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Glioblastoma-Derived Extracellular Vesicles
Facilitate Transformation of Astrocytes
via Reprogramming Oncogenic Metabolism
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SUMMARY

Glioblastoma (GBM) may arise from astrocytes through a multistep process
involving a progressive accumulation of mutations. We explored whether GBM-
derived extracellular vesicles (EVs) may facilitate neoplastic transformation and
malignant growth of astrocytes. We utilized conditioned media (CM) of cultured
glioma cells, its sequential filtration, diverse cell-based assays, RNA sequencing,
and metabolic assays to compare the effects of EV-containing and EV-depleted
CM. GBM EVs facilitated the neoplastic growth of pre-transformed astrocytes
but not normal human or mouse astrocytes. They induced proliferation, self-
renewal, and colony formation of pre-transformed astrocytes and enhanced as-
trocytoma growth in a mouse allograft model. GBM EVs appear to reprogram
astrocyte metabolism by inducing a shift in gene expression that may be partly
associated with EV-mediated transfer of full-length mRNAs encoding ribosomal
proteins, oxidative phosphorylation, and glycolytic factors. Our study suggests
an EV/extracellular RNA (exRNA)-mediated mechanism that contributes to astro-
cyte transformation via metabolic reprograming and implicates horizontal mMRNA
transfer.

INTRODUCTION

Extracellular vesicles (EVs) released by various types of cells attract considerable interest owing to their
involvement in cell-to-cell communication via “horizontal” RNA and protein transfer and has potential as
biomarkers (Thery et al., 2018). Two principal categories of extracellular packaging complexes, plasma
membrane-derived microvesicles (MVs, with a diameter of 0.20-0.80 um, that constitute a major part of
large EVs), and endosome-origin exosomes (Exos, 0.02-0.20 pm, that represent the majority of small
EVs), mediate this transfer along with extracellular non-vesicular ribonucleoprotein complexes (exRNPs)
(Vickers et al., 2011; Valadi et al., 2007; Russell et al., 2019; Graner, 2019). The RNA-encapsulating EVs
have been originally isolated from patient-derived glioma cells (Valadi et al., 2007; Skog et al., 2008),
and since that time, glioma served as a fruitful model for the investigation of EV release, cargo, functions
in intercellular communications, and biomarker potential. It has been recognized that extracellular RNA
(exRNA) carried by EVs plays important roles in intercellular communication, opening up a new funda-
mental field of extracellular RNA biology for the extensive ongoing investigation.

High-grade gliomas, the most common class of primary malignant brain tumors in adults, are notorious in
their interactions with resident cells of the brain microenvironment. Among gliomas, evidenced by micro-
vascular proliferation and pseudopalisading necrosis, glioblastoma (GBM) is the most malignant type of all,
resulting in dismal prognosis for patients. The median survival of patients with GBM remains 15-17 months
despite the highly aggressive protocols of standard care (Wen et al., 2020). As the most critical feature
contributing to this lack of therapeutic benefits, malignant gliomas nearly invariably recur in the resection
margin and progress into higher-grade malignancy (Hochberg and Pruitt, 1980). It is thought that incom-
plete resection, as well as the presence of therapy-resistant glioma initiating stem cells, are the root cause
of this recurrence; however, the broader mechanism may include the supportive pro-tumorigenic environ-
ment established by the tumor before resection. A related critical question that concerns the origin of
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glioma cells is also incompletely investigated, with astrocytes, neural stem cells, and oligodendrocyte pre-
cursor cells emerging as the major candidates (Cahill and Turcan, 2018). Astrocytes, the native cells of the
brain that are phenotypically most similar to the bulk of glioma, present potentially the amplest and most
accessible source of glioma-initiating cells. A variety of genes, such as P53, TERT, and RAS that are often
mutated or activated in glioma can transform astrocytes to neoplastic cells in vitro and in vivo. These data
led us to question whether the communication between GBM and surrounding reactive astrocytes can pro-
mote the process of transformation and thereby feed the tumor with newly recruited neoplastic cells.

Several studies have suggested that glioma-derived EVs are taken up by various cells of the brain micro-
environment, including astrocytes, microglia, and microvascular cells, where they appear to modulate
cellular phenotypes toward the more tumor-promoting cells and may thereby support the tumor progres-
sion or recurrence (Gao et al., 2020; Oushy et al., 2018; Bian et al., 2019; Hallal et al., 2019; Broekman et al.,
2018; Skog et al., 2008; Nakano et al., 2015; Taheri et al., 2018). For example, GBM-derived EVs taken up by
tumor-associated microglia promote the immunosuppressive properties of microglia, partly via RNA-
mediated mechanisms (Abels et al., 2019, Van Der Vos et al., 2016). GBM-derived EVs also contribute to
the tumor-associated angiogenesis by reprogramming brain endothelial cells toward malignant vascula-
ture, a hallmark of the GBM (Lucero et al., 2020).

Here, we investigated the effects of GBM-derived EVs on normal and pre-transformed astrocytes and demon-
strated the EV-mediated facilitation of transformation in vitro and in vivo. For this aim, we developed a stringent
protocol based on the growth of astrocytes in the complete GBM-conditioned media (CM) or, identical, except
EV-depleted CM. This protocol enabled the assessment of the specific function of EV without the need of con-
centration, quantification, or technically challenging normalization based on vesicles derived from other sources.
Monolayer glioma cells and patient-derived low-passage tumorigenic glioma spheroid cultures that represent
the most therapy-resistant stem-like cell population have been utilized as donor cells. As recipient cells, we em-
ployed human and mouse low-passage astrocytes, including cultures of pre-transformed cells with oncogenic
viruses and cells derived from transgenic animals. It is established that, despite genetic and expression hetero-
geneity of GBM, three major signaling pathways are commonly dysregulated in GBM and may drive gliomagen-
esis: Ras/RTKs (in 88% of GBM), P53 (87%), and RB1 (78%) (Cancer Genome Atlas Research Network, 2008). In
addition, the promoter of the telomerase reverse transcriptase (TERT) is most frequently mutated in GBM (in
80%-90% cases), leading to telomerase reactivation (Killela et al., 2013; Cancer Genome Atlas Research
Network, 2008). Accordingly, we established activated Ras, TERT, and SV40 large T expressing lentiviral vectors,
able to transform normal human astrocytes (NHA) via activation of Ras, telomerase, or simultaneous inactivation
of p53 and pRb, correspondingly. The conditions were chosen such that, although most cells were transduced by
each lentiviral vector, only a small fraction were transformed, allowing for screening for cooperating factors. The
transformed cells had morphological and growth features of high-grade glioma, including expanded life span,
growth in soft agar and, most importantly, were tumorigenic in mice (Rich et al., 2001). We also utilized mouse
transgenic astrocytes bearing characteristic mutation in EGFR (VIII), deletions in CDKN2A (INK4a/ARF) and PTEN
genes that generate a fully penetrant, rapid-onset high-grade malignant glioma with prominent pathological
and molecular characterization of GBM (Zhu et al., 2009). Using NHA, as well as such pre-transformed astrocytes
as the recipient cells, we demonstrate that GBM EVs promote their proliferation and self-renewal ability and
reprogram astrocyte metabolism toward a glycolytic tumor state. Although these effects were evident in pre-
transformed astrocytes, EVs failed to induce malignant conversion of normal or untransformed astrocytes.

