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ABSTRACT 

Regulatory volume decrease (RVD), a homeostatic process responsible for the re-

establishment of the original cell volume upon swelling, is critical in controlling 

several functions, including migration. RVD is mainly sustained by the swelling-

activated Cl- current (ICl,swell), which can be modulated by cytoplasmic Ca2+. Cell 

swelling also activates mechanosensitive channels, including the ubiquitously 

expressed Ca2+-permeable channel Piezo1. We hypothesized that, by controlling 

cytoplasmic Ca2+ and in turn ICl,swell, Piezo1 is involved in the fine regulation of RVD 

and cell migration. We compared RVD and ICl,swell in wild-type (WT) HEK293T cells, 

which express endogenous levels of Piezo1, and in cells overexpressing (OVER) or 

knockout (KO) for Piezo1. Compared to WT, RVD was markedly increased in OVER, 

while virtually absent in KO cells. Consistently, ICl,swell amplitude was highest in OVER 

and lowest in KO cells, with WT cells displaying an intermediate level, suggesting a 

Ca2+-dependent modulation of the current by Piezo1 channels. Indeed, in the 

absence of external Ca2+, ICl,swell in both WT and OVER cells, as well as the RVD 

probed in OVER cells, was significantly lower than in the presence of Ca2+ and no 

longer different compared to KO cells. However, the Piezo-mediated Ca2+ influx was 

ineffective in enhancing ICl,swell in the absence of releasable Ca2+ from intracellular 

stores. The different expression level of Piezo1 affected also cell migration which 

was strongly enhanced in OVER, while reduced in KO cells, as compared to WT. 

Together, our data indicate that Piezo1 controls RVD and migration in HEK293T cells 

by modulating ICl,swell through Ca2+ influx.  
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INTRODUCTION  

Mechanotransduction is an essential biological process, conserved throughout 

evolution, that converts mechanical forces into intracellular signals that underlie 

diverse cellular functions such as migration, proliferation, differentiation, and 

apoptosis (Wang et al., 2009; Argentati et al., 2019; Alfieri et a., 2019; Romani et al., 

2021). In 2010 a small family of evolutionary conserved channels, encompassing 

Piezo1 and Piezo2, was identified as the essential component of the mechanically 

activated channels that mediate mechanotransduction in vertebrates (Coste et al., 

2010). While Piezo2 channel is mainly expressed in dorsal root ganglion (DRG) 

sensory neurons, where it plays a role in somatosensory mechanotransduction, 

Piezo1 is more widely expressed, being largely found in the lungs, bladder, skin and 

the vascular system, where mechanosensing mechanisms have critical roles (Ranade 

et al., 2014; Retailleau et al., 2015; Wang et al., 2016; Ihara et al., 2018; Ridone et 

al., 2019). Piezo1 is a large non-selective Ca2+-permeable channel that 

computational and biochemical studies suggest to contain at least 18 and potentially 

38 transmembrane domains. Piezo1 opening is promoted by a wide range of 

mechanical stimuli including membrane stretch, flow shear stress and osmotic stress 

(Coste et al., 2010; Ranade et al., 2014; Syeda et al., 2016).  The resulting Ca2+ influx 

modulates several cytoplasmic signaling pathways involved in physiological 

processes such as cell volume regulation and migration (Cahalan et al., 2015; Chen 

et al., 2018; Chubinskiy-Nadezhdin et al., 2019; Yu et al., 2020). 

Regulation of cell volume is an essential homeostatic mechanism of all animal 

cells, defining the cell shape, but also other vital cell functions such as growth, 

migration and death (Hoffmann et al., 2009). In response to osmotic swelling or 

exposure to external hypotonic environment, cells start a complex homeostatic 

process to re-establish the original cell volume. This process, known as regulatory 

volume decrease (RVD), is mainly modulated by the concerted activity of chloride 

(Cl-) and potassium (K+) channels that mediate a net efflux of KCl from the cell. The 

reduced intracellular osmolarity promotes the osmotic loss of water with the 

consequent recovery of the original cell volume. 

The swelling-activated Cl- current (ICl,swell), mediated by the volume-regulated 

anion channel (VRAC), is the main player in the RVD of several cell models (Sardini et 

al., 2003; Hoffmann et al., 2015, Sforna et al., 2017; Morishita et al., 2019). Indeed, 

blockade of ICl,swell impairs significantly the RVD and the recovery of the original 

cellular volume. Additional observations further suggest that the RVD and ICl,swell may 
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be regulated by the concentrations of the intracellular Ca2+ ions. First, it has been 

shown that the influx of Ca2+ from the extracellular space and the consequent 

elevation of its cytosolic concentration regulates RVD in several types of cells 

(Numata et al., 2007; Hoffmann et al., 2009). Moreover, ICl,swell activation is 

modulated by changes in intracellular Ca2+ levels in certain cell types, including 

HEK293T cells (Liu et al., 2019; Centeio et al., 2020). The involvement of 

mechanosensitive ion channels in cell volume regulation has been hypothesized, 

and there is some indication that their antagonist, the mechanotoxin GsMTx4, 

selectively inhibits RVD (Hua et al., 2010). However how mechanosensitive ion 

channels control the RVD process remains unclear.  

Here, we hypothesized that the mechanosensitive channel Piezo1, given the 

gating and selectivity properties – i.e., stretch activated and Ca2+ permeant - might 

be involved in the swelling-induced RVD process. In particular, we explored the 

hypothesis that Piezo1-mediated Ca2+ entry regulates cell volume and migration by 

activating ICl,swell. We carried out experiments on in vitro cell models consisting of 

engineered HEK293T cells either overexpressing (OVER) or defective (KO) for Piezo1, 

using wild type (WT) HEK293T cells as internal control. Moreover, due to the 

involvement of the cell volume regulation in cell migration (Hoffmann et al., 2009), 

we also evaluated the effect of ICl,swell on this process. We show that the 

overexpression of Piezo1 enhances both the hypotonic-induced RVD and the 

migratory capacity of HEK293T cells, by increasing the activity of ICl,swell through the 

entry of extracellular Ca2+. 
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MATERIALS AND METHODS 

