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(MRI), and invasive procedures, like a tissue biopsy [2, 4]. 
While liquid biopsy is not part of routine clinical practice 
for glioma, it holds promise as non-invasive approach 
for early diagnosis, monitoring treatment response and 
recurrence [5].

Extracellular vesicles (EVs) represent diffuse and cru-
cial players in the physiological mechanisms of inter-
cellular communication [6] and they are released into 
body fluids by virtually all mammalian cells [7]. Similar 
to other tumours, in glioma EVs facilitate the communi-
cation between cancer cells and the surrounding micro-
environment, promoting tumor progression, immune 

Introduction
High-grade glioma is typically diagnosed only after the 
onset of symptoms, including headache, intracranial 
hypertension, weakness, motor deficits, epileptic seizures 
or visual and speech impairments [1–3]. Glioma diagno-
sis typically involves a combination of non-invasive brain 
imaging techniques, such as magnetic resonance imaging 
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Abstract
Background  Extracellular vesicles (EVs) are key elements in intercellular communication and are released into 
body fluids by all cells in physiological and pathological conditions. In brain tumors, EVs facilitate the bidirectional 
communication between neoplastic cells and the tumor microenvironment, promoting tumor progression and 
immune evasion. Among the various components of the EVs, microRNAs (miRs) act as potent regulators of gene 
expression. In particular, miR21 has gained attention as both a promising diagnostic biomarker and a key contributor 
to GBM progression.

Methods  This study employed content analysis of miRs in EVs isolated from the brain, plasma, and urine of glioma-
bearing mice. 

Results  Seven days after glioma cell injection, miR21 was the most highly expressed miR in both the brain and 
biofluids. Notably, its overexpression was particularly prominent in medium/large EVs. Co-culture experiments 
revealed that the early source of this marker is primarily microglia, rather than tumor cells.

Conclusion  These data point out the potential of miR21 as early biomarker for glioma diagnosis and disease 
monitoring, emphasizing the role of non-tumoral cells, particularly microglia, as rapidly reacting elements in the 
context of gliomas.
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evasion and tissue invasion [8–10]. These vesicles trans-
port proteins, RNA, and other bioactive molecules that 
influence glioma cell phenotype and contribute to treat-
ment resistance [11–13]. EVs released from brain tumors 
promote angiogenesis [8], transporting proteins or 
specific nucleic acids [14] for nitric oxide synthesis and 
PI3K/AKT signalling into brain endothelial cells [15, 16]. 
Glioma-derived EVs dampen immune responses trans-
ferring immunosuppressive molecules which attenuate T 
cell activation [17] or promote the formation and expan-
sion of myeloid-derived suppressor cells [18, 19] but also 
microRNAs (miRNAs) [20–22] and circular RNAs which 
promote a tumor-supportive phenotype in invading mac-
rophages [23]. Glioma progression is also supported by 
brain-derived EVs: astrocyte-derived EVs contain PTEN-
targeting miRs, which promote glioma growth [24] and 
brain-originating EVs cross the blood-brain-barrier 
(BBB) and are detected in the blood and other biofluids 
[25, 26]. We have recently demonstrated that astrocytic 
and microglial-derived EVs can modulate tumor micro-
environment and glioma cell metabolism in mouse mod-
els of the disease [27–29] and we identified miR124 as a 
mediator of the microglial to glioma communication [29].

Among the miRs linked to cancer progression, miR21 
was one of the first to be recognized as oncogenic [30]. 
miR21 has key roles in malignant processes, affecting 
genes involved in proliferation, cell survival, invasion, 
and treatment resistance [31]. Early studies described 
increased levels of miR21 in primary GBM [32], and 

miR21 expression is significantly increased in the CSF 
of GBM patients showing an inverse correlation with 
the survival rate [33]. Notably, miR21 has been shown to 
play a pivotal role in the initiation of the carcinogenesis. 
In various tumor types it promotes cell proliferation by 
targeting tumor supprossor genes such as programmed 
cell death protein 4 (2PDCD4) [34], sprouty RTK signal-
ing antagonist 2 (SPRY2) [35], phosphatase and tensin 
homolog (PTEN) [36], and reversion-inducing cysteine-
rich protein with Kazal motifs (RECK) [37]. Addition-
ally, miR21 contributes to the inhibition of apoptosis by 
downregulating key pro-apoptotic factors [38] including 
apoptotic protease-activating factor 1 (APAF1), caspase 
3 (CASP3), Fas ligand (FASLG), and Ras homolog family 
member B (RHOB). Beyond its role in tumor cell survival, 
miR21 also fosters an immunosuppressive microenviron-
ment through its targets PDCD4 and PTEN [39] as well 
as Runx1 [40].

While an association of miR21, miR181c, miR195, 
and miR196b with GBM progression has been reported 
[41], it remains unclear whether these or other mRNAs 
contained in EVs serve as reliable biomarkers for early 
diagnosis or relapse prediction. In addition to its role in 
tumor progression, miR21 participates in communication 
with the tumor-microenvironment: in glioma-associated 
microglia, it favours tumour suppressor activity [42–44] 
while in endothelial cells it supports angiogenesis [45].

In the current study, we analysed the miR content of 
EVs isolated from the brain and biofluids (plasma and 
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urine) of glioma-bearing mice and demonstrated an early 
increase of miR21 in EVs, largely deriving from non-
tumor cells, microglia, and a late production from glioma 
cells. These findings highlight the potential of miR21 
as an early, non-invasive biomarker for glioma detec-
tion and monitoring, opening new clinical perspectives 
for liquid biopsy applications and targeted therapeutic 
interventions.

