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Abstract
Hypoxia is an important feature of the tumor microenvironment and is associated with glioma progression and patient
outcome. Exosomes have been implicated in the intercellular communication in the tumor microenvironment. However, the
effects of hypoxic glioma exosomes on glioma migration and invasion and the underlying mechanisms remain poorly
understood. In this study, we found that exosomes derived from hypoxic glioma cells (H-GDEs) promoted normoxic glioma
migration and invasion in vitro and in vivo. Given that exosomes can regulate recipient cell functions by delivering
microRNAs, we further revealed miR-1246 and miR-10b-5p were upregulated significantly in H-GDEs and delivered to
normoxic glioma cells by H-GDEs. Moreover, we determined the clinical relevance of miR-1246 and miR-10b-5p in glioma
patients. Subsequent investigations indicated that miR-1246 and miR-10b-5p markedly induced glioma migration and
invasion in vitro and in vivo. Finally, we demonstrated that miR-1246 and miR-10b-5p induced glioma migration and
invasion by directly targeting FRK and TFAP2A respectively. In conclusion, our findings suggest that the hypoxic
microenvironment stimulates glioma to generate miR-1246- and miR-10b-5p-rich exosomes that are delivered to normoxic
glioma cells to promote their migration and invasion; treatment targeting miR-1246 and miR-10b-5p may impair the motility
of gliomas, providing a novel direction for the development of antitumor therapy.

Introduction

Glioma (especially glioblastoma multiforme [GBM]), with
distinct characteristics, is the most common and malignant
primary tumor of the central nervous system in adults [1].
Despite advances in surgical techniques, radiotherapy,

chemotherapy, and therapies targeting mechanisms intrinsic
to gliomas, the prognosis of GBM patients remains poor,
with a median survival time of less than 15 months fol-
lowing primary diagnosis [1]. The recalcitrance of malig-
nant gliomas to standard surgical therapy and other therapy
strategies is due to the ability of gliomas to invade diffusely
into brain parenchyma and the unique tumor micro-
environment, which can facilitate glioma progression [2, 3].

Hypoxia, a well-characterized feature of the tumor
microenvironment [4], is a potent driving force for tumor
progression [5]. The effects of hypoxia on tumors include
selection of more aggressive tumor cells [6], switches in
metabolism [7], and enhanced angiogenesis [8]. Further-
more, numerous studies have demonstrated that hypoxia
promotes the epithelial-to-mesenchymal transition (EMT)
[5], tumor invasiveness [9], and metastasis [10], suggesting
an important role for hypoxia in tumor metastasis.

Exosomes are small membrane vesicles (30–100 nm in
size) that can be secreted by, e.g., immune cells and tumor
cells [11]. As an important component of the tumor micro-
environment, exosomes, which contain multiple contents
(e.g., mRNAs, proteins and non-coding RNAs), are crucial in
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intercellular communication by delivering their contents [12].
Tumor exosomes have been demonstrated to facilitate tumor
progression by modulating tumor cells and surrounding
stromal cells [13, 14], reprogramming and suppressing
immune cells [15, 16], and establishing pre-metastatic sites
[17]. Moreover, a recent study has revealed that hypoxia can
enhance the release and alter the content of exosomes [18],
thereby influencing intercellular communication in the tumor
microenvironment [19]. We have demonstrated that through
regulating the content of glioma-derived exosomes (GDEs),
hypoxia can promote the expansion and induce immunosup-
pressive function of myeloid-derived suppressor cells [20].
These findings indicate that hypoxia may facilitate tumor
progression and improve the tumor microenvironment, at
least in part, through its effect on exosome release and con-
tent. Hence, we investigated whether hypoxic glioma-derived
exosomes (H-GDEs) can serve as communicators between
hypoxic and normoxic glioma cells through transporting
microRNAs, mediating the promotion of normoxic glioma
migration and invasion by the hypoxic microenvironment.

In the present study, we performed exosome identifica-
tion and determined that H-GDEs could be internalized by
glioma cells. Furthermore, we demonstrated that compared
with exosomes derived from normoxic glioma cells
(N-GDEs), H-GDEs could increase the migration and
invasion abilities of normoxic glioma cells. Next, we found
miR-1246 and miR-10b-5p were increased significantly by
hypoxia, exhibiting high expression levels in H-GDEs. We
also determined the clinical relevance of miR-1246 and
miR-10b-5p in glioma patients. Moreover, miR-1246
and miR-10b-5p showed a strong ability to promote
glioma migration and invasion. Finally, we found that miR-
1246 and miR-10b-5p increased glioma cell motility by
directly targeting FRK and TFAP2A respectively.

