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Abstract

Background/Aims: Tactile perception relies on mechanoreceptors and nerve fibers, including
c-fibers, AB-fibers and Ad-fibers. Schwann cells (SCs) play a crucial role in supporting nerve
fibers, with non-myelinating SCs enwrapping c-fibers and myelinating SCs ensheathing
AB and AS fibers. Recent research has unveiled new functions for cutaneous sensory SCs,
highlighting the involvement of nociceptive SCs in pain perception and Meissner corpuscle
SCs in tactile sensation. Furthermore, Piezo2, previously associated with Merkel cell tactile
sensitivity, has been identified in SCs. The goal of this study was to investigate the channels
implicated in SC mechanosensitivity and the release process of neurotrophic factor secretion.
Methods: Immortalized IFRS1 SCs and human primary SCs generated two distinct subtypes
of SCs: undifferentiated and differentiated SCs. Quantitative PCR was employed to evaluate
the expression of differentiation markers and mechanosensitive channels, including TRP
channels (TRPV4, TRPM7 and TRPA1) and Piezo channels (Piezo1 and Piezo?2). To validate the
functionality of specific mechanosensitive channels, Ca* imaging and electronic cell sizing
experiments were conducted under hypotonic conditions, and inhibitors and siRNAs were
used. Protein expression was assessed by Western blotting and immunostaining. Additionally,
secretome analysis was performed to evaluate the release of neurotrophic factors in response
to hypotonic stimulation, with BDNF, a representative trophic factor, quantified using ELISA.
Results: Induction of differentiation increased Piezo2 mRNA expression levels both in IFRS1
and in human primary SCs. Both cell types were responsive to hypotonic solutions, with
differentiated SCs displaying a more pronounced response. Gd** and FM1-43 effectively
inhibited hypotonicity-induced Ca?* transients in differentiated SCs, implicating Piezo?2
channels. Conversely, inhibitors of Piezo1 and TRPM7 (Dooku1 and NS8593, respectively)
had no discernible impact. Moreover, Piezo2 in differentiated SCs appeared to participate in
regulatoryvolume decreases (RVD) after cell swelling induced by hypotonicstimulation. A Piezo2
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deficiency correlated with reduced RVD and prolonged cell swelling, leading to heightened
release of the neurotrophic factor BDNF by upregulating the function of endogenously
expressed Ca®*-permeable TRPV4. Conclusion: Our study unveils the mechanosensitivity of
SCs and implicates Piezo2 channels in the release of neurotrophic factors from SCs. These
results suggest that Piezo2 may contribute to RVD, thereby maintaining cellular homeostasis,
and may also serve as a negative regulator of neurotrophic factor release. These findings
underscore the need for further investigation into the role of Piezo2 in SC function and

neurotrophic regulation. © 2024 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Schwann cells (SCs), integral glial cells in the peripheral nervous system (PNS), play
pivotal roles in supporting axonal growth in peripheral neurons and contribute significantly
to axonal regeneration following nerve injuries. SCs exist in two distinct forms: myelinating
SCs, which form a unitary association with large axons, and non-myelinating SCs, which
enclose multiple small-diameter axons within a single SC, forming Remak bundles, and both
types of SCs facilitate action potential conduction [1, 2].

Recent studies have expanded our understanding of SCs, revealing that they have
additional functions beyond their traditional roles. SCs have emerged as essential players
in mechanical nociception and tactile perception. Specialized nociceptive SCs form a mesh-
like network at the subepidermal border and exhibit a tight association with nociceptive
nerves. These specialized SCs demonstrate a remarkable mechanosensitivity, transducing
mechanical stimuli into pain-like responses in mice [3]. Furthermore, SCs envelop
mechanoreceptors such as Meissner’s corpuscles that are critical for detecting vibrotactile
stimuli in mice [4]. Intriguingly, these mechanosensory functions depend on the myelinating
or non-myelinating phenotype of SCs.

Several mechanotransduction channels have been reported in SCs. Piezol and Piezo2,
for instance, have been implicated in myelin formation, as demonstrated in rat primary
cultured SCs and in knockout mouse models [5]. Transient receptor potential (TRP) V4
in non-myelinating SCs has been associated with demyelination following nerve injuries
in mice, with functional TRPV4 expression confirmed in cultured mouse SCs [6]. TRPM7
in mouse SCs has been shown to play a role in peripheral neurodegenerative processes in
ex vivo sciatic nerve cultures [7, 8]. Additionally, functional TRPA1 expression has been
identified in mouse primary SCs, and its involvement in allodynia has been demonstrated,
including in cultured rat and human SCs [9, 10].

It is well-established that isolated, cultured SCs display a proliferative phenotype when
cultured in media containing defined mitogenic factors. Those SCs exhibit an immature
phenotype, especially in the absence of neurons [11]. However, the co-culture of SCs with
dorsal root ganglia (DRG) neurons, supplemented with serum and ascorbic acid, prompts
their differentiation into a myelinating SC-like phenotype [12]. Furthermore, increasing
levels of intracellular cyclic adenosine monophosphate (cAMP) induce the differentiation
of SCs in the absence of neurons [13, 14]. However, the mechanisms by which differentiated
SCs detect and process mechanical information remain largely unknown. Additionally, there
is ample room for further research on the release of neurotrophic factors into the periphery
following mechanical stimulation.

In this study, we utilized differentiated IFRS1 SCs and human primary culture SCs to
investigate the identification of mechanoreceptors and the release of neurotrophic factors
induced by their activation.
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Materials and Methods

Cell cultures of IFRS1 SCs and human primary SCs

IFRS1 SCs (immortalized adult Fischer rat SCs) were obtained from Cosmo Bio Co., Ltd., Tokyo, Japan.
Human primary SCs (HSCs) were generously provided by Dr. Paula Monje (University of Kentucky) [15,
16]. Human Embryonic Kidney (HEK) 293T cells were kindly provided by Dr. Yasunobu Okada (National
Institute for Physiological Sciences).

Primary HSC experiments utilized isolated postmortem adult tissues obtained from a Cell Bank
maintained by Kentucky University and those cells were used up to 8 passages. HSC experiments followed
strict ethical and safety protocols. The study protocol was further reviewed and approved by the Shiseido
MIRAI Institute Ethics Committee according to the National Institutes of Health guidelines and the Helsinki
Declaration of Principles (C10424). These HSC cultures were derived from non-pathological neural tissues
of individuals aged 10 to 66 years and were thoroughly screened to be free of blood-borne viruses. After
HSCs underwent a growth phase in culture, they were purified using magnetically activated cell sorting
(MACS) to ensure purity and quality. For the detailed methodology used to produce and bank HSC lines,
please refer to previous publications [15, 16].

