nature communications

Article https://doi.org/10.1038/s41467-024-49833-6

Microscale geometrical modulation of
PIEZO1 mediated mechanosensing through
cytoskeletal redistribution

Haoqing Jerry Wang ® %3, Yao Wang’, Seyed Sajad Mirjavadi®, Tomas Andersen’,
Laura Moldovan™?3, Parham Vatankhah', Blake Russell’, Jasmine Jin", Zijing Zhou®,
Qing Li* Charles D. Cox®%, Qian Peter Su®>7 & Lining Arnold Ju® 238

Received: 30 July 2023

Accepted: 20 June 2024

Published online: 29 June 2024

% Check for updates The microgeometry of the cellular microenvironment profoundly impacts

cellular behaviors, yet the link between it and the ubiquitously expressed
mechanosensitive ion channel PIEZO1 remains unclear. Herein, we describe

a fluorescent micropipette aspiration assay that allows for simultaneous
visualization of intracellular calcium dynamics and cytoskeletal architecture in
real-time, under varied micropipette geometries. By integrating elastic shell
finite element analysis with fluorescent lifetime imaging microscopy and
employing PIEZO1-specific transgenic red blood cells and HEK cell lines,

we demonstrate a direct correlation between the microscale geometry of
aspiration and PIEZOl1-mediated calcium signaling. We reveal that increased
micropipette tip angles and physical constrictions lead to a significant reor-
ganization of F-actin, accumulation at the aspirated cell neck, and subse-
quently amplify the tension stress at the dome of the cell to induce more
PIEZOLY’s activity. Disruption of the F-actin network or inhibition of its mobility
leads to a notable decline in PIEZO1 mediated calcium influx, underscoring its
critical role in cellular mechanosensing amidst geometrical constraints.

As cells interact with their surrounding microenvironment, they are
constantly navigating through complex terrain and microscale geo-
metries shaped by interfaced structures and materials'>. This
mechanical microenvironment not only influences cell behavior such
as adhesion*®, migration®’, proliferation®’, and differentiation’", but
also shapes the subcellular distribution of mechanosensitive proteins,
influencing their functionality. Among the key force sensors in this
intricate interaction is PIEZO1, a mechanosensitive ion channel ubi-
quitous across various cell types, which is emerging as a pivotal
component of cellular mechanosensing, influencing cell division',
migration™, and wound healing®.

PIEZOT1’s functionality is intricately linked to its unique structure,
which comprises a trimeric propeller-like assembly and 38 trans-
membrane helices per monomer. This assembly confers a pronounced
curvature to the plasma membrane'®, establishing PIEZO1 as a sig-
nificant modulator of membrane geometry. The inherent curvature of
PIEZO1 trimers conveys sensitivity to tension, further influenced by
their distinct architecture and size. PIEZO1’s role in mechanosensing is
highlighted by its preferential localization within the biconcave dim-
ples of red blood cells, crucial for erythrocyte function”. Despite
considerable progress in elucidating PIEZO family protein
structures'®2° and physiological implications*%, the biomechanical
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modulation of PIEZOl's mechanosensitivity remains less understood.
The question of how PIEZOL1 interacts with cytoskeletal components,
particularly the actin-based cytoskeleton, in the face of microscale
geometric modulation is yet to be fully resolved. This interplay gains
significance in light of recent studies that indicate a potential func-
tional interaction between PIEZO1 and the cytoskeleton* and suggest
that the adhesion between cortical cytoskeleton components and the
lipid bilayer modifies the membrane tension propagation, potentially
influencing PIEZO1 activation™”. Intriguingly, the subcellular locali-
zation of PIEZOI, despite its importance, does not follow a uniform
pattern. For instance, it is observed that highly curved membrane
protrusions like filopodia seem to lack PIEZO1 channels”, hinting at a
potential curvature mismatch preventing PIEZO1 incorporation into
these structures”*%, Thus, the principles governing PIEZO1 distribution
appear complex, potentially involving multiple geometric factors and
cytoskeletal interplay.

To bridge this gap, we utilized an ultrasensitive biomechanical
approach—fluorescent micropipette aspiration (fMPA) assay®’, that
allows us to visualize intracellular calcium mobilization and cytoske-
letal redistribution in living cells while simultaneously manipulating
the aspiration mechanics and physical microgeometry, including
parameters such as narrow space diameter and inclined angle (Fig. 1).
By further employing the PIEZO1 transgenic constructs in red blood
cell (RBC) conditional knockout mice” and HEK293T cells**°*, our
study is able to decode how microgeometry influences PIEZOI-
mediated mechanosensing and the dynamics of F-actin, a significant
constituent of the actin-based cytoskeleton.

