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ABSTRACT

Emerging evidence suggests that long non-coding RNAs (IncRNAs) are significant regulators in the
pathological process of ischemic stroke (IS). However, little is known about IncRNAs and their roles in IS. In
this study, we aimed to screen out differentially expressed IncRNAs and revealed the underlying
mechanisms in IS. The results of bioinformatic analysis showed that IncRNA MEG3 and Sema3A were over-
expressed in IS samples, while miR-424-5p was lower-expressed. Correlation between MEG3/miR-424-5p,
and miR-424-5p/Sema3A were predicted with miRanda and TargetScan, and verified by dual luciferase
assay. Inhibition of MEG3 remarkably increased the expression of miR-424-5p and decreased the expression
of Sema3A, which also led to in an increased cell viability and decreased cellular apoptosis in oxygen-
glucose deprivation and reoxygenation (OGD/R) model, as well as an activated MAPK signaling pathways.
Consistently, MEG3 was upregulated in MCAO mice, knockdown of MEG3 reduced the infarct volume and
improved neurobehavioral outcomes in rats following MCAO. In conclusion, it was demonstrated that MEG3
accelerated the process of IS by suppressing miR-424-5p, which targeted Sema3A and the activated
MAPK pathway. These results might provide useful information for exploring the potential therapeutic
targetsin IS.
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INTRODUCTION

Ischemic stroke (1S) is the main cause of disability and
mortality above the age of 60, and accounts for about
87% of all the strokes [1]. Although older people bear a
higher risk of stroke, there is a dramatic increase of
incidence rate in people aged 25 to 44, which might
result from various factors like hypertension, hyper-
cholesterolemia, diabetes, smoking and obesity [2].
Traditional clinical management of stroke includes
thrombolytic therapy, percutaneous intravascular
interventions, behavioral rehabilitation strategies, and
medication such as aspirin. However, the limitations
include a narrow time window or expertise demand. [3].
Luckily, advancements in genetic engineering in recent
years have promoted the understanding of many
biological molecules in IS, among which IncRNA
appealed to researchers’ interest.

LncRNAs are non-protein coding RNA molecules
longer than 200 nucleotides (nt) [4]. They can regulate
chromosomes to alter the gene expression in
transcription, or serve as a competing endogenous RNA
(ceRNA) at post-transcriptional level [1]. The roles of
some IncRNAs in IS have been identified by Dykstra et
al. recently. Microarray or RNA-seq analysis was used
to discover hundreds of differentially expressed
IncRNAs in IS patients [5]. For all those discovered
IncRNAs, we focus on MEG3, which is short for human
and mouse maternally expressed gene 3 and is also
known as gene trap locus 2 (Gtl2) in mouse. It is widely
expressed in brain and many other cells. Many
researches showed that MEG3 was a tumor suppressor
in colorectal cancer [6] and other cancers [7]. In IS, Yan
et al. reported that ischemia altered cerebral MEG3
profiles in vitro and in vivo [8]. They also found that
MEG3 functioned as a competing endogenous RNA to
regulate ischemic neuronal death [9]. As it has been
proved that IncRNA and miRNA interact with each
other in various diseases including several tumors and
ischemic disorders [10, 11], we further hypothesized
that MEG3 function as a ceRNA competitively binding
to miRNAs in the development of ischemia.

Similar to IncRNAs, miRNAs are also non-protein
coding but consist of 18 to 22 nt [12]. Apart from the
interaction with INcRNAs mentioned above, miRNAs
could affect the stability of mRNAs, subsequently
decrease the downstream protein production [13]. Many
studies disclosed the function of miRNAs in various
biological ~ processes, including cell  growth,
differentiation, apoptosis, development and homeostasis
[14, 15]. The change of their expression could cause
various diseases including cancer [16]. As for IS,
circulating miRNAs like, miR-125a-5p, miR-125b-5p
and miR-143-3p are differentially expressed after acute

IS, and their expression levels are correlated with
infarct volume and stroke etiology [17]. MiR-424 was
reported to suppress microglia activation and thus
protects against permanent focal cerebral ischemic
injury in mice [18, 19]. Besides, miR-424-5p has been
found to participate in the regulation of cellular
activities via interacting with specific IncRNA sponges
[20]. Therefore, we sought to further find out how miR-
424-5p mediated IS progression.

The downstream mRNA of miR-424-5p focused in this
study was Sema3A, a member of the Semaphorins
family implicated in angiogenesis, construction of nerve
network and tumor development [21]. Sema3A was
found to be associated with many different signaling
pathways. The collapse of growth cone induced by
Sema3A was mediated partly by activating ERK as well
as p38 MAPK [22]. Meanwhile, the activation of
Sema3A/Cdc42/JNK pathway might lead to dys-
regulation of a series of apoptosis-related regulators and
subsequently promotes apoptosis [23]. The localization
of GSK-3p in axons induced by inhibition of Sema3A
through Rnd1/R-Ras/Akt/GSK-3p pathway was found
to be beneficial to the outgrowth of axons of cortical
neurons which result in a better prognosis [24].
Although the association between Sema3A and MAPK
signaling has been reported, the inner mechanism
remains poorly understood. To figure out the
mechanism, we mainly researched the effect of Sema3A
on IS through MAPK signaling pathway.

