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ABSTRACT The mechanically activated ion channel PIEZO1 is critical to numerous physiological processes, and is activated
by diverse mechanical cues. The channel is gated by membrane tension and has been found to be mobile in the plasma mem-
brane. We employed single-particle tracking (SPT) of endogenous, tdTomato-tagged PIEZO1 using total internal reflection fluo-
rescence microscopy in live cells. Application of SPT unveiled a surprising heterogeneity of diffusing PIEZO1 subpopulations,
which we labeled ‘‘mobile’’ and ‘‘immobile.’’ We sorted these trajectories into the two aforementioned categories using trajectory
spread. To evaluate the effects of the plasma membrane composition on PIEZO1 diffusion, we manipulated membrane compo-
sition by depleting or supplementing cholesterol, or by adding margaric acid to stiffen the membrane. To examine effects of
channel activation on PIEZO1 mobility, we treated cells with Yoda1, a PIEZO1 agonist, and GsMTx-4, a channel inhibitor.
We collected thousands of trajectories for each condition, and found that cholesterol removal and Yoda1 incubation increased
the channel’s propensity for mobility. Conversely, we found that GsMTx-4 incubation and cholesterol supplementation resulted
in a lower chance of mobile trajectories, whereas margaric acid incubation did not have a significant effect on PIEZO1 mobility.
The mobile trajectories were analyzed further by fitting the time-averaged mean-squared displacement as a function of lag time
to a power law model, revealing that mobile PIEZO1 puncta exhibit anomalous subdiffusion. These studies illuminate the funda-
mental properties governing PIEZO1 diffusion in the plasma membrane and set the stage to determine how cellular processes
and interactions may influence channel activity and mobility.
SIGNIFICANCE PIEZO1 is a mechanically activated ion channel that regulates a number of physiological processes.
Here, we examine a fundamental biophysical property of PIEZO1—its movement in the plasma membrane. We find that
the mobility of PIEZO1 is surprisingly heterogeneous, with some PIEZO1 puncta showing high mobility and some
displaying very limited mobility. Cholesterol depletion from the plasma membrane increases PIEZO1 mobility while
cholesterol supplementation decreases mobility. Yoda1 treatment increases PIEZO1 mobility whereas GsMTx-4
treatment decreases channel mobility.
INTRODUCTION

Mechanically activated ion channels rapidly sense and
transduce mechanical stimuli into electrical and chemical
signals by allowing ion flux across biological membranes,
and are found across bacteria, archaea, and eukaryotes
(1–5). The PIEZO family of ion channels was the first
mammalian excitatory mechanically activated group of
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ion channels to be identified (6). The importance of
PIEZO channels is underscored by the fact that they are
highly conserved across many species, and are expressed
in a wide range of tissues. PIEZO channels activate in
response to mechanical cues and cause cationic influx
(6), thereby regulating a number of crucial biological pro-
cesses. These proteins are critical in vascular development
(7,8), lymphatic valve development (9), bone formation
(10), blood pressure baroreflex (11), mechanical itch
(12) and touch (13,14), proprioception (15), tactile and
mechanical pain (16,17), skin wound healing (18), and
neural stem cell differentiation (19). Knockouts of
PIEZO1 are embryonic lethal (7,8), and PIEZO1 muta-
tions are associated with several diseases, including
Biophysical Journal 124, 1–14, September 2, 2025 1

ciety.

s.org/licenses/by/4.0/).

mailto:douglas.tobias@uci.edu
mailto:medhap@uci.edu
https://doi.org/10.1016/j.bpj.2025.01.010
http://creativecommons.org/licenses/by/4.0/


Ly et al.

Please cite this article in press as: Ly et al., Single-particle tracking reveals heterogeneous PIEZO1 diffusion, Biophysical Journal (2025), https://doi.org/10.1016/
j.bpj.2025.01.010
dehydrated hereditary stomatocytosis, and lymphatic
dysplasia (20,21).

The homotrimeric PIEZO channels, with their triple-
bladed, propeller-like architecture, have a unique structure
compared with other known membrane proteins (22–26).
The propeller blades consist of repeating four-transmembrane
helix-containing bundles that are linked to the central pore by
the beam and anchor domains (22). Structural, computational,
and microscopy studies of PIEZO channels reveal that the
channel structure causes local distortion of the membrane,
thereby inducing membrane curvature and causing the mem-
brane to adopt a striking bowl-like characteristic (24,26–30).
Membrane tension gates PIEZO1 (31–33), demonstrating
that the channel directly senses force on the lipid bilayer.
PIEZO1 has also been proposed to function through a force-
through-filament mechanism, in which the actin cytoskeleton
may function as a tether to translate mechanical forces from
the membrane to PIEZO1 to induce conformational change,
thereby gating the channel (34,35).

We previously reported that cellular traction forces gener-
ated by the actomyosin cytoskeleton and transmitted to the
substrate at focal adhesions can activate PIEZO1 (19,36).
Using a PIEZO1-tdTomato reporter mouse model where
the endogenous PIEZO1 protein is tagged with a tdTomato
fluorophore at the PIEZO1 C-terminus, we found that the
PIEZO1 protein localization is not restricted to focal adhe-
sions and that the channel is surprisingly mobile within the
plasma membrane (36). Ridone et al. similarly found that
the channel was mobile using heterologously expressed
PIEZO1-GFP, and further showed that cholesterol depletion
via methyl-b-cyclodextrin (MBCD) increased channel
diffusion and disrupted clustering of PIEZO1 (37). Earlier
analysis was performed under the assumption that
PIEZO1 demonstrated Brownian motion (37). However,
the plasma membrane through which PIEZO1 diffuses is a
complex environment composed of a number of proteins
and lipids with considerable structural heterogeneity, which
could influence PIEZO1 mobility (38–40). Indeed, in a later
study Vaisey et al. observed that PIEZO1 in red blood cells
demonstrated a confined Brownian motion (41).

