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Abstract. This study was designed to dissect the function of plasmacytoma variant translocation 1 (PVT1) 
in hippocampal neuron injury in epilepsy and its possible molecular basis. Status epilepticus (SE) mouse 
model was built and primary hippocampal neurons were isolated. qRT-PCR and Western blot were ap-
plied to quantify the levels of related genes and proteins. Cell proliferation and apoptosis were examined 
by CCK-8, EdU, and flow cytometry assays. Inflammatory factors were detected using ELISA analysis. 
Dual-luciferase reporter and RIP assays were carried out to validate the relationship between miR-206-3p 
and PVT1 or CAMK4. PVT1 and CAMK4 were increased, and miR-206-3p was downregulated in the 
hippocampus and hippocampal neurons of SE mice. Knockdown of PVT1 or CAMK4 abated SE-induced 
proliferation inhibition, apoptosis, and inflammation in hippocampal neurons. Mechanistically, PVT1 
could sponge miR-206-3p to upregulate the expression of CAMK4 in hippocampal neurons. Moreover, 
downregulation of miR-206-3p reversed the inhibitory effects of PVT1 knockdown on SE-induced 
apoptosis and inflammation in hippocampal neurons. Similarly, overexpression of CAMK4 abolished 
miR-206-3p-evoked arrest of apoptosis and inflammation in hippocampal neurons under SE condition. 
Collectively, PVT1 contributed to SE-induced apoptosis and inflammation in hippocampal neurons by 
modulating the miR-206-3p/CAMK4 axis, offering a novel insight into the prevention of epilepsy.
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Introduction

Epilepsy is a  serious brain condition characterized by 
repeated unprovoked seizures that affect over 70 million 
people throughout the world and impair the life quality of 
these patients (Thijs et al. 2019). About 10 million people 
currently suffer from epilepsy, with about 400,000 new cases 

annually (Ding et al. 2021). Despite advances in the manage-
ment of epilepsy, over 30% of patients continue to experience 
seizures and develop drug-resistant epilepsy (Mesraoua et al. 
2019). It has been proposed that epilepsy is pathologically 
characterized by the disruption of hippocampal neurons 
and the impairment of the hippocampus (Liu et al. 2014). 
Thus, further clarification of the molecular mechanism of 
hippocampal neuronal injury may be helpful for the develop-
ment of novel molecular therapies for epilepsy.

Long noncoding RNAs (lncRNAs) are one subtype of the 
noncoding RNAs typically longer than 200 nucleotides in 
length, which have been reported to be implicated in regu-
lating large-scale molecular processes (Geisler and Coller 
2013; Schmitz et al. 2016). Besides that, lncRNAs act as key 
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players in a variety of physiological and pathophysiologi-
cal processes involving growth, differentiation, metastasis, 
apoptosis, and immune responses (Yan et al. 2015; Ma et 
al. 2019; Statello et al. 2021). Moreover, recent findings 
implicate that lncRNAs are highly expressed in brain tis-
sue and brain-specific lncRNAs is highly conserved across 
species (Derrien et al. 2012; Lin et al. 2014). Importantly, 
dysregulated lncRNA expression participates in the onset 
and development of neurological diseases, including glioma 
(Zheng et al. 2016), Alzheimer’s disease (Massone et al. 2011), 
and epilepsy (Wan and Yang 2020). For example, Wang et al. 
showed that ZFAS1 deficiency could attenuate the oxidative, 
apoptotic, and inflammatory injury in hippocampal neurons 
in epilepsy (Wang et al. 2022). LncRNA CASC2 (cancer 
susceptibility candidate  2) exerted a  protective effect and 
suppress epileptic seizure by reducing adenosine release 
and astrocyte activation (Zhu et al. 2020). LncRNA PVT1 
(plasmacytoma variant translocation 1), located on chromo-
somal 8q24.21, is a significant carcinogenic lncRNA that is 
highly expressed in diverse malignancies and predicts poor 
outcomes (Pan et al. 2018; Martínez-Barriocanal et al. 2020). 
Additionally, Zhao et al. showed that PVT1 was elevated in 
hippocampus tissues of epileptic rats, and silencing of PVT1 
improved functional recovery, attenuated neuronal loss, and 
suppressed astrocyte activation in epilepsy rats (Zhao et al. 
2019). However, the underlying regulatory network of PVT1 
in epilepsy is still vague. 

