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 Background: Long-non-coding RNA (lncRNA) SNHG15 has been reported to be an aberrantly expressed lncRNA in patients 
with ischemic stroke, but its role in neuronal injury following ischemic stroke remains unclear. We hypothe-
sized that this lncRNA is associated with the pathogenesis of ischemic stroke.

 Material/Methods: A mouse model of ischemic stroke was established by middle cerebral artery occlusion (MCAO). A neurogenic 
mouse cell line Neuro-2a (N2a) was subjected to oxygen-glucose deprivation (OGD) for in vitro experiments. 
Expression of SNHG15, microRNA-18a (miR-18a), and CXCL13 in mouse brain and in OGD-treated N2a cells was 
determined. Altered expression of SNHG15 and miR-18a was introduced to detect their roles in N2a cell viabil-
ity and apoptosis. Targeting relationships between miR-18a and SNHG15 or CXCL13 were validated by lucifer-
ase assays. Cells were treated with the ERK/MEK antagonist U0126 to assess the role of the ERK/MEK signal-
ing pathway in N2a cell growth.

 Results: SNHG15 and CXCL13 were overexpressed and miR-18a was underexpressed in MCAO-induced mice and OGD-
treated N2a cells. Silencing of SNHG15 or overexpression of miR-18a promoted cell viability, while decreased 
cell apoptosis induced by OGD; however, subsequent disruption of the ERK/MEK signaling pathway reversed 
these effects. SNHG15 was found to bind to miR-18a, which could further target CXCL13.

 Conclusions: Silencing of SNHG15 led to CXCL13 upregulation through sequestering miR-18a and the following ERK/MEK 
activation, thus enhancing viability while reducing apoptosis of N2a cells. SNHG15 may serve as a novel target 
for ischemic stroke treatment.
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Background

The brain is the organ with the highest sensitivity to hypoxia [1]. 
Ischemic stroke, which is an episode of neurological impair-
ment caused by cerebral infarction in the perfusion territory 
of an occluded or stenosed artery, is a major cause of mor-
bidity and mortality worldwide [2]. The subsequent nutrient 
insufficiency triggers a series of pathophysiological events, 
including energy supply failure, inflammation, oxidative stress, 
and apoptosis, eventually resulting in neuronal cell death [3]. 
Currently, thrombolytic therapy with tissue plasminogen acti-
vator, which can rescue cells in the ischemic penumbra, is the 
major globally approved treatment for ischemia; however, sev-
eral problems are still unaddressed, such as the limited ther-
apeutic time window and risk of cerebral hemorrhage [4]. In 
addition, the reperfusion process during ischemic stroke treat-
ment can lead to serious brain dysfunction [1]. Persistent cell 
death has been well-established as a significant attribute of 
ischemic stroke [5]. Thus, identifying novel therapeutic strat-
egies to reduce cell death and to alleviate ischemic stroke is 
of great importance.

Gene therapy has emerged as a potential therapeutic option 
for ischemic stroke. RNA composes at least 75% of human 
genomic sequences, and both protein-coding RNAs (mainly 
mRNAs) and non-coding RNAs (ncRNAs) exert key functions in 
multiple cell types and have been developed in current com-
putational and experimental approaches [6]. Long non-coding 
RNAs (lncRNAs) and microRNAs (miRNAs) are 2 main classes of 
ncRNAs that regulate fundamental cellular processes through 
diverse mechanisms [7]. The involvement of aberrant miRNA 
and lncRNA expression in ischemic stroke has attracted much 
attention [8]. miRNAs are well known to produce gene degra-
dation by binding to the 3’untranslated region (3’UTR) of tar-
get mRNAs, but these repressive effects can be diminished by 
other transcripts, including lncRNAs, through the shared re-
sponse elements, which are termed competitive endogenous 
RNA (ceRNA) networks [9]. Several such networks have been 
validated to fulfill key functions in neuron apoptosis and nerve 
injury after ischemic stroke [10,11]. Small nucleolar RNA host 
gene 15 (SNHG15) is a strongly conserved lncRNA located at 
7p13 with 860 bp in length, and its functions in tumor pro-
gression in several human cancers have been well document-
ed [12]. SNHG15 has been noted to promote glioma progres-
sion [13]. Interestingly, a high expression profile of SNHG15 
has been found in patients with ischemic stroke, indicating the 
promising treatment and prognostic values of this lncRNA [14]. 
However, the exact role of SNHG15 in ischemic stroke or other 
neurological diseases, to the best of our knowledge, has not 
been previously explored. Intriguingly, our study confirmed 
SNHG15 as a sponge for miR-18a. miR-18a is a member of 
the miR-17-92 cluster (containing miR-17, miR18a, miR-19a, 
miR-19b miR-20a, and miR-92a), whose dysregulation was 

