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C E L L  B I O L O G Y

The mechanosensitive Piezo1 channel controls 
endosome trafficking for an efficient  
cytokinetic abscission
Julia Carrillo-Garcia1, Víctor Herrera-Fernández1, Selma A. Serra1, Fanny Rubio-Moscardo1, 
Marina Vogel-Gonzalez1, Pablo Doñate-Macian1, Covadonga F. Hevia2,  
Cristina Pujades2, Miguel A. Valverde1*

Mechanical forces are exerted throughout cytokinesis, the final step of cell division. Yet, how forces are transduced 
and affect the signaling dynamics of cytokinetic proteins remains poorly characterized. We now show that the 
mechanosensitive Piezo1 channel is activated at the intercellular bridge (ICB) connecting daughter cells to regulate 
abscission. Inhibition of Piezo1 caused multinucleation both in vitro and in vivo. Piezo1 positioning at the ICB during 
cytokinesis depends on Pacsin3. Pharmacological and genetic inhibition of Piezo1 or Pacsin3 resulted in mislocation 
of Rab11-family-interacting protein 3 (Rab11-FIP3) endosomes, apoptosis-linked gene 2-interacting protein X (ALIX), 
and endosomal sorting complex required for transport III (ESCRT-III). Furthermore, we identified FIP3 as the link 
between Piezo1-generated Ca2+ signals and ALIX delivery to the ICB, where ALIX recruits the ESCRT-III component 
charged multivesicular body protein 4B, which promotes abscission. These results provide a different view of 
how mechanical forces participate in cytokinesis and identify Piezo1 as a key modulator of endosome trafficking.

INTRODUCTION
Cytokinetic abscission, the severing of the connecting intercellular 
bridge (ICB) between nascent daughter cells at the end of mitosis, is a 
sequential process that requires, among other events, the formation of 
the midbody at the ICB, delivery of Rab11-family-interacting protein 3 
(Rab11-FIP3) endosomes to the ICB, cytoskeletal reorganization, and, 
lastly, the recruitment of the endosomal sorting complex required for 
transport III (ESCRT-III) (1–3). Enrolment of the ESCRT-I subunit 
tumor susceptibility gene-101 (TSG101) and the ESCRT-III targeting 
factor apoptosis-linked gene 2-interacting protein X (ALIX) at the 
midbody are prominent events initiated following the accumulation 
of the centrosomal protein Cep55 at the midbody. Both TSG101 and 
ALIX, through parallel pathways, recruit the ESCRT-III component 
charged multivesicular body protein 4B (CHMP4B) to direct abscis-
sion (4, 5). Successful cytokinesis also involves mechanical forces 
(6–11) and intracellular signals such as calcium (12–14), whose impact 
on the timely and spatially organized ESCRT-III components are un-
known. Additional proteins able to bind to the membrane curvatures 
of the ICB, such as BIN-amphiphysin- Rvs (BAR) domain contain-
ing proteins, facilitate cytokinesis by means of anchoring key cyto-
kinetic proteins at the correct location (15, 16). In this study, we 
aimed to identify how mechanical forces generated during cyto-
kinesis are transduced to regulate the dynamics of key cytokinetic 
proteins, with a special focus on the activity of calcium-permeable 
mechanosensitive ion channels.

RESULTS
Localization and activity of Piezo1 during cytokinesis
The presence of functional mechanosensitive transient receptor poten-
tial vanilloid 4 (TRPV4) (17), transient receptor potential melastatin 7 
(TRPM7) (18, 19), and Piezo1 channels (20) was detected in human 

microvascular endothelial cells (HMECs) (fig. S1, A to D). Piezo1 inhi-
bition with GsMTx4 (Gs4) (21, 22) or addition of the Ca2+ chelator 
1,2-bis(2- aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA) 
significantly triggered the presence of multinucleated cells (Fig. 1, 
A and B, and fig. S2A). GsMTx4 also prolonged the abscission time 
and the presence of daughter cells connected with elongated ICB (in-
dicative of defective abscission), without affecting the time for mitotic 
rounding before metaphase (fig. S2, B to D). Transfection of HMECs 
with Piezo1 small interfering RNA (siRNA) reduced channel expression 
and activity (fig. S3, A to E) while increasing the number of nuclei per 
cell (Fig. 1B) and the length of the ICB (fig. S3F), verifying the involve-
ment of Piezo1 in cytokinesis. To generalize our data showing a key 
role for Piezo1 in cytokinesis and to test the relevance of such mecha-
nisms in  vivo, we examined cytokinesis in zebrafish embryos and 
human MDA-MB-231-BrM2 adenocarcinoma cells, both expressing 
functional Piezo1 channel (23,  24). Akin to HMECs, both synchro-
nized MDA-MB-231-BrM2 cells in which Piezo1 was knocked 
down (fig. S4, A and B) and zebrafish embryos treated with GsMTx4 
displayed an increased percentage of multinucleated cells (Fig. 1, C and 
D, and fig. S4C). These results indicate that Piezo1- mediated signaling 
pathway during cytokinesis is highly conserved in vertebrates in both 
synchronized cell cultures and tissue unsynchronized cells.

