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Abstract

It is vital to understand the mechanism of epilepsy onset and development. Dysregulated IncRNAs are closely associated
with epilepsy. Our work probed the role of IncRNA PVT1/miR-488-3p/FOXD3/SCN2A axis in epilepsy. The mRNA and
protein expressions were assessed using qRT-PCR and western blot. MTT assay and TUNEL staining were conducted to
assess cell viability and apoptosis, respectively. TNFa, IL-1p and IL-6 levels were analyzed using ELISA. LDH level was
tested by Assay Kit. The binding relationship between PVT1, miR-488-3p and FOXD3 were verified using dual luciferase
reporter gene assay. The epilepsy model of rats was established by lithium-pilocarpine injection. Nissl staining was performed
to evaluate neuronal damage. PVT1 was markedly upregulated in epilepsy model cells. Knockdown of PVT1 increased the
viability, while repressed the apoptosis and inflammatory cytokines secretion as well as LDH level in epilepsy cell model.
MiR-488-3p alleviated neuronal injury and neuroinflammation in model cells. MiR-488-3p functioned as the direct target of
PVT]I, and its inhibition neutralized the effects of PVT1 silencing on neuronal cell injury and neuroinflammation in model
cells. Furthermore, miR-488-3p inhibited neuronal cell injury and neuroinflammation in model cells by regulating FOXD3/
SCN2A pathway. Finally, animal experiments proved that PVT1 promoted epilepsy-induced neuronal cell injury and neu-
roinflammation by regulating miR-488-3p-mediated FOXD3/SCN2A pathway. PVT1 promoted neuronal cell injury and
inflammatory response in epilepsy via inhibiting miR-488-3p and further regulating FOXD3/SCN2A pathway.
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Abbreviations MTT 3-(4, 5-Dimethylthiazolyl2)-2, 5-diphe-
ANOVA  Analysis of variance nyltetrazolium bromide
Bax Bcl-2-associated X, PVT1 Plasmacytoma variant translocation 1
Bcl-2 B-cell lymphoma-2 SCN2A Sodium voltage-gated channel alpha subunit 2
ceRNA Competing endogenous RNA SD Standard deviation
ELISA Enzyme linked immunosorbent assay TNF Tumor necrosis factor
FOXD3 Forkhead box D3 TUNEL  TdT-mediated dUTP nick-end labeling
IL Interleukin gRT-PCR  Quantitative real-time polymerase chain
LDH Lactate dehydrogenase reaction
IncRNA  Long non-coding RNA
miR MicroRNA
Introduction
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xyxiangjun@csu.edu.cn Epilepsy is a chronic neurological disease caused by exces-

sive discharge caused by abnormal excitation of neurons,
affecting more than 1% of people worldwide [1-3]. Per-
sistent epilepsy results in acute and persistent damage to
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current anti-epileptic drug treatments fail to control the sei-
zures of these patients [1]. Therefore, it is extremely impor-
tant to reveal the molecular mechanism of epilepsy patho-
genesis, which will help to find novel effective treatment
strategies for epilepsy patients.

Long non-coding RNAs (IncRNAs) are non-coding
RNAs with transcripts longer than 200 nt [5]. The function
of IncRNAs in the pathogenesis of epilepsy has been widely
reported [6-9]. As proof, IncRNA MEG3 overexpression
could remarkably suppress neuron apoptosis in hippocampus
[10]. In addition, IncRNA NEAT]1 silencing was reported
to inhibit inflammatory response in epilepsy cell model [7].
LncRNA plasmacytoma variant translocation 1 (PVT1),
located on chromosome 8q24, is widely confirmed as an
oncogene [11]. It was described that PVT1 silencing could
markedly inhibit malignant behaviors of human glioma
cells [12]. A recent study emphasized the role of PVT1 in
epilepsy, specifically PVT1 knockdown reduced the loss of
neurons and inhibited the activation of astrocytes in the hip-
pocampus of epileptic rats [13], suggesting PVT1 was a risk
factor affecting epilepsy. Nevertheless, the mechanisms of
PVT1I in epilepsy and its correlation with epilepsy inflam-
mation are still unclear.