Here, we report single-particle tracking (SPT) of endoge-
nously expressed PIEZO1-tdTomato channels. Visual exami-
nation reveals heterogeneous trajectories that could be
classified into two broad categories based on their spatial
extent: a ‘‘mobile’’ class wherein trajectories a displayed rela-
tively large spatial extent, and an ‘‘immobile’’ class with tra-
jectories limited to a small area. We show that PIEZO1-
tdTomato is more likely to be classified as mobile when the
cells are treatedwithYoda1 andMBCD.Conversely, the chan-
nel is more likely to be immobilewhen treated with GsMTx-4
or when the membrane is supplemented with cholesterol. The
mobile class was also found to be subdiffusive across all the
tested experimental conditions. Our results demonstrate that
membrane composition and channel activity may play a key
role in regulating PIEZO1 mobility.
2 Biophysical Journal 124, 1–14, September 2, 2025
MATERIALS AND METHODS

Animals

All cells used in this study were harvested from a reporter mouse with a

tdTomato knock-in at the C-terminus of the endogenous PIEZO1 channel

(JAX stock 29214) (7). All animal experiments were approved by the Insti-

tutional Animal Care and Use Committee of the University of California,

Irvine, and were performed in accordance with their guidelines.
Mouse embryonic fibroblast isolation and culture

Mouse embryonic fibroblast (MEF) cells were isolated from the tdTomato

knock-in reporter mice (7). Mice were considered embryonic day 0.5 upon

vaginal plugging. Fibroblast cells were harvested from embryos at embryonic

day 12.5 after removing the head, limbs, and tail from the embryo. The brain

was harvested and used separately for culturing mouse neural stem cells

(mNSCs) (see section mNSC isolation and culture below. The dissection

was performed in 33 mM D-(þ)-glucose (Sigma-Aldrich, St. Louis, MI,

USA, G-6152) and 1% penicillin-streptomycin (10,000 U/mL; Gibco, Wal-

tham, MA, USA, 15140122) in Dulbecco’s phosphate-buffered saline (PBS)

(Gibco, 14-190-250). The tissuewas spun at 260� g for 5 min, and the super-

natant was aspirated. The cells were resuspended in Dulbecco’s modified Ea-

gle’s medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA,

11960-051) with 15% fetal bovine serum (Omega Scientific, Tarzana, CA,

USA, FB-12), 1� GlutaMAX (Thermo Fisher Scientific, 35050-061),

1mMsodiumpyruvate (ThermoFisher Scientific, 11360-070), and 1� nones-

sential amino acid solution (Thermo Fisher Scientific, 11140-050). Cells were

plated in aT-25 cell cultureflask (Eppendorf, Enfield,CT,USA, 0030710,126)

coatedwith 0.1% gelatin solution (Fisher Scientific, ES-006-B) and incubated

in a sterile environment at 37�Cwith 5%CO2. Mediumwas changed 1 h after

plating. PIEZO1-tdTomato MEFs were passaged using TrypLE Express

(Thermo Fisher Scientific, 12604,013) to dissociate the cells and were spun

at 260 � g for 5 min. Cells were then counted using a hemocytometer and

7500–10,000 cells were plated on the 14mmglass region of no. 1.5 glass-bot-

tom dishes (MatTek, Ashland, MA, USA) coated with 10 mg/mL fibronectin

(Fisher Scientific, CB-40008A). Medium was changed after 2 h and every

48 h until imaging experiments. Cells weremaintained in a 5%CO2 incubator

at 37�C for at least 72 h before imaging. MEFs were used for experiments be-

tween passages 3 and 7.
Mouse liver sinusoidal endothelial cell isolation
and culture

Mouse liver sinusoidal endothelial cells (mLSECs) were isolated from

8-week-old PIEZO1-tdTomato reporter mice using an immunomagnetic

separation technique. A mouse liver was thoroughly minced using scalpel

blades and resuspended in a dissociation solution containing 9 mL 0.1%

collagenase II, 1 mL 2.5 U/mL dispase, 1 mM CaCl2, and 1 mM MgCl2
in Hanks’ buffer solution. The tissue dissociation mix was incubated at

37�C for 50 min in a tube rotator to provide continuous agitation. Following

this enzymatic digestion, the mix was passed through 70 and 40 mm cell

strainers to remove undigested tissue. Cells were washed twice in PEB

buffer containing PBS solution, EDTA 2 mM, and 0.5% BSA (pH 7.2).

The washed pellets were resuspended in 1 mL PEB buffer and 30 mL

CD146 microbeads (Miltenyi Biotech) at 4�C for 15 min under continuous

agitation. CD146 is a membrane protein marker for endothelial cells and is

highly expressed in mLSECs. Following incubation, the solution was

passed through an LS column (Miltenyi Biotech, Gaithersburg, MD,

USA) primed with PEB buffer. The column was washed 3 times with

5 mL PEB buffer and the CD146 negative eluate was removed. CD146-pos-

itive cells were retained in the column and flushed with 5 mL warmed

EGM-2 growth medium supplemented with EGM-2 bullet kit (Lonza,

MWalkersville, MD, USA) into a separate tube. Cells were spun at
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300 � g for 5 min, diluted in 1 mL EGM-2 medium, and counted using a

hemocytometer. Cells (30,000–40,000) were plated on the 14 mm glass re-

gion of no. 1.5 glass-bottom dishes (MatTek) coated with 10 mg/mL fibro-

nectin (Fisher Scientific, CB-40008A). Medium was changed after 2 h and

every 48 h until imaging experiments. Cells were grown in a 5% CO2 incu-

bator at 37�C for at least 72 h before imaging.
mNSC isolation and culture

mNSCs were isolated from the PIEZO1-tdTomato knock-in reporter mouse

(7). Embryos were obtained on embryonic day 12.5, and heads of the mice

were harvested in 33 mM D-(þ)-glucose (Sigma-Aldrich, G-6152) and 1%

penicillin-streptomycin (10,000 U/mL; Gibco, 15140122) in Dulbecco’s

PBS (Gibco, 14-190-250). The top layer of the head was removed to visu-

alize the cortex, and the top half of each cortex was harvested and placed on

ice. Tissue was spun at 260 � g for 5 min, the supernatant was discarded.

Cells were resuspended in DMEM (Thermo Fisher Scientific, 11995-065),

1� N2 (Thermo Fisher Scientific, 17502048), 1� B27 (Thermo Fisher

Scientific, 17504044), 1 mM sodium pyruvate (Thermo Fisher Scientific,

11360070), 2 mM GlutaMAX (Thermo Fisher Scientific, 35050061),

1 mM N-acetylcysteine (Millipore Sigma, Burlington, MA, USA,

A7250), 10 ng/mL b-FGF (Peprotech, 100-18B), 20 ng/mL EGF (Pepro-

tech, Waltham, MA, USA, AF-100-15), and 2 mg/mL heparin (Millipore

Sigma, H3149). mNSCs were cultured as neurospheres in nonadherent cul-

tureware, and were passaged using a Neurocult Chemical Dissociation Kit

(STEMCELL Technologies, Cambridge, MA, USA, 05707). A total of

10,000 mNSCs were plated onto the 14 mm glass region of no. 1.5 glass-

bottom dishes (MatTek) coated with 10 mg/mL laminin (Thermo Fisher Sci-

entific, 23017015). mNSCs between passages 4–7 and days 29–33 were

used for imaging. mNSCs were cultured in a 5% CO2 incubator at 37�C
for at least 72 h before imaging.
Imaging PIEZO1-tdTomato

