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Abstract: Epilepsy, one of the most common neurological diseases with spontaneous recurrent seizures, is a severe
health problem globally. The present study aimed to study the role and upstream mechanism of 26S proteasome
non-ATPase regulatory subunit 11 (Psmd11) in epilepsy. In the current paper, epileptic mice models were success-
fully established. Hematoxylin and eosin (HE) staining was performed to reveal morphology of hippocampal tissues.
Nissl's staining was performed for detection of neuron injury. Enzyme-linked immunosorbent assay (ELISA) was con-
ducted to detect concentrations of pro-inflammatory cytokines. The expression of Psmd11 was downregulated in the
hippocampal tissues of epileptic mice, and overexpression of Psmd11 improved the spatial learning and memory
of epileptic mice. Further, upregulation of Psmd11 protected epileptic hippocampal neurons from injury. Moreover,
Psmd11 overexpression inhibited cell apoptosis, suppressed the activities of microglia and astrocytes, as well as
reduced inflammatory response in epileptic hippocampi. Psmd11 was a downstream target of miR-490-3p. Long
noncoding RNA (IncRNA) Peg13 bound with miR-490-3p to upregulate Psmd11. Subsequently, rescue experiments
revealed that Peg13 suppressed the progression of epilepsy via upregulating Psmd11. Furthermore, Psmd11 was
verified to inactivate the Wnt/B-catenin pathway. Peg13 repressed the Wnt/B-catenin pathway via upregulation of
Pegl13. In conclusion, this paper illuminated the function and upstream mechanism of Psmd11 in epilepsy. Psmd11
was upregulated by Pegl13 at a miR-490-3p dependent way, thus inactivating the Wnt/B-catenin pathway and al-
leviating epilepsy course in mice, which may be a promising approach for epilepsy treatment.
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Introduction able for epilepsy [3, 5, 6]. Thus, it is crucially

important to reveal the potential molecular

As one of the most common neurological disor-
ders, epilepsy affects over 70 million people
across the globe with elevated occurrence and
mortality [1-3]. Antiepileptic drugs may inhibit
seizures in epileptic patients, but cannot ch-
ange long-term outcomes, and one third of the
patients are resistant to medical treatment
[3-5]. Some therapeutic methods, such as sur-
gery, nerve stimulation therapy and food thera-
py are applied to manage chemo-resistant ther-
apy. In addition, more and more new treatments
including gene therapy, exosome therapy and
molecular network targeted therapy are avail-

mechanisms in the pathogenic process of
epilepsy.

Based on previous papers, Pum2 [7], PTEN [8],
Notch1 [9] have been indicated as putative bio-
markers for epilepsy. 26S proteasome non-
ATPase regulatory subunit 11 (Psmd11) has
been indicated to regulate cell injury and inflam-
mation. Psmdl11l reduces pancreatic cancer
cell apoptosis by activating the MEK1/ERK1/2
pathway [10]. Psmd11 is targeted by miR-451
and contributes to the inflammatory response
and proliferation of glomerular mesangial cells
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[11]. In addition, upregulated Psmd11 is a ther-
apeutic target for spinal cord injury [12], and is
closely connected with neurodegenerative dis-
eases [13]. However, the exact function and
relevant mechanisms of Psmdl11 in epilepsy
need more studies.

Recently, functions of long non-coding RNAs
(IncRNAs) in epilepsy have been gradually
revealed. LncRNAs are longer than 200 nucleo-
tides in length and possess limited or no pro-
tein-coding capacity. ZNF883 [14], H19 [15],
ILF3-AS1 [16] are pivotal regulators in progres-
sion of epilepsy. In mechanism, IncRNAs com-
pete with mRNAs for the same microRNAs
(miRNAs) via the ceRNA pattern to regulate dis-
ease progression [17, 18]. For example, IncRNA
MALAT1 binds with miR-150-5p to promote
inflammation and oxidative stress in pregnan-
cy-induced hypertension via upregulation of
ET-1 [19]. LncRNA HAGLROS modulates apop-
tosis and autophagy through binding with miR-
100 and enhancing ATG10 expression in
Parkinson’s disease [20]. Moreover, the ceRNA
networks exert significant functions in epilepsy.
An article has indicated that IncRNA FTX com-
petitively binds with miR-21-5p to repress hip-
pocampal neuron apoptosis by elevating SOX7
expression in rats with temporal lobe epilepsy
[24]. Another article has illustrated that IncRNA
UCA1 inhibits inflammation via the miR-203/
MEF2C axis in epilepsy [22].

