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SUMMARY
Major obstacles in brain cancer treatment include the blood-tumor barrier (BTB), which limits the access of
most therapeutic agents, and quiescent tumor cells, which resist conventional chemotherapy. Here, we show
that Sox2+ tumor cells project cellular processes to ensheathe capillaries in mouse medulloblastoma (MB), a
process that depends on the mechanosensitive ion channel Piezo2. MB develops a tissue stiffness gradient
as a function of distance to capillaries. Sox2+ tumor cells perceive substrate stiffness to sustain local intra-
cellular calcium, actomyosin tension, and adhesion to promote cellular process growth and cell surface
sequestration of b-catenin. Piezo2 knockout reverses WNT/b-catenin signaling states between Sox2+ tumor
cells and endothelial cells, compromises the BTB, reduces the quiescence of Sox2+ tumor cells, and mark-
edly enhances the MB response to chemotherapy. Our study reveals that mechanosensitive tumor cells
construct the BTB to mask tumor chemosensitivity. Targeting Piezo2 addresses the BTB and tumor quies-
cence properties that underlie treatment failures in brain cancer.
INTRODUCTION

Brain cancer is among the most challenging cancers to treat. In

normal brain, the blood-brain barrier (BBB) consists of capillaries

covered by astrocytic endfeet and pericytes. These physical en-

sheathments, together with vascular basement membrane and

tight junctions between endothelial cells, prevent the entry of

harmful agents while allowing regulated access of nutrients.

While invasive tumor cells populate the perivascular space to

displace astrocytic endfeet and breach the blood-tumor barrier

(BTB) (Griveau et al., 2018; Watkins et al., 2014), glioma stem-

like cells, which have been shown to be able to differentiate
30 Neuron 111, 30–48, January 4, 2023 ª 2022 Elsevier Inc.
into endothelial cells (Hu et al., 2016; Ricci-Vitiani et al., 2010;

Wang et al., 2010) or pericytes (Cheng et al., 2013; Zhou et al.,

2017), contribute to the BTB to regulate tumor growth and ther-

apy response. As such, the BTB restricts brain access to most

therapeutic agents (Arvanitis et al., 2020). Brain tumors display

extensive intratumoral heterogeneity, including quiescent tumor

cells that resist conventional antimitotic therapy and promote tu-

mor recurrence.Medulloblastoma (MB) is themost commonma-

lignant pediatric brain tumor. In MB driven by sonic hedgehog

signaling (SHH MB, 30% of all MB), quiescent and slow-cycling

tumor-propagating cells express Sox2 or Olig2 (Vanner et al.,

2014; Zhang et al., 2019a). Genetic lineage tracing studies
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showed that despite being a small subset of tumor cells, Sox2+

MB cells give rise to Dcx+ rapidly cycling tumor cells, which

differentiate into NeuN+ tumor cells, comprising a Sox2-Dcx-

NeuN cellular hierarchy in SHH MB (Vanner et al., 2014). While

chemotherapy ablates rapidly cycling tumor cells, Sox2+ cells

are chemoresistant and drive post-therapy MB recurrence

(Vanner et al., 2014). Due to the BTB and quiescent tumor cells,

chemotherapeutic drugs are used at high dosages that result in

toxicity yet provide limited benefit (Boyle et al., 2004).

Tumor cells are exposed to microenvironmental mechanical

forces (e.g., compression, tension, and shear stress) while tu-

mors develop altered tissue stiffness (Chen and Kumar, 2017;

Momin et al., 2021; Northey et al., 2017). Ion channels sense

physicochemical cues to regulate ion flux across cell mem-

branes. Piezo mechanosensitive ion channels perceive plasma

membrane tension, actomyosin tension, and tissue stiffness to

permeate calcium (Murthy et al., 2017), thereby converting me-

chanical cues into elevations of cytosolic calcium to elicit cell

signaling (Jiang et al., 2021). Piezo1 regulates mechanotrans-

duction of nonexcitable cell types in physiological processes

such as epithelial homeostasis (Gudipaty et al., 2017) and oste-

oblast differentiation (Li et al., 2019; Sun et al., 2019). Piezo2 is

mainly functional in cells that play mechanosensory roles, such

as primary sensory neurons (Ranade et al., 2014b) and touch-

sensitive Merkel cells in the skin (Woo et al., 2014). Here, we

show that Sox2+ MB cells directly ensheathe capillaries to

construct the BTB in a Piezo2-dependent manner. We demon-

strate that Piezo2 orchestrates mechano-chemical signaling to

govern BTB permeability and Sox2+ MB cell quiescence,

revealing an actionable target to elevate chemosensitivity of

SHH MB.

RESULTS

Sox2+ MB cells ensheathe tumor capillaries to
contribute to the BTB
Activating mutations of SMO and inactivating mutations of

PTCH1, both of which result in aberrant SHH signaling activity,

have been identified in human SHH MB (Juraschka and Taylor,

2019; Northcott et al., 2017). To study the BTB in MB, we used

Math1-Cre; SmoM2 mice, in which constitutively active
Figure 1. Sox2+ MB cells extend endfeet to ensheathe capillaries and

(A) Sox2+; GFAP+ cells express SmoM2-eYFP. Sox2+ MB cells express GFAP an

(B) Sox2+; GFAP+ and Sox2+; Desmin+ cells extend endfeet to ensheathe CD31+

(C) Sox2-eGFP+ cells express Sox2 and GFAP in Ptch1+/�; Sox2eGFP/+ MB. Sox2

(D) MB capillaries are covered by ColIV+ basement membrane and Pdgfrb+ peric

(E) Capillaries are ensheathed by Sox2+; GFAP+ MB cells in Math1-Cre; SmoM2

represents data from one image. Mean ± SEM.

(F) Piezo2-GFP is expressed in Sox2+ and GFAP+MB cells. Three mice were studi

from one image. Mean ± SEM.

(G) Cell stretching increases calcium signal in Sox2+ cells ofMath1-Cre; SmoM2M

cells of Math1-Cre; SmoM2; Piezo2fl/fl MB (n = 15 cells from three P21 mice). R

stretching devices include a PDMS membrane and a chamber to exert cyclic str

(H) Ejecting a fluidic stream at processes elicits currents at�80 mV from Sox2+ ce

(n = 10 cells from three P21 mice). Re-expression of mouse Piezo2 in Sox2+ cells

from three P21 mice), with inactivation time constant comparable with control So

for whole-cell peak current; two-side t test for inactivation time constant; mean ±

(I) MB BTB consists of mechanosensitive Sox2+ MB cell endfeet, pericyte, vascu

See also Figures S1 and S2.
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SmoM2 initiates SHH MB from Math1-lineage cells of the cere-

bellum (Sch€uller et al., 2008; Yang et al., 2008). MB in Math1-

Cre; SmoM2 mice display characteristic histopathological fea-

tures and marker expression of human MB (Sch€uller et al.,

2008).We found that Sox2+MB cells co-express GFAP and Des-

min (Figures 1A, S1C, S1D, and S2A). Sox2+, GFAP+, and

Desmin+ cells in MB co-express SmoM2-eYFP but not the peri-

cyte marker Pdgfrb (Figures 1A, S1B–S1D, and S2A), establish-

ing them as neoplastic tumor cells. GFAP expression is unique to

Sox2+ cells but not detected in Dcx+ or NeuN+ tumor cells (Fig-

ure S1A). Strikingly, Sox2+; GFAP+ and Sox2+; Desmin+ tumor

cells project cellular processes (hereafter referred to as endfeet)

to directly ensheathe capillaries (Figures 1B, S1B, and S1G).

These capillaries are covered by collagen IV+ (ColIV+) basement

membrane, Pdgfrb+ pericytes, and display ZO-1+ tight junctions

(Figure 1D), which, together with the ensheathment of Sox2+ MB

cells, compose the BTB inMB.We performed lineage tracing us-

ing non-MB-bearingMath1-Cre; Ai14mice to determine whether

Math1-lineage cells include GFAP+ astrocytes in normal cere-

bellum. While GFAP+ cells were present in the white matter

(WM), internal granule layer (IGL), Purkinje layer (PL), and molec-

ular layer (ML) of the cerebellum of P21 Math1-Cre; Ai14 mice,

these cells did not express td-Tomato (Figure S1N). These

data show that Math1-lineage cells do not include GFAP+ astro-

cytes in the normal cerebellum, supporting that GFAP+; SmoM2-

eYFP+ cells inMB are neoplastic tumor cells, which are formed at

an early stage of SHH MB development (i.e., postnatal day 1;

Figure S2A).

To confirm that Sox2+ MB cells contribute to the BTB, we

genetically labeled Sox2+ cells using the Sox2eGFP/+ reporter (Ar-

nold et al., 2011). As Ptch1+/� mice develop SHH MB due to the

loss of one allele of SHH pathway inhibitor Ptch1 (Goodrich et al.,

1997), we generated Ptch1+/�; Sox2eGFP/+mice.Sox2eGFP/+ cells

are GFAP+ (Figure S1E) and directly contact capillaries in MB of

Ptch1+/�; Sox2eGFP/+ mice (Figure 1C). Therefore, tumor capil-

laries were covered by cellular processes extended from

Sox2+ MB cells in bothMath1-Cre; SmoM2 and Ptch1+/�mouse

models of SHH MB (Figure 1E). We determined the extent to

which Sox2+; GFAP+; SmoM2-YFP+ neoplastic cells cover cap-

illaries, as well as the distribution of fibrinogen, a hepatocyte-

secreted protein in blood circulation that only enters brain
are mechanosensitive

d Desmin in P21 Math1-Cre; SmoM2 mice.

capillaries.
+; Sox2-eGFP+ cells contact and wrap around capillaries.

ytes and display ZO-1+ tight junctions.

and Ptch1+/� MB. Three mice from each group were studied. Each data point

ed. Arrows indicate GFAP�; Piezo2-GFP cells. Each data point represents data

B (n = 15 cells from three P21 mice). Calcium response is decreased in Sox2+

epresentative calcium signals at t = 0 s and t = 30 s are shown. The 3D cell-

ess on the membrane. Two-way ANOVA; mean ± SEM.

lls of control MB (n = 9 cells from three P21 mice), but not Piezo2 knockout MB

of Piezo2 knockout MB rescues force-evoked whole-cell currents (n = 8 cells

x2+ MB cells. Kruskal-Wallis test with Dunn’s multiple comparisons correction

SEM.

lar basement membrane, and endothelial cell.
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parenchyma through a leaky brain barrier, inMath1-Cre; SmoM2

mice across early to late MB tumorigenesis stages (P0, P7, P11,

and P21). Interestingly, as capillary coverage by Sox2+, GFAP+,

SmoM2-YFP+ cells gradually increased, the intratumoral fibrin-

ogen level gradually decreased (Figure S1F). This anticorrelation

suggests that BTB construction by Sox2+ MB cells is a time-de-

pendent process. CD31+ or Pdgfrb+ cells did not express

SmoM2-eYFP (Figures S1C and S1D), showing that no MB

cells differentiate into endothelial cells or pericytes. The blood

vessel-ensheathing astrocytic endfeet in the cortex and blood

vessel-ensheathing GFAP+ cell endfeet in MB expressed AQP4

(Figure S1G). Taken together, these data establish that Sox2+

MB cells ensheathe capillaries in the BTB (Figure 1I).

Sox2+ MB cells are mechanosensitive in a Piezo2-
dependent manner
We next asked whether MB cells express mechanosensitive

Piezo channels. To determine Piezo expression in vivo, we

used Piezo2-GFP-IRES-Cre and Piezo1-tdTomato mice, which

report endogenous Piezo2 and Piezo1 expression by GFP

(Woo et al., 2014) and tdTomato (Ranade et al., 2014a), respec-

tively. Piezo2 was expressed in GFAP+ and Sox2+ cells, as well

as CD31+ endothelial cells and Pdgfrb+ pericytes, in MB of

Ptch1+/�; Piezo2-GFP mice (Figures 1F and S2B). No overt

Piezo2 expression was detected in Sox2+ or Nestin+ cells in

the cerebellum (Figure S2C) or Ki67+ proliferative cerebellum

granule neuron precursors (Figure S2D), which are putative cells

of origin for SHH MB (Sch€uller et al., 2008; Yang et al., 2008).

Both Piezo2 and Piezo1 expressions were detected in endothe-

lial cells and pericytes (Figures S2C–S2F and S2H), while Piezo1

expression was not detected in tumor cells (Figure S2G). GFAP+

astrocytes, which ensheathe capillaries in cortex of Ptch1+/�;
Piezo2-GFP mice, displayed Piezo2-GFP (Figure S1H). In

contrast, while Piezo2 expression was detected in the normal

brain (Figure S1K), capillary-ensheathing GFAP+ astrocytes did

not appear to display Piezo2-GFP (Figure S1I), consistent with

a recent report (Chi et al., 2022). These findings suggest that

Piezo2-GFP expression in cortical astrocytes could be a conse-

quence of global Ptch1+/� heterozygosity or a pathological

response of the MB-bearing brain.

We asked whether Sox2+MB cells can respond tomechanical

cues. First, we performed cell stretching and calcium imaging

using Sox2+ MB cells isolated from control (Math1-Cre;

SmoM2) and Piezo2 knockout (Math1-Cre; SmoM2; Piezo2fl/fl)

MB (Figures S3A and S3B). In these mice, Math1-Cre driver
Figure 2. Tumor-specific Piezo2 knockout disrupts the BTB
(A) Tumor-specific Piezo2 knockout decreases capillary ensheathment by GFA

studied. Each data point represents data from one cell or structure unit. Two-tai

(B) Transmission electron microscopy shows reduced endfeet ensheathment, pe

but not endothelial cell luminal or abluminal vesicles in Piezo2 knockout MB. Red

cells with enlarged paracellular space.Magenta arrows indicate luminal and ablum

Each data point represents data from one image except tight junction analysis, in

(C) Immunostaining shows decreased ColIV+ and Lama4+ basement membrane, r

tight junctions, and ectopic Plvap expression in endothelial cell of Piezo2 knock

Piezo2 knockout MB. Three P21 mice from each group were studied. Each data

(D) Cadaverine and dextran dye distribution in MB. Three P21 mice from each gro

test; mean ± SEM.

See also Figure S3.
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deleted genes in neoplastic cells but not endothelial cells or peri-

cytes (Figures S1C and S1D). Our cell-stretching device included

a chamber connected to a pneumatic pump for exerting cyclic

pressure, which bulged a PDMSmembrane to apply mechanical

stress to cells (Figure 1G). Calcium signals of control Sox2+ MB

cells increased, followed by a slow decrease toward the baseline

(Figure 1G), likely due to calcium efflux mechanism to prevent

calcium toxicity. Piezo2 knockout Sox2+ MB cells displayed

decreased calcium response (Figure 1G). Furthermore, we per-

formed patch clamp recording to compare force-evoked

whole-cell currents. Locally ejecting a fluidic stream at cellular

processes of Sox2+ MB cells activated inward currents, which

were abrogated by Piezo2 knockout (Figure 1H). Re-expressing

Piezo2 restored force-activated currents in Piezo2 knockout

Sox2+ MB cells (Figures 1H and S1J). These data establish

Sox2+ cells as mechanosensitive, a property conferred by

Piezo2. Piezo2 knockout Sox2+ MB cells still displayed mechan-

ically activated calcium response upon global cell stretching

(Figure 1G). Interestingly, Piezo2 knockout Sox2+ MB cells upre-

gulated the expression of Trpv4, a putative mechanosensitive

ion channel (Figure S1L). Treatment with Gd3+, a broad-spec-

trum blocker of mechanosensitive ion channels, eliminated me-

chanically induced calcium signals in both control and Piezo2

knockout Sox2+ MB cells (Figure S1M). These data suggest

that other mechanosensitive ion channels, such as Trpv4, may

contribute to mechanically induced calcium response in the

absence of Piezo2. Piezo2 appears to be the principal channel

that responds to mechanical stimulation at cellular processes

of Sox2+ MB cells (Figure 1I).

