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Abstract

The role of astrocytes is becoming increasingly important to understanding how glioblastoma (GBM) tumor cells diffusely
invade the brain. Yet, little is known of the contribution of extracellular vesicle (EV) signaling in GBM/astrocyte interactions. We
modeled GBM-EV signaling to normal astrocytes in vitro to assess whether this mode of intercellular communication could
support GBM progression. EVs were isolated and characterized from three patient-derived GBM stem cells (NES*/CD133") and
their differentiated (diff) progeny cells (NES /CD133"). Uptake of GBM-EVs by normal primary astrocytes was confirmed by
fluorescence microscopy, and changes in astrocyte podosome formation and gelatin degradation were measured. Quantitative
mass spectrometry-based proteomics was performed on GBM-EV stimulated astrocytes. Interaction networks were generated
from common, differentially abundant proteins using Ingenuity® (Qiagen Bioinformatics) and predicted upstream regulators
were tested by qPCR assays. Podosome formation and Cy3-gelatin degradation were induced in astrocytes following 24-h
exposure to GBM-stem and -diff EVs, with EVs released by GBM-stem cells eliciting a greater effect. More than 1700 proteins
were quantified, and bioinformatics predicted activations of MYC, NFE2L2, FN1, and TGF31 and inhibition of TP53 in GBM-
EV stimulated astrocytes that were then confirmed by qPCR. Further qPCR studies identified significantly decreased A133p53
and increased p53(3 in astrocytes exposed to GBM-EVs that might indicate the acquisition of a pro-inflammatory, tumor-
promoting senescence-associated secretory phenotype (SASP). Inhibition of TP53 and activation of MYC signaling pathways
in normal astrocytes exposed to GBM-EVs may be a mechanism by which GBM manipulates astrocytes to acquire a phenotype
that promotes tumor progression.
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Introduction

Tumor malignancy is influenced by the microenvironment
and neighboring non-neoplastic cells play important, tumor-
supportive roles during all stages of oncogenesis. Malignant
astrocytic gliomas, including glioblastoma (GBM; WHO
grade IV), are the most common and lethal primary brain
tumors in adults. Their non-malignant counterparts, astro-
cytes, are ubiquitous, specialized glial cells that exert a variety
of essential processes in the healthy CNS. Astrocytes play an
important role in maintaining the blood-brain barrier (BBB),
their projections or “endfeet” cover most cerebral blood vessel
surfaces, modulating endothelial tight junctions and secreting
vasoactive molecules that regulate vascular tone [1].
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The tumor supportive role of astrocytes is becoming in-
creasingly relevant to understanding how gliomas diffusely
invade the brain parenchyma. Astrocytes become reactive
around glioma cells (termed astrocytic gliosis or astrocytosis),
changing their morphology, proliferation rate, and migration
patterns. Glioma cells were shown to induce astrocytes to
secrete proteases that degrade the extracellular matrix
(ECM) to enhance tumor cell invasion [2—4]. Invading glioma
cells hijack blood vessels during early disease progression,
where they displace astrocytic endfeet from endothelial or
vascular smooth muscle cells, causing a loss of astrocyte-
vascular coupling and a focal breach in the BBB [1].
Glioma/astrocyte interactions have also been hypothesized to
trigger changes in astrocyte phenotypes, consistent with a ma-
lignant transformation [5].

The glioma microenvironment consists of diverse cellular
populations, including tumor cells, normal and reactive astro-
cytes, microglia, macrophages, fibroblasts, vascular cells, and
glioma stem-like cells (GSCs). GSCs represent a subset of
distinct aberrant neural stem cells that possess glioma self-
renewal potential and are thought to be responsible for treat-
ment resistance, tumor progression, and recurrence [6]. The
ECM provides the scaffold for the tumor microenvironment
that is regulated by ECM proteins that induce signaling path-
ways in tumor and normal cells [7], including those with roles
that influence invasion, migration, and cell proliferation [8].
Another emerging mode of intercellular communication with-
in this matrix is through the release of extracellular vesicles
(EVs). EVs are membranous nanoparticles that are released by
all cell types and are categorized according to their size and
intracellular origin; they broadly include small (30—-100 nm)
endocytic “exosomes,” and larger (100—1000 nm)
microvesicles that are derived from the plasma membrane.
EVs and their molecular cargo of proteins, lipids, nucleotides,
and metabolites, have been shown to activate signaling path-
ways, silence target genes, and induce the translation of effec-
tor proteins in recipient cells [9-13].

While most cells secrete EVs, tumors secrete EVs at sig-
nificantly higher levels than normal cells [14]. Primary GBM
cells were found to release approximately 10,000 EVs per cell
over a 48-h period, twice that of normal fibroblasts [15]. In
doing so, tumor cells cast their influence over the tumor mi-
croenvironment to make it more permissive to tumor expan-
sion and invasion [12, 16-18]. For instance, EVs from hyp-
oxic GBM cells were shown to “re-program” neighboring
endothelial and GBM cells to secrete growth factors and cy-
tokines, activate PI3K signaling, and stimulate migration [19].
Several studies also implicate glioma EVs in the stimulation
of angiogenic signaling in recipient endothelial cells, especial-
ly in response to hypoxia [12, 20, 21], presumably to enhance
the vasculature to meet the increasing energy and oxygen
demands of expanding tumors. Oncogenic retro-transposons
selectively packaged in GBM-EVs are also efficiently

transferred and induce genome instability in recipient endo-
thelial cells, also supporting tumor progression [15].
Moreover, microglia were shown to internalize GBM-
derived EVs, causing an increase in their proliferation rates
and shifting their cytokine profiles toward immune suppres-
sion [22].

While interactions between tumor cells and astrocytes are
clearly important in GBM biology, little is known of what EV
signaling contributes. To better understand the interplay be-
tween glioma cells and astrocytes, we exposed normal astro-
cytes to EVs released by patient-derived GBM cells. EVs
from a variety of primary GSC-like cells and their differenti-
ated progeny cells were used to model GBM-astrocyte inter-
cellular EV signaling. Changes in astrocyte migration and
ECM degrading ability were measured using a fluorescent
gelatin “invadopodia” assay before and after exposure to
GBM-derived EVs. We then sought to understand the func-
tional changes observed in astrocytes by comprehensive quan-
titative mass spectrometry (MS)-based proteomics and
targeted RNA assays. By resolving the molecular drivers un-
derpinning the complex interactions between GBM cells and
their non-neoplastic counterparts, we provide insight into how
GBM cells manipulate their environment to diffusely infiltrate
the brain, a major factor that accounts for the high mortality
and morbidity of the disease.

