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ABSTRACT

Glioma stem cells (GSCs) play an important role in glioblastoma prognosis.
Exosomes (EXs) mediate cell communication by delivering microRNAs (miRs).
Glioblastoma has a high level of miR-21 which could upregulate vascular endothelial
growth factor (VEGF) expression. We hypothesized GSC-EXs can promote the
angiogenic ability of endothelial cells (ECs) through miR-21/VEGF signal. GSCs were
isolated from U-251 cells with stem cell marker CD133. GSCs transfected without
or with scramble or miR-21 mimics were used to produce GSC-f*scon, GSC-EXs*c
and GSC-EXs™R-21, Human brain ECs were co-cultured with vehicle, GSC-EXs<", GSC-
EXssc or GSC-EXs™iR-2! plus VEGF siRNAs (siRNAVESF). After 24 hours, the angiogenic
abilities of ECs were evaluated. The levels of miR-21, VEGF and p-Flkl1/VEGFR2 were
determined. Results showed: 1) Over 90% of purified GSCs expressed CD133; 2)
The levels of miR-21 and VEGF in GSCs and GSC-EXs were up-regulated by miR-21
mimic transfection; 3) Compared to GSC-EXs<°" or GSC-EXs*¢, GSC-EXs™R-2! were more
effective in elevating the levels of miR-21 and VEGF, and the ratio of p-Flk1/VEGFR2
in ECs; 4) GSC-EXsmiR-21 were more effective in promoting the angiogenic ability
of ECs than GSC-EXs<" or GSC-EXs*, which were remarkably reduced by siRNAVESF
pretreatment. In conclusion, GSC-EXs can promote the angiogenic ability of ECs by
stimulating miR-21/VEGF/VEGFR2 signal pathway.

INTRODUCTION

Glioblastoma is the most common and malignant
brain tumor in adults. Current therapies for glioblastoma
include surgical resection, radiotherapy and chemotherapy.
However, the five-year survival rate for glioblastoma is
less than 5%, and its median survival period is only 14.6
months in adults [1]. The ineffectiveness of the treatments
majorly result from the tumor cellular heterogeneity, the
high migratory capability of glioblastoma and chemo-
resistance [2].

Cancer stem cells have been suggested to participate
in tumor growth and radio- or chemo- resistance [3, 4].
Glioma stem cells (GSCs) are multipotent tumor-initiating

cells which display stem cell properties [5, 6] and express
CD133 marker [7, 8]. Increasing evidence suggests that
the aggressiveness and unresponsiveness of glioblastoma
might be related to the presence of GSCs [9, 10]. Indeed,
GSCs can promote tumor angiogenesis [11] and have been
shown to be resistant to cell death following growth factors
withdrawal [12, 13]. Thus, understanding the mechanism
of how GSCs promote metastasis of glioblastoma will be
important for developing efficient therapeutic strategies.
Angiogenesis and extensive invasion are hallmark
features of malignant glioblastoma. As we know,
cancer cells can subvert surrounding normal cells such
as endothelial cells (ECs) to promote tumor growth,
angiogenesis and metastases [14, 15]. Currently,
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extracellular exosomes (EXs) are emerging as novel
intercellular communicators. Mounting evidence has
shown that EXs can convey cargoes such as proteins and
microRNAs (miRs) to distant/nearby cells and modulate
recipient cell function [16-18]. Exosomal miR-135b
from hypoxia-resistent multiple myeloma cells could
enhance endothelial tube formation under hypoxia [19].
The extracellular vesicles released from glioblastoma cells
have been shown to transfer RNAs to brain microglia/
macrophages [20], suggesting the potential of glioblastoma
in manipulating its environment. Nevertheless, no study
has investigated the potential role of GSC-derived EXs
(GSC-EXs) on EC functions.

As an oncomiR, miR-21 is expressed in a wide range
of cancers. It promotes cell proliferation and migration [2].
Earlier studies have identified that vascular endothelial
growth factor (VEGF) plays a key role in the angiogenesis
process of astrocytoma [21, 22]. Overexpressing miR-21
increased the expression of VEGF in a prostate cell line
and induced tumor angiogenesis [23]. Downregulation
of miR-21 in glioblastoma cells caused repression
of cell growth which theoretically could enhance the
chemotherapeutic effects of cancer therapy [24]. Recently,
another study revealed that GSCs can produce higher
levels of VEGF and contribute to tumor angiogenesis [11].
However, whether EXs-derived from GSCs (GSC-EX5s)
can promote the angiogenesis through their carried miRs
and proteins remains unknown.

In this study, we aimed to investigate whether GSC-
EXs can promote the angiogenic function of ECs through
the miR-21/VEGF signal.

RESULTS

Purification of GSCs from U251 cells

The cell surface antigen CD133 is considered
as a marker of stem cells. Indeed, several studies have
demonstrated CD133 can be used to isolate a population
of cells with stem-cell properties [25, 26]. Here, we used
anti-CD133 conjugated beads to isolate GSCs from U251
cells. The purification efficiency was assessed by flow
cytometry. The data (Figure 1) showed that anti-CD133-
conjugated beads enriched CD133" cells to 90 + 6% from
U-251 cells (25 £+ 5%).

MiR-21 overexpression increased VEGF mRNA
level in GSCs

The success of miR-21 mimic or inhibitor
transfection was confirmed by qRT-PCR. As shown in
Figure 2A, the level of miR-21 in GSCs was remarkably
up-regulated by miR-21 mimics. There was no significant
difference of the miR-21 level between GSCs in control
(GSCs™) and those transfected with scramble control

(GSCs*). In addition, we found that miR-21 mimics
elevated the mRNA level of VEGF in GSCs as compared
to that in GSCs*" or GSCs* (Figure 2B).