Tumor-specific Piezo2 knockout disrupts the BTB
We next investigated the role of Piezo2 in the BTB. Strikingly, the

BTB is profoundly altered in Piezo2 knockout MB. First, Piezo2

knockout decreases the length and width of cellular processes

but not the number of Sox2+ MB cells. As a result, the extent

of capillary coverage is reduced, and the percentage of Sox2+

MB cells that contact capillaries is decreased (Figures 2A, 2B,

and S3C). Second, transmission electron microscopy (TEM) re-

veals vascular basement membrane thinning (Figure 2B). In

normal BBB, Laminin a2 (Lama2) is produced by astrocytes

and possibly pericytes at the gliovascular interface (Menezes

et al., 2014). Laminin a4 (Lama4) is expressed by endothelial

cells at the sprouting vascular front (Stenzel et al., 2011). ColIV

can be derived from endothelial cells, astrocytes, and pericytes

(Baeten and Akassoglou, 2011; Xu et al., 2019). Lama4 and ColIV
P+ or Desmin+ cell processes. Three to five P21 mice from each group were

led t test; mean ± SEM.

ricyte coverage, basement membrane thickness, and disrupted tight junctions

arrows indicate electron dense tight junctions. Blue arrows indicate endothelial

inal vesicles in endothelial cells. Three P21mice from each groupwere studied.

which each data point represents one mouse. Two-tailed t test; mean ± SEM.

educed Pdgfrb+ and Ng2+ pericyte coverage, diminished ZO-1+ and Claudin5+

out MB. Fibrinogen displays increased distribution in perivascular regions of

point represents data from one image. Two-tailed t test; mean ± SEM.

up were studied. Each data point represents data from one image. Two-tailed t
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expression is decreased (Figures 2C and S3D), while Lama2

expression is increased in Piezo2 knockout MB (Figure S3E).

These data collectively demonstrate a markedly perturbed

vascular basement membrane structure in the BTB of Piezo2

knockout MB. Third, as Pdgfrb+ and Ng2+ pericytes cover blood

vessels to maintain vascular homeostasis (Armulik et al., 2010;

Daneman et al., 2010; Hall et al., 2014), Piezo2 knockout reduces

vasculature-associated pericytes (Figures 2B, 2C, and S3D).

Fourth, vascular tight junctions, as delineated by TEM, ZO-1,

and Claudin5 immunostaining, are disrupted in Piezo2 knockout

MB (Figures 2B, 2C, and S3D). Of note, the space between

adjoining endothelial cells is substantially widened (arrows in

Figure 2B). Fifth, a conspicuous difference is detected in marker

expression in endothelial cells. The nonfenestrated blood ves-

sels of central nervous system (CNS) express Slc2a1, while plas-

malemma vesicle-associated protein (Plvap) expression marks

fenestrated blood vessels in non-CNS sites. In comparison to

Slc2a1+; Plvap� endothelial cells of control MB, endothelial cells

of Piezo2 knockout MB display a Slc2a1+; Plvap+ immunophe-

notype (Figures 2C and S3D). Sixth, deposition of fibrinogen is

increased in perivascular regions of Piezo2 knockout MB

(Figures 2C and S3D). To corroborate the vascular permeability

phenotype, we performed retro-orbital injection of Cadaverine

(1 kDa) or Dextran (10 kDa) fluorescent dyes into MB-bearing

mice. Piezo2 knockout MB displays elevated intratumoral distri-

bution of Cadaverine and Dextran (Figure 2D). The density of

endothelial luminal and abluminal vesicles, ‘‘Transcytosis’’

gene signature, as well as expression of Mfsd2a (Ben-Zvi et al.,

2014), which are regulators of endothelial transcytosis, are unaf-

fected by Piezo2 knockout (Figures 2B and S3F). Capillary diam-

eter, number, density, cylindricalness, the mitosis or apoptosis

of endothelial cells, and P-glycoprotein expression of endothelial

cells are also unchanged (Figures S3G and S3H).

Piezo2 knockout decreases the quiescence of Sox2+

MB cells
Having observed profound BTB phenotypes in Piezo2 knockout

MB, we performed single-cell RNA sequencing (scRNA-seq) to

investigate tumor cell states. We identified neoplastic cells and

stromal cell types (Figures 3A and S4A). Of note, we identified

altered gene set enrichment analysis (GSEA) signatures in ‘‘cell

junction assembly,’’ ‘‘maintenance of BBB,’’ and ‘‘regulation of

vascular development’’ in endothelial cells in Piezo2 knockout

MB (Figure S3F), providing further support of the BTB pheno-

types. A single-cell transcriptomic study of human SHH MB
Figure 3. Piezo2 regulates the quiescence of Sox2+ MB cells

(A) scRNA-seq identifies neoplastic cells and stromal cell types in SHH MB of P2

(B) Cell type clustering analysis shows three transcriptional programs (SHH-A, S

sitioning.

(C) Sox2+ MB cells display intratumoral heterogeneity by predominantly distribut

Mki67, and Cenpa, display heterogeneous expression in Sox2+ MB cells.

(D) UMAP analysis identifies G0-like andG1-like Sox2+MB cells. Pseudotime anal

display higher G1 enrichment score.

(E) Piezo2 knockout elevates the density of G1-like Sox2+ MB cells in pseudotim

(F) The fraction of Ki67+; Sox2+ cells or Pcna+; Sox2+ cells within total Sox2+ cells i

Ki67+; Sox2+ quantification. Three P21 mice from each group were studied for P

Two-tailed t test; mean ± SEM.

See also Figure S4.
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identified intratumoral heterogeneity with three transcriptional

programs, each with a predominant signature in cell cycle activ-

ity (SHH-A), undifferentiated state (SHH-B), or differentiated

state (SHH-C) (Hovestadt et al., 2019). Tumors in Math1-Cre;

SmoM2 mice mimic these heterogeneous transcriptional pro-

grams found in human SHH MB (Figures 3A, 3B, S4A, and

S4B).We found two paths throughwhichMBcell states progress

among the three transcriptional programs: either along the cell

cycling path or the cellular differentiation path (Figures 3B and

S4B). Sox2+ MB cells display intratumoral heterogeneity by pre-

dominantly distributing to SHH-A and SHH-B clusters

(Figures 3B and 3C).

Since tumor cell quiescence, which influences therapeutic

outcomes, is a state change between G0 and G1, we focused

on comparing Sox2+ MB cells at these two cell cycle states (Fig-

ure 3D). We determined cell cycle phases by Seurat and identi-

fied G0 and G1 Sox2+ MB cell clusters by uniform manifold

approximation and projection (UMAP) analysis (Figure 3D). We

reconstructed a linear pseudotime trajectory representing

continuous cell states between G0 and G1 clusters (Figure 3D).

Differential gene expression gene analysis showed upregulated

quiescent markers in the G0-like cluster and downregulated

quiescent markers in the G1-like cluster (Figure S4C). We per-

formed G1 gene enrichment analysis and observed that G1-

like cells display higher G1 enrichment score (Figures 3D and

S4C). Piezo2 knockout increases the density of G1-like Sox2+

MB cells along pseudotime (Figure 3E), suggesting that Piezo2

knockout decreases the quiescence of Sox2+ MB cells.

Next, we performed immunostaining experiments to corrobo-

rate the cell cycle phenotype revealed by scRNA-seq. While

most neoplastic cells are cycling in MB (Figure S4D), the fraction

of Ki67+; Sox2+ cells (cycling Sox2+ cells) within total Sox2+ cells

is increased in Piezo2 knockout tumors (Figure 3F). Furthermore,

using Pcna as another marker for cycling cells, we found that the

fraction of Pcna+; Sox2+ cells within total Sox2+ cells is also

increased in Piezo2 knockout MB (Figure 3F). Collectively, these

data not only demonstrate the heterogeneity of Sox2+ MB cells,

which include both quiescent and cell cycling fractions, but also

show that Piezo2 knockout decreases the quiescence of Sox2+

MB cells.

Targeting Piezo2 enhances MB chemosensitivity
Next, we investigated the impact of Piezo2 knockout on therapy-

naive and chemotherapy-treated MB. Tumor-specific Piezo2

knockout did not alter the overall number of mitotic tumor cells,
1 mice.

HH-B, SHH-C) and two routes (green and red dotted lines) for cell state tran-

ing to SHH-B and SHH-A cell clusters. Cell cycle genes, such as Top2a, Pcna,

ysis shows cell state progression between two clusters. G1-like Sox2+MB cells

e. Three mice from each group were studied.

s elevated by Piezo2 knockout. Five P21mice from each groupwere studied for

cna+; Sox2+ quantification. Each data point represents data from one image.
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the apoptosis of Sox2+ MB cells, or mouse survival under ther-

apy-naive conditions (FiguresS5A–S5C). Etoposide,which forms

a complexwith topoisomerase II to inhibit DNA synthesis and cell

cycle progression, entered the brain to a limited extent (Zhou

et al., 2017). To interrogate BTB’s ability to ward off chemothera-

peutic agents, we examined MB-bearing mouse brains after

intraperitoneal etoposide injection. We performed matrix-assis-

ted laser desorption/ionization (MALDI) imagingmass spectrom-

etry (MS), which provides spatial information of molecules with a

specific molecular mass, and liquid chromatography-MS (LC-

MS), which identifies molecules of interest. Strikingly, we de-

tected more than 19-fold increase of etoposide in Math1-Cre;

SmoM2; Piezo2fl/fl MB compared with control 2 h post intraperi-

toneal injection (Figure 4A). Five daily etoposide treatments

dramatically reduced tumor burden and Dcx+ and NeuN+ tumor

cells in Math1-Cre; SmoM2; Piezo2fl/fl mice (Figures 4B and

4C). Importantly, the etoposide treatment increased apoptosis

in Sox2+ MB cells (Figures 4B and 4C) and extended the survival

of Math1-Cre; SmoM2; Piezo2fl/fl mice (Figure 4D). In stark

contrast, no survival benefit was detected in etoposide-treated

Math1-Cre; SmoM2 mice compared with vehicle-treated mice

of either genotype (Figure 4D). We treated cultured Sox2+ MB

cells derived from control and Piezo2 knockout tumors. While

Sox2+MB cells displayed an elevated apoptotic response to eto-

poside treatment in vivo, control and Piezo2 knockout MB Sox2+

cells displayed comparable apoptotic responses in vitro (Fig-

ure 4E). The in vitro culture condition promoted rapid cell cycling

of Sox2+ MB cells (Vanner et al., 2014). As such, the difference in

cell cycling betweencontrol andPiezo2 knockout Sox2+MBcells

observed in vivo was absent when these cells were cultured

in vitro (Figure S5D). These data suggest that in vivo reduction

of Sox2+ MB cell quiescence is a cell nonautonomous conse-

quence likely associated with the compromised BTB in Piezo2

knockout MB. Interestingly, etoposide was seen in brain tissue

adjacent to MB (Figure 4A). In agreement, we detected elevated
Figure 4. Piezo2 knockout unmasks therapeutic vulnerability of MB

(A) MALDI imaging mass spectrometry and LC-MS to identify etoposide in brains o

mass spectrometry signal in vehicle-treated brains is from tissue-endogenousmo

are determined by LC-MS.

(B) Etoposide treatment effect on tumor burden and apoptosis of Sox2+ MB cell

etoposide (n = 3) and Piezo2 knockout mice treated with vehicle (n = 4) and etopo

correction; mean ± SEM.

(C) Etoposide treatment effect on apoptosis of Sox2+MB cells, volume of Dcx+ ce

data point represents data from one image. Two-tailed t test; mean ± SEM.

(D) Etoposide treatment extends the survival of Piezo2 knockout mice. Etoposid

treated mice of either genotype. Control mice treated with vehicle (n = 12) and e

etoposide (n = 10) were studied. Kaplan-Meier survival curve was analyzed using

(E) Apoptotic response to etoposide of control and Piezo2 knockout Sox2+ MB c

represents data from one image. One-way ANOVA with Tukey’s multiple compa

(F) PIEZO2+; SOX2+; GFAP+ MB cells are identified in two scRNA-seq datasets o

(G) High PIEZO2 expression associates with worse survival of SHH MB patients u

rank test.

(H) PIEZO2 knockdown decreases human tumor cell coverage on capillaries, redu

between endothelial cells in ONS76 xenograft tumors. Three mice from each gro

image. One-way ANOVA with Tukey’s multiple comparisons correction; mean ±

(I) PIEZO2 knockdown increases distribution of Evans blue dye in ONS76 xenogra

Three mice from each group were studied. Each data point represents data from

mean ± SEM.

See also Figures S5 and S6.
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levels of Cadaverine in nontumoral brain tissue of mice bearing

Piezo2 knockout MB (Figure S5E). We postulate that etoposide

and Cadaverine entered through the disrupted BTB in MB and

were subsequently distributed to wider brain regions.

PIEZO2 is expressed in human SHH MB and regulates
BTB permeability
To investigate the human relevance of our findings frommice, we

analyzed two scRNA-seq datasets of human MB, both of which

include all four MB subgroups (Hovestadt et al., 2019; Riemondy

et al., 2022). In both datasets, PIEZO2+; SOX2+; GFAP+MB cells

were readily identified. PIEZO2+; SOX2+; GFAP+ cells were

selectively present in human SHH MB in the Riemondy et al. da-

taset, while PIEZO2+; SOX2+; GFAP+ cells were predominantly

present in human SHH MB and less frequently in other MB sub-

groups in the Hovestadt et al. dataset (Figure 4F). Interestingly,

PIEZO1 expression was prominent in groups 3 and 4 MB (Fig-

ure S5F). High PIEZO2 expression was associated with worse

survival of patients with SHH, but not WNT, groups 3 or 4 MB

(Figures 4G, S6A, and S6B). Notably, this association was also

detected when SHH MB patients under the age of 17 years,

who all had undergone chemotherapy treatment, were analyzed

(Figure 4G). We performed orthotopic xenograft using ONS76 (a

human SHH MB cell line) and SHH-MB-1 (a SHH MB patient-

derived line). In both xenograft tumors, human MB cells (labeled

by human-specific antigen STEM121; Figure S6C) that are in

direct contact with capillaries are detected (Figures 4H and

S6D). Xenograft tumors derived from ONS76 cells with PIEZO2

knockdown showed decreased tumor cell coverage on capil-

laries, reduced vascular basement membrane thickness, and

increased paracellular space between endothelial cells (Fig-

ure 4H). We performed retro-orbital injection of Evans blue dye

to assess vascular permeability in mice bearing control and

PIEZO2 knockdown xenograft tumors. PIEZO2 knockdown pro-

foundly increased Evans blue dye distribution in xenograft
f P21 mice intraperitoneally injected with vehicle or etoposide. MALDI imaging

lecule(s) at the samemolecular weight as etoposide. Etoposide concentrations

s. For tumor weight comparison: control mice treated with vehicle (n = 4) and

side (n = 5) were studied. One-way ANOVA with Tukey’s multiple comparisons

lls, and number of NeuN+ cells. Threemice from each group were studied. Each

e treatment provides no benefit to control mice in comparison with vehicle-

toposide (n = 11) and Piezo2 knockout mice treated with vehicle (n = 10) and

log-rank test.

ells in vitro. Cells from three mice were studied in each group. Each data point

risons correction; mean ± SEM.

f human MB.
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tumors (Figure 4I). Furthermore, we treated xenograft tumor-

bearing mice with vehicle or etoposide. Tumor cells displayed

comparable apoptosis between vehicle-treated mice bearing

control and PIEZO2 knockdown tumors. In contrast, etoposide

treatment elevated apoptosis in PIEZO2 knockdown tumors

compared with control (Figure 4I). Collectively, the identification

of PIEZO2+; SOX2+; GFAP+ tumor cells predominantly in human

SHH MB, the association between high PIEZO2 expression and

worse survival of SHHMB patients, and the BTB and chemosen-

sitivity phenotypes in xenograft tumors support a role of PIEZO2

in human MB.

