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Neural stem cells are multipotent cells with the ability to differen- 

tiate into neurons, astrocytes, and oligodendrocytes. Lineage 

specification is strongly sensitive to the mechanical properties of 

the cellular environment. However, molecular pathways trans- 

ducing matrix mechanical cues to intracellular signaling pathways 

linked to lineage specification remain unclear. We found that the 

mechanically gated ion channel Piezo1 is expressed by brain- 

derived human neural stem/progenitor cells and is responsible for 

a mechanically induced ionic current. Piezo1 activity triggered by 

traction forces elicited influx of Ca
2+

, a known modulator of differ- 

entiation, in a substrate-stiffness–dependent manner. Inhibition of 

channel activity by the pharmacological inhibitor GsMTx-4 or by 

siRNA-mediated Piezo1 knockdown suppressed neurogenesis and 

enhanced astrogenesis. Piezo1 knockdown also reduced the nu- 

clear localization of the mechanoreactive transcriptional coactiva- 

tor Yes-associated protein. We propose that the mechanically 

gated ion channel Piezo1 is an important determinant of mechano- 

sensitive lineage choice in neural stem cells and may play similar 

roles in other multipotent stem cells. 
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echanical properties of the cellular environment are pow- 
erful modulators of stem cell behavior. For instance, local 

mechanical cues such as extracellular matrix elasticity and 
nanotopology affect stem cell lineage choice (1, 2). Mechanical 
effects on fate are particularly relevant for stem cell transplant 
therapy, because stem cells encounter diverse mechanical signals 
upon engraftment (3, 4). Moreover, before transplantation, stem 
cells are grown in vitro, where the mechanical properties of cul- 
ture conditions can affect their behavior. Recent studies show 
that stem cells may possess a memory of past mechanical envi- 
ronments (5) and that the mechanical properties of the culturing 
environment before transplantation can influence the outcome of 
in vivo stem cell transplants (6). Hence, a molecular and mech- 
anistic understanding of how stem cells process mechanical cues 
and how this processing results in downstream signaling events 
and ultimately in fate decisions is needed for greater control over 
the fate of transplanted cells. 

Studies in mesenchymal and neural stem cells have revealed the 
involvement of focal adhesion zones and cytoskeletal proteins, such 
as integrins, nonmuscle myosin II (7), Rho GTPases (8–10), and 
vinculin (11), that participate in the generation of cellular traction 
forces. Recent work also has identified the nucleoskeletal protein 

lamin-A (12) and the transcriptional coactivators Yap (Yes- 
associated protein) and Taz (transcriptional coactivator with PDZ- 
binding motif) (13) in mechanotransduction in mesenchymal stem 
cells. However, the mechanisms by which mechanical cues 
detected by cellular traction forces are transduced to down- 
stream intracellular pathways of differentiation remain unclear. 

Ion channels are involved, directly or indirectly, in the trans- 
duction of all forms of physical stimuli—including sound, light, 
temperature, mechanical force, and even gravity—into intracel- 

lular signaling pathways. Hence, we wondered whether ion chan- 
nels could be involved in transducing matrix mechanical cues 

to intracellular signaling pathways linked to lineage specification. 

In particular, we focused here on cationic stretch-activated 

channels (SACs) because they are known to detect mechanical 

forces with high sensitivity and broad dynamic range and because 

they are permeable to Ca2+, an important second messenger 

implicated in cell fate (14, 15). We examined the role of SACs in 

neural stem cells, for which mechanical cues influence specifi- 

cation along the neuronal–glial lineage (8, 16, 17). We find that 

human neural stem/progenitor cells (hNSPCs) express the SAC 

Piezo1 and that the activity of the channel is mediated by cell- 

generated traction forces. Piezo1 activation elicits transient Ca2+ 

influx in a substrate-stiffness–dependent manner, favors nuclear 

localization of the mechanoreactive transcription coactivator 

Yap, and influences neuronal vs. glial specification. 