It has been revealed that lncRNAs can act as the compet-
ing endogenous RNA (ceRNAs) for miRNAs, thus reduc-
ing the molecules available for binding to their mRNA 
targets to prevent the degradation of mRNAs (Salmena et 
al. 2011). Herein, this study aimed to investigate the role 
and underlying miRNA/mRNA network of PVT1 in hip-
pocampal neuron apoptosis and inflammatory response 
during epilepsy. 

Materials and Methods

Animal epilepsy model

Adult male mice (8–12 weeks, n = 30) were used to establish 
the model of epilepsy in this study. The pilocarpine epilepsy 

mice model was performed as previously described (Vezzani 
2009; Zhao et al. 2020). In the epilepsy group (SE mice), 
adult mice were intraperitoneally injected with lithium 
chloride (125 mg/kg) for 20 h, followed by intraperitoneal 
administration of pilocarpine (20 mg/kg, Sigma-Aldrich). 
Atropine (2  mg/kg) was given 30 min before pilocarpine 
administration. The mice at behavioral seizures stage IV–V 
based on the Racine scale (Racine 1972) were regarded as 
successful modeling. The mice without obvious epilepsy 
were administered 10 mg/kg pilocarpine at the interval of 
30 min for 6 times until reaching Racine IV–V grade. The 
diazepam (10 mg/kg, Sigma-Aldrich) was administrated 
after status epilepticus (SE) one hour for termination. The 
same volume of 0.9% saline (125 mg/kg, Sigma-Aldrich) 
instead of pilocarpine was injected into mice to establish the 
Sham group. Mice who did not receive any treatment served 
as the control group. After modeling for 30 days, all mice 
were euthanized using pentobarbital sodium anesthesia, 
then the hippocampus was collected, and frozen in liquid 
nitrogen until use. 

Hippocampal neuron isolation and culture

Based on a  previous report (He et al. 2018), the primary 
hippocampal neurons were isolated, and then cultured in 
DMEM with 10% FBS and 1% penicillin/streptomycin (all 
from Life Technology, Wuhan, China) at 37°C in 5% CO2. 

qRT-PCR 

Total RNA was isolated using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) and then reversely transcribed into 
cDNAs using ReverTra Ace qPCR RT Kit (TaKaRa, Tokyo, 
Japan). Then SYBR green (Takara) was added into the PCR 
reaction system to conduct qRT-PCR analysis. The relative 
fold changes were determined by CT value. Table 1 displayed 
the primers. 

Vector construction and cell transfection

The specific siRNAs targeting PVT1 or CAMK4 (si-PVT1; 5’- 
CAGCAGATGTCACACAGACGATAAA -3’ or si-CAMK4; 
5’-CCTATGCTCTCAAAGTGTTAAAGAA-3’), pcDNA 

Table 1. Primer sequences

Gene Forward primer Reverse primer
PVT1 5’-GAGGAGTGCGGATGATGCTT-3’ 5’- GGGCACAGGCAACTATCCAA-3’
CAMK4 5’- TTCCCTGCCTGGTCTCTGC-3’ 5’- CGTCGATCCAGTAATCCGGG-3’
U6 5’-CTCGCTTCGGCAGCACATATACT-3’ 5’-ACGCTTCACGAATTTGCGTGTC-3’
GAPDH
Mmu-miR-206-3p

5’-GGTGAAGGTCGGTGTGAACG-3’
5’-GGGTGGAATGTAAGGAAGT-3’

5’-CTCGCTCCTGGAAGATGGTG-3’
5’-CAGTGCGTGTCGTGGAGT-3’

miR-206-3p RT 5’-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCCACAC-3’
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3.1-CAMK4 overexpression plasmid (CAMK4), miR-206-
3p mimic/inhibitor (miR-206-3p/anti-miR-206-3p) and 
their corresponding control (si-NC, pcDNA, miR-NC, or 
anti-miR-NC) were procured from Genechem (Shanghai, 
China). Then transient transfection was performed using 
Lipofectamine 2000 reagent provided by Invitrogen. 