Next, we evaluated Piezo1 localization and activity in both resting 
and dividing cells transfected with a genetically encoded fluorescent 
Ca2+ reporter tagged to Piezo1 (GenEPI) (25). Resting cells showed 
plasma membrane GenEPI signal reinforcement (Fig. 1E), resembling 
the immunolocalization of native Piezo1 channel (fig. S3D), while 
cells in late telophase showed increased GenEPI signal and colocaliza-
tion with -tubulin at the ICB (Fig. 1E). GenEPI was sensitive to Piezo1 
channel activation and inhibition with Yoda1 and GsMTx4, respectively 
(fig. S5, A to C). Time-lapse imaging showed transient increases of 
GenEPI intensity at the ICB after release from cell cycle synchroniza-
tion (Fig. 1, F and G), indicating a predominant activation of Piezo1 
at the ICB of mitotic cells. The use of the intracellular Ca2+ indicator 
Calbryte further confirmed that mitotic cells show a localized increase 
in intracellular Ca2+ concentration at the ICB (fig. S5D).
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Pacsin3 regulates location and activity of Piezo1
Piezo1 is activated by changes in membrane curvature in response 
to mechanical stimulation (26). Membrane curvature is also sensed 
and influenced by BAR domain containing proteins (16), of which 
Pacsin3 regulates trafficking and function of TRPV4 channel too 
(27, 28). Therefore, we examined whether Pacsin3 may be responsible 
for Piezo1 localization at the ICB. In mitotic HMECs, Piezo1 and Pacsin3 
signals colocalized with -tubulin at the ICB (Fig. 1H and fig. S6A). 
Knockdown of Piezo1 with siRNA significantly decreased Piezo1 signal 
at the ICB and midbody (Fig. 1, I and J). Similarly, siPacsin3 
(fig. S6, B to E) reduced Piezo1 signal at the ICB (Fig. 1, I and J) without 

affecting Piezo1 expression (fig. S6C). In accordance with the ef-
fect of Pacsin3 on Piezo1 localization, knockdown of Pacsin3 incre-
mented ICB length (fig. S3F) and multinucleation (Fig. 1, A and B, and 
figs. S2A and S6F), an effect that was not modified in the presence of 
GsMTx4 (Fig. 1, A and B). On the other hand, overexpression of 
Pacsin3 did not affect multinucleation (Fig. 1, A and B).

To test whether Pacsin3, in addition to regulating Piezo1 loca-
tion, also modulates the activity of Piezo1, we imaged changes in 
intracellular Ca2+ concentration and carried out electrophysiological 
recordings on mechanically stimulated cells. Knockdown of Pacsin3 
reduced mechanically stimulated and Piezo1-mediated Ca2+ signal, 

Fig. 1.  Piezo1 is required for an effective cytokinesis. (A) Nuclear staining with 4′,6-diamidino-2-phenylindole (DAPI) in HMECs expressing green fluorescent protein 
(GFP) and treated with GsMTx4 (1 M), Yoda1 (5 M), and BAPTA (1 M) and/or transfected with siControl (siCtrl), siPiezo1, siPacsin3, or Pacsin3-cyan fluorescent protein (CFP). 
Nuclei perimeter marked with discontinuous lines. Scale bars, 10 m. Veh, vehicle; -Tub, -tubulin. (B) Violin plot of the number of nuclei/cell counted in HMECs exposed 
to the conditions indicated. siControl (n = 72), siControl + Yoda1 (n = 47), siControl + GsMTx4 (n = 61), siPiezo1 (n = 47), BAPTA (n = 74), Pacsin3 overexpression (n = 43), 
siPacsin3 (n = 51), siPacsin3 + Yoda1 (n = 49), and siPacsin3 + GsMTx4 (n = 54). (C) Cell nuclei (H2B-mCherry) and plasma membrane (lyn-GFP) visualization in zebrafish 
embryos treated with vehicle or 10 M GsMTx4. Zoom shows representative images of mononucleated and multinucleated cells. Scale bars, 10 m. (D) Percentage of 
multinucleated cells in vehicle- or GsMTx4-treated embryos. (E) Piezo1-GCaMP6 (GenEPI) localization in interphase (left) and late mitosis (middle); anti–-tubulin staining 
in late mitosis (right). Scale bars, 10 m. (F) Piezo1-mediated Ca2+ signal, measured at the ICB in GenEPI-transfected HMECs, peaks around 2 hours after release from noco-
dazole synchronization. A.U., arbitrary units. (G) Peak and baseline GenEPI fluorescence intensity at the ICB. (H) Colocalization of overexpressed Pacsin3-CFP with endogenous 
Piezo1 and -tubulin at the ICB. Scale bar, 5 m. (I) Immunodetection of Piezo1 and -tubulin in HMECs transfected with control siRNA, siPiezo1, or siPacsin3. Scale bar, 
5 m. (J) Quantification of Piezo1 signal at the ICB in HMECs transfected with siControl, siPiezo1, or siPacsin3. Data are means ± SEM. Number of cells (or experimental 
repeats) is indicated in each graph. Significance values are respect control condition as determined by Kruskal-Wallis test followed by Dunn’s post hoc test, Mann-Whitney 
test (D), or paired t test (G).
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whereas overexpression of Pacsin3 increased it (Fig. 2A). Coimmuno-
precipitation experiments further confirmed the close interaction 
between endogenous (fig. S6G) or overexpressed (fig. S6H) Piezo1 
and Pacsin3 proteins. Furthermore, and consistent with the Ca2+ 
imaging experiments in HMECs, we observed that human embryonic 
kidney (HEK) 293 cells cotransfected with Piezo1 and Pacsin3 and 
mechanically stimulated with a blunt glass probe or by suction 
through the recording pipette presented larger whole-cell currents 
(Fig. 2, B and C, and fig. S7A), and increased single-channel open 
probability (fig. S7, C and D) than cells overexpressing Piezo1 alone. 
Piezo1 inactivation, a crucial mechanism determining channel func-
tion, was also slowed (higher inactivation time constant inact) when 
coexpressed with Pacsin3 (Fig. 2D). Thus, Pacsin3 interaction with 
Piezo1 regulates both channel activity and location. Next, we tested 
whether the effect of Pacsin3 knockdown on multinucleation could 
be overturned in the presence of the potent Piezo1 activator Yoda1 
(29). We reasoned that Yoda1 may boost the activity of Piezo1 
channels remaining at the ICB of siPacsin3-treated cells. Exposure 
of cells depleted of Pacsin3 to Yoda1 reverted the presence of multi-
nucleated cells (Fig. 1, A and B), whereas the use of the TRPV4 
activator GSK1016790A (30) or the TRPM7 activator naltriben (31) 

did not reverse the effect of knocking down Pacsin3 on multinucleation 
(fig. S6, I and J).