Methods
Cell lines
Murine glioma GL261, human GBM U87MG and mouse 
microglial BV2 cells were cultured in DMEM (Thermo 
Fisher Scientific, Waltham, MA, USA), supplemented 
with heat-inactivated FBS (20% for GL261, 10% for 
U87MG and BV2, Thermo Fisher Scientific, Waltham, 
MA, USA), 100 IU/mL penicillin G (Thermo Fisher Sci-
entific, Waltham, MA, USA), 100  µg/mL streptomycin 
(Thermo Fisher Scientific, Waltham, MA USA), 2.5  µg/
mL amphotericin B (Thermo Fisher Scientific, Waltham, 
MA, USA) and grown at 37 °C in a 5% CO2 and humidi-
fied atmosphere. FBS was subjected to all centrifuga-
tion steps used for EV isolation (see below) to obtain 
EV-depleted FBS. EV-depleted FBS was used to harvest 
the EVs. To prepare the GL261-conditioned medium 
(GCM), GL261 cells were seeded 5 × 105 in a 6-well plate, 
mock-transfected or transfected with the miR21 inhibi-
tor sequence, as later described in the “Cell transfec-
tion” subparagraph and after 24  h culture medium was 
collected. GCM was used to treat BV2 and primary glial 
cells for 24 h.

Animals
Eight-week-old male C57BL6/N or immunodeficient 
SCID mice were used for vehicle and glioma cell injec-
tions. GL261 cells (1 × 105 in 4 µl PBS) or U87MG cells 
(5 × 104 in 4 µl PBS) were inoculated in the right stria-
tal brain region (+ 1 mm anteroposterior, −2 mm lateral 
from the bregma) of C57BL6/N or immunodeficient 
SCID mice respectively; cell suspension was injected at 
1 µl/min and 3 mm depth. Mice were randomly divided 
between control group (PBS vehicle injection) and gli-
oma-bearing mice (GL261 or U87MG cells injection). 
Control group is defined as T0. Glioma-bearing mice 
group is defined T7, T14 or T21 depending on days after 
tumor cell inoculation. Eight-week-old female nude mice 
were implanted with patient-derived orthotopic xeno-
grafts (PDOXs) from GBM patients [46]. Nude mice 
developed intracranial tumors at endpoint showing an 
invasive (PDOX P8) or angiogenic (PDOX P13) growth 
pattern [47]; healthy nude mice were used as matched 
control.

C57BL6/N and immunodeficient SCID mice were 
housed in standard cages; nude mice were housed in 

individual ventilated cages (IVC) in SPF conditions. All 
mice were housed under controlled temperature (20–
22 °C), relative humidity (50–55%), 12-h light/dark cycle 
(7 am – 7 pm) with food and water ad libitum.

For urine collection, each mouse was kept in a single 
metabolic cage for 24  h, under standard temperature 
(20–22 °C) and humidity (50–55%) conditions and urine 
were gathered in a tube at the bottom of metabolic cage. 
Urine samples (400–1400  µl per mouse) were immedi-
ately centrifuged to obtain EVs as later described in the 
“Extracellular vesicles extraction from plasma and urine” 
subparagraph.

At different time points (7, 14 or 21 days after tumor 
cell inoculation), mice under deep anaesthesia (Zoletil 
50  mg/Kg plus Rompun 10  mg/Kg intraperitoneally) 
were blood sampled, through cardiac puncture in EDTA 
containing tubes to avoid coagulation, then sacrificed 
to isolate the brain. For plasma preparation, tubes were 
centrifuged at 1300 g for 15 min at 4 °C. Nude mice were 
deeply anesthetized with ketamine 100 mg/Kg plus xyla-
zine 10  mg/Kg intraperitoneally, plus buprenorphine 
0.05 mg/Kg subcutaneously. Blood was collected through 
cardiac puncture in EDTA containing tubes, then centri-
fuged at 12,000 rpm for 30 min at 4 °C. After centrifuga-
tion, plasma (30–200 µl) was carefully transferred in new 
tubes and stored at −80 °C until EV extraction.

All procedures on mice were approved by Italian Min-
istry of Health (protocol number: 775/2020), by the 
Luxembourg Ministry of Agriculture and the Luxem-
bourg Ministry of Health (protocols: LRNO-2017-01/
LUPA2019/93) in accordance with ethical guidelines on 
the use of animals from European Communities Council 
Directive 2010/63/EU and with the Italian D. Lgs 26/2014 
and in compliance with the Luxembourg national regu-
lations of the ‘Animal Welfare Structure’ of the Luxem-
bourg Institute of Health. The ARRIVE guidelines were 
applied for result reporting.

For PDOXs, GBM patients provided informed consent, 
and the collection of tumor samples and all experimental 
procedures were approved by the Haukeland University 
Hospital, Bergen, Norway under the protocol number 
2009/117.

Primary glial cultures
Primary glial cultures (microglia and astrocytes) were 
obtained from the brain cortex of mouse pups (post-natal 
day 0–1) as previously described [48, 49]. Briefly, cortices 
were chopped and digested in 15 U/mL papain (Sigma-
Aldrich, Darmstadt, Germany) at 37 °C for 20 min. Cells 
(5 × 105 cells/cm2) were plated on flasks coated with 
poly-L lysine hydrobromide (0.1 mg/mL; Sigma-Aldrich, 
Darmstadt, Germany). Cells were cultured in DMEM 
(Thermo Fisher Scientific, Waltham, MA, USA), supple-
mented with 10% heat-inactivated FBS (Thermo Fisher 
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Scientific, Waltham, MA, USA), 100 U/mL penicillin G 
(Thermo Fisher Scientific, Waltham, MA, USA), 100 µg/
mL streptomycin (Thermo Fisher Scientific, Waltham, 
MA USA), 2.5  µg/mL amphotericin B (Thermo Fisher 
Scientific, Waltham, MA, USA) and grown at 37° C in 
a 5% CO2 and humidified atmosphere. After 9–11 days, 
cells were shaken for 2 h at 37  °C to detach and collect 
microglial cells. Astrocytes which remained attached on 
the bottom of the flask were treated with trypsin and col-
lected. Both microglia and astrocytes were seeded 1 × 105 
cells in 12-well plate and after 24  h treated with GCM. 
For the treatment, the culture medium of microglia and 
astrocytes was replaced with GCM for 24 h.

