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Abstract
Temporal lobe epilepsy (TLE) is the most common type of intractable epilepsy and is refractory to medications. However, 
the role and mechanism of H19 in regulating TLE remains largely undefined. Expression of H19 and miR-206 was detected 
using real-time quantitative PCR (RT-qPCR). Cell apoptosis, autophagy and inflammatory response were determined by 
flow cytometry, western blotting and enzyme-linked immunosorbent assay (ELISA). The interaction between H19 and miR-
206 was predicted on the miRcode database and confirmed by luciferase reporter assay, RNA immunoprecipitation (RIP) 
and RNA pull-down. H19 was upregulated and miR-206 was downregulated in the rat hippocampus neurons after kainic 
acid (KA) treatment. Functionally, both H19 knockdown and miR-206 overexpression weakened KA-induced apoptosis, 
autophagy, inflammatory response, and oxidative stress in hippocampus neurons. Mechanically, the phosphatidylinositol 
3-kinase (PI3K)/AKT signaling pathway was activated by H19 knockdown and miR-206 was confirmed to be targeted and 
negatively regulated by H19. Moreover, downregulation of miR-206 could counteract the effects of H19 knockdown in KA-
induced hippocampus neurons. Knockdown of H19 suppressed hippocampus neuronal apoptosis, autophagy and inflammatory 
response presumably through directly upregulating miR-206 and activating the PI3K/AKT signaling pathway.
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Introduction

Epilepsy is one of the most common neurological disor-
ders, with an estimated 5 million people diagnosed with 
the disease worldwide (Saud et al. 2020; Kwon and Wag-
ner 2022). The predominant feature of epilepsy includes 
recurrent and unprovoked seizures. Moreover, up to 40% 
of cases are refractory to conventional medical treatment 
due to its adverse effects and drug-resistance (Trinka et al. 
2016). Temporal lobe epilepsy (TLE) is the most common 
type of acquired and refractory epilepsy (Tellez-Zenteno 
and Hernandez-Ronquillo 2012), and loss and sclerosis of 
hippocampus neurons are the general pathologic hallmarks 
of TLE (Tai et al. 2018). TLE experiences a latent period 

from the initial precipitating injury to recurrent seizures 
(Pitkanen et al. 2015). It has been well-recognized that the 
hippocampus undergoes plenty of cellular changes during 
the latent period, including apoptosis and inflammation (Wu 
et al. 2018; Xia et al. 2018). However, the exact mecha-
nism underlying the process of epileptogenesis remains 
disappointed.

Role of non-coding RNAs has emerged in regulating 
brain excitability and seizure thresholds, including long 
ncRNAs (lncRNAs) and microRNAs (miRNAs) (Henshall 
and Kobow 2015). Containing 20–25 highly conserved 
nucleotides, miRNAs have been proposed as diagnostic bio-
markers and treatment targets for SE and adult hippocampal 
neurogenesis (Bielefeld et al. 2017; Brindley et al. 2019). 
Four abnormal expressed miRNAs including miRNA-
206-3p (miR-206), miR-374, miR-468 and miR-142-5p 
have been identified in drug-resistant epileptic mice (Moon 
et al. 2014). Very recently, miR-206 expression was associ-
ated with protection from seizure activity and hippocampus 
neuron loss (Wu et al. 2019). Nevertheless, the mechanism 
which miR-206 suppresses neuronal loss remains unclear.
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LncRNAs are a class of endogenous transcripts defined 
to be greater than 200 nucleotides in length. LncRNAs 
can alter gene transcription in all orientations through 
multiple mechanisms, such as acting as a sponge for miR-
NAs. Lately, genome-wide lncRNA profiles have been 
declared in TLE mouse models induced by pilocarpine 
and kainate acid (KA) (Lee et al. 2015). At present, the 
functions and regulatory mechanisms of lncRNAs in 
epileptogenesis remain largely unexplored (Hauser et al. 
2018). LncRNA H19 (H19) H19, originally described as 
an oncofetal transcript, has been revealed to be involved 
in the progression of many diseases (Chen et al. 2021; 
Ghafouri-Fard et al. 2020; Thomas et al. 2019). Studies 
have shown that H19 is involved in the activation of hip-
pocampal glial cells during epileptogenesis (Han et al. 
2017, 2018a). However, the role of H19 in hippocampal 
neuron loss and its underlying mechanisms have not been 
fully elucidated.