HEK293T cells model for Piezo1 overexpression and knock-down. HEK293T cells 

overexpressing (OVER) Piezo1 and HEK293T cells Piezo1 knock-down (KO) were 

obtained as a kind gift from Prof B. Martinac and Dr C. Cox from Victor Chang 

Cardiac Research Institute, Sydney, Australia, (Cox et al., 2016). The KO line was 

initially produced in the lab of Prof A. Patapoutiam (Scripps Institute, La Jolla, CA, 

USA) (Dubin et al., 2017). Both OVER and KO cells were generated from the HEK-

293T cell line from ATCC (https://www.atcc.org). Wild-type (WT), OVER, and KO 

HEK293T cells were cultured in tissue culture polystyrene flasks in DMEM High 

Glucose (Euroclone S.p.A, Pero (MI), Italy) supplemented with 10% Fetal Bovine 

Serum (FBS, Euroclone S.p.A, Pero (MI), Italy), 1% penicillin–streptomycin (Euroclone 

S.p.A, Pero (MI), Italy) and 2 mM L-glutamine (Euroclone S.p.A, Pero (MI), Italy) in a 

humidified atmosphere and 5% of CO2 at 37 °C. The culture medium was changed 

every 3 days. For cell volume measurements and other electrophysiology 

experiments, OVER, KO, and WT HEK293T cell lines, at the concentration of 5x103 

cells/mL, were seeded in 35‐mm Petri dishes in the growth medium in a humidified 

atmosphere and 5% of CO2 at 37°C to obtain the 30-40% of culture confluence. 

Cell extract and Western blotting 

WT, OVER, and KO HEK293T cells were collected, washed in PBS, resuspended in 10 

mM Sodium Phosphate buffer pH 6.0, with 0.1% (v/v) Nonidet NP40 detergent 

(Sigma Aldrich, St. Louis, MI, USA), with the addition of 0.3% (v/v) 

Taurodeoxycholate (Sigma Aldrich, St. Louis, MI, USA), and disrupted by three 

sonication rounds (30 s each). Procedures were carried out at 4 °C. The Bradford 

method was used to determine protein content, as previously described (Morena et 

al., 2021). Protein extracts (40 µg for each sample) were processed by SDS-PAGE 

electrophoresis and Western blotting. The primary antibodies anti-Piezo1 (Novus 

Biologicals, Centennial, Colorado, USA) and anti-LRRC8A (Invitrogen™, Grand Island, 

NY, USA) were tested by incubation overnight at 4 °C, followed by the incubation for 

1h at RT of secondary antibody: anti-rabbit IgG, HRP-linked Antibody (Cell signaling 

Technology, Danvers, MA, USA). The ClarityTM Western ECL Blotting Substrate (GE 

Healthcare, Fairfield, CT, USA) was used for immunodetection. Densitometry 

analyses were conducted by the FIJI software (FIJI Life-Line version, v.2015, National 

Institutes of Health, Bethesda, MD, USA). As internal references, relative band 
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intensities were normalized to Actin. Results are expressed as mean ± SD of three 

independent experiments. 

Cell volume measurements. Cells were perfused with an extracellular Ringer’s 

solution consisting of NaCl 140 mM, KCl 5 mM, CaCl2 2 mM, MgCl2 2 mM, MOPS 5 

mM, glucose 10 mM (pH 7.40). For the study of the hypotonic-induced cell swelling 

effect, a 30% hypotonic solution was applied. Relative projection area of cells was 

measured using a video-imaging technique. The cells were observed through 40X 

objective lens of a microscope connected to a video camera (Axiocam/Cm1, Zeiss). 

Images of the cells were saved as TIFF files and the area of each image subsequently 

measured using ImageJ (Schindelin et al., 2015). Images were acquired every 2 

minutes for the experiments shown in Figure 1. Relative cell area (Arel) was 

calculated by dividing the area of the cell at each time point upon exposure to 

hypotonic solution (At) to the initial volume (A0) taken under isotonic conditions 

(more precisely the average of the three time points recorded in the first 4 minutes). 

The extent of RVD was measured 56 minutes after the onset of the regulatory 

response, which started soon after the cell reached the peak of swelling under 

hypotonic solution and is calculated as following: %RVD = ((Arel,peak-Arel,56 min))/ 

(Arel,peak))*100. Thus, Arel,peak and Arel,56 min are the relative areas at the peak of cell 

swelling and at the end of the experiment, respectively.  

Electrophysiology. The whole cell dialyzed configuration was used for 

electrophysiological recordings from HEK293T cells. Currents and voltages were 

amplified with a HEKA EPC-10 amplifier (List Medical, Darmstadt, Germany), 

digitized with a 12 bit A/D converter (TL-1, DMA interface; Axon Instruments, Foster 

City, CA), and analyzed with the software Patch-Master package (version 2_60, 

ELEKTRONIK) and Microcal Origin 8.0. For on-line data collection, macroscopic 

currents were filtered at 3 kHz and sampled at 200 ms/point. The external standard 

solution contained: NaCl 140 mM, KCl 5 mM, CaCl2 2 mM, MgCl2 2 mM, MOPS 5 

mM, glucose 10 mM, (pH 7.40). The external Ca2+-free solution contained: NaCl 140 

mM, KCl 5 mM, MgCl2 4 mM, MOPS 5 mM, glucose 10 mM, (pH 7.40). The internal 

solution contained: KCl 155mM, EGTA-K 1 mM, MOPS 5 mM, MgCl2 1 mM (pH 7.20). 

Access resistances ranged between 8 and 15 MΩ and were actively compensated to 

~50%. All chemicals used were of analytical grade. Dimethyl sulfoxide (DMSO), 4-[(2- 

Butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy] butanoic acid 

(DCPIB) were from Tocris Bioscience (Avonmouth, UK). DCPIB was dissolved in 
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DMSO at the stock concentration of 10mM and used at the final concentration of 10 

µM; Yoda1 was dissolved in DMSO at the stock concentration of 1 mM and used at 

the final concentration of 10 µM. The highest DMSO concentration in the recording 

solutions was 0.1%. GsMTx4 was dissolved in distilled water at the stock 

concentration of 244 µM and used at the final concentration of 2 µM. To activate 

the ICl,swell  and Piezo1 through hypotonicity, we used a hypotonic solution prepared 

by adding 30% distilled water to the extracellular solution. All reagents were fresh 

daily solubilized at the concentrations stated, and bath applied with a gravity 

perfusion system. Experiments were carried out at room temperature (18-22°C).  

