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Biofluid flow generates fluid shear stress (FSS), a mechanical force widely 
present in the tissue microenvironment. How brain tumour growth alters 
the conduit of biofluid and impacts FSS-regulated cancer progression 
is unknown. Dissemination of medulloblastoma (MB) cells into the 
cerebrospinal fluid initiates metastasis within the central nervous system. 
Here, by simulating cerebrospinal fluid dynamics based on magnetic 
resonance imaging of patients with MB, we discover that FSS is elevated 
at the cervicomedullary junction. MB-relevant FSS promotes metastasis 
along the mouse spinal cord. Mechanistically, FSS induces metastatic 
cell behaviours, including weakened cell-substrate adhesion, increased 
motility, cell clustering and plasma membrane localization of glucose 
transporter 1 (GLUT1) to enhance glucose uptake. FSS is perceived by 
the mechanosensitive ion channel PIEZO2, which drives actomyosin 
contractility-dependent GLUT1 recruitment at the plasma membrane. 
Genetic targeting of PIEZO2 or pharmacologic inhibition of GLUT1 mitigates 
metastasis. Collectively, these findings define a targetable FSS-activated 
mechano-metastatic cascade for the treatment of MB metastasis.
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Cancer metastasis accounts for up to 90% of cancer deaths1. The tumour 
microenvironment generates diverse signals to dictate the metastatic 
potential of tumour cells. Compared with the large body of knowledge 
of the genetic underpinnings and biochemical pathways that regulate 
metastasis, the reciprocal interactions between tissue mechanics and 
cancer progression are poorly understood. Fluid shear stress (FSS), 
solid stress and tissue biomaterial properties (that is, stiffness, elastic-
ity and viscosity) constitute the mechanical tissue microenvironment. 
Owing to uncontrolled cell proliferation within geometrical confine-
ment, stromal and immune cell infiltration, dysregulated extracellular 
matrix and perturbed biofluid flow, cancer cells experience a myriad of 
mechanical cues2–4. These mechanical stimuli impact tumour prolifera-
tion, invasion, angiogenesis and therapy response5–21.

Metastasis is a multi-step process in which tumour cells mobilize 
within the primary tumour, invade tumour stroma and surrounding tis-
sue, intravasate and extravasate blood vessels, and anchor at distant sites 
for initial dormancy and subsequent metastatic outgrowth. During these 
events, tumour cells perceive the stiffness of extracellular matrix (ECM), 
experience compressive stress as they squeeze through the endothelium, 
and sense FSS generated by the flow of blood, lymph, interstitial fluid or 
cerebrospinal fluid (CSF)22,23. Tissue stiffening can promote metastasis 
by driving epithelial–mesenchymal transition24,25. Confined tumour cell 
migration upregulates inhibitors of apoptosis (IAPs) to confer anoikis 
resistance to enhance metastasis26. A blood flow shear stress optimum 
determines where circulating tumour cells arrest and extravasate, 
which influences metastatic success27. While these studies revealed the 
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Fig. 1 | MB tumour obstruction of the CSF conduit elevates FSS to promote 
metastasis. a, Proposed steps of MB metastasis through CSF. b, MRIs of MB 
tumours that block CSF conduit in patients. The white and yellow asterisks and 
outlines represent the fourth ventricle and the MB tumour, respectively.  
c, Computational simulation of CSF shear stress with various levels of MB 
blockage of the CSF conduit. d, Immunostaining detects MB cells, which  
express the human-specific antigen STEM121, and blood vessels labelled by 
Collagen IV (ColIV). Tumour cells can be seen in direct contact of the 4th  
ventricle. e, Experimental set-up for using static control or FSS-treated MB cells 
for orthotopic xenograft. f, Bioluminescence images of xenograft tumours 
derived from static control or FSS-treated MB cells at 42 days (ONS76) and 49 
days (DAOY) post implantation. Images are from n = 8 mice across two or three 
independent xenograft experiments for ONS76 or DAOY, respectively.  
g, Metastatic tumours along the spinal cords of mice bearing xenograft tumours 
derived from static control or FSS-treated MB cells. 3D reconstructions of the 
spinal cords (autofluorescence) and tumours (ZsGreen) are shown. Graphs show 

quantifications of spinal metastasis volume of n = 2,692 metastatic tumours 
from 6 mice (ONS76 static), n = 1,248 tumours from 5 mice (ONS76 FSS), n = 396 
tumours from 3 mice (DAOY static) and n = 505 tumours from 3 mice (DAOY FSS). 
P values, two-sided Welch’s t-test. Error bars, mean ± s.e.m. h, Quantifications 
of the volume distribution of spinal macro-metastases in the control and FSS 
groups. Histograms with nonlinear regression curves are shown. n = 478 macro-
metastases from 6 mice (ONS76 static), n = 223 macro-metastases from 5 mice 
(ONS76 FSS), n = 96 macro-metastases from 3 mice (DAOY static) and n = 179 
macro-metastases from 3 mice (DAOY FSS). P values, two-sided Welch’s t-test. 
i, Haematoxylin-and-eosin staining images of primary and metastatic MB. The 
grey arrows represent MB metastases. j, Schematic for MB xenograft into control 
or ccdc151 CSF flow defective zebrafish. k, ccdc151 xenografts have reduced 
tumour number. Graphs represent results from n = 13 (control) and n = 8 (ccdc151) 
zebrafish. P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. Schematics 
in a, e and j were created using BioRender.com.
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importance of mechanical signals during cancer metastasis, the molecu-
lar sensors of mechanical signals, the force-activated signalling pathways 
leading to metastatic cell behaviours, and the therapeutic targetability of 
the mechanotransduction events remain poorly understood.

Medulloblastoma (MB) is the most common malignant paediatric 
brain tumour28,29. MB comprises four subgroups (SHH, WNT, Group 
3 and Group 4), each with distinct cells of origin, genetic mutations, 
epigenetic features and clinical outcomes28. Despite these differences, 
metastasis occurs in all subgroups30,31. MB cells disseminate into the 
CSF and blood31–33 and metastasize throughout the CSF conduit, includ-
ing brain ventricles, central canal of the spinal cord and the leptome-
ningeal space of the central nervous system (CNS). MB metastasis 
through the CSF is proposed to occur through the leptomeningeal dis-
semination (LMD) cascade31. In the LMD, MB cells escape from primary 
tumour by gaining enhanced motility and weakened cell-substrate 
adhesion, survive in the nutrient-scarce CSF and disperse throughout 
the brain ventricles and leptomeninges, and establish leptomeningeal 
colonization (Fig. 1a). Metastatic MB tumours along the spinal cord 
are chemorefractory and unresectable, conferring an especially poor 
prognosis to patients. This clinical observation highlights the urgent 
need to develop therapies that target the molecular vulnerabilities 
of disseminated MB cells. However, owing to the scarcity of resected 
samples, genetic heterogeneity and lack of robust imaging approaches 
to detect metastatic tumours at cellular resolution, MB metastasis is 
rarely studied32,34,35. NOTCH1 signalling and γ-aminobutyric acid (GABA) 
metabolism have been identified to regulate MB metastasis36,37, but 
a deeper understanding of the mechanisms is required to identify 
therapeutic targets. Of the diverse mechanical stimuli that MB cells 
experience, FSS is of particular relevance owing to the flow of CSF38,39. 
In patients, MB infiltrates into the 4th ventricle floor and 4th ventricle 
infiltration portends poor patient outcomes40. However, whether FSS 
contributes to MB metastasis is completely unknown.

Here we show that MB growth leads to CSF conduit blockage at 
the cervicomedullary junction, thereby elevating CSF flow and FSS. 
MB-relevant FSS promotes MB metastasis by inducing an amoeboid-like 
tumour cell state with increased motility, weakened cell-substrate 
adhesion, cell clustering and glucose transporter 1 (GLUT1)-mediated 
glucose uptake. These effects are driven by the FSS-activated 
PIEZO2-actomyosin-GLUT1 signalling cascade, which can be geneti-
cally or pharmacologically targeted to mitigate MB metastasis. These 
findings unveil a mechanically activated metastatic mechanism and 
molecular vulnerabilities, which can be leveraged to develop targeted 
therapies to treat MB.

Results
CSF conduit blockage by MB elevates CSF flow
Patients with MB exhibit 4th ventricle compression and hydrocepha-
lus owing to physical blockage of CSF conduit by the tumour bulk41,42. 
However, the precise site of CSF conduit blockage and how MB-induced 
abnormality affects CSF flow is undetermined. To determine CSF FSS 
in patients with MB, we created a boundary model of the ventricular 
system based on previously defined CSF conduit geometries43. We 
analysed magnetic resonance images (MRIs) of ten patients with MB 
where we observed a wide range of CSF conduit constriction by the 
tumour bulk. The cervicomedullary junction was the most common 
site of constriction (Fig. 1b, Extended Data Fig. 1a and Supplementary 
Table 1). On the basis of this finding, we applied varying degrees of 
tumour-induced constriction at the cervicomedullary junction to the 
CSF conduit boundary model. Using COMSOL, we performed finite ele-
ment simulation of CSF FSS and flow rate with 0–95% blockage of the 
CSF conduit43,44. Our simulation reveals that the maximum FSS on the 
cervicomedullary junction wall is ~0.13 dyne cm−2 in the unconstricted 
state (Fig. 1c). The maximum FSS is elevated to ~0.24 dyne cm−2 with 
40% constriction to ~1.58 dyne cm−2 with 95% constriction. Consist-
ently, the maximal flow velocity is ~18.4 mm s−1 in the unconstricted 

state and elevated to ~48.1 mm s−1 with 95% constriction (Extended Data 
Fig. 1b). Since tumour-induced constriction may raise pressure within 
the ventricular system, we also measured pressure levels and observed 
that from 20% to 95% constriction, pressure increases around 4-fold 
(Extended Data Fig. 1c), while FSS increases around 14-fold (Fig. 1c). 
These findings suggest that FSS appears to be a dominant mechanical 
stimulus of the MB microenvironment impacted by the tumour bulk. MB 
tumour cells, which were traced by their expression of human-specific 
antigen STEM121, were detected to be in direct contact of the 4th ven-
tricle in an orthotopic xenograft model of MB derived from ONS76 
cells (Fig. 1d). Collectively, these results present the estimated range 
of FSS within the MB-bearing human ventricular system through a 
computational model based on patient MRIs and show that tumour cells 
can be positioned to perceive the FSS generated by CSF flow in mice.

FSS promotes MB metastasis
Having determined that FSS is conspicuously elevated owing to 
MB-induced CSF conduit blockage, we asked: does FSS functionally regu-
late MB metastasis? To determine the effects of FSS, we cultured firefly 
luciferase- and ZsGreen-expressing MB cells in artificial CSF (aCSF), 
which mimics the nutrient-scarce condition of human CSF (Methods). 
Guided by the range of FSS derived from the computational simulation, 
we treated MB cells with disease-relevant level of FSS (Fig. 1e): MB cells 
were subjected to 18 h of orbital shaking that produces a maximal FSS 
of ~0.35–0.4 dyne cm−2 (Supplementary Video 1), which is in line with 
80–95% CSF conduit blockage (Fig. 1c). We orthotopically xenografted 
FSS-treated or static control MB cells into immunodeficient NOD SCID 
gamma mice. Non-invasive bioluminescence imaging (BLI) revealed 
that xenograft mice in the FSS group exhibited increased incidence of 
metastatic tumours along the spinal cord compared with the static con-
trol group in two human MB cell models, ONS76 (2/8 mice of the static 
control group, 5/8 mice in the FSS group) and DAOY (1/8 mice of the static 
control group, 4/8 mice in the FSS group) (Fig. 1f). To quantitatively 
compare spinal cord metastases, we collected the entire spinal cords 
from tumour-bearing mice at endpoint, subjected the spinal cords to 
optical clearing using the CUBIC technique45 and performed laser scan-
ning confocal microscopy. Of note, we report for the first time the use of 
optical clearing coupled with three-dimensional (3D) reconstruction to 
visualize metastatic tumours on spinal cords (Methods). This method 
possesses sufficient resolution to detect macro-metastases (which we 
defined as foci >105 μm3), micro-metastases (foci <105 μm3) and single 
cells, permitting high precision inquiries into spinal cord metastasis. 
In both ONS76 and DAOY orthotopic xenograft models, the average 
volume of spinal cord metastases was over twofold larger in the FSS 
group compared with the static control group (Fig. 1g,i). FSS signifi-
cantly increased the abundance of macro-metastases (Fig. 1h). To further 
determine whether in vivo FSS impacts MB metastasis, we performed 
MB xenografts using control and CSF flow-defective zebrafish. Zebrafish 
xenograft tumours exhibit comparable proliferation, histology and che-
mosensitivity to mouse xenograft tumours46. Human MB cells engraft 
and form tumours in zebrafish larvae47. Owing to defects in motile cilia 
beating, the ccdc151 mutant zebrafish show defective and slower CSF 
flow compared with control zebrafish48–50. We injected MB cells into the 
hindbrain of control or ccdc151 mutant zebrafish, performed tissue clear-
ing of the tumour-bearing fish 5 days post injection and performed light 
sheet imaging to compare tumour burdens and distributions (Fig. 1j). 
We found that while the overall MB tumour burdens are comparable, 
ccdc151 mutant zebrafish show significantly decreased tumour numbers 
(mean ± s.e.m. control, 6.692 ± 1.034; ccdc151, 3.250 ± 0.366) as an indi-
cator of metastatic dissemination (Fig. 1k). Collectively, these results 
show that disease-relevant magnitudes of FSS promote MB metastasis.