In this study, the impacts of MEG3 on IS progress was
investigated to clarify what function MEG3 serves in IS
pathology. In addition, to further understand the
molecular mechanism, the regulatory relationship
between MEG3/miR-424-5p/Sema3A axis and down-
stream MAPK signaling pathway was validated both in
vitro and in vivo. Our results revealed that MEG3 and
Sema3A were up-regulated in IS, while miR-424-5p was
down-regulated. Inhibition of MEG3 protected against
cerebral ischemic insults. These finding indicated that
the MEG3/miR-424-5p/Sema3A axis could be valuable
for the development of novel IS detective, preventive
and therapeutic methods.

RESULTS
Sema3A was overexpressed in IS

The heatmap was obtained by microarray analysis of
GSE22255, the results were listed in Supplementary
Table 1. Supplementary Figure 1A showed the top 10
differentially upregulated and downregulated mRNAS in
IS. We screened out a variety of signaling pathways up-
regulated in control group and IS group (Supplementary
Figure 1B). The significantly activated or suppressed
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pathways were represented by the dotplot and ridgeplot,
and MAPK signaling pathway was one of the evidently
suppressed pathways in IS (Supplementary Figure 1C,
1D). Sema3A along with DUSP1 and FOS were
recognized as the top 3 aberrantly expressed molecules
related to MAPK signal pathway (Supplementary Figure
1E). Later, we treated N2a cells with OGD/R to simulate
IS in vitro. These 3 molecules were collected for qRT-
PCR to cross-check the abnormal expression in control
and OGD/R cell lines. DUSP1 and FOS displayed no
significant difference in OGD/R group (Supplementary
Figure 1F) while Sema3A expression rose over time of
intervention (Figure 1A).

Sema3A mediated cell viability and apoptosis in
OGDI/R cells

To detect the function of Sema3A, we conducted a
series of experiments by manually altering the
expression of Sema3A. N2a cells used in the following
experiments were under 2h OGD treatment and cultured
under normal conditions for 24 h. It was demonstrated
that Sema3A was successfully downregulated in the
OGDI/R cells by si-Sema3A (Figure 1B). In si-Sema3A
groups, cell viability was notably higher than that in the
control group (Figure 1C). TUNEL staining and flow
cytometry assay both showed that downregulation of
Sema3A led to less cell apoptosis of OGD cells (Figure
1D-1E). However, expression levels of phosphorylated
JNK and p38 decreased after knockdown of Sema3A,
indicating that Sema3A had an activating effect on the
MAPK signaling pathway (Figure 1F).

MiR-424-5p was lower-expressed in IS and targeted
Sema3A

We used TargetScan to predict Sema3A-related miRNAs
and used DIANA TOOLS to verify miRNAs related to
MAPK signaling pathway. As one of the common
miRNAs related to Sema3A and MAPK signaling
pathway, miR-424-5p was screened out by using Venny
2.1 (Figure 2A). The expression level of miR-424-5p in
control and OGD/R group was detected by qRT-PCR. In
contrast with control group, miR-424-5p expression
demonstrated a decline along with the prolonged duration
of treatment. (Figure 2B). TargetScan was used to predict
the binding position between Sema3A and miR-424-5p
(Figure 2C), and dual luciferase assay was applied to
verify the interactive relationship (Figure 2D). We also
tested the Sema3A expression after manually modifying
the expression of miR-424-5p. MiR-424-5p upregulation
by miR-424-5p mimics led to downregulation of Sema3A,
while miR-424-5p downregulation by miR-424-5p
inhibitor could promote Sema3A expression (Figure 2E,
2F). Hence, the expression of Sema3A could be regulated
by miR-424-5p.

MEG3 was highly expressed in IS and interacted
with miR-424-5p

We further analyzed the differentially expressed
IncRNAs in GSE22255 (Supplementary Table 2), and
disclosed that MEG3 was one of the most significantly
overexpressed INcCRNAs in IS group (Figure 3A). With
the help of the MiRanda and LncRNA and Disease
Database, we found that MEG3 is both related to miR-
424-5p and IS (Figure 3B). In N2a cells, the expression
of MEG3 increased along with OGD treatment time,
and this trend could also be observed on the expression
of Sema3A (Figure 3C). The binding position between
MEG3 and miR-424-5p was predicted by MiRanda
and the target relationship was verified by dual
luciferase assay (Figure 3D). Forced downregulation of
MEGS3 by si-MEG3 led to a higher expression level of
miR-424-5p and a lower expression level of Sema3A
(Figure 3E-3G). All of these results revealed that
MEG3 could regulate Sema3A expression by targeting
miR-424-5p.