Mobility of native PIEZO1-tdTomato channels was imaged using total

internal reflection fluorescence (TIRF) microscopy at 37�C. PIEZO1-

tdTomato MEFs, mLSECs, and mNSCs were washed with phenol red-

free DMEM/F12 (Invitrogen, 25116001) thrice and incubated in imaging

solution, composed of 148 mM NaCl, 3 mM CaCl2, 1 mM KCl, 2 mM

MgCl2, 8 mM glucose, 10 mM HEPES (pH 7.30), and 316 mOsm/L osmo-

larity for 5 min. An Olympus IX83 microscope fitted with a 4-line cellTIRF

illuminator, an environmental control enclosure and stage top incubator

(Tokai Hit, Bala Cynwyd, PA, USA), and a PLAPO 60� oil immersion

objective NA 1.45 were used to image cells. A programmable motorized

stage (ASI) was used to identify samples throughout imaging. Images

were acquired using the open-source software m-Manager (42). Cells

were illuminated with a 561 nm laser and images were acquired using a Ha-

mamatsu Flash 4.0 v2þ scientific CMOS camera at a frame rate of 10

frames/second with a 100 ms exposure time.

PIEZO1-tdTomato MEFs were fixed using a 4% paraformaldehyde

(Electron Microscopy Sciences, Hatfield, PA, USA, 15710), 1� PBS,

5 mM MgCl2, 10 mM EGTA, and 40 mg/mL sucrose buffer for 10 min

at room temperature. The cells were washed thrice with PBS for 5 min.
Drug treatment

MBCD-treated cells were incubated in 10 mM MBCD (Sigma-Aldrich,

C4555-5G) for 15 min before imaging. Cholesterol-MBCD-treated cells

were incubated in 100 mg/mL cholesterol-water soluble (containing

MBCD for solubility) (Sigma-Aldrich, C4951, 30 mg) and were incubated

for 1 h. Cells treated with 300 mM margaric acid (NuChek, Elysian, MN,

USA, N-17-A) were incubated overnight at 37�C for 24 h. Cells treated

with 4 mM Yoda1 (Tocris, Minneapolis, MN, USA, 558610) or 4 mM
GsMTx-4 (Tocris, 4912) were incubated for 15 min. Margaric acid and

Yoda1 were dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich,

276855-100ML). As such, DMSO was used as a control for margaric acid

and Yoda1. Imaging sessions were limited to 30 min after drug treatment,

and the chemical agents were maintained in the bath solution during imaging.
PIEZO1-tdTomato trajectory generation

SPT of PIEZO1-tdTomato puncta was done using the custom-built, open-

source image processing and analysis program Flika (43) on Python 3.9.13.

A difference of Gaussians algorithm was used as a spatial bandpass filter on

the image stacks. The resulting enhanced stack was then thresholded using a

manually selected threshold value to generate a binary image stack. Spatially

continuous pixels above this threshold were considered a single particle. A

two-dimensional Gaussian function was used to determine the centroid of

each particle to subpixel precision. Particles within three pixels of consecutive

frames were assumed to represent the same PIEZO1-tdTomato puncta. These

particles were then linked to generate trajectories. Average nearest neighbor

per frame and step sizes were calculated to verify that ID switching does not

occur for the majority of trajectory linkages (see supporting methods for de-

tails). Skipped frames were handled by inserting a placeholder value (num-

py.nan) for missing coordinates (36,44). A conversion factor equivalent to

the lengthof a single pixel, 0.1092mm,wasused to transform two-dimensional

coordinates in pixel units to microns. We limited our analysis to trajectories

that were at least 20 s in length, which at a frame rate of 100 ms resulted in

a minimum of 200 positions per trajectory. Trajectory analyses were per-

formed with R (v4) (45), unless stated otherwise.
Fixed-cell trajectory analysis

We used fixed-cell trajectories to estimate the magnitude of the localization

error under the assumption that their apparent spread should stem, exclu-

sively, from the localization error (46). To identify trajectories consistent

with this assumption, we first computed the individual trajectory time-aver-

aged mean-square displacement (TAMSD), d2, as a function of time accord-

ing to d2ðnDtÞ ¼ 1
N� n

PN� n
k¼ 1 ð~xkþn � ~xkÞ2 for an N-point trajectory,

~xðtÞ ¼ f~x1;~x2.;~xNg, sampled at a frame rate Dt. The TAMSD computa-

tions were performed over one decade of frame lags (n ¼ 1;.;10), and

their time dependence modeled as a power law, d2ðnDtÞ ¼ KaðnDtÞa,
over the second to fourth frame lags (n ¼ 2;3;4), using linear regression

on the log-transformed variables. Under our assumption, we expect az0.

We identify trajectories that fulfill this criterion by imposing a two-compo-

nent Gaussian mixture model over the resulting power law exponent, a, dis-

tribution, and choosing the subpopulation with lower mean value of a. We

refined our data set further by imposing a two-component kernel-based

mixture model over the resulting distribution of power law coefficients,

Ka, and choosing the subpopulation with lower mean value of Ka. Both

two-component mixture models were generated using expectation minimi-

zation algorithms implemented in the mixtools R package (47). A joint

ðKa;aÞ kernel density estimate of the resulting trajectory data set indicated

that most of the sampled trajectories were consistent with our initial

assumption. Our estimate for the magnitude of the localization error was

taken as the most likely Ka value according to the joint kernel density es-

timate, which under the assumption az0 is 0.33 Å2.

We also computed the corresponding scaled radius of gyration, sRg (see

Eq. 1), for this selected data set of fixed-cell trajectories and used the 95th

percentile of the corresponding distribution as a threshold to identify trajec-

tories as immobile or mobile in live cells.
Live-cell trajectory analysis

Before performing the analyses reported here, we computed the individual

trajectory TAMSD up to 20 frame lags (see previous section) and used the
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FIGURE 1 TIRF microscopy and single-particle tracking reveals hetero-

geneity in PIEZO1-tdTomato mobility. (A) Representative TIRF image

of PIEZO1-tdTomato puncta in live MEFs harvested from PIEZO1-

tdTomato reporter mice. The white line denotes the cell boundary. Insets

show enlarged regions of interest. The green inset is representative of re-

gions where puncta appear mobile, whereas the blue inset is representative

of regions where puncta show little or no mobility. The trajectories gener-

ated from the single-particle tracking analysis can be classified into a (B)

mobile fraction and (C) an immobile fraction, according to their spatial

spread (see Fig. 2). See also Video S1 in the supporting material. Scale

bars ¼ 10 mm.
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results to remove any trajectory with TAMSD values below our localization

error estimate.