Results 

We used cultures of the hNSPCs SC23 and SC27 derived from 

the cerebral cortices of two separate postmortem fetal brains 

(18, 19) to test the role of SACs in mechanical modulation of stem 

cell behavior. Both cultures express standard neural stem cell 

markers, including Sox2, nestin, and the cell surface marker 

CD133, and have the potential to differentiate into the three major 

neural cell types: astrocytes, neurons, and oligodendrocytes (18– 

22). When transplanted into a mouse model of Sandhoff disease, 

these hNSPCs stably integrated into the host brain and delayed 

disease onset, reflecting their functional and therapeutic potential 

(23). Similar fetal brain-derived hNSPCs also have been shown to 

differentiate into neurons, astrocytes, and oligodendrocytes upon 
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Significance 

 
Stem cells make lineage-choice decisions based on a combina- 

tion of internal and external signals, including mechanical cues 

from the surrounding environment. Here we show that Piezo1, 

an  ion  channel  opened  by  membrane  tension,  plays  an  im- 

portant role in transducing matrix mechanical information to 

intracellular pathways affecting differentiation in neural stem 

cells. Piezo1 activity influences whether neural stem cells dif- 

ferentiate along a neuronal or astrocytic lineage. One of the 

barriers to successful neural stem cell transplantation therapy 

for neurological disorders lies in directing the fate of trans- 

planted  cells.  Pharmacological  agents  aimed  at  modulating 

Piezo1 activity may be useful in directing the fate of trans- 

planted neural stem cells toward the desired lineage. 
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transplantation into the central nervous system (24) and currently 
are in clinical trials for multiple neurological conditions (25, 26). 

 

hNPSCs Exhibit Stretch-Activated Ionic Currents. To test whether 
SC23 and SC27 cells possess SAC activity, we mechanically 
stimulated their plasma membranes using a piezoelectric actuator 
while simultaneously measuring ionic currents with whole-cell 
patch clamp. We consistently observed ionic currents in response 
to mechanical stimuli (Fig. 1A). Peak amplitude increased with 

stimulus intensity along a Boltzmann curve as expected for a SAC 
(Fig. 1B). We confirmed this result using a different patch-clamp 

assay, which measures currents from a small patch of membrane 
rather than from the whole cell. In this cell-attached configura- 
tion, the membrane is stretched by negative suction pulses ap- 
plied with a high-speed pressure clamp (Fig. 1 C and D and Fig. 

S1). Using this technique, we measured ionic currents in response 
to mechanical stimulation in 91 of 107 cells (85%). 

Ionic currents measured by both techniques displayed hall- 
marks of SACs: in standard extracellular and intracellular so- 
lutions (SI Methods) and at a holding potential of −80 mV, the 

 

 

 

Fig. 1. Mechanically induced currents in hNSPCs. (A) Representative traces of 

mechanically induced inward currents from SC23 hNSPC cells. Cells were 

subjected to a series of mechanical stimuli by indenting the plasma mem- 

brane with a stimulation probe. The probe was moved in 0.25-μm steps while 

recording in the whole-cell patch configuration with a holding potential of 

−80 mV. Data shown are representative of n = 6 cells. (B) Current amplitude 

in response to indentation by probe displacement from the traces shown in A. 

(C) Representative currents in an SC27 hNSPC cell induced by negative pipette 

pressure (0 to −30 mmHg in 3-mmHg steps) administered by a pressure clamp. 

Holding potential: −80 mV. (D) Normalized current–pressure relationship of 

SACs at a holding potential of −80 mV fitted with a Boltzmann equation with 

P50 = −13.4 mmHg and s = 4.75 mmHg. Results are shown as mean ± SEM (n = 

8 cells). (E) Average current–voltage relationships of SACs in SC27 hNSPC cells. 