Cell transfection
GL261 cells (1 × 105) plated onto 6-well plates were 
mock-transfected or transfected with the miR21 inhibi-
tor sequence (Thermo Fisher Scientific, Waltham, MA, 
USA) via Lipofectamine 3000 Reagent (Thermo Fisher 
Scientific, Waltham, MA, USA) in Opti-MEM (Thermo 
Fisher Scientific, Waltham, MA, USA) according to man-
ufacturer’s instructions.

Tumor volume analysis
Mice were deeply anaesthetized with Zoletil (50 mg/Kg) 
plus Rompun (10 mg/Kg) (i.p.) before intracardiac perfu-
sion with ice-cold PBS and 4% paraformaldehyde (PFA, 
Santa Cruz Biotech, Dallas, USA). Brain samples were 
isolated and processed for histological staining. Brains 
were fixed in 4% PFA for 24 h at 4  °C, cryopreserved in 
30% sucrose dissolved in 1x PBS for 48 h at 4 °C and then 
frozen in 2-metilbutane (Merck, Darmstadt, Germany) 
for 24 h at −80 °C and embedded in optimal cutting tem-
perature (OCT, Bio Optica, Milano, Italy) compound. 
Serial 20  μm coronal brain slices were cut using Cryo-
stat Leyca and stained with a haematoxylin-eosin stain-
ing standard protocol. Brain slices were analysed by the 
Image Tool 3.0 Software (University of Texas, Health Sci-
ence Center, San Antonio, TX, USA). Tumor area was 
calculated according to the formula (volume = t x ΣA), 
where A is the tumor area/slice and t is the thickness.

Extracellular vesicle extraction from cells
Prior to extracellular vesicle extraction, the culture 
medium of BV2, microglial, and astrocytic cells was 
replaced with fresh medium and incubated for 24  h to 
ensure standardized EVs release conditions. Cell super-
natant was collected and centrifuged at 800 g for 5 min 
to remove cell debris. The supernatant was centrifuged at 
10,000 g for 30 min at 4  °C to obtain the medium/large 
EVs (m/lEVs)-containing pellet. The pellets were re-sus-
pended in a 0.22 μm filtered PBS for NTA and Resuspen-
sion Buffer (50  µl, Thermo Fisher Scientific, Waltham, 

MA, USA) for RNA and protein extraction. The EVs-free 
fraction medium was used as control.

Extracellular vesicle extraction from brain tissue of glioma-
bearing and control mice
To isolate EVs from brain of GL261-injected and control 
C57BL6/N mice, a modified protocol from Crescitelli et 
al. was used [50]. Briefly, after a deep anaesthesia, mice 
were sacrificed and brain tissues were collected in a tis-
sue dish with DMEM + Hepes 20 mM (Thermo Fisher 
Scientific, Waltham, MA, USA) to be cut in small pieces 
(2 mm x 2 mm x 2 mm). Then, in a 6-well plate, medium 
was supplemented with DNase I (Invitrogen, Thermo 
Fischer Scientific, Waltham, MA, USA) and collagenase 
D (Roche, Basel, Switzerland) at a final concentration 
of 40 U/mL and 2 mg/mL respectively. After an incuba-
tion with enzymes on a nutating mixer under mild agita-
tion (30  rpm) for 30 min at 37  °C, medium was filtered 
on sterile 70 μm cell strainer on top of a 50 mL tube and 
was centrifuged at 300  g for 10  min at 4  °C. Carefully, 
the supernatant was transferred in a new tube and was 
centrifuged at 2000  g for 20  min at 4  °C. The obtained 
supernatant was centrifuged at 16,500  g for 20  min at 
4 °C. The resulting pellet, containing m/lEVs, was resus-
pended in 100 µL 0.22 μm filtered 1x PBS w/o Ca2+/Mg2+ 
for NTA or Resuspension buffer (Thermo Fisher Scien-
tific, Waltham, MA, USA) for RNA and protein extrac-
tion. The supernatant was transferred in a new tube and 
was ultracentrifuged at 100,000 g for 2.5 h at 4 °C and the 
resulting pellet, containing sEVs, was resuspended in 100 
µL 0.22 μm filtered 1x PBS w/o Ca2+/Mg2+ for NTA anal-
ysis or in 100 µL of Resuspension Buffer (Thermo Fisher 
Scientific, Waltham, MA, USA) for RNA isolation and 
western blot analysis.

Extracellular vesicle extraction from plasma and urine of 
glioma-bearing and control mice
Plasma of GL261-injected and control C57BL6/N mice 
and of U87-injected and control SCID mice and urine of 
GL261-injected and control C57BL6/N mice were used 
to isolate EVs, by using a modified protocol from Théry 
et al. [51]. Briefly, tubes containing plasma or urine were 
subject to two subsequently centrifugations (the first at 
2000 g, 20 min, 4 °C; the second at 12,000 g, 45 min, 4 °C) 
and the resulting pellet was washed 2 times with PBS 
(w/o Ca2+/Mg2+, 0.22  μm-filtered). The pellet contained 
m/lEVs; the supernatant was ultracentrifuged 2 times 
(100,000 g, 1 h, 4 °C) to obtain sEVs. Pellets were resus-
pended in 100  µl 0.22  μm filtered PBS w/o Ca2+/Mg2+, 
for NTA analysis or in 100  µl of the Resuspension Buf-
fer (Thermo Fisher Scientific, Waltham, MA, USA) for 
RNA isolation and western blot analysis. Plasma was also 
obtained from healthy nude mice, nude mice with PDOX 



Page 5 of 16De Luca et al. Journal of Neuroinflammation          (2025) 22:282 

P8 or with PDOX P13 and, for EVs isolation, the protocol 
described previously was used.

