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Abstract

In the lung, pulmonary ~pitl 2lial cells undergo mechanical stretching during ventilation. The
associated cellular meche ~oresponse is still poorly understood at the molecular level. Here, we
demonstrate that activati-n of the mechanosensitive cation channel Piezol in a human cell line
(H441) and in primary human lung epithelial cells induces the proteolytic activity of the
metalloproteinases ADAM10 and ADAM17 at the plasma membrane. These ADAMs are known to
convert cell surface expressed proteins into soluble and thereby play major roles in proliferation,
barrier regulation and inflammation. We observed that chemical activation of Piezol promotes
cleavage of substrates that are specific for either ADAM10 or ADAM17. Activation of Piezol also
induced the synthesis and ADAM10/17-dependent release of the growth factor amphiregulin (AREG).
In addition, junctional adhesion molecule A (JAM-A) was shed in an ADAM10/17-dependent manner
resulting in a reduction of cell contacts. Stretching experiments combined with Piezol knockdown
further demonstrated that mechanical activation promotes shedding via Piezol. Most importantly,
high pressure ventilation of murine lungs increased AREG and JAM-A release into the alveolar space,
which was reduced by a Piezo-1 inhibitor. Our study provides a novel link between stretch-induced
Piezol activation and the activation of ADAM10 and ADAM17 in lung epithelium. This may help to
understand acute respiratory distress syndrome (ARDS) which is induced by ventilation stress and
goes along with perturbed epithelial permeability and release of growth factors.
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1 Introduction

Sensing and reacting to mechanical forces is an essential cellular response. It allows organisms to
adapt to their mechanical environment. In vertebrates, the alveolar interface in the lung is exposed
to mechanical forces as cells are stretched during respiration [1,2].

Mechanical forces can act from the outside of a cell to the inside and vice versa. This causes tension
within the cell membrane and the submembranous actin cortex. The tension is sensed by the
mechanosensitive ion channels Piezol and 2 that have recently received particularly high attention in
research [3—6]. While Piezo2 is more relevant in neuronal cells, Piezol appears to be the
predominant variant in many other cell types, such as endothelial, epithelial or immune cells [5].
Mechanical activation leads to opening of the channel and cation influx, which in turn leads to
membrane depolarization due to sodium influx and several signaling events dependent on the influx
of calcium. In this way, Piezol regulates physiological and pathological responses such as vascular
development [7,8], blood pressure regulation [9], red blood cell volume regulation [10] and immune
cell migration [11]. Piezol is also critically involved in epithelial homc ~stasis [12], ventilator-induced
lung injury [13] and regulation of surfactant production [14]. Furttearn are, it has been described that
mechanical stretch triggers rapid epithelial cell division via Piezo. "17%]. In vitro research on Piezol
has been facilitated by the small molecule Yodal (2-[5-[[(2,6-cichlorophenyl)methyl]thio]-1,3,4-
thiadiazol-2-yllpyrazine), which activates Piezol but not PiezuZ [16], and the Piezol inhibitor
salvianolic acid B (SalB) [17].

Piezol-mediated cell signaling occurs at multiple levels ai. - can result in transcriptional responses
and posttranslational effects on proteins. Limitz2 proteolysis is a critical posttranslational
modification controlling effector functions of pro.2ns On the cell surface, proteolytically active
members of the a disintegrin and metalloprotein.. 2 (ADAM) family control the function of cytokines,
adhesion molecules, receptors and growt’i fectors. ADAM10 and the closely related protease
ADAM17 are the two best-studied members L the ADAM protease family. They cleave several types
of surface molecules at an extracellular s:*e proximal to the cell membrane resulting in the release of
a soluble ectodomain [18,19]. This pr~-ass has been termed shedding. Important substrates for
ADAM10 are Notch, cadherins and the grovth factor betacellulin [20]. The related protease ADAM17
is well known to cleave the proinflani.matory cytokine TNF, but also contributes to the shedding of
many other substrates including the ;rowth factor amphiregulin (AREG) and the junctional adhesion
molecule A (JAM-A) [20-22]. Duv= 1. these cleavage events, both proteases are critically implicated in
development, inflammatory r~spoi.;es and malignant diseases.

Since ADAM10 and ADAN (17 »>re essential regulators of critical surface proteins, their activity is
tightly controlled. Thi, «~n c_cur at multiple levels involving gene induction, intracellular protein
maturation, trafficking to t ie surface, conformational changes, lysosomal degradation or inhibitor
interaction. Several posttranslational pathways promote the rapid increase in ADAM10 or ADAM17
activity [19,23]. Stimulation with the ionophore ionomycin (lono) predominantly activates ADAM10
while stimulation with the protein kinase C (PKC) activator phorbol 12-myristate 13-acetate (PMA)
preferentially enhances ADAM17 activity [24,25]. Besides these chemical activators, also
physiological stimuli have been identified including ligands for G-protein-coupled receptors, toll-like
receptors or ion channels. Signaling of endothelial cell expressed Piezol has been found to activate
ADAM10 in response to shear stress [26]. So far, functional consequences of this activation have only
been reported for endothelial cell expressed Notchl, which is cleaved by ADAM10 and then
regulates transcription via its cell associated cleavage fragment [26].

In the present study, we provide novel evidence linking the stretch-induced activation of lung
epithelial cells via Piezol to the activation of both metalloproteinases ADAM10 and ADAM17. Our
investigations include several lines of evidence using the cultured alveolar epithelial cell line (H441),
primary human lung epithelial cells and a murine ex vivo model in which the role of Piezol was
studied by mechanical or chemical activation, inhibition or knockdown. We found that Piezol-
mediated cell activation results in ADAM10- and ADAM17-dependent release of the epithelial growth
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factor AREG and the junctional adhesion molecule JAM-A in vitro and ex vivo. The identified
Piezo1/ADAM10/17 axis may contribute to epithelial permeability regulation via disassembly of cell
junctions as well as to repair functions via release of epithelial growth factors.

2 Methods
2.1 Materials

Phorbol-12-myristat-13-acetat (PMA) and ionomycin (lono) were purchased from Sigma-Aldrich
(Steinheim, DE). TNF-alpha-Protease Inhibitor 1 (TAPI1) and GSK1016790A (GSK) was from
Selleckchem (Houston, USA). GI254023X (GI) was from GlaxoSmithKline (Brentford, UK). Yodal and
BIM2 was from Tocris (Minneapolis, USA). Salvianolic acid B (SalB) was from MedChemExpress
(Monmouth Junction, USA). For antibodies used in this study, see the respective method sections.

2.1 Murine and human tissue

Ex vivo experiments with isolated perfused murine lungs of femc.'e C57BL/6N mice (20-25 g) were
approved by the Institute for Laboratory Animal Science and Fxpe.‘mental Surgery, Medical Faculty,
RWTH Aachen University and performed according to the Dii=.ive 2010/63/EU of the European
Parliament. Human tumour-free lung tissue was obtained €-0..> patients undergoing lobectomy due
to cancer. The study was performed according to the L »clar ition of Helsinki and approved by the
local ethics committee (EK 61/09) [27].