GBM exRNA comprises heterogeneous RNA species (Gyuris et al., 2019; Wei et al., 2017). Although these
transcripts are largely non-protein-coding and fragmented, some full-length mRNAs are also found
encapsulated into EVs (Wei et al., 2017). Here, we analyze the repertoire of EV-associated mRNAs and
demonstrate that they are enriched in mRNAs encoding ribosomal proteins and factors involved in oxida-
tive phosphorylation and glycolysis. We propose that direct transfer of these mRNAs from glioma to reac-
tive astrocytes may contribute to their metabolic reprogramming and promote neoplastic transformation
within the brain microenvironment.

RESULTS
GBM-Derived EVs Facilitate Astrocyte Transformation and Tumor Growth In Vivo

To overcome one of the major limitations of studying EV functions, e.g., co-isolation of secreted EVs with
extravesicular complexes and cytokines, we used a sequential filtration (SF) protocol (Wei et al., 2017),
which has the advantages of low pressure on EVs, better separation between the EVs and RNPs, and higher
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Figure 1. GBM-derived EVs Promote Transformation of Astrocytes

(A) Schematics of the preparation of EV(+) and EV(—) conditioned medium (CM).

(B) Experimental design and timeline of the colony formation assay. Primary human astrocytes (pHAs) were pre-
transformed with three oncogenic viruses (SV40, RasG12V, TERT) and then treated with glioma-derived EV(+) or EV(-)
CM, resulting in the growth of single-cell-derived colonies.

(C) Quantification of the colonies demonstrates that treatment with EV(+) CM from U251 (P = 0.025), LN229 (P = 0.020),
and GBM8 glioma cells (P = 0.002) promotes colony formation in oncogenes-induced cultures but not in cultures of naive
pHAs. N = 3 wells per group.

(D) Fluorescent imaging of Ki-67-labeled (red) and DAPI-labeled (blue) EGFRVIII; CDKN2A™; and EGFRvIIl; CDKN2A™;
PTEN”" mouse astrocytes (ECs and ECPs, correspondingly) and HTAs, treated with the 10x concentrated GBM8 CM,
complete or EV-depleted (confocal microscopy; scale bar, 66 pm).

(E) Quantification of the Ki-67-positive cells shown in (D) demonstrates that glioma EVs enhance the proliferation of ECP
and HTA (P = 0.012 and 0.016, respectively) but not EC cultures. N = 3 wells per group.

(F) Monitoring growth of 3D neurospheres (number, left panel, and size, right panel) indicates that self-renewal capacity of
ECP and HTA cells (for count: P = 0.008 and 0.001, respectively; for size: P = 0.041 and 0.0002, respectively), but not EC
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Figure 1. Continued

cells, is increased by the GBM8 EV(+) CM. N = 3 wells per group. GBM8 CM most compatible with the neurosphere
formation assay was utilized.

(G) Representative images of colonies grown by EC, ECP, and HTA cells in soft agar, in either 10x EV(+) or 10x EV(—) CM in
2 weeks (scale bar, 500, 500, 100 pm in ECs, ECPs, and HTAs panels, respectively). U251 CM most compatible with the soft
agar assay was utilized.

(H) Quantification of colony numbers per microscopic field indicates that glioma EVs promote growth of ECP (P = 0.019)
and HTA (P = 0.008) cells in soft agar. N = 3 wells per group.

*P < 0.05; **P < 0.01; ***P < 0.001; two-tailed t test. Data are represented as mean + SEM. See also Figure S1.

RNA yield and reproducibility (Figure TA). In contrast to EV(+) CM, the EV(—) CM served as the negative
control produced by the additional filtration through 0.02-um pores that removed EVs from the flow-
through. Similarly prepared EV(+) and EV(—) fractions of the fresh media allowed us to control for unspecific
effects. The media conditioned over 2 days were harvested from monolayer glioma cells or spheroid cul-
tures, and the matching pairs of EV(+) and EV(—) CM samples were collected. We first investigated the role
of GBM EVs in astrocyte transformation (Figure 1B), using a combination of three oncogenic viruses (SV40,
RasG12V, TERT) as the facilitator of transformation (Rich et al., 2001). Exposure of human astrocytes to gli-
oma-derived EV(+) CM at the early stages of transformation promoted the process, as indicated by the
increased number of colonies formed, and compared with the cultures exposed to EV(—) CM (Figure 1C).
An additional set of colonies formed by HTAs cultured in either EV(+) or EV(—) CM exhibited the same trend
(Figure STA). No effect had EV(+) CM on normal untransformed astrocytes (Figure 1C). Also, no difference
was observed between the number of colonies formed by HTA in EV(+) and EV(-) fresh medium (Fig-
ure S1B), indicating that astrocyte transformation was, indeed, induced by the GBM-derived EVs. Transmis-
sion electron microscopy confirmed the presence of EVs in EV(+) CM and the lack of thereof in EV(—) CM
(Figure S1C, upper panel). Furthermore, based on the Nanoparticle Tracking Analysis (NTA) quantification
of EVsinthe CM (Figure S1C, lower panel), we estimated that exposure to 10° EVs in 100 ul was sufficient to
enhance the transformation of recipient astrocytes plated at 100 cells/well in 96-well format, resulting in the
formation of six neurospheres per well on average. Of note, fluorescent microscopy of HTA cultures
exposed to EV(+) CM harvested from PalmGFP* GBM cells demonstrated that nearly 100% of the cells
were EV positive within 2-6 h (Figure S1D), indicating the efficient vesicle uptake.

To further investigate whether GBM EVs affect the proliferation of pre-transformed astrocytes, Ki-67 stain-
ing was quantified in cultures treated with either EV(+) or EV(—) CM. In addition to HTAs, we utilized mouse
EGFRvIIl; CDKN2A” (EC) and EGFRvIII; CDKN2A™"; PTEN”" (ECP) astrocytes, derived from the transgenic
animals bearing characteristic GBM mutations. The rate of Ki-67-positive cells was increased by GBM8
EV(+) CM in ECP and HTA but not in EC cultures (Figures 1D and 1E). This was despite the efficient EV
uptake by all three cell types (Figure S1D). We further investigated the effects of EVs on the self-renewal
capacity of recipient astrocytic cells using the neurosphere formation assay. GBM-derived EV(+) CM signif-
icantly increased the number and size (Figures 1F and STE) of spheroids formed by the ECP and HTA cells,
whereas the ECs showed no difference. Lastly, GBM EV(+) CM increased the growth of ECP and HTA cells in
soft agar (Figures 1G, 1H, and S1F), whereas, again, have not affected the EC cultures. Collectively, these
data indicate that GBM EVs facilitate the transformation of astrocytes in the permissive oncogenic
environment.

To examine the effects of GBM EVs on glioma formation and growth in vivo, we utilized mouse transgenic
EC and ECP cells. It has been previously demonstrated that double-transgenic EC cells were not tumori-
genic, whereas ECP allografts produce malignant glioma. EC and ECP cells resuspended in GBM8 10x
EV(+) or 10x EV(—) CM were implanted into the flanks of the nude mice, and tumor growth was monitored
by caliper every 2-4 days (Figure 2A). Glioma EVs stimulated the growth of the ECP allografts, as compared
with the growth of ECPs treated with EV(—) CM (Figure 2B). The mice injected with EV-treated ECPs ex-
hibited shortened survival, with a marginal significance (Figure 2C). Neither EV(+) nor EV(-) CM-treated
ECs were tumorigenic in nude mice (Figure S2).

