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Organisms sense and respond to environmental and developmental signals to drive adaptive
responses (Kefauver et al., 2020; Yu et al., 2024). These stimuli can be mainly divided into physical
and chemical stimuli, and the physical stimuli include light, temperature, sound, vibration, pressure,
stretch, shear stress, osmotic stress, and substrate deformation. Some of these physical stimuli trigger
physical forces and alter membrane tension, which in turn activates mechanosensitive channels (MSCs)
and converts the mechanical cues into biochemical signals. The mechanical activation is thought to be
exerted directly via “force from lipid” or indirectly by the “tethered” force from the auxiliary structures
such as the interior cytoskeleton and/or extracellular matrix (Kefauver et al., 2020). Activation of these
ion channels triggers efflux or influx of ions across membranes, such as K*, Na*, Ca**, and CI,
depending on ion gradients across the membranes and the ion selectivity of the ion channels.

MSCs are present in nearly all living organisms. Upon hypoosmotic shock, organisms open MSCs
in response to the elevated membrane tension in bacteria, or the volume-regulated anion channels
(VRACS) in response to the reduced cytoplasmic ionic strength in animals, a process in which
cytoplasmic solutes are released to avoid fast cell expansion that will compromise cell integrity (Buda
et al., 2016; Syeda et al., 2016; Helliwell et al., 2021). Therefore, mechanosensitive is not equal to
osmosensitive since organisms can sense osmotic stress through multiple signal inputs, including
changes in membrane tension and cell fluid volume in all organisms, and changes in turgor in cell wall-

containing organisms (Yu et al., 2024). MSCs open in response to a variety of mechanical stimuli,
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including local membrane stretching and indentation during cell swelling, squeezing, poking, shearing,
and substrate deformation (Kefauver et al., 2020). Among them, the first identified MSCs are the
bacterial non-selective MSC of large conductance (MscL) and the MSC of small conductance (MscS),
which are activated by the increased membrane tension triggered by the fast volume expansion during
hypoosmotic shock (Kefauver et al., 2020). These channels are relatively non-selective and their
opening allows the release of cytoplasmic solutes to reduce water influx, preventing fast cell expansion
that will compromise cell integrity during hypoosmotic shock (Buda et al., 2016). In Arabidopsis, the
MscS-like (MSL) protein MSLS8 forms a small-conductance, membrane tension-gated ion channel with
a preference for anions; it is required to maintain cellular integrity during pollen hydration and tube
growth and may function via directly releasing osmolytes (i.e., mainly ions) in response to the over-
elevated membrane tension (Codjoe et al., 2022). MSL10 is directly gated by lateral membrane tension
with a slight preference for anions, potentiates hypoosmotic shock and cell swelling-induced responses,
and functions at the endoplasmic reticulum—plasma membrane contact sites (Codjoe et al., 2022).
MSLs are found in bacteria, archaea, fungi, algae, and plants, but not in animals (Kefauver et al., 2020;
Codjoe et al., 2022). Therefore, MscL, MscS, and MSLs are activated by the elevation of membrane
tension and their opening passively relieves cross-membrane osmotic imbalances, alters membrane
potential, and is required for the adaptation to hypoosmotic shock; since the apoplastic space
accumulates high concentration of free Ca®*, opening of these channels may also trigger Ca*" influx
into the cytoplasm and in turn mediates multiple downstream responses (Buda et al., 2016; Kefauver
et al., 2020; Codjoe et al., 2022).

OSCA/transmembrane 63 (TMEM®63) family of mechanically activated ion channels are first
identified in plants, and named as reduced hyperosmolality-induced [Ca*']i increase 1 (Yuan et al.,
2014). OSCAs function in regulating Ca** signals and stomatal closure in Arabidopsis upon treatments
with hyperosmotic stress or the flg22 peptide derived from bacterial flagellin (Yuan et al., 2014; Thor
et al., 2020); however, the stomatal responses to low-air-humidity is not defective in the oscal-
2/1.3/2.2/2.3/3.1 quintuple mutant that lacks five OSCAs highly expressed in guard cells, or the
oscal.3/1.7 double mutant that is defective in flg22-induced stomatal closure (Hsu et al., 2021). Of
particular interest is the flg22-induced BIK1-mediated phosphorylation of OSCA1.3, which enhances

the channel activity, a critical requirement for stomatal closure during immune signaling (Thor et al.,

