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miR‑187‑3p inhibitor attenuates cerebral ischemia/reperfusion
injury by regulating Seipin‑mediated autophagic flux
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Abstract. MicroRNAs (miRNAs/miRs) have been reported
to affect ischemia/reperfusion (I/R)‑induced cerebral damage.
miRNAs cause post‑transcriptional gene silencing by binding
to the protein‑coding sequence (CDS) of mRNAs. Seipin has
a potential role in regulating autophagic flux. The present
study investigated the involvement of miR‑187‑3p in Seipin
expression, autophagic flux and apoptosis in vitro, as well
as the underlying mechanism, using PC12 cells exposed to
oxygen‑glucose deprivation/reoxygenation (OGD/R), which
mimicked the process of I/R. In comparison with control PC12
cells, OGD/R caused an increase in the level of miR‑187‑3p
and a decrease in Seipin protein levels without changes in the
level of Seipin mRNA. Using bioinformatics analysis, it was
identified that miR‑187‑3p could bind to the CDS of Seipin.
miR‑187‑3p inhibitor attenuated the reduction in Seipin
protein expression in OGD/R‑treated PC12 cells. Following
OGD/R, autophagic flux was reduced and apoptosis was
enhanced, which were attenuated by inhibition of miR‑187‑3p.
Compared with OGD/R‑treated PC12 cells, Seipin knockdown
further impaired autophagic flux and promoted neuronal
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apoptosis, which were insensitive to inhibition of miR‑187‑3p.
Furthermore, treatment with miR‑187‑3p inhibitor could
decrease the infarction volume in a rat model of middle cerebral
artery occlusion/reperfusion. The present findings indicated
that miR‑187‑3p inhibitor attenuated ischemia‑induced
cerebral damage by rescuing Seipin expression to improve
autophagic flux.
Introduction
Cerebral ischemia/reperfusion (I/R)‑related disability, which
is characterized by inflammation, necrosis and apoptosis of
cells, represents a significant healthcare burden worldwide,
causing 6.5 million deaths every year (1‑3). Autophagy plays
important roles in the pathology of cerebral I/R (4). Numerous
neuroprotective agents have been shown to be effective in
animal experiments; however, they were reported to be ineffective in clinical trials (5‑7). Thus, a deeper exploration of the
molecular mechanisms underlying cerebral I/R injury and the
identification of novel therapeutic targets to control cerebral
I/R‑associated brain injury is urgently required.
During the last decade, substantial efforts have been undertaken to isolate and identify microRNAs (miRNAs/miRs), and
investigate their functions in vitro and in vivo (8‑10). As functional RNA molecules that can inhibit protein expression by
targeting the 3'‑untranslated region (3'‑UTR) of target mRNAs,
miRNAs are involved in numerous physiological and pathological processes (11). Cerebral miRNA proﬁles are reportedly
signiﬁcantly altered and affect disease outcomes in central
nervous system (CNS) diseases, which has led to an explosion
of potential biomarkers for these diseases (12,13). miRNAs
associated with the regulation of apoptosis and autophagy
during ischemic stroke have been identified (14,15). miRNA
binding sites in the coding sequences (CDSs) of mRNAs have
been predicted by combining computational approaches and
human mRNA expression data (16). Numerous studies have
provided experimental evidence of the existence of functional miRNA binding sites in mammalian CDSs (17‑20).
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For example, miR‑148 inhibits DNA methyltransferase 3β
expression by targeting a conserved site in its CDS (17).
Seipin is an endoplasmic reticulum membrane protein that is
encoded by the Berardinelli‑Seip congenital lipodystrophy type 2
(BSCL2/Bscl2) gene (21‑23). Seipin is a widely expressed protein
but with highest levels found in the CNS of humans (24). Using
immunohistochemistry, Seipin expression has been detected in
neurons of the frontal lobe cortex of the brain, including the motor
and somatosensory cortex (25). Recently, the transcript encoding
the long Seipin isoform (BSCL2‑203, 462 amino acids) was
reported to be expressed primarily in the brain, and its expression was inversely correlated with age in neuronal cells (24).
Seipin deficiency has been reported to aggravate I/R‑induced
cerebral damage (26). Seipin mutations at glycosylation sites
result in the activation of autophagy (27,28). Our recent study
reported that neuronal Seipin deletion reduces autophagosome
formation to cause hyperphosphorylation and aggregation of tau
protein through reduced inhibition of peroxisome proliferator‑
activated receptor γ in Akt/mTOR signaling (29). Furthermore,
miRNAs have been associated with autophagy and apoptosis in
brains following ischemic stroke (30,31). Therefore, if cerebral
ischemia alters miRNA and Seipin levels, it is of great interest to
investigate whether alterations in miRNA expression affect the
expression of Seipin, and autophagy and apoptosis.
The present study evaluated the involvement of miR‑187‑3p
in Seipin expression, autophagic flux and apoptosis after
ischemic stroke, or in PC12 cells treated with oxygen‑glucose
deprivation and reoxygenation (OGD/R), and explored the
underlying molecular mechanisms. The results of the present
study indicated that the OGD/R‑induced increase in the levels
of miR‑187‑3p suppressed Seipin expression, leading to a
deficit in autophagic flux and neuronal apoptosis.
