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Neural progenitor cells-secreted exosomal miR-210 induced
by hypoxia influences cell viability

Ming Zhao®*, Yan Gao®*, Fei Wang® Xiang Cheng®, Tong Zhao?,

Yongqji Zhao? Ming Fan*® and Lingling Zhu®®

Hypoxia as a microenvironment is essential for the
development of neural stem/progenitor cells (NSCs/
NPCs). Our previous studies showed that mild hypoxia
can promote proliferation of NPCs. However, the
underlying mechanisms are remaining unknown. In the
present study, we explored the impact of hypoxia on
miR-210 secretion and its effect on cell viability. We found
that short time or long time of hypoxia treatment could
increase the expression of miR-210, but also promoted
its secretion into the medium. The results of exosomes
isolation and quantitative real-time PCR showed that
hypoxia increased the levels of miR-210 in the exosome
enriched from the medium. In addition, the secreted miR-
210 can be absorbed by recipient NPCs. The resutls of cell
viability assay showed that low levels of secreted miR-

210 slightly increased cell viability of NPCs. In contrast,
high levels of secreted miR-210 exhibited an inhibitory
effect on cell viability. These effects were blocked by

an miR-210-specific inhibitor. Taken together, hypoxia

Introduction

Hypoxia as a microenvironment is essential for the devel-
opment of neural stem/progenitor cells (NSCs/NPCs).
Increasing studies have showed that the proliferation of
NPCs is enhanced when exposed to low, but physiologic
O2 concentrations of about1.5-3% [1]. For example, our
previous report had found that mild hypoxia is more ben-
eficial to NPCs proliferation. Exposure to 3-10% O2 for
3days promoted the proliferation of NPCs and favored
their depaminergic differentiation [2,3]. Neurogenesis
in the adult brain occurs mainly within two neurogenic
regions, the dentate gyrus of the hippocampus and the
subventricular zone (SVZ) of the forebrain. Zhang ez al.
[4] found that an external hypoxia environment could
reduce the intrinsic O2 content in both the dentate gyrus
and SVZ region. In addition, in-vivo studies also have
showed that hypoxia increased the number of endoge-
nous NPCs in both the dentate gyrus and SVZ region
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increased secretion of miR-210 in exosomes and exhibited
a differential effect on cell viability of recipient NPCs.
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[5]. In contrast to the extensive studies of the impact
of hypoxia on NPCs characteristics, the underlying
mechanisms are rarely known. Exploring the underly-
ing molecular mechanisms is helpful to elucidate neural
development and provide basis for its clinical application
on the therapeutics of neurological diseases.

Noncoding microRNAs (miRNAs) are a class of sin-
gle-strand, endogenous, noncoding RNAs that are ~22
nucleotides in length. In recent years, miRNAs have
been demonstrated to be involved in numerous biologi-
cal processes, including cell proliferation, differentiation
and apoptosis, and the incidence and progress of dis-
cases. MicroRNA-210 (miR-210), the key hypoxia-related
miRNA, was found to be upregulated in many different
types of cells under hypoxia conditions. It has been revealed
that miR-210 is involved in angiogenesis, cell cycle, differ-
entiation and apoptosis, etc. [6]. Previously, we have found
that the expression of miR-210 was highly induced in NPCs
under hypoxia conditions [7]. The upregulation of miR-210
can directly suppress BNIP3 expression to maintain the sur-
vival of NPCs under hypoxia [8]. Recently, it is reported that
miR-210 is required for normal mouse NPC-cycle prolifer-
ation and cell-cycle progress [9]. These reports suggest that
miRNA-210 is essential for cell survival and proliferation in
NPCs. Moreover, miRNA-210 is also enriched in exosomes
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derived from many types of cells, like cardiac progenitor
cells [10], mesenchymal stem cells [11], hepatocellular car-
cinoma cells [12], etc. Therefore, it is very interesting to
investigate whether hypoxia promote secretion of miR-210
in NPCs and its potential roles in cell responding to hypoxia

In the present study, based on cultured NPCs isolated
from the mesencephalon of pregnant embryonic day 13.5
(E13.5) Sprague—Dawley rats, the impact of hypoxia on
miR-210 secretion and its effect on cell viability were
investigated.

