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SUMMARY

Extracellular vesicles (EVs) are lipid-based nanosized particles that convey biolog-
ical material from donor to recipient cells. EVs play key roles in glioblastoma pro-
gression because glioblastoma stem-like cells (GSCs) release pro-oncogenic, pro-
angiogenic, and pro-inflammatory EVs. However, the molecular basis of EV
release remains poorly understood. Here, we report the identification of the
pseudokinase MLKL, a crucial effector of cell death by necroptosis, as a regulator
of the constitutive secretion of EVs in GSCs. We find that genetic, protein, and
pharmacological targeting of MLKL alters intracellular trafficking and EV release,
and reduces GSC expansion. Nevertheless, this function ascribed to MLKL ap-
pears independent of its role during necroptosis. In vivo, pharmacological inhibi-
tion of MLKL reduces the tumor burden and the level of plasmatic EVs. This work
highlights the necroptosis-independent role of MLKL in vesicle release and sug-
gests that interfering with EVs is a promising therapeutic option to sensitize glio-
blastoma cells.

INTRODUCTION

Glioblastoma (GBM) is the most prevalent and aggressive primary brain tumor in adults. This cancer re-

mains mostly incurable because the median survival is estimated at 14 months (Stupp et al., 2005). Estab-

lished in 2005 (Stupp et al., 2005), the therapeutic regimen encompasses resective surgery, followed by

concomitant radio-chemotherapy using the alkylating agent temozolomide (TMZ). Relapse is rapid and

fatal, with scarce, palliative second-line treatment options. Thus, optimized therapies are urgently needed.

GBM aggressiveness partially relies on a subpopulation of highly plastic, malignant cells with stem prop-

erties named GSCs (for Glioblastoma Stem-like Cells) that may act as a reservoir able to repeatedly initiate

and repopulate the tumor mass (Gimple et al., 2019). GSCs also resist radio and chemotherapy (André-Gré-

goire et al., 2018; Bao et al., 2006; Chen et al., 2012) and pervert the tumor microenvironment to support

their maintenance, growth, and expansion.

Extracellular vesicles (EVs) are important mediators of cell-to-cell communication within the tumor soil

(André-Grégoire and Gavard, 2017; Quezada et al., 2018). EVs are lipid-bilayer carriers, typically

emanating from either the intracellular endosomal compartment (exosomes) or budding at the plasma

membrane (microvesicles). These nano-sized particles ranging from 30–100 nm to a few micrometers

haul proteins, lipids, and nucleic acids (van Niel et al., 2018). EVs are suspected to support cancer growth

and dissemination by mediating both local and at-distance signaling (André-Grégoire and Gavard, 2017;

Gao et al., 2020). For example, GBM-derived EVs circulate in biofluids and transfer oncogenic material,

such as the EGFRvIII variant (Al-Nedawi et al., 2008) or the active oncogene Ras (Luhtala et al., 2017), to

neighboring non-tumor cells. Tumor EVs also assist in endothelial defects and angiogenesis. Indeed, the

uptake by endothelial cells of tumor EVs enriched with pro-angiogenic factors, results in the formation of

tubules (Skog et al., 2008) and the loss of vascular barrier integrity (Treps et al., 2016,2017). Likewise, EVs

contribute to cell proliferation and tumor growth (Skog et al., 2008), and can induce immunotolerance

(Harshyne et al., 2016; deVrij et al., 2015). Alongside this role on the tumor stroma, EVs participate in
iScience 25, 105118, October 21, 2022 ª 2022 The Author(s).
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GBM aggressiveness and resistance to treatments. For instance, chemotherapy with TMZ impacts the

number and content of EV-transported ribonucleic acids and proteins, which in turn convey TMZ resis-

tance (Garnier et al., 2018; Yin et al., 2019; Zeng et al., 2018; Zhang et al., 2019). In this context, GSCs

cope with TMZ toxic signals, shifting their EV protein cargoes towards a cell adhesion signature (André--

Grégoire et al., 2018).

Although virtually every cell type might empower the intracellular machinery to release EVs on diverse stim-

uli (van Niel et al., 2018), cancer cells constitutively hijack this cell-to-cell communication route to dispatch

mutations, metabolic changes, and resistance to treatments (Skog et al., 2008). However, the detailed mo-

lecular mechanisms involved in tumor EV biogenesis and their further impact on disease progression

remain unclear. In the search for mediators of EV release in GBM, clinical data mining identified the mixed

lineage kinase domain-like protein, MLKL. This pseudokinase is a key effector of cell death by necroptosis,

a regulated form of necrosis that occurs in apoptosis-deficient conditions (Sun et al., 2012; Zhao et al.,

2012). MLKL also exerts non-necroptotic functions, such as controlling adhesion molecule expression in

endothelial cells (Dai et al., 2020), regeneration after nerve injury (Ying et al., 2018), endosomal compart-

ment trafficking and constitutive release of EVs, as well as necroptosis-associated vesicle formation and

extrusion (Douanne et al., 2019; Gong et al., 2017; Shlomovitz et al., 2021; Yoon et al., 2017; Zargarian

et al., 2017). MLKL, therefore, operates dual functions at the crossroads between life-death checkpoints

and intercellular communication within the tumor microenvironment. By deploying a triad of complemen-

tary interfering approaches (siRNA, drug, and targeted acute protein degradation), we demonstrate that

blocking MLKL modifies the release of EVs and slows down the expansion of patient-derived GSCs

in vitro and in vivo.
RESULTS

Aggressive glioblastoma cells express MLKL

To identify EV-related genes whose expression might impact the disease outcome, we interrogated The

Cancer Genome Atlas (TCGA) online database through the GlioVis platform (Bowman et al., 2017). The

analysis of 69 genes related to EV production (van Niel et al., 2018) and segregated between high and

low levels of RNA expression identified 9 candidates, which were significantly associated with the proba-

bility of survival in GBM patients (Figure 1A). In addition to the instrumental regulator of EV production

RAB27A (Ostrowski et al., 2010), we found that the expression level of SYTL3 andMLKLwere inversely corre-

lated with GBM patient survival (Figure 1B). Besides its key function in orchestrating cell death via necrop-

tosis (Sun et al., 2012; Zhao et al., 2012), MLKL was reported to play an important role in endosomal traf-

ficking and EV biogenesis (Gong et al., 2017; Yoon et al., 2017). Alongside its prognosis value in survival

probability, MLKL mRNA expression was heightened in GBM, as compared to non-tumor brains

(Figures 1C and 1D). Of note, the level of MLKL mRNA is augmented according to the tumor grade (Fig-

ure 1C). Likewise, MLKL expression is lower in patients with an isocitrate dehydrogenase (IDH)-1 gene so-

matic mutation, typically associated with a younger age at diagnosis, and a better prognosis (Yan et al.,

2009) (Figure 1C). Of interest, MLKL expression was observed across the four reported Verhaak molecular

subtypes, with higher levels in themesenchymal (MES) tumors (Verhaak et al., 2010) (Figure 1C). mRNA level

of MLKL was also associated with worsened survival prognosis (Figure 1D). This elevated expression was

further confirmed at the protein level in brain biopsies (Figure 1E).

Although curated database analyses indicate that MLKL expression is typically associated with the

myeloid compartment in the brain (The Human Protein Atlas, https://www.proteinatlas.org/; Karlsson

et al., 2021), less is known concerning patient-derived GSCs, a population of cells exhibiting stem-like

properties thought to be responsible for the initiation, maintenance, and recurrence of the tumor (Har-

ford-Wright et al., 2017; Singh et al., 2004). We found that the MLKL protein is readily detectable in GSCs

from several patients (Figure 1F). Of interest, the abundance of MLKL was concomitantly reduced at the

RNA and protein levels in Differentiated Glioblastoma Stem-like Cells (DGCs, Figure S1) (André-Grégoire

et al., 2018). Morphological differentiation (Figure S1A), reduction in the expression of the SOX2 stem

marker, and increase in the expression of the TUBB3 neural differentiation marker (Figures S1B and

S1C) confirmed the differentiation status of the sister DGCs. Altogether, our data support the notion

that MLKL expression is associated with aggressiveness in glioma clinical samples. Although it cannot

be excluded that this is at least in part because of MLKL expression in myeloid cells, there is detectable

expression in patient-derived tumor cells, and MLKL might notably be related to the stem-like cellular

population.
2 iScience 25, 105118, October 21, 2022
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Figure 1. The expression of the pseudokinase MLKL is associated with aggressive glioma

(A) The Cancer GenomeAtlas (TCGA RNAseq dataset) was interrogated via the GlioVis platform to analyze the probability of survival (log-rank p-value) in 156

GBM patients, stratified based on low vs high expression (median cut-off) of 69 EV-related genes. Probability of survival was significantly changed for nine of

them (namely SYTL5, SYTL3, SNAP25, STX6, RAB11B, RAB27A, MLKL, AIP, and CHMP4A).

(B) Fold changes in mRNA expression for the 9 genes selected from panel (a) in non-tumor vs GBM patients.