mainly found to be linked to cancer and to other human dis-
eases such as ischemic stroke [15]. miR-18a has been suggest-
ed to be a promising therapeutic agent to improve the func-
tion of cerebral arteriovenous malformation endothelial cells 
to relieve neurological impairment [16], but its role in isch-
emic stroke is unclear. In addition, CXC chemokine ligand 13 
(CXCL13), which has been reported to play a key role in central 
nervous system (CNS) inflammation under a wide array of cir-
cumstances [17], was identified as a target mRNA of miR-18a. 
Therefore, we hypothesized that SNHG15 affects neurological 
functions after ischemic stroke through the miR-18a/CXCL13 
network. Through both animal and cell experiments, we dem-
onstrated that silencing of SNHG15 improved the neurologi-
cal function and decreased the neuron loss following ischemic 
stroke through upregulation of miR-18a and downregulation 
of CXCL13. Activation of the ERK/MEK signaling pathway was 
also found to be involved in these events.

Material and Methods

Ethics statement

This study was ratified by the Clinical Ethics Committee of Heji 
Hospital Affiliated with Changzhi Medical College. All experi-
mental procedures were conducted in accordance with the eth-
ics guidelines for the study of experimental pain in conscious 
animals. Great attempts were made to minimize the number 
and suffering of animals.

Establishment of a mouse model with ischemic stroke

A total of 16 male C57BL.6J mice (8–10 weeks old, 23–27 g) 
were purchased from SLAC Laboratory Animal Co. (Shanghai, 
China). A mouse model of ischemic stroke was induced by 
middle cerebral artery occlusion (MCAO) as previously de-
scribed [18]. In brief, after 1 week of acclimatization with free 
access to food and water and a 12-h dark/light cycle, the mice 
were numbered by weight and randomly allocated into a sham 
group (n=8) and an MCAO model group (n=8). The mice were 
anaesthetized with a mixture of oxygen and isoflurane (5% 
for induction and 1.5% for maintenance). Then, the mice were 
depilated and placed on a heating pad in an upright position. 
The near end of the right common carotid artery (RccA) and 
carotid artery was ligated using a 6-0 polyester suture. MCAO 
was introduced at the far end, 10 mm from the bifurcation 
of internal carotid artery. Then, the far end of the internal ca-
rotid artery node was ligated and maintained. After 30 min 
of ischemia, the ligation was removed, followed by reperfu-
sion. After recovering from anesthesia, the mice were given 
water and food. Mice in the sham group only had the median 
neck opened, and the RccA was cut open and then sutured. 
Twenty-four hours after reperfusion, the neurologic deficit of 
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mice was scored using the criteria by Longa et al. [19]. Then, 
the animals were instantly euthanized and the brain tissues 
were collected for subsequent experiments. The brain tissue 
sections from 4 mice were used for TTC staining. The left hemi-
spheres of the remining 4 mice were used for protein and RNA 
examinations, while the right hemispheres were used for his-
tological staining.

After neurologic deficit scoring, the animals were instantly 
euthanized through injection of an overdose of pentobarbital 
(100 mg/kg), and animal death was confirmed by respirato-
ry and cardiac arrest and loss of cerebellum and nerve reflex. 
Then, the mouse brains were taken out and the hippocampal 
tissues were cut into 5 coronal sections (2-mm). The tissues 
were stained with 2,3,5-triphenyltetrazolium chloride (TTC, 
Sigma-Aldrich Chemical Company, WI, USA). The lesion area was 
measured using Image J software (v1.52r, National Institutes 
of Health, Bethesda, MD, USA) to evaluate the infarct size. 
Moreover, the caspase-3 expression in the hippocampus was 
detected using immunohistochemistry. In brief, the hippocam-
pal tissue sections were dewaxed, hydrated with an ethanol 
series, warmed in citrate buffer for antigen retrieval, washed, 
blocked, and incubated with normal goat serum (#E510009, 
Sangon Biotech Co., Shanghai, China), and then incubated with 
rabbit anti-mouse caspase-3 (1: 1000, ab13847, Abcam, Inc., 
Cambridge, UK) at 4°C overnight. Then, the sections were fur-
ther incubated with secondary antibody (1: 5000, ab205718, 
Abcam) at 37°C for 20 min. Next, the tissues were further 
stained with 2, 4-diaminobutyric acid (ST033, Guangzhou 
Whiga Technology Co., Guangzhou, Guangdong, China), coun-
ter-stained with hematoxylin (#E607317, Sangon), and dehy-
drated. Thereafter, the tissues were washed and observed un-
der a microscope (Nikon Instruments, Inc., Tokyo, Japan) with 
5 fields randomly selected. Quantitative analysis for images 
was performed using Image J software.

