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Abstract: Hypoxia and microRNA (miR) dysregulation have been implicated in the pathogenesis of neural diseases. 
The aim of the present study was to investigate the regulatory role of miR-17-5p in cell viability and the underlying 
mechanisms after acute oxygen and glucose deprivation (OGD). Differentiated PC12 cells were stably transfected 
with a miR-17-5p-expressing plasmid and cultured in OGD medium for 4 h. Real-time PCR results confirmed the 
expression of miR-17-5p in stably transfected cells. Overexpression of miR-17-5p induced cell cycle arrest at the 
G1-S phase. Decreased cell viability and Cyclin D1 expression were observed in miR-17-5p-overexpressing PC12 
cells compared with control cells after 4 h of OGD. In addition, after acute OGD for 4 h, PC12 cells overexpressing 
miR-17-5p exhibited markedly higher hypoxia inducible-factor 1 alpha (HIF1α) protein levels than control cells, and 
immunofluorescence staining revealed that the HIF1α had translocated to the nucleus. These results demonstrate 
that miR-17-5p overexpression exacerbates PC12 cell death in response to OGD. This phenomenon may be related 
to cell cycle arrest via the down-regulation of Cyclin D1 despite the up-regulation of HIF1α.
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Introduction

Hypoxic and/or ischemic injuries are major vas-
cular risk factors that may lead to/or exacer-
bate brain injury during stroke and neurodegen-
erative diseases. Exposure to hypoxic/ischemic 
stress reportedly alters the expression of many 
specific microRNAs (miRs), which in turn affects 
hypoxic/ischemic events [1]. Hypoxia inducible-
factor 1 (HIF1) is a key transcriptional factor  
for hypoxic/ischemic responses. Certain miRs, 
including those in the miR-17-92 cluster, have 
been identified to target HIF-1 and regulate the 
subsequent transcriptional activation of multi-
ple downstream targets [2, 3]. This type of regu-
lation has been shown to be effective under 
both acute and prolonged hypoxia. 

MiRs are a class of small noncoding RNAs that 
are involved in the post-transcriptional regula-
tion of gene expression by pairing with the 3’ 
untranslated regions (3’UTRs) of specific pro-
tein-coding genes to impair their translation 
and/or to promote their degradation [4]. Re- 
cently, researchers have suggested that miRs 

may be used as biomarkers and potential  
disease-modifying agents. In the mammalian 
brain, miRs are essential for neurodevelop-
ment, plasticity, and apoptosis [5-7]. MiR-17-5p 
is a member of the miR-17-92 cluster, which is 
located on human chromosome 13q31, and a 
previous study demonstrated that miR-17-5p is 
up-regulated in patients with acute ischemic 
stroke compared with healthy controls [8]. 
However, the exact role of miR-17-5p in neurons 
after hypoxia/ischemia insult has not been fully 
illustrated.

Therefore, we investigated the in vitro effects of 
miR-17-5p on the responses of rat pheochro-
mocytoma cells (PC12 cells) to acute oxygen 
and glucose deprivation (OGD), which simulates 
hypoxia/ischemia in vivo.

Materials and methods

Cell culture and generation of stable cell lines 

PC12 cells were purchased from the Institute of 
Cell Biology at the Chinese Academy of Sciences 
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(China). PC12 cells were cultured in RPMI 1640 
medium supplemented with 10% fetal bovine 
serum and maintained at 37°C in a humidified 
atmosphere containing 5% CO2. Stable clones 
of PC12 cells were generated by transfecting 
PC12 cells with plasmids containing either 
pEGFP-N1-miR-17-5p or pEGFP-N1 (a generous 
gift from Prof. Yang [9]) using Lipofectamine 
3000 (Invitrogen, USA). Stable clones were 
then selected with 400 μg/mL of geneticin 
(Invitrogen, USA) for 10 days. For immunofluo-
rescence and other analysis, cells were cul-
tured on cover slides and in flasks, respectively. 
All experiments were conducted 24 h after the 
cells were seeded.

OGD treatment

Cells were washed once with glucose-free RPMI 
1640 medium that was previously equilibrated 
with a mixture of 95% nitrogen and 5% CO2  
(oxygen- and glucose-free medium). The cells 
were maintained in oxygen- and glucose-free 
medium (acute OGD condition) in an Incubator 

Chamber (Billups-Rothenberg, USA) for up to 4 
h [10], then harvested or processed for further 
analysis.

Flow cytometry

For the cell cycle analysis, cells were harvested 
and fixed with ice-cold 70% ethanol overnight 
at 4°C. Then removed the supernatant, cell 
were washed twice with PBS, and incubated 
with propidium iodide (PI, 5 mg/mL) for 15 min 
at room temperature in the dark. After washing 
with PBS, the cell cycle was determined using a 
BD FACS Calibur Flow Cytometer (BD, USA).

