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Abstract
Extracellular vesicles have emerged as important mediators of intercellular communication in cancer,

including by conveying tumor-promoting microRNAs between cells, but their regulation is poorly understood.
In this study, we report the findings of a comparative microRNA profiling and functional analysis in human
glioblastoma that identifies miR-1 as an orchestrator of extracellular vesicle function and glioblastoma growth
and invasion. Ectopic expression of miR-1 in glioblastoma cells blocked in vivo growth, neovascularization, and
invasiveness. These effects were associated with a role for miR-1 in intercellular communication in the
microenvironment mediated by extracellular vesicles released by cancer stem–like glioblastoma cells. An
extracellular vesicle–dependent phenotype defined by glioblastoma invasion, neurosphere growth, and endo-
thelial tube formation was mitigated by loading miR-1 into glioblastoma-derived extracellular vesicles. Protein
cargo in extracellular vesicles was characterized to learn how miR-1 directed extracellular vesicle function. The
mRNA encoding Annexin A2 (ANXA2), one of the most abundant proteins in glioblastoma-derived extracellular
vesicles, was found to be a direct target of miR-1 control. In addition, extracellular vesicle–derived miR-1 along
with other ANXA2 extracellular vesicle networking partners targeted multiple pro-oncogenic signals in cells
within the glioblastoma microenvironment. Together, our results showed how extracellular vesicle signaling
promotes the malignant character of glioblastoma and how ectopic expression of miR-1 can mitigate this
character, with possible implications for how to develop a unique miRNA-based therapy for glioblastoma
management. Cancer Res; 74(3); 738–50. �2013 AACR.

Introduction
Glioblastomamultiforme, themost common and aggressive

primary brain tumor, is diagnosed in approximately 10,000 new
cases per year in theUnited States (1), with amedian survival of
approximately 14 months (2). Glioblastoma multiforme is
characterized by cellular heterogeneity, rapid proliferation,

angiogenesis, and extensive invasion (3). Concomitant high
proliferation and infiltration constitutes the major challenge
for glioblastoma multiforme therapy because even with exten-
sive resection tumor cells are left behind in the brain, leading to
recurrence. Angiogenesis constitutes a major advantage to
rapidly growing tumors by providing oxygen and nutrients,
yet antiangiogenic treatment may paradoxically increase inva-
siveness (4). Thus, novel therapies aimed at blocking glioblas-
toma multiforme growth, as well as curbing its invasive and
angiogenic potential, are needed.

Glioblastomamultiformedisplays ahigh level of intratumoral
cellular heterogeneity and has been shown to contain subpo-
pulations of tumorigenic cells with stem cell–like properties (5).
The tumor vasculature provides a specialized niche for stem-
like tumor cells (6).Moreover, these tumorsmodify normal cells
in their environment to promote tumorigenicity in variousways
(7) and tumor-associated cells such as vascular cells, microglia,
peripheral immune cells, andneural precursors also play impor-
tant roles in the microenvironment (8). Increasing evidence
shows that a crucial mode of cell–cell communication within
tumors is the release and uptake of small extracellular vesicles
that contain a subset of cellular proteins and RNAs (9, 10).
Extracellular vesicles are taken up by cells and can change their
phenotype by delivery of tumor-derived RNAs, including
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microRNAs (miR; ref. 11). In recent years, numerous reports
suggested an important role for extracellular vesicle commu-
nication in glioblastoma multiforme, including the transfer of
miRs (9, 12, 13).
miRs are small, noncoding RNAs that act as regulators of

gene expression by reducing translation of target mRNAs with
partial complementarity in their 30-untranslated regions (UTR;
ref. 14). miR deregulation is a general feature of cancer,
including glioblastoma multiforme, and is associated with
both tumor suppressor and oncogenic effects (15, 16).
miR-1 has been shown to function as a tumor suppressor in

several human cancers (17). In this study, we report that miR-1
is novel tumor suppressor in glioblastoma multiforme. We
describemultilevel antitumorigenic effects ofmiR-1 restoration,
including signaling by extracellular vesicles. Multiple oncogenic
signaling pathways were inactivated by miR-1, showing the
distinctive ability of a single miR to simultaneously inhibit
numerous targets, both directly and indirectly. Moreover,
we show that the pro-oncogenic effect of glioblastoma multi-
forme–derived extracellular vesicles was alleviated by miR-1,
which directly targets Annexin A2 (ANXA2), one of the most
abundant extracellular vesicle proteins. ANXA2 is upregulated
in various tumor types (18), including glioblastoma multiforme
(19) where it plays a critical role in driving invasion and
progression (20). Our results show that miR-1 delivery reduces
glioblastoma multiforme tumorigenicity and impairs extracel-
lular vesicle–based microenvironmental communication, sug-
gesting that such communication may be a candidate for
therapeutic treatment of glioblastoma multiforme.

Materials and Methods
Human specimens
All tumor samples were obtained as approved by the Insti-

tutional Review Board at The Ohio State University (OSU;
Columbus, OH). Surgery was conducted by E.A. Chiocca or I.
Nakano. For each patient, samples of both tumor and adjacent
brain devoid of gross tumor were processed for extraction of
total RNA (TRIzol, Invitrogen) andprotein (Cell Lysis Buffer, Cell
Signaling) or establishment of patient-derived neurospheres.

Cell culture
U87, U251, U373, Gli36 malignant glioblastoma multiforme

(American Type Culture Collection) were cultured in Dulbec-
co's Modified Eagle Medium (DMEM; Invitrogen) with 10% or
2% fetal calf serum (FCS, Sigma). Human brain microvessel
endothelial cells (HBMVEC; Cell System) were cultured in
endothelial cell basal medium supplemented with 1% endo-
thelial cell growth supplement and 5% FBS. The normal human
astrocytes (NHA, Clonetics) were cultured in astrocyte basal
medium supplemented with 1% astrocyte growth supplement
and 2% FBS (Lonza). Primary human glioblastoma multiforme
cells X12 were obtained as previously reported (21, 22). For
neurosphere culture, cells were grown in stem cell medium,
consisting of Neurobasal/Glutamax (Invitrogen) supplemen-
tedwith 1%N2 and 2%B27 (Invitrogen) and 20 ng/mL EGF and
fibroblast growth factor-2 (PeproTech). Cells were grown as
adherent monolayers in poly-L-ornithine and laminin-covered
dishes (Invitrogen) and as neurospheres in stem cell medium.

