by the RAC/WAVE/ARPIN pathway,
which is stimulated by growth factors and mechanotransduction cues from cell adhesions.
These ARPC1B-containing complexes are specifically targeted by coronin-1B, which plays a
key role in controlling the cell cycle progression in mammary epithelial cells. The function
of the Arp2/3 complex is essential for maintaining migration persistence, which refers to
the ability to keep a consistent direction over time. Interestingly, cells that exhibit greater
persistence in migration are also those that undergo faster cell cycling. On the other hand,
complexes containing ARPC1A are vital for the formation of endosomal branched actin,
yet they do not influence the progression of the cell cycle [44].

In multicellular organisms, cells engage in interactions with tissue structures such
as the ECM and neighboring cells. The molecular mechanisms underlying the transition
between jamming and unjamming in this intricate environment require further in-depth
research [45].

3. CIP

The Hippo pathway plays a vital role in controlling cell proliferation by phosphory-
lating the transcriptional co-activator YAP1/TAZ [46], subject to regulation by multiple
upstream factors [47], although YAP and TAZ exhibit different translocation dynamics
in some cases [48]. Biochemical signals and mechanical forces both control the Hippo
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pathway [49] (Figure 2B). At low cell density, there is an increased production of amphireg-
ulin, an EGFR ligand. This subsequently reduces Hippo pathway signaling, leading to
the nuclear translocation of YAP1/TAZ. This process establishes a positive autocrine or
paracrine feedback loop that encourages proliferation [50]. On the contrary, at high cell
density, confluent cells are expected to exhibit more paracrine and ECM signaling due to
the increased secretion of paracrine factors and deposition of ECM. However, when low-
density cells are cultured in tissue culture supernatant from high-density cell culture, they
do not cease proliferation. Moreover, some cancer cells continue to grow even at high den-
sity, suggesting that the paracrine factors from high-density cells alone are not sufficient to
regulate CIP. Instead, biochemical signaling for CIP is mediated by adhesion receptors such
as E-cadherin. While E-cadherin regulates CIL through small GTPases and cytoskeletons,
CIP is controlled through multiple pathways, including growth factor receptors, merlin, the
Hippo pathway, the Wnt signaling pathway, and small GTPases [51,52]. High cell density
inhibits growth factor receptor signaling, such as EGFR and insulin-like growth factor
1 receptor, in an E-cadherin-dependent manner. In other words, CIP reduces sensitivity to
growth factors [53]. Overexpression of E-cadherin or an increase in cell density leads to the
suppression of cell growth by raising the threshold level of the growth factor required for
proliferation. Conversely, in E-cadherin knockdown cells, CIP is eliminated, suggesting
that growth factor-induced cell proliferation depends on E-cadherin rather than an increase
in cell density [51]. Interestingly, cleavage of the cytoplasmic domains of E-cadherin and
N-cadherin by γ-secretase can abolish CIP and induce anchorage-independent growth [54].
It is worth noting that while the cytoplasmic domains of cadherins induce YAP1/TAZ
translocation to the nucleus, the expression of downstream genes like TAZ and connective
tissue growth factor (CTGF) remains unaffected. This suggests that YAP1 nuclear localiza-
tion alone is insufficient as an indicator of YAP1 activity, and additional factors are required
to activate YAP1/TAZ. Supporting this observation, Yap1 S112A mice (corresponding to
human YAP1 S127) are surprisingly normal despite the nuclear localization of the mutant
YAP1, possibly due to homeostatic mechanisms that maintain physiological levels of YAP1
activity [55]. In addition, recent research suggests that the dynamic entry and exit of YAP1
define its activity. More specifically, the majority of Yorkie (the Drosophila ortholog of
YAP1) dynamically fluctuates between the cytoplasm and nucleus, and a cycle of fast exit
of nuclear YAP1 to the cytoplasm followed by fast re-entry to the nucleus (“localization-
resets”) activates YAP1 target genes [56]. Furthermore, extracellular signal-regulated kinase
5 (ERK5)/mitogen-activated protein kinase 7 (MAPK7) are essential for YAP1/TEAD inter-
action and YAP1 recruitment on DNA in liver cells [57]. Additionally, Necl-4 and 5 regulate
CIP through ERK1/2 (MAPK3/MAPK1) [58] (Figure 2). Recently, JAM-A has been found
to interact with merlin and large tumor suppressor kinases (LATS1/2), thereby activating
the Hippo signaling pathway to suppress proliferation [59].

Mechanical forces can also influence the translocation of YAP1 in a Hippo-independent
manner [60,61]. Even when the phosphorylation of YAP1 is inhibited by deleting LATS1/2,
YAP1 remains in the cytosol of cells on a soft substrate [60]. This suggests that dephos-
phorylation of YAP1 alone is not sufficient for its nuclear entry, and a mechanical cue is
necessary. The force-induced stretching of the nuclear pore complex (NPC), mediated by
the linker of the nucleoskeleton and cytoskeleton (LINC) complex and actin cytoskeleton,
is responsible for promoting the nuclear entry of YAP1 [62]. On soft substrates, alterations
in substrate stiffness specifically impact the nuclear entry of YAP1, while leaving its export
unaffected. Consequently, the nuclear import of YAP1 is lower than its export on soft
substrates. Conversely, on stiff substrates, the actin cytoskeleton stretches and curves the
NPC, exposing its cytoplasmic side, which enhances YAP1 import. The interaction of YAP1
with importin 7 is crucial for the nuclear entry of YAP1, but this interaction is abolished by
the phosphorylation of YAP1 on serine 127 (or 112 in mice) by LATS1/2, induced by inhibi-
tion of myosin and high cell density [63]. These findings suggest that the mechanical cue
remains crucial even for the Hippo-dependent nuclear entry of YAP1. Even in the presence
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of the S127A mutant YAP1, which is not affected by LATS-dependent phosphorylation, the
nuclear entry of YAP1 is still sensitive to substrate rigidity and mechanical signals [62].

Recent research has revealed a more intricate mechanism governing the nuclear entry
of YAP1. YAP1 interacts with Enigma and Enigma-like proteins (PDLIM7 and PDLIM5,
respectively) through their C-terminal PDZ-binding motif, which is vital for YAP1’s full
nuclear localization and activity. Silencing the expression of PDLIM5/7 leads to a reduction
in YAP1’s nuclear entry and transcriptional activity, indicating that the opening of the
NPC alone is not enough for YAP1’s nuclear entry [64]. Enigma PDLIM7 predominantly
localizes to the cytoplasm in densely populated cells. However, in low-density cells, it
translocates to F-actin stress fibers, focal adhesions, and F-actin fibers at adherens junctions
through alpha-actinin. This localization promotes the tyrosine phosphorylation of YAP1
by Src family kinases, including Yes, in the integrin-Src signaling complex, leading to
the activation of YAP1. Phosphorylation on tyrosine 357 sets YAP1 apart from Hippo-
dependent phosphorylation on serine 127, as it triggers YAP1 activation and translocation
to the nucleus, where it forms a transcriptionally active complex [65]. Within the integrin-
Src-mediated mechanotransduction, ANKHD1 and ANKRD17, members of the mask
family proteins, play a vital role in facilitating YAP1’s nuclear entry [66]. These proteins
possess two ankyrin repeat domains that bind to YAP1 and also contain a conserved
nuclear localization sequence and nuclear export sequence, which together regulate YAP1’s
nuclear import and stability. In Drosophila epithelia, physiological mechanical strain at
the apical membrane has been shown to decrease Hippo kinase dimerization, leading to
downregulation of Hippo signaling and activation of Yki (YAP1) [67]. However, it remains
to be investigated whether this mechanism can be applied to animal cells.

Inhibiting exportin1 prevents the translocation of YAP1 to the cytoplasm, irrespective
of substrate stiffness [60,62]. This suggests that active transport is essential for the nuclear
exit of YAP1. Interestingly, stretching the NPC does not appear to be necessary for the
export, as inhibition of myosin and high cell density do not hinder nuclear exit. Thus, YAP1
can exit the nucleus even when the NPC is not stretched. In cells on a soft substrate or at
high density, YAP1 is scarcely detected in the nucleus, indicating that the exported YAP1 is
sequestered in the cytoplasm. This sequestering process may involve inhibition of YAP1’s
entry into the nucleus and its binding to 14-3-3 proteins, which occurs after YAP1’s phos-
phorylation in a Hippo-dependent or -independent manner [68]. Moreover, AMOT plays
a role in sequestering YAP1 in the cytoplasm. AMOT directly binds to F-actin, but when
F-actin depolymerizes, AMOT is released and binds to YAP1 [69]. Such depolymerization
occurs in cells treated with latrunculin A at high density. Phosphorylation of AMOT by
LATS kinase promotes its dissociation from F-actin and inhibits cell proliferation [70].

