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Abstract
Purpose Exosomes play important roles in intercellular communication through signaling pathways affecting tumor microenvi-
ronment modulation and tumor proliferation, including those in glioblastoma (GBM). As yet, however, limited studies have been
conducted on the inhibitory effect of human bonemarrow-derived mesenchymal stem cell (hBMSC)-derived exosomes on GBM
development. Therefore, we set out to assess the role of hBMSC secreted exosomes, in particular those carrying microRNA-34a
(miR-34a), in the development of GBM.
Methods Microarray-based expression analysis was employed to identify differentially expressed genes and to predict miRNAs
regulating MYCN expression. Next, hBMSCs were transfected with a miR-34a mimic or inhibitor after which exosomes were
isolated. Proliferation, apoptosis, migration, invasion and temozolomide (TMZ) chemosensitivity of exosome-exposed GBM
cells (T-98G, LN229 and A-172) were measured in vitro. The mechanism underlying MYCN regulation was investigated using
lentiviral transfections. The in vivo inhibitory effect of exosomal miR-34a was measured in nude mice xenografted with GBM
cells through subcutaneous injection of hBMSCs with an upregulated miR34a content.
Results We found that poorly-expressed miR-34a specifically targeted and negatively regulated the expression of MYCN in
GBM cells. In addition we found that miR-34a was delivered to T-98G, LN229 and A-172 GBM cells via hBMSC-derived
exosomes. Exogenous overexpression of miR-34a in hBMSC-derived exosomes resulted in inhibition of GBM cell proliferation,
invasion, migration and tumorigenesis in vitro and in vivo, while promoting the chemosensitivity of GBM cells to TMZ by
silencing MYCN.
Conclusions From our data we conclude that hBMSC-derived exosomes overexpressing miR-34a may be instrumental for the
therapeutic targeting and clinical management of GBM.
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1 Introduction

Glioblastoma (GBM) has been identified as the most
common primary malignant brain tumor in adults. It can-
not be completely eliminated due to its tendency to in-
vade [1]. Although the cause underlying GBM progres-
sion remains unclear, the surrounding tissues may play a
role, i.e., interactions between GBM cells and micro- and
macro-environmental components may create conditions
that inhibit or enhance their growth [2, 3]. The poor
prognosis usually results from, next to tumor invasive-
ness, tumor heterogeneity and drug resistance [4]. The
treatment options for GBM are limited, and include ra-
diotherapy, surgery and chemotherapy along with an
alkylating agent, temozolomide (TMZ) [5, 6]. Previous
attempts to improve the efficacy of existing treatment
strategies for GBM have had little success due to com-
bined actions of intricate phenotypes and organ-specific
clinical manifestations [7]. Human bone marrow-derived
mesenchymal stem cells (hBMSCs) have been found to
be capable of homing to gliomas after systemic delivery
and they can, therefore, potentially be applied to glioma
treatment [8]. Additional emerging evidence indicates
that hBMSCs may be crucial for GBM-induced neovas-
cularization [9].

Exosomes secreted by the BMSCs have been reported
to have therapeutic potential [10]. Exosomes are small
intraluminal vesicles that are secreted by various cells
and can del iver intracel lular contents , such as
microRNAs (miRNAs), messenger RNAs (mRNAs) and
proteins [11–13]. Dysregulated miRNA activities are
known to be closely related to the initiation and progres-
sion of several tumors, including GBM [14, 15].
Previously, it has been found that miR-34a is poorly
expressed in GBMs, and that upregulation of miR-34a
may inhibit GBM cell proliferation, migration and inva-
sion, as well as in vivo GBM xenograft growth [16]. In
addition, it has been found that miR-34a may facilitate
the suppression of GBM growth by binding to Notch1
and that the expression of the latter is decreased in GBM
cells [17]. As a potential oncogene, it has been found
that MYCN can induce GBM development [18], and that
it may serve as an independent biomarker for rapid tu-
mor progression and a poor prognosis, regardless of age
and/or clinical stage of the disease [19]. Moreover,
MYCN has been reported to mediate the transcription
of genes associated with proliferation and apoptosis in
neuroblastoma [20]. Based on this information, we set
out to explore the therapeutic effect of miR-34a delivered
by hBMSC-derived exosomes on GBM cells, speculating
that it might inhibit the proliferation, migration and in-
vasion of GBM cells, and/or enhance their sensitivity to
TMZ.

2 Materials and methods

2.1 Ethics statement

This study was approved by the Institutional Review
Board and the Institutional Animal Care and Use
Committee of Henan Province People’s Hospital,
Zhengzhou University. All patients signed informed
consent prior to the study.

2.2 Microarray-based expression analysis

TheGSE42656 chip usedwas retrieved from theNational Center
for Biotechnology Information (NCBI) and included 4 normal
samples and 5 GBM samples. Differentially expressed genes
were identified using the empirical Bayesian method in conjunc-
tion with the Limma package of Bioconductor in R, and anno-
tated using the annotation package. A p value < 0.05 was con-
sidered to be a statistically significant.

2.3 MYCN regulatory miRNA identification

Candidate MYCN expression regulating miRNAs were pre-
dicted using the miRNA target prediction websites microRNA
(http://34.236.212.39/microrna/getGeneForm.do), miRsearch
(https://www.exiqon.com/miRSearch) and miRDB (http://
www.mirdb.org/), after which overlapping prediction results
were retrieved.

