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Abstract. – OBJECTIVE: MicroRNA-26a (miR-
26a) exhibits diverse functions in different human 
disease. However, further research is needed to 
investigate the potential role of miR-26a in cere-
bral ischemia injury. 

MATERIALS AND METHODS: The expressions 
of miR-26a and PTEN (phosphatase and tensin ho-
molog) were detected via Real Time-quantitative 
Polymerase Chain Reaction (RT-qPCR) assay. The 
protein expression of Bcl-2 and Bax was detect-
ed by Western blot assay. MTT (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay was used to observe the cell viability of 
SH-SY5Y cells. The relationship between miR-
26a and PTEN was confirmed by Dual-Luciferase 
assay and human SH-SY5Y cells were treated with 
oxygen-glucose deprivation (OGD)/reperfusion to 
mimic I/R injury.

RESULTS: The expression of miR-26a was in-
creased in the OGDR model. Moreover, upreg-
ulation of miR-26a promoted cell viability and 
inhibited OGDR-induced apoptosis. PTEN was 
confirmed as a direct target gene for miR-26a. 
Under OGDR conditions, the expression of PTEN 
was significantly decreased. Moreover, overex-
pression of PTEN inhibited cell viability, promoted 
cell apoptosis and deepened the effect of the 
OGDR model. 

CONCLUSIONS: MiR-26a promoted the viabil-
ity of SH-SY5Y cells and suppressed apoptosis 
under OGDR conditions by targeting PTEN.
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tion, Apoptosis.

Introduction

Cerebral ischemia is a common cerebrovascu-
lar disease, and the mortality and morbidity of ce-
rebral ischemia have gradually increased in recent 
years1. The pathological basis of cerebral isch-
emia is relatively transient stenosis of the cerebral 
vessels caused by specific causes, resulting in a 
temporary insufficiency of cerebral perfusion2. 

Next, the function of the corresponding brain tis-
sue appeared a reversible functional injury. Cere-
bral ischemia usually occurs in the pathological 
process of many neurological diseases, such as 
cerebrovascular disease, brain tumor and system-
ic diseases3. The causes of cerebral ischemia are 
complex, such as hypertension, hyperlipidemia, 
heart disease, diabetes mellitus and cerebral ar-
teriosclerosis4. Treatment should be based on the 
etiology, active treatment of risk factors and the 
application of anti-platelet aggregation drugs, 
which can be used to improve brain circulation.

As a research hotspot, the abnormal expression 
and function of microRNAs (miRNAs) are re-
ceiving more and more attention. In recent years, 
lots of miRNAs have had an important impact on 
the pathogenesis of the nervous system and cere-
bral ischemia injury5. For example, inhibition of 
miR-125b decreased cerebral ischemia/reperfu-
sion injury by targeting CK2α/NADPH oxidase 
signaling6. Liang et al7 reported that miR-320 fa-
cilitated brain parenchyma injury via regulating 
insulin-like growth factor 1 (IGF-1) during cere-
bral I/R injury in mice. Among them, the complex 
role of miR-26a in different human organs has at-
tracted our attention. Leeper et al8 proposed that 
miR-26a was a novel regulator of vascular smooth 
muscle cell function. In addition, miR-26a has a 
specific function in human cancers. MiR-26a had 
been found to enhance the sensitivity of gastric 
cancer cells to cisplatin by targeting NRAS and 
E2F29. Moreover, miR-26a contributed to the ma-
lignant behavior of lung adenocarcinoma by tar-
geting EZH210. Besides that, miR-26a alleviated 
lower extremity ischemia-reperfusion injury to 
induce vascular endothelial cell injury through 
the adenosine 5‘-monophosphate (AMP)-activat-
ed protein kinase (AMPK) pathway11. However, 
the regulatory mechanism of miR-26a in cerebral 
ischemia injury remains to be investigated.

PTEN (phosphatase and tensin homolog) is 
usually mutated in tumor cells and acts as a tumor 
suppressor12. In particular, it had been reported that 
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cell migration, survival and apoptosis in human 
cancers were regulated by PTEN, including neu-
rons13. Lee et al14 demonstrated that cilostazol pre-
vented focal cerebral ischemic injury by enhancing 
CK2 phosphorylation and inhibiting PTEN phos-
phorylation in rats. Moreover, PTEN inhibition 
enhanced angiogenesis in an ischemic injury mod-
el in vitro by promoting protein kinase B (AKT) 
phosphorylation15. The purpose of this study was 
to examine the function of miR-26a and PTEN in 
the progression of cerebral ischemia injury. The 
interaction between miR-26a and PTEN was also 
testified. The results will further elucidate the mo-
lecular mechanism of cerebral ischemia injury.