Significantly, these recent findings emphasize the existence of overlapping as well as
independent pathways between CIL and CIP (Figure 2). Nevertheless, it is noteworthy that
the stretching of dense cells alone can lead to YAP1’s nuclear localization [61], indicating
that cell–cell contact alone is inadequate to retain YAP1 in the cytoplasm. In addition, tissue
confinement (i.e., cell volume) also determines YAP1 localization and cell growth [71].

3.1. The Role of Mechanotransduction in CIP for the Regulation of Gene Expression

External or internal forces, generated during CIP, regulate gene expression via mechan-
otransduction. External forces can be sensed by mechanosensitive channels like Piezo and
TRP families [72] and other transmembrane proteins, including integrins, glycocalyx, and
anthrax toxin protein receptor 1 [73,74]. These forces induce conformational changes in the
channels, opening them to allow the influx of ions that stimulate downstream signaling
events [75]. For instance, the activation of Piezo1 induces an influx of calcium ions, subse-
quently activating calcium-dependent myosin II [76]. The mechanical force that triggers
Piezo1 activation also originates from activated myosin II [77], indicating the presence of a
feedback loop that sustains Piezo1 activation. Interestingly, not only activation but also
expression of Piezo1 is mechanosensitive, while expression of Piezo2 appears to be less
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mechanosensitive [78] and is distinct from Piezo1 for some functions [79]. Additionally,
Piezo1 activates YAP1, and its knockout leads to increased phosphorylated YAP1 [79].

Calcium ions can also activate other signaling pathways to regulate gene expres-
sion [80]. For example, the binding of calcium ions to DREAM disrupts its tetramer
formation, leading to the derepression of gene expression [81]. Furthermore, calcium ions
might influence epigenetic modifications like DNA methylation and alternative splicing
patterns, thereby modulating gene expression [80]. These findings indicate that cell–cell
contact-induced relaxation of the plasma membrane could inactivate mechanosensitive
channels, halting growth by altering gene expression. Glycocalyx and integrins also par-
ticipate in mechanotransduction to regulate gene expression. For instance, fluid shear
stress induces remodeling of the endothelial glycocalyx, activating gene expression [82].
Similarly, tensile force applied to integrins at the focal adhesion site promotes the activation
of focal adhesion kinase and Src kinase, connecting to the LINC complex through the cy-
toskeleton [83]. This connection stretches the nuclear pore complex, facilitating the nuclear
translocation of YAP1 to induce gene expression [62,84].

Mechanosensing can occur not only at the plasma membrane but also at the cellular
organelles. For example, the mechanical properties of the nucleus and mitochondria can be
altered by internal or external forces [85]. The internal mechanical forces can be generated
by myosin contraction and polymerization of the cytoskeleton. Inhibition of myosin II
by a specific inhibitor, blebbistatin, or by inhibition of upstream Rho kinase by Y27632
prevents nuclear localization of YAP1 and UBE2A/B [60,86,87]. Treatment that disrupts
actin polymerization also opposes nuclear localization of YAP1 and UBE2A/B, presumably
because myosin cannot generate force without filamentous actin (F-actin) and/or pushing
force generated by polymerization is reduced. Surprisingly, the depletion of F-actin-
capping/severing proteins such as cofilin, capZ, or gelsolin is individually sufficient to
rescue YAP1 nuclear localization and YAP1-dependent gene expression in high-density cells
and cells on a soft substrate [61]. However, it is worth noting that transgenic gelsolin-null
mice appear to have normal embryonic development and longevity [88].

The typical pushing forces generated by a growing individual F-actin and microtubule
are in the range of 0.76 ± 0.22 pN and 3–4 pN, respectively [89–91]. In comparison, single
myosin, kinesin, and dynein motors can generate forces of approximately 3–4 pN, 5–6 pN,
and ~7 pN forces, respectively, though these values may vary depending on the methods
used [92–94]. This range of forces appears to be sufficient to induce conformational changes
in mechanosensitive protein molecules (Figure 3) [95].

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 9 of 36 
 

 

 
Figure 3. Molecules that change conformation by mechanical forces. 

Unfolding-folding—Force-induced conformational changes can expose a cryptic 
binding site or dissociate a binding protein. During the conformational changes of the 
protein (red), some proteins (magenta) may dissociate, while others (blue) may bind to 
the exposed binding site. Additionally, unfolding of the protein (red in the upper middle) 
may also expose the substrate site (E: enzyme, P: phosphate group). Examples include 
talin [96–98], filamin [99,100], vinculin [101], alpha-catenin [102,103], alpha-actinin 1 [104], 
lamin A/C [105], von Willebrand factor [106,107], fibronectin [108–110]) or substrate site 
(phosphorylation of p130Cas [111,112], FAK [113], PDZ proteins [114]. 

Catch-slip bond—Catch bonds resist dissociation when subjected to mechanical 
force, leading to longer lifetimes with increasing force (top of the upper right). Several 
models have been proposed to explain catch bonds in biological systems, and the exact 
molecular mechanisms underlying catch bonds can vary between different systems and 
molecules. On the other hand, slip bonds weaken or have shorter lifetimes when exposed 
to mechanical force (bottom of the upper right). Examples include integrin [115,116], L-
selectin [117], P-selectin glycoprotein ligand 1 (PSGL-1)/P-selectin [118], TCR/pMHC 
[119–121], LFA-1/ICAM-1 [122], cadherin-catenin complex/F-actin [123], and DNAM-
1/CD155 [124]. Catch bond engineering can be employed to tune high-sensitivity TCRs for 
T cell therapy [125]. 

Enzyme activity—Some enzymes have specific structural domains or regions that are 
sensitive to mechanical force. Application of mechanical force to an enzyme can lead to 
conformational changes in certain regions. Such conformational changes may the expose 
enzyme’s active site, promote the binding of substrates to the enzyme, increase the rate of 
enzymatic reactions, induce the activation of allosteric sites, and trigger downstream sig-
naling pathways or enzymatic activities. For example, mechanical force exposes the cata-
lytic site of titin kinase by rearranging the autoinhibitory tail [126]. Forces generated via 
the actin cytoskeleton in focal adhesions release the kinase domain of focal adhesion ki-
nase (FAK) from the FERM domain [113]. 

Channels—Mechanosensitive channels, also known as stretch-activated ion chan-
nels, are proteins found in the membranes of various cells. They play a critical role in 
sensing and responding to mechanical forces, such as pressure, tension, or stretching of 
the cell membrane. The molecular mechanism of mechanosensitive channels involves 
their structure and conformational changes in response to mechanical force. * Different 
mechanosensitive channels use different mechanisms to open channels [72,127,128]. 

Catch/Slip bond
Unfolding/folding
(exposure of cryptic binding site or 
dissociation of a binding protein)

Enzyme activity

Unfolding/folding
(exposure of substrate site)

Channels* Release

P

E Catch

Slip

E E

Auto-inhibition Active

ions
TGFβ

Figure 3. Molecules that change conformation by mechanical forces.



Int. J. Mol. Sci. 2024, 25, 2135 9 of 37

Unfolding-folding—Force-induced conformational changes can expose a cryptic bind-
ing site or dissociate a binding protein. During the conformational changes of the protein
(red), some proteins (magenta) may dissociate, while others (blue) may bind to the ex-
posed binding site. Additionally, unfolding of the protein (red in the upper middle)
may also expose the substrate site (E: enzyme, P: phosphate group). Examples include
talin [96–98], filamin [99,100], vinculin [101], alpha-catenin [102,103], alpha-actinin 1 [104],
lamin A/C [105], von Willebrand factor [106,107], fibronectin [108–110]) or substrate site
(phosphorylation of p130Cas [111,112], FAK [113], PDZ proteins [114].

Catch-slip bond—Catch bonds resist dissociation when subjected to mechanical force,
leading to longer lifetimes with increasing force (top of the upper right). Several models
have been proposed to explain catch bonds in biological systems, and the exact molecular
mechanisms underlying catch bonds can vary between different systems and molecules. On
the other hand, slip bonds weaken or have shorter lifetimes when exposed to mechanical
force (bottom of the upper right). Examples include integrin [115,116], L-selectin [117],
P-selectin glycoprotein ligand 1 (PSGL-1)/P-selectin [118], TCR/pMHC [119–121], LFA-
1/ICAM-1 [122], cadherin-catenin complex/F-actin [123], and DNAM-1/CD155 [124].
Catch bond engineering can be employed to tune high-sensitivity TCRs for T cell ther-
apy [125].