In the present study, we aimed to research the
role and the underlying ceRNA mechanism of
Psmd11 in epilepsy. The effects of Psmd11 on
cell injury, inflammatory response of hippocam-
pal neurons isolated from epileptic mice were
probed. Moreover, the downstream signaling
pathway for Psmdl1 was investigated, which
might shed a new insight into the epilepsy
research.

Materials and methods
Animal grouping and stereotaxic injection

Healthy adult male C57/BL6 mice (25-30 g)
were provided by Vital River Co. Ltd. (Beijing,
China). All mice were free to food and water
and were kept in a 12-h light/12-h dark cycle
for one week at 22-24°C and 55% humi-
dity. These mice were randomly divided into
9 groups (n = 6-15 per group): Normal, Epile-
psy, Epilepsy+pcDNA3.1, Epilepsy+pcDNA3.1/
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Psmd11, Epilepsy+pcDNA3.1/Pegl3, Epilep-
sy+pcDNA3.1/Peg13+sh-NC, Epilepsy+pcDNA-
3.1/Pegl13+sh-Psmd11, Epilepsy+NC inhibitor
and Epilepsy+miR-490-3p inhibitor groups. The
study was carried out in accordance with the
Animal Ethics Committee of the Affiliated Su-
zhou Hospital of Nanjing Medical University
(Suzhou Municipal Hospital) (Jiangsu, China)
and Guide for the Care and Use of Laboratory
Animals.

GeneChem (Shanghai, China) constructed
adeno associated viral (AAV) vectors to overex-
press or knock down Psmdi11, Pegl13 or miR-
490-3p expression. 2.5% sodium pentobarbital
was intraperitoneally injected into mice in cor-
responding groups for anesthesia. Afterwards,
the mice were fixed on stereotaxic frame and
their cranial skin was sterilized with 75% alco-
hol. Then, a 0.5 cm incision was made to
expose anterior fontanel and 2 holes of 0.8 mm
in diameter were drilled. Subsequently, the vec-
tors were administered into each side with a
microsyringe at 0.5 pl/min and the needle was
removed 5 min later, followed by scalp suture.
When the mice wake up and were able to move
freely, they were kept in their cages for two
weeks until establishment of epilepsy model
[23].

Epileptic mouse models

To establish epileptic mouse model, pilocar-
pine (320 mg/kg, Sigma-Aldrich, USA) was
intraperitoneally injected into mice in the epi-
lepsy groups 30 minutes after atropine (2 mg/
kg, Sigma-Aldrich) injection. Epileptic seizures
of the mice were assessed with the modified
Racine score [24], and the models of grade IV
or above were regarded successful. After sta-
tus epilepticus (SE) for one hour, diazepam (4
mg/kg, Hospira, USA) was injected for SE termi-
nation. Thirty days later, the epileptic mice
developed spontaneous epileptic seizures. Mi-
ce in the normal group were treated with the
same amount of saline via intraperitoneal
administration as controls. Videos were utilized
to monitor mice.

Morris water maze test

In water maze test, a white circular pool of 120
cm in diameter and 40 cm in height was filled
with water of 22-24°C. The pool was divided
into four quadrants, and a transparent platform
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of 8 cm? placed 1.5 cm below the water sur-
face was put in the center of one quadrant. A
tracking camera and a computer connected to
it were used. Mice in Normal, Epilepsy, Epi-
lepsy+pcDNA3.1, Epilepsy+pcDNA3.1/Psmdl11
groups were trained 4 times a day for 6 con-
secutive days. The time to reach the underwa-
ter platform was recorded. If the time exceeded
60 seconds, the animals would be guided to
the platform, and would be allowed to stay on
the platform for 10 seconds. The recorded time
was the escape latency, which was no longer
than 60 seconds. On the 7™ day, the platform
was removed, and percentage of average swim-
ming time and distance in the quadrant of plat-
form within 60 seconds was recorded [25, 26].