MicroRNAs (miRNAs) are noncoding RNAs of 20-22
nts in length [14]. As well known, miRNA dysregulation is
linked to epilepsy pathogenesis [15]. As proof, Wang et al.
displayed that miRNA-137 overexpression in the brains of
epileptic mice could suppress seizures and neuronal excit-
ability [16]. MiR-488 has become a research hotspot recently
[17, 18]. MiR-488-3p overexpression could remarkably
inhibit oxygen glucose deprivation/reoxygenation-induced
neuronal cell death [19], revealing that miR-488-3p had pro-
tective effects on neurons. Additionally, miR-488 overex-
pression was reported to suppress the inflammatory response
induced by monosodium urate in THP-1 cells [20]. It’s sug-
gested that miR-488-3p functions in regulating neuronal
cell damage and inflammation, however its role in epilepsy
is largely unclear. It was observed that PVT1 achieved its
biological function in many diseases by sponging miR-
488-3p [12, 21, 22]. Nevertheless, the regulatory relation-
ship between PVT1 and miR-488-3p in epilepsy is largely
unknown, which is worthy of further research.

Forkhead box D3 (FOXD3), as a transcription factor in
regulating neural crest cell differentiation, is confirmed to
be related to epilepsy progression [23, 24]. As previously
reported, FOXD3 was remarkably upregulated in refractory
epilepsy cell model, and its silencing relieved magnesium-
free-induced neuron damage by elevating sodium voltage-
gated channel alpha subunit 2 (SCN2A) expression [24]. We
found that FOXD3 was one of the targets of miR-488-3p,
thus, we speculated that miR-488-3p could be involved in
epilepsy development by regulating the FOXD3/SCN2A
pathway.
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Herein, we probed the function of IncRNA PVTI in
epilepsy and its underlying molecular mechanisms. We
hypothesized that that PVT1 upregulated FOXD3 by
sponging miR-488-3p, thereby promoting neuronal cell
injury and neuroinflammation in epilepsy. Therefore,
PVT1 may become a potential therapeutic target for

epilepsy.

Materials and Methods
Cell Culture and Treatment

SH-SYS5Y cells were obtained from ATCC. All cells were
cultured in DMEM (Gibco) mixed with 10% FBS (Gibco)
at 37 °C with 5% CO,. To stimulate SH-SY5Y cells to
differentiate into neuron-like cells, cells were subjected
to 10 uM retinoic acid (Sigma-Aldrich) for 7 d. Then,
cells were cultured in magnesium-free DMEM containing
10 ng/mL BDNF for 3 h to establish refractory epilepsy
cell model (Peprotech).

Cell Transfection

The short hairpin of PVTI (sh-PVTI1, 5'-GCGGGT
GACCTTGGCACATAC-3', Cat.No: C02007) was
designed according to the sequence of PVT1 transcripts
in NCBI. The accepted scramble sequence (GTTCTC
CGAACGTGTCACGT) was used as a negative con-
trol (sh-NC). To construct the overexpression plasmids
of FOXD3 (NM_012183.3), its coding sequence (CDS)
were amplified and then inserted into the pcDNA3.1 vec-
tor (pcDNA3.1 FOXD3, Cat.No: C05008). MiR-488-3p
mimics and inhibitor was employed to overexpress and
decrease the level of miR-488-3p, respectively. The
sequences were as follows: miR-488-3p mimics (sense: 5'-
UUGAAAGGCUAUUUCUUGGUC-3', antisense: 5'-CCA
AGAAAUAGCCUUUCAAUU-3', Cat.No: B02001); mim-
ics NC (sense: 5'-UUCUCCGAACGUGUCACGUTT-3’,
antisense: 5'-ACGUGACACGUUCGGAGAATT-3");
miR-488-3p inhibitor (5'-GACCAAGAAAUAGCCUUU
CAA-3’, Cat.No: B03001); inhibitor NC (5'-CAGUAC
UUUUGUGUAGUACAA-3"). Cells were transfected with
a final concentration of 50 nM of the specific sh-RNA
PVTI1, pcDNA3.1 FOXD3, or 40 nM of miR-488-3p mim-
ics/inhibitor, respectively, using Lipofectamine™ 3000
transfection reagent (Invitrogen) according to the manufac-
turer’s instructions. Cells were used for follow-up experi-
ments following the detection of transfection efficiency
by gqRT-PCR. The above plasmids and sequences were all
synthesized and constructed by GenePharma.
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3-(4, 5-Dimethylthiazolyl2)-2,
5-Diphenyltetrazolium Bromide (MTT) Assay

Cells were seeded in a 96-well plate (2 X 103 cells/well) for
12 h and incubated with 5 mg/mL MTT (Beyotime, Shang-
hai, China) for 4 h. Then the absorbance at 490 nm was ana-
lyzed with a microplate reader after DMSO (Sigma-Aldrich)
supplement (Bioteke, Beijing, China).