Materials and Methods

Cells Culture
Human SH-SY5Y cells were obtained from 

the Cell Bank of the Chinese Academy of Scienc-
es (Shanghai, China). The cells were then seeded 
in Dulbecco’s Modified Eagle Medium (DMEM; 
Gibco, Grand Island, NY, USA) with 10% fetal 
bovine serum (FBS; Gibco, Grand Island, NY, 
USA). SH-SY5Y cells were cultured in an incu-
bator at 37°C with 5% CO2. 

OGDR Model
SH-SY5Y cells were cultured in a glucose-free 

Hanks’ balanced salt solution (Invitrogen, Carls-
bad, CA, USA) under hypoxic conditions (1% O2 
/94% N2 /5% CO2) at 37°C for 4 h to build an OGD 
model. Then, the cells were placed in a glucose 
medium with 10% FBS, and cultured under nor-
moxic conditions (95% air/5% CO2) for 48 h for 
reperfusion. SH-SY5Y cells cultured under nor-
moxic conditions were used as controls.

Cell Transfection
MiR-26a mimics and inhibitor were obtained 

from GenePharma (Shanghai, China). PTEN 
overexpression plasmid and small interfering 
RNA (siRNA) were constructed by GenePharma 
(Shanghai, China). They were then transferred to 
SH-SY5Y cells, which were treated with OGDR 
followed by reperfusion.

Real Time-Quantitative Polymerase 
Chain Reaction (RT-qPCR) Analysis

Total RNA in SH-SY5Y cells was extracted 
using the TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA). The synthesis of complementary de-
oxyribose nucleic acid (cDNA) was performed us-

ing PrimeScript RT Master Mix (TaKaRa, Dalian, 
China). We performed Real Time-Quantitative 
Polymerase Chain Reaction (RT-qPCR) using the 
SYBR PrimeScript miRNA RT-PCR Kit (TaKaRa, 
Dalian, China) on ABI 7500 Fast system (Applied 
Biosystems, Foster City, CA, USA). U6 or glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) 
was used as a control for miR-26a or PTEN and 
their expressions were calculated using the 2−∆∆ct 
method. The RT primers were as follows: miR-26a 
forward 5’-CGCGTTCAAGTAATCCAGGA-3’, 
reverse: 5’-AGTGCAGGGTCCGAGGTATT-3’; 
PTEN forward 5’-AGGGACGAACTGGTG-
TAATGA-3’, reverse 5’-CTGGTCCTTACTTC-
CCCATAGAA-3’; GAPDH forward, 5’-CGG 
AGTCAACGGATTTGGTCGTAT-3’, reverse, 
5’-AGCCTTCTCCATGGTGGTGAAGAC-3’; U6 
forward, 5’-CTCGCTTCGGCAGCACA-3’; re-
verse, 5’-AACGCTTCACGAATTTGCGT-3’.

MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide) Assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) assay (Sigma-Al-
drich, St. Louis, MO, USA) was performed to 
assess cell viability. SH-SY5Y cells with trans-
fection and OGDR treatment were incubated for 
48 h in 96-well plates at a density of 4×103 cells. 
Next, the cells were incubated for 4 h at 37°C in 
serum-free medium with 20 μL of MTT. After re-
moving the supernatant, they were dissolved in 
100 μL of dimethyl sulfoxide, and the absorbance 
was read at 490 nm on a microplate spectropho-
tometer (Thermo Labsystems, Vantaa, Finland).

Dual-Luciferase Reporter Assay
The 3’-untranslated region (3’-UTR) of wild 

or mutant PTEN was inserted into the pcDNA3.1 
plasmid (Promega, Madison, WI, USA) for Lu-
ciferase reporter assays. Next, the above plas-
mid and miR-26a mimics were transfected into 
HEK-293 cells. Finally, the Luciferase activity 
was measured by a Dual-Luciferase assay system 
(Promega, Madison, WI, USA).