We further explored the structural determinants of the interac-
tion between Piezo1 and Pacsin3. Pacsin3 uses the BAR domain for 
binding to and bending of membranes and its SH3 domain to bind 
proline-rich domains present in its interacting partners (16). We 
identified a proline-rich domain in Piezo1 responsible for the inter-
action with Pacsin3 and the localization of Piezo1 to the ICB. Muta-
tion of Pro1578, Pro1580, Pro1584, and Pro1587 to Ala (Piezo1-4PA) 
generated a functional channel that lost modulation by Pacsin3, i.e., 
mutant Piezo1-4PA did not increase peak current or inact in the 
presence of overexpressed Pacsin3 (Fig. 2, C and D, and fig. S7B). 
To test whether the mutant Piezo channel also lacks the correct 
location and function during cytokinesis, we carried out rescue ex-
periments overexpressing Piezo1–wild type (WT) and Piezo1-4AP 
in HMECs depleted of endogenous Piezo1 using an siRNA directed 
against its 5′ untranslated region (fig. S3, A to C). Only Piezo1-WT 
localized to the cytokinetic bridge (Fig. 2, E and F) and reverted the 
multinucleation phenotype induced by knocking down Piezo1 
(Fig. 2G). Thus, overexpression of a mutant Piezo1 channel that lacks 
the Pacsin3-interacting domain cannot localize correctly during 

Fig. 2. Piezo1 localization and activity is regulated by Pacsin3. (A) Mean intracellular Ca2+ signals obtained from HMECs loaded with Fura-2 acetoxymethyl ester 
transfected with siControl (N = 37), siPacsin3 (N = 17), or overexpressing Pacsin3 (N = 15) and exposed to uniaxial stretching (40% of the initial chamber length, inset illus-
tration). (B) Whole-cell traces of mechanically activated Piezo1 currents recorded at a holding potential of −80 mV from HEK293 cells overexpressing Piezo1 (left) or 
Piezo1 + Pacsin3 (right) following stimulation with a series of mechanical steps of 1 m (inset illustration). (C) Maximum peak whole-cell currents obtained in HEK293 cells 
overexpressing pcDNA3, Piezo1–wild type (WT), Piezo1-4PA, and Pacsin3 as indicated. (D) Mean inactivation time constant (t) of whole-cell currents obtained in HEK293 
cells overexpressing pcDNA3, Piezo1-WT, Piezo1-4PA, and Pacsin3 as indicated. n.s., not significant. (E) Immunodetection of Piezo1 and -tubulin in HMECs, in which 
endogenous Piezo1 was knocked down with an siRNA directed against Piezo1 5′ untranslated region and transfected with the indicated siRNA-resistant Piezo constructs. 
Scale bars, 5 m. (F) Quantification of Piezo1 signal at the ICB under the conditions indicated. (G) Percentage of multinucleated HMEC under the conditions indicated. 
Data are means ± SEM. Number of cells (or experimental repeats) is indicated in each graph. Significance values are respect control condition as determined by analysis 
of variance (ANOVA) followed by Bonferroni post hoc test or Kruskall-Wallis test followed by Dunn’s post hoc test (A).
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cytokinesis nor revert the multinucleation phenotype induced by 
the knockdown of the endogenous channel. Together, these ex-
periments suggested that both Pacsin3 and Piezo1 are in the same 
regulatory pathway required for efficient cytokinesis and that 
Pacsin3 modulates localization and activity of Piezo1 at the ICB of 
mitotic cells.

Piezo1 controls localization of ESCRT-III components
The presence of multinucleated cells and longer ICB following 
pharmacological or genetic inhibition of Piezo1 suggested a defect 
in abscission, the cutting of the narrow ICB, which depends on the 
ESCRT-III machinery (1). Consistent with the cytokinetic phenotype, 
endogenous CHMP4B was recruited to late cytokinetic bridges in 
control conditions but was absent in HMECs depleted of Piezo1, 
Pacsin3, or treated with GsMTx4, whereas pharmacological activation 
of Piezo1 with Yoda1 reverted the siPacsin3-induced mislocation of 
CHMP4B (Fig. 3, A and D). The CHMP4B-recruiting factor ALIX 
(Fig. 3, B and E) and its upstream regulator Cep55 (Fig. 3, C and F) 
also disappeared from the ICB, indicating that Piezo1 controls the 
recruitment of the ALIX-CHMP4B pathway to the midbody of late 
cytokinetic bridges. The role of Cep55 as a regulator of abscission 
has been recently disputed (32, 33). To test the relevance of Cep55 in 

this process, we treated HMECs with siCep55 and observed an in-
crease in the number of nuclei/cell that was reverted in the presence 
of Yoda1 (Fig. 3G). Similarly, in Cep55-lacking human primary 
skin fibroblasts, siCep55 (Fig. 3H), unlike siPiezo1, siPacsin3, or 
GsMTx4, did not modify the number of nuclei/cell (Fig. 3I) nor 
the effect of GsMTx4 on CHMP4B recruitment to the midbody 
(Fig. 3J). Together, these results indicate that Piezo1 involvement in 
cytokinetic abscission is independent of Cep55.