Tissue samples

Hippocampal tissues were obtained from the
sacrificed mice in different groups, and instant-
ly frozen in liquid nitrogen and maintained at
-80°C for further assays.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted from hippocampal tis-
sues by TRIzol reagent (Invitrogen, USA). Next,
complementary DNA (cDNA) was reversely tran-
scribed from the extracted RNA with PrimeScript
RT Master Mix (TakaRa, Dalian, China). Later,
LightCycler 480 instrument (Roche, Shanghai,
China) with a SYBR Premix Ex Taq Il kit (TaKaRa)
was employed for gRT-PCR. The relative expres-
sion levels of RNAs were calculated via 224t
method standardized to GAPDH and UG6.

Hematoxylin and eosin (HE) staining

Hippocampal tissues were fixed by 4% parafor-
maldehyde for one day, dehydrated and embed-
ded in paraffin, and then cut into 5-uym sec-
tions. After being dewaxed and treated with
gradient alcohol, the sections were stained by
hematoxylin for 5 minutes and were washed by
running water. Subsequently, alcohol solution
with 1% hydrochloric acid and ammonia was
employed. Next, 1% eosin was utilized for fur-
ther staining, gradient ethanol for section dehy-
dration, and neutral balsam for section mount-
ing, followed by microscope visualization.

Nissl’s staining

Hippocampal tissue sections were treated with
xylene twice for 10 min, with anhydrous ethyl
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alcohol, 95% alcohol, 80% alcohol and 70%
alcohol for 2 min separately, and with distilled
water for a moment. Then the sections were
dyed with 1% toluidine blue for an hour, fol-
lowed by color separation with gradient alcohol
dehydration and xylene clearing before being
mounted with neutral balsam. Finally, an opti-
cal microscope was applied for observation.

Western blotting

Total proteins were exacted with Radio Im-
munoprecipitation Assay (RIPA) lysis buffer
(Beyotime, Shanghai, China) and quantified
using bicinchoninic acid Protein Assay Kit
(Thermo Fisher Scientific, USA). Next, the pro-
teins were dissociated by 10% sodium dodecyl
sulfate, polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride mem-
branes (Millipore) before the membranes were
blocked in 5% skim milk for one hour at room
temperature and cultured overnight with prima-
ry antibodies including Psmdll (ab66346,
Abcam, Shanghai, China), p53 (ab90363,
Abcam), Bcl-2 (ab182858, Abcam), Bax (ab-
32503, Abcam), cleaved caspase-3 (ab2302,
Abcam), CD68 (ab125212, Abcam), GFAP
(@b7260, Abcam), IL-6 (ab208113, Abcam),
IL-1B (@b9277, Abcam), TNF-a (ab1793, Abcam),
B-catenin (@b32572, Abcam), Cyclin D1 (ab-
16663, Abcam), c-Myc (ab32072, Abcam), and
GAPDH (ab181602, Abcam) at 4°C. Subse-
quently, the membranes were maintained with
secondary antibodies (Abcam) for one hour at
37°C. Finally, ChemiDoc™ XRS+ System with
Image Lab™ Software (Bio-Rad, USA) was
employed for protein band analysis with GAPDH
as internal control.

Enzyme-linked immunosorbent assay (ELISA)

The levels of IL-6, IL-13 and TNF-« in the super-
natant of hippocampus tissues after centrifu-
gation were evaluated with relative ELISA kits
(R&D Systems, USA). A microplate reader
(BioTek Instruments, USA) was employed to
measure optical density (OD) value at 450 nm.

Luciferase reporter assay

HEK293 cells were co-transfected with pmir-
GLO-Psmd11-Wt/Mut or pmirGLO-Pegl13-Wt/
Mut vectors (Genechem) and NC inhibitor or
miR-490-3p inhibitor. Cell transfection was per-
formed using Lipofectamine 3000 (Invitrogen)
complying with the manufacturer’s directions.
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Two days later, Dual-Luciferase Reporter Assay
System (Promega, USA) was applied to mea-
sure the fluorescence intensity of the reporter
vectors.

Statistical analysis

Statistical analysis was done via SPSS 21.0
software (SPSS, USA). Student’s t test was
employed for comparison between 2 groups.
Analysis of variance (ANOVA) was employed for
comparisons among more than 2 groups.
Spearman’s correlation analysis presented the
correlations among expression of RNAs in epi-
leptic hippocampi of mice. Data were shown as
mean + standard deviation (SD). Each in-vitro
experiment was conducted at least thrice. P <
0.05 was statistically significant.