Cells were maintained at 37°C with 5% CO, for HEK293 and IFRS1 SCs and with 8% CO, for HSCs, with
passages up to 8 used during culture maintenance. All procedures were conducted in a controlled, sterile
environment to promote the proliferation and maintenance of IFRS1 SCs, HEK293T cells and HSCs in their
respective culture conditions. For cell volume experiments, cells were detached with trypsin, resuspended,
and stored in a gently agitated isotonic solution (300 mOsm) for 60 min in a 37°C incubator before use,
ensuring consistency in the experimental conditions.

Culture media used included Low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo
Fisher Scientific, MA, USA), High-glucose DMEM (Thermo Fisher Scientific), 0.05% Trypsin-ethylenediamine
tetraacetic acid (EDTA) (Thermo Fisher Scientific), 100 x GlutaMAX Supplement (Thermo Fisher Scientific),
10, 000 U/L penicillin-streptomycin (Thermo Fisher Scientific), fetal bovine serum (FBS; Hyclone
Laboratories, UT, USA), 1 mol/L-2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer
(Nacalai Tesque, Kyoto, Japan). For the expansion of undifferentiated SCs, the following supplements were
utilized: Recombinant human Heregulin -1 (Thermo Fisher Scientific), Forskolin (Sigma-Aldrich, GmbH,
Schnelldorf, Germany). For the differentiation of SCs, the following supplements were employed: cell-
permeable cAMP derivative 8-(4-chlorophenylthio) adenosine-3’5’-cyclic monophosphate (CPT-cAMP;
Abcam, Cambridge, UK) and ascorbic acid (Nacalai Tesque). To prepare cell culture vessels, Poly-D-Lysine
(PDL; Thermo Fisher Scientific) and Laminin solution obtained from mouse Engelbreth-Holm-Swarm (EHS)
tumor (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) were utilized as coatings.

RNA Isolation and Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

RNAs were isolated using a RNeasy Mini kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. A total of 50 ng RNA was utilized in TagMan™ Gene Expression Master Mix (Thermo Fisher
Scientific) with the following cycling conditions: initial heating at 48°C for 15 min, 95°C for 10 min, followed
by 40 cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min.

Specific primers were employed to measure relative gene expression levels, targeting p75 neurotrophin
receptor (p75NTR), Early Growth Response 2 (KROX20/EGR2), Myelin Basic Protein (MBP), Piezo1, Piezo2,
TRPM7, TRPV4 and TRPA1. The mRNA levels were normalized to the housekeeping gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Data analysis was performed using Roche LightCycler 96 software
(Roche Diagnostics, Basel, Switzerland) and the comparative cycle threshold (Ct) method (24T) for Figs. 1b
and 3b, and the (24¢") method for Figs. 1c and 3c. RT-qPCR primer sequences were sourced from Thermo
Fisher Scientific. qRT-PCR primers used were as follows: rat p75Ntr sequence No. Rn00561634_m1 Ngfr,
Krox20 sequence No. Rn00586224_m1 Egr2, Mbp sequence No. Rn01399619_m1 Mbp, Piezo1 sequence No.
Rn01432593_m1 Piezo1, Piezo2 sequence No. Rn01491821_m1 Piezo2, Trpm7 sequence No. Rn00586779_
m1Trpm?7, Trpv4 sequence No. Rn00576745_m1 Trpv4, and Trpal sequence No. Rn01473803_m1 Trpal,
b-actin sequence No. Rn00667869_m1 Actb, human Ngft, nerve growth factor receptor (p75NTR) sequence
No.Hs00609976_m1 NGFR, KROX20 sequence No. Hs00166165_m1 EGR2 , MBP sequence No. Hs00921945_
m1 MBP, PIEZO1 sequence No. Hs00207230_m1 PIEZO1, PIEZ0O2 sequence No. Hs00926218_m1 PIEZ02,
TRPM7 sequence No. Hs00559080_m1 TRPM7, TRPV4 sequence No. Hs01099348_m1 TRPV4, and TRPA1
sequence No. Hs00175798_m1 TRPA1 and GAPDH sequence No. Hs02786624_g1 GAPDH.
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Mean cell volume measurements

Mean cell volumes were measured at room temperature by electronic sizing using a Coulter-type cell
size analyzer (CDA-500; Sysmex, Hyogo, Japan). Isotonic or hypotonic solutions (300 or 215 mOsmol/kgH,0
adjusted by D-mannitol) contained the following components (in mM): 100 NaCl, 5 KCl, 0.4 MgCl,, 0.42
CaCl,, 10 D-glucose and 5 HEPES, with pH adjusted to 7.4 by NaOH. Osmolality was measured accurately
using an osmometer (Vapro 5600 Vapor Pressure Osmometer, Wescor EliTech, UT, USA). Relative cell volume
was calculated using the equation: relative cell volume =V, /V
volumes before and after the hypotonic challenge.

e where Veu and V, represent the mean cell

Immunocytochemistry

Differentiated and undifferentiated IFRS1 SCs, initially seeded on poly-D-lysine-coated coverslips,
underwent a standardized series of treatments. Firstly, they were subjected to two rounds of phosphate-
buffered saline (PBS) treatment, then were fixed in 2% paraformaldehyde solution in PBS for 10 min.
Afterward, the cells underwent three PBS washes and were subsequently treated with a 0.1% Triton X-100
solution in PBS supplemented with 3% donkey serum for 10 min to facilitate cell membrane permeabilization.
Following permeabilization, the cells were subjected to a blocking step involving 3% donkey serum
(blocking solution) for 1 h. Subsequently, primary antibodies to MBP (1:500 dilution: sc-271524; Santa
Cruz Biotechnology, TX, USA) or to PIEZ02 (1:500 dilution: 8613; ProSci Inc, CA, USA) were applied in the
blocking solution for a 2 h incubation period at room temperature. Post-incubation, the cells underwent
three PBS washes before being treated with a secondary antibody (Alexa Fluor 488 donkey anti-mouse IgG
(H+L), A21202, 1:500 dilution, Thermo Fisher Scientific) or (Alexa Fluor donkey anti-mouse IgG (H+L) or
rabbit IgG (H+L); 1:500 dilution Thermo Fisher Scientific). Additionally, 0.02 pM Hoechst 33342 was added
and protected from light for 1 h at room temperature. Following the staining step, cells underwent three PBS
washes and were subsequently mounted on glass slides using ProLong™ Gold Antifade Mountant (P36930,
Thermo Fisher Scientific). The mounted slides with attached cells were observed using an LSM800 confocal
laser scanning microscope (Carl Zeiss, Jena, Germany).