PI/Hoechst 33258 staining 

After culturing the cells in OGD medium for 4 h, 
PI (10 μg/mL) and Hoechst 33258 were added 
to the culture medium, and the cells were incu-
bated in the dark at 37°C for 30 min. After 
washing the cells three times with PBS, cells 
were imaged using a fluorescence microscope 
(Leica, Germany). Results are represented as 
the percentage of surviving cells (excluding 
PI-positive cells) to total cells.

Real-time PCR

Cells were washed with cold PBS, and total RNA 
was prepared using TRIzol (Invitrogen, USA). 
MiRNA expression was assayed using the 
Hairpin-itTM miRNAs qPCR Quantitation Kit 
(GenePharma, China), following the manufac-
turer’s instructions, and a fast real-time PCR 
system (Bio-Rad iQ™5, USA). For each real- 
time PCR experiment, reverse transcription and 
no-template controls were also evaluated. The 
real-time PCR cycling conditions were set as fol-
lows: 30 s at 95°C, 40 cycles of 5 s at 95°C, 
and 30 s at 60°C. For each sample, the relative 
miR-17-5p level was normalized to the endoge-
nous U6 expression level, and the concentra-
tion of miR-17-5p was calculated using the 2-ΔΔCt 
method.

Western blot

After culturing the cells in OGD medium for 4 h, 
the cells were washed with cold PBS, and 
whole-cell extracts were prepared. A total of 30 
μg of protein from each sample was separated 
using 10% sodium dodecyl sulfate-polyacryl-
amide gels and transferred to PVDF mem-
branes. After blocking with 5% non-fat milk at 
room temperature for 1 h, the membranes were 

Figure 1. Overexpression of miR-17-5p in PC12 cells. 
Fluorescence and bright field images of PC12 cells 
showing high transfection efficiency of plasmids en-
coding either EGFP alone (negative control) or both 
miR-17-5p and EGFP (A). Real-time PCR results of 
the relative levels of miR-17-5p in stably transfected 
cells (B). **P < 0.01 compared with negative control 
cells transfected with plasmids encoding only EGFP.



Regulation of OGD responses by miR-17-5p

16825 Int J Clin Exp Med 2017;10(12):16823-16829

incubated overnight at 4°C with rabbit anti-
Cyclin D1 (1:2000, Cell Signalling Technology, 
USA) and rabbit anti-HIF1α (1:1000, Abcam, 
USA) antibodies. As a loading control, β-actin 
was also probed using a rabbit anti-β-actin anti-
body (1:5000, Santa Cruz Biotechnology, USA). 
A horseradish peroxidase-conjugated anti-rab-
bit secondary antibody (1:5000, Santa Cruz 
Biotechnology, USA) was added, followed by 
incubation for 2 h at room temperature. Signals 
were visualized by enhanced chemilumines-
cence (Thermo Fisher Scientific, USA).

Immunofluorescence

After culturing the cells in OGD medium for 4 h, 
the cells were fixed with 4% paraformaldehyde 
for 30 min at 4°C and then permeabilized with 
0.3% Triton-X 100 for 10 min at room tempera-
ture. Samples were blocked with 10% non-
immune goat serum for 30 min at 37°C and 

subsequently incubated overnight at 4°C with 
the rabbit anti-HIF1α antibody (1:500). Cell 
samples were washed three times with PBS, 
and then a Cy3-conjugated goat anti-rabbit 
immunoglobulin G (1:200, Invitrogen, USA) sec-
ondary antibody was added, followed by incu-
bation for 1 h at 37°C. After staining the nuclei 
with Hoechst 33258, cells were mounted with 
70% glycerine and imaged using a Leica TSF 
SP8 laser confocal scanning microscope (Leica, 
Germany). Immunostaining control samples, 
which were incubated without primary antibod-
ies, showed no fluorescent signals (data not 
shown).

Statistical analysis

Statistical analysis was performed using Gra- 
phPad Prism 5 (GraphPad Software, USA). Data 
are represented as the mean ± the standard 
error of the mean (SEM) of four independent 
experiments, and significant differences be- 
tween > 2 groups were determined using one-
way analyses of variance and Newman-Keuls 
post-hoc tests. Comparisons between only  
two groups were performed using Student’s 
t-tests. P < 0.05 was considered statistically 
significant.

