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Abstract
Purpose The therapeutic efficacy of radiotherapy/temozolomide treatment for glioblastoma (GBM) is limited by the aug-
mented invasiveness mediated by invadopodia activity of surviving GBM cells. As yet, however the underlying mechanisms 
remain poorly understood. Due to their ability to transport oncogenic material between cells, small extracellular vesicles 
(sEVs) have emerged as key mediators of tumour progression. We hypothesize that the sustained growth and invasion of 
cancer cells depends on bidirectional sEV-mediated cell–cell communication.
Methods Invadopodia assays and zymography gels were used to examine the invadopodia activity capacity of GBM cells. 
Differential ultracentrifugation was utilized to isolate sEVs from conditioned medium and proteomic analyses were con-
ducted on both GBM cell lines and their sEVs to determine the cargo present within the sEVs. In addition, the impact of 
radiotherapy and temozolomide treatment of GBM cells was studied.
Results We found that GBM cells form active invadopodia and secrete sEVs containing the matrix metalloproteinase MMP-
2. Subsequent proteomic studies revealed the presence of an invadopodia-related protein sEV cargo and that sEVs from 
highly invadopodia active GBM cells (LN229) increase invadopodia activity in sEV recipient GBM cells. We also found that 
GBM cells displayed increases in invadopodia activity and sEV secretion post radiation/temozolomide treatment. Together, 
these data reveal a relationship between invadopodia and sEV composition/secretion/uptake in promoting the invasiveness 
of GBM cells.
Conclusions Our data indicate that sEVs secreted by GBM cells can facilitate tumour invasion by promoting invadopodia 
activity in recipient cells, which may be enhanced by treatment with radio-chemotherapy. The transfer of pro-invasive cargos 
may yield important insights into the functional capacity of sEVs in invadopodia.
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Abbreviations
DAPI  4′,6-Diamidino-2-phenylindole
DE  Differentially expressed
DMA  Dimethyl amiloride
DTT  Dithiothreitol
DNA  Deoxyribonucleic acid
ECM  Extracellular matrix
EVs  Extracellular vesicles
FBS  Fetal bovine serum
FC  Fold change
FDA  Food and Drug Administration
FDR  False discovery rate
FITC  Fluorescein isothiocyanate
h  Hour
HRP  Horseradish peroxidase
GBM  Glioblastoma multiforme
Gy  Gray
LFQ  Label free quantitation
μM  Micromolar
min  Minute
miRNA  MicroRNA
MMP  Matrix metalloproteinases
mRNA  Messenger RNA
msec  Millisecond
MT1-MMP  Matrix metalloproteinase-14
MS/MS  Tandem mass spectrometry
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide
nm  Nanometre
NTA  Nanoparticle Tracking Analysis
PBS  Phosphate buffered saline
ppm  Part per million
RNA  Ribonucleic acid
RT  Radiotherapy
SD  Standard deviation
SDS  Sodium dodecyl sulfate
sEV  Small extracellular vesicle
TBST  Tris-buffered saline with 0.1% Tween 20 

detergent
TCGA   The Cancer Genome Atlas
TEAB  Triethylammonium bicarbonate
TMZ  Temozolomide
TFA  Trifluoroacetic acid
VT  Vinorelbine tartrate
v/v  Volume per volume

1 Introduction

Glioblastoma (GBM) is the most common and aggressive 
primary brain tumour in adults, d is highly infiltrative and 
uniformly lethal [1]. Despite aggressive therapeutic interven-
tion with surgery, radiotherapy (RT) and chemotherapy with 

oral temozolomide (TMZ), the prognosis for GBM patients 
remains dismal due the inevitability of tumour recurrence 
[2, 3]. Emerging evidence suggests that radio- and chemo-
therapeutic stress can reprogram tumour cells, endowing 
them with the ability to generate more invasive recurrent 
tumours [4]. While tumour recurrence occurs because of the 
presence of GBM cells that survive treatment, several stud-
ies have indicated that the efficacy of RT/TMZ treatment in 
GBM is further compromised by the surviving tumour cells 
that exhibit enhanced invasive capabilities compared to the 
untreated cells, resulting in tumour recurrence away from the 
original site of tumour debulking [5–9]. Although inhibition 
of the enhanced invasiveness of surviving GBM cells may 
improve patient outcome, the mechanisms utilised by inva-
sive GBM cells following treatment are not well understood.

To facilitate invasion, tumour cells form actin-rich mem-
brane protrusions known as invadopodia, which utilize 
transmembrane proteases, such as MT1-MMP, and secreted 
proteases, such as MMP-2, to degrade the surrounding 
extracellular matrix (ECM) [10]. In addition to remodelling 
the ECM, this proteolytic activity results in the cleavage of 
non-matrix targets including latent cytokines or integrins, 
which may also enhance tumour growth via the activation 
of pro-invasive signalling pathways. As GBM cells can 
form matrix degrading invadopodia [11–13], the enhanced 
invasive phenotype of GBM cells following RT/TMZ treat-
ment may be mediated via invadopodia. Previously, we have 
shown that invadopodia activity is enhanced in GBM cells 
that survive RT/TMZ treatment, but the underlying mecha-
nisms remained unclear [12, 14].

Additionally, tumour growth and invasion may be medi-
ated through intercellular paracrine signalling by extracel-
lular vesicles (EVs) [15]. EVs are small membrane-enclosed 
particles that are secreted to mediate the transfer of DNA, 
RNA, proteins and lipids between cells [15]. Recent studies 
have highlighted a crucial role for a major subset of EVs 
called small EVs (sEVs; 30–200 nm in diameter) in GBM 
through their ability to transfer oncogenic molecular cargo 
to modulate the composition and function of target cells 
[16–19]. But, as yet, the full extent by which GBM-derived 
sEVs can drive GBM cell invasion or growth in response to 
therapy has not been fully elucidated.

In this study, we report a paracrine signalling loop 
whereby GBM cell-derived sEVs carrying invadopodia-
associated proteins can functionally induce invadopodia in 
recipient GBM cells. Using clinically relevant doses of RT 
and TMZ, we show that RT/TMZ treatment of GBM cells 
leads to enhanced sEV secretion, augmented invadopodia 
formation and FITC-gelatin degrading activity, and results 
in an altered proteomic landscape that supports a pro-inv-
adopodia and invasive phenotype. Our findings may have 
important implications in understanding oncogenic sEVs in 
promoting cell invasiveness and invadopodia.
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2  Materials and methods

2.1  Cell lines and culture conditions

Human GBM cell lines U87MG and LN229 were obtained 
from the ATCC Biological Material Repository. Primary 
GBM cell lines MU4 and MU41 were generated from GBM 
patient biopsy specimens acquired during surgery performed 
at The Royal Melbourne Hospital (Human Research Ethics 
Committee Approval Number: HREC 2009.016 – informed 
consent was provided by the patients). The cells were cul-
tured in DMEM supplemented with 10% heat inactivated 
FBS, penicillin (100 U/ml), and streptomycin (10 μg/ml). 
All cell lines were mycoplasma free and were maintained 
in a humidified atmosphere of 5%  CO2 at 37 °C and utilized 
within the first 20 cell passages.

2.2  Antibodies and reagents

Monoclonal anti-Alix (ab117600) and anti-Calnexin 
(ab22595) antibodies were purchased from Abcam, whilst 
polyclonal anti-β-tubulin (#2146) was purchased from Cell 
Signalling Technologies. Secondary antibodies (rabbit- 
and mouse- anti-goat IgG HRP conjugate #170–6515 and 
#170–6516) were purchased from Bio-Rad. Rhodamine-con-
jugated phalloidin (PHDR1) was purchased from Cytoskel-
eton and DAPI (D9542) was purchased from Sigma-Aldrich. 
DMEM, OptiMEM and fetal bovine serum (FBS) were pur-
chased from Thermofisher Scientific. Vinorelbine tartrate 
(#S4269) was purchased from Selleckchem.