Piezo2 governs WNT/b-catenin signaling in Sox2+ MB
cells and endothelial cells
Next, we investigated the mechanism by which Piezo2 regulates

the BTB and Sox2+MB cells. In the normal brain, WNT/b-catenin

signaling in endothelial cells is required for the formation of BBB

and its barrier properties (Arvanitis et al., 2020; Langen et al.,

2019; Sweeney et al., 2019). Tumor cells in MB driven by consti-

tutiveWNT signaling (WNTMB) secreteWNT antagonists to sup-

press WNT/b-catenin signaling in endothelial cells, resulting in a

compromised brain barrier and greater chemotherapeutic

response compared with SHH MB (Phoenix et al., 2016). Our

scRNA-seq data show that SHH MB harbors a microenviron-

ment with Wnt ligand expression (Figure S6E). Indeed, we de-

tected nuclear b-catenin and Lef1, both of which indicate active

WNT/b-catenin signaling, in endothelial cells of control MB (Fig-

ure 5A). Strikingly, WNT/b-catenin signaling is reduced in endo-

thelial cells of Piezo2 knockout MB (Figure 5A). To interrogate

Wnt/b-catenin signaling in Sox2+ MB cells, we performed three

comparisons. First, we compared nuclear b-catenin levels based

on immunostaining. Second, we compared the expression of

Axin2, a readout for Wnt/b-catenin signaling, as well as ‘‘Hall-

mark of WNT/b-catenin signaling’’ gene expression enrichment

score based on scRNA-seq. Third, we performed Lef1 immuno-

staining. We consistently detected increased nuclear b-catenin

signals (Figure 5B), increased Axin2 expression (Figure S6F),

and elevated Hallmark of WNT/b-catenin signaling gene expres-

sion enrichment score (Figure S6F) in Piezo2 knockout Sox2+

MB cells. We did not detect overt Lef1 immunostaining signal

in either control or Piezo2 knockout Sox2+ MB cells. b-catenin

nuclear import can occur independently of LEF/TCF transcrip-

tion factor binding (Fagotto et al., 1998; Prieve and Waterman,
Figure 5. Piezo2 governs WNT/b-catenin signaling states of Sox2+ MB
(A) b-catenin and Lef1 expression in endothelial cells in MB. Three to five P21 mic

data from one image. Two-tailed t test; mean ± SEM.

(B) b-catenin expression in Sox2+ MB cells. Five P21 mice from each group wer

mean ± SEM.

(C) Cell and nuclear aspect ratio or volume of endothelial cells in MB. Three P21 m

clear endothelial cell. Two-side t test; mean ± SEM.

(D) Cellular and nuclear aspect ratio or volume of Sox2+MB cell-ensheathed or pe

were studied. Each data point represents data from one random region of intere

(E) Nuclear b-catenin and LEF1 of human brain microvascular endothelial cells tre

stress. Three independent experiments from each group were performed. Eac

experiment, two-side t test was used; mean ± SEM. For compressive stress exp

used; mean ± SEM.

(F) Pdgfb expression in MB. Three P21 mice from each group were studied. Eac

See also Figure S6.
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1999). TCF/LEF-dependent and -independent regulation of nu-

clear b-catenin activity governs distinct subsets of WNT tran-

scriptional targets (Doumpas et al., 2019). We postulate that

activation of WNT/b-catenin signaling may engage Lef1-inde-

pendent downstream mechanisms in Piezo2 knockout Sox2+

MB cells. Our data suggest that Piezo2 knockout leads to a

modest increase of Wnt/b-catenin signaling in Sox2+ MB cells

without inducing overt Lef1 expression detectable by immuno-

staining. Taken together, Piezo2 governs WNT/b-catenin

signaling in endothelial cells and Sox2+ MB cells.

Volumetric compression is required for WNT/b-catenin
signaling in endothelial cells
In our study of endothelial cells, we discovered a striking corre-

lation between cell morphology and WNT/b-catenin signaling.

Control endothelial cells with active WNT/b-catenin signaling

display a higher cellular/nuclear aspect ratio (the ratio of long:-

short axis) as well as smaller cell/nuclear volume compared

with the WNT/b-catenin signaling-inactive endothelial cells in

Piezo2 knockout MB (Figures 5A, 5C, and S6G). This observa-

tion raises the prospect that Sox2+ MB cell ensheathment, peri-

cyte coverage, and vascular basement membrane contribute to

the compressed endothelial cell shape in control MB. In sup-

port of this notion, Sox2+ MB cell-ensheathed or pericyte-

covered endothelial cells display higher cellular/nuclear aspect

ratio and smaller cell/nuclear volume compared with endothe-

lial cells not in contact with Sox2+ MB cells or pericytes in con-

trol MB (Figure 5D). Volumetric compression can stem from

passive physical confinement and active cellular contraction.

We found that direct compressive stress decreases endothelial

cell volume in a magnitude-dependent manner (Figure S6I).

Cell-volume compression promotes WNT/b-catenin signaling

by stabilizing the LRP-Axin1 signalosome on the cell mem-

brane, leading to stabilization of b-catenin (Li et al., 2020,

2021). Therefore, we asked whether volumetric compression

increases WNT/b-catenin signaling in Wnt ligand-expressing

human brain microvascular endothelial cells (HBMECs) (Laksi-

torini et al., 2019). Indeed, both hypertonicity- and direct

compressive stress-induced cell-volume reduction increase

nuclear b-catenin and LEF1 in HBMECs (Figures 5E, S6H,

and S6I), while hypotonic medium increases cell volume and

reduces nuclear b-catenin and LEF1 (Figure S6J). Wnt/b-cate-

nin signaling in endothelial cells promotes expression of Pdgfb,
cells and endothelial cells
e from each group were studied for quantification. Each data point represents

e studied. Each data point represents data from one image. Two-tailed t test;

ice from each group were studied. Each data point represents data from one

ricyte-covered endothelial cells of control MB. Three P21mice from each group

st. Two-side t test; mean ± SEM.

ated with vehicle or polyethylene glycol (PEG) or with or without compressive

h data point represents data from one random region of interest. For PEG

eriment, one-way ANOVA with Tukey’s multiple comparisons correction was

h data point represents data from one image. Two-side t test; mean ± SEM.
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which signals from endothelial cells to Pdgfrb+ pericytes for

their recruitment to capillaries (Reis et al., 2012). Consistent

with the loss of WNT/b-catenin signaling, endothelial cells in

Piezo2 knockout MB display reduced Pdgfb expression (Fig-

ure 5F). Therefore, volumetric compression of endothelial cells

is associated with Sox2+ MB cell ensheathment and pericyte

coverage in BTB. Compressive stress can increase WNT/b-cat-

enin signaling. Loss of WNT/b-catenin signaling in endothelial

cells reduces capillary expression of Pdgfb, leading to defec-

tive recruitment of pericytes.

Sox2+ MB cells perceive substrate stiffness to promote
actomyosin-dependent process growth
As Piezo2 knockout Sox2+ MB cells fail to extend processes to

ensheathe capillaries (Figure 2A), we investigated the mecha-

nism by which Piezo2 promotes process growth of Sox2+ MB

cells. The growth cone of a neuronal axon generates actomyosin

stress fiber-dependent tension and adhesion, both of which are

required for axonal elongation (Kerstein et al., 2015). Localized

calcium influx at the growth cone regulates axon growth through

actomyosin (Gomez and Letourneau, 2014). In breast cancer

cells, PIEZO2 promotes stress fiber formation and traction force

generation for cell migration and invasion (Pardo-Pastor et al.,

2018). PIEZO channel activity increases as a response to sub-

strate stiffening (Murthy et al., 2017). Therefore, we hypothesized

that process growth of Sox2+ MB cells depends on Piezo2- and

substrate stiffness-dependent tension and adhesion at growth

cone-like domains (hereafter referred to as growth cones).

Indeed, the growth cones of Sox2+ MB cell processes are

Piezo2-dependent ‘‘hotspots’’ that sustain high local intracel-

lular calcium, actomyosin tension, and adhesion (Figures 6A

and 6B). Cells perceive and respond to substrate stiffness in

part by applying nanonewton-scale traction force onto their sub-

strate. By traction force microscopy, we found that Sox2+ MB

cells apply Piezo2-dependent traction force at growth cones
Figure 6. Piezo2 regulates actomyosin-dependent cellular process gr

cence of Sox2+ MB cells

(A) Piezo2 sustains intracellular calcium level at distal processes but not soma of S

in each group. Each data point represents one cell. Two-side t test; mean ± SEM

(B) Piezo2 promotes the assembly of stress fiber and Vinculin, and phosphorylatio

cell processes. Cells from 3 P21 mice were cultured on 5k Pa substrate and studi

Two-side t test; mean ± SEM.

(C) Traction force microscopy shows that Sox2+ MB cells apply force on their su

length and direction indicate amplitude and direction of Sox2+ MB cell-generated

substrate and studied in each group. Each data point represents one cell. Two-s

(D) The 3D magnetic tweezer system applies magnetic force to mobilize magnet

Three P21 mice from each group were studied. Each data point represents mea

curve fitting.

(E) Substrate stiffness increases cellular process growth, stress fiber thickness, an

at 1k and 5k Pa stiffness. Cells from three P21 mice were studied in each group.

mean ± SEM.

(F) b-catenin and E-cadherin at distal processes of GFAP+ Sox2+ MB cells. Three

one image. Two-tailed t test; mean ± SEM.

(G) b-catenin and E-cadherin at processes of control Sox2+ MB cells treated with

CalyA. Cells from three P21 mice were cultured on 5k Pa substrate and studied in

Two-sided t test; mean ± SEM.

(H) Quantification of the fraction of Ki67+ cycling Sox2+ MB cells treated with veh

studied in each group. Each data point represents data from one image. Two-sid

See also Figures S7 and S8.
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but not soma (Figure 6C), revealing growth cones as the primary

sites through which Sox2+ MB cells mechanically interact with

their microenvironment. The Src family tyrosine kinase Fyn can

be activated by increased intracellular calcium. Activated Fyn lo-

calizes to focal adhesions to promote stress fiber formation and

RhoA activation, which in turn elevates actomyosin tension.

Piezo2 promotes the activation of RhoA-GTP and Fyn localiza-

tion at focal adhesions at Sox2+ MB cell growth cones (Fig-

ure S7A), consistent with such roles played by PIEZO2 during

breast cancer cell migration (Pardo-Pastor et al., 2018). Control

and Piezo2 knockout Sox2+ MB cells display comparable Cal-

pain activity and no SerpinB2 expression (Figure S7A).

While normal brain stiffness is �200 Pa, human MB develops

tissue stiffness of 1.9–75.7 kPa as determined by Raman spec-

troscopy and atomic force microscopy (Abramczyk and Imiela,

2018). We investigated whether substrate stiffness regulates

Sox2+ MB cell process growth. To determine MB tissue stiff-

ness, we custom-built a 3D magnetic tweezer system, which

generates a magnetic field to mobilize magnetic beads that

have been injected into fresh MB tissue slices. Coupled with

live imaging, the extent of magnetic force-induced bead

displacement revealed local tissue stiffness (Figure 6D). Strik-

ingly, MB developed tissue stiffness gradient as a function of

distance to capillaries. Locoregional tissue stiffness decreased

by 2–3 orders of magnitude within a 100 mm range surrounding

capillaries (Figure 6D). Piezo2 knockout MB displayed a shal-

lower tissue stiffness gradient (Figure 6D). As MB developed in-

tratumoral tissue stiffness gradient, we asked whether sub-

strate stiffness promotes Sox2+ MB cell process growth in a

Piezo2-dependent manner. Indeed, high substrate stiffness

promoted stress fiber assembly, focal adhesion formation,

and process growth of control but not Piezo2 knockout

Sox2+ MB cells (Figure 6E). Decreasing actomyosin tension us-

ing ROCK inhibitor Y-27632 decreased the process growth of

control Sox2+ MB cells (Figure S7B) while increasing
owth and is required for b-catenin sequestration to maintain quies-

ox2+MB cells cultured on 5k Pa substrate. Cells from 3 P21mice were studied

.

n of myosin light chain II (MLC2), Fak, and Paxillin at growth cones of Sox2+MB

ed in each group. Each data point represents measurement from one process.

bstrate at growth cones, a mechanical property dependent on Piezo2. Arrow

traction force, respectively. Cells from three P21 mice were cultured on 5k Pa

ided t test; mean ± SEM.

ic beads, the displacement of which determines locoregional tissue stiffness.

surement from one magnetic bead. Two sample t test. Exponential model for

d focal adhesion size in a Piezo2-dependent manner in Sox2+MB cells cultured

Each data point represents measurement from one process. Two-sided t test;

P21 mice from each group were studied. Each data point represents data from

vehicle or Y-27632, or Piezo2 knockout Sox2+ MB cells treated with vehicle or

each group. Each data point represents measurement from one process area.

icle or Wnt5a. Cells from three P21 mice were cultured on 5k Pa substrate and

ed t test; mean ± SEM.
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Figure 7. Piezo2 regulates force generation and distribution within the BTB

(A) Simulation of force generation and distribution within the BTB.

(B) A schematic demonstrates that Sox2+MB cells project endfeet to ensheathe capillaries in BTB. Piezo2 knockout disrupts BTB by reducing Sox2+MB cell and

pericyte coverage on capillaries and compromising basement membrane and tight junction. High substrate stiffness promotes actomyosin assembly, tension,

and adhesion at Sox2+ MB cell growth cones, which increase process growth and allow b-catenin and E-cadherin complex formation to prevent WNT/b-catenin

signaling in Sox2+ MB cells. Piezo2 knockout mechanically relaxes Sox2+ MB cell growth cones, which suppresses process growth and releases b-catenin to

license Sox2+ MB cells for WNT/b-catenin signaling. Volumetric compression, which is associated with Sox2+ MB cell endfeet ensheathment and pericyte

coverage, is required forWNT/b-catenin signaling in endothelial cells. Piezo2 knockout disrupts BTB and decreases Sox2+MB cell quiescence, thereby elevating

the chemosensitivity of MB.

See also Figures S8 and S9.
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actomyosin tension using Calyculin A (CalyA) rescued the pro-

cess growth of Piezo2 knockout Sox2+ MB cells (Figure S7C).

Together, these data show that Piezo2 perceives substrate

stiffness to increase actomyosin-dependent tension and adhe-

sion at growth cones, which promotes process growth of

Sox2+ MB cells.
Piezo2 is required for b-catenin sequestration to
maintain quiescence of Sox2+ MB cells
Actomyosin tension promotes E-cadherin/b-catenin complex

formation to maintain cell-cell adhesion, a process that restricts

b-catenin from entering nucleus to activate WNT/b-catenin

signaling (Hall et al., 2019). Given that Piezo2 knockout
Neuron 111, 30–48, January 4, 2023 43
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Sox2+ MB cells are shifted toward a WNT/b-catenin-active state

in vivo (Figure 5B), we hypothesized that Piezo2-dependent

actomyosin tension at cellular processes sequesters b-catenin

with E-cadherin to prevent WNT/b-catenin signaling activation.

In support of this hypothesis, Piezo2 knockout decreases E-cad-

herin/b-catenin co-localization at distal processes and increases

b-catenin distribution at soma of Sox2+ MB cells (Figures 6F and

S7D). Decreasing actomyosin tension using ROCK inhibitor

Y-27632 suppresses E-cadherin/b-catenin co-localization at

the processes of control Sox2+ MB cells while increasing acto-

myosin tension using CalyA promotes E-cadherin/b-catenin

co-localization at the processes of Piezo2 knockout Sox2+ MB

cells (Figure 6G). Treating Sox2+ MB cells with Wnt5a, a Wnt

ligand present in MB microenvironment (Figure S6E), activates

WNT/b-catenin signaling and increases cell cycling in Piezo2

knockout but not control Sox2+ MB cells (Figures 6H and S7E).