2.3 Cell isolation and culture (cell lines, prima= c." isolation)

The human adenocarcinoma-derived epitr.olini lung cell line NCI-H441 (ATCC [HTB-174™]) was
cultured in RPMI medium (PAN-Biotech GmBH, Aidenbach, DE) with 10 % FCS (PAN-Biotech GmBH)
and 1 % Penicillin/Streptomycin (Sigma-Aic-ich). Human primary epithelial lung cells were isolated
using the Multi tissue dissociation kit 1 frur.. Miltenyi Biotec (Bergisch Gladbach, DE). Small pieces (2-
4 mm) of tissue were transferred in’.c a C cube (Miltenyi Biotec) containing the dissociation enzyme
mix. Afterwards, the tissue was J'ssociated using the gentleMACS™ Octo Dissociator (Miltenyi
Biotec). Samples were further | -ocessed by several centrifugation steps and the use of MACS
SmartStrainers from Miltenvi a.cording to the manufacturer. Subsequently, fibroblasts were
depleted using CD90 Microhea's (130-096-253, Miltenyi Biotec) and epithelial cells were purified
using CD326 (EpCAM) M crok 2ads (130-061-101, Miltenyi Biotec) following the manufacturer’s
protocol. Selected celis v.~re cultured in cell culture flasks (Greiner bio-one, Kremsmiinster, AUT)
coated with a coating soli”,on containing 0.01 mg/ml Fibronectin (PromocCell, Heidelberg, DE) and
0.03 mg/ml collagen type 1 (Sigma-Aldrich) in PBS (Sigma-Aldrich). Small Airway Epithelial Cell
Growth Medium from PromoCell was used as growth medium. Validation of cell type purity was
done by flow cytometric analysis (see according chapter).

2.4 Substrate transfection and shedding assay

Activity assays with overexpressed substrates coupled to alkaline phosphatase (AP) were used to
measure the relative shedding activation of the metalloproteinases ADAM10 and ADAM17. AP-
coupled Betacellulin (BTC) served as a substrate for ADAM10 and AP-coupled transforming growth
factor a (TGFa) for ADAM17. In essence, 1 x 10> H441cells were seeded in 24-wells. Transient
transfection with a pcDNA 3.1 plasmid, encoding for TGFa-AP or BTC-AP was performed with
Lipofectamine 3000 (Thermo, Waltham, USA) according to the manufacturer’s protocol
(Lipofectamine™ Reagent protocol). After 24 h, cells were washed, and fresh complete cell culture
medium was added. After another 24 h, cells were treated with activators or inhibitors, or stretched
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as indicated. The shedding activity was determined by measuring the AP activity in the cell lysates
and supernatant (lysis buffer: 50 mM Tris; 137 mM NaCl; 2 mM EDTA; 10 mM 1,10-phenanthroline; 1
% Triton X-100; pH 7.5). The AP activity was continuously measured at 405 nm with a microplate
reader SpectraMax iD3 (Molecular Devices, San Jose, USA) by adding p-Nitrophenyl phosphate
(PNPP) solution (Thermo). Then, the slope (change of absorption at 405 nm/s) was calculated. The
amount of ADAM10 and ADAM17 activity was calculated as PNPP substrate turnover (AP activity) in
the supernatant in relation to the total turnover in supernatant plus cell lysate.

2.5 Lentiviral transduction

Lentiviral transduction of short hairpin RNA (shRNA) was performed with the MISSION® shRNA
system from Sigma-Aldrich as described before [28]. For Piezol knockdown the pLKO.1-puro plasmid
TRC number 0000141714 (sequence: GCTGCTCTGCTACTTCATCAT) *vas used. The pLKO.1-puro non-
mammalian shRNA control plasmid DNA (SHC002) served as contro!. “or production of recombinant
lentiviruses, HEK293T cells in a 25 cm cell culture dish were cotrar,tec*ea with 12.5 pg of the specific
pLKO.1-puro plasmid, 8.13 pg of psPAX2 (plasmid 12260, Addgene, ‘A= ertown, USA) and 4.375 ug of
pPMD2.G (plasmid 12259, Addgene) using 50 pl jetPEI® )NA transfection reagent (Polyplus-
transfection, Illkirch France). Medium was changed after 24 ! . anu lentivirus containing supernatants
were harvested after another 48 h. Ultracentrifugation at oC OuJ x g for 2 h was used to concentrate
lentiviral particles 500-times. Finally, the pellet was resu ne'.ded in PBS (Sigma-Aldrich). Lentivirus
concentrate (5 ul) was added to 0.5 x 10° cells in 2 ml cu cure nedium supplemented with polybrene
(4 pg/ml, Sigma-Aldrich). Selection was done with p irc eycin dihydrochloride (Sigma Aldrich).

2.6 Piezol- Western blotting

Knockdown and control cells were harve<ted and counted. 1 x 10° cells were lysed with 250 pl RIPA
buffer (10 mM Tris buffer (pH 8.0), 14”™ mn: NaCl, 1 mM EDTA, 0.1 % sodium deoxycholate, 0.1 %
SDS, 1 % Triton X-100, 1 mM PMSF, 8 mM B-mercaptoethanol and cOmplete protease inhibitor
cocktail) for 1 h at 4 °C. Samples w 2re ~entrifuged at 16,000 x g for 20 min at 4°C. 15 pl lysate was
mixed with 5 pl reducing loading Lufte - (200 mM Tris-HCI (pH 6.8), 8 % (w/v) SDS, 40 % glycerol, 16 %
(v/v) B-mercaptoethanol, 400 ~N. DTT and 0.01 % (w/v) bromophenol blue). Samples were
separated by SDS-PAGE in a « 15 % Mini-PROEAN TGX stain-free gel (Bio-Rad, Hercules, USA), and
transferred to polyvinylicene difluoride (PVDF) membranes (Millipore, Immobilon-FL, Sigma).
Membranes were blocke.' using 5% (w/v) non-fat dry milk in TBST (50 mM Tris, 150 mM NaCl, 0.1 %
Tween, pH 7.4) for 20 min at room temperature. Primary antibodies (mouse anti-Piezo1 (1:1,000),
Thermo, MA5-32876, clone 2- 10; mouse anti-Transferrin receptor 1 (1:1,000), Thermo, 13-6800,
clone H68.4) diluted in TBST with 1 % (w/v) bovine serum albumin (BSA, AppliChem GmbH,
Darmstadt, DE) were incubated overnight at 4 °C. Membranes were washed three times with TBST,
followed by incubation with the secondary antibody (DyLight-680-conjugated anti-mouse (1:20,000),
Thermo (35519); horse radish peroxidase (HRP)-conjugated anti-mouse (1:20,0000) from Jackson
ImmunoResearch Laboratories, Inc (115-036-003, Pennsylvania, USA) for 1 h at room temperature.
After washing once with TBST and two times with TBS proteins were detected using Odyssey 9120
imager system (LI-COR) and the ChemiDoc MP Imaging System (Bio-Rad). The band intensities were
measured with the software Image studio Lite Version 5.2 (LI-COR, Lincoln, U.S.A.).