MEGS3 inhibited cell viability and promoted cell
apoptosis by positively regulating Sema3A

To further verify the effect of potential MEG3/miR-
424-5p/Sema3A/MAPK axis on the development of
IS, a series of experiments detecting cell viability,
apoptosis and MAPK signal pathway were conducted.
In OGD/R-treated cells, cell viability decreased
compared to the control group. si-MEG3 group where
MEG3 expression was down-regulated showed
recovered viability while a co-transfection of Sema3A
could impair this restoration. On the contrary, miR-
424-5p inhibitor led to a lower cell viability, which
could be reversed by co-transfection of si-Sema3A
(Figure 4A). According to TUNEL staining and flow
cytometry results, apoptosis rate of OGD/R cells
increased dramatically compared to the control group.
In OGD/R treated groups, the downregulation of
MEG3 restrained apoptosis, while miR-424-5p
inhibitor promoted it. The effect of down-regulation
of MEG3 and miR-424-5p could be reversed partially
by co-transfection of Sema3A and si-Sema3A
respectively (Figure 4B, 4C). To observe alteration in
the downstream MAPK signal pathway, the level of
cleaved caspase-3 and phosphorylated levels of JNK
and p38 were detected through western blot. All of
these markers displayed similar trends among
different groups. OGD/R cells displayed higher
cleaved caspase-3/caspase-3 ratio as well as
p-JNK/INK and p-p38/p38 ratio indicating enhanced
apoptosis and activated MAPK signal pathway. This
trend could be partially counteracted through
down-regulation of MEG3 and reversed by co-
transfection of Sema3A. Meanwhile, inhibition of

WWW.aging-us.com

3158

AGING



150

] o
Aﬂ.>-> 4, B E 1 c o
< . < &S
2 3 zZ 100
= x T Z
né e [ 1 g
< 2| = 3 < 50
© = £0. o)
5 . 3 S
%] = S 0
q>> ] 2
2 o} = = ,(\ ® 0.0
= s
3 & & 0 e @
o 00 AR S (B
OGD/R
D DAPI TUNEL  Merge OGD/R

88

Control siRNA-NC+OGD/R
- - - = of ‘
I : oo T4
Pl 1 i |
10¢ - o 104

=
€
o
o —
%) 0 73
z 1 A pre : ch
T = 10° : 10 o
< ] L :
Z o 10 % gl = 102“Q %
% 2 10 = EE Ll [T o o
- “'z‘ 10 10° 10° 107 . 104 10° 10° 107
< S si-Sema3A 1+OGD/R si-Sema3A 2+OGD/R
[s2] 10
£ o o = “F 5
£ m 10 | A
fi) E 104 104
& :
103 10°, g
o~ -
< 107 102 i
(:)“ ) L . o= TR e
= 10 10° 10° 107 104 10°  10° 107
&IJ’ Annexin V
(]
cleaved - D e ™ e— 40
caspase-3 3 »
.- I - — <
p-JNK . ) o % 30
o
e e, et s 220
JNK e — e —— S
' =i g 10
I g
”
p38 E— - O
. @ &
pacn D N D L s
3 N Y
& X oy
< ¥ NS
& & L
> 2
34 25-
4
1 ©
gc? Q
8% B
& 152)
8, o
3 &
o
0

Figure 1. MRNA Sema3A was highly expressed in IS and correlated with cell viability and apoptosis. (A) The mRNA level of
Sema3A in N2a cells climbed up with time after 6h, 12h, 24h of OGD/R treatment. *P<0.05 vs control. (B) Successful downregulation of
Sema3A by si-Sema3A. *P<0.05 vs control. (C) Sema3A downregulation led to higher viability of OGD/R cells. *P<0.05 vs control, #P<0.05 vs
siRNA-NC. (D, E) OGD/R cells have higher apoptosis rate compared with control groups while Sema3A downregulation is correlated with
lower apoptosis level among OGD/R cells. *P<0.05 vs control, #P<0.05 vs siRNA-NC. (F) OGD/R cells tend to have higher level of c-caspase-3
as well as p-JNK and p-p38 in comparison with control group. Downregulation of Sema3A could counteract with this trend in OGD/R cells
partly. ¥*P<0.05 vs control, #P<0.05 vs siRNA-NC.
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miR-424-5p could promote apoptosis and MAPK signal
pathway while co-transfection of si-Sema3A could help
to counteract it (Figure 4D). These results further
indicate that MEG3 activated the MAPK signaling
pathway through regulating miR-424-5p/Sema3A axis.

MEGS3 expression aggravated severity of IS by
promoting Sema3A expression in vivo

In MCAO mice models, the MEG3 expression level
was increased, compared to the sham group (Figure

A miRNA related to MAPK signaling pathway
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5A). Before the ischemic reperfusion, si-MEG3 and si-
MEG3+Sema3A transfection were conducted on mice in
experimental groups. Results showed that 72h after the
reperfusion, Sema3A co-transfection could almost
reverse the downregulation of Sema3A by si-MEG3, but
had no effect on the inhibition of MEG3 in the mice
models (Figure 5B, 5C). The infarct area in MCAO
group increased dramatically compared with Sham
group. In si-MEG3 group, the infarct area of MCAO
mice shrank and it could be reversed in the si-
MEG3+Sema3A group (Figure 5D, 5E). At the same

B b 1.54
>
K
aQ
0
< 1.0+ T
N
Y
x
€
o 0.5 *
2 T
©
i
0.0 ~ T
© N
Qo° %
OGD/R
159 3 miR-424-5p con
& miR-424-4p mimics
=
3
fud
£
E *
o 0.54
=
©
[}
o
0.0 T : T
Sema3A-WT Sema3A-MUT
4