FSS induces an amoeboid-like state of MB cells
Since FSS increased the metastatic potential of MB cells, we inves-
tigated whether FSS induces cell behaviours related to the LMD 
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cascade (Fig. 1a). To enable live imaging of cells under fluid flow, we 
custom-built microfluidic channels within which MB cells were treated 
with ~0.5 dyne cm−2 of FSS for 6 h (Fig. 2a). As a control, cells were cul-
tured in the microfluidic channels without FSS. After ensuring that 
sterilization did not deform the microfluidic channels (Extended Data 
Fig. 2a), first, we studied whether FSS alters MB cell-substrate adhesion 
strength. To this end, we used an established assay51,52, where a gradi-
ent of fluid flow was applied to the ~0.5 dyne cm−2 FSS-treated or static 
control cells over a fixed period to shear the cells off their substrate. 

Simultaneously, live imaging was performed so that the number of cells 
detaching, and at which fluid flow level, could be quantified. Since cells 
detach at the point where fluid flow exceeds the adhesion strength, the 
fluid flow level at which a cell detaches is a measure of that cell’s adhe-
sion strength (Fig. 2b). Histograms show the distribution of adhesion 
strengths for the sheared off cells and cells that remained attached after 
the fluid flow gradient (>375 dyne cm−2), and τ75 shows the gradient shear 
stress at which 25% of the cells detached53–55 (Fig. 2c and Extended Data 
Fig. 2b). FSS-treated cells were significantly less adherent than the static 
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to MB cells. b, Experimental set-up for determining MB cell-substrate adhesion 
strength. c, Left: cell-substrate adhesion of static control or FSS-treated ONS76 
cells. Histograms represent results from n = 266 cells (static) and n = 295 cells 
(FSS) from three independent replicates. P value, one-sided chi-square test. 
Right: τ75 results of the three independent replicates are shown. P value, two-sided 
unpaired t-test. Error bars, mean ± s.e.m. d, Quantification of the ratio of floating/
adherent ONS76 cells in the static control or FSS-treated group. The graph 
represents results from three independent replicates (n = 3). P value, two-way 
analysis of variance. Error bars, mean ± s.e.m. e, ECM degradation ability of static 
control or FSS-treated ONS76 cells. The graph shows quantifications of digested 
gelatin-GFP area per field of view. n = 20 fields of view from three independent 
replicates. P value, two-sided unpaired t-test. Error bars, mean ± s.e.m.  
f, Morphology and motility of static control or FSS-treated ONS76 cells. The blue 
dashed circles show the mesenchymal-like cell morphology of ONS76 under 

static condition. The red dashed circles show the amoeboid-like cell morphology 
of ONS76 under FSS condition. The graph shows quantifications of cell velocity  
of n = 139 (static) and n = 73 (FSS) cells from three independent replicates.  
P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. g, FSS-treated ONS76 
cells have increased circularity. Immunofluorescence of F-actin was performed 
on static control and FSS-treated ONS76 cells. The graph represents results of 
n = 389 (static) and n = 419 (FSS) cells from three independent replicates. P value, 
two-sided unpaired t-test. Error bars, mean ± s.e.m. h, Actomyosin contractility 
of static control or FSS-treated ONS76 cells. Graphs show quantifications of 
pMLC2 coverage of F-actin, pMLC2 intensity on F-actin, pMLC2 puncta number 
on F-actin, distance between pMLC2 puncta and pMLC2 puncta size. pMLC2 
coverage and intensity are from n = 34 (static) and n = 33 (FSS) cells. The pMLC2 
puncta number is from n = 17 (static, FSS) cells. The pMLC2 puncta distance 
and size are from n = 25 (static) and n = 33 (FSS) cells. All results are from 
three independent replicates. P value, two-sided unpaired t-test. Error bars, 
mean ± s.e.m. Schematics in a and b were created using BioRender.com.
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control cells both on poly-l-lysine (Fig. 2c) and RGD peptide (Extended 
Data Fig. 2b) substrates. To corroborate this finding, we subjected MB 
cells to orbital shaking that generates ~0.35–0.4 dyne cm−2 FSS or static 
culture on laminin-coated dishes. The ratio of floating to adherent 
MB cells was significantly increased over time in the FSS group com-
pared with the static control group (Fig. 2d). To further characterize 
the effects of FSS on cell adhesion, we determined the expression of 
selectin ligands, which bind to selectins expressed on vascular endothe-
lial cells, leukocytes and platelets56 to regulate circulating tumour cell 
adhesion to the vascular endothelium57. P-selectin glycoprotein ligand 
1 (PSGL1), E-selectin ligand 1 (ESL1) and major E-selectin ligand CD4458,59 
expression increased, did not alter and decreased in FSS-treated cells, 
respectively (Extended Data Fig. 2c). These results show that FSS has a 

complex impact on the expression of selectin ligand, and warrant future 
studies into the role of selectins in MB metastasis. Second, we studied 
whether FSS influences the ability of MB cells to degrade the ECM. To 
this end, we cultured MB cells on gelatin-GFP-coated substrate and 
then subjected them to orbital shaking or static culture. FSS enhanced 
the ability of MB cells to degrade gelatin-GFP compared with the static 
control group (Fig. 2e and Extended Data Fig. 2d). Third, we studied 
whether FSS impacts MB cell motility. Using live imaging, we observed 
that FSS treatment led to an amoeboid-like cell morphology, includ-
ing cell rounding and blebbing60 (Fig. 2f,g). FSS-treated DAOY cells 
and ONS76 cells exhibiting amoeboid movement showed increased 
motility compared with static control cells (Fig. 2f and Extended Data 
Fig. 2e). Actomyosin contraction, facilitated by phosphorylation of 
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Fig. 3 | FSS promotes plasma membrane localization of GLUT1 and glucose 
uptake. a, GLUT1 localization in individual static or FSS-treated ONS76 cells. 
Graphs show total GLUT1 level, percentage of GLUT1 on the plasma membrane 
and percentage coverage of the plasma membrane by GLUT1 from n = 25 
(static) and n = 46 (FSS) cells from three independent replicates. P value, two-
sided unpaired t-test. Error bars, mean ± s.e.m. b, GLUT1 intensity at cell–cell 
junctions of static or FSS-treated ONS76 cells. The white arrows point to the 
cell–cell junction. The graph represents results from n = 25 (static) and n = 34 
(FSS) cell–cell junctions from three independent replicates. P value, two-sided 
unpaired t-test. Error bars, mean ± s.e.m. c, Glucose uptake and cell clustering 
ability of static or FSS-treated ONS76 cells. The red dashed circles represent the 
cell clusters. Graphs show the number of cell clusters per 100 cells from n = 20 
fields of view from three independent replicates (left) and 2-NBDG level in each 
cell from n = 94 (static) and n = 159 (FSS) cells from three independent replicates 
(right). P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. d, GLUT1 is 
elevated in FSS-treated MB xenograft tumours 4 days post implantation. The 

graph shows GLUT1 signal in STEM121+ tumour cells in n = 8 fields of view from 
3 mice (static) and n = 13 fields of view from 4 mice (FSS). P value, two-sided 
unpaired t-test. Error bars, mean ± s.e.m. e, pFAK levels are comparable in static 
and FSS-treated xenografts at 4 days post implantation. The graph shows the 
pFAK signal in STEM121+ tumour cells in n = 12 fields of view from 3 mice (static) 
and n = 17 fields of view from 4 mice (FSS). P value, two-sided unpaired t-test. 
Error bars, mean ± s.e.m. f, GLUT1 expression in primary ONS76 xenograft 
tumours and spinal metastases from static or FSS-treated cells. The graph shows 
tumour GLUT1 intensity from n = 13 (static primary MB, FSS primary MB, FSS 
metastasis) and n = 10 (static metastasis) fields of view from 3 (static primary 
MB), 3 (static metastasis), 4 (FSS primary MB) and 3 (FSS metastasis) mice.  
P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. g, GLUT1 expression 
in primary patient MB and metastasis. The graph shows GLUT1 intensity in a 
patient’s matched primary MB and metastasis biopsies from 10 fields of view.  
P value, two-sided unpaired t-test. Error bars, mean ± s.e.m.
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myosin light chain 2 (pMLC2), promotes amoeboid movement and 
heightened motility60,61. FSS-treated MB cells showed increased F-actin 
coverage by pMLC2, elevated pMLC2 intensity, more pMLC2 puncta 
per cell and decreased distance between these puncta, indicating that 
FSS promotes actomyosin contractility (Fig. 2h). Amoeboid cells are 
characterized by rounded morphology, high actomyosin contractility, 
low substrate adhesion and blebs as functional protrusions that enable 
fast migration60. Altogether, these findings show that FSS induces an 
amoeboid-like state in MB cells, which confers cellular behaviours 
essential for the ‘escape’ step of the LMD cascade.

FSS increases plasma membrane GLUT1 and glucose uptake
CSF is a nutrient-scarce microenvironment with a protein concentra-
tion ~100 times lower than blood62. CSF is largely acellular with less 
than 5 mononuclear cells per millilitre63. Furthermore, CSF glucose 
concentration is approximately two-thirds that of the blood64, raising 
the question of how disseminated MB cells survive in the CSF. In kidney 
and breast epithelial cells, FSS was shown to induce cell–cell junctional 
enrichment of GLUT1 in an actomyosin contraction-dependent man-
ner65. As such, we investigated GLUT1 in FSS-treated and static control 
MB cells. FSS increased the overall GLUT1 level, the proportion of GLUT1 
on the plasma membrane, the percentage of the plasma membrane 
covered by GLUT1 (Fig. 3a) and GLUT1 levels at MB cell–cell junctions 
(Fig. 3b and Extended Data Fig. 2f). Consistently, FSS increased the 
intracellular level of fluorescent glucose analogue 2-NBDG, as well as 
cell clustering (Fig. 3c and Extended Data Fig. 2g). To determine whether 
increased substrate stiffness phenocopies FSS, we cultured MB cells on 
polyacrylamide gels of MB-relevant stiffness (500 Pa and 5,000 Pa)66. 
Cell–cell junctional GLUT1 levels were reduced by around 10% in stiffer 
substrate (5,000 Pa) compared with softer substrate (500 Pa) (Extended 
Data Fig. 2h), suggesting that in MB cells, substrate stiffness increase 
does not phenocopy FSS treatment. Next, we sought to determine the 
duration of phenotypic alterations induced by FSS in vitro and in vivo. 
For in vitro, we compared cell–cell junctional GLUT1 and actomyosin 
contraction of static and FSS-treated MB cells at 2 h, 6 h and 24 h post 
FSS withdrawal. FSS-induced GLUT1 cell–cell junctional enrichment 
persisted up to 6 h post FSS withdrawal, while actomyosin contraction 
persisted up to 2 h (Extended Data Fig. 2i). For in vivo, we studied GLUT1 
levels in tumour cells of static and FSS-treated MB xenografts at 4 days 
post injection. GLUT1 levels were significantly higher in FSS-treated 
xenografts compared with static control (Fig. 3d). Together, these data 
show that MB cells display ‘mechanical memory’ of the FSS and exhibit 
cellular changes that last hours to days depending on their microenvi-
ronment (that is, in vitro culture condition versus in vivo cerebellum 
tissue). Given that we observed reduced cell-substrate adhesion and 
increased motility of FSS-treated MB cells (Fig. 2c,d,f and Extended Data 
Fig. 2b,e), we examined whether at 4 days post injection, FSS-treated 
xenografts have altered substrate adhesion and tumour spread. Focal 

adhesion kinase (FAK) is phosphorylated upon cell adhesion to ECM 
proteins67,68. Thus, pFAK is used as a marker for cell-substrate adhesion 
in tissues69,70. We quantified tumour spread by measuring solidity, which 
is the ratio of the tumour area (marked by STEM121) to the area of the 
tumour convex hull. As such, low solidity indicates a more disperse 
and spread-out tumour. We observed no significant difference in pFAK 
levels (Fig. 3e) or tumour spread (Extended Data Fig. 2j) between static 
and FSS-treated xenografts, suggesting that FSS-treated MB cells do 
not develop lower cell-substrate adhesion or wider spread at early time 
point after implantation. In endpoint xenografts, while metastatic MB 
cells in the spinal cords had comparable circularity to primary tumour 
cells (Extended Data Fig. 2k), they exhibited higher GLUT1 expression 
in both static and FSS-treated MB xenografts (Fig. 3f). Furthermore, 
in matched patient primary MB and spinal metastasis tissue biopsies, 
GLUT1 levels were significantly higher in the metastasis compared 
with primary tumour (Fig. 3g), demonstrating an association between 
high GLUT1 levels and metastatic success. These data show that FSS 
promotes GLUT1-mediated glucose uptake that may be critical for 
metastatic success.