Western Blot Analysis
Protein samples were obtained using radio-

immunoprecipitation assay (RIPA) lysis buffer 
(Beyotime, Shanghai, China). Proteins were then 
separated by 10% sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Pro-
teins were blocked with 5% skim milk and trans-
ferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA) at 
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room temperature. Next, we incubated the mem-
branes with anti-PTEN, anti-Bcl-2, anti-Bax, and 
anti-GAPDH primary antibodies overnight at 4°C. 
After washing, they were incubated with horse-
radish peroxidase (HRP)-conjugated secondary 
antibody for 2 h at room temperature. Finally, the 
protein was visualized by electrochemilumines-
cence (ECL) (Pierce, Waltham, MA, USA). 

Statistical Analysis
Data were shown as mean ± SD (Standard 

Deviation). Statistical Product and Service Solu-
tions (SPSS) 19.0 (SPSS Inc., Chicago, IL, USA) 
or GraphPad Prism 6 (La Jolla, CA, USA) were 
used to analyze these data. Comparisons between 
groups were performed using One-way analysis 
of variance (ANOVA) test followed by Post-Hoc 
Test (Least Significant Difference). A significant 
difference was defined at p<0.05.

Results

The Expression of MiR-26a was 
Increased in the OGDR Model

First, miR-26a expression was detected in sim-
ulated cerebral ischemia/reperfusion injury. The 
expression of miR-26a was markedly upregulated 
in SH-SY5Y cells treated with OGDR compared 
to the control group (p<0.01, Figure 1A), indi-
cating that cerebral ischemia/reperfusion could 
enhance the expression level of miR-26a. Next, 
miR-26 mimics or inhibitors were transfected into 

SH-SY5Y cells cultured under OGDR conditions. 
Compared to the OGDR group, miR-26a mimics 
promoted its expression, whereas miR-26a in-
hibitor reduced its expression in SH-SY5Y cells 
(p<0.01, Figure 1B), suggesting that miR-26a ex-
pression was successfully regulated artificially.

MiR-26a Regulated Cell Viability 
and Apoptosis in SH-SY5Y Cells

MTT assay was then performed to examine 
the effect of miR-26a on cell viability. The results 
showed that OGDR significantly inhibited the 
viability of SH-SY5Y cells (p<0.05, Figure 2A). 
Moreover, miR-26a mimics promoted prolifera-
tion of SH-SY5Y cells under hypoxic conditions 
compared to the OGDR group (p<0.01, Figure 
2B). In contrast, miR-26a inhibitors suppressed 
cell proliferation in SH-SY5Y cells under hypoxic 
conditions (p<0.05, Figure 2B). Hence, miR-26a 
was considered to reverse the effects of OGDR 
and prolong cell survival.

Next, miR-26a-regulated apoptosis was in-
vestigated after cerebral ischemia injury. We ob-
served the expression of apoptosis-related genes 
(Bax and Bcl-2) in SH-SY5Y cells. First, the ex-
pression level of Bax was improved by OGDR 
treatment. OGDR treatment reduced Bcl-2 ex-
pression (p<0.05 or 0.01, Figure 2C). In contrast, 
the above alterations of Bax and Bcl-2 expressions 
were reversed by overexpression of miR-26a. Up-
regulation of miR-26a dramatically reduced Bax 
expression and promoted survival gene Bcl-2 ex-
pression compared to the OGDR group (p<0.01, 

Figure 1. The expression of miR-26a was increased in the OGDR model. A, The expressions of miR-26a in SH-SY5Y cells 
with OGDR treatment. B, The expression of miR-26a was ex-amined in SH-SY5Y cells with miR-26a mimics or inhibitor 
under OGDR conditions. **p<0.01.
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Figure 2D). MiR-26a silencing had the same 
effect on Bax and Bcl-2 expressions as OGDR 
treatment, which promoted Bax expression and 
inhibited Bcl-2 expression (p<0.05 or 0.01, Fig-
ure 2D). Based on these results, overexpression of 
miR-26a promoted the viability of SH-SY5Y cells 
and inhibited apoptosis under OGDR conditions.