GSC-EXs™®2! harbored high levels of miR-21
and VEGF

It is believed that EXs can carry the cargoes such
as miRs and proteins from their parent cells. We focused
on determining the level of miR-21 and VEGF in GSC-
EXs. First of all, we analyzed the size and concentration
of GSC-EXs and assessed the expression of EX specific
marker CD63 by using NTA. As shown in Figure 3A—
3B, the three types of GSC-EXs displayed a similar size
distribution. The average size was approximately 20-120
nm. There was no difference of the concentration of EXs
in the three groups. According to the fluorescence NTA
results, over 90% of EXs expressed CD63 (Figure 3C).

Next, we examined the levels of miR-21 and VEGF
in GSC-EXs. We found that the EXs-derived from GSCs
transfected with miR-21 mimics (GSC-EXs™i®2!) carried
a higher level of miR-21 and VEGF as compared to that
in the EXs-derived from control GSCs (GSC-EXs¢") or
the EXs-derived from GSCs transfected with scramble
control (sc) of miR-21 (GSC-EXs*) (Figure 3D-3E).
Altogether, the levels of miR-21 and VEGF in GSC-
EXsmik2lappeared to be paralleled with their parent cells,
GSCsmir2!,

GSC-EXs™R®2' had better effects on elevating
miR-21 level and VEGF secretion of ECs than
GSC-EXs¢on

Increasing evidence shows that EXs are crucial in
cell-cell communication [16, 27]. To examine whether
GSC-EXs could be up-taken by ECs, the GSC-EXs
were labeled with red fluorescence PKH26 and added
to the culture medium of ECs. As shown in Figure 4A,
the labeled GSC-EXs were observed in the cytoplasm of
ECs, suggesting that the GSC-EXs can be incorporated
into ECs. Meanwhile, our data showed that there was no
significant difference of the fluorescence intensity in ECs
after GSC-EX co-culture, indicating that similar amounts
of GSC-EXs were up-taken by ECs.

Then, we assessed whether GSC-EXs can alter the
levels of miR-21 and VEGF in the recipient cells, ECs.
Our results (Figure 4B) showed that GSC-EXs*" or GSC-
EXs* co-culture alone significantly increased the level
of miR-21 in ECs, and this effect was further enhanced
by GSC-EXs™®2!, These data suggest that GSC-EXs can
transfer miR-21 to ECs. Similarly, a higher concentration
of VEGF was detected in the culture medium of ECs co-
cultured with GSC-EXs™®2! than those co-cultured with
vehicle (culture medium only), GSC-EXs*" or GSC-
EXs* (Figure 4C). All of these data show that GSC-
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EXs™R2! can up-regulate the levels of miR-21 and VEGF
in ECs.

GSC-EXs™®2! had better effect than GSC-EXs*"
on promoting the angiogenic ability of ECs

To further investigate whether miR-21 is involved
in promoting the tube formation and migration abilities of
ECs, we treated ECs with GSC-EXs™®2! and its control,
GSC-EXs" or GSC-EXs* or GSC-EXsmR21 ko As shown
in Figure 5, GSC-EXs®" or GSC-EXs* alone enhanced the
tube formation and migration abilities of ECs as compared
to the vehicle (culture medium only). What’s more, the
angiogenic ability of ECs was much greatly enhanced by
GSC-EXs™R2! In addition, to determine whether VEGF
is involved in the effect of GSC-EXs, we blocked VEGF

with VEGF siRNA (siRNAYESF) in ECs. Our data showed
that sSiRNAYESF remarkably reduced the angiogenic ability
of ECs elicited by GSC-EXs™®2!, Altogether, these data
indicate that GSC-EXs increase the angiogenic ability of
ECs through miR-21/VEGF.

GSC-EXs activated the VEGF/VEGFR2
pathway in ECs

It is known that VEGFR2 is responsible for
most downstream angiogenic effects of VEGF in
tumors including migration, invasion, and endothelial
proliferation. For assessing whether the GSC-EX co-
culture can activate the VEGF/VEGR2 signal, we
measured the phosphorylation of VEGFR2 in ECs. Our
data (Figure 6) showed that both GSC-EXs¢"and GSC-
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Figure 1: MACS purification of GSCs from U-251 cells and characterization of GSCs by flow cytometry. GSCs were
defined as CD133" cells, which were separated by using MACS and assessed by flow cytometry for determining the efficiency of purification.
(A) representative flow plots showing the percentage of CD133* cells in U-251 cells and the purified GSCs; left curve: isotype control; right
curve: antibody; (B) summarized data showing the percentage of CD133" cells before and after MACS; *p < 0.05, vs. U-251 cells. Data are
expressed as mean + SEM; n = 3/group. MACS: magnetic activated cell sorting.
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Figure 2: Up-regulation of miR-21 by miR-21 mimic transfection increased VEGF mRNA expression in GSCs. The
purified GSCs were transfected with miR-21 for 48 hrs, and the levels of miR-21 and VEGF were determined by qRT-PCR. (A-B) the
levels of miR-21 and VEGEF in different types of GSCs; *p < 0.05, vs. GSCs*" or GSCs*; Data are expressed as mean £ SEM; n = 4/group.
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EXs®* significantly raised the ratio of p-FIk/VEGFR2 in 2) miR-21/VEGF/VEGFR?2 signaling is the underlying