Therefore, Piezo2 is required for actomyosin-dependent b-cate-

nin sequestration to prevent WNT/b-catenin signaling activation

in Sox2+ MB cells, a state that maintains their quiescence.

Piezo2 regulates force generation and distribution
within the BTB
Pericytes, which protrude processes to cover capillaries, display

prominent expression of phosphorylated myosin light chain 2

(MLC2), a marker of cell contractility (Figure S8A), highlighting

pericytes as the main source of mechanical stress within the

BTB. Since Sox2+ MB cells ensheathe endothelial cells, peri-

cytes generate mechanical stress, and endothelial cells are volu-

metrically compressed, we postulated that BTB is a mechani-

cally integrated structure. To holistically investigate mechanical

stress within BTB, we computationally constructed a multilay-

ered structure consisting of Sox2+ MB cell endfeet, pericyte,

vascular basement membrane, and endothelial cells. We applied

pericyte-generated contractile force in this structure (see STAR

Methods). The simulation of mechanical stress within BTB of

control and Piezo2 knockout MB offered several insights (Fig-

ure 7A; Video S1). First, pericyte-generated stress is transmitted

to all cellular and extracellular BTB components, including Sox2+

MB cell endfeet, pericyte, basement membrane, and endothelial

cells (Figure 7A). Second, Sox2+ MB cell ensheathment helps

localize pericyte-generated stress within the ensheathed area

(Figure 7A). Third, the basement membrane converts pericyte

contraction into compressive stress applied to endothelial cells

(Figure 7A). Fourth, basement membrane bears most mechani-

cal stress, including compression and tension, within the BTB

(Figures 7A, S8B, and S9). In Piezo2 knockout BTB, the en-

sheathed basement membrane and endothelial cells bear high

localized stress (Figure 7A, red arrow), while nonensheathed

basement membrane and endothelial cells experience low

stress (Figure 7A, blue arrow). The simulation data support that

BTB is a mechanically integrated structure that generates and

distributes stress, and such mechanical homeostasis is gov-

erned by Piezo2.

DISCUSSION

Overcoming the BTB for therapeutics to achieve pharmacologi-

cally meaningful concentrations in the brain is an unmet clinical
44 Neuron 111, 30–48, January 4, 2023
need. Tumor cell differentiation into endothelial cells (Hu et al.,

2016; Ricci-Vitiani et al., 2010; Wang et al., 2010) or pericytes

(Cheng et al., 2013; Zhou et al., 2017) has been shown to

contribute to the BTB, thereby promoting the chemoresistance

of glioblastoma. However, it is unknown whether glioblastoma

cells directly contribute to BTB without transdifferentiation into

endothelial cells or pericytes. Here we report Sox2+ MB cells

as direct contributors to BTB formation and function, Piezo2 as

an orchestrator of mechano-chemical signaling that governs

Sox2+ MB cell and BTB states, and the BTB as a mechanically

integrated unit (Figure 7B). Sox2+ MB cells comprise a small

population of the total tumor cells in SHH MB (Vanner et al.,

2014). While Piezo2 knockout altered the mechanical and quies-

cent properties of Sox2+ MB cells and comprised the BTB, the

overall numbers of mitotic tumor cells are comparable between

control and Piezo2 knockoutMB (Figures S5A and S5B), demon-

strating that Piezo2 knockout does not alter the proliferative

output of MB at therapy-naive state. This is consistent with the

comparable survival between control and Piezo2 knockout

MB-bearing mice (Figure S5C). Therefore, the primary conse-

quence of Piezo2 knockout appears to be elevating MB chemo-

sensitivity. While we uncovered the role of Piezo2 in Sox2+ MB

cells, the overall significance of this neoplastic cell population

in BTB may be elucidated by genetically depleting such cells in

MB. MB comprises four subgroups (SHH, WNT, group 3, group

4), each characterized by distinct genomic, epigenetic, tran-

scriptomic, and clinical features (Hovestadt et al., 2019; Rie-

mondy et al., 2022). As our study focused on SHH MB, it would

be of clinical significance to investigate whether group 3 or 4-MB

cells, which express PIEZO1 (Figure S5F), utilize mechanotrans-

duction to govern their BTB. Recent studies investigated Piezo

channels in Wnt/b-catenin signaling. During bone development,

Piezo1/2 perceive mechanical signals to increase b-catenin ac-

tivity by promoting NFAT/YAP1/b-catenin complex formation

(Zhou et al., 2020). Hydrostatic pressure regulates the expres-

sion of Wnt ligands (WNT5b and WNT16) through PIEZO1 in

stem cells from human teeth (Miyazaki et al., 2019). Herein,

Piezo2 promotes actomyosin tension to sequester b-catenin

thereby preventing ectopic Wnt/b-catenin signaling (rather than

activating this pathway) in the context of brain cancer.

We suggest that Sox2+ MB cell ensheathment, pericyte force,

and high locoregional tissue stiffness maintain a mechanical

niche for the BTB. Perturbing a component of the mechanical

niche, such as endfeet ensheathment, pericyte coverage or

contractility, or basement membrane integrity, can compromise

the brain barrier. As Sox2+ MB cells display mechanosensitivity

to solid and shear stress (Figures 1G and 1H), mechanosensitive

ion channelsmay allow tumor cells to respond tomultimodal me-

chanical cues in the microenvironment. Indeed, PIEZO2 regu-

lates stress fiber formation and traction force generation in

breast cancer cells in favor of brain metastasis (Pardo-Pastor

et al., 2018). Additionally, the mechanosensitive ion channel

TRPM7 governs shear stress-dependent tumor cell intravasation

and the establishment of metastatic lesions (Yankaskas

et al., 2021).

We reported that glioma cells express PIEZO1 to perceive tis-

sue mechanics and promote tumor stiffening and proliferation

(Chen et al., 2018). Given that glioma cells display complex
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cellular processes, they may also physically cover blood vessels

to form a mechanosensitive BTB. CNS metastasis occurs in

�20% of all cancer patients, with the highest occurrences in

lung cancer, breast cancer, and melanoma (Achrol et al.,

2019). While small-cell lung cancer is sensitive to chemotherapy

that combines etoposide and cisplatin, neither drug penetrates

the brain barrier, leaving brain metastases unaffected by chemo-

therapy (Sarkaria et al., 2018). It is imperative to investigate

whether metastatic cells in the brain develop mechanosensitive

BTB to prevent access to systemically administered drugs.

Vasculature has been intensely studied as an anatomical and

signaling niche. Our discovery of tissue stiffness gradient adja-

cent to blood vessels opens investigations to determine whether

vasculature-related cell behaviors (tumor invasion along

vascular pathways, stemness, metabolic zonation, just to

name a few) are regulated by this newfound mechanical trait.

Furthermore, the immune microenvironment may be altered by

a more permeable BTB. Future investigations are warranted to

profile the infiltration and functional states of immune cell types

and determine the benefit of using immunotherapy to treat

mice bearing Piezo2 knockout MB. Another implication of our

work is that mechanics may regulate the BBB of brain disorders.

Multiple clinical trials use transcranial focused ultrasound (t-

FUS)-activation of microbubbles to transiently open the BBB or

BTB to treat brain disorders or tumors (Sprowls et al., 2019). It

is important to determine whether mechanotransduction inter-

ference underlies the utility of these clinical procedures.

In conclusion, our study reveals that mechanosensitive tumor

cells construct the BTB in SHH MB and defines a Piezo2-medi-

ated mechanism that controls the accessibility of systemically

administered therapeutics to brain tumors.
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Antibodies

Chicken anti-GFAP EMD Millipore Cat# AB5541; RRID:AB_177521

Mouse anti-GFAP EMD Millipore Cat# MAB360; RRID:AB_11212597

Mouse anti-Sox2 Abcam Cat# ab79351; RRID:AB_10710406

Rabbit anti-Sox2 Abcam Cat# ab97959; RRID:AB_2341193

Mouse anti-Dcx Abcam Cat# ab135349

Rabbit anti-NeuN Abcam Cat# ab104225; RRID:AB_10711153

Mouse anti-NeuN EMD Millipore Cat# MAB377; RRID:AB_2298772

Rabbit anti-Desmin Abcam Cat# ab32362; RRID:AB_731901

Rat anti-CD31 BD Biosciences Cat# 550274; RRID:AB_393571

Rabbit anti-Slc2a1 EMD Millipore Cat# 07-1401; RRID:AB_1587074

Rat anti-Plvap Bio-Rad Cat# MCA2539GA; RRID:AB_931734

Rabbit anti-Pdgfrb Abcam Cat# ab32570; RRID:AB_777165

Rabbit anti-ColIV Bio-Rad Cat# 2150-1470; RRID:AB_2082660

Rabbit anti-ZO-1 Thermo Fisher Scientific Cat# 61-7300; RRID:AB_2533938

Rabbit anti-Ki67 Abcam Cat# ab15580; RRID:AB_443209

Mouse anti-Nestin EMD Millipore Cat# MAB353, RRID:AB_94911

Rabbit anti-Pax6 BioLegend Cat# 901301; RRID:AB_2565003

Mouse anti-phospho-Histone 3 Cell Signaling Technology Cat# 9706; RRID:AB_331748

Mouse anti-PCNA Santa Cruz Biotechnology Cat# sc-56; RRID:AB_628110

Rabbit anti-cleaved-Caspase-3 Cell Signaling Technology Cat# 9661; RRID:AB_2341188

Chicken anti-GFP Aves Labs Cat# GFP-1010; RRID:AB_2307313

Mouse anti-GFP Clontech Cat# 632381; RRID:AB_2313808

Rabbit anti-tdTomato Rockland Inc. Cat# 600-401-379; RRID:AB_2209751

Mouse anti-STEM121 Takara Bio Inc. Cat# Y40410; RRID:AB_2801314

Rabbit anti-Ng2 Millipore Sigma Cat# AB5320, RRID:AB_91789

Rabbit anti-Fibrinogen Abcam Cat# ab34269; RRID:AB_732367

Mouse anti-b-Catenin BD Biosciences Cat# 610153; RRID:AB_397554

Rabbit anti-Lef1 Cell Signaling Technology Cat# 2230; RRID:AB_823558

Rabbit anti-Pdgfb Thermo Fisher Scientific Cat# bs-0185R; RRID:AB_10859010

Mouse anti-phospho myosin light chain 2 (Ser19) Cell Signaling Technology Cat# 3675; RRID:AB_2250969

Mouse anti-P-glycoprotein Thermo Fisher Scientific Cat# MA1-26528; RRID:AB_795165

Rat anti-E-cadherin Invitrogen Cat# 14-3249-82; RRID:AB_1210458

Mouse anti-Laminin Alpha-2 Abcam Cat# ab236762

Goat anti-Laminin Alpha-4 R&D Systems Cat# AF3837; RRID:AB_2249744

Mouse anti-Claudin5 Invitrogen Cat# 352588; RRID:AB_2532189

Rabbit anti-phospho myosin light chain 2 (Ser19) Cell Signaling Technology Cat# 3671; RRID:AB_330248

Mouse anti-RhoA-GTP NewEast Biosciences Cat# 26904; RRID:AB_1961799

Rabbit anti-RhoA Cell Signaling Technology Cat# 2117; RRID:AB_10693922

Mouse anti-Fyn BD Biosciences Cat# 610163; RRID:AB_397564

Rabbit anti-phospho-FAK (Tyr397) Invitrogen Cat# 44-624G; RRID:AB_2533701

Rabbit anti-phospho-Paxillin (Tyr118) Invitrogen Cat# 44-722G; RRID:AB_2533733

Mouse anti-Vinculin EMD Millipore Cat# MAB3574; RRID:AB_2304338

Rabbit anti-SerpinB2 Abcam Cat# ab137588; RRID:AB_2891205
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Bacterial and virus strains

pLKO.1-shPIEZO2 #1 Dharmacon Clone ID:

TRCN0000123251

pLKO.1-shPIEZO2 #2 Dharmacon Clone ID:

TRCN0000123253

pcDNA3.1+-Piezo2 cDNA GenScript Clone ID:

OMu00667

Chemicals, peptides, and recombinant proteins

Phalloidin Cell Signaling Technologies Cat# 8878S

DAPI Sigma-Aldrich Cat# D9564

XenoLight D-Luciferin Potassium Salt PerkinElmer Health

Sciences Canada, Inc.

Cat# 122799

Sulfo SANPAH Crosslinker Sigma Aldrich Cat# 803332

Poly-L-ornithine solution Sigma Aldrich Cat# P4957

Laminin from Engelbreth-Holm-Swarm

murine sarcoma basement membrane

Sigma Aldrich Cat# L2020

NeuroCult NS-A Basal Medium (Mouse & Rat) StemCell Technologies Cat# 05700

Recombinant human EGF Sigma Aldrich Cat# E9644

Basic FGF StemCell Technologies Cat# 02634

B27 Supplement GIBCO Cat# 12-587-001

Accutase StemCell Technologies Cat#07920

Fluo-4 AM Invitrogen Cat# F14201

Fura Red Invitrogen Cat# F3020

Dimethyl sulfoxide Fisher Scientific Cat# BP231-100

Y-27632 Tocris Cat# 1254

Calyculin A (CalyA) Tocris Cat# 1336

Fluospheres� Carboxylate-

Modified Microspheres

Thermo Scientific Cat# F8810

Recombinant Human/Mouse

Wnt-5a Protein

R&D Systems Cat# 645-WN-010

Etoposide (VP-16) Santa Cruz Biotechnology Cat# sc-3512

Gadolinium chloride (GdCl3) Tocris Cat# 4741

Cadaverine-Alexa555 Invitrogen Cat# A30677

Dextran-Alexa555 Invitrogen Cat# D34679

Evans blue Sigma Aldrich Cat# E2129

polyethylene glycol 1500 (PEG1500) Sigma-Aldrich Cat# 10783641001

Critical commercial assays

Trypan Blue Solution, 0.4% ThermoFisher Scientific Cat# 15250061

RNeasy Plus Mini Kit Qiagen Cat# 74134

Nucleofector Kits for Mouse Neural

Stem Cells

Lonza Cat# VVPG1004

Calpain Activity Assay Kit (ab65308) Abcam Cat# ab65308

SensiFAST� cDNA Synthesis Kit Bioline Cat# BIO-65054

ApopTag� Fluorescein In Situ

Apoptosis Detection Kit

(TUNEL assay)

Sigma-Aldrich Cat# S7110

Deposited data

Mouse scRNAseq data This paper

SRA: PRJNA588007 and GEO: GSE197402
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scRNA-seq datasets of Human MBs Hovestadt et al., 2019;

Riemondy et al., 2022 GEO: GSE119926 and GEO: GSE156053

RNA-seq or microarray data

from human SHH MBs

Cavalli et al., 2017;

Ramaswamy and

Taylor, 2019;

Suzuki et al., 2019

EGA: EGAD00001001899, EGA:

EGAD00001004958, and GEO: GSE85218

Experimental models: Cell lines

Mouse Sox2+ MB cells This paper N/A

ONS76 cell line Laboratory of Dr. Michael

D. Taylor

N/A

Human brain microvascular

endothelial cells (hCMEC/D3)

Cedarlane Labs Cat# CLU512

MDA-MB-231 cells Gift from Drs. Joan

Massagué and

Adrienne Boire;

Boire et al., 2017

N/A

Experimental models: Organisms/strains

Ptch1+/- The Jackson Laboratory RRID:IMSR_JAX:003081

Math1-Cre The Jackson Laboratory RRID:IMSR_JAX:011104

Rosa26-LSL-SmoM2-YFP The Jackson Laboratory RRID:IMSR_JAX:005130

Sox2GFP The Jackson Laboratory RRID:IMSR_JAX:017592

Piezo2-EGFP-IRES-Cre (Piezo2tm1.1(cre)Apat) The Jackson Laboratory RRID:IMSR_JAX:027719