(C) Box plots ofMLKLmRNA expression in non-tumor, low-grade glioma (LGG grades II and III), and in GBM (grade IV), according to the mutation status of

IDH1 (IDH1mut) and the GBM subtypes (classical CL, mesenchymal MES, neural NEU, and proneural PN), based on the TCGA RNAseq and Agilent4502A

datasets. GBM status: non-tumor n = 4, GBM n = 156; Grades: II n = 226, III n = 244, IV n = 150; IDH: WT n = 339, mut n = 27; Subtypes: CL n = 86, MES n = 96,

NEU n = 111, PN n = 238.

(D) Kaplan-Meier curve of the probability of survival for n = 244 GBM patients with low vs high expression ofMLKL, using optimal cut-off settings in the TCGA

dataset.

(E) Protein lysates from tumor and control (healthy) human brain tissue biopsies were analyzed by immunoblot for MLKL protein expression (arrow). The

hashtag symbol indicates a non-specific signal. GAPDH serves as a loading control.

(F) MLKL protein expression was assessed in three patient-derived Glioblastoma Stem-like Cells from mesenchymal (GSC1 and GSC4) and classical (GSC9)

subtypes. GAPDH serves as a loading control. Immunoblots are representative of at least n = 3. t-test and ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ns not-

significant.

ll
OPEN ACCESS

iScience 25, 105118, October 21, 2022 3

iScience
Article



A

B C D

E F

Figure 2. MLKL inhibition impairs the constitutive release of extracellular vesicles

(A) Transcriptomic analysis by 30Sequencing RNA Profiling (30SRP) of Glioblastoma Stem-like Cells (GSC4) treated with vehicle (DMSO) and NSA (5 mM) for

16h and 48h. The left panel represents the principal component analysis (PC) of quadruplicates. Middle panel, analysis of over- or under-represented (q-

value) GO terms. Right panel, specific genes under- (green) or over- (red) expressed in NSA-treated GSC4.

(B and C) Density gradient analysis by immunoblot of 100k EVs for the EV marker CD9 and the putative cellular contaminant GM130, in the 10 collected

fractions from top to bottom. EVs were isolated from GSC4 treated for 48h with vehicle (DMSO) and the MLKL inhibitor NSA (5 mM) (b). Alternatively, EVs

were isolated from GSC9 that received RNA duplexes targeting MLKL (siMLKL) and non-silencing duplexes (sic) (c). n = 2, respectively.

(D) Quantification by ELISA of 100k EVs isolated from a 48h-old vehicle and NSA-treated GSC4, n = 7.
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Figure 2. Continued

(E) Representative diagrams of size distribution and particle concentration of small EVs (100k) isolated from GSC4 that received either vehicle (DMSO) and

NSA (upper panel) or sic and siMLKL (bottom panel), as measured with tunable resistive pulse sensing analysis (TRPS, qNano, IZON). Histograms quantifying

relative particle concentration (% of control) in EVs (100k) were shown (right panels). pt = particle, n = 3.

(F) Representative cryo-electron microscopy (cryoEM) images of 100k fractions from MLKL-inhibited and -silenced GSC9 as in (e). Scale bars: 100 nm. Mann-

Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Glioblastoma stem-like cells are resistant to necroptosis

Because MLKL is a crucial effector of necroptosis (Sun et al., 2012; Zhao et al., 2012), we next assessed

whether this form of cell death occurs in GSCs. Necroptosis can be ignited by TNFa (T) in cells, in which

both apoptosis and NF-kB-dependent pro-survival pathways are blocked, for instance with the pan-cas-

pase inhibitor QVD (Q) and the SMAC-mimetic birinapant (S), respectively (Douanne et al., 2019). Accord-

ingly, in Jurkat T lymphocytes, TQS treatment caused a loss in phosphatidylserine asymmetry, together

with a rupture of the plasma membrane, evidenced by Annexin V binding and PI incorporation, further

culminating in marked cell death (Figures S2A and S2B). As expected, pretreatment with the necroptosis

inhibitor Necrostatin-1 (Nec) largely rescued Jurkat viability. In sharp contrast, three patient-derived

GSCs described earlier (Harford-Wright et al., 2017), namely GSC1, GSC4, and GSC9, remained largely un-

affected upon TQS challenge (Figures S2A and S2B). Yet, GSCs treated with TNFa displayed hallmarks of

NF-kB activation such as NF-kB p65 and IkBa phosphorylation, and degradation of total IkBa (Figure S2C).

To explore in-depth the mechanisms underlying the failure of necroptosis induction, the expression of re-

ceptor-interacting protein kinases RIPK1 and RIPK3 (Sun et al., 2012), the upstream activators of MLKL, was

monitored as epigenetic regulations downregulate RIPK3 in several cancers (Koo et al., 2015; Moriwaki

et al., 2015; Wang et al., 2020). Although RIPK1 expression was readily observed in GSCs, neither RIPK3

mRNA nor protein was detected in the three patient-derived GSCs tested (Figures S2D and S2E). Of

note, in the absence of RIPK3, a subset of MLKL was found under a phosphorylated form, detected at

steady-state, both with phosphate-affinity electrophoresis (Phos-tag) and immunofluorescence

(Figures S2F and S2G). Accordingly, MLKL can be phosphorylated on several amino acids (T357, S358,

S125, Y376 and other residues yet to be determined) by RIPK3 and other kinases to serve cell death and

non-cell death functions, respectively (Dai et al., 2020; Gong et al., 2017; Yoon et al., 2017). In conclusion,

our data reveals that the inability of patient-derived GSCs to complete the necroptotic program likely re-

sults from the lack of RIPK3 expression.

MLKL controls the biogenesis of extracellular vesicles in glioblastoma stem-like cells

In addition to its lethal pore-forming activity, MLKL participates in membrane trafficking and release of EVs,

as well as necroptosis-associated vesicle formation (Douanne et al., 2019; Gong et al., 2017; Yoon et al.,

2017; Zargarian et al., 2017). Because EVs orchestrate GBM pathogenesis and aggressiveness (André-Gré-

goire and Gavard, 2017), we next explored the role of the pseudokinase in EV biogenesis in viable, prolif-

erating GSCs. First, transcriptomic analysis of cellular RNA was carried out in GSCs treated with necrosul-

fonamide (NSA) (Sun et al., 2012), a widely used MLKL inhibitor, at early and late time points (i.e. 16h and

48h) (Figure 2A). Principal component analysis showed that the first variance can be explained by the dura-

tion of NSA exposure (early time point on the left vs 48h on the right), whereas the second variance discrim-

inated between untreated and treated samples (DMSO above versus NSA bottom; Figure 2A, left panel).

Differentially expressed genes (q-value) were then hierarchically categorized based on their Gene

Ontology, unmasking an organelle trafficking signature, with some of the most typical genes highlighted

on the volcano plot (Figure 2A, middle and right panels) (Table S1). This supports the notion that NSA treat-

ment might indeed alter intracellular trafficking.

To next assess its role in EV release, MLKL was either blocked pharmacologically with NSA or silenced by

RNA interference. EVs were then isolated from GSC supernatants by differential ultracentrifugation (Théry

et al., 2006), as depicted in Figure S3A and detailed under the EV-TRACK ID#EV210024 following interna-

tional recommendations (Théry et al., 2018). Immunoblot analysis validated the separation procedure with

the presence of two vesicular proteins, namely the transmembrane tetraspanin CD63 and the intravesicular

accessory protein of the ESCRT machinery Alix, in the 100k fraction, together with the absence of the Golgi

marker GM130 (Figure S3B). Meanwhile, typical features of EVs were detectable in electron microscopy

imaging (Figure S3C). Separation by density gradient, followed by immunoblotting analysis for the tetra-

spanin CD9 revealed the distribution of EVs in the expected fractions (Figures 2B and 2C). The level of

CD9-positive particles was found reduced when cells were either challenged with the MLKL inhibitor

NSA (Figure 2B) or silenced for MLKL (Figure 2C). Indeed, MLKL inhibition was accompanied by a decrease
iScience 25, 105118, October 21, 2022 5
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Figure 3. MLKL regulates the release of extracellular vesicles from glioblastoma stem-like cells

(A) Mass spectrometry analysis (LC-MS/MS) of the protein content of Extracellular Vesicles (EVs) isolated from Glioblastoma Stem-like Cells (GSC4) treated

with vehicle (DMSO) and the MLKL inhibitor NSA (5 mM) for 48h. The right panel shows STRING analysis of the 79 proteins detected only in EVs isolated from

NSA-treated cells. Main gene ontology (GO) biological processes are highlighted in red (Transport) and blue (Localization).

(B) Table highlighting differential proteins (79 and 14) from (a) regarding Cellular Component focusing on organelles and vesicles membranes associated

proteins.

(C) Intracellular trafficking routes focusing on EV biogenesis with differentially detected proteins associated to late endosome Cellular Component in EVs

from (b).

(D) GSC4 were either challenged with DMSO and NSA for 48h or transfected with non-silencing (sic) andMLKL targeting RNA duplexes (siMLKL) for 72h prior

analyses of the indicated proteins by immunoblot. GAPDH serves as a loading control.

(E) Representative confocal images of GSC4 transfected with sic and siMLKL for 72h, fixed, and immunostained for CD63. Nuclei were counterstained with

DAPI (blue). Scale bars: 10 mm, n = 3.