ECs, which was further enhanced by GSC-EXs™R-2!, mechanism of the effects elicited by GSC-EXs.
Cancer stem cells participate in tumor growth and
DISCUSSION chemotherapy resistance [3, 4]. Increasing evidence
suggests that the presence of GSCs could result in the
The main findings of this study include that 1) aggressiveness of glioblastoma [9, 10], although the
GSC-EXs can promote the angiogenic ability of ECs; exact mechanism of how GSCs promote metastasis of
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Figure 3: Up-regulation of miR-21 in GSCs by miR-21 mimic transfection increased the levels of miR-21 and VEGF
mRNA expression in GSC-EXsmiR-21. (A) representative NTA plots showing the same pattern of size distribution of the three types
of GSC-EXs; (B) summarized data showing the concentration of EXs. (C) CD63 expression in the collected EXs. *p < 0.05, vs. GSCs;
(D-E) summarized data showing the levels of miR-21 and VEGF in various types of GSC-EXs. *p < 0.05, vs. GSC-EXs®" or GSC-EXs*;
Data are expressed as mean + SEM; n = 4/group.
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glioblastoma is unclear. CD133 has been well recognized
as a marker for GSCs [25, 26]. We successfully purified
GSCs from U-251 cells by using CD133-conjugated
beads, with the purity > 90% as confirmed by flow
cytometry (Figure 1).

In recent years, increasing evidence indicates that
EXs function as intercellular messengers to facilitate
cancer progression and metastasis [27, 28]. Indeed, tumor-
derived EXs have been shown to modify healthy cells
by altering their translational profile to promote tumor
progression [29]. Extracellular vesicles derived from
glioblastoma cells could modify recipient cells (endothelial
or monocytes) through transferring proteins and messenger
RNAs and non-coding RNAs [16-18]. In the present study,
we aimed to investigate whether GSC-EXs plays a role in
promoting the angiogenic ability of ECs. Our data (Figure
5) revealed that GSC-EXs®" offered a promotion effect on
tube formation and migration ability of ECs, supporting
the notion that EXs released from malignant cells can
affect the function of surrounding cells.

It is known that extensive angiogenesis and
invasion are two typical features of glioblastoma. The
pro-angiogenic role of miR-21 has been indicated in
a previous study showing that knock-down of miR-21
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decreased neointimal hyperplasia following angioplasty
[30]. Increasing evidence shows that the level of miR-
21 is significantly elevated in human cancers include
glioblastoma and melanoma [31, 32]. It is known
that miRs transferred via EXs could mediate cell-cell
communication, however, whether GSC-EXs can transfer
miR-21 to interfere the angiogenic ability of ECs remains
unknown. In order to explore the role of miR-21 in
angiogenic ability of ECs promoted by GSCs-EXs, we
overexpressed miR-21 in GSCs to obtain miR-21 enriched
EXs (GSC-EXs™®2!), The miR-21 level in GSCs and
the correspond EXs was verified by qRT-PCR. Our data
showed that miR-21 level was elevated in GSC-EXsmiR-21,
which paralleled with their parent cells, GSCs™®-2!
(Figures 2 and 3), suggesting the success of transfection.
Previous studies have revealed that VEGF is involved in
EC recruitment, proliferation and vasculature formation
to support the expansion of malignant tumors [33, 34]. In
this study, we found that the mRNA level of VEGF was
increased in GSC-EXs™R2! (Figure 2). This is in consistent
with previous studies showing that miR-21 can enhance
VEGF expression [23, 28].

In order to elucidate whether GSC-EXs co-culture
can affect the miR-21 level and VEGF secretion of ECs,
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Figure 4: Incorporation of various GSC-EXs into ECs and GSC-EXsmiR-21 had better effects on increasing miR-21

level and VEGF secretion of ECs. (A) left: representative images showing the incorporation of GSC-EXs into ECs; bar: 100 pm;
red: PKH26 labeled GSC-EXSs; blue: DAPI counterstained nucleus; right: summarized data showing the fluorescence intensity in ECs co-
cultured with the three types of GSC-EXs; (B) summarized data showing the level of miR-21 in ECs co-cultured with the three types of

GSC-EXs; (C) summarized data showing the concentration of VEGF in the culture medium of ECs co-cultured with GSC-EXs.

*p < 0.05,

vs. vehicle; “p < 0.05, vs. GSC-EXs¢" or GSC-EXs*; Data are expressed as mean = SEM; n = 4/group.
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Figure 5: GSC-EXsmiR-21 had better effects than GSC-EXscon and GSC-EXssc on promoting the angiogenic ability
of ECs. (A) representative images and the summarized data showing the tube formation ability of ECs treated by various types of GSC-
EXs; bar: 500 um; (B) summarized data showing the migration ability of ECs in different treatment groups. *p <0.05, vs. vehicle; p <0.05,
vs. GSC-EXs*" or GSC-EXs*; #p < 0.05, vs. GSC-EXs™*2! or GSC-EXs™R21+giRNA*, Data are expressed as mean + SEM; n = 4/group.
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we directly cultured ECs in the presence of different types
of GSC-EXs. Our results demonstrated that the PKH26
labeled GSC-EXs were up-taken by ECs after co-culture
(Figure 4). More importantly, we found that the GSC-
EXs™R2! can remarkably increase miR-21 level in ECs,
suggesting that the GSC-EXs™®?! can delivery miR-21
to ECs. Meanwhile, we found the level of VEGF in the
culture medium of ECs was significantly elevated after
the incubation with GSC-EXs™R2!(Figure 4). The elevated

A

level of miR-21 could be attributed to the directly delivery
of VEGF via GSC-EXsMR2! and/or through the secretion
of VEGF of ECs enhanced by GSC-EXs™*?!, This data
was supported by a previous report showing that exosomal
miR-21 can activate STAT3 to increase VEGF secretion of
human umbilical vein ECs [28].