Vector construction and transfection
The lentiviral pCDH-GFP empty vector andmiR-1-1–expres-

sing vector were purchased from System Biosciences. The
lentiviral constructs along with lentiviral packaging con-
structs were used for establishing U87 and X12 cell lines
constitutively overexpressing GFP or GFP/miR-1, according
to the manufacturer's instruction. For each construct, 3 inde-
pendent clones were created and expression of miR-1 was
validated by quantitative PCR (qPCR). The RFP CD63 lentiviral
particles from System Bioscience were used for creating U87
and X12 cell lines overexpressing RFP CD63.

The 30-UTR encompassing the target sequence for miR-1 of
ANXA2 cDNA were cloned into the pMIR-REPORT vector
(Ambion). For the mutated, construct of the QuickChange
Site-DirectedMutagenesis Kit (Stratagene)was used according
to manufacturer's protocol to alter the miR-1 seed sequence.
Luciferase reporter assays were conducted as previously
described (23) using luciferase reagent (Promega). Extracellu-
lar vesicles loaded with miR (NC or miR-1) were used for
luciferase assays at a concentration of 500 extracellular vesicles
per cell. Cells were treated with extracellular vesicles 24 hours
before reporter transfection. Transfection (25–75 nmol/L) of
negative control (NC) and pre-miR-1 (miR-1) or pre-miR-1
FAM labeled (miR-1 FAM; Ambion) or pMIR-REPORT was
done with Lipofectamine 2000 (Invitrogen).

In vivo studies
Female immunodeficient mice were purchased from Taco-

nic. For all studies, the mice were housed in animal facility at
the OSU in accordance with all NIH regulations. All protocols
were approved by the OSU Institutional Animal Care and Use
Committee. In vivo studies were conducted as previously
described (see Supplementary Experimental Procedures;
ref. 24). Tumors from flank and brains were placed in 4%
paraformaldehyde for 24 hours and then in 30% sucrose for 48
hours. Sections of 20 mm were evaluated for Ki67 (Abcam),
cleaved caspase-3 (Cell Signaling), CD31 (BD Pharminogen),
and lectin (Invitrogen) immunostaining or green/red fluores-
cence. For quantification of staining/fluorescence, 3 sections
per tumor were analyzed.

In vitro 2- and 3-dimensional assays
Three-dimensional (3D) spheroid migration assay in col-

lagen matrix and its quantification were conducted as
previously described (23). The vessel-forming ability of
HBMVECs was characterized in vitro using a Matrigel assay
(see Supplementary Experimental Procedures; ref. 25). Pro-
pidium iodide exclusion and flow cytometry–based cell-
cycle analysis was carried out using the Becton Dickinson
FACSCalibur System.

Purification of extracellular vesicles
To isolate extracellular vesicles, U87 and X12 cells were

cultured for 2 days in extracellular vesicle–free medium with-
out antibiotics. The conditioned media were collected and
extracellular vesicles were isolated by differential centrifuga-
tion as previously described (see Supplementary Experimental
Procedures; ref. 26).
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Proteomic analysis
All mass spectra were acquired at the Bioproximity LLC.

Proteins were prepared for digestion using the filter-assisted
sample preparation (FASP)method (see Supplementary Exper-
imental Procedures; ref. 27).

Protein extraction and Western blot analysis was done as
described previously (28). Representative images from 2 or 3
independent experiments are shown. Antibodies used were as
follows: ANXA2 (1:1,000, Santa Cruz), CD133 (1:1,000, Amer-
sham), BMI1 and GFAP (1:1,000, Millipore), Akt and pAKT
Ser473, ERKandpERKThr202/Tyr204Y, JNKandpJNKThr183/
Tyr185, MET and p-MET Tyr1234/1235, EGFR, PDGFRA,
SUZ12, FASN (1:2,000, Cell Signaling), YWHAZ and CD63
(1:1,000, Santa Cruz), CD9 (1:500, Novus), and a-tubulin
(1:10,000, Sigma-Aldrich).

Microscopy
All fluorescent and light microscopy–based assays were

monitored using a Zeiss LSM510 confocal microscope system
(Carl Zeiss Inc.). Ultrathin frozen sections and immunogold-
labeled CD63 antibody were prepared in Cellular Neuroscience
Core Laboratory. The Transmission Electron microscopy Tec-
nai G2 Spirit BioTWINorwithAMT2kCCDcamerawas used to
analyze extracellular vesicles stained with immunogold-
labeled anti-CD63 antibody in Electron Microscopy Facility
at Harvard Medical School (Boston, MA).

Quantitative PCR
Total RNA was extracted using TRIzol (Invitrogen) and

treated with RNase-free DNase (Qiagen). Mature and pri-miR
expression analysis by qPCRwas carried out using themiRReal-
Time PCRDetectionKit (Applied Biosystems) as described (23).
mRNA expression analysis was conducted using Power SYBR
Green (Applied Biosystems). RNA concentrationwas quantified
using Nanodrop RNA 6000 nano-assays and analyzed using
Agilent 2100 Bioanalyzer total and Pico RNA platform.

Data and statistical analysis
All microscopy-based assays were edited/quantified using

ImageJ (http://rsb.info.nih.gov.ezp-prod1.hul.harvard.edu/ij/),
including the Analyze Skeleton plugin and Analyze Particles
function of binary images with automatic threshold. Pathway
analysis was conducted using Ingenuity Pathways Analysis
(IPA, http://www.ingenuity.com/) and David Functional
Annotation tools (http://david.abcc.ncifcrf.gov/). Results are
expressed asmean� SD, and differences were compared using
the 2-tailed Student t test. Statistical analyses were conducted
using Microsoft Office Excel 2010 or GraphPad Prism 6 soft-
ware. P < 0.05 was considered statistically significant (single
asterisks in the figures), and P < 0.01 was strongly significant
(double asterisks).