Results

Microscale geometrical modulation of cell mechanosensing
Our research aims to unravel the intricate relationship between the
microgeometry of the micropipette’s tip, specifically its diameter and
incline (termed “tip angle”), and PIEZO1-mediated calcium ion (Ca*)
mobilization, along with F-actin structural redistribution (Fig. 1a).
Deepening our understanding of this interaction may inspire innova-
tive therapeutic strategies targeting mechanosensing defects, facilitate
the design of biomaterials for tissue engineering applications, and open
new horizons for future developments at the human-machine interface.
To this end, we focus on two crucial parameters: the micropipette tip
angle (6) and the diameter of the orifice opening (d) (Fig. 1b).

Equipped with a high-speed pneumatic pump and a water reser-
voir, our micropipette holder facilitated precise, steady, and con-
trolled aspiration of targeted RBCs under aspiration pressures
Ap =-5 to —40 mmHg?. Before aspiration, we pre-incubated cells with
the intensiometric calcium dye, Cal-520 AM (see Methods). During the
aspiration process, transmitted and fluorescence channels were
simultaneously imaged to monitor cellular deformation and quantify
Ca” intensity, respectively (Fig. 1c).

We developed a novel technique to consistently fabricate micro-
pipettes with different geometries, allowing us to examine the influ-
ence of these parameters on RBC mechanosensing (Fig. 1c, d). These
micropipettes, with either parallel (§=0°) or conical (8=5° 10°)
openings, had orifice diameters of d=0.94+0.02, 1.45+0.05, and
2.10 £ 0.07 pm (Fig. S1). Under uniform aspiration pressure (4p =-25
mmHg), we observed that larger tip diameters led to a noticeable
increase in Ca® intensity. Intriguingly, an increase in tip angle sig-
nificantly elevated Ca* influx by 3-fold enhancement relative to the
resting state (Fig. 1e; compare 6=0° vs. 10° at d =1 pm).

Increasing micropipette tip angle amplifies PIEZO1-mediated
Ca*" influx at the cellular tongue over the body

To further elucidate the intricate effects of geometrical parameters on
Ca* influx, we aspirated human RBCs using micropipettes of varying
specifications (Fig. 2a, ¢). The normalized Ca* intensity change AFax
was defined as the Cal-520 AM fluorescence intensity fold change

relative to the resting state™. As anticipated, an upward trend in the
AFax—Ap curve was observed when tip diameter increased from d=1to
2 um (Fig. 2a). Interestingly, this pattern was more pronounced when the
tip angle of the micropipettes increased from 8= 0° to 10° (Fig. 2a—c).
Moreover, the greatest increase in Ca® influx at certain pressure was
observed when both 6 and d of the micropipette were the largest
(Fig. 2d). However, the impact of the tip angle (6) change on the Ca*
influx was more significant than the tip diameter (d) change. Indeed, the
Ca” intensity increased from 4.2+ 0.3 to 13.8 +1.0 fold relative to the
resting state when 6 increased from 0° to 10° (when d =1 pm); whereas
an increase in d from 1 to 2 pm only resulted in a slight enhancement
from 13.8 1.0 to 19.3 + 2.0 fold in the Ca® intensity (when 8=10°).

To confirm that this trend was driven by PIEZOl-mediated Ca®
influx, we subjected cells to treatment with Yodal, Gadolinium (Gd*"),
and GsMTx4 before the aspiration (Fig. S2; micropipette d =1 pm). As
expected, Yodal (0.5 uM, Fig. S2a), a known PIEZO1 agonist that lowers
the mechanical threshold for channel gating®, shifted the response
curve upwards, inducing a significant increase in Ca®* intensity even at
-15 mmHg (6=0° 5.06+0.84 fold; 8=5° 7.57+1.38 fold; 6=10°:
7.14 +0.76 fold). Conversely, PIEZO1 antagonists Gd** (50 pM, Fig. S2b)
and GsMTx4 (2.5uM, Fig. S2c) considerably suppressed RBC
mechanosensing across the entire pressure range. Additional experi-
ments with Piezol-KORE® (see Methods; Fig. S3) provided compelling
evidence for the role of PIEZO1 in mediating microgeometry-
associated cell mechanosensing.

As the micropipette tip angle increased, we observed distinct Ca?*
patterns between the aspirated cell body (portion outside the micro-
pipette) and tongue (portion inside the micropipette) (Fig. 2e). Nota-
bly, the tongue exhibited much quicker Ca?* influx than the body when
aspirated by a micropipette with a large tip angle (Fig. 2f, =10°). In
contrast, when a cell was aspirated by a parallel micropipette (Fig. 2g,
6=0°), the body experienced a stronger Ca*" influx than the tongue
throughout the aspiration process. To quantify such difference, the
ratio between the maximum Ca® intensity of the tongue (Fiongue max)
and the maximum intensity of the body (Fyody,max) Was calculated
(Fig. 2h). The results showed that as anticipated, Ca** influx gradually
transitioned from the head to the tongue as the tip angle increased
from 0° (ratio = 0.81 + 0.16) to 10° (ratio = 1.41 + 0.59). Importantly, the
ratio at a specific tip angle was consistent across different aspiration
pressures (Fig. S4). These findings suggest that variations in micro-
geometry parameters like tip angle can induce differential membrane
tension profiles along the cell symmetrical axis, resulting in distinct
spatial PIEZOL1 activation.