2020). OSCALI is a hyperosmolality-gated non-selective cation channels with preference of cations,
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showing the following permeability sequence: K* > Ba**~ Ca?' > Na"=Mg?'=Cs" (Yuan et al., 2014);
the following study reported that OSCA1.1 and OSCA1.2 are MSCs that is comparable to the well-
studied PIEZO1 ion channel (Murthy et al., 2018; Zhang et al., 2018). In plants, the plasma membrane
is physically linked to the cell wall via cell wall-plasma membrane adhesions. Because hyperosmotic
stress peels off the plasma membrane from the cell wall adhesions, it may increase local membrane
tension surrounding the cell wall adhesions (Yu et al., 2024). Both hyper- and hypo-osmotic shock
alter membrane tension (Yu et al., 2024), and trigger cytosolic Ca®" transient increase in plant cells
(Hsu et al., 2021). OSCAI1.1 and OSCA1.2 are directly gated by the alteration of membrane tension,
either under hyperosmotic stress in plants or upon membrane indentation or stretch in animal cells, but
not by changes of ionic strength (Yuan et al., 2014; Murthy et al., 2018; Pei et al., 2022). Moreover,
OSCA1.2 from Arabidopsis is an inherently MSC even in liposomes (Murthy et al., 2018), further
supporting that it is directly gated by changes in membrane tension.

OSCA family has 15 members in Arabidopsis thaliana that can be classified into four clades (Hou
etal., 2014; Yuan et al., 2014). Different members of the OSCA family in Arabidopsis have differential
responses to biophysically distinct forces triggered by membrane indentation or stretch in PIEZO1-
knockout HEK293T cells (Murthy et al., 2018), suggesting these members may vary in the activating
tension threshold, ion selectivity, and conductance. Plants must balance cell swelling and cell wall
reinforcement via MSCs during environmental challenges such as flooding, rehydration, hypoosmotic
shock, and pathogen invasion, or during developmental processes including germination of seeds and
pollens, elongation of pollen tubes, and invasive or penetrative growth, in which cells face drastic
changes in turgor pressure or cell wall integrity that dramatically alters membrane tension (Codjoe et
al., 2022). Although it is challenging, further studies should illustrate expression patterns and
subcellular localizations of OSCAs, and generate high-order OSCA mutants in plants to characterize
their roles in these mechano-related processes. It is also unclear how OSCAs function together with
other MSCs in plants, such as MSLs, PIEZO, and Mid1-Complementing Activity 1 (MCA1) and
MCAZ2 (Codjoe et al., 2022). Therefore, plant OSCAs are mechanically activated non-selective ion
channels gated by membrane tensions, but their physiological roles require further studies.

OSCA/TMEMG63 channels are conserved from yeast to humans, and multiple members of this
family from plants, flies, and mammals exert MSC activities (Murthy et al., 2018). OSCAs from