2.7 Quantitative PCR (qPCR)

The mRNA expression levels were measured by quantitative PCR and normalised to the mRNA
expression levels of the chosen reference genes. TATA-binding protein (TBP) and DNA topoisomerase
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| (TOP1) were identified as suitable reference genes using CFX Maestro Software 1.1 (Bio-Rad). RNA
was extracted with the RNeasy Kit (Qiagen, Hilden, Germany) and was quantified photometrically
(NanoDrop, Peglab, Erlangen, Germany). RNA was reverse transcribed using PrimeScript™ RT
Reagent Kit (Takara Bio Europe, St-Germain-en-Laye, France) according to manufacturers’ protocols.
PCR reactions were then performed in duplicates of 10 pl volume containing 1 ul of cDNA template, 5
ul iTaq Universal SYBR Green Supermix (Bio-Rad), 3 pl H,0 and 0.5 pl forward and reverse primer. A
list of all used primers and corresponding annealing temperatures is presented in Supplementary
Table 1. All PCR reactions were run on a the CFX Connect Real-Time PCR Detection System (Bio-Rad)
using following protocol: 40 cycles of 10 s denaturation at 95 °C, followed by 10 s annealing at the
listed temperatures and 15 s amplification at 72 °C. We utilised the LinRegPCR version 2020.0
software to determine the efficiency from the uncorrected RFU values [29]. Relative quantification
was performed with the CFX Maestro Software 1.1 (Bio-Rad).

2.8 ELISA

Supernatants of stimulated cells were harvested and cleared "rom cell debris by centrifugation
(5 min, 4 °C; 16 000 g). Released soluble JAM-A (JAM-A ELISA ki.. SinoBiological, Beijing, China) or
amphiregulin (Human Amphiregulin DuoSet ELISA, R&D Syst :n.> Miinneapolis, USA) were quantified
per ELISA as recommended by the manufacturers. As substraic for the chromogenic reaction the BM
Blue POD substrate (Roche, Basel, Switzerland) was used.

2.9 Immunocytochemistry and immunofluorc sc.n7.e microscopy analysis

Cells grown on glass coverslips were fixed *vith ice-cold methanol for 3 min. Afterwards they were
dried and directly used for staining or stored a. 4 °C for no longer than 7 days. Samples were blocked
for 30 minutes at room temperature w.*h 5 % (w/v) BSA (SERVA, Heidelberg, Germany) in PBS.
Primary and secondary antibodies we e Yiluced in 1 % BSA (w/v) in PBS and incubated with the
sample at room temperature for 1 h eacl with a washing step in PBS between primary and secondary
antibody. Samples were mounted - n gi.ss slides with Mowiol (Carl Roth, Karlsruhe, Germany). Rat
monoclonal DECMA-1 antibody «_ains. E-cadherin from Sigma Aldrich (U3254) was used in dilution
of 1:200 and mouse monoclona: ~ntibody against JAM-A from Hycult Biotech (HM2099-100UG) in
dilution of 1:100. Alexa F!''or 738-conjugated secondary mouse (A-11029) and 555-conjugated
secondary rat (A-21434) ai tibolies were from Invitrogen and diluted in concentrations of 1:1000 and
1:500, respectively. Nuci.i were stained with Hoechst 33342 from Thermo Fisher Scientific.
Microscopy analysis was f ~formed with an Axio Imager M2, equipped with an Apotome.2 and using
an AxioCam 305 camera, filter sets 38,43 and 49, a HXP 120 C as light source and a Plan-Apochromat
20x/0.8 DIC objective (Carl Zeiss, Jena, DE). Images were processed using Zen 3.3 blue edition (Carl
Zeiss) and Imagel) open source software (National Institutes of Health, Bethesda, MD, USA). For
relative quantification of the apparent adhesion width, 5 fields of view were selected and the width
of 20 cell-cell adhesions was measured per field of view. Finally, the adhesion width was given as the
mean value from the 100 measured cell-cell adhesions. The number of cells per field of view was
guantified counting the cell nuclei.

2.10 Stretching chambers and mechanical stretching

Elastic stretching chambers were prepared of cross-linked polydimethylsiloxane (PDMS, Sylgard 184,
weight ratio 10:1, 20:1, 40:1 or 50:1 base to cross-linker) as described before [30]. PDMS was
carefully poured into chamber molds and cross-linked for 16 h at 60 °C. Produced chambers
exhibited a Young’s modulus of either 15, 50, 500 or 1200 kPa. Chambers were sterilised with 2-
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propanol (Carl Roth GmBH + Co. KG) and then coated for 0.5 h with Collagen G (Sigma Aldrich) in PBS
in a ratio of 1:100. Then, 1.25 x 10° cells/cm? were seeded on each PDMS chamber in presence of
500 pL RPMI medium. A custom-made stretcher 6X device with a linear stepper motor (MT63,
Steinmeyer Mechatronik GmbH, Dresden, Germany) was used as described before [31,32]. Chambers
were fixed into the stretching device and pre-stretched to evade sagging of the chamber. The
stretcher device, together with unstretched control samples were placed in the incubator at 37 °C.
An associated program allowed us to individually set stretch amplitudes and times. Stretch
amplitudes were increased stepwise by 10 % up to a maximum of 40 % every 15 or 60 min,
depending on the experiment (Fig. 5b, c).

2.11 Isolated perfused murine lungs

Lungs were prepared from sacrificed mice as described [33]. For a baseline lungs were ventilated for
15 min with a respiratory rate of 90 breaths per minute, an end-ii s»iratory pressure of -8 cm H,0
and an end-expiratory pressure of -3 cm H,0, resulting in a tidal vo!''mc of ~250 ul. Afterwards, mice
were either treated intratracheally with 50 pl containing SalB (00 ;\M) or DMSO as control and
normal ventilation was continued for 30 min. Subsequently, rricc received high-pressure ventilation
with an end-inspiratory pressure of -22.5 cm H,0 and an =1.7-e piratory pressure of -3 cm H,0,
resulting in a tidal volume of ~500 pl for 3 h. Perfusion of pun. anary vasculature was performed with
perfusing buffer containing polysuccinated bovine gelatir. anu various supplements including sodium
phosphate and sodium hydrogen carbonate as described he  re [34].

2.12 Flow cytometric analysis

Cells isolated from human lungs were stai: ad .gainst human Fibroblast (PE, 130-100-137), human
CD326 (EpCAM) (APC, 130-111-117) and CD31 MioBlue®, 130-117-227) from Miltenyi Biotec. Isotyp
VioBLue (130-113-454), Isotyp PE (130-1.2-450) and Isotyp APC (130-113-446) from Miltenyi Biotec
(Bergisch Gladbach, DE) were used as co trois. The staining procedure was done according to the
manufacturer’s protocol. The fluoresren e signal was measured by flow cytometry (LRS Fortessa, BD
Biosciences, Heidelberg, DE) and arlyse ! with FlowJo 10.2 software (Tree Star, Inc., Ashland, USA).

2.13 Statistics

Quantitative data are givin as mean plus standard deviation (SD) calculated from a minimum of
three independent expe:ments. Statistics were performed using the generalised mixed model
analysis (PROC GLIMMIX, €4S 9.4, SAS Institute Inc., Cary, North Carolina, USA) and assumed to be
from either normal, beta or lognormal distribution with the day of experiment conduction as random
to assess differences in the size of treatment effects across the results. Residual plots and the
Shapiro-Wilk test were used as diagnostics. If heteroscedasticity was given (according to the covtest
statement) the degrees of freedom were attuned by the Kenward-Roger approximation. All p-values
were adjusted for multiple comparisons by the false discovery rate (FDR). Normalised data of the
experiments with primary human lung epithelial cells was analysed using an one sample t-test
against the hypothetical value of 1 (GraphPad Prism 8, GraphPad Software, La Jolla, USA). ECs, values
were calculated using GraphPad Prism 8 (GraphPad Software, La Jolla, USA), in which a dose-
response curve was fitted. For immunofluorescence images, the mean values of each independent
experiment were determined from 5 quantified images and then taken as basis for statistical
analysis. All p-values < 0.05 were considered significant.