For further assess whether GSC-EXs™®2! harboring
high levels of miR-21 and VEGF can promote the
angiogenesis response, ECs were evaluated by using tube
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Figure 6: GSC-EXsmiR-21 had better effect than GSC-EXscon and GSC-EXssc on activating the VEGF/VEGFR2
signal in ECs. (A) representative bands showing the expressions of VEGFR2 and its phosphorylation in ECs; (B) summarized data
showing the ratio of p-Flk1/VEGFR2. * p < 0.05, vs. vehicle; p < 0.05, vs. GSC-EXs¢" or GSC-Exs*. Data are expressed as mean + SEM;

n = 4/group.

www.impactjournals.com/oncotarget

Oncotarget



formation assay. The results revealed that GSC-EXs*"
and GSC-EXs* alone can promote tube formation on
the matrigel, and GSC-EXs™®-! exhibited the best effect
(Figure 5). These data were supported by a previous report
showing that the extracellular vesicles derived from U251
cells had the ability to stimulate EC activities [35]. The
proved pro-angiogenic ability of GSC-EXs could be
explained, at least partially, was attributed to their miR-
21 and VEGF contents. VEGF is well known as a pro-
angiogenic factor [36]. Its release by tumor cells as a
component of membrane vesicles has been highlighted
[37]. In order to verify the role of VEGF in promoting
EC angiogenesis, we knocked down VEGF by using
siRNAYESF and observed that a significantly less amount
of tubes were formed by ECs, reflecting that VEGF is
involved in GSC-EXs mediated endothelial angiogenesis.

It is believed that VEGFR2 is responsible for
most downstream angiogenic effects of VEGF including
changes in vascular permeability, endothelial proliferation,
invasion, migration, and survival [38]. Binding of VEGF to
VEGFR2 can activate downstream survival and migration
pathways involving PI3-kinase/Akt and focal adhesion
kinase [39]. In the present study, our results indicate that
the ratio of p-Flk1/VEGFR2 was significantly elevated in
ECs co-cultured with the GSC-EXs™®2! (Figure 6). These
data reflect that the VEGF/VEGFR?2 signal was activated
in ECs after the incubation with GSC-EXs.

Altogether, our results indicate that GSC-EXs
fully equipped for angiogenesis stimulation through their
carried miR-21 and pro-angiogenic growth factor VEGF to
activate the angiogenic ability of ECs. These data suggest
an important role for GSCs in tumor angiogenesis and in
elucidation of the mechanistic basis which will benefit the
development of novel therapeutic strategies. However,
in vivo research should be done for further studying the
effects of GSC-EXs in tumor metastasis.

MATERIALS AND METHODS

Cell culture

Human GBM cell line U-251 cells were purchased
from ATCC (Manassas, VA, USA). The cells were cultured
with DMEM medium supplemented with 4.5g/L glucose,
2 mM L-glutamine and 10% fetal bovine serum (FBS)
according to the manufacture’s instruction. Medium was
replaced twice a week.

Human brain ECs were purchased from Cell
systems (Kirkland, WA, USA) and cultured according to
the manufacturer’s protocol. In brief, ECs were cultured
in CSC complete medium containing 10% serum, 2%
human recombinant growth factors, and 0.2% antibiotic
solution under standard cell culture conditions (5%
CO2, 37°C). All medium and supplement reagents were
purchased from Cell Systems. Medium was changed
twice a week.

Purification of GSCs with CD133-conjugated
microbeads from glioblastoma cells by using
magnetic activated cell sorting

CD133 has been used to enrich the putative
cancer stem cells [25, 26]. In this study, the anti-CD133-
conjugated microbeads were applied to isolate GSCs
from U-251 cells by using magnetic activated cell sorting
(MACS) as previously reported with slight modification
[40]. In brief, U-251 MG cells were incubated with
anti-CD133-conjugated microbeads antibody (10 ul
anti-CD133 microbeads per 107 U251 cells) in 100 ul
reaction volume for 20 mins in the refrigerator. Then, the
CD133* cells were collected by using a magnet separator
(DynaMag-2 magnet; Thermo scientific). The purity of
GSCs was confirmed by flow cytometry analysis. The
purified GSCs were expanded in DMEM/F12 medium
containing 2% B27 (without retinoic acid), EGF (20 ng/
ml), FGF-2 (20 ng/ml), heparin (5 pg/ml), glutamine (2
mM) and 1% antibiotics.

For flow cytometry analysis, the purified GSCs
and U-251 MG cells were washed with PBS twice, and
then incubated with FITC-conjugated CD133 (5 ul/1x10°
cells, Miltenyi Biotec), or isotype control antibody (FITC-
conjugated IgG, 20 pl/1x10° cells, BD biosciences) for
30 mins in the dark. After incubation, the samples were
analyzed under flow cytometry (BD C6 flow cytometer).
10,000 events were collected for analysis. The experiment
was repeated three times.