PTEN Was a Direct Target Gene 
of MiR-26a

Furthermore, the molecular mechanism by which 
miR-26a inhibits OGDR was investigated. MiR-
26a was found to have a binding site to the 3’-UTR 
of PTEN predicted by TargetScan (http://www.tar-
getscan.org, Figure 3A). To confirm the interaction 

Figure 2. MiR-26a regulated cell viability and apoptosis in SH-SY5Y cells. A , Cell prolifera-tion was measured in SH-SY5Y 
cells with OGDR treatment. B, Cell proliferation was meas-ured in SH-SY5Y cells with miR-26a mimics or inhibitor under 
OGDR conditions. C, The expression of apoptosis-related genes (Bax and Bcl-2) in SH-SY5Y cells with OGDR treat-ment. D, 
The expression of apoptosis-related genes (Bax and Bcl-2) in SH-SY5Y cells with miR-26a mimics or inhibitor under OGDR 
conditions. *p<0.05, **p<0.01.
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between miR-26a and PTEN, a Dual-Luciferase 
reporter assay was performed in HEK-293. The re-
sults showed that upregulation of miR-26a signifi-
cantly suppressed the Luciferase activity of wild-type 
PTEN, but had no effect on mutant PTEN (p<0.01, 
Figure 3B). It was demonstrated that miR-26a directly 
targeted PTEN. Besides that, the expression of PTEN 
was markedly decreased under OGDR conditions 
compared to the OGDR-free group (p<0.01, Figure 
3C). Interestingly, miR-26a mimics further reduced 
the expression of PTEN in SH-SY5Y cells treated 
with OGDR. However, miR-26a inhibitor enhanced 
the expression level of PTEN (p<0.05, Figure 3D). 
Therefore, miR-26a can further inhibit PTEN expres-
sion to regulate cerebral ischemia injury.

PTEN Expression Was Associated 
with Cell Viability and Apoptosis

To investigate the role of PTEN in cerebral 
ischemia injury, PTEN plasmid or siRNA was 
transfected into SH-SY5Y cells under OGDR 
conditions. We found that PTEN was upregu-
lated by plasmids transfection and downregulat-
ed by siRNA transfection (p<0.01, Figure 4A). 
Next, the effects of upregulation and downreg-
ulation of PTEN on cell viability was investi-
gated. MTT assay showed that overexpression 
of PTEN reduced cell viability compared to the 
OGDR group (p<0.05, Figure 4B). In contrast, 
PTEN silencing promoted cell viability in SH-
SY5Y cells under OGDR conditions (p<0.01, 

Figure 3. PTEN was a direct target gene of miR-26a. A, The binding sites between PTEN and miR-26a. B, Luciferase report-
er assay. C, The expressions of PTEN in SH-SY5Y cells with OGDR treatment. D, The expression of PTEN was observed in 
SH-SY5Y cells with miR-26a mimics or inhibitor under OGDR conditions. *p<0.05, **p<0.01.
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Figure 4B). Based on the above results, PTEN 
was considered to inhibit cell survival in cere-
bral ischemia injury, thereby deepening the ef-
fect of OGDR treatment.

Similarly, the effect of abnormal PTEN ex-
pression on apoptosis of SH-SY5Y cells under 
OGDR conditions was investigated by measur-
ing expressions of Bax and Bcl-2. The results 
showed that overexpression of PTEN apparent-
ly promoted Bax expression, but blocked the 
expression of Bcl-2 (p<0.01, Figure 4C). These 
results implied that overexpression of PTEN 
could accelerate apoptosis, which was the same 
as OGDR treatment. In contrast, knockdown 
of PTEN remarkably inhibited Bax expression 
and promoted Bcl-2 expression under OGDR 
conditions (p<0.01, Figure 4D). Therefore, the 
downregulation of PTEN was elucidated for the 
first time to promote the viability of SH-SY5Y 
cells and inhibit apoptosis under OGDR condi-
tions.

MiR-26 Regulated Cerebral 
Ischemia Injury by Targeting 
PTEN

Finally, miR-26a mimics and PTEN plasmid 
were co-transfected into SH-SY5Y cells under 
OGDR conditions to further detect their inter-
action in cerebral ischemia injury. The results of 
the RT-qPCR assay showed that the decreased 
expression of PTEN induced by miR-26a mimics 
was recovered by PTEN plasmid (p<0.01, Figure 
5A). More importantly, PTEN plasmid prevented 
the acceleration of miR-26a on the proliferation of 
SH-SY5Y cells under OGDR conditions (p<0.01, 
Figure 5B). Similarly, the inhibitory effect of 
miR-26a on cell apoptosis was also reversed by 
the PTEN plasmid (p<0.01, Figure 5C). In com-
bination with these results, miR-26a was consid-
ered to promote the viability of SH-SY5Y cells 
and suppress apoptosis by targeting PTEN under 
OGDR conditions.