TdT-Mediated dUTP Nick-End Labeling, (TUNEL)
Staining

Cells were fixed and permeabilized. TUNEL staining was
conducted using the kit (Roche). The nucleus was stained
with DAPI (Sangon). The images were obtained with fluo-
rescence microscope (Olympus).

Dual Luciferase Reporter Gene Assay

WT and MUT reporter plasmids of PVT1/FOXD3 sequences
were amplified and cloned into pmiRGLO vector (GeneP-
harma). Then, cells were co-transfected with the recombi-
nant plasmids and miR-488-3p mimics/mimics NC/miR-
488-3p inhibitor/inhibitor NC. The Luciferase activity was
examined.

Measurement of Lactate Dehydrogenase (LDH)
Level

LDH level was assessed by LDH assay Kit (Beyotime).
Briefly, SH-SYSY cells were lysed and the supernatant col-
lected, and the supernatant was incubated with the reaction
mixture for 30 min. Finally, the absorbance at 490 nm was
analyzed.

Enzyme-Linked Immunosorbent Assay (ELISA)

The secretions of tumor necrosis factor-a (TNF-a), inter-
leukin (IL)-6 and IL-1f were examined by ELISA kits pur-
chased from Beyotime. Cell supernatant and serum were
collected for experiment. The experimental operation was
performed strictly according to the manual. The data were
analyzed in the microboard reader (Bioteke).

Animal Experiments

Male SD rats were purchased from Hunan Star Labora-
tory Animal Co. LTD (Hunan, China). The rats were ran-
domly divided into following groups: control group, model
group, model + sh-NC + inhibitor NC group, model + sh-
PVTI +inhibitor NC group and model + sh-PVT1 + miR-
488-3p inhibitor group. Epileptic group rats were injected
with 3 pl (0.2 pl/min) of the corresponding lentivirus vector

(titer 2 x 10® IFU/ml) into each hippocampus with the use of
stereotaxic apparatus, and stepper motorized microsyringe
into the hippocampus. Epileptic rat model was constructed
using Lithium-pilocarpine as previously described [25].
Briefly, lithium chloride (Sigma-Aldrich) was intraperito-
neally injected (127 mg/kg), scopolamine methyl bromide
(Sigma-Aldrich, 1 mg/kg) was intraperitoneally injected
24 h later, then 1% pilocarpine (Sigma-Aldrich, 30 mg/
kg) was administrated 30 min later. 30 mg/kg pilocarpine
(Sigma-Aldrich) was intraperitoneally injected into rats
30 min after 1 mg/kg atropine (Sigma-Aldrich) injection.
Epileptic seizures of the rats were evaluated by the modified
Racine score as previously reported [26], and the models of
grade IV or above were regarded successful. After status
epilepticus (SE) for 1 h, 2 mg/kg diazepam (Sigma-Aldrich)
was injected for SE termination. The model rats developed
spontaneous seizures after 28 d. Then rats were sacrificed,
and hippocampus tissues were collected. All animal experi-
mental procedures were reviewed and approved by The Sec-
ond Xiangya Hospital of Central South University.

Nissl Staining

The hippocampus tissues were fixed in 4% paraformalde-
hyde and Sections (30 um in thickness) were prepared. The
sections were immersed in a mixed solution of anhydrous
ethanol and chloroform overnight. Then sections were dehy-
drated with different concentrations of ethanol and stained
with 0.1% methylphenol (Sigma-Aldrich) for 10 min. The
images were obtained with inverted microscope.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted with TRIzol (Thermo Fisher Sci-
entific). For mRNA and miRNA, the cDNA was synthesized
using the Reverse Transcription Kit (Toyobo) and first-strand
cDNA synthesis kit (Sangon), respectively. Then, SYBR
(Thermo Fisher Scientific) was employed for the qRT-PCR
assay. GAPDH and U6 were used as the reference gene for
mRNA and miRNA, respectively. The data was analyzed
with 2724€T method. The primers used in the study were
listed as follows (5'-3"):
PVTI (F): 5'- CTTGCGGAAAGGATGTTGGC -3’
PVT1 (R): 5'- GCCATCTTGAGGGGCATCTT -3’
miR-488-3p (F): 5'- CGGCCGTTGAAAGGCTATTTC
-3
miR-488-3p (R): 5’-GTCGTATCCAGTGCAGGGTCC
GAGGTATTCGCACTGGATACGAC GACCAA -3".
FOXD3 (F): 5'- CGAGCAAGCCCAAGAAC -3’
FOXD3 (R): 5'- TGCTGATGAACTCGCAGAT -3’
SCN2A (F): 5'- GCTAAGAGACCCAAACAGGAAC -3’
SCN2A (R): 5'- GAATCGAGAGATTGCTTTCCCTT -3’
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U6 (F): 5'- CGCTTCGGCAGCACATATAC -3’