Figure 2. Stable transfected miR-17-5p induces 
cell cycle arrest. Representative images sh- 
owing control or miR-17-5p-overexpressing 
PC12 cells co-stained with PI/Hoechst 33258 
in normoxic conditions. Scale bar = 50 μm 
(A). Bar graph shows the percentage of viable 
cells in the two groups (B). Overexpression of 
miR-17-5p induced cell cycle arrest at the G1-S 
phase detected by flow cytometry (C). 

Table 1. MiR-17-5p influeces cell cycle
Group G0-G1 (%) S (%) G2-M (%)
Control 56.67±3.05 23.68±2.21 19.35±5.44
miR-17-5p 64.56±2.60* 18.36±3.12* 17.07±7.35
*P < 0.05 compared with control cells.
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Results

Validation of miR-17-5p expression

To determine the role miR-17-5p plays in neu-
ron-like cells under OGD conditions, PC12 cells 
were stably transfected with expression plas-
mids encoding miR-17-5p. Stable control cell 
lines were also established by transfecting 
them with plasmids encoding only EGFP. Nearly 
all cells were EGFP positive (Figure 1A), indicat-
ing that the plasmids were successfully trans-
fected into PC12 cells. The overexpression of 
miR-17-5p was also confirmed by real-time 
PCR. MiR-17-5p levels were 10-fold higher in 
PC12 cells transfected with plasmids encoding 
miR-17-5p than they were in control cells trans-
fected with plasmids encoding only EGFP (P < 
0.01) (Figure 1B).

MiR-17-5p overexpression induced cell cycle 
arrest at G1-S

We investigated the effects of miR-17-5p on 
cell viability under normoxic conditions. The PI 
staining indicated that the overexpression of 
miR-17-5p had no effect on cell viability (Figure 
2A, 2B).

Analysis of the cell cycle distribution showed 
that the stable ectopic expression of miR17-5p 
induced cell cycle arrest in PC12 cells, with 
approximately 64.56% of the cells being in the 
G0-G1 phase compared to 56.67% in the con-
trol conditions (Figure 2C and Table 1), implying 
that miR-17-5p suppresses PC12 cell growth 
under normal circumstances.

MiR-17-5p overexpression reduced cell vi-
ability and Cyclin D1 expression in response to 
OGD

The effects of miR-17-5p overexpression on cell 
viability in response to OGD were investigated 
by staining cells with PI/Hoechst 33258 and 
quantifying the percentage of PI-positive cells. 
Approximately 20% of the control cells that 
were cultured in OGD medium for 4 h were 
PI-positive and considered non-viable, whereas 
none of the control cells were PI-positive at 0 h. 
The ectopic expression of miR-17-5p exacer-
bated cell death in response to OGD, resulting 
in positive PI staining in ~30% of cells (Figure 
3A, 3B).

Western blots showed that 4-h OGD induced 
the down-regulation of Cyclin D1, and the de- 

Figure 3. MiR-17-5p enhances PC12 cell death in response to OGD and down-regulates Cyclin D1. Representative 
images showing control or miR-17-5p-overexpressing PC12 cells co-stained with PI/Hoechst 33258 at 0 or 4 h after 
OGD. Scale bar = 50 μm (A). Bar graph showing the percentage of viable cells in the different groups (B). Western 
blot results showing the protein levels of Cyclin D1 in control or miR-17-5p-overexpressing cells at 0 or 4 h after OGD 
(C). **P < 0.01 compared with 0 h group; #P < 0.05, ##P < 0.01 compared with the control 4 h group.
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crease was more significant in the miR-17-5p 
group (Figure 3C).

MiR-17-5p overexpression up-regulated HIF1α 
expression in response to OGD

We investigated whether miR-17-5p overex-
pression and OGD had synergistic effects on 
HIF1α expression. Immunofluorescence stain-
ing showed that the total HIF1α levels increa- 
sed in response to 4 h OGD in both control  
and miR-17-5p-overexpressing cells. OGD also 
induced the nuclear translocation of HIF1α in 
both groups (Figure 4B).

As shown in Figure 4C, the HIF1α protein levels, 
which were quantified by western blot analysis, 

17-5p in neonatal rat ventricular cardiomyo-
cytes promoted oxidative stress-induced ap- 
optosis in ischemia/reperfusion injury models 
through a signalling pathway that targets Stat3 
[11]. These previous findings are all consistent 
with our results showing that miR-17-5p overex-
pression promoted PC12 cell death in response 
to OGD stress.

