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Neuroprotective effects of microRNA-210 against oxygen-glucose
deprivation through inhibition of apoptosis in PC12 cells
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Abstract. Although several reports have demonstrated the
specific roles of microRNAs (miRs) in neuronal differentiation,
neurogenesis, neural cell specification and neurodevelop-
mental function, there have been no studies with regard to
the importance of miRs in hypoxic-ischemic encephalopathy
(HIE). In the present study, we aimed to investigate the effect
of miR-210 on neuronal cell apoptosis caused by HI injury.
We established an ex vivo model of HIE using oxygen-glucose
deprivation (OGD) and demonstrated that miR-210 expression
was upregulated in pheochromocytoma (PC12) cells after
4 h of OGD compared with normoxic controls. Furthermore,
miR-210 suppressed cell apoptosis by inhibiting caspase
activity and by regulating the balance between Bcl-2 and Bax
levels. In conclusion, the present study revealed that miR-210
exerts neuroprotective effects by inhibiting cell apoptosis.
This work represents a potential novel therapeutic approach to
combat neonatal HI injury.

Introduction

Hypoxic-ischemic encephalopathy (HIE) is one of the primary
causes of cerebral damage and long-term neurological sequelae
in the perinatal period in term and preterm infants (1). Moderate
to severe HIE occurs at a rate of 1-2 per 1,000 full-term live
births, with a total HIE incidence of 3-5 per 1,000 (2-4); in devel-
oping countries, the incidence of HIE is up to 10-fold higher (5).
Almost 50% of term-born infants suffering from severe HIE
die within weeks of birth, while up to 25% of the survivors
exhibit long-term complications (6), including reductions in
cerebellar (7), cortical and hippocampal volumes (8). These
reductions are associated in turn with cognitive and behavioral
deficits, deficits in the verbal and language domains (9,10),

Correspondence to: Dr Jie Qiu, Department of Newborn Infants,
Nanjing Children's Hospital of Nanjing Medical University, No.72
Guangzhou Road, Nanjing, Jiangsu 210008, P.R. China

E-mail: jieqiu@yahoo.cn

Key words: microRNA-210, hypoxic-ischemic encephalopathy,
apoptosis, gene therapy

a reduced IQ (11), cerebral palsy and mental retardation (12).
However, no specific or successful neuroprotective strategies
existed until recently. Protecting the brain of a newborn remains
a challenging priority and represents an unmet medical need.

Hypoxia, which occurs in the brain when oxygen
availability drops below normal levels, is a major cause
of perinatal HI injury and plays a central role in its
pathogenesis. Additionally, insufficient blood flow to
the brain, known as brain ischemia, may lead to a poor
oxygen supply. The molecular mechanisms underlying the
brain's response to oxygen deprivation are extremely
complex. Hypoxia inducible factor-la (HIF-1a) (13-18) is a
transcription factor that is crucial for normal brain development
and in the development of injuries. MicroRNAs (miRs), small
(18-25 nts), non-coding RNAs that regulate gene expression by
blocking the translation of target mRNAs or by accelerating
their degradation, have recently been reported to be induced
by hypoxia (19). In particular, miR-210, which is activated
by HIF-1a (20), is a unique miR that has been evolutionarily
conserved and ubiquitously expressed in hypoxic cell and
tissue types (21-27). While miR-210 was initially considered
to be intergenic, a more recent study has revealed that it is
contained within the sequence of a hypoxia-inducible transcript
with an unknown function (AK123483) (28). miR-210 plays
multiple critical roles in the cellular regulation of responses
to low oxygen levels, including during ischemic brain injury.
Recent studies using a rat model have suggested that miR-210
is expressed in both the brain and blood of middle cerebral
artery occlusions (MCAOs) (29,30). Fasanaro et al (31) demon-
strated that miR-210 was a critical element in endothelial cell
function in response to hypoxia and that it had considerable
influence on migration, capillary network formation and
differentiation capabilities. Therefore, we hypothesized that
miR-210 may play an essential role in HIE, which would
identify miR-210 as a potential therapeutic target.