U6 (R): 5- AAATATGGAACGCTTCACGA -3'
GAPDH (F): 5'- TCAAGAAGGTGGTGAAGCAGG -3’
GAPDH (R): 5'- TCAAAGGTGGAGGAGTGGGT -3’

Western Blot

Total proteins were extracted using RIPA (Thermo Fisher
Scientific). BCA kit (Beyotime) was used to quantify the
concentration. Proteins were separated using the 10% SDS-
page gel and further transferred into a PVDF membrane
(Millipore). The membranes were subsequently incubated
overnight with antibodies against Bax (Abcam, 1:1000,
ab32503), Bcl-2 (Abcam, 1:1000, ab196495), cleaved-cas-
pase 3 (Abcam, 1:1000, ab32042), FOXD3 (Abcam, 1:200,
ab273019), SCN2A (Cell Signaling Technology, 1:1000,
#14,380) and GAPDH antibody (Sigma-Aldrich, 1:10,000,
SAB2701826). After being washed with PBS-T, membranes
were then incubated with the corresponding secondary anti-
body (Abcam, 1:5000, ab7090, ab6789) for 60 min. Protein
bands were analyzed by an ECL detection kit (Beyotime).
Pictures were taken by Gel imaging system (Bio-Rad), then
imagJ analized.

Statistical Analysis

All our data were obtained from three independent experi-
ments. Statistical data was analyzed by SPSS 19.0 IBM)
and expressed as means =+ standards deviation (SD). The
differences among two groups were analyzed by Student’s
t-tests. One-way analysis of variance (ANOVA) was per-
formed to assess the differences among multiple groups. The
p values less than 0.05 were considered significant.

Results

PVT1 Silencing Inhibited Neuronal Cell Apoptosis
and Neuroinflammation in Epilepsy Cell Model

Magnesium-free-induced refractory epilepsy cell model
was employed to assess the function of PVT]1 in epilepsy.
We first found that magnesium-free treatment resulted in
increased PVT1 expression in SH-SY5Y cells (Fig. 1A).
To probe the function of PVT1 in regulating epilepsy pro-
gression, we induced PVT1 knockdown by transfecting
sh-PVTI into SH-SYSY cells (Fig. 1B). As revealed in
Fig. 1C, sh-PVT]1 transfection attenuated magnesium-free
induced increased PVT1 expression in SH-SYSY cells.
The result of MTT assay subsequently revealed that the
cell viability was remarkably suppressed by magnesium-
free treatment, which was abrogated by PVT1 knockdown
(Fig. 1D). In addition, magnesium-free treatment led to
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elevated SH-SYSY cell apoptosis, while it was abolished
by PVT1 silencing (Fig. 1E). Similarly, Western blot assay
found that sh-PVT1 decreased the level of pro-apoptotic pro-
teins (Bax and cleaved-caspase 3), and increased the anti-
apoptotic protein Bcl-2 level in magnesium-free treatment
in SH-SYSY cells (Fig. 1F). Furthermore, leakage of LDH,
a well-demonstrated sign of cytotoxicity [27], was remark-
ably increased in magnesium-free treated SH-SYSY cells,
which was abolished by PVT1 knockdown (Fig. 1G). PVT1
silencing also significantly inhibited the secretion of inflam-
matory cytokines (TNF-a, IL-1p and IL-6) in epileptic cell
models (Fig. 1H). In summary, PVT1 promoted the neuronal
cell apoptosis and neuroinflammation in magnesium-free
induced SH-SYSY cells.

LncRNA PVT1 Suppressed miR-488-3p Expression
by Directly Targeting miR-488-3p

It has been widely described that IncRNA achieves bio-
logical functions by sponging miRNA, herein we induced
miR-488-3p overexpression/knockdown by transfecting
miR-488-3p mimics/inhibitor into cells (Fig. 2A). We found
through the starBase database that PVT1 had binding sites
to miR-488-3p (Fig. 2B). To confirm the targeting relation-
ship between PVT1 and miR-488-3p, dual luciferase reporter
gene assay was subsequently employed. It was revealed that
PVT]1 directly bound to miR-488-3p (Fig. 2C). Additionally,
we noticed that the level of miR-488-3p was significantly
reduced by magnesium-free treatment (Fig. 2D). In addition,
miR-488-3p in both control cells and model cells was sig-
nificantly up-regulated by sh-PVT]1 transfection (Fig. 2E-F).
In total, PVT1 targeted miR-488-3p to negatively regulate
miR-488-3p level.

