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Abstract 

Background: Epilepsy affects over 70 million people worldwide; however, the underlying mechanisms remain 
unclear. MicroRNAs (miRNAs) have essential functions in epilepsy. miRNA-9, a brain-specific/enriched miRNA, plays a 
role in various nervous system diseases and tumors, but whether miRNA-9 is involved in epilepsy and glioma-asso-
ciated epilepsy remains unknown. Therefore, we aimed to explore the potential role of miR-9-5p in seizures and its 
effect on the survival of glioma patients, in order to provide new targets for the treatment of epilepsy and glioma.

Methods: The YM500v2 database was used to validate the expression of hsa-miR-9-5p in tissues. Moreover, qRT-PCR 
was performed to investigate the expression of miR-9-5p in temporal lobe epilepsy patients and rats with lithium-
pilocarpine-induced seizures. Recombinant adeno-associated virus containing miR-9-5p was constructed to overex-
press miR-9-5p in vivo. The effects of miR-9-5p on the behavior and electroencephalographic activities of the lithium-
pilocarpine rat model of epilepsy were tested. Bioinformatics analysis was used to predict the targets of miR-9-5p and 
explore its potential role in epilepsy and glioma-associated epilepsy.

Results: The expression of miR-9-5p increased at 6 h and 7 days after lithium-pilocarpine-induced seizures in rats. 
Overexpression of miR-9-5p significantly shortened the latency of seizures and increased seizure intensity at 10 min 
and 20 min after administration of pilocarpine (P < 0.05). Predicted targets of miR-9-5p were abundant and enriched 
in the brain, and affected various pathways related to epilepsy and tumor. Survival analysis revealed that overexpres-
sion of miR-9-5p significantly improved the survival of patients from with low-grade gliomas and glioblastomas. The 
involvement of miR-9-5p in the glioma-associated epileptic seizures and the improvement of glioma survival may be 
related to multiple pathways, including the Rho GTPases and hub genes included SH3PXD2B, ARF6, and ANK2.

Conclusions: miR-9-5p may play a key role in promoting epileptic seizures and improving glioma survival, prob-
ably through multiple pathways, including GTPases of the Rho family and hub genes including SH3PXD2B, ARF6 and 
ANK2. Understanding the roles of miR-9-5p in epilepsy and glioma and the underlying mechanisms may provide a 
theoretical basis for the diagnosis and treatment of patients with epilepsy and glioma.
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Background
Epilepsy is one of the most commonly occurring 
and devastating chronic neurologic disorders, which 
manifests as unprovoked, recurrent seizures [1, 2]. It 
affects over 70 million people worldwide, ranging from 
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neonates to the elderly [1, 3]. Social isolation, internal 
stigma, and stress from unpredictable seizures repre-
sent significant barriers to normal life for patients and 
their families [4, 5]. Unfortunately, the morbidity and 
mortality rates of epilepsy remain unchanged, and up 
to one-third of these patients still suffer from medically 
refractory seizures, despite numerous therapeutic pro-
gresses [6–8]. This is mainly because that the current 
treatments primarily suppress seizures rather than cor-
recting the mechanisms underlying the pathogenesis of 
epilepsy [8]. Further, these underlying molecular mech-
anisms are not fully understood.

Both epilepsy and glioma are localized, highly energy-
consuming diseases of the brain. Large-scale dynamic 
changes in gene expression are considered to be the 
basis for the causal pathogenic processes of epilepsy, 
such as ion channel regulation, glial proliferation, neu-
ronal death, inflammation, modulation of neurotrans-
mitter receptors, synaptic remodeling, cell proliferation 
and differentiation, and migration [9–14]. MicroR-
NAs (miRNAs) represent a diverse class of small (~ 22 
nucleotides), non-coding RNAs that negatively modu-
late gene expression by binding to complementary 
sequences of the 3′ untranslated region in most cases 
[15]. Emerging evidence shows that, as critical regula-
tors of brain development and function, various miR-
NAs play important roles in neurological diseases, 
including epilepsy [10, 16–20].

miRNA-9 (miR-9), a brain-specific/enriched miRNA, 
can regulate a variety of signaling pathways at the 
post-transcriptional level, mainly related to neurogen-
esis, and is the core of the gene network controlling 
the progenitor state [15, 21]. Intriguingly, this miRNA 
may exert opposite effects in different nervous system 
diseases. miR-9 plays a protective role during patho-
logical processes of stroke [22–26], Alzheimer’s disease 
[27, 28], spinal cord injury [29], and multiple sclerosis 
[30], while it aggravates neurotoxicity in N-methyl-
4-phenylpyridinium iodide-induced Parkinson’s dis-
ease by targeting Sirtuin 1 [21, 31]. In particular, the 
effect of miR-9 on glioma remains controversial. While 
some studies have reported its role in the develop-
ment and progression of glioma and association with 
an unfavorable prognosis in human gliomas [21, 32], 
other studies have shown that miR-9 can inhibit glioma 
growth [33–37]. Previous studies have demonstrated 
that miR-9 is significantly upregulated in the epileptic 
tissues from humans and animal models [38–41]. How-
ever, it remains largely unknown if or how miR-9 affects 
the primary epilepsy and secondary glioma-associated 
epilepsy.

Therefore, in this study, we set out to evaluate the con-
tributions of miR-9-5p to epilepsy.

Materials and methods
Quantitative reverse transcription‑polymerase chain 
reaction (qRT‑PCR)
miR-9-5p-specific primer (5′-UCU UUG GUU AUC UAG CUG 
UAUGA-3′) was designed and synthesized by Guangzhou 
Ribo BioCompany (Guangzhou, China) [42]. Bulge-Loop™ 
qRT-PCR was performed [43, 44] in two steps: (1) the reverse 
transcription reaction using miR-9- and U6-specific stem-
loop reverse transcription primers, and (2) fluorescent quan-
titative PCR using SYBR Green fluorescent dye and specific 
forward/reverse primers.

Construction of recombinant adeno‑associated virus 
(rAAV) carrying miR‑9‑5p
To overexpress miR-9-5p in vivo, rAAV containing miR-
9-5p was constructed by inserting the precursor miR-9-5p 
gene fragment into the AAV plasmid. The recombinant 
expression plasmid was then cotransfected into AAV-293 
cells with pHelper (carrying adenovirus-derived genes) 
and pAAV-RC (carrying AAV replication and capsid 
genes). Next, the AAV virus particles were collected from 
the infected AAV-293 cells. Finally, the virus carrying 
miR-9-5p was condensed and purified for animal experi-
ments. PCR verified the expression of miR-9-5p in rAAV 
and the concentration of the virus was 1.41E+ 13 v.g./ml.

Animals
All procedures involving animals were conducted in strict 
compliance with the Chinese Animal Welfare Act, and 
approved by the Animal Experimentation Ethics Com-
mittee of the North Sichuan Medical College (approval 
number NSMC(A) 2021 (21)). Male Sprague-Dawley 
rats weighing 180–220 g (6–8 weeks old) were purchased 
from the Animal Experiment Center of North Sichuan 
Medical College. Animals were housed at 22–24 °C with 
50–60% humidity under a 12-hour light-dark cycle (lights 
on at 8:00 am), with free access to food and water.

