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The conversion of force into an electrical cellular signal is mediated by the opening of different 

types of mechanosensitive ion channels (MSCs), including TREK/TRAAK K2P channels, Piezo1/2, 

TMEM63/OSCA and TMC1/2. Mechanoelectrical transduction plays a key role in hearing, balance, 

touch, proprioception and is also implicated in the autonomic regulation of blood pressure and 

breathing. Thus, dysfunction of MSCs is associated with a variety of inherited and acquired disease 

states. Significant progress has recently been made in identifying these channels, solving their 

structure and understanding the gating of both hyperpolarizing and depolarizing MSCs. Besides 

prototypical activation by membrane tension, additional gating mechanisms involving channel 

curvature and/or tethered elements are at play. 

 

Opening of MSCs at the plasma membrane of mammalian cells, in the microseconds range, is the 

earliest event occurring upon mechanical stimulation (Chalfie, 2009; Christensen and Corey, 2007; 

Delmas and Coste, 2013; Kung, 2005; Murthy et al., 2017; Sachs and Morris, 1998). Activation of 

MSCs by force is direct without the involvement of a second messenger, causing a change in 

membrane potential and triggering biochemical responses (Kung, 2005; Sachs and Morris, 1998). In 

mammalian cells two types of MSCs co-exist at the plasma membrane: the depolarizing cationic non-

selective channels (permeable to Na+, K+ and Ca2+) and the hyperpolarizing K+-selective stretch-

activated channels (Delmas and Coste, 2013; Murthy et al., 2017)(Figure 1; Key table). MSCs open in 

response to a variety of mechanical stimuli, including local membrane stretching, cell squeezing, 

shear stress, cell swelling, deflection of hair cell bundles, as well as substrate deformation (Delmas 

and Coste, 2013; Wu et al., 2017a).  

In this review, taking advantage of recent molecular, structural and functional studies, we will discuss 

the common properties, as well as the specific gating mechanisms that are involved in the activation 

of the different types of mammalian MSCs by force, including TREK/TRAAK K2P channels, Piezo1/2, 

TMEM63/OSCA and TMC1/2 (Figure 1, Key table), in light of their physiological role and association 

with various disease states.   
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Activation of MSCs by membrane tension 

The prototypical bacterial MscL channel, acting as an osmotic valve, is a very large conductance (3 

nS) ionic pore permeable to both ions (without selectivity) and osmolytes that is gated by membrane 

tension (Kung, 2005; Sukharev et al., 1994)(Figure 2B). Activation involves a major iris-like expansion 

of its transmembrane segments (TMs) (Perozo et al., 2002). Force is directly transmitted to the 

channel through the membrane (“force-from-lipid principle”)(Kung, 2005; Martinac et al., 1990). A 

large increase in channel cross-sectional area (about 20 nm2 for MscL), caused by an increase in 

membrane tension, confers a high mechanosensitivity; proportional to the steepness of the 

sigmoidal gating curve primarily reflecting the dimensional changes of the mechanosensitive channel 

upon force activation (Sukharev et al., 1994)(Figure 2A). In comparison, for small conductance (about 

100 pS; 30 fold less than MscL) mammalian TREK-1/TREK-2/TRAAK K2P channels, only a modest 

increase in cross-sectional area (1.8, 2.7 and 4.7 nm2 for TREK-1, TRAAK and TREK-2, respectively) is 

occurring (Brohawn et al., 2014a; Dong et al., 2015; Honoré et al., 2006)(Figure 2B). Thus, large 

conductance MSCs are sensitive to smaller changes in membrane tension than small conductance 

MSCs. If the MSC in the bilayer is approximated to a cylindrical plug, the free energy difference 

between the open and closed states (G = G0-TA) is given by G0 [the difference in the absence 

of force] minus membrane tension (T) times the change in cross-sectional channel area occurring 

between the closed and the open state [A] (Liang and Howard, 2018; Sachs and Morris, 1998). 

Tension causes an expansion (A) of the mechanosensitive channel (inducing pore opening) by an 

energy equal to –TA. Protein area expansion (A) is proportional to the energy that controls 

activation of the channel. Thus, a smaller area change (A) requires a broader range of tension 

(between 0.5 and 12 mN/m for TRAAK) for channel activation (shallow gating curve) (Brohawn et al., 

2014a; Dong et al., 2015; Honoré et al., 2006)(Figure 2A). Notably, both positive and negative 

pressure (causing a similar increase in membrane tension) activates reconstituted TRAAK channels 

(Brohawn et al., 2014b). 

In summary, two MSC classes that appear to have different degrees of cross-sectional area changes, 

bacterial MscL and mammalian mechanosensitive TREK/TRAAK K2P channels, offer good examples of 

how variations in this key parameter that controls “force-from-lipid” manifest (Figure 2A).  

 

Threshold for mechanical activation of MSCs 

Besides the steepness of the gating curve (related to the difference in cross-sectional area changes), 

another striking difference between MscL and mechanosensitive K2P channels is the threshold for 

mechanical activation that is very high for MscL (10 mN/m), but remarkably low for TRAAK (0.5 

mN/m)(Aryal et al., 2017; Brohawn et al., 2014a; Brohawn et al., 2014b; Sukharev et al., 1994)(Figure 
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2A). The mid-point of the gating curve depends on channel pre-stress (i.e. the resting tension acting 

on the channel), influenced by the stiffness of the membrane and the cytoskeleton linkages (Sachs 

and Morris, 1998). For mechanosensitive TREK/TRAAK K2P channels, modest channel area expansion 

together with a reduced lipid deformation are proposed to synergistically promote channel activation 

in the lower tension range (Brohawn et al., 2014a). Thus, both protein expansion (A) and pre-stress 

are key parameters conditioning the gating of MSCs. 