Cell Counting Kit-8 (CCK-8) assay

Hippocampal neurons were reacted with 10 µl CCK-8 rea-
gent (Beyotime, Shanghai, China) in a 96-well plate. 2 h later, 
the absorbance was measured at 450 nm using a microplate 
reader (Tecan, NANOQUANT, Switzerland).

5-Ethynyl-2’-deoxyuridine (EdU) assay 

Hippocampal neurons were reacted with 50 μmol/l EdU 
(RiboBio) for 2 h, followed by dyeing with Apollo solution 
for 30 min. Cell nucleus staining was conducted using DAPI. 
Finally, the EdU-positive cells were analyzed.

Flow cytometry

The apoptosis of hippocampal neurons was determined in 
line with the protocol of Annexin V- FITC/PI Staining Kit 
(BD Biosciences, San Diego, CA, USA), and apoptotic cells 
were finally examined by the flow cytometry.

Western blotting 

The extracted proteins were boiled and run on 10% SDS-
PAGE, transferred onto the polyvinylidene fluoride mem-
branes (Millipore, Darmstadt, Germany) and then sealed 
with skim milk at 37°C for 1 h. Thereafter, the membrane 
was incubated with primary antibodies against Bax (ab32503, 
1:1000), Bcl-2 (ab182858, 1:2000), Caspase-3 (ab13847, 1:500), 
Cleaved-caspase-3 (ab2302, 1:1000), and CAMK4 (ab3557, 
1:1000) at 4°C overnight, and subsequently probed with HRP-
conjugated secondary antibodies at 37°C for 2 h. At last, blot 
bands were observed by ECL reagent and the gray value was 
analyzed with ImageJ software. All antibodies were obtained 
from Abcam (Cambridge, MA, USA).

ELISA analysis

The culture media of hippocampal neurons were collected 
and then the levels of TNF-α and IL-6 were detected based 
on the instructions of the commercial ELISA kits (Abcam). 

Dual-luciferase reporter assay 

The wild-type (WT) fragments of PVT1 or CAMK4 3’UTR 
possessing miR-206-3p binding sites and mutated (MUT) 

fragments were amplified and cloned into pmirGLO lu-
ciferase reporters (Promega, Madison, WI, USA). Later 
on, miR-206-3p mimic and negative control were then 
separately co-transfected into hippocampal neurons at 
50  mM with 100  ng of recombinant luciferase reporter 
vectors (WT-PVT1, WT-CAMK4 3’UTR, MUT-PVT1, or 
MUT-CAMK4 3’UTR). 48 h later, the detection of lucif-
erase activity analysis was performed by adopting the Dual 
Luciferase Reporter Gene Assay Kit (Promega).

RNA immunoprecipitation (RIP) assay 

Hippocampal neurons were homogenized in complete RNA 
lysis buffer, and then incubated with magnetic beads (Mil-
lipore) coupled with negative control IgG antibody or Ago2 
antibody at 37°C for 4 h. After treated with Proteinase K for 
30 min, the RNA immunoprecipitation was isolated for 
qRT-PCR analysis.

Statistical analysis

All data were presented as the mean ± SD. Each experiment 
was repeated at least three times. Statistical analysis and 
graph drawing were performed using GraphPad Prism 8.0 
(GraphPad Software, San Diego, CA, USA). Comparisons 
were carried out by using Student’s t-test, Mann-Whitney, 
or analysis of variance. p < 0.05 suggests a statistically sig-
nificant difference. 