Results are shown as mean ± SEM (n = 7 cells). (Inset) Current traces in re- 

sponse to voltage steps from −40 mV to 40 mV in 20-mV steps, applied 250 ms 

before a negative pressure pulse of −30 mmHg. (F) Mean current amplitudes 

elicited by negative suction pulses in cell-attached patch-clamp mode in the 

absence (black, n = 29 cells) and presence of 10 μM (blue, n = 69 cells) and 

100 μM (red, n = 42 cells) extracellular GsMTx-4. Error bars indicate SEM and 

are smaller than data points in some cases. *P < 0.05, **P < 0.01, ***P < 0.001 

by two-sample t test. See also Fig. S1. 

currents were inward in direction and reduced in magnitude ex- 
ponentially when presented with a persisting mechanical stimulus 
(Fig. 1 A and C). Ionic currents reversed direction near 0 mV 
(reversal potential = −0.75 ± 0.67 mV) (Fig. 1E), as is consistent 
with the activity of a nonspecific cation channel. We next tested 
the susceptibility of hNSPC SAC currents to GsMTx-4, a peptide 
isolated from the venom of the Chilean rose tarantula spider, 
Grammostola rosea. GsMTx-4 is the only known drug to inhibit 
cationic SACs specifically without inhibiting other ion-channel 
families such as voltage-gated sodium, potassium, and calcium 
channels (27) or potassium-selective SACs (28). It acts as a gating 
modifier by partitioning into the cell membrane and affecting 
force transfer to the channel protein (29). hNSPC SAC currents 
were inhibited by extracellular GsMTx-4 (Fig. 1F), as is consistent 
with their generation by a stretch-activated cationic channel. 

 

Molecular Identification of hNSPC SAC. We next asked which ion 
channel(s) could be responsible for the measured mechanically 
induced currents. Based on the electrophysiological properties of 
the ionic currents, we examined nine known cationic mechano- 
sensitive channels for expression in SC27 hNSPCs using quantita- 
tive real-time PCR (qRT-PCR) (Fig. S2A). Of these, Piezo1 was 
expressed at much greater levels than the other channels. The Piezo 
channels recently were shown to mediate physiologically relevant 
mechanically activated and nonspecific cationic currents in 
mammals (30–34). Like the endogenous hNSPC SAC, Piezo1 is 
inactivated by persisting mechanical stimuli (31) and is sensitive 
to GsMTx-4 (35). Although Piezo1 was highly expressed in SC23 
and SC27 cells, its paralogue, Piezo2, was not (Fig. 2A). 

To determine whether Piezo1 underlies the hNSPC mechan- 
ically induced currents, we tested the effect of siRNA-mediated 
gene knockdown on the ionic current. We transfected SC27 
hNSPCs with a pool of four siRNAs against Piezo1. We performed 
qRT-PCR to assess transcript levels and cell-attached patch-clamp 
recordings to examine ionic current amplitude 36–72 h after 
transfection. Treatment with Piezo1 siRNAs reduced Piezo1 tran- 
scripts and caused an attenuation of ionic currents (Fig. 2). Pools of 
nontargeting control siRNAs or GAPDH siRNAs and the fluo- 
rescent reporter of transfection (siGlo) alone did not show a sig- 
nificant reduction of the Piezo1 RNA or of mechanotransduction 
currents (Fig. 2 and Fig. S2B). Among the cells transfected with 
Piezo1 siRNA, Piezo1 transcripts were reduced by 76.2 ± 0.9%, 
and mean maximal current amplitude was reduced by 89% relative 
to untransfected cells, with 27 of 42 cells (64%) showing no mea- 
surable current. The nearly complete loss of mechanically evoked 
currents in response to Piezo1 siRNA indicates that Piezo1 
underlies mechanotransduction currents in  hNSPCs. 

 

Piezo1 Activity Elicits Spontaneous Ca2+ Transients. Piezo1 has been 
implicated in cellular processes in which cells respond to an ex- 
ternal mechanical force, e.g., a stretch stimulus, osmotic pressure, 
or shear stress (31, 33, 34, 36–38). We asked whether cell-gen- 
erated forces, such as traction forces, also can activate Piezo1. 
Our patch-clamp assays described above preferentially stimulate 
cells on the dorsal surface of the cell, whereas traction forces are 
generated more prominently at the cell’s ventral surface, where 
the cell contacts the substrate through focal adhesion zones. To 
assay the activity of Piezo1 at the ventral surface, we used the 