Results

Psmd11 presents downregulated expression
in the hippocampi of epileptic mice

To investigate the expression status of Psmd11
in epilepsy, we established epileptic mouse
models. As indicated by qRT-PCR and western
blotting, Psmd11 mRNA and protein levels were
underexpressed in epileptic hippocampal tis-
sues when compared with those in control nor-
mal hippocampal tissues. Then compared to
Epilepsy+pcDNA3.1 group, Psmd11 mRNA and
protein levels were significantly elevated in
Epilepsy+pcDNA3.1/Psmd11 group (Figure
1A). Subsequently, HE staining assay was car-
ried out to assess the pathological features of
epileptic hippocampi. As delineated in Figure
1B, the hippocampal neurons in Normal group
exhibited intact structure with clearly visible
nuclei, neat arrangement, clear layers and
even staining. However, in Epilepsy group and
Epilepsy+pcDNA3.1 group, most hippocampal
neurons were damaged with pyknosis, loss
and edema. Other neurons were disorganized
with fuzzy layers and uneven staining. In
Epilepsy+pcDNA3.1/Psmd11 group, the injury
degree of neurons was alleviated than those in
Epilepsy+pcDNA3.1 group: some neurons were
destroyed but many nuclei were visible, and the
layers were recognizable. These data indicated
that Psmd11 upregulation alleviated epilepsy
progression. Since hippocampi are responsible
for spatial orientation and memory, we next
performed Morris water maze test. Compared
to the mice in Normal group, epileptic mice had
longer escape latency, suggesting that the spa-
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tial positioning of the mice in Epilepsy group
was worse than that of control mice. More-
over, shorter escape latency of the mice in
Epilepsy+pcDNA3.1/Psmd11 group compared
to those in Epilepsy+pcDNA3.1 group revealed
that overexpression of Psmdl11 improved the
spatial orientation of epileptic mice (Figure 1C).
Additionally, the percentage of average swim-
ming time and distance in the target quadrant
in Normal group was longer than those in
Epilepsy group, while in pcDNA3.1/Psmdil
group, the percentage of swimming time and
distance of epileptic mice in the quadrant was
increased than the Epileptic mice. These data
disclosed that the spatial memory of epileptic
mice was improved by upregulation of Psmd11
expression (Figure 1D). In conclusion, Psmd11
was highly expressed in the hippocampal tis-
sues of epileptic mice, and overexpression of
Psmd11l improved the spatial learning and
memory of epileptic mice.

Upregulated Psmd11 reduces neuron injury in
epileptic hippocampal tissues

We further explored the influence of Psmdil
on hippocampal neuron injury in epilepsy.
According to Nissl's staining, neurons were
damaged with decreased number of Nissl bod-
ies in epileptic hippocampal tissues, compar-
ed to those in normal hippocampal tissues.
Afterwards, it was found that pcDNA3.1/
Psmd11 attenuated the epileptic neuron dam-
age (Figure 2A). Then the levels of cell apopto-
sis-relevant proteins were investigated. The
protein levels of p53, Bax and cleaved cas-
pase-3 were increased, and Bcl-2 level was
decreased in the hippocampal tissues of epi-
leptic mice, compared to those in normal mice.
Furthermore, overexpression of Psmdll re-
versed the protein levels of p53, Bcl-2, Bax and
cleaved caspase-3 in epileptic hippocampal tis-
sues (Figure 2B). These data suggested that
upregulation of Psmdl1 attenuated epilepsy-
induced neuron injury and cell apoptosis in hip-
pocampal tissues.

Psmd11 inhibits inflammation in epileptic hip-
pocampal tissues

Next, the effects of Psmdl11 on activation of
microglia and astrocytes in epileptic hippocam-
pal tissues were investigated. Western blotting
revealed that the protein levels of activated
microglia marker CD68 and activated astrocyte
marker GFAP were increased in the hippocampi
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Figure 1. Psmd11 presents downregulated expression in the hippocampi of epileptic mice. (A) The mRNA and protein levels of Psmd11 in hippocampal tissues
in Normal, Epilepsy, Epilepsy+pcDNA3.1 and Epilepsy+pcDNA3.1/Psmd11 groups were measured by qRT-PCR analysis and western blotting. *P < 0.05. One way
ANOVA is conducted. (B) The morphological characteristics of hippocampal tissues in different conditions were evaluated via HE staining assay. (C, D) The abilities
of spatial localization and memory of mice in the above groups were examined using Morris water maze test. *P < 0.05. Two way ANOVA is conducted in C and one

way ANOVA is conducted in (D).
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Epilepsy+pcDNA3.1/Psmd11 groups. B. Western blotting was performed for examining the levels of cell apoptosis-
relevant proteins (p53, Bcl-2, Bax, cleaved caspase-3). *P < 0.05. One way ANOVA is conducted.