Enzyme activity—Some enzymes have specific structural domains or regions that are
sensitive to mechanical force. Application of mechanical force to an enzyme can lead to
conformational changes in certain regions. Such conformational changes may the expose
enzyme’s active site, promote the binding of substrates to the enzyme, increase the rate
of enzymatic reactions, induce the activation of allosteric sites, and trigger downstream
signaling pathways or enzymatic activities. For example, mechanical force exposes the
catalytic site of titin kinase by rearranging the autoinhibitory tail [126]. Forces generated
via the actin cytoskeleton in focal adhesions release the kinase domain of focal adhesion
kinase (FAK) from the FERM domain [113].

Channels—Mechanosensitive channels, also known as stretch-activated ion chan-
nels, are proteins found in the membranes of various cells. They play a critical role in
sensing and responding to mechanical forces, such as pressure, tension, or stretching of
the cell membrane. The molecular mechanism of mechanosensitive channels involves
their structure and conformational changes in response to mechanical force. * Different
mechanosensitive channels use different mechanisms to open channels [72,127,128]. Ex-
amples include piezo1/2 [129], transient receptor potential channels (TRPs: TRPM, TRPV,
TRPC) [130–132], TRAAK [133], TREK [134,135], BK channels [136], OSCA/TMEM63 [137],
and DEG/ENaC [138].

Release—Mechanical force transmitted through F-actin can influence the activation
of integrin αVβ6 and its interaction with pro-TGF-β1, a pivotal step in the activation
and signaling of TGF-β1. In its dormant state, integrin αVβ6 exhibits minimal affinity
for its ligands, including pro-TGF-β1, and adopts a bent or closed conformation, with
the extracellular domains of the αV and β6 subunits closely associated. The application
of mechanical force, such as tensile force or shear stress, to the cell or tissue can induce
conformational changes in integrin αVβ6. This process exposes cryptic binding sites
and the RGD (Arg-Gly-Asp) motif within pro-TGF-β1. The binding of pro-TGF-β1 to
activated integrin αVβ6 under mechanical force conditions facilitates the localized release
and activation of TGF-β1. This activation process typically involves the cleavage of the
pro-peptide from pro-TGF-β1, converting it into its active form [139,140].

For example, the cryptic vinculin-binding site of talin can be exposed by 2–12 pN of
stretching force [96] and the filamin mechanosensing domain can be exposed with 2–5 pN
force [141]. Unfolding of α-catenin can occur at 5–15 pN force to promote vinculin bind-
ing [103]. Membrane-embedded Piezo1 channel can open in the range of 6–50 pN force
applied to the supporting membrane [129]. In addition, it was observed that the average
force exerted by a single vinculin molecule in stationary focal adhesion is approximately
~2.5 pN [101]. While a single motor protein may not generate sufficient force, the presence
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of multiple motors could result in much stronger forces. Since actin–actin bond break-
ing force and the minimum force required to rupture a microtubule are estimated to be
around ~600 pN and ~500 pN, respectively [142,143], even with the collective force from
multiple motor proteins, these filaments do not break. These findings strongly suggest that
mechanotransduction can indeed be regulated by physiological forces within cells [144].

When cells exert pressure on each other, stress stiffening and stress softening of actin
filaments in the leading edge may arise due to the resistance of actin filaments and their
buckling against compression [145]. Although the potential impact of these changes on
mechanotransduction has been hypothesized, it has not been demonstrated yet.

It seems that the mechanical stretching of NPC is crucial, at least for the nuclear
entry of YAP1 [62]. Nevertheless, it is possible that signaling molecules downstream of
mechanotransduction or cell–cell contact could facilitate the nuclear entry of other TAFs
without altering NPC (Figure 4). For instance, small molecules with a molecular weight
of less than 20 kDa might be less sensitive to force-induced NPC opening and could
freely enter the nucleus unless import and export are actively regulated [62]. Additionally,
other regulatory mechanisms, such as post-translational modifications or ion binding,
might also control nuclear entry. Furthermore, it is feasible that signals downstream of
mechanotransduction, or CIP, directly stimulate TAFs within the nucleus (Figure 4). For
example, calcium ions might directly or indirectly activate nuclear TAFs [80]. However, as
of now, such mechanisms have not been demonstrated.
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Hypothesis: How mechanical forces are converted to biological signals. Cells can
experience mechanical forces from various sources. External forces may include physical
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cues from the ECM, neighboring cells, or fluid shear stress in blood vessels. Internal forces
can originate from processes within the cell, such as cytoskeletal tension or organelle move-
ments. Mechanosensitive proteins such as integrins, piezos, and talin can detect changes
in tension, compression, or shear within or around the cell. Once detected, the mechani-
cal signals are transmitted to the next components of the mechanotransduction pathway.
Converter (e.g., FLNA), effector (e.g., FilGAP), or regulator (e.g., NPC and Channel) are ele-
ments within the cell that act as intermediaries in the mechanotransduction process. They
receive the mechanical signals and convert them into biochemical or biophysical responses.
TAFs are molecules capable of directly or indirectly binding to specific DNA sequences in
distant genes to regulate gene expression within the cell that can be affected by mechanical
signals. TAFs include not only activator and repressor transcription factor proteins but
also long noncoding RNAs (lncRNAs) such as Neat1 [146]. In this context, YAP1 and TAZ
are examples of TAFs. These factors are known to regulate gene expression and cellular
behaviors in response to mechanical cues. The localization of YAP1 and TAZ within the
cell can be controlled by mechanical forces, which can determine their activity. Mechanical
forces can also affect ion channels and transporters. Ion influx, or the movement of ions
(such as calcium or potassium) into the cell, can be regulated by mechanical signals. This
ion flux can, in turn, influence various cellular processes, including cell signaling and gene
expression. FLNA acts as a sensor, transmitter, and converter [99]. These converted signals
eventually regulate cell growth, differentiation, cell adhesion, shape change, migration,
metabolism, etc.

The stretching of NPC facilitates the passive transport of large molecules, but this
effect diminishes as the size of the molecule increases, which may account for the differ-
ential extent of nuclear entry for UBE2A/B (152aa) and YAP1 (504aa) [62,87]. The NPC
stretching model proposes that not only YAP1 but also other proteins could potentially
move between the nucleus and cytoplasm upon mechanical stimulation. Up to now, a total
of 41 nucleocytoplasmic shuttling molecules sensitive to mechanical forces and/or cell
density have been identified (Table S1) [147]. Surprisingly, even relatively large molecules
(e.g., SREBP1: 1147aa) can shuttle, indicating that active transport assists in the transloca-
tion of large molecules. According to this model, even more nucleocytoplasmic shuttling
molecules could be involved in CI and mechanotransduction because there are many small
proteins involved in gene regulation. However, the identification of such molecules faces
significant challenges, primarily due to the lack of appropriate methodologies. Generally,
TAFs such as transcription factors (TFs) and their binding proteins are expressed at low
levels compared to other cellular proteins. As a result, mass spectrometry-based proteomics
may detect numerous irrelevant proteins, making it difficult to identify mechano- and
CIP-sensitive TAFs.

Despite the numerous observations, it is evident that cell–cell contact alone does not
instantaneously induce CIP. For instance, in Madin-Darby canine kidney (MDCK) cells,
CIP occurs through three distinct phases: (i) a period of increasing cell density where
cell movement gradually decreases, yet mitosis continues; (ii) a rapid shift to epithelial
cell morphology; and (iii) ongoing cell division coupled with a reduction in cell size, ac-
companied by a progressively slower rate of mitosis. A halt in mitosis is reached once
the cell area drops below a certain level [148]. Interestingly, the application of external
stretching forces to cells under CIP can reinitiate the progression of the cell cycle [149].
In immortalized human mammary epithelial cells (MCF10A and MII cells) and HaCaT
keratinocytes, confluent cells exhibit only about a 30% reduction in proliferation and only
partial cytoplasmic localization of YAP1, whereas high-density cells fully stall prolifera-
tion [61]. These results suggest that contact between cells is not sufficient for inhibition of
cell proliferation. Instead, CIP results from mechanical constraints that lead to a decrease
in cell area with each successive cell division. Therefore, it appears to be true that “So
far, there is no clear mechanistic connection between CIL and CIP, and they should not be
thought of as interrelated processes as some people have suggested” [7]. However, recent
evidence has revealed overlapping signaling pathways between CIL and CIP, as described
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earlier. To reconcile this apparent discrepancy, several possibilities can be considered. One
possibility is that there might be a time lag between cell–cell contact and the full induction
of CIP and/or the mechanical changes associated with high cell density. For instance, it
has been observed that the size of the nucleus depends on the density of cells, and the size
remains relatively constant even when cells come into contact with each other, indicating
that NPC is still being stretched at confluency [61,87]. Another explanation could be that
the duration of signaling defines the cell’s fate. It is plausible that prolonged signaling
is necessary to fully switch from CIL to CIP. Perhaps more extended exposure to specific
signaling cues is required to trigger the complete transition from cell migration to growth
inhibition. Consistent with this concept, prolonged mechanical muscle loading results in an
increase in the expression of mechanosensor genes and a switch in muscle fiber type [150].