Methods and Materials
Cell Culture

Primary human astrocytes were isolated as previously de-
scribed [23], using approved protocols by the University of
Sydney (HREC 2013/131) and Macquarie University (HEC
5201200411). Astrocytes were grown on poly-L-lysine coated
flasks in RPMI supplemented with 10% FBS, N2 supplement
(Invitrogen), 100 U/ml penicillin, 100 pg/ml streptomycin,
and 2 mM Glutamax at 37 °C, in 5% CO, until ~80% conflu-
ent and passaged a maximum of six times. JK2, WK1, and
RNI cells were grown on ECM-coated flasks in StemPro®
NSC SFM (KnockOut'~ DMEM/F12, StemPro® Neural
Supplement, FGF-basic recombinant human, EGF recombi-
nant human, Invitrogen) supplemented with 100 U/ml peni-
cillin, 100 pg/ml streptomycin, and 2 mM Glutamax. Primary
GBM cells were differentiated following growth in RPMI
media supplemented with 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, and 2 mM Glutamax for at least
2 weeks. To confirm the differentiation of WK1, JK2, and
RNI1-stem cells, reduced levels of nestin and CD133 were
measured by Western blot and flow cytometry, respectively
(see Supplementary Fig. 1). The established GBM cell line,
U87MG, was grown as before [24].
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EV Isolation and Characterization

At 60% confluence, the cells were washed with PBS three
times and incubated with fresh medium (48 h, 37 °C, 5%
CO,) to harvest EVs secreted in the log phase of cell growth.
The StemPro® NSC SFM media was renewed for the stem,
while the diff cells and primary astrocytes were cultured in
EV-depleted FBS supplemented RPMI-1640. After 48 h, cul-
ture medium from each cell line was subjected to serial cen-
trifugation to remove cells (350%g, 10 min) and debris
(2000%g, 20 min) and passed through a 0.22-um filter to re-
move large particles. EVs were pelleted from the concentrated
medium by ultracentrifugation (100,000xg, 16 h, 4 °C;
Beckman Coulter Optima L-80 XP Ultracentrifuge, 45Ti fixed
angle rotor, k-factor 133) and was re-centrifuged with ice-cold
PBS (100,000xg, 3 h, 4 °C). EV pellets were re-suspended in
PBS and stored at — 80 °C until required. EV quantities were
determined by their protein concentration using Qubit fluores-
cence quantitation (Invitrogen).

EV size distributions and concentrations were measured by
nanoparticle tracking analysis software (NTA, version 3.0)
using the NanoSight LM10-HS (NanoSight Ltd., Amesbury,
UK), configured with a 532-nm laser and a digital camera
(CMOS Trigger Camera). EVs were diluted in filtered PBS
(viscosity 1.09 cP) to ensure that 20—-100 particles were de-
tected in the field of view of the standard CCD camera of the
microscope. The NTA3.0 captured video recordings (60 s)
were captured in triplicate at 25 frames/s with default minimal
expected particle size, minimum track length, and blur setting,
a camera level of 11 and detection threshold of 5. The temper-
ature of the laser unit was controlled at 25 °C. NTA software
measured the size distribution (ranging from 10 to 1000 nm)
and concentration (particles/ml) of nanoparticles by simulta-
neously tracking Brownian motion and light scatter of indi-
vidual laser-illuminated particles and calculated their diameter
using statistical methods [25].

For transmission electron microscopy (TEM), EVs were
re-suspended in dH,0; loaded onto carbon-coated, 200 mesh
Cu formvar grids (ProSciTech Pty Ltd., QLD, Australia); and
fixed (2.5% glutaraldehyde, 0.1 M phosphate buffer, pH 7.4).
Samples were negatively stained with 2% uranyl acetate for
2 min, dried for 3 h at RT, and then visualized at x40,000
magnification on a Philips CM10 Biofilter Transmission
Electron Microscope (FEI Company, OR, USA) equipped
with an AMT camera system (Advanced Microscopy
Techniques, Corp., MA, USA) at an acceleration voltage of
80 kV.

To characterize the stem- and diff-EV proteomes, crude
EVs were further purified by density gradient ultracentrifuga-
tion using Optiprep ~ (60% (w/v) aqueous iodixanol from
Axis-Shield PoC, Norway) as described previously [26].
Gradients were ultracentrifuged (100,000xg, 18 h, 4 °C, acc
1, no brake; Beckman Coulter Optima L-80XP
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Ultracentrifuge, SW41 Ti, k-factor 124) and 12 x 1-ml frac-
tions of increasing density were collected. A control, blank
gradient was run in parallel and each fraction was measured
on an analytical balance to determine fraction density.
Fractions were washed with 12 ml of PBS and
ultracentrifuged (100,000xg, 4 h, 4 °C). EVs were re-
suspended in 0.2% (w/v) Rapigest SF (Waters, Milford,
MA) in 0.05 mol/l triethylammonium bicarbonate (TEAB)
and proteomes prepared, quantified, and analyzed by a Q-
Exactive " Plus hybrid quadrupole-Orbitrap mass spectrome-
ter (Thermo Scientific) as before [27]. Peptide identifications
were accepted at >95% probability by the Peptide
Prophet algorithm [28] with Scaffold delta-mass correction.

Confirmation of EV Uptake by Primary Astrocytes

EVs were labeled with 1.0 uM Dil [(1,1’-dioctadecyl-
3,3,3",3'-tetramethylindocarbocyanine perchlorate (‘Dil’;
DiIC18(3))), Invitrogen], pelleted at 100,000xg for 2 h, and
washed in PBS (100,000xg, 2 h). Astrocytes (14,000/cm?)
were cultured with red fluorescent Dil-labeled (1 ng EV per
1120 cells; 12.5 pg per cm?) and unlabeled JK2 stem and
U87MG-derived EVs for 24 h. Astrocytes were fixed for
20 min with 3.7% paraformaldehyde. Cells were washed
thrice with PBS and sealed with SlowFade® Gold Anti-Fade
Reagent (Invitrogen). Slides were visualized using an
Olympus BX51 fluorescent microscope at x 10 magnification.

Podosome/Invadopodia Assay

Human primary astrocytes incubated with and without GBM-
derived EVs were analyzed using the QCM Gelatin
Invadopodia Assay (Millipore). Astrocytes were seeded at
14,000 cells/cm? in growth medium on the Cy3-gelatin sur-
face and incubated with 10-ug GBM-derived EVs (1 ug EV
per 1120 cells; 12.5 pg per cm?) for 24 h at 37 °C in 5% CO,
in triplicate. Cells were fixed and stained with FITC-
phalloidin (1:100) and DAPI (1:200) as previously described
[24]. Samples were visualized on an Olympus BX51 fluores-
cence microscope at 10 objective magnification for quanti-
fication. Image analysis was performed using ImageJ
(National Institutes of Health, USA) [29]. A high-intensity
threshold was set for positive DAPI signal, and then analyzed
as “particles” for cell counting. Similarly, a high-intensity
threshold for the phalloidin signal enabled measurement of
the total cell area. A low-intensity threshold was set for areas
devoid of fluorescent gelatin to enable quantification of total
gelatin degradation.

Cell Proliferation Assay

Normal primary fetal astrocytes were treated with EVs isolat-
ed from astrocytes (treated control), JK2-Stem, JK2-Diff,
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WK1-Stem, WK1-Diff, RN1-Stem, RN1-Diff, and US87MG
cells at a range of concentrations (0, 0.5, 1, and 2 pg per
1000 cells) in four replicates and proliferation changes mea-
sured after 24 h using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay.