Piezo1 activity is linked to Rab11-FIP3 location at 
the cytokinetic bridge
ALIX is a direct recruiter of CHMP4B and participates in the for-
mation of secondary ingression during late cytokinesis (3). Midbody 
location of ALIX is affected by genetic or pharmacological inhibi-
tion of Piezo1. Therefore, we focused on how Piezo1 may control the 
correct location of ALIX, independently of Cep55. ALIX is present 
in endosomes (34), where it is capable of binding the ESCRT-III 
component CHMP4B (35). Thus, we tested the impact of Piezo1 on 
endosome trafficking and delivery of key molecules to the ICB. The 
small guanosine triphosphatase (GTPase) Rab11 and its effector 
FIP3 are present in endosomes and control endosome targeting to 
the ICB (3, 36). Interference of Piezo1 or Pacsin3 reduced Rab11 

Fig. 3. Piezo1 regulates localization of ESCRT-III components to the late cytokinetic bridge. Immunolocalization of -tubulin and CHMP4B (A), ALIX (B), and Cep55 
(C) at the midbody of siControl-, siPiezo1-, GsMTx4-, siPacsin3-, and siPacsin3 + Yoda1–treated HMECs. Scale bars, 5 m. Quantification of CHMP4B (D), ALIX (E), and Cep55 
(F) immunofluorescence intensities at the midbody. (G) Quantification of the number of nuclei per cell in HMECs transfected with control siRNA (n = 57) or siCep55 (vehicle = 73 
and Yoda1 = 64) in the presence/absence of Yoda1. (H) Immunolocalization of Cep55 and -tubulin in primary human dermal fibroblasts. Nuclear staining with DAPI.  
Scale bars, 5 m. (I) Quantification of the number of nuclei per cell in primary human dermal fibroblasts transfected with control siRNA (n = 143), siCep55 (vehicle = 33 and 
GsMTx4 = 55), siPiezo1 (n = 61), or siPacsin3 (n = 57). (J) CHMP4B immunofluorescence intensities at the midbody of primary human dermal fibroblasts transfected with 
control siRNA or siCep55 in the presence or absence of GsMTx4. Scale bar, 5 m. Data are means ± SEM. Number of cells (or experimental repeats) is indicated in each graph. 
Significance values are respect control condition as determined by Kruskal-Wallis test followed by Dunn’s post hoc test or ANOVA followed by Dunnett’s post hoc test (E).
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presence at the ICB (Fig. 4, A and B), consistent with the reduced 
ALIX signal. Piezo1 inhibition with GsMTx4 mimicked the effect 
of siPiezo1, whereas siPacsin3 effect was reverted with Yoda1 
(Fig. 4, A and B). However, Yoda1 did not revert the effect of knocking 
down Piezo1 on Rab11 localization (fig. S8, A and B), confirming 
the specificity of Yoda1. To further explore the link between Rab11- 
containing endosomes and Piezo1-mediated signaling, we over-
expressed WT (Rab11-WT), dominant-negative (Rab11-S25N), and 
dominant-positive (Rab11-Q70L) Rab11 and checked multinucle-
ation (Fig. 4, C and D) as well as ICB localization of CHMP4B 
(Fig. 4, E and G) and ALIX (Fig. 4, F and H). Overexpression of 
Rab11-WT did not alter the number of nuclei, the intensity of the 
CHMP4B, and ALIX signals at the ICB or the effect of GsMTx4. 
Rab11-S25N overexpression significantly increased multinucleation 
and reduced CHMP4B and ALIX signals, effects that were not 
further increased in the presence of GsMTx4. On the other hand, 
Rab11-Q70L prevented the effect of GsMTx4 on any parameter 

tested, an effect not observed in cells overexpressing a dominant- 
positive Rab35 (fig. S8, C and D) (37). Other molecules relevant to 
cytokinesis and/or calcium signaling such as apoptosis-linked 
gene (ALG-2) and Beclin-1 (38, 39) were tested and showed no 
changes in their location at the ICB (fig. S9, A to D). Piezo channels 
have been linked to the activation of Rho GTPase and the down-
stream target myosin (22, 24). Considering that Rho-dependent 
regulation of the actomyosin cytoskeleton participates in differ-
ent steps of cytokinesis (40), we tested whether the effect of Piezo1 
on cytokinesis was related to the activation of Rho signaling. For 
that purpose, we used the Rho kinase inhibitor III, Rockout (41), 
and counted nuclei in the presence or absence of Yoda1. Figure S9E 
shows increased number of nuclei in Rockout-treated cells, an effect 
reverted in the presence of Yoda1, suggesting that Piezo1 partici-
pates in cytokinesis abscission independently of Rho signaling. We 
also noticed that inhibition of Piezo1 increased the presence of 
tubulin in the ICB (fig. S9F), most likely as the result of a defective 

Fig. 4. Piezo1 controls delivery of Rab11-FIP3 endosomes to the cytokinetic ring. (A) Immunolocalization of Rab11 at the midbody of siControl-, siPiezo1-, 
GsMTx4-, siPacsin3-, and siPacsin3 + Yoda1–treated HMECs. Immunolocalization of -tubulin in white. Scale bars, 5 m. (B) Quantification of Rab11 intensity at the ICB under 
the conditions is shown in (A). (C) Nuclear staining with DAPI (blue) in HMECs transfected with Rab11-WT-GFP, dominant-negative Rab11-S25N-GFP, or dominant-positive 
Rab11-Q70L–GFP in the presence/absence of GsMTx4. Scale bars, 10 m. (D) Quantification of nuclei in HMECs overexpressing pcDNA3 (vehicle = 41 and GsMTx4 = 44), 
Rab11-WT (vehicle = 62 and GsMtx4 = 57), Rab11-S25N (vehicle = 50 and GsMTx4 = 38), or Rab11-Q70L (vehicle = 59 and GsMTx4 = 56) in the presence or absence of 
GsMTx4. CHMP4B (E) and ALIX (F) immunofluorescence intensities at the midbody of HMECs overexpressing pcDNA3, Rab11-WT, Rab11-S25N, and Rab11-Q70L in the 
presence or absence of GsMTx4. Scale bars, 5 m. Quantification of CHMP4B (G) and ALIX (H) immunofluorescence intensities in HMECs under the conditions shown. Data 
are means ± SEM. Number of cells (or experimental repeats) is indicated in each graph. Significance values are respect control condition as determined by 
Kruskal-Wallis test followed by Dunn’s post hoc test or ANOVA followed by Dunnett’s post hoc test (B).
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recruitment of the microtubule- depolymerizing enzyme spastin by 
ESCRT-III (42).