Results
miR-1 is downregulated in human glioblastoma
multiforme and in glioblastomamultiforme cells during
migration in vitro

Our previously published microarray study indicated that
miR-1 levels were significantly reduced when compared with
adjacent brain tissue from the same individual (29). More

recently, our group also showed that the expression of miR-
1 was shut off over a 3-day in vitro spheroid migration assays
(23). In fact, miR-1 was 1 of 5 miRs downregulated in both
arrays (Fig. 1A). To validate the microarray data from the first
study (29), we tested miR-1 expression in a panel of 8 patient
glioblastoma multiforme samples with matched adjacent
brain by quantitative real-time (Fig. 1B). This confirmed that
there was significant downregulation of miR-1 in glioblastoma
multiforme compared with surrounding brain. Themicroarray

Figure 1. miR-1 is downregulated in patient glioblastoma multiforme
specimens and in glioblastoma multiforme cells during migration in
vitro. A, Venn diagram depicting the overlap between miRs identified
as downregulated in glioblastoma multiforme specimens compared
with matching (i.e., from the same individual) adjacent brain (blue) and
miRs identified as downregulated in glioblastoma multiforme cells in
time course of a migration assay (yellow). B, relative expression of
miR-1 was validated by qPCR in glioblastoma multiforme brain tumor
(BT) specimens versus matching brain adjacent to tumor (BAT; n ¼ 8).
Values, mean relative miR-1 expression level � SD. C, representative
images of RFP-X12 glioblastoma multiforme cells in the migration
assay at days 0 and 3 are shown. RNA was extracted from multiple
spheroids for subsequent analysis. Scale bars, 200 mm. Relative
expression of miR-1 was validated by qPCR in U87 and X12
glioblastoma multiforme cell lines at days 0 and 3 of migration in the
spheroid assay. Values, mean relative miR-1 expression level � SD. D,
relative expression of miR-1 was validated by qPCR in normal human
astrocytes (NHA), neuroglia (NG), HBMVECs, and collection of
glioblastoma multiforme primary stem cells and established cell line
U87. Values, mean relative miR-1 expression level � SD. Dashed line,
50% of expression measured in astrocytes.
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data from the second study (23) were also validated by showing
that miR-1 was downregulated in U87 and X12 glioblastoma
multiforme cells during a 3-day migration assay (Fig. 1C).
Finally, we assessed miR-1 expression in nonmalignant astro-
cytes, neuroglia, and endothelial brain microvasculature, as
well as in a broad panel of glioblastoma multiforme–derived
cell lines (primary glioblastoma multiforme stem–like cells
from grade III and IV tumors, and established glioblastoma
multiforme cell lines). Expression was moderate in astrocytes,
high in neuroglia, and very low in endothelial cells. In 17 of 20
malignant cell lines, miR-1 expression was low or undetectable
(Fig. 1D). The identification of low levels of miR-1 in tumor
tissue and tumor cells, as well as a reduction in migrating cells
strongly suggests that miR-1 may play a tumor-suppressive
role in glioblastoma multiforme.

Overexpression of miR-1 in glioblastoma multiforme
cells reduces tumorigenicity, angiogenesis, and invasion
in vivo

On the basis of the above findings, we hypothesized that
miR-1 may act as a tumor suppressor. To investigate the
function of miR-1 in glioblastoma, we stably expressed miR-
1 using a lentiviral expression vector. U87 flank xenografts
expressing miR-1 were significantly smaller than controls (Fig.
2A), and there was significant reduction in the proliferation
index (Supplementary Fig. S1A). The decreased growthwas not
due to apoptosis because cleaved caspase-3 was not signifi-
cantly elevated in cells expressing miR-1 (Supplementary Fig.
S1B). Interestingly, the recruitment of endothelial cells mea-
sured by CD31 staining was significantly decreased, suggesting
that impaired angiogenesis is at least partially responsible for

Figure 2. Overexpression of miR-1 in glioblastoma multiforme cells mitigates tumorigenicity, reduces invasiveness, and angiogenesis in vivo. A,
representative images of tumor xenografts before and after excision from mice injected with U87 cells stably expressing pCDH-GFP control vector
(pCDH) or pCDH-GFP miR-1 vector (pCDH miR-1). Tumor mass was quantified (n ¼ 7), and the data are expressed as mean � SD. B, representative
images of intracranial tumors formed by U87 (2 weeks after injection) and X12 (3 weeks after injection) glioblastoma multiforme cells stably
expressing pCDH-GFP control vector (pCDH) or pCDH-GFP miR-1 vector (pCDHmiR-1). Scale bars, 250 mm. C, Kaplan–Meier survival curve of animals
injected with glioblastoma multiforme tumor cells U87 (top) and X12 (bottom). Cells were stably expressing pCDH-GFP control vector (pCDH; U87,
n ¼ 10; X12, n ¼ 8) or pCDH-GFP miR-1 vector (pCDH miR-1; U87, n ¼ 10; X12, n ¼ 9). Log-rank test was used to compare the survival
probabilities between the two groups. D, angiogenesis was determined by CD31 (red) and DAPI (blue) staining of intracranial tumors formed by U87
(5 weeks after injection) and X12 (7 weeks after injection) glioblastoma multiforme cells stably expressing pCDH-GFP control vector (pCDH) or
pCDH-GFP miR-1 vector (pCDH miR-1). Scale bars, 150 mm. Data, mean � SD. �, P < 0.05; ��, P < 0.01. E, invasiveness in vivo was determined by
co-injection of noninvasive RFP-Gli36 cells with invasive GFP-X12 cells stably expressing either pCDH-GFP control vector (pCDH) or pCDH-GFP
miR-1 vector (pCDH miR-1). Data quantified per random field. Scale bars, 100 mm. Data, mean � SD; �, P < 0.05.
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the observed growth inhibition mediated by miR-1 in vivo
(Supplementary Fig. S1C). Next, we evaluated glioblastoma
multiforme cell tumorigenicity by intracranial implantation of
U87 and X12 cells stably expressing miR-1. These tumors were
significantly smaller than controls (Fig. 2B). Survival analysis
showed a significantly better outcome of animals injected with
miR-1–expressing cells. In U87 cells we observed a substantial
subgroup of long-term survivors (Fig. 2C). Analysis of neovas-
cularization was conducted on symptomatic animals at 5
weeks (U87) or 7 weeks (X12) after tumor implantation.
miR-1–expressing tumors displayed reduced CD-31 staining,
with shorter average branch length and fewer prominent
branches (Fig. 2D). These results were confirmed by lectin
staining (Supplementary Fig. S1D). Finally, tumors formed by
invasive X12 cells were smaller and also less diffusely infiltra-
tive when miR-1 was expressed (Fig. 2B). To quantify invasive-
ness in vivo, noninvasive RFP-Gli36 cells were co-injected with
invasive X12 cells stably expressing GFP alone or GFP/miR-1.
Control X12 cells readily migrated out of the RFP-positive
tumor core, whereas those expressing miR-1 were predomi-
nantly localized intratumorally (Fig. 2E). These results thus link
miR-1 to a tumor suppressor role by inhibition of growth,
invasiveness, and angiogenesis of glioblastoma multiforme.