Nanoparticle tracking analysis (NTA)
EVs were analysed using Nanosight NS300 (Malvern 
Panalytical, Malvern, UK) at room temperature (22–
25 °C). The samples were diluted in PBS (w/o Ca2+/Mg2+, 
0.22 μm-filtered) to a final volume of 1 mL, obtaining an 
optimal particle range (20–100) per frame, 30 frames per 
sec. Videos, taken with the sCMOS camera with set level 
14 and detection threshold 4, were analyzed by the inbuilt 
NanoSight Software NTA 3.4 Dev Build 3.4.4. For each 
sample, 5 measurements (60  s movie each) were done. 
EVs concentration is reported as number of particles/mL.

Western blot
EVs were lysated in Resuspension buffer and the total 
protein level was quantified by BCA assay (Thermo 
Fisher Scientific, Waltham, MA, USA). The same amount 
of protein per sample (20  µg) resuspended in Laemmli 
sample buffer (125 mM Tris HCl pH6.8, 4% SDS, 20% 
glycerol, 200 mM DTT, 140 µM bromophenol blue) soni-
cated and boiled at 100  °C for 5  min. Protein samples 
were separated by 12% SDS-polyacrylamide gel electro-
phoresis and transferred onto nitrocellulose membrane. 
The membrane was blocked for 45 min in 5% (w/v) non-
fat dry milk in TBS-T buffer (0.1% Tween-20 in 0.1  M 
Tris-Buffered Saline). Then, the membrane has been cut 
probing different regions of the same blot with the pri-
mary antibodies rabbit anti-CD81 (1:500, Cell Signal-
ing, Danvers, MA, USA) and rabbit anti-TSG101 (1:500, 
GeneTex, Irvine, CA, USA) (in 3% (w/v) non-fat dry 
milk TBS-T, at 4  °C overnight). After three washes with 
TBS-T for 10 min, membranes were incubated with the 
HRP-tagged goat anti-rabbit secondary antibody (1:3000, 
Dako, Cernusco sul Naviglio, Italy), in 1% (w/v) non-fat 
dry milk TBS-T, 2 h at room temperature. The detection 
was performed through the chemiluminescence assay 
with the Amersham ECL PrimeWestern Blotting Detec-
tion reagent (Cytiva, Little Chalfont Buckinghamshire, 
UK) by a ChemiDoc Imaging System (Bio-Rad, Hercules, 
CA, USA).

RNA extraction and quantitative RT-PCR
Total RNA was extracted from EVs with Total EXO RNA 
Extraction Kit (4478545, Thermo Fisher, Waltham, MA, 
USA) according to manufacturer’s instructions. RNAs 
extracted from all samples were quantified and reverse-
transcribed using TaqMan MicroRNA reverse transcrip-
tion kit (Applied Biosystems, Foster City, CA, USA) 
according to the manufacturer’s recommendations. For 
quantitative PCR, TaqMan Universal Master Mix II, no 
UNG (Applied Biosystem, Foster City, CA, USA) was 
used together with the following miRNA assays: snU6, ID 

001973; hsa-miR21, ID 000397; hsa-miR222, ID 002276 
for specific murine sequences; snU6, ID 001093; hsa-
miR21, ID 002438 for specific human sequences. The 
PCRs were performed on a CFX96 Dx System (Bio-Rad) 
and the following two-step cycler profile: 50 °C for 2 min, 
95  °C for 10 min, 40 cycles of denaturation at 95  °C for 
15  s and annealing/extension at 60  °C for 1  min. The 
PCRs for PDOX model’s samples were performed in a 
384-well on a Quantstudio5 (Applied Biosystem, Thermo 
Fisher Scientific, Waltham, MA, USA) using the standard 
programme described above. SnU6 was used as endog-
enous control for normalization and the relative miRNAs 
quantities were calculated with the 2−ΔCt method for in 
vivo experiments (target gene expression in samples from 
different individuals) and with 2−ΔΔCt method for in vitro 
experiments (target gene expression in samples subjected 
to different treatments) [52].

MiRNA sequencing
miRNA profiling was carried out on total RNA (extracted 
as described above) and the libraries were prepared and 
sequenced by a certified sequencing hub. The workflow 
included sample quality control, library preparation, final 
QC, and sequencing performed on Illumina NextSeq/
NovaSeq platforms using 2 × 40  bp paired-end reads, 
with a throughput of approximately 40  million paired-
end reads per sample and a Q30 score of 85%, ensur-
ing high-quality data. The samples were analysed using 
miRNA platform, miRXes (Singapore, China). FASTQ 
files were assessed for quality control with Fastp (v0.20.1). 
The reference genome (GRCh38) was used for mapping 
the RNA sequencing libraries, using annotation sub-
set for miRNA only. The specific aligner used for map-
ping was BWA (version 0.7.17), downstream processing 
was performed using R (version 4.2.1). The alignment file 
in SAM format was converted to the BAM format and 
miRNA read counts were assigned using Subread feature 
Counts. FPKM (Fragments Per Kilobase per Million) val-
ues were calculated using base R functions. Differentially 
expressed miRNAs were identified based on fold-change 
(FC) > 5 and a log2 FC thresholds were used to assess up- 
or down-regulation.

