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For mechanical force to induce changes in cellular behaviors, 
two main processes are inevitable; perception of the force and 
response to it. Perception of mechanical force by cells, or 
mechanosensing, requires mechanical force-induced confor-
mational changes in mechanosensors. For this, at least one 
end of the mechanosensors should be anchored to relatively 
fixed structures, such as extracellular matrices or the 
cytoskeletons, while the other end should be pulled along the 
direction of the mechanical force. Alternatively, mechanosensors 
may be positioned in lipid bilayers, so that conformational 
changes in the embedded sensors can be induced by mechanical 
force-driven tension in the lipid bilayer. Responses to mechanical 
force by cells, or mechanotransduction, require translation of 
such mechanical force-induced conformational changes into 
biochemical signaling. For this, protein-protein interactions or 
enzymatic activities of mechanosensors should be modulated 
in response to force-induced structural changes. In the last 
decade, several molecules that met the required criteria of 
mechanosensors have been identified and proven to directly 
sense mechanical force. The present review introduces examples 
of such mechanosensors and summarizes their mechanisms of 
action. [BMB Reports 2018; 51(12): 623-629]

INTRODUCTION

Various types of cells in our body constantly experience 
mechanical forces in daily life. Among the five traditional 
human senses, hearing and touch are dependent on me-
chanical forces, such as vibration and pressure, which are 
recognized mainly by sensory neurons. Muscle cells are 
formed and generated as a result of exercise, suggesting that 
muscle precursors respond to the mechanical stretch and can 
be expanded/differentiated into muscles (1, 2). Endothelial 
cells lining the lumen of blood vessels are exposed to blood 

flow, causing a shear force on the cells (3). Perturbation of 
blood flow-altering shear forces can change the gene ex-
pression profile in endothelial cells, thus increasing the risk of 
atherosclerosis (4). Similarly, changes in blood flow at the 
injury sites can enhance platelet activation (5). Epithelial cells 
lining the renal tube recognize and respond to the osmotic 
pressure caused by ion transport across the cell membrane (6). 
In most of the adherent cultured cells, intracellular tension is 
observed in the actin cytoskeleton, connected to focal adhesions, 
due to actomyosin contraction to balance against the stiffness 
of the extracellular environment (7, 8). Thus, altered environ-
mental stiffness can lead to changes in the degree of 
intracellular tension, which works as an internal mechanical 
force. Mesenchymal stem cells can respond to this type of 
force and differentiate into various cell types according to the 
stiffness of their extracellular environment (9).

Described above are the examples in which mechanical 
force induces physiological effects within the cells. How then, 
can cells sense and respond to mechanical force? The 
mechanical force acting on cells eventually results in 
deformations of cellular structure. To be recognized by cells as 
a signal, the deformation must be converted into a 
biochemical signal, such as a change in enzymatic activity or a 
protein-protein interaction. Two major hypotheses have been 
suggested to explain as for how cells recognize such defor-
mations (10). In one hypothesis, proteins tethered to either 
cell-cell or cell-extracellular matrix (ECM) contacts are suggested 
to work as “mechanosensors” that can “feel” the force and 
translate it into a biochemical signal. When the tethered 
proteins are pulled by mechanical force in the opposite 
direction from the tethered site, the molecules undergo 
stretching resulting in conformational changes. These changes 
can expose a binding site for other proteins to interact with 
(Fig. 1A) or disrupt an existing protein-protein interaction (Fig. 
1B), which can turn on signaling in a manner similar to 
protein-protein interactions involved in various cellular signaling 
pathways initiated by growth factors or hormones (11). 
Alternatively, conformational changes resulting from mechanical 
force-induced stretch can directly modulate the enzymatic 
activities of the proteins (Fig. 1C), such as ion channels, 
resulting in the initiation of cell signaling (12). Since this 
explanation relies on proteins tethered to adhesive structures, 
this explanation is termed as the “tethered model”.