of epileptic mice in contrast to those of normal
mice. Moreover, CD68 and GFAP protein levels
were reduced by Psmdll overexpression in
epileptic hippocampi tissues (Figure 3A).
Subsequently, we probed into the change of
pro-inflammatory cytokines in hippocampi. The
protein levels of IL-6, IL-13 and TNF-« in epilep-
tic hippocampi were increased compared with
normal hippocampi. Besides, in the hippocam-
pi of epileptic mice overexpressing Psmdi1,
the protein expression levels of these inflam-
matory cytokines were reduced (Figure 3B).
Subsequently, ELISA reflected that the levels of
IL-6, IL-1B and TNF-a were elevated in epileptic
hippocampi, compared to those in normal hip-
pocampi, and Psmdl11 upregulation reduced
the levels of the inflammatory cytokines in epi-
leptic hippocampi (Figure 3C). Psmdl11 overex-
pression inactivated microglia and astrocytes
as well as inhibited the release of pro-inflam-
matory cytokines in epileptic hippocampi.

Peg13 binds with miR-490-3p to upregulate
Psmd11 in hippocampal tissues of epileptic
mice

It has been recognized that IncRNAs can par-
ticipate in biological processes via ceRNA
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crosstalk [27, 28], and we hypothesized that
there was a specific INcRNA acting as a ceRNA
to regulate Psmd11, thus modulating epilepsy
pathogenesis. Next, we sought for such a
IncCRNA in epilepsy. Initially, through miRmap
and TargetScan databases, four miRNAs (miR-
490-3p, MiR-493-5p, MiR-196b-5p and miR-
196a-5p) were shown to have binding sites on
Psmdl11. Then we found that miR-490-3p
showed higher expression in epileptic hippo-
campal tissues than the other miRNAs (Figure
4A). Subsequently, we silenced miR-490-3p
expression using miR-490-3p inhibitor. A sig-
nificant downregulation of miR-490-3p was
induced by miR-490-3p inhibitor in HEK293
cells (Figure 4B). Afterwards, the interaction
between miR-490-3p and Psmdl1l1 was exam-
ined by luciferase reporter assay. As illustrated
in Figure 4C, downregulation of miR-490-3p
enhanced the relative luciferase activity of
wild-type Psmd11 reporters but did not affect
luciferase activity of mutant Psmd11 reporters
in HEK293 cells. Further, it was revealed that
the mRNA and protein levels of Psmd11 were
increased when miR-490-3p was downregulat-
ed in epileptic hippocampi (Figure 4D). Then
the Spearman’s correlation analysis revealed
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the negative correlation between miR-490-3p
expression and Psmd11 expression in epileptic
hippocampi (Figure 4E). Following that, we
searched starBase website to explore candi-
date IncRNAs binding with miR-490-3p, and
nineteen INcCRNAs were revealed. Moreover, in
epileptic hippocampal tissues, INcCRNA Pegl3
showed the most significant downregulation
compared to the other IncRNAs (Figure 4F
revealed the top 5 IncRNAs with significant
changes in expression). Therefore, we focused
on Pegl13 in the follow-up examinations. Next,
the luciferase activity of wild-type Pegl3
reporters was promoted upon inhibition of miR-
490-3p in HEK293 cells, which indicated that
Pegl13 bound with miR-490-3p at predicted
sites (Figure 4G). Subsequently, we studied the
effects of Pegl3 on the expression of miR-
490-3p and Psmdi11. The results elucidated
that upregulation of Pegl3 decreased miR-
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490-3p expression and enhanced the mRNA
and protein expression of Psmd11 in epileptic
hippocampi (Figure 4H). Furthermore, Pegl3
expression was negatively correlated with miR-
490-3p expression and positively correlated
with Psmd11 expression in epileptic hippocam-
pi (Figure 4l). In conclusion, Peg13 competi-
tively bound with miR-490-3p to elevate
Psmd11 expression in hippocampi of epileptic
mice.