3 Results

3.1 The Piezol activator Yodal promotes ADAM10- and ADAM17-specific substrate cleavage in
epithelial cells.

Piezol has been shown to play an important role in sensation of different mechanical stimuli in a
variety of cell types [6,35]. Previous studies demonstrated that ADAM10 can be activated by the
small molecule activator of Piezol, Yodal, in endothelial cells [26]. We wondered whether this is also
the case in epithelial cells and whether ADAM17, another important metalloproteinase, can also be
activated by Yodal. To measure the relative shedding activity of ADAM10 and ADAM17 we used
activity assays with overexpressed substrates coupled to alkaline phosphatase (AP) (Fig. 1a). Human
lung epithelial H441 cells were transiently transfected with the ADAM10 substrate BTC-AP and the
ADAM17 substrate TGFa-AP. They were then stimulated with different concentrations of Yodal.
ADAM10 shedding activity was significantly increased at a concentration of 3 UM Yodal with a half
maximal effective concentration (ECsq) of 14.5 uM. Of note, ADAM17 was substantially more
sensitive to Yodal than ADAM10 with an ECs, of 1.5 uM Yodal (Fig. 2., c).

Next, we examined different time points of ADAM activation to 'eter nine adequate conditions for
further experiments. We could detect a significant increase i1 ~hedding activity of ADAM10 and
ADAM17 already after 30 min of Yodal stimulation (Fig. 1d e, Tc illustrate the relative changes in
shedding activity, we additionally plotted the data normalisc to the corresponding control (Suppl.
Fig. 1). Induction of ADAM10 activity was strongest at 1 h ana 1.5 h with a, 6-/ or 5-fold increase, and
decreased after 2 h. In contrast, relative increase of sheddir._ activity of ADAM17 stayed constant.

For further experiments, we chose to stimulate H .41 cells with 10 uM Yodal for 1.5 h. To
additionally validate the ADAM specificity of the Yoa.? induced effect, we preincubated cells with Gl
or TAPI1, which are inhibitors for ADAM10 -....! ACAM17, respectively [36]. Then, H441 cells were
treated with Yodal, DMSO (negative cont.nl) PMA or ionomycin. PMA and ionomycin served as
positive controls for selective activation of eitr.or ADAM17 or ADAM10, respectively (the selectivity
of both controls was again demonstrated ..~ Suppl. Fig. 2). In contrast to PMA and ionomycin, Yodal-
induced activation of both ADAM10 an 4 #2>4M17. Yodal-induced shedding of ADAM10 and ADAM17
substrates was significantly suppresc=d "~ the corresponding inhibitors, giving further evidence of
the ADAM specificity (Fig. 1f, g).

Since Yodal and PMA both promo.~ ADAM17 activation we next asked for possible differences in the
activation pathway. Since pretein “inase C isoforms are well known to be activated by PMA and by
intracellular free calcium, ..~ 1.cxt applied the pan-specific protein kinase C inhibitor BIM2. As
described earlier, BIM? ca~ supress PMA-induced ADAM17 activation (Suppl. Fig. 3). By contrast,
Yodal induced ADAM17 activation is not affected by the inhibition of PKCs. Thus, partially
overlapping but also disti~.c signalling events contribute to ADAM17 activation in response to PMA
on the one hand and Yodal on the other.

Together, these findings suggest that activation of Piezol via the small molecule Yodal increases the
shedding activity of ADAM10 not only in endothelial, as previously reported [26], but also in
epithelial cells. Additionally, our data demonstrate for the first time that also the shedding activity of
ADAM17 can be induced by Yodal.
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Figure 1: Yodal induces ADAM10- and ADAM17-specific substrate cleavage in the lung epithelial cell line H441.
Experimental setup to test the hypothesis whether Yodal stimulates ADAM10 and ADAM17 shedding (a). H441
cells were transfected to express specific substrates for ADAM10 and ADAM17 coupled to alkaline phosphatase
(AP). BTC was used as a substrate for ADAM10 and TGFa for ADAM17. lonomycin and PMA were used as
established and specific activators for ADAM10 and ADAM17, respectively. To specifically inhibit ADAMs, cells
were pretreated with Gl or TAPI (a). Subsequently, cells were stimulated with the indicated concentrations of
Yodal for 1.5 h (b, c) or a fixed concentration of 10 uM for different time periods (d, e) before the shedding
activity of ADAM10 (b, d) and ADAM17 (c, e) was determined. ADAM specificity was tested by pretreating cells
with ADAM specific inhibitors GI (10 uM) (f) and TAPI1 (40 uM) (g) for 30 min and subsequently stimulating cells
for 1.5 h with Yodal (10 uM) or with ionomycin (1 uM) for ADAM10 activation or PMA (100 nM) for ADAM17
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activation. Afterward, ADAM10 and ADAM17 substrate cleavage was measured. Quantitative data are shown
as mean + SD of at least three independent experiments. Statistical differences to the control are indicated by
asterisks (* p < .05, ** p <.01, *** p <.001) and differences between the treatments are indicated by hashes (#
p <.05, ## p < .01, ### p <.001).

3.2 Yodal promotes ADAM10 and ADAM17 activity via Piezo1

To further investigate the role of Piezol, we generated Piezol knockdown cells by transducing H441
cells with a lentivirus coding for shRNA against Piezol or untargeted control shRNA. The knockdown
was confirmed at the protein level by western blot and at the mRNA level by qPCR (Fig. 2a-c, Suppl.
Fig. 4). Cells were treated for 1.5 h with Yodal, DMSO (negative control) or PMA / ionomycin
(positive controls). ADAM activity was then measured using the activity assays described above. We
found that, the Yodal-induced ADAM10 and ADAM17 activation was significantly reduced by the
Piezol knockdown. In contrast, the increased ADAM10 and ADAM1 7 activities induced by ionomycin
or PMA, respectively, was not influenced by the Piezol knockdown ‘Fig. 2d, e). Together, these
results prove that the Yodal-induced activation of ADAM10 and A YAM 7 is dependent on Piezol.
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Figure 2: Yodal-induced activation of ADAM proteases is dependent on Piezol. The involvement of Piezol
was studied by a shRNA-mediated knockdown of Piezol. Untargeted shRNA served as control. The knockdown
was validated via western blot (a, b, for uncropped western blot see Suppl. Fig. 4) and qPCR (c). Piezo1l protein
expression is shown relative to the loading control TfR1 and was normalised to the respective shRNA control (b).
H441 cells with or without Piezol knockdown were stimulated with Yoda 1 (10 uM) or PMA (100 nM) or
ionomycin (1 uM) for 4 h. Subsequently, the shedding activity of ADAM10 (d) and ADAM17 (e) was tested via
activity assays with overexpressed substrates coupled to alkaline phosphatase (AP). Quantitative data are
shown as mean + SD of at least three independent experiments. Statistical differences to the control are
indicated by asterisks (* p <.05, ** p <.01, *** p <.001) and differences between the treatments are indicated
by hashes (# p < .05, ## p < .01, ### p <.001).
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3.3 Activation of Piezo1 induces shedding of amphiregulin in epithelial cells

