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Abstract: The ability of cells to sense and respond to 
mechanical stimuli is crucial for many developmental and 
homeostatic processes, while mechanical dysfunction 
of cells has been associated with numerous pathologies 
including muscular dystrophies, cardiovascular defects 
and epithelial disorders. Yet, how cells detect and pro-
cess mechanical information is still largely unclear. In this 
review, we outline major mechanisms underlying cellu-
lar mechanotransduction and we summarize the current 
understanding of how cells integrate information from 
distinct mechanosensitive structures to mediate com-
plex mechanoresponses. We also discuss the concept of 
mechanical memory and describe how cells store infor-
mation on previous mechanical events for different peri-
ods of time.

Keywords: biophysics; cell biology; mechanical memory; 
mechanotransduction.

Introduction
Cells are exposed to a complex mechanical environment. 
Endothelial cells in our blood vessel, for instance, experi-
ence shear forces of the blood flow and blood pressure. 
Muscle cells feel various degrees of contractile forces, 
chondrocytes are exposed to compressive loads, and 
keratinocytes have to adapt to external stimuli caused by 

compression, shear and strain of our skin. In addition, 
cells generate their own mechanical forces and pull on 
one another or on extracellular networks, for example 
during tissue formation or collective cell migration. We 
know that cells adapt to those kinds of mechanical stimu-
lations and efficiently sense magnitude, direction and fre-
quency of the applied forces (Hoffman et  al., 2011). It is 
also clear that cells’ ability to translate mechanical stimuli 
into biochemical information plays an important role for 
numerous pathophysiological processes (Jaalouk and 
Lammerding, 2009), but we are just beginning to develop 
a molecular understanding of mechanotransduction in 
cells. We will therefore highlight important subcellular 
structures that govern the sensation and propagation 
of mechanical stimuli, and describe how cells integrate 
signals from those distinct mechanosensitive elements. 
We then discuss how cells store mechanical information 
to develop a mechanical memory.

Cells are inherently 
mechanosensitive objects
A prevailing misconception is that cellular mechanotrans-
duction is orchestrated by just a few mechanosensitive 
proteins – often called ‘mechanosensors’ – that single-
handedly mediate a distinct force response. Certainly, 
there are proteins that fulfill very specific biomechanical 
functions, but it is important to recognize that virtually 
the whole cell or at least many of its subcellular structures 
are inherently mechanosensitive (Figure 1). The plasma 
membrane and the underlying cortical actin network, for 
instance, are sensitive to mechanical stimulations at the 
cell surface and quickly remodel in response to changes 
in plasma membrane tension, shear or bending (Gauthier 
et al., 2012; Mueller et al., 2017). The three major cytoskel-
etal networks – actin filaments, intermediate filaments 
and microtubules – exhibit specific responses to mechani-
cal stimuli (Gardel et al., 2008) as well as their connected 
cell adhesion structures such as focal adhesions (FAs), 
adherens junctions (AJs) and desmosomes (Geiger et al., 
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2009; Rubsam et al., 2017). Trafficking at the Golgi appa-
ratus is modulated by mechanically constraining cells 
(Guet et al., 2014), while mitochondrial activity is boosted 
by the application of externally applied stretch (Bartolak-
Suki et  al., 2015). The composition of the nuclear mem-
brane is sensitive to tissue stiffness (Swift et al., 2013), and 

kinetochores as well as their associated microtubules inte-
grate mechanical signals at the mitotic spindle during cell 
division (Maresca and Salmon, 2010; Forth and Kapoor, 
2017).