Proteome Preparation and LC-MS/MS Analysis
of GBM-Derived EV-Conditioned Astrocytes

Astrocytes (2.5 x 10*) were seeded on poly-L-lysine-coated
24-well plates in RPMI supplemented with 10% FBS, N2
supplement (Invitrogen), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM Glutamax and grown to 60% con-
fluence. Cells were treated in triplicate with EVs (1 ug EV per
1120 cells; 12.5 ug per cm?) isolated from astrocytes (treated
control) or GBM cells, mixed gently, and incubated for 24 h at
37 °C, 5% CO,. Untreated control cultures were grown under
the same conditions. After 24 h, triplicate samples were
trypsinized, pooled, and washed with PBS. A workflow sche-
matic is provided in Supplementary Fig. 2.

Cells were re-suspended in 0.5% (w/v) Rapigestm, 0.05M
TEAB with protease inhibitors, incubated at 95 °C for 7 min,
and sonicated using a step tip probe at 30% amplitude for 15 s
(Ultrasonics Model W-225R, Ultrasonics, Inc., Plainview,
NY). Protein samples were reduced, alkylated, and digested
with 1:40 trypsin:protein in 0.5 M TEAB, overnight at 37 °C.
Peptides were desalted using 1-cc HLB cartridges (Waters)
and 10-pg aliquots dried by vacuum centrifugation. Each
pooled sample (biological triplicate) was analyzed by nano-
LC-MS/MS in technical triplicate. Peptide samples were re-
suspended in 0.05% HFBA/1% formic acid (FA) at a final
concentration of 1 ug/ul. Peptides were separated by nano-
LC using an Ultimate nano-RSLC UPLC and autosampler
system (Dionex). Samples (2 pug) were concentrated and
desalted onto a micro-C18 pre-column (300 pm x5 mm,;
Dionex) with 0.1% (v/v) trifluoroacetic acid/2% (v/v) acetoni-
trile (ACN) at 15 pl/min. After a 4-min wash, the pre-column
was switched (Valco 10 port UPLC valve, Valco, Houston,
TX) in line with a fritless nano-column (75 pwm x ~15 cm)
containing C18AQ media (1.9 um, 120 A; Dr. Maisch,
Ammerbuch-Entringen, Germany). LC mobile phase buffers
were comprised of A: 2% (v/v) ACN/0.1% (v/v) FA and B:
80% (v/v) ACN/0.1% (v/v) FA. Peptides were eluted using a
linear gradient of 5% B to 45% B at 200 nl/min over 120 min.
High voltage (2000 V) was applied to low-volume titanium
union (Valco) with the column oven heated to 45 °C
(Sonation, Biberach, Germany) and the tip positioned
~0.5 cm from the heated capillary (7=300 °C) of a Q-
Exactive Plus mass spectrometer. Positive ions were generated
by electrospray and the Q-Exactive Plus operated in data-
dependent acquisition mode. Between different treatment con-
ditions, four 30 min linear gradient standards were run to
prevent sample carryover. A m/z 350-1750 survey scan was

acquired (resolution = 70,000 at m/z 200, with an accumula-
tion target value of 1,000,000 ions) and lockmass enabled (m/z
445.12003) Up to 10 most abundant ions (> 80,000 counts,
underfill ratio 10%) with charge states >+2 and <+ 7 were
sequentially isolated (width m/z=2.5) and fragmented by
HCD (NCE =30) with an AGC target of 100,000 ions (reso-
Iution = 17,500 at m/z 200). The m/z ratios selected for MS/
MS were dynamically excluded for 30 s. Peak lists were gen-
erated using Mascot Daemon/Mascot Distiller (Matrix
Science, London, England).

MS/MS data were analyzed using Mascot (Matrix Science,
London, UK; version 2.5.1) and X! Tandem (The GPM,
thegpm.org; version CYCLONE (2010.12.01.1)). Mascot
was used to search the sprot 29 1 15 database (selected for
Homo sapiens, 20,274 entries), with trypsin proteolytic
digestion and two missed cleavages allowed. Mascot and X!
Tandem were interrogated with a fragment ion mass tolerance
0f0.05 Da and a parent ion tolerance of 5.0 ppm. Oxidation of
methionine and carbamidomethylation of cysteine were set as
variable modifications. ScaffoldQ+ (version Scaffold 4.4.5,
Proteome Software Inc., Portland, OR) was used to visualize
MS/MS-based peptide and protein identifications. Peptide
identifications were accepted if they could be established at
>95.0% probability by the Peptide Prophet algorithm [28, 30]
with Scaffold delta-mass correction and at least two identified
peptides. All conflicts (shared peptides, species from more
than one protein) were manually removed to eliminate ambig-
uous protein identities and ensure that peptide quantitation
was exclusive to each protein species. Proteins were annotated
with GO terms from NCBI (downloaded 16/06/2015). Results
were then exported to Microsoft Excel® for further analysis.
Protein abundance changes were calculated by taking the ratio
of the averaged normalized precursor ion intensities in astro-
cytes stimulated with EVs from astrocytes or GBM cells rel-
ative to untreated, control astrocytes. A two-tailed Student’s ¢
test assuming equal variance was performed using the tripli-
cate MS measures to determine the significance of differential
protein abundance.

Bioinformatics Analyses

Functional associations of differentially abundant proteins
were explored using Ingenuity® Pathway Analysis (IPA) soft-
ware (Ingenuity Systems; http://analysis.ingenuity.com). This
software program calculates the probability that the genes
associated with our datasets (right-tailed Fisher’s exact test)
are involved in particular pathways, compared with the total
number of occurrences of those proteins in all functional
annotations stored in the Ingenuity Knowledgebase.
Significance thresholds were relaxed to p value <0.1 to
allow more overlapping protein changes between the
different treatment conditions to be mapped and to explore
functional connections to common molecules that may
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mediate GBM-EV effects on astrocytes. Each condition
uploaded into the IPA environment separately and core anal-
yses were performed to identify prominent interactions and
associations within each dataset, with the following amend-
ments to the default criteria:

1) Highly predicted or experimentally observed confi-
dence levels;
if)  Species, mammals with stringent filtering.

A large comparative analysis was performed to identify
common pathways, nodes, and/or regulators changing in as-
trocytes after exposure to EVs from the three different GBM
cells. Using the Path Explorer tool, representative interaction
networks were built for the GBM-stem and -diff induced
changes based on direct connections between targets identi-
fied in at least two of the three datasets (i.e., JK2, WK1, and
RN1). Observed fold changes were then overlaid in turn to
predict activation states of interconnecting regulator
molecules.