An N-point trajectory with position vectors~xðtÞ ¼ f~x1;~x2.;~xNg can be
equivalently described in terms of step vectors,~xðtÞhf~Dx1;~Dx2.;~DxN� 1g,
with ~Dxi ¼ ~xiþ1 � ~xi. We used this step vector representation to charac-

terize the live-cell trajectories mobile class. To probe heterogeneity at the

mobile class ensemble level, we modeled the entire one-dimensional steps

distribution as a single Gaussian, using the sample mean and variance; and

as a two-component Gaussian distribution, using the mixtools R package

(47) to obtain the maximum likelihood parameter estimates. To probe het-

erogeneity at the individual mobile trajectory level, we modeled the distri-

bution of step vector magnitudes as a mixture distribution with one through

four Rayleigh distribution components. We used Mathematica 14 (48) to

obtain the maximum likelihood parameter estimates for each candidate

mixture distribution. To select the number of components in the mixture

distribution of each individual trajectory, we used the Akaike information

criterion (AIC) statistic, given by AIC ¼ 2k � 2 logbL with k the number

of degrees of freedom and bL is the maximum likelihood estimate, and

selected either the model with the minimum AIC value or, if the model
4 Biophysical Journal 124, 1–14, September 2, 2025
with minimum AIC had ðjþ1Þ components and AICj � AICjþ1 < 4, we

chose the model with j components.

To assess the effect of different drug treatments on the mobility of

PIEZO1, we used the number of mobile and immobile trajectories in a given

experimental session to compute an estimate of the odds of observing mobile

trajectories and used the results to obtain odds ratio estimates of observing

mobile trajectories upon drug treatment relative to their corresponding con-

trol. For drug treatments in aqueous solution, we grouped drug-treated and

control trajectories from the same experimental session and used a Mantel-

Haenszel significance test to compute a common odds ratio estimated using

the total number of drug-treated and control trajectories in each experimental

session as weights. For drug treatments in DMSO, we lacked control trajec-

tories from the same experimental session as the drug treatments. Therefore,

we constructed the common odds ratio estimate using the total number of tra-

jectories in the drug-treated groups as weights.

The time dependence of individual trajectories’ TAMSD was modeled as

a power law over the first 20 frame lags using linear regression on the log-

transformed independent and dependent variables. Individual trajectories’

TAMSD and the localization error estimate from the fixed-cell data were

used to obtain ensemble estimates of the power law exponent using the pro-

cedure for noisy and heterogeneous trajectories described in (49).

The code used for the trajectory analysis is available in an online repos-

itory (see supporting material).
RESULTS

PIEZO1-tdTomato puncta exhibit heterogeneous
mobility

We imaged with TIRFM endogenously expressed PIEZO1-
tdTomato in MEF cells harvested from PIEZO1-tdTomato
reporter mice. PIEZO1 channels were visible as distinct
puncta as described earlier (36) but with higher fidelity
due to improvements in camera technology (Fig. 1 A). Ellef-
sen et al. had previously acquired PIEZO1 diffusion videos
using an Andor iXon3 electron multiplying charge-coupled
device camera. We captured our videos using a Hamamatsu
Flash 4.0 v2þ scientific complementary metal oxide semi-
conductor camera, which has several advantages over elec-
tron-multiplying charge-coupled devices in pixel size/
resolution, signal/noise, speed, dynamic range, and a larger
field of view (50–52). Visual inspection of videos revealed
that some puncta were quite mobile while others showed lit-
tle or no mobility (Fig. 1 A and Video S1 in supporting ma-
terial). The reduced mobility of some PIEZO1 puncta was
particularly evident in regions of the cell where PIEZO1
puncta appeared to cluster together in structures reminiscent
of focal adhesions (Fig. 1 A, green inset; also compare green
and blue insets in Video S1), in agreement with reports that
PIEZO1 is enriched at focal adhesions under certain condi-
tions (53,54). We examined individual PIEZO1 trajectories
more closely and found that they could be classified accord-
ing to their apparent two-dimensional extent into a mobile
class and immobile class (Fig. 1, B and C).

To classify trajectories as mobile or immobile, we made
the assumption that the apparent spread of immobile trajec-
tories should stem exclusively from the localization error.
We extracted trajectories from paraformaldehyde-treated,
fixed cells, in which PIEZO1-tdTomato puncta are rendered
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bilities. (A) Distribution of individual PIEZO1-tdTomato trajectories’
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tified as immobile in both cell types. The plot traces are joined histogram
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immobile (see Video S2). To quantify the apparent spread of
a two-dimensional trajectory, we used the trajectory’s radius
of gyration scaled by the corresponding mean step-length,
as proposed by Golan and Sherman (46):

sRg ¼
ffiffiffiffi
p

2

r
Rg

CrD
(1)
where for an N-point trajectory ~x ¼ f~x1; .~xNg, Rg ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN 2
q PN
1

N i¼ 1 ð~xi � C~xDÞ with C~xD ¼ i¼ 1~xi, and CrD ¼
1
N� 1

PN� 1
i¼ 1

��~xiþ1 � ~xi
��. As shown in (46), positions sampled

from a two-dimensional isotropic Gaussian lead to Rg=CrD ¼ffiffiffiffiffiffiffiffi
2=p

p
. Thus, for immobile trajectories with apparent motion

resulting exclusively from localization error, the sRg distribu-

tion should approximate a Gaussian distribution with mean of
1 independent of the magnitude of the localization error (see
Fig. 2 A). Importantly, this relationship holds true regardless
of the magnitude of localization error and thus can be used
to identify immobile particles. Similar to Golan and Sherman
(46), we used the 95th percentile of a selected set of fixed-cell
trajectories sRg distribution as a threshold to categorize trajec-

tories as immobile or mobile in live cells. Using this threshold
criterion, 40% of the PIEZO1-tdTomato trajectories from live
MEFs are identified as immobile (Fig. 2A). Notably, applying
the same criterion to PIEZO1-tdTomato trajectories obtained
from a different cell type, mLSECs, results in a similar parti-
tion between mobile and immobile trajectories, suggesting
that the observed heterogeneity is not limited to PIEZO1-
tdTomato expressed inMEFs (Fig. 2 A).We also obtained tra-
jectories from mNSCs but, due to the low expression of
PIEZO1-tdTomato in these cells and the rapid photobleach-
ing, we were only able extract a very small number. When
we shortened the trajectory cutoff length from 20 to 10 s for
mNSCs, we obtained 2422 trajectories from 147 videos
compared with 24,152 MEF trajectories from 137 videos
and 71,218 mLSEC trajectories from 346 videos using 20 s
cutoffs. While the number of trajectories obtained from
mNSCs were an order of magnitude below MEF cells, the
mNSCs also exhibited immobile and mobile subpopulations
(57% mobile:43% immobile) but, given the small number of
trajectories, we focused on MEFs and mLSECs for further
analysis.