Western blotting

IFRS1 SCs and HEK293T cells were cultivated in 6 cm dishes. To obtain the hPiezo2 protein as a
positive control for Fig. 6b, a hPIEZO2 expression vector (Vector Builder Inc., IL, USA) was transfected
into HEK293T cells and cultured for a period ranging from 36 to 60 h. Cells were then solubilized in
radioimmunoprecipitation assay buffer maintained on ice, comprised of 0.1% SDS (Sodium Dodecyl
Sulfate), 0.5% sodium deoxycholate, 1% Nonidet P40, 150 mM NaCl, 50 mM Tris-HCl, 1 mM PMSF
(phenylmethylsulfonyl fluoride), and Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific) at pH 8.0.
The resulting cell lysate was centrifuged at 17, 400 g for 30 min at 4°C. The supernatant obtained was
electrophoresed using SDS-PAGE and electrotransferred onto a nitrocellulose membrane (GE Healthcare
Life Sciences, IL, USA).

Quantification of protein expression levels was conducted by incubating the membrane with
antibodies to PIEZ02 (1:1000 dilution: MA1-10837, Sigma-Aldrich) or a-tubulin (1:2000 dilution: T6074;
Sigma-Aldrich), followed by a secondary antibody of mouse IgG (1:3000 dilution, Amersham, Little Chalfont,
UK). Chemiluminescence was detected using Amersham’s ECL system, followed by incubation with HRP-
conjugated sheep Ab (1:3000 dilution: NA931; Merck, Darmstadt, Germany). Immunoreactivity was
visualized using ImmunoStar Zeta chemiluminescent reagents (Fujifiim Wako). The chemiluminescence
emitted from the membrane was captured using a LumiVision Pro 400EX system (Aisin Seiki Co., Ltd., Aichi,
Japan). Quantitative analysis of Western blot results was performed using the Image] program [17].

Intracellular Ca?* imaging

SCs were cultured by seeding onto poly-D-lysine (PDL)-coated coverslips with a diameter of 13 mm
(Matsunami Glass, Tokyo, Japan). Initially, the cells were cultured in an undifferentiated medium, which was
then transitioned to a differentiation medium on the following day. After 2 days of culture, intracellular Ca?
dynamics in individual SCs were examined by ratio imaging using Fura-2-AM (Thermo Fisher Scientific).
Prior to taking measurements, the cells were treated for 60 min in an isotonic solution containing a defined
concentration of Fura-2-AM. Afterwards, the cells were mounted on coverslips in the experimental chamber.
Only cells that showed stable ARatio values when measured in an isotonic solution before the procedure
were chosen for Ca?* imaging measurements.
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Cell responses were captured using CellSens fluorescence ratio imaging software (version 1.18,
Evident, Tokyo, Japan). The light emitted from an LED-type light source (pE-340 fura, Cool LED, Andover,
UK) was recorded using an inverted microscope (IX81, Evident) equipped with a switching function for
a 340/380 nm bandpass filter, thereby allowing ratiometric imaging. All experiments were conducted at
room temperature.

The experimental solution contained the following components (in mM): 90 NaCl, 4.5 KCl, 2 CaCl,, 0.3
MgCl,, 10 glucose and 10 HEPES (pH = 7.4). Isotonic (Iso) or hypotonic (Hypo) solutions were adjusted to
300 or 200 mOsmol/kgH,0 using D-mannitol. Osmolality was measured accurately using an osmometer.

Measurements were conducted by establishing a baseline using an isotonic solution (Iso) for 2 min as
a control, followed by exposure to a hypotonic solution (Hypo) for 4 min under continuous perfusion. Before
hypotonic stimulation, mechanosensitive channel inhibitors, including 30 mM GdCl, (Tocris Bioscience,
Bristol, UK), 20 mM FM™1-43 (Thermo Fisher Scientific), 20 mM Dookul (Tocris Bioscience), or 30 mM
NS8593 (Merck), 1 mM HC-067047 (Selleck, Houston, US) were pretreated 30 s before the stimulation. All
other drugs and chemicals were purchased from Sigma-Aldrich.

Small interfering RNA transfection

HSCs were transfected with 25 nM siRNA targeting human PIEZO2 or non-target siRNA (D-001810-
10-05, Horizon Discovery, Cambridge, UK) using Lipofectamine™ LTX Reagent (Thermo Fisher Scientific),
following the manufacturer’s instructions. In brief, siRNAs and Transfection Reagent were each diluted to 5
uM with Opti-MEM (Thermo Fisher Scientific), mixed and then incubated at room temperature for 20 min.
Cells in 24-well plates were fed 500 ml fresh culture medium and overlaid with the transfection mixture.
After 24-48 h of transfection, samples were confirmed by qPCR detecting PIEZ02 expression.

Secretome analysis of HSCs

Cell preparation. HSCs were seeded at 4 x 10° cells in poly-D-lysine (PDL)/Laminin-coated 6 cm cell
culture dishes in undifferentiated medium (FBS decreased to 5%) and changed to differentiated medium
the next day. After 2 days of culture, the medium was substituted with differentiated medium without FBS
for 4 h before stimulation. Cell samples were gently washed with isotonic solution 3 times to remove FBS
before stimulation, as described previously [18]. Subsequently, cells were exposed to either a hypotonic
or isotonic solution, and the supernatant was collected for secretome analysis after 10 min of stimulation.

Sample preparation for liquid chromatography-tandem mass spectrometry (LC-MS/MS). An EasyPep™
96 MS Sample Prep Kit (Thermo Fisher Scientific) was employed for sample preparation utilizing the
reagents provided in the kit. The procedure for preparing peptides for MS analysis is as follows: 1.2 mL
cooled acetone (six times the volume) was added to 200 pL of the protein sample and incubated at -30°C
for 2 h to precipitate proteins. The sample was centrifuged at 16, 000 x g at 4 °C for 10 min, after which the
supernatant was removed. Fifty pL cooled 90% acetone was added to the sample and mixed. The sample
was centrifuged at 16, 000 x g at 4 °C for 5 min, and the supernatant was removed. The pellet was allowed
to dry for 3 min, after which 100 pL Lysis Solution was mixed with the sample to solubilize the pellet.
Fifty puL Reduction Solution was added to the sample and mixed. Fifty puL Alkylation Solution was added
to the sample and mixed. The sample was then incubated at 95 °C for 10 min to reduce and alkylate the
proteins. After incubation, the sample was allowed to cool to room temperature. 50 pL of the reconstituted
enzyme solution (0.1 pg/uL of Trypsin/Lys-C Protease Mix) was added to the sample and incubated at 37
°C for 2 h to digest the proteins. After digestion, 50 pL Digestion Stop Solution was mixed to acidify the
peptide sample. The sample was purified with the Peptide Clean-up Plate and the supplied solutions to
remove contaminants and enzymes. The eluted peptide sample was dried using a vacuum centrifuge, then
resuspended in 100 pL 0.1% formic acid in water and subjected to LC-MS/MS analysis.