Piezo2fl/fl (Piezo2tm2.2Apat) The Jackson Laboratory RRID:IMSR_JAX:027720

Piezo1P1-tdT (Piezo1tm1.1Apat) The Jackson Laboratory RRID:IMSR_JAX:029214

Piezo1fl/fl (Piezo1tm2.1Apat) The Jackson Laboratory RRID:IMSR_JAX:029213

tdTomato reporter The Jackson Laboratory RRID:IMSR_JAX:007914

Oligonucleotides

mPiezo2-Forward:

AAGCAAACGAGAACTTTACATGG

This paper N/A

mPiezo2-Reverse:

AGCACGTATACATCAGTCACAGC

This paper N/A

mTrpc1-Forward:

GTCGCACCTGTTATTTTAGCTGC

This paper N/A

mTrpc1-Reverse:

TGGGCAAAGACACATCCTGC

This paper N/A

mTrpv4-Forward:

ATGGCAGATCCTGGTGATGG

This paper N/A

mTrpv4-Reverse:

GGAACTTCATACGCAGGTTTGG

This paper N/A

mTrpm7-Forward:

AGGATGTCAGATTTGTCAGCAAC

This paper N/A

mTrpm7-Reverse:

CCTGGTTAAAGTGTTCACCCAA

This paper N/A

mTmem63a-Forward:

GGCTGTGTTTGTCCGTGAG

This paper N/A

mTmem63a-Reverse:

GGATGCCTCCAAAGGTGACC

This paper N/A

mGapdh-Forward:

TTCACCACCATGGAGAAGGC

This paper N/A

mGapdh-Reverse:

GGCATGGACTGTGGTCATGA

This paper N/A
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Recombinant DNA

Plasmid: pLKO.1-shPIEZO2 #1 Dharmacon Clone ID:

TRCN0000123251

Plasmid: pLKO.1-shPIEZO2 #2 Dharmacon Clone ID:

TRCN0000123253

Plasmid: pcDNA3.1+-Piezo2 cDNA GenScript Clone ID:

OMu00667

Software and algorithms

GraphPad Prism 9 GraphPad Software, Inc. https://www.graphpad.com/

scientific-software/prism/

pClamp10 Molecular Devices https://www.moleculardevices.com/

products/axon-patch-clamp-system#gref

MATLAB The MathWorks https://www.mathworks.com/

Image J National Institutes of Health https://imagej.nih.gov/ij/

Leica LAS software Leica Microsystems https://www.leica-microsystems.com/

products/microscope-software/p/leica-las-x-ls/

Fleximaging v3.0 Bruker Corporation https://www.directindustry.com/

prod/bruker-daltonics/product-30029-1007957.html

Imaris 9.3 Oxford Instruments https://imaris.oxinst.com/versions/9-3

MALDI: SCiLS (2015b) Bruker Corporation https://www.bruker.com/en/

products-and-solutions/mass-spectrometry/

ms-software/scils-lab.html

LC-MS/MS: XCMS Smith et al., 2006 https://pubs.acs.org/doi/10.1021/ac051437y

Cell Ranger v 3.0 10X Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

downloads/latest

Velocyto.py v0.17 La Manno et al., 2018 http://velocyto.org/

R v3.6 The R Project https://cran.r-project.org/bin/windows/

base/old/3.6.3/

Python v3.6.3 Python Software Foundation https://www.python.org/downloads/

release/python-363/

Seurat v4.0.6 Hao et al., 2021 https://satijalab.org/seurat/

SeuratWrappers v0.3.0 The Satija Lab https://github.com/satijalab/seurat-wrappers

Velocyto.R v0.6 La Manno et al., 2018 http://velocyto.org/

DESseq2 v1.26.0 Love et al., 2014 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

ClusterProfiler v3.14.3 Yu et al., 2012 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

biomaRt v2.50 Durinck et al., 2009 https://bioconductor.org/packages/

release/bioc/html/biomaRt.html

AUCell v1.16.0 Aibar et al., 2017 https://www.bioconductor.org/

packages/release/bioc/html/AUCell.html

Biobase v2.54.0 Huber et al., 2015 https://bioconductor.org/packages/

release/bioc/html/Biobase.html

BiocGenerics v0.40.0 Huber et al., 2015 https://bioconductor.org/packages/

release/bioc/html/BiocGenerics.html

survival v3.2.13 The R Project https://cran.r-project.org/web/packages/

survival/index.html

Dynverse (dyno v0.1.2,

dynwrap v1.2.2,

dynmethods v1.0.5,

dynguidelines v1.0.1,

dynfeature v1.0.0)

Saelens et al., 2019 https://dynverse.org/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents should be directed to and will be fulfilled by the lead contact, Xi Huang (xi.huang@

sickkids.ca).

Materials availability
Reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
Raw scRNA-seq data of mouse medulloblastoma have been deposited at Sequence Read Archive (SRA) and Gene Expression

Omnibus (GEO). They are publicly available at the date of publication. The accession numbers are listed in key resources table.

This paper analyzed publicly available scRNA-seq, bulk RNA-seq, and microarray datasets of human medulloblastoma, which

were downloaded from GEO and European Genome-phenome Archive (EGA). These accession numbers are listed in key re-

sources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse
Ptch1+/- (Goodrich et al., 1997), Math1-Cre (Yang et al., 2008), Rosa26-LSL-SmoM2-YFP (Ligon et al., 2007), Sox2-GFP (B6;129S-

Sox2tm2Hoch/J) (Arnold et al., 2011), Piezo2-EGFP-IRES-Cre (Piezo2tm1.1(cre)Apat) (Woo et al., 2014), Piezo2fl/fl (Piezo2tm2.2Apat) (Woo

et al., 2014),Piezo1P1-tdT (Piezo1tm1.1Apat) (Ranade et al., 2014a),Piezo1fl/fl (Piezo1tm2.1Apat) (Cahalan et al., 2015)micewere previously

described. Math1-Cre; SmoM2 mice develop SHH MB due to hyperactive SHH signaling induced by SmoM2 (the constitutively

active form of SHH pathway receptor Smo) in cerebellar granule neuron precursors (CGNPs), achieved by CGNP-specific driver

Math1-Cre (Sch€uller et al., 2008; Yang et al., 2008). Ptch1+/-mice develop SHHMB due to loss of one allele of SHH pathway inhibitor

Ptch1 and subsequent loss-of-heterozygosity (Goodrich et al., 1997), which drives constitutive SHH signaling in CGNPs.We crossed

Math1-Cremice withAi14 reporter mice (Jax strain:007914) to drive the expression of tdTomato inMath1-lineage cells. For xenograft

mice,Med813FH (SHH-MB-1, SHHMB from a 2-year-oldmale, purchased fromBrain tumour Resource Laboratory), andONS76 cell

lines (Garzia et al., 2018) were used. Xenograft procedures were previously described (Donovan et al., 2020; Francisco et al., 2020).

For genetically engineered mouse models, both sexes were included in the study. For xenograft experiments, 8-week old female

NOD scid gamma/J#5557 immunodeficient mice were used. Mouse age is specified in the figures or text. Most mice from genetically

engineered models were studied before reaching sexual maturity (at P21 or earlier). The influence of sex was not evaluated in

this study.

For survival analysis, micewere either intraperitoneally injectedwith vehicle or etoposide (Santa Cruz, sc-3512A) at 30 mg/10 g daily

beginning at P18. ForMALDI imagingmass spectrometry, micewere intraperitoneally injectedwith vehicle or etoposide at 30 mg/10 g

at P21. Two hours after injection, mice were euthanized. MB tissueswere snap-frozen on an aluminumboat in liquid nitrogen for 5mi-

nutes, stored at -80 C�, and processed for experiments. For immunohistochemistry after chemotherapy, P18 mice or xenograft mice

were intraperitoneally injected with vehicle or etoposide at 30 mg/10 g for 5 consecutive days. The brains were collected at P23. To

quantify the weight ratio of MB to the whole brain, P18mice were intraperitoneally injected with vehicle or etoposide at 30 mg/10 g for

6 consecutive days. The brains wereweighted at P24.Miceweremaintained in specific pathogen-free conditions in the animal facility

with 12:12 h light/dark cycles. Our mouse protocol (19-0288H) was approved by The Centre for Phenogenomics (TCP) Animal Care

Committee. All mouse procedures were performed in compliance with Animals for Research Act of Ontario and the Guidelines of

Canadian Council on Animal Care.

Cell cultures
Mouse Sox2+ MB cells were isolated from primary tumors of P21 control (Math1-Cre; SmoM2) and Piezo2 knockout (Math1-Cre;

SmoM2; Piezo2fl/fl) mice and cultured as previously described (Huang et al., 2010). Briefly, MB were dissociated by repetitive pipet-

ting using ice-cold PBSwithoutMg2+ andCa2+, followed by treatment using 50%Accutase diluted in PBS. The dissociated cells were

cultured on plates coated with poly-L-ornithine and laminin, using Neurocult NS-A Basal media (Mouse & Rat) supplemented with

2 mM L-glutamine, 1x B27-A (Gibco), 1x hormone mix (in-house N2 supplement), 75 mg/mL BSA, 20 ng/ml human rhEGF

(STEMCELL Technologies), 20 ng/ml human bFGF (STEMCELL Technologies), and 2 mg/mL heparin (Sigma-Aldrich). Half of the me-

dia were replaced by fresh media every 3 days. MDA-MB-231 cells are Gift from Drs. JoanMassagué and Adrienne Boire. Cells were

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Human brain microvas-

cular endothelial cells (hCMEC/D3) were purchased from Cedarlane Labs (Cat. #CLU512) and cultured according to the company

data sheet.
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METHOD DETAILS

Immunohistochemistry and image quantifications
Immunohistochemistry and hematoxylin and eosin (H&E) staining were performed on CRYO- or paraffin-embedded tissue sections.

For xenograft tumors, Med813FH (SHHMB from a 2-year-old male, purchased fromBrain tumour Resource Laboratory), andONS76

cell lines (Garzia et al., 2018) were used. Xenograft procedures were previously described (Donovan et al., 2020; Francisco

et al., 2020).

Primary antibodies were Anti-GFAP (1:200, AB5541, EMDMillipore), Anti-GFAP (1:200,MAB360, EMDMillipore), Anti-Sox2 (1:100,

ab79351, Abcam), Anti-Sox2 (1:100, ab97959, Abcam), Anti-Dcx (1:100, ab18723, Abcam), Anti-Dcx (1:100, ab135349, Abcam),

Anti-NeuN (1:100, ab104225, Abcam), Anti-NeuN (1:100, MAB377, EMD Millipore), Anti-Desmin (1:100, ab32362, Abcam), Anti-

CD31 (1:100, 550274, BD Biosciences), Anti-Slc2a1 (1:100, 07-1401, EMD Millipore), Anti-Plvap (1:100, MCA2539GA, Bio-Rad),

Anti-Pdgfrb (1:100, ab32570, Abcam), Anti-ColIV (1:200, 2150-1470, Bio-Rad), Anti-ZO-1 (1:100, 61-7300, Thermo Fisher Scientific),

Anti-Ki67 (1:100, ab15580, Abcam), Anti-Nestin (1:100, MAB353, EMD Millipore), Anti-Pax6 (1:100, 901301, BioLegend), Anti-

phospho-Histone 3 (1:100, 9706, Cell Signaling), Anti-PCNA (1:100, sc56, Santa Cruz Biotechnology), Anti-cleaved-Caspase-3

(1:100, 9661S, Cell Signaling Technology), Anti-GFP (1:100, AB2307313, Aves Labs), Anti-GFP (1:100, 632381, Clontech), Anti-

tdTomato (1:100, 600-401-379, Rockland Inc.), Anti-STEM121 (1:100, Y40410, Takara Bio Inc.), Anti-Ng2 (1: 200, AB5320, Millipore

Sigma), Anti-Fibrinogen (1:100, ab34269, Abcam), Anti-b-catenin (1:100, 610153, BD Biosciences), Anti-Lef1 (1:100, #C12A5, Cell

Signaling Technology), Anti-Pdgfb (1:100, BS-0185R, Thermo Fisher Scientific), Anti-phospho myosin light chain 2(Ser19)

(1:100,3675S, Cell Signaling Technology), Anti-P-glycoprotein (1;100,MA126528, Thermo Scientific), Anti-E-cadherin (1;100,14-

3249-82, Invitrogen), Anti-Laminin Alpha-2 (1:100, ab236762, Abcam), Anti-Laminin Alpha-4 (1:100, AF3837, R&D Systems), and

Anti-Claudin5 (1:100, 352588, Invitrogen). Secondary antibodies conjugated to Alexa-Fluor dyes (488, 555, 647) at a dilution of

1:200 were used. TUNEL kit (Cat. #S7110, Sigma-Aldrich) was used for apoptosis. DAPI (Cat. #D9564, Sigma-Aldrich) was used

for nuclear counterstain.

All images were acquired using a Leica SP8 confocal microscope. All images were 3D reconstructed and analyzed using the soft-

ware Imaris. Image quantification methods are described below.

The number, endfeet width, and length of GFAP+ cells

Cellular branches were identified in 3D images. The number of branches that stem from GFAP+ cell body were recorded. Branch

length was defined as the total distance between cell body and ending of individual branches. Endfeet width was determined as

GFAP+ surface on endothelial cells. Measurements were performed using Imaris 3Dmeasurement tool ‘‘Type Polygon’’, which traces

the distance of a 3D pathway between the first and last manually defined points.

Capillary coverage by GFAP+ cells

CD31+ signal was determined by the ‘‘Surface’’ function. Using the ‘‘mask channel’’ function, we created a surface mask for GFAP+

signal that contacts CD31+ signal. CD31+ signal in contact with GFAP+ signal was divided by total CD31+ signal to determine the

extent of capillary coverage by GFAP+ cells.

Pericyte coverage

CD31+ signal was determined by the ‘‘Surface’’ function. Using the ‘‘mask channel’’ function, we created a surface mask for Pdgfrb+

signal that contacts CD31+ signal. CD31+ signal in contact with Pdgfrb+ signal was divided by total CD31+ signal to determine the

extent of capillary coverage by Pdgfrb+ pericytes.

ColIV, Lama2, Lama4, and Claudin5 expression

CD31+ signal was determined by the ‘‘Surface’’ function. Mean ColIV+, Lama2+, Lama4+, and Claudin5+ signal intensity was deter-

mined in capillaries.

ZO-1 expression

CD31+ signal was determined by the ‘‘Surface’’ function. Using the ‘‘mask channel’’ function, the overlap of CD31+ and ZO-1+ signals

was determined. CD31+; ZO-1+ signal was divided by total CD31+ signal to determine relative ZO-1 expression in capillaries.

Plvap and Slc2a1 expression

Plvap+ signal was determined by the ‘‘Surface’’ function. The ratio of Plvap+ signal to Slc2a1+; Plvap+ signal was determined in

capillaries.

Capillary number, diameter, and density

Total numbers of capillaries were manually counted. An average value was calculated across z-stacks. ‘‘IsoSurface’’ function in

Imaris was used with smoothing level of 0.5 mm and uniform background subtraction. Manual thresholding of ‘‘surface mask’’

was determined using ‘‘IsoSurface’’. These procedures optimized the reconstruction of CD31+ blood vessels. To determine vessel

diameter, images were rotated such that the cross-section of the vessel became parallel to the x-y axis. Vessel diameter and length

were determined using the ‘‘Type Polygon’’ function. Vessel volume was determined using ‘‘IsoSurface’’. Vascular density was

defined as length/volume.

Capillary coverage by Sox2-eGFP+ cells

CD31+ signal was determined using the ‘‘Surface’’ function. Using the ‘‘mask channel’’ function, CD31+; Sox2-eGFP+ signal was

measured and divided by total CD31+ signal to determine the extent of capillary covered by Sox2-eGFP+ cells.
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Proportion of neoplastic Sox2+ and Ki67+ cells

The ‘‘Spots’’ function was used to identify Sox2+ cells. Using the ‘‘mask channel’’ function, Sox2+ and SmoM2-eYFP+ signal overlap

was determined. Sox2+; SmoM2-eYFP+ spot number was divided by total Sox2+ spot number to determine the proportion of

neoplastic (SmoM2-eYFP+) Sox2+ cells. This quantification method was also used to determine the proportion of neoplastic

Ki67+ cells.