(F) Super-resolution structured illumination microscopy (SIM) was performed to analyze CD63 distribution in sic and siMLKL transfected GSC4. GM130

stained Golgi. Scale bars: 4 mm, n = 2.

(G) Polarized immunostaining of CD63 was counted from panel (e) (n > 10 per sample, in three independent experiments).

(H) Representative confocal images of GSC9 transfected with sic and siMLKL for 72h, fixed, and immunostained for M6PR (green) and CD63 (red). Nuclei were

counterstained with DAPI (blue). Scale bars: 10 mm, n = 3. A 2.5x zoom is shown on the right panel together with Pearson’s r correlation factor for n = 31 and

n= 36 cells, respectively, from 3 independent experiments.

(I) GSC9 were challenged with vehicle (DMSO) and NSA and EVs were collected 48h later. Immunoblot for M6PR was performed in total cell lysates (TCL) and

100k fractions (EV). Normalized densitometric analysis is shown as the meanG s.e.m. for 8–9 independent experiments. All immunoblots are representative

of at least n = 3. Mann-Whitney and t-tests, *p < 0.05, **p < 0.01, ns not-significant.
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in the abundance of EVs, as measured by human CD63 ELISA (Figure 2D), typically marking endoplasmic-

derived exosomes (van Niel et al., 2018). Single-particle tracking analysis was next deployed using tunable

resistive pulse sensing (TRPS) technology (qNANO) to measure particle concentration of the EV prepara-

tions. TRPS measurements unmasked a reduced abundance of EVs when MLKL is pharmacologically

hampered (Figure 2E). Likewise, MLKL silencing led to an overall reduction in the concentration of EVs

from the 100k pellets (Figure 2E), thus mirroring the MLKL blockade phenotype. The morphology of iso-

lated EVs was nonetheless rather similar in both conditions, as observed by cryo-EM, which preserved their

native state as dehydration and chemical fixatives were omitted (Figure 2F). Of note, both the quality and

quantity of EVs recovered in the 10k pellets were not altered (Figure S3D). Of interest, the concentration in

EVs emanating from sister DGCs, in which MLKL expression is barely detectable (Figures S1B and S1C), re-

mained largely unaffected by MLKL pharmacological inhibition with NSA (Figures S1D and S1E). As ex-

pected by the reported functions of RAB27 A/B in vesicular trafficking (Ostrowski et al., 2010;

Figures S4A–S4C), a similar trend in EV concentration was observed in RAB27-silenced samples

(Figures S4A–S4C). Overall, our data reinforce the idea of an alternate function of MLKL in the biogenesis

of EVs in GSCs, independent of its role in necroptosis.

To gain further insights into how MLKL controls EV release, we next carried out a mass-spectrometry-based

comparative analysis of the protein cargoes in EVs isolated from naive and NSA-challenged GSCs (Figure 3A

and Table S2, 48h treatment). Known and predicted protein-protein interaction networks, as well as enriched

pathways were then analyzed using the STRING open data source. This revealed that NSA treatment steered

the content of EVs towards proteins involved in biological processes associated with transport and localiza-

tion, suggesting that MLKL inhibition might relate to EV processing and/or release (Figure 3A). Reinforcing

this idea, large structures budding at the plasma membrane, as well as abnormal enlarged and unfilled

multi-vesicular bodies (MVB) were imaged via electron microscopy in NSA-treated GSCs (Figure S5A).

Candidates highlighted in the proteomic analysis point toward an amendment in intracellular transport and

localization, rather than tumor growth and expansion. However, the level of expression and the subcellular

localization of intracellular organelle components, including endosomes, lysosomes, and Golgi were not

overtly modified on MLKL inhibition and silencing (Figures S5B and S5C). Of note, the endoplasmic retic-

ulum/Golgi secretory pathway was not affected by MLKL deletion in GSCs as measured by Gaussia lucif-

erase glow assay (Figure S5D). Next, an in-depth analysis of the differential cargo (i.e. 14 proteins down

and 79 proteins up in NSA-EVs as compared to vehicle-EVs) was performed with a focus on organelles

and vesicle membrane-associated proteins (Figure 3B). This highlighted four proteins associated with

MVB and late endosomes, namely LAMP2, M6PR, RAB14, and STEAP3 (Figures 3B and 3C). However, their

abundance remained even in whole-cell lysates on either NSA treatment orMLKL silencing (Figure 3D). This

set of data prompted us to analyze the intracellular localization of CD63, a classical tetraspanin marker for
iScience 25, 105118, October 21, 2022 7
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Figure 4. MLKL inhibition reduces glioblastoma stem-like cell expansion in vitro

(A) Representative bright-field images of Glioblastoma Stem-like Cells (GSC9) treated with vehicle (DMSO) or the MLKL inhibitor NSA (5 mM) for 48h. Scale

bars: 100 mm. Tumorsphere formation assay (manually counted per field of view, FOV) was performed in GSC4 and GSC9 in response to vehicle and NSA

treatments for 4 days.

(B) Extreme limiting dilution assay (ELDA) in response to vehicle and NSA for 14 days. Left panel, representative linear regression plot for DMSO and NSA-

treated GSC9. Right panel, ELDA estimation of the stem cell frequency in GSC4 and GSC9.

(C) Representative confocal images of GSC4 transfected with non-silencing (sic) and MLKL targeting RNA duplexes (siMLKL) and analyzed for NESTIN (red)

and SOX2 (green) stemness markers after 72h. Scale bars 320: 100mm; 360: 16 mm.

(D) Upper panel, the knockdown efficiency of MLKL was verified in transfected GSC4 after 72h by immunoblotting of MLKL. GAPDH serves as a loading

control. Lower panel, tumorsphere formation assay (manually counted per field of view, FOV) for 4 days in sic and siMLKL transfected GSC4.

(E) The expression of SOX2 and NESTIN was evaluated by immunoblot in GSC4 and GSC9 transfected with sic and siMLKL for 72h. GAPDH serves as a

loading control.
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Figure 4. Continued

(F) Left panel, representative confocal images of EdU incorporation (green) in sic and siMLKLGSC4. Nuclei were counterstained with DAPI (blue). Scale bars:

10 mm. Middle panel, representative flow cytometry analysis of EdU incorporation. Right panel, the percentage of EdU-positive cells was quantified from the

middle panel in three independent experiments.

(G) Protein lysates from sic and siMLKL GSC4 (72h), as well as NSA-treated GSC4 (48h) were analyzed by immunoblot for phospho-Histone H3 (p.hisH3) and

further quantified by densitometry (right panel), n = 3.MLKL knockdown was verified. GAPDH serves as a loading control. Data are representative of at least

three independent experiments, unlike otherwise stated. Mann-Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001.
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EVs enriched in late endosomes and lysosomes (Ostrowski et al., 2010), and of M6PR, a transmembrane glyco-

protein that shuttles betweenGolgi and endosomal compartments and tags proteins toward lysosomes (Brown

et al., 1986; Figures 3E–3H).Our confocal and super-resolutionmicroscopy analysis unveiled relocation and clus-

teringofCD63 inGSCs, knockeddown forMLKL (Figures 3E–3G).Moreover,we found thatM6PRaccumulated in

CD63-positive intracellular compartments inMLKL-silenced cells (Figure 3H). Together withM6PRenrichment in

EVs onMLKL inhibition (Figures 3A and 3I and Table S2), this suggests thatM6PR is rerouted toward EVs, there-

fore supporting the idea that intracellular trafficking is defective when MLKL is impaired.

Interfering with MLKL reduces GSC expansion

To evaluate the functional impact of interfering with MLKL in GSCs, we next deployed a triad of comple-

mentary interfering approaches: pharmacological inhibitor, siRNA, and targeted protein degradation.

NSA administration hindered spheroid aspect, size, and formation in two patient-derivedGSCs (Figure 4A).

The ability to self-renew was further halted as estimated by extreme limiting dilution assay and stem cell

frequency index (Figure 4B). Real-time, automated imaging confirmed the impairment in tumorsphere for-

mation on NSA treatment (up to 4 days, VideoS1). We also observed a reduction in the size and number of

tumor spheroids from MLKL-silenced cells, although the level of expression of the classical markers for

stemness NESTIN and SOX2 were not overtly changed (Figures 4C–4E). Because defective tumorsphere

formation might be linked to proliferation, EdU incorporation and histone H3 phosphorylation were as-

sessed inMLKL siRNA-transfected GSCs. Both confocal images and flow cytometry demonstrated that pro-

liferation was reduced inMLKL knocked down cells (Figure 4F). This was also true for Histone H3 phosphor-

ylation (Figure 4G), indicating a defect in cell cycle progression through mitosis. Mirroring siRNA

experiments, proliferation was also reduced on MLKL inhibition with NSA (Figure 4G). We next adapted

an antibody-targeting degradation approach, named trim-away (Clift et al., 2017), to directly and acutely

deplete MLKL protein (Figure 5C, left panel). Supporting our results with RNA interference, the targeted

elimination of MLKL protein caused an increase in cell death (Figure 5C, right panel). This death was accom-

panied by a marked activation of caspase-3 and caspase-8 and by the cleavage of caspase substrates,

including PARP and Gasdermin E (Figure 5D). Blocking MLKL leads to a reduction in viability and an in-

crease in cell death, as evidenced by reduced metabolic activity and increased phosphatidylserine expo-

sure, respectively (Figures 5A and 5B). This was however not the case in differentiated sister cells, that ex-

press a lower amount of MLKL (Figures 5A and S1). In addition,MLKL knockdownmimicked the silencing of

RAB27A/B secretory proteins in terms of viability and cell death (Figures S4D and S4E).