Arabidopsis have about 20% identity to mammalian TMEMG63s. Cell-membrane indentation elicits
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mechanically activated currents in cells expressing OSCAI1.1 and 1.2, but not OSCA1.8, 2.3, 3.1, 4.1
and mammalian TMEMG63s in the whole-cell patch clamp mode, with a higher threshold (8 um)
compared to mouse PIEZO1 (4-5 um); however, cell-membrane stretch activates currents in cells
expressing OSCA1.8, 2.3, 3.1 and DmTMEM63, MmMTMEM63A/B and HSTMEMG63A, but not
OSCA4.1 and MMTMEMG63C, suggesting OSCA4.1 and MmTMEMG63C function distinct from other
members of the family (Murthy et al.,, 2018). However, it is also possible that OSCA4.1 and
MmTMEMG63C are incorrectly folded or not trafficked to the membrane, or they need other
components. Besides, the channel conductance of OSCA1.8 and 3.1 is approximately four- and six-
fold smaller than OSCA1.1 (Murthy et al., 2018). Moreover, TMEM63A/B and OSCA1.2 are strongly
gated by cell swelling triggered by hypoosmotic shock, but not by the cell shrinkage upon
hyperosmotic shock, when transiently expressed in Neuro-2a cells (Du et al., 2020), further supporting
their functions in sensing the elevation of membrane tension. According to structural evidence, plant
OSCAs function as symmetric homodimers with ion permeation within each subunit, and share
structural similarity with the mammalian TMEM16 family (Jojoa-Cruz et al., 2018; Liu et al., 2018; ;
Zhang et al., 2018; Maity et al., 2019); while animal TMEM®63s are monomeric MSCs that are
regulated by a lipid-like density located at the cytosolic side of the pore, which needs to be removed
to allow ion permeation (Qin et al., 2023; Zhang et al., 2023; Zheng et al., 2023). Generally,
OSCA/TMEM63s may directly respond to the local membrane deformation through a lipid-gated
mechanism according to structural and liposome evidence (Murthy et al., 2018; Zhang et al., 2023). In
contrast to the huge family of OSCAs in plants, only a single TMEM63 member exists in Drosophila
and there are three members of TMEM®63 proteins in mammals, which makes it easier to illustrate their
physiological functions in animals.

Indeed, TMEM63 proteins have pleiotropic roles in mechano-related processes, including the
sensation of humidity, thirst, food texture, and regulation of hearing, breathing, renal, and brain
functions. The mechanosensitive DmMTMEMG63 senses humidity in Drosophila olfactory sensory
neurons via converting humidity to mechanical force, and human TMEM®63B can substitute for
DmTMEMS63 to mediate moisture attraction behavior in flies (Li et al., 2022); indeed, the
mechanosensitive TMEMG63B is required for thirst drive of drinking behavior in mice in the excitatory
thirst neurons in subfornical organ (Yang et al., 2024). DmTMEMG63 also senses particles in food in

Drosophila multidendritic neurons through subtle deflections of taste sensilla (Li and Montell, 2021).
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Similar to MSCs in bacteria, TMEM63B regulates volume decrease to avoid swelling-dependent cell
death in outer hair cells and is required for hearing in mice (Du et al., 2020); TMEMG63B is also
required for apoptotic remodeling of the postnatal cochlear greater epithelial ridge cells surrounding
the inner hair cells, via regulation of thyroxine secretion in thyroid (Ye et al., 2023). Moreover, the
mechanosensitive TMEMG63A and B are activated by mechanical stretch of alveolar type 2 epithelial
(AT2) cells during lung inflation and mediate surfactant secretion from lamellar bodies in mice, and
human TMEMG63A/B can substitute for MmTMEMG63A/B to mediate alveolar expansion (Chen et al.,
2023). TMEMG63C has not been demonstrated as mechanosensitive; however, it has a role in mediating
the glomerular filtration barrier in zebrafish (Schulz et al., 2019). Generally, TMEMG63s are also MSCs
gated by membrane tension, and their pleiotropic physiological function in animals further supports
core functions in monitoring alterations of membrane tension triggered by biophysically distinct forces
(Fig. 1).

Mutations in human TMEM63s are closely related to neurological and hematological diseases.
TMEMG63 A variants in the pore-forming domain attenuate stretch-activated currents and lead to myelin
deficit in infancy with a progressive spontaneous improving course (Yan et al., 2019; Tonduti et al.,
2021). Mutations in TMEMG63B are associated with progressive neurodegenerative brain changes with
intellectual disability, and severe early-onset developmental and epileptic encephalopathy, occurring
with hematological abnormalities such as macrocytosis and hemolysis that may be associated with
defects in hypoosmotic responses; indeed, some TMEMG63B variants lead to the inward leak cation
currents even in isotonic conditions and impairs Ca>" responses to hypoosmotic stimulation (Vetro et
al., 2023). TMEMG63C is localized at endoplasmic reticulum, and mutations in TMEM63C may be
related to focal segmental glomerulosclerosis (FSGS), hereditary spastic paraplegias, and mild
intellectual disability (Schulz et al., 2019; Téabara et al., 2022). TMEMG63C spans the outer membrane
of podocytes of glomeruli that wrap around blood vessels in the kidney and expresses low levels in
FSGS patients (Schulz et al., 2019). The physiological function of TMEM63s in hematological health
is closely related to their identity as MSCs since red blood cells may be challenged by hypoosmotic
shock occasionally. Although these case analyses established the linkage between TMEM63 mutations
and diseases in humans, further investigations with genetically modified animal models are required
to clarify the causality and underlying mechanisms. Besides, the correlation between TMEM63s and