GBM EVs Reprogram Oncogenic Metabolism of Transformed Astrocytes

Since a short exposure to GBM EVs significantly affected the proliferation, self-renewal, and colony forma-
tion of the pre-transformed astrocytes, we examined the transcriptomes of EC, ECP, and HTA cells treated
for 6 days with the 10x concentrated GBM EV(+) and EV(—) CM. As evidenced by volcano plots of differen-
tially expressed genes, we found that EV-treated ECP and HTA cultures demonstrated global alterations of
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Figure 2. GBM EVs Facilitate Tumorigenesis of Transformed Astrocytes In Vivo

(A) Experimental design and timeline of the in vivo experiment. ECP cells resuspended with either concentrated EV(+) or
EV(—) CM were inoculated subcutaneously to both flanks of immuno-deficient mice, and xenograft growth monitored.
(B) The mice injected with ECPs resuspended in EV(+) CM formed tumors faster and exhibited elevated growth rate
relative to animals injected with ECPs resuspended in EV(—) CM (N = 8 injections per condition, P < 0.05).

(C) Kaplan-Meier analysis of mice injected with ECPs resuspended in EV(+) or EV(—) CM were performed (N = 4 mice per
condition). Endpoint: death or tumor diameter >2.0 cm.

*P < 0.05; Kaplan-Meier test. Data are represented as mean + SEM. See also Figure S2.

their gene expression programs (449 and 123 genes, respectively, changed >1.5-fold, adjusted P < 0.05),
whereas ECs exhibited more limited changes (19 genes) (Figure 3A). The gene set enrichment analysis
(GSEA) revealed that EVs-treated cultures activated several cancer-related pathways, based on the
GSEA Hallmark and GO Term gene sets (Table S2). Of the commonly and significantly upregulated Hall-
mark gene sets (P < 0.05), many were associated with glycolysis, hypoxia, Myc targets, and inflammatory
response (Figure 3B). Of note, three of these four gene sets are tightly associated with the characteristic
metabolic changes in cancer. Furthermore, commonly and significantly upregulated (P < 0.05) GO Term
gene sets included “cellular amino acid metabolic process” and “protein hydroxylation” (Figure 3C).
The genes associated with glycolysis and implicated in Warburg effect (Liberti and Locasale, 2016) and
metabolic reprogramming in brain tumors (Venneti and Thompson, 2017) were the most remarkably en-
riched in the group of upregulated mRNAs in all three types of astrocytes (Figure 3D).

GBM EVs Accelerate Oxidative Phosphorylation and Glycolysis in Transformed Astrocytes

To directly investigate the effects of GBM EVs on the metabolism of the pre-transformed mouse and human
astrocytes, we evaluated mitochondrial respiration and glycolysis by measuring the basal mitochondrial
respiration and proton efflux rate (PER), respectively. Basal mitochondrial respiration was calculated by
subtracting non-mitochondrial respiration reveled by Rot/AA administration from the baseline cellular ox-
ygen consumption rate (OCR). These parameters have been measured in the recipient EC, ECP, and HTA
cultures treated with GBM-derived EV(+) and EV(—) CM for either 2 or 5 days. EV exposure significantly
increased basal mitochondrial respiration in the ECP cells (Figures 4A and 4B, middle panel), with nearly
2-fold induction observed at day 2 (Figure 4A, middle panel), whereas no significant change was observed
in the EC cultures (Figures 4A and 4B, upper panel). EV exposure also increased the basal respiration in
HTAs, albeit the response was more delayed and less pronounced than in ECPs (Figures 4A and 4B, lower
panel). Furthermore, ECP and HTA cultures exposed to GBM EVs over 5 days demonstrated activated
glycolysis (Figure 4C, middle and lower panels). In addition to basal glycolysis, the compensatory glycolysis
(the rate of glycolysis in the cells following the addition of Rot/AA reflecting maximum glycolysis capacity)
was also affected in these cells by GBM EV(+) CM. In contrast, no difference was observed in EC cultures
(Figure 4C, upper panel). Consistent with the activation of glycolysis, we also observed that mRNA levels of
the key glycolytic enzymes ENO1, HK1, and HK2 (Chen et al., 2018) were markedly upregulated in ECP and
HTA cultures by EVs, whereas no increase was detected in the recipient EC cells (Figure 4D). These data
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Figure 3. GBM-Derived EVs Alter the Global Transcriptome of Astrocytes

(A) Volcano plots depict the alterations in RNA expression between the cells treated with 10x EV(+) and 10x EV(—) CM,
with the log,-transformed fold change (FC) as x axis and the logio-transformed adjusted p value (pad)) as y axis. In EC,
ECP, and HTA cells, 19, 449, and 123 genes showed significant transcriptional changes upon EV treatment, respectively.
Red and blue dots represent genes upregulated and downregulated with the cutoff of FC > 1.5 and adjusted P < 0.05
(DEseqg2 analysis), respectively.

(B and C) Venn diagrams depict the number of common significantly upregulated gene sets, based on the Gene set
enrichment analysis (GSEA) Hallmark (B) and GO Terms (C), in EC, ECP, and HTA cultures treated with 10x EV(+) CM,
relative to those treated with 10x EV(—) CM.

(D) GSEA Hallmark Glycolysis gene set is enriched in EC, ECP, and HTA cultures treated with 10x EV(+) CM relative to
those treated with 10x EV(—) CM. NES, normalized enrichment score.

indicate that GBM EVs promote both mitochondrial respiration and glycolysis in the pre-transformed
astrocytes.

GBM Disseminates Abundant Oncogenes via EVs

To further explore the molecular mechanisms underlying the phenotype switch triggered in the pre-trans-
formed astrocytes by GBM EVs, we examined the RNA content of the GBM EVs, by re-analyzing our pre-
viously reported RNA sequencing-based datasets of large 200-800 nm and small EVs <200 nm (called in
the text below MVs and exosomes, correspondingly), and RNPs derived from four heterogeneous types
of GSC cultures (Wei et al., 2017). Since the majority of exRNA reads in exRNA libraries represent frag-
mented rRNA (Wei et al., 2017; Jenjaroenpun et al., 2013; Turchinovich et al., 2019), we employed rRNA
depletion to increase the sequencing depth of other exRNA classes. We selected 200 top abundant
mRNAs for each MV and Exosome dataset and identified among them the top 92 mRNAs common in all
four types of MVs and 37 mRNAs common in exosomes (Figures S3A and S3B). A combination of these
two lists provided a list of 97 mRNAs highly and commonly enriched in the GSC EVs. Notably, many of these
abundant EV mRNAs corresponded to relatively short transcripts, consistent with the previously reported
analysis (Wei et al., 2017). A total of 38 ribosomal protein (RP) mRNAs account for 40.0% (38/95) of these
abundant EV mRNAs (Figure 5A). Intersecting the list of 115 mRNAs abundant in EVs with 200 OXPHOS
and 200 glycolysis mRNAs from GSEA gene sets, we found 8 (8/95, 8.4%) OXPHOS and 3 (3/95, 3.2%)
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Figure 4. GBM EVs Reprogram Recipient Astrocytes to Activate Oxidative Phosphorylation and Glycolysis

(A and B) Alterations in basal mitochondrial respiration, monitored as oxygen consumption rate (OCR), in EC, ECP, and HTA cells treated with 10x EV(+) CM
and those treated with EV(—) CM for 2 (A) and 5 days (B). Quantification of the differences in basal mitochondrial respiration is shown in the right panel (N =5
wells per condition).

(C) Alterations in the proton efflux rate (PER) in EC, ECP, and HTA cells treated with 10x EV(+) CM and those treated with EV(—) CM for 5 days. Quantification
of basal and compensatory glycolysis is shown in the right panel (N = 5 wells per condition).

(D) Analysis of ENO1, HK1, HK2 mRNA expression in EC, ECP, and HTA cells upon their treatment with either concentrated EV(+) or EV(—) CM for 5 days. gRT-
PCR analysis normalized to the expression of actin mRNA (N = 3 wells per condition).