Materials and methods

Cell culture and hypoxia treatment

NPCs were isolated and cultured as previously described
[8]. Briefly, mesencephalic cells from E13.5 Sprague—
Dawley rats were mechanically dissociated and main-
tained in DMEM/F12 medium with 2mM L-glutamine,
51U of penicillin, 5pg/ml streptomycin, 1% N2, 1% B27
(Life Technologies, Carlsbad, California, USA), 20ng/
ml epidermal growth factor, 20ng/ml basic fibroblast
growth factor (R&D Systems, Minnesota, USA). The
newly isolated cells were seeded into Ultra-low attach-
ment =25 flasks. After 3-5 days of culture, the cells grew
up to sphere. The primary neural spheres were defined
as passage zero (PO) NPCs, and be subcultured into 2-5
generations, which were applied in the subsequent exper-
iments. The NPCs were identified as Nestin positive, as
described in our previous reports [13,14]. All animal stud-
ies were approved by the Institutional Animal Care and
Use Committee of Institute of Military Cognition and
Brain Sciences. For hypoxia treatment, cells were put
in a O2 Control Glove Cabinet (COYLAB, Grass Lake,
Michigan, USA) in which the O2 concentration is adjusta-
ble. The incubator chamber was flushed with air contain-
ing 5% COZ and balanced with Nz'

RNA isolation and quantitative real-time PCR

"Total RNA was extracted by TRIzol (Invitrogen, Carlsbad,
California, USA).Ambion’s miRNA Isolation Kit (Ambion,
Austin, Texas, USA) was used to isolate miRNAs accord-
ing to the protocol. The stem-loop reverse transcription
PCR technique was used to examine mature miR-210.
The stem-loop RT primer for miR-210 was designed
as follows: 5-CTCGTATGGAGTGCAGGGTCCGA
GGTATTCGCACT  CCATACGAGTCAGCCGC-3".
The qRT-PCR was performed using the QuantiTect
SYBR Green PCR Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. The StepOne Plus
Real-Time PCR System (Applied Biosystems, Frederick,
Maryland, USA) and the supplied analytical software were
used. The PCR primers formature miR-210 were designed
as follows: Forward: 5-CTGTGCGTGTGACAGC-3
Reverse:  5-GTGCAGGG  TCCGAGGT=3. U6
snRNA levels were used for normalization. The PCR
primers for U6 were designed as follows: Forward:
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5-AACGCTTCACGAATTTGCG T-3; Reverse: 5-

CTC GCTTCGGCAGCACA-3".

miRNA transfection

miR-210 mimic, miR-210 inhibitor or negative control
were synthesized by GenePharma Co. (Shanghai, China).
Their sequences are as following:

miR-210 mimics sense: 5-CUGUGCGUGUGACAGC
GGCUGA-3’

miR-210 mimics antisense: 5-AGCCGCUGUCAC

ACGCACAGUU-¥

miR-210 mimics NC sense: 5-UUCUCCGAACGUGUC
ACGUTT-3

miR-210 mimics NC antisense: 5-ACGUGACACGUUC
GGAGAATT-3"

miR-210
ACAG-3’

miR-210 inhibitor NC: 5-CAGUACUUUUGUGUAG
UACAA-3".

inhibitor:  5-UCAGCCGCUGUCACACGC

In accordance with the manufacturer’s instructions, cell
transfection was performed using Lipofectamin 3000
(Invitrogen). Briefly, synthesized nucleic acids diluted
in opti-MEM were incubated with Lipofectamine 3000
for 20min before addition to cultures and transfection.
After 6h culturing, the medium was replaced using a
fresh complete medium. All related experiments were
performed within 48 h after transfection

Exosomes isolation

Exosomes were isolated from a conditioned culture
medium using the ultracentrifugation method. Briefly, the
media collected from NPCs were centrifuged at 2000xg, at
4°C for 10min to remove cells and debris. The resulting
supernatant was transferred to new tubes and centrifuged at
10000xg, at 4°C for 10 min. The supernatant was transferred
to Beckman 60 'T1 ultracentrifuge tubes and centrifuged at
126 000xg for 60 min at 4°C. The resulting pellet was resus-
pended in 1 ml PBS containing a protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany), and centri-
fuged at 135000xg for 1h at 4°C in a Beckman TLA110
centrfuge. The resulting pellet (containing exosomes) was
resuspended in PBS containing protease inhibitors.