other MSCs in animals requires further investigation.
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Taken together, OSCA/TMEM63s are bona fide mechanically-activated non-selective ion
channels gated by membrane tensions, which convert physical forces from membranes into
intracellular electrical and chemical signals, and trigger signaling cascades to mediate physiological
processes. Discoveries of OSCA/TMEMG63s in plants and animals revealed their critical roles in
mechano- or membrane tension-related processes. Because of the low gene redundancy, the
physiological function of OSCA/TMEM®63s is much clearer in animals than in plants. The future
generation of high-order mutants to knock out the entire OSCA gene family will help to illustrate their
functions in plants. Future studies should clarify how the mechanosensitive OSCA/TMEM63s have
pleiotropic roles in plants, insects, mammals, and humans, and identify effective therapeutic strategies

targeting TMEMG63s.

Conflict of interest

The authors declare that they have no conflict of interest.

Acknowledgments
This work was supported by the Science and Technology Commission of Shanghai Municipality grant
227R1481400 (to Y. Z.), the STI 2030 - Major Projects (2023ZD040710X), and the Shanghai Center

for Plant Stress Biology from the Chinese Academy of Sciences.

Figure legend

Fig. 1. OSCA/TMEMG63 channels monitor membrane tension to exert pleiotropic functions.



171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

References

Buda, R., Liu, Y.X., Yang, J., Hegde, S., Stevenson, K., Bai, F., Pilizota, T., 2016. Dynamics of Escherichia
coli's passive response to a sudden decrease in external osmolarity. Proc. Natl. Acad. Sci. U. S. A. 113, E5838-
E5846.

Chen, G.-L., Li, J.-Y., Chen, X., Liu, J.-W., Zhang, Q., Liu, J.-Y., Wen, J., Wang, N., Lei, M., Wei, J.-P,, et al.,
2023. Mechanosensitive channels TMEM63A and TMEM63B mediate lung inflation-induced surfactant
secretion. J. Clin. Invest, e174508.

Codjoe, J.M., Miller, K., Haswell, E.S., 2022. Plant cell mechanobiology: greater than the sum of its parts. Plant
Cell 34, 129-145.

Du, H., Ye, C., Wu, D., Zang, Y.Y., Zhang, L.Q., Chen, C., He, X.Y., Yang, J.J., Hu, P., Xu, Z.F., et al., 2020.
The cation channel TMEMG63B is an osmosensor required for hearing. Cell Rep. 31, 107596.

Helliwell, K.E., Kleiner, F.H., Hardstaff, H., Chrachri, A., Gaikwad, T., Salmon, D., Smirnoff, N., Wheeler, G.L.,
Brownlee, C., 2021. Spatiotemporal patterns of intracellular Ca®" signalling govern hypo-osmotic stress
resilience in marine diatoms. New Phytol. 230, 155-170.

Hou, C., Tian, W., Kleist, T., He, K., Garcia, V., Bai, F., Hao, Y., Luan, S., Li, L., 2014. DUF221 proteins are a
family of osmosensitive calcium-permeable cation channels conserved across eukaryotes. Cell Res. 24, 632-
635.

Hsu, PK., Takahashi, Y., Merilo, E., Costa, A., Zhang, L., Kernig, K., Lee, K.H., Schroeder, J.I., 2021. Raf-like
kinases and receptor-like (pseudo)kinase GHR1 are required for stomatal vapor pressure difference response.
Proc. Natl. Acad. Sci. U. S. A. 118, e2107280118.

Jojoa-Cruz, S., Saotome, K., Murthy, S.E., Tsui, C.C.A., Sansom, M.S., Patapoutian, A., Ward, A.B., 2018.
Cryo-EM structure of the mechanically activated ion channel OSCA1.2. Elife 7, e41845..