Overexpression of miR-1 in glioblastoma multiforme
cells impairs neurosphere formation and migration
through multiple effectors

We became interested in exploring the effect of mR-1 on
glioblastoma multiforme cell invasion. We first used in vitro
adhesion assays and observed that miR-1–expressing cells
were poorly adhesive, (Supplementary Fig. S2A) and cell-cell
adhesiveness assays quantified the significance of this pheno-
type (Supplementary Fig. S2B). Indeed, miR-1–expressing cells
displayed impaired cell–cell attachment in 2D (Supplementary
Fig. S2C) and 3D assays (Supplementary Fig. S2D). Moreover,
miR-1 expression reduced infiltration in a 3D collagen matrix
with cells displaying a cuboidal, noninvasive morphology (Fig.
3A with insets). Reduced migration was also confirmed by a
wound-healing assay (Supplementary Fig. S2E). In contrast to
the effects onmigration, therewas no effect ofmiR-1 on the cell
cycle (with the exception of a small but nonsignificant increase
in the apoptotic fraction in U87 cells (Supplementary Fig. S2F).
Interestingly, glioblastoma multiforme cells cultured in stem-
like conditions had significantly impaired neurosphere forma-
tion upon miR-1 expression, both in stably infected (Fig. 3B)
and in transiently transfected cells (Supplementary Fig. S2G).
Therefore, miR-1 expression reduced glioblastomamultiforme
cell to cell and cell to matrix adhesion, leading to reduced
neurosphere sizes and inhibited in vitro invasion.

The above results showed that miR-1 expression led to a
variety of phenotypic changes.We thus hypothesized thatmiR-
1 could be deregulating multiple signaling pathways linked to
glioblastoma multiforme progression. We thus investigated
the status of such oncogenic signaling in glioblastoma multi-
forme cells transfected with miR-1 and cultured either as
monolayers or in "stem-like" neurosphere conditions. We
observed reduced level of phospho-AKT (X12 only) but no
changes in phospho-ERK levels (Fig. 3C). However phospho-

JNK levels were consistently reduced, especially in stem-like
conditions (where phospho-JNK levels were elevated). Stem-
like culture conditions caused a significant increase in levels of
the putative glioma stem cell marker CD133, as well as an
increase in stem cell self-renewal factors BMI1 and SUZ12.
Levels of the astrocyte lineage marker GFAP were significantly
reduced under these neurosphere culture conditions. miR-1
transfection abrogated these effects of neurosphere culture
and reduced levels of CD133, BMI1, and SUZ12while increasing
levels of differentiation marker GFAP (Fig. 3D). Interestingly,
cells transferred from monolayer culture to stem-like condi-
tions had significantly reduced endogenous expression ofmiR-
1 (Supplementary Fig. S2H). Finally, we analyzed the effect of
miR-1 expression on cellular receptors known to play a crucial
role in glioblastoma multiforme cell biology. We observed
elevated levels of the known miR-1 target MET (30, 31) under
neurosphere conditions. As expected, pro-MET, MET, and
phospho-MET levels were significantly reduced by miR-1
expression. Also, EGFR level was diminished in miR-1 expres-
sing cells, whereas PDGFR level was increased in U87 and
reduced in X12 cells, suggesting cell-type–specific effects (Fig.
3E). These results thus indicated that miR-1 inhibited multiple
signaling pathways, associated with "stemness" of glioblasto-
ma multiforme stem-like cells.

miR-1 expression blocks extracellular vesicle
stimulation of glioblastoma multiforme invasion and
growth

The findings showing reduced invasion and angiogenesis in
miR-1–expressing cells suggested that it influences the tumor
microenvironment. Thus, we hypothesized thatmiR-1 could be
acting on intercellular communication via extracellular vesi-
cles, which have been shown to be important mode of release
biomolecules by glioblastoma multiforme cells (13). To inves-
tigate the role of paracrine communication via extracellular
vesicles in neovascularization, we used a tube formation assay
using recipient brain microvascular endothelial cells (32).
These cells form tube-like structures in growth factor–supple-
mented medium (Fig. 4A, left). HBMVECs treated with glio-
blastoma multiforme neurosphere–derived extracellular vesi-
cles (donor cells) formed significantly longer and more
branched tube-like structures than controls. This effect was
significantly reduced in the presence of extracellular vesicles
collected from miR-1–expressing neurospheres compared
with controls (Fig. 4A, right).