Exosome identification by transmission electron
microscopy

Transmission electron microscopy (TEM) was used to
capture the morphological features of exosome. The iso-
lated exosomes were resuspended in PBS, and 10pl of
the diluted mixture was adsorbed on a copper mesh for
10 min. Subsequently, the copper mesh was transferred
to a 3% glutaraldehyde droplet and suspended for 5min.
T'he copper mesh was then transferred to a drop of deion-
ized water for cleaning, 10 cycles for 2min each time.
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Finally, staining with uranyl acetate was done for 1 min.
After drying naturally, a TEM (Thermo scientific, New
York, USA) was used to take a picture.

Immunofluoresence

The cells were washed with PBS two times, and fixed
with 4% paraformaldehyde for 30 min at room temper-
ature. Then, the cells were washed three times and per-
meabilized with 0.25% Triton X-100 for 10 min. After
washing three times with PBS, the cells were immersed
in 1% BSA for 30 min. After three times of washing, the
cells were incubated with DAPI (working concentration
is 100 pg/ml) for 10 min at room temperature. The cells
were examined by fluorescent microscopy at total 1000x
magnification under immersion oil using an LSM 510
META ZEISS fluorescent microscope.

Cell viability assay

Cell viability was determined by CCK-8 kit (Dojindo
Laboratories, Kumamoto, Japan). The NPCs were cul-
tivated with 100pl medium in poly-D-lysine-coated
96-well platesin 21, 3,and 0.3% O2 for the indicated times.
We then added 10 pl of CCK-8 into each well and settled
the culture cluster in a 37°C incubation chamber for 2 h.
The optical density at 450 nm (OD,, ) was detected by
a microplate reader (‘Thermo Scientific Multiskan GO,
Waltham, Massachusetts, USA).

Statistical analysis

All data were expressed as the mean+SEM, and the statis-
tical analysis was carried out using GraphPad Prism (version
6.0, Graphpad Software Inc., California, USA). The data
were assessed using the unpaired two-tailed Student’s ~test
for comparisons between two groups, or one-way analysis of
variance followed by Dunn’s multiple comparison post-hoc

test for comparisons of more than two groups. Values less
than 0.05 were considered statistically significant.

Results

Hypoxia increased expression and secretion of miR-210
in neural progenitor cells

We first detected the expression of miR-210 in NPCs
under hypoxia conditions. NPCs isolated from the mesen-
cephalon of E13.5 Sprague—Dawley rats were treated with
different concentrations ofO (21,3,and 0.3% O ) for 0.5, 1,

2,6,and 12 h, respectively. The results of qR'I* PCR showed
that the expression levels of miR-210 were kept constantly
when exposed to 21% Oz‘ However, hypoxia (3 and 0.3%
02) could evidently induce the expression of miR-210
in a time-dependent manner (Fig. 1a). Subsequently, we
detected the levels of secreted miR-210 in a cell medium.
The results of qRT-PCR showed that similar to the trend of
miR-210 expression, the levels of secreted miR-210 did not
change under 21% O » In contrast, it significantly increased
in 3 and 0.3% O2 groups (Fig. 1b). These results demon-
strated that hypoxia not only increased miR-210 expression
but also promoted its secretion into the cell medium.