Migration assay. OVER, KO, and WT HEK293T cell lines were seeded in a 6 well plate 

at 3x106 seeding density and allowed to incubate for 12 hours in DMEM medium 

without FBS to form a confluent monolayer and to synchronize the culture. The 

monolayer cells were scratched with a sterilized P200 pipe tip to create a straight 

line. The cultures were washed with PBS to remove the detached cells, and then 

cultured in 2 ml of growth culture medium (untreated cells), or in the culture 

medium added with 10 μM DCBIP (treated cells). The approximately identical size in 

width of the scratches in the untreated and treated cells width was evaluated by the 

microscope Eclipse-TE2000-S Nikon microscope (Nikon, Düsseldorf, Germany). The 

medium with or without DCBIP was changed every 24h. The cells’ migratory 

capability was measured at 0 (T0), 12 (T12), 24 (T24), 36 (T36) and 48 (T48) hours. At 

each time point, the scratch images were acquired with a digital camera PowerShot 

G10, Canon (PowerShot G10, Canon, Tokyo, Japan) and brightfield microscopy 

Eclipse-TE2000-S, Nikon (Nikon, Düsseldorf, Germany). For each image, the interval 

distance between the two sides of the scratch was measured in 6 different positions 

by using Fiji (Fiji Life Line version 2.0.0, 2018). All experiments were in triplicate.  

Statistical analysis. Statistical analyses were performed using both Origin 8.0 and 

GraphPad 4.0 (San Diego, CA, USA) software. A post-hoc comparison test was 

carried out using the one-way ANOVA and Dunn’s multiple comparisons test 

(GraphPad 4.0 San Diego, CA, USA). To evaluate the significance of a difference, two-

tail t-test was used, and p≤0.05 was considered statistically significant. For all 

experiments, data are shown as mean ± SEM. 
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RESULTS 

Piezo1 is involved in the regulation of RVD in HEK293T cells. We used OVER, KO, 

and WT HEK293T cells to evaluate the direct involvement of Piezo1 in the regulation 

of RVD. First, we assessed expression levels of Piezo1 to validate our engineered 

cellular models. For this purpose, we performed Western blotting (WB) experiments 

on cell lysates from WT, OVER, and KO cells. Results from these experiments 

confirmed that OVER cells displayed Piezo1 levels about seven times higher than 

those of WT, while KO cells displayed no reactivity at all, confirming the absence of 

Piezo1 protein in this cell model (Figure 1A). Cell volume changes, upon application 

of an extracellular 30% hypotonic solution, were monitored with a phase contrast 

microscope, and images were video recorded at 2 min intervals, over a long-time 

period (56 min), owing to the relatively slow process of RVD. During the first 4 min 

of control recording, cells were exposed to isotonic solution, and then to hypotonic 

solution for the remaining 52 min of the experiment. After the application of the 

hypotonic solution OVER, KO, and WT HEK293T cells underwent a rapid and marked 

increase of cell volume (swelling), followed by a slow decrease of cell volume 

toward the pre-stimulus level (Figure B, C). The re-establishment rate of the original 

cell volume was different in the three cell lines, with OVER cells exhibiting a much 

faster and prominent RVD than WT cells, and both being far faster than KO cells, 

which displayed virtually no RVD (Figure 1B and C). More specifically, the percentage 

of RVD (see Materials and Methods for further details) was of 130%, 35%, and 70%, 

for OVER, KO, and WT, cells, respectively (Figure 1B). These results indicated that 

the highest cell swelling upon application of hypotonic solution displayed a reverse 

relation with Piezo1 expression, with KO cells increasing their volume the most 

(~30%), and OVER cells the least (~15%). This observation is explained on the ground 

that cells expressing more Piezo1 channels are faster and more effective in 

contrasting the cell volume increase because they activate the RVD process more 

massively and rapidly, which means counteracting cell volume increase and then re-

establishment of the original cell volume.  

Hypotonic-induced cell swelling activates Piezo1-mediated current. We next asked 

if RVD following hypotonic stress involved the activation of Piezo1. Therefore, as 

Piezo1 is a mechanosensitive channel that mediates the passage of divalent cations, 

mainly Ca2+ ions, to answer this question we recorded inward currents in WT and 
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OVER HEK293T cells, using KO cells as internal control. Experiments were carried out 

in continuous mode recordings, in the whole-cell configuration of the patch clamp. 

To better visualize and record the inward current, we kept the cells at -80 mV to 

generate a strong electrochemical gradient for Ca2+ entry. Besides using KO cells as 

internal control, the identification of the Piezo1-associated inward current was also 

conducted by using the spider venom toxin GsMTx4, a well-known antagonist of 

cationic mechanosensitive channels belonging to the TRP (Shirokova and Niggli, 

2013) and Piezo (Bae et al., 2011) channel families, and Yoda1, the synthetic agonist 

selective for Piezo1 channel (Syeda et al., 2015).  

Thus, we first activated Piezo1 inward currents by applying the sole 

hypotonicity, and then hypotonicity in combination with 10 µM Yoda1 (Figure 2A). 

Once the inward current had stabilized, we applied 2 µM GsMTx4. To avoid ICl,swell 

activation upon exposure to hypotonic solution, experiments were performed in the 

presence of ICl,swell antagonist DCPIB (Decher et al., 2001; Sforna et al., 2017). We 

found that the application of the sole hypotonic solution activated a significant 

inward current in WT and OVER HEK293T cells (Figure 2A,B). The amplitude of this 

inward current activated by the hypotonic stimulus (1.1±0.3 pA/pF and 3.6±1.0 

pA/pF in WT and OVER cells, respectively) was further increased by the addition of 

the selective Piezo1 agonist Yoda1, reaching an average value of 1.9±0.4 pA/pF and 

6.9±1.6 pA/pF for WT and OVER cells, respectively (Figure 2A,B), whereas the  

application of GsMTx4 fully blocked the hypotonic/Yoda1-activated current (Figure 

2A). Notably, no current following hypotonic solution or when it contained the 

Piezo1 activator Yoda1, was recorded in KO HEK293T cells (Figure 2A, bottom trace, 

B). 

