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total internal reflection fluorescence (TIRF) microscopy. In both cell 
lines, immunofluorescence signals were scattered across the plasma 
membrane and appeared as discrete puncta with mean diameters of 
362.8 ± 81.3 nm (MEFs) and 375.5 ± 62.2 nm (U87; Fig. 4B), indi-
cating that PIEZO1 also forms clusters at endogenous expression 
levels that were indistinguishable with regard to size and density 
from the clusters observed in N2a cells recombinantly expressing 
PIEZO1-ALFA-mGL (406.2 ± 97.9 nm; Fig. 4A and fig. S7A). Con-
sistent with this observation, mechanically evoked currents pro-
duced by recombinantly expressed PIEZO1 in N2a-P1KO cells were 
only slightly bigger than endogenous PIEZO1 currents in MEFs 
(fig.  S7B), demonstrating that recombinant expression levels of 

PIEZO1 in N2a cells were within the physiological range. Immuno-
labeling of unpermeabilized N2a cells expressing PIEZO1-ALFA-
mGL with a nanobody directed against the extracellularly located 
ALFA tag further demonstrated that 76.5  ±  12.7% of the mGL-
positive clusters were embedded in the plasma membrane, whereas 
only a small proportion appeared to be intracellular vesicles (Fig. 4, 
C to E). To examine the functional relevance of PIEZO1 clusters, we 
generated a PIEZO1-jGCamp8m fusion protein in which the ge-
netically encoded calcium sensor jGCamp8m was located adjacent 
to the intracellular exit of the ion conduction pathway such that 
local PIEZO1-mediated calcium influx can be detected (Fig. 4F and 
fig. S8). Consistent with previous reports using similar approaches 
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Fig. 4. Endogenous and transiently expressed PIEZO1 forms functional cluster at the plasma membrane. (A) Example of 3D-MINFLUX raw localization data from 
extracellular ALFA tag–labeled PIEZO1 (left), highlighting the presence of PIEZO1 clusters. Representative TIRF image of N2a-P1KO cell transfected with PIEZO1-mGL with 
close-up of marked region (top right) and histogram showing the distribution of cluster diameters (bottom) with associated Gaussian fit and average. (B) Representative 
TIRF images (top) of endogenous PIEZO1 clusters labeled with an anti-PIEZO1 antibody in MEF (left) and U87 (right) cells, with corrsponding PIEZO1 cluster diameter 
distribution (bottom). (C) Cartoon depicting the position of the extracellular ALFA tag with its nanobody conjugated to Alexa Fluor 647 and intracellular mGL in PIEZO1-
ALFA-mGL (left). Representative TIRF images of PIEZO1-ALFA-mGL transfected N2a-P1KO cells permeabilized (top) or not permeabilized (bottom) and labeled with Alexa 
Fluor 647–coupled nanobody against ALFA tag (right). Scale bar, 500 nm. (D) Comparison of the proportion of PIEZO1 clusters double positive for mGL and ALFA–Alexa 
Fluor 647 per cell analyzed (N = 11 cells for both conditions, presented as means ± SEM). Two-tailed unpaired t test, P = 0.0003. (E) Schematic representation of the acces-
sibility of ALFA-tagged PIEZO1 channels and clusters depending on the permeabilization status of the cell. (F) Cartoon depicting the PIEZO1-jGCaMP8m fusion protein. 
(G) Representative TIRF images (left) of N2a-P1KO cells expressing PIEZO1-jGCaMP8m with close-up views of PIEZO1 clusters before and during Yoda2 application. Time-
course of the cell-average cluster normalized jGCaMP8m fluorescence (F/F0) upon application of Yoda2 with (384 clusters, 12 cells) and without extracellular calcium (174 
clusters, 10 cells).
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(34, 38), stimulation of PIEZO1-jGCamp8m expressing N2a-P1KO 
cells with the PIEZO1 activator Yoda2 (57) produced discrete Ca2+ 
signals in clusters, which were abolished in the absence of extracel-
lular calcium (Fig. 4G and movie S3).

Hence, our data together with previous reports show that en-
dogenously (26, 29, 31–35) and recombinantly expressed PIEZO1 
(20, 27, 30, 33, 56) forms clusters that contain functional channels, 
which possibly contribute to cellular mechanosensitivity (34, 38) 
(Fig. 4G).

PIEZO1 clusters form pit-shaped invaginations in the 
plasma membrane
The unequivocal identification of trimers in densely packed clusters 
is challenging because adjacent and partially labeled trimers may 
produce signal triplets that are indistinguishable from “truly” triple-
labeled PIEZO1 trimers (Fig. 5A). To circumvent this problem and 
to obtain more reliable information about the nanoarchitecture of 
PIEZO1 clusters as well as the absolute number of channels and their 
relative position within clusters, we next performed 3D-MINFLUX/
DNA-PAINT scans using a single-domain nanobody that recognizes 
the intracellular mGL tags, which are much closer together such that 
individual channels are clearly discernible even when partially la-
beled (Fig. 5A and fig. S9, A to C for negative controls). The anti-
mGL 3D-MINFLUX localization data perfectly matched the mGL 
fluorescence pattern in confocal images and resolved individual 
fluorophores with a localization precision of less than 3 nm in all 
three dimensions (Fig. 5, B to D), which revealed that clusters con-
tain multiple channels and that many channels appear to reside in 
isolation in the interjacent space (Fig. 5C). To estimate the propor-
tion of isolated channels, we quantified the number of channels that 
did not have any neighbors within their membrane footprint using 
previously proposed hypothetical footprint radii between 50 and 
100 nm (6, 11, 12, 58). This analysis suggested that, depending on 
the assumed footprint radius, 16.9 to 44.7% of the channels are iso-
lated and 32.8 to 74.5% only have a single neighbor within their foot-
print (Fig. 5E), demonstrating that despite the prominence of clusters, 
a considerable fraction of PIEZO1 channels reside in isolation.

Most notably, our 3D-MINFLUX scans revealed previously un-
recognized details about the nanoarchitecture of PIEZO1 clusters, 
which appeared as ring-like structures in the 2D-projected MIN-
FLUX data (Fig. 5C). Closer inspection of the MINFLUX localization 
data in 3D showed that all clusters exhibited significant expansion 
along the z axis, with most clusters having a clearly recognizable pit-
like shape, while others appeared to be spherical objects (Fig. 5, F and 
G, and movies S4 and S5). To quantify the proportions of pit-shaped 
and spherical clusters, we segmented the raw MINFLUX localiza-
tion data of each cluster into signals originating from the upper fifth 
(top) and the lower four fifth (bottom) (Fig. 5F) and classified clusters 
in which no channels were present near the center of the top segment 
as pit-shaped clusters, whereas those clusters that did contain channels 
in this region were considered as spherical clusters (Fig. 5G). Consis-
tent with the results from the anti-ALFA labeling of unpermeabilized 
cells (Fig. 4D), this classification scheme suggested that approximately 
two-thirds of the PIEZO1 clusters were pit-shaped and had direct 
access to the extracellular side (62.9%, 158 from 251), while the re-
maining third appeared to be spherical and possibly located intra-
cellularly (93 from 251 clusters; Fig. 5, H and I). The pit-shaped 
clusters had a depth of 144 ± 60.1 nm, a radius of 72.8 ± 27.3 nm, 
and contained an average of 23.1 ± 11.3 channels (Fig. 5, J and K).