Materials and methods

Cell lines and hypoxia treatment

U87MG, U251, A172 glioma cell lines and the HEK293T
cell line were obtained from the Chinese Academy of Sci-
ences Cell Bank (Shanghai, China). The primary human
glioblastoma cell line (GBM#P3) was provided by the
Department of Biomedicine at the University of Bergen
(Norway). U87MG, U251, A172, and HEK293T cell lines
were cultured in DMEM (Thermo Fisher Scientific, USA)
supplemented with 10% FBS (Thermo Fisher Scientific).
GBM#P3 cells were cultured as previously described [20].
The cell lines were authenticated by short tandem repeat
(STR) profiling and identified without contamination before
the study started. The cells were cultured under 20% O2 or
1% O2 conditions balanced with N2.

Exosome isolation and labeling

Exosomes were isolated from the cell culture supernatant
collected from glioma cell lines as previously described
[21]. Briefly, the supernatant was centrifuged at 300 g for
10 min, 2000 g for 10 min, and 10,000 g for 30 min, fol-
lowed by filtration through a 0.22 μm filter. Then, the
supernatant was ultracentrifuged at 100,000 g for 70 min,
followed by a washing step of the exosome pellet with
PBS at 100,000 g for 70 min (Ultracentrifuge, Beckman
Coulter). The exosome pellet was resuspended in PBS and
stored at –80 °C. Purified exosomes were labeled with the
green fluorescent linker PKH67 (Sigma-Aldrich, USA) as
previously described [20, 21]. Briefly, the exosomes
diluted in PBS were added to 1 ml Diluent C (Sigma-
Aldrich). In parallel, 4 μl PKH67 dye was added to 1 ml
Diluent C and incubated with the exosome solution for 4
min. To bind excess dye, 2 ml 0.5% BSA was added. The
labeled exosomes were washed at 100,000 g for 1 h, and
the exosome pellet was diluted in PBS and used for uptake
experiments.

Transmission electron microscopy (TEM) and qNano
analysis

Isolated exosomes were photographed using TEM as
previously described [20]. Briefly, purified exosomes
were loaded onto a carbon-coated electron microscopy
grid and examined using TEM. Glutaraldehyde (3%) was
placed on the grids for 5 min. Then the grids were washed
by tri-distilled water for 2 min and repeated ten times.
Next, the grids were incubated with uranyl-acetate
solution (4%) for 10 min and methylcellulose solution
(1%) for 5 min. At last, grids were dried and observed
using a TEM. qNano (Izon Sciences Ltd, NZ) analysis
was used to measure the exosome particle size and con-
centration [20].

Western blot

Proteins were extracted from GDEs and glioma cells. The
following antibodies were used: anti-calnexin (Abcam, UK,
ab133615), anti-TSG101 (Abcam, ab125011), anti-N-
cadherin (Abcam, ab76011), anti-MMP2 (Abcam,
ab92536), anti-MMP9 (Abcam, ab38898), anti-Vimentin
(Abcam, ab92547), anti-GAPDH (Cell Signaling Technol-
ogy, USA, 5174), anti-FRK (Abcam, ab91623), anti-
TFAP2A (Cell Signaling Technology, 3215).

Migration and invasion assay

Migration and invasion assays were conducted with
uncoated and matrigel-coated (Corning Costar, USA)
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transwell chambers (Corning Costar) according to the
manufacturer’s instructions. After treatment, glioma cells
were seeded into the top chamber in DMEM with 1% FBS
and DMEM with 30% FBS was filled into the bottom
chamber. Glioma cells that migrated to or invaded the
bottom of the membrane were fixed and stained.

The 3D spheroid invasion assay was conducted with
spheroid formation matrix and invasion matrix (Trevigen,
USA) according to the manufacturer’s instructions. Glioma
cells were incubated with spheroid formation matrix for
24–72 h to generate spheroids. Then spheroids were
embedded into invasion matrix with or without treatment.
Glioma spheroids were photographed every 24 h by a light
microscope (Leica, German).

ELISA

Cell culture medium was collected 72 h after the indicated
treatment. The secretion of MMP2 was detected by ELISA
(Proteintech, USA) according to the manufacturer’s
instructions.

Hematoxylin and eosin (HE) staining and
immunohistochemistry (IHC) staining

HE and IHC staining were performed as previously
described [22]. The following primary antibodies: anti-N-
cadherin (Servicebio, China), anti-MMP2 (Servicebio) and
anti-Ki67 (Servicebio) were used for IHC staining.