2.3  Gelatinase zymography

GBM cells were seeded at 2 ×  105 cells per well in 6-well 
plates and incubated in serum-free OptiMEM for 24 h in 
a humidified atmosphere of 5%  CO2 at 37 °C prior to har-
vesting conditioned media. Cells were lysed (50 mM Tris 
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 
2 mM  MgCl2, 1 mM  Na3VO4 and protease inhibitor cocktail 
(Roche)) and cleared by centrifuging at 13,000xg at 4 °C, 
after which protein concentrations were determined using a 
BCA protein assay (Thermofisher Scientific). Conditioned 
serum-free OptiMEM medium aliquots (100 μl) were cen-
trifuged at 1000xg (4 °C) for 10 min to remove cell debris 
and separated by gel electrophoresis (Novex 10% Zymo-
gram Plus) (Thermofisher Scientific). Sample loading of the 
conditioned media was normalised relative to the protein 
concentration of the corresponding cell lysates. Follow-
ing electrophoresis, gels were incubated in Novex Zymo-
gram renaturing and developing buffers as per manufac-
turer’s instructions (Thermofisher Scientific), before a final 

overnight incubation in developing buffer at 37 °C. Gels 
were then stained with SimplyBlue® (Thermofisher Sci-
entific) for the detection of clear gelatinolytic bands. Band 
intensities were quantitated using ImageJ (Version 1.53a).

2.4  Invadopodia‑mediated FITC‑gelatin 
degradation assay

Autoclaved coverslips were coated in fluorescein isothiocy-
anate (FITC)-conjugated gelatin, as described before [20], 
and incubated for 2 h at 37 °C in serum-free DMEM. Cells 
were seeded onto the coated coverslips in DMEM supple-
mented with 5% FBS and incubated overnight at 37 °C (5% 
 CO2). Cells were then washed and fixed in 4% paraformal-
dehyde in PBS, permeabilized (0.2% Triton-X-100 in PBS) 
and stained with PHDR1 (1:75) to visualize actin puncta 
identifying the invadopodium core, followed by nuclear 
staining using DAPI (5 μg/ml). Coverslips were mounted 
on microscope slides with Vectashield Antifade mounting 
medium and images were acquired with a Nikon A1 + Confo-
cal microscope system (405, 488 and 532 nm lasers) utilizing 
a Plan Apo VC 60 × Oil DIC N2 immersion objective at a 
resolution of 1024 × 1024  pixels2 and a 1 × zoom factor. The 
area of FITC-gelatin degradation was normalized relative to 
the number of cells (DAPI positive nuclei) present within the 
image using ImageJ (Version 1.53a). A customised script for 
ImageJ (Version 1.53a) was used to determine the total num-
ber actin puncta per image and the puncta which overlapped 
with areas of degraded FITC-gelatin within cells to quantify 
both invadopodia formation and activity.

2.5  Differential ultracentrifugation isolation of sEVs

sEVs were isolated as described before [21]. Cells were 
grown in culture media until ~ 60% confluency (1 ×  107 
cells per 15 cm dish), washed with sterile PBS and incu-
bated for 24 h in serum-free OptiMEM. The conditioned 
media were then collected and clarified to remove detached 
cells (300xg, 10 min) followed by the removal of cell debris 
(2000xg, 15 min), using a benchtop centrifuge at 4 °C. The 
supernatants were then transferred to ultra-clear SW40Ti 
tubes (Beckman Coulter) and ultracentrifuged at 10,000xg 
for 30 min at 4 °C using a SW40Ti rotor (Beckman Coulter) 
to pellet large EVs/shed microvesicles. The supernatant was 
then ultracentrifuged at 100,000xg for 1 h at 4 °C to pellet 
sEVs, which were subsequently washed in sterile filtered 
PBS and subjected to an additional ultracentrifugation step 
at 100,000xg for 1 h at 4 °C (SW40Ti rotor, Beckman Coul-
ter). The resulting sEV pellets were resuspended in 50 μl 
of filtered PBS, aliquoted and characterized according to 
the guidelines by the International Society for Extracellular 
Vesicles [22]. sEV aliquots were either used fresh or stored 
at -80 °C. For experiments comparing cell and sEV lysates, 
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sEVs were lysed in an equal volume of lysis buffer, whilst 
2 ×  106 cells were harvested at the time of sEV isolation and 
lysed in 100 µl lysis buffer (50 mM Tris (pH 7.4), 150 mM 
NaCl, 1% Triton X-100, 50 mM NaF, 2 mM  MgCl2, 1 mM 
 Na3VO4 and protease inhibitor cocktail (Roche). Protein 
quantitation was then performed using a Pierce ™ BCA 
Protein Assay Kit according to the manufacturer’s protocol.

2.6  Characterization of sEVs

2.6.1  Single nanoparticle analysis

The size distribution and particle concentration of sEVs 
were determined using nanoparticle tracking analysis (NTA) 
(NanoSight NS300, Malvern), as described before [23]. The 
particle concentration was normalised against the corre-
sponding cell count for each sample.

2.6.2  Cryo‑electron microscopy

Size distribution and morphology assessment of sEVs using 
cryo-electron microscopy (CryoEM) was performed as 
described before [24]. Briefly, a 3 μl aliquot of the 50 µl sEV 
preparation from each GBM cell line (prepared fresh on the 
day of analysis) was applied to holey carbon grids (ProSc-
iTech), and excess liquid was removed before the grids were 
plunge-frozen in liquid ethane. The grids were then mounted 
in a Gatan cryoholder (Gatan) which was pre-cooled in liq-
uid nitrogen. Images were acquired at 200 kV using a Tecnai 
F30 (FEI) Transmission Electron Microscope. N = 2.

2.6.3  Western blot analysis

20 μg of GBM cell or sEV lysates were resolved by SDS-
PAGE using NuPage 4–12% Bis–Tris precast gels (Invit-
rogen) and transferred onto nitrocellulose membranes (GE 
Healthcare). The membranes were blocked with 3% bovine 
serum albumin in 1% TBST for 1 h prior to an overnight 
incubation at 4 °C with primary antibodies (including EV 
marker ALIX/non-EV marker calnexin, diluted at 1:1000). 
The membranes were subsequently incubated with the 
appropriate secondary antibodies (diluted at 1:10,000) and 
developed using enhanced chemiluminescence reagent (GE 
Healthcare).

2.7  Sample preparation and proteomic profiling 
of the GBM cell and sEV proteome

Quantitative data-dependent acquisition mass spectrometry 
of the LN229, MU4 and MU41 GBM cell lines and sEVs 
was performed as previously described [24], n = 2. Sam-
ples were solubilised in sodium dodecyl sulphate (SDS) 1% 
(v/v), 50 mM triethylammonium bicarbonate (TEAB), pH 

8.0, centrifuged at 16,000xg for 20 min at 4 °C and quanti-
fied by microBCA (Life Technologies). For mass spectrom-
etry-based proteomics, samples (5 µg) were normalized 
and reduced with 10 mM dithiothreitol (DTT) for 45 min 
at 50 °C followed by alkylation with 20 mM iodoacetamide 
for 30 min at 25 °C in the dark. The reaction was quenched 
to a final concentration of 20 mM DTT. Lysates were pre-
cipitated with six volumes of acetone overnight at -20 °C. 
Protein pellets were centrifuged at 16,000xg, 10 min at 4 °C 
and resuspended in 50 mM TEAB, pH 8.0. Samples were 
digested with trypsin (Promega, V5111) at a 1:50 enzyme-
to-substrate ratio for 16 h at 37 °C. The peptide mixture 
was acidified to a final concentration of 2% formic acid 
and centrifuged at 16,000xg for 5 min, frozen at -20 °C 
for 30 min, and dried by vacuum centrifugation. Peptides 
were resuspended in 0.07% trifluoroacetic acid (TFA) TFA 
in MS-grade water. The peptide solutions were acidified to 
a final concentration of 1% formic acid (FA) and 0.1% tri-
flouroacetic acid (TFA) and desalted with a µC18 Sep-Pak 
column/plate (Waters). Each Sep-Pak column was activated 
with 100 µl methanol, washed with 30 µl 80% acetonitrile, 
and equilibrated with 3 × 30 µl 0.1% TFA. Samples were 
loaded and each column was washed with 2 × 20 µl 0.1% 
TFA. Elution was performed with two rounds of 20 μl 50% 
acetonitrile. Samples were lyophilised (SpeedVac; Savant, 
ThermoFisher Scientific), acidified with 0.1% FA, 2% ACN, 
and quantified by Fluorometric Peptide Assay (Thermofisher 
Scientific, 23,290) as per the manufacturer’s instructions, 
and normalized to 1 µg per 3 µl.