Enzyme-linked immunosorbent assay (ELISA)

The contents of extracellular signal-regulated kinase/mitogen-
activated protein kinase (ERK/MEK) and phosphorylated 
ERK/MEK in cells and the levels of inflammatory cytokines tu-
mor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) were 
detected using ELISA kits (ERK/MEK, ab176660, Abcam; TNF-a, 
KE10002, Proteintech Group, Inc., Wuhan, Hubei, China; IL-1b, 
KE10003, Proteintech) in strict accordance with the manufac-
turer’s instructions. In brief, 100 mg tissue homogenate was 
mixed with 1 mL lysis solution containing 40 μL radio-immu-
noprecipitation assay (RIPA) cell lysis buffer+5 μL protease in-
hibitor+5 μL phosphatase inhibitor+5 μL phenylmethylsulfo-
nyl fluoride (Thermo Fisher). The mixture was then centrifuged 
at 15 000 rpm at 4°C for 10 min. Then, 800 μL supernatant 
was collected, and the protein concentration was determined 
using a bicinchoninic acid (BCA) method kit (Thermo Fisher 

Scientific Inc., Waltham, MA, USA). A total of 20 μg protein 
was used for ELISA. Each blank well was loaded with 100 μL 
sample diluent, while the residual wells were loaded with ei-
ther 100 μL standard or sample for test. The ELISA plate was 
covered by tectorial membrane for 90 min of warm incuba-
tion at 37°C. Then, each well was loaded with 100 μL work-
ing solution of primary antibodies (prepared 15 min prior to 
use). Thereafter, the plate was sealed with membrane again 
for 1 h of incubation. Then, the liquid in wells was discarded, 
and each well was filled with 100 μL horseradish peroxidase 
(HRP)-conjugated working solution (prepared 15 min prior to 
use) for 30 min of warm incubation. Following color develop-
ment by addition of 2,4-diaminobutyric acid, the optical den-
sity (OD) value of each well at 450 nm was determined using 
a microplate reader.

Cell culture and oxygen-glucose deprivation (OGD)

The neurogenic mouse cell line Neuro-2a (N2a, Cat. No. CCL-131) 
purchased from American Type Culture Collection (ATCC, 
Manassas, VA, USA) was cultivated in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin (all purchased from 
Invitrogen). Then, the cells were further incubated in a glucose-
free DMEM pre-balanced in 95% N2 and 5% CO2 for oxygen-
glucose deprivation to simulate an ischemic condition for 24 h. 
The oxygen concentration was monitored using an oxygen an-
alyzer (Sable System, Las Vegas, USA) and maintained at less 
than 1%. The 293T cells used for dual-luciferase reporter gene 
assay were also from ATCC (Cat. No. CRL-1573). Cells were cul-
tured in a similar condition (10% FBS-DMEM) for further use.

Construction of small interfering (si)-RNA targeting 
SNHG15 and mimic of miR-18a

The siRNA targeting SNHG15 (5’-GCCCGCUGAGCGCCUCCAGAC-3’) 
and the control siRNA (5’-UUCUCCGAACGUGUCACGU-3’) were 
purchased from GenePharma Co. (Shanghai, China) and transfect-
ed into N2a cells using Lipofectamine™ 3000 (Invitrogen, Thermo 
Fisher) according to the manufacturer’s instructions. The miR-18a 
mimic (5’-AGGGGGGGCAGGAGGGGCUCAGGG-3’) and the mimic 
control (Mock) (5’-UUCUCCGAAAACGUGUCACGU-3’) were also 
synthesized by GenePharma and transfected into N2a cells in a 
similar manner. Seventy hours after transfection, cells were col-
lected for RNA and protein extraction for further experiments. 
In addition, cells transfected with siRNA-SNHG15 or miR-18a 
mimic were further treated with an ERK/MEK signaling-specif-
ic antagonist U0126 (50 nM) (#HY-12031, MedChemExpress, 
Monmouth Junction, NJ, USA) [20]. Twenty-four hours later, 
the cells were collected for further use.
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5-ethynyl-2’-deoxyuridine (EdU) labeling assay