Statistical analysis
All data were expressed as mean ± SEM and displayed 
as individual dots. Statistical difference was deter-
mined by unpaired t-test or one-way analysis of variance 
(ANOVA). A value of p < 0.05 was considered significant. 
Normality test was considered passed with alpha = 0.05. 
Statistical analysis was performed using GraphPad ver-
sion 8.0 software.
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Results
EV concentration correlates with tumor volume in glioma-
bearing mice
We investigated the presence of EVs in brain and in 
plasma of C57BL6/N mice injected with GL261 or con-
trol animals. Both medium/large EVs (m/lEVs) and 
small EVs (sEVs) were detected, and size distribution 
and dimension were investigated by nanoparticle track-
ing analysis (NTA) (Fig.  1A and Fig. S1A). A mean size 
above 150 nm is observed for m/lEVs (brain: 220 ± 5 nm; 
plasma: 230 ± 8  nm) and below 150  nm for sEVs (brain: 
80 ± 5  nm; plasma: 90 ± 8  nm), with a net distribution 
around the mean for the brain-derived EVs (190 ± 2  nm 

for m/lEVs and 150 ± 1  nm for sEVs) and a more scat-
tered distribution for plasma-derived EVs (90 ± 15  nm 
for m/lEVs and 100 ± 18 nm for sEVs) (Fig. 1A, Fig. S1A). 
The expression of bona fide vesicle marker (CD81 and 
TSG101) both in brain and plasma derived EVs was veri-
fied by Western blotting (Fig. 1B). Altogether these data 
confirm the specificity of EV isolation.

The concentration of EVs does not differ at early 
tumour stage (T7 vs. T0) but significantly increases 
later for both brain- and plasma-derived EVs (T21 vs. 
T7, Figs.  1C, D, Fig. S1B) and a positive correlation is 
observed between tumor volume and EV concentration 
(both m/lEVs and sEVs) (Figs. 1E-H, Fig. S1C).

Fig. 1  m/lEVs analysis in brain and plasma of GL261-bearing mice. A Representative concentration/size graph from the nanoparticle tracking analysis 
(NTA). The average concentration (mean ± SE; in particles/mL) and mean size (± SE; in nm) of m/lEVs isolated from brain (left) and plasma (right) of GL261-
bearing mice. B Western blotting on m/lEVs and sEVs isolated from brain (B) and plasma (P) of GL261-bearing mice, CD81 and TSG101 are used as typical 
EVs markers. C-D Quantification of m/lEVs isolated from brain and plasma time dependent. Data are reported as mean ± SEM, n = 4 independent experi-
ments, ANOVA one-way, Tukey’s post-hoc analysis, *** p < 0.001, ** p < 0. 01. E Representative coronal sections of GL261-bearing mice 7, 14 and 21 days 
of inoculation (T7, T14, T21). F Analyses of tumor size (mm^3) at T0, T7 and T14 is reported as mean ± SEM, n = 3–4/experimental groups, ANOVA one-way 
followed by Bonferroni multiple comparison test, * p < 0.05, ** p < 0.001, **** p < 0.0001; G-H Concordance between tumor size and the m/lEV release in 
brain and plasma identified using Spearman nonparametric correlation analysis; two-tailed p values and r correlation coefficients are indicated
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miR21 expression in EVs of glioma bearing mice
EVs are an extraordinary tool to exchange material 
among cells. To investigate potential new biomarkers 
of glioma, we investigated the miRNAs content of EVs 
identified in brain and plasma of glioma bearing mice for 
their high impact on many cellular functions [53]. Tak-
ing advantage of the MiRXES platform, we detected 1484 
miRNAs out of 1879 analysed in brain-derived m/lEVs. 
The analyses of these miRNAs revealed that 225 genes 
were common for all time points analysed (Fig. 2A), likely 
indicating a constitutive, glioma independent expression. 
To investigate miRNA expression changes with time, 
we analysed the differential expression between T0 and 
T7 (Fig.  2B, x-axis) and between T7 and T21 (Fig.  2B, 
y-axis), identifying a group of genes that increases early 
in the presence of cancer (Fig.  2B, quadrant I). Among 
these genes, we considered only those with a Fragments 
Per Kilobase per Million (FPKM) greater than 10,000 and 
quantified the increase at T7, to identify early tumour 
markers. This analysis revealed that miR21 and miR222 
have the greatest increase (Fig.  2C); qRT-PCR analy-
sis confirmed early significant increase of miR21 and 
miR222 in brain-derived m/lEVs, which is maintained 
significant at later time points only for miR21 (Fig. 2D). 
In brain-derived sEVs, 1527 miRNAs out of 1879 anal-
ysed were found. The number of miRNAs carried by sEVs 
increased with tumour progression, with 368 unique 
genes at T0, 381 unique genes at T7 and 427 unique 
genes at T21. A core group of 315 genes was expressed at 
all time points analysed (Fig. S2A). At difference with the 
m/lEVs, in the sEVs, although miR21 and miR222 were 
among the genes that increase earlier in the presence of 
tumour (Fig. S2B, quadrant I), the most expressed genes 
(with FPKM greater than 10000) at T7 (vs. T0) were the 
onco-suppressors miRLET7C and miRLET7G (Fig. S2C). 
qRT-PCR analyses at T0, T7 and T21 show no significant 
variations over time for miR21 and miR222 in sEVs (Fig. 
S2D).