Kefauver, J.M., Ward, A.B., Patapoutian, A., 2020. Discoveries in structure and physiology of mechanically
activated ion channels. Nature 587, 567-576.

Li, Q., Montell, C., 2021. Mechanism for food texture preference based on grittiness. Curr. Biol. 31, 1850-1861.
Li, S.L., Li, B.X., Gao, L., Wang, J.W., Yan, Z.Q., 2022. Humidity response in Drosophila olfactory sensory
neurons requires the mechanosensitive channel TMEM63. Nat. Commun. 13, 3814.

Liu, X., Wang, J., Sun, L., 2018. Structure of the hyperosmolality-gated calcium-permeable channel OSCA1.2.
Nat. Commun. 9, 5060.

Maity, K., Heumann, J.M., McGrath, A.P., Kopcho, N.J., Hsu, PK., Lee, C.W., Mapes, J.H., Garza, D., Krishnan,
S., Morgan, G.P,, et al., 2019. Cryo-EM structure of OSCA1.2 from Oryza sativa elucidates the mechanical
basis of potential membrane hyperosmolality gating. Proc. Natl. Acad. Sci. U. S. A. 116, 14309-14318.
Murthy, S.E., Dubin, A.E., Whitwam, T., Jojoa-Cruz, S., Cahalan, S.M., Mousavi, S.A.R., Ward, A.B.,
Patapoutian, A., 2018. OSCA/TMEMS63 are an evolutionarily conserved family of mechanically activated ion
channels. Elife 7, e41844.

Pei, S.Y., Liu, Y.T., Li, W.K., Krichilsky, B., Dai, S.W., Wang, Y., Wang, X., Johnson, D.M., Crawford, B.M.,
Swift, G.B., et al., 2022. OSCAL is an osmotic specific sensor: a method to distinguish Ca*"-mediated osmotic
and ionic perception. New Phytol. 235, 1665-1678.

Qin, Y.Q., Yu, D.Q., Wu, D., Dong, J.Q., Li, W.T., Ye, C., Cheung, K.C., Zhang, Y.Y., Xu, Y., Wang, Y.Q., et al.,
2023. Cryo-EM structure of TMEMG63C suggests it functions as a monomer. Nat. Commun. 14, 7265.

Schulz, A., Miiller, N.V., van de Lest, N.A., Eisenreich, A., Schmidbauer, M., Barysenka, A., Purfiirst, B.,
Sporbert, A., Lorenzen, T., Meyer, A.M., et al., 2019. Analysis of the genomic architecture of a complex trait
locus in hypertensive rat models links Tmem63c to kidney damage. Elife 8, e42068.

Syeda, R., Qiu, Z.Z., Dubin, A .E., Murthy, S.E., Florendo, M.N., Mason, D.E., Mathur, J., Cahalan, S.M., Peters,



215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

E.C., Montal, M., et al., 2016. LRRCS proteins form volume-regulated anion channels that sense ionic strength.
Cell 164, 499-511.

Tabara, L.C., Al-Salmi, F., Maroofian, R., Al-Futaisi, A.M., Al-Murshedi, F., Kennedy, J., Day, J.O., Courtin,
T., Al-Khayat, A., Galedari, H., et al., 2022. TMEM63C mutations cause mitochondrial morphology defects and
underlie hereditary spastic paraplegia. Brain 145, 3095-3107.

Thor, K., Jiang, S., Michard, E., George, J., Scherzer, S., Huang, S., Dindas, J., Derbyshire, P., Leitdao, N.,
DeFalco, T.A., et al., 2020. The calcium-permeable channel OSCA 1.3 regulates plant stomatal immunity. Nature,
585, 569-573.

Tonduti, D., Mura, E., Masnada, S., Bertini, E., Aiello, C., Zini, D., Parmeggiani, L., Cantalupo, G., Talenti, G.,
Veggiotti, P., et al.,, 2021. Spinal cord involvement and paroxysmal events in “Infantile Onset Transient
Hypomyelination” due to TMEM63A4 mutation. J. Hum. Genet. 66, 1035-1037.