KA-induced epilepsy in rat is a popular model to 
investigate the pathogenesis of epilepsy (Nieuwenhuyse 
et al. 2015). However, we’re not able to study epilepsy in 
an in vivo model, but a cell model of epilepsy induced 
by KA in primary hippocampus neurons was utilized. 
And, KA-induced neurons have also been used in epi-
lepsy research (Kaneko et al. 2016, 2017; Lu et al. 2019). 
Thus, we constructed a TLE model using KA in primary 
hippocampus neurons to investigate the expression and 
relationship of H19 and miR-206. Ultimately, the H19/
miR-206 axis was confirmed to be associated with KA-
induced hippocampus neuron injury.

Materials and methods

Patients and clinical samples

The cerebrospinal fluid of patients (n = 5) with TLE was 
collected from patients using a standard lumbar puncture 
procedure from a sitting position or lying on their side. After 
centrifugation of 300×g for 10 min at 4 °C, the supernatant 
was collected and stored at − 80 °C for total RNA isola-
tion. Serums derived from patients with a temporal vascular 
malformation (n = 5) but no history of epilepsy or other neu-
rological diseases were recruited as normal controls. This 
study was approved by the Research Ethics Committee of the 
Weihai Central Hospital and written consent from patients 
was received.

Isolation of hippocampus neurons and cell culture

The hippocampus tissues from neonatal rats (Sprague–Daw-
ley, 18th embryonic day) were micro-dissected and cut into 
pieces from the isolated brain in D-Hank’s buffer on ice. The 

hippocampus neurons were isolated from tissues as previ-
ous report (Wang et al. 2018). Briefly, tissues were then 
treated with 0.25% trypsin (Gibco, Grand Island, NY, USA) 
at 37 °C for 15 min, which was terminated by adding low 
glucose Dulbecco minimum essential medium (DMEM; 
Gibco) containing 10% fetal bovine serum (FBS; Gibco). 
The digested tissues were centrifuged at 700 rpm for 5 min 
with the supernatant discarded, then planted on 6-well plate 
dishes (Corning, NY, USA) in Neuron-basal medium (Inv-
itrogen, Carlsbad, CA, USA.) containing 2% B27 (Gibco), 
0.5 mM glutamine and 100 U/mL penicillin/streptomycin for 
4–6 h. Additionally, the cell cultures were treated with cyto-
sine arabinoside (5 μg/mL) to inhibit glial proliferation. The 
culture medium was refreshed every 2 days and hippocampal 
neurons were passaged when reached to 80–90% confluence. 
Hippocampal neurons were treated with KA (50 μM) for 
48 h to induce injury.

Lentivirus infection

Small hairpin RNA (shRNA) against H19 (sh-H19), miR-
206 mimic and miR-206 inhibitor (anti-miR-206) were 
synthesized by GenePharma (Shanghai, China), as well as 
their negative controls. The isolated hippocampus neurons 
(8 × 104 cells) were plated into 6-well plates (Corning) and 
the cells at 50% confluence were ready for lentivirus infec-
tion. Above nucleotides and PCR product of the full length 
of H19 were sub-cloned into a pGLVU6/Puro lentiviral vec-
tor (GenePharma) to general lentivirus, respectively. After 
inoculating the neurons with lentivirus suspension for 48 h, 
a fresh complete medium containing appropriate concen-
trations of puromycin (5 μg/mL) was used to screen stably 
transfected cell lines. These sequences were provided in 
Table 1.