In parallel, plasma m/lEVs and sEVs isolated from 
glioma-bearing mice were analysed by MiRXES at 
T0, T7 and T21 (Fig.  2E and Fig. S2E). We found 1243 
genes expressed out of 1879 analysed in plasma m/lEVs 
(Fig. 2E). Among the miRNAs that increase early in the 
presence of cancer (Fig.  2F, quadrant I) (FPKM > 10000) 
miR21 was the most expressed (Fig.  2G). qRT-PCR 
analysis at T0, T7, and T21 revealed an early significant 
increase of miR21 in plasma-derived m/lEVs, which 
persisted with time (Fig.  2H). Similarly, within the sEV 
subpopulation, the total number of miRNAs carried 
by plasma-derived vesicles did not increase with tumor 
progression (Fig. S2E). Among the miRNAs that showed 
early upregulation in the presence of cancer (Fig. S2F, 
quadrant I), only those with an FPKM greater than 10,000 
were considered. At T7, miR23A and miR191 were the 

most highly expressed (Fig. S2G). Notably, miR21 and 
miR222 were not included in this selection, and qRT-
PCR analysis confirmed that their levels did not sig-
nificantly change over time in plasma-derived sEVs (Fig. 
S2H). These analyses show that at T7, brain- and plasma-
derived m/lEVs express high levels of miR21.

To investigate whether this expression was limited to 
these two compartments, EVs were also isolated from the 
urines of GL261-bearing mice at T0, T7 and T21. NTA 
and western blot analysis of sEVs and m/lEVs confirmed 
the expected size distribution and molecular profile 
(Figs. 3A, B). A positive correlation between tumor vol-
ume and urine EVs concentration is observed for the m/
lEV type (Fig. 3C). The concentration of m/lEVs isolated 
from urine was similar at T0 and T7, and significantly 
increased at longer time point, while sEVs concentration 
significantly increased earlier (Fig.  3D). Analysis of the 
EV-associated miRNAs showed an increased expression 
of miR21 only in m/lEVs at T7 (Fig. 3E).

miR21 is early released by EVs derived from non-tumoral 
cells
It has been reported that glioma cells transfer miR21 
to microglial cells through EV release, with effects on 
microglial phenotype [44]. To identify the early source 
of miR21 in our experimental setting, we used a xeno-
geneic glioma model to recognise mouse (host) and 
human (tumor) miRNAs. We inoculated human GBM 
cells (U87MG) into the brain striatal region of SCID mice 
and isolated brain and plasma m/lEVs at T0, T7 and T21. 
NTA analysis revealed a mean size of 220.2 ± 3.1 nm and 
158.7 ± 2.6 nm respectively for brain- and plasma-derived 
m/lEVs (Fig. 4A). Similar to the syngeneic mouse model 
of glioma (see Figs. 1C and D), the concentration of m/
lEVs isolated from both the brain and plasma did not 
change at early tumour stage (T7 vs. T0), while it signifi-
cantly increased at advanced stages (T21 vs. T7) (Fig. 4B). 
qRT-PCR analysis with specie-specific probes revealed 
that miR21 in brain and plasma m/lEVs derives only from 
mice (host) at T7 (Figs. 4C, D). We also investigated the 
presence of murine and human miR21 in m/lEV obtained 
from plasma of PDOX model mice injected with two dif-
ferent patient-derived tumoroids. As shown in Figure 
S3A m/lEVs obtained from plasma of healthy, PDOX P8 
and PDOX P13 nude mice and analysed by NTA showed 
a mean size above 150  nm (healthy: 220 ± 5  nm; PDOX 
P8: 207 ± 7 nm; PDOX P13: 196 ± 3 nm), with a net distri-
bution around the mean for the PDOX EVs (188 ± 12 nm 
for PDOX P8 and 150 ± 1 nm for PDOX P13) and a more 
scattered distribution for healthy EVs (196 ± 2 nm). Data 
shown in Fig. S3B demonstrate that at least at late stages 
(T > 21) there is no significant variation in the amount of 
either mouse or human miR21. Note that these tumors 
have different growth speed and for this reason we could 
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Fig. 2  miRs analysis in m/lEVs from brain and plasma of GL261-bearing mice. A Venn diagram of the number distribution of brain m/lEVs-derived 
miRNAs at T0, T7 and T21 from tumor injection. B Scatter plot of differential miRNA expression log2 (FC, fold change) at T7 vs. T0 (x-axis) and T21 vs. T7 
(y-axis). In quadrant I, miRNAs upregulated at T7 vs. T0 and at T21 vs. T7; quadrant II, upregulated at T7 vs. T0 and downregulated at T21 vs. T7; quadrant 
III, downregulated at T7 vs. T0 and at T21 vs. T7; quadrant IV, downregulated at T7 vs. T0 and overexpressed at T21 vs. T7. C Heatmap showing the genes 
selected in panel B, quadrant I, with FPKM > 10,000 at T7. D Quantitative real-time PCR of miR21 and miR222 expression in brain m/lEVs at different time 
points (T0, T7, T21). Each sample has been normalized to U6 snRNA. Data were expressed as the mean ± SEM of 2−ΔCt, T0 = 12–14 animals, T7 = 12 animals, 
T21 = 11–12 animals. Data were analyzed with ANOVA one-way, Tukey’s post-hoc analysis, *p < 0.05, **p < 0.001. E Venn diagram of the distribution of the 
number of plasma m/lEVs-derived miRNAs at T0, T7 and T21 tumor injection based on FPKM values. F Scatter plot of differential miRNA expression log2 
(FC, fold change) of miRNA expression at T7 vs. T0 (x-axis) and T21 vs. T7 (y-axis). In quadrant I, miRNA overexpressed at T7 vs. T0 and T21 vs. T7; II, overex-
pressed at T7 vs. T0 and downregulated at T21 vs. T7; III, downregulated at T7 vs. T0 and T21 vs. T7; IV, downregulated at T7 vs. T0 and overexpressed T21 vs. 
T7. G Heatmap showing the genes selected in panel F, quadrant I, with FPKM > 10,000 at T7. H Quantitative real-time PCR of miR21 expression in plasma 
m/lEVs at different time points (T0, T7, T21). Each sample has been normalized to U6 snRNA. Data were expressed as the mean ± SEM of 2−ΔCt, T0 = 11 
animals, T7 = 12 animals, T21 = 12 animals. Data were analyzed with ANOVA one-way, Tukey’s post-hoc analysis. Differences were considered statistically 
significant as *p < 0.05
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Fig. 3  EVs analysis in urine of GL261-bearing mice. A Representative concentration/size graphs from the nanoparticle tracking analysis (NTA). The average 
concentration (mean ± SE; in particles/mL) and mean size (± SE; in nm) of m/lEVs (left panel) and sEVs (right panel) isolated from urine of GL261-bearing 
mice. B Western blotting on m/lEVs and sEVs isolated from urine of GL261-bearing mice, CD81 and TSG101 are used as EVs markers. C Concordance be-
tween tumor size and the m/lEV and sEVs release in urine identified using Spearman nonparametric correlation analysis; two-tailed p values and r correla-
tion coefficients are indicated. D Quantification of m/lEVs (left panel) and sEVs (right panel) isolated from urine of GL261-bearing mice time-dependent. 
Data are reported as mean ±  SEM, n = 3/independent experiments, ANOVA one-way, Tukey’s post-hoc analysis, *p < 0.05, ** p < 0.001, **** p < 0.0001. 
E Quantitative real-time PCR of miR21 expression in m/lEVs (left panel) and sEVs (right panel) isolated from urine of GL261-bearing mice at different time 
points (T0, T7, T21). Each sample has been normalized to U6 snRNA. Data were expressed as the mean ± SEM of 2−∆ Ct, T0 = 3–6 animals, T7 = 3–8 
animals, T21 = 4–7 animals. Data were analyzed with ANOVA one-way, Tukey’s post-hoc analysis, * p < 0.05
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Fig. 4 (See legend on next page.)
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not perform analyses at the same time points used for 
U87MG-inoculated SCID mice [46].