Relative Sema3A mRNA level
N
1

inhibitor

T
Control mimics

Figure 2. MiR-424-5p targeted with Sema3A and was lowly expressed in IS. (A) MiR-424-5p was among 11 miRNAs which both
targeted Sema3A and related to MAPK signaling pathway. (B) The relative miR-424-5p expression declined with time of 6h, 12h, 24h of
OGD/R treatment. *P<0.05 vs control. (C, D) The target relationship between Sema3A and miR-424-5p was predicted by Targetscan and
verified by dual luciferase assay. *P<0.05 vs control. (E, F) Upregulation of miR-424-5p by miR-424-5p mimics led to lower Sema3A
expression, while downregulation of miR-424-5p led to higher Sema3A expression. *P<0.05 vs control.
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time, the neurological score rose significantly in
comparison with sham group. si-MEG3 group could
partly offset the increase in neurological score in
MCAO mice, while Sema3A co-transfection counter-
acted this effect (Figure 5F). All the results above
indicated MEG3 could aggravate IS progress by
regulating Sema3A expression. According to the
western blot results in Figure 5G, the expression of cell
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apoptosis marker cleaved caspase-3 was increased in
MCAO mice in contrast with the control group, so did
MAPK signal pathway markers-phosphorylated JNK
and p38. This trend in MCAO mice could be offset by
down-regulating MEG3, which could then be reversed
by the co-transfection of Sema3A indicating that MEG3
promoted cell apoptosis and activated MAPK signaling
pathway by modulating Sema3A.
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Figure 3. MEG3 was a highly expressed IncRNA in IS that bonded with miR-424-5p. (A) The heatmap from the microarray analysis
of GSE22255 showed the significantly differentially expressed IncRNAs including MEG3 in the IS group. (B) MEG3 bound to miR-424-5p and
was related to IS. (C) MEG3 expression was positively correlated with OGD/R intervention time. *P<0.05 vs control. (D) The target
relationship between MEG3 and miR-424-5p was predicted and proved. *P<0.05 vs control (E) The effect of downregulation MEG3 by si-
MEG3 was proved significant. *P<0.05 vs control. (F) MEG3 knockdown correlated with higher miR-424-5p expression. *P<0.05 vs control. (G)
MEG3 knockdown correlated with lower Sema3A expression. *P<0.05 vs control.
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compared with sham rats. Among MCAO rats, si-MEG3 group had lower neurological score than MCAO control, while simultaneous
overexpression of Sema3A neutralized the decrease of score. *P<0.05 vs sham, #P<0.05 vs MCAO, $P<0.05 vs MCAO+si-MEG3. (G) Expression
of cleaved caspase-3, p-JNK and p-p38 increased significantly in MCAO group compared with control group. In si-MEG3 group, expression of
cell apoptosis markers cleaved caspase-3 and phosphorylated levels of JNK and p38 decreased. Overexpression of Sema3A reversed the
change. *P<0.05 vs sham, #P<0.05 vs MCAO, $P<0.05 vs MCAO+si-MEG3.
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DISCUSSION

In this study, we mainly illustrated a mechanism of
MEG3/miR-424-5p/Sema3A axis mediating ischemic
stroke. LncRNA MEG3 mediated the progression of IS
by targeting miR-424-5p, which targets Sema3A.
Knockdown of MEG3 or Sema3A led to higher cell
viability and less cell apoptosis in OGD/R-treated N2a
cells. On the contrary, miR-424-5p over-expression
suppressed Sema3A expression, which subsequently
inhibited cell viability and accelerated cell apoptosis. In
vivo, inhibition of MEG3 protected against cerebral
ischemic insults.

Bioinformatic analysis of the data set GSE22255
screened out an mRNA highly expressed in IS,
Sema3A, as well as a Sema3A-related MAPK signaling
pathway, which was aberrantly modulated in IS. As a
growth and apoptosis-related gene, the role of Sema3A
had been explored in traumatic brain injury [25],
autoimmune disease [21] and tumors [26]. According
to previous studies, Sema3A functioned as a negative
guidance molecule which led to an inhibitory
environment where axonal growth was retarded and
growth cone collapse [27]. In addition, Sema3a was
found to be able to competitively bind to Neuropilin-1
(Nrp-1) which might antagonize the effect of vascular
endothelial growth factor (VEGF). This interaction
could lead to vascular degradation and prevent the
revascularization of the ischemic area which might
cause bad prognosis [28]. Over-expressed in injured
brain tissues, Sema3A was considered as a potent
culprit of neuronal death [29] and the inhibition of
which reduced apoptosis and resulted in better
prognosis [24]. In the present study, we introduced the
role of Sema3A and provided new potential therapeutic
targets of IS by verifying the hidden mechanism with
miRNA and IncRNA involved.

We screened out miR-424-5p which targeted Sema3A
and verified its negative regulation on Sema3A
expression. MiR-424-5p were found lowly-expressed in
IS, and its expression was negatively related to
deterioration of IS. Other than IS, miR-424-5p had also
been found to be related to various diseases including
neuroblastoma [30]. In breast cancer, miR-424-5p
functioned as a tumor suppressor, regulating tumor cell
proliferation, migration and invasion by binding with
the oncogene doublecortin like kinase 1 (DCLK1) [31].
Similarly, in epithelial ovarian cancer, miR-424-5p also
played a tumor-suppressing role by inhibiting CCNEL
expression and obstructing cell cycle in G1/GO phase
[32]. In our study, we verified the interaction between
miR-424-5p and Sema3A in IS, and uncovered how
miR-424-5p promoted cell viability and suppressed cell
apoptosis in IS through Sema3A.