Next, we tested the effect of extracellular vesicles on migra-
tion of stem-like neurospheres. We found that the presence of
extracellular vesicles (collected from donor neurospheres)
strongly promoted recipient cell migration in spheroid assays
(Fig. 4B). This effect was significantly diminished using extra-
cellular vesicles collected from miR-1–expressing donor cells,
both in terms of distance traveled by the cells and number of
cells leaving the spheroid core (Fig. 4B, Supplementary Fig.
S3A). We also found that extracellular vesicles derived from
control neurosphere donor cells promoted neurosphere for-
mation of recipient cells; whereas extracellular vesicles col-
lected from miR-1–expressing donor cells had no significant
effect (Fig. 4C). Expression of miR-1 in recipient cells also
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prevented extracellular vesicle promotion of neurosphere for-
mation (Supplementary Fig. S3B). Thus expression of miR-1
prevents extracellular vesicle stimulation of angiogenesis,
invasion, and neurosphere formation in recipient cells.
As a control, we confirmed that miR-1 expression did not

alter expression of the extracellular vesicle marker CD63
(Supplementary Fig. S3C). Interestingly, miR-1 expression did
lead to a small but significant decrease in extracellular vesicle

size (Supplementary Fig. S3D), but miR-1 expression did not
alter the number of extracellular vesicles secreted by glioblas-
toma multiforme cells (Supplementary Fig. S3E). Additional
characterization of extracellular vesicles released by glioblas-
toma multiforme stem-like cells showed that extracellular
vesicle fractions lacked larger RNAs compared with total
cellular RNA (Supplementary Fig. S3F) and that extracellular
vesicles collected from miR-1–expressing cells showed

Figure 3. Overexpression of miR-1 in glioblastoma multiforme cells impairs cell–cell adhesion, spheroid migration, and neurosphere formation by affecting
multiple effectors. A,migration of glioblastomamultiforme cells wasmeasured by a spheroid dispersal assay. Representative images of spheroidmigration of
U87 (top) and X12 (bottom) glioblastomamultiforme cells transiently transfected with either negative control miR (NC) or miR-1. Scale bars, 100 mm (top) and
200 mm (bottom). The insets in all panels are magnified �2.5. Migratory zones were quantified after indicated time, expressed as mean � SD. �, P < 0.05. B,
neurosphere formation capacity was determined by a self-renewal assay. Representative images of U87 and X12 cells stably expressing pCDH-GFP control
vector (pCDH) or pCDH-GFP miR-1 vector (pCDH miR-1). Scale bars, 200 mm. Neurospheres were quantified after 72 hours, expressed as mean
frequencyof colony sizebydiameter divided into twoclasses�SD. �,P<0.05.C, cellular signalingwasmonitoredbyWestern blot analysis ofU87andX12cell
lines cultured as monolayer (M) or stem cell-like neurospheres (SC). Cells were transiently transfected with either negative control miR (NC) or miR-1. Cell
lysates were blotted with anti-phospho-specific antibodies and compared with total kinase antibodies. Tubulin was used as a loading control. D, stemness
was monitored by Western blot analysis of U87 and X12 cell lines cultured as monolayer (M) or stem cell-like neurospheres (SC). Cells were transiently
transfected with either negative control miR (NC) or miR-1. Cell lysates were blotted with indicated antibodies. Tubulin was used as a loading control. E,
expression of cellular receptors was monitored by Western blot analysis of U87 and X12 cell lines cultured as monolayer (M) or stem cell-like neurospheres
(SC).Cellswere transiently transfectedwith either negative controlmiR (NC) ormiR-1.Cell lysateswereblottedwith anti-phospho-specificantibodies andwith
total protein antibodies. Tubulin was used as a loading control.
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increased levels of RNAs smaller than 40 nt (Supplementary
Fig. S3G). Therefore, we conclude that observed effects of
extracellular vesicles derived from miR-1–expressing donor
cells on recipient cells were more likely due to such extracel-
lular vesicle cargo and not to a difference in extracellular
vesicle quantity or release from donor cells.

miR-1 is transferred between glioblastoma multiforme
cells by extracellular vesicle transport

We next asked whether miR-1 itself could be transferred
by glioblastoma multiforme–derived extracellular vesicles.
To visualize extracellular vesicle transfer, we created cell
lines expressing RFP-CD63 and used them as donor cells.

Figure 4. The extracellular vesicle–
dependent phenotype is mitigated
by miR-1. A, tube-like formation of
HBMVECs in unsupplemented
(NB�) and supplemented (NBþ)
neurobasal medium and upon the
presence of extracellular vesicles
in NB� medium was monitored by
3D Matrigel assay. Extracellular
vesicles were collected from U87
(EV U87) and X12 (EV X12) cells
stably infected with either pCDH-
GFP control vector (pCDH) or
pCDH-GFP miR-1–expressing
vector (pCDH miR-1).
Representative images are shown.
Scale bars, 250 mm. Data, mean �
SD; �, P < 0.05. B, migration of
glioblastoma multiforme stem-like
neurospheres in NB� medium
upon the presence of extracellular
vesicles was measured by
spheroid dispersal assay.
Representative images of X12
spheroid migration after indicated
time are shown. Extracellular
vesicle were collected from X12
cells stably expressing pCDH-GFP
control vector (EV pCDH) or pCDH-
GFP miR-1 vector (EV pCDH miR-
1). Scale bars, 100 mm. Migratory
zones were quantified after
indicated time, expressed as mean
� SD. �, P < 0.05. C, neurosphere
formation capacity in the presence
of extracellular vesicles was
determined by self-renewal assay.
Representative images of GFP-
labeled U87 and X12 cells either
nontreated (NT) or cultured in the
presence of extracellular vesicles
are shown. Extracellular vesicles
were collected from corresponding
cell lines stably expressing pCDH-
GFP control vector (EV pCDH) or
pCDH-GFP miR-1 vector (EV
pCDH miR-1). Scale bars, 200 mm.
Neurospheres were quantified
after 72 hours, expressed as mean
frequency of colony size by
diameter divided into two classes
� SD. �, P < 0.05.
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After treatment with extracellular vesicles derived from RFP-
CD63–expressing cells, we detected RFP inside GFP-labeled
recipient cells (Supplementary Fig. S4A). To visualize miR-1
transfer, we used U87 cells cotransfected with FAM-labeled
miR-1 and RFP-labeled CD63 as extracellular vesicle donor
cells. We observed that a substantial fraction of FAM-miR-1
co-localized with RFP-CD63 but also that a fraction of FAM-
miR-1 remained in the donor cells cytoplasm (Fig. 5A, top).
Extracellular vesicles released by FAM-miR-1/RFP-CD63–
transfected cells were then added to recipient, nonfluores-
cent U87 cells. We observed partial colocalization of FAM-
miR-1 with RFP-CD63 in the cytoplasm of recipient cells
(Fig. 5A, middle; Supplementary Fig. S4B). A similar result
was observed in coculture experiments (Fig. 5A, bottom),
strongly suggesting that miR-1 can be transferred between
cells through extracellular vesicles. To survey the transfer of
miR-1 from donor to recipient cells, we conducted qPCR
analysis on RNA extracted from donor cells (U87, X12), as
well as their corresponding extracellular vesicles and recip-
ient cells. We observed a significant increase of mature miR-
1 levels in all tested samples (Fig. 5B), but the primary
transcript was not altered in recipient cells (Supplementary
Fig. S4C). This suggests that the observed increase of mature
miR-1 levels in recipient cells is due to extracellular vesicle
transfer not to increased endogenous miR-1 expression.
These observations support the notion that the miR-1–
dependent paracrine effect is at least partially mediated via
extracellular vesicle transfer.