Piezo1 channel’s preference for conducting Ca2+ (31). We im- 

aged spontaneous Ca2+ dynamics of hNSPCs grown on glass 

coverslips and loaded with the fluorescent Ca2+ indicator Fluo-4 
AM. We selectively imaged plasma membrane events in the ab- 
sence of intracellular background fluorescence by using total in- 
ternal reflection fluorescence microscopy (TIRFM). We observed 

many spontaneous Ca2+ transients over a time scale of seconds 

(Fig. 3 A and B and Movie S1). Spontaneous Ca2+ signals were 

reversibly abolished by chelating external Ca2+ with EGTA, in- 

dicating that Ca2+ influx across the plasma membrane is required 
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Fig. 2. Piezo1 is essential for mechanically induced currents in hNSPCs. (A) 

mRNA expression of Piezo1 (green) and Piezo2 (gray) in SC23 and SC27 

hNSPCs determined by qRT-PCR with 18S as the reference gene. Human lung 

was used as the tissue calibrator by the 2
–Δ Δ CT 

method, because previously 

it 

was shown to express both channels (31). n = 6 independent experiments for 

Piezo1 and n = 4 independent experiments for Piezo2. Data are shown as 

mean ± SEM. (B) Representative mechanotransduction currents from an 

untransfected (Top, gray; same cell as in Fig. 1C), a cell transfected with 

a control nontargeting pool of siRNAs (Middle, blue), and a cell transfected 

with four siRNAs against Piezo1 (Bottom, red). The holding potential was 

−80 mV. (C) Quantification of Piezo1 transcripts by qRT-PCR from three in- 

dependent transfection experiments. Parallel samples were used for patch- 

clamp measurements in D. ***P < 0.001 by ANOVA. (D) Mean maximal 

mechanotransduction currents recorded from untransfected cells, from cells 

transfected with a nontargeting pool of four siRNAs (nonT, 20 nM, blue), 

siGlo transfection marker alone (20 nM) or with a pool of four siRNAs against 

Piezo1 (20 nM, red) or GAPDH (25 nM). Numbers in parentheses refer to the 

numbers of cells patched for each condition. Data in C and D are from three 

independent transfection experiments. ***P < 0.001, Kruskal–Wallis test. See 

also Figs. S2 and S8. 

 

 

for the generation of the signals (Fig. 3 C and D). We quantified 

the spontaneous Ca2+ transients by computing the amplitude of 
the transients, their frequency, and the area under the fluores- 
cence curve. All three measures showed reversible and statisti- 
cally significant reduction in the presence of EGTA. 

To test whether spontaneous Ca2+ transients arise from Piezo1 
activity, we examined the effect of Piezo1 knockdown on spon- 

taneous Ca2+ transients. Cells transfected with Piezo1 siRNA 

showed a strong reduction in Ca2+ transients compared with 
control-transfected cells, as evidenced by analysis of amplitude, 
frequency of events, and the area under the curve (Fig. 3 E and 
F). The magnitude of the residual calcium signals measured in 
Piezo1 knockdown cells was similar in magnitude to that mea- 
sured in EGTA-treated cells. A significant reduction in sponta- 

neous Ca2+ transients also was obtained with extracellular 
application of the SAC inhibitor GsMTx-4 (Fig. S3). Taken to- 
gether, these observations carried out in the absence of an ex- 
ternally applied mechanical force indicate that Piezo1 activity 

generates spontaneous Ca2+ transients in hNSPCs. 

 

 

 

 

known to inhibit myosin II specifically (40) and, as a result, to 
inhibit traction forces (7). To determine whether Piezo1 is acti- 
vated by traction forces, we examined whether blebbistatin 

inhibits the spontaneous Ca2+ transients generated by Piezo1. 

We found that blebbistatin treatment abolishes spontaneous Ca2+ 

transients to a similar extent as EGTA (Fig. 4 A and B). These 
results indicate that Piezo1 can be activated by cell-generated 
forces such as traction forces without application of an external 
mechanical force. 