Previous studies have shown that PIEZO1 enriches in concave 
environments such as the dimple region of red blood cells (36), 
T-tubules in cardiomyocytes (32), and in nanoscale invaginations
formed by cells grown on nanobars (59), which raises the question
whether cluster formation results from the accumulation of chan-
nels in preexisting invaginations or whether PIEZO1 actively con-
tributes to membrane bending and pit formation. The PIEZO1-pits
observed here were reminiscent of other well-described pit-shaped
invaginations, such as clathrin-coated pits, caveolae, and intermedi-
ate stages of vesicle formation (e.g., COP1-coated cargo vesicles)
(60–62). To examine whether PIEZO1 clusters colocalize with these
invaginations, we cotransfected N2a-P1KO cells and MEFs with
PIEZO1-mScarlet (fig. S10, A to I) and clathrin-mGL and immuno-
labeled the cells with antibodies directed against caveolin-1 and COP1, 
respectively (Fig. 6A). The great majority of PIEZO1 clusters did not 
colocalize with these invagination markers, neither in N2a-P1KO
cells nor in MEFs (Fig. 6A). The only exception was a 17.6% overlap
of PIEZO1 clusters with clathrin-coated pits in N2a cells. However, 
consistent with a prior report (27), blocking clathrin-dependent en-
docytosis with 75 μM Dynasore did not change the density of PIEZO1 
clusters in the plasma membrane observed in living cells via TIRF mi-
croscopy, suggesting that clathrin is not required for PIEZO1-pit for-
mation (Fig. 6B). Hence, neither clathrin nor caveolin-1 or COP1 
appear to be required for PIEZO1-pit formation and, vice versa, and 
PIEZO1 is dispensable for the formation of clathrin-coated pits, 
caveolae, and COP-coated vesicles as these invaginations are also 
formed at similar densities in N2a-P1KO cells lacking PIEZO1 
(fig. S10, J to K). Moreover, PIEZO1 cluster formation was neither 
affected by inhibition of traction forces with blebbistatin and dis-
ruption of the cytoskeleton with cyto-D nor by the lack of STOML3, 
as evidenced by prominent labeling of clusters with an anti-ALFA 
nanobody in unpermeabilized N2a-P1KO and N2a-Stoml3KO cells 
recombinantly expressing PIEZO1-ALFA-mGL (Fig. 6C).

Hence, in summary, our data demonstrate, that PIEZO1-pits are 
distinct from classical membrane invaginations such as clathrin-coated 
pits, caveolae, and COP1-coated invaginations and are formed inde-
pendent of perturbations in cytoskeletal integrity, traction forces and 
Stoml3. We cannot rule out that other, yet unknown, accessory pro-
teins or lipids are required for PIEZO1-pit formation, but consider-
ing that individual PIEZO1 channels were shown to locally deform 
the membrane into a dome shape (12) and given the remarkable 
structural similarity between PIEZO1, clathrin, and COP1 (Fig. 6D), 
it is tempting to speculate that PIEZO1 channels actively contribute 
to pit formation due to their curved triskelion structure, which ap-
pears to be a common feature of coat proteins that are required for pit 
formation in other biological processes (63, 64).

Hypoosmotic stimulation alters PIEZO1 
cluster nanoarchitecture
PIEZO1 is activated by changes in membrane curvature and tension 
evoked by mechanical stimuli such as membrane stretch, cell com-
pression, and hypotonic stress–induced cell swelling (2, 4, 5). We thus 
examined how the pit-shaped microenvironment of PIEZO1 clusters 
changes in response to mechanical stimulation by comparing the 
PIEZO1 cluster nanoarchitecture of cells fixed during hypoosmotic 
stimulation with that of control cells. Exposure of PIEZO1-mGL– 
expressing N2a-P1KO cells to hypoosmotic stress before and during 
fixation, significantly reduced the depth of pit-shaped clusters (CTL: 
144 ± 60.1 nm versus OSMO: 110.7 ± 54.8 nm; Fig. 7, A to C; movies S6 
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and S7; and fig. S11), yet the proportions of pit-shaped and spherical 
clusters were not changed (Fig. 7D). There was also a slight decrease 
in the average number of channels per cluster but no change in the 
pit opening radius (Fig. 7, E and F). Considering that PIEZO1 is 
supposedly activated by changes in membrane curvature and con-
sidering further that pit-shaped invaginations exhibit a strong gradient 

of curvatures ranging from positive values (concave) at the bottom 
to negative values (convex) at the pit opening (Fig. 7B), small changes 
in cluster structure or in the relative localization of channels within 
the pits could have large effects on the curvature that individual 
channels are exposed to and hence on their activity. We thus fitted 
the surface of the clusters and calculated the Gaussian curvature of 
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the surface at the coordinates where individual channels were detected. 
This analysis revealed that the mean curvature that individual channels 
are exposed to is significantly reduced during hypoosmotic stimula-
tion and that more channels are exposed to convex curvatures in 
which they are more likely to be open (Fig. 7G). Together, our data 
suggest that pit-shaped invaginations change their shape in response 
to hypoosmotic stimulation resulting in changes in local curvature and 
possibly activation of individual channels.

DISCUSSION
A recent MINFLUX study suggested that PIEZO1 is generally more 
expanded in its native environment than predicted by cryo-EM 

structures of PIEZO1 reconstituted in liposomes (23). Our work ex-
tends and refines these findings by showing that PIEZO1 in intact 
cells assumes discrete conformations closely matching known cryo-
EM structures and that the preference for specific conformations 
varies between subcellular compartments (Fig. 1, C to E). We also 
identify the cytoskeleton as a crucial cell intrinsic factor that dif-
ferentially controls PIEZO1 conformation at rest across subcellular 
compartments (Fig. 2). Last, we observed compartment-specific 
differences in PIEZO1’s susceptibility to Yoda1-induced flattening, 
which correlate with differences in mechanical and chemical sensi-
tivity (Fig. 1F).

Analysis of the interblade distance distribution of PIEZO1 channels 
in somata using a Gaussian mixture model revealed that interblade 
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in the indicated conditions, demonstrating that neither treatment affected cluster formation. (D) Cartoon depicting the structural similarity of PIEZO1 pit-shaped cluster (left, 
PDB 7WLT with AFE2JF22F1, shaded) with other pit/invagination-related proteins: clathrin (middle) and the α/β subunits of the COP1 complex (right).
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distances are not uniformly distributed, suggesting that PIEZO1 
preferentially adopts discrete and possibly energetically favorable 
conformations rather than existing in a continuum of gradually 
curved and flattened states. (Fig. 3). This hypothesis is in agreement 
with previous cyro-EM studies that described three distinct PIEZO1 
structures—i.e., a curved (15–17), a partially flattened (14), and a fully 
flattened (7) conformation—with interblade distances that closely 
match the interblade distances measured here for the three most ex-
panded conformations (Fig. 3). Moreover, a preference for these three 
conformations, native cell membranes has been proposed by a recent 
preprint using single-particle cryogenic light microscopy of unroofed 
cells (65). With regard to the existence of four substates of the curved 
conformation, our data are consistent with the idea that the periph-
eral parts of the blades exhibit significant rotational flexibility, which 
has been described by Mulhall and colleagues (23) using iPALM and 
MINFLUX and is thought to be the reason why these domains could 
never be resolved by cryo-EM. Most recently, Smith et al. (55) de-
scribed a phenomenon called handshaking that depends on mem-
brane PIP2 and refers to the stabilization of interactions between 
neighboring blades. Notably, the blades can rotate independent of 
each other, thereby allowing the formation of multiple conforma-
tional substates with zero, one, two, or three handshakes. Of course, 
PIEZO1 transiently also exists in intermediate states as it switches 
between conformations, but the fact that clearly discernible peaks 
were evident in all interblade distance distributions analyzed here 
strongly suggests that certain states are more stable than others.