MiR-17-5p has been linked to cancer pathogen-
esis and is known as a cell cycle regulator. In 
our research, we observed that the overexpres-
sion of miR-17-5p in PC12 cells could induce 
cell cycle arrest at the G1-S phase. Cyclin and 
cyclin-dependent kinase complexes play an 
important role in regulating the cell cycle. 
Research has demonstrated that miR-17 tar-

Figure 4. MiR-17 induces HIF1α activation in response to OGD. Immunofluo-
rescence staining of HIF1α (red) shows the relative expression and subcel-
lular localization of HIF1α in control or miR-17-5p-overexpressing cells at 0 h 
or 4 h after OGD. Bar = 100 μm (A). (B) Is magnified images of A respectively. 
Arrows showed the translocation of HIF1α in the nuclear after 4 h OGD. Bar 
= 15 μm. Western blot results showed the protein levels of HIF1α in control 
or miR-17-5p-overexpressing cells at 0 or 4 h after OGD. **P < 0.01 com-
pared with 0 h group; ##P < 0.01 compared with control 4 h group (C). 

were not significantly different 
between control and miR-17- 
5p-overexpressing cells under 
normoxic (21% O2) conditions. 
After 4 h of OGD, the HIF1α 
protein levels increased to 
2.7-fold in control cells and 
3.1-fold in miR-17-5p-overe- 
xpressing cells respectively. 
The increase was more pro-
nounced in cells overexpress-
ing miR-17-5p than it was in 
control cells (~1.2-fold, P < 
0.01).

Discussion

In this study, we showed that 
PC12 cells overexpressing 
miR-17-5p were more sensi-
tive to OGD stress despite an 
increase in HIF1α levels. As 
mentioned above, MiR-17-5p 
belongs to the microRNA-17- 
92 cluster, which has been 
implicated in neurodegenera-
tive disorders and ischemia/
reperfusion injury. Wu and col-
leagues found that the in- 
creased serum expression of 
miR-15a, miR-16, and miR-17-
5p was strongly associated 
with acute ischemic stroke 
and that miR-17-5p was an 
independent predictor for the 
presence of acute ischemic 
stroke [8]. Du et al. showed 
that the up-regulation of miR-
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gets the 3’-UTR of Cyclin D1 mRNA [12]. Indeed, 
we observed a dramatic decrease in the expres-
sion of Cyclin D1 in miR-17-5p-overexpressing 
cells compared with the control group after 4-h 
OGD. These results suggest that the elevated 
expression of miR-17-5p in neuron-like PC12 
cells induced cell cycle arrest, making the cells 
more vulnerable to OGD insults.

Cells adapt to reduced O2 levels by increasing 
the expression of a number of genes. HIFs act 
as master transcription factors that switch on 
adaptive transcriptional programs to maintain 
homeostasis. In our study, the western blot  
and immunofluorescence results indicated that 
HIF1α levels were similar in control and miR-
17-5p-overexpressing cells under normoxic co- 
nditions, but were increased in both groups 
after 4-h OGD. This is consistent with the 
results of previous studies, in which the levels 
of HIF1α were observed to increase in BEAS2B 
cells overexpressing the miR-17-82 cluster that 
were cultured in serum-free medium or in glio-
blastoma cells overexpressing the miR-17-92 
cluster that were exposed to hypoxic conditions 
[2, 9]. MiR-17 likely indirectly influences the 
HIF1α levels by controlling the expression of 
phosphatase and tensin homolog and Von 
Hippel-Lindau proteins, which normally ne- 
gatively regulate HIF1α. The down-regulation  
of phosphatase and tensin homolog or Von 
Hippel-Lindau proteins in cells overexpressing 
miR-17 resulted in the activation of HIF1α in 
response to serum deprivation or hypoxic str- 
ess [9, 13]. The up-regulation of HIF1α is 
hypothesized to provide cells with a growth 
advantage under hypoxic conditions [14]. How- 
ever, we observed enhanced cell death in the 
miR-17-5p group in response to OGD despi- 
te the increased expression of HIF1α. Though 
HIF1α may prevent cell death in some cases, 
previous research has also shown that abnor-
mal HIF1α activation can promote cell death. 
For example, hypoxia induces apoptosis thro- 
ugh HIF1α-mediated overexpression of the P53 
protein, which in turn activates the pro-apoptot-
ic protein BAX [15]. HIF1α also induces apopto-
sis through the trans-activation of BNIP3 [16]. 
In addition, HIF1α is able to induce cell cycle 
arrest by activating p21 or p27 [17, 18]. 

In conclusion, our results indicate that miR-17-
5p overexpression exacerbates PC12 cell de- 
ath in response to OGD. This phenomenon may 
be related to cell cycle arrest via the down-reg-

ulation of Cyclin D1. MiR-17-5p also indirectly 
modulates HIF1α levels under OGD. However, 
the exact roles of HIF1α are not well delineated 
under this model, thus further studies are 
required to clarify the mechanisms underlying 
the relationship between miR-17-5p and HIF1α 
in neural cells during OGD.
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