RNA extraction and qRT-PCR

For exosome RNA extraction, exosomes were firstly iso-
lated by using Exoquick (System Biosciences). Then exo-
some RNA was extracted by using the SeraMirTM Exosome
RNA Extraction Kit (System Biosciences, USA).

TRIzol (Thermo Fisher Scientific) was used for the total
cellular RNA extraction. Reverse transcription and quanti-
tative RT-PCR were performed as previously described
[22]. Primer sequences are presented in Supplementary
Table S1.

MicroRNA mimics, small interfering RNA, plasmids
and virus transfection

Control microRNAs, miR-1246 mimics, miR-10b-5p
mimics, control siRNAs, FRK siRNAs, and TFAP2A
siRNAs were purchased from GenePharma (China). The
plasmids used in this study were pcDNA3.1-FRK,
pcDNA3.1-TFAP2A, pGL3-FRK-3′UTR-wild, pGL3-
FRK-3′UTR-mut, pGL3-TFAP2A-3′UTR-wild, pGL3-
TFAP2A-3′UTR-mut (Bio-Asia, China). MiR-1246,
miR-10b-5p overexpression and control lentiviruses were

synthesized by Genechem (China). Transfection of
microRNA mimics, siRNAs and plasmids was performed
using Lipofectamine 3000 (Thermo Fisher Scientific)
according to the manufacturer’s instructions. U87MG and
U251 glioma cells were transfected with miR-1246 or
miR-10b-5p overexpression lentiviruses for 72 h accord-
ing to the manufacturer’s instructions. Sequences of
microRNA mimics and siRNAs are presented in Supple-
mentary Table S2. The transfection efficiencies of siRNAs
and viruses were determined (Supplementary Figs. S1
and S2).

Luciferase reporter assay

The online microRNA prediction tools TargetScan and
miRDB were used to predict the targets of miR-1246 and
miR-10b-5p. The reporter plasmids pGL3-FRK-3′UTR-
wild, pGL3-FRK-3′UTR-mut, pGL3-TFAP2A-3′UTR-wild
or pGL3-TFAP2A-3′UTR-mut were co-transfected with
miR-1246 mimics or miR-10b-5p mimics in 293T cells.
Two days later, a dual luciferase reporter assay kit (Pro-
mega, USA) was used to measure the reporter gene activity
according to the manufacturer’s instructions.

Animal studies

Four-week-old male nude mice were purchased from the
Model Animal Research Center of Nanjing University
(China). For the establishment of xenografts, the luciferase-
labeled glioma cells (106 cells per mouse) were injected into
mouse brains by using a stereotactic apparatus (KD Scien-
tific, USA). For the N-GDEs and H-GDEs groups, N-GDEs
and H-GDEs were injected into the tail vein every 3 days
respectively. The IVIS Lumina series III (PerkinElmer,
USA) was used for the in vivo bioluminescent imaging
every 5 days after implantation. All mice were followed-up
on every day and sacrificed when they exhibited brain
tumor-related symptoms. Excised tumor tissues were used
for HE and IHC staining.

Studies that included mice have been approved by the
Animal Care and Use Committee of Qilu Hospital of
Shandong University.

Statistical analysis

SPSS 22 was used to perform data analysis and GraphPad
Prism 6 was used to realize data visualization. All results
are presented as the mean ± SD. Statistical significance
was determined by Student’s t test and one-way ANOVA
test. Survival curves were estimated by Kaplan–Meier
analysis and compared by the log-rank test. P values <
0.05 (denoted by ‘*’) were considered significant;
P values < 0.01 (denoted by ‘**’) were considered
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significant; and P > 0.05 (denoted by ‘N.S.’) was con-
sidered not significant.

Results

Identification of glioma exosomes and
internalization of glioma exosomes by glioma cells

GDEs were isolated from the supernatant of U87, U251,
A172 and GBM#P3 glioma cells. TEM images showed
the purified exosomes were particles ranging from 30 to
100 nm in diameter that exhibited a rounded morphology
(Fig. 1a). The qNano analysis revealed the distribution of
exosome size and concentration (Fig. 1b). The presence of
the exosomal marker TSG101 and the absence of the
negative marker calnexin in isolated GDEs were further
confirmed by western blot (Fig. 1c). To investigate whe-
ther H-GDEs could be internalized by glioma cells, we
incubated glioma cells with H-GDEs labeled with fluor-
escent PKH67 (a membrane phospholipid dye). As shown
by confocal microscopy, the internalization of PKH67-
labeled H-GDEs by glioma cells increased over time
(Fig. 1d), indicating H-GDEs could deliver their biolo-
gical content to glioma cells.