Vetro, A., Pelorosso, C., Balestrini, S., Masi, A., Hambleton, S., Argilli, E., Conti, V., Giubbolini, S., Barrick,
R., Bergant, G., et al., 2023. Stretch-activated ion channel TMEMG63B associates with developmental and
epileptic encephalopathies and progressive neurodegeneration. Am. J. Hum. Genet. 110, 1356-1376.

Yan, H.F., Helman, G., Murthy, S.E., Ji, H.R., Crawford, J., Kubisiak, T., Bent, S.J., Xiao, J.X., Taft, R.J.,
Coombs, A., et al., 2019. Heterozygous variants in the mechanosensitive ion channel TMEM63A4 result in
transient hypomyelination during infancy. Am. J. Hum. Genet. 105, 996-1004.

Yang, G., Jia, M., Li, G., Zang, Y.-Y., Chen, Y.-Y., Wang, Y.-Y., Zhan, S.-Y., Peng, S.-X., Wan, G., Li, W,, et al.,
2024. TMEMG63B channel is the osmosensor required for thirst drive of interoceptive neurons. Cell Discov. 10,
1.

Ye, C., Zhang, T.-Z., Zang, Y.-Y., Shi, Y.S., Wan, G., 2023. TMEMG63B regulates postnatal development of
cochlear  sensory  epithelia  via  thyroid  hormone  signaling. J.  Genet.  Genomics,
https://doi.org/10.1016/j.jgg.2023.12.006.

Yu, B., Chao, D.-Y., Zhao, Y., 2024. How plants sense and respond to osmotic stress. J. Integr. Plant Biol.,
https://doi.org/10.1111/jipb.13622.

Yuan, F., Yang, H., Xue, Y., Kong, D., Ye, R., Li, C., Zhang, J., Theprungsirikul, L., Shrift, T., Krichilsky, B., et
al., 2014. OSCA1 mediates osmotic-stress-evoked Ca”" increases vital for osmosensing in Arabidopsis. Nature
514,367-371.

Zhang, M., Shan, Y., Cox, C.D., Pei, D., 2023. A mechanical-coupling mechanism in OSCA/TMEMG63 channel
mechanosensitivity. Nat. Commun. 14, 3943,

Zhang, M.F., Wang, D.L., Kang, Y.L., Wu, J.X., Yao, F.Q., Pan, C.F., Yan, Z.Q., Song, C., Chen, L., 2018.
Structure of the mechanosensitive OSCA channels. Nat. Struct. Mol. Biol. 25, 850-858.

Zheng, W., Rawson, S., Shen, Z., Tamilselvan, E., Smith, H.E., Halford, J., Shen, C., Murthy, S.E., Ulbrich,
M.H., Sotomayor, M., et al., 2023. TMEM®63 proteins function as monomeric high-threshold mechanosensitive
ion channels. Neuron 111, 3195-3210..



OSCA/TMEM63 Ca%e Plasma membrane

N\/\!\/\/\N\/\I\I\I\/\/\I\N\I\I\/\I\N\/\/\IU\/\I\I\/\I\I\/\OIU\I\/U\O!\/\OO

/\I\ \NAAAMAAAAAAAAAAAAAAAAARARAAAAARAARRARAR
ATV vve \\ |

e vavavavavavauag

1 Membrane tension changes

083,

OSCA/TMEM63 .

RRRRRANARL AAARRAAR
N\‘\l\ltl‘\\'tl'ﬁ]ﬁ\n\ut\l\t\l\n\i\i VVVI/VVVVVNI;‘I;IW“’/‘/!
‘\M\\\m\\\ﬁ\l\‘ ° ) VVV}/V/Mﬂ/[/,
\M\\\‘\\N\N“ :.00 ° K+ o ’/l///yyﬂ/M
A °e * a7,
AN 74
Stomatal movement Hearing Thirst Lung inflation
Sound
n Subfornical organ +Water l

{ ™ Alveolar type
° TMEMS63B ‘ 2 epithelial
- “Thyroxine
Cochlea TMEM63A/B
AL
AL
A
Guard cell AT

Lamellar body