Materials and methods
Cells, culture and OGD/R model establishment. PC12
cells and 293T cells were purchased from the Cell Bank
of Shanghai Institute of Cell Biology. PC12 cells and 293T
cells were incubated in Dulbecco's modified Eagle's medium
(DMEM; Invitrogen; Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum, 100 µg/ml streptomycin
and 100 U/ml penicillin (all from Gibco; Thermo Fisher
Scientific, Inc.) at 37˚C with 5% CO 2. For OGD/R treatment, PC12 cells were incubated in glucose‑free DMEM
(Invitrogen; Thermo Fisher Scientific, Inc.) and incubated
at 37˚C in the presence of 5% CO 2 and 95% N2 for 4 h,
followed by 18 h of reoxygenation.
Identification of miRNAs targeting Seipin. Total RNA,
including miRNA, was extracted using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) from control
and 4:18‑h OGD/R‑exposed PC12 cells. High‑throughput
next‑generation sequencing was used for miRNA sequencing
to achieve optimal PC12 cell miRNA profiles. miRNA
sequencing was carried out using a high‑throughput Illumina
HiSeq 2000 sequencing platform (BGI Group). miRNAs with
a Q‑value ≤0.01 and |log (fold‑change)|>2 were considered
differentially expressed. miRNAs targeting the CDS of Seipin
were predicted using the miRanda database (http://www.
microrna.org/microrna/home.do).

Seipin short hairpin (sh)RNA design and lentivirus
construction. Seipin expression was knocked down in PC12
cells using a targeted shRNA. Short hairpin RNA (shRNA)
specific for Seipin (5'‑ACGCTCG GTGATG CTTCATTA‑3')
and a non‑targeting scramble shRNA sequence (5'‑TTCTCC
GAACGTGTCACGT‑3') construct were designed and cloned
into a hU6‑MCS‑Ubiquitin‑EGFP‑IRES‑puromycin vector,
and packaged into a lentivirus (Shanghai GeneChem Co.,
Ltd.). The lentiviral constructs (MOI=70) were infected into
PC12 cells (5x105 cells/cm2) for the generation of stable clones
according to the manufacturer's instructions. At 48 h after
transduction, PC12 cells were treated with 4:18‑h OGD/R.
For experiments involving rapamycin (Sigma‑Aldrich; Merck
KGaA) treatment, rapamycin (20 nM) was added to the culture
medium 2 h before PC12 cells were subjected to OGD/R.
Cell transfection. miR‑187‑3p mimics (sense, 5'‑UCGUGU
CUUGUGU UGCAGCCGG‑3'; antisense, 5'‑CCGGCUGCA
ACACAAGACACGA‑3'), miR‑187‑3p inhibitor (5'‑CCGGCU
GCAACACAAGACACGA‑3'), mimics negative control (NC;
sense, 5'‑UUUGUACUACACAAAAGUACUG‑3'; antisense,
5'‑CAGUACUUUUGUGUAGUACAAA‑3') and inhibitor NC
(5'‑CAGUACUUUUGUGUAGUACAAA‑3') were purchased
from Guangzhou RiboBio Co., Ltd. and transfected into PC12
cells (5x105 cells/cm 2) using riboFECT™ CP transfection
reagent (Guangzhou RiboBio Co., Ltd.) according to the
manufacturer's instructions (50 nM). Cells were collected for
further experiments after 48 h of transfection.
Adenovirus (Ad)‑mRFP‑GFP‑LC3 transfection and confocal
microscopy. PC12 cells were cultured in 24‑well plates at a
density of 1x104 cells/well and transfected with miR‑187‑3p
mimics, inhibitor or mimics NC. After 12 h, cells were infected
with an Ad‑mRFP‑GFP‑LC3 vector (Hanbio Biotechnology
Co., Ltd.) at MOI=30 for a further 24 h. Then, PC12 cells were
incubated in glucose‑free DMEM (Invitrogen; Thermo Fisher
Scientific, Inc.) and incubated at 37˚C in the presence of 5%
CO2 and 95% N2 for 4 h, followed by 18 h of reoxygenation.
Fluorescent puncta were detected in PC12 cells infected with
Ad‑mRFP‑GFP‑LC3 via Olympus laser scanning confocal
microscopy (magnification, x100; Olympus Corporation).
Yellow and red represent autophagolysosomes and
autophagosomes, respectively; 20 cells/group were analyzed.
Reverse transcription‑quantitative (RT‑q)PCR. Total RNAs
(including miRNAs) were extracted from PC12 cells or brain
tissues using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
miRNAs were transcribed into cDNA (25˚C for 5 min, 50˚C for
15 min and 85˚C for 5 min) using an miRNA 1st‑Strand cDNA
Synthesis kit (Vazyme Biotech Co., Ltd.). miR‑187‑3p expression
was quantified by RT‑qPCR using an miRNA Universal SYBR
qPCR Master Mix kit (Vazyme Biotech Co., Ltd.), and U6 small
nuclear RNA served as an internal reference for normalization.