Results

Knockdown of PVT1 relieves SE-induced apoptosis and 
inflammation in hippocampal neurons

As shown in Figure 1A, PVT1 expression was higher in the 
hippocampus of SE mice than those in the Sham group and 
the control group, and there was no statistically significant 
difference in PVT1 expression between the two groups. 
Thereafter, hippocampal neurons were isolated from the 
hippocampus of SE mice or the control group. As expected, 
PVT1 expression was also increased in hippocampal neurons 
from SE mice compared with the control (Fig. 1B). Then 
PVT1 siRNA was designed and transfected into SE hip-
pocampal neurons to conduct loss-of-function experiments. 
The introduction of si-PVT1 significantly reduced PVT1 
expression level in hippocampal neurons of SE mice (Fig. 
1C). Functionally, the viability and DNA synthesis activity 
of hippocampal neurons in SE mice were suppressed, while 
this condition was attenuated by PVT1 knockdown (Fig. 
1D,E). Meanwhile, flow cytometry showed a higher apoptosis 
rate of hippocampal neurons in the SE group, which was 
reduced after PVT1 knockdown (Fig. 1F), and the inhibition 
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on SE hippocampal neuron apoptosis after PVT1 down-
regulation was also confirmed by the decrease of Bax and 
Cleaved-caspase-3 as well as the increase of Bcl-2 (Fig. 1G). 
Besides that, silencing PVT1 protected against SE-induced 
inflammation in hippocampal neurons, evidenced by the 
reduction of TNF-α and IL-6 levels (Fig. 1H,I).

PVT1 acts as a sponge for miR-206-3p 

It has been proposed that lncRNA located in the cytoplasm 
can function as a  sponge for miRNA to exert its effects 
(Salmena et al. 2011). Then we determined the subcellular 
localization of PVT1 by nuclear-cytoplasmic fractiona-

Figure 1. Knockdown of PVT1 relieves SE-induced apoptosis and inflammation in hippocampal neurons. A, B. The expression level of 
PVT1 detected in the hippocampus (n = 10, F = 16.32) and in hippocampal neurons (n = 3, t = 9.797) by qRT-PCR. SE hippocampal 
neurons were transfected with si-PVT1 or si-NC (n = 3; C–I). C. qRT-PCR analysis of PVT1 expression after transfection (n = 3, F = 
45.84). D, E. Cell proliferation analyzed using CCK-8 (F = 27.6) and EdU (F = 26.8) assays (n = 3). F. Flow cytometry for cell apoptosis 
(n = 3, F = 30.09). G. Western blotting analysis for the protein level of Bax, Bcl-2, Caspase-3 and Cleaved-caspase-3 in cells (n = 3, F = 
36.03). H, I. ELISA analysis for the levels of IL-6 (F = 66.14) and TNF-α (F = 82.4) in cell culture media (n = 3). ** p < 0.01, *** p < 
0.001, **** p < 0.0001.
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tion assay, and the results exhibited that PVT1 was mainly 
distributed in the cytoplasm of SE hippocampal neurons 
(Fig. 2A). Therefore, the potential miRNAs interaction with 
PVT1 was investigated. According to the prediction of the 
starbase database, there is a binding region between PVT1 
and miR-206-3p (Fig. 2B). qRT-PCR showed that the level of 
miR-206-3p was significantly elevated by miR-206-3p mimic 
compared with the negative control in hippocampal neurons 
obtained from the SE group (Fig. 2C) or Sham group (Fig. 
S1 in Supplementary material). Then the dual-luciferase 
reporter assay was conducted, and the results showed that 
miR-206-3p mimic overtly reduced the luciferase activity of 
wild-type PVT1 reporter vector in SE hippocampal neurons 
but not the mutant one (Fig. 2D). Furthermore, RIP assay 
suggested that Ago2 combined with PVT1 and miR-206-3p 
was significantly increased compared with the IgG negative 

control (Fig. 2E). These results verified that PVT1 could bind 
to miR-206-3p. The expression of miR-206-3p was found to 
be decreased in the hippocampus of SE mice than those in 
the Sham group (Fig. 2F), which was negatively correlated 
with PVT1 (Fig. 2G). Similarly, a decreased expression of 
miR-206-3p was also observed in hippocampal neurons 
isolated from the hippocampus of SE mice compared with 
the control group (Fig. 2H).