Real‑time quantitative PCR (RT‑qPCR)

Total RNA was extracted with Trizol (Invitrogen) follow-
ing the operation guidance. Next, 1 μg RNA was used to 
synthesize complementary DNA (cDNA) using First Strand 
DNA Synthesis Kit (Takara, Kyoto, Shiga, Japan). The RT-
qPCR experiment was conducted with SYBR Premix Tap 
(2×; Takara) on a quantitative PCR system. Each sample 
was performed in triplicate. The primers used in this study 
were provided by GENEWIZ (Suzhou, China) and the 
sequences were shown in Table 2. The multiple proportions 
of gene expression were analyzed with the 2−ΔΔCt method 
and the internal control was β-actin (for lncRNA) and U6 
(for miRNA).
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EdU assay

EdU staining proliferation assay kit (iFluor 488; Abcam, 
Cambridge, UK) was employed to detect cell proliferation 
on a fluorescence microscope. EdU could be incorporated 
into the newly synthesized DNA in cells, and re-reacted 
with iFluor 488 (generates green fluorescence); eventually 
DNAs in all cells were double-stained with DAPI staining 

solution (Abcam) (generates blue fluorescence). Stained 
cells were observed under fluorescence microscopy, and 
the percentage of EdU positive cells in DAPI positive 
cells was calculated from five randomly selected fields 
(bar scale: 50 μm).

Flow cytometry

Hippocampus neurons and KA-induced transfected 
hippocampus neurons were collected and analyzed by 
Annexin V-Fluorescein isothiocyanate (FITC) apopto-
sis detection kit (Sigma-Aldrich) on a flow cytometry. 
Apoptotic cells were labeled complying with the proto-
col. In brief, the adherent and floating cells were har-
vested and washed with phosphate buffer solution twice. 
Then, 100 μL cells (1 × 105 cells) of each group were 
stained in the buffer containing FITC-Annexin V and 
PI for 30 min in the dark. Fluorescence was analyzed on 
cytoFLEX LX flow cytometer (Beckman-Coulter, CA, 
USA) using a CytExpert software. Quadrants were posi-
tioned on Annexin V/PI plots to distinguish normal cells 
(Annexin V−/PI−) and apoptotic cells (Annexin V+/
PI− and Annexin V+/PI+). Cell apoptotic rate = apop-
totic cells/(apoptotic cells + normal cells).

Western blotting

Hippocampus neurons and KA-induced transfected hip-
pocampus neurons were acquired to extract total protein with 
RIPA lysis buffer (Millipore, Billerica, MA, USA) contain-
ing protease inhibitor cocktail (Millipore), a protease inhibi-
tor. According to the Bradford protein assay reagent (Bio-
Rad, Shanghai, China), equal amounts of protein (20 μg) 
from each sample were loaded for the standard procedures 
of western blot assay. The primary antibodies were shown 
in Table 3. Image-Pro Plus (version 6.0; Media Cybernetics, 
Rockville, MD, USA) was used to quantify the densities of 
the protein signals. The relative expression of B cell lym-
phoma (Bcl-2), Bcl-2 associated X6A7 protein (BAX6A7), 
cleaved caspase 3 (C-cleaved 3) and Beclin 1 was normal-
ized to the internal reference glyceraldehyde-phosphate 

Table 1   Oligonucleotide 
sequences used in this study

Oligonucleotide name 5′–3′

sh-H19 CAC​CGG​AGT​GCT​GGA​GGA​GAG​TTG​TGA​GAA​CAA​
CTC​TCC​TCC​AGC​ACT​CC

sh-NC CAC​CTT​CTC​CGA​ACG​TGT​CAC​GTG​AGA​ACG​TGA​
CAC​GTT​CGG​AGAA​

miR-206 UGG​AAU​GUA​AGG​AAG​UGU​GUGG​
miR-NC #4464058, Invitrogen
anti-miR-206 CCA​CAC​ACT​TCC​TTA​CAT​TCCA​
anti-miR-NC #4464076, Invitrogen

Table 2   Primer sequences for RT-qPCR

Gene name Primer sequences (5′–3′)