Peptides were analysed on a Dionex UltiMate NCS-
3500RS nanoUHPLC coupled to a Q-Exactive HF-X hybrid 
quadrupole-Orbitrap mass spectrometer equipped with a 
nanospray ion source in positive mode [25, 26]. Peptides 
were loaded (Acclaim PepMap100 C18 3 μm beads with 
100 Å pore-size, Thermofisher Scientific) and separated 
(1.9 µm particle size C18, 0.075 × 150 mm, Nikkyo Technos 
Co. Ltd) with a gradient of 2–28% acetonitrile containing 
0.1% formic acid over 45 min followed by 28–80% from 
45–47 min for total runtime of 56 min at 300 nl min-1 at 
55 °C (butterfly portfolio heater, Phoenix S&T). An MS1 
scan was acquired from 300–1,650 m/z (60,000 resolution, 
3 ×  106 automatic gain control (AGC), 128 ms injection 
time) followed by MS/MS data-dependent acquisition (top 
30) with collision-induced dissociation and detection in the 
ion trap (15,000 resolution, 1 ×  105 AGC, 25 ms injection 
time, 28.5% normalized collision energy, 1.3 m/z quadru-
pole isolation width). Unassigned precursor ions charge 
states and slightly charged species were rejected and peptide 
match disabled. Selected sequenced ions were dynamically 
excluded for 30 s. Data were acquired using Xcalibur soft-
ware v4.0 (Thermofisher Scientific). A list of samples and 
RAW data is available in ProteomeXchange Consortium via 
the PRIDE partner repository; #PXD031077.

912 C. A. Whitehead et al.
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2.8  Data processing and bioinformatics pipeline

Peptide identification and quantification were performed 
using MaxQuant (v1.6.6.0) with its built-in search engine 
Andromeda [27]. Tandem mass spectra were searched 
against the Homo sapiens (human) reference proteome 
(74,788 entries, downloaded 11–2019) supplemented with 
common contaminants. Search parameters included carba-
midomethylated cysteine as fixed modification and oxidation 
of methionine and N-terminal protein acetylation as variable 
modifications. Data were processed using trypsin/P as the 
proteolytic enzyme with up to two missed cleavage sites 
allowed. Precursor mass tolerance was 20 ppm; product ions 
were searched at 0.15 Da tolerances; and minimum peptide 
length was defined at 6, maximum peptide length at 144, 
and max delta CN at 0.05, with a 1% false discovery rate on 
protein and peptide spectrum match (PSM) level employ-
ing a target-decoy approach [28]. ‘Match between run algo-
rithm’ was performed and label free quantification (LFQ) 
algorithm in MaxQuant (maxLFQ; matching time window 
0.7, ion mobility window 0.05, alignment time 20 min) to 
obtain quantification intensity values. Perseus was used to 
quantify proteins whose expression was identified in at least 
50% in at least one group [29]. LFQ intensities were log2 
transformed after removing contaminants and reverse iden-
tifications. Proteins were subjected to a two-tail student’s 
t-test with p value adjusted at 5% permutation-based [30].

2.9  Functional enrichment and gene ontology 
analysis

Functional enrichment analysis of over-represented networks 
and gene ontology (GO) terms were performed using Fun-
Rich (v 3.1.3) [31]. P values were calculated by a two-sided 
hypergeometric test, in addition to Bonferroni and Benja-
mini–Hochberg (also known as false discovery rate ‘FDR’) 
corrections for multiple testing.

2.10  Correlation of GBM cell and sEV proteomes 
with GBM patient survival

GBM patient tumour gene expression and associated sur-
vival data from The Cancer Genome Atlas (TCGA) were 
examined using the Glioblastoma Bio Discovery Por-
tal (http:// gbm- biodp. nci. nih. gov) [32], which integrates 
GBM patient survival data with mRNA expression datasets 
(Affymetrix HGU133A, Agilent G4502A, HuEx-1_0-st-v2, 
3-Platform Aggregates). A Cox proportional hazards model 
was constructed based on a prognostic index generated from 
the combined expression levels of the interrogated genes and 
data were stratified according to the lowest quartile (QT) 

(blue – lowest expression) versus the highest quartile (QT) 
(red – highest expression). P values below p = 0.01 are listed 
as ‘p-val = 0’.

2.11  Ivy glioblastoma anatomic transcriptional 
atlas analysis of GBM cell lines and sEV 
proteomes

The spatial gene expression profile in GBM cells and sEVs 
(Figs. 1, 2) of the invadopodia related proteins identified in 
their proteomes (Fig. 3) was examined using the Ivy GAP 
Glioblastoma Atlas [33]. An overview of the normalized 
gene expression z-score for each corresponding invadopodia 
related gene in GBM biopsies sampled from histologically 
distinct anatomic features designated as ‘Leading Edge’ and 
‘Infiltrating Tumour’ is displayed in a heatmap. In addition, 
the spatial gene expression profile for the top 25 upregulated 
proteins identified in the GBM cell line proteome after RT/
TMZ treatment was examined.

2.12  Lipophilic dye labelling of sEVs and uptake 
assay

sEVs (500 μg/ml in PBS) from LN229 cells were labelled 
with 1 μM DiI (Invitrogen) and excess unbound dye removed 
by washing the labelled sEV pellet with sterile PBS via 
ultracentrifugation at 100,000xg (2 × 90 min). Control DiI 
samples were prepared in the absence of a sEV pellet to 
demonstrate non-aggregate dye formation. MU4 cells were 
incubated with 5 μg/ml of labelled sEVs, or an equivalent 
volume of control, for 4 h in serum-free OptiMEM (Ther-
mofisher Scientific). Cells were washed with sterile PBS and 
fixed with 4% paraformaldehyde. Cell nuclei were stained 
with Hoechst (1:3000) for 10 min and images were acquired 
with a Leica Sp8 Lightning confocal microscope and ana-
lysed using ImageJ (Version 1.53a). N = 2.

2.13  miRNA expression profiling

miRNA expression analysis was performed using a 
Nanostring nCounter Human V3 miRNA Array (Nanostring 
Technologies®). Briefly, MU4 GBM cells were incubated 
with LN229 cell-derived sEVs (25 μg/ml protein concen-
tration) for 24 h (a corresponding MU4 GBM cell control 
was also prepared in the absence of LN229 sEVs). Cells 
were then washed with sterile PBS and incubated in serum-
free OptiMEM (Thermofisher Scientific) for an additional 
24 h. RNA was extracted using a RNeasy plus mini kit (Qia-
gen) according to the manufacturer’s protocol and 100 ng 
RNA was prepared for nCounter miRNA expression pro-
filing according to the manufacturer’s recommendations 
(Nanostring Technologies®). The miRNA arrays were pro-
cessed in an nCounter FLEX analysis system to generate 

913Small extracellular vesicles promote invadopodia activity in glioblastoma cells in a…

http://gbm-biodp.nci.nih.gov


1 3

Fig. 1  Glioblastoma cells form FITC-gelatin degrading invadopodia 
and secrete small extracellular vesicles. (A) U87MG, LN229, MU4 
and MU41 GBM cells were cultured on FITC-gelatin (green) coated 
coverslips for 24  h, fixed and stained for phalloidin (orange) and 
DAPI (blue). Scale bar, 33  μm. (B) Quantification of FITC-gelatin 
degradation and (C) invadopodia (as rhodamine phalloidin stained 
actin puncta) normalized to the number of cells present in each image 
as determined by the number of nuclei (DAPI). (D) MMP-2 is the 
only detectable secreted protease from GBM cells using gelatin-based 
zymography (representative image from n = 3 experiments). (E) Nan-
oparticle Tracking Analysis (NTA) of sEVs isolated from GBM cells 
indicating the median particle size and average concentration of sEVs 

normalized to 1 ×  105 donor cells. (F) NTA profiles of conditioned 
medium from GBM cells. The vesicles isolated from the medium 
are predominantly sEVs (< 200 nm) with minimal presence of larger 
sized vesicles. (G) Cryogenic electron microscopy images confirm-
ing the morphology of sEVs and their size range observed with NTA. 
Scale bar, 200  nm, n = 2. (H) Western blot analysis of cell (C) and 
sEV (E) lysates indicating an enrichment of the EV marker ALIX 
and a low expression of the ER marker Calnexin in sEVs relative to 
each donor cell. (I) Gelatin-based zymographic analysis indicating 
the presence of MMP-2 in sEVs of all cell models. Loading volumes 
were normalized to particle count as determined by NTA (representa-
tive image from n = 3 experiments)

914 C. A. Whitehead et al.
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RCC data files required for downstream analysis. Sample 
inputs were normalised to internal probes for housekeeping 
genes, as well as positive and negative controls, and analysed 
using the nSolver v 4.0 software platform. Only miRNAs 
above a normalized detection threshold of 100 transcript 
counts were included in the subsequent analyses. N = 1.