Proportion of neoplastic GFAP+, Desmin+, AQP4+, and Pdgfrb+ cells

Cells with GFAP+, Desmin+, AQP4+, or Pdgfrb+ cell body or processes that overlap with SmoM2-eYFP+ signal were determined. The

number of double positive cells was divided by total SmoM2-eYFP+ cells to determine which cell types are neoplastic.

Proportion of GFAP+, Desmin+, and Aldh1l1+ cells expressing Piezo2

Cells with GFAP+, Desmin+, AQP4+, or Pdgfrb+ cell body or processes that overlap with Piezo2-eGFP+ signal were determined. The

number of double positive cells was divided by total Piezo2-eYFP+ cells to determine which cell types express Piezo2.

Fibrinogen/Cadaverine/Dextran/Evans blue experiment

Fibrinogen+/Cadaverine+/Evans blue+ signal was determined using the ‘‘Surface’’ function. Tumor volume was determined by DAPI+

signal. Fibrinogen+/Cadaverine+/Evans blue+ signal was divided by total DAPI+ signal to determine Fibrinogen distribution in MB.

GFAP+ cell coverage on ColIV, Pdgfrb, and ZO-1 signal

ColIV+ signal was determined using the ‘‘Surface’’ function. Using the ‘‘mask channel’’ function, ColIV+ andGFAP+ signal overlapwas

determined. ColIV+; GFAP+ signal was divided by total ColIV+ signal to determine the extent of GFAP+ cell coverage on vascular

basement membrane. Similar procedure was used to determine GFAP+ cell coverage on Pdgfrb+ pericytes and ZO-1+ endothelium.

Proportion of cycling Sox2+ cells

Using the ‘‘Spots’’ function, proportion of cycling Sox2+ cells were determined by quantifying the number of Sox2+ cells which are

Ki67+ within the total population of Sox2+ cells. Sox2+; Ki67+ cells were defined as cells with an overlap of greater than 50% of Sox2+

signal over Ki67+ signal in 3D.

Endothelial cell surface area to volume ratio

CD31+ signal was determined using the ‘‘Surface’’ function. Using 3D reconstruction, surface area and volume for CD31+ per frame

were determined.

Measurements of the numbers and immunostaining signal colocalization of other cell types

Using the ‘‘Spots’’ function, the numbers of Sox2+, PCNA+, Sox2-eGFP+, NeuN+, pHis3+, TUNEL+, b-Catenin+, cleaved-Caspase-3+

cells in relation with other immunostained markers were quantified. Signal colocalization was determined using similar procedures

described in ‘‘Proportion of cycling Sox2 cells’’ (for nuclear signals), ‘‘Proportion of neoplastic GFAP+, Desmin+, and Pdgfrb+ cells’’

(for cytoplasmic signals), and ‘‘Proportion of neoplastic Sox2+ cells’’ (for nuclear and cytoplasmic signals). Percent of b-Catenin+ or

Lef1+ endothelial cells were quantified as CD31+ endothelial cells with b-Catenin or Lef1 immunostaining signal in nuclei within total

endothelial cells. Pdgfrb+ signal was determined using the ‘‘Surface’’ function. Using the ‘‘mask channel’’ function, pMLC2+ and

Pdgfrb+ signal overlap that covers capillaries was determined. pMLC2+; Pdgfrb+ signal was divided by Pdgfrb+ signal that covers

capillaries to determine the percent of pMLC2+ pericytes. Similar procedure was used to determine b-Catenin+ signal in the pro-

cesses or soma of GFAP+ cells, and to determine b-Catenin+ distal processes in total processes adjacent to capillaries by restricting

the measurement at the area of GFAP+ processes adjacent to CD31+ endothelial cells. Relative Pdgfb level in Sox2+ MB cells was

determined using a similar procedure by quantifying Pdgfb+; GFAP+ signal divided by total GFAP+ signal in the images.

Capillary coverage by human MB cells

To determine capillary coverage by STEM121+ human MB cells, CD31+ signal was determined using the ‘‘Surface’’ function. Using

the ‘‘mask channel’’ function, CD31+ and STEM121+ signal overlap was determined. CD31+; STEM121+ signal was divided by total

CD31+ signal to determine the extent of capillary coverage by human MB cells.

Desmin+ signal overlap with Pdgfrb+ signal

Desmin + signal was determined using the ‘‘Surface’’ function. Using the ‘‘mask channel’’ function, Desmin + and Pdgfrb + signal over-

lap was determined. Desmin+; Pdgfrb+ signal was divided by total Desmin+ signal to determine the extent of Desmin+ signal overlap

with Pdgfrb+ pericytes.

Endothelial cell volume and aspect ratio measurement

As a transmembrane glycoprotein continuously present on the cell surface, CD31 demarcates the periphery of endothelial cells. We

determined endothelial cell morphology using CD31 signals that are in contact with the DAPI+ endothelial cell nucleus. Representa-

tive 3D reconstructions of endothelial cell morphology and nucleus of control and Piezo2 knockoutMB are shown in Figure S6G. After

3D reconstruction, ‘‘IsoSurface’’ function of Imaris was used to determine the cell or nuclear volume. ‘‘Type Polygon’’ function of

Imaris was used to determine the length and width of cell or nucleus. Aspect ratio was defined as the ratio of length / width.

Transmission electron microscopy (TEM)
Micewere anaesthetized, perfused with PBS followed by EMgrade fixative (4%paraformaldehyde and 2.5%glutaraldehyde in 0.1M

cacodylate buffer). MB were harvested and fixed by immersion in the fixative overnight at 4 �C. Tissues were rinsed in cacodylate

buffer, post-fixed in 1% osmium tetroxide in buffer, dehydrated in a graded ethanol series (50%, 70%, 90% and 100%) followed

by propylene oxide, and embedded in Quetol-Spurr resin. 70 nm thick sections were cut using a Leica EM UC7 ultramicrotome,

stained with uranyl acetate and lead citrate, and viewed using a FEI Tecnai 20 TEM at 120 kV. The thickness of basement membrane
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for each imagewasmeasured using ImageJ in 5 random regions each containing an endothelial cell. By adopting a publishedmethod

(O’Brown et al., 2019), the density of luminal and abluminal vesicles in endothelial cells were defined as the number of vesicles per mm

perimeter of the luminal or abluminal membrane of endothelial cells using ImageJ. Abnormal tight junctions are defined as tight junc-

tions with widened space or lacking electron-dense structures between adjoining endothelial cells.

Hypertonicity and hypotonicity treatment to endothelial cells
Human brain microvascular endothelial cells (hCMEC/D3) were purchased from Cedarlane Labs (Cat. #CLU512) and cultured ac-

cording to the company data sheet. Hypertonicity treatment was performed by adding polyethylene glycol 1500 (PEG1500) (Cat.

#10783641001, Sigma-Aldrich) to cell culture medium (Li et al., 2020, 2021). Hypotonicity treatment was performed by adding

Milli-Q water to achieve 75% medium (Li et al., 2020, 2021). After 24-hour treatment, cells were fixed using 4% formaldehyde at

room temperature 20 minutes and incubated with primary antibody including Anti-b-CATENIN (610153, BD Biosciences) and

Anti-LEF1 (#C12A5, Cell Signaling Technology) at 4 �C overnight and secondary antibody at room temperature for 1 hour. Images

were analyzed using the ‘‘Surface’’ function of Imaris to obtain relative fluorescence intensity of b-CATENIN and LEF1 per nucleus

(the mask was generated based on DAPI staining).

Generating coverslips with various levels of substrate stiffness
Polyacrylamide gel substrate with 1k and 5k stiffness were fabricated on glass coverslips. Polyacrylamide gel solutions were pre-

pared by mixing acrylamide (5%, Bio-Rad) and bis-acrylamide (0.03% or 0.14%, Bio-Rad) in deionized water. Polymerization was

initiated with 0.05% ammonium persulfate (Sigma) and 0.1% N,N,N’,N’-Tetramethylethylenediamine (TEMED, Sigma). 15 ml of

each solution was pipetted onto glass coverslips treated with 0.5% 3-aminopropyltrimethoxysilane (Sigma) and 1% glutaraldehyde

(Sigma). To cross-link extracellular matrix protein onto polyacrylamide gel surface, the gels were photoactivated by sulfo-SANPAH

(Sigma) under UV light for 8 minutes. Subsequently, gels were sterilized with peracetic acid for 10 minutes, washed well, then incu-

bated in 200 mg/mL laminin solution (Sigma) at 37�C overnight. The Young’s modulus (1 kPa or 5 kPa) of polyacrylamide gels was

confirmed by atomic force microscopy.

Applying axial compression using a compressive load system
To apply compressive stress on cells, different weights (0.09–0.45 g) were put on a coverslip mounted on the cells. The magnitude of

force/cell was calculated considering total area of the coverslip, number of cells seeded, and weight applied on the coverslip (Kumar

et al., 2014). After 1 hour of static compressive stress, cells were fixed using 4% formaldehyde at room temperature for 20 minutes,

incubated with primary antibody including Anti-b-CATENIN (610153, BD Biosciences) and Anti-LEF1 (C12A5, Cell Signaling Tech-

nology) at 4 �C overnight, and secondary antibody at room temperature for 1 hour. Images were analyzed using the software Imaris

functions of ‘‘Surface’’ to obtain mean b-CATENIN and LEF1 volume per nucleus (mask was generated based on the DAPI staining),

and mean cell volume (quantified based on DAPI and b-CATENIN staining).

Force=cell = Pressure exerted by the coverslip 3 Total area of cells N=Total number of cells under coverslip
Pressure exerted by the coverslip = Coverslip weight 3 9:8 N=kg=Area of coverslip

Mouse Sox2+ MB cell isolation, culture, and immunocytochemistry
Mouse Sox2+ MB cells were isolated and cultured as previously described (Huang et al., 2010). Briefly, MB were dissociated by

repetitive pipetting using ice-cold PBSwithout Mg2+ and Ca2+, followed by treatment using 50%Accutase diluted in PBS. The disso-

ciated cells were cultured on plates coated with poly-L-ornithine and laminin, using Neurocult NS-A Basal media (Mouse & Rat) sup-

plemented with 2 mM L-glutamine, 1x B27-A (Gibco), 1x hormone mix (in-house N2 supplement), 75 mg/mL BSA, 20 ng/ml human

rhEGF (STEMCELL Technologies), 20 ng/ml human bFGF (STEMCELL Technologies), and 2 mg/mL heparin (Sigma-Aldrich). Half of

the media were replaced by fresh media every 3 days.

For cell counting, cells were plated at a density of 1000 cells per well in poly-L-ornithine- and laminin-coated 12 well plates. At 2, 4,

or 6 days after seeding, cells were resuspended using Accutase (Cat. #07920, Stemcell Technologies) and incubated in isotonic so-

lution. Cell count was acquired using Multisizer 4 Coulter Counter (Beckman-Coulter) with threshold at 10-30 mm.

For immunocytochemistry, cells were cultured on 12 mm diameter coverslips placed in 12-well plates. Cells were cultured on 5K

polyacrylamide gel for at least 3 days, followed by treatment with various experimental conditions, including 10 mM Y-27632 or

vehicle for 3 days, 0.3nM CalyA or vehicle for 3 days, 25 mg/ml etoposide or DMSO for 24 hours, or 0.5 mg/ml Wnt5a or vehicle

for 2 days. Cells were fixed using 4% formaldehyde at room temperature 20 min, incubated with primary antibody at 4 �C overnight,

and secondary antibody at room temperature for 1 hour. Primary antibodies were Anti-phospho myosin light chain 2(Ser19)

(1:50,3671S, Cell Signaling Technology), Anti-RhoA-GTP (1:500, 26904, NewEast Biosciences), Anti-RhoA (1:500, 2117S, Cell

Signaling Technology), Anti-Fyn(1:50, 610163, BD), Anti-phospho-FAK(Tyr397) (1:200, 44-624G, Invitrogen), Anti-phospho-

Paxillin(Tyr118) (1:500, 44-722G, Invitrogen), Anti-Vinculin (1:500, MAB3574, EMD Millipore), Anti-E-cadherin (1:100,14-3249-82,
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Invitrogen), Anti-b-catenin (1:1000, 610153, BD Biosciences), and Anti-Ki67 (1:1000, ab15580, Abcam). Secondary antibody was

used at 1:400 dilution. Phalloidin (1:100, 8878S, Cell Signaling Technologies) was used for F-actin staining. TUNEL kit (Cat.

#S7110, Sigma-Aldrich) was used to determine apoptosis. Images were acquired using Leica SP8 confocal microscope. Images

were analyzed using the software Imaris functions of ‘‘Spots’’ (for cell number percentage), ‘‘Surface’’ (for intensity and size), ‘‘Sur-

face’’ and ‘‘mask channel’’ for co-localization, ‘‘Type Polygon’’ for stress fiber thickness, and Image J plugins of ‘‘OrientationJ Mea-

sure’’ for stress fiber orientation. Co-localization of b-Catenin and E-cadherin were measured with ‘‘Surface’’ and ‘‘mask channel’’

functions in cellular process contacting sites.

Traction force microscopy
Polyacrylamidegel substrate covalently attached tocoverslipswereused for traction forcemicroscopy. 5kPAgelswerepreparedwith

fluorescent bead solution (15ml/ ml; 0.2 mm in diameter; fluorescence: lex �575 nm, lem �610 nm; Sigma) in deionized water. Cells

were cultured on polyacrylamide gels for at least 3 days. Imageswere captured using Leica SP8 confocal microscopewith 60x oil im-

mersionobjective.Before imaging,polyacrylamidegel coverslipsweremounted inaperfusionchamberand immersedwith cell culture

medium. For each subcellular region, images of fluorescent beads at the top surface of polyacrylamide gelwere obtainedwhile the cell

were attached to the substrate. Next, 0.05% trypsin was used to detach cells followed by imaging the beads at the original subcellular

region. The displacement vectors generated by cell traction force were calculated by particle imaging velocimetry (PIV) implemented

as an ImageJ plugin. Based on displacement field and substrate elastic modulus, the magnitudes and directions of cell traction force

were determined by Fourier-Transform Traction Cytometry (FTTC)2 and plotted by MATLAB (MathWorks Inc.).

Ratiometric calcium imaging
MB cells cultured using 5k Pa polyacrylamide gel were incubated with cell-permeant Fluo-4 AM (5 mM in DMSO, F14201, Invitrogen)

and Fura Red (5 mM in DMSO, F3020, Invitrogen) for 40 minutes. After 3 times of PBS washes, the cells were incubated with culture

medium for 30minutes to allow complete de-esterification of intracellular AM esters. The culture mediumwas then changed to extra-

cellular neuronal batch solution (pH 7.40 and 303 mOsm, consisted of: 140 mM NaCI, 5 mM KCI, 2 mM CaCI2, 2 mMMgCI2, 10 mM

HEPES, and 10 mM glucose) for imaging. 3D images of the cells were captured using Leica confocal microscope with 60X objective

lens, with fluorescent excitation channels at DAPI, 488 nm, and 555 nm. Excitation from 488 nm and 555 nm lasers emit Fluo-4 and

Fura Red signals, respectively. Calcium level was determined by dividing Fluo-4 intensity by Fura Red intensity. Distal processes

were defined as one-third of the process from the distal end. Image calculation was performed using ImageJ and MATLAB 2016.

RNA extraction, reverse transcription, and real-time RT-PCR
Total RNA from tissues or cells were extracted using TRIzol (Thermofisher) and cleaned up with a RNeasy Plus Mini kit (Qiagen).