The role of TRPV4- and TRPM7-mechanosensitive channels in 
the recruitment of ALIX was also studied. The lack of an effect of 
TRPV4 and TRPM7 activators on siPacsin3-induced multinucleation 

(fig. S6I) did not support a key role for these channels in abscission. 
We confirmed this observation by localizing overexpressed TRPV4–
green fluorescent protein (GFP) (43) and TRPM7–yellow fluorescent 
protein (YFP) (19, 44) and by studying the effect of knocking down 
these two channels on the location of ALIX at the ICB. Neither 

Fig. 5. FIP3 links Piezo1-generated Ca2+ signals to the recruitment of the abscission machinery. (A) Immunolocalization of FIP3 at the midbody of siControl-, 
siPiezo1-, GsMTx4-, siPacsin3-, and siPacsin3 + Yoda1–treated HMECs. Immunolocalization of -tubulin in white. Scale bars, 5 m. (B) Quantification of FIP3 signal at the 
ICB under the conditions shown in (A). (C) DAPI staining of the nuclei in HMECs overexpressing FIP3-WT and FIP3-4DA in the presence and absence of GsMTx4 or Yoda1. 
Scale bars, 10 m. (D) Quantification of nuclei in HMECs overexpressing pcDNA3 (vehicle = 97 and GsMTx4 = 104), FIP3-WT (vehicle = 114, GsMTx4 = 65, and Yoda1 = 71), 
and FIP3-4DA (vehicle = 75, GsMTx4 = 67, and Yoda1 = 89). (E) CHMP4B immunofluorescence of HMECs overexpressing FIP3-WT and FIP3-4DA in the presence and absence 
of GsMTx4 or Yoda1. (F) Quantification of CHMP4B immunofluorescence intensity in HMECs under the conditions shown. Data are means ± SEM. When required, number 
of cells (or experimental repeats) is indicated in each graph. Significance values are respect control condition as determined by Kruskal-Wallis test followed by Dunn’s post 
hoc test or ANOVA followed by Dunnett’s post hoc test (B). (G) Cartoon model of cytokinesis regulation by the Piezo1 channel. Mechanical forces exerted at the ICB activate 
Piezo1 channel generating a marked and localized increase in intracellular calcium (red shading). The increase in intracellular Ca2+ concentration is sensed by FIP3 to direct 
the transport of ALIX-containing Rab11-FIP3 endosomes to the ICB where ALIX recruits CHMP4B to complete abscission.
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TRPV4-GFP nor TRPM7-YFP localized to the ICB (fig. S10A), and 
knockdown of TRPV4 or TRPM7 (fig. S10, B and C) did not alter 
the location of ALIX at the ICB (fig. S10, D and E). Together, these 
experiments pointed to Piezo1 as the key mechanosensitive channel 
participating in abscission.

Next, we searched for the target of the Piezo1-mediated Ca2+ 
signal that controls the trafficking of Rab11 endosomes to the 
ICB. Rab11 has no Ca2+-binding sites identified, whereas its effec-
tor, FIP3, presents two Ca2+-binding EF-hand domains (www.
uniprot.org/uniprot/O75154). First, we localized FIP3 at the ICB 
and showed that FIP3 signal, like Rab11 signal, decreased in HMECs 
treated with GsMTx4, siPiezo1, and siPacsin3 but not in cells treat-
ed with siPacsin3 in the presence of Yoda1 (Fig. 5, A and B). 
Second, we transfected HMECs with FIP3-WT or FIP3-4DA, in 
which four Asp (D215, D217, D219, and D247) present in the 
EF-hand domains that are required for Ca2+ binding were mutated 
to Ala, and checked for the appearance of extra nuclei and CHMP4B 
at the ICB. Overexpression of FIP3-WT did not induce multinucle-
ation or CHMP4B localization nor altered the response to GsMTx4, 
whereas overexpression of FIP3-4DA significantly increased the 
number of nuclei and reduced the CHMP4B signal, effects that were 
not further modified in the presence of GsMTx4 (Fig. 5, C to F). 
Similar effects to those obtained with FIP3-4DA were obtained 
when cells were transfected with a mutated FIP3 (FIP3-I738E) that 
does not interact with Rab11 (fig. S11, A and B) (45). Together, 
these results pointed to Rab11-FIP3 as a target of Piezo1-mediated 
signaling during cytokinesis.

DISCUSSION
Cytokinetic abscission, the severing of the connecting ICB between 
nascent daughter cells at the end of mitosis, is a complex process 
involving mechanical forces (6–11), intracellular signals (13, 14, 46), 
endosome trafficking, and, lastly, the recruitment of the ESCRT-III 
component CHMP4B via ALIX and/or TSG101 to complete abscis-
sion (1–5). The participation of mechanical forces throughout cyto-
kinesis is generally accepted, although how these forces control 
cytokinesis, particularly its late steps, has been largely unexplored. 
There are also claims suggesting a differential impact of mechanical 
forces on dividing cells depending on cell geometry or cell density 
(7, 11), which complicate the understanding of how mechanical 
forces integrate into the signaling generated by a dividing cell. Our 
findings reveal that Piezo1-mediated transduction of mechanical 
forces (generated by cell crawling and elongation, by cell interaction 
with extracellular matrix, or by contraction of cytokinetic ring and 
protrusion of the cell poles) is key to the control of cytokinetic 
abscission both in isolated cells or confluent cell cultures and in vivo 
zebrafish embryos, thereby strengthening the central role of mech-
anotransduction in cytokinesis.