Next, we focused on understanding the behavior of the
mobile trajectories. Unlike the distributions of sRg from
fixed cells, the tails of the sRg distributions from live cell
trajectories have an exponential character (see Fig. 2 B),
suggesting heterogeneity within the PIEZO1-tdTomato mo-
bile class. We confirmed this finding by considering the tra-
jectories’ steps distribution.

Under the assumption of two-dimensional Brownian mo-
tion, the trajectory steps (e.g., ~Dxi ¼ ~xiþ1 � ~xi for all
i ¼ 1;.;N � 1 in an N-point trajectory) are distributed
according to

pðDx;DyÞ ¼ 1

2ps2
e�

Dx2þDy2

2s2 (2)

where the pair ðDx;DyÞ denotes the components of the step
vector. If a trajectory is sampled at equal time intervals, Dt,

the variance, s2, can be expressed as an apparent diffusion
coefficient, according to s2 ¼ 2DDt. Thus, the ensemble-
level heterogeneity observed in Fig. 2 B could just reflect
the intrinsic heterogeneity of individual diffusers, expressed
as different values of D for different trajectories. According
to Eq. 2, CDxD2 ¼ 2DDt, and similarly for Dy. Thus, the
Biophysical Journal 124, 1–14, September 2, 2025 5
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FIGURE 3 PIEZO1-tdTomato mobile trajectories exhibit non-Brownian

motion. The step distributions from individual trajectories in both (A) MEF

and (B) mLSECmobile trajectories are shown as dots (corresponding to his-

togram bin heights). The non-Gaussian character is evidenced when

compared with a two-Gaussian mixture model (shown as continuous or-

ange lines) and the corresponding single Gaussian distribution with same

mean and variance (shown as dashed lines). The individual step vector com-

ponents of each mobile trajectory, scaled by their corresponding root mean-

square value (see Eq. 3), were binned together.
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dependence of the step distribution on individual values of
D can be removed by scaling individual step components
by the corresponding root mean-square value as

Dx0 ¼ Dxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

P
iDx

2
i

r (3)

and similarly for Dy (55,56).
As shown in Fig. 3, the mobile trajectories’ step distribu-
tions in both cell types deviate from single Gaussians, and
are better described by a mixture of two Gaussians, indi-
cating that individual PIEZO1-tdTomato mobile trajectories
are heterogeneous. The better fit for mLSECs is likely due to
increased sampling relative to MEFs at large step lengths.
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This finding stands in contrast to the underlying assumption
made so far in the literature that PIEZO1 diffusion can be
described as Brownian motion (37,41).

To characterize heterogeneity within the PIEZO1-
tdTomato mobile class at the level of individual trajectories,
we opted for a simplified description in terms of the two-

dimensional step length r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dx2 þ Dy2

p
. When both Dx

and Dy are normally distributed with variance s2, then the
corresponding step length probability density function at
constant sampling rate Dt is given by the Rayleigh distribu-

tion r
s
e�

r2

2s2 . We then allow for trajectory heterogeneity by

considering a simple phenomenological model for the distri-
bution of step lengths, pðrÞ, according to:

pðrÞ ¼
Xk

i ¼ 1

pi
r

si

e
� r2

2s2
i (4)

Under this mixture model, an individual trajectory
arises from random sampling over a finite number of
mobility states i ¼ 1.k, implying

Pk
i¼ 1 pi ¼ 1, and

we assume that our choice of limiting the analysis to tra-
jectories with at least 200 positions (see materials and
methods) provides sufficient sampling to describe the
step population of each ith-state by a Gaussian distribution
with variance s2i . We emphasize that, as the model is in-
tended to be strictly phenomenological, we make no as-
sumptions on the underlying nature of these mobility
states and, for a given trajectory, we take the mixing pro-
portions, pi, to be stationary.

We considered models with one through four components
and used maximum likelihood estimation to determine the
corresponding parameters for each trajectory. An assess-
ment of the resulting models’ AIC statistics (57) (see mate-
rials and methods) indicated that the step-length distribution
of most trajectories (�90%) in the mobile class from each
cell type could be adequately described by a two-component
mixture model. Despite this uniformity in the number of
components, we find that both the component proportion
and apparent diffusion coefficient values are broadly distrib-
uted across trajectories, as shown in Fig. 4.

There is a clear separation between these two mobility
states. The ‘‘fast’’ mobility state (Fig. 4, B and D) is
centered at apparent diffusion coefficient values that are
in the same order as previously reported estimates
(36,41). On the other hand, the apparent diffusion coeffi-
cients for the ‘‘slow’’ mobility state (Fig. 4, A and C) are
centered almost one order of magnitude below. Further-
more, for a significant proportion of trajectories (�62% in
MEFs and �51% in mLSECs) the slow mobility state
apparent diffusion coefficient is under the value correspond-
ing to the localization uncertainty (� 1� 10� 2 mm2=s, as
determined from the trajectory analysis of fixed cells, see
materials and methods). Despite the diversity in values
across trajectories, the parameters of each mobility state



(0.9, 1.0]
(0.8, 0.9]
(0.7, 0.8]
(0.6, 0.7]
(0.5, 0.6]
(0.4, 0.5]
(0.3, 0.4]
(0.2, 0.3]
(0.1, 0.2]

0.00

0.25

0.50

0.75

1.00

0.0 0.5 1.0 1.5 2.0

D (x 10 2 m2/s)

pr
op

or
tio

n

0.0 2.5 5.0 7.5 10.0

D (x 10 2 m2/s)

0.00

0.25

0.50

0.75

1.00

0.0 0.5 1.0 1.5 2.0

D (x 10 2 m2/s)

pr
op

or
tio

n

0.0 2.5 5.0 7.5 10.0

D (x 10 2 m2/s)

M
EF

s
m

LS
EC

s
Slow component Fast component

A B

C D
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tories are heterogeneous. The step-length distribu-
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are similarly distributed in both cell types, suggesting that
the diffusive nature of the PIEZO1-tdTomato mobile class
is independent of cell type.
Manipulation of the lipid membrane composition
and modulation of channel activity results in
changes to PIEZO1 mobility

Previous studies have shown that changes to membrane
composition can affect membrane protein diffusion
(37,58–60). To explore the relationship between membrane
composition and PIEZO1 mobility, we used chemical agents
to manipulate the membrane in MEFs. We then generated
and analyzed PIEZO1-tdTomato trajectories from these
videos as described above. To assess the effect of the
different treatments on the mobility of PIEZO1 puncta, we
used the sRg-based criterion described above (see Fig. 2)
to identify mobile trajectories and computed the odds of
observing mobile trajectories upon treatment as the mobi-
le:immobile ratio. The results are shown in Fig. 5 expressed
as an odds ratio relative to their corresponding control.