In the other explanation, lipid bilayers are important in 
sensing mechanical stress. The force acting upon cells can 
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Fig. 1. Hypothetical schematic model for mechanosensing mecha-
nisms of various types of mechanosensors. (A) The cytoskeletal 
proteins linked to the actin cytoskeleton (F-actin) and adhesive 
structures that can undergo structural changes in response to 
mechanical force. The structural change can expose a binding site 
for other proteins to interact with, which can induce biochemical 
signaling. (B) Force acting on the ECM-tethered latency-associated 
peptide (LAP) by cells via integrin can induce a structural change 
in LAP. Due to the structural change, transforming growth factor 
(TGF)  can be released from the LAP complex. RGD; Arg-Gly- 
Asp (integrin binding site), ECM; extracellular matrix. (C) A stretch- 
gated ion channel in Drosophila, NOMPC (no mechanoreceptor 
potential C), embedded in the membrane. Two of its four subunits 
are shown. S6 helices from each subunit block the passage of 
ions. These helices are linked to TRP domains that are captured by 
the cytoplasmic domains of the channel (left). The mechanical force 
that can stretch the cytoplasmic domain tethered to the microtubule 
can induce disposition of the TRP domains, which in turn induce 
structural changes in the S6 helices, leading to the opening of the 
channel (right). (D) The closed conformation of the TRAAK channel 
adopts a wedge shape, causing distortion of the lipid bilayer nearby 
(left). The open conformation of the channel adopts a cylinder shape 
(right). The projection areas of the cross-sections of the channel 
(yellow dotted lines) are shown in both the conformations. (E) 
Schematic illustrations of two subunits of Piezo1 are shown. Each 
of its three subunits has a curved conformation in the lipid 
bilayer, making a ‘dimple’ on the membrane (left). The central 
pore is suggested to be opened by tension in the lipid bilayer, 
which may flatten out the subunits (right).

cause deformation to entire cells, inducing stretching and/or 
bending of the lipid bilayer in the cellular membrane. The 
conformation of integral membrane proteins, especially their 
membrane-spanning regions or transmembrane domains 
(TMDs), is largely determined by interactions with nearby lipid 
bilayers (13). This allows the mechanical force-induced changes 
in the physical properties of the lipid bilayer to influence the 
conformation of integral membrane proteins, enabling them to 
adapt to the altered environment within the lipid bilayer (14). 
Subsequently, the resulting conformational change induces 
changes in protein-protein interactions or enzymatic activity 
(Fig. 1D, E). This explanation has been termed as the “lipid 
bilayer model” and is widely accepted as the opening 
mechanism for mechano-gated ion channels (15). In some 
cases, specialized cellular structures, such as stereocilia, 
involved in hearing by cochlea of the inner ear or cilia on the 
endothelial cell membrane, are involved in the sensation of 
flow (16) and play roles in sensing mechanical force. Although 
the structures by themselves do not seem to sense force or 
initiate signaling, they may sensitize or boost the structural 
changes in the actual mechanosensors, such as tethered 
cytoskeletal proteins or ion channels, by being sensitively 
deformed by mechanical force.

In the last decade, our understanding of mechanosensitivity 
has greatly improved, thanks to the identification of mecha-
nosensors, demonstrations of their direct responses to 
mechanical force, and determination of their three-dimensional 
structures. In this review, we have attempted to list repres-
entative examples of mechanosensors and discuss their 
mechanosensing mechanisms.

MECHANOSENSING BY TETHERED PROTEINS

Theoretically, a protein that works as a mechanosensor of the 
tethered model should possess at least two properties: First, 
when stretched against the direction of its linkage to the 
cytoskeleton and/or ECM, the protein should undergo 
conformational changes. Second, the conformational changes 
should be linked to changes in its enzymatic activity or 
interactome, which would induce biochemical signaling. 
Listed below are the examples of such tethered proteins.