Microgeometry influences local membrane tension and PIEZO1
activation at the cell-micropipette interface

To discern the effect of microscale geometrical variations on PIEZO1
channel activity, we employed fluorescence lifetime imaging micro-
scopy (FLIM) to examine the membrane tension of RBCs by using
tension-sensitive probe, Flipper-TR®** (Fig. 3a—c). This tension imaging
probe responds to the push-and-pull effect in the lipid bilayer when the
membrane experiences tension, and then the probes planarize to
exhibit increased fluorescence lifetime 7 when the tension elevates.
Thus, anincreased fluorescence lifetime was measured in the aspirated
cell (Fig. 3d). It is important to note that when the tip angle increases,
the Flipper-TR® lifetime increases in both body (Fig. 3d; 7=4.7 £ 0.1ns
at 0=0° 7=54+0.1ns at 6=5° and 7=54+0.1ns at 6=10°) and
tongue (7=4.8+0.1Ins at 6=0° 7=5.6+02ns at 6=5° and
7=5.9+0.1ns at §=10°) regions. Since there is a linear correlation
between the fluorescence lifetime and the membrane tension®, our
results provide clear evidence that increasing the tip angle would
rapidly increase the membrane tension. As quantified by the Pearson’s
test, the FLIM data showed a strong positive correlation with the fMPA
results (Fig. S5a; r= 0.83, p-value = 0.0429), providing strong evidence
that increasing micropipette tip angle increases the membrane
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Fig. 1| Microgeometry influences mechanically induced Ca** signaling.

a Schematic of a RBC passing through microenvironments with different geome-
trical features. When the cell passes through narrow spaces such as micro-vessel
junction and endothelial clefts, pressure will induce membrane tension elevation.
Mechanosensitive ion channels PIEZO1 (purple) on the cell membrane are then
activated to allow Ca?* influx. b Schematic illustration of the micropipette fabri-
cation with different geometries which finely tuned the tip angle (6) and diameter
(d). ¢ Representative snapshots of micropipettes with tip angle 8=0°, 5°, and 10°.
All three micropipettes had comparable tip diameter d =1 pm. d Brightfield

(top) and fluorescent (bottom) snapshots of the human red blood cell (RBC)

5
Time, t (s)

100 5 10
Time, ¢ (s)

being aspirated by the micropipette. When the tongue of the RBC is elongated
during aspiration, a significant Ca?* mobilization is observed by the increase in
Ca”" intensity in the fluorescent channel. e Representative traces of the RBC
being aspirated by different micropipettes at Ap =-20 mmHg. The fold change
of Ca* intensity F/Fo was utilized to examine the Ca** mobilization inside the
aspirated RBC. To this end, the Ca*" intensity increase was enhanced with both
increasing tip diameter d and angle 6. a and b are created with BioRender.com
released under a Creative Commons Attribution-NonCommercial-NoDerivs

4.0 International license https://creativecommons.org/licenses/by-nc-nd/4.0/

deed.en.
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Fig. 2 | Microgeometry alters PIEZO1 mediated Ca** mobilization at the tongue
of the aspirated RBC. a-c Human RBCs AF,,x—Ap curve under aspiration by
micropipette with different geometries. Ca** fold changes relative to the resting
state in the aspirated RBCs were quantified along the pressure ranges from

Ap =-5 to -40 mmHg. When the tip angle 6 is fixed, larger diameters upshifted the
AFmax—Ap curve, indicating an overall more rapid PIEZO1 activity, while larger tip
angle from 6= 0° (a), 5° (b), and 10° (c) resulted a stronger upshift effect on the
curve. All results were measured from n > 56 cells within 3 independent experi-
ments and presented as mean + s.e.m. d Detailed Ca® intensity changes comparison
amongst different geometries when 4p = -40 mmHg. Although increasing tip dia-
meter d caused an enhanced Ca*' intensity change due to aspiration, larger tip
angle 6 had a more significant enhancement to the Ca?* mobilization. e Schematic
illustration of the larger tip angle @ impact on local PIEZO1 activities. We defined the
cell part outside the micropipette as the body (brown circled) with its Ca** intensity,

Fyody, While the cell part being aspirated into the micropipette as the tongue

(red circled), namely Fiongue. The ratio between Fiongue,max and Fyody,max illustrates
the spatial difference of the Ca?* mobilization in the cell. f, g Representative nor-
malized Ca* intensity of Fuoqy (brown) and Fiongye (red) when the RBC was aspirated.
The Fyody,max and Fiongue,max are indicated by the horizontal dash line in each
representative trace, respectively. h Ca®* mobilization mapping is neck angle
mediated, of which a higher ratio represents more Ca?* influx happens at the tongue
of the aspirated cell (black, 6=10°) or a lower ratio represents Ca*" influx was
preferrable to happen at the cell body (light gray, 6 = 0°). The number of cells (n
value) analyzed in each group was indicated above the bars (d, h). Data are pre-
sented as box plots with medium, minima, and maxima and analyzed by Welch’s
ANOVA. e is created with BioRender.com released under a Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International license https://
creativecommons.org/licenses/by-nc-nd/4.0/deed.en.

tension, especially in the tongue, to promote the PIEZO1 mediated
Ca” influx.