In order to further confirm the stimulation of hypoxia on
miR-210 secretion, NPCs were treated with hypoxia for a
longer time. The NPCs were treated with different con-
centrations ofO (21, 3,and 0.3% O ) for 1, 2, and 3 days,
respectively. The results of qRTPCR showed that the
expression of mir-210 was kept constantly under nor-
moxia conditions, and hypoxia increased its expression,
especially under 0.3% O2 conditions (Fig. 2a). The detec-
tion of miR-210 in the cell medium showed that the levels
of miR-210 were increased when the cells were treated
with hypoxia (Fig. 2b). These results further confirmed
that hypoxia could promote the secretion of miR-210.
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Short-time treatment of hypoxia induce miR-210 expression and its secretion in NPCs. (a and b) NPCs were exposed to 21, 3, and 0.3% O,
respectively, for 0.5, 1, 2, 6, and 12h. The expression of miR-210 (a) and its content in the culturing medium (b) were analyzed by qRT-PCR- All
experiments were performed in triplicate, and values are presented as the mean = SEM (**£<0.01). NPCs, neural stem/progenitor cells.

Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Hypoxia increased secretion of exosomal miR-210 Zhao et al. 801

Fig. 2
(a)
20 - .
[ 21% O,
151 [l 3%0
@l 0.3% 0, i

*%

Relative expression of miR-210
=

o
1

Fal=T nJ ml | !
0d 1d 2d

3d

(b)
5- *k
@ ] 21% O,
%4" -3(7002 *%
o Bl 0.3% O,
okl
x *%
2] g
44
<11 M (MM 11
0
0d 1d 2d 3d

Long-time treatment of hypoxia induce miR-210 expression and secretion in NPCs. (a and b) NPCs were exposed to 21, 3 and 0.3% O, respec-
tively, for 1, 2, and 3 days. The expression of miR-210 (a) and its content in the culturing medium (b) were analyzed by gRT-PCR. All experiments
were performed in triplicate, and values are presented as the mean+ SEM (*P<0.05, **P<0.01). NPCs, neural stem/progenitor cells.

MiR-210 can be secreted and absorbed by neural stem
cells

It has been reported that circulating miR-210 is secreted
via exosome as described above. Subsequently, we iso-
lated the exosome by the ultracentrifugation method
from the cell culturing medium and identified by TEM.
As shown in Fig. 3a, the exosomes isolated from the
medium had a distinct bilayer membrane and a typical
cup-shaped structure. We then detected the levels of
miR-210 in the exosomes and U6 were served as inner
control. Our results showed that the levels of miR-210 in
the exosomes enriched from 3% O, group are much higher
than that from the 21% O group. In contrast, the levels of
U6 remained unchanged (Fig. 3b). These results demon-
strated that hypoxia increased the levels of miR-210 in
the exosome enriched from NPCs culturing medium.

Exosome can be specifically stained with two lipophilic
fluorochromes PKH67 (green) and PKH26 (red) [15]. We
incubated the enriched exosomes with NPCs under nor-
moxia condition. We found that the cells could be stained
with green and red fluorescent probes (Fig. 3¢ and d),
indicating that the extrinsic exosome transferred into the
recipient cells. In addition, the exosome enriched from
the hypoxia-treated NPCs medium could increased the
levels of miR-210 in the recipient cells (Fig. 3e). These
results further verified that hypoxia increased the levels
of miR-210 in the exosome, which could be absorbed by
recipient NPCs.

Effect of secreted miR-210 on the neural progenitor
cells cell viability

To specify the potential roles of secreted miR-210
induced by hypoxia, we detected its effect on cell via-
bility of NPCs using CCK-8 assay. First, three groups
of NPCs were cultured under 21, 3, and 0.3% O2 for
2 days, respectively, and the medium containing secreted

miR-210 was collected. As shown in Fig. 4a, the medium
collected from 3% Oz—treated group could increased cell
viability of NPCs which maintained under normoxia, and
the miR-21 specific inhibitor could reverse the increase
of cell viability. In contrast, the medium collected from
the group of 0.3% O, exposure decreased cell viability of
NPCs which maintained under normoxia condition, and
an miR-21-specific inhibitor could reverse the decline of
cell viability (Fig. 4b). These results suggested that dif-
ferent levels of secreted miR-210 exerted a differential
effect on cell viability of NPCs.

