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Abstract

Epilepsy is a common neurological disease. The dysregulated long noncoding RNAs (IncRNAs) are implicated in epilep-
togenesis. The aim of this research is to explore the role and mechanism of IncRNA zinc finger antisense 1 (ZFAS1) in status
epilepticus (SE)-induced hippocampal neurons injury. SE mice model was established and primary hippocampal neurons
were isolated. The expression levels of ZFAS1 and microRNA-421 (miR-421) were detected in hippocampus and hippocam-
pal neurons via quantitative reverse transcription polymerase chain reaction. Hippocampal neurons viability, apoptosis and
autophagy were analyzed via Cell Counting Kit-8, flow cytometry and western blot. The target relationship between ZFAS1
and miR-421 was analyzed via dual-luciferase reporter assay. The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)
pathway was blocked by LY294002 and related protein levels were detected via western blot. ZFAS1 expression was elevated
in hippocampus and hippocampal neurons from SE mice. Knockdown of ZFAS|1 increased SE hippocampal neurons viability
and decreased apoptosis and autophagy. ZFAS1 could sponge miR-421. MiR-421 expression was declined in SE mice tis-
sues and cells. Down-regulation of miR-421 abolished the suppressive effect of ZFAS1 knockdown on hippocampal neurons
apoptosis and autophagy. Silencing of ZFAS1 induced activation of the PI3K/AKT pathway by up-regulating miR-421.
Inhibition of the PI3K/AKT pathway reversed the effect of ZFAS1 knockdown on SE hippocampal neurons apoptosis and
autophagy. Interference of ZFASI attenuated hippocampal neurons apoptosis and autophagy in SE by increasing miR-421
and activating the PI3K/AKT pathway, indicating a new mechanism for understanding the pathogenesis of SE.
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Introduction

Epilepsy is a common neurological disorder impairing life
quality of patients with status epilepticus (SE) [1]. Great
advances have been gained on the development, prediction
and treatment of epilepsy [2]. The effective strategy for epi-
lepsy remains a challenge. The hippocampal damage and
dysfunction of hippocampal neurons are implicated in the
development of epilepsy [3, 4]. Therefore, exploring the
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pathogenesis of hippocampal neurons dysfunction might be
helpful to find out new target for the treatment of epilepsy.

The dysregulation of long noncoding RNAs (IncRNAs) is
associated with the development of epilepsy [5]. Zinc finger
antisense 1 (ZFAS1) is identified as a IncRNA having vari-
ous roles in human diseases [6]. ZFAS1 could promote can-
cer malignancies by regulating cancer cell proliferation and
apoptosis in different cancers, including glioma, colorectal
cancer, nasopharyngeal carcinoma and non-small cell lung
cancer [7-10]. By detecting 11 dysregulated IncRNAs, Han
et al. find that ZFAS| is up-regulated most except H19 in SE
[11]. Hence, ZFAS1 might play important role in epilepsy
development. However, the role and mechanism of ZFAS1
in epilepsy remain undetermined.

MiRNAs could mediate hippocampal neurogenesis via reg-
ulating gene expression, which might participate in the devel-
opment of epilepsy [12]. MiR-421 is one of common miRNAs
associated with cancer cell apoptosis [13]. Previous studies
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show that miR-421 could inhibit cell apoptosis in some cell
lines [14, 15]. More importantly, emerging evidence suggests
that miR-421 could repress hippocampal neurons apoptosis
and autophagy by regulating toll-like receptor/myeloid dif-
ferentiation factor-88 pathway in epilepsy [16]. Nevertheless,
it is undetermined whether ZFAS1 could regulate miR-421.