We then evaluated whether the viability defect could be rescued by adding back EVs from control, un-

treated sibling GSCs. Of note, 10k and 100k EV fractions were equally internalized in control and MLKL-

silenced GSCs, therefore suggesting no overt loss of EV uptake in GSCs (Figure S6A). However, the co-cul-

ture with EVs could not restore the cell viability of MLKL-inhibited and-silenced cells (Figures S6B and S6C).

Conversely, EVs isolated fromNSA-treated andMLKL-silenced cells failed to induce cell death (Figures S6B

and S6C), overall suggesting an intrinsic defect rather than autocrine/paracrine action of EVs in GSCs.

Lastly, we combined MLKL targeting with the alkylating agent TMZ, which is the standard-of-care chemo-

therapeutic drug to which GSCs are largely resistant in vitro and in vivo (André-Grégoire et al., 2018). As

expected, treatment with TMZ induced the phosphorylation of ATM (Caporali et al., 2004), and this was

not altered by blocking MLKL (Figure 5E). Of interest, cell death was increased when MLKL inhibition

was combined with TMZ administration (Figure 5E), suggesting a possible additive and/or permissive ac-

tion of MLKL blockade on TMZ challenge. Thus, blocking MLKL opposed GSC expansion in vitro.

Pharmacological targeting of MLKL in vivo inhibits glioblastoma tumor growth

Our results prompted us to evaluate the effect of MLKL inhibition in an orthotopic in vivomodel of GBM in

nude mice (Figures S7A–S7F) (Harford-Wright et al., 2017; Lenting et al., 2017). Noticeably, NSA blocks hu-

man but notmurineMLKL, therefore inferring that the drug effects aremost likely related to the targeting of
iScience 25, 105118, October 21, 2022 9
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Figure 5. MLKL inhibition increases glioblastoma stem-like cell death and potentiates temozolomide action in vitro

(A) UptiBlue viability assays were performed in non-silencing (sic)- and MLKL targeting RNA duplexes (siMLKL)-transfected Glioblastoma Stem-like Cells

(GSC4, left panel) and CellTiter-Glo viability assay of GSC4 and GSC9 and their corresponding Differentiated GlioblastomaCells (DGC4 and DGC9) after 48h

treatment with vehicle (DMSO) and the MLKL inhibitor NSA (5 mM, right panel), n = 3.

(B) Representative flow cytometry analysis of the cell death marker Annexin V surface staining on either sic and siMLKL or vehicle and NSA-treated GSC4, as

in (a).
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Figure 5. Continued

(C) Left panel, endogenous MLKL protein was directly targeted for proteasome degradation by Trim-away technique using electroporation of MLKL

antibody (Ab). MLKL levels were analyzed in GSC4 by immunoblot 16h after electroporation of increasing quantities of MLKL antibody (Ab). GAPDH serves as

a loading control. ‘‘E’’ means electroporation. Right panel, quantification by flow cytometry of propidium iodide (PI) incorporation in GSC4 after MLKL trim-

away (16h, 4 mg). Histograms show the ratio between PI-positive and total cells. n = 3.

(D) Cell death pathways were analyzed in sic and siMLKLGSC9monitoring the processing of the indicated proteins (plain arrows indicate full-length proteins,

empty arrows indicate cleaved proteins). MLKL knockdown was verified. n = 3.

(E) Left panels, immunoblot analysis of the phosphorylation of ATM (alkylation signature, p.ATM) in GSC4 treated with the standard-of-care alkylating agent

temozolomide (TMZ, 100 mM, 48h) onMLKL silencing (upper panel) and inhibition (bottom panel). MLKL and GAPDH serve as internal and loading controls.

Right panels, UptiBlue viability assays after 48h in GSC4, as in left panels. n = 3 and n = 8 respectively. Data are representative of at least three independent

experiments, unlike otherwise stated. Mann-Whitney test and one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ns not-significant.
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xenografted human patient-derived GBM cells and not the host cells in these experimental settings. First,

tumor-free mice were administered 5 mg/kg of NSA tri-weekly for 4 weeks by intraperitoneal route (Fig-

ure 6A). The gross animal examination did not reveal alterations in the general health status between

healthy animals that received either NSA or vehicle (Figure 6B). The same was true with complete blood

count (Table S3). Although the weights of the heart and kidneys did not seem to suffer fromNSA challenge,

livers appeared slimmer, although plasmatic levels of ASAT and ALAT were unchanged, overall suggesting

no overt adverse effects of NSA administration in mice (Figures 6C and 6D).

To gain further insights into the therapeutic potential ofMLKL inhibition inGBM, nudemicewere implantedwith

GFP-Luc-expressing GSC9 into the striatum and treated with NSA (5 mg/kg) three times a week, starting one-

week post-grafting in randomized animals (Figure 6E). Tumor progression wasmonitored with bioluminescence

imagingonceaweek togetherwith signsofmorbidity (Figure 6E). Tumor-emanatingbioluminescencewasquan-

titatively reducedonNSA intraperitoneal administration at end-point andover-time, suggesting a reduced in tu-

mor growth (Figures 6F–6I). This was indeedassociatedwith shrinking tumormass inNSA-challengedanimals, as

evidenced by hematoxylin/eosin staining (Figure 6G), whereas NESTIN-positive tumor cells and ISOLECTIN-

labeled vessels were readily visible in both cases (Figure 6H). Importantly, NSA injection significantly improved

the overall survival of tumor-bearingmice compared to their vehicle-treated counterparts (Figure 6J), suggesting

an overall reduction in tumor burden. To control whether this beneficial action was accompanied by a change in

EV release from the tumor grafts, murine blood was collected at sacrifice, mouse host and human donor circu-

lating EVs were isolated and the abundance of EVs from human tumor cell origin was estimated with human

CD63ELISA (Figure6K). Inkeepingwith the idea that vesiclemia, i.e., theconcentrationofEVs inplasma (Sabbagh

et al., 2020), correlated with tumor evolution (Osti et al., 2019; Sabbagh et al., 2021), the abundance of human

originEVswasdampenedinanimals that receivedhuman-targetingpharmacologicalcompoundNSA(Figure6K).

Mirroring the in vitro situation, the level of M6PRwas superior in the EV fractions fromNSA-challengedmice pe-

ripheralblood,as compared toplasmaticEVs fromvehicle-receivinganimals (Figure6K).Collectively, these invivo

data provide a strong basis for an instrumental role of MLKL in the production of tumor-derived EVs and GBM

progression.

DISCUSSION

EVs operate as instrumental conveyors in cancer settlement and progression (Sabbagh et al., 2020).

They orchestrate the delivery of tumor-emanating signaling cues in the local environment and at dis-

tance, and therefore contribute to diseases. Likewise, GBM cells constitutively release a large amount

of EVs, playing important roles in gliomagenesis, resistance to treatments, and cell-to-cell communica-

tion within the tumor soil (Al-Nedawi et al., 2008; André-Grégoire and Gavard, 2017; Garnier et al.,

2018; Harshyne et al., 2016; Luhtala et al., 2017; Skog et al., 2008; Treps et al., 2016,2017; deVrij et al.,

2015; Yin et al., 2019; Zeng et al., 2018; Zhang et al., 2019). In this context, interfering with EV-based

communication might impede tumor growth. However, the direct impact of blocking EV biogenesis in

the source cell is not fully elucidated. Here, we provide the proof-of-concept that targeting MLKL and

affecting MLKL-dependent release of GBM EVs are associated with a reduction in GBM cell growth

in vitro and in vivo.

During necroptotic cell death, MLKL phosphorylation by RIPK3 drives its oligomerization and insertion in

the plasma membrane, thereby forming lytic pores (Cai et al., 2014; Douanne et al., 2019; Murphy et al.,

2013; Sun et al., 2012). Although several compounds were shown to trigger necroptosis in GBM cell lines

in vitro (Ding et al., 2019; Huang et al., 2013; Melo-Lima et al., 2014; Miki et al., 2015; Yu et al., 2020; Zhou

et al., 2020), our data show that this is not the case with patient-derived GSCs, as they lack RIPK3
iScience 25, 105118, October 21, 2022 11
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Figure 6. NSA administration slows down tumor growth in vivo

(A) Diagram of the protocol for evaluation of NSA tolerance in vivo in mice.

(B) Follow-up of the body weight (left panel) and behavior and general health parameters (toxicity score, right panel) in tumor-free mice treated with vehicle

(DMSO) and NSA for 4 weeks (intraperitoneal, i.p. 5 mg/kg, 3 times/week), n = 2 (vehicle) and = 3 (NSA).

(C) Kidney, heart, and liver were observed and weighted at sacrifice (week 4) for toxicity assessment, n = 2 (vehicle) and = 3 (NSA).

(D) Liver function assessment using the transaminase ASAT and ALATmeasurements in plasma from vehicle andNSA-treatedmice for 4 weeks, n = 2 (vehicle)

and = 3 (NSA).