Because traction forces are known to vary with substrate 
stiffness, an important modulator of differentiation in several 
different stem cell types (7, 8), we asked whether Piezo1 activity 
varies with substrate stiffness. We performed TIRFM imaging 

of spontaneous Ca2+ transients of hNSPCs grown on high- 
refractive-index Qgel silicone elastomers of varying stiffness (41), 
fabricated as described in SI Methods. We found that sponta- 
neous Ca2+ activity scaled with substrate stiffness, with mini- 
mal or no transients on soft substrates (0.4 and 0.7 kPa) and 

 

 

 

Fig. 3. Piezo1 activity elicits spontaneous Ca
2+ 

signals. (A) A maximum 

projection TIRFM image of an hNSPC cell loaded with Fluo-4 AM from a 600- 

frame video showing hotspots of Ca
2+ 

activity. Four regions of interest are 

marked by colored boxes. The yellow line depicts the outline of the cell. See 

also Movie S1. (B) Plots of fluorescence intensity over time in the hotspots 

highlighted in A. The color of the trace matches the corresponding box color 

in A. Data are shown as signal per pixel with the fluorescence intensity at the 

start of the recording normalized to 100 (SI Methods). (C and D) Sponta- 
2+ 

Piezo1 Is Activated by Traction Forces. Traction forces allow cells to neous Ca transients are reversibly inhibited by addition of 6 mM EGTA 

sense the stiffness, geometry, and topography of their environ- 
ment and play an important role in cell adhesion, migration, 
extracellular matrix reorganization, and differentiation (39). 
These forces are generated in an ATP-dependent process by 
nonmuscle myosin II along actin fibers and are transmitted to 
the substrate through focal adhesion zones. Blebbistatin  is 

to the bath solution. n = 22 for control (Contr.), 28 for EGTA, and 27 

for washout (W/O). (E and F) hNSPCs transfected with Piezo1 siRNA show 

fewer and smaller spontaneous Ca
2+ 

transients than cells transfected with 

nontargeting siRNA. The blue dashed line in F represents the levels expected 

in the absence of external calcium (based on D). n = 44 for nontargeting 

siRNA, and n = 53 for Piezo1 siRNA. Error bars represent SEM. ***P < 0.001 

by two-sample t test. a.u., arbitrary units. See also Fig. S3. 
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Fig. 4. Piezo1 activity is linked to traction forces, substrate stiffness, and Yap 

localization. (A and B) Spontaneous Ca
2+ 

transients are reversibly inhibited by 

the traction force inhibitor blebbistatin (50 μM), which acts by blocking the 

ATPase activity of myosin II. n = 57 for control (Contr.); n = 49 for blebbistatin; 

and n = 28 for washout (W/O). The dashed blue line in B represents levels 

expected in the absence of external calcium (based on Fig. 3D). (C and D) 
2+ 

 

 

 

 

Yap localization in hNSPCs grown on glass coverslips and 
transfected with either nontargeting or Piezo1 siRNA. Glass has 
a stiffness in the gigapascal range, at which Yap is expected to 
localize to the nucleus. We observed that cells transfected with 
Piezo1 siRNA displayed nuclear exclusion more frequently than 
cells transfected with nontargeting siRNA (Fig. 4 E–G). This 
result suggests that Piezo1 knockdown can override the me- 
chanical cue for localizing Yap to the nucleus and that Yap could 
be a downstream effector of Piezo1 activity. 

 

Effect of Substrate Stiffness on  hNSPC  Differentiation.  Earlier studies 
on rodent neural stem cells have shown the importance of matrix 
elasticity in lineage specification (8, 16, 17). However, the effect 
of substrate stiffness on hNSPC differentiation has not been in- 
vestigated previously. When we differentiated hNSPCs on sub- 
strates of different stiffness (0.7 kPa vs. 750 kPa), we observed 
a greater number of microtubule-associated protein 2 (MAP2)- 
positive neuronal cells on the stiffer substrate (Fig. S5). In rodent 
neural stem cells, substrate stiffness was found to have the op- 
posite effect, with soft substrates (<1 kPa) supporting more neu- 
rogenesis than stiffer substrates (>5 kPa) (8, 16, 17). Because we 
performed our differentiation assays on Qgel-based substrates, 
whereas earlier studies used polyacrylamide or methacrylamide 
chitosan as supporting material (8, 16, 17), we wondered whether 
this difference could be responsible for the discrepant results. 
However, when we differentiated rat adult hippocampal neural 
stem cells [rahNSCs, which generated more neurons on soft 
polyacrylamide substrates (17)] on Qgels (0.7 kPa vs. 750 kPa), we 
similarly observed more neurogenesis on softer substrates (Fig. 
S6). Hence, we conclude that the difference in mechanosensitive 
differentiation between hNSPCs and rahNSCs is likely caused by 
the different origin of the two types of cells (human vs. rat, fetal vs. 
adult, cortical vs. hippocampal). 