2.4 Study subjects

Primary GBM tissues (n = 35) and normal brain tissues (n =
25) were obtained from the Department of Neurosurgery of
Henan Province People’s Hospital, Zhengzhou University.
After the tissue samples were obtained through surgery, they
were immediately washed with phosphate buffered saline
(PBS; 3 times), cut into small blocks, placed in a cryopreser-
vation tube and preserved in liquid nitrogen for further use.
All GBM cases were confirmed through histopathological ex-
amination. The World Health Organization (WHO) classifica-
tion criteria for nervous system tumors were used as the basis
for pathological diagnosis and grading [21]. All normal brain
tissues were excised by intracranial decompression.

2.5 Cell cultures

The normal human glial cell line HEB and the GBM cell lines
T-98G, BT325, LN229 and A172 were obtained from the
Shanghai Institutes for Biological Sciences (Chinese
Academy of Sciences, Shanghai, China) and passaged during
less than 6 months. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technology,
Grand Island, NY, USA) supplemented with 10% fetal bovine

B. Wang et al.784

RETRACTED A
RTIC

LE

http://34.236.212.39/microrna/getGeneForm.do
https://www.exiqon.com/miRSearch
http://www.mirdb.org/
http://www.mirdb.org/


serum (FBS) (Life Technology, Grand Island, NY, USA) in an
incubator containing 5% CO2 at 37 °C.

2.6 hBMSC isolation and culture

The hBMSCs were isolated using the following procedure: a
20 ml syringe (containing 2000 IU heparin) was used to ex-
tract 10 ml bone marrow from the femoral shaft after which
the bonemarrow cells were mixed quickly with heparin. Next,
the cells were spun down at 257×g for 10 min, after which the
upper adipose tissues were removed, and the remaining cells
were washed 3 times with DMEM and resuspended in 15 ml
complete culture medium. The same volume of Ficoll-
Paque™ Plus lymphocyte isolate (density 1.077 g/ml) was
added to the tube after which the suspension was centrifuged
at 715×g for 20 min. By doing so, the nucleated cells were
located in the interface and upper liquid phase while most of
the red blood cells were located at the bottom. The nucleated
cells were taken out from the interface with a pipette and
centrifuged at 178×g for 8 min. Next, the cells were resus-
pended in 5 ml culture medium and 10 μl of the suspension
was mixed with 490 μl PBS. From this, 10 μl was taken for
cell counting. Subsequently, the cells were seeded in culture
flasks at a density of 1 × 105 cells/flask, after which 5 ml low-
sugar medium was added for cell culturing in a humidified
incubator with 5% CO2 at 37 °C. After fluorescence-activated
cell sorting (FACS) analysis, the cells were found to be posi-
tive for CD71, CD44 and CD29 (Abcam Inc., Cambridge,
CA, USA), but negative for HLA-DR (Abcam Inc.,
Cambridge, MA, USA) and the hematopoietic markers
CD45 and CD34 (PE, eBiosciences).

2.7 Transfection and lentiviral transduction

GBM cells were seeded at a density of 2 × 105 cells/well
(6-well plate) or 2 × 106 cells/dish (100-mm dish) or 5 ×
105 cells/dish (60-mm dish) 1 day before transfection.
When the cells reached a confluence of 60% - 80%, they
were transfected with miR-34a/NC inhibitor, miR-34a/NC
mimic, shMYCN/NC or MYCN/NC (GenePharma,
Shanghai, China), respectively, in accordance with the
Lipofectamine 2000 instructions of the supplier
(Invitrogen, Carlsbad, CA, USA).

The pMD2G (1 μg), psPAX2 (3 μg) and pLenti6.3-
Luciferase/miR-34a (miR-NC/miR-34a) (4μg) plasmids were
co-transfected into HEK-293 Tcells in 60-mm dishes to allow
lentivirus packaging. After 24 h of transfection, the superna-
tant was collected and fresh mediumwas added to the cells for
another 24 h culture period. The supernatant was harvested
again, mixed with the previous supernatant and used to infect
target cells. For the lentiviral transduction of hBMSCs, these
cells were seeded in a 24-well plate at a density of 5 × 104

cells/well and cultured overnight before transduction.

2.8 In vitro hBMSC differentiation assay

The 3rd generation hBMSCs with a good growth rate were
resuspended at a concentration of 5 × 104 cells/ml and seeded
into a 6-well plate, which was preset with a cover glass. After
24 h the cells were completely adhered to the bottom. The
hBMSCs were subsequently cultured using an OriCell™
Balb/c Mouse Bone Marrow Mesenchymal Stem Cell
Osteogenic Differentiation Medium Kit (Cyagen, Silicon
Valley, CA, USA) and an Adipogenic Differentiation
Medium Kit (Cyagen, Silicon Valley, CA, USA) for 4 weeks,
respectively, followed by cell staining to determine the abili-
ties of adipogenic and osteogenic differentiation in strict ac-
cordance with the instructions of the kits. Images were cap-
tured and photographed using an optical microscope (CK40,
Olympus, Tokyo, Japan).