To determine how changes to membrane composition
affected PIEZO1 we treated MEFs with 10 mM MBCD
for 15 min to deplete cholesterol from the membrane.
We chose 10 mM MBCD based on the previous studies
in the field (59,61), which examined the impact of choles-
terol depletion on membrane protein mobility. Conversely,
we next supplemented untreated MEF membranes with
100 mg/mL cholesterol-MBCD for 1 h to simulate the
opposite effect on the membrane. To verify the efficacy
of the treatment, we stained the cells with Filipin III,
which changes fluorescence upon binding cholesterol
(Figs. S1 and S2). We observed lower Filipin III staining
in MBCD-treated cells, and higher Filipin III staining in
cholesterol-treated cells. Upon MBCD incubation, the
odds of observing mobile trajectories increased (Fig. 5).
Upon cholesterol supplementation, the odds of observing
mobile trajectories decreased. We also incubated cells
for 24 h in 300 mM margaric acid, a fatty acid known to
stiffen the membrane (62), to explore how membrane
stiffness may modify PIEZO1 mobility. Comparison of
margaric acid-treated trajectories to the DMSO-treated
control trajectories show no significant effects on the mo-
bile proportion (Fig. 5). These results suggest that choles-
terol incubation tends to make PIEZO1 less mobile,
whereas cholesterol removal increases PIEZO1 mobility.
Biophysical Journal 124, 1–14, September 2, 2025 7
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over 3 experiments). The error bars are 95% confidence intervals. Odds ra-

tios upon treatment were computed relative to untreated MEFs (GsMTx-4,
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acid). For contingency tables used in the calculation of the mobile class

odds ratio, see Tables S1 and S2.

Ly et al.

Please cite this article in press as: Ly et al., Single-particle tracking reveals heterogeneous PIEZO1 diffusion, Biophysical Journal (2025), https://doi.org/10.1016/
j.bpj.2025.01.010
However, margaric acid incubation does not appear to
affect PIEZO1 mobility.

We next asked whether the channel’s activation state may
affect its mobility. We examined the effect of drugs that
modulate PIEZO1 activity on PIEZO1 mobility. GsMTx-
4, a spider venom-derived peptide, blocks cation-selective
stretch-activated channels and has been shown to inhibit
PIEZO1 activity (63). We incubated MEFs in 4 mM
GsMTx-4 for 15 min to inhibit PIEZO1 channels. Upon
treatment, the odds of observing mobile trajectories are
reduced (Fig. 5). Thus, GsMTx-4 treatment of PIEZO1 ap-
pears to reduce its mobility. We next examined the effect of
Yoda1, a chemical activator of PIEZO1, on mobility. We
imaged cells treated with 4 mMYoda1 for 15 min, and found
an increase in the odds of observing mobile trajectories
(Fig. 5), suggesting that Yoda1-treated channels are more
mobile overall.

We also considered the effect of these treatments on the
nature of the mobile class itself. As in the case of untreated
8 Biophysical Journal 124, 1–14, September 2, 2025
MEFs, we found that a two-component mixture model pro-
vided an adequate description of the step-length distribution
upon treatment for �90% of mobile trajectories. Further-
more, although the treatments introduce minor alterations
to the most likely values of the mixing proportions and
apparent diffusion coefficients, the model parameters’ joint
distributions are largely unaltered by the treatments (Figs. 6
and S3).

Together, these results indicate that the diffusion of the
PIEZO1-tdTomato is sensitive to changes in membrane
composition as well as to the activation state of the
PIEZO1 channel. On the other hand, the persistent heteroge-
neity of individual PIEZO1-tdTomato mobile trajectories
indicates anomalous diffusion of PIEZO1 in the cell
membrane.
The mobile class is subdiffusive

The available evidence from fluorescence correlation spec-
troscopy, fluorescence recovery after photobleaching, and
SPT indicates that Brownian motion is not the prevalent
diffusive behavior of proteins in the membrane environment
(reviewed in (39,64,65)). Although the mechanistic details
of PIEZO1 diffusion in the plasma membrane have yet to
be elucidated, our results indicate anomalous subdiffusion
of PIEZO1 in membranes.

With the tagged particle’s trajectory denoted as ~xðtÞ,
diffusive behavior can be characterized by the so-called
TAMSD (65)

d2ðDÞ ¼ 1
T�D

R T�D

0
ð~xðt þ DÞ � ~xðtÞÞ2dt (5)

where T is the trajectory’s total length in time and D is the
lag time.
Unrestricted Brownian motion is characterized by a linear
time dependence of the TAMSD

d2ðDÞ ¼ KD (6)

where K is a constant. Deviations from this linear behavior,
termed anomalous diffusion, are commonly observed in

SPT experiments and modeled using a power law form

d2ðDÞ ¼ KaD
a (7)

where a, the so-called anomalous exponent, is a positive real
constant. A time dependence of the TAMSD that is slower

than linear (0<a< 1) is called subdiffusion, while a time
dependence that is faster than linear (a> 1) is called
superdiffusion.

We computed the TAMSD of the individual PIEZO1
trajectories in the mobile class (see Fig. 7 A). Fitting the in-
dividual TAMSDs to a power law (Eq. 7) yields a broad dis-
tribution of anomalous diffusion exponents, a (Fig. 7 B). We
next questioned whether changes to PIEZO1 activity or the
membrane composition may impact PIEZO1’s anomalous
diffusion. Interestingly, similar results were observed across
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FIGURE 6 The heterogeneity of PIEZO1-tdTomato mobile trajectories within the ‘‘fast’’ component remains largely unaltered upon treatment. Relative to

the corresponding controls (16,061 trajectories from 231 untreated MEF cells across 23 independent experiments, 15,302 trajectories from 195 DMSO-

treated MEF cells across 4 independent experiments), the most likely value of the fast component proportion shows minor shifts toward higher values

for cholesterol (3565 trajectories from 52 cells across 3 independent experiments), MBCD (15,937 trajectories from 128 cells across 10 independent exper-

iments), and Yoda1 (4864 trajectories from 68 cells across 5 independent experiments), and lower values for GsMTx-4 (5035 trajectories from 99 cells across

3 independent experiments), and margaric acid (6109 trajectories from 63 cells across 4 independent experiments), but the overall shape of the parameters’

joint distribution remains the same.
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all the above conditions. These results are not unexpected.
SPT is a time limited recording of a stochastic process
(Figs. S4 and S5). Therefore, estimates of the anomalous
diffusion exponent may vary significantly among trajectories
collected from the same experiment. A common practice is to
perform an additional average of the TAMSD over an
ensemble of M collected trajectories,

Cd2ðDÞD ¼
XM
i ¼ 1

d2i ðDÞ: (8)

The resulting ensemble-averaged TAMSD (EA-TAMSD)
(shown in yellow Fig. 7 A) is sufficient to eliminate the vari-
ability associated with time-limited measurements and
random errors, but it fails to account for measurement noise
as well as the intrinsic variability in the particles’ diffusing
behavior (49,66). Accurate estimates of the mean and width
of the distribution of anomalous exponents for the ensemble
of particles can be obtained from the EA-TAMSD after cor-
recting for these systematic errors as described in (49). The
results for the PIEZO1 mobile class indicate a consistent
subdiffusive behavior across all the experimental conditions
(see Fig. 7 C).