Peg13 alleviates epilepsy progression via posi-
tive regulation on Psmd11

Based on the above findings, whether Pegl13
affects the progression of epilepsy via Psmd11
was examined. First, we detected the expres-
sion of Psmd11 in epileptic hippocampal tis-
sues in different groups via qRT-PCR. Over-
expression of Peg13 increased Psmd11 mRNA

Am J Transl Res 2020;12(12):7968-7981
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Figure 4. Peg13 binds with miR-490-3p to upregulate Psmd11 in hippocampal tissues of epileptic mice. A. By refer-
ring to miRmap and TargetScan databases, four miRNAs (miR-490-3p, miR-493-5p, miR-196b-5p and miR-196a-
5p) can bind with Psmd11, and qRT-PCR analysis was utilized for detecting expression of these miRNAs in Normal
and Epilepsy groups. *P < 0.05 vs. Normal group. Student’s t test was conducted. B. The knockdown efficiency
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of miR-490-3p via miR-490-3p inhibitor in HEK293 cells was tested through qRT-PCR analysis. *P < 0.05 vs. NC
inhibitor group. Student’s t test was conducted. C. The interaction between miR-490-3p and Psmd11 was identified
by luciferase reporter assay. *P < 0.05 vs. NC inhibitor group. Student’s t test was conducted. D. The influences of
miR-490-3p on the mRNA and protein expression of Psmd11 in epileptic hippocampal tissues were revealed via
gRT-PCR analysis and western blotting. *P < 0.05 vs. NC inhibitor group. Student’s t test was conducted. E. The
correlation between expression of miR-490-3p and Psmd11 in epileptic hippocampal tissues was investigated by
Spearman’s correlation analysis. F. There were nineteen IncRNAs which can bind with miR-490-3p, as predicted
from starBase website. The expression levels of these potential IncRNAs in Normal and Epilepsy groups were pre-
sented by gRT-PCR analysis. *P < 0.05 vs. Normal group. Student’s t test was conducted. G. Luciferase reporter
assay was employed to detect the influence of miR-490-3p inhibitor on luciferase activity of pmirGLO-Peg13-Wt
and pmirGLO-Peg13-Mut plasmids. *P < 0.05 vs. NC inhibitor group. Student’s t test was conducted. H. The effects
of Pegl13 on expression of miR-490-3p and Psmd11. *P < 0.05 vs. pcDNA3.1 group. |. Spearman’s correlation
analysis revealed the correlation between expression of Peg13 and miR-490-3p as well as the correlation between

expression of Peg13 and Psmd11 in epileptic hippocampal tissues.

and protein expression levels, while cotreat-
ment of pcDNA3.1/Pegl3+sh-Psmdll de-
creased levels of Psmdl1l in epileptic hippo-
campi (Figure 5A). Subsequently, results from
Nissl's staining assay disclosed that neuron
injury was suppressed by upregulated Pegl3,
but such effect was rescued by downregulation
of Psmdl1l in epileptic hippocampal tissues
(Figure 5B). Inhibition of Psmd11 countervailed
the inhibitory effects of Peg13 on apoptosis in
the hippocampi of epileptic mice (Figure 5C). In
addition, Peg13-induced inactivation of microg-
lia and astrocytes as well as the release of pro-
inflammatory cytokines were reversed by
silencing of Psmd11 in epileptic hippocampi
(Figure 5D, 5E). These findings demonstrated
that Peg13 upregulated Psmd11 expression to
inhibit the progression of epilepsy.

Pegl13 inhibits the Wnt/B-catenin pathway
in epileptic mice through upregulation of
Psmd11l

The Wnt/B-catenin pathway has been reported
to facilitate epileptogenesis [29, 30]. As shown
in Figure 6A, the expression levels of Wnt/[3-
catenin pathway-related proteins (B-catenin,
Cyclin D1 and c-Myc) were reflected by western
blotting. In contrast to those in normal hippo-
campal tissues, protein levels of [B-catenin,
Cyclin D1 and c-Myc were increased in epileptic
hippocampal tissues, indicating that the Wnt/
B-catenin pathway was activated in epileptic
mice. However, protein levels of [-catenin,
Cyclin D1 and c-Myc were decreased by overex-
pression of Psmdl11 in epileptic hippocampal
tissues. Figure 6B revealed that upregulation
of Pegl3 reduced the protein expression of
B-catenin, Cyclin D1 and c-Myc. Further, deple-
tion of Psmd11 counteracted the suppressive
effects of overexpression of Pegl3 on [B-ca-
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tenin, Cyclin D1 and c-Myc protein levels. Thus,
Pegl13 inhibited the Wnt/B-catenin pathway
through upregulation of Psmd11 in hippocampi
of epileptic mice.