2.9 Dual-luciferase reporter assay

The targeting of MYCN by miR-34a was verified using a
dual-luciferase reporter assay. Twenty four hours before trans-
fection, GBM cells were seeded into a 24-well plate and allo-
cated either to the wild-type (WT) plasmid group (GBM cells
transfected with miR-34a mimic and theWT luciferase report-
er plasmidMYCN 3′-untranslated region, 3’UTR), the mutant
(MUT) plasmid group (GBM cells transfected with miR-34a
mimic and the MUT luciferase reporter plasmid MYCN
3’UTR), and the negative control (NC) group (GBM cells
transfected with miR-34a and the NC luciferase plasmid).
After 48 h of transfection, the cells were collected and lysed
after which the luciferase activity was detected using a dual-
luciferase reporter system (Promega, Madison, WI, USA).
Renilla luciferase activity was used as internal reference.
The degree of activation of the reporter gene was estimated
using the ratio of the firefly luciferase activity and the Renilla
luciferase activity. The experiments were repeated 3 times
independently, and 6 duplicated wells for each treatment
were used.

2.10 hBMSC and GBM cell transfections

GBM cells were transfected with a green fluorescent protein
expression vector pCDNA3.1-GFP, and hBMSCs were
transfected with Cy3-labeled miR-34a (miR-34a-Cy3)
(GenePharma, Shanghai, China). After 12 h of transfection,
the cells were seeded in a 96-well plate at a density of 100 cells
per well and co-cultured at a ratio of 1: 1 for 2 days. Next, flow
cytometry was conducted in order to separate the cells. The
cells were simultaneously analyzed under a fluorescence mi-
croscope to assess the effect of miR-34a on GBM cell
proliferation.
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2.11 Exosome isolation and inhibition of exosome
secretion

Culture medium of the hBMSCs was collected and subse-
quently centrifuged at 300×g for 5 min, at 1500×g for
10 min and at 12000×g for 35 min at 4 °C, followed by
filtration using a 0.22 m filter (Merck Millipore, Tullagreen,
Ireland) and ultracentrifugation at 120000×g for 2 h to spin
down the exosomes. The resulting exosome pellet was
washed with 20 ml cold PBS and further purified through
centrifugation at 120000×g for 2 h at 4 °C. The final pellet
containing the exosomes was resuspended in 50–100 μl PBS
and stored at −80 °C. Exosome release was blocked using the
specific inhibitors GW4869 (Sigma, St Louis, MO, USA) and
DMA (Santa Cruz, Paso Robles, CA, USA). To this end, the
hBMSCs were t r ea ted wi th GW4869 , DMA or
dimethylsulphoxide (DMSO) in order to determine that the
miRNAs were delivered via the exosomes. DMSO was used
as the negative control. The hBMSCs were transfected with
miRNA mimic in a 6-well plate and co-cultured with 10 M
GW4869, 15 nM DMA and DMSO, respectively, for 48 h for
the isolation of the exosomes.

2.12 Transmission electron microscopy

Exosomes were prepared in PBS and identified using trans-
mission electron microscopy. To this end, the samples were
adsorbed by carbon-coated nickel grids and negatively stained
with 2% methylamine tungstate for 5 min. Subsequently, the
dye was blotted from the grids with filter paper and the sam-
ples were washed twice with drops of distilled water. Next, the
water was blotted and the samples were dried and examined
under a JEM-1230 electron microscope (Nihon Denshi,
Tokyo, Japan) at an accelerating voltage of 80 kV.

2.13 RNA isolation and quantification

Total RNA was extracted using a miRNeasy Mini Kit
(217,004, QIAGEN, Duesseldorf, Germany). A260/A230 and
A260/A280 values were determined using a Nanodrop 2000
ultraviolet spectrophotometer (1011 U, Nanodrop
Technologies Inc., Wilmington, USA) to verify the concentra-
tion and purity, respectively. Next, reverse transcription was
carried out to obtain complementary DNA (cDNA) in accor-
dance with the instructions of the TaqMan MicroRNAAssays
Reverse Transcription Kit (4,427,975, Applied Biosystems,
Inc., Carlsbad, CA, USA). The cDNA was then diluted to
50 ng/μl and added to the reaction amplification system
(25 μl) with 2 μl added each time. The miR-34a and MYCN
primers were designed and synthesized by TaKaRa (Tokyo,
Japan) (listed in Table 1). Real-time quantitative PCR (RT-
qPCR) was conducted using an ABI7500 Quantitative PCR
instrument (7500, ABI, USA). U6 served as internal reference

for miR-34a and β-actin as internal reference for MYCN. The
2-ΔΔCt method was employed to determine the expression
ratio of a gene in the experimental group relative to that in
the control group, using the following formula:ΔΔCT =ΔCt

(experimental group) -ΔCt (control group), in whichΔCt = Ct miRNA –
Ct U6/β-actin. Ct refers to the number of amplification cycles
when the real-time fluorescence intensity of the reaction
reached the set threshold. Each experiment was conducted 3
times.

2.14 Western blotting

Total protein was extracted and quantified using a 2D Quant
kit. 20 μg protein samples were used for sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE).
Next, the proteins were transferred to membranes that were
subsequently blocked and incubated with the primary anti-
body, rabbit anti-MYCN (ab24193, 1: 1000, Abcam Inc.,
Cambridge, MA, USA) at 4 °C overnight, followed by oscil-
lation and incubation with the secondary antibody, goat anti-
rabbit immunoglobulin G (IgG) (A21020, 1: 1000, Abbkine,
California, USA) at 37 °C for 1 h. After that, the samples were
developed using electrochemiluminescence (ECL). The rela-
tive expression of the target protein was calculated using the
formula: relative expression = the gray value of the target pro-
tein band/the gray value of the internal reference band of the
same sample, with glyceraldehyde phosphate dehydrogenase
(GAPDH) as internal reference. Each experiment was repeat-
ed 3 times.