The regulatory mechanism underlying MEG3/miR-
424-5p/Sema3A axis was demonstrated both in vitro
and in vivo. MEG3 was a widely researched IncRNA
in neoplasms, including osteosarcoma [33], glioma
[34], gallbladder cancer [35], and breast cancer [36]. It
has been known that MEG3 bound to its targets by
RNA-DNA triplex structures [37]. By analyzing
ChRIP-seq data, researchers found that MEG3
interacted with the Polycomb repressive complex 2
(PRC2 complex). The binding sites for MEG3 RNA
revealed some of the TGF-B pathway genes as direct
targets [37]. The functions of MEG3 varied depending
on type of cancer. For example, in breast cancer, up-
regulating the expression of MEG3 had a potential to
inhibit tumor growth by suppressing miR-21 via the
PI3K/Akt signaling pathway [38]. Furthermore, MEG3
regulated the pathogenesis of advanced chronic
myeloid leukemia by targeting miR-147 through the
JAK/STAT pathway [39]. Another study showed that
lower expression of MEG3 was related to poor
recurrence-free survival in bladder cancer [40]. In our
research, we expanded known knowledge of MEG3 by
verifying its role in IS. Our study of the co-effect
network of MEG3, miR-424-5p and Sema3A revealed
the mechanism behind how MEG3 expression
promoted cell apoptosis in IS.

In summary, we discovered in the present study that
MEG3 regulated cell viability and cell apoptosis in IS
by binding with miR-424-5p, which targeted gene
Sema3A and modulate the MAPK signaling pathway.
The MEG3/miR-424-5p/Sema3A may be promising
effective biomarkers and therapeutic targets of IS.

MATERIALS AND METHODS

Microarray analysis

The data set of GSE22255 obtained from The Gene
Expression Omnibus (GEO) was analyzed to reveal the
differentially expressed genes and activated signaling
pathway in IS tissues, and was first published on Dec
31, 2011 by Tiago Krug, et al [41]. This data set
includes gene expression profiling of peripheral blood
mononuclear cells (PBMCs) collected from 20 IS
patients and 20 matched controls. The data were
collected 6 months after the onset of stroke and were
analyzed using Affymetrix microarrays. Important
variables such as age and sex are matched between IS
group and control group. Several researches regarding
IS arose from this dataset since then.

Differential analysis of mMRNAs was performed using
"limma’ package in R 3.4.1 (https://www.r-project.org/),
and mRNAs with |logzFold change[>0.5 and P<0.05
were chosen for further analysis.
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TargetScan database (wwuw.targetscan.org) was employed
to screen out the potential upstream regulator of target
effector molecule. In addition, DIANA Tool (http://diana.
imis.athena-innovation.gr/DianaTools/index.php) was
applied to filter out microRNAs related to the MAPK
signaling pathway. The intersection of these 2 sets were
used to detect the microRNA for further research.

Once the microRNA was determined, we used MiRanda
(http://www.microrna.org/) to predict potential INcRNAs
interacting with microRNA mentioned above. Meanwhile,
The LncRNA and Disease Database (http://www.
cuilab.cn/Incrnadisease) was used to find out the IS
associated IncRNAs. The IncRNAs of the intersection of
these 2 sets were chosen for further study.

Gene set enrichment analysis (GSEA) analysis

Total normalized mMRNAs expression data were
uploaded into GSEA v3.0 software. KEGG pathway
gene set was used to explore enriched pathways, and
GO term gene set was used to explore enriched
functions. We also employed R language “GSEABase”
package to conduct data processing. The Benjamini-
Hochberg Procedure was used to adjust P values.
Statistic of default weighted enrichment was employed
to manipulate data for 1000 times with normalized
P<0.05 which was considered significantly enriched.
Next, results at the top and on the bottom of GSEA
reports were respectively chosen for curves using
“ggplot2” package in R language.

Cell culture

We adopted the mouse brain neuroma cell line, N2a, to
build oxygen-glucose deprivation (OGD) model. The
cells were purchased from BeNa Culture Collection
(Shanghai, China), and maintained in a medium of
90% DMEM (Invitrogen, Carlsbhad, CA, USA) and
10% FBS (Invitrogen, Carlsbad, CA, USA), at 37°C in
5% COs..

Oxygen and glucose deprivation and reoxygenation
(OGD/R) model

Cells were washed and then incubated in deoxygenated
glucose-free DMEM. The cultures were then transferred
to an anaerobic chamber filled with a gas mixture of
95% N2/5% CO; at 37°C for 4h. At the end of OGD
treatment, the medium was replaced with normal
medium, and the cultures were returned to a normal
atmosphere for 6, 12 and 24 hours respectively. Control
cells were cultured under normoxic conditions without
OGD treatment. With this condition, we harvested the
6, 12 and 24 hours of OGD/R cells for the detection of
MRNASs, miRNAs and IncRNAs.

Cell transfection

The overexpression vectors of Sema3A constructed by
GenePharma (Shanghai, China). MiR-424-5p mimics,
inhibitor, MEG3 siRNAs and Sema3A siRNAs (listed in
Supplementary Table 3) were designed and purchased
from Sigma Aldrich (St. Louis, MO, USA). All RNAs
were transfected into OGD/R model cells by the
Lipofectamine 3000 Transfection Reagent (Invitrogen,
Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions.