To determine the impact of FSS on MB cell transcriptome, we 
performed bulk RNA-seq of static control and FSS-treated MB cells. 
Consistent with the finding that FSS-treated MB cells show increased 
ability to degrade the ECM (Fig. 2e and Extended Data Fig. 2d), path-
way enrichment analysis of the differentially expressed genes (DEGs) 
reveals altered ‘metallopeptidase activity’, ‘endopeptidase activity’ and 
‘serine-type peptidase activity’ in FSS-treated ONS76 cells (Extended 
Data Fig. 2l). Consistent with the finding that FSS-treated MB cells 
show increased cell motility (Fig. 2f and Extended Data Fig. 2e), the 
enriched pathways include ‘leukocyte migration’ and ‘wound healing’ in 
FSS-treated DAOY cells (Extended Data Fig. 2l). Furthermore, pathway 
enrichment analysis highlights specific cellular processes and signal-
ling pathways, such as ‘ATP-dependent protein folding chaperone’ and 
‘regulation of trans-synaptic signalling’ (Extended Data Fig. 2l). Given 
the reported roles of protein chaperones in facilitating metastatic 
tumour cells to cope with cellular stress71 and neuron–tumour cell 
synaptic signalling in promoting brain metastasis72, these RNA-seq 
and pathway enrichment data can serve as useful resources for future 
investigation of MB metastasis mechanisms.

FSS activates the PIEZO2-actomyosin-GLUT1 signalling 
cascade
Next, we sought to determine the molecular sensor of FSS in MB cells. 
Mechanosensitive ion channels perceive mechanical force to perme-
ate cations, such as calcium, which activates intracellular signalling3. 
We surveyed the expression of force-activated ion channels3, includ-
ing mechanosensitive potassium, sodium and non-selective cation 
channels, in primary non-metastatic MB and metastatic MB based 
on the Cavalli et al. human MB RNA sequencing dataset73. PIEZO2, a 

Fig. 4 | FSS activates PIEZO2 to increase intracellular calcium and actomyosin 
contractility, which elevates GLUT1 localization at plasma membrane and 
glucose uptake. a, PIEZO2 expression from n = 134 non-metastatic and n = 26 
metastatic SHH MB patients. P value, two-sided Mann–Whitney U-test. Box 
plots indicate interquartile range (IQR; 25th–75th percentiles) with median 
and 1.5 × IQR whiskers. b, Representative calcium traces of FSS-treated MB 
cells. c, Maximum calcium amplitudes within active compartments. n = 74 
compartments across 20 cells (ONS76 nt. shRNA), n = 33 across 16 cells (ONS76 
PIEZO2 shRNA #1), n = 25 across 10 cells (ONS76 PIEZO2 shRNA #2), n = 12 across 
7 cells (DAOY nt. shRNA), n = 11 across 8 cells (DAOY PIEZO2 shRNA #1) and n = 15 
across 7 cells (DAOY PIEZO2 shRNA #2). Results are from four (ONS76) and three 
(DAOY) independent replicates. P value, two-sided unpaired t-test. Error bars, 
mean ± s.e.m. d, pMLC2 intensity on F-actin in individual ONS76 cells. n = 64 
(static nt. shRNA), n = 71 (FSS nt. shRNA), n = 47 (static PIEZO2 shRNA #1), n = 48 
(FSS PIEZO2 shRNA #1), n = 76 (static PIEZO2 shRNA #2) and n = 81 (FSS PIEZO2 
shRNA #2) cells from three independent replicates. P value, two-sided unpaired 

t-test. Error bars, mean ± s.e.m. e, GLUT1 intensity on plasma membrane-GFP in 
individual ONS76 cells. n = 36 (static nt. shRNA), n = 41 (FSS nt. shRNA), n = 22 
(static PIEZO2 shRNA #1), n = 22 (FSS PIEZO2 shRNA #1), n = 25 (static PIEZO2 
shRNA #2) and n = 29 (FSS PIEZO2 shRNA #2) cells from three independent 
replicates. P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. f, GLUT1 
intensity at n = 20 (static vehicle, static Y-27632, FSS Y-27632) and n = 30 (FSS 
vehicle) cell–cell junctions from three independent replicates. P value, two-sided 
unpaired t-test. Error bars, mean ± s.e.m. g, The number of cell clusters per 
100 cells from n = 10 fields of view from three independent replicates (left) and 
2-NBDG level in each cell from n = 67 (nt. shRNA), n = 34 (PIEZO2 shRNA #1) and 
n = 36 (PIEZO2 shRNA #2) cells from three independent replicates (right). P value, 
two-sided unpaired t-test. Error bars, mean ± s.e.m. h, The number of cell clusters 
per 100 cells from n = 20 fields of view from three independent replicates (left) 
and 2-NBDG level in each cell from n = 110 (vehicle) and n = 37 (Y-27632) cells from 
three independent replicates (right). P value, two-sided unpaired t-test. Error 
bars, mean ± s.e.m.
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mechanosensitive ion channel that mediates light touch sensation and 
proprioception74, is significantly upregulated in primary SHH MB with 
metastasis compared with those without (Fig. 4a), while the expression 
of other mechanosensitive ion channels is comparable between meta-
static and non-metastatic MB (Extended Data Fig. 3). In an integrated 
transcriptomic dataset of tumours from 390 patients with SHH MB 
and 291 normal cerebellum tissue samples75, PIEZO2 is significantly 

upregulated while PIEZO1 is significantly downregulated in SHH MB 
(Extended Data Fig. 2m). In human MB single-cell RNA-sequencing 
data76, PIEZO2 is expressed in the neoplastic cells of WNT, SHH, Group 
3 and Group 4 MB (Extended Data Fig. 4a). We examined PIEZO1 and 
PIEZO2 expression in static or FSS-treated MB cells, and found that 
ONS76 cells show higher PIEZO1 expression level than PIEZO2, while 
in DAOY cells the expression of PIEZO1 and PIEZO2 are comparable 
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(Extended Data Fig. 4g). Upon FSS treatment, PIEZO1 expression 
increased by 1.71-fold and PIEZO2 expression by 3.19-fold in ONS76 
cells, and PIEZO1 expression increased by 1.24-fold and PIEZO2 expres-
sion by 1.71-fold in DAOY cells (Extended Data Fig. 4h), indicating that 
PIEZO2 expression is more responsive to FSS compared with that of 
PIEZO1. These data suggest that the calcium-permeating PIEZO2 chan-
nel may play a functional role in MB metastasis. To determine whether 
FSS increases intracellular calcium of MB cells, we engineered MB cells 
to express genetically encoded calcium sensor GCaMP6s, cultured 
them in microfluidic channels and performed calcium imaging with 
or without aCSF perfusion-generated FSS. MB cells responded to FSS 
with a sharp increase in intracellular calcium (Fig. 4b). Perfusion of 
calcium-free aCSF with calcium chelator ethylene glycol tetraacetic acid 
(EGTA) abrogated the calcium increase, indicating that extracellular 

calcium uptake resulted in FSS-induced calcium response (Extended 
Data Fig. 4b). Lentiviral shRNA-mediated knockdown of PIEZO2 sup-
pressed FSS-induced calcium increase, establishing PIEZO2 as an FSS 
sensor in MB cells (Fig. 4b,c). In breast cancer, PIEZO2 mediates calcium 
influx to promote RhoA and Rho-associated coiled-coil kinases (ROCK) 
activity, which increases actomyosin contractility77. PIEZO2 knockdown 
abolished FSS-induced actomyosin contractility in MB cells, as indi-
cated by the decreased intensity of phosphorylated myosin light chain 2 
(pMLC2) (Fig. 4d). PIEZO2 knockdown also reduced FSS-induced GLUT1 
enrichment at the plasma membrane of individual cells (Fig. 4e) or at 
cell–cell junctions (Extended Data Fig. 4c). This was accompanied by 
a reduction of FSS-induced glucose uptake and cell clustering (Fig. 4g 
and Extended Data Fig. 4d). To establish the functional requirement of 
actomyosin contractility in promoting GLUT1 localization at cell–cell 
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Fig. 5 | Genetic targeting of PIEZO2 mitigates MB metastasis. a, BLI shows 
that genetic knockdown of PIEZO2 decreases the incidence of MB metastasis 
in the ONS76 intracisternal xenograft model. Images were taken 24 days post 
implantation. The graph shows quantification of spinal radiance from n = 7 mice 
in each group. P values, two-sided unpaired t-test. Error bars, mean ± s.e.m. 
b, Fluorescence imaging of optically cleared spinal cords shows that genetic 
knockdown of PIEZO2 reduces the burden of metastatic MB tumours along the 
spinal cords in the ONS76 intracisternal xenograft model. 3D reconstructions of 
the spinal cords (autofluorescence) and tumours (ZsGreen) are shown. The graph 
shows quantifications of spinal metastasis volume of n = 579 (nt. shRNA), n = 212 
(PIEZO2 shRNA #1) and n = 187 (PIEZO2 shRNA #2) tumours from 7 mice in  
each group. P values, two-sided Welch’s t-test. Error bars, mean ± s.e.m.  
c, Abundance of spinal macro-metastases in the mice bearing ONS76 xenograft 
tumours. Histograms with nonlinear regression curves are shown. n = 223 
(nt. shRNA) and n = 113 (PIEZO2 shRNA #1 + #2) macro-metastases from 7 
mice in each group. P value, two-sided Welch’s t-test. d, BLI shows that genetic 

knockdown of PIEZO2 decreases the incidence of MB metastasis in the DAOY 
intracisternal xenograft model. Images were taken 24 days post implantation. 
The graph shows quantification of spinal radiance from n = 6 mice in each group. 
P values, two-sided unpaired t-test. Error bars, mean ± s.e.m. e, Fluorescence 
imaging of optically cleared spinal cords shows that genetic knockdown of 
PIEZO2 reduces the burden of metastatic MB tumours along the spinal cords 
in the DAOY intracisternal xenograft model. 3D reconstructions of the spinal 
cords (autofluorescence) and tumours (ZsGreen) are shown. The graph shows 
quantifications of spinal metastasis volume of n = 458 (nt. shRNA), n = 51 (PIEZO2 
shRNA #1) and n = 77 (PIEZO2 shRNA #2) tumours from 6 mice in each group. P 
values, two-sided Welch’s t-test. Error bars, mean ± s.e.m. f, Abundance of spinal 
macro-metastases in the mice bearing DAOY xenograft tumours. Histograms 
with nonlinear regression curves are shown. n = 188 (nt. shRNA) and n = 53 
(PIEZO2 shRNA #1 + #2) macro-metastases from 6 mice in each group. P value, 
two-sided Welch’s t-test.
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junctions, we applied Y-27632, a specific ROCK blocker upstream of 
pMLC2, to the FSS-treated or static control MB cells. Y-27632 treat-
ment abrogated FSS-induced GLUT1 cell–cell junction localization, 
glucose uptake and cell clustering (Fig. 4f,h and Extended Data 
Fig. 4e,f), establishing that PIEZO2 promotes GLUT1-dependent glucose 
uptake through elevating actomyosin contraction. When cultured on 
MB-relevant stiffness (5,000 Pa)66, PIEZO2 knockdown MB cells showed 
comparable growth compared with control cells (Extended Data Fig. 4i), 
suggesting that PIEZO2 knockdown does not affect MB cell prolifera-
tion in the absence of FSS. Taken together, these data demonstrate 
that PIEZO2 mediates FSS-sensing by MB cells to promote FSS-induced 
actomyosin contractility, which increases GLUT1 level at the plasma 
membrane for glucose uptake, collectively defining an FSS-activated 
PIEZO2-actomyosin-GLUT1 mechano-metastatic cascade.