2.14  RT/TMZ treatment

GBM cells (seeded 24 h prior at either 1 ×  104 cells per well 
in 96-well plates, or 2 ×  105 cells per well in 6-well plates) 

were treated with 2 Gy irradiation and incubated for 4 h 
(37 °C). Cells were then treated with 50 µM TMZ in serum-
free OptiMEM for a further 24 h prior to the inclusion in 
functional assays, as performed previously [14].

2.15  Cell viability assay

1 ×  104 GBM cells were seeded per well in 96-well plates 
in triplicate and incubated overnight at 37 °C. The cells 
were subsequently treated with 2 Gy irradiation and 50 µM 
TMZ on one, two or three consecutive days, and further 

Fig. 2  Proteome profiling of 
GBM cell lines and sEVs. (A) 
Venn diagram of total proteins 
detected in the GBM cell line 
(LN229, MU4 and MU41) 
proteomes. 1362 proteins were 
common to all three cell lines. 
(B) Venn diagram of the total 
proteins detected in the GBM 
cell line-derived sEVs. 756 pro-
teins were common to the sEVs 
harvested from the three cell 
lines. (C) Elevated expression 
of exosomal markers CD81, 
CD82, CD63, CD9, PDCD6IP 
(ALIX) and TSG101 in sEVs 
compared to donor GBM 
cells. (D) Number of proteins 
detected in sEVs from GBM 
cells or combined cell-derived 
sEVs from all models that are 
present in the Top 100 common 
EV proteins in Vesiclepedia. 
(E) Venn diagram of the sEV 
‘surfaceome’ upon comparison 
of sEV proteomes with the EV 
surfaceome identified by Rai 
et al. [43]. 244 surface proteins 
were common to sEVs from all 
three cell lines
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incubated for one week before assessing the impact on cell 
viability using a CellTiter 96® Non-Radioactive Cell Prolif-
eration Assay (‘MTT assay’, Promega) as per manufacturer’s 
instructions. Absorbance was measured at 570 nm using a 
Thermo electron Multiskan EX spectrophotometer, to deter-
mine the number of metabolically active cells. N = 3.

2.16  Scratch wound closure migration assay

GBM cells were incubated with LN229-sEVs (25 µg/ml 
protein) in serum-free OptiMEM for 24  h, after which 
mitomycin C (final concentration – 5 μg/ml) was added 2 h 
prior to the introduction of a scratch wound in the confluent 
monolayer using a p1000 pipette tip. Wound closure was 
monitored over 24 h and images acquired using an Olympus 

IX50 microscope (4 × objective) at 0 h, 6 h and 24 h. Images 
were analysed using Image J (Version 1.53a) to define the 
area of wound closure relative to 0 h. N = 3.

2.17  DMA treatment

Cells were treated with varying concentrations (0, 50 µM 
or 100 µM) dimethyl amiloride (DMA) in serum-free Opti-
MEM in triplicate wells of a 6-well plate for 24 h. Con-
ditioned media were then centrifuged (2000xg for 15 min, 
3166xg for 15 min, 10,000xg for 90 min) to remove cell 
debris and subjected to NTA analysis. FITC-gelatin degra-
dation assays were conducted with LN229 GBM cells, as 
these cells have a high basal level of invadopodia-mediated 
degradation activity, and were pre-treated with increasing 

Fig. 3  GBM cell line and sEV proteomes contain invadopodia related 
proteins. (A) Differentially expressed proteins detected in the GBM 
cell proteomes shown as a heatmap. Normalized Z-scores were gener-
ated using the Perseus Bioinformatics Platform and proteins into clus-
ters based on hierarchical clustering. (B) Invadopodia-related proteins 
identified within each of the four coloured clusters that are shown in 
Fig.  3A. (C) Differentially expressed proteins detected in the sEVs 
from each GBM cell line shown as a heatmap based on hierarchical 

clustering. (D) Invadopodia-related proteins identified within each of 
the four clusters. (E) Venn diagram of the invadopodia-related pro-
teins identified as part sEV ‘surfaceome’ upon comparison of sEV 
proteomes with the EV surfaceome identified by Rai et  al. [43]. 12 
invadopodia-related surface proteins were common to sEVs from all 
three cell lines, whilst 4 invadopodia-related surface proteins were 
identified exclusively in sEVs from LN229 and MU41 cells
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concentrations of DMA (0, 25 µM, 50 µM and 100 µM) for 
24 h prior to seeding on FITC-gelatin.

2.18  Vinorelbine tartrate treatment

Cells were treated with 1 µM vinorelbine tartrate (VT) 
in triplicate (either alone or in combination with 2 Gy 
RT/50 µM TMZ). After a 24 h incubation, cells were washed 
with sterile PBS after which the medium was replaced with 
serum-free OptiMEM and incubated for a further 24 h prior 
to NTA analysis to examine the effect on sEV secretion/
particle number.

2.19  3D invasion assay

GBM cells were incubated with LN229-sEVs (25 μg/ml 
protein), RT/TMZ or RT/TMZ + VT as previously men-
tioned and then seeded in 24-well Cultrex BME Cell Inva-
sion plates at 2.5 ×  104 cells/well for a period of 24 h and 
processed as per manufacturer’s instructions to quantify the 
invasive capacity of the cells.

2.20  Statistical analysis

Statistical analyses were performed using an unpaired, 
two-tail Student’s t-test. Datasets were generated using 
the program GraphPad Prism 8 (GraphPad Software, CA, 
U.S.A), and represent mean ± SD. A probability value (p 
value) of less than 0.05 was considered statistically signifi-
cant and indicated using the following asterisks: *p < 0.05, 
**p < 0.01, ***p < 0.001.

3  Results

3.1  GBM cells form functional invadopodia 
and secrete sEVs containing MMP‑2

The ability of GBM cell lines U87MG, LN229, MU4 and 
MU41 to degrade FITC labelled-gelatin relative to cell num-
ber was assessed. We found that LN229 cells exhibited the 
highest gelatin-degrading activity (Fig. 1A, B). The number 
of invadopodia (indicated by rhodamine phalloidin–stained 
actin puncta) formed by each GBM cell line was measured, 
revealing that LN229 cells formed the highest number and 
the most active invadopodia per cell. Whilst MU4 cells 
exhibited a high actin puncta formation, the puncta were 
largely non-degradative (Fig. 1C). Zymographic analysis 
of GBM cell conditioned media revealed that MMP-2 (in 
both inactive (latent) and active forms) was the main pro-
tease secreted by the GBM cell lines, consistent with its 
role in GBM invasion and progression [34] (Fig. 1D), and 
correlated with the differences in FITC-gelatin degradation 

observed for each GBM cell model. No MMP-9 activity 
was detected in the GBM cell line conditioned media. sEVs 
were harvested from GBM cell conditioned serum-free 
media by differential ultracentrifugation and were char-
acterised according to the minimal experimental require-
ments for EVs which include particle diameter, morphology, 
size distribution and EV-marker enrichment, as defined by 
the International Society for Extracellular Vesicles [22]. 
Nanosight Tracking Analysis (NTA) revealed that all 
GBM cells secreted similar quantities of sEVs, primarily 
with diameters < 200 nm (mean U87MG 106 nm, LN229 
109 nm, MU4 102 nm, MU41 136 nm) (Fig. 1E). Repre-
sentative NTA profiles for each GBM cell line are shown in 
Fig. 1F and characteristic vesicular morphologies revealed 
by cryo-EM, confirming a sEV size range of 40–200 nm for 
each GBM cell model are shown in Fig. 1G. Western blot 
analysis showed that sEVs in comparison to donor cells were 
enriched in the canonical EV marker, ESCRT-associated 
protein ALIX, and were absent in the EV-negative control, 
i.e., ER-associated protein Calnexin (Fig. 1H). Zymographic 
analysis of sEVs revealed MMP-2 (Fig. 1I). Relative to the 
other three GBM cell lines, reduced MMP-2 levels were 
present in MU4 derived sEVs, which also correlated with 
the lowest invadopodia-mediated FITC-gelatin degrading 
activity displayed by this GBM cell model.