For mRNA expression analysis, cDNA was synthesized (42˚C
for 15 min and 85˚C for 5 min) using StarScript II First‑strand
cDNA Synthesis Mix With gDNA Remover kit (GenStar). qPCR
was performed using SYBR-Green SuperMix (Vazyme Biotech
Co., Ltd.) as follows: At 95˚C for 3 min, followed by 39 cycles of
60˚C for 30 sec and 70˚C for 15 sec. The following primers were
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used (Sangon Biotech Co., Ltd.): U6, forward, 5'‑CTCGCTTCG
GCAGCACA‑3' and reverse, AACGCTTCACGAATTTGCGT;
miR‑187‑3p, forward 5'‑AGCGTCGTGTCTTGTGTTGC‑3' and
reverse, 5'‑GTCGTATCCAGTGCAGGGTCCGAGGTATTC
GCACTGGATACGACCCGGCT‑3'; Seipin, forward, 5'‑AGG
TGGCCGAATCATCTCCA‑3' and reverse, 5'‑GAGAACACC
AGCGTGTCGAG‑3'; GAPDH, forward, 5'‑AGGTCGGTG
TGA ACGGAT T TG‑3' and reverse, 5'‑GGGGTCGTTGAT
GGCAACA‑3'. The relative expression levels of miRNAs and
Seipin mRNA were calculated using the 2‑ΔΔCq method (32).
Luciferase reporter assay. Fragments of the wild‑type Seipin
CDS containing two miR‑187‑3p target sites, and mutants
of these respective sites were amplified and cloned into a
psiCHECK™‑2 vector (Promega Corporation). 293T cells
were seeded in 96‑well plates 1 day before transfection. When
the cell density reached ~50%, the cells were co‑transfected
with the psiCHECK‑2 vector (0.16 µg) containing the CDS
of Seipin [with wild‑type (Seipin‑wt), mutant miR‑187‑3p
binding site 1 (Seipin‑mu1) or mutant miR‑187‑3p binding
site 2 (Seipin‑mu2)], and miR‑187‑3p mimics (5 pmol) or
mimics NC (5 pmol) with riboFECT CP. After transfection
for 48 h, the cells were analyzed using a Dual‑Luciferase
Reporter Assay System (Promega Corporation) according to
the manufacturer's protocols. Data were calculated as the ratio
of Renilla to firefly luciferase activity.
Western blotting. Cells were seeded in a 6‑well plate and
washed three times with pre‑cooled PBS. Then, 60 µl RIPA
buffer (Thermo Fisher Scientific, Inc.) containing protease
inhibitor cocktail (Sigma‑Aldrich; Merck KGaA) was added
to each well, and the plate was placed on ice for ~2 h; Total
proteins were extracted from the rat cortical peri‑infarct region
using RIPA buffer (Thermo Fisher Scientific, Inc.) containing
protease inhibitor cocktail (Sigma‑Aldrich; Merck KGaA).
Proteins were quantified using a bicinchoninic acid assay
kit (cat. no. P0009; Beyotime Institute of Biotechnology).
Proteins (25 µg) were separated by 12% SDS‑PAGE and
transferred onto nitrocellulose membranes. The membrane
was blocked with 5% nonfat milk at room temperature for
2 h and then incubated with primary antibodies against
the autophagy‑related proteins phosphorylated (p)‑mTOR
(1:1,000; cat. no. 5536S; Cell Signaling Technology, Inc.),
mTOR (1:1,000; cat. no. 2972S; Cell Signaling Technology,
Inc.), p62 (1:1,000; cat. no. 23214; Cell Signaling Technology,
Inc.) and light chain (LC)3II/I (1:1,000; cat. no. 4108S; Cell
Signaling Technology, Inc.), the apoptosis‑related proteins
cleaved caspase‑3 (1:1,000; cat. no. 9661S; Cell Signaling
Technology, Inc.), Bax (1:1,000; cat. no. ab32503; Abcam),
and Seipin (1:1,000; cat. no. ab106793; Abcam) and β ‑actin
(1:1,000; cat. no. 3700S; Cell Signaling Technology, Inc.)
at 4˚C overnight. Membranes were then incubated at room
temperature for 2 h with the horseradish peroxidase‑conjugated
secondary antibody (1:1,000; cat. no. 7074S; Cell Signaling
Technology, Inc.), and an enhanced chemiluminescence
reagent kit (Amersham; Cytiva) was used for visualization.
Gray values of autophagy‑ and apoptosis‑related proteins were
measured using ImageJ software (version 1.42q, National
Institutes of Health) and normalized to that of β‑actin as an
internal control.
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Detection of apoptosis by flow cytometry. Seipen shRNA‑
expressing PC12 cells were seeded in a 6‑well plate at
1x106 cells/well and exposed to miR‑187‑3p inhibitor or inhibitor
NC (50 nM) for 48 h. Then, normoxic control and OGD/R PC12
cells were prepared as described above. After three washes with
pre‑cooled PBS, 100 µl of the cell suspension was collected. The
cells were stained with 5 µl of Annexin V‑allophycocyanin and
10 µl of 7‑aminoactinomyosin D (MultiSciences Biotech Co.,
Ltd.) at 37˚C for 10 min in the dark. Binding buffer (400 µl) was
subsequently added to each sample, and apoptosis was detected
by flow cytometry (BD Accuri C6 Flow Cytometer; BD
Biosciences). Flow cytometric data were analyzed using FlowJo
version 8.6 (FlowJo LLC). The apoptosis rate was calculated as
the percentage of early + late apoptotic cells.