Generation of the actomyosin ring and furrow ingression is a 
cytokinetic step in which both mechanical forces and Ca2+ signaling 
may be coupled via the Ca2+-dependent regulation of the contrac-
tion process (14), although the source of Ca2+ during the furrow 
ingression appears to originate at the endoplasmic reticulum. The 
presence of long ICB, typical of abscission defects, following inhibi-
tion of Piezo1 points toward a defect in abscission rather than alter-
ations in the furrow ingression. Activation of the mechanosensitive 
Piezo1 channel at the ICB generates local and transient increases in 
intracellular [Ca2+] that are sensed by FIP3 to target Rab11-FIP3 

endosomes containing ALIX (or an ALIX-recruiting element) to the 
ICB. The fact that a diffusible signal such as Ca2+ participates in the 
recruitment of abscission elements to the midbody may facilitate 
coordination of different cytokinetic events without the need of a 
physical/sequential interaction.

Despite the numerous experimental approaches used for the 
demonstration of the involvement of Piezo1 in the cytokinesis, our 
study is not exempt of limitations. One is the technical difficulty to 
directly record channel activity in the ICB with a recording pipette 
attached to the cell membrane under different mechanical stress 
regimes. Additional limitations of our study are the following: (i) 
Although we clearly demonstrated the pathway that links Piezo1 to 
ESCRT-III recruitment via Rab11-FIP3 endosomes, we cannot 
completely discard the participation of other Piezo1- and/or mech-
anosensitive Ca2+-dependent events in the abscission process; and 
(ii) the phenotype observed in zebrafish embryos by using the most 
specific Piezo1 blocker, GsMTx4 (21), strongly supports the role of 
Piezo1 in vivo model, although we cannot completely discard that 
GsMTx4 may also affect other ion pathways in zebrafish.

Far-reaching implications of our work are the following: (i) the 
identification of the BAR domain containing protein Pacsin3 as a 
Piezo1-binding protein that regulates channel location and activity, 
being particularly interesting the regulation of channel inactivation, 
a parameter that is at the core of Piezo1-linked pathologies (47, 48); 
(ii) the role of force-induced Ca2+-dependent regulation of the 
endosomal pathway and how it may affect other mechanically reg-
ulated physiological functions such as cargo targeting and release of 
exosomes (35, 49–51); (iii) the role of mechanically induced nuclear 
envelope repair of confined migrating cells that also depends on 
recruitment of ESCRT-III (52); and (iv) the presence of cytokinesis 
failures may result in altered proliferation and chromosomal insta-
bility that affect adaptation and fitness of tumors (53). In this regard, 
analysis of several cancer databases, including Human Protein Atlas 
and The Cancer Genome Atlas, has shown an association of Piezo1 
with different cancers and that Piezo1 may be a valuable prognostic 
tool (54–57). In addition, in view of our results, the mechanism 
leading to embryonic lethality in Piezo1 knockout animal models 
(58, 59) and human phenotypes generated by loss-of-function 
mutations in Piezo1 (60) should be revised. Most probably, there is 
not a single mechanism but a more complex scenario. The current 
view is that embryonic lethality, or human disease, in the absence of 
functional Piezo1 is due to the loss of vascular development because 
endothelial cells are unable to sense shear stress induced by blood 
flow. However, our results clearly show the key role of Piezo1 in 
cytokinesis, a basic cellular routine required for embryonic develop-
ment and vasculogenesis.

MATERIALS AND METHODS
Cell lines and constructs
HEK293 (catalog number 85120602) and HeLa (catalog number 
93021013) cells were purchased from the European Collection of 
Authenticated Cell Cultures. HEK293 and HeLa cells were maintained 
in Dulbecco’s modified Eagle’s medium (D6046, Sigma-Aldrich) sup-
plemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), 
and streptomycin (100 U/ml). HMEC-1 were purchased from the 
American Type Culture Collection (ATCC) (Crl-3243). HMECs were 
maintained in MCDB131 (without l-glutamine; Life Technologies 
catalog number 10372019) supplemented with epidermal growth 
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factor (10 ng/ml; Thermo Fisher Scientific catalog number PHG0314), 
hydrocortisone (1 g/ml; Sigma-Aldrich catalog number H0396), 
10 mM glutamine (ATCC 30-2214), and 10% FBS (ATCC 30-2020). 
HEK293 cells were used to transfect Piezo1 and perform electro-
physiological studies and coimmunoprecipitation assays because of 
the high amount of expression and protein obtained from transfected 
cells. MDA-MB-231-BrM2 cells (61) were provided by J. Massagué, 
Memorial Sloan Kettering Cancer Center, NY. Knockdown of Piezo1 
in MDA-MB-231BrM2 cells were obtained using lentivirus as pre-
viously described (24). HEK293 were transfected with 2 g of 
pMD2-G + 4 g of pSPAX2 and 5 g of pLKO.1-shPIEZO1 or 
pLKO.1-scramble (table S1) using Lipofectamine 3000 (Invitrogen). 
After collection, centrifugation, and titration, lentiviral supernatants 
were used to infect MDA-MB-231BrM2 cells. MDA-MB-231BrM2–
shPIEZO1 and MB-231BrM2–scramble stable cell lines were gener-
ated by selecting with puromycin (1 g/ml). MDA-MB-231-BrM2 
cells were synchronized with a double nocodazole block procedure 
(100 nM; 16, 8, and 16 hours) and released with normal medium 
2 hours before experiments were carried out.

FIP3 Asp residues in EF-1 (D215/D217/D219) and EF-2 (D247) 
coordinating Ca2+ binding were mutated to Ala (FIP3-4DA) on the 
pEGFP-C1-FIP3 plasmid. Mutations were introduced by site-directed 
mutagenesis using the QuikChange kit (Stratagene). All materials 
used in this study are shown in table S1.