Genetic knockdown of PIEZO2 suppresses MB metastasis
Since we discovered that PIEZO2 senses FSS in MB cells, we examined 
whether genetically depleting PIEZO2 suppresses MB metastasis. To this 
end, we performed intracisternal injection of MB cells78, which were trans-
duced with lentiviral PIEZO2 shRNA or non-targeting control shRNA, to 
determine the role of PIEZO2 in CSF-mediated metastasis. Non-invasive 
BLI showed that the incidence of spinal cord metastasis was reduced in 
the PIEZO2 knockdown xenografts compared with non-targeting control 
in both ONS76 (4/6 mice in the non-targeting shRNA group, 0/6 mice in 
the PIEZO2 shRNA #1 group and 0/6 mice in the PIEZO2 shRNA #2 group) 
and DAOY (6/6 mice in the non-targeting shRNA group, 1/6 mice in the 
PIEZO2 shRNA #1 group and 0/6 mice in the PIEZO2 shRNA #2 group) 
models (Fig. 5a,d). Optical clearing, light sheet imaging and 3D recon-
structions of the spinal cords revealed a significant reduction in overall 
metastatic tumour burden and the abundance of macro-metastases 
in the PIEZO2 knockdown groups compared with the control groups 
(Fig. 5b,c,e,f). Furthermore, PIEZO2 knockdown decreased the incidence 
and burden of spinal metastases in D425 xenograft tumours, a model of 
Group 3 MB (Extended Data Fig. 5a,b). Collectively, these results establish 
that PIEZO2 is a therapeutic target of MB metastasis.

Pharmacological targeting of GLUT1 suppresses MB 
metastasis
While PIEZO2 genetic knockdown mitigates MB metastasis, no specific 
pharmacologic inhibitor of PIEZO2 has been discovered so far3. As 
such, we sought to determine the therapeutic targetability of the other 

nodes within the PIEZO2-actomyosin-GLUT1 mechano-metastatic cas-
cade. Actomyosin is an essentiality of all cells. Therefore, actomyosin 
inhibitors are unlikely to possess high therapeutic value in vivo79. Given 
that FSS prominently increases GLUT1 level and its localization on the 
plasma membrane of MB cells, we investigated whether pharmacologi-
cal inhibition of GLUT1 is an effective approach to treat MB metastasis. 
BAY-876 is a highly specific and potent GLUT1 antagonist with low meta-
bolic clearance and high bioavailability in rats and dogs80. We validated 
that BAY-876 treatment reduced the intracellular level of fluorescent 
glucose analogue 2-NBDG in FSS-treated MB cells (Extended Data 
Fig. 6). Of note, while FSS-treated and static control MB cells showed 
comparable viability when cultured floating in aCSF, BAY-876 treatment 
increased the percentage of dead cells and Annexin V+ apoptotic cells 
among MB cells subjected to FSS but not in the static control condition 
(Fig. 6a), suggesting that GLUT1 may play a critical role to promote the 
survival of MB cells in the circulating, nutrient-scarce CSF. Next, we 
performed xenografts followed by intrathecal delivery of BAY-876 to 
treat MB-bearing mice (Fig. 6b). Intrathecal BAY-876 administration was 
performed because (1) it maximizes the delivery of therapeutic agents 
in CSF within the spinal cord, (2) the delivered agent is locally contained 
within the CNS, and (3) it is a routinely performed clinical procedure. 
BAY-876 treatment decreased the incidence of metastatic tumours as 
evidenced by non-invasive BLI (4/7 mice in the vehicle group and 1/7 
mice in the BAY-876 group of the ONS76 model; 5/7 mice in the vehicle 
group and 1/7 mice in the BAY-876 group of the DAOY model; Fig. 6c,f). 
Light sheet imaging of the optically cleared spinal cords demonstrated 
significantly reduced metastatic tumour burdens and the abundance 
of macro-metastases in the BAY-876 treatment group (Fig. 6d,e,g,h). 
These results demonstrate that pharmacological targeting of GLUT1 
is a viable therapeutic strategy to treat MB metastasis.

MB 4th ventricle constriction correlates with metastasis
In patients, MB 4th ventricle infiltration is negatively correlated with 
survival outcomes40. However, it is unknown whether it is correlated 
with spinal metastasis. To determine whether there is a clinical cor-
relation between 4th ventricle obstruction and spinal metastasis, we 
systematically inspected the MRIs of 88 patients with MB. Within these 
patients, 50 and 38 patients show fully and not fully obstructed 4th 
ventricle, respectively, defined by the absence or presence of clear 
4th ventricle space in all MRIs of each patient. In patients with not fully 
obstructed 4th ventricle, 5 out of 38 patients (13.2%) exhibited spinal 

Fig. 6 | GLUT1 inhibitor BAY-876 treatment mitigates MB metastasis.  
a, Percentage of trypan blue-positive dead cells and Annexin V+ apoptotic cells 
among static or FSS-treated MB cells with vehicle or BAY-876. Trypan blue assay 
results are from n = 17 (ONS76 static), n = 16 (ONS76 FSS) and n = 11 (DAOY) wells. 
Both results are from three independent replicates. P value, two-sided unpaired 
t-test. Error bars, mean ± s.e.m. b, Experimental set-up for intrathecal delivery 
of BAY-876 to treat MB-bearing mice. c, BLI reveals that BAY-876 treatment 
decreases the incidence of MB metastasis in ONS76 intracisternal xenograft 
models. Images were taken 8 days post implantation. d, Fluorescence imaging 
of optically cleared spinal cords collected 8 days post implantation shows that 
BAY-876 treatment reduces the burden of metastatic MB tumours along the 
spinal cords in ONS76 intracisternal xenograft models. 3D reconstructions of 
the spinal cords (autofluorescence) and tumours (ZsGreen) are shown. Graphs 
show quantification of spinal metastasis volume of n = 331 (vehicle) and n = 217 
(BAY-876) metastatic tumours from 7 mice in each group. P values, two-sided 
Welch’s t-test. Error bars, mean ± s.e.m. e, Abundance of spinal macro-metastases 
in the ONS76 xenograft tumour-bearing mice treated with vehicle or BAY-876. 
Histograms with nonlinear regression curves are shown. n = 95 (vehicle) and 
n = 42 (BAY-876) macro-metastases from 7 mice in each group. P value, two-sided 
Welch’s t-test. f, BLI reveals that BAY-876 treatment decreases the incidence of 
MB metastasis in DAOY intracisternal xenograft models. Images were taken 8 
days post implantation. g, Fluorescence imaging of optically cleared spinal cords 
collected 10 days post implantation shows that BAY-876 treatment reduces the 
burden of metastatic MB tumours along the spinal cords in DAOY intracisternal 

xenograft models. 3D reconstructions of the spinal cords (autofluorescence) and 
tumours (ZsGreen) are shown. Graphs show quantification of spinal metastasis 
volume of n = 357 (vehicle) and n = 117 (BAY-876) metastatic tumours from 4 
(vehicle) and 5 (BAY-876) mice. P values, two-sided Welch’s t-test. Error bars, 
mean ± s.e.m. h, Abundance of spinal macro-metastases in the DAOY xenograft 
tumour-bearing mice treated with vehicle or BAY-876. Histograms with nonlinear 
regression curves are shown. n = 169 (vehicle) and n = 35 (BAY-876) macro-
metastases from 4 (vehicle) and 5 (BAY-876) mice. P value, two-sided Welch’s 
t-test. i, Patients with MB with fully obstructed 4th ventricle show increased 
rates of spinal metastasis compared with patients with not fully obstructed 4th 
ventricle. Patients were defined as having fully obstructed 4th ventricle if clear 
4th ventricle space was absent throughout all brain MRIs of that patient. n = 38 
(not fully obstructed) and n = 50 (fully obstructed). P value, one-sided chi-square 
test. j, FSS activates a targetable mechano-metastatic cascade to promote MB 
metastasis. Left: primary MB tumour growth obstructs the 4th ventricle, leading 
to increased FSS. PIEZO2 perceives FSS to permeate calcium into tumour cells. 
Elevated intracellular calcium promotes actomyosin contractility, which drives 
the recruitment of GLUT1 to plasma membrane for glucose uptake. We propose 
that FSS-induced MB cell clustering is mediated by the E-cadherin and β-catenin 
complex that physically binds F-actin. Right: the FSS–PIEZO2–actomyosin–
GLUT1 axis comprises the mechano-metastatic cascade. Key nodes in the 
cascade, including PIEZO2, actomyosin and GLUT1, are vulnerabilities to mitigate 
MB metastasis. Schematic in b and model diagram in j were created using 
BioRender.com.
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metastasis, while in patients with fully obstructed 4th ventricle, 30 
out of 50 patients (60%) exhibited spinal metastasis (Fig. 6i), suggest-
ing that MB 4th ventricle obstruction is significantly correlated with 
spinal metastasis. These findings further support that FSS promotes 
MB metastasis in vivo.

Discussion
Cellular processes, such as cell–biofluid interaction, cell–cell interac-
tion and cell–ECM interaction, generate FSS, compressive stress and 
tensile stress that are spatiotemporally dynamic3,22,61. FSS is a ubiq-
uitous mechanical stimulus that regulates functional states of cells. 

Force-sensitive cation channels PIEZOs sense FSS to orchestrate diverse 
developmental and homeostatic processes: PIEZO1 senses FSS to regu-
late vasculature formation, blood pressure regulation81–83, lymphatic 
development84 and renal function85. PIEZO2 is the primary mechanosen-
sor that mediates vital sensory functions such as touch and pain86,87 
and proprioception88. PIEZO2 senses FSS to regulate endothelium 
integrity in lung microvasculature89, lung inflation90 and urination91. 
While a growing body of evidence reveals that PIEZO-dependent FSS 
sensing regulates the functional states of cells, how FSS is influenced 
by the expanding brain tumour mass, which, in turn, governs tumour 
cell behaviours to dictate metastatic success, remained completely 
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unknown. Here we define a mechano-metastatic cascade driven by 
PIEZO2 that promotes MB metastasis (Fig. 6j): MB tumour growth at the 
4th ventricle physically obstructs the CSF conduit, most prominently at 
the cervicomedullary junction, which elevates FSS at the CSF–tumour 
interface. Heightened FSS induces an amoeboid-like cell state with 
behaviours conducive to metastasis, including elevated cell motility, 
increased ECM degradation and weakened cell-substrate adhesion. 
PIEZO2 perceives FSS to increase intracellular calcium. This promotes 
plasma membrane enrichment of GLUT1 and glucose uptake in an 
actomyosin contractility-dependent manner. Genetic knockdown of 
PIEZO2 or inhibiting GLUT1 function using BAY-876 robustly mitigates 
MB metastasis. We thereby unveil novel therapeutic vulnerabilities of 
metastatic MB.

We used computational fluid dynamics to simulate CSF flow with 
varying degrees of conduit obstruction by brain tumour. Time-lapse 
MRI has revealed CSF flow, brain motion and deformability in human 
subjects, enabling CSF flow modelling within the entire CNS with 
dynamic boundary conditions92–97. However, precise measurements 
of these parameters in brain tumour patients are lacking. Future studies 
are warranted to determine how brain tumour growth affects compli-
ance and deformability of the CSF conduit to model more accurate and 
individualized CSF flow parameters. In normal conditions, the CSF is 
a Newtonian fluid with comparable viscosity and density to water98,99. 
However, brain tumour patients exhibit elevated circulating nucleic 
acids, proteins and cells in the CSF100. Elevated protein and cell con-
centrations in the CSF were shown to confer weakly non-Newtonian 
behaviour101. These properties would affect the calculated FSS values in 
the microchannels and on the orbital shaker102. Therefore, determining 
the rheological properties of the CSF in brain tumour patients would 
enable more precise modelling of CSF flow dynamics within microflu-
idic channels and the orbital shaker.