In contrast to the trajectory spread analysis reported in
Fig. 5, where changes to the sRg distribution can be directly
associated to changes in PIEZO1 mobility upon membrane
composition and channel activation state perturbations,
an interpretation of the small but statistically significant
changes to the anomalous exponent would require a detailed
modeling of the diffusion mechanisms, which is beyond the
scope of the present TAMSD analysis. Nevertheless, taking
together the persistence of anomalous exponent mean
estimates well below unity and the results from the two-
component mixture model description of the step-length
distribution (Fig. 6) indicate that the heterogeneous nature
of individual PIEZO1 mobile trajectories anomalous diffu-
sion is a consistent property of PIEZO1 mobility under a va-
riety of conditions.
DISCUSSION

Here, we expand upon our previous finding that PIEZO1
channels are mobile (36) by performing SPT of endogenous
PIEZO1-tdTomato channel puncta. We observed that
PIEZO1 exhibits a heterogeneous diffusive behavior and
classified the trajectories into two classes based on their
spatial extent—mobile and immobile using quantitative in-
sights from fixed-cell trajectories. Both classes are present
within MEFs, mLSECs, and mNSCs. Analysis of mobile
Biophysical Journal 124, 1–14, September 2, 2025 9



FIGURE 7 PIEZO1-tdTomato mobile trajectories are subdiffusive. (A)

The TAMSD as a function of time for single mobile trajectories of

PIEZO1-tdTomato in MEFs (a 1% sample of individual trajectories is

shown in gray and the ensemble average TAMSD is shown in yellow).

(B) The power law exponents (a) describing single mobile trajectory

TAMSD of PIEZO1-tdTomato expressed in MEFs and mLSECs are broadly

distributed. (C) The mean estimates of the power law exponent distributions

corrected for noise and heterogeneity at the individual trajectory level indi-

cate subdiffusive behavior across all tested conditions. Error bars are 95%

confidence intervals (MBCD, cholesterol, and GsMTx-4 treatments using

untreated MEFs as control; margaric acid and Yoda1 treatments using

DMSO-treated MEFs as control).
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class trajectories from MEFs and mLSECs further demon-
strated heterogeneous behavior across trajectories and
within trajectories throughout the cell. Taken together, these
results indicate non-Brownian diffusion of PIEZO1-
tdTomato puncta in the cell membrane.

To further probe PIEZO1-tdTomato diffusion, we manip-
ulated cellular membrane composition and channel activity
using chemical reagents. We consistently observed mobile
and immobile trajectories even when cells were treated
with drugs that manipulate membrane composition (choles-
terol, MBCD, and margaric acid) and PIEZO1 activity
(Yoda1 and GsMTx-4). Furthermore, channel activation
via Yoda1 and cholesterol removal via MBCD increased
the odds of observing PIEZO1-tdTomato mobile trajectories
relative to the respective controls. Conversely, we found that
channel inhibition via GsMTx-4 and supplementation of the
membrane with cholesterol decreased the odds of observing
mobile trajectories. Treatment with margaric acid, which
stiffens the membrane and inhibits PIEZO1 (62), has no sta-
tistically significant effect on the odds of observing mobile
trajectory. In every case, however, mobile trajectories
remain heterogeneous and subdiffusive.

Interestingly, we observed PIEZO1-tdTomato puncta with
low or no mobility that aggregated in structures reminiscent
of focal adhesions (Fig. 1A, green inset). In cellswith contrac-
tilemyosin IIA,PIEZO1has previously been found to localize
to focal adhesions in human foreskin fibroblasts, resulting in
integrin b3 adhesion disassembly and turnover (53). In cells
without myosin IIA expression, PIEZO1 was dispersed
throughout the cell. Another study demonstrated that
PIEZO1 localizes at focal adhesions to trigger integrin-FAK
signaling and tissue stiffening in human gliomas (54).We pre-
viously found that PIEZO1 in adherent cells is activated by
cell-generated traction forces, which are transmitted to the
substrate at focal adhesions (19,36). PIEZO1 is more active
at cellular regions of high traction forces than at regions of
low traction forces. In this scenario, PIEZO1 may localize
to focal adhesions to better sense and transduce these cell-
generated mechanical forces. Together, these studies suggest
that components in focal adhesions may have a role in modu-
lating PIEZO1 mobility and activity.

In this study, we observed multiple mobile PIEZO1 pop-
ulations throughout the cell in different cell types. Our re-
ports complement findings from previous PIEZO1 studies
that examine PIEZO1 mobility. Ridone et al. heterologously
expressed PIEZO1 tagged with GFP (PIEZO1-GFP). Using
TIRF microscopy and the ensemble-level technique, spatio-
temporal k-space image correlation spectroscopy, they char-
acterized the mobility of PIEZO1-GFP (37). When they
depleted cholesterol from the membrane using MBCD,
they observed that PIEZO1 clusters in the membrane were
disrupted, and that PIEZO1-GFP diffusion rates were
increased. Similar to their findings, we observe that
PIEZO1-tdTomato mobility is increased upon MBCD treat-
ment. Vaisey et al. examined endogenously expressed
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PIEZO1 tagged with a hemagglutinin (HA) tag (PIEZO1-
HA) in red blood cells. They reported mobile PIEZO1
trajectories distributed on the red blood cell surface and
particularly concentrated in the red blood cell ‘‘dimple’’
(41). Of note, they observed a heterogeneity in PIEZO1 dif-
fusors. Consistent with their observations, we also found
heterogeneous behavior of mobile PIEZO1.