Regarding cell-intrinsic factors that stabilize certain conformational 
states, membrane curvature, extracellular tethering to the ECM, and 
channel crowding did not seem to play a major role (Fig. 2, A to C). 

Likewise, inhibition of cell-generated traction forces and knockout 
of Stoml3 did not alter PIEZO1 conformation at rest (Fig. 2, H to J). 
Disruption of the cytoskeleton with cyto-D, however, altered the 
distribution of PIEZO1 conformation such that it mirrored the distri-
bution observed in neurites, indicating that differences in cytoskeletal 
architecture may contribute to the observed compartment-specific 
differences in PIEZO1 conformation (Fig. 2, D to G). This observa-
tion is consistent with the idea that PIEZO1 exerts a bending force 
onto the membrane (6, 8, 11, 12), which implicates that PIEZO1 can 
contract more in cell compartments and nanodomains in which the 
membrane is more deformable. Considering the membrane and the 
cytoskeleton as a composite material, the deformability of the mem-
brane at the microscopic level does not only depend on the curvature 
and lipid composition of the membrane itself but also on cytoskeletal 
rigidity. Moreover, at the nanoscopic level, the membrane is compart-
mentalized by cytoskeletal attachments, which limit the lateral flow of 
lipids such that large membrane compartments created by widely 
spaced cytoskeletal attachments are more deformable than smaller 
compartments. Accordingly, modeling studies have proposed that 
these attachments may impose constraints on the size of PIEZO1s 
membrane footprint (6, 11)—i.e., the degree of PIEZO1 flattening. 
Neurites are well known to have a different overall cytoskeletal ar-
chitecture with fewer membrane-cytoskeleton attachments (47–49) 
and were shown to be more deformable at the microscopic level 
(50, 66, 67). Likewise, cytoskeleton disruption with cyto-D reduces 
the bulk elastic modulus of the cell thereby possibly rendering the 
membrane more deformable (51). Moreover, elegant membrane tether 
pulling studies have shown that the membranes of somata are more 
resistant to lateral lipid flow than those of axons, possibly because of 
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differences in the density and spatial arrangement of membrane-
cortex attachments (68, 69). Hence, together, our observations that 
PIEZO1 is more contracted in neurites and after disruption of the 
cytoskeleton with cyto-D support a model in which PIEZO1 con-
formation at rest is strongly influenced by local membrane deform-
ability, which is controlled by cytoskeletal rigidity and possibly the 
density of membrane cytoskeleton attachments.

We also assessed how PIEZO1 conformation changes during 
Yoda1-induced activation. In somata, Yoda1 caused only minor, in-
significant interblade expansion (Fig. 1E), as previously reported by 
Mulhall et al. (23). In neurites, which are more sensitive to Yoda1 
(Fig. 1E), and after cyto-D treatment, which increases the mechano-
sensitivity of PIEZO1 (fig. S6), however, Yoda1 induced highly signifi-
cant and much more pronounced changes in interblade distances 
(Figs. 1E and 2G). The simple interpretation of these results is that 
enhanced chemical and mechanical sensitivity correlates with a larger 
relative change in interblade distance. However, our detailed analysis 
of the interblade distributions suggested a more complex explana-
tion.Thus, in the somata of control cells, almost 50% of the channels 
seem to adopt a flattened conformation (Fig. 3A), whereas only 25 and 
32% of the channels were flat in neurites and after cyto-D treatment, 
respectively (Fig. 3, C and D). Because of the lack of precise side-
chain density in the cryo-EM structure of the fully flattened confor-
mation, it is unclear whether this conformation represents an open 
or an inactivated state (7, 14). Considering that 50% of the channels 
appear to be partially or fully flattened in the soma, yet spontaneous 
activity is rarely observed in patch-clamp recordings and calcium 
imaging, our data suggest that most flattened channels are probably 
in an inactivated state. Accordingly, it is tempting to speculate that 
curved channels (and curved substates with multiple handshakes), 
which are more abundant in neurites and after cyto-D treatment, are 
more susceptible to mechanical and chemical activation, which is con-
sistent with our experimental observations. With regard to Yoda1-
dependent activation, this hypothesis is further supported by recent 
studies suggesting that the Yoda1-binding site, which is supposedly 
located at the intracellular side of the THU8-THU9 interface (Fig. 1G) 
(45), may have a lower affinity or may not be available at all in the 
flattened state (70, 71).

In summary, our data highlight that PIEZO1 is not a rigid, binary 
switch but a conformationally plastic channel whose resting and acti-
vated conformations are dynamically tuned by the physical proper-
ties of its microenvironment, positioning the cytoskeleton as a key 
modulator of mechanosensitive signaling. Accordingly, our findings 
have significant implications for understanding compartmentalized 
mechanotransduction in neurons and other polarized cells and serve 
as a mechanistic framework for future studies that should aim to iden-
tify the molecular nature and spatial organization of membrane-
cytoskeleton attachments that regulate PIEZO1 conformation.

In addition to investigating how the conformation of individual 
PIEZO1 channels is shaped by the native cellular environment and 
during channel activation, we also examined the subcellular distri-
bution of PIEZO1 and the impact of clustering on membrane topology. 
Previous studies using immunolabeling, live-cell calcium imaging, and 
STORM superresolution microscopy have reported the presence of 
PIEZO1 clusters in both endogenous (26, 29, 31–35) and heterologous 
systems (20, 27, 30, 33, 56). Using 3D-MINFLUX/DNA-PAINT na-
noscopy, we corroborate and expand upon these findings by showing 
that most PIEZO1 clusters form pit-shaped invaginations in the plasma 
membrane (Fig. 5, C to K). The interpretation that these invaginations 

are contiguous with the plasma membrane rather than intracellular 
vesicular structures is supported by the observation that Yoda2-
induced Ca2+ signals originating from PIEZO1 clusters require extra-
cellular calcium (Fig. 4G) and by our extracellular ALFA-tag labeling 
experiments (Fig. 4, C to E). Moreover, we found that mechanical 
stimulation via hypoosmotic stress caused significant flattening of 
these pit-like structures and Gaussian curvature mapping revealed a 
redistribution of PIEZO1 channels within the pits upon hypoosmotic 
challenge such that more channels are exposed to convex curvature 
(Fig. 7), a condition previously shown to facilitate channel opening 
(8, 72). PIEZO1 pits come in various depths as evident from relatively 
large SD of depth measurements, which together with the large sample 
size call for caution when interpreting statistical significances. Never-
theless, it is tempting to speculate that the curvature gradient along 
the pit axis offers an energetically favorable microenvironment for 
mechanotransduction, where small changes in pit shape could alter 
the local mechanical landscape experienced by individual channels.