2.15 Transwell invasion assay

Cell invasion was evaluated using a Transwell assay.
Matrigel (YB356234, Shanghai YuBo Biological
Technology Co., Ltd., Shanghai, China) preserved at
−80 °C was melted at 4 °C overnight after which 200 μl
was mixed with 200 μl serum-free medium at 4 °C. The

Table 1 RT-qPCR primer sequences

Gene Primer sequence (5′ - 3′)

miR-34a F: CCTCCAAGCCAGCTCAGTTG

R: TGACTTTGGTCCAATTCCTGTTG

MYCN F: ACCCGGACGAAGATGACTTCT

R: CAGCTCGTTCTCAAGCAGCAT

U6 F: CTCGCTTCGGCAGCACA

R: AACGCTTCACGAATTTGCGT

β-actin F: ATGCAGAAGGAGATCACTGC

R: TCATAGTCCGCCTAGAAGCA

RT-qPCR reverse transcription quantitative polymerase chain reaction,
miR-34a microRNA-34a, F forward, R reverse
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apical chamber of the Transwell plate was coated with 50 μl
Matrigel and incubated for 2–3 h until the gel was solidified.
Next, the cells were re-suspended in medium containing
20% FBS and counted, after which 200 μl cell suspension
was added to the apical chamber of each well and the
basolateral chamber was supplemented with 800 μl medium
containing 20% FBS, followed by incubation at 37 °C for
20–24 h. Next, the Transwell plate was taken out and soaked
in formaldehyde for 10 min, after which the cells were
stained with 0.1% crystal violet at room temperature for
30 min. The cells on the upper surface were wiped out using
cotton balls. Finally, at least 4 visual fields were randomly
selected and the cells were observed, photographed and
counted under an inverted microscope. Evaluation of the
relative cell migration capacity was carried out without
Matrigel with an incubation period set to 16 h.

2.16 Colony formation assay

Cells in a logarithmic growth phase were detached by trypsin,
resuspended and counted. The cell density was adjusted to 1 ×
103 cells/ml in fresh complete medium. Next, 1 ml cell sus-
pension was added to each well of a 6-well plate, followed by
incubation in 5% CO2 and saturated humidity at 37 °C for
12 h. Next, 2 ml fresh complete medium was added to each
well. The culture medium was changed every 3 days, and the
culture was terminated after 14 days. After evident formation
of clones in the culture dish, the culture was terminated and
the culture mediumwas discarded. Next, the clones were fixed
with formaldehyde for 15 min and stained with 0.1% gentian
violet for 30 min. The number of clones was determined mi-
croscopically. Each experiment was repeated 3 times.

2.17 Temozolomide (TMZ) treatment, cell viability
and apoptosis assay

The sensitivity of the T-98G, LN229 and A-172 cells to
TMZ was evaluated. To this end, cells treated with miR-
34a were cultured in a 96-well plate at a concentration of
5 × 103 overnight. Next, the cells were treated with
100 μM TMZ after which apoptosis was determined using
a Terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) kit, and viability was
measured using a cell counting kit-8 (CCK-8) assay at
0 h, 12 h, 24 h, 36 h and 48 h, respectively.

2.18 Xenograft tumor model

Male athymic BALB/c nude mice (4–6 weeks old, weighing
18–22 g) were randomly selected. The left flank of each

mouse was injected subcutaneously with 1 × 107 T-98G cells
in 200 μl PBS. Tumor volumes were measured every 3 or
4 days (2 times a week) according to the formula: (π × length
× width2)/6. When the tumors reached a size of 100 mm3, the
mice were randomly divided into 3 groups (MSCs-miR-34a,
MSCs-miR-NC and PBS) with 6 mice in each group. BMSC
stable cell lines transfected with miR-34a or miR-NC were
injected into the BALB/c nude mice via the tail vein once
every 3 days (5 × 105 cells/mouse) after which the tumor vol-
umes were measured. Following 7 rounds of treatment, the
mice were sacrificed by spinal dislocation after which the
tumors were recovered and weighed. Finally, the organs and
tumors were snap-frozen in liquid nitrogen for further analysis
or fixed in formalin for apoptosis and immunohistochemical
(IHC) analyses.

2.19 Statistical analysis

Statistical analyses were performed using SPSS 21.0 (IBM
Corp. Armonk, NY, USA). Normal distribution and variance
homogeneity were determined for all data. According to nor-
mal distribution the data were expressed as mean ± standard
deviation. Interquartile data were used to express a skewed
distribution with or without variance homogeneity. Data be-
tween two groups were compared using an independent-
sample t test. Data that did not conform to heterogeneity of
variance were corrected using Welch’s. Multiple data sets
were compared using one-way analysis of variance, and
Turkey was used for back testing. Data at different time points
were analyzed using repeated measurement analysis of vari-
ance. A p value < 0.05 indicated statistical significance.