RNA Preparation and Reverse Transcription
Quantitative PCR

Total RNA was extracted from untreated and GBM-EV treated
astrocytes using TRIzol ® reagent and RNeasy mini kit
(Qiagen Pty., Ltd.) as per manufacturers’ instructions. RNA
integrity was assessed using an RNA 6000 Pico Chip on an
Agilent 2100 Bioanalyser (Agilent Technologies, Inc.) and
RNA concentrations (ng/ml); Asgp and A,gy were measured
with a DropSemseTM 16 (TRINEAN NV) and a NanoDropTM
2000c UV-Vis spectrophotometer (Thermo Fisher Scientific).
Complementary DNA (cDNA) was synthesized using the RT?
PreAMP cDNA Synthesis Kit (Qiagen Pty., Ltd.) and
preamplified with a custom-made RT2 qPCR Primer Assay
mix as per the RT? PreAMP ¢cDNA Synthesis Handbook.
Primers included EGFR; PPH00138B, FN1; PPH00143B,
LMANI1; PPH20608A, MYC; PPHO0100B, NFE2L2;
PPHO06070A, PARK7; PPH19854F, SLC3A2; PPHO0829A,
SURF4; PPH15995A, TFGP1; PPHOO5S08A, TP53;
PPHO00213F, HPRT1; PPHO1018C, RTC; PPX63340A, and
gDNA; 330,011 (Qiagen Pty., Ltd.). Custom primers for
A133p53 and p535 were purchased from Invitrogen; their
sequences are as follows: A133p53 forward 5'-TGAC
TTTCAACTCTGTCTCCTTCCT-3', reverse 5'-GGCC
AGACCATCGCTATCTG-3' and p5303 forward 5'-GCGA
GCACTGCCCAACA-3" and reverse 5'-GAAA
GCTGGTCTGGTCCTGA-3'. Primer assays were performed
as per manufacturer’s instruction by adding the preamplified
cDNA as the cDNA template to the qPCR master mix (RT2
SYBR Green qPCR mastermix, primer, and H,O). Reactions
(10 pl) were analyzed in triplicate with real-time PCR on a
Roche LightCycler®480 System (Roche Diagnostics) with
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the following thermal profile: 1 heat inactivation cycle;
95 °C for 10 min, 45 PCR cycles; and 95 °C for 15 s and
60 °C for 1 min. All samples passed the reverse transcription
and genomic DNA contamination controls. HPRT1 was se-
lected as the reference gene for normalization as it had the
least variation across all astrocyte conditions and has been
previously shown to be a suitable reference gene for GBM
gene expression [31]. The mRNA expression for each gene
on the array was normalized to the expression of HPRT1 using
the AC; method. Gene expression is presented as the fold
change (2722 of the GBM-EV stimulated astrocytes com-
pared to untreated (PBS) controls. Student’s paired # test tested
significance using 2~ values.

Results and Discussion

Characterization of Stem and Differentiated GBM
Primary Cells

Primary GBM stem cells WK1, JK2, and RN1 were derived
from IDH1 wild-type, MGMT-unmethylated primary GBMs,
resected from 75-, 77-, and 56-year-old men, respectively, and
were grown as previously described [32]. The WK1, JK2, and
RNI primary cells were established from tumors classified as
mesenchymal, proneural, and classical molecular subclasses,
respectively (refer to Supplementary Table 1 for more
information and see Supplementary Fig. 3 for genomic
profile summaries). When grown in the presence of 10% fetal
calf serum (FCS; EV-depleted serum), primary GSCs irrevers-
ibly differentiate [33], where cells acquire elongated, spindly
morphologies and lose expression of stem marker CD133 and
mesenchymal marker nestin (Supplementary Fig. 1).

Characterization of GBM and Astrocyte-Derived EVs

EVs were isolated from culture supernatants of WK1, JK2,
RNT1 stem, respective differentiated (diff) progeny cells, the
established GBM cell line US7MG, and primary fetal astro-
cytes. EV characterizations were in line with the minimal ex-
perimental requirements for EVs defined by the International
Society for Extracellular Vesicles [34]. NTA revealed that the
most prominent EV populations secreted by GBM stem cells
had significantly larger diameters compared to progeny diff’
cells (Fig. 1a, b; see Supplementary Fig. 4 for representative
EV size distribution profiles) and characteristic vesicular mor-
phologies were observed by TEM (Fig. 1c, d). MS profiling
sequenced all top ten exosomal marker proteins [35] in EVs
prepared from GBM-stem, -diff, and normal astrocytes
(Fig. 1le). EV proteomes were annotated using the functional
enrichment analysis tool (FunRich version 3.0; proteins con-
fidently identified in EVs from at least two of three primary
cells) [36] and showed significant overlap with exosomal
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Fig. 1 a, b Nanoparticle tracking analysis measured particle size
distributions of EVs purified from multiple sources. Mean and modal
sizes of EVs isolated from GBM-stem cells (CD133*/NES™) were
larger than EVs isolated from differentiated progeny cells (CD1337/
NES; averages of four experiments). Transmission electron
microscopy confirmed the presence of 30—150-nm-sized particles with
vesicular morphologies in JK2 ¢ -stem and d -diff EV preparations. e

compartment proteins (Fig. 1f). U87MG-derived EVs were
characterized as before [27]. Refer to Supplementary Table 2
for the complete list of proteins identified in GBM-stem, -diff,
and astrocyte EVs.

Uptake of GBM-EVs by Normal Astrocytes Induces
Podosome Formation and Gelatin Degradation

Cultured normal human astrocytes internalized fluorescently
labeled EVs released by established (U87MG) and primary
(JK2-stem) GBM cells (Fig. 2a—). Mechanisms of EV uptake
are not well defined but several routes are likely, including
receptor binding, fusion, and endocytosis [37, 38].
Astrocytes were incubated with GBM-EVs in an invadopodia
assay to determine the effects on astrocyte migration
(podosome formation) and ECM degradation (Fig. 2d).
Areas of gelatin degradation were associated with astrocyte
membrane protrusions, observed by FITC-phalloidin staining

Percentage of proteins

Mass spectrometry analysis of EV proteomes prepared from GBM
stem/diff cells and primary astrocytes identified all top 10 exosome
proteins in every preparation and f showed significant enrichment of
protein characteristic of exosomes, the plasma membrane and
extracellular regions, greater than that identified in proteomes prepared
from the originating cells

of F-actin cytoskeleton (Fig. 2d). Invadopodia and podosomes
are specialized actin-based, dynamic cell membrane protru-
sions that degrade the ECM to facilitate cell migration/inva-
sion. While the terms are used interchangeably, by definition
invadopodia are described in cancer cells while podosomes
are found on normal motile cells [39]. Normal astrocytes ex-
posed to GBM-EVs showed significantly enhanced gelatin
degradation ability relative to untreated cells; the greatest in-
creases were observed in astrocytes exposed to WK1 and JK2
stem EVs (6.5-fold and 4-fold increases, respectively). WK1-
diff and JK2-diff EVs also induced astrocytes to degrade the
gelatin matrix (both by 2.2-fold); however, this effect was
significantly lower than that produced by parent stem cell
EVs (stem vs. diff: 2.9-fold, p =0.0007 and 1.8-fold, p =
0.0292, for WK1 and JK2 EVs, respectively; Fig. 2e and
Supplementary Table 3). This trend was not observed for
RN1, where stem and diff EV's both increased astrocyte gelatin
degradation by 2.4-fold (»p <0.002). U87MG-EVs increased
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Merged DAPI/
FITC-phalloidin