With regard to the effect of clustering on PIEZO1 structure and 
function, in silico modeling studies had suggested that the opposing 
curvatures of the membrane footprints of two nearby channels would 
create an energetic constraint in the interjacent membrane such that 
nearby channels would either repel each other or induce mutual flat-
tening to reduce the overall energy of the system (6, 12, 39). Our data 
contradict these models and demonstrate that clustering instead 
causes the formation of pit-shaped invaginations that accommodate 
up to twenty channels and more (Fig. 5). PIEZO1 appears to prefer 
concave membrane environments as it was shown to accumulate in 
the dimple region of red blood cells (36), cardiomyocyte T-tubules 
(32), and artificially induced membrane curvatures (59), which raised 
the question whether the PIEZO1-pits observed here resulted from 
the accumulation of PIEZO1 in preexisting invaginations or whether 
PIEZO1 itself actively contributed to their formation. The lack of co-
localization of PIEZO1 with clathrin, Cav1, and COP1 together with 
the insensitivity of cluster density to pharmacological inhibition of 
clathrin-mediated endocytosis (Fig. 6, A and B) demonstrate that 
PIEZO1 pits are distinct from classical membrane invaginations 
such as clathrin-coated pits, caveolae, or COPI-associated vesicles, 
which supports the latter idea. Moreover, cluster formation was not 
altered by inhibition of traction forces with blebbistatin, disruption 
of the cytoskeleton by cyto-D, and in cells lacking Stoml3 (Fig. 6C). 
Considering that PIEZO1 exerts a strong bending force onto mem-
branes (7, 8, 11), pit formation appears to be an effective mechanism 
to minimize the energy of the PIEZO1 cluster system, by allowing 
the membrane footprints of individual PIEZOs to seamlessly inte-
grate into the overall pit curvature without causing energetic con-
straints in the membrane between neighboring channels PIEZOs. 
Thus, although we cannot definitively rule out a contribution of 
other, yet unidentified, membrane bending proteins, it is tempting 
to speculate that PIEZO1 itself might actively drive pit formation—a 
hypothesis that is further fuelled by the intriguing structural resem-
blance of PIEZO1 with the well-described coat proteins clathrin and 
COP1 (Fig. 6D), which are well-known to sculpt membrane pits.

Collectively, our findings suggest a model in which PIEZO1 clus-
ters are not passive aggregates but rather functionally and structur-
ally specialized units that create distinct microenvironments within 
the plasma membrane. These clusters may act as localized mechano-
responsive microdomains capable of amplifying mechanical stimuli 
via structural changes in their topology. Thus, our work provides a 
framework for future studies that should address the molecular 
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determinants of cluster formation, the role of lipid microdomains in 
organizing these structures, and whether accessory proteins contrib-
ute to the formation and stabilization of pit-shaped PIEZO1 clusters.

MATERIALS AND METHODS
Generation of PIEZO constructs
A mouse PIEZO1–internal ribosomal entry site (IRES)–green fluo-
rescent protein (GFP) plasmid (Addgene, #80925) was used as the 
initial template to generate most of the constructs of the present work, 
using a similar strategy described in earlier studies (20, 56). PIEZO1-
mGreenLantern fusion protein (PIEZO1-mGL) was generated by 
amplifying the coding sequence of the GFP mGreenLantern (73) 
from a LifeAct-mGreenLantern plasmid (gift from G. Petsko, Addgene, 
#164459), and inserted with an SG linker after the C-ter of the PIEZO1 
plasmid, where the IRES-GFP sequence has been excised beforehand 
by polymerase chain reaction (PCR). PIEZO1-mScarlet was generated 
with restriction enzymes, by digesting the PIEOZ1-IRES-GFP plasmid 
with BspEI and FseI enzymes (New England Biolabs) and a PCR-
amplified mScarlet fragment from a pAAV-CAG-FLEX-mScarlet 
plasmid (gift from R. Larsen, Addgene, #99280) and ligation (T4 
ligase, Promega) was performed overnight at 16°C. The PIEZO1-
ALFA-IRES-GFP construct was generated by inserting a synthetic 
DNA fragment coding for amino acid 1 to 180 of mouse PIEZO1, 
with the ALFA-tag sequence inserted after amino acid position H86 
and flanked by one proline on each side (GeneArt Custom Gene 
Synthesis, Thermo Fisher Scientific) (74), into a PIEZO1-IRES-GFP 
plasmid excised by PCR for the corresponding 1 to 180 coding region. 
A plasmid version of PIEZO1-ALFA without the IRES-GFP sequence 
but with a C-ter hemagglutinin (HA) tag was also generated using a 
previously generated PIEZO1-HA template (75). The PIEZO1-ALFA- 
IRES-GFP plasmid was later used as a template to generate the 
PIEZO1-ALFA-mGreenLantern (PIEZO1-ALFA-mGL) by exchang-
ing the IRES-GFP sequence with mGreenLantern, as described 
above. The PIEZO1-jGCaMP8m fusion was generated by inserting at 
the C-ter of PIEZO1 the coding sequence of jGCaMP8m (76) (a gift 
from GENIE Project, Addgene, #162372) with a GSGG linker, fol-
lowing a similar and validated strategy described previously (38). To 
facilitate visualization of transfected cells due to the low basal fluo-
rescence of the jGCaMP8m fusion, a second plasmid was generated 
by adding a P2A-mScarlet sequence after the jGCaMP8m. All DNA 
fragments were generated by PCR (primers from Sigma-Aldrich) 
using KAPA HiFi polymerase (Roche), and cloning was performed 
with homologous recombination (Gibson Assembly, NEBuilder HiFi, 
New England Biolabs). PCR reactions were digested with DpnI (New 
England Biolabs, 37°C, 1 hour) and column purified with standard kits 
(NucleoSpin from Macherey-Nagel or PureLink from Invitrogen) be-
fore being assembled by homologous recombination and then trans-
formed in electrocompetent Stbl4 or Dh5a bacteria (Invitrogen) and 
grown at 30°C for 48 hours (Stbl4) or 37°C overnight (Dh5a). Se-
lected clones were entirely sequenced (Eurofins) to ensure that no 
mutation was present.

Generation of N2a-Stoml3-KO cells
A genomic deletion of the STOML3 gene locus in N2A cells was 
introduced using CRISPR-Cas9 gene targeting (77). Guide sequences 
were designed so that a complete deletion of Exon 1 of the Stoml3 
gene was achieved in several independent clones. Eight clones were 
selected, and the genomic deletion verified by sequencing fragments 

amplified from the targeted region (fig. S6D). The deletion intro-
duced a frameshift to abolish expression of the full-length STOML3. 
One clone was selected for functional analysis using electrophysi-
ology to measure indentation-evoked currents as described (fig. S6, 
E and F) (78).