 

Piezo1 Directs Neuronal–Glial Lineage Choice of hNSPCs. The results 
presented in Fig. 4 show that Piezo1-mediated Ca2+ transients 

Spontaneous Ca transients measured from hNSPCs grown on high-refractive- increase on stiffer substrates. We also found that stiffer substrates 
index silicone elastomers scale with substrate stiffness. n = 14 for 0.4 kPa; 

n = 26 for 0.7 kPa; n = 15 for 3.7 kPa; n = 14 for 750 kPa; and n = 22 for glass. 

The colors of the columns in D are matched to the traces in C: blue, 0.4 kPa; 

brown, 0.7 kPa; green, 3.7 kPa; red, 750 kPa; black, glass; gray, data from 

Piezo1 siRNA-transfected cells from Fig. 3F (reproduced for comparison). 

(E–G) hNSPCs grown on glass coverslips show nuclear exclusion of Yap at 

a higher frequency when transfected with Piezo1 siRNA than when trans- 

fected with nontargeting siRNA. Error bars represent SEM. *P < 0.05, **P < 

0.01, ***P < 0.001 by two-sample t test. a.u., arbitrary units. 

 

 

increasing activity on stiffer substrates (3.7 kPa and 750 kPa) 
and on glass (Fig. 4 C and D). Thus, Piezo1 activity varies with 

favor the neuronal differentiation of hNSPCs (Fig. S5). Hence, 
we asked whether Piezo1 activity influences hNSPC lineage 
choice. We used two different approaches to investigate this 
question. We first determined whether pharmacological in- 
hibition of Piezo1 by extracellular application of GsMTx-4 alters 
hNSPC lineage choice. hNSPCs were differentiated in the pres- 
ence and absence of extracellular GsMTx-4, and differentiation 
was assayed using Map2 and doublecortin (Dcx) as neuronal 
markers and glial fibrillary acidic protein (GFAP) as an astrocytic 
marker (SI Methods). In the presence of GsMTx-4, SC23 hNSPCs 
showed an increase in astrocyte formation, as evidenced by the 

+ 

substrate stiffness. percentage of GFAP cells, from 48.2 ± 2.9% to 63.5 ± 2.7% (a 

 
Piezo1 Knockdown Evokes Nuclear Exclusion of the Mechanoreactive 

Transcriptional Coactivator Yap. Because Piezo1 activity varies with 
substrate stiffness, we asked whether it affects a molecule known 
to relay information about substrate stiffness to the nucleus. The 
transcriptional coactivators Yap and Taz (also known as 

35% increase relative to control) (Fig. 5A). We showed earlier 
that SC27 hNSPCs generate neurons at higher percentages than 
SC23s (21); hence tests on neurogenesis were performed with 
the SC27 hNSPCs. These hNSPCs showed a reduction in neuron 
formation from 6.4 ± 0.3% to 2.8 ± 0.3% (a 54% decrease rel- 
ative to control) when differentiated in the presence of GsMTx-4, 

+ 

“WWTR1”) were first identified as part of the Hippo pathway as evidenced by the percentage of Map2 cells (Fig. 5B). Similar 

that controls organ size (42). Recent findings in epithelial cells 
and in mesenchymal stem cells show that Yap and Taz localize to 
the nucleus on stiff substrates, but on soft substrates they are 
shuttled to the cytoplasm (13). The same study also showed that 
Yap and Taz influence mechanosensitive lineage specification in 
mesenchymal stem cells. The molecular mechanism by which 

matrix stiffness regulates Yap/Taz localization remains unknown. 
We first examined Yap localization in hNSPCs on soft (0.7 

kPa) and stiff (750 kPa) substrates using immunostaining. As seen 
for other cell types, in hNSPCs grown on soft substrates the Yap 
protein is excluded from the nucleus (Fig. S4). Next, we examined 

results were obtained for Dcx+ cells (Fig. S7A). Thus, pharma- 
cological inhibition of SACs appears to promote astrocyte for- 
mation and to reduce neuron formation. 