Amphiregulin (AREG) is a prominent substrate of ADAM17. Given the importance of the ADAM17-
AREG axis in epithelial proliferation, resistance against apoptosis and tumour growth, we wondered
whether AREG expression and release in pulmonary epithelial cells could be influenced by the
activation of Piezol [37,38]. We stimulated H441 cells with Yodal and measured mRNA expression
and release of soluble AREG via qPCR and ELISA, respectively. As expected, chemical activation of
Piezo1l in epithelial lung cells led to an enhanced AREG release (Fig. 3a). This is in line with our finding
that ADAM17 shedding activity is increased after Piezo1l activation. Intriguingly, the enhanced AREG
release increased rapidly after 4 h stimulation. The mRNA expression of AREG was upregulated after
1 h of Yodal stimulation and increased gradually over time (Fig. 3b). Thus, activation of Piezol not
only stimulates AREG shedding but also upregulates AREG gene expression at the transcriptional
level leading to further increase of total AREG release. In contrast, only minor changes in gene
expression of ADAM10 and ADAM17 were observed after Yodal stimulation (Suppl. Fig. 5).

To determine the role of ADAM17 in this process, we stimulated H4-" cells with Yodal and PMA. In
both instances, AREG release was significantly enhanced and co'.la ~e suppressed by inhibition of
ADAM17 with TAPI1, validating the critical involvement of ADAM_7 /fig. 3c). In Piezol knockdown
cells, AREG release was strongly suppressed in comparison tc con rol cells (Fig. 3d). Thus, chemical
activation of Piezol in epithelial lung cells enhances exprc:sion and subsequent release of AREG.
Again, this is associated with a Piezol-dependent increase o. ALAM17 activity.

In a subsequent experiment we asked whether a pulse n1 “"»dal stimulation would be sufficient to
induce activation of AREG shedding. We exposed ce!'z to Yodal for 5 min, replaced the medium and
then continued incubation without Yodal for 4 h. = i/ of Yodal exposure clearly increased AREG
release even after removal of Yodal (Suppl. Fiz. {\. The data suggest that continuous stimulation of
Piezo1l is not necessary to maintain ADAM17 -me liated AREG release for up to 4 h.
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Figure 3: Piezol-dependent activation of amphiregulin shedding as a substrate of ADAM17 in H441 epithelial
cells. H441 cells were stimulated with Yodal or corresponding control for 0.5 h, 1 h, 1.5 h, 2 h, 4 h or 8 h.
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Amphiregulin (AREG) release into the supernatant was measured by ELISA (a) and relative gene expression was
analysed by qPCR (b). H441 cells were treated with or without the ADAM17 inhibitor TAPI1 (40 uM),
subsequently stimulated with Yodal (10 uM) or PMA (100 nM) or left unstimulated for 4h and finally
investigated for AREG release (c). Piezol knockdown and control cells were treated 4 h with Yodal (10 uM) or
PMA (100 nM) for 4 h after which the AREG release was measured (d). Quantitative data are shown as mean +
SD of at least three independent experiments. Statistical differences to the control are indicated by asterisks (* p
<.05, **p <.01, *** p <.001) and differences between the treatments are indicated by hashes (#p < .05, ##p <
.01, ### p < .001).

3.4 Piezo1 reduces epithelial cell junctions by inducing JAM-A shedding

Stability of cell junctions in epithelial monolayers has been shown to be crucial for the maintenance
of epithelial cohesion and barrier function, and to balance cell proliferation processes. Prominent
examples of epithelial cell junction proteins are E-cadherin, which is found in adherens junctions, and
JAM-A, which is a component of tight junctions [39]. Both cell adhes.~n molecules are well known
substrates of ADAM proteases. While E-cadherin cleavage is mecu’ated by ADAM10, JAM-A is
predominantly shed by ADAM17 and to a lesser extent by ADA".1 22,40]. Given that E-cadherin as
well as JAM-A are substrates of ADAM proteases, we wante .~ test whether Yodal-induced ADAM
activation might influence cell junctions. Therefore, H441 celis *vere stimulated with Yodal for 2, 4 or
8 h and thereafter stained for E-cadherin and JAM-A. Fe- boti E-cadherin and JAM-A, the integrated
fluorescence density was reduced after 4 h Yodal treatm 2nu ' comparison to the control conditions,
however this reduction was only significant for JAM-A (Fig. 4a-c). This effect on JAM-A became even
more pronounced with a longer incubation peri d >f sh (Suppl. Fig. 7). Considering the different
sensitivity of both substrates JAM-A and E-.a hein for ADAM17 and ADAM10, respectively, this
finding may indicate that ADAM17 activity is '0" egulated more prominently than ADAM10 activity. In
contrast to AREG, gene expression of JAM-A and E-cadherin, were not increased after Yodal
stimulation over time (Suppl. Fig. 8). Tn ru'=e out effects on proliferation or cell death during this
period of time cell counting and cell de 2sity .neasurements were performed and did not indicate any
changes (Fig. 4d, Suppl. Fig. 9). Add’acany, cell morphology seemed to be altered and stained cell-
cell adhesions were reduced to . ti.’nner line after Yodal treatment (Fig. 4e). This indicates that
Piezol stimulation might lead t~ a . ~duction of cell junction area induced by the increased shedding
of JAM-A and possibly also E-.~dheiin by ADAM proteases.

To verify these results, we fun'her measured the amount of shed JAM-A by ELISA. In line with the
immunofluorescence stan.’ng, JAM-A shedding was significantly increased with Yodal. As expected,
these effects could be ab~'.shed by TAPI1, and to some degree by Gl (Fig. 4f). Overall, activation of
Piezol induces downregulation of JAM-A and potentially also E-cadherin at epithelial cell junctions by
proteolytic shedding via ADAM proteases.
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Figure 4: Piezol1 activation leads to the shedding of cell-cell junction molecules, E-cadherin and JAM-A. H441
cells were stimulated with Yodal (10 uM) or DMSO as control for 4 h and subsequently stained for JAM-A and E-
cadherin. Data are shown as representative single immunofluorescence images in inverted scale and double
fluorescence images with nuclear staining via DAPI (a) and quantification of fluorescence (b, c). The number of
cells per field of view was quantified counting the cell nuclei (d). Five fields of view for each of three
independent experiments were analysed. Apparent adhesion width was measured for 100 cell-cell adhesions for
each independent experiment (e). JAM-A release of H441 cells treated with or without TAPI1 (40 uM) or Gl (10
uM), and subsequently stimulated for 4 h with Yodal (10 uM) or PMA (100 nM), was measured by ELISA (f).
Quantitative data are shown as mean + SD of at least three independent experiments. Statistical differences to
the control are indicated by asterisks (* p < .05, ** p < .01, *** p < .001) and differences between the
treatments are indicated by hashes (# p < .05, ## p <.01, ### p < .001). Scale bars represent 80 uM and 20 uM
in zoom pictures.
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3.5 Mechanical stretching promotes ADAM17 activity via Piezol