Cytoskeletal proteins
The first cytoskeletal protein to be identified as a mecha-
nosensor of the tethered model was talin (17), a cytoskeletal 
protein connecting integrin-mediated focal adhesions and the 
actin cytoskeleton (18). In the experiment, the N-terminal and 
C-terminal ends of the talin rod domain were attached to a 
glass surface and magnetic beads, respectively. The beads 
were pulled using magnetic tweezers in the presence of 
fluorescently labeled vinculin molecules (17). The number of 
vinculin molecules bound to the talin head domain was 
measured by observing spontaneous photobleaching (drop in 
fluorescence intensity over several minutes) of vinculin using 
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total internal reflection fluorescence microscopy. The pulling 
force actually increased the number of vinculin interactions to 
the talin rod domain. In addition, single-molecule force extension 
spectroscopy aided in detecting unfolding or structural changes 
in the talin rod domain in response to the pulling force (Fig. 
1A) (17). A similar approach was taken to monitor force 
sensing at cadherin-mediated cell-cell adhesions (19). Using 
the above mentioned experimental settings, binding of 
vinculin to -catenin, a cytoskeletal protein present between 
cell-cell contacts and the actin cytoskeleton, was proven to be 
regulated by stretching force. When extended by mechanical 
force, a vinculin binding site on -catenin gets exposed. 
Subsequent interaction between the two molecules led to 
stabilization of the extended open conformation of -catenin 
(19). These types of sensors also include an actin cross-linking 
protein, filamin A, and a giant protein stabilizing the thick 
filament in sarcomere, titin (11). 

Adhesion receptors
An adhesion molecule found in the vascular cell-cell contact 
area, PECAM-1, might be another example of a direct 
mechanosensor tethered to the cytoskeleton, vimentin, and/or 
actomyosin (20). Shear stress applied to endothelial cells 
causes a tensional force in the cytoplasmic tail of PECAM-1 
and activates Src family kinase-mediated signaling in a 
PECAM-1-dependent manner (21). The magnetic bead-induced 
force applied directly to PECAM-1 in endothelial cells also 
generates similar signaling events to those which result from 
the application of shear stress (22), although how PECAM-1 
provokes signaling events upon shear stress remains unclear 
(21).

Extracellular ligands
Mechanosensing in the tethered model can also be observed 
during the activation of extracellular ligands as well. Transfor-
ming growth factor (TGF)  is released in a latent form 
encircled by a “straitjacket” region of latency-associated peptide 
(LAP) (23). The LAP is associated with latent TGF--binding 
proteins (LTBPs), which in turn bind to the ECM. In addition, 
LAP interacts with integrins through its integrin-binding 
Arg-Gly-Asp (RGD) motif. Thus, LAP holding TGF can be 
localized between the ECM and integrins (24). Single-molecule 
force spectroscopy and simulation studies have shown that 
mechanical force exerted on LAP can induce conformational 
changes, which result in the release of TGF (Fig. 1B) (25, 26). 
Accordingly, when the ECM-tethered LTBP-LAP-TGF complex 
experiences tensional force via integrins present on the cell 
membrane, structural changes in LAP are induced, disrupting 
the LAP-TGF interaction and releasing the growth factor. In 
this way, mechanical force can initiate conventional chemical 
ligand-mediated signaling events. Another example of sensors 
in this class would be von Willebrand factor (VWF), an 
extracellular ligand of GPIb located on platelet surfaces 
during hemostasis. VWF is a multimeric protein present in 

blood plasma or released from endothelial cells and platelets 
(27). In the multimeric state, each monomeric VWF is 
assembled into a helical tubule structure in an end-to-end 
fashion. Once it is attached to subendothelial collagen at the 
site of injury, the complex is largely elongated by shear force, 
thus exposing many GPIb binding sites that were buried 
while in the coil conformation, and forming a long, uncoiled, 
and rope-like structure to which platelets can be attached (28).