To determine whether this effect on lineage choice specifically 
involved Piezo1, we examined differentiation in the context of 
siRNA-mediated knockdown of Piezo1. SC27 hNSPCs were 
transfected with either Piezo1 siRNA or nontargeting siRNA and 
differentiated into neurons or astrocytes after allowing 24 h for 
siRNA action. qRT-PCR analysis indicated that Piezo1 knock- 
down is 78–86% at 1–4 d and 71% at 7 d posttransfection. 
Immunostaining analysis of the differentiated progeny showed that 
Piezo1 knockdown increased astrocyte formation from 9.8 ± 0.5% 
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Fig. 5. Piezo1 directs neuronal–glial lineage choice in human neural stem 

cells. (A) SC23 hNSPCs display an increase in astrogenesis (GFAP
+ 
cells) in the 

presence of 5 μM free GsMTx-4 (SI Methods). n = 3 independent experiments. 
+ 

cells (46), and neural stem cells (47, 48). Of particular interest, 
van de Leemput et al. (48) differentiated hES cells into brain 
organoids to study changes in gene expression accompanying 
human corticogenesis. Their RNA-seq database (cortecon. 
neuralsci.org) shows Piezo1 expression throughout the differ- 
entiation process. Temporal analysis of Piezo1 expression espe- 
cially correlated with the periods of pluripotency (day 0 of the 
differentiation protocol) and of upper-layer neuron generation 
during corticogenesis (day 63 onwards). These findings are con- 
sistent with our observations in cortical fetal hNSPCs that Piezo1 
activity supports neuron formation. 

The identification of mechanosensors and transducers in- 
volved in stem cell fate has been an area of intense investi- 
gation since the discovery that mechanical cues can direct 
differentiation outcomes. Most of the molecules discovered to 
date are cytoskeletal proteins such as myosin II (7), the Rho/ 
ROCK system (8, 10), and vinculin (11). Although cytoskeletal 
proteins and cellular contractility regulators are essential for 
generating traction forces and sensing environmental mechan- 
ics, the molecular mechanisms connecting these signaling 
molecules to intracellular pathways that influence differentiation 

have remained elusive. Spontaneous and evoked Ca2+ transients 
are known to regulate gene expression and differentiation in 

several types of stem cells (for recent reviews of Ca2+ signaling in 
stem cells see refs. 14 and 15). In this context, a stretch-activated 

ion channel that is activated by traction forces and elicits Ca2+ 

influx is an attractive candidate for transducing mechanosensi- 
tive lineage specification. In support of this role for Piezo1, we 
find that stiff substrates increase Piezo1 activity and favor neu- 
ronal specification of hNSPCs, whereas inhibition of Piezo1, ei- 
ther by genetic knockdown or by pharmacological inhibition, has 

(B) SC27 hNSPCs display a reduction in the percentage of Map2 cells when the opposite effect and reduces neuronal specification (Fig. 5 
differentiated in the presence of 5 μM free GsMTx-4. n = 4 biological repeats 

from three independent experiments. (C) SC27 hNSPCs transfected with 

20 nM Piezo1 siRNA differentiate into astrocytes more efficiently than SC27 

hNSPCs transfected with 20 nM control nontargeting (nonT) siRNA. n = 3 

biological repeats from two independent transfection experiments. (D) SC27 

hNSPCs transfected with 20 nM Piezo1 siRNA show reduced neurogenesis as 

compared with cells transfected with 20 nM control nontargeting siRNA. 

n = 3 biological repeats from two independent transfection experiments. 

(Scale bars: 20 μm.) ***P < 0.001 with two-sample t test. See also Fig. S7. 

 

 

to 14.2 ± 0.7% (a 48% increase relative to control) (Fig. 5C) while 
reducing neuron formation from 5.2 ± 0.3% to 3.2 ± 0.3% (a 42% 
decrease relative to control) (Fig. 5D and Fig. S7B). SC23 hNSPCs 
also showed an increase in astrogenesis with Piezo1 knockdown 
(Fig. S7C). These results recapitulate the effect of pharmacologi- 
cal SAC inhibition on lineage choice and demonstrate that Piezo1 
activity is involved in neuronal–glial specification of hNSPCs. 