Knockdown of PVT1 relieves SE-induced apoptosis and 
inflammation by regulating miR-206-3p in hippocampal 
neurons

Subsequently, whether miR-206-3p mediated the action 
of PVT1 on hippocampal neuron apoptosis and inflam-
mation was investigated. SE hippocampal neurons were 

Figure 2. PVT1 acts as a sponge for miR-206-3p. A. Nuclear-cytoplasmic fractionation assay showed that PVT1 was mainly localized in the 
cytoplasm of hippocampal neurons (n = 3, F = 69.05). B. The putative conserved target site of miR-206-3p on PVT1 was predicted by starbase 
database. C. The transfection efficiency of miR-206-3p mimic and the mimic control was validated using qRT-PCR in hippocampal neurons 
obtained from the SE group (n = 3, t = 21.91). D. Dual-luciferase reporter assay for the luciferase activity of wild-type and mutated PVT1 
reporter after miR-206-3p overexpression in hippocampal neurons (n = 3, F = 23.74). E. qRT-PCR analysis of miR-206-3p and PVT1 after 
RIP assay (n = 3, F = 14.21). F. qRT-PCR analysis of miR-206-3p expression in hippocampus from SE mice, Sham group or control group 
(n = 10, F = 6.687). G. The correlation analysis between miR-206-3p and PVT1 in hippocampus from SE mice (r = 0.9065). H. qRT-PCR 
analysis of miR-206-3p expression in hippocampal neurons from SE mice or control group (n = 3, t = 8.701). *** p < 0.001, **** p < 0.0001. 
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Figure 3. Knockdown of PVT1 relieves SE-induced apoptosis and inflammation by targeting miR-206-3p in hippocampal neurons. SE 
hippocampal neurons were co-transfected with si-NC, si-PVT1, si-PVT1+anti-miR-NC, or si-PVT1+anti-miR-206-3p. A. qRT-PCR 
analysis of miR-206-3p expression after transfection (n = 3, F = 28.6). B.–D. Cell proliferation was analyzed using CCK-8 (F = 16.06) 
and EdU (F = 25.02) assays (n = 3). E, F. Flow cytometry assay for cell apoptosis (n = 3, F = 24.73). G. Western blotting analysis for 
the protein level of Bax, Bcl-2, Caspase-3, and Cleaved-caspase-3 in cells (n = 3, F = 34.77). H, I. ELISA analysis for the levels of IL-6 
(F = 36.03) and TNF-α (F = 30.54) in cell culture media (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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co-transfected with PVT1 siRNA and/or miR-206-3p 
inhibitor, and qRT-PCR showed that the introduction of 
miR-206-3p inhibitor attenuated si-PVT1-caused eleva-
tion of miR-206-3p in SE hippocampal neurons (Fig. 3A). 
Thereafter, it was proved that miR-206-3p inhibition attenu-
ated PVT1 silencing-evoked cell proliferation enhancement 
(Fig. 3B–D), apoptosis arrest (Fig. 3E–G), and inflammation 
inhibition (Fig. 3H,I) in SE hippocampal neurons. 

CAMK4 is a target of miR-206-3p

Thereafter, we further investigated the underlying targets 
of miR-206-3p. The Starbase database predicted that miR-
206-3p had many targeted mRNAs. Through the literature 
search, four mRNAs (TLR4, CAMK4, ROCK2, and OXSR1) 
that were highly expressed in epilepsy and promoted the 
progression of epilepsy were selected. As shown in Figure 
S2 in Supplementary material, we found that miR-206-3p 
overexpression reduced the expression of TLR4 and CAMK4 
in hippocampal neurons, especially CAMK4, but not affected 
ROCK2 and OXSR1. Thus, we selected CAMK4 and further 
confirmed whether CAMK4 is a target of miR-206-3p. The 
putative binding site of CAMK4 on miR-206-3p was shown 
in Figure 4A. Dual-luciferase reporter assay showed that 
miR-206-3p overexpression overtly reduced the luciferase 
activity of wild-type CAMK4 reporter vector in SE hip-

pocampal neurons, but did not affect the luciferase activity of 
the mutant one (Fig. 4B). RIP assay suggested that CAMK4 
and miR-206-3p were significantly pulled down by Ago2 an-
tibody relative to the IgG negative control (Fig. 4C), further 
verifying the binding between CAMK4 and miR-206-3p. 
We then found that CAMK4 mRNA was increased in the 
hippocampus of SE mice than those in the Sham group 
(Fig. 4D) and was negatively correlated with miR-206-3p 
(Fig. 4E). Besides that, the protein level of CAMK4 was also 
elevated in the hippocampus of SE mice and SE hippocampal 
neurons (Fig. 4F,G).