Previous studies suggest that activation of phospho-
inositide 3-kinase (PI3K)/protein kinase B (AKT) pathway
protects against neuronal death, oxidative stress and occur-
rence of epilepsy [17-19]. However, whether the PI3K/AKT
pathway is mediated by ZFAS1 in epilepsy remain unclear.
It is documented that pilocarpine is widely used to induce
SE of mice [20, 21]. In this research, we also established
the mouse SE model via treatment of pilocarpine. Moreo-
ver, we measured the expression of ZFAS1 in hippocampus
of mice with SE and investigated the effect of ZFAS1 on
hippocampal neurons apoptosis and autophagy. Besides, we
explored the interaction between ZFAS1 and miR-421/PI3K/
AKT pathway.

Materials and Methods
Mouse SE Model

The C57BL/6 mice (male, 20-25 g) were purchased from
Vital River (Beijing, China) and used in this research. SE
model was established via pilocarpine as previously reported
with some modifications [22], and the mice at behavioral
seizures stage 5 were regarded as SE. In brief, mice were
given 2 mg/kg of atropine (Selleck, Shanghai, China) 30 min
before the intraperitoneal injection of 280 mg/kg of pilocar-
pine (Selleck). The mice were monitored, and the behav-
ioral seizures were investigated. The stages of behavioral
seizures were determined based on the Racine scale [23].
The mice with stage 5 (rearing and falling) were selected
for this study. After SE onset for 2 h, diazepam (10 mg/kg;
Sigma, St. Louis, MO, USA) was intraperitoneally injected
into mice to quell seizures. The mice in control group were
injected with saline instead of pilocarpine. SE and control
mice (n=10/group) were used for the study. At 24 h after
SE, the mice were killed and hippocampus were collected.
The experiments were approved via the Institutional Animal
Care and Use Committee of Jiangxi provincial People’s Hos-
pital Affiliated to Nanchang University.

Primary Hippocampal Neurons Isolation, Culture
and Treatment

The primary hippocampal neurons were isolated from the
hippocampus of SE mice or control group according to the
procedures as previously reported [16]. Cells were grown
in DMEM (Solarbio, Beijing, China) with 10% fetal bovine
serum (Zhejiang Tianhang Biotechnology, Huzhou, China),
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and 1% penicillin/streptomycin (Thermo Fisher, Wilming-
ton, DE, USA) at 37 °C in 5% CO,. For blocking the PI3K/
AKT pathway, cells were incubated with 50 nM pathway
inhibitor LY294002 for 24 h. The matched control group
was incubated with dimethyl sulfoxide (DMSO; Solarbio).

Cell Transfection

The siRNA against ZFAS1 (si-ZFAS1, 5'-UUCUGUAUU
CCAAAAGUACCU-3"), siRNA negative control (si-NC,
5'-CACUGACGGUGACCAGAACAAAGAU-3"), miR-
421 mimic (5’-AUCAACAGACAUUAAUUGGGCGC-
3"), mimic negative control (miR-NC, 5'-UUCUCCGAA
CGUGUCACGUTT-3'), miR-421 inhibitor (anti-miR-421,
5'-UAGUUGUCUGUAAUUAACCCGCG-3'), and cor-
responding negative controls (anti-NC, 5'-CAGUACUUU
UGUGUAGUACAA-3") were generated via Ribobio
(Guangzhou, China). Hippocampal neurons with 60% con-
fluence were transfected with these oligonucleotides (40 nM)
via Lipofectamine 3000 reagent (Thermo Fisher) for 24 h.

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR)

The RNA was extracted from hippocampus or hippocampal
neurons using TRIzol reagent (Takara, Tokyo, Japan). The
reverse transcription was carried out to synthesize cDNA
using the specific reverse transcription kit (Thermo Fisher).
The cDNA was used to perform qRT-PCR using SYBR
Green (Takara) on an ABI 7900 system (ABI, Foster City,
CA, USA). The primers (Sangon, Shanghai, China) were
listed as: ZFAS1 (sense, 5'-AACCATTAGCTAGCTGGG
GC-3'; antisense, 5'-CAAGTTAACCCCGGAGGGAC-3),
miR-421 (sense, 5-TATGGTTGTTCTGCTCTCTGTGTC
-3’; antisense, 5'-CTCACTCACATCAACAGACATTAA
TT-3"), U6 (sense, 5'-ACGCTTCACGAATTTGCGTGTC-
3'; antisense, 5'-CTCGCTTCGGCAGCACA-3"), GAPDH
(sense, 5'-ACGGGAAGCCCATCACGATT-3'; antisense,
5'-CAGAAGGGGCGGAGATGATG-3"). The relative
expression was normalized to GAPDH (for ZFAS1) or U6
(for miR-421) according to the 2742 method [24].