If cells are endowed with so many mechanosensi-
tive entities, then complex mechanical inputs must be 
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Figure 1: Schematic overview of representative mechanosensitive structures.
(A) Mechanosensitive (MS) ion channels perceive changes in plasma membrane tension, which can be modulated by the cortical actin 
network (cAct). Mechanical forces are thought to gate MS ion channels by inducing a conformational switch resulting in pore opening and ion 
flux; cytoplasm (CP), extracellular matrix (ECM). (B) Focal adhesions (FAs) sense and transmit mechanical forces during cell-adhesion to the 
ECM. FAs contain hundreds of proteins including talin (Tln), which connects the ECM-binding integrin receptors (Itg) to the actin cytoskeleton. 
In response to increased tension, Tln reveals cryptic binding sites that lead to the recruitment of Vinculin (Vcl). (C) Adherens junctions (AJ) 
mediate mechanotransduction at intercellular adhesion sites. They are composed of cadherin receptors (Cad), which connect to the actin 
cytoskeleton via α- and β-catenin (α-/β-cat). Similar to FAs, mechanical forces lead to Vcl recruitment in AJs through the exposure of a cryptic 
binding site in α-cat. (D) The nuclear membrane perceives mechanical information through the ‘linker of nucleoskeleton and cytoskeleton’ 
(LINC) complex comprising Nesprins and Sun proteins that link the cytoskeletal network to the nucleoskeleton. Changes in substrate rigidity 
are transduced across the LINC complex and lead, for instance, to the modulation of lamin A/C (LmnA/C) expression levels; nucleoplasm (NP), 
perinuclear space (PS).
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processed by integrating signals from not only one but 
many mechanosensitive structures. Yet, our current under-
standing of how mechanochemical signaling networks 
synergize in cells is still limited and it remains challeng-
ing to develop a comprehensive picture of cellular mecha-
notransduction. To assist this process, we will highlight 
central mechanosensitive structures playing a prominent 
role in mechanotransduction and we discuss how signals 
from spatially distinct elements are integrated to mediate 
specific mechanoresponses. Finally, we will elaborate on 
the concept of mechanical memory that allows cells to 
remember their mechanical history.

Mechanical signaling by mechanosensitive 
ion channels

Most if not all cell types express ion channels that can be 
regulated by mechanical signals (Figure 1A, Ranade et al., 
2015). The first examples of such mechanosensitive (MS) 
ion channels are MscL and MscS, which were discovered in 
Escherichia coli where they control the passage of ions and 
water in response to changes in osmotic pressure (Martinac 
et al., 1990; Perozo et al., 2002). Not long after, the potas-
sium channels TREK and TRAAK were identified as criti-
cal mechanosensors in neurons (Maingret et al., 1999a,b), 
and members of the DEG/ENaC class of sodium channels 
were found to be important for touch sensation in Caeno-
rhabditis elegans (Goodman et al., 2002; Chalfie, 2009). A 
famous example of a MS ion channel in higher animals is 
a macromolecular complex that resides in epithelial hair 
cells of the inner ear and translates sound waves into elec-
tric information (Siemens et al., 2004; Kazmierczak et al., 
2007). Moreover, Piezo channels have received consider-
able attention. They present an evolutionary conserved 
family of MS ion channels (Coste et al., 2010) that play a 
key role in many mechanobiological processes including 
vascular development (Ranade et al., 2014a), touch sensa-
tion, proprioception and breathing (Ranade et al., 2014b; 
Woo et al., 2015; Nonomura et al., 2017).

Identifying the molecular details of how MS channels 
are gated by mechanical signals remains a challenging 
task. One reason is that these large transmembrane pro-
teins are difficult to reconstitute in vitro. In addition, many 
MS ion channels are not exclusively sensitive to mechani-
cal signals but also respond to non-mechanical stimuli 
like changes in pH, temperature or voltage (Honore, 2007; 
Moroni et al., 2018). It nevertheless became obvious that 
certain MS ion channels sense mechanical signals in a 
highly specific fashion. Many of them, such as MscL, 
MscS, TREK and TRAAK, primarily respond to tension 