Knockdown of CAMK4 relieves SE-induced apoptosis and 
inflammation in hippocampal neurons

To study the action of CAMK4 in hippocampal neuron 
apoptosis and inflammation, we designed the siRNA tar-
geting CAMK4 to knock down CAMK4 in hippocampal 
neurons, and the knockdown efficiency of si-CAMK4 
was validated by Western blotting (Fig. 5A). Functionally, 
CAMK4 knockdown reversed SE-induced proliferation 
arrest (Fig. 5B–D) and apoptosis promotion (Fig. 5E,F) in 
hippocampal neurons. Besides that, the levels of Bax and 
Cleaved-caspase-3 were reduced, while Bcl-2 expression 
was increased by CAMK4 knockdown in SE hippocampal 
neurons (Fig. 5G,H). Meanwhile, ELISA analysis suggested 

Figure 4. CAMK4 is a target of miR-206-3p. A. The putative binding site between CAMK4 and miR-206-3p. B. Dual-luciferase reporter assay 
for the luciferase activity of wild-type and mutated CAMK4 reporter after miR-206-3p overexpression in hippocampal neurons (n = 3, F = 
34.36). C. qRT-PCR analysis of miR-206-3p and CAMK4 after RIP assay (n = 3, F = 16.2). D. qRT-PCR analysis of CAMK4 expression in hip-
pocampus from SE mice, Sham group or control group (n = 10, F = 17.18). E. The correlation analysis between miR-206-3p and CAMK4 in 
hippocampus from SE mice (r = 0.9164). F, G. Western blotting analysis of CAMK4 expression in hippocampus from SE mice or Sham group 
(n = 10, t = 6.802), as well as in hippocampal neurons from SE mice or control group (n = 3, t = 11.22). ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 5. Knockdown of CAMK4 relieves SE-induced apoptosis and inflammation in hippocampal neurons. SE hippocampal neurons 
were transfected with si-CAMK4 or si-NC. A. qRT-PCR analysis of CAMK4 expression after transfection (n = 3, F = 58.27). B–D. 
Cell proliferation was analyzed using CCK-8 (F = 36.12) and EdU (F = 30.04) assays (n = 3). E, F. Flow cytometry for cell apoptosis 
(n = 3, F = 38.75). G, H. Western blotting analysis for the protein level of Bax, Bcl-2, Caspase-3 and Cleaved-caspase-3 in cells (n = 3, 
F = 52.01). I, J. ELISA analysis for the levels of IL-6 (F = 30.09) and TNF-α (F = 72.14) in cell culture media (n = 3). ** p < 0.01, *** p < 
0.001, **** p < 0.0001.
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Figure 6. MiR-206-3p restrains SE-induced apoptosis and inflammation by targeting CAMK4 in 
hippocampal neurons. SE hippocampal neurons were co-transfected with miR-NC, miR-206-3p, 
miR-206-3p+pcDNA, or miR-206-3p+CAMK4. A. qRT-PCR analysis of CAMK4 expression 

after transfection (n = 3, F = 39.16). B–D. Cell proliferation was analyzed using CCK-8 (F = 24.87) and EdU (F = 18.55) assays (n = 3). 
E, F. Flow cytometry for cell apoptosis (n = 3, F = 34.35). G. Western blotting analysis for the protein level of Bax, Bcl-2, Caspase-3 and 
Cleaved-caspase-3 in cells (n = 3, F = 28.98). H, I. ELISA analysis for the levels of IL-6 (F = 37.14) and TNF-α (F = 30.54) in cell culture 
media (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 7. The identification of PVT1/miR-206-3p/CAMK4 axis in hippocampal neurons. A, B. qRT-PCR and Western blotting analysis of 
CAMK4 expression in SE hippocampal neurons transfected with si-NC, si-PVT1, si-PVT1+anti-miR-NC, or si-PVT1+anti-miR-206-3p 
(n = 3, A: F = 47.86, B: F = 40.88). ** p < 0.01, *** p < 0.001, **** p < 0.0001.