Alveolar epithelial cells are subjected to stretching due to alveolar inflation. Previous research has
shown that epithelial stretch can trigger Ca®" influx through Piezol [14,41]. Therefore, we utilised a
stretching device that allowed us to cultivate H441 cells on flexible chambers made of cross-linked
PDMS and to stretch them with defined amplitudes [32] (Fig. 5a). Stretching with increasing
amplitudes for 1.5 h led to a significantly enhanced shedding activity of ADAM17 in H441 control cells
as determined by the cleavage of the overexpressed ADAM17 substrate. This response was
significantly reduced in Piezol knockdown cells (Fig. 5b). We also determined the AREG release by
ELISA. The amount of released AREG was significantly increased after stretch (Fig. 5c). Interestingly,
AREG release was only slightly promoted when cells on the PDMS membrane were stimulated with
Yodal instead of stretching. This is in contrast to the results obtained in Yodal-simulated cells that
were grown on normal plastic dishes. gPCR measurements revealed that relative gene expression of
AREG in cells on PDMS membranes could not be increased by stretch or by Yodal (Fig. 5d). Without
upregulation of AREG expression Yodal stimulation can induce c-iy a smaller increase of AREG
release. Gene expression of Piezol and ADAM17 was not chang~ v ' stretch (Suppl. Fig. 10). A
possible explanation for the mitigated mRNA induction and relea ‘e ot AREG in H441 cells grown on
PDMS is the change in substrate stiffness or surface chemistr . 1. accordance, H441 cells grown on
PDMS with varying stiffness showed a drastically suppresse ! » RF7, release and mRNA induction by
Yoda 1 in comparison to cells grown on cell culture plastic (1. 5e, f) whereas mRNA expression of
Piezol and ADAM17 as well as Piezol protein expressio® we, 2 only slightly affected, if at all (Suppl.
Fig. 11, 12).
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Figure 5: ADAM17 activation via Piezol can be induced by mechanical stretch in dependence to stiffness.
H441 cells were cultivated for 2 days on PDMS chambers (50 kPa)allowing uniaxial stretching with defined
amplitudes (a). H441 cells transduced to express control shRNA or Piezol shRNA, were stretched for 1.5 h
according to a stretch protocol (right) with increasing stretch amplitudes or stimulated with Yodal (10 uM) or
DMSO without stretching. The relative ADAM17 shedding activity was measured by an activity assay with an
overexpressed substrate (TGFa) coupled to alkaline phosphatase (AP) (b). The release and expression of
endogenous AREG from H441 cells, either stretched for 4 h according to a stretch protocol (right) or stimulated
with Yodal (10 uM) or DMSO without stretching, was measured by ELISA (c) or gPCR (d). H441 cells were
cultivated on PDMS gels exhibiting an elasticity of 15, 50, 500 or 1200 kPa or on plastic (1 GPa, control). Then,
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H441 cells were stimulated with Yodal (10 uM) or DMSO. Subsequently, AREG release was measured by ELISA
(e) and AREG mRNA expression via gPCR (f). Quantitative data are shown as mean + SD of at least three
independent experiments. Statistical differences to the control are indicated by asterisks (* p < .05, ** p < .01,
*** p <.001) and differences between the treatments are indicated by hashes (# p < .05, ## p < .01, ### p <
.001).

3.6 Induction and release of AREG in H441 and primary human lung cells can be suppressed by
Piezo1 inhibition

Recently, salvianolic acid B (SalB) was described as Piezo 1 inhibitor.[17]. To study SalB in our
experimental setup H441 cells were pre-treated with different concentrations of the inhibitor and
then stimulated with the Piezol agonist Yodal. Piezol-mediated increase of AREG shedding and
gene expression was significantly suppressed with a SalB concentration of 30 uM (Fig. 6a,b). More
profound reduction of AREG release and gene induction was seen with a high concentration of 300
UM SalB. Gene expression of ADAM17 and Piezol was not inti.°nced by SalB (Fig. 6c, d).
Furthermore, PMA-induced AREG release was not supressed by S1IB 1 dicating that the inhibition of
the Yodal-induced response was in fact due to Piezol inhib’.:~n und not to an off-target effect
(Suppl. Fig. 13). To investigate whether these processes wol'd al;o occur in a more physiological
setting, we isolated primary epithelial cells from human lun,s. After cell type separation, the purity
was validated by flow cytometry, showing that over 90 % ot .elis were positive for the epithelial cell
marker CD326 (Suppl. Fig. 14). Also, in primary epithelial .~!is there was an increased AREG release
upon stimulation with PMA or upon Piezol stimula*io.1 with Yodal. As expected, both responses
could again be suppressed by the ADAM17 inhibitoi T4P 1. By contrast, the Piezol inhibitor SalB only
reduced AREG release induced by Yodal but nc* that induced by PMA (Fig. 6e). These data again
confirm that SalB suppresses Piezol-medir.ed responses but has no unspecific effects on AREG
release. For comparison, we analysed the ‘'anscriptional regulation of AREG revealing a slight
increase by Yodal and even a reductior. hy PMA treatment (Fig. 6f). Overall, these findings indicate
that AREG is constitutively expressed in hui.>an primary lung epithelial cells and that its release can
be enhanced by Piezol-mediated ADAI 17.7 activation.
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Figure 6: SalB can inhibit the Yodal-induced induction and release of AREG in H441 and primary human lung
cells. H441 epithelial cells were incubated with the Piezo1 inhibitor SalB at increasing concentrations for 60 min
and subsequently stimulated with Yodal (10 uM) for 4 h. AREG release was measured via ELISA (a). The relative
gene expression of AREG, ADAM17 and Piezol was measured via qPCR (b, ¢, d). Human primary epithelial lung
cells were incubated with SalB (300 uM) and TAPI1 (40 uM) or left untreated for 4 h. Subsequently, cells were
left unstimulated or stimulated with the indicated concentrations of Yodal or PMA. AREG release and gene
induction were measured by ELISA (e) and qPCR (f). Quantitative data are shown as mean + SD of at least three
independent experiments. Statistical differences to the control without inhibitors are indicated by asterisks (* p
<.05 **p <.01, *** p <.001). In a-d hashes (# p < .05, ## p < .01, ### p < .001) indicate the statistical
difference to Yodal stimulation and in e-f hashes show the differences between the treatments.