Cy3-Gelatin

relative to untreated astrocytes

Fold induction of gelatin degradation

7
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4,

Fig. 2 Uptake of GBM-derived EVs by primary human astrocytes
induces podosome formation. Primary human astrocytes (14,000/cm?)
cultured for 24 h in the presence of a unlabeled JK2-stem EV and Dil-
labeled, b JK2-stem, and ¢ U87MG EVs. Images are x10, bright field
(gray) images merged with red (Dil-labeled EV) images. d Primary fetal
astrocytes (14,000 cells/cm?) were incubated with and without GBM-
EVs (1 ug EVs per 1120 cells) in triplicate, then fixed, and stained with
FITC-phalloidin (green) and DAPI (blue). Astrocytes treated with WK1-
stem and -diff EV's are visualized here on an Olympus BX51 fluorescence

astrocyte podosome formation and matrix degradation with
borderline significance (2.1-fold, p =0.051). These findings
indicate that GBM-derived EVs induce ECM degradation by
increasing podosome formation in normal astrocytes. Our ob-
servations are corroborated by a recent study showing an in-
duction in astrocyte migration (wound-healing assay) follow-
ing exposure to GSC-like EVs [40]. In a co-culture experi-
ment, U§7MG cells were shown to activate astrocytes and
mediate the breakdown of basement membranes and facilitate
tumor cell invasion [5]. BBB dysfunction is a pathological
feature of GBM [41]. Glioma cells displace astrocytes from
blood vessels and are proposed to induce vasoconstriction to
increase the perivascular space to facilitate tumor invasion [1].
Single invasive glioma cells were shown to invade faster
along cerebral microvessels and stimulate vascular remodel-
ing and angiogenesis specifically at sites of contact with ma-
lignant cells [42]. The loss of astrocyte-vascular contact is also
anticipated to have significant implications for the transport
and storage of energy metabolites [43, 44]. Remodeling of
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Primary astrocytes + GBM-derived EVs

microscope. Cy3-gelatin (red) images corresponding to the same fields of
view show dark patches void of fluorescence indicating areas of gelatin
degradation (white arrows). e Graphed fold changes of percent gelatin
degradation relative to untreated astrocytes+SEM (error bars).
Measurements are averaged across quadruplicate assays, each with four
randomly sampled fields of view (x10 magnification). Asterisks represent
a significant induction of podosome formation relative to untreated
astrocytes (p <0.05), where pound sign denotes significant changes
relative to corresponding stem cells (p < 0.05)

astrocyte projections induced by GBM-EVs may, therefore,
contribute to glio-vascular uncoupling, promote GBM spread,
and support the growing metabolic needs of enhancing tu-
mors. Further studies employing in vitro BBB models as well
as profiling astrocyte secretomes and metabolomes after
GBM-EV exposure may support these ideas.

Astrocyte Proteome Changes Stimulated by GBM-EVs

Whole astrocyte cell proteome analysis was performed by
label-free quantitative liquid chromatography coupled tandem
mass spectrometry (LC-MS/MS; see Supplementary Fig. 2 for
experimental workflow). Overall 1727 proteins were identi-
fied by at least two peptides at 95% confidence (refer to
Supplementary Table 4 for precursor ion intensity and
peptide counts). Exposure to GBM-EVs (24 h) induced sig-
nificant changes in the astrocyte proteome relative to untreated
controls (see Supplementary Table 5 for the complete list).
Overlapping astrocyte proteome changes stimulated by EVs
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Table 1

111
M

R <0.5
W

0.67-0.5

i)

0-0.67

Ratio of change key, relative to untreated controls

Significant protein changes in astrocytes following exposure to EVs released by GBM stem and diff progeny cells
>2

1.5-2
1-15 | ¥

Stem vs. Cont. Diff'vs. Cont.
Accession # Protein Name Gene MW Sig. JK2 | WK1 | RN1 | JK2 | WK1 | RN1
MAP4 HUMAN Microtubule-associated protein 4 MAP4 * 121 sd | ™ i) 0 " ) 0
PRPS1_HUMAN Ribose-phosphate pyrophosphokinase 1 PRPS1 35 s, d ™ ™M ™ ™
RS17L_HUMAN 408 ribosomal protein S17-like RPSI7L 16 sd | 1 ™" "
RS25_HUMAN 40S ribosomal protein S25 RPS25* 14 s, d ™M
ACTN1_HUMAN | Alpha-actinin-1 ACTNI1 103 s, d 1 i) i) 0
FLNA_HUMAN Filamin-A FLNA* 281 s, d 0 0 i) 0
FUS_HUMAN RNA-binding protein FUS FUS* 53 s, d N5
PRDX2 _HUMAN Peroxiredoxin-2 PRDX2 22 s ™ 1 1
RLI3A_HUMAN 60S ribosomal protein L13a RPLI3A 24 K
LPPRC_HUMAN Il;leitlgéﬁz;(iicrngR motif-containing protein, LRPPRC 158 s 1 M M
P4HA2_HUMAN Prolyl 4-hydroxylase subunit alpha-2 P4HA2* 61 s ™M 1 1
PRDX! HUMAN | Peroxiredoxin-1 PRDX1* 22 s " ™
XRCC5_HUMAN X-ray repair cross-complementing protein 5 XRCC5 83 s 0 0 M
LMANI_HUMAN | Protein ERGIC-53 LMANI 58 s W J d J
ECHB_HUMAN ;riit?;c(ﬂfg;?;lenzyme subunit beta, HADHB | 51 s Wil W l
DHB4 HUMAN Peroxisomal multifunctional enzyme type 2 HSD17B4 80 s WL J W
MIC60_ HUMAN MICOS complex subunit MIC60 IMMT 84 s A A
PAIRB_HUMAN Eiﬁ;ﬁggﬁg‘efgﬁvam inhibitor I RNA- SERBPI | 45 s W l
PARK7 HUMAN Protein DJ-1 PARK7 20 s J W W
SAP_HUMAN Prosaposin PSAP 58 s W, G, L
SKP1_HUMAN S-phase kinase-associated protein 1 SKP1 19 s 5 W W
4F2_HUMAN 4F2 cell-surface antigen heavy chain SLC3A2 68 s L A A
TCPA_HUMAN T-complex protein 1 subunit alpha TCP1 60 s L A W
RSSA_HUMAN 408 ribosomal protein SA RPSA* 33 s W W
IF2B2 HUMAN ;r;zltlliir;—lzike growth factor 2 mRNA-binding IGF2BP2 66 B
PRDX6 HUMAN | Peroxiredoxin-6 PRDX6 25 s " 0
APT_HUMAN Adenine phosphoribosyltransferase APRT 20 K
ERP29 HUMAN Endoplasmic reticulum resident protein 29 ERP29 29 K ™~
IKIP_ HUMAN fﬁ::rb;‘t’lrn‘;fpr;‘;f:sr factor kappa-B kinase- | 1y pyp 39 s MM
NDKA HUMAN Nucleoside diphosphate kinase A NMEI1 17 K
PROF2_HUMAN Profilin-2 PFN2* 15 s M
XPO1_HUMAN Exportin-1 XPO1 123 s ™"
1433E_HUMAN 14-3-3 protein epsilon YWHAE 29 s ™ ™
IF2G_HUMAN fﬁfﬁ%ﬁc translation initiation factor 2 EIF2S3 51 d M 1
SURF4 HUMAN Surfeit locus protein 4 SURF4 30 d o e A B
ARPC4_HUMAN Actin-related protein 2/3 complex subunit 4 ARPC4* 20 d 0 0 0
CATB_HUMAN Cathepsin B CTSB 38 d ™" ™" 0 "
COIAl HUMAN | Collagen alpha-1(I) chain COLIAI* | 139 d i) 0 "
CO1A2_HUMAN Collagen alpha-2(T) chain COLI1A2 129 d i) 0 ™
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CTND1_HUMAN | Catenin delta-1 CTNNDI 108 d " ™
K1C10_ HUMAN Keratin, type I cytoskeletal 10 KRT10 59 d ™ i) ™| ™M
HAP28_HUMAN 28 heat- and acid-stable phosphoprotein PDAP1 21 d 1 ++ ™
RL10_HUMAN 60S ribosomal protein L10 RPL10 25 d ™
CALD1 HUMAN | Caldesmon CALDI 93 d ™" i) ™
PDLIl_ HUMAN PDZ and LIM domain protein 1 PDLIM1 36 d -I ™| M
TPM3_HUMAN Tropomyosin alpha-3 chain TPM3 33 d ™M H -
MOES_HUMAN Moesin MSN 68 d i) 0
LMNB2 HUMAN | Lamin-B2 LMNB2 68 d i) R
SYYC_HUMAN Tyrosine--tRNA ligase, cytoplasmic YARS 59 d ™ " ™
COF2_HUMAN Cofilin-2 CFL2 19 d i) ™
HXK1 HUMAN Hexokinase-1 HK1 102 d i) )
K2C1_HUMAN Keratin, type II cytoskeletal 1 KRT1* 66 d -I ™
PDIA1_HUMAN Protein disulfide-isomerase P4HB 57 d T 0
PFD2_HUMAN Prefoldin subunit 2 PFDN2 17 d ) ™
TPM1_HUMAN Tropomyosin alpha-1 chain TPM1 33 d 0
ST AN | e s | |
TALDO _HUMAN Transaldolase TALDO1* 38 d
PRS6B_ HUMAN 268 protease regulatory subunit 6B PSMC4 47 d -I L, &
GLGB_HUMAN 1,4-alpha-glucan-branching enzyme GBE1* 80 d L L, b L
PDLI4 HUMAN PDZ and LIM domain protein 4 PDLIM4 35 d J W
STRAP_HUMAN greé%giel;threonine kinase receptor-associated STRAP 38 d W W l
OAT_HUMAN Ornithine aminotransferase, mitochondrial OAT 49 d W {
RENT1_HUMAN Regulator of nonsense transcripts 1 UPF1 124 d L & &
MYL9 HUMAN Myosin regulatory light polypeptide 9 MYL9* 20 d - W
COPD_HUMAN Coatomer subunit delta ARCNI 57 d { {
U5S1_HUMAN iirén II)J()Snzrr?tall nuclear ribonucleoprotein EFTUD2 109 d W
NUCBI_HUMAN | Nucleobindin-1 NUCBI 54 d A {