*P < 0.05; **P < 0.01; ***P < 0.001; two-tailed t test. Data are represented as mean + SEM.

glycolysis associated mRNAs among the most abundant GSC EV (MV and Exo) mRNAs (Figure 5A). The
analysis of mMRNAs in GSCs and the corresponding MV, Exo, and RNP fractions indicated that extracellular
RP and OXPHOS mRNAs were primarily associated with the EV fractions, with MVs exhibiting the highest
enrichment (Figures 5B and 5C). Similarly, the glycolysis mRNAs were also mostly EV associated as
compared with the RNP fraction (Figure 5D). The correlation analysis of RP, OXPHOS, and glycolysis
mRNAs performed on GSCs and the corresponding extracellular complexes (MVs, Exos, and RNPs) further
confirmed the highest degree of similarity between the cellular transcriptome and MV content, suggesting
that mRNAs are encapsulated mainly in the MVs (Figure 5E). Notably, the abundance of mRNAs encoding
RPs in EVs, and especially in MVs, suggested that EVs might carry a transcriptome encoding the ribosomal
machinery. Further TCGA analysis demonstrated the global upregulation of RP, OXPHOS, and glycolysis
genes in GBM relative to the normal brain tissues (Figure S3C). These data suggest that glioma-derived
vesicles may modulate the translational and metabolic status, and thus, transformation and proliferation
of astrocytes, by direct transfer of RP, OXPHOS, and glycolysis mRNAs.

To test whether EVs carry the full-length mRNAs with protein-coding potentials, PCR primers were de-
signed for the selected mRNAs abundant in exRNA and amplification of the complete coding sequences
(CDS) was carried out. As shown in Figure 5F, CDSs of cytosolic RPS6 and mitochondrial RP MRPL51 were
detected not only in glioma cells but also in glioma-derived MVs and Exos, with the residual levels also de-
tected in RNP fractions. OXPHOS genes COX7B and COX7C, encoding the subunits of mitochondrial Cy-
tochrome c oxidase, were also present as full-CDSs in GSC EV fractions (Figure 5G). The transcript for
Enolase 1 (ENO1), the key glycolytic enzyme, was detected in both GSC MVs and Exosomes, whereas Phos-
phoglycerate mutase 1 (PGAM1), which coordinates glycolysis and biosynthesis to support tumor growth,
was primarily associated with MVs (Figure 5H). Finally, the MVs also contained mRNAs for transcription fac-
tor C-MYC and cyclin CCND3 (Figure 5l). Considering the described metabolic and proliferative pheno-
types induced by GBM EVs (Figures 1 and 4), we propose that GBM could reprogram the metabolism of
transformed astrocytes by delivering mRNAs for RPs, glycolytic enzymes, oncogenes, and other tumor-pro-
moting factors via EVs.

Activated Glycolysis Correlates with Glioma Progression and Poor Prognosis in Patients with
GBM

The metabolic shift to aerobic glycolysis has been associated with a survival advantage in rapidly prolifer-
ating GBM cells (Strickland and Stoll, 2017; Wolf et al., 2010). To investigate the association between acti-
vated glycolysis and glioma progression, we employed the Gene Set Variation Analysis (GSVA) and evalu-
ated glycolysis using the hallmark glycolysis gene set in two cohorts of gliomas of grade lI-1V, including 609
patients from TCGA dataset and 301 patients from the CGGA dataset. As shown in Figure 6A, GBM tumors
had significantly higher glycolysis enrichment scores (GESs) than grade Il gliomas in both TCGA (P < 0.0001)
and CGGA datasets (P < 0.0001) (Figure 6A). TCGA GBM dataset also exhibited increased GES relative to
the grade lll gliomas (P < 0.0001). Furthermore, Kaplan-Meier survival analysis demonstrated that patients
with GBM with high GES had worse overall survival than those with low GES in TCGA dataset (Figure 6B, P =
0.007). The top 67% GES also correlated with a worse outcome of GBM patients with GBM when compared
with the bottom 33% GES in the CGGA dataset (Figure 6C, P = 0.005).

DISCUSSION

Impressive advances in the studies of EVs and their functions provide fundamental novel insights into inter-
cellular communication and its role in physiology and pathology, such as cancer. Nevertheless, several
technical shortcomings still hamper research in the field. Although ultracentrifugation is widely employed
for the EV isolation, the disadvantages of this procedure include a compromised yield of EVs and exRNA,
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Figure 5. GBM EVs Carry Protein-Coding Transcripts for Ribosomal Proteins, Oxidative Phosphorylation, and Glycolytic Factors to Recipient Cells
(A) The chart exhibiting the composition of most abundant mRNA species in GBM MVs and/or Exos, demonstrates that RP, OXPHOS, and glycolysis mRNAs
totally account for more than 50% of them.

(B-D) Heatmap analysis of intercellular and extracellular RP (B), OXPHQOS (C), and glycolysis (D) mRNAs indicates the abundance of exRNAs within EVs.
(E) Correlation matrix of the transcript composition of the cells, MVs, Exos, and RNPs for RP, OXPHOS, and glycolysis mRNAs, in GBM4 and GBM8 GSCs.
(F=I) Full CDS RT-PCR analysis of selected RP (F), OXPHOS (G), glycolysis (H), and oncogene () encoding mRNAs demonstrates the presence of the
transcripts with protein-coding potential in EVs. Sizes of amplicons that contain the CDSs are indicated.

See also Figure S3.

their inevitable damage due to the high-gravity force, and co-sedimentation of other non-EV contaminants
such as RNPs and lipoproteins, impeding the downstream analysis (Wei et al., 2017; Laurent et al., 2015;
Greening et al., 2015). Quantitative analysis of EVs is also restricted by currently deficient methodologies,
resulting in limited data reproducibility (Bachurski et al., 2019; Das et al., 2019; Laurent et al., 2015). Further-
more, the comparison of EVs isolated from cancer versus normal cells is challenging since these cell types
are typically propagated in vastly different culture conditions, exhibit diverse proliferation and growth
rates, and release different amounts of EVs. Based on these considerations, we adopted a stringent
sequential filtration protocol (Wei et al., 2017) for a study of GSC-derived EV functions in astrocyte trans-
formation. The protocol relies on the comparison of EV-containing versus EV-depleted GSC CM and pro-
duces much lower pressure on EVs than ultracentrifugation (75 versus 14,500 psi, correspondingly). Since
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Figure 6. Upregulated Glycolysis Is Associated with Glioma Progression and Patient Survival

(A) The Gene Set Variation Analysis (GSVA) demonstrates that enrichment scores for glycolysis mRNAs are positively
associated with glioma progression from grade Il to grade IV in TCGA and CGGA datasets. The cohorts consisted of 609
tumors of various grades in TCGA and 301 tumors in CGGA.

(B) Kaplan-Meier analysis of 535 patients with GBM demonstrates that high glycolysis enrichment scores are associated
with shortened overall survival (OS) of patients with GBM, based on TCGA dataset. Median score was used as the
threshold. Kaplan-Meier test.