In future research, it is essential to investigate the potential common and distinctive
signaling pathways for CIP and mechanotransduction, as depicted in Figure 4. However,
before exploring these pathways, it is necessary to identify all the key players, including
sensors, transmitters, converters, and TAFs.

3.2. Nuclear Lamina, Mechanics, and Positioning

The nuclear lamina, depicted in Figure 5A, is composed of lamins and nuclear lamin-
associated membrane proteins, forming a meshwork lining the inner surface of the nuclear
envelope. Lamins are intermediate filaments that can be classified into A-type (lamin-A/C)
or B-type (lamin-B1 and B2). The expression of lamin-A/C, but not lamin-B, correlates with
tissue stiffness and is upregulated when cells are seeded on stiff substrates or subjected
to stretching [78,151,152]. Conversely, culturing cells on a soft substrate or inhibiting
myosin II reduces lamin-A/C levels, presumably by increasing their phosphorylation
and solubilization [151]. Adherent cells express higher levels of lamin-A/C compared to
non-adherent cells, underscoring the importance of lamin-A/C in mechanotransduction.
Mutations in the LMNA gene lead to defective mechanotransduction and human diseases
known as laminopathies. For instance, LMNA mutations causing muscular dystrophies
increase YAP1 nuclear entry in muscle stem cells, even at high cell density [153]. Reduced
expression of lamin A/C is also frequently associated with cancer phenotypes [154]. These
mutations and decreased lamin A/C expression can induce genomic instability [155],
potentially disrupting the normal association of the genome with the nuclear lamina.
Dysfunction of lamin A/C would likely impact the stability of the genome, as lamina-
associated domains (LADs) occupy about 30–40% of the total genome, and genes localized
within LADs are typically transcriptionally silenced [156].

The LINC complexes play a crucial role in connecting chromatin to the cytoskeletons
(Figure 5A) [157]. These LINC complexes consist of nesprin proteins (KASH: Klarsicht,
ANC-1, Syne Homology proteins) located on the outer nuclear membrane (ONM) that bind
to cytoskeletons. Nesprins, in turn, interact with SUN (Sad1p, UNC-84) proteins, which are
linked to inner nuclear membrane (INM) proteins such as lamins, chromatin, and other
nuclear envelope proteins. As a result, both external and internal forces are transmitted
through the cytoskeleton to the nucleus, leading to changes in nuclear morphology and
gene expression [158]. This force transmission to chromatin may influence DNA mechanics
and structure, thereby regulating early transcription initiation events [159].

The nuclear lamin-associated membrane proteins are found embedded in or associated
with the INM or lamins. Among these proteins, lamina-associated polypeptides 1 and 2
(LAP1, LAP2) and lamin B receptor (LBR) have been identified as INM transmembrane
proteins that bind heterochromatin through the adapter protein [160]. Another INM trans-
membrane protein is emerin, which interacts with other INM proteins, including lamins,
NPC proteins, and chromatin [161]. Moreover, emerin binds to several transcription reg-
ulators, such as ß-catenin and BAF (Barrier to Autointegration Factor). Notably, the loss
of emerin has been shown to reduce mechanosensitive gene expression induced by strain
stimuli [162], suggesting that emerin plays a role in mechanotransduction. In addition, the
non-transmembrane protein PRR14 (proline-rich protein 14) also connects the nuclear lam-
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ina to histone H3 lysine-9 trimethylation (H3K9me3)-modified heterochromatin [163,164].
These findings suggest that lamin-associated proteins may play a role in mechanotrans-
duction through cytoskeletons subjected to mechanical force, although a comprehensive
characterization is still pending. Additionally, both lamin A/C and B have the ability to
directly bind core histones through a specific sequence element in their tail domain [165].

The lamina and chromatin are the major determinants of nuclear mechanics. Although
lamin A is a key element regulating nuclear shape and rigidity, heterochromatin is more
densely packed and makes nuclei stiffer, whereas loose euchromatin is less stiff than com-
pact heterochromatin [166]. Nuclear membrane curvature and tension are also important
parameters in nuclear mechanics and can alter NPC to regulate the entry of YAP1, as
discussed earlier. During cell movement, mitosis, and various cellular morphogenetic
processes, such as the formation of muscle cells during development, nuclear movements
occur. Dysregulation of nuclear positioning can result in functional impairments and
contribute to disease [167]. Given that nuclear movements can impact the shape and
mechanical properties of the nucleus, as well as alter lamin and NPC (Figure 5A), it is
reasonable to consider that nuclear positioning plays a role in mechanotransduction and in
the pathway of CI. In fact, the expression of dominant negative forms of the LINC complex
components impairs force transmission from the cytoskeleton to the nucleus and impairs
nuclear deformation [168]. However, recent discoveries indicate that the LINC complex
may not always be essential for transmitting mechanical signals to the nucleus [169]. Nev-
ertheless, the precise mechanism by which nuclear movement influences gene expression
remains unclear.
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Figure 5. Regulation of chromatin structure and stretching of NPC in CI and mechanotransduction.
(A) The physical connection between chromatin and the ECM may lead to the opening of chromatin
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regions where transcription-associated factors (TAFs) can bind for gene expression. This process
could be regulated by the transmission of mechanical force through transmembrane proteins, the
cytoskeleton, the LINC complex, and nuclear lamins. Additionally, the movement of TAFs could be
influenced by the mechanical stretching of NPC. The SUN domains of SUN proteins directly interact
with the KASH domains of nesprin proteins. Nuclear lamin-associated membrane proteins include
emerin, LAP1/2, LBR, and MAN1 (inner nuclear membrane protein Man1). PTM: post-translational
modification, HP1: heterochromatin protein 1. Numerous additional proteins have been detected in
the nuclear envelope using proteomic methods, yet these findings require further confirmation [170].
(B) TAFs (red) bind to open chromatin to regulate gene expression. These binding loci of TAFs are
distinct from the gene body, where modifications like histone H3 lysine-79 dimethylation (H3K79me2,
blue) are present. Furthermore, histone H3 lysine-4 trimethylation (H3K4me3) modifications (pro-
moter, magenta) are found in broader regions upstream of the transcription start site (TSS). TES,
transcription end site. In various biological processes, such as CI and other mechanotransduction-
mediated biological processes, gene regulation involves changes in chromatin structure due to
epigenetic modifications. The DSP-MNase-proteogenomics method identifies TAFs and their binding
loci [171]. The heatmaps represent the read coverage or signal intensities across genomic regions
and DNA samples extracted from open chromatin using MNase (see Figure 6 for details). Heatmaps
identify patterns of enrichment or depletion in specific regions of open chromatin and can provide
insights into the regulatory landscape of the genome. Heatmap analysis of DNA fragments extracted
from low- and high-density cells revealed that TAFs bind to accessible regions of chromatin, which
are situated near the upstream of TSS, and displace histone H3 in the process. As expected, H3K4me3
and H3K79me2 modifications are enriched in the promoter region and gene body, respectively.
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TAF complex is stabilized with a reversible cross-linker, dithiobis(succinimidyl propionate) (DSP).
After washing out the majority of proteins, the DNA-TAF complex is cleaved off using micrococcal
nuclease (MNase) and separated from cross-linked chromatin by centrifugation. After de-cross-
linking the cleaved DNA-TAF complex, TFA proteins can be identified by conventional or stable
isotope labeling by amino acids in cell culture (SILAC)-based proteomics. DNA fragments can be
sequenced by NGS. (B) DNase I hypersensitive sites (DHSs) proteomics [87]. After washing out
soluble cytoplasmic proteins using hypotonic buffer, loose and open chromatin is cleaved off using
DNase I and fractionated. Proteomics using SILAC quantitatively identify proteins that increased or
decreased after stimulation. Since no crosslinking and extensive washing are involved, proteins that
transiently associate with chromatin can be detected. Light blue indicates nucleosome. Red (strong
interaction) and purple (transient interaction) indicate TAFs. Green indicates enzyme. Magenta
indicates PTM of histone. Orange indicates DSP crosslinker.
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4. TAFs in CIP and Downstream of Mechanotransduction

TAFs engage with cis-regulatory elements to regulate gene expression and comprise
a wide range of molecules, such as RNA, heterogeneous nuclear ribonucleoproteins, and
various protein factors. This review will primarily focus on TAF proteins that directly or
indirectly bind to DNA, such as transcription factors (TFs), co-factors, repressors, and RNA
polymerase [172], all of which are influenced during CIP and downstream of mechanotrans-
duction. While researchers have identified more than 40 TAFs that shuttle between the
nucleus and cytosol in response to cell–cell contact and mechanical stimulation (Table S1),
our understanding of the changes occurring at the chromatin regions where these TAFs
bind remains limited.