 

HYPERPOLARIZING MECHANOSENSITIVE MAMMALIAN K2P POTASSIUM CHANNELS 

 

K2P channels in physiology and disease states 

Opening of TREK/TRAAK K2P channels results in an efflux of potassium causing cell hyperpolarization 

and a consequent decrease in cell excitability (for review see (Honoré, 2007)). TREK/TRAAK are 

polymodal K+ channels that are stimulated by protons, heat, stretch, and a variety of lipids including 

free polyunsaturated fatty acids (PUFAs), lysopholipids, PIP2, lysophosphatidic acid and phosphatidic 

acid, as well as pharmacological agents such as volatile general anaesthetics (for review, (Honoré, 

2007)). On the contrary, TREK-1 is negatively regulated through phosphorylation by protein kinases A 

and C (for review, (Honoré, 2007)). Both TREK-1/2 and TRAAK are highly expressed in neurons, 

including sensory dorsal root ganglion neurons (Key Table). TREK-1/TRAAK knock-out mice show 

enhanced sensitivity to painful stimuli, including mechanical allodynia, as well as heat-hyperalgesia 

(Alloui et al., 2006; Noel et al., 2009). Moreover, TREK-1 knock-out mice are sensitized to 

inflammatory pain (Alloui et al., 2006; Noel et al., 2009). In the same line, TREK-1 plays a role in 

migraine (Royal et al., 2019). Opening of hyperpolarizing K2P channels limits (acting as an electrical 

brake) the depolarization mediated by the activation of other types of excitatory cationic non-

selective channels, including MSCs and heat-sensitive TPRV channels. Thus, TREK/TRAAK MSCs are 

involved in polymodal pain perception (Alloui et al., 2006; Noel et al., 2009). Of note, within the 

central nervous system, TREK-1 is also involved in neuroprotection, general anaesthesia and plays an 

important role in depression (for review see (Honoré, 2007)). 

Interestingly, missense mutations (Ala172Glu and Ala244Pro, in TM3 and TM4, respectively) in 

TRAAK cause a syndrome including facial dysmorphism hypertrichosis, epilepsy, intellectual 

disability/developmental delay, and gingival overgrowth (Bauer et al., 2018)(Key Table). Those 

mutations produce a basal gain-of-function (GOF) that impairs sensitivity to mechanical stimulation, 

as well as activation by arachidonic acid. MD simulations predict that the TRAAK disease-causing 

mutations seal lateral fenestrations (Aryal et al., 2017; Bauer et al., 2018; Brohawn et al., 

2014a)(Figure 1A and see below).  
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Thus, hyperpolarizing mechanosensitive K2P channels play a major pathophysiological role and are 

implicated in a variety of inherited and acquired disease states. 

 

Gating of mechanosensitive K2P channels involves a large conformational change in TM4 

The K2P channels TREK-1/TREK-2/TRAAK are made of a dimer of subunits, each including four 

transmembrane segments (TMs) and two pore domains (P1-P2) in tandem (Brohawn et al., 2014a; 

Brohawn et al., 2012)(Figure 1A). A large extracellular cap with a bifurcated ionic pathway lies on top 

of the transmembrane channel core, thus explaining their resistance to K+ channel pore blockers 

(Brohawn et al., 2012)(Figures 1A and 3). Notably, K2P channels lack a classical bundle-crossing inner 

gate, as found in other types of K+ channels. An upward movement of the inner end of TM4 due to a 

rotation (25°) around a central hinge glycine, together with a rotation (15°) of the TM2-TM                                                                                                                                                                                                                                              

3 segments, obstruct two large intramembrane-side fenestrations (Brohawn et al., 2014a)(Figure 1A, 

Figure 3A). When TM4 is in the down state (dashed magenta line), lateral windows are wide open 

(yellow circle) and it was hypothesized that they might be filled with lipids (in yellow) extending to 

the central cavity underneath the selectivity filter, presumably blocking the flow of K+ ions (Brohawn 

et al., 2014a)(Figure 1A, middle, Figure 3A). In response to an increase in membrane tension, it is 

predicted that lateral fenestrations close because of an upward movement of TM4 (no dash magenta 

line), thereby preventing the entry of blocking lipids and allowing the flow of K+ (Brohawn et al., 

2014a)(Figure 1A, right panel, Figure 3A). However, molecular dynamics (MD) simulations of TREK-2 

predict that phospholipid tails appear to be too short to reach into the cavity (Aryal et al., 2017). 

Moreover, intracellular Rb+ activates TREK-1 by directly influencing a voltage-dependent gate within 

the selectivity filter, even in the absence of stretch (i.e. when TM4 is in the down state and when 

lateral fenestrations are opened) (Aryal et al., 2017; Schewe et al., 2016). Thus, these 

electrophysiological data are not consistent with a lipid occlusion model since intracellular Rb+ would 

be unable to reach the selectivity filter if lipids block the permeation pathway (Aryal et al., 2017). 

While a large conformational change in TM4 (controlling the opening of lateral fenestrations) occurs 

upon channel activation, more recent findings strongly support the notion that the activation gate is 

located at the level of the selectivity filter (Lolicato et al., 2017)(Figure 3B).   

 

Gating of TREK/TRAAK channels by a selectivity filter C-type gate 

Norfluoxetine (Prozac) only binds and inhibits TREK-2 when the lateral fenestrations are opened (i.e. 

when TM4 is down) (Dong et al., 2015; McClenaghan et al., 2016)(Figure 3). Taking advantage of the 

state dependent inhibition of TREK-2 by norfluoxetine, it was demonstrated that TREK-2 can be 

conductive both when TM4 is down or up (Lolicato et al., 2014; McClenaghan et al., 2016)(Figure 3B). 

Additional findings indicate that the selectivity filter of mechanosensitive K2P channels acts as an 



  
Page 5 

 
  

activation gate (C-type gate) (Bagriantsev et al., 2012; Bagriantsev et al., 2011; Lolicato et al., 2017; 

McClenaghan et al., 2016)(Figure 3B). Notably, binding of small molecule TREK-1 activators (ML335 

and ML402) to a cryptic binding pocket (between P1 pore helix and TM4) is predicted to restrict the 

movement behind the selectivity filter, enhancing K+ permeation (Lolicato et al., 2017)(Figure 3B). 

Moreover, MD simulations predict that membrane stretch increases K+ occupancy within the 

selectivity filter of TREK-2 (Aryal et al., 2017).  

Notably, mechanosensitive K2P currents show a relaxation during maintained pressure stimulation, 

both in transfected cells or upon reconstitution into artificial bilayers (Brohawn et al., 2014b; Honoré 

et al., 2006). This inactivation mechanism (: 45 ms) is intrinsic to the channel, and is sensitive to pre-

stress (resting tension) and resembles the C-type inactivation of Kv channels, a process by which K+ 

flux is blocked by conformational changes of the selectivity filter (Brohawn et al., 2014b; Honoré et 

al., 2006).  

Altogether, those findings indicate the contribution of a filter C-type gate, as well as of a large 

conformational change of the TM4 helix, in the gating of mechanosensitive K2P channels (Brohawn et 

al., 2014a; Lolicato et al., 2017; Lolicato et al., 2014; McClenaghan et al., 2016)(Figure 1A and Figures 

3A-B).  In addition, the TREK-1 intracellular C-terminal cytosolic domain is a major regulatory element 

of the channel and relays mechanical, thermal and acidic modulations to the filter C-type gate 

through transmembrane helix TM4 and pore helix 1 (Bagriantsev et al., 2012; Bagriantsev et al., 

2011)(Figure 3C, dashed arrows). Conversely, phosphorylation of the Ct domain at Ser 300 and Ser 

333 by protein kinases A or C inhibits channel activity (for review (Honoré, 2007))(Figure 3C). 