Hypoxic glioma-derived exosomes induce normoxic
glioma cell migration and invasion

To explore the effects of H-GDEs on the migration and
invasion of normoxic glioma cells, we incubated normoxic
glioma cells with N-GDEs and H-GDEs respectively. The
migration and invasion assay demonstrated that H-GDEs
could significantly promote the migration and invasion
abilities of normoxic glioma cells compared with N-GDEs
(Fig. 2a, b). Consistent with the migration and invasion
assay results, H-GDEs markedly increased the invaded area
of normoxic glioma spheroids in the 3D invasion model
(Fig. 2c, d). Matrix metalloproteinases (MMPs) can induce
extracellular matrix degradation and facilitate tumor inva-
sion [23]. MMP2 and MMP9 are important MMPs in
glioma migration and invasion [24]. Moreover, the EMT is
crucial in tumor metastasis [25]. Given the importance of
MMP2, MMP9, and EMT-related proteins in glioma
migration and invasion, we determined whether H-GDEs
would affect the expression of these proteins. Western blot
analysis revealed that H-GDEs could increase the expres-
sion of MMP2, MMP9, N-cadherin, and vimentin compared
with N-GDEs (Fig. 2e). Moreover, H-GDEs also induced
the secretion of MMP2 in U87MG glioma cells (Supple-
mentary Fig. S3A). Collectively, these results indicate that

Fig. 1 Identification of GDEs and internalization of H-GDEs by
normoxic glioma cells. a Representative electron micrograph of
exosomes isolated from normoxic and hypoxic U87MG, U251, A172
and GBM#P3 conditioned medium. Scale bar, 100 nm. b qNano
analysis showing the distribution of size and concentration of exo-
somes derived from U87MG and GBM#P3 cells. c Western blot

analysis of the exosome-positive marker TSG101 and the exosome-
negative marker calnexin in N-GDEs, H-GDEs and glioma cells.
d Representative confocal microscopy images showing the inter-
nalization of PKH67-labeled H-GDEs (green) by normoxic U87MG
and U251 glioma cells. Scale bar, 10 μm.
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H-GDEs can promote normoxic glioma migration and
invasion in vitro. Next, we determined the effects of
H-GDEs on glioma migration and invasion in vivo. To this
end, U87MG glioma cells were implanted in nude mice
in situ. Then N-GDEs or H-GDEs were injected into the tail
vein every 3 days. By in vivo bioluminescent imaging, we
found a stronger bioluminescence signal in H-GDE-injected

mice compared to N-GDE-injected mice, suggesting
H-GDEs induce higher aggressivity of the glioma compared
to N-GDEs (Fig. 2f). Furthermore, we collected the xeno-
grafts from the mice in N-GDEs and H-GDEs groups for
HE staining. The HE staining results revealed that com-
pared with N-GDEs, H-GEDs rendered the xenograft mar-
gin irregular and ill-defined, implying that H-GDEs
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promote glioma infiltration (Fig. 2g). Concordantly, mice in
the H-GDEs group succumbed to the brain tumor sig-
nificantly earlier than those in the N-GDEs group (Fig. 2h).
To further substantiate these results, we stained the xeno-
grafts by immunohistochemistry (IHC). IHC staining con-
firmed that H-GDEs increased the expression of
N-cadherin, MMP2, and Ki67 (a cell proliferation marker),
in agreement with the in vitro western blot results (Fig. 2i, j
and Supplementary Fig. S3B). Collectively, these results
demonstrate that H-GDEs induce normoxic glioma cell
migration and invasion both in vitro and in vivo.

MiR-1246 and miR-10b-5p are enriched in H-GDEs
and have clinical relevance in glioma patients

Exosomes have been demonstrated to regulate recipient cell
function by delivering their content [12]. Being the most
abundant type of RNA in exosomes [26], microRNAs are
believed to play a vital role in exosome-mediated inter-
cellular communication. We have determined the micro-
RNA expression profiles of N-GDEs and H-GDEs by using
high-throughput sequencing (miRNA-seq) in our previous
study [20]. Here we focused on miR-1246 and miR-10b-5p
for further study because (i) both miR-1246 and miR-10b-
5p levels were markedly increased in H-GDEs; (ii) miR-
1246 and miR-10b-5p were expressed at high levels in
H-GDEs; and (iii) some studies have demonstrated that