MiR-488-3p Inhibited Neuronal Cell Apoptosis
and Neuroinflammation in Epilepsy Cell Model
in SH-SY5Y Cells

To probe the function of miR-488-3p in epilepsy, we induced
miR-488-3p overexpression or knockdown in model cells
(Fig. 3A). The result of MTT assay subsequently revealed
that miR-488-3p overexpression remarkably enhanced cell
viability of model cells, while miR-488-3p inhibition pre-
sented the opposite effect (Fig. 3B). Additionally, cell apop-
tosis of epilepsy model cells was obviously suppressed by
miR-488-3p overexpression, while the apoptosis was aggra-
vated by miR-488-3p knockdown (Fig. 3C). As expected,
Bax and cleaved-caspase 3 levels in epilepsy model cells
were obviously downregulated by miR-488-3p overexpres-
sion, while Bcl2 level was upregulated, and miR-488-3p
inhibition presented the opposite effects (Fig. 3D). Further-
more, the up-regulated miR-488-3p memorably inhibited
LDH secretion in model cells, and miR-488-3p inhibition
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Fig.1 PVTI silencing inhibited neuronal cell injury and neuroinflam-
mation in epilepsy cell model. A PVT1 expression in SH-SY5Y cells
after magnesium-free treatment was analyzed by qRT-PCR. B PVT1
expression in SH-SYSY cells transfected with sh-NC or sh-PVT1
was examined by qRT-PCR. PVT1 knockdown was induced in epi-
lepsy cell model. C gRT-PCR was conducted to assess PVT1 expres-
sion. D MTT assay was conducted to assess cell viability. E Cell

presented the opposite effect (Fig. 3E). It was also found
that overexpression of miR-488-3p remarkably reduced
inflammatory cytokines TNF-a, IL-1p and IL-6 secretions
in model cells, while miR-488-3p inhibition promoted the

apoptosis was assessed using TUNEL staining. Scale bar, 100 pm.
F Apoptosis-related protein levels were determined using western
blot. G LDH level was analyzed by kits. H ELISA was employed to
examine inflammatory cytokines secretions. Data were expressed as
mean + SD. All our data were obtained from three independent exper-
iments. *P <0.05, ** P<0.01, ***P <0.001

secretion of these inflammatory cytokines (Fig. 3F). Collec-
tively, miR-488-3p overexpression markedly repressed neu-
ronal cell apoptosis and neuroinflammation in epilepsy cell
model, while miR-488-3p inhibition presented the opposite
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Fig.2 LncRNA PVT1 suppressed miR-488-3p expression by directly
targeting miR-488-3p in SH-SY5Y cells. A MiR-488-3p expression
in SH-SYS5Y cells after miR-488-3p overexpression and miR-488-3p
inhibition was assessed by qRT-PCR. B The binding sites between
PVT1 and miR-488-3p was analysed by Starbase software. C Dual
luciferase reporter gene assay was carried out to verify the binding
relationship between PVT1 and miR-488-3p. D MiR-488-3p level in

effects, indicating the protective effects of miR-488-3p on
epilepsy.

PVT1 Promoted Neuronal Cell Injury
and Neuroinflammation by Targeting miR-488-3p
in Epilepsy Cell Model

To evaluate the function of miR-488-3p on PVT1-mediated
biological effects on epilepsy in vitro, magnesium-free
treated cells were co-transfected with sh-PVT1 and miR-
488-3p inhibitor. As revealed in Fig. 4A, miR-488-3p was
markedly up-regulated by sh-PVTI transfection, which
was neutralized by miR-488-3p inhibitor. In addition,
miR-488-3p inhibition neutralized the beneficial effect of
PVTI silencing on cell viability of model cells (Fig. 4B).
Meanwhile, PVT1 suppression inhibited model cell apop-
tosis, which was restored by miR-488-3p inhibition as
well (Fig. 4C). Besides, miR-488-3p inhibition remark-
ably eliminated the effects of PVT1 down-regulation on
apoptosis-related factors in epilepsy model cells (Fig. 4D).
Besides, we also found that miR-488-3p inhibition offset
the inhibitory effect of PVTI silencing on LDH and inflam-
matory cytokines secretions in magnesium-free induced
cells (Fig. 4E-F). In conclusion, miR-488-3p inhibition
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SH-SYS5Y cells following magnesium-free treatment was analyzed by
qRT-PCR. E PVT1 knockdown was induced in SH-SYSY cells, and
miR-488-3p expression was examined by qRT-PCR. F MiR-488-3p
expression in epilepsy model cells following sh-NC or sh-PVTI1
transfection was assessed using qRT-PCR. Data were expressed as
mean =+ SD. All our data were obtained from three independent exper-
iments. *P <0.05, ** P<0.01, ***P <0.001

neutralized the inhibitory effects of PVT1 knockdown on
neuronal cell injury and neuroinflammation in epilepsy cell
model.