Quantitative real-time reverse transcription-PCR
(RT-PCR)

Total RNAs were extracted from cells and tissues by
Trizol (Invitrogen, Carlsbad, CA, USA) according to
the protocols. Then we carried out reverse transcription
by the PrimeScript® RT Kit (TAKALA, Dalian, China),
and performed quantitative PCR in a 7500 Real-Time
PCR System (Applied Biosystems, USA) using SYBR®
Premix Ex Taq™ II (TAKALA, Dalian, China). The
expression of Sema3A, miR-424-5p and MEG3 was
normalized to the level of GAPDH and U6. We
calculated all results using the 274¢T method. The
experiments were performed three times and the
sequences were listed in Supplementary Table 4.

Cell counting Kit-8 (CCK-8) assay

48h after the transfection, cells were seeded in 96-well
plates with a density of 2x10* cells/well and incubated
overnight with 5% CO, at 37°C. CCK-8 solution
(Beyotime, Shanghai, China) was added (10 pL/well) to
each well, and stored at 37°C for an additional 4h. Then,
we detected the viability of cells per well through
measuring the absorbance at 450nm using EIx800 Reader
(Bio-Tek Instruments Inc., Winooski, VT, USA).

TUNEL staining

Cell apoptosis was determined by means of in situ cell
Death Detection kit (Roche, Indianapolis, IN, USA).
After the treatment, 0.2% Triton X-100 was added into
cells for a 5min incubation. Then, the cells were
incubated with the TUNEL reaction mixture containing
the nucleotide mixture and terminal deoxynucleotidyl
transferase (TdT). Subsequently, the cells were
incubated in 0.3% H,0, for 10min and stained with
0.5ug/mL DAPI in the dark for S5min at room
temperature. TUNEL staining with a green fluorescence
showed apoptotic cells, DAPI with a blue fluorescence
showed the nuclei. The cells were observed and
calculated under a fluorescence microscope (Olymbus,
Tokyo, Japan). Five visual fields were chosen randomly
for each specimen.
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Flow cytometry

After transfection, OGD/R-treated N2a cells were
incubated for 48h before cell apoptosis analysis.
Incubated cells were stained with a FITC Annexin V
Apoptosis Detection Kit (BD Biosciences, Bedford,
MA, USA), and then put through FCM detection.

Western blot

We lysed the cells or tissues in RIPA protein extraction
regent (Beyotime) with a protease inhibitor cocktail
provided by Roche Diagnostics, Mannheim, Germany.
Protein concentration was measured using BCA protein
assay kit form Abcam (Cambridge, MA, USA). The
equal amounts of proteins approximately 50ug were
separated by 10% SDS-PAGE, and then were
transferred to control membrane (Millipore, Billerica,
MA, USA). Proteins were blocked with 5% milk at
room temperature for 1h, and then incubated with
primary antibodies, rabbit monoclonal JNK, p-JNK,
p38, p-p38, caspase-3, cleaved caspase-3 and B-actin
(anti-JNK, ab179461, 1:1000; anti-p-JNK, ab124956,
1:1000; anti-p38, abl170099, 1:1000; anti-p-p38,
ab4822, 1:1000; anti-caspase-3, ab44976, 1:500; anti-
cleaved caspase-3, ab2302, 1:1500; anti-B-actin,
ab8227, 1:10000, Abcam, Cambridge, MA, USA) at
4°C overnight, and last incubated with Goat Anti-Rabbit
IgG H&L (HRP) (ab6721, 1:10000, Abcam) at room
temperature for 1h. We analyzed the protein bands by
the Pierce ECL Substrate Western Blot Detection
system (Bio-Rad Laboratories, Hercules, CA, USA).

Luciferase reporter assay

We predicted the sequences of wild-type (WT) Sema3A
and MEG3 containing the targeting position of miR-
424-5p. Then the synthesized Sema3A-WT, Sema3A-
MUT, MEG3-WT and MEG3-MUT were cloned into
the downstream gene via the dual luciferase reporter
vectors (Promega, Madison, W1, USA). The configured
luciferase vectors were named as Sema3A-WT,
Sema3A-MUT, MEG3-WT and MEG3-MUT res-
pectively. We co-transfected Sema3A-WT and Sema3A-
MUT as well as MEG3-WT and MEG3-MUT with
miR-control  or  miR-424-5p  mimics  using
Lipofectamine2000 (Invitrogen, Carlsbad, CA, USA).
We measured the luciferase activities by Dual
Luciferase Assay (Promega, Madison, WI, USA) after
transfection 48h.

Animals
Adult male C57BL/6J mice weighing 22 g -25 g were

used for this study. Mice were allowed 1 week for
adaption. The mice were arranged into four groups: the

sham group, the MCAO group, the MCAO+si-MEG3
(intraventricular injection si-MEG3) group and the
MCAO+si-MEG3+Sema3A  group  (intraventricular
injection si-MEG3 and Sema3A). The methods for
intraventricular  injection were: i) mice were
anesthetized with 10% chloral hydrate (3.2 ml/kg) by
intraperitoneal injection and then placed on stereotactic
frame; ii) si-MEG3 as well as si-MEG3+Sema3a were
delivered to the right lateral ventricle through a
Hamilton microsyringe (Hamilton Co., Reno, NV,
USA) ; All experiments involving animals were in
accordance with the institutional animal welfare
guideline and approved by Institutional Animal Care
and Use Committee of Qilu Hospital of Shandong
University.