Intriguingly, the FLIM results also demonstrate that the mem-
brane tension in the body is slightly higher than the tongue when the
cell is aspirated by a 8= 0° micropipette (Fig. 3e; ratio = 0.98 + 0.01).
This tension distribution shifted when the tip angle increased (ratio =
1.08 + 0.01 at 8=5°), and eventually, the tongue experienced a higher
tension when 6=10° (ratio = 1.14 + 0.01).

To corroborate our experimental measurements, we employed an
elastic shell finite element analysis (FEA) techniques to model the local

membrane tension, as indicated by the maximum principal stress®, in
RBCs subjected to aspiration by micropipettes of varying tip angles
(Fig. 3f-h). Our observations showed a significant increase in mem-
brane tension at the tongue of the cell during aspiration (Fig. 3g-h,
black arrow). These results support the experimental observation that
variation in geometry, especially an increase in the tip angle, can
promote the activity of PIEZO1 across the cell membrane being aspi-
rated into the micropipette. Interestingly, we also noticed that the
highest tension region in RBC aspirated by 0° micropipette was in the
middle region of the tongue. This potentially explained the lower Ca*

Nature Communications | (2024)15:5521
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Fig. 3 | Micropipette tip angle modulates membrane tension at the aspirated
RBC tongue. a-c Top: Representative FLIM snapshots using Flipper-TR® reveal
tension variations at different aspiration angles. Below: Fluorescence lifetime dis-
tribution of aspirated cell body (brown) and tongue (red) were plotted. The white
arrow points to the cell dome region which has the highest tension when aspirated
by 6=10° micropipette. d Quantitative analysis of Flipper-TR® lifetime changes
correspond with altered tension. e Tongue-to-body lifetime ratio on RBC aspirated
by micropipettes with different tip angles. The number of data points (n number) is

marked above the box and data (d, e) are presented as box plots with medium,
maxima, and minima, and analyzed by Welch’s ANOVA test. f-h Front view of the
FEA simulated aspirated RBC maximum principal stress contours, denoted the
change of membrane tension distribution on the aspirated RBCs. Values are nor-
malized based on the maximum principal stress value of all conditions. Black arrow
pointed to the regions with the highest membrane tension when the cell was
aspirated by 8= 0° (f), 5°(g) and 10°(h).

influx in the 0° micropipette aspirated RBCs, of which the highest
tension was close contact with the borosilicate glass wall. More
importantly, the change of tension in the tongue evaluated by the FEA
showed a positive correlation with the FLIM results (Fig. S5b; r=0.79)
and further confirms our finding that increasing the tip angle would
facilitate a much stronger tension elevation in the aspirated tongue,
especially in the aspirated dome (Fig. 3c, white arrow; Fig. 3h, black
arrow), which predominantly promotes PIEZO1 activity in the aspi-
rated tongue

Additionally, we noticed that RBCs aspirated by an angled
micropipette demonstrated a distinctive dumbbell morphology at the
late stage of fMPA, accompanied by a rapid redistribution of F-actin

(Fig. S6a, b). This phenomenon was more common in RBCs expressing
PIEZO1 (Fig. Sé6c), particularly when aspirated by large tip angle 6 =10°
micropipettes (Fig. S6d). These findings prompt a hypothesis that
increased tension at the cell neck due to aspirational forces might drive
the redistribution of F-actin, thereby enhancing Ca*" influx within the
cellular tongue and amplifying the cell mechanosensing.

Large tip angle triggers F-actin accumulation as a physical
constriction at the aspirated cell neck

To explore whether the aspiration force can induce F-actin distribution
in the aspirated cells, we chose a HEK293T cell line with three PIEZO1
genotypes—wild type (PIEZO1-WT), knock-out (PIEZO1-KO), and
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cell neck. a Confocal snapshots of a HEK293T WT cell aspirated by the micropip-
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Ca* mobilization (2" row) and F-actin dynamics (3 and 4" row, cyan) were mon-
itored using a separate scanner unit in the FV3000 microscope, respectively. The
zoom in F-actin channel demonstrated the accumulation event at the cell neck
region (dash line outlined) during aspiration. The merged fluorescence image (5%
row) showed that F-actin moved to the neck and accumulated during the aspiration,
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overexpression (PIEZO1-OE). We chose HEK293T because it demon-
strates superior F-actin mobility compared to RBCs***’. We co-stained
intracellular Ca** and F-actin of each genotype and then aspirated them
(Fig. 4a; Fig. S7a-c). As anticipated, Ca*" influx was diminished in the
HEK293T KO (Fig. S7b) and amplified in the HEK293T OE (Fig. S7c¢)
under a pressure gradient of Ap =-40 mmHg and varying tip angles,
which substantiated that Ca** mobilization in the aspirated cell is
indeed PIEZO1-dependent (Fig. 4b).