 

TREK activation by asymmetry of the transbilayer pressure profile 

Across the lipid bilayer there is repulsion between the head groups and between the lipid tails 

generating positive pressure (push), while there are two regions of high negative pressure (pull) 

around the glycerol backbone that is required to prevent water entry through the membrane (Aryal 

et al., 2017; Clausen et al., 2017; Martinac et al., 2018)(Figure 2D). Upon stretch of an ideal 

membrane, thickness is reduced, the positive pressure in the middle of the bilayer is lowered, while 

the peaks of negative pressure are increased (Aryal et al., 2017)(Figure 2D). In MD simulations of 

TREK-2, a change in the lateral pressure profile (by lowering the number of phospholipids in the inner 

leaflet, but not in the outer leaflet) is sufficient to induce an upward movement of TM4, while 

reducing bilayer thickness (i.e. hydrophobic mismatch) was not sufficient to drive this structural 

transition (Aryal et al., 2017). Moreover, reconstituted TREK-2 channels in a planar bilayer 

differentially respond to positive and negative pressure, suggesting a sensitivity to transbilayer 

pressure profile asymmetry (Clausen et al., 2017). These findings fit with the activation of TREK-1 by 

external, rather than internal lysophosphatidylcholine (LPC), as well as with the stimulation by 
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anionic amphipaths (including arachidonic acid), but inhibition by cationic amphipaths (including 

chlorpromazine) (Maingret et al., 2000). Increased free volume within the inner leaflet is anticipated 

to promote expansion of the lower end of the TREK/TRAAK channels (A), mainly due to the upward 

movement of TM4 (Aryal et al., 2017; Brohawn et al., 2014a)(Figure 2C and Figure 3A).  

Thus, TREK/TRAAK channels show an asymmetric mechanosensitivity, as previously reported for the 

bacterial MscL channel (Martinac et al., 2018)(Figures 2C-D). However, some MSCs are more 

sensitive to stress in the inner compared to outer monolayer, whereas the sensitivity of others is the 

opposite.  

 

DEPOLARIZING NON-SELECTIVE CATIONIC PIEZO CHANNELS 

 

Role of Piezo1/2 in mechanosensory physiology and disease states 

Opening of Piezo1/2 channels is involved in a variety of key physiological functions and disease states 

(recently extensively reviewed elsewhere (Murthy et al., 2017)). In particular, Piezo1 plays a major 

role in vascular development and physiopathlogy. In brief, Piezo1 expression in the endothelium is 

required for early vasculogenesis (constitutive knock-out is embryonic lethal) and is involved in flow-

dependent vasodilatation at the adult stage (Li et al., 2014; Ranade et al., 2014a; Wang et al., 

2016)(Key Figure). By contrast, endothelial Piezo1 mediates vasoconstriction of mesenteric arteries 

during whole body physical activity associated with high blood flow through, in this case, 

depolarization of vascular smooth muscle cells electrically connected to the endothelium via gap 

junctions (Rode et al., 2017). In addition, Piezo1 opening in smooth muscle cells profoundly affects 

the structural remodeling of small diameter arteries upon hypertension (Retailleau et al., 2015). 

Piezo1 is also involved in the formation of both lymphatic and aortic valves (Nonomura et al., 2018) 

(https://doi.org/10.1101/528588; https://doi.org/10.1101/529016). Finally, opening of Piezo1 causes 

red blood cell (RBC) dehydration by an efflux of potassium through calcium dependent activation of 

the Gardos K+ channel (KCNN4), while Piezo1 deletion in RBCs leads to overhydration (Cahalan et al., 

2015)(Key table).   

Piezo2 is highly expressed in two skin cell types: both low threshold mechanoreceptors (large 

diameter DRG neurons) that innervate the skin and in Merkel cells (tactile epithelial cells). Piezo2 is 

responsible for light touch sensation, although it is not critically required for mechanical nociception 

(Maksimovic et al., 2014; Murthy et al., 2018b; Ranade et al., 2014b; Szczot et al., 2018; Woo et al., 

2014)(Key table). However, Piezo2 is involved in mechanical allodynia (increased response of neurons 

to mechanical stimulation) under skin inflammatory conditions or nerve injury (Murthy et al., 2018b; 

Szczot et al., 2018). Piezo2 is also expressed in muscle spindles, the sensory nerve endings 

innervating skeletal muscles that are responsible for proprioception and required for proper control 

https://doi.org/10.1101/528588
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of limb position and coordination (Woo et al., 2015). In addition, Piezo2 is found in vagal sensory 

neurons innervating the airway where it mediates the autonomic reflex of lung inflation-induced 

apnoea (Nonomura et al., 2017). Finally, both Piezo1 and Piezo2 are acting in parallel in the 

baroreceptors of the aorta and carotid sinus, with a critical role for the acute control of blood 

pressure (Zeng et al., 2018). Notably, mice that lack Piezo1/2 show labile hypertension and increased 

blood pressure variability (Zeng et al., 2018)(Key table). 

Various inherited diseases are associated with mutations in Piezo1/2 genes (Key table). Slower Piezo1 

inactivation caused by GOF dominant mutations leads to xerocytosis, an hemolytic anemia 

associated with dehydration of RBCs (Albuisson et al., 2013; Bae et al., 2013; Zarychanski et al., 

2012). Interestingly, one such common GOF Piezo1 allele in African populations confers a significant 

protection against Plasmodium falciparum infection (Ma et al., 2018). Recessive loss-of-function 

mutations (LOF) in Piezo1 are associated with lymphatic dysplasia (lymphedema) (Lukacs et al., 

2015). Concerning Piezo2, dominant GOF mutations cause distal arthrogryposis (contractures that 

restrict movement in the hands and feet)(Coste et al., 2013), while recessive LOF mutations are 

associated with a syndrome of muscular atrophy with perinatal respiratory distress, arthrogryposis 

and scoliosis (Delle Vedove et al., 2016; Haliloglu et al., 2017).  

In addition, Piezo1/2 are also anticipated to play an important role in several acquired diseases, 

including cancer and pancreatitis (Chen et al., 2018; Romac et al., 2018). 

Those findings indicate that Piezo1/2 are associated with a variety of clinical disorders, as anticipated 

with their specific patterns of expression (Key table).  