Cell transfection

The purified GSCs were expanded and used
for miR-21 mimics transfection to overexpress miR-
21 [41]. Briefly, the GSCs were cultured to 60—70%
confluence, and transfected with miR-21 mimics or
the SC of miR-21 (40 nM, Thermo Fisher Scientific,
Waltham, MA) by using lipofectamine 2000 (Invitrogen,
Carlsbad, CA) for 48 hrs according to the manufacturer’s
instruction. The sequences of miR-21 mimics were: sense
5'-UAGCUUAUCAGACUGAUGUUGA-3'; antisense
5'-AACAUCAGUCUGAUAAGCUAUU-3". GSCs
transfected with miR21 SC or mimics or inhibitors were
denoted as GSCs* or GSCs™®2! respectively. GSCs
cultured in complete culture medium served as control
(GSCs*"). The levels of miR-21 and protein in GSCs were
extracted after transfection, respectively. The experiment
was repeated four times. The three types of GSCs were
used for producing corresponding EXs.

Preparation and collection of EXs released from
GSCs

The protocol for collecting EXs from serum-
free conditionl medium (CM) has been reported in our
previous study [42]. Briefly, GSCs*", GSCs*¢, GSCsmik-2!
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ko or GSCsmR2! were cultured in CM composed of
DMEM medium supplemented with 4.5g/L. glucose, 2
mM L-glutamine to release EXs which were denoted as
GSC-EXs*" GSC-EXs* or GSC-EXs™R2!After 24 hrs,
the respective CM was collected and centrifuged at 300g,
15 mins to remove dead cells. The supernatants were
centrifuged at 2000 g, 30 mins to remove cell debris,
followed by centrifugation at 20,000 g, 70 mins, and
ultracentrifugation at 170,000 g, 90 mins to pellet EXs. The
pelleted EXs were resuspended with phosphate-buffered
saline (PBS) and aliquoted for nanoparticle tracking
analysis (NTA) and co-culture experiments. PBS was
filtered through 20 nm-filter (Whatman, Pittsburgh, PA).

Nanoparticle tracking analysis of GSC-EXs

The NanoSight NS300 (Malvern Instruments,
Malvern, UK) was used to analyze the size, concentration
and CD63 expreesion of EXs at light-scatter or
fluorescence-scatter mode as we previously reported
[42]. Briefly, for size and concentration detection, the
collected EXs were resuspended with 700 ul filtered
PBS and analyzed under light-scatter mode of NTA. For
detection of CD63 expression in EXs, the collected EXs
were incubated with CD63-conjugated microbeads (10
ul; Miltenyi Biotec) in a 100 pl reaction volume for 2
hrs. Then, a magnet module (DynaMag-2 magnet; Life
technology) was applied to separate CD63* EXs from the
total EX suspension. After an overnight magnet separation,
the CD63" EXs were resuspended with 100 pl filtered PBS
and incubated with rabbit anti-goat IgG conjugated with
Q-dot 655 (1:350; Life Technologies) for 90 mins at RT.
All samples were analyzed under fluorescence-scatter
mode of NTA. Three videos of typically 30 seconds
duration were taken, with a frame rate of 30 frames per
second. Data was analyzed by NTA 3.0 software (Malvern
Instruments, Malvern, UK) on a frame-by-frame basis.
The experiment was repeated four times.

Co-culture of GSC-EXs with ECs

In order to determine whether GSC-EXs can be up-
taken by ECs, the three types of GSC-EXs were labeled
with PKH 26 and co-cultured with ECs [16]. In brief,
GSC-EXs were labeled with PKH 26 (2 x 107° M, Sigma-
Aldrich) for 5 mins at 37 °C, followed by wash with 1 x
PBS and ultracentrifuged at 170,000g for 90 mins. After
that, GSC-EXs (50 pg) were resuspended and added to
the culture medium (1 ml) of ECs for co-culture. After
24 hrs, ECs were washed with PBS for twice, and the
nuclei of ECs were stained with DAPI (1 pg/ml, Wako
Pure Chemical Industries Ltd) for 2 mins. Incorporation
of GSC-EXs into ECs was observed by fluorescence
microscopy (EVOS; Thermo Fisher Scientific). The
level of cellular fluorescence intensity was analyzed by

Image J (NIH) according to the instruction and a previous
report [43]. Briefly, the cell of interest and a region next
to the cell of interest that has no fluoresce (considered
as background) were selected. The area, integrated
density and mean gray value were measured. The cellular
fluorescence was calculated as: cellular fluorescence =
integrated density - (area of the selected cell x fluorescence
of background readings). The fluorescence intensities of
one hundred cells in five random fields in each group were
averaged. The experiment was repeated four times.

To further elucidate whether GSC-EXs can alter
the function of ECs, ECs were divided into five groups
and co-cultured with: vehicle (co-culture medium
only), GSC-EXs*", GSC-EXs*, GSC-EXsm*-2! ko GSC-
EXsmi®-2l The work concentration of GSC-EXs (50 pg/
ml) was determined based on our previous study [16].
Some ECs were pre-transfected with VEGF siRNA
(siRNAYESF; 50 nM; Qiagen) using oligofectmanine
transfection reagent (Invitrogen, Carlsbad, CA) for 48 hrs
to knock out the endogenous VEGF, and then co-cultured
with GSC-EXsmR2! Scrambled siRNA (siRNA*; 50 nM;
Qiagen) was used as an experimental control. After 24
hrs, the culture medium of ECs were collected for VEGF
analysis. The miR-21 level in ECs was analyzed by
quantitative RT-PCR analysis. ECs were used for tube
formation and migration assays. The experiment was
repeated four times.