LC-MS/MS analysis. An UltiMate 3000 RSLCnano system (Thermo Fisher Scientific) and Orbitrap
Fusion Lumos (Thermo Fisher Scientific) were utilized for LC-MS/MS analysis. The analysis employed
a nano-HPLC capillary column (ODS, 75 pm i.d. x 120 mm, particle size: 3.0 um, Nikkyo Technos Co Ltd,
Tokyo, Japan). A linear gradient of 2-35% mobile phase B (0.1% formic acid in acetonitrile) over 120 min
was utilized for peptide separation, with mobile phase A consisting of 0.1% formic acid in water. Following
peptide elution, the gradient was ramped to 95% mobile phase B over 2 min and held for 23 min to wash
the column. Subsequently, the gradient was ramped to 5% mobile phase A over 0.1 min and held for 10
min to re-equilibrate the column. Data acquisition was performed using an Orbitrap Fusion Lumos mass
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spectrometer. Separated peptides were electrosprayed with a potential of 1.8 kV applied at the Nanospray
Flex NG source while the ion transfer tube was maintained at 275°C. The ion funnel RF level was 30, the
MS1 Orbitrap resolution was set at 60, 000 (at m/z 200) with a 380-1500 m/z range, and the MS1 AGC
target and the maximum injection time were set at 4 x 10° and 50 ms. A data-dependent acquisition mode
was employed to trigger precursor isolation and sequencing. Precursor ions with charges ranging from
+2 to +7 were isolated for MS2 sequencing. ITMS2 spectra were collected with a rapid scan rate over a
maximum injection time of 35 ms. The MS2 isolation window was 1.6 Da, the AGC target was 1 x 10%, and
the dynamic exclusion time was 60 s. For the Orbitrap Fusion Lumos MS, precursors were fragmented by
higher energy collision-induced dissociation with a normalized collision energy of 30%. Mass calibration
was automatically performed with a lock mass system using the peaks of m/z = 391.2843 and 445.12 for
every injection.

MS data analysis and statistical analysis. All raw LC-MS/MS analysis used Proteome Discoverer (version
2.5) for feature detection, database searching, and protein/peptide quantification. Sequest and Amanda
databases were utilized for the search, with MS/MS spectra searched against the Swiss-Prot and TrEMBL
human databases. Dynamic modifications such as N-terminal protein acetylation and methionine oxidation
were considered, while carbamidomethylation of cysteine residues was treated as a static modification.
Precursor and fragment mass tolerances were set at 10 ppm and 0.02 Da, respectively. Peptides with a
minimum length of seven amino acids and a maximum peptide mass of 5000 Da were considered, with
up to two missed cleavages allowed per peptide. The second peptide search was activated to identify co-
eluting and co-fragmented peptides from a single MS/MS spectrum. Peptide identification was validated
using the Fixed Value PSM Validator Maximum (Delta Cn 0.05), and peptides and proteins were filtered with
a maximum false discovery rate (FDR) of 0.01. Label-free quantitation (LFQ) calculations were performed
separately for each parameter group containing similar cell loadings, utilizing unique and razor peptides for
protein quantification. Other parameters were set to the default setting in Proteome Discoverer. Additionally,
statistical analyses were conducted within Proteome Discoverer, with missing values imputed by random
numbers drawn from a normal distribution (width, 0.3; downshift, 2.8). GO terms were annotated to the
identified proteins using Perseus software (version 2.0.3.1).

ELISA

Supernatants from differentiated HSCs cultured in 24-well plates were replaced with hypotonic (Hypo)
or isotonic (Iso) solutions and incubated at 37°C for 10 min. The concentration of secreted brain-derived
neurotrophic factor (BDNF) was assessed using a Human BDNF SimpleStep ELISA (Enzyme-Linked Immuno
Sorbent Assay) kit (ab212166, Abcam), which was performed according to the manufacturer’s instructions.
In brief, 50 pl of the medium obtained after osmotic induction was used as a sample. Subsequently, 50 pl of
the antibody cocktail provided in the kit was added to the sample, and the resulting mixture was dispensed
into 96-well plates pre-coated with the corresponding antibodies. Optical density (OD) measurements were
recorded at a light intensity of 450 nm. The concentration of the samples was determined by constructing
a standard curve.

Statistics

All data are expressed as means + SEM measured from at least three independent experiments for each
condition. Statistical significance was evaluated using Student’s t-test to compare two mean values, with a
significance threshold set at *p < 0.05, **p < 0.01. For Figs. 2c, 4f, 5c and 7, statistical differences in the data
were evaluated with one-way analysis of variance followed by Tukey’s test for multiple comparisons and
was considered significant at *p < 0.05. For the analysis of cellular responses in Ca?* imaging experiments, a
chi-square test was conducted to evaluate the association between two categorical variables, with a value of
*p < 0.05 considered significant. ns not significant.
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Results

Expression of Mechanosensitive Channels in Undifferentiated and Differentiated IFRS1 SCs

Recent investigations have highlighted the functions of SCs in response to mechanical
stress, including their role in maintaining peripheral nerve axons, facilitating mechanical
nociception and tactile sensation [4, 19]. In light of those findings, our study aimed to identify
the expression of mechanosensitive channels in undifferentiated and in differentiated IFRS1
SCs and to explore their functional significance in this context.

When IFRS1 SCs were cultured in differentiation medium instead of undifferentiated
medium, significant differences in their gene expression patterns emerged. Specifically, the
expression levels of Krox20 and Myelin Basic Protein (Mbp) were significantly upregulated
in differentiated IFRS1 SCs but there was no significant difference in the expression levels of
p75Ntr between those two conditions (Fig. 1a). These findings are consistent with previous
reports [15, 20] and suggest that the choice of culture medium results in distinct subtypes of
SCs, namely non-myelinating and myelinating SCs.

Furthermore, our investigation assessed candidate mechanosensitive channels, as
reported in previous studies, which included Piezol/ Piezo2 [5], Trpv4 [6], Trpm7 [7, 8],
and Trpal [9, 10]. Our results revealed the presence of Piezo1, Piezo2, and Trpm7 channels
in differentiated IFRS1 SCs, while Trpv4 and Trpal channels were conspicuously absent in
those cells (Fig. 1b). Importantly, differentiated IFRS1 SCs exhibited a significantly higher
rate of increase in Piezo2 and Trpm7 channel expression compared to undifferentiated SCs
(Fig. 1c). This pivotal observation underscores the central role of mechanosensitive channels
within differentiated SCs.