miR-1246 and miR-10b-5p promote tumor metastasis
[27, 28], while their functions on glioma migration and
invasion have not been determined. To substantiate the
miRNA-seq results, we examined miR-1246 and miR-10b-
5p expression levels in N-GDEs and H-GDEs using qRT-
PCR. Consistent with our miRNA-seq results, the expres-
sion level of miR-1246 and miR-10b-5p in H-GDEs was
markedly higher than that in N-GDEs (Fig. 3a). In addition,
normoxic glioma cells incubated with H-GDEs exhibited
higher levels of miR-1246 and miR-10b-5p than those
treated with N-GDEs (Fig. 3b), suggesting these two
microRNAs could be transferred to recipient glioma cells
through H-GDEs. Together with the internalization results
of H-GDEs into normoxic glioma cells, these results indi-
cate that miR-1246 and miR-10b-5p could be delivered to
normoxic glioma cells by H-GDEs. Moreover, by using the
Chinese Glioma Genome Atlas (CGGA) database, we found
both miR-1246 and miR-10b-5p expressions were corre-
lated with glioma grades (Fig. 3c, d and Supplementary
Fig. S4A, B). Compared with LGGs, GBMs had higher
expression levels of miR-1246 and miR-10b-5p, suggesting
these microRNAs may be involved in glioma progression.
Moreover, both miR-1246 and miR-10b-5p were associated
with glioma patients’ survival. Higher expression level of
miR-1246 and miR-10b-5p indicated poorer prognosis of
glioma patients (Fig. 3e, f and Supplementary Fig. S4C–F).

MiR-1246 and miR-10b-5p promote glioma cell
migration and invasion

Both miR-1246 and miR-10b-5p in GDEs could be upre-
gulated by hypoxia and transferred to recipient glioma cells,
which prompted us to investigate their effects on glioma
migration and invasion. The migration and invasion assay
showed that introduction of both miR-1246 mimics and
miR-10b-5p mimics prominently promoted glioma cell
migration and invasion (Fig. 4a, b). In addition, miR-1246
and miR-10b-5p also induced hypoxic U87MG glioma cell
migration and invasion (Supplementary Fig. S5A, B).
Consistent with the migration and invasion assay results,
both miR-1246 and miR-10b-5p markedly increased the
invaded area of glioma spheroids in the 3D invasion model
(Fig. 4c, d). Moreover, western blot analysis demonstrated
that miR-1246 and miR-10b-5p resulted in higher expres-
sion levels of MMP2, MMP9, N-cadherin and vimentin
compared with the control group (Fig. 4e). Furthermore,
miR-1246 and miR-10b-5p also induced the secretion of
MMP2 in U87MG glioma cells (Supplementary Fig. S5C).
Collectively, these results indicate that miR-1246 and miR-
10b-5p can promote glioma migration and invasion in vitro.
To further confirm our results on miR-1246 and miR-10b-
5p function, we performed in vivo experiments using a
xenograft tumor mouse model. MiR-1246-overexpressing,

Fig. 2 H-GDEs promote normoxic glioma cell migration and
invasion in vitro and in vivo. a, b Analysis of glioma cell migration
and invasion by transwell assay. a N-GDE- and H-GDE-treated
U87MG, U251, and A172 glioma cells that migrated to (without
Matrigel coating) or invaded (with Matrigel coating) the bottom sur-
face were stained with crystal violet and observed by light microscopy.
Scale bar, 100 μm. b Quantitative analysis of the N-GDE- and H-GDE-
treated U87MG, U251, and A172 cells that migrated to or invaded the
bottom surface. c Analysis of glioma invasion by 3D invasion assay.
Representative images of invaded spheroids in 3D invasion assay for
N-GDE- and H-GDE-treated U87MG, U251, and A172 glioma cells.
Scale bar, 200 mm. d Quantitative analysis of area covered by N-GDE-
and H-GDE-treated invading U87MG, U251, and A172 glioma cells.
e Western blot analysis of N-cadherin, MMP2, MMP9, and vimentin
in N-GDE- and H-GDE-treated U87MG, U251, and A172 glioma
cells. f In vivo bioluminescent imaging of N-GDE- and H-GDE-
treated U87MG glioma cells implanted in situ in nude mice. Repre-
sentative images and quantification (15 days after implantation) are
shown (five mice in each group). g HE staining of sections from mouse
brain xenografts with N-GDE- and H-GDE-treated U87MG glioma
cells. Scale bar, 200 μm. h Survival analysis for nude mice bearing
N-GDE- and H-GDE-treated U87MG glioma cell xenografts (P < 0.05
by log-rank analysis). i Quantitative analysis of IHC staining for
N-cadherin and MMP2 of sections from mouse brain xenografts with
N-GDE- and H-GDE-treated U87MG glioma cells. j Quantitative
analysis of IHC staining for Ki67 of sections from mouse brain
xenografts with N-GDE- and H-GDE-treated U87MG glioma cells.
Data are shown as the mean ± SD of three independent experiments.
Statistical significance was determined using Student’s t test and log-
rank analysis (*P < 0.05; **P < 0.01).
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Fig. 3 MiR-1246 and miR-10b-5p are increased in H-GDEs,
delivered by H-GDEs and their clinical relevance. a Quantitative
RT-PCR analysis of miR-1246 and miR-10b-5p expression in N-
GDEs and H-GDEs from U87MG and U251 glioma cells. b Quanti-
tative RT-PCR analysis of miR-1246 and miR-10b-5p expression in
N-GDE- and H-GDE-treated U87MG and U251 glioma cells.
c Expression levels of miR-1246 in LGG and GBM in CGGA