A B

that CAMK4 silencing reduced the release of TNF-α and 
IL-6 in SE hippocampal neurons (Fig. 5I,J).

MiR-206-3p restrains SE-induced hippocampal neuron 
apoptosis and inflammation by CAMK4

Next, the role of miR-206-3p/CAMK4 axis in SE-induced 
hippocampal neuron injury was explored. SE hippocampal 
neurons were co-transfected with miR-206-3p mimic and/
or CAMK4 overexpression plasmid, and Western blotting 
showed that miR-206-3p mimic led to a decrease of CAMK4 
expression, which was rescued by CAMK4 plasmid trans-
fection in cells (Fig. 6A). Thereafter, we demonstrated that 
miR-206-3p suppressed SE-induced hippocampal neuron 
proliferation inhibition (Fig. 6B–D) and apoptosis enhance-
ment (Fig. 6E–G), which were mitigated by CAMK4 up-
regulation (Fig. 6B–G). Additionally, the release of TNF-α 
and IL-6 was decreased after miR-206-3p re-expression in 
SE hippocampal neurons, while CAMK4 up-regulation 
counteracted this action (Fig. 6H,I).

The identification of PVT1/miR-206-3p/CAMK4 axis in 
hippocampal neurons

Bivariate correlation analysis was processed to determine 
the interactions among PVT1, miR-206-3p, and CAMK4. 
As exhibited in Figure 7A and B, PVT1 knockdown caused 
a  decrease of CAMK4 expression, which was rescued by 
miR-206-3p down-regulation in SE hippocampal neurons, 
indicating the PVT1/miR-206-3p/CAMK4 regulatory path-
way in hippocampal neurons.

Discussion

To date, a large amount of lncRNAs have been discovered 
in the hippocampus and are involved in the dysfunction 

of hippocampal neurons in epilepsy patients. For example, 
Nespas lncRNA was found to suppress the loss of hip-
pocampal neurons in epilepsy (Feng et al. 2021). Hu et al. 
showed that ZFAS1 promoted the autophagy and apoptosis 
of hippocampal neurons in epilepsy by inducing PI3K/AKT 
pathway activation through sequestering miR-421 (Hu et 
al. 2020). Geng’s team suggested that UCA1 could suppress 
hippocampal neuron apoptosis by elevating Nrf2 via miR-
495 in epilepsy (Geng et al. 2018). Therefore, lncRNAs may 
be potential therapeutic biomarkers for epilepsy prevention. 
In our study, silencing of PVT1 reversed SE-evoked prolif-
eration arrest, apoptosis promotion, and proinflammatory 
cytokine in hippocampal neurons. Bax is a pro-apoptotic 
protein and the core regulator of intrinsic pathway of 
apoptosis that can activate the cascade of reactions by re-
leasing cytochrome c  from the mitochondria, leading to 
the activation of caspases to cause cell death (Peña-Blanco 
and García-Sáez 2018). When Bax expression is high, cells 
are sensitive to death signals and promote apoptosis, while 
Bcl-2 is an anti-apoptotic protein, it can form heterodimer 
with Bax and inhibit apoptosis, the intracellular Bcl-2/Bax 
ratio plays an important role in determining the sensitivity 
of apoptosis (Kulsoom et al. 2018). Caspase-3 is the main 
effector caspase that plays a key role in apoptosis, Cleaved 
caspase-3 is the active form of caspase-3 during apoptosis, 
which can proteolytically cleave and activate other caspases, 
or other relevant targets in cells to promote apoptosis (Liu 
et al. 2018). IL-6 and TNF-α are major proinflammatory cy-
tokines and have been detected in a variety of brain diseases, 
and they are found to reinforce inflammatory and immune 
reactions, which can lead to the death of oligodendrocytes 
and neurons in the nervous system, or neuronal death in the 
hippocampus (Ishijima and Nakajima 2021). In this study, 
we also found that PVT1 knockdown led to the decreases 
of Bax and Cleaved caspase-3 protein levels, as well as IL-6 
and TNF-α levels, but the increase of Bcl-2 protein levels in 
hippocampal neurons, further suggesting the inhibition of 
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PVT1 on neuronal apoptosis and inflammation. These data 
suggested that PVT1 siRNA may have roles in the preven-
tion of epilepsy. 