Discussion 

Matrix mechanics is a strong determinant of stem cell behavior with 
important implications for regenerative medicine and stem cell 
therapy. Using a multidisciplinary  approach, we have  identified 
a new molecular player, the SAC Piezo1, which detects matrix 
mechanics and directs lineage specification of hNSPCs. The Piezo1 
protein was discovered recently and was shown to be the pore- 
forming subunit of a nonspecific cation channel that is intrinsically 
gated by membrane tension (31, 32). Recent studies demonstrate 
a role for Piezo1 in regulating erythrocyte volume (43), epithelial 
crowding and homeostasis (36), cell migration (44), and detection of 
blood flow (33, 34). Our results suggest a role for Piezo1 in detecting 
matrix elasticity and determining lineage choice. In addition, we find 
that Piezo1 activation can be triggered by cell-generated forces in 
the absence of an external mechanical force, thus bringing to light 
a previously unidentified way to regulate Piezo1 gating. 

Piezo1 also is identified in public gene-expression databases 
from human embryonic stem (hES) cells (45), mesenchymal stem 

and Fig. S7). 
We also find that Piezo1 activity influences nucleo–cytoplasmic 

localization of the mechano-reactive transcriptional coactivator 
Yap (Fig. 4 E–G). Yap and its partner Taz have been studied in 
mesenchymal stem cells, where their nucleo–cytoplasmic locali- 
zation governs lineage choice (13). However, similar roles for 
Yap and Taz in neural stem cells have not yet been investigated. 
Our observations lay the foundation for further mechanistic 
elucidation of the Piezo1–Yap/Taz connection in the context of 
stem cell differentiation. 

The identification of an ion channel involved in mechano- 
sensitive lineage specification of neural stem cells raises the 
question of whether Piezo1 may play a similar role in other mul- 
tipotent stem cells. Interestingly, mesenchymal stem cells, which 
also strongly display mechanosensitive differentiation, express 
Piezo1 as well (Fig. S8; ref. 46), suggesting that Piezo1 could have 
a similar role in multiple types of stem cells. 

The role of Piezo1 in lineage specification has potential 
therapeutic implications for neural stem cell transplant therapy. 
One of the bottle-necks of this therapeutic approach, which 
currently is under investigation for the treatment of neurolo- 
gical disorders such as Alzheimer’s disease, Parkinson’s disease, 
stroke, and spinal cord injury, is directing cell fate after injection. 
Pharmacological agents aimed at modulating Piezo1 activity may 
be useful in directing lineage choice during neural stem cell 
transplant  therapy. 

In conclusion, we propose that myosin II-dependent traction 
forces involved in the detection of matrix elasticity generate 
local membrane tension that triggers the activation of Piezo1. 

Channel activation results in transient Ca2+ influx through the 
plasma membrane, nuclear localization of Yap, and altered 
neuronal–glial specification of hNSPCs (Fig. S9). Our findings 
point to Piezo1 as an important determinant of mechanosensi- 
tive lineage choice in neural stem cells and possibly other mul- 
tipotent stem cells, providing a link between extracellular matrix 
mechanics and intracellular signaling pathways. Future work will 
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determine the mechanism by which Piezo1 activity regulates 
mechanosensitive lineage commitment in the stem cell niche and 
how these results translate to the in vivo environment. 

Methods 

Informed written consent was obtained for all human subjects. All human 

cell research involved cells with no patient identifiers and was approved 

by the University of California, Irvine Institutional Review Board and the 

Human Stem Cell Research Oversight Committee. 

Patch clamp measurements, TIRFM Ca
2+ 

imaging, and differentiation assays 

were performed on two brain-derived human fetal hNSPC cultures (SC23 and 

SC27) isolated from the cerebral cortices of two separate fetuses of 23-wk ges- 

tational age (18–21). Further details on cell-culture conditions, siRNA knockdown 

experiments, electrophysiological measurements, calcium imaging, Qgel sub- 

strate fabrication, and data analysis are presented in SI Methods. 
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