Ratio of change key, relative to untreated controls

Gene names annotated with asterisks indicate significantly changing proteins in treated controls (autocrine signaling). Significant changing proteins
following treatment with EVs from at least two GBM stem cells are annotated “s” or at least two diff cells, “d” (p < 0.1). See table key for ratio of change

color coding

MW molecular weight

from at least two GBM cells, i.e., JK2, WK1, and RN1, are
listed in Table 1. Using these criteria, the abundance levels of
33 astrocyte proteins changed following exposure to GBM-
stem EVs and 41 astrocyte proteins changed after exposure to
GBM-diff EVs.

Bioinformatics of Astrocyte Proteome Changes
and Prediction of Key Molecular Drivers

Identified proteins and their associated gene names and fold
changes were imported into the Ingenuity® environment and
core analyses were performed for each GBM-EV treatment
condition. A comparative analysis was then performed to ob-
serve significant canonical pathways and upstream regulators
associated with changing proteins (Fig. 3). EIF2 signaling,
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regulation of elF4 and p70s6K signaling, and mTOR signal-
ing are critical for translational regulation, the initiation, and
control of protein synthesis, and were the key canonical path-
ways significantly associated with GBM-EV stimulated astro-
cyte proteome changes (Fig. 3a). Of note, these pathways
were also significantly associated with profiled GSC
exosomes [45] and GBM membrane proteomes [24];
mTOR-S6K pathways were shown to mediate glial cell trans-
formation [46] and GSC exosome-induced differentiation of
monocytes into immunosuppressive M2 macrophages [45].
Mutations common to GBMs, including loss of PTEN func-
tion and EGFR amplification, can generate hyperactive PI3K
and mTOR signaling that can deregulate protein synthesis
[47] to adapt to the changing metabolic needs and redox state
of tumor cells. As mTOR pathway activation can have
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Fig.3 Ingenuity pathway analysis predicted significantly associated a canonical pathways and b upstream regulators in astrocytes treated with EVs from

all GBM cells. Non-significant findings (p > 0.05) indicated with a dot

important consequences for cell survival via PI3K/Akt path-
ways, we investigated the effect of GBM-EVs on astrocyte
viability and proliferation using an MTT assay. While we
did observe a trend toward increased astrocyte proliferation,
no significant change was observed following 24-h exposure
to a range of GBM-derived EVs (Supplementary Fig. 5).
Actin cytoskeleton signaling and remodeling of epithelial
junctions were also perturbed in astrocytes following expo-
sure to GBM-EVs; however, this association was not signifi-
cant in astrocytes exposed to WK1-stem EVs (Fig. 3a), despite
inducing the largest effect of podosome formation (Fig. 2e).
The upstream regulators most significantly associated with
GBM-EV stimulated changes were immediate early response
proto-oncogene MYC and closely related family member
MYCN, as well as TP53, TGF31, and CDK4/6, all of which
have established roles in GBM biology (Fig. 3b). Moreover,
NFE2L2 and TP53 were also identified as prominent
upstream regulators of GBM-EV signature proteins [27] and
the conditional overexpression of RICTOR in astrocytes was
shown to initiate malignant glioma tumors in mice [48].
Interaction networks were generated in IPA from overlap-
ping astrocyte proteome changes based on direct connections
between targets induced by EVs from at least two of the three
GBM cells relative to untreated astrocytes (Fig. 4). All 33
proteins changing in astrocytes treated with GBM-stem EVs
were mapped in a network of 45 molecules and showed prom-
inent interconnectivity with predicted upstream regulators:
TP53, MYC, MYCN, TGFf31, FN1, and NFE2L2 (Fig. 4a).
All 41 proteins altered in astrocytes stimulated with GBM-diff
EVs were mapped in a network of 49 molecules, again with
prominent connections with predicted upstream regulators:
TP53, MYC, MYCN, TGFBI1, FN1, NFE2L2, EGFR, and

CDK4/6 (Fig. 4b). Biological and canonical pathways signif-
icantly associated with both interaction networks included
“tumorigenesis” (stem and diff networks, p value = 4.94E !
and p=2.48E™ "3, respectively), “organization of actin
cytoskeleton” (p=1.47E°, p=9.87E ?), “cell movement”
p= 3.46E_9, p=4.47E_8), and “invasion of cells/tumor”
(4.58E'°, p=3.41E"). The GBM-stem EV stimulated net-
work also significantly overlapped with “translation of
protein” (p=2.92E °) and “gliosis” (p=3.13E"") while the
GBM-diff EV network was also related to “glioblastoma”
(p=2.68E"%).