database. d Expression levels of miR-10b in LGG and GBM in CGGA
database. e Survival analysis for glioma patients with low and high
expression of miR-1246. f Survival analysis for glioma patients with
low and high expression of miR-10b. Data are shown as the mean ±
SD of three independent experiments. Statistical significance was
determined using Student’s t test and log-rank analysis (*P < 0.05;
**P < 0.01).
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miR-10b-5p-overexpressing, or miR-NC U87MG glioma
cells were implanted in nude mice in situ. By in vivo bio-
luminescent imaging, we found that both miR-1246 and
miR-10b-5p overexpression could increase glioma aggres-
sivity, as stronger bioluminescence signals were observed
compared to the miR-NC group (Fig. 4f). Moreover, we

collected the xenografts derived from the mice in miR-
1246, miR-10b-5p, and miR-NC groups for HE staining.
The HE staining results showed that both miR-1246 and
miR-10b-5p rendered the xenograft margin irregular and ill-
defined, suggesting that both miR-1246 and miR-10b-5p
promote glioma infiltration (Fig. 4g). Concordantly,
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overexpression of miR-1246 and miR-10b-5p significantly
decreased the survival rate of nude mice bearing glioma
xenografts compared with the miR-NC group (Fig. 4h). To
further extend these findings, we used the xenografts for
IHC staining. IHC staining substantiated our results that
miR-1246 and miR-10b-5p increased the expression of
N-cadherin, MMP2, and Ki67, in accordance with our
in vitro western blot results (Fig. 4i, j and Supplementary
Fig. S5D). Collectively, these results indicate that miR-
1246 and miR-10b-5p promote glioma cell migration and
invasion both in vitro and in vivo.

MiR-1246 and miR-10b-5p enhance glioma
migration and invasion by targeting FRK and
TFAP2A

To explore the potential mechanisms by which miR-1246
and miR-10b-5p promote glioma migration and invasion,
the online bioinformatic tools TargetScan and miRDB
were used to predict the potential target genes of miR-
1246 and miR-10b-5p. Among the predicted target genes,
FRK and TFAP2A, which had been shown to be tumor
suppressors and to be associated with tumor migration and
invasion [29, 30], were chosen for further investigations.
To determine whether FRK is a direct target of miR-1246

and TFAP2A is a direct target of miR-10b-5p, we con-
firmed the predicted binding sites in the 3′ untranslated
region (UTR) of FRK and TFAP2A mRNA (Fig. 5a) and
constructed the luciferase vectors containing the wild-type
3′UTR of FRK (FRK-WT), mutated 3′UTR of FRK
(FRK-MUT), wild-type 3′UTR of TFAP2A (TFAP2A-
WT), and mutated 3′UTR of TFAP2A (TFAP2A-MUT).
The luciferase reporter assay results showed that miR-
1246 could significantly attenuate FRK-WT luciferase
activity, while it had a very modest effect on FRK-MUT
in 293T cells (Fig. 5b), indicating FRK is a direct target of
miR-1246. Similarly, miR-10b-5p could markedly reduce
TFAP2A-WT luciferase activity but did not influence
TFAP2A-MUT in 293T cells (Fig. 5b), suggesting that
TFAP2A is a direct target of miR-10b-5p. Moreover,
western blot analysis confirmed that miR-1246 inhibited
FRK expression and miR-10b-5p suppressed TFAP2A
expression in both U87MG and U251 glioma cells
(Fig. 5c). To further confirm that miR-1246 and miR-10b-
5p promote glioma migration and invasion by targeting
FRK and TFAP2A, we knocked down FRK and TFAP2A
by siRNAs in glioma cells. We found that both FRK and
TFAP2A knockdown could significantly induce glioma
migration and invasion (Fig. 5d, e). Furthermore, we
restored FRK and TFAP2A expression by transfecting
U87MG and U251 glioma cells with full-length FRK and
TFAP2A plasmids. The migration assay showed that the
effects of miR-1246 and miR-10b-5p on glioma migration
were counteracted by FRK and TFAP2A overexpression
(Fig. 5d, e). Western blot analysis also showed that miR-
1246 and miR-10b-5p overexpression and FRK and
TFAP2A knockdown could increase the expression of
N-cadherin, MMP2, MMP9, and vimentin (Fig. 5f, g).
Moreover, the effects of miR-1246 and miR-10b-5p could
be attenuated by the overexpression of FRK and TFAP2A
(Fig. 5f, g), indicating miR-1246 and miR-10b-5p induce
glioma migration and invasion by directly targeting FRK
and TFAP2A respectively (Fig. 6).