differentials across the lipid bilayer (Perozo et al., 2002; 
Honore, 2007; Martinac, 2011), which is consistent with the 
observation that the composition and stiffness of the lipid 
bilayer modulates MS ion activity (Chubinskiy-Nadezhdin 
et al., 2011; Qi et al., 2015). Other MS channels require the 
direct or indirect engagement with extracellular ligands 
and/or the cytoskeleton to be fully functional (Mazzochi 
et al., 2006; Cueva et al., 2007; Sharif-Naeini et al., 2009): 
the TRPP channel engages the actin crosslinker filamin A 
for gating (Sharif-Naeini et al., 2009), and the DEG/ENaC 
channel complex as well as NOMPC from the TRP family 
interact with microtubules (Goodman et al., 2002; Zhang 
et al., 2015).

As diverse as the force sensing mechanisms are the 
induced downstream cascades translating the mechanical 
into a biochemical signal. These events strongly depend on 
the mechanical input, the cell type and the respective ion 
selectivity of the expressed channels. The potassium chan-
nels TREKs and TRAAK, for instance, adjust the potential 
for hyperpolarization in neurons and thereby counteract 
the activity of non-selective Piezo channels (Brohawn 
et al., 2014a,2014b; Brohawn, 2015). ENaC calcium chan-
nels can initiate neurotransmitter release at the synapse 
(Hill et al., 2017), while Piezo-mediated calcium influxes 
can induce very specific cell type-dependent responses, 
such as stimulating transglutaminase activity in myocytes 
to induce the constriction of small blood vessels (Retail-
leau et al., 2015). As acute changes in ion concentrations, 
especially Ca2+ levels, affect a whole range of intracellu-
lar signaling cascades, MS ion channels impact cellular 
behavior in the short-term (Doyle et al., 2004), but can also 
lead to long-lasting changes in gene transcription activi-
ties (Berridge et al., 2003). In a nutshell, MS ion channels 
are highly versatile force transducers at the plasma mem-
brane that modulate cellular processes in a context- and 
cell-type dependent fashion.

Mechanotransduction at cell adhesion sites

Mechanical signaling through cell adhesion receptors 
and their associated complexes endow cells with an 
additional mode of force transmission at the plasma 
membrane. A prominent example is the sensation of 
extracellular cues by FAs, which mediate the connection 
between the extracellular matrix (ECM) and the intra-
cellular cytoskeleton (Figure 1B, Humphrey et al., 2014; 
Ringer et  al., 2017a). FAs provide molecular specificity 
to the mechanotransduction process as their core con-
stituents, the integrin receptors, engage distinct ECM 
components such as collagens, laminins or fibronectin. 
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Integrins are heterodimeric transmembrane proteins 
and connect, with the exception of the keratin-engaging 
hemidesmosomal α6β4 integrin, to the actin cytoskele-
ton. The integrin-actin interaction, however, is not direct 
but mediated by a multitude of intracellular adapter 
molecules that bestow the FA with mechanosensitive 
properties (Geiger et  al., 2009; Ringer et  al., 2017b). 
Even though many of the underlying mechanisms are 
still incompletely understood, it appears that those FA 
proteins directly exposed to mechanical forces are also 
involved in processing the mechanical information. The 
most prominent example is the ubiquitously expressed 
FA protein talin, which binds and thereby activates inte-
grin receptors and at the same time engages the actin 
cytoskeleton (Roberts and Critchley, 2009). Talin harbors 
numerous binding sites for another FA protein called 
vinculin, but those vinculin binding sites remain cryptic 
until mechanical tension across the integrin-talin-actin 
linkage induces conformational changes that facilitate 
vinculin binding (del Rio et al., 2009; Austen et al., 2015; 
Yao et al., 2016). The vinculin binding to actin filaments 
is stabilized by mechanical forces in an orientation  – 
dependent fashion (Huang et  al., 2017) resulting in a 
force- and direction-dependent FA reinforcement, which 
is observed when cells are exposed to high matrix stiff-
ness or externally applied mechanical loads (Pelham and 
Wang, 1997; Riveline et al., 2001; Pasapera et al., 2010).