Fig. 1. qPCR analysis of SC-related
markers and mechanosensitive
channels in  undifferentiated
and in differentiated IFRS1
SCs. (a) Expression changes
of differentiation markers in
undifferentiated (UnDiff.) and in
differentiated (Diff.) IFRS1 SCs.
Expression levels of p75Ntr and
Krox20 are markers associated
with Schwann cell precursor
and pre-myelinated states,
respectively, while Mbp indicates
differentiated SCs. (b) Piezol,
Piezo2, Trpm7, Trpv4 and Trpal
channels in differentiated IFRS1
SCs were examined using qRT-
PCR. Data represent relative
mRNA quantity compared to the
control gene (f-actin). Data are
expressed as means * SE. (c) Expression levels of mechanosensitive channels (TRP and Piezo channels) in
undifferentiated and in differentiated IFRS1 SCs. Data were normalized to the control gene (f-actin) and are
presented as fold differences relative to UnDiff. IFRS1 SCs (n = 6). Error bars indicate SE.
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Hypotonicity Induces Ca** Transients in IFRS1 SCs through Mechanosensitive Channels

Recent reports have substantiated the presence of physiological responses in
mechanosensitive cells, exemplified by Merkel cells [21] and dorsal root ganglion (DRG)
neurons [22], when subjected to mechanical stimulation. Specifically, when exposed
to mechanical forces, such as those resulting from cell swelling induced by hypotonic
conditions, these cells activate mechanosensitive ion channels, most notably Piezo2 and
Trpm7 channels. This activation is closely linked to alterations in membrane tension [23-
25]. Furthermore, these mechanical stimuli trigger Ca?*-permeable mechanosensitive ion
channels, leading to a consequential increase in intracellular calcium concentration ([Ca**])).

In our study, we sought to characterize the mechanisms governing the regulation of Ca
concentration. To achieve that, we measured [Ca®'], in response to hypotonic stimulation in
[FRS1 SCs. We initially verified the induction of cell swelling in IFRS1 SCs that results from
exposure to a hypotonic solution. This validation was achieved by monitoring changes in cell
volume following the initiation of hypotonicity-induced cell swelling. Notably, the hypotonic
solution caused an expansion in cell volume, consistent with the Boyle-Vant Hoff law [26].
The average cell volume exhibited an initial regulatory volume decrease (RVD) but cell
swelling remained at 5 min (~128.7 * 3.3%) (Fig. 2a). Therefore, in this study, we adopted
hypotonic stimulation conditions within 5 min, in which mechanical stimulation could be
expected due to cell swelling, and then proceeded with the experiment.

Fig. 2b demonstrates the impact of hypotonicity-induced cell swelling for 4 min,
revealing an increase in [Ca*], expressed as the ARatio, both in undifferentiated and in
differentiated IFRS1 SCs. Remarkably, the elevated ARatio value is notably more pronounced
in differentiated IFRS1 SCs. Additionally, the cellular response to hypotonic stimulation was
increased by 150.8%* (n = 328-413) compared to undifferentiated IFRS1 SCs.

Expanding upon our prior investigations into mechanosensitive ion channel expression
in differentiated IFRS1 SCs, as shown in Fig. 1, we assessed the effects of established
mechanosensitive channel inhibitors. The inhibitors used were: Gd3*, a conventional
mechanosensitive channel inhibitor [21]; Dooku1l, a Piezol channel-specific inhibitor [27];
FM1-43, a potential inhibitor of Piezo2 channels [28], and NS8593, a selective inhibitor of
Trpm?7 channels [29]. Fig. 2c and Table 1 demonstrate that the hypotonicity-induced increase
in the ARatio and the cellular responsein differentiated IFRS1 SCs was significantly mitigated

Fig. 2. Cell volume and intracellular
Ca?*changesin differentiated IFRS1
SCs after hypotonic stimulation. (a)
(upper) Representative example
of continuous measurement of
cell volume changes induced
by hypotonic solution (Hypo).
(bottom) Relative cell volume
indicates the cell volume after
exposure to isotonic (Iso) or
hypotonic (Hypo) solutions at 5
min (n = 8). (b) Representative
profile of intracellular Ca?
indicated by the F340/F380 ratio
in undifferentiated (UnDiff.) and
in differentiated (Diff.) IFRS1 SCs.
The blue bar at the top indicates

exposure to hypotonic solution
(n = 11). (c) Effects of channel
blockers, Gd** (30 uM), Dookul (20 pM), FM1-43 (20 uM) and NS8593 (30 uM) on the fold change in the
ARatio normalized to the value of hypotonicity-induced Ca?* elevation in the absence of the respective
reagent in Diff. IFRS1 SCs (n = 9-357). (d) Left, time course of the relative cell volume change of Diff. IFRS1
SCs in isotonic and in hypotonic solutions with or without FM1-43 (20 pM). Right, summary data showing
RVD 40 min after application of hypotonic solution (n = 6-20). Error bars indicate SE.
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by Gd** and FM1-43. In contrast, no significant difference of the ARatio was observed when
Dookul or NS8593 were used. These findings support the inference that the response of
differentiated IFRS1 SCs to hypotonic solutions is predominantly mediated through Piezo2
channels.

Moreover, to elucidate the physiological role of Piezo2 in the mechanism of cell
volume regulation, we quantified changes in cell volume following isotonic and hypotonic
stimulation. The relative cell volume increased immediately after exposure of SCs to the
hypotonic solution, reaching maximum swelling within 1 min. Following that initial peak, the
relative cell volume decreased around 75% in the next 40 min by RVD (Fig. 2d). Treatment
with FM1-43 impeded the cell volume recovery by around 20% during continuous exposure
to hypotonic stimulation in IFRS1 SCs (Fig. 2d). These results suggest that Piezo2 mediates
Ca? transients and is implicated in cell volume regulation in IFRS1 SCs.

Expression of Mechanosensitive Channels in Primary HSCs

Next, we conducted quantitative polymerase chain reaction (qPCR) analysis to
investigate the expression of PIEZ02 in HSCs. We induced HSC differentiation and assessed
the expression of well-established SC differentiation markers, specifically p75NTR, KROX20
and MBP, using qPCR. The expression of those markers provided compelling evidence of
successful differentiation of SCs (Fig. 3a)[15].