(C) OS of patients with GBM is associated with high glycolysis enrichment scores, based on CGGA dataset. The association is
highly significant for the top two-thirds of the patients compared with the bottom one-third. Kaplan-Meier test.

the filtration through 20-nm pores efficiently eliminates EVs from the CM (Wei et al., 2017), the differential
effects observed in our experiments are caused mainly by the secreted EVs. It should be noted, however,
that the 20-nm filters may still retain some large protein, lipoprotein, and RNP complexes, such as ApoE
and alpha-2M, ferritin oligomers, or IgM pentamers, and thus contribute to the observed effects (Hiramoto
et al., 2018; Krimbou et al., 1998; Kaddis et al., 2007). Non-membranous exomeres, a recently discovered
subset of nanoparticles with a diameter close to 35 nm and distinct biophysical and molecular properties
(Zhang et al., 2018), may present an additional functional component. Our current experimental design en-
ables the study of diverse EV and non-EV components of CM, ranging in size from 20 to 800 nm as a pooled
population. With the currently lacking knowledge of non-EV components present in the GSC-derived EV(+)
CM, additional studies dissecting their impact, as well as the contribution of specific subtypes of vesicles
(e.g., MVs versus exosomes) would be warranted. Such studies will require an increased amount of input
material and further adaptation of the protocol. In addition to exosomes and MVs, very large EVs or onco-
somes (1-10 pm) may also carry RNA (Kowal et al., 2016; Conley et al., 2017). However, our data suggest
relatively low amounts of exRNA associated with such EVs released by GSC cultures, as compared with exo-
somes and MVs (Wei et al., 2017), leaving them beyond the scope of the current work.

The horizontal EV transfer is a novel route of intercellular communication that operates over both short and
long distances (Broekman et al., 2018). EVs can deliver complex multi-molecular biological messages from
one cell to another and may, thereby, spread a pathogenic signal across the tissue microenvironment (Na-
kano et al., 2015). A number of studies demonstrated that EVs released by GBM are taken up by various
cells of the brain microenvironment, including endothelial cells and microglia, and alter their phenotypes,
often toward those more supportive for tumor progression and invasion (Gao et al., 2020; Abels et al., 2019,
Lucero et al., 2020). Here we demonstrate that glioma-derived EVs are efficiently delivered to astrocytes,
the cells possessing high transformation capacity to glioma, which provide a pool of glioma-initiating cells
in the adult brain. Notably, our in vitro and in vivo experiments suggest that glioma-derived EVs are by
themselves unable to transform astrocytes or accelerate tumor growth in nude mice, in the utilized
experimental conditions. However, in the genetic context of an oncogene-induced pre-transformed envi-
ronment, glioma EVs enhance the transformation in vitro and tumor growth in vivo. EVs potentiate the self-
renewal, proliferation, and anchorage-independent growth of human astrocytes triggered by activated
Ras, telomerase, or simultaneously inactivated p53 and pRb pathways, the signaling aberrations commonly
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observed in GBM (Cancer Genome Atlas Research Network, 2008; Brennan et al., 2013). Interestingly,
constitutively active EGFRVIII, in combination with Ink4A/Arf (CDKN2A gene) deletion, was insufficient to
confer the susceptibility to EV transformation, unless PTEN tumor suppressor was additionally ablated.
In triple-mutant EGFRVIII; CDKN2A”": PTEN™" cells, however, the EVs promoted proliferation, colony for-
mation, and tumorigenic conversion. Therefore, the protective growth-restraining effects of PTEN, prob-
ably via PI3K/Akt signaling pathway for senescence and apoptosis, appear to abrogate the signaling asso-
ciated with the EV uptake and cargo release. These data suggest that (1) the effects induced by EVs and
their cargo depend on the genetic or mutational status of the recipient cells, (2) specific tumor-suppressive
pathways exist to block the spread of EV-associated cancer signals in normal astrocytes, and (3) EVs are only
able to promote limited steps of the progression, possibly due to the low copy number of mRNAs and other
non-rRNA cargo transcripts. It has also been suggested that EVs may elicit additional effects on astrocytes,
such as promote their migration (Oushy et al., 2018). We have not detected the enhanced migration in our
experiments; nevertheless, the effects of glioma EVs on migration and invasion of normal and pre-trans-
formed astrocytes in various genetic contexts in vivo would warrant further investigation.

To investigate the EV-mediated mechanisms underlying alterations in the transformation and proliferative
capacity of the recipient astrocytes, we performed their transcriptomic analysis. This analysis suggested
global changes in the levels of metabolic genes, particularly factors of glycolysis, upon the EV uptake.
Metabolic assays revealed the activation of both mitochondrial respiration and glycolysis in these cells.
Interestingly, the interplay between the activated glycolysis and OXPHOS facilitates the growth, invasion,
and drug resistance of tumor cells and contributes to the tumorigenic adaptation to varying microenviron-
ments. Cancer cells may switch their metabolic phenotypes between OXPHOS and glycolysis during tumor
progression and metastasis and in response to external perturbations (Yu et al., 2017; Jia et al., 2019, De-
berardinis et al., 2008). They may also enter a hybrid metabolic state, not usually present in normal cells,
with both glycolysis and OXPHOS highly activated. Such metabolic plasticity generates the energy and
the intermediates for biosynthetic processes necessary for tumor growth (Paudel and Quaranta, 2019).
Notably, although our data along with prior reports suggest that high expression of glycolytic signature
genes is generally unfavorable for survival of patients with glioma (Strickland and Stoll, 2017; Chen
etal., 2017, Wolf et al., 2010), the factors such as sex and genetics, as well as overall heterogeneity of a tu-
mor and its microenvironment, contribute to the relationship between glycolysis and OXPHOS pathways
and the association of these pathways with patients survival (Ippolito et al., 2017; Stadlbauer et al.,
2018). Here, we demonstrated that GBM EVs may reprogram the metabolism of the recipient pre-trans-
formed astrocytes by activating both glycolysis and OXPHOS. This finding provides additional perspec-
tives of the dynamic conversation between cancer cells and associated cells of the tumor microenvironment
modulated by EVs. Notably, several key glycolytic enzymes, such as GAPDH, enolase, pyruvate kinase, and
phosphoglycerate kinase, have been found by proteomic studies in exosomes (Graner et al., 2009; Goran
Ronquist, 2019), and ExoCarta lists them among the top exosomal proteins. Our study further indicates that
some of the observed metabolic alterations might be associated with the direct transfer of MRNAs encod-
ing metabolic factors from GBM to the induced astrocytes.

ExRNA functions, exRNA biomarkers, and exRNA/EV-based therapeutics are the topics of multiple studies
relying on various models of cancer development and progression. The RNA encapsulated in EVs can elicit
the tumorigenic transformation of immortalized rodent fibroblasts, epithelial cells, and stem cells (Wang
et al., 2019). Since the majority of exRNA is relatively short (<200 nt), most reports focused on small non-
coding RNA species, such as microRNA. Our quantitative analysis of GSC exRNA indicated that mRNA
reads account for at least 20% of longer RNA species (>200 nt) present in the rRNA-depleted libraries of
EVs-encapsulated exRNA (Wei et al., 2017). Both fragmented and full-length mRNAs were found in all
extracellular fractions, including vesicular and extravesicular, although there appears to be size limitation
to the cargo RNA in EVs (Wei et al., 2017). A possibility of protein synthesis from a horizontally transferred
mRNA template has been demonstrated (Lai et al., 2015; Ridder et al., 2014, 2015); nevertheless, the impact
of endogenous mRNA transfer between the cells remains poorly investigated, likely due to the low magni-
tude of this process and technical challenges associated with its research (Wei et al., 2017). We identified
several classes of mMRNAs highly enriched in GBM EVs that can be taken up by the recipient astrocytes and
induce the downstream functional effects. Most remarkably, transcripts for RP, OXPHOS, and glycolytic fac-
tors account for more than 50% of the EV-abundant mRNA species. Representative mRNAs with the com-
plete ORFs and protein-coding potential were detected in glioma EVs. Upon the horizontal transfer and
translation, these factors may contribute to the proliferative and metabolic phenotypes observed in the
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brain astrocytes and thus have a substantial impact on their physiology and progression toward the
cancerous state. mRNAs encoding RPs represent the most enriched and abundant class of mRNAs found
in EVs, including both MVs and exosomes. RPs are the immediate factors whose levels are dynamically
regulated and quickly adjusted based on the cell requirements in protein synthesis. Translational machin-
ery is exceedingly active in proliferative tumor cells to keep up with increasing needs in newly synthesized
proteins (Sulima et al., 2017), operating in these cells at much higher levels than in normal slowly dividing or
largely postmitotic (e.g., glial) cells. Dysregulated ribosome biogenesis is known to be involved in the
development and progression of most human cancers (Sulima et al., 2017; Pelletier et al., 2018). Overall,
balancing the levels of RP mRNAs with translational capacity during cell transformation and carcinogenesis
is one of the hallmarks of cancer.