Remarkably, concurrent with these findings, we noticed F-actin
accumulated at the aspirated cell neck during aspiration (Fig. 4a, white
arrow), creating a physical constriction. This accumulation point was
even more pronounced in cases where PIEZO1 expression was higher,
thus enhancing the probability of F-actin accumulation at the neck
(Fig. S8a). Moreover, this F-actin accumulation at the neck region acted
as a barrier, segregating the ‘high’ Ca*>* mobilization region within the
tongue from the ‘low’ Ca** mobilization region in the cell body (Fig. 4c),

elevating the PIEZOL1 activity in the tongue which further substantiated
our observations in RBCs (Fig. 2h).

F-actin redistribution forms a physical constriction amplifying
PIEZOL1 activities

Based on our observations, we postulate that the accumulation of
F-actin at the cell neck during aspiration serves as a physical con-
striction, enhancing the membrane tension at the tongue of the
aspirated cell, thereby amplifying the PIEZO1 activity (Fig. 5a). To
discern the driving factors behind the F-actin accumulation, we
capitalized on the superior F-actin mobility in HEK293T cells. While a
higher PIEZO1 expression upregulated the probability of observing
accumulation (Fig. S8a) and the time required for F-actin to accu-
mulate at the neck region, t,.. (see Methods; Fig. S8b), we also
observed ¢, conversely decreased with a stronger aspiration (Fig. Se,
when 6=0°, t,.c=37.45+0.74 s at Ap=-10 mmHg, 27.02+0.68 s at

Nature Communications | (2024)15:5521



Article

https://doi.org/10.1038/s41467-024-49833-6

oN

C o0=5°

d

6=10°

- 1.00- q .
9
L)
gg 0.75- .
55
© & 0.504 .
58
g
5\0 S T 0.25- -
o \\ o
*e | o
‘e 3/ 0.00- .
/ Ap= 5 20 40 5 20 40 5 20 40
F-actin accumulation (mmHg) M w/o accumulaton Il wth accumulation
at neck
e [] 10 mmHg \_loj:; mmHg -01(31mmHg f [J Vehicle [ CK666 .
g 50_ <0.0001 <0.0001 <0.0001 10_ I:| LatA EI JasplakinOtide —0'0039 (11)
® . 404 (2) <0.0001 <0.0001 <0.0001 > % 8 <0.0001
Se @ B LE S (12)
g g ) e % S 6 <0.0001 -
3 +® ¥ ‘ ? = <0.0001 ®)
® ¢ 20- G @ T O 4 (13) o
c E * Q ®) % % 0.9996 (10)
e @ R ah - O% 2{m o o) © @
o o= : 1
w & ) w o - & ;
0 T T T &_ 0 1 | T
6= 0° 5° 10° Ap (mmHg) =5 25 40

(-) Accumulation
i B ) Neck

Dome

Fig. 5 | F-actin accumulation influences PIEZO1 activity within the cellular
protrusion. a Schematic illustration of F-actin accumulation effect on PIEZO1
activity at the cell tongue. Top: At the early stage of aspiration, F-actin starts to
move to the neck from both the body and tongue end of the aspirated cell. Bottom:
When F-actin accumulates, accumulation impairs the lipid movement due to the
aspiration which serves as a physical constriction (red) and thereby increases the
membrane tension at the cell tongue. As a result, more PIEZO1 activation was
expected as the membrane tension increased. b—d Proportion of aspirated
HEK293T WT cells that exhibited F-actin accumulation at 4p =-5, -20, and -40
mmHg. More HEK293T WT cells had F-actin accumulated at the neck when the tip
angle increased from 8= 0° (d), to 6=5° (e) and 6=10° (f). e Interval from the
beginning of aspiration for F-actin developed accumulation at the neck. Despite
stronger aspiration 4p, a larger tip angle 6 also boosted the F-actin accumulation.
f F-actin mesh network modulates the constriction. The HEK293T cells were incu-
bated with either 2.5 uM Latrunculin A (LatA) for 2 hrs, 100 pM CK-666 for 2 hrs to

h
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cipal Stress)