(E) Diagram of implantation of patient-derived Glioblastoma Stem-like Cells (luciferase-GFP-expressing GSC9), and treatment regime with vehicle and NSA

(intraperitoneal, i.p. 5 mg/kg, 3 times/week). Follow-up of tumor growth is performed via luciferase (Luc)-based live imaging.

(F) Representative bioluminescence images of brain tumors at week 4 (except #, done at week 3 before death), n = 5.

(G) Representative hematoxylin/eosin staining is shown for end-point tumors in vehicle and NSA-treated mice. Scale bars: 2 mm.

(H) Representative images from ISOLECTIN-labeled blood vessels (red) andNESTIN-stained tumor cells (green) on frozen sections from end-point tumors as

in (g), showing both the tumor edge and core. Nuclei were counterstained with DAPI (blue). Scale bars: 100 mm.

(I) Quantification of luminescence (count per minute, cpm/cm2) in mice treated with vehicle and NSA, as depicted in panel (f), n = 5.

(J) Kaplan-Meier survival curve of mice treated with vehicle and NSA, n = 10 from two independent experiments with five mice.

(K) Peripheral blood from vehicle- (DMSO, black) and NSA- (pink) animals was collected at end-points and analyzed by western blot to evaluate the M6PR

protein abundance (upper panel, n = 3 mice) and by human CD63-ELISA (bottom panel, n = 6 mice) to assess the vesiclemia. Data are expressed as the

percentage of vehicle, from two independent experiments. Mann-Whitney test and two-way ANOVA, *p < 0.05 and ns not-significant.

ll
OPEN ACCESS

iScience
Article
expression. This later finding fits with the idea that RIPK3 expression is lost in most cancer cells and tissues

because of epigenetic changes (Koo et al., 2015; Moriwaki et al., 2015; Wang et al., 2020). Indeed, the

downregulation of RIPK3 owing to genomic methylation of its promoter blocks, at least partially, necrop-

tosis-induced cell death by several chemotherapeutic agents (Koo et al., 2015; Moriwaki et al., 2015; Wang

et al., 2020). The low expression of RIPK3 is associated with a poor prognosis in esophageal squamous cell

carcinoma (Sun et al., 2018), whereas RIPK3 status was recently proposed as a prognostic marker for low-

grade glioma (Vergara et al., 2020). Thus, epigenetic regulation of RIPK3 gene expression in GSCsmight be

hijacked to shield against MLKL-dependent necroptotic cell death.

In viable cells, MLKL was shown to undergo phosphorylation, independently of RIPK3, and to associate

with intracellular vesicles, where it regulates constitutive endosomal trafficking and extrusion of EVs

(Yoon et al., 2017). Whether MLKL undergoes phosphorylation and oligomerization to regulate EV gen-

esis in GSCs is still under investigation. Weak but sustainable phosphorylation of MLKL was detected in

GSCs. Also, our results with NSA, which prevents MLKL multimerization via covalent interaction with hu-

man MLKL residue Cys86 while sparing its phosphorylation, suggest that similar mechanisms might be at

play in GSCs.

Multiomics analysis of theEV content, aswell as a detailed lookat theglobal structure of organelles, suggest that

the loss ofMLKL function corroborateswith thedefectivemultivesicularbody (MVB)maturation route. Thisstep is

described to require theRAB27A/BsmallGTPases,which facilitate the traffickingofMVBs toward the cell periph-

ery, aswell as their docking and fusion to the plasmamembrane (Douanne et al., 2019;Ostrowski et al., 2010; van

Niel et al., 2018). MLKL interference phenocopies RAB27A/B silencing in patient-derived GSCs, in terms of EV

release and cell viability (Bobrie et al., 2012; van Solinge et al., 2020). Likewise, altering RAB27A/B functions

was shown to reduce migration and invasiveness in a model of a glioma cell line, by manipulating lysosomal

cathepsin D exocytosis (Liu et al., 2012). Here, proteomic analysis suggests that LAMP2 accumulated in NSA-

derived EVs. However, although lysosomes do not seem to be overtly affected by MLKL inhibition in GSCs,

further studies will decipher whether MLKL blockade shapes lysosome function and/or autophagy, as identified

vulnerability points in GBM (Jacobs et al., 2020; Shingu et al., 2017). In the same vein, additional protein candi-

dates might emerge from our proteomic study, such as the ones enriched in NSA-derived EVs and associated

withMVBmembranes. For example, MLKL deficiency leads toM6PRmislocalization in cells, along with its accu-

mulation in EVs, which might be linked to the multivesicular endosomal trafficking defects (late endosome/pre-

lysosome stage), as previously reported (Hirst et al., 1998). Also, RAB14 colocalizes with CD63 (Kuijl et al., 2013)

and plays an important role in exosome biogenesis (Maziveyi et al., 2019). This regulation of exosome secretion

by RAB14 was shown to participate in the control of breast cancer tumor growth (Maziveyi et al., 2019). Thus, the

MVBmaturation routeofEVsemergesas themainstreamonwhichMLKL inhibitionmightoperate toaffect tumor

growth.

In keeping with the idea of limiting EV-dependent communication within the tumor microenvironment, MLKL

might emerge as a potential druggable target. First,mlkl knockout mice are viable without obvious abnormal-

ities, suggesting, therefore, that silencing MLKL in vivo does not exert any major deleterious effects in healthy
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mice (Wu et al., 2013). The maximal nontoxic dose of NSA injected intraperitoneally in mice was determined at

20 mg/kg (Rathkey et al., 2018). In addition, the small size of sulfonamide compounds suggests that NSA may

cross the blood-brain barrier in mice even when administered via systemic routes (Bartzatt et al., 2010). Here,

weuseda chimericmodel inwhich humanpatient-derived cells are transplanted into immunosuppressedmouse

brains. Because NSA targets human, but not murine, MLKL protein (Sun et al., 2012), it is tempting to speculate

that NSA impairs directly human tumor cell growth within the brain, reinforcing the idea that NSA crosses the

blood-brain barrier in the xenograft models. Of note, the NSA challenge not only reduced the concentration

of circulating EVs of human origin in the peripheral blood of intracranial tumor-bearing mice but also tumor

burden, culminating in the extension of their survival. Targeting EVs in vivo to reduce tumor growth has already

beenproposed. For example inGBM,miR-1 overexpression inGSCswas able tomodify EVprotein cargoes and

ultimately reducetumorigenicity, invasiveness, andangiogenesis in vivo inxenograftedmice (Broniszetal., 2014).

In addition, RAB27A silencing resulted in decreasedprimary tumor growth and lungdissemination ofmetastatic

carcinoma (Bobrie et al., 2012; vanSolingeet al., 2020). Furthermore,monitoring the level of circulatingEVs in the

bloodstream might reflect tumor size. Indeed, GBM patients have increased vesiclemia (André-Grégoire et al.,

2018; Sabbaghet al., 2021),while resectionnormalized these values (Osti et al., 2019). Thus, the level of plasmatic

EVs may assist in the clinical management of GBM patients, and/or anticipate recurrence as a companion diag-

nostic tool.Overall, ourworkunveils thepotential of interferingwithEVbiogenesis as a newcombined therapy to

sensitize GBM cells to death.
Limitations of the study

Our current study indicates that both inhibition and depletion of MLKL led to a reduction in the release

of EVs and resulted in the loss of fitness of GBM patient-derived stem-like cells in vitro. Yet, adding back

control sibling EVs did not rescue this phenotype, and EVs from MLKL-inhibited moribund cells were not

toxic. This suggests that blocking EV release intrinsically damaged GSC expansion. However, we have

not fully elucidated how MLKL operates in this context. Moreover, the pharmacological inhibition of hu-

man MLKL slowed down in vivo tumor growth in immunocompromised xenografted animals. Given the

high degree of MLKL expression in myeloid cells, future studies will be required to unravel how blocking

MLKL in both the tumor cells and microenvironment impacts GBM progression.
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acquisition, Valérie Trichet (Université de Nantes, France) for eGFP-Luc plasmids, and the Genomics and

Bioinformatics Core Facility of Nantes (GenoBiRD, Biogenouest, IFB) for their technical assistance with

30SRP analysis. We would like to acknowledge the core-facilities from SFR Santé François Bonamy, Nantes,
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Sabbagh, Q., André-Grégoire, G., Alves-Nicolau,
C., Dupont, A., Bidère, N., Jouglar, E., Guével, L.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ALIX BioLegend Cat#634502; RRID: AB_2162471