3.2  Proteomic analysis of GBM cell line derived sEVs 
reveals the presence of invadopodia‑related 
protein cargo

Multiple proteins have been implicated in invadopodia for-
mation and activity in various cancer cell lines. However, 
this has not been extensively studied in GBM cells and their 
secreted EVs. Thus, a comprehensive proteomic analysis of 
GBM cells and their derived sEVs was performed to deter-
mine their proteome landscape and to provide molecular 
insight of their invadopodia. The U87MG GBM cell line has 
been used for many GBM cell-based EV studies, with sev-
eral groups performing proteomic analyses of the U87MG 
sEV cargo [35–39]. LN229 GBM cell line EVs have also 
been included in similar proteomic analyses, but these are 
limited compared to those of the U87MG GBM cell line, 
with a significant proportion only published within the 
last 3 years [40–42]. As such, we focussed our analysis on 
the three other GBM cell lines, which include two patient-
derived cell lines, MU4 and MU41.

A total of 2354 and 2086 proteins were identified in the 
GBM cell and sEV proteomes, respectively (Fig. 2A, B). 
Several proteins that are often utilized as ‘EV markers’ 
were enriched in the sEVs compared to the donor GBM 
cells (Fig. 2C). We also identified abundant EV marker pro-
teins across each GBM cell model and a combination of all 
models in this study. A comparative analysis of the GBM 
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cell models with EV compendium Vesiclepedia, identified 
the cytoskeletal proteins (ACTB, ACTN1, ACTN4, CFL1), 
transmembrane proteins (BSG, ITGB1) and GTPases 

(RAB10, RAB7A, RHOA, RAC1) (Fig. 2D). Additionally, 
244 sEV proteins common to sEVs from all three GBM cell 
lines were identified as surface proteins upon comparison 
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with EV surfaceome recently reported by Rai et al. [43], 
including adhesion-related proteins (ITGA3, ITGA5, 
ITGA6, ITGAV, ITGB1, NPTN), cytoskeletal proteins 
(ACTR2, ACTR3, CFL1) and growth factors (e.g. EGF), 
known to be involved in cancer cell growth and invasion 
(Fig. 2E). As the GBM cell lines exhibited varying levels 
of invadopodia-mediated FITC-gelatin degrading activity, 
we examined their proteomes and identified distinct clusters 
of proteins with differential expression patterns across the 
three GBM cell lines (Fig. 3A) and in their corresponding 
sEV proteomes (Fig. 3C). Further interrogation of these 
clusters revealed that GBM cell lines with high invadopodia 
matrix-degrading activity (LN229 and MU41) had a greater 
abundance of proteins involved in invadopodia maturation 
and proteolytic activity (including BSG, CLIP1, MMP14, 
MMP2, RAB5A) than the low invadopodia activity cell 
line, MU4 (Fig. 3B). Furthermore, these high invadopodia 
activity cell lines secreted sEVs with a greater abundance 
of proteins involved in the regulation of invadopodia forma-
tion (CTTN, CFL1, SRC, ITGA3, ITGB3 – Cluster 2) and 
proteolytic activity (MMP2, MMP14, BSG/CD147 – Cluster 
2) (Fig. 3D).

As the sEV surface proteome (surfaceome) dictates the 
ability of sEVs to interact with their environment, we next 
compared the invadopodia-related proteins identified in 
GBM sEVs to the EV surfaceome (recently reported by Rai 
[43]). A total of 18 invadopodia-related proteins were iden-
tified as sEV surface components, including adhesion mol-
ecules that may interact with receptors on target GBM cells 
(ITGA1, ITGA3, ICAM1) and proteolytic proteins (BSG, 
MMP14) that may activate extracellular MMP-2 to promote 
ECM degradation (Fig. 3E). Additionally, we found that four 

of these sEV surface proteins (CTTN, FSCN1, ICAM1, 
MMP14) were exclusively present in sEVs from high inva-
dopodia activity cells, which have previously been reported 
in sEVs that are preferentially secreted from invadopodia 
in breast cancer cells [44]. This further substantiates a link 
between invadopodia and sEVs and identifies components of 
the sEV surfaceome that may directly interact with recipient 
GBM cells to promote invadopodia activity.

3.3  GBM cells are reprogrammed to promote 
invadopodia following sEV transfer

As invadopodia-related proteins are contained in the sEV 
cargo across distinct cell models, we next determined if the 
transfer of sEV cargo between GBM cells can promote inva-
dopodia formation and activity. Recipient GBM cells were 
incubated with sEVs from the high invadopodia-activity 
donor cell line LN229. DiI-labelled sEVs were utilized to 
confirm interaction with recipient cells (Fig. 4A). Following 
incubation with the LN229-derived sEVs, recipient GBM 
cells exhibited an increase in MMP-2 secretion and activity 
(Fig. 4B), FITC-gelatin degradation (Fig. 4C), and invado-
podia formation and activity (Fig. 4D, E).

Assessment of the impact of sEV cargo transfer at the 
miRNA level in recipient GBM cells using a Nanostring 
nCounter Human V3 miRNA array, revealed a significant 
decrease in the expression of 34 miRNAs in MU4 cells 
incubated with LN229 sEVs (Fig. 4F). By utilizing the 
MirTarBase and miRDB databases, we found that several 
of the miRNA target genes are involved in invadopodia 
formation and activity, including MMP-2, MMP-9, Grb2, 
SH3PXD2A (TkS5), WASL (N-WASp) and Src (Table S1). 
Together, these results indicate that sEVs from donor 
GBM cells with a high invadopodia activity may repro-
gram recipient GBM cells to promote a pro-invadopodia 
phenotype.

3.4  RT/TMZ treatment promotes a pro‑invadopodia 
phenotype in GBM cells

Previous studies have shown that GBM cells which sur-
vive RT/TMZ treatment may exhibit an enhanced invasive 
phenotype [5–9]. Therefore, we next examined whether 
an increase in invadopodia activity contributes to this 
effect. We found that GBM cells treated with RT (2 Gy) 
and TMZ (50 μM), corresponding to the TMZ concen-
tration range (5.15 – 51.5 μM) in the cerebrospinal fluid 
(CSF) of GBM patients [45], displayed an increase in 
MMP-2 secretion (Fig. 5A), invadopodia-mediated FITC-
gelatin degradation (Fig. 5B) and invadopodia formation 
(Fig. 5D).

Examination of differentially expressed (DE) proteins 
in the proteome of GBM cells after RT/TMZ treatment 

Fig. 4  GBM cells are reprogrammed to promote invadopodia follow-
ing sEV transfer. (A) Representative confocal image of MU4 GBM 
cells incubated (4  h) with 5  μg/ml Dil-labelled LN229 sEVs (DiI 
labelled EVs) or equivalent amounts of a DiI background control (DiI 
CTL). Internalized sEVs are visualized as fluorescent red dots. Cell 
nuclei were stained with Hoechst (blue). Scale bar (10 μM) n = 2. (B) 
Zymographic analysis indicating increased MMP-2 secretion from 
GBM cells pre-incubated in serum-free OptiMEM in the absence 
(-sEVs) or presence (+ sEVs) of LN229 sEVs for 24  h. Graphical 
representation of observed changes in (C) FITC-gelatin degradation, 
(D) total actin puncta per cell and (E) active actin puncta per cell in 
the absence (-sEVs) or presence (+ sEVs) of a pre-incubation with 
LN229-cell line derived sEVs. Following pre-incubation with LN229 
sEVs, the culture medium was removed, the cells were washed with 
PBS and cell culture medium (without LN229 sEVs) was added to 
the cells for an additional 24  h to conduct the invadopodia assay. 
(n = 3 experiments; mean ± SD *p < 0.05; **p < 0.01, ***p < 0.001, 
unpaired two-tailed student’s t-test). (F) Quantification of miRNA 
expression utilizing a Nanostring® nCounter Human V3 miRNA 
array examining the impact of LN229 sEVs in recipient MU4 cells. 
miRNAs above a normalized detection threshold of 100 transcript 
counts were included in the analysis with 34 miRNAs demonstrat-
ing a > 1.5-fold decrease. (MU4 cells incubated with LN229 sEVs 
(+ sEVs); MU4 cells incubated without LN229 sEVs (-sEVs)

◂
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revealed an increase in the abundance of 540 proteins and 
a decrease in 401 proteins across all three GBM cell lines. 
To understand the proteome composition that is implicated 
in the enhanced pro-invadopodia phenotype displayed by 
GBM cells following exposure to RT/TMZ treatment, the 
top 25 significantly increased proteins common to all GBM 
cell lines post-treatment were investigated (Fig. 6A). Func-
tional enrichment analysis revealed that these upregulated 
proteins were associated with invadopodia-related cellular 
components (including ‘filopodium tip’ and ‘focal adhe-
sions’), as well as sEVs including exosomes (incorporating 
‘the MVB sorting pathway’ and ‘cytoskeletal anchoring at 
plasma membrane’) (Fig. 6B), indicating that the sEV frac-
tion isolated by ultracentrifugation contains MVB-derived 
exosomes as well as surface derived vesicles. In addition, 
we found that high mRNA expression levels corresponding 
to these 25 increased proteins correlated with shorter GBM 
patient survival times, suggesting that the increased expres-
sion of these proteins in RT/TMZ treated GBM cells may be 
of prognostic significance, when evaluating the database as 

a full cohort (classical, mesenchymal, proneural and neural 
GBM subtypes) (Fig. 6C). Supporting a pro-invasive phe-
notype after RT/TMZ treatment, 11 of these proteins are 
known to promote invasion, however only eight of these 
have been reported to be involved in GBM tumour cell 
invasion (Table S2). The invasion genes that were evaluated 
using the ‘Full Cohort’ of GBM-BioDip incorporating all 
GBM subtypes, were also analysed using the separate GBM 
subtypes (Fig. S5A). The summary of the analyses across 
the different platforms and GBM subtypes indicates that an 
increased impact on survival can occur across the classical, 
mesenchymal and proneural subtypes.