A similar strengthening mechanism has been 
observed in other cell adhesion structures such as AJs, 
which mediate intercellular cohesion through the cad-
herin-catenin linkage (Figure 1C; Han and de Rooij, 2016). 
These complexes also connect to actin filaments and are 
stabilized in response to mechanical stretch (Buckley 
et  al., 2014). As in FAs, vinculin is recruited to AJs in a 
force-sensitive fashion because the AJ-binding partner 
α-catenin harbors a cryptic vinculin binding motif 
that becomes accessible under force (Yonemura et  al., 
2010; Yao et  al., 2014a). Another well-known example 
of mechanical allosterism in adhesion complexes is the 
regulation of the cytoplasmic adaptor molecule p130Cas 
that becomes phosphorylated by Src family kinases upon 
exposure to mechanical stretch (Sawada et al., 2006).

As FAs and AJs comprise many proteins, in case of FAs 
hundreds (Kuo et al., 2011; Schiller et al., 2011), it is plau-
sible that additional mechanisms of force-dependent reg-
ulation of protein activity occur in these structures. How 
local changes in distinct adhesion proteins lead to the 
modulation of chemical signaling cascades or transcrip-
tional activities remains to be elucidated. It is certainly 
possible that mechanical force directly modulates the 
enzymatic activity of central kinases as has been suggested 

for focal adhesion kinase (FAK) and myosin light chain 
kinase (Zhou et al., 2015; Baumann et al., 2017). It has also 
become clear that Rho-GTPases are crucial for initiating an 
adhesion-dependent force response (Rottner et al., 1999) 
and there is strong evidence that transcriptional regula-
tors like YAP/TAZ in FAs (Oria et al., 2017) and β-catenin in 
AJs (Gayrard et al., 2018) play an important role in medi-
ating mechanoresponses. Still, the current understanding 
of mechano-chemical coupling in cell adhesion structures 
is fragmentary and will remain a matter of active research 
in the future.

Mechanotransduction at the nucleus

A very efficient way of translating mechanical signals 
into changes in gene expression is the so-called nuclear 
mechanotransduction (Figure 1D). Here, the underly-
ing concept is that mechanical forces essentially bypass 
cytoplasmic signaling cascades to directly modulate the 
physical organization of the nuclear membrane or even 
the chromatin itself thereby modulating gene expres-
sion (Kirby and Lammerding, 2018). In this mode of cel-
lular mechanotransduction, forces are transmitted across 
cytoskeletal networks that physically engage with the 
nuclear membrane through the ‘linker of nucleoskeleton 
and cytoskeleton’ (LINC) complex comprising Nesprins 
at the outer and the Sun proteins (Sun1 and Sun2) at the 
inner nuclear membrane (Lombardi et  al., 2011). Sun1 
and Sun2 connect to the nucleoskeleton by binding lamin 
A/C, two intermediate filament proteins that are essential 
for nuclear integrity and regulated by mechanical stress 
(Swift et  al., 2013). As mutations in the LINC complex 
as well as lamin A/C are associated with a wide range 
of pathologies including severe muscular dystrophies 
(Worman, 2012; Stroud et al., 2014), it is beyond question 
that nuclear mechanotransduction is crucial for mechani-
cal homeostasis of cells, especially when they are exposed 
to significant external loads.