Rat model of focal cerebral I/R. The present study was
approved by the Animal Care and Use Committee of Guizhou
Medical University (permit no. 1900813). A total of 54 male
Sprague‑Dawley rats (2 months old; weight, 250‑300 g) were
obtained from the Experimental Animals Center at Guizhou
Medical University. Rats were housed under comfortable
conditions (12:12‑h light/dark cycle, humidity 55‑60%,
20‑25˚C, and access to food and water ad libitum). 18 rats
were used in each group (6 rats for infarct size measurement,
6 rats for expression analysis, 6 rats for immunofluorescence).
Reperfusion was established 1 h after middle cerebral artery
occlusion (MCAO) as previously reported (33). The animals
were anesthetized with chloral hydrate 10% (300 mg/kg)
and the rectal temperature was maintained at 37.0±0.5˚C
throughout the operation. No rats exhibited signs of peritonitis
after administration of 10% chloral hydrate. At 24 h after
reperfusion, the rats were sacrificed, and their brains were
collected. Sham rats underwent the same surgical procedure,
except without MCAO. Rat euthanasia was conducted via CO2
inhalation; rats were placed into enclosed flow cages for 5 min,
and 100% CO2 was then added to the cages at a displacement
rate of 30% volume/min (34). After euthanasia, death was
confirmed via decapitation and brains were collected.
Intracerebroventricular injection. miR‑187‑3p antagomir and
antagomir NC (1.5 nmol/200 g), synthesized by Guangzhou
RiboBio Co., Ltd. (same sequences as miR‑187‑3p inhibitor
and inhibitor NC, respectively), were dissolved in 0.9%
saline (1.5 nmol/6 µl saline) and administered to rats 2 h
before MCAO though intraventricular injection as previously described (35). Rats were anesthetized and placed on
a stereotactic head frame (RWD Life Science). miR‑187‑3p
antagomir and antagomir NC were infused slowly into the
right lateral ventricle using a micro‑infusion pump (KDS
310; KD Scientific) at a rate of 0.2 µl/min. To prevent possible
leakage, the burr hole was sealed with bone wax. The incision
was sutured and rats were placed into cages for recovery, then
rats were given free access to food and water.
Determination of infarct size. According to a previously
described method (33), after 24 h reperfusion, the brains were
collected and stored at ‑20˚C for 20 min before sectioning
sectioned coronally at a thickness of 1 mm. Briefly, the sections
were stained with tetrazolium chloride (0.2%) at 37˚C for
30 min and imaged with a digital camera. The infarct volume

1054

REN et al: miR-187-3p INHIBITOR ATTENUATES CEREBRAL ISCHEMIA/REPERFUSION INJURY

was corrected for possible interference from brain edema and
presented as a ratio of the infarct volume compared with the
contralateral hemisphere volume.
Immunofluorescence assay. Rats were perfused transcardially
with 4% paraformaldehyde. The frozen brains were mounted
on a freezing (‑80˚C) microtome and cut into 30‑µm sections
(Leica Microsystems GmbH). Frozen sections (n=4/rat) were
blocked and permeabilized with 5% normal goat serum
(Sigma‑Aldrich; Merck KGaA) and 0.3% Triton X‑100 for
1 h at room temperature. The slices were then incubated
overnight at 4˚C with a primary antibody against LC3 (1:200;
cat. no. 4108S; Cell Signaling Technology, Inc.) followed by
incubation with Alexa Fluor® 568‑conjugated goat anti‑rabbit
IgG (H + L) cross‑adsorbed secondary antibody (1:100;
cat. no. A‑11011; Thermo Fisher Scientific, Inc.) for 1 h at room
temperature. After washing, nuclei were counterstained with
DAPI (Beyotime Institute of Biotechnology) for 5 min at room
temperature. Images were collected with a Laser confocal
microscope (magnification, x20; Olympus FV 1000; Olympus
Corporation); 20 fields/section were randomly analyzed.
Statistical analysis. Statistical analysis was conducted using
GraphPad Prism software 7.0 (GraphPad Software, Inc.).
Data are presented as the mean ± SD. Comparisons among
multiple groups were performed using one‑way ANOVA
followed by Tukey's post hoc test; unpaired t‑tests were used
for comparisons between two groups. P<0.05 was considered
to indicate a statistically significant difference.
Results
miR‑187‑3p is upregulated and Seipin protein is downregulated
in OGD/R PC12 cells. RNA‑seq analysis in 4:18‑h
OGD/R‑treated PC12 cells revealed that 89 miRNAs were
upregulated and 66 miRNAs were downregulated (Fig. 1A).