Discussion

Psmd11 plays significant roles in spinal cord
injury, neurodegenerative disease and other
diseases [10, 12, 13]. However, the influences
of Psmd11 on epilepsy progression remain un-
clear. Therefore, the research focused on
Psmd11, and initially, the expression of Psmd11
was disclosed to be downregulated in the hip-
pocampal tissues of epileptic mice. Further,
functional assays showed that Psmd11 overex-
pression improved the spatial localization and
memory of epileptic mice, inhibited neuron
damage and suppressed inflammatory res-
ponse in epileptic hippocampi.

Since the ceRNA network plays a significant
role in epilepsy [21], we next searched for the
underlying ceRNA mechanism of Psmdl1 in
epilepsy. With the analysis of miRmap and
TargetScan databases, miR-490-3p was hypo-
thesized to bind with Psmd11 in epileptic mice.
MiR-490-3p has been indicated to promote cell
apoptosis in diverse cancers, such as hepato-
cellular carcinoma, colorectal cancer and ovar-
ian cancer [31-33]. MiR-490-3p is influenced
by HOTTIP to suppress the proliferation and
migration of vascular smooth muscle cells in
atherosclerosis [34]. MiR-490-3p inhibits the
osteogenic differentiation of thoracic ligamen-
tum flavum cells through negative regulation
on FOXO1 [35]. The present study innovatively
revealed that miR-490-3p targeted the 3'UTR
of Psmd11 to inhibit Psmd11 expression. MiR-
490-3p was upregulated in hippocampi of epi-
leptic mice.

Am J Transl Res 2020;12(12):7968-7981



Peg13 alleviates epilepsy progression in mice

== Epilepsy+pcDNA3.1
—= Epilepsy+pcDNA3.1/Peg13
—= Epilepsy+pcDNA3.1/Peg13+sh-NC

Psmd11 e -- — == Epilepsy+pcDNA3.1/Peg13+sh-Psmd11

8 * *
GAPDH (g WD W - 3
@
A L s
G S NS £
oW o 4 9\3:(5\\?6%? o 2
o9 SV AR® W b
@ ¥ G 2
S S Q-'ﬂ ®
@.\\395*‘* ¥ &
Psmd11
c

53 D e — —

== Epilepsy+pcDNA3.1
== Epilepsy+pcDNA3.1/Peg13
Bol2 — gy D "= == Epilepsy+pcDNA3.1/Peg13+sh-NC

== Epilepsy+pcDNA3.1/Peg13+sh-Psmd11
Bax (i e = D

T * *
cleaved ﬁ T
— e E
caspase-3 - - 2
s
CAPDH e iy W W £ T T
& B[ 1 B
A ¥ ] v
A ! ! !
‘,‘QGO ‘“,;5-" ?09\'5 _\@69'?‘__ & p53 Bcl-2 Bax  cleaved caspase-3
o .
@é\\e‘? \!chp ‘&?{3-\\ 0\;?'3
o o
3 A€
AR R
<
D == Epilepsy+pcDNA3.1
CDBS S S— —— == Epilepsy+pcONA3 1/Peg13
—— Epilepsy+pcDNA3.1/Peg13+sh-Psmd11
CFAP s e— e—a— == Epilepsy+pcDNA3.1/Peg13+sh-Psmd11
15
GAPDH "D WS S s g _*
P CRE R g9 -
U 9@,& RN 2
KA o0t AR s &
S N, R9P 1o ? o
A O A AN Lo0s -
?,Q\ QE:‘TYQ oY\P _‘.Qoo =
5 e &
@-\\Q < 0.0 i
CD68 GFAP
E == Epilepsy+pcDNA3.1
IL-6 G a—— — == Epilepsy+pcDNA3.1/Peg13
== Epilepsy+pcDNA3.1/Peg13+sh-NC
1P gy ——— == Epilepsy+pcDNA3.1/Peg13+sh-Psmd11
15
TNF-O oy e— — a— g * x *
£ 10 = .
GAPDH e e e e 3
= *
¥ -4 o -
R 2 os :
P Pg’\ A \\?GQ? o b
o¥ 0\‘\ 39?2’_ o
&9 BN o ®
<« eQ:;s* 00"‘?" % 0.0
o QS*,‘Q 6“2@ IL-6 IL-18 TNF-a
2