The interaction networks (Fig. 4) were overlaid with quan-
titative proteomics data to predict the activation states of up-
stream regulator molecules (Fig. 3b). In both generated net-
works, there were predicted inhibitions of TP53 and predicted
activations of MYC, MYCN, TGF{31, FN1, and NFE2L2. We
then measured RNA levels of these molecules as well as
RNAs corresponding to some interesting protein changes
(PARK7, LMANI, SLC3A2, and SURF4). RNA expression
changes in GBM-EV stimulated astrocytes relative to untreat-
ed cells are tabulated below (Table 2). Overall, the predicted
and observed proteome changes were verified by qPCR with

Fig. 4 Interaction mapping of overlapping proteome changes in P
astrocytes treated with GBM a -stem and b -diff EVs. Genes
corresponding to differentially abundant proteins were mapped using
Ingenuity Pathway Analysis. Proteins with significantly higher or lower
levels in astrocytes have red and green symbols, respectively. Networks
are annotated with significantly associated biological and canonical
pathways (see legends for symbols and p values). IPA generated
networks converged on significant upstream regulator molecules with
predicted activations (orange) or inhibition (blue)
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the exception of SURF4, where the opposite effect was ob-
served (increased protein, decreased RNA) and MYCN,
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which was below the level of detection in treated and control
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Induction of MYC and Reduced TP53 in GBM-EV
Stimulated Astrocytes

p53 mutations occur in 87% of GBMs [49] and hinder cellular
responses to DNA damage in p53-mut cells. The idea that
GBM cells themselves create a supportive microenvironment,
their p53 status influencing this crosstalk to promote tumor
progression, has been proposed before [50]. Indeed, p53 loss
within tumor microenvironments has been associated with
increased metastasis and poor prognosis [51]. Previously,
GBM cell conditioned media was shown to decrease p53
levels in astrocytes, which in turn modulated ECM composi-
tion to favor tumor malignancy [50]. Here, we show that this
effect is moderated by GBM-EVs. Moreover, a concomitant
increase in the transcription of proto-oncogenic MYC and
related signaling molecules was observed in GBM-EV stimu-
lated astrocytes. MYC is an important regulator of stem cells
[52], including the maintenance of GSCs [53], and is
overexpressed in GBM [54]. MYC is documented to play a
role in tumor initiation, its expression linked with increased
genomic instability [55]. Of particular interest, the transduc-
tion of MYC (T58A) along with a dominant negative form of
p53 (p5S3DD), Oct-4, and H-ras induced efficient transforma-
tion of primary human astrocytes into malignant cells with
potent tumor-initiating capabilities including unlimited self-
renewal ability and resistance to the GBM front-line chemo-
therapeutic, temozolomide [56]. Taken together, our findings
support the notion that GBM-EVs precipitate astrocyte chang-
es to promote the invasion and expansion of GBM tumors
in vivo. p53 and MYC have multiple isoforms, including
those that are the result of phosphorylation events. GBM-EV
induced changes in p53 and MYC phospho-forms might un-
derpin the functional and molecular changes observed in as-
trocytes here; thus, their study is an important next step to
elucidate this mechanism further.

GBM-EV Induced Changes in p53 Isoforms Suggest
That Astrocytes Acquire a Senescence-Associated
Secretory Phenotype

Truncated p53 isoforms, A133p53 and p53(3, were determined
to regulate the neuroprotective and neurotoxic functions of astro-
cytes [57]. We performed additional qPCR experiments and ob-
served significantly decreased A133p53 and increased p533
transcripts in astrocytes exposed to GBM-EVs relative to untreat-
ed astrocytes (Table 3). In passage 5 astrocytes, decreased
A133p53 and increased p533 have been attributed to the acqui-
sition of a senescence-associated secretory phenotype (SASP)
[57]. SASP cells exert their influence on tissue microenviron-
ments through the secretion of pro-inflammatory molecules
(e.g., IL-6), extracellular proteases, and ECM components (e.g.,
FN1) [58]. Interestingly, the overrepresentation of pro-
inflammatory cytokines and chemokines (including IL-6) and
proteases were identified in the secretome of astrocytes exposed
to GBM-EVs [40]. SASP was also shown to be regulated by the
mTOR pathway [59], a key canonical pathway significantly as-
sociated with GBM-EV stimulated astrocyte proteome changes
identified here (Fig. 3a). Induction of the SASP has direct im-
pacts on the microenvironment, stimulating cell motility and
transformation of neighboring cells, promoting tumor progres-
sion and the destruction of the ECM [58, 60]. GBM-EVs may,
therefore, stimulate normal astrocytes to shift to a SASP to pro-
mote a favorable microenvironment for GBM growth and
invasion.

Other Interesting Astrocyte Changes Induced
by GBM-EVs

A loss of astrocyte full-length p53 and SASP induction were
previously shown to increase levels of ECM protein, FN1 [50,
58]. All GBM-stem EVs and JK2-djff EVs stimulated significant

Table 2  qPCR analysis of predicted (IPA) and observed (MS/MS) changes in GBM-EV stimulated astrocytes. Significant p-values (p<0.05) in bold
IPA MS/ JK2-stem WKI1-stem RN1-stem JK2-diff WKI1-diff RN1-diff
MS

Fold p-val  Fold p-val  Fold p-val  Fold p-val  Fold p-val  Fold p-val
MYC T 3.11 0.001 3.68  0.003 2.69  0.010 293  0.008 330  0.000 298  0.001
NFE2L2 7 245  0.048 2.05  0.001 1.24  0.005 1.39  0.001 2.19 0016 —-1.09 0.391
FN1 1 2.14  0.001 238  0.021 221 0.009 2.59  0.003 2.04  0.069 1.33  0.158
TGFB1 1 127 0.162 226  0.001 1.24  0.142 1.37  0.104 1.91  0.003 1.50  0.036
EGFR 1 1.62  0.017 1.25  0.126 1.39  0.027 1.86  0.067 1.94  0.005 094  0.736
TP53 ! -196 0.000 -198 0.000 -163 0.001 -153 0002 -126 0.103 -1.77 0.000
SURF4 1 -233 0.000 -191 0.000 -166 0.000 -244 0000 -—153 0.027 -1.67 0.000
PARK7 ! -222 0.001 -120 0.042 -132 0.074 -249 0001 -129 0.015 -1.09 0333
LMAN1 ! =172 0.000 -141 0005 -15 0.001 -135 0001 -122 0.002 -1.16 0.097
SLC3A2 l -1.60 0.003 —-284 0.000 -2.78 0.000 —1.14 0.022 1.14 0.016 -—1.17 0.191
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Table 3  gPCR analysis of p53 isoform changes in GBM-EV stimulated astrocytes. Significant p-values (p<0.05) in bold