GCM-treated microglial cells release miR21 in vitro
To better investigate the role of cells of the TME in releas-
ing miR21-containing EVs, we took advantage of in vitro 
experiments. Primary microglial or astrocytic cells were 
stimulated for 24  h with GL261-conditioned medium 
(GCM). After a 24 h-change medium, m/lEVs were iso-
lated [27, 28] and data shown in Figs. 5A, B demonstrate 
an increase of miR21 in m/lEVs only in GCM-stimulated 
microglial cells. In line with the previous observation 
suggesting a non-tumoral origin of miR21, GL261 cells 
were pre-treated with a specific miR21 inhibitor ([54] 
and Figs. 5C, D) before GCM transfer to microglial cells 
(BV2). Indeed, Fig.  5E demonstrate that this treatment 
did not reduce (but rather increased) miR21 in BV2-
derived m/lEVs [55].

Discussion
In this study we investigated the potential of EVs as early 
biomarkers for glioma diagnosis using biofluids. miR21 
is a well-established early oncogenic marker, already 
demonstrated in the context of several tumors such as 
breast, lung, and colorectal cancer [56–58]. However, 
the novelty of our findings lies in the possibility of using 
miR21 as an early biomarker in glioblastoma, tumor that 
lacks any early diagnostic tools. Our findings revealed 
that miR21 is overexpressed in m/lEVs derived from the 
brain, plasma, and urine of glioma-bearing mice in early 
phase of glioma growth. We demonstrate that, few days 
after glioma injection, EV-containing miR21 originates 
from non-tumoral cells, as shown by the amplification of 
murine miR21 in fluids derived from xenogeneic glioma 
model. At later time points, human miR21, specifically 
expressed by glioma cells is detected in EVs isolated from 
both brain tissue and biofluids, indicating a shift toward 
a tumor-derived source. This distinction was made possi-
ble by using specie-specific primers in the U87MG xeno-
graft model, allowing to differentiate between host and 
tumor-derived miR21.

Investigating the early origin of miR21 in glioma could 
help to understand the role of EVs in mediating miRNA 
transfer among tumor cells and the tumor microenviron-
ment [59, 60]. It has been reported that glioma-derived 

EVs enriched in miR21 are transferred to microglial cells, 
affecting cell reprogramming toward a pro-tumor pheno-
type, increasing proliferation and the expression of genes 
which promote tumor progression [3, 44]. In contrast, 
a direct microglial origin of miR21 in glioma has never 
been described. Our data indicate a clear enrichment of 
miR21 in m/lEVs released by microglial cells; however, 
this observation was obtained in vitro and therefore 
requires further validation. Future experiments will be 
necessary to demonstrate whether the early increase of 
miR21 observed in plasma and urine EVs in glioma-bear-
ing mice in vivo may indeed result from early microglial 
activation in response to tumor cell presence.

Our observation that in the xenogeneic mouse model 
the EV-miR21 derives from the host (mouse) tissue at 
7 days from tumor injection, lead us to speculate that 
this could be a common mechanism also in the synge-
neic model, supporting the non-tumoral origin of the 
increased miR21. This is supported by in vitro experi-
ments, where 24  h of GCM stimulation specifically 
increased the release of miR21 containing EVs from 
microglial cells, not from astrocytes. Of course, these 
data do not exclude a later glioma-to-microglia trans-
fer of miR21 also in our system [11]. Even if our in vitro 
results suggest that microglia could be a primary source 
of miR21-EV in glioma bearing mice, we cannot exclude 
the contribution of other non-tumoral cells, such as neu-
rons and/or infiltrating immune cells.