Experimental animal grouping
The rats were anesthetized with intraperitoneal injection 
of 1% sodium pentobarbital (40 mg/kg) and eye lubrica-
tion was used to minimize drying throughout the proce-
dure. One microliter of AAV was stereotactically injected 
into each of the bilateral hippocampi (0.1 μl/min; coordi-
nates: AP, − 3.6 mm, ML, − 2.8 mm, DV, − 3.5 mm) using 
a microinjector (Gaoge, Shanghai, China) (10 μl capacity) 
within 10 min [45]. Rats in the experimental group were 
infected with the miR-9-5p-carrying virus (n = 11), while 
those in the vehicle group were injected with an empty 
adenovirus (n = 11). To permit spreading of the virus and 
minimize reflux when the needle was retracted, the nee-
dle was retained in place for 10 min post-injection, then 
it was slowly withdrawn. After surgery, a heating pad was 
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used to maintain the rat’s temperature at 37 °C for recov-
ery. The entire process lasted 2 to 4 h.

Animal model of epilepsy
Three weeks after viral infection,  lithium chloride 
and  pilocarpine was used to induce status epilepticus 
(SE), which reproduces most of the features of human 
temporal lobe epilepsy (TLE). Rats receiving either vehi-
cle or miR-9-5p-carrying virus were treated with intra-
peritoneal injections of lithium chloride (127 mg/kg) 
and atropine (1 mg/kg), 20 h and 30 min before the first 
administration of pilocarpine by intraperitoneal injection 
(35 mg/kg), respectively. Seizures were scored accord-
ing to the Racine’s standard criteria [46]. If no seizure 
of grade 4 or higher occurred within 30 min of the first 
dose, the dose of pilocarpine was increased by 20% every 
10 min until the occurrence of level-4–5 seizures. How-
ever, the number of pilocarpine injections per animal did 
not exceed five [47]. Sixty minutes after SE initiation, the 
rats were administered with intraperitoneal diazepam 
(10 mg/kg) to terminate the continuous seizures [48]. 
Only animals with seizures of level 4–5 were evaluated.

Surgical procedures and electrophysiological recordings
The rats were anesthetized with 1% sodium pentobarbi-
tal (40 mg/kg, intraperitoneal) and fixed on a stereotaxic 
apparatus (RWD Life Science Co., Ltd., China). The sub-
cutaneous tissue and periosteum were separated bluntly 
with cotton swabs to minimize the extent of injury and 
bleeding in order to fully expose the skull. The position 
of the right hippocampus (AP − 3.6 mm, ML − 2.8 mm, 
DV − 3.5 mm) was determined and marked on the skull 
surface [45]. The skull window was covered with dental 
cement H-frame for recording hippocampal local field 
potentials (LFPs) [49, 50].

To record neural activity, the rats were implanted with 
recording electrodes (4 × 4 platinum-iridium alloy elec-
trode array, each 25 μm in diameter). The lower end of the 
microfilament electrode was placed close to the brain tissue 
using a microdriver [27]. LFPs were pre-amplified (× 1000), 
filtered (0.1–1000 Hz), and digitized at 4 kHz using an 
OmniPlex® D Neural Data Acquisition System (Plexon 
Inc., Dallas, TX) [45, 51]. Baseline LFPs were recorded for 
10 min followed by intraperitoneal injection of atropine. 
After a 30-min interval, pilocarpine was administered to 
induce seizures in both groups, and recordings were made 
for a total of 120 min after onset of seizures of level 4–5.

Human participants
Temporal lobe cortical tissueswere randomly cho-
sen from 220 specimens in the epileptic brain tissue 

bank from Chongqing Medical University. A total of 24 
patients with medically refractory TLE, including 13 
males and 11 females, were analyzed [50]. The mean age 
of the patients was 29.79 ± 1.71 years (range: 14–47) and 
the mean course of the disease was 10.29 ± 0.98 years 
(range: 3–19). At least three antiepileptic drugs were 
demonstrated to be ineffective in these patients. The con-
trol group included 12 age- and sex-matched patients 
with traumatic brain injury or hematoma clearance who 
were treated with temporal cortical excision (with no his-
tory of epilepsy or epileptic drug exposure). Informed 
consent was obtained from all patients or their relatives 
for the use of brain tissues in the experimental proce-
dures. The research protocol was conducted in com-
pliance with the Code of Ethics of the World Medical 
Association (Declaration of Helsinki), and the require-
ments of the ethics committee of Chongqing Medical 
University.

Visualization of the expression profile of miR‑9‑5p 
in human tissues
The expression profile of miR-9-5p in human tissues was 
detected and  visualized using the database YM500v2 
(http:// ngs. ym. edu. tw/ ym500 v2/ index. php), which incor-
porating 8,105 smRNA-seq datasets from TCGA 
involved  in  those of primary tumors, paired normal tis-
sues, peripheral blood mononuclear cell (PBMC), recur-
rent tumors and metastatic tumors [52].

Target gene prediction
Target genes of hsa-miR-9-5p were predicted using 
TargetScan  (https:// www. targe tscan. org/ vert_ 80/), 
miRDB  (http:// mirdb. org/), and miRwalk  (http:// mirwa 
lk. umm. uni- heide lberg. de/) softwares. Venn diagrams 
were generated with hiplot (https:// hiplot. com. cn/ basic/ 
dendr ogram) [53, 54].

Gene chip data acquisition
To confirm the role of hsa-miR-9-5p in tumor-induced 
epilepsy, the gene expression profile GSE32534 was 
obtained from the Gene Expression Omnibus (GEO) 
database (http:// www. ncbi. nlm. nih. gov/ geo/). Five for-
malin-fixed paraffin-embedded peritumoral cortical 
tissue sections were obtained from low-grade glioma 
patients, divided into seizure-paired and non-seizure 
groups (Table  1). GSE32534 was quantified using the 
GPL570 [HG-U133_Plus_2] Affymetrix Human Genome 
U133 Plus 2.0 Array.

http://ngs.ym.edu.tw/ym500v2/index.php
https://www.targetscan.org/vert_80/
http://mirdb.org/
http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
https://hiplot.com.cn/basic/dendrogram
https://hiplot.com.cn/basic/dendrogram
http://www.ncbi.nlm.nih.gov/geo/
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Functional and tissue enrichment analysis
For functional enrichment analyses, Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses were performed using the 
TCGA biolinks package [55]. Tissue enrichment analysis 
was conducted using DAVID v6.8 (https:// david. ncifc rf. 
gov/ summa ry. jsp) and plotted using hiplot [53, 54].

Recognition and analysis of differentially expressed genes 
(DEGs)
DEGs were analyzed using GEO2R (https:// www. ncbi. 
nlm. nih. gov/ geo/ geo2r/), which was included in the GEO 
database. GSE32534 data were divided into the non-
epileptic glioma group or epileptic glioma group  [56]. 
Genes with the absolute value of the logarithm (base 2) 
fold change (logFC)>0.3 and P < 0.05 were considered as 
DEGs. The volcano plot and heatmap of the DEGs were 
plotted at http:// www. bioin forma tics. com. cn.

Survival analysis
Survival analysis was performed with the online Oncolnc 
survival analysis server (http:// www. oncol nc. org, data 
gathered from TCGA). Tumor tissue versus normal tis-
sue from the TCGA database was used.

Protein‑protein interaction (PPI) network construction 
and module analysis
PPI data of predicted targets of hsa-miR-9-5p involved in 
the glioma-associated epilepsy were obtained from the 
STRING database (version 11.0, https:// string- db. org/), 
which collects and integrates known and predicted PPI 
data. The results were then imported into the Cytoscape 
software and visualized. The top 10 hub genes and signifi-
cant modules in the PPI network were identified using 

the MCODE plugin and the MCC method of cytoHubba 
plugin of the Cytoscape software.