 

The low threshold cationic non-selective Piezo1 channel is inherently mechanosensitive 

Piezo1/2 channels (47% identity) are low threshold (1-3 mN/m), fast inactivating ( of about 25 ms), 

small conductance (about 35 pS) depolarizing mechanically activated non-selective cationic channels 

permeable to sodium, potassium and calcium (Coste et al., 2010; Cox et al., 2016; Lewis and Grandl, 

2015; Syeda et al., 2016)(Key table). Piezo channels are conserved during evolution and found in 

plants, ciliated protozoans, Drosophila, as well as C.elegans. Piezo1 is inherently mechanosensitive, 

as demonstrated by reconstitution experiments into artificial bilayers (Syeda et al., 2016). In a 

symmetrical phosphatidylcholine (PC/PC) bilayer Piezo1 is closed, while it shows basal openings (i.e. 

activity without mechanical stimulation) when the cis leaflet is doped with lysophosphatidic acid  

(LPA) (Syeda et al., 2016). Moreover, Piezo1 opening was enhanced in a symmetrical PC/PC bilayer by 

osmotic stress and by solvent injection-mediated monolayer expansion. Piezo1 is activated by both 

negative or positive pressure applied in the cell-attached patch clamp configuration (Coste et al., 

2010). By contrast, Piezo2 opens in response to positive, but not negative, pressure (Shin et al., 

2019).  
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These observations indicate that Piezo1 is intrinsically mechanosensitive and directly activated by 

membrane tension (Cox et al., 2016; Lewis and Grandl, 2015; Syeda et al., 2016). 

 

Sensing force by a change in Piezo1 curvature 

The 3D structure of mPiezo1 was solved by cryo-electron microscopy, revealing a very large trimeric 

ion channel complex (about 900 kDa), with an unusual curved shape (Ge et al., 2015; Guo and 

MacKinnon, 2017; Saotome et al., 2018; Zhao et al., 2018)(Figures 1B and 4). The complex is a trimer 

of Piezo1 subunits with three large distal flexible blades (each containing 9 repeats of 4 TMs) and an 

extracellular carboxy terminal domain (CED) at the centre of the complex connected by flexible 

linkers to the last two TMs (outer and inner helices) (Ge et al., 2015)(Figure 1B). The C terminal end 

of the protein constitutes a central pore module, whereas the remaining N terminal non-pore region 

is proposed to act as an independent mechanosensitive module (Zhao et al., 2016). Very recently the 

near-complete structure of Piezo2 was solved, similar to Piezo1, comprising 114 transmembrane 

helices in total (Wang et al., 2019). A chimera between the N terminal domain of Piezo1 with ASIC1 

was claimed to be mechanosensitive (Zhao et al., 2016), although this finding could not be confirmed 

by others (Dubin et al., 2017). Nevertheless, the central pore domain and the role of the amino 

terminal domain in mechanosensing were further demonstrated by elegant structural studies and 

mutational analysis (Guo and MacKinnon, 2017; Saotome et al., 2018; Zhao et al., 2018). The ionic 

pore is made of the three inner helices (IH) with hydrophobic residues facing the cavity. The wall of 

the pore is not completely sealed and isolated from the membrane, suggesting that membrane lipids 

might influence permeation (as proposed for TRAAK)(Saotome et al., 2018)(Figure 1B, right panel). 

Cations might flow laterally between the CED and the transmembrane portion of the channel (Figure 

4A). Piezo1 is constricted at the lower end of the pore by the residues Met 2493, Pro 2536 and Glu 

2537 (Guo and MacKinnon, 2017; Saotome et al., 2018) (Figures 1B and 4A). In comparison, the 

transmembrane part of Piezo2 is completely sealed (Wang et al., 2019). Moreover, besides the inner 

constriction site, as found in Piezo1 (Fig. 1B), an upper constriction formed by Leu 2743 is also 

present in Piezo2 (Wang et al., 2019). In the open state, the diameter of the Piezo1 pore is expected 

to increase at least to a radius of 4 Å, based on ionic selectivity. A long inner helix of 66 amino acids, 

called the beam, extends from the center and is parallel to the membrane (Zhao et al., 2018)(Figures 

1B and 4A). Viewed from the side, the Piezo1 timer is curved into a dome shape with a 60° angle 

between the beam and the central axis of the pore (Guo and MacKinnon, 2017; Haselwandter and 

MacKinnon, 2018; Liang and Howard, 2018)(Figures 4A-B). Remarkably, mPiezo1 trimers deform the 

lipid bilayer locally into a dome when reconstituted into unilamellar vesicles (Guo and MacKinnon, 

2017)(Figure 4B). Furthermore, mechanical calculations predict that Piezo1 will shape the membrane 

into a curved “membrane footprint”, thus influencing the mechanics of the bilayer at a distance from 
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the channel and amplifying the mechanosensitivity of Piezo1 in the low tensional range 

(Haselwandter and MacKinnon, 2018). It is hypothesized that Piezo1 may sense membrane tension 

though a flattening, with a consequent large increase in the in-plane channel area (A) 

(Haselwandter and MacKinnon, 2018; Liang and Howard, 2018)(Figure 4D). If Piezo1 becomes 

completely flat in response to an increase in tension, its cross-sectional area (A) is expected to 

increase by 120 nm2 (versus 20 nm2 for MscL and 4.8 nm2 for TRAAK). This estimated large increase in 

A is predicted to confer exquisite mechanosensitivity to Piezo1 (i.e. the driving energy –T is 

high), despite the fact that Piezo1 has a small ionic pore (35 pS) (Liang and Howard, 2018). 

Extracellular loops TMs 15-16 and 19-20 are critically required for mechanical activation of Piezo1 (as 

well as for activation by Jedi1 and Jedi2), although mutants in this region remain normally activated 

by the small molecule activator Yoda1 (Syeda et al., 2015; Zhao et al., 2018)(Figure 4A; in magenta). 

The intracellular beam is anticipated to act as a long distance transduction element between the 

peripheral mechanosensitive blades (TMs 15-16 and 19-20) to the central pore module, behaving as 

a lever around a proximal pivot (Leu 1342 and Leu 1345) that controls pore opening (Zhao et al., 

2018)(Figure 4A, in red). Leu 2475 and Val 2476 in the intracellular C-terminal domain (CTD) form a 

primary hydrophobic inactivation gate and Met 2493/Phe 2494 hydrophobic constriction acts as a 

secondary inactivation gate in Piezo1 (Zheng et al., 2019). 