Chromatin is composed of DNA spooled around histones in a manner that dynami-
cally exposes specific loci of DNA to TAFs that regulate transcription and replication by
binding to the DNA (Figure 5B). To systematically profile chromatin, it is necessary to
detect the genomic locations of these exposed loci and identify the TAFs bound to each
locus. The former task is effectively accomplished using current techniques. For example,
H3K4me3 modification is associated with gene expression and transcriptional activity, and
DNA fragments associated with H3K4me3 can be sequenced and mapped on the genome
through chromatin immunoprecipitation with sequencing (ChIP-seq) using anti-H3K4me3
antibodies and next-generation sequencing (NGS) technologies [173,174]. Similarly, DNA
fragments attached to H3K79me2 are associated with gene bodies [175] (Figure 5B), and
ChIP-seq analysis using anti-histone H3 antibodies reveals that upstream regions near the
transcription start site (TSS) of many genes lack histone H3, suggesting that these regions
may interact with TAFs.

Recently, a method to comprehensively determine TAFs and their binding loci on
chromatin (DSP-MNase-proteogenomics) has been developed [171] (Figure 6).

Through this method, new nucleocytoplasmic shuttling molecules sensitive to cell
density, such as PTGES3, TIPARP, SMAD4, and CBFB (Table S1), have been discovered.
Moreover, DSP-MNase-proteogenomics revealed that DNA fragments binding to TAFs are
notably enriched upstream of the TSS (Figure 5B), as anticipated. This analysis enables the
comparison of active genes across multiple samples and has shown that genes associated
with the Hippo pathway are downregulated in high-density cells [171]. Another method
known as DNase I hypersensitive sites (DHSs) proteomics, described in Figure 6 [87],
also facilitates the quantitative comparison of multiple samples and the identification of
TAFs that transiently interact with chromatin. Using this approach, UBE2A/B, which
demonstrates nucleocytoplasmic shuttling depending on cell density, substrate stiffness,
and drug-induced inhibition of myosin contraction, has been identified. Similar to YAP1,
UBE2A/B relocates to the nucleus when cells are cultured at low density and on a stiff
substrate, where it ubiquitinates histone 2B Lys120. Knocking down UBE2A/B leads to the
suppression of many genes, including YAP1 [87].

Various methods are employed to investigate the nucleocytoplasmic shuttling of TAFs,
including photo-perturbation-based techniques such as fluorescent recovery after photo-
bleaching, fluorescence correlation spectroscopy, and single-particle tracking. However,
it is important to note that each of these methods has its own set of advantages and lim-
itations [176]. When green fluorescent protein (GFP) is genetically attached to a protein
of interest, the behavior of the exogenous epitope-tagged protein can be misleading [177].
However, in some cases, when the GEP gene is knocked-in to tag the gene of interest into ge-
nomic DNA, it appears to replicate the behavior of endogenous proteins [56]. Nevertheless,
some groups could demonstrate that overexpressed GFP-YAP1 behaves like endogenous
YAP1 [62,178].

5. Ubiquitination: A Key Mechanism in the Pathways of CIP and Downstream
of Mechanotransduction

Ubiquitination serves a crucial role not only in protein degradation but also in vari-
ous other biological processes, including DNA repair, activation of protein kinases, and
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transcription [179–184]. Additionally, ubiquitination has been implicated in CI and mechan-
otransduction [87]. For example, pressure overload and hypertrophy of cardiomyocytes
enhance ubiquitination, where beta 3 integrin mediates the mechanotransduction [185].
When increased mechanical tension develops in intact smooth muscle, Skp2, a component
of a ubiquitin ligase complex, mediates the degradation of several proteins that inhibit
proliferation [186]. The chaperone-assisted selective autophagy complex, comprised of
Hsc70, HspB8, and BAG3, senses the mechanical unfolding of filamin. Together with the
chaperone-associated ubiquitin ligase CHIP, the complex initiates the ubiquitin-dependent
autophagic sorting of damaged filamin to lysosomes for degradation to maintain home-
ostasis [187]. These findings strongly suggest that ubiquitination plays a significant role
in mechanotransduction. However, the precise mechanisms by which ubiquitination reg-
ulates these diverse biological processes remain unclear. Nevertheless, some evidence
indicates that mechanical forces induce the ubiquitination of YAP1, which is implicated in
tumorigenesis and angiogenesis [188–191].

The expression of beta-catenin, cadherin, and ubiquitin domain-containing protein 1
(UBTD1) increases in response to cell density [192]. UBTD1 localizes at cell junctions on a
stiff substrate, while it mostly remains diffused in the cytoplasm on a soft substrate. Inhibi-
tion of actomyosin contraction, or actin depolymerization, also promotes the delocalization
of UBTD1 from the membrane to the cytosol. In the cytoplasm, UBTD1 associates with the
YAP1 degradation complex, which comprises UbcH5, b-TrCP, and beta-catenin. This associ-
ation facilitates YAP1 ubiquitylation for proteasomal degradation. Interestingly, at low cell
density, UBTD1 is weakly expressed, leading to RhoA activation and myosin contraction,
promoting nuclear localization of YAP1. These findings are consistent with observations
in hepatocellular carcinoma cells, where UBTD1 expression significantly decreases with
increasing matrix stiffness [188].

Ubiquitination of YAP1 is also triggered when mouse fibroblasts are cultured at high
density, resulting in polyubiquitination and subsequent degradation of YAP1 through a
proteasome-dependent pathway [193]. However, a different study has demonstrated that
when human umbilical vein endothelial cells are exposed to pulsatile flow, ubiquitination
and degradation of YAP1 occur independently of the proteasome [194].

The protocadherin FAT1 exerts a negative regulatory effect on endothelial cell prolif-
eration during angiogenesis by promoting the E3 ubiquitin ligase Mind Bomb-2 (MIB2)-
mediated ubiquitination and degradation of YAP1 [191]. Such ubiquitinated YAP1 could
be attenuated by herpes virus-associated ubiquitin-specific protease (HAUSP)-mediated
deubiquitination [195]. Moreover, YAP1 undergoes non-proteolytic, K63-linked polyubiq-
uitination by the SCFSKP2 E3 ligase complex (SKP2), promoting its nuclear localization
and transcriptional activity independently of Hippo pathway-mediated phosphorylation of
YAP1 [196]. This ubiquitination process is reversed by the deubiquitinase OTUD1. In each
of these cases, the level of ubiquitination appears to be quite low, as detected by Western
blotting against YAP1, where the ubiquitinated form is barely visible at a high molecular
weight. It is possible that ubiquitination is transiently required in non-proteolytic pathways
and leads to rapid degradation in proteolytic pathways.

UBE2A/B functions as an E2 ubiquitin-conjugating enzyme, capable of accepting
ubiquitin from the E1 complex and transferring it to other proteins [197]. Ubiquitinated
proteins can be detected using anti-ubiquitin antibodies with varying specificities, some
recognizing mono- or polyubiquitin, linear or branched ubiquitin, or site-specific ubiqui-
tin. Interestingly, when cells are stained with the F-11 monoclonal antibody (Santa Cruz
Biotechnology, sc-271289), which targets ubiquitin and polyubiquitin, the nucleus exhibits
intense staining in low-density cells, whereas the cytosol is strongly stained in high-density
cells [87]. As this antibody reacts with a wide range of proteins in Western blotting, this
result suggests the presence of numerous unidentified ubiquitinated proteins that shuttle
between the nucleus and cytosol during CI. However, the anti-ubiquitin P4D1 monoclonal
antibody (Santa Cruz Biotechnology, sc-8017) did not exhibit such a difference in staining,
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indicating that CI-dependent translocation may be contingent on the conformation of the
ubiquitin chain(s).