These results indicated that a significant mechanosensitive inward current can 

be activated by hypotonic stress in HEK293T expressing Piezo1 (likely by sensing the 

increased plasma membrane tension/deformation induced by cell swelling (Spagnoli 

et al., 2008), and showed that Yoda1 enhanced this inward current when applied in 

combination with the hypotonic stress. We suggest that this inward current is 

entirely sustained by Piezo1, since: i) GsMTx4 fully reversed the current activation to 

the level observed under isoosmotic conditions; ii) KO cells, lacking of Piezo1, never 

showed any minimal hypotonic-activated inward current upon applying the same 

protocol, indicating that no other mechanosensitive channels are involved in this 

process.  
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OVER cells have higher ICl,swell. As RVD is known to be under the control of the 

concerted activity of K+ and Cl- channels, with one or both being regulated by 

changes in the cell volume, we assessed the effect of a hypotonic solution on K+ and 

Cl- currents in WT, OVER, and KO cells. To this end, we carried out experiments by 

applying voltage ramps from -100 to +20 mV (600 ms duration) from a holding 

potential of -40 mV, in the whole-cell configuration of the patch clamp.  

The individual amount of the K+ and Cl- current was assessed from the current 

ramps, following the hypotonic stimulus, at the equilibrium potential for Cl- ions (ECl 

= -20 mV, light grey circles) and for K+ ions (EK = -80 mV, black circles), respectively 

(Figure 3A). Following application of hypotonic solution, a marked increase of 

inward current was observed at -80 mV, whereas no current activation was 

recorded at -20 mV, as shown by both the time courses in panel A, and the mean 

current density plot in panel B. This hypotonic-activated current, which showed the 

typical reversal potential of Cl- ions, was fully blocked by 10 µM DCPIB, a potent and 

specific inhibitor of ICl,swell (Decher et al., 2001; Sforna et al., 2017). Notably, the 

hypotonic-activated, DCPIB-sensitive Cl- current in OVER cells was more than twice 

as large than in KO cells, with average current density values of 14.1±1.9 and 5.9±1.3 

pA/pF, respectively (Figure 3B). Given that in WT cells the hypotonic-induced 

current density was 8.7±1.5 pA/pF (Figure 3B), these data showed a strong 

correlation between ICl,swell amplitude and the expression levels of Piezo1 (Figure 

1A).   

We then verified if a similar correlation existed with the expression levels of 

VRAC by performing WB tests on WT, OVER, and KO cell lysates, using an antibody 

against the LRRC8A protein, the essential subunit for the assembly of functional 

VRAC. As shown in Figure 3C, the relative expression of LRRC8A, as normalized on 

the Actin, was not significantly different between the three cell models, strongly 

suggesting that the enhanced ICl,swell might be the result of a modulation that Piezo1 

exerts on VRAC.   

 Collectively, these results show that in HEK293T cells: i) hypotonic stimulation 

activates a substantial ICl,swell, but no K+ currents; ii) the hypotonic-activated ICl,swell 

amplitude in OVER cells is more than twice as large as in KO cells, and this might well 

explain the faster and more complete RVD showed in Figure 1.  
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Extracellular Ca2+ is required for Piezo1-dependent enhancement of ICl,swell. It has 

been reported that ICl,swell can be modulated by changes in intracellular Ca2+ 

concentration (Lemonnier et al., 2002a and b; Akita et al., 2011; Benedetto et al., 

2016; Liu et al., 2019). On this ground, we hypothesized that the higher ICl,swell found 

in hypotonic-stimulated OVER cells might derive from increased Ca2+ entry through 

the stretch-activated Piezo1 channels. To verify this notion, we performed 

electrophysiologic experiments similar to those shown in Figure 3, but using 

extracellular solutions devoid of Ca2+ ions (Figure 4). In this set of experiments WT, 

OVER, and KO cells, after a stabilization period in Ca2+-free isotonic solution, were 

exposed to a Ca2+-free hypotonic solution, in order to assess the amount of 

activated ICl,swell in absence of Ca2+. Cells were then probed with a hypotonic solution 

containing 2 mM Ca2+, to evaluate a possible further activation of the current 

operated by the entry of external Ca2+ (Figure 4A and B).   

As shown by both the representative time courses and the quantitative 

analysis of the current density in Figure 4, the ICl,swell activated in the absence of 

extracellular Ca2+ was not significantly different in WT (3.7±0.6 pA/pF) OVER (4.0±1.6 

pA/pF) and KO cells (2.9±0.1 pA/pF) (Figure 4C). However, while in both WT and 

OVER cells the ICl,swell activated by the Ca2+-free hypotonic solution was further 

enhanced upon addition of external Ca2+, to reach a value that was about 1.5 and 2 

times, respectively, (5.7±1.1 and 8.5±2.4 pA/pF), no significant further increase of 

current was observed in KO cells (Figure 4B). Notable, in the absence of external 

Ca2+, the hypotonic-activated ICl,swell density in both WT and OVER cells was not 

significantly different from KO cells, either in presence (3.8±0.3 pA/pF) or absence of 

external Ca2+ (2.9±0.1 pA/pF; Figure 4C).  

We then tested if the reduced ICl,swell activated in OVER cells in the absence of 

external Ca2+ would translate into inhibition of the RVD process. For this purpose, we 

performed RVD measurements in OVER cells in the presence and absence of 

extracellular Ca2+. Consistent with the reduced ICl,swell density in the absence of 

external Ca2+, the RVD in OVER cells (45%) was greatly attenuated under these 

conditions (Figure 4D), and comparable to that of KO (35%) cells measured under 

control (2 mM Ca2+) conditions (Figure 1A). 
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The enhancement of ICl,swell requires a release of Ca2+ from intracellular stores 

induced by extracellular Ca2+ influx. A number of studies using fluorescent dyes 

have shown that hypotonic-induced cell swelling can trigger both the entry of Ca2+ 

and its release from intracellular stores (Sheader et al., 2001; Park et al., 2002; Liu et 

al., 2019). To verify if the Ca2+ released from internal stores contributes to enhancing 

the ICl,swell, we assessed the incremental ICl,swell activated first by a hypotonic solution 

with 0 mM Ca2+ and then by a hypotonic solution with Ca2+ in cells pretreated with 1 

µM thapsigargin (TG, that depletes the internal stores from Ca2+). Experiments were 

carried out both in WT and OVER cells (Figure 5). 