Well-growing passage 3 cells were collected, and the DNA repli-
cation ability of cells was detected using a cell-light EdU label-
ing kit (Cat. No. C10310-1, RiboBio Co., Guangzhou, Guangdong 
China) as per the manufacturer’s instructions. In brief, cells were 
seeded onto 24-well plates at 2×105 cells per well and incu-
bated in 10% FBS-supplemented medium for 24 h. Next, the 
cells were treated with diluted EdU labeling reagent (1: 1000, 
RiboBio) for 6 h, and then the cells were fixed in 4% parafor-
maldehyde for 30 min and immersed in 2 µmg/mL glycine 
solution for 5 min. After that, the cells were incubated with 
0.5% TritonX-100 (#A110694, Sangon) in phosphate-buff-
ered saline (PBS) at room temperature for 20 min. The labeled 
cells were observed under a fluorescence microscope (Eclipse 
TS100, Nikon). Nuclei stained by 4’, 6-diamidino-2-phenylin-
dole (DAPI) were observed by ultraviolet photoluminescence 
(wavelength=425 nm) while the EdU-labeled cells were ob-
served using green photoluminescence (wavelength=590 nm), 
and the ratio of EdU-positive cells to total cells was evaluat-
ed by Image J software.

Hoechst 33258 staining

Apoptosis of cells was determined using Hoechst 33258 stain-
ing. All procedures were performed as described in a previ-
ous report [21]. A Hoechst 33258 assay kit (Cat. No. C0003, 
Beyotime Biotechnology Co., Shanghai, China) was used for 
nuclear staining, by which the apoptotic cells were stained in 
bright blue, indicating pyknosis. Exponentially growing pas-
sage 3 cells were fixed in 4% paraformaldehyde for 30 min 
and then stained with Hoechst 33258 solution (10 µg/mL) for 
5 min and photographed under an Eclipse TS100 fluorescence 
microscope at a 200×magnification.

Flow cytometry

Cell apoptosis was further measured using flow cytometry as 
previously described [22]. Cells were incubated with Annexin V 
fluorescein isothiocyanate/propidium iodide (Cat. No.556547, 
BD Biosciences, San Jose, CA, USA), and the proportion of 
apoptotic cells was evaluated using a Beckman cytometer 
(BD Biosciences) and FlowJo software (V11.0, BD Biosciences).

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT) assay

Viability of cells was detected using an MTT assay kit 
(ab211091, Abcam). Briefly, 1×104 cells were seeded onto 96-
well plates, and then each well was filled with 20 µL solution 
for 2 h. Next, the OD value at 590 nm was evaluated using a 
spectrophotometer.

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)

An RNA purification kit (Cat. No. Dx17200, Norgen Biotek, 
Thorold, Canada) was applied to separate cytoplastic and nu-
clear RNA. RT-qPCR was performed using a SYBR Green qPCR 
Mix kit (Thermo Fisher) in strict accordance with the kit’s in-
structions on an ABI real-time qPCR system (Thermo Fisher). 
The primer sequences are shown in Table 1.

Fluorescence in situ hybridization (FISH) assay

An RNA FISH assay was performed in line with the instructions 
of the kit (Gene Pharma). In detail, the N2a cells were seed-
ed into 48-well plates, washed in PBS, and then fixed in 4% 
paraformaldehyde for 15 min. Next, the cells were incubated 
with 0.1% Triton X-100 for 15 min and hybridized with fluores-
cence-coupled G043225 probe in the dark overnight. Next, the 
compounds were washed in 0.1% Tween 20 (#CAS: 9005-64-5) 
for 5 min and then washed with formamide: 2×citrate sodium 
(SSC; 50: 50) for 5 min, while the nuclei were stained by DAPI. 
Representative images were obtained using an Eclipse TS100 
fluorescence microscope at 200× magnification.

Dual-luciferase reporter gene assay

The binding relationships between miR-18a and SNHG15 and 
between miR-18a and CXCL13 were first predicted in StarBase 
(http://starbase.sysu.edu.cn/) and then validated by a dual-
luciferase reporter gene assay, as previously reported [23]. 

Table 1. Primer sequences for RT-qPCR.

RT-qPCR – reverse transcription quantitative polymerase 
chain reaction; SNHG15 – small nucleolar RNA host 
gene 15; miR – microRNA, CXCL13 – CXC chemokine 
ligand 13; GAPDH – glyceraldehyde-3-phosphate dehydrogenase; 
F – forward; R – reverse.