3 Results

3.1 Selection of miR-34a as MYCN regulator

GBM-related gene expression data (GSE42656) were
downloaded from the GEO database, after which 1638
differentially expressed genes were identified, 608 of
which were up-regulated and 1030 of which were down-
regulated. Since hBMSCs may play a therapeutic role
through exosomes carrying miR-34a [10, 22], target genes
regulated by miR-34a may play a pivotal role in cellular
proliferation and/or apoptosis. miR-34a has been found to
inhibit the proliferation and metastasis of GBM cells and
to be significantly down-regulated in these cells [21, 23,
24]. The oncogene MYCN is highly expressed in GBM
[18]. In neuroblastoma, miR-34a has been found to direct-
ly target and down-regulate the expression of MYCN,
resulting in apoptosis [25]. MYCN is also known to play
a role in human nerve cells and brain tumors. Since
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MYCN was among the differentially expressed genes
identified (Fig. 1a), we set out to assess the relationship
between miR-34a and MYCN in GBM cells. We found
that MYCN was up-regulated in GBM cells (Fig. 1b)
(p < 0.05). Upstream MYCN gene regulatory miRNAs
were predicted through bioinformatic analysis and
displayed using a Venn diagram. Four miRNAs were
shared by the different prediction methods, including
miR-34a (Fig. 1c). Since this miRNA has been found to

have an inhibitory effect on among others GBM cells [24,
26, 27], it was selected for further analysis.

3.2 The expression of miR-34a is low in GBM tissues
and cells

The expression of miR-34a in primary GBM tissues and
GMB-derived cell lines was quantified using RT-qPCR. In
addition, the miR-34a expression levels in normal brain
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tissues (n = 25) and in GBM tissues (n = 35) were com-
pared (Fig. 2a). By doing so, we observed lower miR-34a
expression levels in GBM tissues compared to those in
normal brain tissues (p < 0.0001). We also compared the
miR-34a expression levels in the normal glial cell line
HEB and the GBM-derived cell lines T-98G, BT325,

LN229 and A172 and found that, compared to the HEB
cell line, the expression was lower in all 4 GBM-derived
cell lines. Among the GBM-derived cell lines tested, the
lowest expression level was observed in T-98G (Fig. 2b).
These results indicate that the expression level of miR-34a
is relatively low in GBM tissues and cells.
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Fig. 3 MiR-34a inhibits GBM cell proliferation, invasion and migration,
while enhancing chemosensitivity. a, invasion andmigration capacities of
T-98G, LN229 and A-172 cells determined by Transwell assay. b,
clonality of T-98G, LN229 and A-172 cells detected by colony formation
assay. c, viability of T-98G, LN229 and A-172 cells after treatment with
100 μM TMZ determined by CCK-8 assay. d, apoptosis of T-98G,
LN229 and A-172 cells after treatment of miR-34a and TMZ detected
by TUNEL assay (scale bar = 50 μM). The data among multiple groups

were compared by one-way analysis of variance, and cell viability at
different time points was analyzed by repeated measurement analysis of
variance. *, p < 0.05 vs. the DMSO group; #, p < 0.05 vs. the correspond-
ing NC group; the experiment was repeated 3 times. GBM, glioblastoma;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick end labeling; NC, negative control; DMSO, dimethylsulfoxide;
CCK-8, cell counting kit-8; miR-34a, microRNA-34a; TMZ,
temozolomide
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3.3 The combination of miR-34a and TMZ plays
a therapeutic role in GBM

In order to investigate the effect of miR-34a on GBM
cells, the invasion and migration abilities of T-98G,
LN229 and A-172 cells were assessed using a Transwell
assay. We found that compared to the NC group, overex-
pression of miR-34a significantly decreased the invasion
and migration capacities of these cells (Fig. 3a). The
growth capacity of T-98G, LN229 and A-172 cells was
evaluated using a colony formation assay. We found that
the number of clones generated by the T-98G, LN229 and
A-172 cells transfected with miR-34a mimic was signifi-
cantly suppressed compared to the corresponding NC
group. Conversely, we found that inhibition of miR-34a
resulted in a significant increase in GBM cell prolifera-
tion, invasion and migration (Fig. 3b). These results indi-
cate that miR-34a may act as a tumor suppressor, since it
has the potential to inhibit the proliferation, invasion and
migration of T-98G, LN229 and A-172 cells. We also
treated these GBM cells with TMZ to assess whether
miR-34a may play a role in chemotherapy. A CCK-8 as-
say was used to detect cell viability. We found that the
T-98G, LN229 and A-172 cells treated with TMZ alone
exhibited a significantly decreased viability, while those
treated with miR-34a mimic and TMZ exhibited an even
more evident inhibition in viability (Fig. 3c). Next, a
TUNEL assay was performed to detect a combined effect
of miR-34a and TMZ on apoptosis. The results revealed
that in T-98G, LN229 and A-172 cells, the combined
treatment markedly enhanced apoptosis compared to
TMZ treatment alone, which could subsequently be re-
versed by miR-34a inhibition (Fig. 3d). These results in-
dicate that the combined action of miR-34a and TMZ
enhances the therapeutic effect of TMZ on GBM cells.