Inorderto understand the mechanisms of neuronal cell death
after HI injury and to identify potential protective agents, an
in vitro cell culture model using rat pheochromocytoma (PC12)
cells has been previously developed to mimic HI-induced cell
death (32) using oxygen-glucose deprivation (OGD). This
OGD model was extensively employed to understand the
importance of the modulation of cell death pathways in neuro-
protection (33,34). In this study, we investigated the effect of
miR-210 on neuronal cell apoptosis caused by HI injury.
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Materials and methods

Cell culture. Rat PC12 cells were obtained from the American
Tissue Culture Collection (Rockville, MD, USA) and cultured
in DMEM supplemented with 10% v/v horse serum (HS),
5% vlv fetal bovine serum (FBS) and appropriate antibiotics
in a humidified chamber (5% CO, and 37°C). The study was
approved by the ethics committee of Nanjing Children's
Hospital of Nanjing Medical University (Nanjing, China).

miRNA transfection. Fifty microliters of pre-miR hsa-miR-210
or pre-miR-negative control #1 (pre-miR-NC1; Ambion,
Foster City, CA, USA) in OptiMEM I (Invitrogen, Carlsbad,
CA, USA), with a final concentration of 100 nM, was mixed
with 50 ul Lipofectamine 2000 (Invitrogen; 25X dilution in
OptiMEM I) and incubated at room temperature for 20 min,
prior to being added to each well of a 24-well plate (100 ul
per well). PC12 cells (400 ul of 6.25x10° cells/ml) were
subsequently added to each well. The transfection mixture
was incubated (5% CO, and 37°C) for 24 h, and the cells were
either used immediately in assays or the media was replaced
(500 1 DMEM/10% v/v HS/5% v/v FBS) and incubated
further.

OGD. PC12 cells were washed once with glucose-free DMEM
previously bubbled through with a mixture of 95% nitrogen
and 5% CO,. Cells were maintained in this deoxygenated
glucose-free medium. The plates were then placed in a
modular incubation chamber (Billups-Rothenberg, Del Mar,
CA, USA) and flushed with 95% nitrogen/5% CO, for 4 min
at a flow rate of 10 I/min. The chamber was then sealed and
kept in an incubator for 4 h at 37°C. Control cells were washed
with glucose-containing DMEM and incubated in a normoxic
incubator for 4 h.

Real-time quantitative PCR. Total RNA was prepared
using TRIzol (Invitrogen). miR was purified using the
mirVana kit according to the manufacturer's instructions
(Applied Biosystems, Foster City, CA, USA). Using a specific
miR-210 and endogenous control U6 stem-loop primer, reverse
transcription was performed according to the manufacturer's
instructions forthe TagManmiRNARTkit (Applied Biosystems).
Total RNA (10 ng) was reverse transcribed to cDNA with | mM
dNTPs (with dTTP), 50 units reverse transcriptase (RT; 1 ul),
4 units RNase inhibitor in the presence of specific miR-210 or
U6 stem loop RT primers in a 15 ul system buffered by RT
Buffer and diethyl-pyrocarbonate (DEPC) water. Following the
thermal cycle program of 16°C for 30 min, 42°C for 30 min and
85°C for 5 min, cDNA was stored at -20°C. Real-time quan-
titative PCR was performed by a fast real-time PCR system
(7900HT, Applied Biosystems) using a TagMan miRNA
assay kit. The 20 ul reaction volume contained the following
components: miR-210 or U6 RT reaction product (1.33 ul), 20X
TagMan® MicroRNA assay (miR-210 or U6; 1 ul), TagMan 2X
universal PCR master mix (10 pl) and DEPC water (7.67 ul). A
96-well plate was then run using the following protocol: 95°C
for 10 min, followed by 43 cycles of 95°C for 15 sec and 60°C
for 1 min. Finally, the relative miR-210 level was normalized
to the endogenous control U6 expression for each sample in
triplicate and calculated using the 2" method.