150 ng - 1 mg RNA was reverse transcribed to cDNA using SensiFAST cDNA synthesis kit (BIOLINE). DNA and RNA concentrations

were measured by a NanoDrop 1000 Spectrophotometer. Real-time detection and quantification of cDNAs were performed with the

Viia7 Cycler (Applied Biosystems). qPCR was performed in a 12 ml reaction mixture using SYBR Green qPCR Supermixes (Applied

Biosystems). 40 cycles of amplification were performed. Fluorescence data were collected at annealing stages and real-time analysis

was performed using Viia7 System Software. Ct values were determined with automatically set baseline and manually adjusted fluo-

rescence threshold. Gene expressions were normalized with housekeeping gene and analyzed using the DDCt method.

The Primers used for qPCR are:

mouse Piezo2 (F: AAGCAAACGAGAACTTTACATGG; R: AGCACGTATACATCAGTCACAGC);

mouse Trpc1 (F: GTCGCACCTGTTATTTTAGCTGC; R: TGGGCAAAGACACATCCTGC);

mouse Trpv4 (F: ATGGCAGATCCTGGTGATGG; R: GGAACTTCATACGCAGGTTTGG);

mouse Trpm7 (F: AGGATGTCAGATTTGTCAGCAAC; R: CCTGGTTAAAGTGTTCACCCAA);

mouse Tmem63a (F: GGCTGTGTTTGTCCGTGAG; R: GGATGCCTCCAAAGGTGACC);

mouse Gapdh (F: TTCACCACCATGGAGAAGGC; R: GGCATGGACTGTGGTCATGA).

For Wnt5a experiment, total RNA was extracted from cells after 24 hours treatment. The Primers used for qPCR are: mouse Axin2

(F: GGACTGGGGAGCCTAAAGGT; R: AAGGAGGGACTCCATCTACGC);

Electrophysiology
Mouse Sox2+MB cells were isolated from primary tumors of control (Math1-Cre; SmoM2) and Piezo2 knockout (Math1-Cre; SmoM2;

Piezo2fl/fl) mice. Cells were cultured on laminin-coated plastic coverslips for 48-72 hours. Sox2+ MB cells with Piezo2 knockout were

transfected with mouse Piezo2 cDNA in pcDNA3.1+ (clone ID: OMu00667, purchased from GenScript, verified by sequencing)

(0.25 mg per 1X105 cells) with 0.025 mg GFP-encoding plasmid using the Amaxa Nucleofector Kit. Whole-cell currents were acquired

from cells 40-72 hours post transfection. GFP+ cells were selected for recording. Coverslips were transferred to a recording chamber

filled with bath solution. The bath solution consisted of (in mM) 140 NaCl, 5 KCl, 1.2 CaCl2, 0.5 MgCl2, 5 glucose, and 10 HEPES (pH

adjusted to 7.3 with NaOH). Patch pipettes for recording, with resistance of 3-4MU, were filled with intracellular solution consisting of

(in mM) 140 CsCl, 1 EGTA, 10 HEPES, 4 ATP, and 0.1 GTP (pH adjusted to 7.3 with CsOH). Whole-cell currents at -80 mV were
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recorded using an Axopatch 700B amplifier (Molecular Devices). Pipettes for focal mechanical stimulation, with resistance of around

0.9-1 MU, were filled with the bath solution jetting stream onto the processes of Sox2+ MB cells. 100 mmHg positive pressure with

100 ms duration was applied to the stimulation electrode using Clampex-controlled high-speed pressure clamp system (HSPC-1;

ALA-Scientific). We developed an approach whereby mechanical stimulations can precisely target cellular processes or cell

soma. We developed this approach because we found that brain cancer cells display mechanosensitivity that is highly locoregional.

We showed that force application at the cellular processes, but not soma, of glioblastoma cells evoked mechanosensitive ion chan-

nel activity mediated by focal adhesion-localized PIEZO1 (Chen et al., 2018). Therefore, we adopted the same method for Sox2+ MB

cells. The stimulation pipette was placed within 10 mm from the cell. Cell-to-cell variability was observed in the delay from the time

point when the pressure steps were commended to the time point when Sox2+ cell began or stopped experiencing the solution pres-

sure for channels activation and inactivation. All experiments were performed at room temperature. Data were acquired online,

filtered at 4 kHz, digitized at 50 kHz, and analyzed offline using pClamp10 (Molecular Devices). Leak currents beforemechanical stim-

ulations were subtracted off-line. Peak current traces with fast activating and inactivating properties were calculated during the stim-

ulating period. Data were quantified and graphed using GraphPad Prism.

Tissue stiffness measurement by 3D magnetic tweezer system
Tomeasure tissue stiffness, we developed a single-pole magnetic tweezer system, which generates amagnetic field tomobilize fluo-

rescent magnetic beads that were injected into fresh MB. The single-pole magnetic tweezer consists of a cone-shaped magnetic

pole (iron) with a sharp tip (diameter: 21.23 mm) and 40 turns of coils (Magnetic Wire, gauge 14, Digi-Key). The magnetic tweezer

was mounted on a robotic micromanipulator with a positioning accuracy of 0.2 mm in XYZ axes. The magnetic tweezer was powered

by a function generator with a static currency of 2 A. To calibrate the magnetic force, the magnetic beads which were dispersed

in silicone oil (AMETEK Brookfield) of known viscosities (5 mPa$s and 10 mPa$s) were actuated to move throughout the workspace

by the magnetic tweezer. The navigation speed of each bead was recorded at 100 frames per second. Force exerted on the beads

was calculated using the Stokes drag equation F=6pRhv, where R is the bead radius, h is the viscosity of the silicone oil, and v is the

bead velocity calculated from the captured videos. Using live imaging, the extent of magnetic force-induced bead displacement was

captured and used to calculate tissue stiffness at distinct geometrical locations within the tumor.

The magnetic bead solution (diameter: 3 mm) of 10 mL was injected into freshly harvested MB using a micropipette (tip diameter:

30 mm) under microscopic imaging. Then the MB was cut into tissue slices with thickness of 500-1000 mm. After the beads were

passively diffused within the tissue for 20 minutes, a magnetic field was applied for 60 seconds, while the displacements of magnetic

beads were recorded at x20 magnification (0.32 mm/pixel resolution, 100 frames per second). To compensate tissue drift, bead

displacement was calculated as d = dbead – dref, where dref is the moving distance of reference point (including tissue drift), and

dbead is the moving distance of beads (including tissue drift). Using bead displacement and calibrated magnetic force, the Zener

model was employed to calculate tissue stiffness.

Cell stretching and calcium imaging
Cell stretching device fabrication and calibration

The 3D cell stretching microdevice array consists of three suspended PDMS membranes fabricated on a glass substrate. The fabri-

cation process includes the following steps: (1) micromilling was used to fabricate an aluminum mold with circular pillar arrays

(6.35 mm in diameter and 500 mm in height) connected by a microchannel; (2) PDMS was mixed at a 10:1 ratio of base polymer

and curing agent, degassed in vacuum for 15 minutes, poured into the aluminummold, and baked at 80 �C for 4 hours; (3) after cool-

ing to room temperature, the PDMS base structure was peeled off and bonded to a clean glass slide by treating with oxygen plasma

for 40 seconds (Harrik Plasma Cleaner PDC-001); (4) devices were biopsy punched at the microchannel inlet. Plastic tubing was

applied to connect the microchannel network to a regulated pneumatic pump; (5) to form a culture chamber on each suspended

membrane, three custom-made glass cylinders were bonded onto each device array by uncured PDMS and baked overnight at

80 �C. Before cell stretching, the chamber underneath the suspended membrane was filled with pre-warmed PBS to optimize imag-

ing quality. As PBS is incompressible under pneumatic pressure, the filled PBSdoes not affect the pressure exerted to the suspended

membrane. As we previously reported (Liu et al., 2018), the mechanical properties of PDMSmembrane were calibrated through ten-

sile testing. The strain magnitude generated on the device was calculated using Finite Element Analysis.

Quantification of intracellular calcium change

Fluo-4 (F14201, Thermo Scientific, USA) was used to measure intracellular calcium dynamics. Briefly, cells were seeded on poly-D-

lysine-coated membrane of the cell stretching device for 48 hours, followed by incubation with 3 mM Fluo-4 for 30 minutes at 37�C.
Cells were then washed by culture medium followed by 30 minutes incubation to allow de-esterification of intracellular AM esters.

Fluo-4 signal was measured using live cell imaging solution (A14291DJ, Thermo Scientific, USA). Cyclic pressure was applied using

a pneumatic pump to generate 0%and 25%mechanical strain (15 seconds per cycle) on the PDMSmembrane, exerting radial tensile

stress to the cells. Fluo-4 signal was determined when the mechanical strain is 0% at every cycle. Fluo-4 signal was normalized by

initial intensity before stimulation. Fura Red (F3021, Thermo Scientific, USA) signal was used as calcium-independent internal control

and used for further normalization of Fluo-4 signal. Fluorescence signal quantifications were performed using ImageJ. For applying a

broad-spectrum blocker of mechanosensitive ion channels, Sox2+ MB cells were pre-treated with 30 mM GdCl3.
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Calpain activity
The calpain activity assay Kit (ab65308, Abcam) was used to detect the cleavage of calpain substrate Ac-LLY-AFC. Sox2+ MB cells

were counted and cultured on 5K polyacrylamide gel for at least 3 days, collected, pelleted by centrifugation, followed by being re-

suspended in 100 ml extraction buffer and incubated on ice for 20 min. The tubes were tapped multiple times during incubation to

achieve gentle mixing. After 1 min centrifugation with 10,000g, the cell lysate was diluted in 85 ml extraction buffer and transferred

into 96-well plate. All inputs were standardized to same protein amount according to total protein measurement. 10 ml 10X reaction

buffer and 5 ml calpain substrate were added to each assaywell and incubated at 37 �C for 1 hour in dark. Measurements were carried

out on a plate-reader with 400 nm excitation filter and 505 nm emission filter. The absorbance values after background subtraction

are demonstrated as arbitrary units.

Western blotting
Total proteins of control and Piezo2 knockout Sox2+ MB cells, as well as MDA-MB-231 cells were extracted using a lysis buffer of

50 mMHEPES, 150 mMNaCl, 10% glycerol, 1 mM EDTA, and 1%NP-40, with protease inhibitors cocktail (PierceTM Prod# A32955)

and 1mMdithiothreitol (DTT). All lysates were kept on ice for 20min, centrifuged 14,000 rpm at 4 �C for 10min. Protein samples were

resolved on 4-12%Bis-Tris gel (Invitrogen #NW04125BOX) at 200 V for 20min withMES running buffer, transferred onto PVDFmem-

brane (Millipore #IPVH0001), and blocked with 5%BSA and 0.1% Tween-20 in TBS. Western blotting were performed using primary

antibodies diluted in the blocking solution. Immunoreactive bands were visualized using Bio-Rad Chemidoc imaging system. The

primary antibodies used were: rabbit anti-SerpinB2 (ab137588, 1:1000) and mouse anti-atubulin (Sigma Aldrich, 1:5000).

MALDI TOF MS imaging and LC-MS/MS
MALDI TOFMS imaging and LC-MS/MSwere performed inMALDI MS Imaging Joint Facility andMass Spectrometry Core Facility at

Advanced Science Research Center of City University of New York (Veerasammy et al., 2020). High purity grade N(1-Naphthyl) Ethyl-

enediamine Dihydrochloride (NEDC), 2,5-dihydroxybenzoic acid (DHB), Phosphorus (red), amino acid standards and SeQuant� ZIC-

HILIC liquid chromatography 3.5 mm, 100 x 2.1mmcolumnwere purchased fromMillipore Sigma-Aldrich (USA). OptimaUHPLC/MS-

grade acetonitrile, ammonium acetate, methanol and water were purchased from Fisher Scientific (USA).

Mouse brains were harvested and snap frozen for 5 min on an aluminum boat floating on liquid nitrogen. The frozen tissue was

cryosectioned at 10 mm thickness sections using CryoStar NX50 (Thermo Scientific, USA) at �15 �C set for both specimen head

and the chamber. The tissue cryosections were gently transferred onto the pre-cooled conductive side of indium tin oxide (ITO)-

coated glass slides (Bruker Daltonics, Bremen, Germany) for MALDI imaging. Mounted cryosections on ITO slides were desiccated

in vacuum for 45 min at room temperature, followed by matrix deposition using HXT M5 sprayer (HXT LLC., USA). Matrix NEDC was

used to detect amino acids (Wang et al., 2015), and a matrix solution of 10 mg/mL in methanol/water (70/30, v/v) was deposited at a

flow rate of 0.1 ml/min and a nozzle temperature of 75 �C for 12 cycles with 5s drying between each cycle. Matrix DHB was used to

detect drug etoposide, and a matrix solution of 40 mg/mL in methanol/water (70/30, v/v) was deposited at a flow rate of 0.12 ml/min

and a nozzle temperature of 85 �C for 10 cycles. A spray velocity of 1300 mm/min, track spacing of 2 mm, N2 gas pressure of 10 psi

and flow rate of 3 L/min and nozzle height of 40 mm were used for both matrixes.

MALDI mass spectra were acquired in negative ion mode (for NEDC) or positive ion mode (for DHB) acquired by MALDI time-of-

light (TOF) mass spectrometer Auto ex (Bruker Daltonics, Germany). MS spectra were calibrated using red phosphorus as the stan-

dard for all experiments. For etoposide experiment, the compound etoposide (1 mg/ml in 70% methanol) mixed with DHB matrix

solution was also used as the reference. The laser spot diameters were focused to ‘‘Medium’’ modulated beam profile for 120 mm

raster width. The imaging data for each array position were summed up by 500 shots at a laser repetition rate of 1000 Hz. Tominimize

broadening of ion peaks, we run all the experiments by setting laser power to its lowest value while it was still possible to accumulate

ion spectra with appropriate S/N ratio. Spectra were acquired in the mass range from m/z 50 to 1000 with a low mass gate at 50 Da.

Imaging data were recorded and processed using FlexImaging v3.0, and further analyzed using SCiLS. Ion images were generated

with root-mean square (RMS) normalization and a bin width of ±0.10 Da. The spectra were interpreted manually, and analyte assign-

ment was achieved by comparing with LC-MS experiment results and reference compounds loaded on the same MALDI slide.

MALDI slides were retrieved immediately after the experiment, washedwith 95%ethanol and proceededwith standard H&E staining.

The H&E images were acquired using Leica Aperio CS2 slide scanner and used as anatomical reference for mass spectra imaging.

For LC-MS/MS, coldmethanol methodwas used to extract metabolites (Ser et al., 2015). Briefly, tumor tissues were snap frozen in

liquid nitrogen and approximate 40mg of tissue was homogenized in 1ml coldMethanol/Water (80/20, v/v) stored at -20�C. Following

10 minutes of centrifugation at 4 �C, aliquots of 500 ml of the supernatants were dried using Speed-Vac and then resuspended in

150 ml of Acetonitrile/Water (90/10, v/v). 10 ml solution was subjected to LC-MS/MS experiments. Liquid chromatography-mass-

spectrometry (LC-MS/MS) Global metabolic profiling was carried on all sample tissues using ZIC-HILIC chromatography (based

on Acetonitrile/Water/2mM Ammonium acetate solvent systems) and high-resolution mass-spectrometry. We employed maXis-II-

ETDUHR-ESI-Qq-TOFmass-spectrometer (Bruker Daltonics Inc., Germany) equipped with Dionex Ultimate-3000 liquid chromatog-

raphy system ZIC-HILIC column operated at mildly acidic pH provided good performance on the metabolites of interest. Each LC-

MS/MS experiment was performed in duplicate and statistical analysis of the acquired data was performed through XCMS software

(Domingo-Almenara et al., 2018), which usesMETLIN and HumanMetabolome databases. Bothmass-measurements (within 5 pmm

accuracy) and fragmentation spectra (or simply MS/MS spectra) were used for identification of metabolites and etoposide.
Neuron 111, 30–48.e1–e14, January 4, 2023 e11



ll
Article
Fluorescence in situ hybridization (FISH)
Cryosections were subjected to in situ hybridization with digoxigenin (DIG)-dUTP-labelled and fluorescein (FITC)-dUTP-labelled ri-

boprobes for Piezo2 (F:GCGATTTAGGTGACACTATAGACAAGCACCCGGAACAGTAG, R:GCGTAATACGACTCACTATAGCCAC-

CAGGTTCTGGCTGAAT) and Sox2 (https://mouse.brain-map.org/gene/show/20436). Probes were generated by PCR using mouse

cerebellum cDNA as the template, followed by labelling using digoxigenin or fluorescein (Roche) with 200-300 ng of the PCR product.