Recently, we reported that MB cells ensheathe tumour blood 
vessels to construct the blood–tumour barrier in the primary tumour. 
These cells are mechanosensitive in a Piezo2-dependent manner. 
Genetic knockout of Piezo2 increases blood–tumour barrier permeabil-
ity and the chemosensitivity of MB20. Together with findings reported 
here, we propose that targeting PIEZO2 is a two-in-one strategy to 
increase primary MB chemosensitivity and decrease MB metastasis. 
While dietary intervention of PIEZO2 function using omega-3 fatty acid 
eicosapentaenoic acid was reported103, this approach has low potency 
and specificity. Currently, there are no specific and potent pharmaco-
logical modulators for PIEZO274. Our discoveries not only underscore 
the need to develop PIEZO2-modulating chemical agents but also 
highlight the potential of targeting PIEZO2-activated downstream 
signalling mechanism to circumvent the lack of the PIEZO2 antagonist.

Cancer cells perform aerobic glycolysis (the Warburg effect) to 
fuel energy-intensive processes such as proliferation, migration and 
survival under stress104. This increase in glucose demand can be met by 
overexpression of GLUT1 and GLUT3105. Given that GLUT3 is expressed 
in neurons and is required for neuronal glucose uptake106, inhibiting 
GLUT1 is an attractive tumour-agnostic therapeutic strategy to target 
cancer cells while reducing neurotoxicity. Several GLUT1 inhibitors, 
including BAY-87680, WZB-117107 and STF-31108, have been developed 
that demonstrated preclinical antineoplastic efficacy. BAY-876 has low 
metabolic clearance and high oral bioavailability in rats and dogs80, 
showing potential as a candidate for clinical development. Given that 
BAY-876 exhibits in vivo efficacy against metastatic MB as demon-
strated by our study, further investigation is warranted to determine 
the optimal administration route, therapeutic index and toxicity profile 
for clinical use.

Multiple human malignancies, such as lung, breast, skin and hae-
matological cancer, metastasize to the CNS leptomeninges. Patients 
with leptomeningeal metastasis have an overall survival of 4–6 
months109. Determining how disseminated cancer cells survive in the 
nutrient-scarce CSF may reveal molecular vulnerabilities for targeted 

therapies. Breast and lung cancer cells in the CSF secrete complement 
component 3, which remodels the blood–CSF barrier to promote leak-
age of plasma nutrients into the CSF110. Iron uptake through lipocalin-2 
promotes cancer cell survival in the CSF and drives leptomeningeal 
metastasis111. Here we show that glucose uptake through GLUT1 medi-
ates leptomeningeal metastasis of MB. Given that the CSF contains 
approximately two-thirds of the glucose that is present in the blood64, 
and multiple cancer types rely on glucose for energy104, our findings pro-
vide impetus for investigating whether GLUT1-mediated glucose uptake 
is a tumour-agnostic mechanism for cancer cell survival in the CSF.

In patients, MB metastases are present along the brain–spinal cord 
axis, unresectable and refractory to chemotherapy and irradiation, 
making metastatic MB universally high risk30. Owing to the complex 
mechanical cues that MB cells experience in primary tumour, within 
CSF or blood23, or at distant sites during metastatic outgrowth, PIEZO2 
may be an essential but not the only mechanosensor that dictates meta-
static success. FSS activates PIEZO1 to sensitize tumour cells to tumour 
necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated 
apoptosis in glioblastoma112 and prostate cancer cells113. Several 
cell-based and nanoparticle-based methods to effectively deliver TRAIL 
to circulating tumour cells have been developed114–120. While MB cells do 
not appear to express PIEZO1 in vivo20, whether activation of PIEZO2 or 
other mechanosensors sensitizes MB cells to TRAIL-mediated apopto-
sis warrants future studies. Furthermore, systematically determining 
the microenvironmental mechanical cues and defining the mecha-
nosensors during various phases of metastasis should reveal further 
therapeutic opportunities to tackle this lethal phase of the disease. MB 
transcriptionally mirrors neurodevelopment121–123 and its metastasis is 
driven by co-option of a neurodevelopmental epigenetic programme124. 
Our report of the functional importance of PIEZO2 in MB raises the 
intriguing question of whether PIEZO2 regulates normal cerebellum 
development. Indeed, cell proliferation, migration and cerebellar fold-
ing125 may provide ample mechanical stimuli to modulate the activity 
of PIEZO2 or other mechanosensitive molecular machineries.

Methods
Cell culture
Human MB cell lines ONS76126, DAOY and D425127 were a gift from M. 
Taylor. DAOY and ONS76 cells were cultured using DMEM with 10% 
FBS. D425 cells were cultured using 50:50 neural basal medium and 
DMEM/F12 supplemented with non-essential amino acids, sodium 
pyruvate, HEPES, glutamine, B27, heparin, 25 ng ml−1 human leukaemia 
inhibitory factor, 25 ng ml−1 bFGF and 25 ng ml−1 human EGF without 
addition of serum. For aCSF medium, cells were cultured in 125 mM 
NaCl, 2.5 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 
1.2 mM MgCl2, 15 mM glucose, 2% DMEM, 0.2% FBS and 100 U ml−1 
penicillin–streptomycin.

All cell lines were regularly checked for mycoplasma infections 
and treated with Plasmocin (Invivogen #ant-mpt-1) when infection was 
noted. No cell line is listed in the database of commonly misidentified 
cell lines maintained by the International Cell Line Authentication Com-
mittee and National Center for Biotechnology Information BioSample.

Lentiviral transduction
For PIEZO2 knockdown, pLKO.1 lentiviral shRNA target gene set and 
pLKO.1-TRC-control vector were acquired from Dharmacon. The 
mature antisense sequences were shRNA #1 (TAATTGTAGCTCTTGGT-
GAGG) and shRNA #2 (TTTCAACTGGCTTTGTTGGGC). For membrane 
GFP tagging, MB cells were transduced with the FUmGW (Addgene 
#22479) construct. For expression of firefly luciferase and ZsGreen 
for xenografts, MB cells were transduced with the pHIV-Luc-ZsGreen 
(Addgene #39196) construct. For calcium imaging, MB cells were trans-
duced with the GCaMP6s-TdTomato construct (Addgene #80316). For 
all cells transduced with a fluorescence-expressing construct, trans-
duced cells were purified using fluorescence-activated cell sorting.
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Microfluidic channel fabrication and culture
The microfluidic channel consisted of one polydimethylsiloxane 
(PDMS) layer and a glass slide on which the PDMS layer was bonded. 
The channel within the PDMS layer was 120 μm high and 2 mm wide. The 
microfluidic device was fabricated through multilayer soft lithography. 
First, SU-8 2075 photoresist (Microchem) with a thickness of 120 μm 
was spin-coated onto a silicon wafer and then patterned into the SU-8 
mould of the PDMS layer by standard photolithography. After that, a 
precursor mixture of PDMS base and cross-linker (Sylgard 184, Dow 
Corning) at the w/w ratio of 10:1 was poured onto the SU-8 mould and 
cured at 80 °C for 45 min. Finally, the PDMS layer was peeled from the 
SU-8 moulds, punched with open inlet and outlet holes, and bonded 
to the glass slide.

The microfluidic channels were sterilized by soaking in 70% etha-
nol overnight. The devices were washed with phosphate-buffered 
saline (PBS) and coated with 0.02 mg ml−1 poly-l-lysine (Sigma, P2636) 
or 1 µg ml−1 RGD peptide (Cell Guidance Systems, AP16) in PBS for 2 h at 
room temperature. DAOY and ONS76 cells were seeded into microflu-
idic channels at a density of 1,000,000 cells per ml in aCSF.

For PDMS channel dimensions measurement, channels were 
loaded with Alexa Fluor 555-Cadaverine (Thermo Fisher Scientific, 
A30677) diluted 1:500 in PBS. A spinning disk confocal microscope 
(Quorum) was used with 10×/0.4 numerical aperture (NA) objective 
to obtain Z-stacks of the Alexa Fluor 555 signal. The width and height 
of channels were measured using ImageJ (version 1.54d) before and 
after overnight 70% ethanol soaking.

FSS application
One day after seeding, aCSF flow was applied to cells cultured in micro-
fluidic channels using a programmable syringe pump (Harvard Appa-
ratus) through a polytetrafluoroethylene tubing. Microfluidic shear 
stress (τ) within the channel was calculated using the following equa-
tion: τ = 6ηQ/h2w, where η represents the viscosity of the medium, Q 
flow rate, h height and w width of the channel128. With approximate vis-
cosity of aCSF medium at 37 °C of 1cP, 15 µl min−1 flow rate and 2,000 µm 
by 120 µm channel dimensions, the τ is 0.52 dyne cm−2.

For orbital shaking, VWR Mini Shaker (VWR #12620-938) was 
placed in a tissue culture incubator. MB cells cultured on 6-well plates 
in aCSF were placed on the orbital shaker and gyrated at 100 rpm for 
18 h. The fluid flow profile and FSS were determined using numerical 
simulation.

Numerical simulation of the orbital shaker well and calculation 
of the shear forces
A model well of 35 mm in diameter and 10 mm in depth filled with water 
(1.8 mm in depth) was simulated with 100 rpm with a gyration of 3 mm. 
COMSOL Multiphysics was used to simulate the rotation of the well. 
The computational domain was designed with the lower part of the 
cylinder filled with water and the upper part occupied by air initially. 
The dynamic viscosity and density of water at room temperature were 
applied. The working parameters of the simulation were as follows: well 
diameter D = 35 mm, liquid height in well Hwater = 1.8 mm, depth of well 
Hwell = 10 mm, orbital rate ω = 100 rpm, gyration diameter d = 3 mm, 
radius r = 1.5 mm, viscosity of water μw = 0.001 Pa s, density of water 
ρw = 1,000 kg m−3, viscosity of air μa = 18.49 μPa s and density of air 
ρa = 1.184 kg m−3. Owing to the low Reynolds number of the set-up, lami-
nar flow module, including the continuity equation and Navier–Stokes 
equation, and moving mesh were applied to calculate the flow field and 
to determine the water–air interface, as shown below:

ρi [ui × ∇ui] = −∇P + μi∇2ui − ρig (1)

∇ui = 0 (2)

where ρi, ui and μi are the density, velocity and dynamic viscosity of 
the fluid (i = water or air), g is the gravitational acceleration and P is 

the pressure. A moving boundary condition was applied on the well 
surfaces. The function of the moving boundary condition is as follows:

⎧⎪
⎨⎪
⎩

ux= 2πωr × sin(2πωt)

uy= 2πωr × cos(2πωt)

uz = 0

(3)

A meshing independent study was conducted and 24,855 mesh-
ing elements were applied during the finite element analysis. A 
time-dependent study of a 2 s period of rotation was studied and the 
motion of the water–air interface with velocity field was extracted. The 
shear stress (τs) on the well substrate owing to the rotation of fluid was 
calculated by equation (4):

τs = δsr × μw (4)

where δsr is the shear rate of water at the substrate surface and μw is the 
dynamic viscosity of water. Supplementary Video 1 shows the distribu-
tion of shear stress subjected to the substrate, where the average shear 
stress is ~0.17 dyne cm−2 and a maximum FSS of ~0.40 dyne cm−2 appears 
at the periphery of the substrate.

Live imaging
For live imaging, MB cells were seeded in microfluidic channels and cul-
tured in aCSF. The channels were placed in an environmental chamber 
maintaining 37 °C and 5% CO2 equipped on an epifluorescence micro-
scope (Nikon). Bright-field images were acquired using 10×/0.5 NA or 
20×/0.75 NA object at 1 frame per minute. ImageJ (version 1.54d) Manual 
Tracking plugin was used to generate cell movement coordinates. The 
coordinates were plugged into the Chemotaxis and Migration Tool 
(Ibidi) to generate cell maps and motility quantifications.

Calcium imaging
ONS76 and DAOY cells expressing GCaMP6s-TdTomato (Addgene 
#80316) were cultured in microfluidic channels in aCSF. For PIEZO2 
knockdown studies, cells were transduced with non-targeting (nt.) or 
PIEZO2 shRNAs 3.5 days before calcium imaging. Immediately follow-
ing removal from the incubator, GCaMP6s signal from the MB cells was 
imaged using a 491 nm laser at 2 frames per second with aCSF flow from 
a syringe pump (Harvard Apparatus). For extracellular calcium-free 
experiments, aCSF without calcium with 0.5 mM EGTA was perfused. 
Live imaging was performed on a spinning disk confocal microscope 
(Quorum) with 40×/1.1 NA objective and Volocity (Quorum, version 
6.3.1). Cells with comparable tdTomato expression across experimental 
groups and replicates were chosen for imaging. Active calcium compart-
ments within the MB cells were identified as previously described129. In 
brief, upon FSS application, subcellular calcium compartments where 
initial spike and subsequent flashing occurred were identified. GCaMP6s 
fluorescence intensity within each compartment was quantified and 
analysed using ImageJ (version 1.54d) and Excel (Microsoft, version 
2405). The calcium signal was calculated by the following equation: 
ΔF/F0 = (Ft – F0)/F0, where Ft is the GCaMP6s intensity at time t and F0 is 
the baseline GCaMP6s intensity before aCSF flow application.