How the mechanical signals at the nuclear mem-
brane are translated into a distinct response within the 
nucleus is still debated. Potential mechanisms include 
the force-dependent regulation of cryptic lamin phos-
phorylation sites through mechanical allosterism (Swift 
et  al., 2013), effects on chromatin condensation (Tajik 
et al., 2016), changes in the architecture of Cajal bodies 
(Poh et al., 2012), and mechanical regulation of nuclear 
pore permeability (Jahed et  al., 2016; Elosegui-Artola 
et  al., 2017). Clearly, the nucleus is yet another highly 
mechanosensitive organelle and crucial for the mecha-
nobiology of cells.
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Mechanotransduction at the cytoskeleton

Our examples seem to indicate that the actin cytoskel-
eton plays an important role for cellular mechanotrans-
duction simply by connecting mechanosensitive 
elements, for example, cell surface receptors with intra-
cellular networks or the nucleus. It is important to 
realize, however, that actin networks actively sense 
mechanical signals and do so in at least two differ-
ent ways (Galkin et al., 2012; Harris et al., 2018). First, 
mechanical forces modulate the binding affinity of 
actin interactors: The recruitment of the actin severing 
protein cofilin, for instance, is impaired when mechani-
cal tension acts across the actin filament (Hayakawa 
et al., 2011), whereas binding of myosin motors to actin 
increases under force (Laakso et al., 2008; Uyeda et al., 
2011). Second, mechanical forces affect actin polymeri-
zation kinetics, a process that appears to be highly sen-
sitive to the presence of profilin (Courtemanche et  al., 
2013). Furthermore, the assembly of branched actin 
networks is sensitive to mechanical load resulting in 
the formation of stiffer and mechanically more resistant 
structures under force (Bieling et al., 2016).

Given this inherent mechanosensitivity of the actin 
cytoskeleton, it is not surprising that also microtubule 
networks are susceptible to mechanical signals. Cell 
culture studies showed that externally applied forces can 
modify microtubule growth direction (Brangwynne et al., 
2007). In vitro studies demonstrated that the time micro-
tubules spend in the elongation phase during polymeriza-
tion is strongly decreased when the filament polymerizes 
against a micro-fabricated barrier (Janson et  al., 2003). 
Together, these data indicate that cytoskeletal networks 
actively integrate mechanical information.

Integrating mechanical signals 
from distinct mechanosensitive 
structures
The examples above imply that distinct mechanosensitive 
structures respond to mechanical stimuli in a highly spe-
cific and spatiotemporally controlled fashion. However, 
orchestrating a mechanoresponse in cells or even whole 
tissues must require the coordination of these ostensi-
bly independent signals that often occur on different 
time and length scales. The application of an external 
stimulus may lead to the activation of MS ion channels 
within milliseconds (Coste et al., 2010), and – at the same 

time – modulate the rate of protein turnover in FAs that is 
typically in the order of tens of seconds (Stutchbury et al., 
2017). The same mechanical stimulus may induce changes 
in nuclear architecture leading to altered gene transcrip-
tion and protein expression over the course of several 
hours (Le et al., 2016). How can these different mechano-
responses be coordinated? The answer to this question is 
certainly complex and not easily captured by any single 
of the currently available cell mechanics models (Lange 
and Fabry, 2013; Ingber et  al., 2014). However, some 
mechanisms appear to be especially prominent in a range 
of cell types including the physical interconnection of 
mechanosensitive elements, the use of common signaling 
or adaptor molecules, and the convergence of mechano-
chemical signal transduction cascades (Figure 2).

Mechanical crosstalk through physical 
interconnection

An intact cytoskeleton is a prerequisite for many of the 
observed cellular mechanoresponses but also serves as a 
physical connection between locally separated mechano-
sensitive elements (Figure 2A, Matthews et al., 2006). For 
example, regulation of cell surface tension, which modu-
lates the activity of MS ion channels, depends on the inter-
action with the underlying cortical actin network (Chugh 
et  al., 2017). Similarly, application of mechanical forces 
on integrin receptors or actin stress fibers results in ion 
fluxes (Matthews et al., 2006; Hayakawa et al., 2008) sug-
gesting a crosstalk between cell adhesion receptors and 
MS ion channels. Another example of mechanical cross-
talk through physical interconnection is nuclear-cytoskel-
etal coupling that relies on LINC proteins connecting the 
nucleoskeleton to actin networks, microtubules and inter-
mediate filaments. The resulting linkages allow an almost 
instant transduction of mechanical information from the 
extracellular space to the nucleus (Lombardi et al., 2011) 
leading to changes in gene transcription and altered 
protein expression levels.