MiR-488-3p Targeted FOXD3 to Negatively Regulate
FOXD3 Expression

Herein, it was observed that miR-488-3p had binding sites
to FOXD3 predicted by Starbase database (Fig. 5A). Dual
luciferase reporter gene assay subsequently displayed
that miR-488-3p directly bound to FOXD3 (Fig. 5B). As
revealed in Fig. 5C-D, FOXD3 expression was significantly
elevated in epilepsy model cells. In addition, FOXD3 expres-
sion in both control cells and magnesium-free treated cells
was markedly reduced following miR-488-3p overexpres-
sion (Fig. SE-H). In total, miR-488-3p suppressed FOXD3
expression by directly targeting FOXD3.

MiR-488-3p Suppressed Neuronal cell
and Neuroinflammation by Downregulating FOXD3
in Refractory Epilepsy Cell Model

To probe the effect of miR-488-3p/FOXD3 axis on neu-
ronal cell injury and neuroinflammation in epilepsy, we



Neurochemical Research (2023) 48:895-908

901

A
5 & s
S
20 s
o® =
) =
X Q
(S o
25 =
s T S
)
C
Control Model
D 0.8.
Bax | we= ww= s e s e | C .
2 Xo0s
Bel-2 | w- w - e (S0
g E’ 0.4
caspase 3 | e G G Gm St &l | = ©
S go2
S 30
cleaved Jr——— pr— 4
-caspase 3 0.0
GAPDH | ™ & - an & - &
J
>y & O o8 O R O
Y Y 2R
SIS v‘bi?\\*;‘&
N <§" @Q\@ £ I
¥ &K
\&obe F L
NN
E F

LDH level (U/L)
TNF-a (pg/mL)

Fig.3 MiR-488-3p inhibited neuronal cell injury and neuroinflam-
mation in epilepsy cell model. A qRT-PCR was employed to ana-
lyze miR-488-3p expression. B MTT assay was conducted to assess
cell viability. C Cell apoptosis was assessed using TUNEL staining.
Scale bar, 100 um. D Western blot was conducted to assess apoptosis-

induced miR-488-3p overexpression and FOXD3 over-
expression in epilepsy model cells. Firstly, FOXD3 was
notably increased by pcDNA 3.1 FOXD3 (Fig. 6A-B). As
demonstrated in Fig. 6C, FOXD3 overexpression neutral-
ized the effect of miR-488-3p overexpression on the viabil-
ity of epilepsy model cells. Additionally, the up-regulated
FOXD3 abrogated the inhibitory effect of miR-488-3p
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related protein levels. E LDH level was analyzed by kits. F ELISA
was employed to examine inflammatory cytokines secretions. Data
were expressed as mean=+SD. All our data were obtained from three
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overexpression on cell apoptosis in magnesium-free
treated cells (Fig. 6D). Consistently, FOXD3 overexpres-
sion eliminated the inhibitory effect of miR-488-3p over-
expression on Bax and cleaved-caspase 3 levels and the
promoting effect on Bcl-2 level (Fig. 6E). It was also found
that the inhibitory effect of miR-488-3p overexpression on
LDH and inflammatory cytokines secretions in model cells
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Fig.4 PVTI1 promoted neuronal cell injury and neuroinflammation
by targeting miR-488-3p in epilepsy cell model. A qRT-PCR was
employed to analyze miR-488-3p expression. B MTT assay was con-
ducted to assess cell viability. C Cell apoptosis was assessed using
TUNEL staining. Scale bar, 100 um. D Apoptosis-related protein

was restored by FOXD3 overexpression (Fig. 6F-G). Fur-
thermore, as FOXD3 could regulate the neuron function
by inhibiting SCN2A. Herein, we found that miR-488-3p
overexpression reduced FOXD3 expression and elevated
SCN2A expression in model cells, while the effects of
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levels were determined using western blot. E LDH level was ana-
lyzed by kits. F Inflammatory cytokines secretions were analyzed
by ELISA. Data were expressed as mean+SD. All our data were
obtained from three independent experiments. *P <0.05, ** P <0.01,
*#*P <0.001