Statistical analysis
All data were analyzed using the GraphPad Prism 8.0.2 
software (GraphPad Software, Inc., La Jolla, CA) or the 
SPSS 25.0 software (IBM, Inc., CA). Values are expressed 
as the mean ± standard deviation. Student’s t-test and 
Wilcoxon ranked-sum test were used for comparison of 
normally distributed continuous variables and categori-
cal variables,  respectively. The Fisher’s exact test was 
used to compare rates. P < 0.05 was considered as signifi-
cantly different.  *P < 0.05;  **P < 0.01;  ***P < 0.001; ns:  no 
statistically significant difference.

Results
miR‑9‑5p levels increase in rat hippocampus at 6 h 
and 7 days after SE
miR-9 has two mature forms, miR-9-5p and miR-9-3p 
[21, 57], which are often called miR-9 and miR-9*, 
respectively, because of the preferential use of the 5′ 
strand in deuterostomes [21]. Using the YM500v2 data-
base, both forms of miR-9 were found to be enriched in 
the human brain, especially hsa-miR-9-5p [52] (Fig.  1a, 
b). To address the role of miR-9-5p in epileptic seizures, 
we investigated its expression levels in TLE patients and 
rats with lithium-pilocarpine-induced seizures using 
qRT-PCR. The miR-9-5p expression in temporal cortical 
tissues of TLE patients did not significantly differ from 
that in controls (P > 0.05) (Fig.  1c). Interestingly, qRT-
PCR results showed that the miR-9-5p expression in the 
hippocampus of lithium-pilocarpine-treated rats was sig-
nificantly higher at 6 h and 7 days after SE than that in the 
vehicle group (Fig. 1d), but not at 24 h, 21 days, or 60 days 

Table 1 Sample information of the gene expression profile dataset GSE32534

FFPE formalin-fixed paraffin-embedded

Accession Title Source name Gender Tissue Disease state Tumor type

GSM805925 Epilepsy, sample 1 FFPE peritumoral sections Male peritumoral cortex Epilepsy astrocytoma

GSM805926 Epilepsy, sample 2 FFPE peritumoral sections Male peritumoral cortex Epilepsy ganglioglioma

GSM805927 Epilepsy, sample 3 FFPE peritumoral sections Female peritumoral cortex Epilepsy oligodendroglioma

GSM805928 Epilepsy, sample 4 FFPE peritumoral sections Male peritumoral cortex Epilepsy ganglioglioma

GSM805929 Epilepsy, sample 5 FFPE peritumoral sections Male peritumoral cortex Epilepsy astrocytoma

GSM805930 No Epilepsy, sample 1 FFPE peritumoral sections Female peritumoral cortex No epilepsy ganglioglioma

GSM805931 No Epilepsy, sample 2 FFPE peritumoral sections Male peritumoral cortex No epilepsy ganglioglioma

GSM805932 No Epilepsy, sample 3 FFPE peritumoral sections Female peritumoral cortex No epilepsy oligodendroglioma

GSM805933 No Epilepsy, sample 4 FFPE peritumoral sections Male peritumoral cortex No epilepsy ganglioglioma

GSM805934 No Epilepsy, sample 5 FFPE peritumoral sections Male peritumoral cortex No epilepsy astrocytoma

https://david.ncifcrf.gov/summary.jsp
https://david.ncifcrf.gov/summary.jsp
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
http://www.bioinformatics.com.cn
http://www.oncolnc.org
https://string-db.org/
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after SE (P > 0.05). These data indicate that miR-9-5p may 
play a vital and complex role in epileptic seizures.

Overexpression of miR‑9‑5p significantly exacerbates 
the lithium‑pilocarpine‑induced epileptic seizures
Rats were randomly divided into the vehicle or miR-9-5p 
group (n = 11 in each group) to investigate the effects of 
miR-9-5p on lithium-pilocarpine-induced epileptic sei-
zures. Seizure latency was defined as the duration from 
pilocarpine administration to the occurrence of first sei-
zure of grade ≥ 4. Results showed that the latency of rats 
in the miR-9-5p group was significantly shorter than that 
of the vehicle group (Student’s t-test, P < 0.05) (Fig.  2a). 
Moreover, the miR-9-5p group had significantly higher 
Racine scores than those in the vehicle group at 10 min 
and 20 min after seizure onset (grade 4 or higher) (Wil-
coxon rank-sum test, P < 0.05) (Fig.  2b). The rate of sei-
zures above grade 4 in the miR-9-5p group was 100% and 
that in the vehicle group was 81.8% (Fisher’s exact test, 
P > 0.05). EEG recordings further revealed shorter latency 
and higher severity of epileptic seizures (Fig. 2d).

miR‑9‑5p target gene prediction and enrichment analysis
As mentioned above, miRNAs generally exert biologi-
cal functions by suppressing the expression of specific 
target genes. Hence, we sought to predict the potential 
target genes of miR-9-5p using TargetScan, miRDB, and 
miRWalk softwares (Fig.  3a). Tissue enrichment analy-
sis indicated that the predicted target genes of miR-9-5p 
were highly expressed in the human brain, especially in 
amygdala (Fig. 3b). GO and KEGG terms with corrected 
P < 0.05 were considered significantly enriched (Fig.  4). 
GO analysis consists of biological processes (BP), cell 
composition (CC), and molecular function (MF). BP 
analysis showed that the targets were mainly enriched 
in processes of extracellular matrix organization (n = 6), 
neurological system process (n = 5), and metencephalon 
development (n = 3). CC analysis showed that the targets 
were mainly enriched in the trans-Golgi network (n = 6), 
proteinaceous extracellular matrix (n = 11), and cell pro-
jection (n = 14). MF analysis showed that the targets 
were mainly enriched in actin binding (n = 16), phos-
phatidylinositol transporter activity (n = 2), and zinc ion 

Fig. 1 Expression of miR-9-5p in epileptic and non-epileptic tissues. a Expression of miR-9-5p in human tissue; b Expression of miR-9-3p in human 
tissue; c Expression level of miR-9-5p in the temporal lobe of TLE patients and controls; d Expression of miR-9-5p in the hippocampal tissues of rats 
was significantly increased at 6 h and 7 days after SE, compared to the control group (*P < 0.05). RPM, reads per million mapped reads
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Fig. 2 Effects of miR-9-5p overexpression on lithium-pilocarpine-induced seizure activity in rats. a Effects of miR-9-5p overexpression on 
seizure latency. b Racine scores at different time points after seizure onset. c Comparison of seizure rate. d Representative EEG recordings of 
lithium-pilocarpine-induced seizures in the miR-9-5p and vehicle groups

Fig. 3 Predicted target genes of hsa-miR-9-5p. a A total of 602 target genes of hsa-miR-9-5p were predicted by all of the Targetscan, miRDB, 
and miRwalk softwares. b Tissue enrichment analysis suggested that the target genes were most highly expressed in the brain, especially in the 
amygdala
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Fig. 4 Enrichment analysis of target genes of hsa-miR-9-5p. a GO (BP) enrichment analysis. b GO (CC) enrichment analysis. c GO (MF) enrichment 
analysis. d KEGG enrichment analysis
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transmembrane transporter activity (n = 3). In addition, a 
large number of terms were enriched in KEGG, especially 
those associated with cancer and epilepsy, such as molec-
ular mechanisms of cancer (n = 23), phosphatase and 
tensin homolog (PTEN) signaling (n = 11) [58], prostate 
cancer signaling (n = 11), fibroblast growth factor (FGF) 
signaling (n = 9) [59, 60], and ErbB signaling (n = 9) [61].