6. Autophagy in CIP and Mechanotransduction

In cells situated at high density or on a soft substrate, phosphorylated YAP1 relocates
to the cytosol, leading to decreased transcription of actomyosin genes (MLC2, MYH10,
and MYH14), resulting in reduced formation of F-actin stress fibers. Consequently, this
impairs autophagosome formation, leading to a reduction in both cell proliferation and
basal autophagy [198]. Conversely, at low cell density, YAP1 translocates into the nucleus,
activating the expression of actomyosin genes, which induces the formation of actin stress
fibers and maintains YAP1 in the nucleus. The mechanical strain exerted on mesenchymal
stem cells activates mTORC2, a regulator of autophagy that influences various downstream
effectors [199]. This mechanical activation of mTORC2 can be prevented by pharmacologi-
cal inhibition of focal adhesion kinase (FAK), which is mechanosensitive. FAK is recruited to
focal adhesion sites upon cell attachment and mechanical strain [200]. Other force-induced
signaling molecules, such as ions and kinases, and the ECM also play roles in regulating
autophagy [201]. Conversely, autophagy itself regulates mechanotransduction by recycling
cellular components, providing energy, and contributing to ECM secretion [202].

7. FLNA-Mediated Mechanotransduction and Its Potential Role in CIL and CIP

While lysed cells and reconstituted systems have provided valuable insights into cer-
tain cellular mechanisms, the incorporation of mechanical force as a parameter to simulate
physiological conditions has been largely overlooked, despite its fundamental importance.
Reconstituting internal or external mechanical stress in vitro while simultaneously quanti-
fying protein–protein interactions remains a significant challenge, hindering progress in
this area of research. To surmount this obstacle, gaining a comprehensive understanding of
structural details becomes crucial to strategically designing a probe that can mimic the me-
chanically activated conformation of a molecule. Among the molecules known to mediate
mechanotransduction, FLNA stands out as one of the best-characterized examples [99,203].

Mutations and loss of FLNA genes are associated with a wide range of human dis-
eases and alter cell mechanics and behaviors [99,204]. FLNA is a homodimerized actin
cross-linking protein. Each subunit has an N-terminal spectrin-like actin-binding domain
(srABD) that consists of two calponin homology domains, followed by 24 immunoglobulin-
like repeats (R). Two unstructured hinges (32 amino acid residues) separate the subunit
into three segments, namely rod-1 (R1–15), rod-2 (R16–23), and the dimerization domain
(R24) (Figure 7A). Each repeat consists of seven β-strands (A–G) in parallel orientation.
Interestingly, some of the repeats form domain pairs with unique characteristics. For
instance, R24 utilizes strands C and D to create an antiparallel β sheet through hydrogen
bonding and hydrophobic interactions. In contrast, other domain pairs exhibit different
interactions. For instance, FLNA R3 and R4 interact through the edges of the β sheets,
while R4 and R5 interact across three β-strands on each side, resulting in an antiparallel
domain pair of R3–5 that stabilizes R4 (protein data bank (PDB): 4M9P) [205]. Furthermore,
because β-strand A of FLNA R16 does not fold as part of R16, exposed hydrophobic β-
strands on the BG face bind tightly to the AG face of R17, and the free strand A of R16
could provide additional flexibility in hinge-1 (PDB: 2K7P). Importantly, this domain pair
does not interfere with the interaction between the cytoplasmic tail of GPIbα and the CD
face of R17 [206]. The β-strands A of FLNA R18 and R20 also remain unfolded, instead
covering the CD faces of R19 and R21, respectively, where the cytoplasmic domain of β
integrins binds (Figure 7B). As a result, while the integrin β7 peptide binds to R19 and R21
independently, it does not interact with R18-19 (PDB: 2K7Q) or R20-21 (PDB: 2J3S). These
domain pairs contribute to compacting the rod-2 segment [207,208], which can be unfolded
by mechanical forces [99,100,141,209].
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Figure 7. FLNA-mediated mechanotransduction. (A) The structure of FLNA includes paired domains
that may undergo unfolding in response to mechanical forces [99,203]. (B) Mechanical force induces
conformational changes in the FLNA molecule, exposing cryptic binding sites and altering the geom-
etry of FLNA subunits (e.g., A: FilGAP, B: integrins). (C) FLNA and F-actin are highly concentrated
at the leading edge of the cell. 100 × 100 µm. (D) The model proposes that cell protraction at
the leading edge is regulated by the force-dependent interaction between FLNA and FilGAP. The
yellow-highlighted “P” indicates phosphorylation (activated FilGAP). For further details, refer to
the text.

The force needed to unfold the domain pairs has been measured at approximately
10 pN or even less, while the repeats in the rod 1 segment and dimerization domain can
withstand significantly higher forces [210,211].

Given that a single myosin molecule can generate 3–4 pN force, just one or a few
myosins can produce enough force to unfold the domain pairs [100,141], allowing for
partner interactions. So far, several molecules, including β integrins, migfilin, CFTR,
fimbacin, smoothelin, G3BP1, SAV1, and LARP4, have been shown to interact with the
CD face of R21 [99,212–216]. This suggests that these molecules interact with FLNA in a
force-dependent manner. While the intracellular concentration of FLNA seems sufficient for
interactions with all these binding partners (e.g., FLNA: 6 µM and G3BP1: 0.6 µM) [214], it’s
worth noting that the concentrations of many signaling molecules involved have not been
measured and may vary in different cellular regions. Furthermore, there is a possibility that
other domain pairs could be mechanosensitive and engage with some of these signaling
molecules due to the similarity between the CD face of R21 and that of R4, R9, R12, R17,
R19, and R23. Nevertheless, as of now, no partner protein that interacts with these domains
in a force-dependent manner has been identified, except for R23.

In FLNA dimers, the two R23 domains are spatially separated due to the dimerization
of R24 and hinge-2 [207]. FilGAP, a filamin-binding Rac-specific GTPase-activating protein,
also homodimerizes through its C-terminal coiled-coil domain, providing two FLNA-
binding sites [217]. In a relaxed state, FilGAP interacts with R23 through each FLNA
subunit [218]. However, the application of mechanical force can cause the separation of the
two R23 domains, leading to a decrease in their avidity, ultimately releasing FilGAP from
its interaction with FLNA [100]. Unlike R19 and R21, the CD face of R4, R9, R12, and R17 is
not covered with the strand A of their preceding repeats; however, it is possible that these
repeats might exhibit mechanosensitivity in a manner similar to that of R23.
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8. FLNA Potentially Regulates CIL through FilGAP

FLNA is enriched in the lamellae of the leading edge of migrating cells (Figure 7C).
Additionally, FilGAP localizes to the cell front via its pleckstrin-homology domain in a
phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3)-dependent manner [219]. FilGAP
can be activated through ROCK-mediated phosphorylation, in a process dependent on
FLNA. As a result, the force-dependent interaction between FLNA and FilGAP may play a
role in regulating FilGAP activity and controlling Rac1 activity.

In the traditional view, Rac1 dominates RhoA at the leading edge and oppositely at the
rear to maintain polarity and directed migration [220]. Further detailed analysis revealed
that RhoA is activated at the cell edge, while Rac1 activation occurs 2 µm behind the
edge with a 40 s delay in randomly migrating cells [221]. These observations suggest that
RhoA initiates protrusion, whereas Rac1 and Cdc42 reinforce and stabilize newly expanded
protrusions. This spatial restriction and delay could be regulated by FilGAP, which is
associated with the plasma membrane through PtdIns(3,4,5)P3, thus maintaining Rac1 in
an inactive state [222] (Figure 7D). FilGAP phosphorylation by ROCK and its binding to
FLNA could further contribute to Rac1 inactivation at the cell edge [217]. Therefore, it is
possible that the decrease in traction forces at cell–cell contacts due to CIL [223] leads to
the stalling of Rac recycling. Moreover, actomyosin contraction, triggered by RhoA behind
the cell edge, would lead to the dissociation of FilGAP from FLNA, thereby inactivating
FilGAP and activating Rac1.