The coupling of plasma membrane tension with actin 
dynamics has been observed in neutrophils, where a local 
increase in plasma membrane tension causes a long-range 
inhibition of actin assembly that leads to a confined lead-
ing-edge formation (Houk et al., 2012). A membrane-actin 
crosstalk has been also observed in keratocytes where a 
rapid increase in membrane tension through micropipette 
aspiration in trailing regions of migrating cells leads to an 
increase in actin density at lamellipodial regions at the 
opposite side of the cell (Mueller et al., 2017). Collectively, 
these data show that mechanical information is efficiently 
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exchanged between spatially separated mechanosensitive 
structures.

Crosstalk through common adaptor proteins 
and mechano-chemical signaling cascades

Similar to classical growth factor receptors, many mecha-
nosensitive entities are able to induce complex signaling 
cascades. The interaction through chemical signaling path-
ways constitutes an additional mode of mechanical cross-
talk in cells. FAs and AJs, for instance, both connect to the 
actin cytoskeleton and recruit common molecules such as 
vinculin or zyxin (Figure 2B, Sperry et al., 2010; Bays et al., 
2014) and, at least in endothelial cells, FAK (Chen et  al., 
2012). Zyxin has been also detected in the nucleus, where 
it acts as a transcriptional regulator (Nix and Beckerle, 
1997). As a result, FAs and AJs talk to and are regulated by 
a common set of signaling cascades and transcriptional 
networks ensuring an efficient intracellular communica-
tion (Mui et al., 2016). The interconnection of AJs and the 

nuclear compartment through commonly shared proteins 
was demonstrated for β-catenin, which localizes as a tran-
scriptional regulator to the nucleus and as an adaptor 
protein to AJs (Bienz, 2005; Gayrard et  al., 2018). Intrigu-
ingly, β-catenin, is also recruited to the LINC complex upon 
application of mechanical stretch (Uzer et al., 2018).

Crosstalk through mechano-chemical signaling is 
evident for MS ion channels and cell adhesion complexes. 
Stretching epithelial cells leads to Piezo-dependent acti-
vation of the ERK signaling pathway, which is also mod-
ulated by integrin receptors albeit on longer time scales 
(Figure 2C, Gudipaty et al., 2017). Studies in breast cancer 
cells revealed MS ion channel-dependent activation of Akt 
signaling that leads to E-cadherin downregulation (Lee 
et al., 2017), and Piezo1 mediated Ca2+ influx was shown 
to regulate the proteolytic enzyme calpain, which plays an 
important role in the turnover of talin (Li et al., 2014).

An intriguing combination of crosstalk through 
cytoskeletal coupling and mechano-chemical signaling 
has been described for the YAP/TAZ cascade (Figure 2D). 
YAP (Yes-associated protein) and TAZ (transcriptional 
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co-activator of PDZ-binding motif) are transcriptional regu-
lators that shuttle between the cytoplasm and the nucleus 
(Halder et al., 2012). The nuclear localization and thus the 
strength of YAP/TAZ signaling depends on ECM rigidity and 
actin stress fiber formation (Dupont et  al., 2011). Recent 
experiments revealed that the ECM stiffness-dependent 
regulation of YAP/TAZ localization is also sensitive to the 
density and spacing of integrin receptors (Oria et al., 2017), 
while an independent study identified a role of YAP/TAZ in 
regulating the stability of AJs through modulation of BMP 
signaling (Neto et  al., 2018). It has been also speculated 
that nuclear entry of YAP is modulated by force-dependent 
regulation of nuclear pores (Elosegui-Artola et  al., 2017). 
Thus, YAP and TAZ are versatile integrators of nuclear-
cytoskeletal crosstalk and mechano-chemical signaling 
pathways. Together, these examples show that cells adjust 
their mechanoresponses through interconnecting distinct 
force-sensitive elements and signaling cascades.