Caspase-3 Cell Signaling Technology Cat#9662; RRID: AB_331439

Caspase-8 Cell Signaling Technology Cat#9746; RRID: AB_2275120

CD63 System Biosciences Cat#EXOAB-CD63A-1; RRID: AB_2561274

CD63 BD Biosciences Cat#556019; RRID: AB_396297

CD9 System Biosciences Cat#EXOAB-CD9A-1; RRID: AB_2687469

cleaved-caspase 3 Cell Signaling Technology Cat#9664; RRID: AB_2070042

EEA1 BD Biosciences Cat#610456; RRID: AB_397829

eGFP Merck Millipore Cat#AB10145; RRID: AB_1587096

GAPDH Santa Cruz Biotechnology Cat#sc-32233; RRID: AB_627679

GM130 Abcam Cat#ab52649; RRID: AB_880266

GSDME Abcam Cat#ab215191; RRID: AB_2737000

IkBa Cell Signaling Technology Cat#4814; RRID: AB_390781

LAMP2 Santa Cruz Biotechnology Cat#sc-18822; RRID: AB_626858

M6PR Cell Signaling Technology Cat#14364; RRID: AB_2798462

M6PR Abcam Cat#ab2733; RRID: AB_2122792

MLKL Cell Signaling Technology Cat#14993; RRID: AB_2721822

MLKL Abcam Cat#ab211045

NESTIN Merck Millipore Cat#MAB5326; RRID: AB_2251134

P65 Santa Cruz Biotechnology Cat#sc-372; RRID: AB_632037

PARP Santa Cruz Biotechnology Cat#sc-8007; RRID: AB_628105

phospho-ATM Cell Signaling Technology Cat#5883; RRID: AB_10835213

phospho-Histone H3 Cell Signaling Technology Cat#3377; RRID: AB_1549592

phospho-IkBa Cell Signaling Technology Cat#9246; RRID: AB_2267145

phospho-MLKL Abcam Cat#187091; RRID: AB_2619685

phospho-p65 Cell Signaling Technology Cat#3033; RRID: AB_331284

RAB14 Santa Cruz Biotechnology Cat#sc-271401; RRID: AB_10610486

RAB27A Cell Signaling Technology Cat#95394; RRID: AB_2800247

RIPK1 BD Biosciences Cat#551042; RRID: AB_394015

RIPK3 Cell Signaling Technology Cat#13526; RRID: AB_2687467

SOX2 Merck Millipore Cat#AB5603; RRID: AB_2286686

STEAP3 Abcam Cat#ab151566

TUBULIN Santa Cruz Biotechnology Cat#sc-8035; RRID: AB_628408

Biological samples

Patient-derived glioblastoma cells

GSC1, GSC4, GSC9

Harford-Wright et al. (2017) N/A

Human Brain (Normal) tissue lysate GeneTex Cat#GTX28771

Human Brain Whole Tissue Lysate

(Adult Whole Tumor)

Novus Biologicals Cat# NB820-59423

(Continued on next page)
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Chemicals, peptides, and recombinant proteins

Necrosulfamide Abcam Cat#ab143839; CAS: 432531-71-0

Temozolomide Sigma-Aldrich Cat#PHR1437; CAS:

85622-93-1

Q-VD-OPh R&D Systems Cat#OPH001

Birinapant Selleck Chemicals Cat#S7015; CAS: 1260251-31-7

TNFa R&D Systems Cat#210-TA

Necrostatin Selleck Chemicals Cat#S8037; CAS: 4311-88-0

Isolectin GS-IB4 Life Technologies Cat#I21413

D-luciferin Interchim Cat#FP-M1224D; CAS: 115144-35-9

PKH-67 Sigma-Aldrich Cat#MIDI67-1KT

Critical commercial assays

ELISA kit for CD63 System Biosciences Cat#ExoELISA-ULTRA CD63

Click-it EDU assay kit for flow cytometry Life Technologies Cat#C10424

Click-it EDU assay kit for cellular imaging Life Technologies Cat#C10337

UptiBlue Viable cell counting reagent Interchim Cat#UP669413

Gaussia Luciferase Glow assay kit Life Technologies Cat#16160

CellTiterGlo Cell Viability Assay Promega Cat#G9243

Annexin V/PI Life Technologies Cat#V13245

Deposited data

3’SRP GSC9 vehicle versus NSA This paper N/A

Label-free proteomics from EVs isolated in

the supernatants of vehicle and NSA-treated cells

This paper N/A

Experimental models: Cell lines

Jurkat T-cells E6.1 ATCC Cat#TIB-152

Experimental models: Organisms/strains

Mouse: Balb/c Nude (BALB/cAnNRj-Foxn1 nu/nu) Janvier Labs Cat#SM-BALNU-F

Oligonucleotides

siRNA targeting human MLKL GCAACGCA

UGCCUGUUUCACCCAUA

Life Technologies Cat#HSS136796

Non-silencing low-GC RNA duplexes Life Technologies Cat#12935111

Mixture of siRNAs targeting human RAB27A Sigma-Aldrich Cat#EHU91501

siRNA targeting human RAB27B AAACGTGT

GGTTTATAATGCA

This paper N/A

Primers for human MLKL

F: GCCACTGGAGATATCCCGTT

R: CTTCTCCCAGCTTCTTGTCC

This paper N/A

Primers for human SOX2

F: CAAAAATGGCCATGCAGGTT

R: AGTTGGGATCGAACAAAAGCTATT

This paper N/A

Primers for human TUBB3

F: CAGATGTTCGATGCCAAGAA

R: GGGATCCACTCCACGAAGTA

This paper N/A

Primers for human RIPK1

F: AGTGACTTCCTGGAGAGTGC

R: TCATCATCTTCGCCTCCTCC

This paper N/A
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Primers for human RIPK3

F: CTCTCTGCGAAAGGACCAAG

R: TCGTAGCCCCACTTCCTATG

This paper N/A

Primers for human RAB27B

F: CTTCGCAGGCTGACCGA

R: CCACACACTGTTCCATTCGC

This paper N/A

Primers for human ACTB

F: GGACTTCGAGCAAGAGATGG

R: AGCACTGTGTTGGCGTACAG

This paper N/A

Primers for human HPRT1

F: TGACACTGGCAAAACAATGCA

R: GGTCCTTTTCACCAGCAAGCT

This paper N/A

Recombinant DNA

Mixture of pLNT-LucF/pFG12-eGFP This paper N/A

phGluc Pastrana et al. (2009); Addgene Cat#22522
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Julie Gavard at Julie.gavard@inserm.fr.
Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This study does not report original code.

All data generated or analyzed during this study are included in this article and its supplemental informa-

tion files.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Animal procedures were conducted in agreement with the European Convention for the Protection of

Vertebrate Animals used for Experimental and other Scientific Purposes (ETS 123) and approved by the

French Government (APAFIS#2016–2015092917067009). At all times, animals were allowed access to

food and water ad libitum and were housed in a specific pathogen-free (SPF) environment with tempera-

ture and hygrometry controls on a 12h day-night cycle. Six-to-eight months old female Balb/c Nude (BALB/

cAnNRj-Foxn1 nu/nu) mice (Janvier Labs) were used for xenografts and safety evaluation of necrosulfona-

mide (NSA) compound.
Cell culture

Patient-derived glioblastoma cells with stem-like properties (GSCs) were obtained from primary glioblas-

toma resection, by dissociating tumor biopsies using the MACS Dissociator (Miltenyi). They were charac-

terized for their self-renewal capabilities, cell surface antigens, expression of stemness markers, their ability

to differentiate, and to initiate tumor formation (Harford-Wright et al., 2017). Mesenchymal (GSC1 and

GSC4) and classical (GSC9) GSCs were maintained as non-adherent spheres in NS34 medium (DMEM-

F12 with N2, G5, and B27 supplements, plus Glutamax and antibiotics, Life Technologies). Differentiated

glioblastoma cells (DGCs) were generated from GSCs cultured in DMEM/F12 with 10% fetal bovine serum

(FBS), Glutamax, and antibiotics (Life Technologies) for at least 10 days. Differentiation was controlled
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using morphology, TUBB3 increase in expression, and concomitant SOX2 and NESTIN loss of expression

(Figure S1).

Jurkat T-cells were purchased from American Type Culture Collection.

METHOD DETAILS

Glioblastoma xenografts and safety evaluation of NSA

GSC9 was transduced with GFP and luciferase (pLNT-LucF/pFG12-eGFPmixture plasmid, a kind gift of Val-

érie Trichet, Université de Nantes, France). 106 and 105 modified patient-derived cells were implanted in

Balb/c Nude (BALB/cAnNRj-Foxn1 nu/nu) mice (Janvier Labs), subcutaneously in each flank and orthotopi-

cally in the striatum, respectively. Tumor growth was monitored each week by bioluminescence on a

Photon IMAGER (Biospace Lab) 10min after injection of D-luciferin (Interchim FP-M1224D).

For xenograft experiments, treatments with vehicle (10%DMSO in PBS) or NSA (5mg/kg) were commenced

five days post-GSC grafts, three times a week, until a critical point was reached or the conclusion of the

experiment at day 50. At euthanasia, indicated organs were weighed and frozen; total blood was collected

by an intracardiac puncture on EDTA tubes and centrifugated (1000g, 15min, 4�C) before freezing at

�80�C. Blood analysis was performed using a Hemavet analyzer (Therassay core facility, Nantes, France).

PFA-fixed and OCT embedded brain tissue sections (8 mm, Cryostat, Leica) were stained with Hematoxylin

and Eosin using standard protocol (Harford-Wright et al., 2017). Alternatively, cryostat sections were fixed

in cold methanol, permeabilized (0.5% Triton-X100), blocked in PBS-BSA 3%, and incubated with anti-

bodies to NESTIN (Millipore MAB5326, 1/300) and ISOLECTIN GS-IB4 (I21413, Life Technologies) over-

night at 4�C in 3% BSA.