In accordance with these ideas, the RP mRNAs form a distinct group of highly expressed transcripts char-
acterized by relatively small length (median length 1,260 bp) and 5’ Terminal Oligopyrimidine Tract (TOP)
motif that regulates translation of these mRNAs. This cis-regulatory element coordinates the synchronous
and stoichiometric expression of the protein components of the translation machinery and operates down-
stream of mTOR signaling (Thoreen et al., 2012; Gentilella et al., 2015). Its dysregulation enables uncon-
trolled ribosome synthesis, a critical requirement for unrestrained cellular proliferation (Strimpakos
et al.,, 2009). Notably, PTEN loss leads to an activation of mTOR (Hollander et al., 2011). We demonstrate
here that the levels of RP mRNAs are globally elevated in GBM when compared with the control brains. Our
work suggests that EV-mediated release and horizontal transfer of RP mRNAs may have a dual role in carci-
nogenesis, first as a mechanism for the cancer cell adaptation to environmental cues by adjusting its trans-
lational machinery via the secretion of RP mRNA, and second, via the synergistic transfer of this class of
mRNAs to pre-transformed astrocytes to boost their translational capacity. We hypothesize that both
the size and structural properties of these mRNAs, as well as their interactions with specific binding part-
ners, may contribute to their preferential loading to EVs. Further investigation of RP mRNAs may advance
our limited understanding of the mRNA sorting and EV-loading mechanisms.

Recent studies demonstrated that ribosome activity is not only a critical regulator of growth but also that of
metabolism. For instance, ribosomal availability affects glycolysis and mitochondrial function (Sousa et al.,
2016). Notably, in addition to RP mRNAs, GBM EVs transport mRNAs encoding key glycolytic enzymes and
factors of OXPHOS. For instance, ENO1 mRNA is encapsulated in both MVs and exosomes. This mRNA
encodes alpha-enolase, a glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate to phos-
phoenolpyruvate and is frequently overexpressed in glioma and multiple other cancers (Song et al., 2014).
Along with its direct role in glycolysis, ENO1 promotes cell proliferation by regulating the PI3K/AKT
signaling pathway and is prognostic for glioma progression (Song et al., 2014). Another factor PGAM1,
phosphoglycerate mutase, whose mRNA was mostly associated with MVs, releases energy during glycol-
ysis by catalyzing the conversion of 3-phosphoglycerate (3-PG) to 2-phosphoglycerate (2-PG). PGAM1 is,
too, associated with the proliferation of glioma cells and disease progression (Xu et al., 2016; Gao et al.,
2013). Interestingly, knockdown of each ENO1 and PGAM1 had similar tumor-inhibitory effects and
extended survival of mice with orthotopic GBM xenografts (Xu et al., 2016; Song et al., 2014).

A rapidly growing body of evidence has demonstrated that aerobic glycolysis does not entail a complete
shutdown of OXPHOS in tumors. Mitochondrial respiration occurring in cancer cells might provide a pri-
mary source of energy for the low-cycling tumor cells, such as tumor stem cells that are responsible for tu-
mor relapse (Viale et al., 2015). Five complexes across the mitochondrial membrane can transfer electrons
from donors generated by the TCA cycle and fatty acid oxidation and result in ATP production. The poten-
tial vulnerability of the electron transport chain in GBM cells through inhibiting complexes have been indi-
cated as promising therapeutics (Molina et al., 2018; Naguib et al., 2018). Interestingly, we found that
several Cytochrome ¢ oxidase (Complex IV)-coding mRNAs were remarkably enriched in GBM MVs and
demonstrated a protein-coding potential for some of them, e.g., COX7B and COX7C mRNAs. Altogether,
these data indicated that mRNAs encoding glycolytic enzymes and OXPHOS factors secreted by glioma
cellsin EVs might work in an orchestrated way to reprogram the metabolism of the GBM microenvironment.

Our work also uncovered that full CDSs of c-Myc and CCND3 mRNAs were encapsulated in glioma MVs.
The MYC oncogene encodes a transcription factor, c-Myc, which is often genetically deregulated in cancer
and correlates with the grade of glioma malignancy (Wang et al., 2008). c-Myc modulates metabolic re-
programming in the pathogenesis of glioma and is also critically important for proliferation, growth, and
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survival of glioma cancer stem cells (Wang et al., 2008). The drastic growth of gliomas is also partially driven
by frequent mutation and transcriptional dysregulation of cell cycle factors (Touat et al., 2017), especially
the ones involved in the control of G1/S phase transition, such as cyclin D3 encoded by CCND3 (Buschges
etal., 1999). The EV-mediated transfer of these established oncogenes may contribute to the proliferative
and metabolic phenotypes observed in the astrocytes.

To conclude, GBM EVs enhance the transformation of astrocytes through metabolic reprogramming.
Transformed cells adapt their protein synthesis and metabolism to support tumor growth and recurrence
via the mechanisms that include the EV-mediated horizontal mRNA transfer. The concordant transmission
of translation-competent messages encoding co-functional protein factors acting along the specific
signaling pathways may ensure their balance and maximize the downstream effects. Of note, the
hyperactive mTOR signaling, along with the regulation of ribosomal production and protein synthesis,
and induction of potent Warburg effect in cancer (Duvel et al., 2010), has been also implicated in the control
of exosome release (Zou et al., 2019). It is, therefore, plausible that enhanced protein synthesis and prolif-
eration in gliomas, the switch in tumor metabolism, and RNA secretion and horizontal transfer are under
the coordinated control of mTOR, the exciting possibility that remains to be further investigated.

Limitations of the Study

This study has not dissected the functions of the specific subtypes of glioma-derived EVs (e.g., microve-
sicles versus exosomes, as well as large EVs such as oncosomes) or other large extracellular complexes
that could be co-isolated with EVs, but warranted their prospective investigation in glial transformation.
The detailed mechanisms of the EVs-mediated facilitation of astrocytic transformation and effects on meta-
bolism also require further exploration. Identification of structural properties and sequence motifs that may
facilitate mMRNA/RNA sorting to EVs and the in-depth study of the impact of horizontal RNA transfer on
neoplastic transformation also necessitate additional work.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Anna M. Krichevsky (akrichevsky@bwh.harvard.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

RNAseq fq files and processed data generated during this study are available through GEO, accession
code GSE143189.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101420.
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TRANSPARENT METHODS
Cell cultures