Cell Counting Kit-8 (CCK-8) Assay

The viability of hippocampal neurons was determined via
CCK-8 assay. Hippocampal neurons were added into 96-well
plates (1 X 10* cells/well) and then cultured for 48 h. Next,
10 pL CCK-8 reagent (Abbkine, Wuhan, China) was added.
After culture for 3 h, the absorbance at 450 nm was detected
through a microplate reader (Bio-Gene Technology, Guang-
zhou, China). The relative cell viability was normalized to
control group.
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Flow Cytometry

The apoptotic rate of hippocampal neurons was analyzed via
Annexin V-FITC/PI detection kit (Vazyme, Nanjing, China)
by flow cytometry. Hippocampal neurons were placed into
12-well plates (5 X 10* cells/well) and incubated for 48 h.
Following the incubation of binding buffer, cells were
stained with 5 pL. Annexin V-FITC and PI solution. Next,
cells were analyzed with a flow cytometer (Agilent, Hang-
zhou, China). The apoptotic rate of hippocampal neurons
was presented as the percentage of cells at upper and lower
right quadrants.

Western Blot

Hippocampal neurons were harvested and lysed using
RIPA reagent (Beyotime, Shanghai, China) with 1 mM
PMSF (Beyotime). The protein samples were quantified via
BCA protein assay kit (Solarbio) and denatured at 100 °C
for 5 min. Then, 30 pg samples were suffered from sodium
dodecyl sulfate—polyacrylamide gel electrophoresis followed
via transfer of nitrocellulose membranes (Millipore, Bill-
erica, MA, USA). Subsequently, the membranes which were
blocked in 5% non-fat milk were interacted with specific
antibodies (Abcam, Cambridge, MA, USA), including anti-
Cleaved caspase 3 (Cleaved-casp 3) (ab49822, 1:500 dilu-
tion), anti-B-cell lymphoma 2 (Bcl-2) (ab194583, 1:1000
dilution), anti-Bax (ab199677, 1:1000 dilution), anti-LC3-
II/T (ab51520, 1:3000 dilution), anti-Beclin 1 (ab62557,
1:2000 dilution), anti-P62 (ab91526, 1:1000 dilution), anti-
PI3K (ab227204, 1:500 dilution), anti-phosphorylated PI3K
(p-PI3K) (ab182651, 1:500 dilution), anti-AKT (ab8805,
1:500 dilution), anti-p-AKT (ab38449, 1:500 dilution), and
anti-GAPDH (ab37168, 1:1000 dilution), and horseradish
peroxidase-conjugated IgG (ab6721, 1:8000 dilution). Next,
the protein bands were exposed to ECL reagent (Amyjet
Scientific, Wuhan, China). The relative protein level was
normalized to GAPDH expression and control group.
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Dual-Luciferase Reporter Assay

The complementary sites of ZFAS1 and miR-421 were
predicted via starBase online (https://starbase.sysu.edu.cn/
index.php). The sequence of ZFAS1 containing wild-type
(WT) (CUGUUGA) or mutant (MUT) (AACCCAG) binding
sites of miR-421 was inserted into the psiCHECK-2 vector
(Promega, Madison, WI, USA), generating the correspond-
ing luciferase reporter constructs ZFAS1-WT and ZFAS1-
MUT. The hippocampal neurons were co-transfected with
ZFAS1-WT or ZFAS1-MUT and miR-421 mimic or NC
using Lipofectamine 3000 reagent for 24 h. A dual-luciferase
assay system (Thermo Fisher) was exploited to analyze the
luciferase activity.