The abundance of 19 previously reported invadopodia-
related proteins was also found to be increased in GBM cells 
following RT/TMZ treatment (Table S3), and were primarily 
found to be involved in exocytosis and microtubule-mediated 
vesicle trafficking, suggesting an increase in the transport of 
vesicles to invadopodia after RT/TMZ treatment (Fig. 6D). 
High mRNA expression levels corresponding to these inv-
adopodia-related proteins were also found to correlate with 

Fig. 5  Invadopodia formation/activity is enhanced in GBM cells 
treated with RT/TMZ. (A) Zymographic analysis of conditioned 
serum-free OptiMEM.® medium 24 h post-RT/TMZ treatment show-
ing increased MMP-2 secretion from the GBM cells in response to 
treatment. (B) Representative confocal images of untreated or RT/
TMZ treated GBM cells seeded on FITC-labelled gelatin for 24  h 

(Scale bar, 33 μm). Graphical representation of observed increases in 
(C) FITC-gelatin degradation, (D) total actin puncta per cell and (E) 
active actin puncta per cell in response to RT/TMZ treatment of the 
GBM cells. (n = 3 experiments; Mean ± SD, *p < 0.05, ***p < 0.001, 
NS = non-significant; unpaired two-tailed student’s test)
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shorter GBM patient survival times (Fig. 6E). Again, we 
performed analyses using the separate GBM subtypes (Supp. 
Fig S5B) and found that an increased impact on survival can 

occur across all four subtypes based upon the invadopodia-
related gene expression. Importantly, we found that the cor-
responding genes of the top 25 increased proteins and the 

Fig. 6  Invasion and invadopodia-related proteins are increased in 
GBM cells following RT/TMZ treatment. (A) The top 50 differen-
tially expressed ( ±) proteins in RT/TMZ treated GBM cells displayed 
as a heatmap (determined by the average log2-transformed LFQ 
ratios of untreated versus RT/TMZ treated GBM cells and normalized 
Z-score). (B) Functional enrichment analysis of the top 25 increased 
proteins detected in RT/TMZ treated GBM cells (top 5 annotations 
with the most significant p values calculated by a two-sided hyperge-
ometric test are shown). (C) Correlation of mRNA expression levels 
corresponding to the top 25 increased proteins and GBM patient sur-
vival interrogated in the Glioblastoma Bio Discovery Portal (GBM-
BioDP). (D) Functional enrichment analysis of the 19 invadopodia-
related proteins with increased expression in RT/TMZ treated GBM 

cells (top 5 annotations with the most significant p values calculated 
by a two-sided hypergeometric test are shown). (E) Correlation of 
mRNA expression levels corresponding to the 19 increased invado-
podia proteins and GBM patient survival interrogated in the Glioblas-
toma Bio Discovery Portal (GBM-BioDP). P values below p = 0.01 
are listed as ‘p-val = 0’. (F) Normalized RNA sequencing data from 
the IVY GAP database showing expression of the corresponding 
genes for the top 25 increased proteins and 19 increased invadopo-
dia-related proteins detected in the GBM cell lines post-RT/TMZ 
treatment in histologically distinct anatomic regions, i.e., leading 
edge and infiltrating tumour, displayed in a heatmap. Positive expres-
sion Z-scores for each gene within these regions revealed an overall 
increased expression in the ‘Leading Edge’ of the tumour
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19 invadopodia proteins increased after RT/TMZ treatment 
were highly expressed at the leading edge of primary GBM 
tumours (Fig. 6F), where tumour cells can form invadopodia 
to degrade the ECM, thereby facilitating invasion into the 
surrounding healthy brain parenchyma.

3.5  RT/TMZ treatment alters sEV composition 
and secretion

Next, the impact of RT/TMZ treatment on the composition 
of sEVs was examined. We found that 676 proteins were 
significantly increased and 488 proteins were decreased 
in the sEV proteome following RT/TMZ treatment. Iden-
tification of the top 25 increased DE sEV proteins fol-
lowing RT/TMZ treatment (Fig. 7A) revealed functional 
associations to collagen-, enzyme- and receptor-binding, 
suggesting roles in mediating sEV interactions with ECM 
components and/or receptors on recipient cells (Fig. 7B). 
Furthermore, high mRNA expression levels corresponding 
to these increased sEV proteins were found to correlate 

with a poorer GBM patient survival (Fig. 7C), when exam-
ined as a full cohort encompassing all four GBM subtypes. 
However, when evaluated within the separate GBM sub-
types, the summary of the analyses (Fig S5C) indicates 
that an increased risk of impact on survival can occur 
across the classical, mesenchymal and proneural sub-
types. Importantly, fourteen of these proteins are known 
to promote invasion, whilst only 11 have been previously 
reported in GBM (Table S2).

The abundance of 20 established invadopodia-related 
proteins was also increased in the proteome of sEV from 
one or more GBM cell lines after RT/TMZ treatment. These 
have largely been shown to exhibit functional associations 
with signalling pathways known to drive actin polymerisa-
tion (‘integrin binding’, ‘SH3 domain binding’), suggest-
ing a role in promoting invadopodia initiation in recipient 
cells (Fig. 7D, Table S3). Notably, whilst MU4 sEVs ini-
tially lacked FSCN1 and MMP14 in their surfaceome, these 
two proteins were identified in MU4 sEVs following RT/
TMZ treatment, suggesting that these sEVs may exhibit 

Fig. 7  RT/TMZ treatment alters the composition of GBM cell line-
derived sEVs. (A) Top 50 differentially expressed proteins detected 
in the sEVs harvested from RT/TMZ treated GBM cell lines dis-
played as a heatmap (normalized Z-score). (B) Functional enrichment 
analysis of the top 25 increased proteins detected in sEVs harvested 
from RT/TMZ treated GBM cells (top 5 annotations with the most 
significant p values calculated by a two-sided hypergeometric test). 
(C) Correlation of mRNA expression levels corresponding to the 
top 25 increased proteins and GBM patient survival interrogated in 
the Glioblastoma Bio Discovery Portal (GBM-BioDP). (D) Func-
tional enrichment analysis of the 20 invadopodia-related proteins 
with increased expression in sEVs from RT/TMZ treated GBM cells 

(top 5 annotations with the most significant p values calculated by a 
two-sided hypergeometric test). (E) Correlation of mRNA expres-
sion levels corresponding to the 20 increased invadopodia proteins 
and GBM patient survival data interrogated in the Glioblastoma Bio 
Discovery Portal (GBM-BioDP). P values below p = 0.01 are listed 
as ‘p-val = 0’. (F) sEVs harvested from untreated and RT/TMZ 
treated LN229 cells were added to recipient LN229 and MU4 cells 
(protein—25  μg/ml) after which the impact on GBM cell migra-
tion was assessed using a scratch wound closure assay (n = 3 experi-
ments; 4 images per cell line per experiment; mean ± SD, *p < 0.05; 
**p < 0.01; ***p < 0.001, non-significant = ns, unpaired two-tailed 
student’s test)
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enhanced invadopodia-promoting activity upon interaction 
with recipient GBM cells. High mRNA expression levels 
corresponding to the increased invadopodia-related proteins 
in sEVs after RT/TMZ treatment examined within the ‘Full 
Cohort’ were found to correlate with shorter GBM patient 
survival times (Fig. 7E). Importantly, when examining these 
proteins using the individual GBM subtypes we found that 
they exhibit an increased risk of impact on survival in clas-
sical, mesenchymal and proneural cases (Fig S5D). Also, 
whilst incubation with sEVs from the high invadopodia 
activity donor cell line LN229 increased recipient GBM cell 
migration rates, a further enhancement in migration rate was 
observed with sEVs harvested from LN229 GBM cells after 
RT/TMZ treatment (Fig. 7F).