Mice model of middle cerebral artery occlusion
(MCAO)

One day after the intraventricular injection of MEG3
siRNA and Sema3A, the mice were performed with the
operation of MCAQO. In brief, after anesthetized with
ketamine (ip, 80-100mg/kg) as well as xylazine (ip,
10mg/kg), the right common carotid artery [42],
external carotid artery (ECA) and internal carotid artery
(ICA) were sequentially isolated. An incision was made
in the distal region of the CCA, then a 6-0 nylon
monofilament with a round tip was inserted into the
ICA until the origin of the MCA was blocked. After 60
minutes of ischemia, the nylon monofilament was softly
withdrawn to allow reperfusion. Laser Doppler flow
was employed to monitor the blood flow and animals
with a blood flow reduction less than 80% were
excluded for further experiment. Other vital physical
variables such as heart rate, body temperature and blood
pressure were monitored through the operation. Sham
underwent the same procedure except for the insertion
of filament. At 72h after the reperfusion, the brain
tissues were collected for TTC staining and expression
level of MEG3, miR-424-5p, Sema3A and MAPK
signaling pathway related proteins were detected
through qRT-PCR and western blot. At 1, 3, 5, and 7
days following the reperfusion, the neurological deficits
was assessed via a modified Bederson scoring system of
five-point scale as described in a previous study [43].

TTC staining and measurement of infarct volume

Tri-phenyl-tetrazolium chloride (TTC) staining was
used to measure cerebral infarction volume 72h after
reperfusion. We incubated the 2-mm-thick dissected
brain slices with a 2% TTC solution at 37°C for 30 min.
Later, TTC-stained slices were photographed using a
Nikon E950 digital camera attached to a dissecting
microscope and determined the percentage of the infarct
volume in the total brain volume in the digitized images
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with the Quantity One software package (Bio-Rad,
Hercules, CA, USA). Normal tissues showed a pink or
red color, and ischemic tissues were white.

Neurological score system

The modified Bederson scoring system [43] was used to
quantify the neurological behaviors. We trained rats for
3 consecutive days before surgery, and used the score
on the day before MCAO as the baseline. The test was
performed at 1, 4 and 7 days following the reperfusion.
A score of 0 meant no deficit; 1 for forelimb flexion; 2
for unidirectional circling after lifted by tail; 3 for
spontaneous unidirectional circling; 4 for longitudinal
rolling upon lifted by tail and 5 for spontaneous
longitudinal rolling. Consequently, average score in
each group reflected severity of neurological deficit -
higher score meant severer deficit.

Statistical analysis

All the measurement data were expressed with mean +
standard deviation [44] and visualized by GraphPad
Prism 6.0. We compared the difference between every
two groups of data by t-test. One-way ANOVA was
used to compare the differences among multiple groups.
We repeated all experiments for at least three times,
with P<0.05 indicating that the difference was
significant statistically.

Ethical approval

All procedures performed in studies involving animals
were in accordance with the ethical standards of Qilu
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contain any studies with human participants performed
by any of the authors.
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Supplementary Figure 1. Sema3A was a highly expressed mRNA related to MAPK signaling pathway in IS. (A) The heatmap we
achieved during microarray analysis of GSE22255 showed the top 10 differentially expressed mRNAs in IS group. (B) 7 most significantly up-
regulated Biological pathways in IS or control group were screened out and showed in Rankplot. (C, D) The dotplot and ridgeplot showed the
significantly activated or suppressed pathways in IS. (E) The heatmap showed these significantly highly expressed mRNAs including Sema3A
related to MAPK signaling pathway in IS group. (F) gRT-PCR to verify the expression of DUSP1 and FOS in OGD/R cell lines, and no significant
differences were detected. IS: ischemic stroke.
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Supplementary Tables

Supplementary Table 1. Differentially expressed genes between IS cases and controls.

Gene symbol Log2(Fold Change) P.Value
EIF5A -1.1933 0.002099
TNFRSF17 -1.01933 0.002283
UBAG6 -0.85768 0.000278
HLA-DQA1 -0.68041 0.008006
WSB1 -0.67531 0.000473
CLEC4C -0.65535 0.000862
FGD2 -0.64528 0.02306
SAMHD1 -0.64312 0.007638
TRMT13 -0.63659 0.008339
JCHAIN -0.63134 0.008671
ZCCHC7 -0.60747 0.02924
GPM6B -0.59836 0.000005.51
ZNF302 -0.59132 0.012926
CELF2 -0.58962 0.033495
CAMK2G -0.58684 0.019946
IGLL5 -0.58173 0.018621
MZB1 -0.57712 0.004489
ZNF304 -0.57403 0.003304
HSPA1A -0.5693 0.012828
RUFY2 -0.56391 0.037698
NUP58 -0.56381 0.002709
CENPBD1 -0.55483 0.022392
RNPC3 -0.54977 0.001531
CD48 -0.54693 0.004699
KBTBD7 -0.53894 0.012173
SNX20 -0.52295 0.032681
NBPF1 -0.5223 0.030126
FAM200A -0.51752 0.018003
ZNF322 -0.51256 0.028601
HEATR3 -0.50571 0.001937
CA2 0.507187 0.040542
ZEB2 0.507211 0.015285
SLC25A37 0.509624 0.044651
STK17B 0.515491 0.020551
ANKRD28 0.520735 0.018214
HDGFRP3 0.524408 0.005869
HLA-DPA1 0.524506 0.041969
GABARAPL1 0.526229 0.038789
OTUD1 0.556794 0.037242
ATF3 0.561912 0.029651
IER2 0.564879 0.003026
CTSG 0.565097 0.017752
BTG2 0.572205 0.016947
GADDA45A 0.576533 0.03824
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CENPK 0.577414 0.039386