Discussion

Exosomes are important in participate in intercellular
communication. There are more and more studies focused
on exosome functions in tumor progression and tumor
microenvironment remodeling [31–33]. Interestingly,
hypoxia, an important feature of the tumor microenviron-
ment, has been proved to increase the production and alter
the content of exosomes [18]; by this mechanism, hypoxia
may modulate the functions and behavior of recipient cells.
Many studies have demonstrated that hypoxic tumor exo-
somes could promote tumor growth [34], and facilitate
tumor invasion and metastasis [35]. Furthermore, hypoxic

Fig. 4 MiR-1246 and miR-10b-5p promote glioma cell migration
and invasion in vitro and in vivo. a, b Analysis of glioma cell
migration and invasion by transwell assay. a MiR-NC-, miR-1246-, and
miR-10b-5p-transfected U87MG and U251 glioma cells that migrated to
(without Matrigel coating) or invaded (with Matrigel coating) the bottom
surface were stained with crystal violet and observed by light micro-
scopy. Scale bar, 100 μm. b Quantitative analysis of miR-NC-, miR-
1246-, and miR-10b-5p-transfected U87MG and U251 glioma cells that
migrated to or invaded the bottom surface. c Analysis of glioma invasion
by 3D invasion assay. Representative images of invaded spheroids in the
3D invasion assay for miR-NC-, miR-1246-, and miR-10b-5p-
transfected U87MG and U251 glioma cells. Scale bar, 200mm.
d Quantitative analysis of area covered by miR-NC-, miR-1246-, and
miR-10b-5p-transfected U87MG and U251 glioma cells. e Western blot
analysis of N-cadherin, MMP2, MMP9, and vimentin in miR-NC-, miR-
1246-, and miR-10b-5p-transfected U87MG and U251 glioma cells. f In
vivo bioluminescent imaging of miR-NC-, miR-1246-, and miR-10b-5p-
transfected U87MG glioma cells implanted in situ in nude mice.
Representative images and quantification (25 days after implantation) are
shown (five mice in each group). g HE staining of sections from mouse
brain xenografts with miR-NC-, miR-1246-, and miR-10b-5p-transfected
U87MG glioma cells. Scale bar, 200 μm. h Survival analysis for nude
mice bearing miR-NC-, miR-1246-, and miR-10b-5p-transfected
U87MG glioma cell xenografts (P < 0.05 by log-rank analysis).
i Quantitative analysis of IHC staining for N-cadherin and MMP2 of
sections from mouse brain xenografts with miR-NC-, miR-1246-, and
miR-10b-5p-transfected U87MG glioma cells. j Quantitative analysis of
IHC staining for Ki67 of sections from mouse brain xenografts with
miR-NC-, miR-1246-, and miR-10b-5p-transfected U87MG glioma
cells. Data are shown as the mean ± SD of three independent experi-
ments. Statistical significance was determined using Student’s t test,
ANOVA test and log-rank analysis (*P < 0.05; **P < 0.01).
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tumor exosomes were reported to increase angiogenesis and
vascular permeability [36], and suppress immune cells [20].
In the present study, we demonstrated that H-GDEs can
promote normoxic glioma cell migration and invasion,
which is consistent with results obtained with other tumors.
Moreover, our results revealed the important roles of
H-GDEs in glioma progression, suggesting the hypoxic

glioma microenvironment induces normoxic glioma inva-
sion and metastasis through glioma exosomes.