Hsa‑miR‑9‑5p may play a critical role in human cancer, 
especially glioma
Enrichment analysis indicated that the hsa-miR-9-5p 
may regulate tumor-associated pathways. Thus, to inves-
tigate the potentially critical role of miR-9-5p in human 
cancer, Kaplan–Meier survival analysis involving 21 types 
of tumor was performed using OncoLnc [62]. The results 
showed that hsa-miR-9-5p might influence the survival 
from nine types of tumor (P < 0.05). Increased hsa-miR-
9-5p expression was correlated with poor survival from 
seven types of tumor including esophageal carcinoma 
(ESCA), kidney renal clear cell carcinoma (KIRC), liver 
hepatocellular carcinoma (LIHC), lung adenocarcinoma 
(LUAD), sarcoma (SARC), stomach adenocarcinoma 

(STAD), and breast invasive carcinoma (BRCA), while 
predicting longer survival from glioblastoma (GBM) and 
lower-grade glioma (LGG) (Fig. 5).

Hsa‑miR‑9‑5p may play a critical role in glioma‑induced 
epilepsy
Based on the results that high expression of hsa-miR-
9-5p predicted longer survival in GBM and LGG, and 
with previous evidence indicating that the glioma-
induced epilepsy may be associated with favorable prog-
nosis [63–65], we hypothesized that hsa-miR-9-5p might 
play a key role in glioma-induced epilepsy. The gene 
expression profile dataset GSE32534 was used to identify 
DEGs between epilepsy and non-epilepsy patients with 
low-grade brain tumor, which were considered as risk 
genes (Fig. 6a, b) [62]. A Venn diagram was made to com-
pare the DEGs (risk genes) with the miR-9-5p targets, 
which showed that 12.6% of the predicted targets were 
risk genes (Fig. 6c). Subsequently, for these targets of hsa-
miR-9-5p associated with glioma-associated epilepsy, the 
PPI network and significant functional modules identi-
fied by MCODE plugin  of the Cytoscape software  were 

Fig. 5 Survival analysis of nine types of tumor
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visualized (Fig.  6d). The top 10 hub genes were identi-
fied by the MCC method of cytoHubba plugin, including 
SH3 and PX domains 2A (SH3PXD2B), ADP ribosylation 
factor 6 (ARF6), ankyrin 2, neuronal (ANK2), kinesin 
family member 13A (KIF13A), member RAS oncogene 
family (RAB8A), cyclin E2 (CCNE2), pleckstrin homol-
ogy domain interacting protein (PHIP), polybromo 1 
(PBRM1), serine/threonine kinase 38 like (STK38L), and 
transducin (beta)-like 1 X-linked receptor 1 (TBL1XR1) 

(Table  2). GO analysis showed that these targets were 
mainly enriched in di- and trivalent inorganic cation 
transport (n  = 3), cell projection organization (n  = 4), 
and trans-Golgi network (n = 2) (Fig. 7). Only four path-
ways were enriched in KEGG analysis, which were regu-
lation of actin-based motility by Rho (n = 3), chondroitin 
sulfate biosynthesis (late stages) (n = 2), signaling by Rho 
family GTPases (n = 4), and D-myo-inositol (1,4,5)-tris-
phosphate biosynthesis (n = 2).

Fig. 6 Targets of hsa-miR-9-5p are associated with glioma-associated epilepsy. a Volcano plot of DEGs. b Heatmap of the DEGs. c Venn diagrams of 
overlap between DEGs (risk genes) and miR-9-5p targets. d Schematic diagram of PPI of targets of hsa-miR-9-5p associated with glioma-associated 
epilepsy. Five significant functional modules identified by MCODE were circled by other targets. For both nodes, a darker color indicates a higher 
MCC score
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Discussion
In this study, we confirmed that the expression of miR-
9-5p increased at 6 h and 7 days after SE in hippocampal 
tissues from epileptic rat models. miR-9-5p overexpres-
sion aggravated SE, and the mechanism underlying this 
effect likely involved in various targets. Survival analysis 
indicated that miR-9-5p may lead to better glioma sur-
vival. These results revealed a previously unrecognized 
role of miR-9-5p in modifying epilepsy and in improving 
glioma survival; therefore, it may be a potential novel tar-
get of diagnosis and treatment for epilepsy and glioma.

Previous studies have reported different alterations 
of miR-9 expression in epilepsy [38–41]. For example, 
Kan et  al. performed array-based genome-wide miRNA 
expression profiling, showing that miR-9 was signifi-
cantly upregulated in hippocampal tissues from patients 
with mesial TLE [39]. In contrast, Risbud et al. performed 
microRNA array analysis on the whole hippocampus of 
lithium-pilocarpine-induced C57 mice, showing that 
miR-9 expression decreased at 4 h, 48 h, and 3 weeks fol-
lowing SE (P < 0.05) [40]. However, most previous stud-
ies did not distinguish miR-9-5p from miR-9-3p. Hence, 
we employed qRT-PCR and confirmed that miR-9-5p 
expression in the hippocampus of lithium-pilocarpine-
treated rats was increased at 6 h and 7 days after SE, but 
not changed at 24 h, 21 days, or 60 days in rats. Similarly, 
we did not find altered expression of miR-9-5p in corti-
cal tissues from patients with TLE. This indicates that the 
change of miR-9-5p expression is not consistent through-
out the epileptic process. The dynamic change of miR-
9-5p at various time points after SE may be associated 
with epilepsy. These findings reveal complex changes of 
miR-9-5p expression in epileptic tissues, which may be 
related to the complex regulation of miR-9-5p involved in 
epileptic seizures.

Previous studies have shown that miRNAs serve as 
key regulators of the pathophysiology of epilepsy [19, 

66–70]. Our behavioral analysis showed that miR-9-5p 
overexpression reduced seizure latency, and significantly 
increased seizure grade at 10 min and 20 min after first 
seizure of grade >4, suggesting that this miRNA is pro-
epileptic. miRNAs are involved in various biological 
functions via regulation of their target genes [71], so we 
next predicted the target genes of hsa-miR-9-5p by bioin-
formatics tools and performed tissue enrichment analysis 
and  functional enrichment analysis [62]. We found that 
most of these targets were enriched in the brain, espe-
cially in the amygdala, which has also been previously 
suggested to be one of the key structures involved in epi-
lepsy [72–75]. GO analysis indicated that these targets 
may be involved in neurological system processes asso-
ciated with epilepsy, such as neuron differentiation [76], 
transition metal ion transport [77], G-protein-coupled 
receptor protein signaling pathway [78], neuron projec-
tion [79], and di- and trivalent inorganic cation trans-
membrane transporter activity [77, 78]. Several KEGG 
pathways have been previously implicated in epilepsy, 
including FGF signaling [59, 60], ErbB signaling [61], 
PTEN signaling [58], glucocorticoid receptor signal-
ing [80], GNRH signaling [81], NGF signaling [82], and 
renin-angiotensin signaling [83].

On the same time, many enriched pathways are associ-
ated with cancer, such as the molecular mechanisms of 
cancer and prostate cancer signaling. Subsequently, nine 
types of tumor were observed to be significantly influ-
enced by hsa-miR-9-5p. Specifically, upregulated miR-
9-5p correlated with worse survival of seven tumor types 
(including ESCA, KIRC, LIHC, LUAD, SARC, STAD, and 
BRCA), while miR-9-5p could improve the survival of 
two tumor types (GBM and LGG) in the brain.

This effect has also been reported in several previous 
studies. Zhang et  al. found that miR-9-5p suppresses 
the proliferation of GBM cells by targeting forkhead 
box P2 (FOXP2), which improves tumor survival [33]. 