Statistical Analysis

Statistical analysis was conducted via GraphPad Prism 6
(GraphPad, La Jolla, CA, USA). The experiments were con-
ducted with 3 biological replicates and 3 technical replicates.
The data were expressed as mean + standard deviation. The
linear correlation in Fig. 3f was analyzed via Pearson corre-
lation analysis. Student’s ¢-test was performed in Figs. 1 and
3; ANOVA followed via Tukey test was conducted in Figs. 2,
4,5 and 6. The difference was significant when P <0.05.

Results
The Expression of ZFAS1 is Up-regulated in Epilepsy

To measure the expression of ZFAS]1 in epilepsy, the SE
mice model was established. By detecting the level of
ZFAS1 in hippocampus, results showed that ZFAS1 expres-
sion was higher in SE group than that in control group
(Fig. 1a). Furthermore, the hippocampal neurons were
isolated from SE mice or control group. The expression
of ZFAS1 was evidently elevated in hippocampal neurons
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Fig.1 The expression of ZFASI1 in epilepsy. a The level of ZFAS1 was measured in hippocampus from SE mice or control group (n=10) by
qRT-PCR. b The expression of ZFAS1 was detected in hippocampal neurons from SE mice or control group by qRT-PCR. *P <0.05
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Fig.2 The effect of ZFAS1 on SE-induced hippocampal neurons
apoptosis and autophagy. a The level of ZFAS1 was examined in hip-
pocampal neurons from SE mice transfected with si-ZFAS1 or si-NC
via qRT-PCR. b The viability of hippocampal neurons from SE mice
transfected with si-ZFAS1 or si-NC was measured via CCK-8 assay. ¢
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Fig.3 The target association between ZFAS1 and miR-421. a and b
miR-421 expression was detected by qRT-PCR in hippocampus and
hippocampal neurons of SE mice or control group. ¢ The comple-
mentary sites between ZFAS1 and miR-421 were predicted via star-
Base. d Luciferase activity was performed in hippocampal neurons
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with si-ZFAS1 or si-NC was detected via flow cytometry. d—f The
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by western blot. *P <0.05
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Fig.4 The rescue effect of miR-421 on ZFAS1-mediated SE-induced
hippocampal neurons apoptosis and autophagy. a The abundance of
miR-421 was examined in SE hippocampal neurons transfected with
si-NC, si-ZFAS]1, si-ZFAS1 + anti-NC or anti-miR-421 via qRT-PCR.
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miR-421 by CCK-8, flow cytometry and western blot. *P <0.05
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Cell viability (a), apoptotic rate (b), apoptotic and autophagy-related

from SE mice compared with that in control group (Fig. 1b).
These data indicated that high expression of ZFAS1 might
play important role in epilepsy.
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DMSO by CCK-8, flow cytometry and western blot. *P <0.05

Knockdown of ZFAS1 Represses SE-Induced
Hippocampal Neurons Apoptosis and Autophagy

To explore the effect of ZFAS1 on SE-induced hippocam-
pal injury, the hippocampal neurons from SE mice were
transfected with si-NC or si-ZFAS1. The transfection
of si-ZFAS]1 effectively decreased the level of ZFASI in
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hippocampal neurons from SE mice (Fig. 2a). The functional
assay showed that hippocampal neurons viability was obvi-
ously reduced in SE group compared with control group,
while it was restored by knockdown of ZFAS1 (Fig. 2b).
Moreover, silence of ZFAS1 protected against SE-induced
hippocampal neurons apoptosis (Fig. 2¢). In addition, the
apoptotic proteins (Bcl-2, Bax and Cleaved-casp 3) and
autophagy-related proteins (LC3-II/I and Beclin 1) were
measured. As shown in Fig. 2d—f, reduction of Bcl-2 and
P62, and elevation of Bax, Cleaved-casp 3, LC3-II/T and
Beclin 1 were displayed in SE hippocampal neurons, while
these protein levels were reversed via down-regulation of
ZFAS1. These results suggested that inhibition of ZFASI
repressed SE-induced hippocampal neurons apoptosis and
autophagy.