Discussion

Previous studies have reported that many 
miRNAs are involved in the development of 
cerebral ischemia injury, such as miR-3473b16, 
miR-130a17 and miR-15518. In the current work, 
we focused on cerebral ischemia injury and sub-
sequent apoptosis. To simulate cerebral ischemia 
injury, an OGDR model was constructed in SH-

SY5Y cells. The function of miR-26a was inves-
tigated due to its close association with cerebral 
ischemia19. PTEN had been identified as s direct 
target gene for miR-26a, which played a key role 
in cerebral ischemia injury reported by Zhang et 
al20. First, the expression of miR-26a was signifi-
cantly increased in SH-SY5Y cells under OGDR 
conditions. Moreover, overexpression of miR-26a 
promoted cell viability and inhibited apoptosis 
of SH-SY5Y cells. Consistently, Liang et al21 had 
demonstrated that miR-26a promoted cell viabil-
ity and inhibited apoptosis in a rat model of ce-
rebral infarction. It was then found that miR-26 
could negatively regulate cerebral ischemia injury 
by promoting cell survival and inhibiting apop-
tosis.

In particular, apoptosis is an important biolog-
ical process of cerebral ischemia injury and is a 
prominent type of cell death22. Apoptosis-relat-
ed proteins such as Bax and Bcl-2 can be mod-
ulated to affect apoptosis23. However, Bax and 
Bcl-2 have opposite effects. Bcl-2 inhibits cell 
apoptosis, and Bax promotes apoptosis24. Here, 
we found that Bax expression was improved by 
OGDR treatment that reduced Bcl-2 expression 
and upregulation of miR-26a sharply reduced Bax 
expression and promoted Bcl-2 expression. Thus, 
overexpression of miR-26a inhibited apoptosis 
induced by OGDR treatment. Similarly, miR-26a 
had been reported21 to inhibit apoptosis in a rat 
model of cerebral infarction. Therefore, miR-26a 
negatively regulated cerebral ischemia injury by 
inhibiting apoptosis.

Furthermore, several target genes for miR-26a 
had been identified in human disease, including 
EZH2, HMGA1 and PLOD225-27. In the current 
study, PTEN was identified as a direct target of 
miR-26a, which was associated with cell viabili-
ty and apoptosis in cerebral ischemia injury. Re-
cently, the protective effect of PTEN inhibition 
on cerebral ischemia damage had become the 
focus of attention. It was previously reported28 
that PTEN degradation was detected after isch-
emic stroke, which was a double-edged sword. 
We also found that the expression of PTEN was 
reduced under OGDR conditions in SH-SY5Y 
cells. In addition, PTEN inhibition had been 
shown to prevent cortical neuron injury in the 
rat following Hypoxia-Ischemia29. Consistently, 
downregulation of PTEN protected SH-SY5Y 
cells against cerebral ischemia injury-induced 
cell death in this study. Finally, it was observed 
that miR-26a prevented cerebral ischemia injury 
by targeting PTEN. 
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Figure 4. PTEN expression was associated with cell viability and apoptosis. A, The expression of PTEN was examined in 
SH-SY5Y cells with PTEN plasmid or siRNA under OGDR conditions. B, Cell proliferation was measured in SH-SY5Y cells 
with PTEN plasmid or siRNA under OGDR conditions. C, The expression of apoptosis-related genes (Bax and Bcl-2) in SH-
SY5Y cells with PTEN plasmid under OGDR conditions. D, The expression of apoptosis-related genes (Bax and Bcl-2) in 
SH-SY5Y cells with PTEN siRNA under OGDR conditions. *p<0.05, **p<0.01.
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Conclusions

This study mainly elucidated that miR-26a 
promoted cell viability and inhibited apoptosis 
by targeting PETN, thereby negatively regulating 
cerebral ischemic injury. Even so, the current re-
search still has some drawbacks, such as the lack 
of animal experiment. Therefore, we will further 
explore the roles of miR-26a and PTEN in cere-
bral ischemia injury in vivo. Our findings will 
help us develop novel uses of miR-26a as a thera-
peutic target for cerebral ischemia injury.
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