Human low-passage GBM stem cells (GSCs) named GBM8 and GBM4
(established from female patients; gifts from Dr. Hiroaki Wakamoto, MGH) were
cultured as neurospheres in serum-free Neurobasal medium (Gibco) supplemented with
3 mM GlutaMAX (Gibco), 1x B-27 supplement (Gibco), 0.5x N-2 (Gibco), 20 ng mL"
' EGF (R&D systems, MN), 20 ng mL"! FGF (PEPROTECH, NJ) and 1% Antibiotic-
Antimycotic Solution (Corning). The cells were passaged by dissociation using
NeuroCult Chemical Dissociation Kit-Mouse (Stemcell Technologies, Canada)
following the manual. PalmGFP+ GBMS cells were produced by transduction with
PalmGFP lentivirus (a gift from Dr. Xandra O. Breakefield, MGH) and sorted with
FACS. Human glioma LN229 (female) and U251 (male) cell lines (from ATCC) were
maintained in DMEM (Corning) supplemented with 10% FBS (Gibco) and 1%
Antibiotic-Antimycotic Solution. For primary mouse astrocyte cultures, cortical tissues
were dissected from P1 pups (of both sexes) of double-transgenic mice bearing EGFR
mutation (EGFRvIII) and CDKN2A deletion (CDKN2A™) (designated as EC
astrocytes) and triple-transgenic mice bearing EGFRvIII, CDKN2A” and PTEN
deletion (PTEN™) (designated as ECP astrocytes) (Zhu et al., 2009). For primary
human astrocyte cultures (pHA), fetal female cortical tissues were provided by
Advanced Bioscience Resources, Inc. (Alameda CA). Mouse and human tissues were
cut to small pieces and dissociated with 0.25% Trypsin (Gibco) and 0.1 mg/mL DNase
I (Roche) for 15 min at 37 °C with swirling every 3min. The cells were then washed by
centrifugation three times and seeded in poly-D-lysine coated T25 flask at ~80,000
cells per cm? in culture medium consisting of DMEM-F12 (Corning), 10% FBS (routine
FBS from Gibco for pHA, or Tetracycline-free FBS from Clontech for EC and ECP
cells), and 1% Antibiotic-Antimycotic Solution (Corning). Three days later, the media
was replaced to fresh culture media, and then changed every 5-7 days. When the cells
reach confluence, the flasks were shaken (200 rpm at 37 °C) overnight 3 times to
remove microglia. pHA cells were transduced after two passages by the cocktail of
SV40 large T antigen (SV40), RasG12V (Ras) and TERT lentiviruses for three
consecutive days. Human transformed astrocytes (HTAs) were isolated from the
resulting colonies. Two days before conditioned medium was harvest, FBS was
replaced by vesicle-depleted FBS that was ultracentrifugated at 100,000 g, 4 °C for 24
h using an Optima L-90K ultracentrifuge (Beckman Coulter, CA) and a SW 28 rotor
(28,000 rpm) (Wei et al.,, 2016). All cells were authenticated and negative for
mycoplasma contamination. Human cells were used in accordance with the policies of
institutional review boards at Brigham and Women's Hospital.

Virus production

293-T cells were cultured in DMEM supplemented with 10% FBS and 1%
Antibiotic-Antimycotic Solution, and the medium was replaced to contain no
antibiotics once the cells reached 70% confluence. The cells grown in 75 cm? flasks
were transfected with a mixture of 3 plasmids (6 pg psPAX2, 3 ug pVSV-G and 10 pg
lentiviral expression vector) and 60 pl Lipofectamine 2000 (Invitrogen). The



conditioned media was collected every 24 hr for 3 consecutive days, cells and cell
debris removed by centrifugation at 300 g for 10 min and 2,000 g for 15 min, followed
by 0.45 um filtration (EMD Millipore), and collection of the pseudoviral particles.

Preparation of CM and transmission electron microscopy

Samples of CM, collected from GSCs cultured in serum-free conditions or glioma
cells cultured with vesicle-depleted FBS, were spun at 300 g for 10 min and 2,000 g for
15 min at 4°C as described previously (Wei et al., 2017). The 40 ml supernatants were
further filtered through 0.8 um pores (filter diameter of 25mm; EMD Millipore, MA)
and divided into two equal aliquots. The first aliquot was designated as the EV-
containing conditioned medium (EV(+) CM). The second aliquot was further filtered
through the 20 nm pores (filter diameter of 25mm; GE Healthcare) to remove EVs using
a self-designed mechanical syringe pump (Wei et al., 2017) with up to 75 psi pressure
applied, and was designated as EV(-) CM (Fig. 1A). In some experiments, CM was
further concentrated on 3 kDa Amicon Ultra Centrifugal Filters (EMD Millipore) at
4000 g, 4 °C, for 60 min. For EV imaging, the filtrate was ultracentrifuged at 100,000xg
for 80 min at 4 °C using an Optima L-90K ultracentrifuge (Beckman Coulter, CA) in a
SW 28 rotor (28,000 rpm), and the pellet was resuspended with 100 uL DPBS (Witwer
et al., 2013). Transmission electron microscopy of EVs was carried out as previously
reported (Wei et al., 2017).

Transformation assay

Low passage pHAs were plated in 25 cm? flasks at ~10% density, and transduced
by 6 mL cocktail of SV40, Ras and TERT lentiviruses (1:1:1) for three consecutive
days. At 24 hr after the last transduction, culture media was replaced to either GBM
EV(+) CM or EV(-) CM for a four-day period, followed by the additional three weeks
of culturing in a regular medium. The cells were then fixed in 4% formaldehyde and
stained with crystal violet to count the colonies.

Neurosphere formation

ECs, ECPs, and HTAs were dissociated to single-cell suspension with 0.25%
trypsin (Corning), plated in low-attachment 96-well plates at 5, 12, 40 or 100 cells per
well, and cultured in either EV(+) or EV(-) CM for 2 weeks. To monitor the
neurosphere size and number, 96-well plates were scanned by GE IN Cell Analyzer
2200, and the images of each well stitched and analyzed by ImageJ software.

Soft agar and plate colony formation

For soft agar colony formation, 10° EC, ECP or HTA cells per well were seeded in
6-well plates, in a 0.25% soft agar solution supplemented with concentrated, U251
glioma-derived EV(+) or EV(-) CM, and on top of a 1% agarose basal layer. The
corresponding CM was also added to soft agar and refreshed every two days. For plate
colony formation, 500 cells per well were seeded in 6-well plates. And 24 hours later,
the culture medium was replaced with either EV(+) or EV(-) CM and refreshed weekly



for 2 weeks. The cells were then fixed in 4% formaldehyde and stained with crystal
violet for colony counting.

Immunofluorescence

For Ki-67 detection, disassociated EC, ECP, or HTA cells were resuspended in 10x
EV(+) CM or 10x EV(-) CM and cultured in low-attachment culture flasks (Greiner
Bio-one) for 2 days. The formed neurospheres were spun onto charged slides for 15
min at 2,000 rpm by StatSpin Cytofuge II, fixed in formaldehyde 4% for 30 min, and
permeabilized with Triton 0.5% for 15 min at 4 °C. The samples were then blocked
with 10% BSA in PBS for 1 hour at room temperature, incubated with primary Ki-67
antibody (Abcam, ab16667, 1:100) overnight at 4 °C, and secondary antibody (Alexa
Fluro 594 goat anti-mouse 1gG,1:1000) for 2 hours at 4°C. For the EVs uptake assay,
ECs, ECPs, and HTAs were treated with either EV(+) or EV(-) CM collected from
PalmGFP* GBMS cells. After 2 or 6 hours, the CM was removed, and the cells washed
twice with DPBS for 5 minutes. Nuclei were stained with DAPI for 5 min at room
temperature, and the samples scanned by the ZEISS LSM710 confocal microscope.