miR-1 overexpression affects the extracellular vesicle
protein cargo by direct and indirect targeting

The extracellular vesicle–mediated phenotype observed in
recipient cells suggested an active role of the extracellular
vesicle molecular cargo. As miRs modulate the cellular pro-
teome, we characterized the extracellular vesicle protein
cargo in miR-1–expressing cells by global mass spectromet-
ric analysis of extracellular vesicles. We identified 1,038
proteins, of which 462 were significantly downregulated and
11 upregulated in miR-1–expressing U87 cells compared
with controls (Fig. 6A, Supplementary Table S1). "RNA
binding" and "Vesicles" were among the most abundant
functional annotations among these proteins and enzymes
and transporters were among the most prominent types of
proteins found in glioblastoma multiforme extracellular
vesicles (Supplementary Fig. S5A and S5B). The most abun-
dant networks identified were cancer-related and cell sur-
vival was among the most significant molecular process
connected to proteins found in glioblastoma multiforme
extracellular vesicles (Supplementary Table S2). Among
identified proteins, 205 were putative targets of miR-1 and
among these 84 were downregulated in extracellular vesicles
collected from miR-1–expressing cells (Supplementary Fig.
S5C and S5D). This was confirmed for three putative targets
by Western blot analysis, which showed that ANXA2, FASN,
and YWHAZ were significantly reduced in extracellular
vesicles collected from miR-1–expressing cells (Fig. 6B).
These results thus showed that miR-1 expression led to

Figure 5. MiR-1 is transferred between glioblastoma multiforme cells by extracellular vesicle transport. A, uptake of glioblastoma multiforme–derived
extracellular vesicles was monitored using co-labeled extracellular vesicles and miR. Donor U87 cells were stably infected with lentiviral particles of
RFP-CD63 and transiently transfected with FAM labeled miR-1. Representative images show partial colocalization of miR-1 (green) and
extracellular vesicles (red) in donor cells (top), in recipient U87 cells treated with extracellular vesicles from donor cells (middle), and in donor and
recipient cells in coculture (bottom). Scale bars, 50 mm. Arrows indicate FAM signal alone (left), RFP signal alone (middle), and both signals colocalized
(right). B, expression of miR-1 in donor cells, extracellular vesicles, and recipient cells was validated by qPCR. RNA was isolated from donor
cells (U87, X12) stably infected with either pCDH-GFP control vector (pCDH) or pCDH-GFP miR-1 expressing vector (pCDH miR-1), extracellular
vesicles collected from donor cells, and recipient U87, X12, and HBMVEC cells upon the treatment with extracellular vesicles. Data are shown as the
mean raw DCt value � SD.
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Figure 6. miR-1 directly targets EV ANXA2 overexpressed in human glioblastoma multiforme. A, Venn diagram depicting differential protein composition of
extracellular vesicles derived from U87 cells stably infected with pCDH-GFP miR-1 expressing vector (downregulated, blue; upregulated, yellow) compared
with EVs derived from U87 cells stably infected with pCDH-GFP control vector. (Continued on the following page.)
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changes in the extracellular vesicle proteome, linked to
cancer-related signaling networks.
Interestingly, ANXA2 was identified as the most abundant

extracellular vesicle protein (Table 1) and its mRNA 30UTR
contains a conserved miR-1 target site (Supplementary Fig.
S5E). ANXA2 was previously implicated as an important
pro-oncogenic factor in glioblastoma multiforme, promoting
proliferation, invasion, and angiogenesis (20). The observed
miR-1–dependent phenotype was thus consistent with ANXA2
downregulation, providing a biologic rationale for exploring a
link between miR-1 and ANXA2. We thus proceed to verify the
link betweenmiR-1 and ANXA2. The level of ANXA2 in two cell

lines stably expressing miR-1 was significantly reduced com-
pared with that of controls (Fig. 6C). Similarly, downregulation
of miR-1 was observed in a panel of five cell lines transfected
with miR-1 (Supplementary Fig. S5F). Direct targeting of
ANXA2 by miR-1 was shown using a luciferase reporter assay
with the 30UTR of ANXA2 and, in addition, mutagenesis of the
predicted miR-1–binding site abolished the suppression of
luciferase by miR-1 (Fig. 6D, Supplementary Fig. S5E). ANXA2
in conditioned medium was detected almost exclusively in the
extracellular vesicle compartment (Supplementary Fig. S5G)
and stem-like culture conditions caused a significant increase
in ANXA2 levels, which was reflected in its extracellular vesicle
content. This was strongly reduced by miR-1 expression (Sup-
plementary Fig. S5H). These data thus confirmed that ANXA2
was a direct mRNA target of miR-1 and that miR-1 expression
resulted in decreased ANXA2 levels in extracellular vesicles.

To further show the functional consequences of extracellu-
lar vesicle-mediated miR-1 transfer, we analyzed its effect on
ANXA2 in recipient cells. When purified extracellular vesicles
collected frommiR-1–expressing cells were added to recipient
cells, there was a significant reduction of ANXA2 and MET
proteins, when compared with treatment with control extra-
cellular vesicles (Fig. 6E). As the endogenous level ofmRNAs for
these genes did not significantly change (data not shown), the
observed downregulation was most likely due to expected
microRNA-mediated effects during translation. The function-
ality of miR-1 in recipient cells was shown by a luciferase assay
with the ANXA2 30UTR reporter (Fig. 6F), showing a significant
decrease in luciferase activity in cells treated with extracellular
vesicles frommiR-1–expressing cells. The effect was abolished
by mutations in the miR-1 site of the ANXA2 30UTR. These
results strongly suggested thatmiR-1 delivered by extracellular
vesicles is functional and can reduce ANXA2 levels in recipient
cells by direct targeting of ANXA2 30UTR.