Quantitative RT-PCR analysis

After transfection, cells were washed with 1xPBS.
The total mRNA from GSCs was extracted using and
lysed in Trizol (Thermo Fisher Scientific, Waltham,
MA). The miRs from GSCs, and from ECs co-cultured
with different types of GSC-EXs were extracted using
mirVana miRNA Isolation kit (Qiagen). For detecting
miR-21 level, reverse transcription (RT) reactions
were performed by using mirVana qRT-PCR miRNA
Detection Kit and hsa-miR-21 qRT-PCR primer set
from Ambion. The forward primer of miR-21 was:
S-TTTTGTTTTGCTTGGGAGGA-3', the reverse primer
of miR-21 was: 5'-AGCAGACAGTCAGGCAGGAT-3'".
For measuring the mRNA level of VEGF in GSCs,
RT was performed by using the first strand cDNA
synthesis kit (Qiagen) according to manufacturer’s
instruction. The forward primer of VEGF was,
5'-CGAGGGCCTGGAGTGTG-3', the reverse primer
of VEGF was, 5'-CCGCATAATCTGCATGGTGAT-3'".
The expression of U6 was used as endogenous control
for each sample. The forward primer of U6 was:
5'-CTCGCTTCGGCAGCACA-3', the reverse primer of
U6 was: 5'-AACGCTTCACGAATTTGCGT-3". Relative
expression level of each gene was normalized to U6 and
calculated using the 24T method. The experiment was
repeated four times.
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Enzyme-linked immunosorbent assay

The level of VEGF in the culture medium of ECs co-
cultured with the three types of GSC-EXs were measured
by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions (R&D
Systems). The concentration of VEGF was calculated as
pg/ml of culture medium. The experiment was repeated
four times.

Migration and tube formation assay for ECs

The migration assay was carried out by using
the Boyden chamber (Chemicon, Rosemont, IL) as
we previously reported with slight modification [44].
In brief, ECs (2 x 10* cells) were seeded into the upper
compartment of the boyden chamber. After 24 hrs, the ECs
which migrated across the membrane were counted under
an inverted light microscope. Ten random microscopic
fields were assessed in each well. The average number of
cells per field was determined.

The tube formation assay was conducted by using
in vitro angiogenesis assay kit (Chemicon). First, the
ECMatrix solution were thawed and mixed with the
ECMatrix diluent. Then, the ECMatrix mixture were
placed in a 96-well tissue culture plate at 37°C for 1 hr to
allow the matrix solution to solidify. ECs (1 x 10* cells/
well) were seeded onto the solidified matrix and incubated
at regular cell culture conditions (5% CO2, 37°C). After
24 hr post-seeding, 2 pg/ml calcein (Fisher scientific)
was directly added to the culture well and incubated for
20 mins prior to imaging under an inverted fluorescence
microscope. Tubes were defined as a tube structure
exhibiting a length 4 times of its width [45]. Five random
microscopic fields were assessed in each well. The average
number of tubes per field was determined.

Western blot analysis

After 24 hr co-culture, proteins of ECs in different
groups were extracted with cell lysis buffer (Thermo
Fisher scientific) supplemented with complete mini
protease inhibitor tablet (Roche). Then, the protein
lysates were electrophoresed through SDS-PAGE gel
and transferred onto PVDF membranes. The membranes
were blocked with 5% non-fat milk for 1 hr at room
temperature, and incubated with primary antibody against
VEGFR2 (1:1000; Santa Cruz), p-Flk1 (1:1000; Santa
Cruz) or B-actin (1:4000; Sigma) at 4°C overnight. On
the next day, membranes were washed and incubated
with horseradish-peroxidase-conjugated anti-rabbit or
anti-mouse IgG (1:40000; Jackson Immuno Research
Lab) for 1 hr at room temperature. Blots were developed
with enhanced chemiluminescence developing solutions
and images were quantified under ImagelJ software. The
experiment was repeated four times.

Statistical analysis

Data is expressed as mean = SEM. Two group
comparison was analyzed by Student’s ¢ test. Multiple
comparisons were analyzed by one- or two-way
ANOVA followed by LSD post-hoc test. SPSS 17.0
statistical software was used for analyzing the data. For
all measurements, a p < 0.05 was considered statistic
significant.

ACKNOWLEDGMENTS

This work was supported by the Science Foundation
for Youth Scientists of Heilongjiang Province (XS; Grant
No: QC2014C108).

CONFLICTS OF INTEREST

There is no conflicts of interests.

REFERENCES

1. Ostrom QT, Gittleman H, Farah P, Ondracek A, Chen Y,
Wolinsky Y, Stroup NE, Kruchko C, Barnholtz-Sloan JS.
CBTRUS statistical report: Primary brain and central
nervous system tumors diagnosed in the United States in
2006-2010. Neuro Oncol. 2013; 15:1i1-56.

Ananta JS, Paulmurugan R, Massoud TF. Nanoparticle-
Delivered Antisense MicroRNA-21 Enhances the Effects of
Temozolomide on Glioblastoma Cells. Mol Pharm. 2015;
12:4509-4517.

Dean M, Fojo T, Bates S. Tumour stem cells and drug
resistance. Nat Rev Cancer. 2005; 5:275-284.

Huang Z, Cheng L, Guryanova OA, Wu Q, Bao S. Cancer
stem cells in glioblastoma—molecular signaling and
therapeutic targeting. Protein Cell. 2010; 1:638-655.

5. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A, De VS,
Fiocco R, Foroni C, Dimeco F, Vescovi A. Isolation and
characterization of tumorigenic, stem-like neural precursors
from human glioblastoma. Cancer Res. 2004; 64:7011-7021.

Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB,
Dewhirst MW, Bigner DD, Rich JN. Glioma stem cells
promote radioresistance by preferential activation of the
DNA damage response. Nature. 2006; 444:756-760.
Ostrom QT, Gittleman H, Liao P, Rouse C, Chen Y,
Dowling J, Wolinsky Y, Kruchko C, Barnholtz-Sloan J.
CBTRUS statistical report: primary brain and central
nervous system tumors diagnosed in the United States in
2007-2011. Neuro Oncol. 2014; 16:iv1-63.

Magee JA, Piskounova E, Morrison SJ. Cancer stem cells:
impact, heterogeneity, and uncertainty. Cancer Cell. 2012;
21:283-296.

Eramo A, Ricci-Vitiani L, Zeuner A, Pallini R, Lotti F,
Sette G, Pilozzi E, Larocca LM, Peschle C, De MR.

www.impactjournals.com/oncotarget

36146

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

Chemotherapy resistance of glioblastoma stem cells. Cell
Death Differ. 2006; 13:1238-1241.

Daniele S, Sestito S, Pietrobono D, Giacomelli C,
Chiellini G, Di MD, Marinelli L, Novellino E, Martini C,
Rapposelli S. Dual inhibition of PDK1 and Aurora Kinase
A: an effective strategy to induce differentiation and
apoptosis of human glioblastoma multiforme stem cells.
ACS Chem Neurosci. 2016; 8:100—114.

Bao S, Wu Q, Sathornsumetee S, Hao Y, Li Z,
Hjelmeland AB, Shi Q, McLendon RE, Bigner DD, Rich
JN. Stem cell-like glioma cells promote tumor angiogenesis
through vascular endothelial growth factor. Cancer Res.
2006; 66:7843-7848.

Clark PA, lida M, Treisman DM, Kalluri H, Ezhilan S,
Zorniak M, Wheeler DL, Kuo JS. Activation of multiple
ERBB family receptors mediates glioblastoma cancer stem-
like cell resistance to EGFR-targeted inhibition. Neoplasia.
2012; 14:420-428.

Kelly J1J, Stechishin O, Chojnacki A, Lun X, Sun B,
Senger DL, Forsyth P, Auer RN, Dunn JF, Cairncross JG,
Parney IF, Weiss S. Proliferation of human glioblastoma
stem cells occurs independently of exogenous mitogens.
Stem Cells. 2009; 27:1722—-1733.

Mazzocca A, Coppari R, De FR, Cho JY, Libermann TA,
Pinzani M, Toker A. A secreted form of ADAM9 promotes
carcinoma invasion through tumor-stromal interactions.
Cancer Res. 2005; 65:4728-4738.

Muerkoster S, Wegehenkel K, Arlt A, Witt M, Sipos B,
Kruse ML, Sebens T, Kloppel G, Kalthoff H, Folsch UR,
Schafer H. Tumor stroma interactions induce chemoresistance
in pancreatic ductal carcinoma cells involving increased
secretion and paracrine effects of nitric oxide and interleukin-
1beta. Cancer Res. 2004; 64:1331-1337.

Wang J, Chen S, Ma X, Cheng C, Xiao X, Chen J, Liu S,
Zhao B, Chen Y. Effects of endothelial progenitor cell-
derived microvesicles on hypoxia/reoxygenation-induced
endothelial dysfunction and apoptosis. Oxid Med Cell
Longev. 2013; 2013:572729.

Wang X, Gu H, Huang W, Peng J, Li Y, Yang L, Qin D,
Essandoh K, Wang Y, Peng T, Fan GC. Hsp20-Mediated
Activation of Exosome Biogenesis in Cardiomyocytes
Improves Cardiac Function and Angiogenesis in Diabetic
Mice. Diabetes. 2016; 65:3111-3128.

Ribeiro MF, Zhu H, Millard RW, Fan GC. Exosomes
Function in Pro- and Anti-Angiogenesis. Curr Angiogenes.
2013; 2:54-59.

Umezu T, Tadokoro H, Azuma K, Yoshizawa S, Ohyashiki K,
Ohyashiki JH. Exosomal miR-135b shed from hypoxic
multiple myeloma cells enhances angiogenesis by targeting
factor-inhibiting HIF-1. Blood. 2014; 124:3748-3757.

Skog J, Wurdinger T, van RS, Meijer DH, Gainche L,
Sena-Esteves M, Curry WT Jr, Carter BS, Krichevsky AM,
Breakefield XO. Glioblastoma microvesicles transport
RNA and proteins that promote tumour growth and provide
diagnostic biomarkers. Nat Cell Biol. 2008; 10:1470-1476.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial
growth factor induced by hypoxia may mediate hypoxia-
initiated angiogenesis. Nature. 1992; 359:843-845.

Plate KH, Breier G, Weich HA, Mennel HD, Risau W.
Vascular endothelial growth factor and glioma angiogenesis:
coordinate induction of VEGF receptors, distribution of
VEGF protein and possible in vivo regulatory mechanisms.
Int J Cancer. 1994; 59:520-529.

Liu LZ, Li C, Chen Q, Jing Y, Carpenter R, Jiang Y, Kung
HF, Lai L, Jiang BH. MiR-21 induced angiogenesis through
AKT and ERK activation and HIF-1alpha expression. PLoS
One. 2011; 6:¢19139.