In cells pretreated with TG, the ICl,swell elicited by the hypotonic solution with 0 Ca2+ 

was not significantly enhanced further upon adding  2 mM external Ca2+ (Figure 5B; 

compare with 4C). The average ICl,swell density at -80 mV with 2 mM Ca2+ as 

compared to 0 Ca2+ in the hypotonic solution was 4.2±1.3 pA/pF and  4.3±1.4 pA/pF 

in WT cells and 3.9±0.5 and 4.0±0.5 in OVER cells, respectively (Figure 5B). 

These data indicate that in the absence of Ca2+ release from internal stores, the 

influx of Ca2+ arguably through Piezo1 is not able per se to further enhance the 

hypotonic-induced ICl,swell both in WT and OVER cells. This would suggest that the 

hypotonic-induced Ca2+ entry through Piezo1 might enhance the hypotonic-induced 

ICl,swell by triggering the release of Ca2+ from intracellular stores through the Ca2+-

induced Ca2+ release (CICR) mechanism.  

 

Piezo1 promotes HEK293T cell migration. Next, we asked if the activity of Piezo1 in 

modulating the cell RVD, through the entry of extracellular Ca2+ and the increase of 

the activity of ICl,swell, control the cell migration. Thus, we carried out the scratch 

assay to assess the cell migration in OVER, KO, and WT cells. Scratches of about the 

same width were made in the cell cultures of the three cell models, as shown in the 

representative brightfield images at the beginning of the experiment (T0), acquired 

at 10X magnification (Figure 6A). The migratory ability exhibited by OVER cells was 

significantly higher than WT cells, as demonstrated by the faster closure of the 

scratch already at 12 hours (48% OVER; 15% WT) and essentially complete after 48 

hours (100% OVER; 59% WT) with respect to related T0 (Figure 6A and B). A much 

poorer migratory potential was exhibited by KO cells, as at 48 hours, the closure of 

the scratch remained still largely incomplete with respect to the T0 (42%) (Figure 6A 

and B). To assess whether the enhanced migration due to the overexpression of 

Piezo1 was mediated by the increased activity of ICl,swell, we performed above assays 
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in OVER cells both in the absence and presence of 10 µM DCPIB. Interestingly, we 

found that the enhanced migratory capacity observed in OVER cells was markedly 

reduced by the ICl,swell inhibitor DCPIB, as we measured a 27% scratch opening after 

48 hours (Figure 6A and B), strongly suggesting that the regulation of cell migration 

by Piezo1 occurs through the modulation of ICl,swell. 
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DISCUSSION 

Maintenance of constant cell volume in response to osmotic changes of the intra- or 

extracellular environment is of critical importance for many biological processes 

such as proliferation, migration, apoptotic, and necrotic cell death (Okada et al., 

2001; Okada, 2004; Inoue and Okada, 2007). It is widely recognized that the 

activation of VRAC, which mediates the ICl,swell in virtually all animal cells, is critical for 

RVD, the process whereby a cell counteracts swelling by re-establishing the original 

volume through the efflux of electrolytes (mainly K+ and Cl-) and water (Sardini et al., 

2003; Hoffmann et al., 2015; Sforna et al., 2017; Morishita et al., 2019). However, as 

swelling deforms the lipid bilayer or increases membrane tension (Spagnoli et al., 

2008), other ion channels activated by mechanical stress might also be involved in 

RVD. The recently identified Piezo1 Ca2+-permeable channel, the main 

mechanosensitive channel in vertebrates, has been shown to play a key role in 

adapting cell volume and shape in red blood cells when they pass through narrow 

capillaries (Cahalan et al., 2015; Svetina et al., 2019). Piezo1 has also been reported 

to be involved in the regulation of cell migration (Chubinskiy-Nadezhdin et al., 2019; 

Yu et al., 2020). Here, we demonstrate that Piezo1 plays a role in the control of cell 

volume and migration taking advantage of an in vitro cell model consisting of 

HEK293T cells overexpressing Piezo1 (OVER), HEK293T cells lacking Piezo1 (KO), and 

HEK293T WT. 

Main findings of the study. In this work, we showed that the re-establishment of the 

original cell volume (RVD), following exposure to the extracellular hypotonic 

solution, was markedly enhanced in HEK293T cells overexpressing Piezo1 than that 

of WT cells, while abolished in Piezo1 knockout cells (Figure 1). We further showed 

that the mechanism through which Piezo1 controls RVD mainly involves the 

modulation of ICl,swell, but not K+ currents. The hypotonic solution was found to 

activate a substantial current at EK (-80 mV), which was strongly inhibited by DCPIB, 

a recognized potent antagonist of ICl,swell (Figure 3). By contrast, no hypotonic-

activated current was observed at ECl (-20 mV). This hypotonic-activated, DCPIB-

sensitive ICl,swell was twice as large in OVER than KO cells, and was shown to be 

positively modulated by the cytoplasmic increase of intracellular Ca2+ levels, as a 

consequence of Ca2+ influx through Piezo1. Indeed, when Ca2+ is removed from the 

extracellular solution (Figure 4A-C), the ICl,swell measured in both WT and OVER cells, 

is comparable to that of KO cells. Conversely, the addition of Ca2+ ions to the 
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external solution further enhances the current only in cells expressing Piezo1 (WT 

and OVER cells), while remaining unchanged in KO cells. Interestingly, the ICl,swell 

activated in OVER cells in the absence of external Ca2+ is quantitatively comparable 

to that elicited in KO cells in presence of Ca2+. Moreover, the RVD displayed by OVER 

cells when Ca2+ is removed from the extracellular environment, is significantly 

impaired and no longer different from KO cells under control conditions (Figure 4). 