The effect of different concentrations of secreted miR-
210 on the neural progenitor cells cell viability

Next, we studied the effect of various doses of miR-210
on NPCs cell viability using miR-210 mimic. First, seri-
ous doses of miR-210 mimic were transfected into NPCs
and their media were collected. Then, these media was
applied to incubate the NPCs which maintained under
normoxia conditions for 2days. The results of CCK-8
assay found that the medium from NPCs transfected with
low doses of miR-210 mimic could increase cell viability
compared to the control group, but the medium from
NPCs transfected with high doses of miR-210 exhibited
an inhibitory effect on cell viability. As expected, miR-
210 inhibition by specific inhibitor blocked these effects
(Fig. 5). These resutls indicated that secreted miR-210
exerts a dual role in the regulation of cell viability.

Discussion

Hypoxia has been shown to stimulate proliferation of
endogenous NSCs in the brain. However, the mech-
anism of NSCs response to hypoxia has not been well
defined yet. miRNA-210 has been identified as a major
microRNA induced by hypoxia, and is associated with cell
survival under hypoxia. For example, miR-210 expression
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Secreted miR-210 is located in exosomes in the medium of NPCs. (a) Exosomes were collected by ultracentrifugation method and observed

with TEM. Scale bar:100nm. (b) NPCs were cultured under 21 and 3% O, for 2days, and then the exosomes in the medium were enriched.

The expression of miR-210 in the exosomes were detected by qRT-PCR. (**P<0.01). The experiment was performed in triplicate, and values are
presented as the mean+ SEM (**P<0.01). (c and d) Exosome collected from 0.3% OQ—treated medium was stained with PKH67. (c) and PKH26
(d), respectively, and then were added into the medium of normoxia-cultured NPCs. One day later, the recipient NPCs were stained with DAPI and
observed under fluorescent microscopy. (e) Exosome enriched from 0.3% O_-treated medium were added into the medium of normoxia-cultured
NPCs. One day later, the expression of miR-210 in the NPCs was examinedzby gRT-PCR. (**P<0.01). The experiment was performed in triplicate,
and values are presented as the mean+ SEM (**P<0.01). NPCs, neural stem/progenitor cells.

is correlated closely with hypoxia and angiogenesis in
breast cancer patients [16]. miRNA-210 inhibition was
reported to significantly attenuate NSC proliferation at
the early stages of differentiation [17]. In the current
study, we found that the expression of miRNA-210 was
sensitive to hypoxia conditions. The expression levels of

miR-210 in NSCs was much higher under hypoxia con-
ditions compared to that under normoxia conditions, and
hypoxia increased its expression as well as its secretion
in a time-dependent manner. More interestingly, we also
found that secreted miR-210 located in the exosome in
the medium of NPCs after hypoxia exposure.
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The effect of secreted mir-210 on cell viability of normoxia-cultured NPCs. (a) Control NPCs and NPCs transfected with negative control (NC) or

specific inhibitor were treated with 21 and 3% O

, respectively, for 2days. Then, the medium in each group was collected and applied to incubate

the normoxia-cultured NPCs for 12, 24, and 48 h; respectively. The cell viability was measured by CCK-8 assay. (b) The same procedures were
performed as described above, but the initiating control and tranfected NPCs were treated with 0.3% O All experiments were performed in
triplicate, and values are presented as the mean+SEM (**<0.01). NPCs, neural stem/progenitor cells?

Fig. 5

[ Medium-NC
B Medium-inhibitor

-
[6)]
[

*
e

u

o
o
1
H

Relative cell viability
=
T

00 L] ) ) L] L) L)

(o) ©
<'o(-1’ NZ

The effect of different concentrations of secreted mir-210 on cell
viability of NPCs. NPCs were transfect with different doses (6.25—
100 nmol) of miR-210 mimic. After 6 h of transfection, the medium
were replaced with fresh complete medium and continued to culture
for 2days. Then, the medium was collected and applied to incubate
the normoxia-cultured NPCs which was pretransfected with negative
control (NC) or miR-210 specific inhibitor. After 2 days of culture, the
cell viability was measured by CCK-8 assay. All experiments were
performed in triplicate, and values are presented as the mean+SEM
(*P<0.05, **P<0.01). NPCs, neural stem/progenitor cells.