Using bioinformatics analysis, 76 miRNAs targeting the CDS
of Seipin were identified (Fig. 1B). A heatmap revealed that 18
miRNAs were significantly differentially expressed with a fold
change >1, including miR‑187‑3p (Fig. 1C). RT‑qPCR analysis
showed that miR‑187‑3p levels were increased in OGD/R
PC12 cells compared with control cells (n=3; P<0.05; Fig. 1D),
whereas the level of Seipin mRNA was unchanged (n=3;
P>0.05; Fig. 1E). However, the results from western blotting
found that the levels of Seipin protein were significantly
decreased in OGD/R PC12 cells (n=3; P<0.05; Fig. 1F). The
results indicated that the increased miR‑187‑3p may directly
alter the Seipin expression.
Seipin is a downstream target of miR‑187‑3p. To test
whether miR‑187‑3p reduced Seipin expression in OGD/R
PC12 cells, two miR‑187‑3p binding sites were predicted
in the CDS of Seipin using miRanda (Fig. 2A). As shown
in Fig. 2B, a luciferase assay validated Seipin as a target
of miR‑187‑3p, indicating that miR‑187‑3p can regulate
Seipin expression and function. Co‑transfection of a
dual‑luciferase reporter plasmid containing the Seipin‑wt or
Seipin‑mu1 CDS of Seipin and miR‑187‑3p mimics caused a
decrease in the reporter activity (P<0.01; Fig. 2B); only the
Seipin‑mu2 mutant effectively produced reporter activity.

Fig. S1A demonstrated that miR‑187‑3p mimic increased
the expression of miR‑187‑3p compared with mimic NC in
the absence of any other treatment, whereas miR‑187‑3p
inhibitor decreased the expression of miR‑187‑3p compared
with inhibitor NC group in the absence of any other treatment
(Fig. S1B). Neither overexpression of miR‑187‑3p by mimics
nor inhibition of miR‑187‑3p by inhibitor in PC12 cells
altered the levels of Seipin mRNA (n=3; P>0.05; Fig. 2C).
However, the administration of miR‑187‑3p mimics in PC12
cells reduced the levels of Seipin protein (n=3; P<0.05;
Fig. 2D), whereas miR‑187‑3p inhibitor partially reversed the
reduction in Seipin protein expression in OGD/R PC12 cells
(n=3; P<0.01; Fig. 2E). The results indicated that the increase
in miR‑187‑3p suppressed Seipin expression in OGD/R PC12
cells.
Increased miR‑187‑3p disturbs autophagic f lux and
aggravates apoptosis in OGD/R PC12 cells. To test whether
miR‑187‑3p is involved in alterations in autophagic flux and
apoptosis, OGD/R‑treated PC12 cells were transfected with
miR‑187‑3p mimics or inhibitor. It was determined by qPCR
that miR‑187‑3p mimics caused a significant increase in the
levels of miR‑187‑3p in OGD/R PC12 cells compared with
mimics NC‑transfected OGD/R‑treated PC12 cells (n=3;
P<0.05), whereas miR‑187‑3p inhibitor reduced miR‑187‑3p
levels in OGD/R PC12 cells (n=3; P<0.05; Fig. 3A). In
comparison with mimics NC‑transfected OGD/R PC12 cells,
exogenously overexpressing miR‑187‑3p in OGD/R‑treated
PC12 cells aggravated the impairment of autophagic flux
and increased apoptosis; the levels of p62 were higher (n=3;
P<0.05; Fig. 3C and D) and the LC3II/I ratio was lower
(n=3; P<0.05; Fig. 3C and E), but also the levels of cleaved
caspase‑3 (n=3; P<0.05; Fig. 3C and F) and Bax (n=3; P<0.05;
Fig. 3C and G) were higher. By contrast, the miR‑187‑3p
inhibitor in OGD/R PC12 cells decreased the levels of p62
(n=3; P<0.05), increased the LC3II/I ratio (n=3; P<0.05), and
decreased the levels of cleaved caspase‑3 (n=3; P<0.05) and
Bax (n=3; P<0.05), indicating that autophagic flux was recovered and apoptosis was decreased. The results indicated that
increased miR‑187‑3p causes impairment of autophagic flux
and apoptosis in OGD/R‑treated PC12 cells.
Reduced Seipin disturbs autophagic flux and aggravates
apoptosis in OGD/R PC12 cells. These results indicated
that increased miR‑187‑3p suppresses Seipin expression in
OGD/R PC12 cells. Therefore, experiments were performed to
examine whether reduced Seipin expression is associated with
impaired autophagic flux and increased apoptosis in OGD/R
PC12 cells. Seipin expression was decreased in normoxic
control (n=3; P<0.05) and OGD/R PC12 cells (n=3; P<0.05;
Fig. 4A and B) following transfection of Seipin shRNA. In
comparison with vehicle‑treated PC12 cells, the levels of p62
(n=3; P<0.05; Fig. 4A and C) were elevated, the LC3II/I ratio
was decreased (n=3; P<0.05; Fig. 4A and D), and the levels of
cleaved caspase‑3 (n=3; P<0.05; Fig. 4A and E) and Bax (n=3;
P<0.05; Fig. 4A and F) were increased in normoxic control and
OGD/R‑treated PC12 cells following Seipin shRNA transfection. These results indicated that reduced Seipin expression
disturbed autophagic flux and aggravated apoptosis in OGD/R
PC12 cells.