Double fluorescence in situ hybridization was performed as previously described (Hui and Joyner, 1993; Jandura et al., 2017). Briefly,

sections were treated with proteinase K (10 mg/mL) for 15 minutes, 0.2 M HCl for 10 minutes, and 0.1 M triethanolamine with 0.25%

acetic anhydride for 15 minutes. Hybridization with DIG- and FITC-labelled probes were conducted overnight at 55 �C. Slides were

washed in saline-sodium citrate buffer and treated with 1% blocking reagent (Roche) prior to overnight incubation with anti-FITC-

POD (1:500, Roche) at 4 �C, followed by tyramide signal amplification (TSA) with FITC-TSA (1:50, homemade) for 45 minutes at

room temperature. For second probe development, slides were subsequently rinsed in 0.3% PBST, incubated with anti-DIG-POD

(1:2000, Roche) overnight at 4 �C, and treated with Cy3-TSA (1:100, homemade) for 30 minutes at room temperature. Images

were acquired using Leica SP8 confocal microscope and analyzed using Imaris and ImageJ. Cells containing signal puncta within

or at the periphery of nucleus marked by DAPI were determined positive with transcript expression.

Single-cell RNA sequencing (scRNA-seq) and analysis
Sample preparation and scRNA-seq

ThreeMath1-Cre; SmoM2MBs and threeMath1-Cre; SmoM2; Piezo2fl/flMBs from P21mice were harvested followed bymechanical

and enzymatic dissociation using the Papain Dissociation System (Worthington Biochemical Corporation). Single cell suspension

was assessed by Trypan blue. Approximately 5,000 cells at a concentration of �1,000 cells/ml were loaded onto the Chromium

Controller. Library generation for 10X Genomics v3 chemistry was performed using the Chromium Single Cell 3ʹ Reagents Kit. Quan-

tifications of cDNA libraries were performed using the Kapa Library Quantification Illumina/ABI Prism Kit (KAPA Biosystems) and

high-sensitivity DNA chips. 10X libraries were sequenced using the Illumina 2500 sequencing platform to achieve �25,000 reads

per cell.

Pre-processing of mouse scRNA-seq dataset

The Illumina sequencer’s base call files (BCls) were demultiplexed into FASTQ files using cellranger mkfastq. The FASTQ files were

aligned to GRCm38 (mm10) mouse genome reference to generate barcode-labeled sparse matrices individually by cellranger count.

To identify expression dynamics ofmRNAs, the outputs of cellrangerwere passed toVelocyto run10x pipeline. The aligned.loom files,

containing qualified ‘‘unspliced’’, ‘‘spliced’’ and ‘‘ambiguous’’ molecules, were imported by SeurateWrappers package.

Processing of published human MB scRNA-seq datasets

Weobtained scRNA-seq datasets of HumanMB from previous studies fromGene Expression Omnibus (GEO; https://www.ncbi.nlm.

nih.gov/geo/) (GEO: GSE119926 andGEO: GSE156053). The subgroups of medulloblastoma samples were classified based on DNA

methylation. The transcriptomes of individual cells in scRNA-seq were from a plate-based full-length Smart-seq2 platform

(GEO: GSE119926) (Hovestadt et al., 2019) or a droplet-based 103 Genomics platform (GEO: GSE156053) (Riemondy et al.,

2022). We performed quality control and filtering using the same parameters as previous studies. After quality control and filtering,

a total of 8,691 (Smart-seq2) and 39,946 (103 scRNA-seq) transcriptomes of single cells were obtained. The annotations of cell types

in scRNA-seq datasets were provided by the authors in supplementary information. Data normalization was performed by Normal-

izeData()with ‘‘LogNormalize’’ method. Top 2,000 highly variable feature genes were selected by FindVariableFeatures() for principle

component analysis. The significant PCs were used for Uniform Manifold Approximation and Projection (UMAP) to reduce to 2 di-

mensions by RunMAP() function. PIEZO2+; SOX2+; GFAP+ cells from scRNA-seq datasets were identified as cells that express all

three genes.

Clustering, cell type identification, and differentially expressed gene analysis

The pre-processed barcode-labeled sparse matrices were passed to Seurat v4.0 for data filtering (Stuart et al., 2019). Cells with high

mitochondria gene percentage (percent.mt > 10%) and unique feature counts (nFeatures < 200 & nFeatures > 7,000) were filtered.

Data normalization was performed by NormalizeData() with ‘‘LogNormalize’’ method. Top 2,000 highly variable feature genes were

selected by FindVariableFeatures() for principle component analysis.We integrated single cell RNAseq datasets by following the tuto-

rial of Seurat v4.0. The anchors were identified by FindIntegrationAnchors() and the datasets were integrated by IntegrateData(). For

integrated dataset, significant principal components (PCs) dimensionalities were identified by ElbowPlot method. The significant PCs

were used for Uniform Manifold Approximation and Projection (UMAP) to reduce to 2 dimensions by RunMAP() function. Cell clus-

tering were generated by FindNeighbors() and FindCluster() functions. Marker genes of each cluster were determined by FindAll-

Markers() with ‘‘roc’’ test, min.pct at 0.25 and logfc.threshold at 0.5. We categorized MB cells into six subgroups according to

gene expression pattern of each cluster. Non-tumoral cell types were identified by referring to the CellMarker database (Zhang

et al., 2019b). Differentially expressed genes between Math1-Cre; SmoM2 and Math1-Cre; SmoM2; Piezo2fl/fl MB were identified

byDESeq2, and genes with q value < 0.1 were accepted as significant (Van den Berge et al., 2018). For Gene Set Enrichment Analysis

(GSEA), genes were ranked according to log2 fold change from DESeq2 output and processed to GSEA() from clusterProfiler R

package.
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Single-cell enrichment analysis

We generated gene signatures of SHH MB by referencing to human MB (Hovestadt et al., 2019) and published Cell Cycle gene sig-

natures (Mizuno et al., 2009). We utilized AUCell from SCENIC pipeline to generate single cell gene set enrichment scores. Enrich-

ment scores of SHH-A, SHH-B and SHH-C gene signatures were used to identify SHH MB subgroups. G1 enrichment score from

AUCell was used for G0-G1 trajectory pseudotime validation.

Cell cycle identification and G0-G1 pseudotime reconstruction of Sox2+ MB cells

Sox2+ MB cells were identified using WhichCells() from Seurat R package. These cells were re-normalized, re-clustered and re-

scaled by standard Seurat procedures. The UMAP of Sox2+ MB cells was conducted by selecting top 7 reduced PCA dimensions.

Cell cycle phases of Sox2+ MB cells were identified by CellCycleScoring(). Less cycling cells assigned into G1 phase were identified

asG0/G1 Sox2+MB cells. To identify G0-like andG1-like Sox2+MB cells, we re-ran PCA on those G0/G1 Sox2+MB cells. The G0/G1

Sox2+ MB cells were re-clustered by FindNeighbors() and FindCluster() functions. Marker genes of clusters were identified by Fin-

dAllMarkers(). We used dyno pipeline for G0-G1 pseudotime reconstruction (Saelens et al., 2019). Expression matrix was trans-

formed by wrap_expression() from Seurat object. The G0-G1 trajectory was inferred by infer_trajectorires().To reconstruct a linear

like trajectory, TSCAN was selected from dyno pipeline (Ji and Ji, 2016). The TSCAN-generated G0-G1 pseudotime were confirmed

by marker genes and G1 enrichment score. To compare the G0-G1 pseudotime progression between Sox2+ MB cells ofMath1-Cre;

SmoM2 and Math1-Cre; SmoM2; Piezo2fl/fl mice, Wilcoxon Rank Sum Test was performed.

RNA velocity of Sox2+ MB cells

We analyzed RNA velocity of Sox2+ MB cells by velocyto.R and SeuratWrappers packages (La Manno et al., 2018). Seurat objects

with RNA velocity quantifications were generated byWhichCells(). We re-normalized the matrices and selected top 2,000 highly var-

iable feature genes for PCA. The PC dimensionalities for cell clustering and UMAP plotting were identified by ElbowPlot. Cells were

embedded into the UMAP plot. mRNA velocity were estimated using gene-relative model via RunVelocity(), which passed parame-

ters to gene.relative.velocity.estimates(). We combined cell k nearest neighbors (kNN) pooling with gamma fit with min/max quantile

fit at 0.02. The number of kNN in slope calculation smoothing was set at 7. Minimum average expression count for spliced and un-

spliced expression matrices were set as default at 0.2 and 0.05. We visualized mRNA velocity in UMAP embedding by

show.velocity.on.embedding.cor().

Patient cohort and survival analysis
RNA-seq or microarray data from human SHH MB were downloaded from a published source (EGA: EGAD00001001899,

EGA: EGAD00001004958, and GEO: GSE85218). Raw counts were normalized using VST normalization (DESeq2). We selected pa-

tients under 17 years old as they were all subjected to the chemotherapy. Three tiers of PIEZO2 expression (high, intermediate, low)

were calculated using k-nearest neighbours (k = 3). Patient survival was correlated to PIEZO2 expression and plotted using Kaplan-

Meier curve. Statistical significance was determined using log-rank test.

By considering PIEZO2 expression as continuous data, COX regression analysis was performed to determine association between

PIEZO2 expression and patient outcomes. The COX regression of PIEZO2 expression in continuous value was fitted by coxph().

Lentivirus production
CRYO-preserved HEK293T cells were thawed for culturing at least a week before experiments. One day before transfection,

HEK293T cells were seeded at around 70% confluency. To produce lentivirus, 15 mg of lentiviral vectors, 10 mg of Gag-pol, Rev,

Tat expression plasmids, and 5 mg of VSV-G expression plasmids were transfected into HEK293T cells cultured in 75 mm2 flasks.

8 hours after transfection, the media was replaced with DMEM media containing 10% FBS and 1X NEAA (Thermo Fisher). 48 hours

after media replacement, virus-containing media were collected and centrifuged at 4�C for 2 hours at the speed of 25,000 rpm. The

viral pellets were resuspended in ice-cold DPBS, aliquoted, and stored in -80�C.

Xenograft study
Human PLKO.1 lentiviral shRNA target gene set against PIEZO2 and PLKO.1-TRC-control vector were obtained from Dharmacon.

Virus infections were performed in antibiotics-free culture medium for 24 hours. PIEZO2 shRNAmature antisense sequences are: #1:

TAATTGTAGCTCTTGGTGAGG; #2: TTTCAACTGGCTTTGTTGGGC. 8-week old female NOD scid gamma/J#5557 immunodeficient

mice were used for xenograft experiments. Mice were housed under aseptic conditions, including filtered air and sterilized food, wa-

ter, bedding, and cages. Mice were randomly assigned to experimental groups. The xenograft procedures were carried as previously

described (Francisco et al., 2020). Briefly, mice were anesthetized using gaseous isoflurane and immobilized in a stereotaxic head

frame. The skull of the mouse was then exposed, and a small opening was made using a sterile dental drill (Precision Guide) at 2 mm

lateral and 3 mm posterior to lambda. At this location, 20,000 ONS76 with non-targeting shRNA or PIEZO2 shRNA in 2ml culture me-

dia were slowly injected (over 2min) 2 mm deep to the surface of the skull using a 26G Hamilton syringe. All procedures were per-

formed under sterile conditions. Tumor cells were transduced with firefly luciferase-expressing reporter and tumor growth in mice

was monitored through in vivo bioluminescence imaging using Xenogen IVIS Lumina System coupled to LivingImage software for

data acquisition. Time-matched tumors were collected and processed for immunohistochemistry and TEM.
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BTB permeability assay
Math1-Cre; SmoM2 andMath1-Cre; SmoM2; Piezo2fl/fl P21MB-bearing mice or mice bearing ONS76 xenograft tumors were anaes-

thetized. Cadaverine-Alexa555 (12.5 mg/g body weight, A30677, Invitrogen), Dextran-Alexa555 (12.5 mg/g body weight, D34679, In-

vitrogen) or Evans blue (2% in saline, 3 mL/kg body weight, E2129, Sigma Aldrich) was injected into the retro-orbital sinus. After two

hours, the mice were anaesthetized and perfused with PBS followed by 4% paraformaldehyde. The brains were dissected and post-

fixed overnight at 4�C before cryosection. Tracers in tumors was determined by Leica SP8 confocal microscope.

Computational simulation of mechanical stress within the BTB
Model geometry

A computational model was developed using COMSOL Multiphysics 5.4 to simulate the transmission and distribution of pericyte-

generated force within the BTB (Wang et al., 2018). The multi-layer model, which is composed of Sox2+ MB cell endfeet, pericyte,

basement membrane, and endothelial cell, is reconstructed based on transmission electron microscopy images of the BTB. The

default mesh size was set as 0.458 nm.

Boundary condition

A zero-displacement boundary condition was imposed at the bottom of endothelial cells. Adjacent layers were assigned as insep-

arable. Blood within the capillary lumen was assigned to be freely moving liquid.

Mechanical properties

The mechanical properties of each layer were set as isotropic elastic with Young’s modulus of 0.5 kPa for Sox2+ MB cell endfeet,

0.5 kPa for pericyte, 20 kPa for basement membrane (Reuten et al., 2021), and 3 kPa for endothelial cell (Byfield et al., 2009).

Applied load

The mechanical force generated by pericyte was applied to pericyte’s edge, mimicking the force generated near pericyte processes

onto the basement membrane and endothelial cells (Dessalles et al., 2021). The force generated by the pericyte was assigned to be 7

nN for the control group and 1.55 nN for the Piezo2 knockout group. The forcewas calculated based on the quantification results from

traction force microscopy and phosphorylated myosin light chain II staining. A counterbalance force was applied globally on the sur-

face of the structure.

When applying an external load to the multi-layer structure, a spherical indenter with a radius of 1.5 mmwas included on top of the

multi-layered BTB model. The force of 10 pN was applied perpendicular to the contact surface, and the stress distribution was then

studied within the BTB.

Self-consistency of the computation model

Mesh sensitivity was investigated to ensure independence of the results from the computational mesh size. Three mesh sizes were

used. ‘‘Fine’’, ‘‘Finer’’ and ‘‘Extra Fine’’ (defined by COMSOL)mesheswithmesh size of 0.458 nm, 0.287 nm, and 0.110 nmwere used

for comparison. The solution patterns did not depend on patterns of themesh lines. Themaximumdifferences between three compu-

tational meshes were less than 1% for maximum stress in the basement membrane. The results proved self-consistency of the

computation model.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to pre-determine sample sizes. The statistical analyses were done afterwards without interim data

analysis. No data points were excluded. Two-tailed Student’s t-test was performed for comparison between two groups of samples.

One-way ANOVA with Tukey’s multiple comparisons correction or Kruskal-Wallis test with Dunn’s multiple comparisons correction

were used to analyse differences between multiple groups. Two-way ANOVA analyses with Geisser-Greenhouse correction were

used to assess significance of multiple data points. The Kaplan–Meier estimator and GraphPad Prism software were used to

generate survival curves. Differences between survival curves were calculated using a log-rank test. All data were collected and pro-

cessed randomly. Each experiment was reproduced at least three times and was performed on different days. All measurements

were taken from distinct samples. All data are expressed as mean ± s.e.m. P value less than 0.05 is considered statistically signif-

icant. The statistical details of experiments, the exact values of n and what they represent can be found in the figure legends.
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