Altogether, these findings indicate that Piezo1 might sense membrane tension through a change in 

its curvature (Guo and MacKinnon, 2017; Liang and Howard, 2018)(Figures 4B-D). Indeed, recent 

cryo-electron microscopy observations, as well as atomic force microscopy analysis demonstrate that 

Piezo1 can be flattened reversibly into the membrane plane (Lin et al., 2019). 

 

Regulation of Piezo1/2 mechanosensitivity by lipids 

A lipid shaped density was observed in an apparent ligand-binding pocket between the anchor and 

the first repeat of the blade with two arginines  (R2035 and R2135) projecting into the pocket 

(Saotome et al., 2018)(Figure 4A; in gray). Mutations of Arg 2135 killed channel activity, suggesting 

that interaction with lipids might play an important regulatory role in the regulation of Piezo1 

(Saotome et al., 2018). In line with these findings, incorporation of saturated margaric acid (MA; 

C17:0) into phospholipids inhibits Piezo1 activation, while long chain polyunsaturated fatty acid 

docosahexaenoic acid (DHA; C22:6) slows the inactivation rate of Piezo1 (Romero et al., 2019). Thus, 

depending on the chain length and unsaturation, fatty acids differentially regulate Piezo1 gating. 

Decreased Piezo1 opening when phospholipipds are enriched in MA correlates with an increase in 

membrane rigidity, possibly restricting Piezo1 in-plane area expansion, despite an anticipated 

increase in pre-stress (see above) (Romero et al., 2019). DHA might slow down Piezo1 inactivation by 
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reducing the cohesion between phospholipids and the transmembrane domain to stabilize the open 

state of the channel (Romero et al., 2019).  

In the same line, depletion of cholesterol and deficiency of STOML3 similarly and interdependently 

attenuate the mechanosensitivity of Piezo1 (Poole et al., 2014; Qi et al., 2015; Wetzel et al., 2017). In 

addition, super resolution imaging also demonstrates that cholesterol depletion increases Piezo1 

diffusion in live cells (https://doi.org/10.1101/604488).  

TMEM150C, initially claimed to be an independent slow-adapting mechanosensitive ion channel in 

DRG neurons, instead acts as a general regulator of other force-gated ion channels, slowing down the 

inactivation rates of both Piezo1/2 and TREK-1 (Anderson et al., 2018; Hong et al., 2016). Since the 

TMEM150A homologue modulates phospholipid homeostasis, it is suggested that TMEM150C might 

similarly influence membrane lipid composition and possibly modulate the gating of MSCs (Anderson 

et al., 2018).  

Thus, Piezo1 mechanosensitivity and kinetics are greatly influenced by the membrane lipid 

composition. 

 

In summary, Piezo1/2 channels are low threshold non-selective cationic depolarizing channels (Key 

table). Piezo1 has a trimeric structure that curves the membrane in the closed state. An open state 

structure of Piezo1 is required to confirm the hypothesis of tension-dependent channel flattening 

(Guo and MacKinnon, 2017; Liang and Howard, 2018). If Piezo1 is able to dynamically alter 

membrane curvature, it is anticipated that neighboring proteins (including other Piezo1 molecules, 

other types of MSCs, or curvature sensitive molecules) within the membrane footprint will also be 

influenced and might act in concert with Piezo1 in response to mechanical stimulation (Haselwandter 

and MacKinnon, 2018). 

Several recent studies identified a new class of high threshold non-selective cationic channels, 

present in plants (OSCA), as well as in mammals (TMEM63), that might act in parallel with Piezo1. 

 

THE HIGH THRESHOLD NON-SELECTIVE CATIONIC MSCs TMEM63/OSCA 

 

The hyperosmolarity-evoked intracellular calcium response in plants is mediated by AtOSCA1 (Yuan 

et al., 2014). Recent reports indicate that both AtOSCA1.1 and AtOSCA1.2 from Arabidopsis thaliana 

are pore-forming subunits in transfected HEK cells that are activated by mechanical stimulation 

(Jojoa-Cruz et al., 2018; Liu et al., 2018; Murthy et al., 2018a; Zhang et al., 2018)(Figure 1C). AtOSCAs 

evoke high-threshold mechano-activated currents (P0.5 of about -55 mm Hg) with kinetics of 

inactivation comparable to Piezo1 ( of about 25 ms)(Murthy et al., 2018a; Zhang et al., 2018). Of 

note, the single channel conductance of OSCA channels is too small to be resolved. OSCAs are 
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cationic non-selective with a slight permeability for chloride. Reconstitution of purified AtOSCA1.2 

into artificial bilayers induces robust stretch activated currents, demonstrating that this protein is 

intrinsically mechanosensitive (Murthy et al., 2018a). Moreover, as previously reported for other 

MSCs, LPC addition increased the mechanosensitivity of OSCA channels, indicating that this channel 

might also be sensitive to the local bilayer curvature/asymmetry of the transbilayer pressure profile 

(Martinac et al., 2018; Zhang et al., 2018).  

Notably, the human and mouse homologues TMEM63a,b,c give rise to slowly or non-inactivating 

high threshold cationic non-selective mechanosensitive currents (Murthy et al., 2018a)(Key table).  

 

Structure of the OSCA MSCs 

AtOSCA1.1, AtOSCA3.1 and AtOSCA1.2 are dimers with a two-fold symmetry axis perpendicular to 

the membrane, with each subunit comprising 11 TMs and a pore domain (Jojoa-Cruz et al., 2018; Liu 

et al., 2018; Maity et al., 2019; Zhang et al., 2018)(Figure 1C). Both subunits are separated by a large 

central cavity filled with lipids that might help stabilize the complex. The cytosolic domain is made of 

the TM2-TM3 loop and the C terminus (Jojoa-Cruz et al., 2018; Liu et al., 2018; Zhang et al., 

2018)(Figures 5A-B). OSCAs have structural similarities to the calcium-activated chloride channels 

TMEM16 family of proteins, with a dual pore, despite an additional TM segment (TM0), the absence 

of regulatory negatively charged calcium binding site and structural differences in the cytosolic 

domain. TM3-TM7 forms the pore and a hydrophobic ring creates a constriction at the extracellular 

end of the pore (Jojoa-Cruz et al., 2018; Liu et al., 2018; Zhang et al., 2018)(Figure 1C, right panel). 