Glucose uptake assay
Glucose uptake was measured using the Glucose Uptake Cell-Based 
Assay Kit (Caymen Chemical 600470), which utilizes the fluorescent 
glucose analogue 2-NBDG. MB cells were grown to confluency on 
poly-l-ornithine (PLO; Sigma-Aldrich #A-004-C) and laminin (1:200 
in PBS, Sigma-Aldrich #L2020)-coated 6-well plates. Cells were then 
incubated with aCSF without glucose for 30 min and then supplied 
with aCSF containing 33.3 µg ml−1 2-NBDG. After 18 h of orbital shaking 
or static culture, cells were washed with the Cell-Based Assay Buffer 
and then live-imaged using a spinning disk confocal microscope with 
Volocity (Quorum, version 6.3.1). A 10×/0.4 NA objective was used 
with a 491 nm laser to image 2-NBDG fluorescence. The sample holder 
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was equipped with an environmental chamber that maintained 37 °C 
and 5% CO2.

For Y-27632 treatment, MB cells were pre-incubated in aCSF with 
10 µM Y-27632 (Tocris #1254) or equivalent volume of DMSO (0.1%) for 
30 min and treated with Y-27632 or DMSO throughout orbital shaking or 
static culture. For the BAY-876 experiment, MB cells were treated with 
1 µM BAY-876 (Tocris #6199) or equivalent volume of DMSO (0.05%) 
overnight and throughout orbital shaking or static culture for a total of 
2 days. For PIEZO2 knockdown, MB cells were transduced with lentiviral 
shRNA upon seeding onto PLO and laminin-coated 6-well plates. Two 
days later, 2-NBDG treatment and orbital shaking were performed. 
2-NBDG fluorescence intensity quantification was performed using 
ImageJ (version 1.54d). Cell clusters were identified as five or more cells 
in contact with one another.

Cell death and flow cytometry assays
For BAY-876 treatment, MB cells were seeded onto low-adhesion 6-well 
plates (Corning #3471) at a density of 2,500,000 cells per well in aCSF 
containing 1 µM BAY-876 or equivalent volume (0.1%) DMSO. After 
18 h of orbital shaking or static culture, trypan blue dead cell counting 
assay or Annexin V/PI flow cytometry was performed. For cell counting, 
the percentage of trypan blue-positive dead cells was measured using 
the automated Vi-Cell XR Cell Viability Analyzer (Beckman Coulter). 
For Annexin V/PI flow cytometry, Alexa Fluor 488 Annexin V for the 
flow cytometry kit (Invitrogen #V13241) was used according to the 
manufacturer’s protocols, and flow cytometry was performed using 
Fortessa UVBGR (Fortessa). The percentage of Annexin V-positive cells 
was quantified using FCS Express 7 (De Novo Software).

For measurement of floating to adherent cell ratio, MB cells were 
seeded onto PLO and laminin-coated 6-well plates at a density of 
200,000 cells per well. After 2 days, the medium was replaced with 
aCSF and cells were cultured under orbital shaking or static condition. 
At the indicated time points, the supernatant was collected for float-
ing cells, and trypsinization was performed for adherent cells. Trypan 
blue-negative live cell count was measured using the Vi-Cell platform, 
and the ratio of the number of cells in the supernatant to the adherent 
fraction was calculated.

Microfluidic adhesion assay
Adhesion assay was performed as previously described51,52. In brief, MB 
cells were cultured with aCSF in microfluidic channels. Following 6 h of 
15 µl min−1 aCSF flow treatment or static culture, the microfluidic channels 
were placed on a sample holder attached to an epifluorescence micro-
scope (Nikon). A linear gradient of aCSF flow (0–10.8 ml min−1) was applied 
to the cells using a programmable syringe pump (Harvard Apparatus), 
while time-lapse imaging was performed at 15 s per frame, so that the FSS 
at each time point could be calculated. Cells detach at the point where FSS 
exceeds the cell-substrate adhesion strength. The number of cells at each 
frame was quantified using ImageJ (version 1.54d), and the percentage 
of shed cells was plotted using Prism (GraphPad, version 10.0.3). The 
syringe capacity of the pump enabled a gradient flow with 375 dyne cm−2 
as the maximum FSS. Since more than half of the static control cells on 
the PLL substrate remained attached after the gradient flow, τ50 (FSS at 
which 50% of cells detach) could not be calculated. Therefore, τ75 (FSS at 
which 25% of cells detach) was calculated as previously described53–55. In 
brief, the percentage of cells attached was plotted against FSS, nonlinear 
regression curve was fitted, and τ75 was interpolated.

Polyacrylamide stiffness gel preparation
Polyacrylamide gels with 500 Pa and 5,000 Pa stiffness were fabri-
cated on glass coverslips as previously described16,20. Polyacryla-
mide gel solutions were prepared by mixing acrylamide (5%, Bio 
Basic #AB1032) and bis-acrylamide (0.011% for 500 Pa, 0.14% 
for 5,000 Pa, BioShop #ACR007) in HEPES buffer. Polymeriza-
tion was initiated with 0.05% ammonium persulfate (Sigma) and 

0.1% N,N,N′,N′-tetramethylethylenediamine (Sigma). Each solu-
tion (15 μl) was pipetted onto glass coverslips treated with 0.5% 
3-aminopropyltrimethoxysilane (Sigma) and 1% glutaraldehyde 
(Sigma). To cross-link ECM protein onto the polyacrylamide gel sur-
face, the gels were photoactivated by Sulfo-SANPAH (Sigma) under 
ultraviolet light for 8 min. Subsequently, gels were sterilized with 
peracetic acid for 10 min, washed and then incubated in 200 μg ml−1 
laminin solution (Sigma) at 37 °C overnight.

For GLUT1 immunostaining, 20,000 ONS76 cells were seeded 
onto 500 Pa or 5,000 Pa stiffness gels in 12-well plates, grown for 2 
days in DMEM + 10% FBS medium, 1 day in aCSF, and then fixed with 
paraformaldehyde (PFA) at room temperature for 20 min followed by 
immunostaining. For cell counting, 5,000 ONS76 cells treated with 
nt. or PIEZO2 shRNA were seeded onto 5,000 Pa stiffness gels. From 
day 2 to day 6, images were acquired every 2 days using a Nikon DS-L3 
camera connected to a Nikon Eclipse TS100 inverted microscope with 
10× objective. Cell numbers were quantified in three randomly selected 
fields of view per replicate in three replicates and then extrapolated to 
the area of the coverslip.

Immunofluorescence staining
For experiments involving microfluidic channels, cells were stained 
directly within the devices. For orbital shaker experiments, cells were 
grown on 35 mm glass-bottom dishes (Ibidi #81158) coated with PLO and 
laminin. For PIEZO2 knockdown experiments, staining was performed 
3.5 days after lentiviral shRNA transduction. For Y-27632 treatment 
experiments, cells were pre-incubated with 10 µM Y-27632 or equivalent 
volume DMSO (0.1%) for 30 min in aCSF and then treated for a further 
18 h throughout orbital shaking. To perform immunofluorescence 
staining, cells were fixed with 4% PFA at 4 °C overnight and then washed 
with PBS containing 0.1% Triton X-100 (Bio Basic #TB0198) (PBST). 
Cells were blocked with 10% normal goat serum (NGS; Sigma-Aldrich 
#G9023) in PBST for 1 h, and then incubated with primary antibody 
overnight at 4 °C and secondary antibody for 1 h at room tempera-
ture. For F-actin staining, cells were incubated with phalloidin (1:200, 
Invitrogen #A12379) in PBS for 20 min at room temperature. Immuno-
fluorescence of GLUT1 in MB patient biopsies was approved by Xiangya 
Hospital Ethics Committee (#2025010216). The primary antibodies used 
were STEM121 (1:50; Takara #Y40420), rabbit anti-ColIV (1:100; BioRad 
#2150-1470), rabbit anti-GLUT1 (1:200; Sigma-Aldrich #07-1401), rabbit 
anti-phospho-myosin light chain 2 (1:100; Cell Signaling Technology 
#3671S), mouse anti-phospho-myosin light chain 2 (1:100; Cell Signal-
ing Technology #3675S), rabbit anti-phospho-FAK (Tyr397) (1:100; 
Invitrogen #44-625G) and rabbit anti-caveolin-1 (1:100; Cell Signaling 
Technology #3267). The secondary antibodies used were Alexa Fluor 
488 donkey anti-mouse IgG (1:200–400; Jackson Immunoresearch #715-
545-151), Alexa Fluor 594 donkey anti-rabbit IgG (1:200–400; Jackson 
Immunoresearch #711-585-152), Alexa Fluor 647 donkey anti-mouse 
IgG (1:200–400; Jackson Immunoresearch #715-606-151) and Alexa 
Fluor 647 donkey anti-rabbit IgG (1:200–400; Jackson Immunoresearch 
#711-605-152). Primary antibodies were diluted in blocking solution, and 
secondary antibody was diluted in blocking solution containing 1 µg ml−1 
DAPI. Images were acquired using a spinning disk confocal microscope 
(Quorum) with 10×/0.4 NA, 40×/1.3 NA or 63×/1.4 NA objective and 
Volocity (Quorum, version 6.3.1). Quantifications were performed using 
Volocity (Quorum, version 6.3.1), ImageJ (version 1.54d) and Imaris 
(Oxford Instruments, version 10.1.1). For pMLC2 intensity and GLUT1 
localization to plasma membrane of nt. or PIEZO2 shRNA-treated cells 
(Fig. 4d,e), intensity values were normalized to the respective static 
control for each shRNA treatment group.

ECM degradation assay
Oregon Green-tagged gelatin (Invitrogen #G13186) was dissolved in 
PBS with 2% sucrose to a concentration of 1 mg ml−1. Glass-bottom 
dishes (35 mm) were coated with PLO for 20 min and then with Oregon 
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Green-gelatin for 1 h at room temperature. Coated dishes were washed 
with PBS and seeded with 200,000 MB cells. After 2 days, the medium 
was replaced with aCSF and 18 h of orbital shaking or static culture was 
performed. Cells were then fixed with 4% PFA at room temperature 
for 15 min. Oregon Green-gelatin signal was imaged using a spinning 
disk confocal microscope (Quorum) with 63×/1.4 NA objective and 
Volocity (Quorum, version 6.3.1). Quantification of degraded Oregon 
Green-gelatin patches was performed using ImageJ (version 1.54d).

RT-qPCR
RNA from static or orbital shaker-treated MB cells cultured in aCSF 
were collected using the RNeasy Plus Mini Kit (Qiagen, #74134). Reverse 
transcription was performed using the SensiFAST cDNA Synthesis Kit 
(Bioline, #BIO-65054). qPCR was performed using the PowerUp SYBR 
Green Master Mix (Applied Biosystems, #A25742) using the following 
primers: human PIEZO1 forward, TTCCTGCTGTACCAGTACCT; human 
PIEZO1 reverse, AGGTACAGCCACTTGATGAG; human PIEZO2 forward, 
CACCTGGCTACAACTGCTCA; human PIEZO2 reverse, CCCGATGTCAG-
GTACAAACA; human PSGL1 forward, AGAAGCCACTTCTTCTGGGC; 
human PSGL1 reverse, CAGAGGCATGGCACCACC; human ESL1 forward, 
ACCGAGGCAACATCACTGAG; human ESL1 reverse, GCATCCTTTTCTC-
CAAGCCG; human CD44 forward, CCAGAAGGAACAGTGGTTTGGC; 
human CD44 reverse, ACTGTCCTCTGGGCTTGGTGTT.

RNA-seq
RNA was collected from static control or orbital shaker-treated ONS76 
and DAOY cells cultured in aCSF. Total RNA was collected after 18 h 
of treatment using the RNeasy Plus Mini Kit (Qiagen, #74134). RNA 
integrity number (RIN) was determined using the Agilent Bioanalyzer. 
All samples had RIN >9.8. Library preparation was performed using the 
NEBNext Ultra II Directional polyA mRNA Library Prep Kit. Sequencing 
was performed on Illumina NovaSeq with 30 million paired-end reads 
per sample at 100 bp read length.