Electrophysiological recordings
Stretch-activated currents were recorded on HEK293 cells 2 days 
after transfection. For whole-cell recordings, the bath solution con-
tained 140 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl2, 0.5 mM MgCl2, 
5 mM glucose, and 10 mM Hepes (adjusted to pH 7.45 with NaOH). 
Borosilicate glass patch pipettes had a tip resistance of 1 to 5 megohms 
and contained 140 mM CsCl, 0.3 mM Na3GTP, 4 mM Na2ATP, 
1 mM EGTA, and 10 mM Hepes (adjusted to pH 7.3 with tris). The 
membrane potential inside the patch was held at −80 mV using an 
Axopatch 200 A (Molecular Devices, USA). Piezo1 activity was 
assessed by applying a mechanical stimulation generated with a 
fire-polished glass probe driven by a piezoelectric controller (E-665, 
Physik Instrumente). The probe had an upward motion consisting 
of 1-m increment, 200-ms duration, and a spaced interval of 10 s. 
Currents were sampled at 10 kHz and filtered at 1 kHz using 
pCLAMP 10.5 software (Axon Instruments).

For cell-attached configuration, borosilicate glass patch pipettes 
(2 to 3 megohms) were filled with a solution containing 130 mM NaCl, 
5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM tetraethylammonium-Cl, 
and 10 mM Hepes (adjusted to pH 7.3 with NaOH). Piezo1 activity 
was also triggered under this recording condition using the Piezo 
activator Yoda (20 M) (29), added to the pipette solution. The bath 
solution contained 140 mM KCl, 1 mM MgCl2, 10 mM glucose, and 
10 mM Hepes (adjusted to pH 7.3 with tris). This extracellular 
potassium concentration was used to zero the membrane potential, 
allowing better control of the voltage (−80 mV) using an EPC10-USB 
patch-clamp amplifier (HEKA Elektronik). Stimulation of the Piezo1 
channel was performed using a High Speed Pressure Clamp (HSPC-1, 
ALA Scientific Instruments) applying a prepulse of −8 mmHg. Experi-
ments were run at room temperature (22° to 26°C). Data were analyzed 
using Igor Pro 8 (WaveMetrics) and MATLAB. Because of the biphasic 
kinetic of the currents, the time constant of inactivation () was ob-
tained by fitting the results to a double exponential curve between the 
peak current and the end of the stimulus according to the next equation

   I =  I  0   +  A  1   exp (     t −  t  0   ─    1     )   +  A  2   exp (     t −  t  0   ─    2     )     

We only used the value of 1 for comparison of the time constants 
of inactivation, as 1 represents the main current decay due to inac-
tivation of Piezo1 [~5 ms according to (62)] and 2 represents the 
slow residual current at the end of the mechanical stimulation.

Cell stretching and calcium imaging
To measure cytosolic calcium increases in response to stretch, cells 
were cultured in a silicone chamber (STB-CH-04, STRETX Inc.) to 
a 50% confluence and loaded with 5 M fura- 2 AM (Thermo Fisher 
Scientific) as previously described (17). Isotonic bath solutions con-
tained 140 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl2, 0.5 mM MgCl2, 
5 mM glucose, 300 mOsm (adjusted with d-mannitol), and 10 mM 
Hepes (adjusted to pH 7.3 with tris base). For mechanical stimulation of 
Piezo1, two steps of 0.5-s uniaxial stretching (40 and 80% of the initial 
chamber length) were applied with a delay of 8 min, which is the time 
necessary to recover basal calcium levels after the first stimulus. The 
fluorescence ratio (F340/F380) was acquired with an imaging processing 
software (HCImage, Hamamatsu Photonics). Signals were normalized 
to the F340/F380 measured before cell stimulation. Intracellular [Ca2+] 
was also measured in cells loaded with the single- wavelength Ca2+ 
dye Calbryte (23). Signals were normalized to the fluorescence in-
tensity measured before the application of different stimuli.

Immunofluorescence and time-lapse microscopy
HMEC and MDA-MB-231-BrM2 cells were washed with phosphate- 
buffered saline (PBS) and fixed in 4% paraformaldehyde for 20 min 
at 37°C. Cells were then permeabilized with 0.5% Triton X-100 
(Sigma-Aldrich) in PBS for 5 min and blocked in 5% bovine serum 
albumin (BSA) in PBS for 1 hour at room temperature. Primary 
antibodies (table S1) were incubated overnight at 4°C diluted in 
1% BSA in PBS. Secondary antibodies (table S1) were diluted in PBS 
containing 1% BSA and incubated for 1 hour at room temperature. 
For the identification and quantification of nuclei, cells were incu-
bated for 10 min with 4′,6-diamidino-2-phenylindole (DAPI) (table S1) 
diluted in PBS containing 1% BSA. To visualize cell plasma mem-
brane, a pretreatment of 20 min with concanavalin A (1:50; in 
ice-cooled PBS) was carried out before cell fixation. Coverslips were 
mounted with Fluoromount (0100-01, Southern Biotech), and cells 
were examined with a Leica TCS-SP8 confocal microscope with a 
63× 1.40 immersion oil objective and using maximal microscope 
resolution (95 × 95 nm). For time-lapse experiments using GenEPI, 
transfected HMECs plated in 35-mm glass-bottom dishes were syn-
chronized in G2/M with 100 nM nocodazole in complete culture 
medium for 16 to 20 hours and released 2 hours before image acqui-
sition. Experiments were performed 48 hours after transfection in a 
Leica TCS-SP8 confocal microscope with a 40× 1.40 immersion oil 
objective using a resonant scanner and a hybrid detector. For time 
length measurements during cell cycle, HMECs at 70 to 90% con-
fluence were synchronized in G2/M with 100 nM nocodazole in 
complete culture medium. Following release from synchronization, 
cells were exposed to either vehicle or the indicated drugs, and image 
acquisition was started. Cytokinesis start time and the abscission 
time were manually calculated from the videos obtained. A time-
lapse series was acquired using a fully motorized Zeiss Cell Observer 
HS microscope, 10× objective. Temperature was controlled at 37°C 
using the built-in microscope incubator providing a humidified 
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atmosphere with 5% CO2. Imaging was performed for 24 hours with 
a lapse time of 10 or 15 min. ImageJ software was used for image 
processing and immunofluorescence quantification at the ICB and 
midbody (Plot Profile tool).