Since OSCA1.1 conducts gluconate, its open pore diameter is at least 5.5 Å, indicating that the solved 

structures are all in the closed state. MD simulations predict that the hydrophobic neck is predicted 

to widen when membrane tension increases (Zhang et al., 2018). Below the hydrophobic neck, Glu 

462 at the base of TM5 in OSCA1.1 and Glu 531 on TM6 in OSCA1.2 protrude in the hydrophilic pore 

cavity and greatly influence single channel conductance, demonstrating that this region indeed 

directly contributes to the ionic pore (Jojoa-Cruz et al., 2018; Zhang et al., 2018). A putative 

activation model of OSCAs involves both straightening of TM6 and bending of TM0, causing an 

opening of the activation gate (Zhang et al., 2018). Interestingly, the lower region of the pore is also 

directly exposed to lipids through a large fenestration, due to the separation between TM5 and TM7 

(Jojoa-Cruz et al., 2018)(Figure 1C, right panel). A distinctive feature in OSCAs (but absent in OSCA2.2) 

is the presence of a large hook shape cytosolic loop (within TM2-TM3) that contains a hydrophobic 

sequence, presumably buried in lipids (Jojoa-Cruz et al., 2018)(Figure 5B). Local change of this 

membrane anchor in response to increased tension might contribute to channel activation (Liu et al., 

2018).  
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Thus, TMEM63/OSCAs constitute a novel structural class of MSCs, including two pores per channel 

(Figures 1C and 5B). At this stage the physiological relevance of the high threshold slowly inactivating 

mammalian TMEM63a,b,c isoforms is unknown and needs to be explored in future studies. 

 

THE MET CHANNEL OF HAIR CELLS: A TETHERED MSC  

Inner ear hair cells are the specialized mechanosensory cells responsible for hearing and balance, 

within the cochlea and the vestibular system, respectively (Fettiplace, 2016; Gillespie and Muller, 

2009; Hudspeth et al., 2000). Hair cells are equipped at their apical side with several rows of 

stereocilia forming a hair bundle, arranged in a staircase of decreasing heights (Gillespie and Muller, 

2009)(Figure 5D). The mechanoelectrical transduction (MET) channel is located at the tips of all but 

the tallest stereocilia. Deflection of the bundle towards the tallest stereocilia opens the MET 

channels, while deflection towards the shortest allows them to close (Corey and Hudspeth, 

1979)(Figure 5D). The tip link (low compliance), between two neighboring stereocilia, pulls on the 

MET channel (Figure 5D). Accordingly the MET current is lost when the tip link is disrupted by 

chelating calcium with BAPTA. The tip link is made of a homodimer of cadherin 23 (CDH23) at the 

upper end anchored to the stereocilium through the Usher complex Myo7a along with other 

myosins, and protocadherin related 15 (PCDH15) at the lower end interacting with the MET channel 

(Fettiplace, 2016; Ge et al., 2018; Maeda et al., 2014; Qiu and Muller, 2018; Richardson et al., 

2011)(Figure 5D). The MET channel opens in the microseconds range following positive deflection of 

the hair cell bundle, indicating that channel mechanical activation is direct (i.e. without the 

involvement of a second messenger)(Christensen and Corey, 2007). The hair cell transduction 

channel has a large conductance (about 200 pS), is cationic non-selective with a high permeability to 

calcium, and also is permeable to some large fluorescent molecules, including FM1-43 (Fettiplace, 

2016; Qiu and Muller, 2018). In vivo, the hair cell MET channel mainly conducts potassium because 

this is the most abundant cation of the fluid bathing stereocilia (endolymph). High frequency sounds 

are detected at the base, while low frequency tones at the apex of the organ of Corti (for reviews: 

(Fettiplace, 2016; Gillespie and Muller, 2009; Qiu and Muller, 2018)). This is paralleled by a tonotopic 

gradient of single channel conductance in outer hair cells (unlike inner hair cells), with larger single 

MET channel conductance at the base (about 160 pS) of the cochlea, as compared to the apex (about 

70 pS) (Beurg et al., 2018; Pan et al., 2013). A key characteristic of the MET channel is a complex 

adaptation mechanism in response to hair bundle deflection that causes a gradual decrease in 

current amplitude, involving both a fast adaptation (about 1 ms; possibly involving calcium, PIP2 or 

other factors) and a slower mechanism (about 20 ms; likely regulated by myosin motors at the upper 

insertion site of the tip link) (Fettiplace, 2016; Gillespie and Muller, 2009; Qiu and Muller, 2018).  
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TMC1 is a key component of the MET channel ionic pore 

Molecular identification of the MET channel in hair cells has been a major challenge over the years 

due to the small amount of tissue available, low number of channels per hair cell, molecular 

complexity and difficulty of expressing channel subunits using classical heterologous systems (Corey 

and Hudspeth, 1979; Fettiplace, 2016; Gillespie and Muller, 2009). 

Several lines of evidence now support a key role for transmembrane channel-like proteins 1 and 2 

(TMC1 and TMC2) as the pore-forming proteins of the MET channel complex (Kawashima et al., 2011; 

Pan et al., 2018; Pan et al., 2013)(Figure 5C-D; Key table). TMC2 is expressed transiently after birth in 

mammalian cochlear hair cells, while TMC1 is expressed later in hair cells and maintained throughout 

the adult stage (Li et al., 2019). TMC1/2 localize at the tip of the lower stereocilia of both outer and 

inner hair cells and biochemical interaction was shown between the C terminal region of PCDH15 (a 

component of the tip link) and the first N terminal 179 and 232 amino acids (presumably 

intracellular) in mTMC1 and mTMC2, respectively (Li et al., 2019; Maeda et al., 2014)(Figure 5C-D). 

Notably, the Beethoven deafness-causing dominant mutation in TMC1 alters calcium permeability of 

the MET channel (for review, (Fettiplace, 2016))(Figure 5E). Moreover, the MET current is fully 

suppressed in the double Tmc1/Tmc2 knock-out mice, causing severe hearing and balance deficits, 

but can be rescued by  adeno-associated viral (AAV) vectors expressing TMC1 or TMC2 (Kawashima 

et al., 2011; Nist-Lund et al., 2019; Pan et al., 2018; Pan et al., 2013). Altogether these observations 

strongly suggest that TMC1/2 is a key component of the MET channel (Pan et al., 2018). Of note, the 

gradient of single channel conductance in outer hair cells along the chochlea (tonotopic gradient) 

was attributed to the TMC1/TMC2 stoichiometry or to a variable number of TMC1 channels (Beurg et 

al., 2018; Pan et al., 2013).  