Processing of bulk RNA-seq data of cultured cells
Paired-end RNA-seq data of ONS76 and DAOY were aligned to GRCh38 
using Hisat2 (v 2.2.1)130. Quantification of aligned bam at the gene level 
was performed with the featureCounts function in R package Rsubread 
(v 2.18.0)131. Differential expression analysis was performed using R 
package DESeq2 (v 1.44.0)132. DEGs were filtered with the following 
parameter: |Log2FoldChange| > 0.75, adjusted P value < 0.05. Cluster-
ing of DEGs was performed with R package clusterProfiler (v 4.12.0)133; 
the results were filtered with the following parameter: q-value < 0.05. 
All DEGs were then visualized with R package ComplexHeatmap (v 
2.20.0)134. The raw data were deposited to Gene Expression Omnibus 
(GEO) under accession number GSE288458 (ref. 135).

Mouse experiments
Female NOD SCID gamma /J#5557 immunodeficient mice aged 8–12 
weeks were used for this study. Mice were housed under aseptic con-
ditions with filtered air and sterilized food, water, bedding and cages 
under a 12 h/12 h light/dark cycle, 21–23 °C and 40–60% humidity at 
The Centre for Phenogenomics (TCP) in Toronto, Canada. Animal 
procedures followed the Animals for Research Act of Ontario and the 
Guidelines of the Canadian Council on Animal Care, as approved by the 
TCP Animal Care Committee (protocol 27-0288H).

For orthotopic xenografts, mice were anaesthetized using gaseous 
isoflurane and immobilized in a stereotaxic head frame. The skull of the 
mouse was exposed, and a small opening was made using a sterile den-
tal drill (Precision Guide) at 2 mm posterior to lambda and 2 mm deep. 
At this location, Luc-ZsGreen-expressing ONS76 or DAOY cells in 2 µl 
culture media were injected at a rate of 1 µl min−1 using a programmable 
syringe pump (Harvard Apparatus) and a 30-gauge Hamilton syringe.

For intracisternal xenografts, mice were anaesthetized using 
gaseous isoflurane, and the head was bent in a stereotaxic frame 

by approximately 90°. The skin and muscle layers above the 
atlanto-occipital membrane were cut to expose the cisterna magna. 
Luc-ZsGreen-expressing MB cells suspended in 5–8 µl sterile ice-cold 
PBS were injected as previously described136 using a 30-gauge Hamil-
ton syringe. All procedures were performed under sterile conditions.

For all xenograft experiments, BLI was performed using the Xeno-
gen IVIS Lumina System coupled to LivingImage software (PerkinElmer, 
version 4.7.0) for data acquisition. Mice were anaesthetized using 
gaseous isoflurane and imaged 10 min after intraperitoneal injection 
of 100 mg kg−1 luciferin.

For orthotopic xenograft of FSS-treated cells, MB cells (ONS76 and 
DAOY) were seeded onto PLO and laminin-coated 6-well plates. Two 
days post seeding, the medium was changed to aCSF and cells were 
subjected to orbital shaking (VWR) at 100 rpm for 18 h. The number of 
cells injected was 2,000 for both ONS76 and DAOY. BLI was performed 
every 7 days.

For PIEZO2 knockdown intracisternal xenografts, MB cells (ONS76, 
DAOY and D425) were transduced with lentiviral shRNA targeting 
PIEZO2 or non-targeting controls at approximately 0.7 multiplicity of 
infection for 24 h. For ONS76 and DAOY, cells were seeded onto PLO 
and laminin-coated 6-well plates, and for D425, cells were cultured in 
suspension. Two days post transduction, the medium was changed 
to aCSF, and cells were subjected to orbital shaking (VWR) at 100 rpm 
for 18 h. The number of cells injected was 450,000 for ONS76 and 
DAOY, and 225,000 for D425. BLI was performed at day 7 and every 
subsequent 3 days. Total spinal BLI radiance was quantified using 
LivingImage software (PerkinElmer, version 4.7.0). For the BAY-876 
treatment experiment, MB cells (ONS76 and DAOY) seeded in PLO 
and laminin-coated 6-well plates were cultured in aCSF and treated 
with 18 h of orbital shaking at 100 rpm. The number of cells injected 
was 600,000 for ONS76 and 300,000 for DAOY. BLI was performed 2 
days after xenograft. Mice were then assigned to the DMSO or BAY-876 
groups in a BLI signal-balanced manner. For intrathecal injections, 
BAY-876 (MedChemExpress, HY-100017) was prepared in 5% DMSO, 
10% NMP and 85% PEG300. BAY-876 (3.84 mg kg−1) or solvent control 
was intrathecally injected using a 26-gauge Hamilton syringe through 
the L5-6 lumbar spine at day 3 and day 7 post xenograft.

For immunohistochemistry, xenograft mice were euthanized by 
intracardial perfusion with ice-cold PBS and 4% PFA. Brains were col-
lected, then dehydrated in sucrose and embedded and flash-frozen in 
optimal cutting temperature compound (Fisher Healthcare, SGN4585), 
or submerged in 70% HistoPrep ethanol (Fisher Scientific, HC1000) 
and paraffin embedded. Cryo-sectioned tissues were used for day 4 
immunohistochemistry, and paraffin-sectioned tissues were used 
for endpoint immunohistochemistry and haematoxylin-and-eosin 
staining. Haematoxylin-and-eosin images were acquired using the 
Nikon Eclipse E1000 microscope. Fluorescence images were acquired 
using a spinning disk confocal microscope (Quorum) with 10×/0.4 NA, 
40×/1.3 NA or 63×/1.4 NA objective and Volocity (Quorum, version 
6.3.1). Quantification was performed using Volocity (Quorum, version 
6.3.1) and ImageJ (version 1.54d). Tumour solidity was measured by 
calculating the ratio of the tumour area (marked by STEM121) to the 
area of the tumour convex hull. Circularity was calculated using the 
caveolin-1 signal.

Spinal cord dissection and optical clearing
For spinal cord dissection, mice were euthanized by intracardial perfu-
sion with ice-cold PBS and 4% PFA. For the orthotopic xenograft experi-
ments, mice were euthanized at humane endpoint. For the PIEZO2 
knockdown intracisternal xenografts, time-matched samples were 
collected at the following time points: ONS76, 27 days; DAOY, 39 days; 
D425, 14 days. For the BAY-876 treatment experiment, time-matched 
samples were collected at the following time points: ONS76, 8 days; 
DAOY, 10 days. Dissected spinal cords were cleared by CUBIC passive 
immersion as previously described45,137. In brief, spinal cords were fixed 
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overnight in 4% PFA and washed 4 times over 24 h in PBS. They were 
then cut transversely in half, immersed in ScaleCUBIC-1 and incubated 
at 37 °C with gentle shaking (80 rpm). After 3 days, ScaleCUBIC-1 was 
replaced. After a further 3 days, cleared spinal cords were washed 
4 times over 24 h in PBST and were refractive index-matched in 85% 
glycerol. Cleared spinal cords were stored and imaged in 85% glycerol. 
Imaging was performed on the Leica SP8 laser scanning confocal micro-
scope using the 5×/0.15 NA objective and LAS X software (Leica, version 
1.4.4) (orthotopic xenograft experiments) or the Zeiss Z1 light sheet 
microscope using the 5×/0.16 NA aqueous objective and Zen Light-
sheet 2014 software (Zeiss) (intracisternal xenograft experiments). 
Images were acquired simultaneously using the 488 nm laser to detect 
ZsGreen-expressing tumour cells and 561 nm laser to detect autofluo-
rescence. Quantification and 3D reconstruction were performed using 
Imaris (Oxford Instruments, version 10.1.1). A surface was created using 
the autofluorescence signal, which was used to mask the ZsGreen signal 
to obtain specific metastatic tumour signal. A surface was then created 
around this signal to obtain volume of metastatic tumours. 3D recon-
structions were created using the surfaces of the autofluorescence 
signal and masked ZsGreen signal. Histograms and nonlinear regres-
sions were generated in Prism (GraphPad, version 10.0.3).

Zebrafish xenografts
Animals were raised in accordance with the Canadian Council on Animal 
Care (CCAC) guidelines, and all experiments were approved under an 
Animal Use Protocol established with the Animal Care Committee at the 
Hospital for Sick Children Research Institute (AUP #1000065704). The 
fish used for xenograft were from a genetic in-cross of ccdc151(ts272) 
strain heterozygous adult zebrafish. The controls were ccdc151 het-
erozygous and wild-type animals, and ccdc151 were their homozygous 
siblings. Forty-eight hours post fertilization, embryos were injected 
with 100 ONS76 cells in 2 nl of PBS into the hindbrain using a Pneu-
matic PicoPump (World Precision Instruments) with a glass filament 
needle—1.0 OD/0.75 ID (World Precision Instruments, #TW100F-4). 
Five days after tumour implantation, xenografted zebrafish were fixed 
in 4% PFA, and depigmented and optically cleared using DEEP-Clear138. 
In brief, fixed zebrafish were treated with acetone at −20 °C overnight, 
washed with PBS and depigmented using 3% H2O2 prepared in 0.8% 
KOH at room temperature for 20 min. The fish were then washed with 
PBST, incubated in DEEP-Clear Solution-1.1 for 2.5 h at 37 °C and blocked 
with 10% NGS in PBST for 1 h at room temperature. They were then 
immunostained for 5 days with mouse anti-human nuclear antigen 
antibody (1:250; Thermo Fisher Scientific #MSM3-99-P0) and 5 days 
with Alexa Fluor 488 donkey anti-mouse IgG (1:250; Jackson Immu-
noresearch #715-545-151) in PBST with 5% NGS at 4 °C. The stained fish 
were incubated in DEEP-Clear Solution 2 until clear and then imaged 
using the Zeiss Z1 light sheet microscope with the 5×/0.16 NA aque-
ous objective and Zen Lightsheet 2014 software (Zeiss). Cleared fish 
were mounted in 2% agarose and imaging medium was 85% glycerol. 
Images were acquired simultaneously using the 488 nm laser to detect 
human nuclear antigen-stained tumour cells and 561 nm laser to detect 
autofluorescence. Quantification was performed using Imaris (Oxford 
Instruments, version 10.1.1) using the surface function.

Bioinformatic analysis
MB transcriptomic data and patient clinical information. Gene 
expression data (Affymetrix microarrays), tumour subtype informa-
tion and metastatic status for 763 primary MB tumours of the SSH, 
WNT, Group 3 and Group 4 subtypes were downloaded from the GEO 
(GSE85217)73.

Mechanosensitive ion channel gene expression in non-metastatic 
and metastatic MB. Mechanosensitive ion channel gene expression 
in the MB cohort from Cavalli et al.73 was compared between primary 
tumours without metastasis and tumours with reported metastasis. 

For each MB subtype, samples were classified into two groups based 
on the reported patient metastasis. Differential expression between 
these two tumour types was calculated using Mann–Whitney U-tests.

Analysis of PIEZO1 and PIEZO2 expression in human SHH MB and 
normal cerebellum tissue. Processed transcriptomic data were down-
loaded from the GEO repository (accession number GSE124814)75. A 
total of 23 datasets were integrated and normalized using standard pro-
tocols. To assess the expression levels of PIEZO1 and PIEZO2, samples 
from patients classified into the SHH subgroup and normal cerebellum 
tissue controls were analysed. Statistical significance was determined 
via the Wilcoxon signed-rank test, with P values adjusted for multiple 
comparisons using the Bonferroni correction method.

Analysis of public scRNA-seq data. scRNA-seq expression data and 
metadata of human MB were retrieved from the GEO with accession 
number GSE119926, raw count of each cell was preprocessed with 
Seurat (v5.1.0)139, and the low-quality cell with nFeature_RNA <2,500 
and single cells from patient-derived xenografts were removed from 
subsequent analysis. NormalizeData was used to normalize expression 
data; the first 11 PCs were used in the functions FindNeighbors and 
RunUMAP. PIEZO2+ cells were defined as those in which at least one raw 
expression count of the PIEZO2 gene was detected, while PIEZO2− cells 
were characterized by the absence of detectable PIEZO2 expression.