Cell culture
Mouse neuroblastoma Neuro-2a PIEZO1-KO cell line (N2A-P1KO) 
was generated and characterized previously from Neuro-2a Ameri-
can Type Culture Collection (ATCC) CCL-131 [a gift from G. R Lewin 
(43)]. Cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) and optimal minimal essential medium (1:1 mixture), sup-
plemented with 10% fetal bovine serum (FBS), 2 mM l-glutamine, 
and 1% penicillin-streptomycin (all from Thermo Fisher Scientific). 
U87 (U87-MG, ATCC HTB-14) and MEF (ATCC SCRC-1008) were 
grown in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin. For some live TIRF imaging experiments, medium 
without phenol red was used. Cells were cultured at 37°C with 5% 
CO2. Cells were seeded on PLL (Sigma-Aldrich)–coated and methanol-
 and acid-washed glass coverslips (12-mm diameter for patch-clamp 
recordings, #1.5 and 18-mm diameter for Minflux and TIRF imaging 
on fixed samples), or PLL-coated 35-mm glass-bottom dishes (MatTek 
High Precision #1.5 Coverslip, TIRF microscopy live imaging). Cells 
were transfected 1 or 2 days after plating using polyethylenimine 
(PEI, Linear PEI 25 K, Polysciences). For one 12-mm coverslip, 7 μl 
of a PEI solution (360 μg/ml) is mixed with 9 μl of phosphate-
buffered saline (PBS). Plasmid DNA is diluted in 20 μl of PBS (0.6 μg 
per coverslip), and then, the 16-μl PEI-PBS solution is added to the 
DNA solution. After at least 10 min of incubation at room tempera-
ture, the DNA-PEI mix is added drop by drop and mixed by gentle 
swirling. For a 35-mm dish or 18-mm coverslip, 2.0 μg DNA is used 
and PBS/PEI volumes are adjusted accordingly. Twenty-four hours 
later, the medium is replaced by a fresh one. In selected experiments 
investigating neurites, N2A-P1KO cells were serum-starved for ap-
proximately 12 hours to promote neurite outgrowth. Cells were then 
used within 24 to 48 hours.

Electrophysiology
All PIEZO constructs generated were tested for proper functionality 
in patch-clamp assays and compared to control PIEZO1-IRES-GFP. 
Mechanically activated currents were recorded at room temperature 
using EPC10 amplifier with Patchmaster software (HEKA Elektron-
ik). Borosilicate patch pipettes (2 to 6 megohm for whole cell and 1.5 
to 3.5 megohm after fire-polishing for cell-attach) were pulled with 
a P-97 Flaming-Brown puller (Sutter Instrument). For whole-cell 
patch clamp, intracellular buffer contained the following: 125 mM 
K-gluconate, 7 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 4 mM EGTA,
and 10 mM Hepes (pH 7.3 with KOH) and for single-channel cell-
attach, 130 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM
Hepes, 10 mM TEA-Cl (pH 7.3 with NaOH). The control bath solu-
tion for whole-cell contained the following: 140 mM NaCl, 4 mM
KCl, 1 mM MgCl2, 2 mM CaCl2, 4 mM glucose, and 10 mM Hepes
(pH 7.4 with NaOH). For single channel recordings, the bath solution 
contained: 140 mM KCl, 1 mM MgCl2, 2 CaCl2, 10 glucose, and 10 mM
Hepes (pH 7.4 with KOH). Cells were held at a holding potential of
−60 mV (whole-cell and cell-attach).

Mechanical stimulation in whole-cell experiments was done with 
a series of 15 mechanical stimuli in 0.6-μm increments with a fire-
polished glass pipette (tip diameter, 2 to 3 μm) that was positioned 
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opposite to the recording pipette, at an angle of approximately 45° to 
the surface of the dish and moved with a velocity of 1 μm/ms by a 
piezo-driven micromanipulator (Preloaded Piezo actuator P-840.20, 
Physik Instrumente). Negative pressure stimuli in cell-attach exper-
iments were applied for 500 ms with the High-Speed Pressure Clamp 
device (ALA Scientific Instruments), with −5 mmHg increments up 
to 80 mmHg. A pre-pulse of +5 mmHg was applied before negative-
pressure stimuli to improve recovery from inactivation (72). For current-
voltage relation (I/V) experiments, pressure stimulus was adjusted on 
a cell-by-cell basis to optimally evoke single-channel openings.

The evoked whole-cell currents were recorded with a sampling 
frequency of 200 kHz and filtered with 2.9-kHz low-pass filter. Pipette 
and membrane capacitance were compensated using the auto func-
tion of Patchmaster. Recordings with excessive leak currents, unstable 
access resistance, and cells that giga-seals did not withstand at least 
seven consecutive mechanical steps stimulation were excluded from 
analyses. Mechanical thresholds of PIEZO currents were determined 
by measuring the mechanical stimulus that evoked the first sizeable 
peak current, defined as the point in which the current significantly 
differed from the baseline (more than six times the SD of the base-
line). The inactivation time constants (τinact) were measured by fitting 
the mechanically activated currents with a single exponential function 
{C1 + C2*e [−(t – t0)/τinact]}, where C1 and C2 are constants, t is time,
and τinact is the inactivation time constant. For each cell, only peak 
currents between 100 and 1500 pA were used for τinact calculation 
and averaged from cell to cell.

The evoked cell-attach currents were recorded with a sampling 
frequency of 50 kHz and filter with a 2.9-kHz low-pass filter. Maxi-
mal pressure-evoked currents over the course of a given stimulus (I) 
were normalized to the absolute maximal response of the cell at any 
pressure (Imax). Normalized pressure-response curve (I/Imax) from 
individual cells were fitted with a Boltzmann sigmoid to determine 
individual P50 (in mmHg).

Single-channel amplitudes at a given holding potential (−140 to 
−40 mV, 20-mV steps) were determined as the difference between
the peaks of the Gaussian fits of the trace histogram over multiple 1-s 
segments. Unitary conductance was determined from the linear re-
gression fits of the I/V plot of individual cells. Recordings with exces-
sive leak currents or unstable baseline were excluded. Recordings
that displayed noninactivating responses or unstable openings were
also not used for further I/V analyses. All electrophysiology analysis
was performed in IgorPro (Wavemetrics) using custom scripts.

Calcium imaging of neurites
N2A-P1KO cells were plated on 12-mm coverslips, transfected with 
PIEZO1-mScarlet (0.6 μg per coverslip) together with a CMV-
jGCaMP8m vector (0.2 μg per coverslip) and serum starved to pro-
mote neurite outgrowth. For control experiments (ionomycin), only 
jGCaMP8m was transfected. Cells were washed once with PBS and 
incubated with a calcium imaging buffer containing 140 mM NaCl, 
4 mM KCl, 1 mM MgCl2, 3 mM CaCl2, 4 mM glucose, and 10 mM 
Hepes (pH 7.4 with NaOH). Fluorescent images were acquired ev-
ery second (500-ms exposure time, Yoda1 experiments) or every 5 s 
(1-s exposure time, ionomycin experiments) on an Olympus BX40 
upright microscope equipped with standard Quad filter (Chroma), 
fluorescent lamp (HBO 100) and shutter (Lambda 10-2, Sutter In-
strument) with a 40× water-immersion objective (LUMPlanFl/IR, 
Olympus), visualized with a CoolSnap HQ2 camera (Photometrics) 
and acquired with the MetaFluor software (Molecular Devices). 