3.4 MYCN is a direct target of miR-34a

Binding between MYCN and miR-34a was predicted using
bioinformatic analysis (microRNA.Org; http://www.
microrna.org/) (Fig. 4a). A dual-luciferase reporter assay was
performed in order to confirm that MYCN acts as a direct
target of miR-34a. We found that compared to the NC group,
the luciferase activity of WT-MYCN 3’-UTR was significant-
ly inhibited bymiR-34a (p < 0.05), while that ofMUT-MYCN
3’-UTR was not (Fig. 4b, c). In addition, we found that miR-
34a expression restoration decreased the mRNA and protein
expression levels of MYCN in GBM cells, whereas this trend
was reversed by miR-34a inhibition (Fig. 4d, e). These find-
ings indicate that MYCN serves a direct target of miR-34a,
and that miR-34a can down-regulate the expression of
MYCN.

3.5 miR-34a inhibits the proliferation, invasion
and migration of the GBM cells, and enhances their
chemosensitivity through MYCN down-regulation

The effect of MYCN silencing on the proliferation, invasion
and migration of T-98G, LN229 and A-172 cells was deter-
mined using a Transwell assay, a CCK-8 assay and a colony
formation assay (Fig. 5). We found that compared to the NC
group, the invasion, migration and colony forming capacities
were markedly inhibited trough MYCN silencing (Fig. 5a,
b, c). In addition, we found that when miR-34a mimic and
MYCN were delivered together in T-98G, LN229 and A-172
cells, compared to the NC group, miR-34a mimic alone could
inhibit the expression of MYCN (Fig. 5d) and significantly
suppress the proliferation, invasion and migration of these
cells (Fig. 5e–f). We also found that miR-34a restoration in
combination with exogenous MYCN expression reversed the
inhibitory effect of miR-34a on T-98G, LN229 and A-172
cells (Fig. 5d–f). We also treated T-98G, LN229 and A-172
cells with TMZ and found (Fig. 5g, h) thatMYCN silencing in
combination with TMZ treatment increased chemosensitivity,
decreased cell viability and enhanced apoptosis. In addition,
we found that treatment of miR-34a mimic and MYCN over-
expression inhibited the enhanced chemosensitivity caused by
miR-34a mimic in T-98G, LN229 and A-172 cells. These
results indicate that the inhibitory effect of miR-34a on
GBM cells may be achieved through MYCN down-
regulation.

3.6 hBMSCs exhibit adipogenic and osteogenic
differentiation capacities

hBMSCs were isolated and the expression of cell surface
markers CD29, CD34, CD44, CD45, CD71 and HLA-DR
was assessed by flow cytometry using fluorescein isothiocya-
nate (FITC)-labeled mouse anti-human antibodies. The per-
centages of cells expressing specific CD markers was as fol-
lows: CD29, 98.00%; CD44, 83.00%; CD71, 99.03%; CD34,
1.00%; CD45, 2.04%; HLA-DR, 1.03% (Fig. 6a). CD29,
CD44 and CD71 are makers of BMSCs, CD34 and CD45
are makers of hemopoietic stem cells, and HLA-DR is mainly
expressed in antigen presenting cells, including B lympho-
cytes, macrophages and T lymphocytes. Our findings indicate
that the cultured cells are hBMSCs. Next, the in vitro induc-
tion of hBMSC differentiation was assessed. We found that
after 2 weeks of adipose inducing culture using a specific
medium (see Materials and methods), the hBMSCs exhibited
a large number of lipid droplets. These droplets were verified
to be lipid depositions using Oil Red O staining, thereby
confirming that the hBMSCs exhibited adipogenic differenti-
ation. After 4 weeks of osteogenic differentiation culture,
plenty of red calcium deposits were detected using Alizarin
red staining (Fig. 6b). From these combined results we
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conclude that the hBMSCs have adipogenic and osteogenic
differentiation capacities.

3.7 miR-34a is delivered to GBM cells via
hBMSC-derived exosomes

Next, T-98G, LN229 and A-172 cells transfected with
pCDNA3.1-GFP and BMSCs transfected with miR-34a-Cy3
were co-cultured (Fig. 7a). Based on the assumption that miR-
34a may be transferred to cancer cells via exosomes, the ex-
pression levels of miR-34a in BMSCs and BMSC-derived
exosomes was measured by RT-qPCR. We found that com-
pared to the miR-NC group, the miR-34a level in the miR-

34a-transfected BMSCs and the BMSC-derived exosomes
was significantly up-regulated (Fig. 7b). These results indicate
that BMSCs can effectively release exosomes enriched in
miR-34a. To verify whether miR-34a may be delivered to
cancer cells via the BMSC-derived exosomes, the BMSCs
were transfected with Cy3-labeled miR-34a mimic, after
which the exosomes were isolated (Fig. 7c). The merged im-
ages subsequently showed that miR-34a could indeed be
transferred from BMSCs (donor cells in red fluorescence)
transfected with miR-34a-Cy3 into T-98G, LN229 and A-
172 cells (receptor cells in green fluorescence) (Fig. 7d). In
order to determine the role of the exosomes in this process,
GW4869 (an inhibitor of neutral sphingomyelinase-2) and
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Fig. 5 MiR-34a inhibits GBM cell proliferation, invasion and migration
while enhancing their chemosensitivity by down-regulating MYCN. a,
protein level of MYCN after MYCN silencing determined by Western
blotting. b, invasion and migration abilities of T-98G, LN229 and A-172
cells evaluated by Transwell assay (scale bar = 100 μM). c, clonality of
T-98G, LN229 and A-172 cells detected by colony formation essay. d,
protein level ofMYCN after delivery of miR-34a mimic orMYCNorNC
determined by Western blotting. e, invasion and migration abilities of
T-98G, LN229 and A-172 cells evaluated by Transwell assay (scale bar =
100 μM). f, clonality of T-98G, LN229 and A-172 cells detected by
colony formation assay. g, viability of T-98G, LN229 and A-172 cells
after treatment with 100 μMTMZ tested by CCK-8 assay. h, apoptosis of