Although we did not perform RVD experiments in absence of external Ca2+ in WT 

cells, we are quite confident in concluding that even in these cells, the removal of 

Ca2+ from the extracellular solution would reduce the RVD, due to the fact that the 

influx of Ca2+ through the endogenous Piezo1 channels is capable to enhance the 

ICl,swell in a way similar, although lower, to that observed in OVER cells (Figure 4C). In 

addition, we show that in the absence of releasable Ca2+ from cells pre-treated with 

TG to induce intracellular store depletion, the ICl,swell elicited in the absence of 

external Ca2+ is not further enhanced upon addition of Ca2+, suggesting that the 

hypotonic-induced Ca2+ entry through Piezo1 would enhance the hypotonic-induced 

ICl,swell via the CICR mechanism (Figure 5).  

As both ICl,swell-mediated RVD and Piezo1 have been suggested to be important 

for cell migration, we investigated the involvement of both these channels in the 

migratory capacity of HEK293T cells. Using the scratch assay, we show that OVER 

cells exhibit an enhanced migratory ability that allows them to rapidly and fully close 

the scratch. Piezo1 deficiency, instead, markedly impairs cell migration. Further, 

DCPIB, the selective inhibitor of ICl,swell, also impairs severely cell migration (Figure 6). 

Taken together, our results indicate that Piezo1-mediated Ca2+ influx positively 

regulates the activity of ICl,swell, and in turn the cell volume that might be at the basis 

of the migration process in HEK293T cells.  

The role of Piezo1 in the hypotonic-induced RVD. The most striking outcomes of this 

study are that Piezo1: i) is directly activated by hypotonic solution, and ii) controls 

RVD following hypotonic-induced cell swelling. Our interpretation is that, in 

response to cell swelling and increase of lateral membrane tension, Piezo1 opens 

allowing an influx of external Ca2+ which, in turn, further enhances the ICl,swell 

activated by cell swelling. The resulting efflux of Cl- ions, in conjunction with the 

efflux of leak K+ ions, induces the osmotic loss of water from the cell and the return 

to the original cell volume (RVD). The results we obtained in HEK293T cells are 

consistent with those recently published by Cahalan and colleagues, showing a 
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critical role of Piezo1-dependent Ca2+ influx in the regulation of cell volume 

following application of mechanical forces to erythrocytes (Cahalan et al., 2015). 

These authors observed that the application of a negative pressure on the plasma 

membrane caused an influx of extracellular Ca2+ only in WT cells, but not in cells 

lacking Piezo1. Our results confirm a role for Piezo1 in cell volume regulation and 

suggest that this ubiquitous mechanosensitive channel may play a fundamental role 

in the regulation of cell volume also in other cell types.  

Ca2+ influx through Piezo1 modulates ICl,swell via the CICR mechanism. In principle, the 

higher ICl,swell density found in OVER cells as compared to KO cells may have two 

explanations: i) it could be due to the increased expression of VRAC channels in the 

plasma membrane, ii) it could be the consequence of an increased activity of ICl,swell 

due to Ca2+ entry through Piezo1 channels. However, our Western blotting data 

showed that LRRC8A, the subunit essential for the assembly of functional VRAC 

channels, is not significantly different among the three cell models. This result is 

consistent with the fact that the current density is not significantly different 

between WT, OVER, and KO cells following application of the hypotonic solution 

with zero Ca2+ strengthening the concept that the enhanced ICl,swell in both WT and 

OVER cells is the result of a modulatory activity of incoming Ca2+ ions on VRAC. This 

suggestion is further supported by the observation that only in WT and OVER cells 

where Piezo1 is present respectively at endogenous and at overexpression levels, 

there is a significant further activation of ICl,swell when Ca2+ is added to the external 

hypotonic solution, indicating that the Ca2+ sensitivity of the ICl,swell correlates with 

the expression  levels of Piezo1. However, our data show that the influx of Ca2+ per 

se is not capable to enhance the hypotonic-induced ICl,swell, which also requires an 

additional release of Ca2+ from intracellular stores. In fact, we saw that either in the 

absence of extracellular Ca2+ entry or with no intracellular releasable Ca2+, ICl,swell is 

not further increased neither in WT nor in OVER cells. This would suggest that the 

hypotonic-induced entry of Ca2+ (likely through Piezo1), trigger a further release of 

Ca2+ from intracellular stores, a mechanism known as CICR, with the consequent 

increase of intracellular Ca2+ levels necessary for the Ca2+-dependent modulation of 

the ICl,swell mediated by VRAC.  Collectively, our data indicate that the exposure to a 

hypotonic stress induces cell swelling which in turn triggers the opening of both 

VRAC and Piezo1 channels. The entry of extracellular Ca2+ through Piezo1 channel 
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promotes Ca2+ release from intracellular Ca2+ stores, likely mediated by the 

ryanodine receptor channel (RyR), through the CICR mechanism. 

However, the exact mechanism(s) through which the increased cytosolic Ca2+ 

modulates ICl,swell still remains unclear, and additional studies will be required to 

unravel the molecular mechanisms.   

The contribution of intracellular Ca2+ in the regulation of VRAC has been 

debated since its early discovery in the late 1980s. VRAC has been generally 

assumed to be activated by a decrease of intracellular ion strength, following 

exposure to hypo-osmotic stress, a process where changes of intracellular Ca2+ do 

not have a significant role (Cannon et al., 1998; Sabirov et al., 2000; Syeda et al., 

2016). Activation of VRAC by cell swelling was in fact found to occur in presence of 

intracellular Ca2+ chelators (i.e. EGTA or BAPTA), or in the absence of cytosolic Ca2+ 

increase (Okada, 1997; Hoffmann et al., 2009; Akita and Okada, 2014; Catacuzzeno 

et al., 2014).  