Normalized maximum' princ

disrupt F-actin network, or 10 pM Jasplakinolide (Jasp) for 30 mins to further sta-
bilize the F-actin network. Then the cells were aspirated and Ca** AF ., were
quantified. Results showed that F-actin network disruption would suppress the Ca**
influx of the cell comparing the DMSO treated (vehicle, black) cells at Ap =-25 and
-40 mmHg, whereas network stabilization would further enhanced Ca*" influx. The
number of data points (n number) is marked above the box (e, f). Data are pre-
sented as box plots with medium, maxima, and minima, and analyzed by Welch’s
ANOVA test. g, h Normalized maximal principal stress distribution simulation of an
aspirated HEK293T cell. The cell was either no F-actin accumulation (g, (-) Accu-
mulation), or with F-actin accumulation at the neck (h, (+) Accumulation). Max-
imum principal stress values were normalized based on the maximum value of
both conditions. a is created with BioRender.com released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license https://
creativecommons.org/licenses/by-nc-nd/4.0/deed.en.

Ap=-20 mmHg, and 9.06+ 0.25s at Ap =-40 mmHg). Intriguingly,
F-actin accumulation was still noticeable even when cells were sub-
jected to aspiration by a parallel micropipette (Fig. 5b, tip angle 8 = 0°;
Fig. S8c). We uncovered a clear trend that a larger tip angle facilitated
a more pronounced F-actin accumulation in the neck region during
aspiration (c.f. Figure 5b-d; when 4p = -40 mmHg, 16.7% of cells has
F-actin accumulation aspirated by 6=0° micropipette, 60% of cells
has F-actin accumulation aspirated by 6 = 5° micropipette, and 65% of

cells has F-actin accumulation aspirated by 6 =10° micropipette) in
PIEZO1-WT and PIEZO1-OE genotypes (Fig. S8a) whereas absence of
the mechanosensitive ion channel in PIEZO1-KO genotype leads to
few accumulation events recorded in this study and the trend is not
clear. Nevertheless, results suggest that this accumulation did not
merely depend on the Ca?" influx®® but was also a result of the
mechanical force exerted during the aspiration. Consequently, an
increase in the tip angle expedited the F-actin accumulation (Fig. Se,
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when 4p =-40 mmHg, t,,.=9.06+0.25s at 6=0°, 6.023+0.54s at
6=5° and 148+0.32s at 8=10°). Of particular interest was the
sequential order of events: F-actin accumulated at the neck region
first, followed by a surge in Ca® influx at the cell tongue (Fig. S8d).
This sequence resulted in a significantly stronger Ca?* influx when the
cell was aspirated by a larger tip angle (Fig. S8c). Together, these
observations suggest that the aspiration force prompts a geometry-
dependent redistribution of F-actin, creating an accumulation
of F-actin at the cell neck. This physical constriction serves to
heighten the activity of PIEZOL1 in the cell’s aspirated region, high-
lighting a vital and intricate interplay between cell mechanosensing
and microgeometry.

We carried out simulations on aspirated HEK293T cells, introdu-
cing additional physical constrictions at the neck (Fig. 5g, h). These
additional constrictions bolstered the overall membrane tension at the
tongue by -2 fold relative to the simulation without constriction, vali-
dating the observation that restricting the lipid bilayer movement
significantly enhances the membrane tension of the aspirated region.
Further, we scrutinized the contribution of the F-actin network to
PIEZOL1 activation by treating HEK293T cells with various drugs that
modulate the F-actin network (Fig. 5f). For instance, Latrunculin A
(LatA) was employed to inhibit F-actin filament formation®. We
observed that under relatively low aspiration pressure (4p = -5 mmHg),
the AFy.x in Ca* intensity were comparable between LatA treated
(Fig. 5f; 1.252+0.07 fold) and DMSO treated HEK293T cells
(1.047 + 0.012 fold). However, a clear disparity emerged under higher
aspiration pressures (4p =-25mmHg and -40mmHg). While the LatA
treated cells Ca?* AFm.x remained constant (1.175+0.05 fold at
—-25mmHg and 1.87 + 0.37 fold at ~40mmHg), the Ca** AF 5, in DMSO
treated HEK293T cells significantly amplified (2.165+0.18 fold at
-25mmHg and 3.73+0.37 fold at -40mmHg), suggesting that the
absence of F-actin filaments drastically impairs PIEZO1 activity at the
tongue under high aspiration pressures. Moreover, the lack of a sig-
nificant difference between LatA and DMSO treated cells at low
aspiration pressure (4p=-5mmHg) reinforces the force-dependent
nature of F-actin accumulation.