9. FLNA Regulates CIP through the Hippo Pathway

Involvement of Drosophila filamin (cheerio) in the Hippo pathway to induce hyper-
trophic growth has been demonstrated [224]. However, the molecular mechanism by which
cheerio controls the Hippo pathway remains unknown. Recently, SAV1, a component
of the Hippo pathway, has been identified as a binding partner of FLNA in mammalian
cells [215]. Like other known mechanobinding partners of FLNA, SAV1 interacts with
the CD face of R21. When myosin contraction is lost, SAV1 is released from cytoplasmic
FLNA and partially diffuses to the nucleus. This suggests that mechanical force may regu-
late the localization of YAP1 in a Hippo-dependent manner, mediated by force-induced
conformational changes of FLNA. To investigate this hypothesis, conditional transgenic
mice expressing non-FLNA-binding Sav1 were generated in the liver [225]. However, this
experiment encountered an unexpected issue, as the insertion of the flox cassette led to exon
2 skipping, resulting in the deletion of exon 2. Since exon 2 encodes the FLNA-binding site,
the mutant Sav1 is unable to bind to FLNA. Interestingly, disruption of the FLNA-SAV1
interaction in these mice led to growth retardation, accompanied by apoptosis induced by
an as-yet-unknown mechanism. As the deletion of exon 2 could potentially affect other
functions of SAV1, a more targeted inhibition of the FLNA-SAV1 interaction is essential to
definitively validate or refute the hypothesis.

The expression of YAP1 S127A, which is not affected by Hippo pathway phosphoryla-
tion and localizes in the nucleus, led to enlarged livers, as anticipated (Figure 8A) [226,227].
However, contrary to conventional expectations, the depletion of YAP1/TAZ in mouse
livers surprisingly resulted in larger liver size compared to their wild-type counterparts,
although liver regeneration is less efficient when YAP1/TAZ is deleted [228,229]. This
finding suggests that YAP1/TAZ are not essential for liver growth per se but rather act
as potent inducers of cell proliferation in the nucleus and as an inhibitor for overgrowth,
regulated by the Hippo pathway (Figure 8B–D) [230]. During the early phases of evo-
lution, there is a belief that single-celled organisms could continuously multiply under
favorable conditions. In fact, numerous single-celled organisms currently exhibit these
traits. However, in the transition from single-celled to multicellular organisms with distinct
morphology, it is presumed that CIP and apoptosis were necessary. In other words, it is
conceivable that the Hippo pathway is not crucial for cell proliferation but rather primarily
functions to hinder cell proliferation in specific-sized organisms. The suppression of this
pathway, whether triggered by mechanical or biochemical stimuli or induced by diseases,
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fosters cell proliferation. Taken together, one could hypothesize that the enlargement of
the liver upon loss of YAP1/TAZ is attributed to the absence of a SAV1 effector, as SAV1 is
known to inhibit liver growth [231,232]. It is possible that SAV1 released from FLNA by
reduced mechanical force may not effectively suppress proliferation without the presence of
SAV1’s effector (cytosolic YAP1/TAZ), which may have an apoptotic or inhibitory activity
to control overgrowth. Nevertheless, there has been relatively little exploration of the
function of cytosolic YAP1/TAZ (Figure 8E–H).
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Figure 8. Hippo-dependent and -independent pathways for cell proliferation. The pink-colored
nucleus indicates the localization of YAP1/TAZ in the nucleus, suggesting a cell growth state.
Nevertheless, it has been reported that YAP1 nuclear localization alone is insufficient as an indicator
of YAP1 activity (see Section 3). (A,B) The Hippo pathway can be turned off or inhibited by several
mechanisms and factors, such as alterations in cell polarity, growth factors, oncogenic signaling,
nutrient availability and metabolic signals. When the Hippo pathway is turned off, the core kinases
of the pathway, particularly LATS1/2, become inactive. This leads to reduced or no phosphorylation
of YAP1. Non-phosphorylated YAP1 then translocates to the nucleus and acts as a transcriptional
co-activator. It binds to various transcription factors, most notably those in the TEAD family. This
interaction triggers the activation of genes that promote cell proliferation and survival (resistance to
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apoptosis), as well as other genes involved in processes such as stem cell activation. The S127A mutant
of YAP1 is resistant to phosphorylation and is retained within the nucleus [230]. The Hippo pathway
is activated by various extracellular and intracellular signals, including G-protein-coupled receptor
signaling, as well as signals downstream of cellular metabolism and CIP. These signals can influence
the activity of the pathway’s core components, which include mammalian STE20-like protein kinases
(MST1/2) and LATS1/2. SAV1, MOB1, and other factors also promote the kinase activity of their
binding partners. Once activated, LATS1/2 phosphorylate YAP1/TAZ. When phosphorylated,
YAP1/TAZ are retained in the cytoplasm and become subject to degradation. Normally, the Hippo
pathway restricts growth by suppressing YAP1. However, oncogenes such as Ras and Src can either
inhibit the Hippo pathway or directly activate YAP1, thus promoting uncontrolled cell growth and
contributing to cancer development. (C,D) Hypothesis: Cells can proliferate through various growth
signals even in the absence of the Hippo pathway or YAP1 (this can occur even when the Hippo
pathway is active), potentially leading to uncontrolled growth. (E,F) Mechanical forces can influence
YAP1 translocation into the nucleus independently of the Hippo pathway. YAP1 remains in the cytosol
on soft substrates, even when its phosphorylation is inhibited, indicating that dephosphorylation
alone does not ensure its nuclear entry. The stretching of NPC through mechanical forces and
substrate stiffness, mediated by the LINC complex and actin cytoskeleton, plays a key role in YAP1’s
nuclear import, which varies with substrate rigidity [62]. Nevertheless, it has been observed that
the opening of the NPC alone is insufficient for the nuclear entry of YAP1 (see Section 3). (G,H) The
binding of SAV1 to FLNA under tension retains MST1/2 and LATS1/2 in the cytoplasm, thereby
endorsing the activity of YAP1 in the nucleus. In relaxed cells, SAV1 is released from FLNA to induce
apoptosis by an unknown mechanism. Some of the released SAV1 might translocate to the nucleus,
presumably with MST1/2 and LATS1/2. Phosphorylation of YAP1 might take place in the cytosol if
non-phospho-YAP1 can exit the nucleus [225].

10. Cell and Tissue Mechanics in Normal and Aberrant Physiology

Human tissues are subjected to a diverse range of mechanical forces, including flow
shear, compression, tension, osmotic pressure, myosin-mediated contraction, and grav-
itational forces [13,14]. Moreover, the mechanical properties of tissues themselves play
a crucial role in cell growth, stem cell differentiation, cancer development, and even
Alzheimer’s disease [16,233–235]. Additionally, diseases can also alter the mechanical
properties of cells themselves. For instance, fibroblasts from Dupuytren’s disease exhibit
increased stiffness compared to normal fibroblasts [236]. Conversely, highly invasive cancer
cells often display softer mechanical properties with distinct lamellipodial and protrusive
structures, facilitating cell deformation and shape changes necessary for invasion [237].

Less invasive cell lines tend to exhibit higher stiffness, likely due to increased cor-
tical actin and phosphorylated active myosin light chains. However, cancerous tissues,
in general, are stiffer than normal tissues, mainly attributed to the increased stiffness of
the stroma [238] (Table S2). This increased stromal stiffness is caused by the accumula-
tion of ECM components, ECM crosslinking, and fibroblast proliferation within cancer
tissues [238]. It is noteworthy that oncogene activity alone is insufficient for the oncogenic
reprogramming of normal cells, but supraphysiological ECM rigidity can promote tumori-
genesis [46,239]. However, different studies suggest that cellular responses to ECM stiffness
are influenced by the dimensionality (two-dimensional or three-dimensional, 2D or 3D,
respectively) and degradability of the ECM [240–242]. For instance, cell volume increases
with high ECM stiffness in 2D but decreases in 3D, whereas cells in 3D hydrogels with
protease-degradable crosslinks exhibit higher cell volume and nuclear YAP1 localization
compared to non-degradable ECM, likely due to improved cell spreading [241]. These
results indicate that cell mechanics alone is not the sole determinant of cell fate, and the
localization of specific molecules, such as YAP1, does not solely dictate cell fate. Addition-
ally, isolated neonatal mouse cardiomyocytes show higher proliferation on soft substrates
compared to stiff substrates, further supporting the idea that the microenvironment plays a
critical role in cell behavior [243]. Another important characteristic of the ECM is its ability
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to dissipate sustained stresses, such as continuous pressure and touch, providing protection
to the cells from these mechanical forces. On the other hand, rapid deformations of the
ECM can be sensed by cells that are connected to the ECM [244]. Furthermore, when cells
attach to the ECM through specific sites such as focal adhesions, this attachment can define
the overall shape of the cells, which, in turn, influences their behavior and function [245].