We next examined whether sEV secretion was impacted 
by RT/TMZ treatment. A significant increase in sEV secre-
tion was observed from GBM cells following a single RT/

TMZ treatment (Fig. S1), whilst the sEV size distribution 
remained unchanged (data not shown). These results support 
previous studies reporting an increase in sEV secretion from 
irradiated U87MG cells, but these studies did not investigate 
the impact of RT in combination with TMZ [46, 47]. There-
fore, we investigated whether the changes observed in sEV 
secretion were primarily due to RT, TMZ or a combination 
of both. Whilst all treatment groups showed an enhanced 
sEV secretion compared to untreated cells, the most sig-
nificant increase in sEV secretion was consistently observed 
with a combination of RT and TMZ treatment (Fig. S1). The 
relevance of increased sEV secretion in GBM was further 
supported by the observation that elevated expression of 
canonical EV markers (ALIX, CD9, CD63, CD81, CD151 
and TSG101) correlated with a poorer GBM patient survival 
(Fig. S1). Importantly, RT/TMZ treatment resulted in both 
an increase in invadopodia activity and in secretion of sEV.

Fig. 8  Therapeutic regulation of invadopodia alters sEV secretion. 
(A) Increasing concentrations of DMA (50 and 100  μM) reduces 
sEV secretion relative to the untreated control. sEV concentrations 
were normalized to 1 ×  105 cells and triplicate readings were acquired 
(n = 3 experiments; mean ± SD, p < 0.05, **p < 0.01, ***p < 0.001 
non-significant = ns, unpaired two-tailed student’s test). (B) Increas-
ing concentrations of DMA (12.5, 25, 50 and 100 μM) did not impact 
the total number of invadopodia per cell, but (C and D) significantly 
reduced invadopodia-mediated FITC-labelled gelatin degradation in 
LN229 GBM cells. Scale bar, 33  μm. (E) GBM cells were treated 

with 1 μM VT for 24 h before a subsequent 24 h incubation in serum 
free OptiMEM medium prior to NTA analysis. VT treated GBM cells 
display a reduced sEV secretion compared to untreated control cells. 
(F) NTA analysis of GBM cell lines either untreated or treated with 
RT/TMZ (2 Gy, 50 μM- 24 h) or RT/TMZ + 1 μM VT (2 Gy, 50 μM, 
1 μM VT – 24 h), indicating that VT can reduce the enhanced sEV 
secretion observed after RT/TMZ treatment. (G) A schematic over-
view of the experimental findings outlining that VT treatment can 
reduce the observed enhanced invadopodia activity and sEV secretion 
from GBM cells post-RT/TMZ treatment
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3.6  Therapeutic regulation of invadopodia activity 
alters sEV secretion

As invadopodia activity in GBM cells may be regulated via 
sEVs, novel therapeutic strategies that target both invadopo-
dia activity and GBM-derived sEV-mediated function may 
lead to improved outcomes for GBM patients. Dimethyl 
amiloride (DMA) is an ion channel blocker that is used to 
reduce sEV secretion triggered by an increase in intracel-
lular  Ca2+ [48], and this has also been reported to enhance 
invadopodia-related ECM degradation [49]. We found that 
DMA treatment reduced sEV secretion from GBM cells in 
a concentration-dependent manner (Fig. 8A) and, although 
there was no change in invadopodia formation (Fig. 8B), 
a reduction in invadopodia-mediated FITC-gelatin degrad-
ing activity was observed (Fig. 8C, D), indicating that sEV 
secretion and the ECM-degrading activity of invadopodia 
may be linked. These findings support the hypothesis that 
invadopodia serve as additional sites of sEV release, as 
previously proposed in a study investigating EV/exosome 
release from head and neck squamous cell carcinoma cells 
[50].

As the proteomic analysis of RT/TMZ treated GBM cells 
revealed an increase in invadopodia-related proteins involved 
in microtubule-mediated vesicle trafficking (Fig. 6D), thera-
peutic agents that destabilise microtubules may impact both 
invadopodia-mediated ECM degradation and sEV secretion. 
In agreement with previous data from our laboratory showing 
that the microtubule-destabilising agent VT (an FDA approved 
agent for non-small cell lung cancer) reduces invadopodia 
activity in RT/TMZ treated GBM cells [14], here we found 
that 1 μM VT treatment of GBM cells results in a significant 
reduction of sEV secretion (Fig. 8E), without a significant loss 
in GBM cell viability (Fig. S3). Furthermore, the enhanced 
levels of sEV secretion observed after RT/TMZ treatment were 
also significantly reduced when VT was included as an adjunct 
treatment (Fig. 8F). This suggests that a disruption of microtu-
bule dynamics, with a repurposed FDA-approved agent such 
as VT, may be a promising novel adjuvant therapeutic strategy 
to target invadopodia- and sEV-mediated invasion in GBM 
cells surviving RT/TMZ treatment (Fig. 8G). However, further 
insights at the molecular level are required to firmly establish 
the true impact of the enhanced EV secretion observed post-
RT/TMZ treatment.

3.7  3D invasion of GBM cells is enhanced post RT/
TMZ treatment or GBM cell‑derived sEV 
incubation

As we have shown that incubation of GBM recipient cells 
with LN229-sEVs or treatment with RT/TMZ promotes 
invadopodia activity, we also examined whether the inva-
sive capacity of the GBM cells through a matrix was 

impacted using a commercial invasion assay. We found that 
the invasive capacity of the GBM cells is indeed enhanced 
post-sEV incubation or RT/TMZ treatment (Fig. S4). In 
addition, we found that inclusion of vinorelbine tartrate 
with RT/TMZ treatment resulted in a reduction in the 
enhanced GBM cell invasion observed after RT/TMZ treat-
ment alone.

4  Discussion

A defining feature of GBM tumours is their high capacity for 
dissemination from the periphery of the tumour mass, allow-
ing cells to escape surgery and treatment resistant tumour 
cell populations to persist in the brain, leading to tumour 
recurrence. In this study, we show that GBM cells form 
functional FITC-gelatin degrading invadopodia to facilitate 
tumour invasion and secrete sEVs that carry invadopodia-
related cargo to promote invadopodia formation and activity 
in recipient GBM cells. Crucially, both invadopodia forma-
tion/activity and sEV secretion were enhanced following RT/
TMZ treatment, providing novel insights into the response 
of GBM cells to standard therapy.

We found that GBM cells are reprogrammed to promote 
invadopodia formation and activity following incubation 
with sEVs from a high invadopodia activity donor cell line, 
LN229, indicating that sEV transfer between GBM cells may 
enhance tumour invasion. This notion was also supported 
by a increased invasion of GBM cells through a commer-
cial extracellular matrix (ECM) after incubation with sEVs. 
Proteomic analysis revealed that these sEVs contained vari-
ous cytosolic and membrane-bound surface proteins known 
to facilitate invadopodia formation/activity, including Src 
kinase and integrins α3/β1/β3, actin regulators (cortactin) 
and proteases (MMP-2 and MT1-MMP). This suggests that 
functional changes observed in GBM cells may result from 
the direct transfer of invadopodia-related sEV cargo proteins 
or via the binding of the sEV ‘surfaceome’ to receptors on 
the recipient cells to stimulate intercellular signalling cas-
cades. For example, whilst integrins are traditionally known 
to stimulate invadopodia formation in response to ECM 
components [51], the same pathways may also be activated 
by binding to sEV surface proteins.