QIU et al: EFFECTS OF miR-210 AGAINST OGD IN PC12 CELLS

[ O Normal
2.5 | BOGD

na

PCI2 Control

miR-210/U6

miR-210

Figure 1. microRNA-210 (miR-210) expression was upregulated in cells after
4 h of exposure to OGD compared with normoxic conditions (Normal). miR-
210 was upregulated in PC12 cells transfected with miR-210 vector (miR-210)
and compared with non-transfected PC12 cells and cells transfected with
the negative control vector (Control). Values shown are the means + SD
of three independent experiments performed in triplicate ("P<0.05). OGD,
oxygen-glucose deprivation; PC12, pheochromocytoma.
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Figure 2. Effects of microRNA-210 (miR-210) on cell apoptosis.
Apoptosis was upregulated in cells after 4 h of exposure to OGD com-
pared with cells in normoxic conditions (Normal). Apoptosis was
downregulated in cells transfected with miR-210 vector (miR-210) and
compared with non-transfected PC12 cells or cells transfected with negative
control vector (Control). Values shown are the means + SD of three indepen-
dent experiments performed in triplicate (‘P<0.05). OGD, oxygen-glucose
deprivation; PC12, pheochromocytoma.

Evaluation of apoptotic index. Cells were harvested using
trypsin/EDTA, washed with PBS, resuspended in 100 ul
binding buffer and stained with 5 xl annexin V-FITC and
1 ul propidium iodide (PI) at room temperature for 1 min
(Biovision, Milpitas, CA, USA). The fluorescence of FITC
and PI was analyzed using flow cytometry after adding 400 ul
binding buffer.

Western blot analysis. Cells were washed with ice-cold PBS
and lysed in protein lysis buffer (50 mM Tris, 150 mM NaCl,
10 mM EDTA, 1% Triton X-100, 200 mM NaF and 4 mM
sodium orthovanadate-containing protease inhibitors;
pH 7.5) for 1 h on ice. Proteins were quantified using the
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford,
IL, USA) according to the manufacturer's instructions. After
separation by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), the proteins (20 pg/lane) were
electrophoretically transferred onto a nitrocellulose membrane
(Whatman, London, UK), which was blocked with non-fat dry
milk in buffer. The membrane was incubated with primary anti-
bodies against caspase-3, caspase-9, Bax and Bcl-2 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA,USA) and goat anti-mouse
IgG conjugated with horseradish peroxidase secondary anti-
body (Santa Cruz Biotechnology, Inc.). Thereafter, the proteins
were visualized by an electrochemiluminescence detection
system (GE Healthcare Bio-Sciences, Uppsala, Sweden) and
analyzed using Quantity One Analysis Software (Bio-Rad
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Figure 3. Effects of microRNA-210 (miR-210) on protein expression of caspase-3, caspase-9, Bax and Bcl-2. (A) Caspase-3, caspase-9 and Bax protein levels
were decreased in cells that overexpressed miR-210 (miR-210) compared with PC12 cells (PC12) or controls (Control). By contrast, anti-apoptotic Bcl-2 expres-
sion was increased in miR-210 overexpression cells compared with PC12 cells or controls. (B) Values represent densitometric analysis of those obtained from
three independent experiments. Density values shown are the means + SD ("P<0.05). Normal, cells in normoxic conditions; OGD, oxygen-glucose deprivation;

PC12, pheochromocytoma.

Laboratories, Hercules, CA, USA). B-actin was used as a
protein loading control.

Statistical analysis. All data are expressed as the mean + SD.
Statistical analysis was performed using the Student's t-test of
the SPSS 10.0 statistical software package (SPSS, Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

miR-210 expression. We confirmed the expression level of
miR-210 using quantitative real-time PCR. U6 was used as
the endogenous control since it was the most stably expressed
miR in both the control and experimental groups. miR-210
was robustly upregulated in cells transfected with the miR-210
vector, which confirmed a successful preparation. A clear
upregulation in miR-210 expression was detected in cells after
4 h of exposure to OGD, revealing that hypoxia induces the
expression of miR-210 in PC12 cell lines (Fig. 1).

Effects of miR-210 on cell apoptosis. Cells subjected to OGD
demonstrated a higher cell death rate compared with control
cells that were not deprived of glucose and had been kept under

normoxic conditions (Fig. 2). However, cells overexpressing
miR-210 demonstrated reduced apoptosis after OGD, indi-
cating that miR-210 protects PC12 cells from OGD-induced
cell death.