Importantly, we focused our main analysis on m/lEVs, 
as these vesicles showed a consistent and early increase 
in miR21 across brain, plasma, and urine samples. In 
contrast, sEVs did not exhibit the same early enrichment 
in miR21. These differences may reflect distinct biogen-
esis pathways, cargo loading mechanisms, and cellular 
origins, which could influence their diagnostic potential. 
Future studies will be needed to better characterize these 
differences and their relationship with specific miRNA 
content and functional roles in glioma initiation process.

EV-miR21 has emerged as a promising non-invasive 
biomarker for various cancers by showing high sensitiv-
ity and specificity across multiple tumor types and bio-
fluids, including brain tissue, plasma, and urine [61]. 
Concerning brain tumors, while several studies have 
reported elevated levels of miR21 in the plasma [62] and 
cerebrospinal fluid [11] of patients, a comparable early 

(See figure on previous page.)
Fig. 4  miR21 expression in EVs from brain and plasma of U87MG-bearing mice. A  Representative concentration/size graphs from the nanoparticle 
tracking analysis (NTA) on m/lEVs derived from brain and plasma of U87MG-bearing mice. B Quantification of m/lEVs isolated from brain and plasma of 
U87MG-bearing mice. Data are reported as mean ± SEM, n = 4/independent experiments, ANOVA one-way, Tukey’s post-hoc analysis, ** p < 0.01. C Quan-
titative real-time PCR of miR21 expression in m/lEVs derived from murine (m_miR21, empty circles) and human part (h_miR21, filled circles) isolated 
from brain of U87MG-bearing mice at different time points (T0, T7, T21). Each sample has been normalized to U6 snRNA. Data were expressed as the 
mean ± SEM of 2−∆ Ct, T0 = 6 animals, T7 = 6 animals, T21 = 6 animals. Data were analyzed by ANOVA one-way, Tukey’s post-hoc analysis, * p < 0.05. 
D Quantitative real-time PCR of miR21 expression in m/lEVs derived from murine (m_miR21, empty circles) and human part (h_miR21, filled circles) iso-
lated from plasma of U87MG-bearing mice at different time points (T0, T7, T21). Each sample has been normalized to U6 snRNA. Data were expressed as 
the mean ± SEM of 2−ΔCt, T0 = 5 animals, T7 = 5 animals, T21 = 5 animals. Data were analyzed by with ANOVA one-way, Tukey’s post-hoc analysis, ** p < 0.01
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Fig. 5 (See legend on next page.)
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and coordinated increase across brain, plasma, and urine 
EVs has not been clearly demonstrated in the clinical set-
ting. Respect to the urine samples, miR21 has been found 
to be upregulated in urinary EVs in other tumor types, 
including colerectal, prostate, and urothelial cancers 
[63–65], where it has shown potential as a non-invasive 
biomarker for diagnosis and prognosis. These findings 
support the broader relevance of miR21 in cancer biol-
ogy and highlight the need for comparative analyses with 
existing datasets [66] to validate the translational poten-
tial of our results in glioma.

miR21 overexpression was not observed in m/lEVs iso-
lated from plasma at later stages in PDOX GBM mouse 
models. We speculate that these differences could be 
explained by a different cross talk between mouse host 
cells and human tumour cells. We must also consider 
that the different PDOX models reflect different GBM 
phenotypes; the angiogenic P13 has been associated with 
a partially disrupted BBB at late tumor stage [39, 40] and 
different amount of human miR21 is observed when 
compared to P8 bearing mice (albeit not significant).

Interestingly, the increase in miR21 in plasma m/lEVs 
observed in this study may reflect the molecular changes 
that occur in the brain during the early stages of tumori-
genesis. This supports the idea that circulating EVs, like 
other circulating biomarkers, may act as a ‘window’ 
into the brain tumour microenvironment, providing an 
opportunity for early diagnosis and prognosis, and for 
monitoring drug responses and development of targeted 
therapies using minimally invasive liquid biopsies. Even 
if we assume that the increase observed in plasma and 
urine reflects changes occurring in the brain, it cannot be 
ruled out that these increases may occur independently 
of the processes observed in the brain and/or in isolated 
brain cells. Further studies are needed to validate these 
findings in patient biofluids, including standardisation of 
EV isolation and miR21 detection techniques.

Limits of the study
Despite the promising results, our study presents two 
important limitations already discussed; first, while our 
data suggest that microglial cells may be a primary source 
of miR21-enriched EVs in the early stages of glioma, we 

cannot exclude the contribution of other non-tumoral 
cell types; second, the EVs isolated from the plasma of 
glioma-bearing mice likely originate from a heteroge-
neous population of cells. Future in-depth studies will 
aim to sort plasma-derived EVs to selectively isolate those 
released by microglial cells, in order to more robustly 
support the hypothesis of their contribution to miR21 
expression in vivo. Additionally, differences observed in 
PDOX models may reflect not only tumor heterogene-
ity but also species-specific interactions between human 
tumor cells and the murine host microenvironment. 
Finally, further validation in patient-derived biofluids 
and standardization of EV isolation and miRNA quanti-
fication methods as well as comparative profiling of EV-
miRNAs across different biofluids and EV subtypes are 
essential to confirm the translational relevance of our 
findings.

Conclusions
In conclusion, the results obtained in this study confirm 
the importance of miR21 as glioma marker, highlighting 
its role as an early indicator of the disease, specifically 
produced by cells of non-tumoral origin, likely perturbed 
by the early glioma cell growth. These data suggest that 
miR21 in EVs released by non-tumoral cells and isolated 
from liquid biopsies, could enable early diagnosis or 
recurrence.
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