Magnetic resonance imaging of patients with MB. The magnetic 
resonance imaging procedures of patients with MB were approved by 
the Xiangya Hospital Ethics Committee (#202404080). For CSF flow 
and pressure simulation, contrast-enhanced T1-weighted MRIs of 10 
patients diagnosed with MB were collected from Xiangya Hospital 
spanning the period between 2014 and 2023. The boundaries of the 4th 
ventricle and the margins of MB tumours on these scans were defined 
and labelled by a neurosurgeon and a radiologist. For spinal metastasis 
quantification, MRIs for 88 patients diagnosed with MB were collected 
from Xiangya Hospital spanning the period between 2016 and 2023. 
The presence of metastasis was determined based on postoperative spi-
nal cord MRI and follow-up data, while preoperative head MRI was used 
to assess the degree of compression. All evaluations were performed 
by a radiologist in conjunction with two neurosurgeons.

Finite element simulation of CSF flow. A computational model was 
developed using COMSOL Multiphysics 5.4 to simulate the CSF within a 
tumour-obstructed conduit43. The two-dimensional simulation model 
was built with CSF conduit geometries as previously shown43. A spheri-
cal blockage mimicking tumour was added to the CSF conduit at the 
cervicomedullary junction, taking up the conduit space from 0% to 95%. 
The zero-displacement boundary condition was imposed at the surface 
of the CSF conduit. The CSF within the conduit was assigned to be mov-
ing liquid, with a density of 1,000 kg m−3, a viscosity of 0.00103 Pa s 
and a Poisson ratio of 0.49. The inlet was defined within the lateral 
ventricle, whereas the outlet was defined in the 4th ventricle. The mass 
flow inlet boundary condition with bulk production of 500 ml per day 
(that is, 6.25 × 10−6 kg s−1) was used to mimic patient CSF flow. The COM-
SOL default mesh was used. The shear stress on the CSF conduit, the 
pressure and the flow velocity within the conduit were recorded. The 
simulation project file is available at https://github.com/XianShawn/
CSF-Simulation.

Statistics and reproducibility. The statistical test used and the number 
of biologically independent replicates are indicated in the accompa-
nying figure legends. All statistical tests were performed using Prism 
(GraphPad, version 10.0.3). No statistical method was used to prede-
termine sample size. However, sample sizes are consistent with those 
reported in previous publications124,140. No data were excluded from 
the analyses. For animal experiments, mice with the same gender 
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and age were divided randomly into experimental groups. Blinding 
was applied for imaging of cleared spinal cords and quantification of 
glucose uptake, cell clustering and cell–cell junctional intensity. Where 
blinding was not applied, quantification was performed using software 
calculated automatic thresholds and standardized regions of interest 
across experimental groups.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The main data supporting the results in this study and source data are 
available within the paper and its Supplementary Information. The 
CSF flow simulation project file is available at https://github.com/
XianShawn/CSF-Simulation. Gene expression data (Affymetrix micro-
arrays), tumour subtype information and metastatic status for 763 pri-
mary medulloblastoma tumours of the SSH, WNT, Group 3 and Group 4 
subtypes were downloaded from the Gene Expression Omnibus (GEO; 
GSE85217)73. Gene expression data for PIEZO1 and PIEZO2 expression 
analysis in SHH MB and normal cerebellum were downloaded from 
GEO (GSE124814). scRNA-seq expression data and metadata of human 
MB were retrieved from GEO (GSE119926). RNA-seq data of static and 
FSS-treated MB cells were deposited to GEO (GSE288458)135. RNA-seq 
reads were aligned to GRCh38. Source data are provided with this paper.
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Extended Data Fig. 1 | MB magnetic resonance images and CSF flow simulation. a Magnetic resonance images of MB tumors that block CSF conduit in patients. b 
Computational simulation of CSF flow rate with various levels of MB blockage of the CSF conduit. c Computational simulation of pressure with various levels of MB 
blockage of the CSF conduit.
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Extended Data Fig. 2 | FSS enhances ECM degradation, increases cell 
motility, and promotes GLUT1-mediated glucose uptake of DAOY MB cells. 
a Dimensions of three PDMS channels before and after 24 hours 70% ethanol 
soaking. P value, paired t-test. b Histograms of static or FSS-treated ONS76 
adhesion to RGD substrate of n = 363 cells (Static) and n = 330 cells (FSS) from 
three independent replicates. P value, chi-square test. τ75 results of the three 
independent replicates are shown. P value, two-sided unpaired t-test. Error bars, 
mean ± s.e.m. c Expression of Selectin ligands in ONS76 and DAOY cells from 
three independent replicates. P value, two-sided unpaired t-test. Error bars, mean 
± s.e.m. d Digested gelatin-GFP area per field-of-view of static or FSS-treated 
DAOY cells. n = 20 fields-of-view from three independent replicates. P value, 
two-sided unpaired t-test. Error bars, mean ± s.e.m. e Cell velocity of static or FSS-
treated DAOY cells. n = 50 (static) and n = 64 (FSS) cells from three independent 
replicates. P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. f GLUT1 
intensity at cell-cell junctions of static or FSS-treated DAOY cells from n = 34 
(static) and n = 37 (FSS) cell-cell junctions from three independent replicates.  
P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. g Glucose uptake and 
cell clustering of static or FSS-treated DAOY cells. The number of cell clusters per 
100 cells from n = 20 fields-of-view from three independent replicates (left) and 
2-NBDG level in each cell from n = 63 (static) and n = 103 (FSS) cells from three 
independent replicates (right). P value, two-sided unpaired t-test. Error bars, 

mean ± s.e.m. h GLUT1 levels from individual ONS76 cells on stiffness substrates 
across n = 27 fields-of-view from three independent replicates. P value, two-sided 
unpaired t-test. Error bars, mean ± s.e.m. i FSS-induced GLUT1 cell-cell junctional 
enrichment and actomyosin contraction upon FSS withdrawal from n = 39 (2 
hours after, static), n = 38 (2 hours after, FSS), n = 36 (6 hours after, static), n = 41 
(6 hours after, FSS), n = 37 (24 hours after, static), and n = 30 (24 hours after, FSS) 
cells across three independent replicates. P value, two-sided unpaired t-test. 
Error bars, mean ± s.e.m. j Tumor cell spread of static and FSS-treated xenografts 
at 4 days post implantation. Results represent n = 3 mice (static) and n = 4 mice 
(FSS). P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. k Primary and 
metastatic MB cell circularity from n = 34 cells from 3 mice (Static primary MB), 
n = 44 cells from 3 mice (Static metastasis), n = 70 cells from 3 mice (FSS primary 
MB), and n = 75 cells from 3 mice (FSS metastasis). P value, two-sided unpaired 
t-test. Error bars, mean ± s.e.m. l Differentially expressed genes and enriched 
pathways of MB cells. n = 3 biological replicates of static and FSS-treated ONS76 
or DAOY cells. FSS-induced enriched pathways are labeled. m PIEZO1 and PIEZO2 
expression from n = 390 SHH MB patient tumors and n = 291 normal cerebellum 
tissues. P value, two-sided Wilcoxon signed-rank test with Bonferroni correction 
(PIEZO1: P = 8.24*10−79, PIEZO2: P = 2.22*10−9). Box plots indicate interquartile 
range (IQR; 25th–75th percentiles) with median and 1.5x IQR whiskers.
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Extended Data Fig. 3 | See next page for caption.

http://nature.66557.net/natbiomedeng


Nature Biomedical Engineering

Article https://doi.org/10.1038/s41551-025-01487-5

Extended Data Fig. 3 | Mechanosensitive ion channel gene expression 
in metastatic and non-metastatic patient MB tumors. Plots represent 
mechanosensitive ion channel gene expression from n = 134 (non-metastatic 
SHH MB), n = 26 (metastatic SHH MB), n = 43 (non-metastatic WNT MB), n = 6 
(metastatic WNT MB), n = 66 (non-metastatic Group 3 MB), n = 43 (metastatic 

Group 3 MB), n = 154 (non-metastatic Group 4 MB), and n = 101 (metastatic Group 
4 MB) patients. P value, two-sided Mann-Whitney U-test. Box plots indicate 
interquartile range (IQR; 25th–75th percentiles) with median and 1.5x IQR 
whiskers.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | PIEZO2 and actomyosin contractility are required for 
FSS-induced GLUT1 localization at cell-cell junctions and glucose uptake. 
a PIEZO2 expression in patient MB neoplastic cells. UMAP plots of patient 
MB single cell RNA-sequencing data76 shows that PIEZO2 is expressed in the 
neoplastic cells of WNT, SHH, Group3, and Group 4 tumors. b Maximum calcium 
amplitudes within active compartments of FSS-treated ONS76 and DAOY 
cells. n = 25 compartments across 8 cells (ONS76 Vehicle), n = 22 across 9 cells 
(ONS76 EGTA), n = 15 across 9 cells (DAOY Vehicle), and n = 15 across 13 cells 
(DAOY EGTA). Results are from four independent replicates. P value, two-sided 
unpaired t-test. Error bars, mean ± s.e.m. c FSS-induced GLUT1 localization at the 
cell-cell junctions of ONS76 and DAOY cells from n = 36 (ONS76 nt. shRNA),  
n = 30 (ONS76 PIEZO2 shRNA #1), n = 32 (ONS76 PIEZO2 shRNA #2), n = 46 (DAOY 
nt. shRNA), n = 33 (DAOY PIEZO2 shRNA #1), and n = 20 (DAOY PIEZO2 shRNA 
#2) cell-cell junctions from three independent replicates. P value, two-sided 
unpaired t-test. Error bars, mean ± s.e.m. d The number of cell clusters per 100 
cells of FSS-treated DAOY cells from n = 15 fields-of-view from three independent 
replicates (left) and 2-NBDG level in each cell from n = 57 (nt. shRNA), n = 38 

(PIEZO2 shRNA #1), and n = 37 (PIEZO2 shRNA #2) cells from three independent 
replicates (right). P value, two-sided unpaired t-test. Error bars, mean ± s.e.m. 
e The number of cell clusters per 100 cells of DAOY cells treated with vehicle or 
Y-27632 from n = 20 fields-of-view from three independent replicates (left) and 
2-NBDG level in each cell from n = 118 (Vehicle) and n = 94 (Y-27632) cells from 
three independent replicates (right). P value, two-sided unpaired t-test. Error 
bars, mean ± s.e.m. f GLUT1 intensity of DAOY cells at n = 34 (Static Vehicle), 
n = 31 (Static Y-27632), n = 39 (FSS Vehicle), and n = 35 (FSS Y-27632) cell-cell 
junctions from three independent replicates. P value, two-sided unpaired t-test. 
Error bars, mean ± s.e.m. g PIEZO1 and PIEZO2 expression in ONS76 and DAOY 
cells. Results are from three independent replicates. Error bars, mean ± s.e.m. 
h PIEZO1 and PIEZO2 expression was measured in static control or FSS-treated 
ONS76 and DAOY cells. Results are from three independent replicates. P value, 
two-sided unpaired t-test. Error bars, mean ± s.e.m. i PIEZO2 knockdown does 
not affect MB cell proliferation in the absence of FSS. ONS76 cells were cultured 
on 5,000 Pa stiffness gels. Results are from three independent replicates.  
P value, two-way ANOVA. Error bars, mean ± s.e.m.
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Extended Data Fig. 5 | Genetic targeting of PIEZO2 mitigates MB metastasis in 
D425 cells. a Bioluminescence imaging shows that genetic knockdown of PIEZO2 
decreases the incidence of MB metastasis in D425 intracisternal xenograft model. 
Images were taken 14 days post implantation. Graph shows quantification of 
spinal radiance from n = 7 mice in each group. P values, two-sided unpaired t-test. 
Error bars, mean ± s.e.m. b Fluorescence imaging of optically cleared spinal 

cords shows that genetic knockdown of PIEZO2 reduces the burden of metastatic 
MB tumors along the spinal cords in DAOY intracisternal xenograft model. 3D 
reconstructions of the spinal cords (autofluorescence) and tumors (ZsGreen) are 
shown. Graph shows quantifications of spinal metastasis volume of n = 917 (nt. 
shRNA), n = 183 (PIEZO2 shRNA #1), and n = 154 (PIEZO2 shRNA #2) tumors from 7 
mice in each group. P values, two-sided Welch’s t-test. Error bars, mean ± s.e.m.
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Extended Data Fig. 6 | GLUT1 inhibitor BAY-876 reduces glucose uptake in 
MB cells. BAY-876 treatment reduces 2-NBDG uptake of ONS76 and DAOY cells. 
Graphs show quantifications of 2-NBDG level in each cell from n = 136 (ONS76 

DMSO), n = 63 (ONS76 BAY-876), n = 101 (DAOY DMSO), and n = 64 (DAOY BAY-
876) cells from three independent replicates. P value, two-sided unpaired t-test. 
Error bars, mean ± s.e.m.
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