Perfusion and fast solution exchanged was achieved with a gravity-
driven perfusion system (ValveLink8.2, AutoMate Scientific). Cells 
were first perfused with control solution for at least 20 s before being 
exposed to Yoda1 (Sigma-Aldrich, 100 nM, 300 nM, or 1 μM) for 20 s, 
followed with a washout with control solution. For ionomycin control 
experiments (Tocris), cells were perfused with control solution and 
then exposed to ionomycin (10 μM), first in an imaging buffer with-
out CaCl2 but with 5 mM EDTA (0 calcium) and then to one contain-
ing increasing CaCl2 concentration (100 μM, 300 μM, 1 mM, 3 mM, 
10 mM calcium) for 5 min for each concentration. Ionomycin was 
kept in the buffers throughout the recording. Only one field of view 
per coverslip was used to avoid Yoda1 or ionomycin leakage. Only 
cells that are double positive for PIEZO1 and jGCaMP8m and that 
have neurites were considered for analysis. Cell body and associated 
neurites were segmented in ImageJ, and the time course of normal-
ized fluorescence ratio (F/F0) was calculated as the ratio between the 
jGCaMP8m fluorescence intensity [arbitrary unit (a.u.)] at a given 
time (F) and the average fluorescence intensity per PIEZO-mScarlet 
transfected cell averaged over a 10-s interval during the initial control 
perfusion (F0). Within a given Yoda1 or ionomycin concentration 
perfusion time, the maximal F/F0 ratio per cell was extracted. For a 
cell having multiple neurites, values were averaged and ultimately 
compared to its cell body with paired test.

Preparation of samples for TIRF imaging
For live samples, N2A-P1KO cells were plated on glass-bottom dishes 
as described before and transfected with PIEZO1-ALFA-mGL (live 
labeling) or PIEZO1-jGCaMP8m (calcium imaging of PIEZO clusters). 
Two to three days after transfection, the samples were processed for live 
labeling and imaging. For live labeling, the cells were washed once 
with phenol-red–free medium and incubated for 3 min at 37°C with 
a nanobody against ALFA tag conjugated to Alexa Fluor 647 (Fluo-
Tag-X2 anti-ALFA, NanoTag Biotechnologies, RRID: AB_3075981) 
diluted 1:100 in cell culture medium. The cells were then washed 
twice and imaged immediately. Labeled live samples were kept for 
no more than 20 min. To evaluate the impact of clathrin-mediated 
endocytosis on the number of PIEZO clusters in living cell, the 
dynamin inhibitor Dynasore (Sigma-Aldrich; final concentration, 
75 μM) was preincubated for 2 hours before and kept during the 
image acquisition. For calcium imaging, the cells were incubated in 
a buffer containing 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 3 mM 
CaCl2, 4 mM glucose, and 10 mM Hepes (pH 7.4 with NaOH) and 
then perfused for 20 s with a 2.5 μM solution of Yoda2 (Sigma-
Aldrich). In experiments with no extracellular calcium, the 3 mM 
CaCl2 were replaced by 5 mM EDTA.

For fixed samples, N2A-P1KO, U87, or MEF cells were plated on 
18-mm coverslips. In experiments investigating accessibility of PIEZO 
cluster, N2A-P1KO cells were transfected with PIEZO1-ALFA-mGL. 
In experiments investigating PIEZO cluster and their colocalization 
with different markers, N2A-P1KO, U87, and MEF cells were trans-
fected with PIEZO1mScarlet or PIEZO1mScarlet together with a 
plasmid encoding Clathrin Light Chain fused to mGL (Clc-mGL, 
gift from G. Petsko, Addgene, #164462) to visualize clathrin coated 
pits. In some experiments, N2A-P1KO without PIEZO1 transfected 
were used to evaluate its potential impact on invagination formation. 
In experiments investigating native PIEZO1 clusters in MEF and 
U87, the cells were not transfected. Two to three days after transfec-
tion or plating (native PIEZO1 clusters), cells were washed once 
with PBS and fixed for 10 min at room temperature with a mixture 
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of 1% paraformaldehyde (PFA) and 0.1% glutaraldehyde in PBS. 
Fixative was removed and quenched with 5 mM NaBH4 in PBS (one 
quick wash and another one for 5 min at room temperature) and 
then with 50 mM glycine and 50 mM NH4Cl in PBS (one quick 
wash and another one for 5 min at room temperature). Samples 
were further washed thrice with PBS for 5 min at room temperature. 
In experiments evaluating accessibility of PIEZO clusters in N2A-
P1KO, cells were then blocked with either a mix of 5% FBS plus 1% 
BSA in PBS (no permeabilization) or with additionally 0.2% Triton 
100-X and 0.05% Tween 20 (permeabilization) for 30 min at room
temperature. Samples were then labeled with the ALFA nanobody
conjugated to Alexa Fluor 647 diluted 1:100 into respective blocking 
buffers and incubated for 1 hour at room temperature. For colabel-
ing experiments and exploration of native PIEZO1 clusters, the cells 
were processed with the permeabilized buffer and then incubated
overnight at 4°C with either a rabbit antibody against Cav1 (1:200)
(Abcam, RRID:A B_303405), a rabbit antibody against COPIα (1:1000) 
(Thermo Fisher Scientific, 23GB3485, RRID: AB_3249045), or a rabbit 
antibody against PIEZO1 (1:100) (Novus NBP1-78446, RRID: 
AB_11020328) diluted in permeabilized buffer. Samples were then 
washed three times for 5 min at room temperature with their re-
spective blocking buffers. A postfixation step was performed for 
ALFA nanobodies, using the same fixative mixture as before, for 
5 min. Fixatives were quenched and then washed three more times 
with PBS. For colabeling or native PIEZO1 labeling, samples were 
incubated for 1 hour at room temperature with a donkey anti-rabbit 
antibody coupled to Alexa Fluor 647 (1:1000) (Life Technologies). 
After several washes, coverslips were then mounted on slides with 
ProLong Glass Antifade Mountant (Thermo Fisher Scientific). Samples 
were then imaged within 2 days.

TIRF microscopy imaging and acquisition
TIRF imaging was performed on a Nikon Eclipse TiE microscope and 
with a Roper iLAS2 TIRF module. The objective was an oil immer-
sion Nikon CFI Plan Apo Lambda 100× (numerical aperture, 1.45), 
and the camera used was a Photometrics Prime 95B back-illuminated 
sCMOS, having a resolution of 1200 × 1200 and with a pixel size of 
11 μm, giving a final pixel size of 0.110 μm. A 1.5× magnification lens 
was added for some experiments, giving a final pixel size of 0.073 μm. 
Cells were illuminated with solid-state lasers of 488, 560, and 640 nm 
(20% power). Acquisition was done with VisiView software (version 
5.0.0, Visitron Systems). For live imaging, an incubation chamber 
(okolab) was used to adjust temperature (37°C), CO2-concentration 
(5%) and humidity. Live cells were imaged for 30 s with a frame rate 
of 10 Hz (approximately 100-ms exposure time per frame) for live 
labeling experiments, or for 2 min with a frame rate of 2 Hz (cal-
cium imaging).