Interestingly, four invadopodia-related sEV surface pro-
teins were exclusively identified in sEVs from high inva-
dopodia activity GBM cell lines, and these are known to 
play important roles in proteolysis (MMP14; MT1-MMP), 
adhesion-related signalling cascades (ICAM1; intercellu-
lar adhesion molecule-1, and cytoskeletal regulation/cell 
motility (FSCN1; fascin, CTTN; cortactin). Cortactin and 
fascin have been implicated in endosomal trafficking to 
invadopodia in breast cancer cells, resulting in the release 
of sEVs that were enriched with invadopodial proteins such 
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as MT1-MMP [44]. This supports the enrichment of these 
proteins on the surface of sEVs from high invadopodia 
activity GBM cells and indicates a potentially important 
role for these proteins in the horizontal communication 
between GBM cells. As surface proteins are able to cap-
ture sEVs from biofluids [52], these may warrant further 
investigation as potential biomarkers of invasive disease 
in GBM patients. Collectively, the data presented here 
provide valuable insights into how GBM cells utilize sEV 
transfer to induce the formation of functional invadopodia 
in recipient GBM cells. A schematic representation of the 
proposed interactions between sEVs and invadopodia in 
GBM cells is shown in Fig. S2.

Using an in vivo breast cancer model, Zomer et al. [53] 
found that less malignant T47D cells that take up MDA-
MD-231 cell-derived EVs exhibit an enhanced migration, 
irrespective of T47D and MDA-MB-231 cells present in one 
subcutaneous tumour (local communication) or present as 
separate tumours in contralateral mammary glands (distant 
communication). However, they did find that the proxi-
mate presence of MDAMB-231 cells favoured a migration-
inducing microenvironment for T47D cells when in close 
proximity. As activation of migration and invasion is one of 
the hallmarks of cancer [54], the transfer of various biomol-
ecules can affect multiple parameters including the migra-
tory potential of the cell. When T47D cells took up EVs 
from less migratory MCF-7 cells, a reduction in the meta-
static potential of these breast cancer cells was observed. 
The transfer of metastatic capacity observed in our study is 
very likely due to the transfer of multiple specific/non-spe-
cific functional biomolecules that have been loaded into the 
EVs including DNA, miRNAs, mRNAs, proteins and lipids, 
impacting multiple migratory and metastasis related path-
ways, indicating that the transfer of EVs between tumour 
cells plays a role in tumour progression. So, acceleration of 
tumour progression may occur through the transfer of EVs 
from highly metastatic cells to less malignant cells. This 
notion is supported by studies showing correlations between 
EVs that are present in the tumour milieu and body fluids of 
cancer patients and tumour progression parameters such as 
cell survival, pro-angiogenic, immunosuppressive or pro-
metastatic processes [55–57]. It has been found that the EV 
cargo from GBM cells differs from that of normal glial cells 
[58], including mutant oncoproteins, oncogenic transcripts 
and miRNAs [59] that promote tumour progression through 
the creation of a permissive environment.

Previous studies have also shown that GBM cells sur-
viving RT and/or TMZ treatment may exhibit enhanced 
migratory and invasive abilities [5–9, 60], implying that the 
current therapeutic approach for GBM may have a coun-
terproductive effect on surviving cells. Although these 
findings highlight a key role for invasion in response to 
the current treatment for GBM, few studies have addressed 

the combinatorial impact of both RT and TMZ. Through 
our approach of combining clinically relevant doses of RT 
(2 Gy) and TMZ (50 µM), we were able to show that the 
previously reported enhanced invasive capabilities of GBM 
cells post-RT/TMZ treatment may be attributed not only to 
the increased activities of invadopodia [12, 14], but may 
also be linked with sEV secretion, allowing the transfer of 
EV cargo between GBM cells. The increase in EV secretion 
is supported by previous studies showing that either RT or 
TMZ treatment, albeit at higher than clinical relevant doses, 
can influence EV secretion from GBM donor cells [46, 47, 
61, 62]. Our data show that even at the lower clinical doses, 
the combination of RT and TMZ can promote EV secretion, 
in addition to promoting invadopodia activity.

Our proteomic analysis of the GBM cell proteome after 
RT/TMZ treatment supported the acquisition of a pro-
invasive phenotype and highlighted key upregulated inva-
dopodia-related proteins with prominent roles in microtu-
bule-mediated vesicle transport, indicating that GBM cells 
(across various GBM cell models) may respond to RT/TMZ 
treatment by increasing the transport of vesicles to invadopo-
dia. Analysis of the GBM and EV proteomes post-treatment 
and the corresponding survival data using the TCGA within 
GBM-BioDip revealed that the most highly expressed pro-
teins result in an increased risk on survival across the clas-
sical, mesenchymal and proneural subtypes. Indeed, vesicle-
mediated membrane trafficking has been found to be crucial 
for the delivery of MMPs to the maturing invadopodia in 
breast cancer cells [63, 64], and it has been proposed that 
invadopodia themselves can function as supplementary sites 
of EV release at the cell surface [50], supporting our obser-
vations of increased invadopodia formation and activity and 
sEV secretion in GBM cells after RT/TMZ treatment. In 
addition, we found that sEVs released by RT/TMZ treated 
GBM cells contained elevated levels of proteins known to 
drive invadopodia initiation, including the EV surface pro-
teins fascin and MMP14 that were absent in sEVs secreted 
from untreated MU4 cells. This may result in a positive feed-
back loop, whereby increased invadopodia formation and 
sEV secretion maintain one another in a population of GBM 
cells as a response to RT/TMZ treatment. Consequently, this 
would lead to a prolonged invasive phenotype, contributing 
to tumour recurrence and treatment failure [50]. Importantly, 
we found that DMA treatment reduced both the capacity of 
GBM cells to secrete sEV and their invadopodia mediated 
FITC-gelatin degrading ability, suggesting that if there are 
fewer vesicles with pro-invasive cargo being secreted for 
recipient cells to utilize, a reduction in invadopodia activity 
will result.

In light of these findings, novel therapeutic strategies 
additional to RT/TMZ treatment that disrupt both invadopo-
dia activity and sEV-mediated communication may limit the 
treatment induced invasive potential of GBM and improve 
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patient survival. As our proteomic analysis of GBM cells 
revealed an upregulation of proteins involved in microtu-
bule trafficking after RT/TMZ treatment, it may be suggested 
that by targeting microtubules, we may impede the activity 
of invadopodia and their capacity to act as additional sEV 
secretion sites. Vinorelbine tartrate (VT), a FDA approved 
agent for non-small cell lung cancer, belongs to the vinca 
alkaloid group of drugs that destabilise microtubules by pre-
venting a phenomenon known as ‘treadmilling’ involving the 
addition of tubulin subunits at the positive end of lengthen-
ing microtubules [65]. This process assists in stabilization of 
the invadopodium core and is also involved in the transport 
of secretory vesicles, such as those containing MMPs, to 
the tip of the invadopodium for subsequent secretion and 
degradation of the surrounding ECM [51]. In accordance 
with previous data from our laboratory showing that VT 
reduces invadopodia-mediated FITC-gelatin degradation in 
GBM cells surviving RT/TMZ [14], we found that VT treat-
ment reduced the increased sEV secretion from GBM cells 
post-RT/TMZ treatment. VT is less neurotoxic than other 
vinca alkaloids [66] and has been demonstrated to cross the 
blood–brain barrier in a preclinical mouse model of brain 
metastases of breast cancer, with a detectable concentration 
range between 0.5 µM and 7 µM in the brain metastases 
[67]. This is encouraging as we observed a significant reduc-
tion in sEV secretion from various GBM cell models when 
1 μM VT was combined with RT/TMZ treatment. These 
data highlight the potential for VT to be utilized as a promis-
ing anti-invasive agent in combination with current therapy 
to target enhanced invadopodia activity and sEV secretion 
in RT/TMZ treated GBM. Previously, we have shown that 
matrix degrading invadopodia exist in tumour spheres cre-
ated from primary GBM biopsy tissues [13] and Arismendi-
Morillo et al. [68] utilized electron microscopy to reveal the 
presence of invadopodia on GBM cells in 2- to 5-mm thick 
tumour biopsies.

Since the majority of GBMs are known to relapse within 
2 cm of the margin from the original lesion and single cell inva-
sion can be observed in the contralateral hemisphere, this study 
highlights a crucial role of invadopodia and sEVs as mediators 
of an enhanced invasive phenotype in GBM cells that survive 
RT/TMZ treatment. Through proteomic evaluation of GBM 
cells and sEVs, we identified a variety of proteins that may 
contribute to the enhanced invadopodia-mediated ECM degra-
dation in GBM cells post-RT/TMZ treatment. Importantly, we 
show that targeting key invadopodia-related processes, such as 
microtubule dynamics, can impede this enhanced invadopodia 
activity and sEV secretion in GBM cells that survive RT/TMZ 
treatment. Therefore, this may be a promising therapeutic strat-
egy for impeding invasion of GBM cells.
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