For safety evaluation of NSA in mice, the compound was injected intraperitoneally (5 mg/kg) in non-tumor-

bearing mice three times per week for 4 weeks. The toxicity score of NSA was determined each week de-

pending on weight, body condition, and mouse behavior (grading from 1 for normal to 3 for critical). Liver

transaminases ASAT and ALAT were measured at the hospital biology platform (CHU Hotel-Dieu, Nantes,

France).

The Cancer Genome Atlas (TCGA) analysis

The Cancer Genome Atlas (TCGA) database was explored via the Gliovis platform (http://gliovis.bioinfo.

cnio.es; Bowman et al., 2017). We interrogated RNAseq data from glioma patients for the expression of

MLKL and EV-related genes, as well as for the probability of survival, according to histological glioma status

(glioma grades II to IV), glioblastoma subtypes based on Verhaak classification (classical, mesenchymal,

neuronal, and proneuronal) (Verhaak et al., 2010) and IDH1 mutation status.

MLKL targeting

To knock down MLKL expression, RNA interference was performed using 10 pmol of duplexes targeting

human MLKL (GCAACGCAUGCCUGUUUCACCCAUA, Stealth siRNA from Life Technologies) or non-

silencing control duplexes (low-GC 12935111, Life Technologies) mixed with OptiMEM and Lipofectamine

RNAi-MAX Transfection Reagent (Life Technologies). Alternatively, endogenous MLKL protein was

depleted by taking advantage of the Trim-away TRIM21/proteasome system recently described (Clift

et al., 2017,2018). Briefly, MLKL antibody (Abcam ab211045, 4mg) was electroporated in 5.105 GSCs with

a Neon electroporation system according to the manufacturer’s instructions (Life Technologies). Pharma-

cological targeting of MLKL was achieved using in vitro treatment with necrosulfonamide NSA (Abcam,

ab143839, 5 mM). Combination with temozolomide (TMZ, Sigma PHR1437, 100 mM) was used as indicated.

Immunoblotting

For human tissues, protein lysates from adult normal brains and brain tumors were obtained from GeneTex

(GTX28771) and NovusBio (NB820-59423), respectively. For cell culture, lysis was performed, after one cold

PBS wash, in TNT buffer (50 mM Tris pH7.4, 150 mMNaCl, 1% Triton X100, 1% Igepal, 2 mM EDTA, supple-

mented with protease inhibitor cocktail) for 30min on ice. Lysates were clarified at 10000g for 5min. Protein

concentration was determined using a MicroBCA protein assay kit (Thermo Scientific). 10 mg of proteins

were resolved in Tris-acetate SDS-PAGE and transferred to nitrocellulose membranes (GE Healthcare).

For extracellular vesicle fractions, pelleted EVs from an identical number of viable cells were directly lysed
22 iScience 25, 105118, October 21, 2022
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in boiling Laemmli 2X. Membranes were revealed using a chemiluminescent HRP substrate (Millipore) and

visualized using the Fusion imaging system (Vilber Lourmat).

Antibodies

The following primary antibodies were used: MLKL (Cell Signaling 14993), GAPDH (Santa Cruz sc-32233),

CD9 (System Biosciences EXOAB-CD9A-1), GM130 (Abcam ab52649), Steap3 (Abcam ab151566), RAB14

(Santa Cruz sc-271401), M6PR for WB (Cell Signaling 14364), M6PR for immunofluorescence (Abcam

ab2733), CD63 for WB (System Biosciences EXOAB-CD63A-1), CD63 for immunofluorescence (BD Biosci-

ences 556019), SOX2 (Millipore AB5603), NESTIN (Millipore MAB5326), LAMP2 (Santa Cruz sc-18822),

phospho-Histone H3 (Cell Signaling 3377), caspase-3 (Cell Signaling 9662), caspase-8 (Cell Signaling

9746), PARP (Santa Cruz sc-8007), GSDME (Abcam ab215191), phospho-ATM (Cell Signaling 5883), phos-

pho-p65 (Cell Signaling 3033), P65 (Santa Cruz sc-372), phospho-IkBa (Cell Signaling 9246), IkBa (Cell

Signaling 4814), RIPK1 (BD Biosciences 551042), RIPK3 (Bethyl 13526), TUBULIN (Santa Cruz sc-8035), phos-

pho-MLKL S358 (Abcam 187091), ALIX (BioLegend 634502), EEA1 (BD Biosciences 610456), RAB27A (Cell

Signaling 95394), cleaved-caspase 3 (Cell Signaling 9664), and eGFP (Millipore AB10145). HRP-conjugated

antibodies (1/5000) were from Southern Biotech, and Alexa-conjugated antibodies (1/200) from Life

Technologies.

Isolation of extracellular vesicles (EVs)

GSC-derived EVs were isolated from 4 to 5.106 GSCs seeded in 10mL NS34 media (a serum-free and exog-

enous EV-free culture media) for 48h. DGC-derived EVs were isolated from 80% confluent cells in 10mL

DMEM/F12 with 10% fetal bovine serum (FBS), glutamax, and antibiotics (Life Technologies) for 48h. The

complete media was depleted from EVs with 16h-ultracentrifugation (100000g, 4�C) before incubation

with DGCs. Differential ultracentrifugations (dUC, 4�C) were performed to isolate EVs from conditioned

media: 300g 3min, 2000g 10min, 10000g 30min (10k fraction), and 100000g 2h (100k fraction) on a Beckman

Coulter ultracentrifuge (OPTIMA L-80) using SW-41 Ti rotor. 10k and 100k pellets were washed in 0.22mm

filtered PBS, ultracentrifuged (100000g, 2h), and resuspended in filtered PBS. OptiPrep top to bottom den-

sity gradients 5% to 40% were performed in 12mL open-top polyallomer tubes (Beckman Coulter), as

described (Van Deun et al., 2014). 1mL fractions were collected from the top and washed in PBS. To isolate

murine circulating EVs, total blood was harvested by intracardiac punction and plasma separation was per-

formed at 1000g for 15min before freezing at�80�C until further use. 200mL of thawed plasmas were serially

centrifuged at 2000g (10min), 10000g (30min), and 100000g (2h). Experimental parameters were submitted

to the open-source EV-TRACK knowledge base (EV-TRACK.org) (EV-TRACK Consortium et al., 2017), EV-

TRACK ID is EV210024.

Quantification of particles

Single-particle tracking was performed by Tunable Resistive Pulse Sensing (TRPS) using qNano gold appa-

ratus (IZON). Diameter and concentration of 100k and 10k EVs were determined using np100 nanopore (de-

tected range 50�330 nm) and np400 (185–1100nm), respectively. Alternatively, the abundance of EVs was

determined using the ELISA kit for human CD63-positive particles according to supplier instructions

(ExoELISA-ULTRA CD63, System Biosciences). In addition, single-particle tracking was determined using

interferometry light microscopy (Videodrop, Myriade) measuring particle concentration in a real-time

nanometer-scale optical method.

Cryo-electron microscopy

Cryo-electron microscopy images of EVs were acquired at the Microscopy Rennes Imaging Center (MRic,

Université de Rennes 1, Rennes, France) using 200 kV Tecnai G2 T20 Sphera microscope (Thermo Fisher

Scientific), equipped with a TemCam XF416 camera (TVIPS) and a single axis cryo-holder model 626 (Gatan

Microscopy). Freshly isolated EVs were deposited on glow-discharged electronmicroscope grids, followed

by vitrification by rapid freezing into liquid ethane using an automatic plunge freezer (EM GP, Leica) under

controlled humidity and temperature. Neither dehydration nor chemical fixatives were used, allowing

observation of the EVs in their native states.

Confocal and super-resolution microscopy

Cells attached to poly-lysine slides were fixed with PBS-PFA 4% and permeabilized with Triton X100 (except

for p-MLKL: a PBS-BSA 3%, Triton 1%, and Saponin 1% solution was used for permeabilization and
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antibodies incubation). Primary antibodies were incubated overnight in PBS-BSA 4% at 4�C and

AlexaFluor-conjugated secondary antibodies for 45min at room temperature. Samples were mounted in

Prolong gold anti-fade with DAPI (Life Technologies). Confocal images were acquired on confocal Nikon

A1Rsi (Nikon Excellence Center, MicroPICell facility, Nantes, France). Super-resolution microscopy using

structure illumination microscopy (SIM) images were acquired with a Nikon N-SIM (Nikon Excellence Cen-

ter, MicroPICell facility, Nantes, France) using a 1003 oil-immersion lens with a 1.49 aperture and recon-

structed in 3D using the NIS-Element Software. All images were analyzed using the Fiji software.
Proteomic analysis of EVs

Mass spectrometry was done in collaboration with the 3P5 Proteom’IC facility (Université de Paris, Institut

Cochin, Paris, France). Peptide contents from 100k EV fractions were lysed and denatured in SDS 4%, 50mM

Tris pH = 8 (5min at 95�C). Disulfide bridges were reduced (TCEP 20 mM) and subsequent free thiol groups

were protected using chloroacetamide 50mM. Proteins were digested overnight with trypsin and prepared

with S-trap (https://www.protifi.com/s-trap/). Nano Liquid Chromatography with Tandem Mass Spectrom-

etry analysis (nLC-MS/MS) was then performed, and peptides were concentrated, separated, and analyzed

with an Ultimate 3000 Rapid Separation liquid chromatographic system coupled to aQ-exactivemass spec-

trometer (Thermo Fisher Scientific). Raw data were processed with MaxQuant software to perform a com-

parison of experimental MS/MS peptides fragmentation data with the Homo sapiens taxon of the Swiss-

Prot Uniprot database. Identified proteins were processed through the STRING online database

(https://string-db.org).
Transcriptomic analysis

Cells were lysed and RNA content was analyzed by 30 Sequencing RNA Profiling at the Genomics and Bio-

informatics Core Facility (GenoBiRD, Biogenouest, IFB, Nantes). Briefly, total RNA was isolated using the

RNeasy Mini Kit (Qiagen) and clean samples (DO 260/280 and 260/230>1.8) were submitted for quality con-

trol on a Bioanalyzer Tape Station (Agilent). RNA libraries were prepared and HiSeq sequencing was car-

ried out (HiSeq 2500, Illumina). Data were demultiplexed and analyzed with Illumina Bcl2fastQ2 software.