Currently, the role lncRNA/miRNA/mRNA network 
in the genesis and progression of epilepsy has gradually 
emerged (Geng et al. 2018; Li et al. 2019). Our study showed 
the cytoplasmic location of PVT1 in hippocampal neurons, 
and then identified the PVT1/miR-206-3p/CAMK4 regula-
tory axis in cells. The involvement of miRNAs in epilepsy 
biology has been widely discussed (Henshall et al. 2016). 
A previous study showed that miR-206 re-expression could 
protect against neuronal loss and inflammation in epileptic 
rat models via binding to CCL2 (Wu et al. 2019). Therefore, 
we speculated that miR-206-3p might also protect against 
epilepsy-induced brain injury. As expected, miR-206-3p 
overexpression suppressed apoptosis and inflammatory 
response in SE hippocampal neurons, accompanied by 
decreased Bax, Cleaved caspase-3, IL-6 and TNF-α levels, 
as well as increased Bcl-2 levels. Interestingly, the knock-
down of miR-206-3p reversed the protective action of 
PVT1 siRNA on hippocampal neurons. CAMK4, a vital 
mediator of calcium-mediated dynamics and activity, has 
been shown to be implicated in neuronal homeostasis 
and brain development (Zech et al. 2018). Besides that, 
altered CAMK4 expression was reported to attenuate 
miR-125a-5p-caused inhibition of inflammation and sei-
zure in epilepsy rats (Liu et al. 2019). Thus, this study inves-
tigated the function of CAMK4 in epilepsy and found that 
CAMK4 knockdown could protect hippocampal neurons 
from SE-induced apoptotic and inflammatory injuries by 
elevating Bcl-2 levels and reducing Bax, Cleaved caspase-3, 
IL-6 and TNF-α levels. Importantly, CAMK4 overexpres-
sion could abolish the protective effects of miR-206-3p on 
hippocampal neurons. 

In conclusion, our work first clarified that PVT1 silenc-
ing could alleviate SE-evoked apoptosis and inflammatory 
response in hippocampal neurons by miR-206-3p/CAMK4 
axis. However, there are still some limitations. The brain-
waves should be recorded, and the morphological change in 
the hippocampus should be observed by using HE staining 
and Nissl’s staining to investigate the effects of PVT1 on 
epileptic mice. In addition, the function of PVT1 siRNA in 
healthy hippocampal neurons or mice should be measured 
to probe the application of PVT1 siRNA in clinical use in 
the future. Even so, this research also may fill the gap in 
knowledge about the molecular contribution of PVT1 in 
epilepsy development.

Data availability statement. The datasets analysed during the cur-
rent study are available from the corresponding author.
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Supplementary Figures

Figure S1. The transfection efficiency of miR-206-3p mimic and the mimic control. The transfection efficiency of miR-206-3p mimic and 
the mimic control was validated using qRT-PCR in hippocampal neurons obtained from Sham group (n = 3, t = 15.6). **** p < 0.0001.

Figure S2. The effects of miR-206-3p mimic on the expression of predicted mRNAs. The expression levels of four predicted mRNAs 
(TLR4, CAMK4, ROCK2, and OXSR1) were detected using qRT-PCR in hippocampal neurons transfected with miR-206-3p mimic or 
miR-NC (n = 3, F = 16.5). * p < 0.05, **** p < 0.0001.
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