In keeping with these findings, inhibiting the Arp2/3 complex with
CK666 (2.33 +0.38 fold at -40 mmHg) yielded comparable outcomes
to LatA treatment*’, reinforcing the contribution of a robust F-actin
mesh in providing the constricting effect at the neck. Interestingly,
when we inhibited actomyosin contractility by incubating cells with
30 uM Y-27632 for 30 mins, only a minor impact was observed during
the fMPA assay (Fig. S10), demonstrating the independence of this
F-actin accumulation from contractility*. To further emphasize the
importance of the F-actin mesh in enhancing PIEZO1 activity, we
treated the HEK293T WT cells with Jasplakinolide, a polymerization
promoter*’. Remarkably, Jasplakinolide treated cells demonstrated a
higher Ca?* influx at 4p = -40 mmHg (5.10 + 0.60 fold), reinforcing our
hypothesis that increased drag force at the cell tongue promotes
F-actin accumulation to form a physical constriction.

F-actin mobility modulates PIEZO1 activation at aspirated

cell tongue

To delve deeper into the role of F-actin motility on Ca* influx, we
restricted F-actin and quantified the resulting Ca®* AFax upon cell
aspiration. We performed experiments on HEK293T cells either
adhered to a fibronectin (FN)-coated cover glass (Fig. 6a) or in a sus-
pended state (Fig. 6b). After imaging the 3D volume, three distinct
regions of interest (ROIs) across the cell at different angles were
selected (Fig. 6¢c, d, white dash line). We plotted the intensity profile
normalized by the maximum intensity in the ROl F/F.x along the
distance x (Fig. 6e, f). Interestingly, we observed a dense network of
F-actin filaments at the cortex of cells adhered to the FN overnight,
supporting strong F-actin signal peaks at the cell periphery (Fig. 6c, d,
arrow pointed). This contrasts with suspended cells where the F-actin is

spread out across the cytosolic region (Fig. 6d, f). The homogeneity of
the F-actin signal across the cytoplasm further reinforced this
observation.

Aspiration prompted an expected rise in Ca*" influx in both sus-
pended and adhered cells with increasing aspiration pressure. How-
ever, a stark difference in F-actin dynamics was noted between the two
conditions (c.f. Figure 4a). With the same aspiration pressure 4p, the
movement of F-actin filaments towards the micropipette tip was hin-
dered in the adhered cells (Fig. 6g), consequently suppressing the
PIEZO1-mediated Ca*" influx. This resulted in a consistently stronger
Ca” influx in suspended cells across all pressure ranges compared to
adhered cells (Fig. 6h, Fig. S10).

These findings suggested that diminished F-actin mobility,
impeding F-actin movement towards the neck, influences PIEZO1 gat-
ing activity under high aspiration pressure. To quantify the PIEZO1
activity more accurately, we carried out patch-clamp recordings of
PIEZO1 channels and compared the activity on suspended (Fig. 6i,
cyan) versus adhered (Fig. 6i, black) cells®. Channel activation in
adhered cells showed a rightward shift in the gating curve (P,
2=27.0£13mmHg) compared to suspended ones (P,
s =18.9 £ 1.0 mmHg), indicating a higher sensitivity when the cells were
aspirated in the suspended state. These results highlight the pivotal
role of F-actin dynamics and network structure in providing a physical
constriction at the neck to amplify PIEZO1 activity. In the case of
adhered cells, the immobilized F-actin structure dampens PIEZO1
activity, inhibiting the cells’ response to mechanical stimulation.

PIEZO1 movements under aspiration occurs independent from
F-actin

To confirm that the lower Ca*" mobilization in adhered compared to
suspended HEK293T cells was due to decreased PIEZO1 movement not
the micropipette, adhered (Fig. 7a) and suspended (Fig. 7b) hP1-
mCherry-1591 HEK293T were aspirated at Ap=-25 mmHg under all
angle micropipettes (i.e., 8=0°, 5°, and 10°) to monitor the PIEZO1
movement on a spinning disk confocal microscope. PIEZO1 in both
adhered and suspended cells responded to the aspiration with high
signal clusters (white arrow) moving into the micropipette, noted by a
right shifting average PIEZOL1 intensity overtime along the micropip-
ette symmetric axis (Fig. 7c, adhered; Fig. 7d, suspended). To verify
whether PIEZO1 movement was related to the F-actin movement, we
analyzed the co-localization factor” between PIEZO1 and F-actin.
Results showed that the co-localization significantly increased when
the suspended HEK293T cell was aspirated (Fig. 7e, blue), indicating
that PIEZO1 and F-actin responded and moved into the micropipette
at the same time until £=5s. Over the time, the co-localization
dropped after ¢ > 5 s. Rather than accumulating with the F-actin at the
neck of the micropipette (Fig. 4a), PIEZO1 moves with the lipid
bilayer into the micropipette. On the other hand, when the cell was
adhered to the FN surface, the co-localization was initially lower
compared to the suspended cells, indicating that transformed cell
lines do not recruit PIEZO1 into focal adhesions*. Meanwhile,
when the adhered cell was aspirated, the co-localization factor had
minor changes over time, further suggesting that PIEZO1 movement
occurs independently of F-actin in response to aspiration. Such
results were consistent under aspiration with different & micropip-
ettes (Fig. S11). Hence, PIEZO1 movement is solely driven by the
aspiration force and has limited interaction with F-actin dynamics in
this model.