TIRF microscopy analysis
Because of the mobility of PIEZO clusters in live cell, clusters were 
tracked for analysis as described before (20, 56). For calcium imag-
ing experiments, time-lapse recordings were first preprocessed in 
ImageJ with a bleach correction [simple ratio, (79)]. PIEZO track 
analysis was then performed with TrackMate v7.13.2 (80, 81) and 
the following parameters: DoG detector, blob diameter of 0.35 μm, 
spots quality filter value of 0.10 to 1, simple LAP tracker with a link-
ing distance of 0.7 μm, a gap closing distance of 0.7 μm, and a maxi-
mal gap closing frame number of 2. The average intensity over time 
within each detected cluster was then extracted and normalized to 

the baseline, defined as the average intensity over the last 10 s of 
acquisition before Yoda2 was applied. For live labeling experiments, 
clusters were detected and counted in the first frame with TrackMate 
using the same parameters as above.

For fixed samples and experiments investigating the extracellular 
accessibility of the cluster, analysis was performed in ImageJ. PIEZO 
clusters were identified on the mGL signal (488-nm excitation): A 
background subtraction (rolling ball radius 5) was first performed, a 
Gaussian blur was applied (sigma 2 and 3), and blurred images were 
subtracted. An auto-local threshold was then used (Bernsen method, 
radius 5) followed by a particle detection (min. size = 10 and max. 
size = 50 pixels) to identify clusters as regions of interest (ROIs). 
Intensity of the mGL and ALFA–Alexa Fluor 647 signals were then 
measured within the ROIs and mGL clusters were classified or not 
as ALFA-Alexa Fluor 647 positive. A similar approach was used to 
investigate colocalization of PIEZO1mScarlet cluster with the se-
lected cellular markers. For fixed samples and experiments investi-
gating endogenous PIEZO1 clusters and their size (Fig. 1), clusters 
were detected with TrackMate as ROIs and their coordinates were 
extracted, imported in IgorPro and fitted with a 2D Gaussian fit to 
estimate their diameter.

Preparation of samples for DNA-PAINT MINFLUX imaging
N2A-P1KO cells were plated on 18-mm coverslips as described in pre-
vious section and transfected with PIEZO1-mGL, PIEZO1-ALFA-HA, 
or PIEZO1-ALFA-mGL. N2A-SLP3KO were used for some experi-
ments and transfected with PIEZO1-ALFA-mGL. Two to three days 
after transfection, cells were processed for fixation as described above 
for TIRF imaging or first serum starved, treated with hypotonic 
solution, Yoda1 or cyto-D, and then fixed as described above. For 
hypoosmotic experiments, cells were washed once with PBS and 
then incubated for 3 min at 37°C in a 120-mosmol Ringer’s solution 
[48.8 mM NaCl, 5 mM KCl, 10 mM Hepes, and 10 mM glucose 
(pH 7.4)] and finally fixed for at least 15 min at room temperature in a 
hypotonic fixative (0.5% PFA and 0.05% glutaraldehyde, 200 mosmol). 
For cyto-D (Sigma-Aldrich) experiments, cells were incubated for 
20 min at 37°C with 2 μM cyto-D diluted in culture medium, which 
was kept after in the fixative solution (Minflux imaging) or in the ex-
tracellular buffer (electrophysiology). For blebbistatin experiments 
(Tocris), cells were incubated for 1 hour at 37°C with 30 μM bleb-
bistatin diluted in culture medium, which was kept after in the fixa-
tive solution. For Yoda1 experiments, cells were incubated for 3 min 
at 37°C with 50 μM Yoda1 diluted in culture medium, which was 
kept after in the fixative solution. After quenching and washing of 
fixatives, samples were blocked with antibody incubation buffer 
(Massive Photonics) for 30 min at room temperature. The cells were 
incubated for 1 hour at room temperature or overnight at 4°C with 
Massive-Tag-Q anti-ALFA or anti-GFP nanobodies conjugated with 
a DNA docking strand (both from Massive Photonics) diluted at 
1:100 (anti-ALFA) or 1:200 (anti-GFP) in antibody incubation buf-
fer. PIEZO1-ALFA-HA samples were fixed, blocked, and permeabi-
lized as described above for TIRF samples and then incubated with 
the anti-GFP nanobody and with a rabbit anti-HA antibody (1:500, 
Thermo Fisher Scientific, RRID: AB_2533988). Cells were washed 
thrice with 1× washing buffer (Massive Photonics) and then post-
fixed for 5 min. Fixatives were quenched and washed as described 
before. PIEZO1-ALFA-HA samples were then incubated for 1 hour 
at room temperature with a secondary antibody donkey anti-rabbit 
coupled to Alexa Fluor 488 (1:1000) (Life technologies) and further 
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washed with PBS. Samples were then incubated for 10 min with 100 
to 200 μl of gold nanoparticles for future stabilization (gold colloid 
250 nm, BBI Solutions, or A12-40-980-CTAB, Nanopartz). Unbound 
nanoparticles were rinsed extensively with PBS, and the remaining 
nanoparticles were further stabilized with PLL for at least 1 hour at 
room temperature. Cells were then washed thrice with PBS before 
mounting. Labeled samples were used within 3 days. DNA-PAINT 
imagers (Massive Photonics) conjugated to Atto 655 were freshly 
diluted in Imaging buffer (Massive Photonics) for a final concentra-
tion of 1 to 2 nM (Atto 655 and ALFA imaging, Imager sequence #3) 
or 1 nM (Atto655 and GFP imaging, Imager sequence #2). A drop of 
imager dilution was added into a cavity slide, and coverslips were 
mounted and sealed with picodent twinsil (picodent).

3D MINFLUX imaging
Minflux imaging was performed on an Abberior MINFLUX com-
mercial microscope built on an inverted IX83 microscope with a 
100× UPlanXApo objective (Olympus) and using Imspector Software 
(Abberior Instruments). Daily alignment and calibration of the ex-
citation beam pattern and position of the pinhole was performed 
using fluorescent nanoparticles (abberior Nanoparticles, Gold 150 nm, 
2C Fluor 120 nm, Abberior Instruments). Cells were identified with 
a 488-nm confocal scan, and the transient binding of imagers with 
Atto 655 was quickly verified with 640-nm confocal scan. At least 
two gold fiducials were present in the field of view and used by the 
active-feedback stabilization system of the microscope (IR 975-nm 
laser, Cobolt, and CCD camera, The Imaging Source), having typi-
cally a precision below 1 nm in all three axes and being stabled for 
hours. An ROI of 1 μm by 1 μm to 5 μm by 5 μm (up to 8 μm by 
8 μm for some overnight recordings) was selected at the cell-coverslip 
interface, except for some neurites where focus was set approximately 
in their middle height. Laser power in the first iteration and pinhole 
was set at 16% laser power and 0.83 A.U. pinhole. Final laser power 
in the last iteration is scaled up by a factor of 6. ROIs were imaged 
for at least 2 hours and up to overnight (~12 hours) using the stan-
dard 3D Minflux sequence (table S1). Detection for Atto 655 signals 
was performed with two avalanche photodiodes channels (650 to 
685 nm and 685 to 720 nm) that were pooled. Specificity of the 
nanobodies and imagers used in this study and of the Minflux signal 
was tested by incubating samples transfected with PIEZO1-mGL with 
the anti-ALFA nanobody and samples transfected with PIEZO1-
ALFA-HA with the anti-GFP nanobody (figs. S2D and S7C).