Recent studies have reported that hypoxia induces the
release of exosomes. King e 4/. [18] found that expo-
sure of three different breast cancer cell lines to mod-
erate (1% Oz) and severe (0.1% Oz) hypoxia resulted in

significant increases in the number of exosomes present.
Targeting HIF-1 pathway with RNA interfering pre-
vented the enhancement of exosome release by hypoxia.
In addition, the hypoxia-induced miR-210 was identi-
fied to be present at elevated levels in hypoxic exosome
fractions [18]. It is also reported that hypoxia stimulates
exosome production and secretion in renal tubular cells.
The exosomes from hypoxic cells are protective against
renal tubular cell injury [19]. In addition to the quanti-
tative impact of exosome secretion, hypoxia stress also
causes significant changes in the content and function of
exosomes. An proteomic analysis of the cardiac fibroblasts
exosome revealed that hypoxia conditions selectively
increase the expression of proteins with extracellular
matrix and signaling annotations [20]. Therefore, it is rea-
sonable that hypoxia could regulate some cell character-
istics by exosome.

The unique character of miR-210 is that it is absolutely
regulated by hypoxia; however, its role under hypoxia
conditions is controversial. For example, the rise of
miRNA-210 level increases the apoptosis of neuronal
cells through the activation of HIF-1a-VEGF signaling
pathway [21]. Consistently, inhibition of microRNA-210
provides neuroprotective in hypoxic-ischemic brain
injury [22]. Intracerebroventricular administration of
an miR-210 inhibitor (miR-210-LNA) significantly
decreased HI-induced brain infarct size and reversed
the nicotine-increased vulnerability to brain HI injury in
the neonate [23]. In contrast, there are also some reports
found that miR-210 has a beneficial effect to any extent.
It is reported that miRNA-210 also has a neuroprotective
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role on hypoxia-ischemic encephalopathy [24]. These
differential effects of miR-210 maybe related with the
disease models, extent of hypoxia injury, and the induced
concentration of miR-210. Because miRNAs can simul-
taneously regulate many target genes, the downstream
pathway was activated which is also critical for the effect
of miR-210.

miRNAs not only exist intracellularly but can be released
into almost all body fluids. More importantly, extracellu-
lar miRNAs or circulating miRNAs are sensitive, easily
detectable, and highly stable [25,26]. Secreted miR-210
has great potential as biomarkers for the diagnosis and
prognosis. This conclusion has testified by more increas-
ing reports. It is newly reported that miR-210 might con-
tribute to osteoarthritis development through promoting
VEGE, which is an classical HIF-1 target gene. They
found that upregulation of miR-210 in the synovial fluid
occurs in the early stage of osteoarthritis and can be a
useful biomarker for early diagnosis [27]. In patients with
heart failure, mir-210 expression levels in the mononu-
clear cells were significantly higher than control. Plasma
mir-210 levels may reflect a mismatch between the pump
function of the heart and O2 demand in the peripheral
tissues, and be a new biomarker for chronic heart failure
[28]. In a mouse model with atherosclerosis, Li ez a/. found
that miR-210 was upregulated and is an effective thera-
peutic target for atherosclerosis [29]. Another key point is
that secreted miR-210 produced any biological effect on
diseases. For example, it is reported that enriched levels
of miR-210 caused by hypoxia resutls in exosomes with
marked improved biological properties and therapeutic
potential during mesenchymal stem cells therapy for
cardiovascular diseases. Therefore, it is of significance to
explore the role of miR-210 in different diseases, in that
provide effective biological targets for clinical diagnosis
and treatment.

Conclusion

In the present study, we found that short-time or long-
time hypoxia treatment increased expression of miR-
210, but also promoted its secretion into the medium.
The levels of miR-210 in the exosome enriched from
the medium were increased under hypoxia conditions.
Moreover, the secreted miR-210 can be absorbed by
NPCs and affects cell viability. These findings provided
a reasonable molecular mechanism for the mild hypox-
1a-promoted proliferation of NPCs.
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