Table 2 Basic information of top 10 hub genes

Rank Gene Full name LogFC Score

1 SH3PXD2B SH3 and PX domains 2A − 0.50491 126

2 ARF6 ADP ribosylation factor 6 −0.18908 118

3 ANK2 ankyrin 2, neuronal 0.68974 113

4 KIF13A kinesin family member 13A 0.477741 68

5 RAB8A member RAS oncogene family 0.689748 64

6 CCNE2 cyclin E2 0.50645 62

7 PHIP pleckstrin homology domain interacting protein −0.10544 49

8 PBRM1 polybromo 1 −0.15817 48

9 STK38L serine/threonine kinase 38 like −0.52338 39

10 TBL1XR1 transducin (beta)-like 1 X-linked receptor 1 0.42959 37
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Fig. 7 Enrichment analysis of targets of hsa-miR-9-5p associated with glioma-associated epilepsy. a GO (BP) enrichment analysis. b GO (CC) 
enrichment analysis. c GO (MF) enrichment analysis. d KEGG enrichment analysis
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Likewise, previous studies indicate that miR-9 may act as 
a suppressor of glioma [34–36]. This may be because that 
miR-9 inhibits FOXP1 and antagonizes the tumor growth 
advantage granted by mutant epidermal growth factor 
receptor signaling [34]. In addition, hsa-miR-9 has been 
shown to reduce the migration and invasion of GBM 
cells by inhibiting the MAPKAP signaling [37]. However, 
contrary to our findings, Wu et al. reported that elevated 
miR-9 expression signals an adverse prognosis for human 
GBM and LGG [32]. In addition to the inconsistency of 
detection technique and experimental methods, a key 
reason for this discrepancy may be that they did not dis-
tinguish between miR-9-5p and miR-9-3p [33].

Previous evidence indicates that epilepsy in glioma 
improves the survival of patients with glioma [63–65], 
which prompted us to further investigate whether miR-
9-5p can be a crucial factor in this interesting phenom-
enon. There may be a connection between epilepsy and 
tumors. The top 10 hub genes SH3PXD2B, ARF6, ANK2, 
KIF13A, RAB8A, CCNE2, PHIP, PBRM1, STK38L, and 
TBL1XR1 may be the key genes involved in the induction 
of glioma-associated epilepsy. ARF6 is a member of the 
ADP ribosylation factors (ARFs) family, which controls 
various cellular functions in eukaryotic cells, including 
membrane transport and actin cytoskeleton rearrange-
ment [84]. Previous studies have found that ARF6 knock-
out mice reduce GABAergic neurons in the dentate 
gyrus (DG) region of the hippocampus, which in turn 
affects the activity of the hippocampal neuronal cluster 
in mice, and that loss of inhibition of network activity 
in the DG region of the hippocampus leads to excitabil-
ity  [84].  And GABA neurons promote the proliferation 
of glioma cells [85]. Thus, miR-9-5p may reduce the den-
sity of GABAergic neurons through targeted inhibition 
of ARF6, leading to an excitatory/inhibitory imbalance, 
which may be a key mechanism for improved survival 
for patients with glioma-associated epilepsy. But further 
studies are needed to confirm this. In addition, enrich-
ment analysis of targets of hsa-miR-9-5p associated with 
glioma-associated epilepsy indicates  signaling by Rho 
family GTPases may be a key mechanism involved in 
miR-9-5p in regulating glioma-associated  epilepsy  and 
improving survival.  The GTPases  of  Rho family  are key 
regulators of actin dynamics and play a central role in 
mediating signal transduction from extracellular stimuli 
targeting the cytoskeleton  [86].  Previous studies have 
indicated that the GTPases of Rho family are implicated 
in epileptic seizures and the maintenance of malignant 
phenotypes of glioma [86–88]. Thus the GTPase of Rho 
family may act as a common pathway for miR-9-5p afect-
ing epilepsy and glioma.

Limitations
This study had some limitations. First, this was a prelimi-
nary study based on bioinformatics methods; an in-depth 
study on the role and mechanism of miR-9-5p in epilepsy 
and glioma is needed. Second, since human specimens 
are difficult to obtain, we only collected cortical samples, 
rather than hippocampal samples, which was incon-
sistent with the use of animal specimens. In the future, 
research using glioma specimens to investigate the func-
tions and mechanisms associated with glioma and epi-
lepsy is warranted.

Conclusions
Together, our findings demonstrate that miR-9-5p may 
contribute to the pathophysiology of epilepsy, and over-
expression of miR-9-5p significantly exacerbates the 
lithium-pilocarpine-induced epileptic seizures. miR-9-5p 
may improve the survival of glioma patients and may 
underlie the phenomenon that the occurrence of epilepsy 
predicts better survival in glioma patients. Understand-
ing the effects and functional mechanisms of miR-9-5p 
in epileptic seizures and glioma may provide a theoreti-
cal basis for the diagnosis and treatment of patients with 
epilepsy and glioma.

Abbreviations
ANK2: Ankyrin 2, neuronal; ARF6: ADP ribosylation factor 6; BP: Biological 
process; BRCA : Breast invasive carcinoma; CC: Cellular component; CCNE2: 
Cyclin E2; DEGs: Differentially expressed genes; EGFR: Epidermal growth factor 
receptor; ESCA: Esophageal carcinoma; FFPE: Formalin-fixed paraffin-embed-
ded; FOXP1: Forkhead box p1; FOXP2: Forkhead box p2; GBM: Glioblastoma 
multiforme; GEO: Gene Expression Omnibus; GO: Gene ontology; KEGG: 
Kyoto encyclopedia of genes and genomes; KIF13A: Kinesin family member 
13A; KIRC: Kidney renal clear cell carcinoma; LFPs: Local field potentials; LGG: 
Brain lower-grade glioma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung 
adenocarcinoma; MF: Molecular function; MAPKAP: Mitogen-activated protein 
kinase-activated protein; PBMC: Peripheral blood mononuclear cell; PBRM1: 
Polybromo 1; PHIP: Pleckstrin homology domain interacting protein; PPI: 
Protein protein interaction; PTEN: Phosphatase and tensin homolog; rAAV: 
Recombination adeno-associated virus; RAB8A: Member RAS oncogene 
family; SARC : Sarcoma; SE: Status epilepticus; SH3PXD2B: SH3 and PX domains 
2A; STAD: Stomach adenocarcinoma; STK38L: Serine/threonine kinase 38 like; 
TBL1XR1: Transducin (beta)-like 1 X-linked receptor 1.

Acknowledgments
Not applicable.

Authors’ contributions
WSL performed experiments, collected data, analyzed data, and wrote the 
paper. XZH and NNB participated in the design of the study and data analysis. 
MYC, XMD, MZ, and LZ participated in data collection. SXW and GHJ partici-
pated in the design of the experiments and supervised the study. All authors 
approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(No. 81971220) and the Science and Technology Administration of Nanchong 
(No. 19SXHZ0103).



Page 13 of 15Wang et al. Acta Epileptologica            (2022) 4:33  

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
All animal experiments were performed following the Animal Experimenta-
tion Ethics Committee of the North Sichuan Medical College (approval num-
ber NSMC [A]2021[21]). All human specimens were randomly chosen from 
220 specimens in the epileptic brain tissue bank from Chongqing Medical 
University and the study protocol was approved by the Ethics Committee of 
Chongqing Medical University. All patients or their relatives gave their written 
informed consent before participation.

Consent for publication
Not applicable.

Competing interests
All authors claim that there are no conflicts of interest.

Author details
1 Department of Neurology, Affiliated Hospital of North Sichuan Medical Col-
lege, No.1 Maoyuan South Road, Nanchong 637000, China. 2 Institute of Neu-
rological Diseases, North Sichuan Medical College, Nanchong, Sichuan, China. 
3 Department of Neurosurgery, Daping Hospital, Army Medical University, 
Daping, Chongqing, China. 