 

Recent evidence indicates that TMC1 assembles as a dimer with structural similarity to TMEM16 and 

TMEM63/OSCA (Ballesteros et al., 2018; Pan et al., 2018)(Figure 1D and Figures 5A and C). Recently, 

cysteine mutagenesis was elegantly used to map the pore of TMC1, taking advantage of a 

complementation assay in double Tmc1/Tmc2 knock-out mice with AAV delivery of mutant Tmc1 

constructs (Pan et al., 2018)(Figure 5E).  This laborious assay was needed because TMCs do not reach 

the plasma membrane when transfected into anything other than hair cells. MET currents were 

recorded before and after addition of cysteine reagents. Addition of 2-(trimethylammonium)-ethyl 

methanethiosulfonate (MTSET), that forms covalent linkage with cysteines, reduced transduction 

current in several mutants, suggesting their likely contribution to the ionic pore (Pan et al., 

2018)(Figure 5E). Importantly, cysteine modification also decreased calcium selectivity of the 

transduction channel in eight of the mutants within TM4-7 (including, Asn404Cyst, Gly411Cyst, 

Thr531Cyst and Thr532Cyst)(Figure 5E). All identified residues that altered permeation properties are 
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predicted to face a large pore anionic cavity, while nonreactive residues face away or are distant 

from the pore (Pan et al., 2018). Notably, open-channel blockers, as well as channel closure by 

negative deflection of the hair cell bundle, prevented access of MTSET to cysteine residues lining the 

pore (Pan et al., 2018). In particular, the Beethoven mutation (Met418Lys in hTMC1 and Met412Lys 

in mTMC1) similarly lines the predicted pore in the modeled TMC1 channel (Pan et al., 2018)(Figure 

5E). These key findings indicate that TMC1 is a pore-forming component of the MET channel, 

although it does not exclude that other transmembrane proteins (including TMHS, TMIE and/or 

PCDH15) might also be involved (Pan et al., 2018; Qiu and Muller, 2018). TMHS (LHFPL5) that is co-

localized with TMC1 at the tip of the lower stereocilia might functionally couple the tip link to the 

transduction channel (i.e. to TMC1) and/or acquiring/maintaining TMC1 localization, although 

PCDH15 also binds TMC1 directly (Ge et al., 2018; Maeda et al., 2014)(Figures 5C-D). Since PCDH15 

has a cis-dimeric architecture, there is a possibility that each helix might connect with a TMC1/2 

monomer within the MET channel complex (Dionne et al., 2018; Pan et al., 2018). Altogether these 

recent findings indicate that TMC1/2 are pore-forming components of the MET channel, with a 

structure comparable to TMEM63/OSCA (Figures 1C-D; Figures 5A and C). 

Of note, Piezo2 is also present at the apical side of the hair cell, but at the base of the stereocilia and 

its opening is caused by negative pressure near the apical surface, as well as by displacement of the 

bundle towards the shortest stereocilia (reverse polarity), independently of the tip link (Wu et al., 

2017b). Auditory function is only mildly altered by knock-out of Piezo2 and a role in the continuous 

repair of the sensory transduction apparatus was instead suggested (Wu et al., 2017b). 

 

Conclusions and perspectives 

Among the different classes of mammalian MSCs, the highest similarity is predicted between 

TMEM63/OSCA and TMC1/2, despite the fact that force transmitted to the channel originates from 

the bilayer in the case of OSCAs, but from a tip link (tether) for TMCs (Ballesteros et al., 2018; Jojoa-

Cruz et al., 2018; Liu et al., 2018; Pan et al., 2018; Zhang et al., 2018). Whether or not the tip link 

directly gates the channel and/or generates a local change in membrane tension (PCDH15 has a C 

terminal transmembrane domain (Qiu and Muller, 2018)) that in turn activates TMC1 is unclear at 

this stage. Since TMC1 shows structural similarity with OSCA channels (Figures 1C-D), the force-from-

lipid model should not be overlooked in the context of the hair cell MET channel (Jojoa-Cruz et al., 

2018; Kung, 2005; Liu et al., 2018; Murthy et al., 2018a; Zhang et al., 2018).  

Although the molecular architecture of mammalian MSCs is quite diverse, a common finding is the 

presence of large fenestrations within the wall of the pores (although absent in Piezo2) directly 

facing membrane lipids (above the constriction for Piezo1 and below for the other MSCs) (Figure 1). 
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It is worth considering whether lipid occupancy within lateral fenestrations might be a general 

mechanism for the modulation of MSCs gating/permeation (Brohawn et al., 2014a)(Figure 3A).  

Whether or not different gating mechanisms are recruited for specific mechanical inputs is unknown. 

For instance, flow activation of TREK-1 or Piezo1 may be direct, possibly acting on the extracellular 

glycosylated loops, or alternatively might require the presence of an additional flow sensor (for 

instance the extracellular matrix or another transmembrane protein) present at the apical side of 

endothelial cells (Li et al., 2014; Ranade et al., 2014a; Wang et al., 2016).Both non-specialized cells 

(including epithelial cells or RBCs), as well as specialized cells responsible for mechanosensory 

transduction (including touch sensitive neurons, hair cells and baroreceptors) are equipped with a 

variety of MSCs characterized by a different ionic selectivity (hyperpolarizing K+-selective or 

depolarizing cationic non-selective) and gating properties (high and low mechanical threshold). 

Moreover,  the cortical cytoskeleton additionally greatly influences mechano-gating of ion channels 

(Cox et al., 2016; Lauritzen et al., 2005; Peyronnet et al., 2012; Retailleau et al., 2016)(Figure 6). For 

instance, when Piezo1 is activated in membrane blebs lacking cytoskeleton, gating occurs at lower 

pressure, as compared to classical cell-attached patch recordings in intact cells (Cox et al., 2016). 

More work will be required to better understand the mechanoprotection of MSCs by the 

cytoskeleton (Figure 6). 

Over the years, additional ion channels were implicated in mechanosensory transduction, including 

MEC/DEG/ASICS and TRPs in lower organisms, as well as in mammals (Chalfie, 2009; Christensen and 

Corey, 2007; Lin et al., 2016; Walker et al., 2000; Yan et al., 2013). However, so far no clear evidence 

was provided demonstrating their intrinsic mechanosensitivity. Whether or not those additional 

players might be acting in parallel or downstream of bonafide MSCs needs to be investigated. 

The recent structural, functional and physiological findings about MSCs have tremendously improved 

our understanding of cellular mechanotransduction and related disease states. However, multiple 

questions remain open and will certainly be the topic of intense research in the coming years. Among 

those questions: What is the structure of Piezo1 in the open state? Does Piezo1 modulate 

neighboring molecules (including other MSCs) through curvature? Does Piezo2 also flatten upon 

activation? What is the specific pathophysiological role of the TMEM63a,b,c isoforms? What is the 

structure of TMC1/2? Does TMC1/TMC2 form the entire pore of the hair cell transduction channel? 