Cell mechanics are influenced not only by the interaction with the ECM but also by
the mechanics of the cytoskeleton within the cells. Motor proteins play a crucial role in
mechanically stressing actin filaments and microtubules, causing their binding proteins
and the filaments themselves to undergo mechanical deformation, which can lead to
changes in their functions [246,247]. Other cytoskeleton-associated proteins that mediate
polymerization, depolymerization, cross-linking, bundling, and severing also alter the
mechanics of the cytoskeleton [32,33]. Intermediate filaments, including nuclear lamins
and vimentins, are connected to other cytoskeletal elements through the LINC complex
and binding proteins like plectin. Therefore, intermediate filaments may also play a role in
mechanotransduction, but their molecular mechanism is less explored compared to other
cytoskeletal components [248].

Stiffness, also referred to as rigidity or elastic modulus, characterizes the ability of a
material to resist deformation when subjected to a force applied at a slow rate. In elastic
deformation, the strain is reversible, meaning the material returns to its original shape after
the force is removed. On the other hand, cells and tissues can undergo irreversible changes
in their shapes through ductile deformation, during which molecular bonds may break
but can be reformed into new bonds through plastic or viscous flow (viscoelastic). The
stiffness of human tissues varies significantly, ranging from 0.4 to 1.4 kPa in the brain to
8 to 40 GPa in bone. These variations are larger than the differences observed between
the stiffness of normal and abnormal tissues (Table S2). This suggests that different types
of cells possess unique thresholds that distinguish between normal and abnormal states,
growth and growth arrest, or differentiation and proliferation.

Biological materials exhibit nonlinear elasticity, meaning they are soft under low strain
and stiffen under higher strain (strain-stiffening) to protect cells and tissues from large
deformations [249]. However, the precise relationship between strain and the mechanical
activation of molecules involved in cellular mechanotransduction and cell-ECM interaction
remains poorly understood. For instance, the softness of actin networks cross-linked by
FLNA under low strain can be attributed to the semi-flexible nature of the FLNA molecule,
while stiffness under higher strain (strain-stiffening) is driven by the strong avidity of
the FLNA-F-actin interaction [207]. The plasticity of cells and tissues is influenced by
time-dependent biomolecular interactions. For example, actin networks crosslinked by
FLNA exhibit elastic behavior when the deformation rate is faster than the rate of crosslink
exchange, but they behave as a viscous material when deformation is slow enough to allow
crosslinker molecules to rearrange, resulting in a viscoelastic response [250]. Although it is
likely that mechanical activation of FLNA occurs at high strain, the precise relationship
between FLNA activation and the deformation of actin networks has not been thoroughly
investigated. Various methods exist to measure the nanomechanics of individual proteins,
as well as the viscoelastic properties of biopolymers, cells, and tissues, and to manipulate
these properties for the study of CI and mechanotransduction [251–255]. Despite these
advancements, there is still a need for further research to develop a comprehensive theory
that can establish a connection between the measured mechanical properties and their
impact on biological phenotypes.

If mechanical forces regulate cell growth, could the manipulation of such forces control
an animal’s body size? For instance, might microgravity influence body dimensions in
space? Internal mechanical forces are produced through the polymerization of cytoskeletal
proteins and motor proteins. However, controlling these forces responsible for mechan-
otransduction without impacting other cellular processes, including cytokinesis and cell
shape change, is impossible. Therefore, investigating the effect of internal mechanical
forces on mechanotransduction-mediated cell growth is unfeasible. Given that external
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forces would impact internal forces, as discussed earlier, it is likely that the external forces
would influence other cellular processes responsible for cell growth as well. Although it is
well known that atrophy and bone absorption occur in microgravity, it appears that body
size does not significantly change [256,257], presumably because animal cells and tissues
regulate internal forces to adapt to an environment. However, it is intriguing to note that
mice exposed to 37 days of spaceflight displayed elevated liver mass (33%) compared to
ground-control mice [256].

11. Conclusions and Perspectives

In 2003, a seminal review article highlighted the significance of mechanical forces
in both normal physiology and pathology [258]. Although this article presented several
instances of mechanical force involvement in biological processes, the precise molecular
mechanism underlying how these forces are sensed and translated into biochemical signals
remained unclear at the time. Over the past two decades, the field has made considerable
progress, and more recent review articles have been published focusing on mechanotrans-
duction in human diseases [17,18,259–262]. As presented in Table S1, numerous cell density-
and mechano-sensitive proteins have been identified, and ongoing research is exploring the
molecular regulation of these molecules. Furthermore, the involvement of other biological
pathways, such as metabolism (ATP synthesis and glycolysis) and Rho signaling, in CI
and mechanotransduction has been discovered [263–268]. These findings have already
led to the development of novel treatment strategies for certain diseases [15,269,270]. For
instance, in some cases, reducing ECM stiffness using lysyl oxidase inhibitors has improved
T cell migration and enhanced the effectiveness of anti-PD-1 treatment [271]. However, it
did not yield similar results in idiopathic pulmonary fibrosis [272]. Additionally, the regen-
erative potential of tissues, such as the heart, can be enhanced by employing mechanically
compliant ECM [273]. Despite these advancements, targeting specific mechanical aspects
may have unintended negative consequences due to the intricate and multimodal nature
of mechanotransduction pathways, as well as the complexity of multicellular and multi-
dimensional forces present in tissues. Mechanical perturbations can trigger various gene
expressions and post-translational modifications, making it challenging to pinpoint defini-
tive causative factors as these changes might represent consequences rather than causes.
Moreover, replicating mechanical factors in reconstitution systems poses a significant obsta-
cle to advancing mechanotransduction research. A case in point is FLNA, where a thorough
understanding of molecular mechanisms has enabled the rational design of molecules mim-
icking mechanically active forms. However, such examples are limited, and much remains
to be explored. For instance, the generation of model animals lacking specific mechanotrans-
duction pathways is relatively rare, partly because transgenic animals may compensate
for the defect by bypassing the signaling pathway. Therefore, continued research and a
deeper understanding of mechanotransduction mechanisms are essential to developing
effective therapeutic interventions and fully unraveling the complex interplay between
mechanical forces and biological processes. Lastly, it is worth mentioning that various cell
types exhibit distinct responses to hyper-gravity or micro-gravity conditions [274,275]. For
example, microgravity exposure during spaceflight causes the disordered regulation of liver
function, presumably via regulation of YAP/TAZ activation [276]. Understanding how
living organisms on Earth and in space utilize mechanotransduction to adapt to gravity is
a crucial question, especially in the era of space travel.

In conclusion, the following questions in these fields warrant further investigation:

11.1. Molecular and Cellular Mechanisms

Identification of Key Molecules: Continue identifying and characterizing key molecules
involved in mechanotransduction, CIL, and CIP, aiming to uncover both common and
distinctive components.

Signaling Networks: Elucidate the signaling networks that orchestrate the cellular
responses in each process in complex environments and investigate how they converge or
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diverge. How do cells adapt to mechanical stimuli over time, and is there a memory effect
in mechanotransduction?

11.2. In Vivo and Physiological Relevance

Physiological Relevance: What is the physiological relevance of mechanotransduction,
CIL, and CIP in complex in vivo environments, such as during tissue development, immune
response, or wound healing? Investigate tissue-specific variations in mechanotransduction,
CIL, and CIP to uncover context-dependent roles and responses.

In Vivo Models: Develop and utilize sophisticated in vivo models that recapitulate
physiological conditions to understand the relevance of mechanotransduction, CIL, and
CIP in complex biological systems.

11.3. Disease Connections and Clinical Applications

Disease Mechanisms: Explore the specific roles of mechanotransduction, CIL, and CIP
in various diseases, aiming to identify disease-specific mechanisms and vulnerabilities.

Therapeutic Strategies: Investigate the development of therapeutic strategies targeting
mechanotransduction, CIL, and CIP for diseases associated with aberrant cell responses.

Other Clinical Applications: Exploring the potential of targeting mechanotransduction,
CIL, and CIP for other clinical applications such as tissue engineering, drug screening,
diagnosis, and imaging.

11.4. Technological Advancements

Development of Innovative Tools: Developing novel tools and techniques for precise
measurement and manipulation of mechanical forces at the cellular and molecular levels is
an ongoing challenge.

Single-Cell Analysis: Leverage single-cell analysis technologies to dissect heterogene-
ity in cell responses within populations, shedding light on individual cell behaviors in the
context of mechanotransduction, CIL, and CIP.

Computational Modeling and Systems Biology: Develop comprehensive computa-
tional models that integrate data from mechanotransduction, CIL, and CIP to simulate and
predict cellular behaviors under different conditions. In addition, apply systems biology
approaches to understand the global impact of mechanotransduction, CIL, and CIP on
cellular processes and functions.

By pursuing these future directions, researchers can advance our understanding of
the intricate mechanisms governing cellular responses to mechanical cues and CI, paving
the way for innovative therapies and applications in various fields.
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