By examining PIEZO1 trajectories generated through the
SPT of individual puncta, we identified two populations of
PIEZO1—a mobile class and an immobile class. Other
membrane proteins have also been shown to display mobile
and immobile fractions in the plasma membrane. ORAI1, an
ion channel that allows extracellular Ca2þ influx upon inter-
nal Ca2þ store depletion, was fluorescently labeled with
mCherry (ORAI1-mCherry), and its mobility was classified
into four classes: directed, linear, confined, and transiently
confined (59). Similarly, the mobility of aPS2CbPS integ-
rin, tracked with quantum dots and SPT, was classified
into three classes (nonconfined diffusion, confined diffu-
sion, and immobility) (67). Glycine receptors in spinal
cord neurons, tracked with BODIPY-strychnine, also
demonstrated mobile and confined fractions when observed
via fluorescence recovery after photobleaching (68). Cystic
fibrosis transmembrane conductance regulator (CFTR),
tagged with GFP (CFTR-GFP), was classified into two clas-
ses: confined and unconfined (60). MEC-2, a stomatin-like
protein that is a part of channel complex responsible for
touch sensation in C. elegans, has also been observed in
distinct populations within touch receptor neurons: static,
immobile puncta along the neurite, highly mobile puncta
in the cell body, and puncta displaying directed motion
from the cell body to the distal neurite (69). The immobile
class that we observe in PIEZO1-tdTomato mobility could
stem from transient interactions with components of the
membrane or the cytoskeleton. One possibility is that the
actin cytoskeleton could be acting as barriers to PIEZO1
diffusion (70). Alternatively, PIEZO1-tdTomato could be
immobilized within lipid microdomains, thereby limiting
the mobility of these proteins. Taken together, these studies
indicate that transmembrane proteins display elaborate
mobility behaviors, which likely reflects the complexity of
the plasma membrane and the associated cytoskeleton.

In our study, we manipulate the membrane composition
to observe how these changes affect PIEZO1-tdTomato
mobility. We find that cholesterol-depleted membranes
have a higher likelihood of mobile PIEZO1-tdTomato,
whereas cholesterol-supplemented membranes have a lower
likelihood of mobile PIEZO1-tdTomato. Other groups have
examined the effect of changing membrane composition on
the diffusion of other transmembrane proteins, and reported
similar results to our findings. Notably, Ridone et al.
observed an increase in PIEZO1’s diffusion constant when
cholesterol was depleted using MBCD, further supporting
our findings. Curiously, when Ridone et al. incubated their
cells in cholesterol, they did not observe a significant shift
in mobility. We similarly do not see an appreciable change
in the mobile fraction upon cholesterol supplementation
(Fig. 6). However, when we calculated the mobile class
odds ratio, we observed a decrease in the likelihood of mo-
bile PIEZO1 (Fig. 5), suggesting that cholesterol supple-
mentation affects PIEZO1 mobility by changing the
partitioning between mobile and immobile classes. CFTR-
GFP-expressing cells treated with cholesterol oxidase to
deplete cholesterol demonstrated a decreased confined frac-
tion (60), an effect that could be reversed upon cholesterol
supplementation. ORAI1-mCherry was found to be more
mobile following MBCD treatment, also consistent with
our results (59). Serotonin transporters tagged with quantum
dots (71) and dopamine transporters tagged with yellow
fluorescent protein (61) also demonstrated an increase in
diffusion following MBCD treatment. These studies support
our observations: cholesterol depletion increases the
mobility of confined transmembrane proteins, and choles-
terol supplementation decreases the mobility of these mole-
cules. Interestingly, PIEZO1-tdTomato in MEFs incubated
in margaric acid appeared to have no significant shifts in
mobility, a counterintuitive result given margaric acid’s
role in stiffening the membrane and inhibiting the channel
(62). This unexpected result suggests that the effects of mar-
garic acid on PIEZO1 may be complex, and that this
intriguing result warrants further study.

At the individual trajectory level, we observed that the
heterogeneity within the mobile PIEZO1-tdTomato class
is evident in two different cell types, and it persists in
MEFs exposed to different drug treatments, suggesting
that this may be a fundamental characteristic of PIEZO1
mobility in the plasma membrane. Moreover, we observe
that PIEZO1-tdTomato is subdiffusive across all conditions
studied; however, further study is required to understand the
nature and origin of PIEZO1 subdiffusion and heterogene-
ity, including the extent to which they rely on the membrane
environment, channel clustering, and channel gating states.
One potential explanation for these results is that it could
originate from changes in oligomerization. For example,
stomatin-like protein-3 (STOML3). STOML3, a choles-
terol-binding protein that oligomerizes, has been shown to
tune PIEZO1 mechanosensitivity (72,73). Thus, it is
possible that STOML3 also clusters PIEZO1 into choles-
terol-rich domains, and that MBCD treatment disrupts these
PIEZO1-STOML3-cholesterol clusters.

PIEZO1mobilitymay have several important implications.
At the physiological level, we recently showed the importance
of dynamic relocalization of the channel in cell migration and
wound healing. In nonmigrating cells, PIEZO1 is distributed
randomly on the cell surface. In single, migrating keratino-
cytes (18), we found an accumulation of PIEZO1, organized
in macroclusters at the cell rear, which modulates rear retrac-
tion and thereby the speed of cell migration. In keratinocyte
monolayers, we observed similar PIEZO1 enrichment at re-
gions of the wound edge (18) that resulted in local retraction,
Biophysical Journal 124, 1–14, September 2, 2025 11
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reducing the rate of monolayer migration and wound healing.
Thus, dynamic shifts in PIEZO1 localization and clustering
are physiologically important, highlighting the need to pursue
further SPT studies of PIEZO1, and expanding them to
encompass longer time frames in cells transitioning from sta-
tionary to migrating.

At the subcellular level in nonmigrating cells, it is possible
that PIEZO1 mobility may enable fewer channels to explore
a larger domain of the cell, allowing the channel to more effi-
ciently transduce mechanical forces. PIEZO1 mobility may
also function as a mechanism to dynamically adjust cellular
response to mechanical forces. Mechanical forces can act
upon a cell at any time, from anywhere, and PIEZO1
mobility may allow the channel to move toward or away
from mechanical stimuli. Open and closed channels may
exhibit different mobilities, allowing the cell to modulate
mechanotransduction. For instance, closed channels may be
more mobile than open channels, as observed in TRPV1 acti-
vated with capsaicin (74). This would allow closed-mobile
channels to explore the cell in search of mechanical cues,
and for open channels to linger at cellular regions experi-
encing mechanical stimuli. Conversely, open channels may
be more mobile than closed channels. In this case, open-mo-
bile channels may explore the cell, and may move toward or
away from mechanical stimuli. If these channels localize to-
ward mechanical stimuli, they can better engage with me-
chanical forces. Alternatively, open channels may venture
away from mechanical stimuli, thereby terminating mecha-
notransduction. Channel mobility and its relationship to me-
chanical stimuli likely involves complex interactions
between the channel, membrane, and cytoskeleton that re-
mains to be explored. Our findings set the stage for future
work examining PIEZO1 mobility in the context of channel
activity and its physiological roles.
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