Gene Primer sequence (5’-3’)

SNHG15
F: TTGGTAGGATTTTGTTGAGG

R: CAAGCTATTACGAAGCGCTC

miR-18a
F: CTTATCGATCTATGC

R: CGCTATCTATGGACTCA

CXCL13
F: GTCCTAGCATCGAAGGCA

R: GTTCTACCTAGCTAGCTGG

GAPDH
F: AGGTCGGTGTGAACGGATTTG

R: GGGGTCGTTGATGGCAACA

U6
F: ACCCTGAGAAATACCCTCACAT

R: GACGACTGAGCCCCTGATG
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The luciferase vectors containing the binding sequences and 
the pRL-TK Renilla luciferase vector (internal reference) were 
co-transfected with miR-18a mimic or NC mimic into 293T cells 
for 36 h. Then, the cell lysates were collected, and the relative 
luciferase activity was detected on a Dual-luciferase Reporter 
Gene System (Cat. No. RG089S, Beyotime) as per the manu-
facturer’s instructions.

Western blot analysis

Phosphorylation of ERK1/2 and MEK1/2 were further validat-
ed by Western blot analysis. Phospho-p44/42 MAPK (ERK1/2) 
(Thr202/Tyr204) (Cat. No. 4320, 1: 1000) and Phospho-
MEK1/2 (Ser221) (Car: 2338, 1: 1000) were purchased from 
Cell Signaling Technology, Inc. (Beverly, MA, USA). The glycer-
aldehyde-3-phosphate dehydrogenase (ab8245, 1: 5000) anti-
body was from Abcam, and the HRP-conjugated secondary 
antibody (Cat. No. SA00001-2, 1: 5000) was from Proteintech. 
Protein lysates were prepared using RIPA lysis buffer and the 
concentration was determined using the BCA kit. Then, 25 µg 
total protein was collected and separated by 8% sodium do-
decyl sulfate polyacrylamide gel electrophoresis and transferred 
onto polyvinylidene fluoride membranes (EMD Millipore Corp., 
Billerica, MA, USA). Next, the membranes were blocked using 
skimmed milk at room temperature for 30 min, washed, and 
incubated with the primary antibodies at 4°C overnight, and 
then with the secondary antibody at room temperature for 
1 h. The blots were developed using the enhanced chemilu-
minescence Western blot substrate (Thermo Fisher). Relative 
protein expression was determined using Image J software.

Statistical analysis

Data were analyzed using SPSS 21.0 (IBM Corp. Armonk, NY, 
USA). Kolmogorov-Smirnov testing was performed to deter-
mine normal distribution of data. Measurement data are ex-
hibited as mean±standard deviation (SD). Differences between 
2 groups were evaluated using the t test, while differenc-
es among multiple groups were compared using one-way or 
two-way analysis of variance (ANOVA). Tukey’s multiple com-
parisons test was used for the post hoc test. p value was ob-
tained from two-tailed tests and p<0.05 was considered sta-
tistically significant.

Results

Altered gene expression in MCAO-induced mouse model

A MCAO-induced mouse model was established to evaluate 
the role of SNHG15 in ischemic stroke. The TTC staining results 
showed that the stained area in mouse brain tissues was no-
tably reduced following MCAO, indicating a significant increase 

in infarct size (Figure 1A). In addition, the scoring of neuro-
logic deficit in mice based on the method by Longa et al. sug-
gested that the mice showed moderate to severe neurological 
dysfunction following MCAO (Figure 1B). These results suggest 
successful establishment of a mouse model of ischemic stroke. 
SNHG15 expression was notably increased, while miR-18a ex-
pression was decreased, and CXCL13 expression was increased 
following MCAO procedures (Figure 1C). The immunohistochem-
ical staining results suggested that caspase-3 expression was 
significantly increased (Figure 1D). We also examined the lev-
els of pro-inflammatory cytokines TNF-a and IL-1b in mouse 
brain tissues, and found the production of these cytokines 
was notably increased following MCAO (Figure 1E). The ELISA 
results also showed that activation of the ERK/MEK signaling 
pathway was inhibited after MCAO (Figure 1F).