7977 Am J Transl Res 2020;12(12):7968-7981



Pegl3 alleviates epilepsy progression in mice

Figure 5. Pegl3 inhibits epilepsy progression via upregulation of Psmd11. A. The expression of Psmdi11l in
Epilepsy+pcDNA3.1, Epilepsy+pcDNA3.1/Pegl3, Epilepsy+pcDNA3.1/Pegl3+sh-NC and Epilepsy+pcDNA3.1/
Pegl13+sh-Psmd11 was detected by gRT-PCR analysis in hippocampal tissues. *P < 0.05. One way ANOVA is con-
ducted. B. Neuron injury in hippocampal tissues was evaluated by Nissl’s staining assay in abovementioned groups.
C. Cell apoptosis-associated protein levels were measured via western blotting in the four groups. One way ANOVA is
conducted. D, E. Western blotting in different groups displayed the protein levels of microglia and astrocyte markers
as well as inflammatory cytokines in hippocampal tissues. *P < 0.05. One way ANOVA is conducted.
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Figure 6. Peg13 inhibits the Wnt/B-catenin pathway in epileptic mice through upregulation of Psmd11. A. The levels
of Wnt/B-catenin pathway-related proteins (B-catenin, Cyclin D1 and c-Myc) in hippocampal tissues were evalu-
ated by western blotting in Normal, Epilepsy, Epilepsy+pcDNA3.1, Epilepsy+pcDNA3.1/Psmd11 groups. *P < 0.05.
One way ANOVA is conducted. B. The levels of B-catenin, Cyclin D1 and c-Myc in hippocampal tissues were evalu-
ated by western blotting in Normal, Epilepsy, Epilepsy+pcDNA3.1, Epilepsy+pcDNA3.1/Pegl3, Epilepsy+pcDNA3.1/
Peg13+sh-Psmd11 groups. *P < 0.05. One way ANOVA is conducted.

Next, the upstream IncRNA for miR-490-3p was
investigated and IncRNA Pegl3 was selected.
The downregulation of Peg13 expression in hip-
pocampal tissues of epileptic mice was shown

in our study. Peg13 directly interacted with miR-
490-3p and elevated Psmd11 expression by
negatively modulating miR-490-3p in epileptic
hippocampal tissues. Furthermore, our findings
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revealed that Psmd11 inhibited neuron dam-
age, suppressed activation of glial cells and
inflammation in epileptic hippocampi. Based on
a previous study, Peg13 is underexpressed in
brain microvascular endothelium after cerebral
ischemia [36]. Paternally expressed Pegl3
within the Trappc9 gene region is highly differ-
entiated, which has been implicated in Prader-
Willi nervous system disorder phenotypes in
humans [37]. Peg13 is relatively high-expressed
in the hippocampus, septal and hypothalamic
regions, and the cerebral cortex of adult mice
[38].

The Wnt/B-catenin pathway contributes to epi-
leptogenesis [29, 30]. Moreover, the IncRNA/
miRNA/mRNA axes work in numerous diseas-
es through the Wnt/B-catenin pathway. For
instance, the SNHG16/miR-98/STAT3 axis pro-
motes bladder cancer progression via the Wnt/
B-catenin pathway [39]. LncRNA RP4 modu-
lates the miR-939/Bnip3 axis and Wnt/
B-catenin pathway to aggravate hypoxia injury
in cardiomyocytes [40]. LncRNA MAGI1-IT1 tar-
gets the miR-302e/DKK1 axis to affect cardiac
hypertrophy through the Wnt/B-catenin path-
way [41]. We innovatively found that the Wnt/[3-
catenin pathway was activated in epilepsy and
Pegl13 inhibited the Wnt/B-catenin pathway
through upregulation of Psmd11.

In conclusion, Pegl3 attenuated epilepsy via
inhibition on neuron injury and suppression
on inflammation in hippocampus tissues of epi-
leptic mice through upregulation of Psmdi1l
to inhibit the Wnt/B-catenin pathway, which
may shed a new insight into the treatment of
epilepsy.
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