Received: 8 March 2022   Accepted: 3 May 2022

References
 1. Thijs RD, Surges R, O’Brien TJ, Sander JW. Epilepsy in adults. Lancet (Lon-

don, England). 2019;393(10172):689–701.
 2. Fisher RS, Acevedo C, Arzimanoglou A, Bogacz A, Cross JH, Elger CE, et al. 

ILAE official report: a practical clinical definition of epilepsy. Epilepsia. 
2014;55(4):475–82.

 3. Sen A, Jette N, Husain M, Sander JW. Epilepsy in older people. Lancet. 
2020;395(10225):735–48.

 4. Quintas R, Raggi A, Giovannetti AM, Pagani M, Sabariego C, Cieza A, et al. 
Psychosocial difficulties in people with epilepsy: a systematic review of 
literature from 2005 until 2010. Epilepsy Behav. 2012;25(1):60–7.

 5. Moshe SL, Perucca E, Ryvlin P, Tomson T. Epilepsy: new advances. Lancet. 
2015;385(9971):884–98.

 6. Shorvon SD. Drug treatment of epilepsy in the century of the ILAE: the 
first 50 years, 1909-1958. Epilepsia. 2009;50(Suppl 3):69–92.

 7. Billakota S, Devinsky O, Kim K-W. Why we urgently need improved epi-
lepsy therapies for adult patients. Neuropharmacology. 2020;170:107855.

 8. Löscher W, Schmidt D. Modern antiepileptic drug development has failed 
to deliver: ways out of the current dilemma. Epilepsia. 2011;52(4):657–78.

 9. Hauser RM, Henshall DC, Lubin FD. The epigenetics of epilepsy and its 
progression. Neuroscientist. 2018;24(2):186–200.

 10. Henshall DC, Hamer HM, Pasterkamp RJ, Goldstein DB, Kjems J, Prehn 
JHM, et al. MicroRNAs in epilepsy: pathophysiology and clinical utility. The 
Lancet Neurology. 2016;15(13):1368–76.

 11. Johnson MR, Behmoaras J, Bottolo L, Krishnan ML, Pernhorst K, Santoscoy 
PLM, et al. Systems genetics identifies Sestrin 3 as a regulator of a procon-
vulsant gene network in human epileptic hippocampus. Nat Commun. 
2015;6:6031.

 12. Pitkänen A, Lukasiuk K. Mechanisms of epileptogenesis and potential 
treatment targets. Lancet Neurol. 2011;10(2):173–86.

 13. Sharma A. Genome-wide expression analysis in epilepsy: a synthetic 
review. Curr Top Med Chem. 2012;12(9):1008–32.

 14. Cattani AA, Allene C, Seifert V, Rosenow F, Henshall DC, Frei-
man TM. Involvement of microRNAs in epileptogenesis. Epilepsia. 
2016;57(7):1015–26.

 15. Radhakrishnan B, Anand AP, A. Role of miRNA-9 in brain development. J 
Exp Neurosci. 2016;10:101–20.

 16. Brennan GP, Henshall DC. MicroRNAs as regulators of brain function and 
targets for treatment of epilepsy. Nat Rev Neurol. 2020.

 17. Eacker SM, Dawson TM, Dawson VL. Understanding microRNAs in neuro-
degeneration. Nat Rev Neurosci. 2009;10(12):837–41.

 18. Saugstad JA. MicroRNAs as effectors of brain function with roles in 
ischemia and injury, neuroprotection, and neurodegeneration. J Cerebral 
Blood Flow Metabol. 2010;30(9):1564–76.

 19. Jimenez-Mateos EM, Engel T, Merino-Serrais P, McKiernan RC, Tanaka K, 
Mouri G, et al. Silencing microRNA-134 produces neuroprotective and 
prolonged seizure-suppressive effects. Nature Med. 2012;18(7):1087–94.

 20. Tan CL, Plotkin JL, Venø MT, von Schimmelmann M, Feinberg P, Mann S, 
et al. MicroRNA-128 governs neuronal excitability and motor behavior in 
mice. Science (New York, NY). 2013;342(6163):1254–8.

 21. Coolen M, Katz S, Bally-Cuif L. miR-9: a versatile regulator of neurogenesis. 
Front Cell Neurosci. 2013;7:220.

 22. Wei N, Xiao L, Xue R, Zhang D, Zhou J, Ren H, et al. MicroRNA-9 mediates 
the cell apoptosis by targeting Bcl2l11 in ischemic stroke. Mol Neurobiol. 
2016;53(10):6809–17.

 23. Chen S, Wang M, Yang H, Mao L, He Q, Jin H, et al. LncRNA TUG1 sponges 
microRNA-9 to promote neurons apoptosis by up-regulated Bcl2l11 
under ischemia. Biochem Biophys Res Commun. 2017;485(1):167–73.

 24. Nampoothiri SS, Rajanikant GK. miR-9 Upregulation integrates post-
ischemic neuronal survival and regeneration in vitro. Cell Molecul Neuro-
biol. 2019;39(2):223–40.

 25. Liu W, Wang X, Zheng Y, Shang G, Huang J, Tao J, et al. Electroacupunc-
ture inhibits inflammatory injury by targeting the miR-9-mediated 
NF-κB signaling pathway following ischemic stroke. Mol Med Rep. 
2016;13(2):1618–26.

 26. Chi L, Jiao D, Nan G, Yuan H, Shen J, Gao Y. miR-9-5p attenuates ischemic 
stroke through targeting ERMP1-mediated endoplasmic reticulum stress. 
Acta Histochem. 2019;121(8):151438.

 27. Hébert SS, Horré K, Nicolaï L, Papadopoulou AS, Mandemakers W, 
Silahtaroglu AN, et al. Loss of microRNA cluster miR-29a/b-1 in sporadic 
Alzheimer’s disease correlates with increased BACE1/beta-secretase 
expression. Proc Natl Acad Sci U S A. 2008;105(17):6415–20.

 28. Shadfar S, Hwang CJ, Lim MS, Choi DY, Hong JT. Involvement of inflam-
mation in Alzheimer’s disease pathogenesis and therapeutic potential of 
anti-inflammatory agents. Arch Pharm Res. 2015;38(12):2106–19.

 29. Xu Y, An B-Y, Xi X-B, Li Z-W, Li F-Y. MicroRNA-9 controls apoptosis of 
neurons by targeting monocyte chemotactic protein-induced protein 
1 expression in rat acute spinal cord injury model. Brain Res Bull. 
2016;121:233–40.

 30. Yue P, Jing L, Zhao X, Zhu H, Teng J. Down-regulation of taurine-up-
regulated gene 1 attenuates inflammation by sponging miR-9-5p via 
targeting NF-κB1/p50 in multiple sclerosis. Life Sci. 2019;233:116731.

 31. Wang Z, Sun L, Jia K, Wang H, Wang X. miR-9-5p modulates the 
progression of Parkinson’s disease by targeting SIRT1. Neurosci Lett. 
2019;701:226–33.

 32. Wu Z, Wang L, Li G, Liu H, Fan F, Li Z, et al. Increased expression of micro-
RNA-9 predicts an unfavorable prognosis in human glioma. Mol Cell 
Biochem. 2013;384(1–2):263–8.

 33. Zhang H, Li Y, Tan Y, Liu Q, Jiang S, Liu D, et al. MiR-9-5p inhibits Glioblas-
toma cells proliferation through directly targeting FOXP2 (Forkhead box 
P2). Front Oncology. 2019;9:1176.