Cytokinesis in zebrafish embryos
Zebrafish (Danio rerio) embryos were obtained by mating adult WT 
fish using standard methods. All protocols were approved by the 
Institutional Animal Care and Use Ethic Committee (Comitè D’Etica 
en l’Experimentació Animal, Barcelona Biomedical Research Park) 
and the Generalitat of Catalonia (Departament de Territori i 
Sostenibilitat) and were implemented according to European regu-
lations for the handling of animals in research. Experiments were 
carried out in accordance with the principles of the 3Rs (refinement, 
reduction, and replacement). All embryos had passed the mid blas-
tula transition phase and were all at the same stage. No cell cycle 
pharmacological synchronization was carried out on zebrafish embryos. 
To quantify multinucleated cells in zebrafish embryos, cell nuclei and 
plasma membranes were visualized by injection of mRNAs encod-
ing for H2B-mCherry and lyn-GFP fusion proteins, respectively. 
mRNAs were synthetized from pCS2 plasmids using the mMESSAGE 
mMACHINE kit (Thermo Fisher Scientific). WT embryos were in-
jected at the one-cell stage with 2 nl of a mix containing 50 ng/l 
of each mRNA and either 10 M GsMTx4 or vehicle (H2O). Injected 
embryos were developed until 30% epiboly stage, moment in which 
they were in vivo imaged. Embryos were mounted in 0.7% low- 
melting point agarose in glass- bottom petri dishes (MatTek), and 
image acquisition was performed on a Leica Sp8 confocal micro-
scope using a 20× objective. Multinucleation was quantified by the 
mean percentage of cells with >2 nuclei from two different Z stacks 
per embryo with a minimum of 200 cells per embryo.

Coimmunoprecipitation and Western blot
Coimmunoprecipitation assay was performed as previously described 
(63). In brief, cell extracts were obtained by incubation in 1% Triton 
X-100 lysis buffer supplemented with 10% of protease inhibitor 
cocktail (Thermo Fisher Scientific) for 30 min at 4°C. Cell lysates 
were centrifuged at 10.000g for 5 min at 4°C, and the soluble fraction 
was incubated with equilibrated GFP-Trap beads (gta-20, Chromotek) 
for 2 hours at 4°C. For Western blotting, cells were harvested 72 hours 
after transfection and solubilized in radioimmunoprecipitation assay 
buffer [10 mM tris buffer, 1 mM EDTA, 140 mM NaCl, 0.1% sodium 
deoxycholate, 0.1% SDS, and 1% Triton X-100 (pH 7.2)] sup-
plemented with EDTA-free protease inhibitor cocktail tablets 
(Sigma-Aldrich), 1 mM phenylmethylsulfonyl fluoride, 2 mM 
tris(2-carboxyethyl)phosphine, and 1 mM N-ethylmaleimide for 10 
to 20 min on a rotating wheel at 4°C. Complexes or cell lysates were 
centrifuged and washed four times with PBS buffer, denatured with 
SDS–polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer 
(NP0007, Invitrogen) for 10 min at 70°C, and separated by SDS-PAGE 
in tris-acetate 3 to 8% precast gels (EA0375BOX, Invitrogen). The 
immunoprecipitated proteins or cell lysates cleared by centrifugation 
were analyzed by Western blotting, and soluble fractions from cell 
lysis were used as input. Membranes were blocked by 5% nonfat dry 
milk in tween-tris-buffered saline and incubated in the same blocking 
buffer with anti- Myc, anti-GFP, anti-Pacsin3, or anti-Piezo1 (table 
S1) overnight at 4°C. Secondary antibodies peroxidase-conjugated anti- 
rabbit immunoglobulin G (IgG) or anti-mouse IgG were used in 
blocking buffer and incubated for 1 hour at room temperature. 

Detection was performed using the enhanced chemiluminescence 
detection kit (1705061; Clarity, Bio-Rad). For coimmunoprecipita-
tion of endogenous proteins in HMECs, cell extracts were centri-
fuged at 14.000g at 4°C for 10 min to remove aggregates. Solubilized 
proteins were incubated overnight with an anti-Piezo1 antibody. 
Immunocomplexes were then incubated with 50 l of protein G 
beads for 2 hours at 4°C.

Real-time polymerase chain reaction
Total RNA was isolated from cells using a NucleoSpin RNA isola-
tion kit (740955, Macherey-Nagel) or an NZY Total RNA Isolation 
kit (MB13402, NZYTech). SuperScript III reverse transcriptase system 
(18080044, Thermo Fisher Scientific) was used for complementary 
DNA synthesis. Quantitative real-time polymerase chain reaction 
(PCR) was performed using SYBR Green (4367659, Applied Bio-
systems) in a QuantStudio 12K Flex system (Applied Biosystems) 
with the specific human primers shown in table S1. Glyceraldehyde- 
3-phosphate dehydrogenase or hypoxanthine-guanine phosphoribo-
syltransferase were used as a housekeeping gene for the quantification 
of relative gene expression using 2DDCt.

Statistical analysis
All data are represented as means ± SEM. Statistics and graphics were 
performed using GraphPad Prism. Before checking statistical sig-
nificance, a Shapiro-Wilk omnibus normality test was applied in all 
cases. For the data that followed normal distributions, a Student’s 
t test was applied between two groups and one-way analysis of vari-
ance (ANOVA) followed by Bonferroni or Dunnett post hoc tests 
across multiple groups. For the data that did not assume Gaussian 
distributions, a Mann-Whitney’s U test was used for comparing two 
groups, while Kruskal-Wallis followed by Dunn’s post hoc test was 
applied for multiple groups. Significant difference was considered 
when a final value of *P < 0.05 was reached. **P < 0.01; ***P < 0.001; 
and ****P < 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi7785
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