Effects of miR-210 on protein expression of caspase-3,
caspase-9, Bax and Bcl-2. We assessed the effects of miR-210
on apoptosis-related protein expression. Western blot analysis
demonstrated that Bax, caspase-3 and caspase-9 protein levels
decreased in cells that overexpressed miR-210 compared with
controls. By contrast, anti-apoptotic Bcl-2 expression behaved
in an almost inverse manner (Fig. 3).

Discussion

miRs are a recently discovered class of naturally occurring,
non-coding RNA molecules that negatively regulate eukaryotic
gene expression by binding to complementary sequences in
the 3'-untranslated region (3'UTR) of target mRNA. There are
>400 known human miRs and >1000 predicted miR sequences
awaiting confirmation (35). The current theory suggests that
10-30% of all human genes are targets for miR regulation.
miRs have roles in almost all aspects of cell biology, including
development, apoptosis, proliferation, adipocyte differentia-
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tion, hematopoiesis and exocytosis, and their deregulation has
been reported in various diseases, most notably in cancer (36).
Although several reports have demonstrated the role of
specific miRs in neuronal differentiation, neurogenesis, neural
cell specification and neurodevelopmental function (37-39), no
report is available on the importance of miRs in HIE.

Recently, a specific group of hypoxia- and HIF-1a-regulated
miRs were identified; among them was miR-210, which
was found to be important for cell survival in a hypoxic
microenvironment (40), cell cycle regulation (41), DNA
damage and repair (42) and compromised mitochondrial func-
tion. However, no report has revealed its functional relevance
in HIE thus far. To the best of our knowledge, this is the first
study to utilize the OGD model to investigate the link between
miR-210 and HI injury.

miR-210 is currently regarded as the master miR of the
hypoxic response, as it has been found to be upregulated
by hypoxia in all cell types tested to date (20). Consistent
with these data, our results also demonstrated that miR-210
expression was upregulated in PC12 cells after 4 h of exposure
to OGD. Thus, the expression of miR-210 may increase during
HIE and its expression in vivo requires further characterization.

During normal brain development, redundant neurons
are removed via apoptosis; this is an important physiological
process to ensure the formation of appropriate neuronal
networks. However, after HI injury, this apoptotic component
is pathological and leads to excessive neuronal loss. Previous
studies have revealed that miR-210 protects cells from
hypoxia-induced apoptosis (31,40,43). Similarly, our data also
revealed that miR-210 expression within the first 4 h after OGD
is able to prevent cell apoptosis. Thus, we reason that miR-210
may contribute to modulating the cell apoptotic response to
HIE. There are limitations to the therapeutic treatments for
HIE, particularly anesthetics and anti-epileptic agents, due to
the fact that they induce pathological neural apoptosis in the
immature brain (44-47). Furthermore, the blood-brain barrier
(BBB) has been shown to be more permeable to various
blood-borne solutes and small lipid-insoluble molecules in
the fetal rat brain than in adults. As miRs are only 18-25 nts
in length, they readily cross the BBB to the HI area (48,49).
Although further studies are required, we can conclude that
miR-210 delivery via blood circulation may be a novel avenue
for therapeutic interventions to combat HIE.

Apoptosis involves a series of gene activation, expression
and regulation events. For example, apoptosis is mediated by
Bcl-2 family protein members. Bcl-2 pro-survival proteins
negatively regulate pro-apoptotic Bax proteins via interactions
between their Bcl-2 homology (BH) domains. The role of indi-
vidual caspases in the developing brain is not fully understood.
Genetic analysis revealed that caspase-3 and caspase-9 execute
programmed cell death in the central nervous system (50,51).
Western blot analysis in the present study revealed that
caspase-3, caspase-9 and Bax protein levels decreased and
Bcl-2 expression increased in cells overexpressing miR-210,
which suggests that miR-210 suppressed neuronal apoptosis by
inhibiting caspase activity and regulating the balance between
Bcl-2 and Bax levels.

In conclusion, this study demonstrated the effect of
miR-210 on neuronal cell apoptosis following OGD. However,
HI injury-induced events in the brain are extremely complex
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and further studies are required to clarify the exact mechanism
by which miR-210 inhibits cell apoptosis in HIE in vivo.
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