JK2-stem WK1-stem RN1-stem JK2-diff WKI1-diff RN1-diff

Fold p-val Fold p-val Fold p-val Fold p-val Fold p-val Fold p-val
A133p53 —2.88 0.000 -1.71 0.052 —2.64 0.004 -191 0.013 -1.16 0.647 -2.37 0.013
p53p 1.54 0.011 3.38 0.000 3.15 0.000 2.83 0.002 6.93 0.000 6.37 0.002

increases in astrocyte FN1 RNA compared to untreated astro-
cytes (Table 2). FN1 accumulates around the neovasculature [61]
and into the ECM, surrounding cancer cells [62, 63], supporting
tumor growth, mediating GBM cell motility, and promoting in-
vasion [50, 62, 64, 65]. Interestingly, the FN1 receptor is the
integrin «531 heterodimer; increased levels of integrin «5 and
31 were measured in more invasive GBM cells [24, 27]. Our
observations here provide further indication that disrupting
FNI1-a531 binding might be beneficial to GBM patients [66].

Another interesting protein change identified in astrocytes
and confirmed by qPCR is protein DJ-1 (PARK7; lower pro-
tein levels in astrocytes stimulated with EVs from JK2 cells,
reduced RNA expression after exposure to JK2 and WK1
EVs). PARKY7 is highly expressed by reactive astrocytes and
regulates astrocyte inflammatory responses and lipid raft-
dependent endocytosis [67]. PARK?7 is a stress sensor and
PARKY7 silencing impairs mitochondrial function in astrocytes
[68]. Of particular relevance here, PARK7 has been linked to
p53 and EGFR pathways in GBM, as well as GBM genesis
[69]. GBM EV-induced PARK?7 depletion might contribute to
astrocyte changes observed here.

When astrocytes become reactive, vesicle delivery is af-
fected as a consequence of their morphological and biochem-
ical reprogramming [70]. Expression of LMANT or endoplas-
mic reticulum (ER) golgi intermediate compartment protein-
53 (ERGIC-53) and surfeit locus protein 4 (SURF4) were both
disrupted in GBM-EV exposed astrocytes (see Tables 1, 2, and
3). LMANI1 and SURF4 form multiprotein complexes to
maintain the architecture of the ER-golgi intermediate com-
partment (ERGIC) that trafficks newly synthesized proteins
between the ER and golgi [71]. Inactivating LMAN1 muta-
tions are a common and early event in tumorigenesis [72]. A
lack of functional LMANI1 leads to a selective defect in gly-
coprotein secretion [73] and has been linked to impaired se-
cretions of anti-angiogenic and growth-inhibiting proteins
[72]. Changes to LMANI and SURF4 would have a dramatic
impact on secretome profiles, particularly of astrocytes, which
are responsible for the secretion of diverse neuroactive sub-
stances that contribute to all aspects CNS function and homeo-
stasis [70]. Comprehensive profiling studies of astrocyte
secretomes and changes in ERGIC binding and cargo proteins
will determine the impact of GBM-EVs on astrocyte secretory
pathways, their possible role in the induction of the SASP, and
how this influences the GBM microenvironment.
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We also observed significant reductions in SLC3A2 RNA
in astrocytes stimulated by all GBM-stem and majority of
GBM-diff EVs and decreased protein levels following expo-
sure to WK1-stem, JK2-stem, and JK2-diff EVs compared to
untreated astrocytes (Tables 1 and 2). SLC3A2 was detected
in GBM-EVs [27] and expression is associated with GBM
progression and poor prognosis [74]. The LAT/SLC3A2 com-
plex functions as an amino acid transporter that is proposed to
participate in selective transport at the BBB [75]. Reduced
SLC3A2 could mean an imbalance in GBM-associated astro-
cyte nutrient cycling, and perhaps presents a strategy to in-
crease extracellular nutrient availability for GBM cells.

Astrocyte Changes Relating to GBM “Stemness”

The observed GBM stem- and diff-EV induced astrocyte pro-
teome changes and ensuing bioinformatics analyses do not
sufficiently explain the significantly higher podosome
forming effects of JK2 and WK1-stem EVs; there was limited
overlap between astrocyte protein changes induced by GBM-
stem EVs relative to GBM-diff EVs (Supplementary Table 5).
Bioinformatics showed significant associations to the same
canonical pathways as above (Fig. 3), i.e., EIF2 signaling,
mTOR signaling, and regulation of elF4 and p70S6K signal-
ing. Significant upstream regulators were also very similar and
included MYC, MYCN, RICTOR, KRAS, TP53, CDK4/6,
NFE2L2, and TGFf1. However, significant associations to
IL-3, IL-5, IL-15, CD3, CD38, and TCR were also inferred
based on changes induced by stem-EVs relative to progeny
diff-*EVs (Supplementary Table 7). This strongly implicates a
modulation of T lymphocyte chemotaxis and signaling by EV-
induced astrocyte changes related to GBM stemness.
Interestingly, increased IL-3 and IL-15 levels were secreted
by astrocytes after stimulation with GBM stem-like EVs [40].
It is feasible that GBM-EVs also impact astrocyte-lymphocyte
communication, the full extent of which should be further
explored and considered for T cell-centered cancer
immunotherapy.

Summary

The mechanisms by which GBM cells invade adjacent normal
brain tissue are not fully understood, however, the
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microenvironment is emerging as an important consideration
for tumor growth and invasion. A pro-invasive tumor micro-
environment consisting of proteases, ECM remodeling pro-
teins, growth factors, and their receptors impacts both the
tumor and surrounding cells. The release of EVs represents a
mechanism by which tumor cells can secrete molecular infor-
mation, including proteins, for local and distant intercellular
communication. Astrocytes internalize GBM-derived EVs
and this enhanced podosome formation and gelatin matrix
degradation. Increased podosome formation by astrocytes
may aid the remodeling of the ECM and breakdown of the
BBB, assisting GBM cell invasion. Comprehensive proteo-
mics, bioinformatics, and targeted RNA assays show disrup-
tion in signaling pathways related to protein translation con-
trol and tumorigenesis, among others, with central control
stemming from significantly increased MYC and decreased
TP53 in GBM-EV stimulated astrocytes. Moreover, changes
in astrocyte p53 isoforms, i.e., decreased A133p53 and in-
creased p53 0, implicate an induction of a SASP consequent
to GBM-EV exposure. Taken together, work presented here
indicates that GBM-EVs precipitate astrocyte transformation
to support the invasion and expansion of GBM tumors in vivo.
Unraveling the biology of EV uptake might provide important
therapeutic options that impede the transfer of oncogenic ma-
terial to non-neoplastic cells and reclaim control of the tumor
microenvironment from GBM cells.
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