Subsequently, we examined the
expression of mechanosensitive ion
channels, mirroring the approach

Table 1. The ARatio and cellular response rate of
mechanosensitive ion channels in SCs. The effect of

employed in our previous experiments
conducted with IFRS1 SCs. Fig. 3b shows
that PIEZO1, PIEZ02, TRPM7 and TRPV4
were expressed in differentiated HSCs.
Interestingly, we observed a significant
elevated expression of PIEZ0O2 and TRPV4
in differentiated HSCs compared to
undifferentiated HSCs, while the elevated
expression levels of PIEZO1, TRPM7 and
TRPA1 remained comparatively low
(Fig. 3c). The expression of TRPV4 was
consistent with prior research studies
(Fig. 3b) [6].

inhibitors of mechanosensitive ion channels on the
ARatio and cellular response rate on hypotonicity-
induced Ca* responses in IFRS1 SCs. The ARatio
and cellular response rate for SCs treated with each
inhibitor (Gd*, Dookul, FM1-43, and NS8593)
represents the normalized value compared to the
control (n = 9-357)

Inhibitors ARatio Cellular response rate
Control 100.0 % 100.0 %

Gd3+ 29.3 Qp*** 12.7 %***
Dookul 72.2% 87.7 %
FM1-43 52.7 %* 73.3 %*
NS8593 102.4 % 44.4 %*

Fig. 3. qPCR analysis of SC-related
markers and mechanosensitive
channels in undifferentiated and in
differentiated HSCs. (a) Expression
changes of differentiation markers
in UnDiff. and in Diff. HSCs.
Expression levels of p75NTR and
KROX20 are markers associated
with SC precursors and pre-
myelinated states, respectively,
while MBP indicates differentiated
SCs. (b) PIEZO1, PIEZO2, TRPM?7,
TRPV4, and TRPA1 channels
in differentiated HSCs were
measured using RTq-PCR. Data
represent relative mRNA quantity
compared to the control gene
(GAPDH). Data are expressed as

means * SE. (c) Expression levels

of mechanosensitive channels (TRP and PIEZO channels) in UnDiff. and in Diff. HSCs. Data were normalized
to the control gene GAPDH and are presented as fold differences relative to UnDiff. HSCs (n = 5). Error bars
indicate SE.
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Fig. 4. Effect of mechanosensitive ion channel inhibitors on hypotonicity-induced Ca?* responses in HSCs by Ca?* imaging.
(a,b) Representative profile of intracellular Ca?* indicated by the F340/F380 ratio in UnDiff. (a) and in Diff. (b) HSCs.
The blue bar at the top indicates hypotonic stimulation (Hypo). (c) Bar graph showing the average value of the ARatio
value and the half value of the decay time (T,)) of the data obtained in the experiments shown in a and b. (d) Effects
of mechanosensitive ion channel inhibitors, Gd** (30 uM), FM1-43 (20 pM) and HC-067047 (1 uM). Representative
intracellular Ca?* imaging signals at 0, 2, 4, 6 and 8 min in Diff. HSCs induced by hypotonic solution. Scale bar = 50 um. (e)
Average signal obtained from analysis of the signals in d is shown. The blue bars at the top indicate exposure to hypotonic
solutions. (f) Bar graph showing the average ARatio value of the data obtained from d and e. Effects of Gd*", FM1-43, and
HC-067047 on hypotonicity-induced Ca?* transients. Data are expressed as ARatios normalized to differentiated HSCs
(Diff) as control (n = 17-543). Error bars indicate SE.
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Ca?* Dynamics in response to hypotonic stimulation in differentiated HSCs

To investigate the functional expression of PIEZO2 in undifferentiated and in
differentiated HSCs, Ca?* imaging was employed. Fig. 4a shows that the hypotonicity-
induced cell swelling of undifferentiated HSCs substantially increased the [Ca*] due to
the characteristic transient Ca?* influx, revealing a peak within 5 min. Specifically, a more
pronounced effect was observed in differentiated HSCs, and the inactivation time from the
peak of [Ca?']. elevation to a 50% decrease was 50.0 + 7.5 s for undifferentiated HSCs and 22.4
+ 6.9 s for differentiated HSCs (Fig. 4a,b,c). Fig. 4c demonstrates a substantial increase in the
ARatio of differentiated HSCs compared to undifferentiated HSCs. Additionally, the cellular
response rate to hypotonic solution increased by 178.6%* compared with undifferentiated
cell controls (n =972-1800). The [Ca*'], profile in differentiated SCs mirrors that of Piezo1/2
in chondrocytes [30], which is distinct from the brief activation time observed for Trpv4 in
undifferentiated mouse SCs [6].

To characterize the involvement of specific mechanosensitive channels, Gd3*, FM1-
43 and HC-067047 were administered before the hypotonic stimulation, considering the
upregulation of PIEZ0O2 and TRPV4 in differentiated HSCs compared to undifferentiated
HSCs (see Fig. 3b). The effects of those inhibitors did not affect the basal ARatio value under
isotonic solution conditions for 10 min (n = 152). As shown in Figs. 4d, e and f, Gd**, FM1-43,
and HC-067047 significantly attenuated the ARatio compared to the control. Conversely, the
cellular response rate to hypotonic solution was inhibited by Gd3* and FM1-43 but not by
HC-067047 compared to the control (Table 2).

Furthermore, the role of PIEZ02 was elucidated by confirmation of knockdown effects
using siRNAs targeting PIEZO2 and TRPV4 in differentiated HSCs (Fig. 5). Compared to
mock-treated cells, siRNA-treated cells targeting PIEZ02 or TRPV4 exhibited a significant
suppression of the ARatio (Fig. 5c). In contrast, cellular responses were not suppressed in
TRPV4 siRNA-treated cells, whereas suppression was observed in PIEZO2 siRNA-treated
cells compared to the control (Table 2). These findings are consistent with the results of
drug inhibition using HC-067047 performed in previous experiments (Figs. 4d, e, f). Taken
together, the results demonstrate that PIEZO2 plays a more significant role than TRPV4 in
responding to hypotonic solutions.

Considering these observations, it is reasonable to hypothesize that part of the steep
[Ca*'] rise in the response of differentiated HSCs to hypotonic solution relies on the mediation
of PIEZO2 channels.

Immunohistochemical Confirmation of PIEZ0O2 Expression in HSCs

Figs. 4 and 5 show that our functional assessment results unequivocally establish
PIEZO2 expression in differentiated HSCs. An immunostaining experiment (Fig. 6a)
demonstrates that 75.0% of MBP-positive SCs after the induction of differentiation co-
express PIEZ02, contrasting markedly with the 0.7% co-expression of PIEZ02 in MBP-
negative cells. Furthermore, Western blotting data in (Fig. 6b, left) reveal a significant
increase in PIEZ02 expression in differentiated HSCs, showing an increase of 288 + 94.1%
compared to undifferentiated HSCs. As a positive control, an immunoreactive band with a
molecular weight of approximately 250 kDa was detected in PIEZ02-overexpressing cells
(Fig. 6b, right). This finding is consistent with a previous report [31].

In summary, these findings collectively underscore the high expression of functional
PIEZO02 in differentiated HSCs and highlight its potential importance in this cellular context.