Discussion

Our study sheds light on the profound influence of microscale geo-
metrical features on cellular mechanosensing. Utilizing a highly refined
micropipette aspiration technique, we have examined a broad spec-
trum of parameters—diameters ranging from 1 to 2.5 pum, tip angles
from 0° to 10°, and aspiration pressures from -5 to -40 mmHg. A
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significant discovery from our study is the dynamic role of tip angles
on cellular mechanosensing mediated by PIEZO1. As we modulated the
tip angles, we observed differing degrees of membrane tension at the
aspirated cell region, in turn modulating the mechanosensing
response mediated by PIEZO1. Notably, as the tip angle was increased,
the mechanosensing response was amplified (Fig. 1e). This discovery
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confirms prior assertions about PIEZO1 activity being predominantly
modulated by membrane tension’** and adds nuance to our under-
standing of the variations in Ca** fold change observed in different
conditions®*,

Additionally, we noticed a spatial variation in Ca®* levels in RBCs
under higher tip angles. We ascribe this to the heightened PIEZO1
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Fig. 6 | HEK293T PIEZO1 activity is influenced by F-actin mobility. a, b Schematic
illustration of fMPA on adhered (a) and suspended (b) HEK293T WT. To ensure
HEK293T WT cells firmly adhered to the surface during aspiration, the cover glass
was coated with fibronectin (FN). ¢, d 3D confocal images of adhered (c) and
suspended (d) HEK293T WT cells. Both lateral and top view of the cells with F-actin
(cyan) and DNA (orange) labeled are shown to illustrate the F-actin distribution in
the cell. Three ROI lines were drawn to quantify F-actin signal along the line.

e, f Normalized F-actin intensity along the ROIs in adhered (e) and suspended (f)
cells. F-actin signal along the line showed that F-actin concentrated at the cell
cortex to form organized structure when the cell is adhered to the FN-coated
surface, indicated by the signal peaks on either end of the line (arrow pointed).

g Snapshots of aspirated HEK293T cell that was adhered to FN-coated coverglass.
The Ca* and F-actin intensities were concurrently imaged using a FV3000 confocal
microscope. The contour of the attached HEK293T cell was outlined (white dash

line) in the calcium and transmitted channels. White arrows showed that the
pointed F-actin signal was immobilized during the whole aspiration process. h Ca*
AF . comparison between adhered (red) and suspended (black) HEK293T WT cells
aspirated by micropipette with different tip angles. The number of data points

(n number) is marked, and data are presented as violin plot, and analyzed by
Welch’s ANOVA test. i Activity of PIEZOL1 in suspended and adhered HEK293T cells.
A left shift in the Boltzmann distribution was noticed when the cell was suspended
comparing to when cells were adhered. Quantified Py, demonstrated a lower gating
pressure was required when cells were suspended. The number of measured cells is
marked, and the data is presented as mean + s.e.m. a, b are created with BioR-
ender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license https://creativecommons.org/licenses/by-nc-nd/
4.0/deed.en.
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Fig. 7 | PIEZO1 co-localizes with F-actin during micropipette aspiration in
HEK293T cells. a, b Confocal images of hP1-mCherry-1591 HEK293T cell aspirated
at Ap =-25 mmHg by micropipette (68 =10°). The F-actin (cyan, I*' row) and PIEZO1
(magenta, 2" row) dynamics were monitored during aspiration using a spinning
disk confocal microscope. Both adhered (a) and suspended (b) HEK293T cell
showed PIEZOIL clusters (white arrow) movement from the cell body to the tongue
during aspiration. The symmetric axis was drawn along the aspirating micropipette
and across the cell body. Taking the fore-end of the cell body (i.e., left edge) asx =0,
mean PIEZOL1 intensity was plotted across the adhered HEK293 (c) in (a) and

suspended one (d) in (b), respectively. e PIEZO and F-actin co-localization were
quantified during micropipette aspiration (8 =10°). Number of cells tested is
marked. The data was measured from two independent experiments and presented
as mean + s.e.m. f Suspended HEK293T cells had higher co-localization of PIEZO1/F-
actin at both resting (¢=0s) and aspirated time points (¢=5, 20 s) compared to
aspirated HEK293T cells. Images demonstrate a concurrent movement of F-actin
and PIEZO1 from the cell body to the cell tongue during aspiration in suspended
HEK293T cells. n number is marked. Data was presented as violin plots and ana-
lyzed by Welch'’s ¢ test.

activity at the tongue of the aspirated cell, which results in the het-
erogeneity in Ca** signaling under different geometric conditions. Our
combined FLIM tension mapping and elastic shell FEA simulations
demonstrate that increased membrane tension, particularly around
the aspirated cell’s neck region, aligns with the observed upsurge in
PIEZO1-mediated Ca