To show the clinical relevance of miR-1/ANXA2 targeting in
glioblastoma multiforme, we established that ANXA2 mRNA

Table 1. Top deregulated molecules indentified
in extracellular vesicles

Name Hits NC/miR-1
Base2 log
of ratio

ANXA2 1679/232 2.9
MYH9 709/107 2.7
FASN 99/1 5.6
UBA1 59/0 5.9
PRSS3 1/22 �3.5
IGHG4 0/11 �3.6
COL1A2 0/8 �3.2
LGALS7/LGALS7B 0/6 �2.8

NOTE: ANXA2 is the most abundant protein in glioblastoma
multiforme–derived extracellular vesicles. List of top four
(bold) deregulated extracellular vesicle proteins identified by
massspectrometry in extracellular vesiclesderived fromU87
cells transfected with either negative control (NC) or miR-1.
The base 2 log of the ratio specifies the difference in number
of peptide hits between the groups.

(Continued.) B, extracellular vesicle proteins were validated by Western blotting analysis. Extracellular vesicles were derived from U87 and X12 cells lines
stably infectedwith either pCDH-GFP control vector (pCDH) or pCDH-GFPmiR-1–expressing vector (pCDHmiR-1). Extracellular vesicle lysateswere blotted
with specific antibodies against indicated proteins. CD9 and CD63 were used as a loading control. C, effects of miR-1 on the expression of ANXA2
were validated byWestern blot analysis. U87 and X12 glioblastomamultiforme cell lines were stably expressing pCDH-GFP control vector (pCDH) or pCDH-
GFP miR-1 expressing vector (pCDH miR-1). Cell lysates were blotted with antibodies against ANXA2. Tubulin was used as a loading control. D, direct
targeting of ANXA2 30UTR by miR-1 was validated using a luciferase/30UTR reporter assay. COS7 cells were cotransfected with luciferase/ANXA2wild-type
30UTR reporter vector (wt) and 33 or 66 nmol/L negative control miR (NC) or miR-1. A reporter vector with a mutated miR-1–binding site in the ANXA2 30UTR
(mut) was used as a control. Luciferase levels are expressed as mean relative to controls � SD. ��, P < 0.01. E, effects of extracellular vesicle–carried
miR-1 on the expression of ANXA2 andMETwere validated byWestern blot analysis. U87 andX12 cells were exposed to the presenceof extracellular vesicles
derived from corresponding cells transiently transfected with either negative control miR (NC) or miR-1. Cell lysates were blotted with antibodies against
ANXA2,MET, and tubulinwasusedasa loading control. F, direct targetingofANXA230UTRbyEV-carriedmiR-1wasvalidated using luciferase/30UTR reporter
assay. U87 and X12 cells were exposed to the presence of extracellular vesicles derived from corresponding cells transiently transfected with either
negative control miR (NC) or miR-1 and after 24 hours transfected with luciferase/ANXA2 30UTR wild type (wt) and mutant (mut) reporter vector. Luciferase
levels are expressed as mean relative to controls � SD. ��, P < 0.01. G, relative expression of miR-1 (left) and ANXA2 mRNA (right) levels were validated by
qPCR in glioblastoma multiforme brain tumor (BT) specimens versus matching brain adjacent to tumor (BAT; n¼ 8). Values, mean relative miR-1 expression
level � SD. H, ANXA2 protein level was validated in glioblastoma multiforme by Western blot analysis. Cell lysates from glioblastoma multiforme brain
tumor (BT) specimens versus matching brain adjacent to tumor (BAT; n ¼ 3) were blotted with antibodies against ANXA2. Tubulin was used as a loading
control. I, association of ANXA2 expression with patient survival [Kaplan–Meier (KM) plot] in glioblastoma multiforme. Data were obtained from The
CancerGenomeAtlas. Upregulated (n¼31), downregulated (n¼24), and intermediary samples (n¼156)were analyzed. Up- versusdownregulated,P¼0.05;
upregulated versus intermediary, P¼ 0.7134; downregulated versus intermediary, P¼ 0.0147. J, miR-1–dependent targeting of EV ANXA2 network. ANXA2
partners were selected from extracellular vesicle proteins carried differentially in miR-1–dependent manner. Experimentally validated miR-1 targeting of
ANXA2 is shown as a red line; targeting based on published data is shown as solid blue lines, and putative targeting based on target prediction software
only is shown as a dashed lines. Networking was analyzed with STRING software.
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levels were elevated in patient glioblastoma multiforme sam-
ples andwere also significantly inversely correlated withmiR-1
(Fig. 6G). Moreover, Western blot analysis showed a significant
upregulation of ANXA2 protein in brain tumor samples (Fig.
6H). Also, according to Oncomine and TCGA databases, glio-
blastoma multiforme is characterized by high expression of
ANXA2 mRNA (Supplementary Fig. S5I), and its low expres-
sion is significantly associated with better outcome (Fig. 6I).
Thus, these data strongly implicate ANXA2 as a significant
player in glioblastoma multiforme biology and identify miR-1
as an important direct regulator of ANXA2, both in tumor cells
and in the tumor microenvironment.

Discussion
Despite considerable progress in recent years, the regulation

of signaling in the glioblastomamultiformemicroenvironment
is not well understood (7). Extracellular vesicle signaling via
intercellular transport of proteins and RNAs, includingmiRs, is
a recently discoveredmechanism bywhich tumor cells, includ-
ing glioblastoma multiforme, interact with their surroundings
(12, 33). MiRs have been implicated in glioblastoma multi-
forme pathophysiology and therapy (34–36), but there are a
limited number of studies showing the functional conse-
quences of microRNA reintroduction to targeted cells in the
context of the tumor microenvironment (37). As extracellular
vesicles are capable of transporting nucleic acids (13, 38) and
proteins as a part of physiologic intercellular communication,
the approach ofmicroRNAoverexpression in donor cellmay be
used for their delivery. Here, we provide novel evidence that
reintroduction of miR-1, important in antiproliferative, anti-
angiogenic, and anti-invasive action for glioblastoma multi-
forme, also contributes to microenvironmental remodeling by
direct targeting of the glioblastoma multiforme cells' extracel-
lular vesicle cargo. We also show for the first time that this
remodeling is likely mediated by miR-1 targeting of ANXA2.
These studies thus characterize glioblastoma multiforme's
extracellular vesicle–mediated paracrine signaling network
and identify some of the factors, such as miR1/ANXA2 that
are relevant for known observed glioblastoma multiforme
phenotypes.