Augmented Secretion of BDNF Following Mechanical Stimulation

We subsequently explored the impact of mechanical stimulation on the secretome of
HSCs by discovering proteomic analysis using LC-MS/MS. Analysis targeting nerve/axonal
growth factors identified 89 candidate secretion-related proteins that were upregulated
20% or more after 10 min of hypotonic stimulation compared to an isotonic solution
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Fig. 5. Effect of Piezo2 siRNA on hypotonicity-induced Ca?* responses in differentiated HSCs by Ca?*
imaging. (a) Effects of siRNAs for PIEZ0O2 or TRPV4 on Diff. HSCs. Representative intracellular Ca?* imaging
signals induced by hypotonic solution (Hypo) at 0, 2, 4, 6, and 8 min. (b) Averaged signals obtained from the
analyses of a are shown. The blue bar at the top indicates exposure to hypotonic stimulation. Scale bar = 50
um. (c) Bar graph showing the average ARatio value of the data obtained in images shown in a and b. Data
are expressed as ARatios normalized to Mock as a control (n = 101-197). Error bars indicate SE.

(Supplementary Table 1). Among those proteins, we focused on BDNF, given its crucial role
in promoting nerve growth and regeneration in response to mechanical stimulation of SCs
and its quantifiability via ELISA.

There was an increase in BDNF levels from 10.6 to 14.1 pg/ml* (n = 39-40) after 10 min
of exposure of SCs maintained under isotonic solution conditions to hypotonic conditions.
The relative BDNF secretion significantly increased compared to standardize data collected
across multiple sets.

To investigate further whether PIEZO2 mediates the secretion of these factors, we
excluded Gd** and FM1-43, which were used in previous experiments, due to potential
measurement uncertainty for secretion stimuli. Namely, the potential secretory effects
induced by long-term administration of Gd** [32] and the pigmentary properties of FM1-
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43 [33] have been reported. Instead, we employed siRNA-mediated knockdown in this
experiment.

Firstly, Mock siRNA-treated HSCs showed increased BDNF secretion upon hypotonic
stimulation (Fig. 7, gray bars), which agreed with the 10-min exposure to hypotonic conditions
in the control experiment. Next, in an inhibition experiment using PIEZ02 siRNA treatment,
BDNF secretion from PIEZO2 siRNA-treated HSCs was significantly increased compared to
the control (Fig. 7, pink bars). Notably, BDNF secretion after hypotonic stimulation increased
even more with PIEZ0O2 siRNA than with mock siRNA. However, this secretory-promoting
effect of PIEZ02 siRNA was not observed in comparison with Mock siRNA in an isotonic
solution.

Table 2. The ARatio and cellular “rphipnitors /siRNA  ARatio  Cellular response rate

response rate of mechanosensitive Control 100.0 % 100.0 %
ion channels in HSCs. The Gd3+ 25.1 %* 21.7 %*
effect of 1n}.11.b1tc?rs or siRNAs of FM1-43 32.4 0p** 30.0 %*
mechanosensitive ion channels on the HC-067047 26.7 Up*Hx 96.4 %
ARatio and cellular response rate on
hypotonicity-induced Ca* responses Mock 100 % 100 %
in HSCs. The ARatio and cellular . 0/ Kk o/ %
response rate for HSCs treated with S¥PIEZOZ 20.0% 654 %
siTRPV4 30.0 %** 95.5%

each inhibitor (Gd3*, FM1-43, and HC-
067047) or siRNAs (targeting PIEZ02
and TRPV4) represents the normalized value compared to control or siRNA mock, respectively (n = 641-
1800)

Fig. 6. Immunohistochemical
analysis of PIEZO2 expression in
HSCs (a) Representative confocal
laser fluorescence microscopy
images in HSCs co-stained with
Hoechst (blue), MBP (green) and
PIEZ0O2 (magenta). Scale bar = 50
um. (b) Western blot analysis of
a-tubulin and PIEZO from UnDiff.
and from Diff. HSCs (left) and
HSCs transfected with hPIEZO2
(hPIEZ02) or vector (Mock) (right).
Data are representative results. Bar
graph showing the relative value of
PIEZO2 protein expression in Diff.
HSCs or PIEZ02 overexpression (n
= 4), with UnDiff. HSCs or Mock as
100%. Error bars indicate SE.
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To explore the secretion- 50
promoting effect of PIEZO2 siRNA
following hypotonic stimulation
of HSCs, we investigated the
involvement of TRPV4, which was
previously investigated in SCs [6].
The inhibition of TRPV4 using HC-
067047 suppressed the hypotonicity-
induced secretion of BDNF to the
same level as isotonic condition (Fig.
7, blue bars). These findings suggest
a role for PIEZO2 as a negative 00
regulator of TRPV4 in hypoosmotic T THC
HSC secretion. EEEEESSS———

In summary, the upregulation Iso Hypo
of BDNF secretion after hypotonic
stimulation slows cell swelling time,
as observed in the Piezo2 deficiency
in SCs (Fig. 2). This implies that Ca?*
influx through TRPV4 increases,
leading to the enhanced secretion of
BDNEF. These findings highlight the
potential role of PIEZO2 as a finely
tuned regulator of neurotrophic
factor secretion by HSCs in response
to mechanical stimulation, which is essential for neural function and regenerative processes.
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Fig. 7. BDNF secretion from differentiated HSCs in hypotonic
solution using ELISA. Effects of siRNA negative control
treated cells (Mock), siRNA PIEZO2 (siPIEZ02) treated
cells, and the presence of HC-067047 (HC). Mean relative
values of isotonic (Iso) or hypotonic (Hypo) solution-
induced secretion of BDNF (n = 39-40). Error bars indicate
SE. *p<0.05, **p<0.01 vs Iso or Mock-Iso, Jp<0.05 vs Mock-
Hypo, §p<0.05 vs siPIEZ02-Hypo.

Discussion

This study has made significant findings regarding the functional expression and
amplified physiological responses of PIEZO2 following the induction of differentiation in
HSCs and in IFRS1 SCs. Our results underscore the involvement of PIEZ02, at least in part, in
the RVD response to hypotonic stimuli, and suggest an indirect influence on the amount of
BDNF released by regulating the cell swelling duration.