3.7 High pressure ventilation promotes alveolar AREG release ex vivo

Mechanical activation of Piezol in the lung may play a role in high pressure ventilation, which can
promote the development of acute respiratory distress syndrome (ARDS) [42]. Therefore, we
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performed experiments in the isolated perfused lung (IPL) applying high pressure ventilation to
murine lungs (Fig. 7a). Previous studies had shown increased gene expression of AREG after high
pressure ventilation in an IPL system [43]. We therefore wanted to test, whether this effect might be
initially induced by Piezol activation and would also influence the alveolar release of AREG. Normal
non-ventilated lungs were compared to high pressure ventilated lungs that had been intratracheally
pre-treated with or without the Piezol inhibitor SalB. On the gene expression level we could confirm
the induced mRNA expression of AREG upon high pressure ventilation (Suppl. Fig. 15). However, this
was not significantly affected by the pretreatment with SalB. It is likely that many different cell types
in the lung tissue apart from epithelial cells can upregulate AREG mRNA expression. It is therefore
qguestionable whether an effect of SalB can be expected since the inhibitor was applied via the
airways to the epithelial layer only. To study the release of AREG from the alveolar lining cells more
locally, bronchoalveolar lavage fluid (BALF) was prepared and investigated for AREG levels.
Compared to non-ventilated lungs, high pressure ventilated lungs contained significantly more
released AREG. This response was suppressed by administration of falB (Fig. 7b). The alveolar release
of JAM-A was also increased after high pressure ventilation. This response was less pronounced, but
still significant and could be partially suppressed by Piezol inhib’cior. (Fig. 7c). Thus, the release of
the ADAM17 and ADAMI10 substrates, AREG and JAM-A, int~ 1.~ alveolar space of the lung is
enhanced by mechanical stimulation of epithelial cells via Piezc 1.
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Figure 7: Increased AREG and JAM-A release in high pressure ventilated murine lungs can be suppressed by
Piezo1 inhibition. Isolated perfused lung (IPL) experiments were performed in murine lungs (a). Isolated murine
lungs were either treated intratracheally with 50 ul containing SalB (300 uM) or DMSO as control and
subsequently ventilated with high pressure. Non-ventilated mice served as controls. Release of AREG (b) and
JAM-A (c) into the alveolar space was measured via ELISA of BAL fluids. Quantitative data are shown as mean +
SD of at least three independent experiments. Statistical differences to the non-ventilated control are indicated
by asterisks (* p <.05, ** p <.01, *** p <.001) and differences between the treatments are indicated by hashes
(#p<.05 ##p<.01, ### p <.001).
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4 Discussion

Piezo1l is a critical mechanoreceptor which is present in lung epithelial cells. Our study demonstrates
that mechanical activation of Piezol drives the activation of the metalloproteinases ADAM10 and
ADAM17 that are known to shed surface molecules relevant for inflammation, permeability control
and cell proliferation. Of the ADAM17 substrates, we investigated the consequences of Piezol
activation on the epithelial growth factor AREG in more detail. We could show that Piezo1l activation
induced both AREG gene expression and AREG shedding from the cell surface. In parallel, we found
that the constitutively expressed junctional molecule JAM-A is shed in response to Piezol activation
in an ADAM10/17-dependent manner. This is associated with a reduced presence of JAM-A in cell
junctions. Finally, we provide first evidence that the Piezol-ADAM10/17 pathway is induced during
high pressure ventilation of murine lungs.

Activation of Piezol promotes the activity of both metalloproteinases, ADAM10 and ADAM17. This
was evidenced by the use of selective substrates (TGFa and BTC) and by the use of protease
inhibitors allowing to discriminate the activities of both ADAMs. Of \.~te, ADAM17 is more potently
upregulated by activation of Piezol via Yoda-1 than ADAM10. Pir.zo. mediated ADAM10 activation
on endothelial cells has been described by a previous study in w.ic*, mechanical shear stress was
used as a stimulus [26]. We here demonstrate that also / DAN'17 is mechanically activated in
stretched epithelial cells via Piezol. As shown before, AC\Miu and ADAM17 can be specifically
activated on a posttranslational level by the chemical age.... io..omycin, a Ca** ionophore, and PMA,
a PKC activator, respectively [24,25]. Although this indic.*es chat the activation pathway for either
protease differs, chemical and mechanical activation b, Pic.ol and hence Piezol-dependent Ca**
influx seems to upregulate the activity of both prot 2a.e~. For now, we can only speculate about the
exact process how Piezol stimulation leads trn AL activation. It is known that increase of
intracellular calcium can induce phospholip’u .rar.'ocation in the plasma membrane by calcium-
dependent phospholipid scramblases. This 1 >su’cs in an exposure of phosphatidylserine on the outer
membrane leaflet [44]. This process has been a_sociated not only with increased apoptosis but also
with a transiently increased activation ot .\DAM17 [45,46]. It has been proposed that this activity
regulation is brought about by a confo ma.*~nal change of the protease on the cell surface [47]. It is
not yet clear whether ADAM10 is as ~~ns'*'ve to the phosphatidylserine exposure [44], but a reduced
sensitivity might explain why ADAN:10 is iess potently upregulated by Yodal. However, several other
mechanisms could also be involv "d. Tnis includes regulation of the proteases via adaptor proteins.
ADAM17 interacts with iRhom1 .~ z that are not only relevant for transport and maturation of the
protease but also for activitv r 7v'ation at the cell surface by intracellular phosphorylation [48]. We
could already show in a g evic us work that expression of iRhom1 can be mechanically induced by

shear stress in primary ~nuuchelial cells [49]. Additionaty—Calpains—have—been—deseribed—to—be
regulated-—by—caleivm—infly —throughPiezel[50]and-this—might-enhance-ADAM activation—{53}:

Moreover, Piezol activation can lead to ATP release via pannexin-1 in lung epithelial cells. The
released ATP could activate purinergic P2X or P2Y receptors in an auto- or paracrine fashion [14].
Interestingly, activation of ADAMs through P2X7 was already shown in keratinocytes where it led to
an increased migration [52]. Finally, it has been shown that Yodal can activate the extracellular
signal regulated kinase (ERK1/2) signalling [53], that in turn can stimulate ADAM17 activity [54].
Soluble AREG shed by ADAM17 can then again stimulate ERK signalling by binding to EGFR
(Epidermal Growth Factor Receptor), suggesting a possible feedback loop. However, it still needs to
be determined to what extent the discussed pathways contribute to Piezol induced activation of
ADAMs.

Notably, effect of the chemical activator Yodal on activation of both ADAMs is much stronger than
that of mechanical stretch. This may be explained by the sustained activation of all available Piezo1l
channels by the chemical activator compared to the spatiotemporal activation of only a few channels
localized at the membrane site exposed to mechanical force . Additionally, we observed differences
between Yodal-induced responses when cells were cultured on tissue culture plastic or PDMS
substrate. This substrate-dependent variation may be caused by the different involvement of
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adhesion contacts that are reported to be functionally connected to Piezol [55]. Furthermore,
increased ADAM shedding activity in response to stretch was only partially supressed by Piezol
knockdown, while Yodal-induced shedding activity was completely supressed. This could be due to
an incomplete knockdown of about 80 % or could hint to the involvement of other mechanosensing
mechanisms. While Piezol is probably one of the more relevant mechanoreceptors in lung epithelial
cells, these cells do not express the closely related Piezo2 which is predominantly found in
neuroexcitable cells [56,57]. However, also other surface molecules play a role for transmitting forces
and provoking cellular responses. This may include focal adhesions that contain integrins linking the
cells to the extracellular matrix (ECM). Of note, Piezol can be included in this integrin-mediated
mechanical stimulation by sensing forces within the cell membrane. Other ion channels such as
TRPV4 can also critically contribute to mechanosignalling. However, in our setup TRPV4 does not
seem to be of major relevance as indicated by the observation that a TRPV4 agonist failed to induce
shedding activity in H441 cells (Suppl. Fig. 16). Although we were able to clearly demonstrate the
involvement of Piezol with our knockdown experiments, the ro.e ~f other mechanosensors in
stretch-induced ADAM activation needs to be investigated in furth 2r e, weriments.