 34. Gomez GG, Volinia S, Croce CM, Zanca C, Li M, Emnett R, et al. Suppres-
sion of microRNA-9 by mutant EGFR signaling upregulates FOXP1 to 
enhance glioblastoma tumorigenicity. Cancer Res. 2014;74(5):1429–39.

 35. Mi S, Du J, Liu J, Hou K, Ji H, Ma S, et al. FtMt promotes glioma tumori-
genesis and angiogenesis via lncRNA SNHG1/miR-9-5p axis. Cell Signal. 
2020;75:109749.

 36. Peng Z, Ying L. Effects of TNFα on cell viability, proliferation and apoptosis 
of glioma cells U251. J BUON. 2014;19(3):733–41.

 37. Ben-Hamo R, Zilberberg A, Cohen H, Efroni S. Hsa-miR-9 controls the 
mobility behavior of glioblastoma cells via regulation of MAPK14 signal-
ing elements. Oncotarget. 2016;7(17):23170–81.

 38. Hu K, Zhang C, Long L, Long X, Feng L, Li Y, et al. Expression profile of 
microRNAs in rat hippocampus following lithium-pilocarpine-induced 
status epilepticus. Neurosci Lett. 2011;488(3):252–7.

 39. Kan AA, van Erp S, Derijck AAHA, de Wit M, Hessel EVS, O’Duibhir E, et al. 
Genome-wide microRNA profiling of human temporal lobe epilepsy 



Page 14 of 15Wang et al. Acta Epileptologica            (2022) 4:33 

identifies modulators of the immune response. Cell Mol Life Sci. 
2012;69(18):3127–45.

 40. Risbud RM, Porter BE. Changes in microRNA expression in the whole 
hippocampus and hippocampal synaptoneurosome fraction following 
pilocarpine induced status epilepticus. PLoS One. 2013;8(1):e53464.

 41. Chen M, Zhao Q-Y, Edson J, Zhang ZH, Li X, Wei W, et al. Genome-wide 
microRNA profiling in brain and blood samples in a mouse model of 
epileptogenesis. Epilepsy Res. 2020;166:106400.

 42. Mukherjee S, Akbar I, Bhagat R, Hazra B, Bhattacharyya A, Seth P, et al. 
Identification and classification of hubs in microRNA target gene 
networks in human neural stem/progenitor cells following Japanese 
encephalitis virus infection. mSphere. 2019;4(5).

 43. Guo JX, Tao QS, Lou PR, Chen XC, Chen J, Yuan GB. miR-181b as a poten-
tial molecular target for anticancer therapy of gastric neoplasms. Asian 
Pac J Cancer Prev. 2012;13(5):2263–7.

 44. Liu M, Lang N, Chen X, Tang Q, Liu S, Huang J, et al. miR-185 targets RhoA 
and Cdc42 expression and inhibits the proliferation potential of human 
colorectal cells. Cancer Lett. 2011;301(2):151–60.

 45. Yang J, Feng G, Chen M, Wang S, Tang F, Zhou J, et al. Glucosamine pro-
motes seizure activity via activation of the PI3K/Akt pathway in epileptic 
rats. Epilepsy Res. 2021;175:106679.

 46. Racine RJ. Modification of seizure activity by electrical stimulation. 
I. After-discharge threshold. Electroencephalogr Clin Neurophysiol. 
1972;32(3):269–79.

 47. Wang D, Ren M, Guo J, Yang G, Long X, Hu R, et al. The inhibitory effects 
of Npas4 on seizures in pilocarpine-induced epileptic rats. PLoS One. 
2014;9(12):e115801.

 48. Gan J, Cai Q, Qu Y, Zhao F, Wan C, Luo R, et al. miR-96 attenuates status 
epilepticus-induced brain injury by directly targeting Atg7 and Atg16L1. 
Sci Rep. 2017;7(1):10270.

 49. Kase D, Inoue T, Imoto K. Roles of the subthalamic nucleus and 
subthalamic HCN channels in absence seizures. J Neurophysiol. 
2012;107(1):393–406.

 50. Jiang G, Wang W, Cao Q, Gu J, Mi X, Wang K, et al. Insulin growth factor-1 
(IGF-1) enhances hippocampal excitatory and seizure activity through 
IGF-1 receptor-mediated mechanisms in the epileptic brain. Clin Sci 
(Lond). 2015;129(12):1047–60.

 51. Jiang G, Pu T, Li Z, Zhang X, Zhou R, Cao X, et al. Lithium affects rat hip-
pocampal electrophysiology and epileptic seizures in a dose dependent 
manner. Epilepsy Res. 2018;146:112–20.

 52. Cheng WC, Chung IF, Tsai CF, Huang TS, Chen CY, Wang SC, et al. YM500v2: 
a small RNA sequencing (smRNA-seq) database for human cancer miR-
Nome research. Nucleic Acids Res. 2015;43(Database issue):D862–7.

 53. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analy-
sis of large gene lists using DAVID bioinformatics resources. Nat Protoc. 
2009;4(1):44–57.

 54. Huang da W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools: 
paths toward the comprehensive functional analysis of large gene lists. 
Nucleic Acids Res. 2009;37(1):1–13.

 55. Xu Z, You W, Chen W, Zhou Y, Nong Q, Valencak TG, et al. Single-cell RNA 
sequencing and lipidomics reveal cell and lipid dynamics of fat infiltra-
tion in skeletal muscle. J Cachexia Sarcopenia Muscle. 2021;12(1):109–29.

 56. Niesen CE, Xu J, Fan X, Li X, Wheeler CJ, Mamelak AN, et al. Transcriptomic 
profiling of human peritumoral neocortex tissues revealed genes pos-
sibly involved in tumor-induced epilepsy. PLoS One. 2013;8(2):e56077.

 57. Conaco C, Otto S, Han JJ, Mandel G. Reciprocal actions of REST and 
a microRNA promote neuronal identity. Proc Natl Acad Sci U S A. 
2006;103(7):2422–7.

 58. Kim JE, Lee DS, Park H, Kang TC. Src/CK2/PTEN-mediated GluN2B and 
CREB Dephosphorylations regulate the responsiveness to AMPA receptor 
antagonists in chronic epilepsy rats. Int J Mol Sci. 2020;21(24).

 59. Terauchi A, Johnson-Venkatesh EM, Toth AB, Javed D, Sutton MA, 
Umemori H. Distinct FGFs promote differentiation of excitatory and 
inhibitory synapses. Nature. 2010;465(7299):783–7.

 60. Shimada T, Yoshida T, Yamagata K. Neuritin mediates activity-depend-
ent axonal branch formation in part via FGF signaling. J Neurosci. 
2016;36(16):4534–48.

 61. Wang J, Huang J, Yao S, Wu JH, Li HB, Gao F, et al. The ketogenic diet 
increases Neuregulin 1 expression via elevating histone acetylation 
and its anti-seizure effect requires ErbB4 kinase activity. Cell Biosci. 
2021;11(1):93.

 62. Xia L, Li D, Lin C, Ou S, Li X, Pan S. Comparative study of joint bioinfor-
matics analysis of underlying potential of ’neurimmiR’, miR-212-3P/
miR-132-3P, being involved in epilepsy and its emerging role in human 
cancer. Oncotarget. 2017;8(25):40668–82.