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Figure 1. miR‑187‑3p is upregulated and Seipin protein is downregulated in PC12 cells after OGD/R. (A) After OGD/R, 89 miRNAs were upregulated and
66 were downregulated in PC12 cells. (B) Based on bioinformatics analysis, 76 miRNAs were predicted to target the coding sequence of Seipin. (C) Heatmap
showing the significantly differential expression of 18 miRNAs after OGD/R, with fold-change >1. Highly expressed miRNAs are indicated in red, lowly
expressed miRNAs in green. (D) miR‑187‑3p is upregulated in OGD/R PC12 cells. (E) Seipin mRNA expression is unchanged in OGD/R PC12 cells.
(F) Western blot assay showing increased seipin protein in OGD/R compared with control cells. Data are the mean ± SD; n=3/group. *P<0.05. miR/miRNA,
microRNA; OGD/R, oxygen‑glucose deprivation and reoxygenation; rno, Rattus norvegicus; DEG, differentially expressed gene; FDR, false discovery rate.
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Figure 2. miR‑187‑3p regulates Seipin expression by directly targeting its CDS. (A) Schematic diagram showing the potential miR‑187‑3p binding sites in
the seipin CDS. Two mutations were introduced in the Seipin CDS by replacing the wt binding sequence (GACACG) with a mutant sequence (UAGAAG).
(B) Inhibition of the relative luciferase activity of the Seipin CDS reporter in 293T cells by miR‑187‑3p. (C) Seipin mRNA levels are unchanged after the
addition of miR‑187‑3p mimics or inhibitor. (D) Western blot assay showing decreased Seipin protein in OGD/R + miR‑187‑3p mimic‑treated cells when
compared with OGD/R + mimic NC‑treated cells. (E) Western blot assay showing increased Seipin protein in OGD/R + miR‑187‑3p inhibitor‑treated cells
when compared with OGD/R + inhibitor NC‑treated cells. Data are the mean ± SD; n=3/group. *P<0.05, **P<0.01. miR, microRNA; OGD/R, oxygen‑glucose
deprivation and reoxygenation; NC, negative control; rno, Rattus norvegicus; CDS, coding sequence; wt, wild‑type; mu, mutant; Rluc, Renilla luciferase;
fluc, firefly luciferase.

Rapamycin does not rescue autophagy flux and apoptosis in
Seipin knockdown PC12 cell after OGD/R. Seipin knockdown
has been reported to reduce hippocampal autophagosome
formation by enhancing Akt/mTOR activity (29). To investigate whether Seipin in PC12 cells regulated mTOR activity
to regulate autophagic flux and apoptosis, the levels of phosphorylated (p‑)mTOR were examined in PC12 cells. The
levels of p‑mTOR were lower in OGD/R‑treated PC12 cells
than normoxic controls; however, Seipin knockdown partially
upregulated p‑mTOR (n=3; P<0.05; Fig. 5A and B). Indeed,
the administration of mTOR inhibitor rapamycin in Seipin
shRNA‑transfected PC12 cells failed to correct the increase
in the level of p62 (n=3; P<0.05; Fig. 5A and C) and decrease
in LC3II/I (n=3; P<0.05; Fig. 5A and D). Furthermore,
rapamycin failed to correct the increase in cleaved caspase‑3
(n=3; P<0.05; Fig. 5A and E) and Bax (n=3; P<0.05;
Fig. 5A and F). The results indicated that reductions in Seipin
expression disturbed autophagic flux and aggravated apoptosis
in PC12 cells.
Seipin knockdown blocks miR‑187‑3p inhibitor‑mediated
neuroprotection in vitro. Next, it was examined whether
Seipin knockdown would attenuate the effects on autophagic
flux and apoptosis mediated by miR‑187‑3p inhibitor. The
levels of p62 (n=3; P<0.05; Fig. 6A and B), cleaved caspase‑3
(n=3; P<0.05; Fig. 6A and D) and Bax (n=3; P<0.05;

Fig. 6A and E) were higher in OGD/R‑treated PC12 cells than
normoxic controls, whereas the LC3II/I ratio (n=3; P<0.05;
Fig. 6A and C) was lower. Furthermore, flow cytometry
revealed increased apoptosis in OGD/R‑treated PC12 cells
(Fig. 6F and G). Administration of miR‑187‑3p inhibitor in
Seipin shRNA‑transfected PC12 cells failed to rescue the
increased levels of p62, apoptosis, cleaved caspase‑3 and Bax,
and the decreased LC3II/I ratio. The results suggested that the
regulation of autophagic flux and apoptosis by miR‑187‑3p was
dependent upon Seipin.
miR‑187‑3p antagomir reduces ischemia‑induced infarction
and upregulates Seipin‑mediated autophagy in rats. A
previous study reported that Seipin knockout in mice exacerbated cerebral damage induced by I/R (26). The in vitro results
from the present study indicated that the OGD/R‑induced
increase in miR‑187‑3p expression and suppression of Seipin
expression promoted neuronal apoptosis. Therefore, in vitro
experiments examined the effect of miR‑187‑3p antagomir on
ischemia‑induced brain injury 24 h after 60 min of MCAO.