In other cell types, however, evidence has accumulated that localized 

transmembrane influx of Ca2+ is an important factor for the activation of VRAC-

mediated ICl,swell, as well as for the RVD process (Lemonnier et al., 2002a,b; Akita et 

al., 2011; Benedetto et al., 2016; Liu et al., 2019), although the underlying 

mechanism is still not understood. It is important to point out, however, that other 

Cl- channels gated by intracellular Ca2+ ions, besides VRAC, may participate in the 

regulation of cell volume, such as the Ca2+-activated Cl- channels (CaCC) (Almaca et 

al., 2009; Kunzelmann, 2016; Pedersen et al., 2015). Recently, the molecular identity 

of both VRAC and CaCC was unraveled. Anoctamin-1 and -2 (ANO1/2, also called 

TMEM16A/B) have been identified as the molecular components of CaCC (Caputo et 

al., 2008; Schroeder et al., 2008; Yang et al., 2008), while the family of leucine-rich 

repeat containing 8 (LRRC8) proteins were identified as crucial components of VRAC 

(Qiu et al., 2014; Voss et al., 2014). Interestingly, both LRRC8/VRAC and CaCC /ANO1 

channels were reported in HEK293T cells and shown to contribute to the ICl,swell, 

although the part sustained by CaCC /ANO1 channels was suggested to represent a 

very minor component (Liu et al., 2019). The observation that the Ca2+-enhanced 

ICl,swell in HEK293T WT and OVER cells, following hypotonic-induced cell swelling, is 

fully blocked by DCPIB suggests that the ICl,swell is mediated by LRRC8/VRAC in this 

cell type. The opening of Piezo1, following cell swelling-induced increase of 

membrane tension, would provide the rapid and sufficient amount of Ca2+ ions 



18 

needed to fully activate the LRRC8/VRAC-mediated ICl,swell, which in turn initiates the 

process of RVD. However, how the entry of Ca2+ through Piezo1 enhances the 

activity of LRRC8/VRAC-mediated ICl,swell still remains uncertain, since LRRC8 has 

often been reported not to be activated by Ca2+ per se (Benedetto et al., 2016; 

Centeio  et al., 2020). Future studies are needed to elucidate this mechanism. 

Piezo1 controls cell migration in HEK293T cells by regulating cell volume through the 

modulation of ICl,swell. Another major result of this work is that Piezo1 controls 

migration in HEK293T cells. We showed that cell migration is enhanced by the 

overexpression of Piezo1, while it is markedly reduced by its ablation. To illustrate 

the role played by Piezo1 in this process we refer to the classical view of cell 

migration and its modulators. Cell migration is a multistep, integrated process 

achieved by the repeated cycle of: i) protrusion of the leading edge, due to the 

polymerization of the Actin-based cytoskeleton, and adhesion to the extracellular 

matrix via the assembly of focal adhesions; ii) disassembly of the focal adhesions at 

the rear edge of the cell, and its retraction in the direction of motion. This cyclical 

process involves major changes of the cell volume, and several mechanisms, 

including the activation of ICl,swell, ensuing efflux of KCl and osmotic water loss, and 

ultimately cell volume decrease, a process closely resembling RVD upon hyposmotic-

induced cell swelling. In this sequence of events, Piezo1 plays its role in enhancing 

the activation of ICl,swell, as we have described earlier.   

It is well established that Ca2+ is a critical regulator of cell migration, with its 

intracellular level oscillating in synchrony with the migration cycle (Ronde’ et al., 

2000; Catacuzzeno et al., 2011; Tsai and Meyer, 2012). In general, during cell 

migration, Ca2+ changes are relatively low at the leading edge, but prominent at the 

rear edge where a significant decrease of cell volume occurs as a result of K and Cl 

channels activation, and ensuing osmolytes efflux (Catacuzzeno and Franciolini, 

2018; Morishita et al., 2019). Several studies show that the influx of Ca2+ mediated 

by stretch-activated channels regulates migration. Although the molecular identity 

of these stretch-activated channels is still controversial and debated, TRP channels 

have been indicated as primary candidates (Chen and Barritt, 2003; Arniges et al., 

2004; Corey et al., 2004; Becker et al., 2005; Numata et al., 2007). Herein, we 

demonstrate that in HEK293T cells Piezo1 is another Ca2+-permeable 

mechanosensitive channel regulating migration. By sensing mechanical forces 

generated by cytoskeletal reorganization (Actin polymerization and actomyosin 
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contraction) on the plasma membrane, Piezo1 supposedly mediates the influx of 

Ca2+ that, in turn, activates the ICl,swell responsible for the cell rear retraction. This 

notion is supported by our scratch assay, showing that 10 µM DCPIB, which 

completely blocks ICl,swell, significantly affected the migratory ability of HEK293T cells. 

However, whether Piezo1 controls other important mechanisms involved in HEK293 

cell migration, such as remodeling of the cytoskeleton or reorganization of the 

molecular apparatus forming focal adhesions, requires further investigation aimed 

at clarifying these aspects.  

Conclusion. We have shown that osmotic perturbation of the extracellular 

environment is sensed by the mechanosensitive, Ca2+-permeable Piezo1 channel 

which, through the fine modulation of VRAC-mediated ICl,swell, controls the RVD 

process and contributes to restoring the original cell volume in HEK293T cells. 

Furthermore, Piezo1-mediated Ca2+ entry controls cell migration, likely as the result 

of its ability in regulating RVD through the modulation of the ICl,swell. Since Piezo1 and 

VRAC channels are ubiquitously expressed in animal cells, their mutual cooperation 

in regulating fundamental biological processes such as cell volume and migration 

might represent a general mechanism in all cells. However, several open questions 

remain unanswered and many aspects covered by this study require a more in-

depth investigation. For instance, the mechanism through which Ca2+ entry via 

Piezo1 modulates the ICl,swell, or whether other mechanosensitive channels, like TRP, 

may have similar roles as Piezo1 in different cell types.  
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FIGURES LEGENDS 

 

 

 
Figure 1. Assessment of regulatory volume decrease (RVD) in HEK293T cells expressing varying 

levels of Piezo1. A) Top: Representative immunoblots showing expression levels of Piezo1 in 

lysates from WT (n=3), OVER (n=3), and KO (n=3) cells. Bottom: Densitometric band intensities 

normalized to Actin antibody, used as loading control. Data are shown as mean ± SEM. 