miR-488-3p overexpression were neutralized by FOXD3
overexpression (Fig. 6H-J). In conclusion, miR-488-3p
overexpression inhibited magnesium-free induced neu-
ronal cell injury and neuroinflammation by regulation of
FOXD3/SCN2A pathway.
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Fig.5 MiR-488-3p targeted FOXD3 to negatively regulate FOXD3
expression A Starbase software was applied to predict the binding
site between miR-488-3p and FOXD3. B Dual luciferase reporter
gene assay was employed to verify the binding relationship between
PVT1 and miR-488-3p. C-D FOXD3 expression in SH-SY5Y cells
following magnesium-free treatment was examined by qRT-PCR and
western blot. E-F FOXD3 expression in SH-SY5Y cells after mimics

PVT1 Sponged miR-488-3p to Regulate FOXD3/
SCN2A Pathway in Epileptic Rats

To confirm the role of PVT1/miR-488-3p/FOXD3/SCN2A
axis in epilepsy, epileptic rats received intrahippocampal
injections of miR-488-3p inhibitor and sh-PVT1. It could

NC or miR-488-3p mimics transfection was examined by qRT-PCR
and western blot. G-H FOXD3 expression in epilepsy model cells
after mimics NC or miR-488-3p mimics transfection was analyzed
via qRT-PCR and western blot. Data were expressed as mean+ SD.
All our data were obtained from three independent experiments.
*P <0.05, ** P<0.01, ***P <0.001

be seen that sh-PVT1 notably decreased the level of PVT1
in the hippocampus of epileptic rats, and the inhibition of
miR-488-3p had no effect on PVT1 expression (Fig. 7A).
We observed that PVT1 silencing remarkably up-regulated
miR-488-3p expression in the hippocampus of epileptic rats,
which was neutralized by miR-488-3p knockdown (Fig. 7B).
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Fig.6 MiR-488-3p suppressed neuronal cell injury and neuroinflam-
mation by downregulating FOXD3 in refractory epilepsy cell model.
A-B FOXD3 overexpression was induced in cells, and FOXD3
expression was examined by qRT-PCR and western blot. C MTT
assay was conducted to assess cell viability. D Cell apoptosis was
assessed using TUNEL staining. Scale bar, 100 um. E Western blot

It was also observed that PVT1 knockdown resulted
in reduced FOXD3 expression and increased SCN2A
expression in the hippocampus of epileptic rats, while
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was conducted to assess apoptosis-related protein levels. F LDH level
was analyzed by kits. G ELISA was employed to examine inflam-
matory cytokines secretions. H-J FOXD3 and SCN2A expressions
were assessed by qRT-PCR and western blot. Data were expressed as
mean + SD. All our data were obtained from three independent exper-
iments. ¥*P <0.05, ** P<0.01, ***P <0.001

these changes were abolished by miR-488-3p knockdown
(Fig. 7C-E). In addition, it turned out that the frequency of
epileptic seizures in epilepsy model group was significantly
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Fig.7 PVT1 sponged miR-488-3p to regulate FOXD3/SCN2A
pathway in epileptic rats. A—-D qRT-PCR was employed to examine
PVTI1, miR-488-3p, FOXD3 and SCN2A expressions in hippocam-
pus. E FOXD3 and SCN2A levels in hippocampus were evaluated
by western blot. F The average seizure frequency in rats was calcu-
lated and presented. G Nissl staining was applied to evaluate neuronal

increased, and PVT1 knockdown significantly reduced sei-
zure frequency in epileptic rats, while miR-488-3p inhibi-
tion co-transfection reversed the effect of PVT1 knockdown
(Fig. 7F). Results from Nissl staining displayed that neuronal
damage in hippocampal CA1 and CA3 regions of epilep-
tic rats was obviously improved by PVT1 silencing, which
was reversed by miR-488-3p inhibition as well (Fig. 7G).
Meanwhile, miR-488-3p inhibition remarkably eliminated

cell damage in hippocampus. Scale bar, 50 um. H Western blot was
conducted to assess apoptosis-related protein levels in hippocam-
pus. I LDH level in hippocampus was analyzed by kits. J Inflamma-
tory cytokines secretions in hippocampus were analyzed by ELISA.
Data were expressed as mean+SD. n=8. *P<0.05, ** P<0.01,
*###P <0.001

the effects of PVT1 silencing on apoptosis-related proteins
in hippocampus (Fig. 7H). In addition, miR-488-3p inhibi-
tion abrogated the inhibitory effect of PVT1 knockdown on
LDH, TNF-a, IL-1p and IL-6 levels in the hippocampus of
epileptic rats (Fig. 71-J). All these results suggested that
PVTI silencing relieved neuronal cell injury and neuroin-
flammation in epileptic rats by modulating miR-488-3p/
FOXD3/SCN2A.
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Discussion