The infarct volume was observed in MCAO rats, which was
reduced by treatment with miR‑187‑3p antagomir (n=6;
P<0.05; Fig. 7A and B). miR‑187‑3p antagomir was used to
inhibit miR‑187‑3p expression in rats (n=6; P<0.05; Fig. 7C),
which resulted in upregulation of Seipin (n=6; P<0.05; Fig. 7D)
and LC3 (n=6; Fig. 7E).
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Figure 3. miR‑187‑3p regulates autophagic flux and apoptosis in OGD/R. (A) Transfection efficiency was determined by quantitative PCR. (B) Representative
confocal images of GFP and RFP fluorescent puncta were observed by laser scanning confocal microscopy in PC12 cells treated with Ad‑mRFP‑GFP‑LC3
plasmid. Scale bar=5 µm. (C) Representative western blots of autophagy‑ and apoptosis‑related proteins in the different groups. Quantification (D) p62,
(E) LC3II/LC3I, (F) c‑caspase‑3 and (G) Bax levels in OGD/R PC12 cells. Data are the mean ± SD; n=3/group. *P<0.05, **P<0.01. miR, microRNA;
OGD/R, oxygen‑glucose deprivation and reoxygenation; NC, negative control; rno, Rattus norvegicus; Ad, adenovirus; LC3, light chain 3; c‑, cleaved.

Discussion
The present study present for the first time, to our
knowledge, in vivo evidence that the ischemia‑induced
increase in miR‑187‑3p and subsequent suppression of
Seipin expression led to deficits in autophagic flux and
increased neuronal apoptosis. This conclusion is based on the
following experimental data: i) OGD/R caused an increase
in miR‑187‑3p expression and a decrease in Seipin protein
levels; ii) bioinformatics analysis found miR‑187‑3p binding
sites in the CDS of Seipin, and the reduction of Seipin protein
in OGD/R‑treated PC12 cells could be reversed by the
inhibition of miR‑187‑3p; iii) autophagic flux was reduced
in OGD/R‑treated PC12 cells along with an increase in

apoptosis‑related protein expression, which was sensitive to
the inhibition of miR‑187‑3p expression; iv) the impairment
of autophagic flux and increase in neuronal apoptosis
were aggravated in OGD/R‑treated PC12 cells following
Seipin knockdown, which was insensitive to inhibition of
miR‑187‑3p; and v) the inhibition of miR‑187‑3p in a mouse
model of cerebral I/R decreased the infarct volume.
In the present study, the level of Seipin mRNA was
unchanged, but the level of Seipin protein was significantly
decreased in OGD/R PC12 cells, which could be partially
reversed by miR‑187‑3p inhibitor. The overexpression
of miR‑187‑3p in PC12 cells reduced the level of Seipin
protein. The results indicated that the increased miR‑187‑3p
levels suppressed Seipin expression in OGD/R PC12 cells.
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Figure 4. Seipin mediates autophagic flux and apoptosis in OGD/R PC12 cells. (A) Representative western blot images of Seipin, and autophagy‑ and
apoptosis‑related proteins in the different groups. (B) Quantitative analysis showing that Seipin protein levels are decreased significantly in PC12 cells after
transfection with Seipin shRNA. Quantification of western blot data for (C) p62, (D) LC3II/LC3I, (E) c‑caspase‑3 and (F) Bax in normoxic control and
OGD/R PC12 cells transfected with Seipin shRNA or scramble shRNA. Data are the mean ± SD; n=3/group. *P<0.05, **P<0.01. miR, microRNA; OGD/R,
oxygen‑glucose deprivation and reoxygenation; shRNA, short hairpin RNA; LC3, light chain 3; c‑, cleaved.

Figure 5. Effects of rapamycin on the expression of autophagy‑ and apoptosis‑related proteins in Seipin‑silenced PC12 cells. (A) Representative western blot
images of the autophagy‑related proteins p‑mTOR, p62 and LC3II/I, and the apoptosis‑related proteins c‑caspase‑3 and Bax in the different groups. Quantitative
analysis of (B) p‑mTOR/mTOR, (C) p62, (D) LC3II/LC3I, (E) c‑caspase 3 and (F) Bax levels. Data are the mean ± SD; n=3/group. *P<0.05, **P<0.01.
miR, microRNA; OGD/R, oxygen‑glucose deprivation and reoxygenation; shRNA, short hairpin RNA; LC3, light chain 3; c‑, cleaved; p‑, phosphorylated.
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Figure 6. Effects of Seipin knockdown on autophagy and apoptosis mediated by miR‑187‑3p inhibitor in OGD/R PC12 cells. (A) Representative western blot
images of the autophagy‑related proteins p62 and LC3II/I, and the apoptosis‑related proteins c‑caspase‑3 and Bax in the different groups. Quantitative analysis
of (B) p62, (C) LC3II/LC3I, (D) c‑caspase 3 and (E) Bax levels. (F) Flow cytometry assay and (G) quantification showing that Seipin knockdown abolishes
miR‑187‑3p inhibitor‑mediated neuroprotection in OGD/R‑treated PC12 cells. Data are the mean ± SD; n=3/group. *P<0.05, **P<0.01. miR, microRNA;
OGD/R, oxygen‑glucose deprivation and reoxygenation; shRNA, short hairpin RNA; LC3, light chain 3; c‑, cleaved; APC, allophycocyanin; 7‑AAD,
7‑aminoactinomyosin D.