MINFLUX data analysis
Final valid localizations from Minflux iterations were exported from 
Imspector software as Matlab files. Custom Matlab scripts were then 
used for postprocessing and filtering of the data, as well as subsequent 
operations and data visualization. Data filtering involved first an efo 
filter (effective frequency at offset, kilohertz, retrieved for each indi-
vidual valid locations) based on its overall distribution for each in-
dividual measurements: a threshold was then selected to filter-out 
potential multiple emitters. An additional cfr filter (center frequen-
cy ratio) was used for mGL/GFP cluster experiments, with a cutoff 
value of 0.5 (0.8 elsewhere, directly implemented during the acquisi-
tion). Then, localizations from the same emission trace, i.e., with the 
same trace identification number (TID), having an SD of more than 
10 nm in the x, y, z axes and less than three (ALFA) or five (GFP) 
localizations were excluded (see fig. S2D). For ALFA signals, filtered 
traces were trimmed of their first two localizations, as they are often 

apart from the rest and most of the localization cloud possibly caused 
by diffusing imager molecules. For GFP signals, in addition to trim-
ming, localizations for each trace were aggregated (group of three), 
as described elsewhere (82). The remaining traces were further cor-
rected for the refractive index mismatch between the coverslip and 
the sample, applying a scaling factor of 0.7 for all traces in the z di-
mension (40).

For mGL/GFP cluster experiments (Figs. 5 and 6), clusters were 
semimanually selected on the basis of a first-round DBSCAN (vari-
able parameters adjusted with imaging signal density, typically epsilon 
of 80 to 160 nm and minPoints of 100 raw localizations) and analyzed 
as follows. The center of mass of each individual filtered trace (i.e., 
trace with the same TID) within the clusters was calculated. Because 
of the nature of DNA-PAINT labeling and the proximity of indi-
vidual mGL molecules at PIEZO C-ter, neighboring signals coming 
from the same PIEZO channel were estimated and averaged using a 
DBSCAN on the trace average calculated before, with a minPoints 
of 2 and epsilon of 25 nm (based on recording precision and labeling 
error), ultimately giving a position of an individual PIEZO channel 
(see fig. S7). To classify clusters into pit-shaped (open at the top) and 
spherical clusters, we segmented the raw MINFLUX localization 
data of each cluster into signals originating from the upper fifth 
(top) and the lower four-fifth (bottom) (Fig. 5F) and classified clusters 
in which no channels were present near the center of the top segment 
(i.e., within a distance of 0.25 times the radius from the centroid), as 
pit-shaped clusters, whereas those clusters that did contain channels 
in this region were considered as spherical clusters (Fig. 5G). To es-
timate the local curvature of the membrane at the position of indi-
vidual PIEZO1 channels within cluster, we fitted the 3D distribution 
of the traces mean making the cluster using a modified 2D Gaussian 
distribution that contained a term correcting for cluster width, Z = 
top + depth –depth/[1 + e^({2*width^2 – [(X – CenterX)^2] – [(Y 
– CenterY)^2]}/slope^2)], where X, Y, and Z are the coordinates of
the channels, CenterX and CenterY are the arithmetic means of the
X and Y coordinates of all channels. For surface fitting “top” (Z co-
ordinate of the topmost channel) and “depth” (distance between the
topmost and the lowest channel) were held constant and the width
and slope of the clusters were fitted using the custom fit function in
IgorPro. Fitting was performed using the Levenberg-Marquardt least
orthogonal distance method implemented in IgorPro8 (wavemetric)
that is based on the ODRPACK95 code (83). The Gaussian curva-
tures at the coordinates of the channels were then calculated using a
custom written script in Matlab (see code availablity).

For ALFA trimer experiments, signals were filtered and the cen-
ter of mass of each individual trace was calculated. Traces originat-
ing from repeated detection of the same protomer were identified 
using DBSCAN clustering with minPoints of 2 and epsilon of 8 nm. 
The 8-nm cutoff was chosen on the basis of the localization preci-
sion of MINFLUX and the possible ALFA-tag flexibility (Fig. 1B). 
The position of the protomers that were detected multiple times was 
determined by calculating the mean coordinate of the localizations 
clustered by the DBSCAN algorithm. PIEZO1 trimers in which all 
three protomers were labeled and detected by MINFLUX were iden-
tified by searching for three adjacent traces that were less than 40 nm 
apart, which we assumed is the maximum distance two Atto 655 mole-
cules bound to the same PIEZO1 trimer can possibly have based on 
available flattened PIEZO1 structures and that had no other neigh-
boring traces within a distance of 60 nm (fig. S3). Moreover, only 
trimers in which the maximum interblade angle was smaller than 
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120° were considered. Interblade distance for a given trimer was cal-
culated as the average of the three protomers distance. Interblade 
distance distribution was fitted with a Gaussian mixture model in 
Matlab. Further visualization of trimers was done by a 2D in-plane 
projection of the raw localizations for each protomer, followed by 
a fit with a bivariate Gaussian distribution and displayed with its 
probability density.

Structure modeling and data visualization
For visualization purposes, full-length PIEZO1 in different putative 
conformations were generated. The predicted AlphaFold structure 
of mouse PIEZO1 (AF-E2JF22-F1-v4) was aligned and superposed 
onto the experimentally determined curved [Protein Data Bank 
(PDB) 6B3R], flat (PDB 7WLU), and intermediate-flat (PDB 8IXO) 
PIEZO1 structure to visualize the unresolved peripheral blade. The 
final constructs display the experimentally resolved structure with 
the added missing blade parts from AlphaFold as transparent color 
(Fig. 1H). A full-length PIEZO1 trimer bearing an ALFA tag at posi-
tion H86 and a C-ter GFP together with their respective nanobody 
(PDB 6I2G for ALFA, PDB 3K1K for mGL/GFP), DNA docking site, 
imager and fluorophore was also generated. All subsequent modifi-
cation operations and visualization were performed in PyMol (ver-
sion 2.5.5, Schrodinger). Plasmid design and visualization was 
performed with SnapGene (version 7, Dotmatics). All the other 
data, graphics and schematics were elaborated and visualized in 
Matlab, IgorPro, Illustrator (Adobe), and GraphPad Prism (version 10, 
GraphPad Software).

Statistical tests and reproducibility
All experiments in this study were performed independently at least 
three times, yielding similar results. No statistical method was used 
to predetermine sample size. Experiments were not randomized, and 
investigators were not blinded during experiments and analysis. Data 
distribution was systematically evaluated using D’Agostino–Pearson 
test and parametric or nonparametric tests were chosen accordingly. 
The statistical tests that were used, the exact P values, and informa-
tion about the number of replicates are provided in the display items 
or the corresponding figure legends.

Supplementary Materials
The PDF file includes:
Figs. S1 to S11
Table S1
Legends for movies S1 to S7

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S7
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