Being an important component of the tumor micro-
environment, exosomes have been reported to participate in
intercellular communication by delivering their content
[12]. Many studies have demonstrated transfer of proteins
and RNA molecules takes place between cells via exosomes
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[31, 35]. In this study, we confirmed miR-1246 and miR-
10b-5p were increased significantly by hypoxia, exhibiting
high expression levels in H-GDEs. In addition, our results
indicate that miR-1246 and miR-10b-5p can be delivered to
normoxic glioma tissue by H-GDEs. MiR-1246 and miR-
10b-5p have been reported to exert inconsistent effects on
tumor migration and invasion in several kinds of carcino-
mas and their function in glioma migration and invasion has
not been well clarified [27, 37–39]. In the present study,
we reveal for the first time that miR-1246 promotes
glioma invasiveness. In addition, we have confirmed that

miR-10b-5p enhances glioma invasive potential. These
results indicate that miR-1246 and miR-10b-5p may be
potential molecular targets for antitumor therapies. Given
the important roles of miR-1246 and miR-10b-5p in pro-
moting glioma migration and invasion, we also investigated
whether miR-1246 and miR-10b-5p could serve as valuable
biomarkers for the diagnosis and prognosis of glioma. We
found both miR-1246 and miR-10b-5p expressions were
positively associated with the glioma grade and glioma
patients’ survival in CGGA database, suggesting miR-1246
and miR-10b-5p are potential biomarkers for glioma diag-
nosis and prognosis.

MicroRNAs exert their functions by directly targeting
some mRNAs [40]. In our study, we have identified new
targets of miR-1246 and miR-10b-5p in glioma. We
demonstrated that miR-1246 and miR-10b-5p can promote
glioma migration and invasion by targeting FRK and
TFAP2A respectively. FRK has been reported to suppress
glioma migration and invasion by regulating JNK/c-Jun
signaling [29], and TFAP2A levels correlate inversely with
glioma grade [30]. Consistent with these studies, our find-
ings show that FRK and TFAP2A, as miR-1246 and miR-
10b-5p targets, suppress glioma migration and invasion,
suggesting that FRK and TFAP2A may act as suppressor
molecules in many kinds of tumors.

In future studies, we will investigate the effects of other
microRNAs in H-GDEs on glioma progression and their
mechanisms of action. Furthermore, the development of a
microfluidic chip for cerebrospinal fluid biopsy may improve
glioma diagnosis by including microRNAs such as miR-1246
and miR-10b-5p. In conclusion, we have demonstrated that

Fig. 5 MiR-1246 and miR-10b-5p promote glioma cell migration
and invasion by directly targeting FRK and TFAP2A. a Schematic
representation of the predicted miR-1246 binding site in the 3’UTR of
FRK, the mutated miR-1246 binding site in the 3′UTR of FRK, the
predicted miR-10b-5p binding site in the 3′UTR of TFAP2A and the
mutated miR-10b-5p binding site in the 3′UTR of TFAP2A. b Left:
miR-NC or miR-1246 and luciferase vector encoding the wild-type or
mutant 3′UTR of FRK were co-transfected into 293T cells and the
relative luciferase activity was measured. Right: miR-NC or miR-10b-
5p and luciferase vector encoding the wild-type or mutant 3′UTR of
TFAP2A were co-transfected into 293T cells and the relative luciferase
activity was measured. c Western blot analysis of FRK and TFAP2A
in miR-NC-, miR-1246-, and miR-10b-5p-transfected U87MG and
U251 glioma cells. d Representative images of indicated treated
U87MG and U251 glioma cells that migrated (without Matrigel
coating) to the bottom surface. Scale bar, 100 μm. e Quantification of
indicated treated U87MG and U251 glioma cells that migrated
(without Matrigel coating) to the bottom surface. f, g Western blot
analysis of FRK, TFAP2A, N-cadherin, MMP2, MMP9, and vimentin
levels in indicated treated U87MG and U251 glioma cells. Data are
shown as the mean ± SD of three independent experiments. Statistical
significance was determined using Student’s t test and one-way
ANOVA test (*P < 0.05; **P < 0.01).

Fig. 6 Schematic model of effect of hypoxic exosomal miR-1246 and miR-10b-5p on glioma migration and invasion. Hypoxia was an
important feature during the progression of the glioma. Glioma cells in the hypoxic region released exosomes which contained miR-1246 and miR-
10b-5p, which could be delivered to nomoxic glioma cells. The miR-1246 and miR-10b-5p promoted nomorxic glioma cell migration and invasion
by directly targeting FRK and TFAP2A respectively.
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H-GDE-derived miR-1246 and miR-10b-5p can promote
glioma migration and invasion by targeting FRK and
TFAP2A respectively. Our findings also disclose miR-1246
and miR-10b-5p may be biomarkers for glioma diagnosis and
prognosis. Treatment targeting miR-1246 and miR-10b-5p
may impair the motility of glioma cells, representing a novel
direction for the development of antitumor therapy.
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