The expression analysis of Ca?-permeable mechanosensitive channels in
undifferentiated and in differentiated IFRS1 SCs revealed the expression of Piezo1, Piezo2
and TRPM7 (Fig. 1), which is consistent with prior reports [5, 7, 8]. Intriguingly, TRPV4 and
TRPA1 expression was not previously reported [6, 9, 10]. Subsequently, our investigation
was extended to HSCs, utilizing highly purified cells provided by Dr. Monje [15, 16]. The
mechanosensitive channel expression analysis in undifferentiated and in differentiated
HSCs yielded results in line with previous reports, confirming the presence of Piezol,
Piezo2 [5], TRPM7 [7, 8], and TRPV4 [6] (see Fig. 3a). Notably, while previous studies have
reported the presence of TRPA1 both in rat SCs and in HSCs [9, 10], our analysis did not
detect TRPA1 expression (Figs. 1b and 3b). This discrepancy may be due to variations in the
sources of HSCs, as commercially available HSCs are often contaminated with fibroblasts and
have distinct properties compared to highly purified HSCs [34]. Additionally, the observed
differences in TRPV4 expression in mice [6] and TRPA1 expression in HSCs [10] and rats
[9] suggest that variations in species, SC immortalization and differences in differentiation
stages might contribute to this inconsistency. The expression of TRPM7 was observed to
increase with differentiation in rat IFRS1 SCs (Fig. 1b). This suggests a heightened demand
for elevated levels of TRPM7 expression during the cell differentiation process into more
specialized cell types and their subsequent functions post-differentiation. Indeed, the
significance of TRPM7 during and post-differentiation processes has been noted in various
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tissues, such as bone [35], where its function contributes to mechanosensation alongside its
RVD capability [24]. Recently, the involvement of Piezo2 in itching was shown in mice, yet
no evidence indicates that a PIEZO2 deficiency affects itch sensitivity in humans [36, 37].
Indeed, recognizing the species differences between rats and humans suggests that further
investigations are essential before extrapolating concepts from animal models to humans
[15, 34]. Future studies are warranted to comprehensively elucidate the underlying reasons
for these distinct expression patterns.

Our results indicate that PIEZ02 and TRPV4 mediate the ARatio and cellular responses
to hypotonic solutions of HSCs. This conclusion is supported by the inhibitory effects of Gd*",
FM1-43 and siRNA-PIEZ02, as well as HC-067047 and siRNA-TRPV4 on TRPV4 (Figs. 4d-f,
5, and Table 2). Interestingly, while the inhibition of Piezo2 and TRPV4 caused a marked
decrease in the ARatio, inhibition of TRPV4 did not result in a statistically significant
decrease in cells responding to hypotonicity (Table 2). These findings suggest that PIEZ02 is
involved in the transient Ca?* rise in response to membrane stretching during hypotonicity-
induced cell swelling, whereas TRPV4 is responsible for the sustained intracellular Ca* rise
when swelling is prolonged. This is consistent with previous reports on the nature of ion
channel activity [38, 39]. Furthermore, our results demonstrated that a physiological role
for sustained Ca?* influx through TRPV4 is suitable for a regulator of secretion such as BDNF
(Fig. 7b).

Interestingly, a delayed response characteristic of Ca?* transient behavior was observed
in IFRS1 SCs and HSCs, as depicted in Figs. 2b and 4a, b, e. As demonstrated in Fig. 2a, when
the cell volume increased by approximately 30% due to hypoosmotic cell swelling for about
2 min, the membrane stretching might have surpassed the pressure threshold for Piezo2 to
respond to mechanical stimulation. This nuanced response underscores the necessity for a
comprehensive understanding of the precise mechanisms governing Ca?* signaling in HSCs,
particularly concerning the potential interaction of Piezo2 channels with other modulators.

During development and maturity, SCs in peripheral nerves are subject to various
mechanical stresses such as tension, compression and shear strain. Accumulating evidence
supports the claim that substances secreted by SCs contribute significantly to the growth,
maintenance, and regeneration of peripheral nerves [40, 41].

Utilizing secretome analysis through LC-MS/MS, our study unveiled dynamic changes in
the levels of more than 80 factors following a 10 min exposure to hypotonic stimulation, as
detailed in Supplementary Table 1. Those results include factors that have been reported as
crucial for SC proliferation and myelination, e.g., Ski oncogene [42], glypican [43], Wnt5 [44]
and related to neural regeneration; e.g., Neuropilin2 [45] and vascular endothelial growth
factor A [46].

Among the factors implicated in biological processes, BDNF is a typical neurotrophin
known to promote various neural responses through specific cell surface receptor binding
[47, 48]. Our ELISA measurements corroborated these findings, indicating an increased
secretion of BDNF upon mechanical stimulation (Fig. 7).

On the other hand, attention should be paid to the novel factors associated with tumor
or neurodegenerative disease progression that are secreted together with growth-related
factors following exposure to hypotonic solution (Supplementary Table 1): Tumor necrosis
factor receptor superfamily member 12A [49], and neurologically related diseases are
in that list, along with Proto-oncogene tyrosine-protein kinase Src, which is involved in
neuropathic pain [50], Presenilin-1, which has been verified as a causative factor for early
onset Alzheimer’s disease [51], and Huntingtin-associated protein 1, Huntingtin interacting
protein [52].

Our results suggest that the hypotonic solution-induced secretion levels in HSCs may
have a negative correlation with PiezoZ and tumor progression, as well as the secretion
of neural-related factors. These findings prompt further investigation into the potential
implications of hypotonic solution-induced secretion levels in HSCs in the development and
progression of tumors and neurodegenerative diseases.
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Upon inhibition of Piezo2, the RVD mechanism is hindered, leading to cell volume
swelling. This can be understood by recognizing the extension of the loading time of
mechanical stimulation (Fig. 2d). The prolonged loading time can cause excessive secretion
by HSCs, due to sustained TRPV4-mediated [Ca*']. elevation, as shown in Fig. 7.

It is worth noting that while TRPV4 is expressed in HSCs (Fig. 1b), it is not detected in
IFRS1 SCs (Fig. 3b). This difference may be explained by the fact that other Ca?*-permeable
mechanosensors, such as TRPM7 [24, 53], TRPC1 [54], Piezol [55] and TMEM63B [56],
have been previously identified as contributing to the regulation of RVD. Therefore, it is
possible that these alternative mechanisms, depending on the animal species and the stage
of differentiation, may work cooperatively with Piezo2 to regulate RVD in a complementary
manner. While our study advances understanding of the mechanosensors involved in RVD,
ongoing research remains essential to comprehensively unravel the intricate regulatory
mechanisms governing cell volume dynamics in HSCs.

Conclusion

In conclusion, our study revealed the expression and mechanosensitive function of
Piezo2 in human primary SCs, especially in differentiated SCs that respond to hypotonic
stimuli by releasing neurotrophic factors. These findings provide new insights into the
mechanotransduction processes governing SC behavior and their potential role in neural
regeneration and maintenance. Further studies are required to elucidate the precise
mechanisms and signaling pathways underlying these observations and to harness SC
mechanotransduction for therapeutic intervention in neurologically related diseases.
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