SEMASA 0.580613 0.040728
WTAP 0.583642 0.018787
BEND2 0.591585 0.015629
RGCC 0.592948 0.019264
OSM 0.608016 0.022611
FAM46C 0.60976 0.043541
MYNN 0.619807 0.002299
DUSP1 0.62327 0.001918
SRSF3 0.652941 0.008371
CDKN1A 0.662769 0.014157
OSR2 0.667399 0.045292
JUNB 0.673469 0.024806
DDIT4 0.684944 0.025786
IVNS1ABP 0.729506 0.033742
EIF1 0.752786 0.003225
NFKBIZ 0.770618 0.011562
ZFP36 0.779854 0.002729
BCL10 0.802735 0.038375
RNF103 0.805624 0.036316
CXCL5 0.827036 0.028031
NFKBIA 0.86851 0.007028
SRGN 0.880942 0.00618

FOS 0.911193 0.01931

NLRP3 0.939853 0.0409

TNFAIP3 0.94393 0.010292
CD69 0.995602 0.008668
JUN 1.004354 0.002012
EGR1 1.044415 0.015669
SOCS3 1.081229 0.024539
CCNL1 1.092057 0.001487
PPP1R15A 1.175647 0.010564
IER3 1.191708 0.004557
SAMSN1 1.22593 0.004521
CD83 1.227051 0.047692
DUSP2 1.231341 0.010523
VIM 1.313405 0.000665
NAMPT 1.32224 0.007202
TMEM107 1.355714 0.0000713
RGS1 1.363352 0.023201
SOD2 1.411694 0.009472
IL1B 1.505815 0.047103
TNF 1.532196 0.005671
NR4A2 1.541275 0.042084
PTGS2 1.732055 0.022318
CCL3 1.892582 0.004771
CXCL2 2.257273 0.020861
G0S2 2.281486 0.004278
CXCL8 2.610594 0.0019
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Supplementary Table 2. Differentially expressed non-coding RNAs between IS cases and controls.

Gene symbol Log2(Fold Change) P.Value
DLEU2 -0.88707 0.007371
IGHG1 -0.69232 0.018252
HOTAIRM1 -0.56951 0.030839
IGH -0.56758 0.039072
IGKV4-1 -0.53246 0.020974
IGKC -0.50469 0.03053
TRAV25 -0.50141 0.048237
MEG3 0.565392 0.002795
TRBV27 0.882075 0.025381
LINC00936 1.109992 0.002261
SNORD3A 1.428808 0.001495
BRE-AS1 1.430751 0.0335

Supplementary Table 3. The RNAi and miRNA mimics and inhibitor sequences for cell transfection.

Sequences (5' — 3')

Si-MEG3 1 Sense 5'- AACAGCAAAUGGCACAGGAAGAGACGC -3’
Antisense 5'- GCGUCUUCCUGUGCCAUUUGCUGUU-3'
Si-MEG3 2 Sense 5'- AACUGGAGGAUGCAGGCUGGAAACA-3’
Antisense 5'- UGUUUCCAGCCUGCAUCCUCCAGUU -3’
si-SEMA3A 1 5- GGATGGGTCCTCATGCTCAC -3’
Si-SEMA3A 2 5- GGAGCAGCAACAAGTGGAA -3’
miR-424-5p mimics 5'- CAGCAGCAAUUCAUGUUUUGGA -3’
miR-424-5p inhibitor 5'- UCCAAAACAUGAAUUGCUGCUG -3’

Supplementary Table 4. The primer sequences for qRT-PCR.

The primer sequences (5' — 3)

MEG3 Forward: 5'- GTGGACAATGGTGTCCAGGC -3’
Reverse: 5'- TTAACTCAGAGCGGGTCTCC -3’

miR-424-5p Forward: 5'- ACACTCCAGCTGGGCAGCAGCAATTCATGT -3’
Reverse: 5'- TGGTGTCGTGGAGTCG -3’

SEMA3A Forward: 5'- GCCTGCAGAAGAAGGATTCA -3’
Reverse: 5- TCAGGTTGGGGTGGTTAATG -3’

GAPDH Forward: 5'- GTCAACGGATTTGGTCTGTATT -3’
Reverse: 5- AGTCTTCTGGGTGGCAGTGAT -3’

U6 Forward: 5'- CTCGCTTCGGCAGCACA -3’
Reverse: 5'- AACGCTTCACGAATTTGCGT -3’
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