Silencing of SNHG15 attenuates N2a cell apoptosis after 
OGD treatment

The OGD procedure was performed on N2a cell lines to simu-
late an ischemic stroke condition at the cell level. It was found 
that expression of SNHG15 and CXCL13 was increased while 
miR-18a expression was decreased in OGD-treated N2a cells. 
Next, siRNA targeting SNHG15 was introduced in cells, after 
which SNHG15 and CXCL13 expression was significantly re-
duced and miR-18a expression was increased (Figure 2A). 
OGD treatment inhibited viability and promoted apoptosis of 
N2a cells, while silencing of SNHG15 reversed these chang-
es (Figure 2B–2E).

SNHG15 serves as a ceRNA for miR-18a to mediate CXCL13 
expression

RT-qPCR was performed to identify SNHG15 expression in nu-
clear and cytoplastic RNA. It was found that SNHG15 was main-
ly sub-localized in cytoplasm (Figure 3A). A FISH assay was 
further performed to validate the subcellular localization of 
SNHG15 in N2a cells, which identified the cytoplasm-localiza-
tion of the red SNHG15-probes (Figure 3B), indicating SNHG15 
exerts functions through the ceRNA network. The binding rela-
tionships between miR-18a and SNHG15 and between miR-18a 
and the 3’-UTR of CXCL13 mRNA were predicted in StarBase 
(http://starbase.sysu.edu.cn/) and validated through dual-lucif-
erase reporter gene assays. The luciferase activities in cells co-
transfected with SNHG15-WT and miR-18a mimic and in cells 
co-transfected with CXCL13-WT and miR-18a mimic were no-
tably decreased, while the activity in cells subjected to other 
co-transfection showed no significant changes (Figure 3C, 3D). 
Moreover, the ELISA results found that OGD treatment inac-
tivated the ERK/MEK signaling pathway, while the phosphor-
ylation of ERK and MEK was significantly increased following 
SNHG15 silencing (Figure 3E). A similar trend was shown by 
Western blot analysis, where the phosphorylation of ERK1/2 
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Figure 1.  Altered gene expression in mice following MCAO procedures. Model mice were subjected to MCAO with 2 h of ischemia 
and 24 h of reperfusion, while sham-operated mice underwent the same procedures without ischemia, and then the brains 
of all mice were collected for the following experiments. (A) Representative images of mouse brain tissue sections after 
TTC staining. (B) Evaluation of the neurological deficit scores. (C) Expression of SNHG15, miR-18a, and CXCL13 in mouse 
brain tissues was detected using RT-qPCR. (D) Caspase-3 expression in mouse hippocampal tissues was evaluated using 
immunohistochemistry staining. (E) Protein levels of pro-inflammatory cytokines TNF-a and IL-1b in mouse brain were 
determined using ELISA kits. (F) Contents of total MEK/MRK and phosphorylated MEK/MRK in mouse brain tissues was 
detected using ELISA kits. Data are shown as mean±SD based on 3 independent experiments. N=8, * p<0.05. In panels A, B, 
and D, data were analyzed using the unpaired t test, while data in panels C, E, and F were analyzed using one-way ANOVA.
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Figure 2.  Silencing of SNHG15 inhibits OGD-induced N2a cell apoptosis. N2a cells were subjected to OGD treatment and collected for 
experiments. (A) Expression of SNHG15, miR-18a, and CXCL13 in cells before and after si-SNHG1 treatment was detected 
using RT-qPCR. (B, C) Viability of N2a cells was detected using MTT and EdU labeling assays. (D, E) Apoptosis of N2a cells 
was detected using Hoechst 33258 staining and flow cytometry. Data were shown as mean±SD based on 3 independent 
experiments. * p<0.05. In panels A, C–E, data were analyzed using one-way ANOVA while data in panel B were analyzed 
using two-way ANOVA, and Tukey’s multiple comparison test was used for post hoc analysis.
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and MEK1/2 was reduced after OGD treatment but increased 
following SNHG15 silencing (Figure 3F).

Overexpression of miR-18a inhibits apoptosis and 
promotes viability of N2a cells

Artificial upregulation of miR-18a was introduced in OGD-
treated N2a cells by transfection of miR-18a mimic, after which 
miR-18a expression was significantly increased according to 
RT-qPCR (Figure 4A). Next, the EdU labeling assay found that 
overexpression of miR-18a promoted viability of OGD-treated 
N2a cells (Figure 4B). Moreover, miR-18a mimic transfection 

led to significantly reduced apoptosis in N2a cells according to 
Hoechst staining and flow cytometry (Figure 4C, 4D).