Human-H19 Forward 5′-CAC​TGG​CCT​CCA​GAG​
CCC​GT-3′

Reverse 5′-CGT​CTT​GGC​CTT​CGG​
CAG​CTG-3′

Rat-H19 Forward 5′-CCT​CAA​GAT​GAA​AGA​
AAT​GGT​GCT​A-3′

Reverse 5′-TCA​GAA​CTA​GAC​GGA​
CTT​AAA​GAA​-3′

Humant/rat-miR-206 Forward 5′-GCG​CGT​GGA​ATG​TAA​
GGA​AGT-3′

Reverse 5′-AGT​GCA​GGG​TCC​GAG​
GTA​TT-3′

RT primer sequences: 5′-GTC​GTA​
TCC​AGT​GCA​GGG​TCC​GAG​GTA​
TTC​GCA​CTG​GAT​ACG​ACccacac-3′

Human-β-actin Forward 5′-CAG​CCA​TGT​ACG​TTG​
CTA​TCCA-3′

Reverse 5′-TCA​CCG​GAG​TCC​ATC​
ACG​AT-3′;

Rat-β-actin Forward 5′-CCT​CTA​TGC​CAA​CAC​
AGT​GC-3′

Reverse 5′-GTA​CTC​CTG​CTT​GCT​
GAT​CC-3′;

Human-U6 Forward 5′-CGC​TTC​GGC​AGC​ACA​
TAT​AC-3′

Reverse 5′-TTC​ACG​AAT​TTG​CGT​
GTC​ATC-3′

Rat-U6 Forward 5′-GCT​TCG​GCA​GCA​CAT​
ATA​CTA​AAA​T-3′

Reverse 5′-CGC​TTC​ACG​AAT​TTG​
CGT​GTCAT-3′
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dehydrogenase (GAPDH), and expression levels of LC3-
II, phosphorylated phosphatidylinositol 3-kinase (p-PI3K) 
and p-AKT were respectively compared to LC3-I, PI3K and 
AKT.

Enzyme‑linked immunosorbent assay (ELISA)

Isolated hippocampus neurons were transfected and then 
implanted and cultured in 96-well plates (Corning). The 
culture supernatant was collected at 24 h. Commercial kits 
for tumor necrosis factor (TNF)-α (#ab100785), interleukin 
(IL)-1β (#ab100768) and IL-6 (#ab100772) were obtained 
from Abcam. All operations were carried out according to 
the instructions.

Malondialdehyde (MDA) and superoxide dismutase 
(SOD) assay kits

After KA treatment, hippocampus neurons were collected. 
The productions of MDA and SOD were examined using 
Lipid Peroxidation MDA Assay Kit (Beyotime, Shanghai, 
China) and Total SOD Assay Kit with WST-8 (Beyotime) 
according to the manufacturers’ instructions. The relative 
MDA level and SOD level were normalized to the control 
group.

Luciferase reporter assay

The fragment of H19 containing the predicted miR-206 
binding site or its mismatched sequence was cloned into 
the pGL3 plasmid (Promega, Madison, Wisconsin, USA). 
The mutation of wild type H19 (H19-WT) was performed 
by site-directed mutagenesis. 50 nM of miR-206 mimic, 
miR-NC mimic, anti-miR-206 or anti-NC was co-trans-
fected into 293T cells (PTA-5077; ATCC, Manassas, VA, 
USA) with 5 ng of Renilla plasmid (Promega) and 100 ng 
of the constructed plasmid H19-WT or H19-MUT. After 

transfection for 24 h, luciferase assay was detected using a 
dual-luciferase reporter assay system (Promega) and relative 
Firefly luciferase activity of H19-WT/MUT was normalized 
to Renilla.

RNA immunoprecipitation (RIP)

Magna RIP™ RNA-binding protein immunoprecipitation kit 
(Millipore) was used to conduct the RIP assay. Hippocampus 
neurons were collected and lysed in a complete RIP lysis 
buffer, and then the cell extract was incubated with magnetic 
beads conjugated with human Ago2 or IgG antibody in RIP 
buffer. After incubation of proteinase K, the immunoprecipi-
tated RNAs including miR-206 and H19 were extracted and 
detected by RT-qPCR.