***p<0.001. B) Time courses of RVD as evaluated from the changes of the relative cell area in 

control conditions and during application of 30% hypotonic solution (blue bar) to HEK293T wild 

type cells (WT, black circles, n=5) and to HEK293T cells either overexpressing (OVER, blue circles, 

n=5) or knockout (KO, red circles, n=5) for Piezo1. Data are shown as mean ± SEM. C) 

Representative images obtained in phase contrast microscopy and acquired in control conditions 

(T=0 min) and at varying times (T=10 min and T=56 min) during exposure to 30% hypotonic 

solution, in WT (top), OVER (middle), and KO (bottom) cells.  
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Figure 2. Electrophysiological recordings of Piezo1 current in HEK293T cells. A) Representative 

current traces recorded in continuous at the holding potential of -80 mV, in WT (top, black trace, 

n=6), OVER (middle, blue trace, n=9) and KO cells (bottom, red trace, n=10), during application of 

30% hypotonic solution (Hypo, blue bar), and upon addition of 10 µM of the Piezo1 agonist Yoda1 

(Yoda1, green bar) and 10 µM Yoda1 + 2 µM GsMTx4 (orange bar). The application of hypotonic 

solution activates an inward current, enhanced by Yoda1 and fully blocked by GsMTx4, an inhibitor 

of Piezo1, in WT and OVER, but not in KO cells. All experiments were carried out in the constant 

presence of the ICl,swell antagonist DCPIB (10 µM). B) Bar plot showing the average current density 

during exposure to 30% hypotonic solution (Hypo) and to 30% hypotonic solution supplemented 

with 10 µM Yoda1 (Yoda1) in WT (black bars), OVER (blue bars), and KO (red bars) cells. Data are 

shown as mean ± SEM. *p<0.05. 
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Figure 3. Electrophysiological recording of ICl,swell in HEK293T cells. A) Time courses of current 

density (pA/pF) in OVER (top) and KO cells (bottom) measured from current ramps at -80 mV, the 

equilibrium potential for K+ (EK, light circles), and -20 mV, the equilibrium potential for Cl- (ECl, 

black circles), under our recording conditions, during application of 30% hypotonic solution (blue 

bar) and upon addition of 10 µM DCPIB (green bar). Insets: Representative current ramps from -

100 to 20 mV (600 ms duration) from a holding potential of -40 mV, under control conditions 

(black traces), 30% hypotonic solution (blue traces), and 30% hypotonic solution containing 10 µM 

DCPIB (green traces). B) Bar plot showing the average current density during exposure to 30% 

hypotonic solution, measured at the equilibrium potential for K+ (EK, left bars) and Cl- (ECl, right 

bars), in WT (n=5), OVER (n=7), and KO (n=7) cells. Data are shown as mean ± SEM; **p<0.01. 

C) Top: representative immunoblots showing expression levels of the LRCC8A subunit in lysates 

from WT (n=3), OVER (n=3), and KO (n=3) cells. Bottom: Densitometric band intensities normalized 

to Actin antibody, used as loading control. The anti-LRRC8A immunostaining analysis was 

performed on the same blot of Piezo1 (Figure 1A) for comparative analyses. Data are shown as 

mean ± SEM. 
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Figure 4. ICl,swell recording and RVD measurement in presence and absence of extracellular Ca2+. 

A) and B) Time courses of current in OVER (A) and KO (B) cells measured at -80 mV, during 

application of a Ca2+-free 30% hypotonic solution (Hypo 0 Ca2+, green bars) and a 30% hypotonic 

solution containing 2 mM Ca2+ (Hypo 2 Ca2+, blue bars). Insets: Representative current ramps from 

-100 to 20 mV (600 ms duration) from a holding potential of -40 mV, under control conditions 

(grey traces), and after application of a Ca2+-free 30% hypotonic solution (blue traces), and a 30% 

hypotonic solution containing 2 mM Ca2+ (green traces). C) Bar plot showing the average current 

density elicited during exposure to Ca2+-free 30% hypotonic solution (Hypo 0 Ca2+, left bars) or 

30% hypotonic solution containing 2 mM Ca2+ (Hypo 2 Ca2+, right bars), in WT (n=4) OVER (n=4) 

and KO (n=4) cells. **p<0.01 D) Time courses of RVD in OVER cells following 30% hypotonic 

solution containing 0 Ca2+ (blue circles, n=4) or 2 mM Ca2+ (orange circles, n=4). Data are shown as 

mean ± SEM; **p<0.01.  
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Figure 5. ICl,swell recording in thapsigargin-induced store Ca2+ depletion. A) Representative time 

course of current, measured at -80 mV, during application of a Ca2+-free 30% hypotonic solution 

(Hypo 0 Ca2+, green bars) and in succession of a 30% hypotonic solution containing 2 mM Ca2+ 

(Hypo 2 Ca2+, blue bars), in WT cells in the of prior store depletion induced with 1 μM tapsighargin 

(TG, orange bar) pre-treatment. B) Bar plot showing the average current density elicited during 

exposure to Ca2+-free 30% hypotonic solution (Hypo 0 Ca2+, left bars) or 30% hypotonic solution 

containing 2 mM Ca2+ (Hypo 2 Ca2+, right bars), in WT (black bars) and OVER (blue bars) cells in the 

presence (D) of TG pre-treatment. Data are shown as mean ± SEM.  
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Figure 6. Wound healing cell migration assay. A) Representative brightfield images acquired at 

the beginning of the experiment (T=0) and after 12, 24, 36, and 48 hours, for the three Piezo1 

expression models: WT (1st row), KO (2nd row), OVER (3rd row), and OVER+DCPIB (4th row) cells. 

Scale bar= 100 µm B) Bar plot showing the percentage of opened scratch, calculated at different 

time points (12, 24, 36, and 48 hours) from the beginning of the experiments (T=0), for WT (black 

bars), KO (red bars), and OVER (blue bars) cells under control conditions, and in OVER cells in the 

presence of 10 µM DCPIB (orange bars). Data are shown as mean ± SEM. ***p<0.001; 

****p<0.0001. 