Ion channels
NOMPC (no mechanoreceptor potential C; also known as 
TRPN1) channel, a mechano-gated ion channel responsible for 
mechanosensing in Drosophila (29), is an example of a 
mechanosensor which shows changes in its activity upon the 
application of mechanical force. The channel consists of four 
identical subunits, each of which contains six transmembrane 
-helices (S1-S6) (30). The pore domain of the channel is 
formed by S5 and S6 from each subunit, with the intersubunit 
interaction of four S6 helices at the middle of the pore 
blocking the passage of ions (30). An unusual feature of the 
channel is its 29 ankyrin repeats in the cytoplasmic domain, 
which associate with the microtubule network in the dendritic 
tips of campaniform sensory neurons, one of the mechano-
receptor organs in Drosophila (31), and also in cultured insect 
cells (32). Cryo-electron microscopic (cryo-EM) study showed 
that the ankyrin repeats form a helical-spring bundle which 
captures the C-terminal TRP domains connected to S6 helices 
(Fig. 1C) (30). Thus, structural changes in ankyrin repeats by 
mechanical force-induced tension can induce displacement of 
the TRP domain, which in turn induces structural changes in 
the S6 helix, leading to the opening of the pore. As the 
NOMPC channel is both tethered to the cell surface and the 
gigantic microtubule network, any mechanical force inducing 
disposition of the channel in the membrane from the 
cytoskeleton would induce strain in the ankyrin repeats and 
result in the opening of the pore (Fig. 1C).

MECHANOSENSING BY INTEGRAL MEMBRANE 
PROTEINS AND THE LIPID BILAYER

A mechanosensor of the lipid bilayer model should directly 
sense changes in the shape and/or the tension in the lipid 
bilayer induced by mechanical forces acting upon the cells. 
How could this be possible? First, force-induced topological 
changes of TMDs of the mechanosensor could be the basis of 
mechanosensation. The hydrophobic surfaces of the TMDs of 
membrane proteins should match with that of the lipid bilayer 
(14). The mechanical force that stretches the membrane would 
result in thinning of the membrane, thus inducing “hydrophobic 
mismatches” between the TMDs and the lipid bilayer. This 
mismatch could be relieved either by changing the topology of 
the TMDs (e.g. tilting) and/or TMD aggregation within the lipid 
bilayer or by inducing distortion of lipids near the TMD, to 
minimize the exposed hydrophobic region (13). As will be 
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described below, the lipid-embedded region, a bundle of 
TMDs, of a possible mechanosensor of the lipid bilayer model 
often adopts a wedge or cone shape, affecting the nearby 
lipids to adopt a distorted configuration rather than making a 
planar lipid bilayer (Fig. 1D) (33). Consequently, the me-
chanical force does not induce further distortion of the lipid 
bilayer. Instead, it preferentially induces topological changes 
in the bundle of TMDs of the mechanosensor (14). When 
these changes are linked to the changes in enzymatic activity 
and/or TMD interactome, biochemical signaling is initiated. 
Second, mechanical force-induced increase in tension between 
the integral membrane proteins and lipids could also be the 
basis of mechanosensation (14). If the tension is large enough, 
it can induce expansion of the cross-section area (projection 
area) of integral membrane proteins at the lipid-water interface 
(Fig. 1D, E) (34), which causes structural changes in the 
mechanosensor, initiating a biochemical signaling. The following 
are examples of such mechanosensors that can directly 
respond to the stretch of the lipid bilayer.

Ion channels
One way to distinguish a bona fide mechanosensor from its 
indirect effectors would be to test its mechanical force-induced 
changes in the enzymatic activity or TMD-mediated protein- 
protein interactions in reconstituted liposomes (35). The elec-
trophysiological method has enabled some ion channels to be 
tested in the reconstituted system, proving them to be direct 
mechanosensors. The activation of an E. coli ion channel, 
MscL, by pressure in a cell-free pure lipid system was the first 
demonstration of the mechanosensor in a purified system (36). 
Later, improvements in the membrane protein preparation 
methods, e.g. lipoprotein-based nanodiscs (37), and the de-
velopment of cryo-EM-based structural determination of 
membrane proteins (38) provided clues for understanding 
mechanosensitivity of those mechanosensitive channels.