T-98G, LN229 and A-172 cells treated with 100 μM TMZ detected by
TUNEL assay. *, p < 0.05, vs. the sh-NC group in Fig. a - c where data
analysis was performed using t test; *, p < 0.05, vs. the miR-34aNC+NC
group in Fig. d - f where data analysis was performed using one-way
analysis of variance; *, p < 0.05, vs. the DMSO group in panel G where
data at different time points were compared by repeated measurement
analysis of variance; all experiments were repeated 3 times. miR-34a,
mic roRNA-34a ; GBM, g l iob las toma; TUNEL, te rmina l
deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling;
NC, negative control; DMSO, dimethylsulfoxide; CCK-8, cell counting
kit-8; TMZ, temozolomide
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DMA (an inhibitor of H+/Na + and exchange of Na+/Ca2+)
were used to reduce exosomal secretion [28, 29]. We found
that co-culture with GW4869 and DMA resulted in a signifi-
cant decrease in the content of miR-34a in the T-98G, LN229
and A-172 cells (Fig. 7e). RT-qPCR was subsequently per-
formed to determine the mRNA level of MYCN in the
GBM cells co-cultured with miR-34a-transfected BMSCs in
order to test whether the transferred miR-34a can effectively
inhibit endogenous MYCN expression in the tumor cells. The
results obtained indicate that miR-34a, which was transferred
to the T-98G, LN229 and A-172 cells through exosomes, ef-
fectively inhibited the expression of MYCN, and this effect
was found to be blocked when GW4869 and DMA were
added (Fig. 7f). These data indicate that exogenous miR-34a
can be transferred from BMSCs to cancer cells via exosomes.

3.8 miR-34a delivered by hBMSC-derived exosomes
in combination with TMZ increases the efficacy
of GBM treatment

Subsequently, the invasion and migration of the T-98G,
LN229 and A-172 cells was investigated after co-culture with

BMSCs with or without exogenous miR-34a expression. We
found that the invasion and migration capacities of the respec-
tive GBM cells were notably suppressed when they were co-
cultured with miR-34a-transfected BMSCs (Fig. 8a). In addi-
tion, we found that the number of colonies generated by the
T-98G, LN229 and A-172 cells co-cultured with miR-34a-
transfected BMSCs was remarkably decreased compared to
those of the NC group, indicating that miR-34a delivered by
BMSCs to these GBM cells may act as a tumor suppressor
(Fig. 8b).

We also evaluated the effect of miR-34a delivered by
BMSC-derived exosomes on chemotherapy of T-98G,
LN229, and A-172 cells. To this end, the GBM cells were
co-cultured with miR-34a-transfected BMSC cells and
treated with TMZ. The viability of the T-98G, LN229
and A-172 cells after TMZ treatment was assessed using
a CCK-8 assay. The results obtained implied that TMZ
treatment alone led to a significant decrease in the viabil-
ity of the T-98G, LN229 and A-172 cells, while miR-34a
delivered by BMSCs exerted a stronger inhibitory effect
on the viability of these cells (Fig. 8c). In addition, a
TUNEL assay was performed to determine the combined
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efficacy of BMSC-miR-34a and TMZ on the induction of
apoptosis in the T-98G, LN229 and A-172 cells. We found
that the combined treatment of BMSC-miR-34a and TMZ
evidently induced apoptosis of the GBM cells compared to

BMSCs-miR-NC or TMZ alone (Fig. 8d). These results
indicate that BMSC-derived exosomes can deliver miR-
34a to GBM cells and increase the efficacy of TMZ
treatment.
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3.9 MiR-34a transferred from hBMSC-derived
exosomes to GBM cells suppresses tumor growth
in vivo

Nude mice were subcutaneously injected with BMSCs-
miR-34a, BMSCs-miR-NC and PBS, respectively, to fur-
ther evaluate the in vivo effect of BMSC-derived exosomes
and the inhibitory effect of miR-34a on GBM tumor
growth. Differences in tumor volume and tumor weight
were recorded, and the tumor tissues were subjected to
immunohistochemical staining. We found that the tumor
volumes and tumor weights in the BMSCs-miR-34a group
were significantly lower than those in the BMSCs-miR-NC
group and the PBS group (Fig. 9a–c), supporting the inhib-
itory effect of miR-34a on tumor growth in vivo. The im-
munohistochemical staining results showed that the ex-
pression of MYCN in tumor tissues of the mice injected
with BMSCs-miR-34a was significantly lower than that in
the mice treated with BMSCs-miR-NC and PBS (Fig. 9d).
We also found that miR-34a could be transferred from the

BMSCs to the cancer cells, thereby reducing the expres-
sion of MYCN in the tumor tissues. Subsequently, we test-
ed the in vivo effect of miR-34a on the apoptotic rate of T-
98G cells using a TUNEL assay. We found that the apo-
ptotic rate of these cells in the BMSCs-miR-34a group was
significantly higher than that in the other two groups (Fig.
9e), which confirms that miR-34a can promote the apopto-
sis of the T-98G cells in vivo. These results indicate that
miR-34a transferred by BMSC-derived exosomes can act
as a tumor suppressor in GBM in vivo.