In addition, we found that Piezol stimulation can promote st ‘ong mRNA upregulation of AREG but
not JAM-A. This was seen for the cell line H441 and alsc in u.e ex vivo experiment. Of note, in
primary cells such upregulation was not observed. Neve u.~le_s, Piezol-mediated enhancement of
AREG and JAM-A shedding was seen in the cell line as w.!l =s in the primary cells and the isolated
murine lung. This may indicate that the transcriptinnul eftect and the activation of ADAMs are
differently regulated and that the different cellular <r.nt :xt of the tumour cell line, the primary cells
and the multicellular tissue have to be taken int. account. Furthermore, for the ex vivo experiment
we observed a strong upregulation of ARE’s m INA expression which was not suppressed by SalB
which may indicate a Piezol-independent ARt - mRNA induction by high pressure ventilation. On the
other hand, it is also possible that in .~e murine lung several cell types besides epithelial cells
upregulate AREG mRNA upon high pre~s. e ventilation. These cells may not be sufficiently targeted
by the intratracheal application of SalB.

In our study, AREG and JAM-A we e \'entified as natural endogenously expressed epithelial ADAM10
or 17 substrates undergoing -eg.'ation by Piezol. Shedding of AREG has been predominantly
reported for ADAM17 [20,5¢ 59]. AREG shedding is already significantly increased after 0.5 h of
Yodal treatment. Howevr,, it s additionally increased after 4 h. This is probably due to the
additional upregulatior of A\RE 3 at the transcriptional level. It is already known that the release of
AREG in lung epithelium le “ds to an activation of EGFR-ERK signalling which in turn induces the de
novo synthesis of AREG. T..is positive feedback loop was linked to a sustained mucus hypersecretion
[60]. In primary isolated human lung epithelial cells release of AREG was also increased, but to a
lesser extent. Of note, Yodal-induced mRNA expression of AREG was only slightly but not
significantly increased which may explain why no inhibitory effect of SalB on AREG expression could
be detected in primary human lung cells. In addition to AREG we also studied JAM-A which is
constitutively expressed at lung epithelial cell junctions. We found that Piezol signalling does not
enhance JAM-A expression but rather stimulates JAM-A release. Previous work from our group has
demonstrated that endothelial expressed JAM-A can be shed by ADAM17 and to some degree also
by ADAM10 [22]. Since Piezo1 stimulation activates both proteases in epithelial cells it is conceivable
that epithelial JAM-A release involves ADAM17 and ADAM10 as indicated by our pharmacological
inhibition experiments. The release of JAM-A was accompanied by a reduced level of JAM-A and E-
cadherin in cell junctions. However, the effect was not significant for E-cadherin. This can be
explained by the fact that E-cadherin is primarily shed by ADAM10 [40] and Yodal-mediated
ADAM10 activation has a higher ECso than that of ADAM17 in H441 cells.

The Piezol-induced shedding of growth factors and junction molecules may have considerable
consequences for lung epithelial cells. When AREG is released by shedding it will lead to cell
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stimulation via EGF receptors in an autocrine or paracrine fashion. The signalling of EGFR is required
for epithelial regeneration and wound closure [38,61]. However, aberrant signalling can also promote
uncontrolled proliferation, apoptosis resistance and cancer. It was already reported that mechanical
stretch triggers rapid epithelial cell division via Piezol [15]. Our observations suggest that this could
be mediated by AREG expression and release via ADAM17. JAM-A and E-cadherin are essential
molecules of cell-cell contacts helping to establish the permeability barrier and tight mechanical
cohesion. Shedding of JAM-A and E-cadherin by ADAM10 and ADAM17 can promote the disassembly
of cell junctions [22,40]. In fact, we observed thinning of JAM-A-stained cell junctions after Piezol
activation similar to previous work describing reduced adhesion width in VE-cadherin-stained
endothelial cell junctions [62]. In the long term, such weakening of tight junctions could increase
permeability, which is one of the dysfunctions that can be observed in epithelial tissues experiencing
inflammatory or mechanical stress. Additionally, the dissolution of cell contacts would lead to less
mechanical cohesion and single cells could then detach from the cell layer. This could be associated
with a more migratory and proliferative phenotype. These e/ents have been described as
characteristic for epithelial to mesenchymal transition. In fact, ADANi1.7 has been proposed to play a
key role in this process [63]. Our data suggest that such an ADAM".7 n.=diated effect could be in part
dependent on mechanical activation which then causes sheddinre (€ AREG and adhesion molecules
relevant for EMT.

Our ex vivo experiments suggest that Piezol-mediated ADA; 110/17 regulation is relevant in lungs
subjected to high pressure ventilation. In patients su-h ventilation is known to promote acute
pulmonary inflammation with severe edema eventualy leading to the development of life
threatening acute respiratory distress syndrome (AR.CS) [64—66]. In this setting, Piezol could be an
important mechanical activator contributing to the ms7 nifestation of this syndrome already at an
initial state. It can be envisaged that initially Pie. ~1-mediated disintegration of cell contacts would
lead to edema formation. In fact, opening o’ cel' junctions is a hallmark of ARDS and cyclic stretch of
epithelial cells has been reported to enha. ~e protein permeability, which is associated with
reduction of junction proteins, disorgai.’~ation of actin microfilaments, and elevated intracellular
calcium concentrations [65,67]. The im.. ~di.te permeability changes and the tissue injury may be
counteracted to some degree by shedlirg of AREG which has been demonstrated to suppress
epithelial cell apoptosis in an exp :riti.~ntal model of acute lung injury [68]. AREG expression is
considerably upregulated in ARLS. Niezol-mediated amphiregulin shedding would initially allow
repair and healing. However, aZ a i *er stage tissue stiffening due to hyperproliferation and fibrosis
may be deleterious. In fact, ATFG cun cause lung fibrosis and stiffening [69]. Eventually, this stiffening
might even enhance Piezc 1~ ~eulated signalling, since we observed that Yodal is a more potent
activator of Piezol-m ~di.*ed effects on hard substrates than on soft substrates. A similar
mechanistic correlation has also been reported for macrophages , that showed attenuated Ca®* influx
in response to the Piezo. agonist Yodal with decreasing stiffness and decreased Piezol protein
expression on soft substrate [70].

Finally, it can be considered whether targeting of Piezol in ARDS may represent an option to prevent
mechanically induced biotrauma. As a critical proof of concept, orthogonal knockout of Piezol could
be studied in animal models of ARDS. For therapeutic purpose well characterised pharmacological
inhibitors are warranted. Interestingly, the spider venom GsMTx4 was found to alleviate ventilator
induced lung injury in rats [71]. However, as with many other described inhibitors of Piezol,
including gadolinium ions also the spider venom GsMTx4 seems to act on other ion channels and may
thereby cause unacceptable side effects. Not much is known about the recently described inhibitor
SalB that blocks Piezol without reported effects on other ion channels [17]. Nevertheless, more
studies are needed to scrutinise this compound for its effects on Piezol and its usefulness in vivo. We
obtained some interesting first results indicating a suppression of Piezol-mediated shedding events
in vitro and ex vivo. However, effects of the compound on lung function remain to be studied in
detail and unwanted side effects are possible.
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