TREK‐1, a K＋ channel with four transmembrane segments 
and two pores (K2P channel), was first recognized as a 
stretch‐activated channel in mammals (39, 40). Later, its 
related K＋ channels, belonging to the same K2P channel 
family, TRAAK (41) and TREK-2 (42), were also suggested as 
mechanosensors. Recently, purified TRAAK and TREK1 
embedded in an artificial lipid bilayer were proven to respond 
directly to mechanical force, both positive and negative pressure 
relative to atmospheric pressure (43). Structural studies showed 
that both TRAAK and TREK-2 channels have distinct ‘up’ and 
‘down’ conformations (33, 34, 44). In the up conformation 
(open state), TM4 is shifted up, making a central cavity below 
the selective filter open to the cytosol. In the down con-
formation (closed state), TM4 is shifted downward, forming an 
intramembrane opening in the cavity so that lipid acyl chains 
can be inserted into the opening to block the central cavity, 
thus inhibiting the passage of ions through the channels. 
Importantly, the up conformation shows an overall cylinder 
shape in the lipid bilayer, while the down conformation shows 

a wedge shape, which induces deformation of the lipid bilayer 
(Fig. 1D). As membrane tension induced by mechanical force 
adds more free energy cost to a wedge-shaped conformation, 
it, therefore, favors the cylinder shape, thus promoting the 
mechanical opening of the channels (Fig. 1D) (33, 34). In 
addition, the cross-sectional area in the cytoplasmic leaflet is 
expanded in up conformation so that it occupies more space 
in the plane of the lipid bilayer than in the down conformation 
(Fig. 1D). Consequently, in the stretched lipid bilayer under 
mechanical tension, the open state would be favored (33, 34).

Piezo1 and Piezo2 are another types of cation channel that 
are known to be mechanically activated (45). Genetic ablation 
of Piezo1 leads to embryonic lethality due to impaired 
vascular development, suggesting that Piezo1 plays a role as a 
shear-stress sensor responsible for endothelial cell organization 
and survival (46, 47). Piezo2 is known to be expressed in 
sensory neurons of the dorsal root ganglia and the Merkel 
cell-neurite complex, a gentle touch receptor in the skin, and 
is responsible for their mechanosensitive activity (48, 49). 
Global and sensory neuron-specific ablation of Piezo2 causes 
respiratory distress and death in newborn mice (50). When 
purified Piezo1 was reconstituted into droplet lipid bilayers, it 
opened in response to osmotic pressure, as well as physical 
stretching force, thus demonstrating its inherent mechanosensitive 
characteristic (51). Recent cryo-EM studies on Piezo1 revealed 
a major breakthrough in the field, by showing that Piezo1 
forms a trimeric structure consisting of a three-bladed propeller 
shape embedded in the lipid bilayer with a central ion pore 
that closes in response to constrictions in the cytosol (52, 53). 
Very interestingly, each propeller consisted of a total of six 
Piezo repeats (with 4 TMDs) and the inner and outer helices 
possessed a pronounced bend, forming a dimple on the 
surface of the membrane (Fig. 1E) (53). Thus, increased tension 
by a mechanical force acting on the membrane was suggested 
to expand the structure and flatten the Piezo1 dimple on the 
membrane (Fig. 1E), leading to an increase in the projection 
area and opening the channel (54-56).