The ERK/MEK antagonist reverses the roles of SNHG15 
siRNA and miR-18a mimic in N2a cells

To further identify the involvement of the ERK/MEK signaling 
pathway in silenced SNHG15/overexpressed miR-18a-mediated 
events, an ERK/MEK antagonist, U0126 (50 nM), was further 
introduced into N2a cells in the presence of SNHG15 silenc-
ing or miR-18a overexpression. It was found that ERK/MEK de-
fect led to decreased cell viability and increased cell apoptosis 
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Figure 3.  SNHG15 serves as a ceRNA for miR-18a to mediate THBS2 expression. (A, B) Sub-cellular localization of SNHG15 in N2a 
cells was determined by a RT-qPCR (A) and a FISH assay (B). (C, D) Binding relationships between miR-18a and SNHG15 (C), 
and between miR-18a and the 3’-UTR of CXCL13 mRNA (D) were predicted on Starbase (http://starbase.sysu.edu.cn/) and 
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Figure 4.  Overexpression of miR-18a inhibits apoptosis and promotes viability of N2a cells. (A) MiR-18a expression before and 
after miR-18a mimic transfection was performed using RT-qPCR. (B) Viability of OGD-treated N2a cells was detected using 
EdU labeling assay. (C, D) Apoptosis of OGD-treated N2a cells was detected using Hoechst 33258 staining (C) and flow 
cytometry (D). Data are shown as mean±SD based on 3 independent experiments. * p<0.05. Data were analyzed using the 
unpaired t test.

in N2a cells with silenced SNHG15 or overexpressed miR-18a 
(Figure 5A–5C).

Discussion

Ischemic stroke accounts for approximately 60% of all cere-
brovascular disorders, followed by cerebral hemorrhage and 
subarachnoid hemorrhage [4]. Aberrant lncRNA expression 
has been validated to be closely linked with cell death in isch-
emic stroke progression [5]. SNHG15 has been widely identi-
fied as an onco-lncRNA in multiple cancer types [12], but its 
role in other diseases is less studied. The present study val-
idated that SNHG15 is highly expressed in MCAO-treated 

mice and OGD-treated N2a cells, which aggravates neuronal 
injury after ischemic stroke with the involvement of the miR-
18a/CXCL13/ERK/MEK axis.

Firstly, a mouse model of ischemic stroke was induced by 
MCAO, a common method for stoke induction in rodents [24]. 
We found SNHG15 expression was notably increased in MCAO-
treated mice compared to the sham-operated ones. The same 
trend was found in OGD-treated N2a cells. Many lncRNAs have 
been identified as having critical influences in stroke progres-
sion. For instance, lncRNA H19 was found to trigger neuroin-
flammation following ischemic stroke by triggering microgli-
al M1 polarization [25]. Likewise, lncRNA MEG3 was found to 
function as a cell death promoter in ischemia by interacting 
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with p53 to mediate ischemic damage [26]. On the other 
hand, some lncRNAs such as lncRNA HOTTIP [27] and lncRNA-
N1LR [28] have been suggested to have neuroprotective roles 
after ischemic stroke through different mechanisms. SNHG15 
has recently been identified as an oncogene in many human 
cancer types [29–31]. In addition to this, intriguingly, SNHG15 
was found to be highly expressed in patients with ischemic 
stroke and to be positively correlated with the severity [14]. 
The present study corroborated this finding, and based on this 
result, we further confirmed that artificial silencing of SNHG15 
led to a decrease in apoptosis but an increase in viability of 
OGD-treated N2a cells, indicating SNHG15 might play a crucial 
role in neuronal death following ischemic stroke. SNHG15 si-
lencing was found to inhibit caspase-3 expression in cells, which 
is an important mediator of apoptosis [32]. This result further 
validated the pro-apoptotic role of SNHG15 from the molecular 
perspective. In addition, neuroinflammation is a major process 
occurring during ischemic stroke progression, which promotes 

further injury and cell death, thus serving as a promising tar-
get for ischemic stroke treatment [33,34]. The present study 
identified that silencing of SNHG15 led to decreased produc-
tion of major pro-inflammatory cytokines (TNF-a and IL-1b) in 
the brain tissues of MCAO-induced mice, further demonstrat-
ing the neuroprotective role of SNHG15 silencing.