ZFAS1 is a Sponge of miR-421

To explore the mechanism of ZFAST1 in hippocampal injury,
the targets of ZFAS1 were analyzed via starBase, which
indicated miR-421 was a candidate target of ZFAS1. As
predicted miR-421 expression was remarkably reduced in
hippocampus and hippocampal neurons of SE group in com-
parison to control group (Fig. 3a and b). For validation of
this target association, the wild-type and mutant luciferase
reporter vectors were constructed (Fig. 3¢), and the lucif-
erase activity was analyzed. As shown in Fig. 3d, overex-
pression of miR-421 led to a 48% loss of luciferase activity
in ZFAS1-WT group, whereas the mutant of binding sites in
ZFAS1-MUT group abolished this effect. Moreover, miR-
421 expression was significantly increased via knockdown
of ZFAS1 in hippocampal neurons (Fig. 3e). In addition,
miR-421 level was inversely correlated with ZFAS1 expres-
sion in hippocampus from SE group (Fig. 3f). These findings
uncovered that ZFAS1 could sponge miR-421.

Knockdown of miR-421 Abates the Suppressive
Effect of ZFAS1 Silence on SE-Induced Hippocampal
Neurons Apoptosis and Autophagy

To explore whether miR-421 was required for ZFAS1 in
regulating hippocampal injury, the hippocampal neurons
from SE mice were transfected with si-NC, si-ZFAS1, si-
ZFAS1 + anti-NC or anti-miR-421. The transfection of anti-
miR-421 effectively declined the abundance of miR-421 in
the presence of si-ZFAS1 in hippocampal neurons from
SE mice (Fig. 4a). Moreover, down-regulation of miR-421
weakened silence of ZFAS1-induced viability restoration of
SE hippocampal neurons (Fig. 4b). In addition, inhibition of
miR-421 reversed the inhibitive role of ZFAS1 knockdown
in hippocampal neurons apoptosis (Fig. 4c—e). Besides,
knockdown of miR-421 alleviated silence of ZFAS1-medi-
ated regulation on autophagy-related protein expression

(Fig. 4d and f). These data suggested that ZFAS1 could
regulate SE-induced hippocampal injury via mediating
miR-421.

Knockdown of ZFAS1 Activates the PI3K/AKT
Pathway by Regulating miR-421 in Hippocampal
Neurons

To explore whether the PI3K/AKT pathway was mediated by
ZFAS]1, the related protein levels were measured in the hip-
pocampal neurons from SE mice. As shown in Fig. 5a and
b, the phosphorylation levels of PI3K and AKT were sig-
nificantly inhibited in SE group, while they were promoted
via knockdown of ZFAS|1 in hippocampal neurons from SE
mice. And the effect of ZFAS1 knockdown was abated via
inhibition of miR-421 or use of LY294002 (an inhibitor of
the PI3K/AKT pathway). These results showed that ZFAS1/
miR-421 axis could regulate the activation of the PI3K/AKT
pathway in hippocampal neurons.

Knockdown of ZFAS1 Inhibits SE-Induced
Hippocampal Neurons Apoptosis and Autophagy
by Activating the PI3K/AKT Pathway

To explore whether the PI3K/AKT pathway was involved in
ZFAS1-mediated regulation of hippocampal injury, the hip-
pocampal neurons from SE mice transfected with si-NC or
si-ZFAS1 were treated by the pathway inhibitor LY294002.
As shown in Fig. 6a—e, inhibition of the PI3K/AKT path-
way using LY294002 abrogated knockdown of ZFAS1-
induced increase of viability and inhibition of apoptosis and
autophagy in hippocampal neurons from SE mice. These
findings implied that silence of ZFAS1 inhibited SE-induced
hippocampal injury via activating the PI3K/AKT signaling.