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Figure 7. Administration of miR‑187‑3p antagomir reduces infarction via upregulating Seipin‑mediated autophagy in a rat model of I/R. (A) Representative
images of brain slices stained with tetrazolium chloride in antagomir NC and miR‑187‑3p antagomir‑treated rats after I/R (1 h/24 h) or sham operation.
(B) Quantitative analysis of the infarction volume in different groups. (C) miR‑187‑3p is downregulated in I/R rats by miR‑187‑3p antagomir. (D) Seipin
protein expression is upregulated in I/R rats by miR‑187‑3p antagomir. (E) Double labeling immunofluorescence showed upregulation of LC3 by miR‑187‑3p
antagomir. Scale bar=50 µm. Data are the mean ± SD; n=6/group. *P<0.05, **P<0.01. miR, microRNA; I/R, ischemia/reperfusion; MCAO, middle cerebral
artery occlusion; NC, negative control; LC3, light chain 3; rno, Rattus norvegicus.

miR‑187‑3p has been identified as a cancer‑related miRNA
that plays promotive or suppressive roles in different malignancies (36‑40). miR‑187‑3p inhibits the migration and
invasion of hepatocellular carcinoma by suppressing S100
calcium‑binding protein A4 (41). In mice, miR‑187‑3p mimic
relieved I/R‑induced pain hypersensitivity by inhibiting P2X7
receptor expression and subsequent mature IL‑1β release (42).
Co‑expression of human Seipin and ubiquitin showed that
Seipin is polyubiquitinated, and its ubiquitination is enhanced
by mutation (43); treatment of cells with a proteasome
inhibitor increased the quantity of mutant Seipin in the cells,

suggesting that it is degraded through the ER‑associated
degradation pathway. Of note, the N88S and S90L mutations
are in the N‑glycosylation motif, and these mutations
enhance ubiquitination and degradation of Seipin via the
ubiquitin‑proteasome system (44). Conversely, the transcript
encoding the long Seipin isoform (BSCL2‑203, 462 aa) is
expressed primarily in the brain, and its expression is inversely
correlated with age in neuronal cells (24).
Autophagy plays a role in the pathophysiological process
of ischemia‑induced brain injury (45). The monitoring
of autophagic flux is essential for estimating autophagic
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activity. Autophagic flux is a dynamic process that involves
the formation of autophagosomes, delivery of autophagic
substrates to the autophagosomes and the degradation of these
substrates (46). LC3I is post‑translationally modified during
autophagy induction to form LC3II; thus, LC3II/I is an index
of autophagosome formation (47). LC3II/I, as an index of
autophagosome formation, was increased in OGD/R‑treated
PC12 cells. The mammalian protein p62 is a selective
autophagy substrate, continuously degraded by autophagy (48).
It has been demonstrated that p62 binds directly to LC3, and
this motif is required for autophagic degradation of p62 (49).
Consistent with previous studies (50,51), the level of p62
was increased in OGD/R PC12 cells, indicating impaired
autophagic flux. Of note, the decreased Seipin expression
and impairment of autophagic flux in OGD/R PC12 cells
could be ameliorated by the inhibition of miR‑187‑3p. In
addition, knockdown of Seipin in OGD/R PC12 cells further
aggravated the impairment of autophagic flux, which was
insensitive to inhibition of miR‑187‑3p. The results supported
the hypothesis that Seipin deficiency leads to an impairment in
autophagic flux. mTOR signaling is a major negative regulator
of autophagy (52). Neuronal Seipin deletion has been found
to reduce autophagosome formation by enhancing mTOR
signaling (29). The present findings indicated that a reduction
in Seipin expression disturbed autophagic flux and aggravated
apoptosis in in PC12 cells. Long‑lasting autophagy or impaired
autophagic flux induces type II programmed cell death (53‑55).
It was previously observed that the knockdown of Seipin
exacerbated cerebral I/R‑induced damage in mice (26). The
increased expression of apoptosis‑related proteins in OGD/R
PC12 cells was corrected by the inhibition of miR‑187‑3p.
Additionally, the knockdown of Seipin in OGD/R‑treated
PC12 cells further increased apoptosis, which was insensitive
to the inhibition of miR‑187‑3p.
In conclusion, it was demonstrated that miR‑187‑3p
inhibitor protected against OGD/R‑induced apoptosis by
upregulating Seipin‑mediated autophagic flux in PC12 cells.
It is hypothesized that enhanced activation of autophagic flux
supports functional recovery, whereas impaired autophagic
flux is associated with increased apoptosis. The present findings suggested that the miR‑187‑3p/Seipin axis has potential
for the treatment of cerebral I/R injury in the future.
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