Reads were aligned against human reference transcriptome (hg19) and differential analysis was performed

with DESeq2 tool and annotated with Gene Ontology and Kegg pathways (methods available on https://

bio.tools/3SRP).
Stemness assays

To analyze the self-renewal properties of GSCs, tumorsphere formation and extreme limiting dilution assay

(ELDA) were performed. For tumorsphere formation, GSCs (100/mL) were seeded in triplicate in NS34 me-

dia. Cells were dissociated manually on both the second and third days to reduce cell aggregation influ-

ence. On day 5, the number of tumorspheres per field of view (NS/fov) was calculated by single-blinded

counting 5 random fov per condition. To analyze further self-renewal of GSCs, ELDA was performed as re-

ported (Harford-Wright et al., 2017; Jacobs et al., 2020). Briefly, GSCs were plated in a 96-well plate using

serial dilution ranging from 2000 to 1 cell per well (one column, i.e. 8 replicates per dilution) and treated or

not with NSA. After 14 days of cell culture, each well was binarily evaluated for the presence or the absence

of tumorsphere in single-blind count. Stemness frequency was then calculated using online ELDA software

(http://bioinf.wehi.edu.au/software/elda; Hu and Smyth, 2009). The mean stemness frequency was calcu-

lated by averaging 3 independent experiments.
Proliferation and cytotoxicity assays

GSC viability was assessed using Uptiblue (UP669413, Interchim) and CellTiter-Glo (G9243, Promega)

following manufacturers’ protocols. Absorbance and luminescence were measured on a FluoStar

Optima (BMG Labtech) plate reader and the percentage of cell viability was determined in comparison

to control/vehicle conditions. For EdU proliferation analysis, cells were incubated with EdU (10 mM, 2h), fol-

lowed by fixation and Click-it reaction according to instructions for flow cytometry (Life Technologies,

C10424) or by secondary antibody incubation for confocal analysis (Life Technologies, C10337). Propidium

Iodide (PI) and Annexin V staining (Life Technologies, V13245) were used to assess cell death induction

following treatment according to the manufacturer’s instructions.
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Flow cytometry

Flow Cytometry analyses were performed on FACSCalibur (BD Biosciences, CytoCell facility, Nantes,

France) and processed using FlowJo software (BD Biosciences).

Chemicals

Necroptosis was induced in vitro by pre-treatment 30min with Q-VD-OPh (R&D Systems, 10 mM) and Biri-

napant (Selleckchem, 5 mM) prior stimulation with TNFa (R&D Systems, 10 ng.mL-1) for 48h. Necroptosis

was blocked using Necrostatin Nec (Selleckchem, 20 mM).

RT-PCR and-qPCR

RNA extraction was done using Qiagen RNeasy kit and equal amounts of RNA were reverse transcribed us-

ing the Maxima Reverse Transcriptase kit (ThermoFisher). PCR was performed on the resulting cDNA using

Red Taq DNA polymerase (Sigma). Semiquantitative qPCR was performed using PerfeCTa SYBR Green

SuperMix (QuantaBio). The followingprimerswere used for human targets:MLKL forwardGCCACTGGAGA

TATCCCGTT, MLKL reverse CTTCTCCCAGCTTCTTGTCC, SOX2 forward CAAAAATGGCCATGCAGGTT,

SOX2 reverse AGTTGGGATCGAACAAAAGCTATT, TUBB3 forward CAGATGTTCGATGCCAAGAA,

TUBB3 reverse GGGATCCACTCCACGAAGTA, RIPK1 forward AGTGACTTCCTGGAGAGTGC, RIPK1

reverse TCATCATCTTCGCCTCCTCC, RIPK3 forward CTCTCTGCGAAAGGACCAAG, RIPK3 reverse

TCGTAGCCCCACTTCCTATG, RAB27B forward CTTCGCAGGCTGACCGA, RAB27B reverse CCACA

CACTGTTCCATTCGC, ACTB forward GGACTTCGAGCAAGAGATGG, ACTB reverse AGCACTGT

GTTGGCGTACAG, HPRT1 forward TGACACTGGCAAAACAATGCA, HPRT1 reverse GGTCCTTTTCAC

CAGCAAGCT. Data were analyzed by the 2-DDCt methods and normalized using the two housekeeping

genes ACTB and HPRT1.

siRNA

RNA interference targeting human RAB27A and RAB27B was performed as previously described (Douanne

et al., 2019).

Phos-tag

Commercial Phos-tag SDS-PAGE gels were purchased from FUJIFILMWako Pure Chemical corporation to

assess basal MLKL phosphorylation in GSCs. Briefly, 1.105 GSCs were washed and lysed directly in 30mL

Laemmli (10min, 95�C). 1 mM of ZnCl2 was added to the samples prior to running on 12.5% Phos-tag

gels. Gels were washed in transfer buffer (Biorad) containing 10mM EDTA and 0.5% SDS before transfer

to nitrocellulose membranes for immunoblotting analysis.

Uptake and co-culture with EVs

PKH-67 (Sigma) staining of EVs was performed aspreviously described (Treps et al., 2016). 5.105 GSCs were

seeded in 1mL of NS34 with the labeled EVs for 4h. After 10min fixation in PBS-PFA 4% and washes, flow

cytometry analyses were performed on a FACSCalibur (BD Biosciences, CytoCell facility, Nantes) and pro-

cessed using FlowJo software. Alternatively, EVs isolated from 5.106 GSC9 control (ctrl) or MLKL-targeted

(NSA and siMLKL) called EVctrl, EVvehicle/NSA and EVsic/siMLKL were added daily to GSC9, either naı̈ve or pre-

incubated with either siMLKL and sic, or NSA and vehicle, at a dose of ten producing cells for 1 receiving

cell (10:1) or one for one (1:1), as described in Figures S6B and S6C. Viability using Uptiblue was assessed

after 48h.

IncuCyte

Effect of NSA treatment was recorded in real-time on live cells using IncuCyte Zoom live cell imaging sys-

tem (Essen BioScience). Briefly, GSCs were seeded at a density of 5000/well in a 96-well plate, treated with

NSA (Abcam, 5 mM) or vehicle, and maintained at 37�C and 5% CO2 during the time of the experiment.

Phase contrast images (10X zoom) were taken every 2h for 4 days.

Electron microscopy

Electron microscopy images of EVs were acquired thanks to Joëlle Veziers (SC3M core-facility, CHU

Nantes, France). Isolated EVs were fixed in glutaraldehyde 1.6%, diluted in 0.1M phosphate buffer, pH =

7.2, coated on formvar carbon copper grids (AgarScientific), stained with Uranyless (Delta Microscopies),
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and observed with a Jeol JEM-1010 transmission electron microscope. For electron microscopy, cells were

fixed in 2.5%glutaraldehyde/2.0% paraformaldehyde, diluted in 0.1M Cacodylate buffer, at 4�C overnight.

Samples were then stained in 0.05% Green malachite/2.5% glutaraldehyde and post-fixed with 1% OsO4

and 0.8% K4Fe(CN)6 for 45min on ice. Samples were stained with 1% Tannicacid for 20min on ice and

with 1% uranyl acetate, overnight at 4�C. Samples were stepwise dehydrated in Ethanol and embedded

in Epon. 100nm thin sections were collected in copper mesh grids, contrasted with 1% uranyl acetate fol-

lowed with 0.4% lead citrate (Sigma-Aldrich), and imaged with a Hitachi 7500 transmission electron micro-

scope equipped with Hamamatsu camera C4742-51-12NR.

Secretory pathway assay

Gaussia luciferase plasmid (Addgene #22522) was transfected in GSCs using the Neon system (Life Tech-

nologies). 8000 transfected cells were plated in a 96-well plate 24h later and treated as indicated. Super-

natants were then collected and analyzed for Gaussia luciferase activity using the Pierce Gaussia Luciferase

Glow assay kit following manufacturers’ protocol (Thermo Scientific, 16160).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as meanGs.e.m. and are representative of at least three independent experiments un-

less otherwise stated. Statistical analysis was performed with GraphPad Prism8 using two-way ANOVA,

parametric t-test, or non-parametric Mann-Whitney when required. For each statistical test, a p-value

<0.05 was considered significant.
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