Discussion

Epilepsy is a serious brain problem with more than 70 mil-
lion cases in the world [25]. 30% of persons with epilepsy
have refractory disease despite the therapeutic improve-
ment [26]. Hence, it is urgent to explore new strategy for
the treatment of epilepsy. LncRNAs could take part in epi-
lepsy development by regulating neuron dysfunction [27].
Hippocampal neurons apoptosis and autophagy contribute
to epilepsy progression [28, 29]. This study was the first to
demonstrate the protective effect of ZFAS1 knockdown on
hippocampal neurons via decreasing neurons apoptosis and
autophagy. Moreover, the target association between ZFAS1
and miR-421 was first confirmed in this research.

In this research, increased expression of ZFAS1 was
measured in hippocampus of SE mice, which was in agree-
ment with previous study [11]. This result indicated that
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ZFAS1 might play important role in epilepsy develop-
ment. In Bcl-2 family, anti-apoptotic Bcl-2 protein and
pro-apoptotic Bax regulate the apoptotic process [30].
Moreover, activation of caspase 3 contributes to cell
apoptosis [31]. Here we found that knockdown of ZFAS1
weakened hippocampal neurons apoptosis in SE mice.
Furthermore, LC3 and P62 are important proteins involved
in autophagosome development, and Beclin 1 controls
autophagocytosis, which are associated with alteration
of autophagy in epilepsy [32-34]. By detecting these
autophagy-related biomarkers, we found that knockdown
of ZFAS1 mitigated SE-induced hippocampal neurons
autophagy. Thus, ZFAS1 might serve as an important tar-
get for treatment of epilepsy.

Previous studies suggested that ZFAS1 could regulate
cancer progression via regulating multiple miRNAs, such
as miR-432-5p, miR-7-5p, miR-135a and miR-193a-3p
[7-10]. To explore an additional target of ZFAS1, here
we validated that ZFAS1 could target miR-421. Previous
study reported that miR-421 expression was decreased
in hippocampus of SE mice, and this miRNA played a
protective function via decreasing hippocampal neurons
apoptosis and autophagy [16]. Similarly, we also found
the reduced expression of miR-421 in hippocampus of SE
mice. Furthermore, down-regulation of miR-421 abol-
ished silence of ZFAS1-mediated inhibitive effect on hip-
pocampal neurons apoptosis and autophagy, uncovering
that ZFAS1 controlled SE-induced hippocampal injury by
regulating miR-421.

The PI3K/AKT pathway is associated with autophagy
process in neurodegenerative diseases [35]. Our data
showed that the PI3K/AKT pathway was inactivated in
epilepsy, and ZFAS1 knockdown activated this pathway
via increasing miR-421. This result was opposite with
that in acute lymphoblastic leukemia and nasopharyngeal
carcinoma [36, 37]. We hypothesized it might be due to
the different microenvironments or different targets in the
upstream of the PI3K/AKT pathway. Moreover, activation
of the PI3K/AKT pathway inhibited hippocampal neurons
apoptosis and autophagy [19, 29]. In this work, we also
found that inhibition of the PI3K/AKT pathway attenuated
the effect of ZFAS1 knockdown on hippocampal neurons,
indicating that ZFASI regulated hippocampal neurons
apoptosis and autophagy via inhibiting the PI3K/AKT
pathway.

In conclusion, knockdown of ZFASI1 alleviated hip-
pocampal neurons apoptosis and autophagy, possibly via
up-regulating miR-421 and activating the PI3K/AKT path-
way. This study indicates a novel target for the treatment of

epilepsy.
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