Epilepsy is a neurological disease caused by abnormal
synchronous discharge of brain neurons, and its clinical
feature is a transient dysfunction of the central nervous
system [28]. Repeated episodes cause brain neuron dam-
age or even necrosis, which leads to neuronal cell prolifer-
ation disorders, and then results in the further deterioration
of epilepsy [7]. Inflammation is related to susceptibility
to epilepsy and increases the frequency of seizures in epi-
lepsy patients [29]. The above-mentioned problems are the
root causes that make epilepsy difficult to treat. Our results
revealed that PVT1 regulated FOXD3/SCN2A pathway
by targeting miR-488-3p, thereby promoting neuronal
cell injury and neuroinflammation resulted from epilepsy,
which provided a new strategy for epilepsy treatment.

It has been widely reported that various IncRNAs are
dysregulated and are closely related to epilepsy progres-
sion [30, 31]. It was observed that there were 279 dys-
regulated IncRNAs in the epilepsy mouse model com-
pared with control mice [30]. Recently, some studies have
emphasized the function of PVT1 in regulation of neuronal
cell death and inflammatory response. It was previously
displayed that PVTI silencing significantly reduced the
cerebral infarct size of stroke model mice [32]. In addi-
tion, PVT1 knockdown was reported to attenuate the
inflammation in asthma [33]. Herein, we found that PVT1
was markedly upregulated in magnesium-free-induced
epilepsy cell model. Our results also proved that PVT1
silencing increased cell viability, repressed the apoptosis
and inflammatory response in epilepsy. It’s suggested that
PVT]1 is a risking factor affecting epilepsy development.

The hypothesis of competing endogenous RNA
(ceRNA) provides a new direction for the regulation mech-
anism of IncRNA [34]. For instance, IncRNA UCA1 was
reported to inhibit inflammation in epilepsy via regulation
of miR-203 [35]. Nevertheless, whether PVT1 achieves
its biological role in epilepsy via functioning as miRNA
sponge is largely unknown. As previously reported, miR-
488 overexpression repressed the secretion of inflamma-
tory factors in LPS-treated endometrial epithelial cells
[36]. It was found that miR-488-3p overexpression could
suppress oxygen glucose deprivation/reoxygenation-
induced neuronal cell death [19]. We confirmed the bind-
ing relationship between PVT1 and miR-488-3p in SH-
SYSY cells. Additionally, our research results showed for
the first time that PVT1 promoted the neuronal cell injury
and neuroinflammation in epilepsy cell model by targeting
miR-488-3p.

As widely reported, dysregulated miRNAs repress
genes expressions by binding mRNA target transcripts,
thus regulating epilepsy progression [37]. FOXD3, as a
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transcription factor, has been proved to be indispensable
for maintaining the self-renewal and pluripotency of early
neural crest-derived progenitor cells [38]. As well, FOXD3
has also been reported to promote the cell viability and
suppressed the apoptosis of the hypoxia/reoxygenation-
treated neuronal cell cells [39]. More importantly, it
was reported that FOXD3 achieved its role in epilepsy
by suppressing SCN2A expression [24]. A large part of
the sodium current in the central nervous system comes
from NaV1.2 sodium channel, which is the post-tran-
scriptional product of SCN2A [40]. SCN2A is linked to
refractory epilepsy [41]. Similarly, [24], we demonstrated
that FOXD3 was markedly upregulated in epilepsy, while
SCN2A expression was decreased. In addition, our results
revealed that FOXD3 was a downstream target of miR-
488-3p, and we further confirmed that the effects of miR-
488-3p on epilepsy cell model were mediated by FOXD3/
SCN2A. Moreover, we found that PVT1 deteriorated the
neuronal cell apoptosis and neuroinflammation through
miR-488-3p/FOXD3/SCN2A axis. Notably, by using the
database, it was predicted that miR-488-3p had a potential
binding site to IL-1p, suggesting that miR-488-3p may
also regulate neuronal inflammatory response and neu-
ronal toxicity in epilepsy by directly inhibiting IL-1f. This
possibility needs to be further explored.

Taken together, PVT1 promoted neuronal cell injury and
inflammatory response through inhibiting miR-488-3p then
further regulating FOXD3/SCN2A pathway in epilepsy. Our
research provided a hopeful strategy for epilepsy treatment.
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