Nuclear pore complex
Recent evidence suggests that gating of the nuclear pore 
complex (NPC) can be regulated directly by force applied to 
the nucleus. For example, increased tension in stress fibers 
spanning across the nucleus was suggested to apply force to 
the nucleus and regulate NPC gating (57). In addition, direct 
application of downward force on top of the nucleus using 
atomic force microscopy induced nuclear membrane flattening 
and nuclear pore opening (58). Intriguingly, the NPC gating by 
the force was independent of the linker of the nucleoskeleton- 
cytoskeleton complex and the actin cytoskeleton (58), suggesting 
that NPC gating might be regulated directly by the force-in-
duced flattening of nuclear membrane and/or changes in its 
curvature. Although the exact mechanism of NPC gating needs 
to be investigated, the studies described above suggest that the 
NPC can work as a mechanosensor gated by mechanical force 
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applied to the lipid bilayer in the nuclear membrane and that 
the complex can respond to the force by regulating the 
translocation of proteins, such as transcription factors, across 
the nuclear envelope.

CONCLUSION AND FUTURE PERSPECTIVES

Thanks to the intensive research on the mechanisms of 
mechanosensation during the last decade, we now have an 
idea of how cells sense mechanical forces and how this can be 
translated into chemical signaling events. As described above, 
mechanosensing requires a mechanical tension-induced con-
formational change in the proteins anchored to relatively 
stationary positions and translation of those changes into a 
biochemical signal. Based on these properties, the mecha-
nosensors identified so far can be divided into two classes as 
the cytoskeleton/ECM-tethered and the lipid-embedded types. 
They can also be divided into two groups depending on their 
translation method, one in which their activities change and 
the other in which their intermolecular interactomes change. 
The combination of such criteria results in four different types 
of mechanical sensor.

The first type of sensor is anchored to the ECM or cyto-
skeleton, where force-induced structural changes to the sensors 
expose cryptic binding site(s) that are originally buried within 
the sensor. Examples of this type of sensor include talin, 
-catenin, TGF , and VWF (Fig. 1A, B). The second type is 
also anchored to stationary positions, but a force-induced 
structural change modulates its activity, such as ion conductivity 
of NOMPC (Fig. 1C). The third type of sensor includes 
membrane proteins in which force-induced structural changes 
resulting from tension in the lipid bilayer modulates their 
activities, as is seen in the cases of TRAAK, TREKs, and Piezo 
channels (Fig. 1D, E). The fourth type of sensor, if there is, 
could be membrane proteins in which conformational changes 
resulting from tension are linked to changes in their different 
intermolecular interactions. Considering that transmembrane 
proteins account for ∼30% of total proteins and that more 
than half of these proteins contain at least two TMDs, the 
number of TMDs existing in the hydrophobic environment and 
the complexity of the TMD interactome are expected to exceed 
those of cytosolic proteins. Due to the diversity of TMDs and 
possible topological changes caused by mechanical force, the 
alteration in intermolecular TMD interactions might be a way 
to sense mechanical force and translate them into biochemical 
signals. However, as far as we know, this type of mechanosensor 
has not yet been identified. One of the difficulties in iden-
tifying such sensors may result from the difficulty in detecting 
TMD interactions, which should be altered by mechanical 
force in a pure lipid environment. The identification of this 
type of sensor will further expand our knowledge of 
mechanosensation.

Chemical signals, such as hormones and growth factors, 
activate specific receptors. The mechanical force may also 

induce specific responses in cells. However, assuming that 
each cell may contain more than one mechanosensor, 
mechanical force can activate all available mechanosensors 
within the cell. As a result, how cells can respond specifically to 
seemingly nonspecific mechanical force is one of the largest 
unanswered questions for future work. One possible answer is 
that mechanical force may not target just a single molecule, 
but instead might boost up or reduce down the entire mecha-
nosensitive machinery within the cells, inducing systematic 
responses to the force-driven environmental change. In this 
regard, the manner in which mechanical force-induced responses 
can crosstalk with the conventional chemical ligand-induced 
cell signaling machinery would be an interesting topic for 
future research. Studies on this issue might also provide a 
molecular background for the use of mechanical force for 
therapeutic purposes to treat human diseases.
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