The mechanical memory of cells
A fascinating property of our tissues is their ability to 
remember past mechanical environments and stimula-
tions. This mechanical memory is obviously important for 
tissue homeostasis, such as muscle growth after mechani-
cal exercise, but is also observed in individual cells. 
Muscle stem cells, for instance, will engraft efficiently into 
muscle tissue only when previously cultured on substrates 
matching the physiological tissue stiffness (Gilbert et al., 
2010). Similarly, prolonged culture of human mesenchy-
mal stem cells on rigid substrates leads to the expected 
nuclear localization of YAP, but prevents YAP re-localiza-
tion into the cytosol for up to 10 days even when cells are 
subsequently cultured in soft environments (Yang et al., 
2014). Where does this mechanical memory originate?

Mechanical short-term memory at the 
plasma membrane

As discussed already, MS ion channels are efficient media-
tors of mechanical signals at the plasma membrane. In 
contrast to other mechanosensitive molecules, however, 
force-gated ion channels become insensitive to repetitive 
mechanical stimulations through a process called desensi-
tization (Honore et al., 2006). How long mechanosensitive 
ion channels remain in the non-conducting state depends 
on the respective ion channel, the mechanical stimulus, and 
whether desensitization occurs through adaptation or inac-
tivation: adaptation refers to the uncoupling of the channel 

from the mechanical stimulus, whereas inactivation refers 
to the block of the permeating pore. Desensitization of the 
hair cell resident ion channel complex, for example, is 
achieved through two complementary adaptation mecha-
nisms involving Ca2+-binding to the channel complex and 
uncoupling of the channel associated motor myosin-1c (Fet-
tiplace and Ricci, 2003). The MS potassium channels TREK-1 
and TRAAK desensitize through an inactive state (Honore 
et  al., 2006), and also Piezos are inactivating channels 
that cannot be repeatedly stimulated by mechanical forces 
before returning to their initial state (Coste et  al., 2010). 
Thus, force-gated ion channels bestow cells with a short-
term memory, lasting tens to hundreds of milliseconds, 
which probably helps cells to distinguish differences in fre-
quency and amplitude of a mechanical signal.

Mechanical memory through cytoskeletal 
reorganization and conformational change

A more enduring mechanical memory is established 
through the reorganization of cytoskeletal structures. 
On the one hand, cells exposed to external forces will 
stiffen their cytoskeletal networks through passive strain-
stiffening (Gardel et  al., 2004) and active reinforcement 
(Matthews et al., 2006); in the case of repeated stretching, 
they also reorient their actin filaments to minimize future 
mechanical loads (Matthews et  al., 2006; Faust et  al., 
2011). On the other hand, cells fluidize and re-solidify in 
response to mechanical stretch (Trepat et al., 2007). Both 
types of response lead to a cytoskeletal restructuring that, 
depending on the cell type and stimulus, may persist for 
minutes to hours.

Another strengthening mechanism that involves 
cytoskeletal reorganization and conformational memory 
is observed in FAs, which typically enlarge in response to 
applied forces (Riveline et al., 2001). This somewhat coun-
terintuitive behavior is partly explained by the presence 
of special protein-protein interactions called catch bonds, 
which – in contrast to slip bonds – are characterized by an 
increased lifetime under tension. The α5β1 integrin recep-
tor forms such a catch bond with its extracellular ligand 
fibronectin upon exposure to external stress (Kong et al., 
2009). Intriguingly, repeated application of mechanical 
forces to the α5β1-FN linkage induces the switch from a 
short-lived catch bond, with characteristic lifetimes in the 
order of 1 s, to a long-lived state with bond lifetimes of up 
to 100 s (Kong et al., 2013). In addition, mechanical infor-
mation is stored within FA proteins that adjust their confor-
mation in response to mechanical loads. The force-induced 
vinculin recruitment to talin, for instance, does not only 
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result in the formation of force-bearing linkages to the actin 
network (Atherton et al., 2015; Austen et al., 2015), it also 
prevents talin refolding when forces decrease again (Yao 
et  al., 2014b). As a result, FAs will respond differently to 
future force applications. This sort of mechanical memory 
through cytoskeletal reorganization and strengthening 
mechanisms affects cells in the order of minutes to hours.