4 Discussion

Gliomas are brain tumors that can be categorized into
oligodendroglioma, astrocytoma, GBM and several other sub-
types [30]. GBM is the most aggressive brain tumor in
humans [31]. Despite multiple therapeutic strategies available
for their treatment, including radiation, chemotherapy and ag-
gressive surgery, patients suffering from GBM usually only
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Fig. 8 MiR-34a released by BMSC-derived exosomes inhibits the pro-
liferation, migration and invasion of GBM cells and enhances their
chemosensitivity, thus improving GBM treatment. a, invasion and migra-
tion abilities of T-98G, LN229 and A-172 cells detected by Transwell
assay (× 200). b, clonality of T-98G, LN229 and A-172 cells detected by
colony formation assay. c, viability of T-98G, LN229 and A-172 cells
treated with 100 μMTMZ tested by CCK-8 assay. d, apoptosis of T-98G,
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have a median survival of 12–15 months [32]. The aim of this
present study was to explore the therapeutic effect of hBMSC-
secreted exosomal miR-34a on GBM cells. Our data indicate
that miR-34a transferred by hBMSC-secreted exosomes re-
sults in inhibited expression of MYCN, thereby suppressing
GBM cell proliferation, invasion andmigration and enhancing
the chemosensitivity of GBM cells to TMZ.

Initially, we found that miR-34a was down-regulated while
MYCN was up-regulated in primary GBM tissues and GBM-
derived cell lines and that miR-34a can target and negatively
regulate the expression of MYCN. Rathod et al. have shown
that miR-34a is down-regulated in glioma stem cells and pri-
mary gliomas compared to normal brain tissues, which is con-
sistent with our findings [21]. Others have shown that miR-
34a expression was significantly down-regulated in GBMs
compared to normal brain tissues [17]. MYCN expression is
closely related to the growth and the invasiveness of neuro-
blastoma cells, and increased MYCN expression has been
correlated with an advanced tumor stage, an accelerated pro-
gression and a poor prognosis in patients with neuroblastoma
[33]. Moreover, it has been reported that up-regulation of
MYCN expression in neural stem cells of the developing
mouse forebrain can result in the development of GBM [18].
In addition, it has been found that restoration of miR-34a

expression can inhibit the expression of multiple target genes,
including MYCN [34], which is in line with the results of our
current study.

In addition, we found that miR-34a could be delivered
to GBM cells by BMSC-secreted exosomes. A recent study
has suggested that BMSCs may exert their therapeutic ca-
pacity through exosomes [10]. Accumulating evidence in-
dicates that exosomes may serve as important mediators in
various cancers [35], i.e., they can modulate intercellular
communication through the transfer of mRNAs, miRNAs
and proteins [36]. Even though miRNAs represent only a
relatively small proportion of exosomal RNAs, it has been
found that miRNAs delivered by exosomes can function as
suppressors of their targets in vitro and in vivo [37]. It has
e.g. been found that miR-340 transferred by BMSC-
derived exosomes can lead to inhibited tube formation
and angiogenesis [38]. Likewise, exosomal miR-221 has
been found to induce tumor progression and TMZ resis-
tance in glioma [39].

Subsequently, we found that miR-34a transferred by
BMSC-derived exosomes resulted in the in vitro inhibition of
cell proliferation, invasion and migration, as well as in vivo
GBM tumor growth, and enhanced the chemosensitivity of
GBM cells to TMZ by silencing MYCN. Shatsberg et al.
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revealed that human U-87 MG GBM cells transfected with
nanogels-miR-34a nano-polyplexes, another strategy of
miRNA delivery for GBM therapy, exhibited a significant
down-regulation of miR-34a target genes that play major roles
in cell cycle arrest and apoptosis, leading to suppression of cell
migration and proliferation [23]. These findings are consistent
with our results. In addition, data collected by Yin et al. suggest
that miR-34a acts as an inhibitor by suppressing the growth of
GBM cells in vitro and in vivo, as well as regulating the ex-
pression of cell cycle-related proteins and EGFR [40]. MYCN
can directly up-regulate the expression of genes that suppress
proliferation and promote apoptosis. The ultimate effect results
from a complex balance between pro- and anti-oncogenic
functions [41]. TMZ is an essential chemotherapeutic drug
for GBM treatment [42], and it has been shown that the anti-
tumor function of TMZ results from the induction of DNA
damage [43]. Moreover, miR-30a has been shown to promote
the chemosensitivity of U251 GBM cells to TMZ by binding
to beclin 1 [44].

In summary, we provide new data on hBMSC-derived
exosomes and the inhibitory effect of exosomal miR-34a on

GBM tumor progression. We found that exosomes carrying
miR-34a can be effectively internalized by GBM cells. Our
study provides evidence that hBMSC-derived exosomes over-
expressing miR-34a can suppresses MYCN expression, lead-
ing to a decrease in GBM cell proliferation, invasion and
migration and an increase in chemo-sensitization towards
TMZ (Fig. 10).
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