Zhang S, Wan 'Y, Pan T, Gu X, Qian C, Sun G, Sun L, Xiang
Y, Wang Z, Shi L. MicroRNA-21 inhibitor sensitizes human
glioblastoma U251 stem cells to chemotherapeutic drug
temozolomide. J Mol Neurosci. 2012; 47:346-356.

Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J,
Hide T, Henkelman RM, Cusimano MD, Dirks PB.
Identification of human brain tumour initiating cells.
Nature. 2004; 432:396-401.

Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C,
Squire J, Dirks PB. Identification of a cancer stem cell in
human brain tumors. Cancer Res. 2003; 63:5821-5828.
Shao Y, Shen Y, Chen T, Xu F, Chen X, Zheng S. The
functions and clinical applications of tumor-derived
exosomes. Oncotarget. 2016; 7:60736-60751. doi: 10.18632/
oncotarget.11177.

Liu Y, Luo F, Wang B, Li H, Xu Y, Liu X, Shi L, Lu X,
Xu W, Lu L, Qin Y, Xiang Q, Liu Q. STAT3-regulated
exosomal miR-21 promotes angiogenesis and is involved
in neoplastic processes of transformed human bronchial
epithelial cells. Cancer Lett. 2016; 370:125-135.

Pinet S, Bessette B, Vedrenne N, Lacroix A, Richard
L, Jauberteau MO, Battu S, Lalloue F. TrkB-containing
exosomes promote the transfer of glioblastoma aggressiveness
to YKL-40-inactivated glioblastoma cells. Oncotarget. 2016;
7:50349-50364. doi: 10.18632/oncotarget.10387.

Ji R, Cheng Y, Yue J, Yang J, Liu X, Chen H, Dean DB,
Zhang C. MicroRNA expression signature and antisense-
mediated depletion reveal an essential role of MicroRNA
in vascular neointimal lesion formation. Circ Res. 2007,
100:1579-1588.

Cho WC. OncomiRs: the discovery and progress of
microRNAs in cancers. Mol Cancer. 2007; 6:60.

Yang Q, Diamond MP, Al-Hendy A. The emerging role of
extracellular vesicle-derived miRNAs: implication in cancer
progression and stem cell related diseases. J Clin Epigenet.
2016; 2.

Folkman J. Role of angiogenesis in tumor growth and
metastasis. Semin Oncol. 2002; 29:15-18.

Fischer I, Gagner JP, Law M, Newcomb EW, Zagzag D.
Angiogenesis in gliomas: biology and molecular
pathophysiology. Brain Pathol. 2005; 15:297-310.

Giusti I, Delle MS, Di FM, Sanita P, D'Ascenzo S,
Gravina GL, Festuccia C, Dolo V. From glioblastoma to

WWW

.impactjournals.com/oncotarget

36147

Oncotarget



36.

37.

38.

39.

40.

endothelial cells through extracellular vesicles: messages
for angiogenesis. Tumour Biol. 2016; 37:12743-12753.

Sakurai T, Kudo M. Signaling pathways governing tumor
angiogenesis. Oncology. 2011; 81:24-29.

Taraboletti G, D'Ascenzo S, Giusti I, Marchetti D,
Borsotti P, Millimaggi D, Giavazzi R, Pavan A, Dolo V.
Bioavailability of VEGF in tumor-shed vesicles depends
on vesicle burst induced by acidic pH. Neoplasia. 2006;
8:96-103.

Zachary I, Gliki G. Signaling transduction mechanisms
mediating biological actions of the vascular endothelial
growth factor family. Cardiovasc Res. 2001; 49:568-581.

Zeng H, Sanyal S, Mukhopadhyay D. Tyrosine residues 951
and 1059 of vascular endothelial growth factor receptor-2
(KDR) are essential for vascular permeability factor/
vascular endothelial growth factor-induced endothelium
migration and proliferation, respectively. J Biol Chem.
2001; 276:32714-32719.

Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J,
Ocftner PJ, Aigner L, Brawanski A, Bogdahn U, Beier CP.
CD133(+) and CD133(—) glioblastoma-derived cancer stem
cells show differential growth characteristics and molecular
profiles. Cancer Res. 2007; 67:4010-4015.

41.

42.

43.

44.

45.

Qin X, Yan L, Zhao X, Li C, Fu Y. microRNA-21
overexpression contributes to cell proliferation by targeting
PTEN in endometrioid endometrial cancer. Oncol Lett.
2012; 4:1290-1296.

Wang J, Guo R, Yang Y, Jacobs B, Chen S, Iwuchukwu I,
Gaines KJ, Chen Y, Simman R, Lv G, Wu K, Bihl JC. The
Novel Methods for Analysis of Exosomes Released from
Endothelial Cells and Endothelial Progenitor Cells. Stem
Cells Int. 2016; 2016:2639728.

Jensen EC. Quantitative analysis of histological staining and
fluorescence using ImagelJ. Anat Rec. (Hoboken.). 2013;
296:378-381.

Chen J, Xiao X, Chen S, Zhang C, Chen J, Yi D, Shenoy
V, Raizada MK, Zhao B, Chen Y. Angiotensin-converting
enzyme 2 priming enhances the function of endothelial
progenitor cells and their therapeutic efficacy. Hypertension.
2013; 61:681-689.

Chen TG, Chen JZ, Wang XX. Effects of rapamycin on
number activity and eNOS of endothelial progenitor cells
from peripheral blood. Cell Prolif. 2006; 39:117-125.

www.impactjournals.com/oncotarget

36148

Oncotarget