 63. Ertürk Çetin Ö, İşler C, Uzan M, Özkara Ç. Epilepsy-related brain tumors. 
Seizure. 2017;44:93–7.

 64. Englot DJ, Chang EF, Vecht CJ. Epilepsy and brain tumors. Handbook Clin 
Neurol. 2016;134:267–85.

 65. Marku M, Rasmussen BK, Belmonte F, Hansen S, Andersen EAW, Johansen 
C, et al. Prediagnosis epilepsy and survival in patients with glioma: a 
nationwide population-based cohort study from 2009 to 2018. J Neurol. 
2021.

 66. Tiwari D, Brager DH, Rymer JK, Bunk AT, White AR, Elsayed NA, et al. Micro-
RNA inhibition upregulates hippocampal A-type potassium current and 
reduces seizure frequency in a mouse model of epilepsy. Neurobiol Dis. 
2019;130:104508.

 67. Sun J, Gao X, Meng D, Xu Y, Wang X, Gu X, et al. Antagomirs targeting 
MicroRNA-134 increase Limk1 levels after experimental seizures in vitro 
and in vivo. Cell Physiol Biochem. 2017;43(2):636–43.

 68. Reschke CR, Silva LFA, Norwood BA, Senthilkumar K, Morris G, Sanz-Rodri-
guez A, et al. Potent anti-seizure effects of locked nucleic acid Antago-
mirs targeting miR-134 in multiple mouse and rat models of epilepsy. 
Molecular Therapy Nucleic Acids. 2017;6:45–56.

 69. Huang H, Cui G, Tang H, Kong L, Wang X, Cui C, et al. Silencing of 
microRNA-146a alleviates the neural damage in temporal lobe epilepsy 
by down-regulating Notch-1. Molecular Brain. 2019;12(1):102.

 70. Zhang H, Qu Y, Wang A. Antagonist targeting microRNA-146a protects 
against lithium-pilocarpine-induced status epilepticus in rats by nuclear 
factor-kappaB pathway. Mol Med Rep. 2018;17(4):5356–61.

 71. Bartel DP, Chen CZ. Micromanagers of gene expression: the poten-
tially widespread influence of metazoan microRNAs. Nat Rev Genet. 
2004;5(5):396–400.

 72. Pitkänen A, Tuunanen J, Kälviäinen R, Partanen K, Salmenperä T. 
Amygdala damage in experimental and human temporal lobe epilepsy. 
Epilepsy Res. 1998;32(1–2):233–53.

 73. Aroniadou-Anderjaska V, Fritsch B, Qashu F, Braga MF. Pathology and 
pathophysiology of the amygdala in epileptogenesis and epilepsy. 
Epilepsy Res. 2008;78(2–3):102–16.

 74. Fritsch B, Qashu F, Figueiredo TH, Aroniadou-Anderjaska V, Rogawski 
MA, Braga MF. Pathological alterations in GABAergic interneurons and 
reduced tonic inhibition in the basolateral amygdala during epileptogen-
esis. Neuroscience. 2009;163(1):415–29.

 75. Colangeli R, Morena M, Pittman QJ, Hill MN, Teskey GC. Anandamide 
signaling augmentation rescues amygdala synaptic function and 
comorbid emotional alterations in a model of epilepsy. J Neurosci. 
2020;40(31):6068–81.

 76. Li W, Allen ME, Rui Y, Ku L, Liu G, Bankston AN, et al. p39 is responsible 
for increasing Cdk5 activity during postnatal neuron differentiation and 
governs neuronal network formation and epileptic responses. J Neurosci. 
2016;36(44):11283–94.

 77. Jeong JH, Lee SH, Kho AR, Hong DK, Kang DH, Kang BS, et al. The 
transient receptor potential Melastatin 7 (TRPM7) inhibitors suppress 
seizure-induced neuron death by inhibiting zinc neurotoxicity. Int J Mol 
Sci. 2020;21(21).

 78. Carver CM, Shapiro MS. Gq-coupled muscarinic receptor enhancement 
of KCNQ2/3 channels and activation of TRPC channels in multimodal 
control of excitability in dentate Gyrus granule cells. J Neurosci. 
2019;39(9):1566–87.

 79. Doyle GA, Reiner BC, Crist RC, Rao AM, Ojeah NS, Arauco-Shapiro G, 
et al. Investigation of long interspersed element-1 retrotransposons as 
potential risk factors for idiopathic temporal lobe epilepsy. Epilepsia. 
2021;62(6):1329–42.

 80. Wulsin AC, Kraus KL, Gaitonde KD, Suru V, Arafa SR, Packard BA, et al. The 
glucocorticoid receptor specific modulator CORT108297 reduces brain 
pathology following status epilepticus. Exp Neurol. 2021;341:113703.

 81. He K, Xiao W, Lv W. Comprehensive identification of essential pathways 
and transcription factors related to epilepsy by gene set enrichment 
analysis on microarray datasets. Int J Mol Med. 2014;34(3):715–24.

 82. Lei J, Feng F, Duan Y, Xu F, Liu Z, Lian L, et al. Intranasal nerve growth 
factor attenuating the seizure onset via p75R/Caspase pathway in the 
experimental epilepsy. Brain Res Bull. 2017;134:79–84.



Page 15 of 15Wang et al. Acta Epileptologica            (2022) 4:33  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 83. Krasniqi S, Daci A. Role of the angiotensin pathway and its target therapy 
in epilepsy management. Int J Mol Sci. 2019;20(3).

 84. Kim H, Jung H, Jung H, Kwon SK, Ko J, Um JW. The small GTPase ARF6 
regulates GABAergic synapse development. Mol Brain. 2020;13(1):2.

 85. Hujber Z, Horváth G, Petővári G, Krencz I, Dankó T, Mészáros K, et al. GABA, 
glutamine, glutamate oxidation and succinic semialdehyde dehydroge-
nase expression in human gliomas. J Exp Clin Cancer Res. 2018;37(1):271.

 86. Ma Y, Gong Y, Cheng Z, Loganathan S, Kao C, Sarkaria JN, et al. Critical 
functions of RhoB in support of glioblastoma tumorigenesis. Neuro-
Oncology. 2015;17(4):516–25.

 87. Liu JYW, Dzurova N, Al-Kaaby B, Mills K, Sisodiya SM, Thom M. Granule 
cell dispersion in human temporal lobe epilepsy: proteomics investiga-
tion of neurodevelopmental migratory pathways. Front Cell Neurosci. 
2020;14:53.

 88. Yuan J, Huang H, Zhou X, Liu X, Ou S, Xu T, et al. MicroRNA-132 interact 
with p250GAP/Cdc42 pathway in the hippocampal neuronal culture 
model of acquired epilepsy and associated with Epileptogenesis process. 
Neural Plast. 2016;2016:5108489.


	Potentials of miR-9-5p in promoting epileptic seizure and improving survival of glioma patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	Construction of recombinant adeno-associated virus (rAAV) carrying miR-9-5p
	Animals
	Experimental animal grouping
	Animal model of epilepsy
	Surgical procedures and electrophysiological recordings
	Human participants
	Visualization of the expression profile of miR-9-5p in human tissues
	Target gene prediction
	Gene chip data acquisition
	Functional and tissue enrichment analysis
	Recognition and analysis of differentially expressed genes (DEGs)
	Survival analysis
	Protein-protein interaction (PPI) network construction and module analysis
	Statistical analysis

	Results
	miR-9-5p levels increase in rat hippocampus at 6 h and 7 days after SE
	Overexpression of miR-9-5p significantly exacerbates the lithium-pilocarpine-induced epileptic seizures
	miR-9-5p target gene prediction and enrichment analysis
	Hsa-miR-9-5p may play a critical role in human cancer, especially glioma
	Hsa-miR-9-5p may play a critical role in glioma-induced epilepsy

	Discussion
	Limitations

	Conclusions
	Acknowledgments
	References