Tumor-suppressive functions of miR-1 have been shown in
numerous human malignancies (17, 39–41). Its action was
associated with direct targeting of several oncogenes, includ-
ing MET (30)—one of the crucial oncogenic drivers in glio-
blastoma multiforme. However, the role of miR-1 in glioblas-
toma multiforme has never been explored. Here we cross-
referenced the results of 2 microRNA microarray analyses and
found that the expression of miR-1 is significantly decreased in
human glioblastoma multiforme patient samples compared
with normal brain and is also downregulated inmigrating cells,
suggesting a role in glioblastoma multiforme growth and
invasiveness. Upregulation of miR-1 expression in glioblasto-
ma multiforme has far-reaching consequences for tumor phe-
notype, including diminished neurosphere formation capacity,
in vitro tumor growth, angiogenesis, and invasiveness in vivo.
Unexpectedly, we observed significantly reduced endothelial
cell recruitment and neovascularization in vivo, suggesting

microenvironmental alterations. Such a complex phenotype
is likely to be mediated by multiple effectors. Restoration of
miR-1 expression in glioblastoma multiforme cells is biolog-
ically consistent with our understanding of cancer as a disease
of multiple aberrant signaling pathways that would thus
require intervention at multiple levels (42). The fact that a
singlemiR simultaneously downregulates a broad set ofmRNA
targets with potential pro-oncogenic properties provides a
broad modulatory mechanism that may operate in other
cancers as well as glioblastoma multiforme. Among a panel
of oncogenic signaling kinases, the reduction of JNK activity,
shown to play a crucial role inmaintenance of self-renewal and
tumorigenicity of glioblastoma multiforme stem cells (43, 44),
was apparent. Also, stem cell factors known to play a vital role
in glioblastoma multiforme stem cell maintenance such as
CD133 or members of polycomb repressor complexes (36, 45)
were significantly reduced upon miR-1 expression. Downre-
gulation of MET and EGFR upon upregulation of miR-1 under-
lines its strong antitumorigenic effects. Here, for the first time,
we describe targeting of MET by miR-1 in glioblastoma multi-
forme. In silico analysis suggested that the observed changes in
the molecular milieu of miR-1–expressing glioblastoma multi-
forme cells are likely consequences of both direct and indirect
effects.

The dramatic effect of miR-1 expression on blood vessel
formation in vivo suggested complex tumormicroenvironment
rearrangements. This most likely was due to the altered
secretion of pro-angiogenic factors and/or by the active release
of overexpressed miR-1 into the microenvironment. Intercel-
lular communication by extracellular vesicles was recently
shown to contribute to horizontal cellular transformation,
phenotypic reprogramming, and functional re-education of
recipient cells via both local and systemic modification of
microenvironment and direct transferring of biomolecules,
including miRs (46). We characterized extracellular vesicles
released by glioblastoma multiforme cells and found that
miR-1 overexpressed in donor cells was in fact loaded into
extracellular vesicles and transferred to recipient cells to func-
tionally target its effectors there. Moreover, we showed that
miR-1 is capable of microenvironmental modifications by
affecting the molecular cargo of extracellular vesicles. Our
results underline the functional role of glioblastoma multi-
forme–derived extracellular vesicles in tumorigenicity. The
global proteomic analysis of extracellular vesicle content
revealed the presence ofmore than a thousand proteins, among
which ANXA2 was the most abundant. ANXA2 is an important
oncogene in numerous cancers (47, 48), including glioblastoma
multiforme where it high expression promoted growth, angio-
genesis, and invasiveness, and correlated with poorer patient
outcomes (20, 49). Interestingly, ANXA2 was among the most
downregulated proteins in extracellular vesicles collected from
miR-1 overexpressing cells. On the basis of the fact that the
phenotype observed upon miR-1 expression is consistent with
reduced levels of ANXA2, we hypothesized that this protein is
not only the direct target of miR-1 but also its major effector in
glioblastoma multiforme cells. Expression of miR-1 and ANXA2
were inversely correlated in human glioblastoma multiforme
samples, and miR-1 directly binds to site on the ANXA2 30UTR,
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leading to repression of ANXA2 protein levels. Furthermore,
bioinformatic analysis revealed that miR-1 putatively targets
several proteins functionally related to ANXA2 (Fig. 6J) in
addition to previously published targeting of MET mRNA.
miR-1 deregulated the protein cargo of glioblastoma multi-
forme–derived extracellular vesicles without significant differ-
ences in extracellular vesicle secretion or uptake, suggesting
that observed phenotype is in fact mediated by differences in
the content of extracellular vesicle molecular cargo, including
ANXA2. These data strongly suggest a mechanistic link
between miR-1 and ANXA2 suppression on glioblastoma mul-
tiforme cells and their microenvironment.
It has been postulated that miR replacement approaches

have strong therapeutic potential because of the fact that
single miRs can regulate multiple oncogenic pathways that
are commonly deregulated in cancer (42). Our report provides
novel evidence that miR-1 is inactivated in glioblastomamulti-
forme. Because miR-1 simultaneously targets major compo-
nents of oncogenic signaling networks (JNK, PRCs,MET, EGFR,
ANXA2), miR-1 loss may represent an important step in
glioblastoma multiforme genesis and/or progression. More-
over, we showed that the pro-oncogenic impact that glioblas-
toma multiforme cells exert on their microenvironment by
releasing extracellular vesicles is alleviated by miR-1. Thus the
depletion of cellular and extracellular vesicle ANXA2 points
toward miR-1 replacement as an attractive candidate for this
therapeutic modality. These findings shed new light on the
intricate communication networks in the glioblastoma multi-

forme microenvironment and open new possibilities for ther-
apeutic intervention.
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