What is the contribution of membrane lipids and other transmembrane proteins in the hair cell MET 

channel? What are the gating mechanisms of TMC1/TMC2? Which and how lipids affect MSCs 

gating? How phosphorylation/dephosphorylation regulates MSCs gating? How TMEM150c modulates 

MSCs inactivation? What is the physiological role of TMEM150c? Since various MSCs are expressed in 

the same cell types, how cells integrate different mechanical inputs? What regulates the balance 

between depolarizing and hyperpolarizing MSCs? Which MSCs channels are involved in mechanical 
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nociception? What are the MSCs and their regulators that remain to be discovered? Also, the 

pharmacology of MSCs is still in the early days, and identification of selective and potent molecules 

(activators or blockers) will undoubtedly be very useful for possible clinical applications. 

 

Figure legends: 

Figure 1: Structures of mammalian MSCs. The ionic pathways are shown in red, zoomed lateral 

fenestrations in yellow (anticipated to be filled with lipids) and residues forming constrictions in 

orange (zooms are not at the same scale). (A) hTRAAK with TM4 down (in blue and dashed magenta 

line) (PDB 4WFF) or up (in green and no dash magenta line)(PDB 4WFE). Central zoom: a 10 carbon 

long lipid chain (in yellow) is shown in the TRAAK fenestration zoom (circled in yellow), when TM4 is 

down (dashed magenta line). The selectivity filter (that controls permeability and presumably acts as 

an activation gate for TREK/TRAAK K2P channels) is shown in orange.  (B) mPiezo1 in the closed state 

(PDB 6B3R). (C) AtOSCA1.2 in the closed state (PDB 6IJZ). (D) Structural model of hTMC1 (closed 

state), based on TMEM16A structure (Pan et al., 2018). All channels are at the same scale. For hTMC1 

Tyr 455, Phe 457, Glu 523 and Arg 526 are predicted to form an upper constriction. In B-D zooms, 

structures were rotated to better visualize lateral cavities. 

 

Figure 2: Gating properties of MSCs. (A) Gating curves of TREK/TRAAK K2P channels (in red), Piezo1 

(in magenta) and MscL (in blue). (B) Upward movement of TM4 (down in blue and up in green) is 

associated with a modest increase in the cross-sectional area of TRAAK (2.7 nm2) (Brohawn et al., 

2014a), while a Large expansion of MscL (20 nm2) occurs upon channel opening (PDB 4y7k and PDB 

4y7j, for closed an open states, respectively))(Perozo et al., 2002). Channels are at scale (bottom 

views) and TRAAK TM4 is highlighted in dark blue or light green. (C) Membrane stretch (in red) 

induces an expansion of the inner part of TREK-2 (arrow)(Aryal et al., 2017). The Z axis (in Angstrom) 

is centered on the middle of the bilayer. (D) MD simulation of the transbilayer pressure profile of an 

ideal membrane in which TREK-2 is inserted (Aryal et al., 2017). Arrows indicate major changes 

induced by stretch (P: -50 mm Hg in red). 

 

Figure 3: Gating models for TREK/TRAAK K2P channels.  (A) Blocking lipids (in yellow) insert in the 

lateral fenestrations when TM4 is down and prevent K+ permeation (Brohawn et al., 2014a). Upon 

stretch TM4 segments move upward, seal lateral fenestrations and prevent insertion of lipids, thus 

allowing K+ efflux through the selectivity filter (Brohawn et al., 2014a). (B) ML335/ML402 are small 

molecule TREK-1 activators (shown as purple spheres) binding to a cryptic selectivity filter site, 

stabilizing the C-type gate “leak mode”, by reducing mobility (illustrated by curved arcs) of selectivity 

filter elements (Lolicato et al., 2017). (C) Activated cytosolic Ct (acidic pHi causing protonation of the 
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glutamate residue E306, shown in green) is in interaction with the membrane. On the contrary, 

phosphorylation by protein kinase A or C at S300/S333 in the Ct (shown in red) prevents TREK-1 

activation. The TREK-1 Ct relays mechanical, thermal and acidic modulations to the filter C-type gate 

through transmembrane helix TM4 and pore helix 1 (shown by a dashed black arrow).  

 

Figure 4: Piezo1 curvature and mechanosensitivity. (A) Piezo1 trimeric (only two monomers are 

shown) structure is curved. The blades formed by 9 helices repeats (dark blue) are shown in light 

blue. Each repeat forming the blades comprises 4 TMs (not shown). A: anchor; CTD: carboxy terminal 

domain; CED: extracellular carboxy terminal domain; IH: inner helix. Lipids present within Piezo1 are 

shown in gray. (B) mPiezo1 deforms the membrane in a dome shape (side view). (C) Triskelion 

structure of mPiezo1 seen from top. (D) Flattening of Piezo1 in response to an increase in membrane 

tension, anticipated to cause a 120 nm2 increase of the projected in-plane channel area (A). 

 

Figure 5: OSCA and predicted TMC1 structures. (A) Transmembrane topology of TMEM63/OSCA. (B) 

Ionic pathways (in brown) and anchoring of IL2H2-IL2H3 loop (in purple) into the lipid bilayer. (C) 

Predicted TMC1 and PCDH15 transmembrane topologies. The C terminal domain of PCDH15 (cis-

dimeric architecture) interacts with the N terminus of TMC1. (D) Positive deflection of the hair cell 

bundle at the apical side activates the MET channel. Force is transmitted to TMC1/TMC2 through the 

tip link made of PCDH15 and CDH23. The MET channel is located at the top of the lower stereocilia 

that contain actin bundles. (E) Cysteine mutants affecting channel activity (no current or smaller 

current amplitude) or altered selectivity in hTMC1. The Beethoven mutation site Met 418 is 

highlighted in magenta. 

 

Figure 6: Mechanoprotection of MSCs. (A) When the actin cross-linking protein filamin A is present 

the cortical actin cytoskeleton is stiff, membrane is locally curved and tension reaching the channel 

attenuated. (B) Increased MSC opening when the cytoskeleton is disrupted (deletion of filamin A in 

this case)(Sharif Naeini et al., 2009). The radius of membrane curvature (estimated by a dahed circle) 

is enhanced upon deletion of the actin cross-linking protein filamin A.  

 

Key Table: Summary of the main functional properties of the mammalian MSCs. Ionic selectivity 

(either K+-selective or cationic non-selective), effect on membrane potential (hyperpolarization or 

depolarization), gating by force-from-lipid or by a tether, single channel conductance (in pS), 

mechanical threshold, inactivation/adaptation, main tissue expression, viability of constitutive knock-

out, main physiological function and associated genetic diseases are indicated.   
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