The above findings led us to further explore the mechanisms 
involved. We identified miR-18a as a target of SNHG15, which 
could further bind to CXCL13 mRNA. miRNAs are well known 
to play diverse functions in ischemic stroke progression and 
inflammatory responses, with a wide array of miRNAs found 
to be closely linked to the development of this disease [35,36]. 
miR-18a is a member of the miR-17-92 miRNA cluster, whose 
close association with the neurogenesis of CNS has been re-
vealed [37]. A member of this family, miR-17, was found to be 
expressed at a 9.9-fold higher level in patients with ischemic 
stroke than in healthy individuals [38], while another important 
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Figure 5.  The ERK/MEK antagonist reverses the roles of SNHG15 siRNA and miR-18a mimic in N2a cells. An ERK/MEK antagonist, 
U0126, was introduced into N2a cells with silenced SNHG15 or overexpressed miR-18a. (A) Viability of N2a cells was 
detected using EdU labeling assay. (B, C) Apoptosis of OGD-treated N2a cells was detected using Hoechst 33258 staining (B) 
and flow cytometry (C), respectively. Data are shown as mean±SD based on 3 independent experiments. * p<0.05. Data were 
analyzed using one-way ANOVA.
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member, miR-19a, was found to be underexpressed in such 
patients [39]. In this paper, miR-18a was found to be underex-
pressed in MCAO-induced mice and in OGD-treated N2a cells, 
while further silencing of SNHG15 led to increased miR-18a ex-
pression. In addition, upregulation of miR-18a by miRNA mim-
ic in this study was found to increase viability, but it decreased 
apoptosis of OGD-treated N2a cells. This is in line with a pre-
vious study reporting that silencing of miR-18a could trigger 
death and retard proliferation of neural progenitor cells after 
stroke [40]. In addition, we found that CXCL13 was a target of 
miR-18a, and the expression profile of CXCL13 was positively 
correlated with SNHG15. CXCL13 is a chemokine that recruits 
B cells during inflammation and is elevated in the CNS by infil-
trating immune cells at many sclerosis lesion sites and during 
CNS infection [41]. Upregulation of CXCL13 is found following 
traumatic brain injury [42] and ischemic stroke [43], leading 
to aggravated inflammation. In addition, our study found that 
the ERK/MEK signaling pathway is inactivated in MCAO-treated 
mice and OGD-treated N2a cells, while silencing of SNHG15 ac-
tivated this signaling pathway in N2a cells, as shown by ELISA 
and Western blot analysis results. ERK (ERK1 and ERK2) is ac-
tivated upon MEK (MEK1 and MEK2) phosphorylation, and its 
aberrant expression has been suggested to promote cancer cell 
proliferation and inhibit cell apoptosis [44]. The pro-prolifera-
tive and anti-apoptotic roles of ERK/MEK were substantiated in 
N2a cells [45]. Activation of the ERK/MEK pathway can be re-
garded as a neuroprotection biomarker following ischemic in-
jury [46]. Moreover, N2a cells with stable silencing of SNHG15 
or overexpression of miR-18a were further introduced with an 
ERK antagonist, U0126, after which the neuroprotective roles of 
SNHG15-siRNA and miR-18a in N2a cells were notably antag-
onized. This finding further identified the involvement of the 
ERK/MEK signaling in the SNHG15-mediated events. In addi-
tion to the ERK/MEK signaling, some other signaling pathways 

such as Notch [47], Wnt [48], and TGF/Smad [49] are noted to 
be closely linked to cell death and pathogenesis of ischemic 
stroke. Whether these signaling pathways are affected by the 
molecules mentioned in this study is unknown and warrants 
further research. We plan to explore the involvement of these 
potential pathways in our further investigations.

Conclusions

We identified a novel ceRNA network involving SNHG15/miR-
18a/CXCL13 that can influence cell apoptosis and proliferation, 
as well as inflammation, following ischemic stroke. Silencing of 
SNHG15 or overexpression of miR-18a can elevate viability and 
reduce apoptosis of OGD-treated N2a cells, during which the 
ERK/MEK signaling activation may be involved. These findings 
may provide novel insights into ischemic treatment, suggest-
ing that SNHG15 is a potential therapeutic target. However, 
the molecular mechanisms involved are too complex to be 
fully identified. Here, we just identified a single ceRNA net-
work. Given the present study’s limitations, we plan to per-
form NextGen sequencing to provide a more holistic picture 
of this network in our future studies. We would also like to 
discover more details of the independent roles of CXCL13 and 
its correlation with the ERK/MEK signaling pathway, as well as 
the other potential signaling pathways involved. We also hope 
more research will be launched in this field to validate our find-
ings and to offer more ideas for ischemic stroke treatment.

Availability of data and materials

All the data generated or analyzed during this study are in-
cluded in this published article.
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