Storing mechanical information by 
transcriptional regulation and chromatin 
remodeling

The long-term memory of cells is largely mediated by 
changes in gene expression through the nuclear localiza-
tion of transcription factors and chromatin remodeling. 
The already mentioned example of persistent YAP locali-
zation in the nuclear compartment falls into this category 
(Yang et al., 2014). However, it remains to be investigated 
how retention of nuclear YAP on soft substrates is con-
trolled. Other transcriptional regulators that alter gene 
expression in a force-sensitive fashion include β-catenin, 
which activates the transcription factor twist in epithelial 
cells (Farge, 2003). Serum response factor (SRF) and its 
co-regulator MAL govern the expression of many adhe-
sion proteins including talin, vinculin or zyxin (Schratt 
et  al., 2002), and NF-κB translocates to the nucleus of 
endothelial cells and osteoblasts in response to shear flow 
(Khachigian et al., 1995; Chen et al., 2003).

While the force-dependent localization of these 
transcriptional regulators usually leads to an increase 
in transcriptional activity, the opposite – transcrip-
tional repression in response to mechanical strain – has 
also been described. In skin cells, application of cyclic 
stretch causes global chromatin rearrangements leading 
to histone 3 trimethylation at lysine 27 and dampened 
gene transcription (Le et al., 2016). Regardless of whether 
the transcriptional activity is enhanced or repressed, 
this type of regulation endows cells with a long-term 
mechanical memory that may persist for many hours or 
even days. Finally, physical cues modulate the differen-
tiation of stem cells and thereby determine tissue func-
tion for years (Engler et al., 2006; Trappmann et al., 2012; 
Li et al., 2013).

Conclusions and future perspective

Our examples demonstrate that cells use complex mecha-
nisms to sense, translate and respond to a wide range of 
distinct mechanical stimuli. In addition, cells seem to 

possess a sort of mechanical memory allowing them to 
adjust to future mechanical challenges. While tremen-
dous progress in understanding cellular mechanotrans-
duction has been made, it is also clear that many details 
of the underlying molecular mechanisms remain to be 
identified. How do the various MS ion channels affect 
each other when expressed in the same cell? How do other 
types of cell adhesion complexes such as tight junctions, 
desmosomes or hemidesmosomes process mechanical 
information, and what are relevant length and time scales 
that characterize the underlying molecular processes? 
The development of highly sensitive technologies such 
as single-molecule force spectroscopy (Rognoni et  al., 
2014; Grison et al., 2017), atomic force microscopy (Kong 
et  al., 2009; Kong et  al., 2013; Strohmeyer et  al., 2017), 
and molecular tension sensors (Austen et al., 2015; Ringer 
et al., 2017a) will certainly be helpful to develop a quan-
titative understanding of molecular force transduction in 
cells. It will be crucial, however, to improve the applicabil-
ity of these techniques to investigate processes of mole-
cular force transduction in complex but physiologically 
more relevant settings, specifically mammalian tissues. 
Furthermore, recent developments in super-resolution 
microscopy hold the promise to study the molecular 
underpinnings of cellular mechanotransduction on the 
level of individual molecules in living cells and organisms 
(Balzarotti et al., 2017; Schueder et al., 2017). Understand-
ing these mechanisms will not only shed light onto one of 
the most fundamental and evolutionary conserved prop-
erties of life, it should also allow generations of future 
scientists to develop cells and tissues with designed 
mechano-chemical properties.
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