Metabolic assays

Seahorse XF Glycolytic rate assays have been performed based on the Agilent
protocol. Approximately 15x10° EC, ECP, or HTA cells per well were seeded in 96-
well plates pre-coated with polylysine. On the next day, the cells were washed with
PBS and then 100 pl of concentrated (10x) GBMS8-derived EV(+) or EV(-) CM was
added to the wells for 2-5 days. The cells were washed with PBS prior to the assays,
and 180 ul Seahorse XF DMEM supplemented with 1 mM pyruvate, 2 mM glutamine,
and 10 mM glucose was added per well. Proton efflux rate (PER) and mitochondrial
respiration were measured by Seahorse XFe96 Analyzer after the injections of 20 ul
Rotenone/antimycin A (5 uM) and 22 ul 2-DG (500 uM), respectively. The assays were
performed with 5 replicates per group, and PER and Oxygen consumption rate
(OCR)/mitochondrial respiration measurements normalized to the amount of cellular
protein per well, as measured by micro BCA assay (Thermo Fisher Scientific).

RNA isolation and qRT-PCR

Cells and extracellular fractions were washed with cold DPBS (Corning) three
times, and RNA was isolated from MVs, Exos, and RNPs as previously described (Wei
et al., 2017). For isolation of extracellular RNA, cells and debris were removed by
centrifugation, the supernatants supplemented with SUPERase In RNase Inhibitor
(Ambion), and then filtered sequentially through 0.8 um (EMD Millipore), 0.22 um
(EMD Millipore) and 0.02 um (GE Healthcare). The last flow-through fraction was
concentrated using 3 kDa Amicon Ultra Centrifugal Filters (EMD Millipore). RNA was
then isolated using the Total RNA Purification Kit with on-column DNase treatment
(Norgen Biotek, Canada). NanoDrop 2000 Spectrophotometer and Quant-iT
RiboGreen RNA Assay Kit (Thermo Fisher Scientific) were employed to measure
concentrations of cellular and extracellular RNA, respectively. For quantitative mRNA
analysis, 10 ng of total RNA was used in 10 pl RT reaction with iScript Reverse



Transcription Supermix (Bio-Rad), followed by the PCR reactions with ExiLENT
SYBR Green master mix and mRNA-specific primers. Sequences of specific PCR
primers are listed in Supplementary Table 1.

Full-length RNA RT-PCR amplification

A 20 ng of total RNA was used as the template for the cDNA synthesis with
Maxima Reverse Transcriptase (100U; Thermo Fisher Scientific), oligo(dT), and
random hexamers in a 10 pl reaction. 1 ng cDNA was used in 10 pul PCR reaction
mixture containing Phire Hot Start Il PCR Master Mix (Thermo Fisher Scientific) and
primers (0.5 uM each). Depending on the lengths of the amplicons, extension steps
were employed for either 15 sec or 30 sec, and the PCR products were visualized on 1%
or 1.5% agarose gels (Thermo Fisher Scientific). Primer sequences are listed in
Supplementary Table 1.

RNA sequencing and data analysis

ECs, ECPs, and HTAs cells were resuspended in 10x EV(+) or EV(-) CM and
cultured in suspension culture flasks (Greiner Bio-one) for 6 days, and the total RNA
was isolated and quality controlled by Agilent 2100 Bioanalyzer. The libraries were
prepared and sequenced on Illumina HiSeq X with PE150 mode to produce
approximately 20 M reads per sample by Novogene Co., Ltd. The reads were quality
controlled with FastQC, trimmed with Trimmomatic, aligned with HiSat2 to hg38 or
mm10, and quantified with HTSeq-count using the Galaxy platform. Read counts were
processed for differential expression analysis using the R package DEBrowser with
DESeq2. Heatmap analysis was performed and visualized with the R package
ComplexHeatmap. The comparative analysis of cellular RNA and extracellular RNA
fractions was performed and visualized with R package corrplot. Gene set enrichment
analysis was performed using the GSEA software (Broad Institute). The Gene Set
Variation Analysis and the survival analysis on TCGA and CGGA datasets were
performed and visualized with the R package GSVA and R package survival,
respectively.

Tumor growth in vivo

EC or ECP cells (2 x 10°) were resuspended in 100 ul 20x EV(+) or EV(-) CM
mixed with 100 pul Matrigel and implanted subcutaneously to both flanks of 8 weeks
old female athymic nude mice. Tumor growth was monitored with a digital caliper 2-3
times per week and its volume estimated using the formula (V= length x width). Four
mice and eight tumors per group have been included. The animals have been sacrificed
when the tumors reached diameter larger than 20 mm. All animal experiments were
approved by the Animal Care Committee of Brigham and Women’s Hospital.

Statistics

Data are expressed as mean £ SEM. Numbers of experimental replicates are given
in the figure legends. A two-sided Student’s t-test was employed to determine statistical
significance between the two groups. Before performing t-test, normal distribution was



verified by 1-sample K-S test and equality of variances was verified by Levene's test
using SPSS (IBM, NY). The Pearson correlation was used to evaluate the linear
relationship between two continuous variables. The Kaplan—Meier analysis was used
to estimate the survival differences between the two groups. A P <0.05 was considered
to be statistically significant.



SUPPLEMENTARY FIGURE LEGENDS

SF1. GBM EVs are taken up by pre-transformed astrocytes and facilitate their renewal and
anchorage-independent growth, Related to Figure 1.

A. A number of secondary colonies formed by HTA cells increases when the cells are grown in
EV(+) GBM CM.

B. There is no difference in a number of colonies produced by HTA cells grown in EV(+) and EV(-)
fresh medium.

C. Transmission electron microscopy of EV(+) and EV(-) GBM CM. TEMs were replicated 3 times
(upper panel). NTA-based quantification of EVs numbers in EV(+) CM was depicted as lower panel.
TEMs and NTAs were replicated 3 times.

D. The uptake of GFP* EVs derived from PalmGFP* GBMS cells by EC, ECP, and HTA recipient
cell cultures. Confocal images of the recipient cultures treated with PalmGFP* EV(+) CM for 2 and
6 hours, or EV(-) CM from the same donor cells (scale bar=14 um). Quantification of the GFP*
recipient EC, ECP, and HTA cells demonstrates efficient EV uptake.

E. Treatment with GBMS8 EV(+) CM increases HTA self-renew ability, as indicated by neurosphere
formation assay, compared to treatment with GBM8 EV(-) CM, whereas no difference was observed
between neurosphere formation in EV(+) and EV(-) fresh medium.

F. Microscopy of ECP colonies grown in soft agar with 10x EV(+) or EV(-) fresh medium for 2
weeks. No difference was observed between these conditions, as indicated by the count of colonies
shown in the right panel.

* P<0.05; ** P<(.01; two-tailed t-test. Data are represented as mean = SEM.

SF2. EC cells are not tumorigenic in nude mice, Related to Figure 2.

The EC cells injected alone, or resuspended in concentrated EV(+) or EV(-) GBM CM, have not
formed tumors during 40 days post-implantation.

Data are represented as mean = SEM.

SF3. Analysis of the most abundant mRNAs in GBM EVs, Related to Figure S.

A. Venn diagrams depict the number of common mRNA species among 200 top abundant mRNAs
in four types of GBM MV, resulting in a list of 92 mRNAs.

B. Venn diagrams depict the number of common mRNA species among 200 top abundant mRNAs
in four types of GBM Exosomes, resulting in a list of 37 mRNAs.

C. Heatmap analysis of GBM samples from the TCGA and control brains from TARGET GTEx
datasets depicts the global upregulation of RP, OXPHOS, and glycolysis genes in GBM relative to

the normal brain tissues.
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