RNA pull‑down assay

Oligonucleotides miR-206 and miR-NC were biotinylated 
using a biotin-labeled RNA labeling mix (Roche, Basel, 
Switzerland). An equal amount of biotinylated miRNA (bio-
miRNA) was added to streptavidin dynabeads. 293T cells 
were transfected with bio-miR-206/NC for 24 h. Then the 
lysates of transfected neurons were incubated at room tem-
perature for 15 min to immobilize RNA on the streptavidin 
dynabeads. After removing the supernatant and washing the 
magnetic beads with wash buffer, the H19 level in RNA 
complexes was measured using RT-qPCR.

Statistical analysis

All data were presented as mean ± standard error of the 
mean from three independent studies and the statistical 
analysis was performed on Graphpad Prism 5 (GraphPad, 
San Diego, CA, USA). The comparisons were made using 
two-tailed Student t-test in two groups and using one-way 
analysis of variance followed by a Bonferroni-Dunn test in 
multiple groups. The significant differences were acknowl-
edged as a P value < 0.05.

Results

Knockdown of H19 suppressed KA‑induced primary 
hippocampus neuron apoptosis, autophagy, 
inflammatory response, and oxidative stress in vitro

Expression level of H19 was distinctively higher in cerebro-
spinal fluid of patients with epilepsy compared with control 
people (Fig. 1A). This data suggested a potential role of 
both in epileptogenesis. Thus, the biological role of H19 
dysregulation was further investigated in hippocampus neu-
rons in the latent period of epilepsy. RT-qPCR revealed that 

Table 3   Antibody information for western blotting

Names Antibody information

Bcl-2 ab196495, 1/2000, Abcam
BAX6A7 sc-23959,1/500, Santa Cruz 

Biotechnology
C-cleaved 3 PA1-26426, 1/500, Invitrogen
Beclin 1 ab217179, 1/1000, Abcam
LC3 ab168831, 1/500, Abcam
PI3K ab191606, 1/1000, Abcam
p-PI3K ab182651, 1/1000, Abcam
AKT ab179463, 1/10000, Abcam
p-AKT ab81283, 1/10000, Abcam
GAPDH ab9484, 1/10000, Abcam
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H19 expression level was increased in KA-treated neurons 
(Fig. 1B). Then, we forcedly silenced H19 expression via 
lentivirus infection, and silencing efficiency was determined 
by RT-qPCR (Figure S1A). Similarly, relative expression of 
H19 was extremely decreased after sh-H19 lentivirus infec-
tion in KA-induced cells (Fig. 1B). Then, neuron injury 

was evaluated with cell apoptosis, autophagy, inflamma-
tion response, and oxidative stress. In this present study, 
cell apoptosis was testified with cell proliferation, apoptotic 
rate and apoptosis-related protein expression. EdU assay and 
flow cytometry demonstrated that EdU positive cells were 
remarkably reduced and the apoptotic rate was dramatically 

Fig. 1   Role of H19 dysregulation in cell injury in kainic acid (KA)-
induced epilepsy in primary hippocampus neurons in  vitro. A RT-
qPCR analysis detected expression of H19 in cerebrospinal fluid of 
epilepsy patients and normal people. B–K Hippocampus neurons 
were transfected with shRNA against H19 (sh-H19) or its nega-
tive control (si-NC) via lentiviral vector, and then treated with KA 
for 24  h. B Level of H19 was measured using RT-qPCR. C Cell 
proliferation was measured by EdU assay. The percentage of EdU 
positive cells in DAPI positive cells was calculated. D Apoptotic 
rate was determined by flow cytometry. The percentage of cells in 
quadrants of Annexin V+/PI− and Annexin V+/PI+ was statisti-

cally recorded. Expression of E apoptosis-related proteins and F 
autophagy-related markers was evaluated by western blotting. Protein 
bands of B cell lymphoma (Bcl-2), active Bcl-2 associated X protein 
6A7 (BAX6A7), cleaved caspase 3 (C-caspase 3), Beclin 1 and LC3-
II/I were quantified by densitometry and normalized to the level of 
glyceraldehyde-phosphate dehydrogenase (GAPDH). G–I Secreted 
pro-inflammatory factors tumor necrosis factor (TNF)-α, interleukin 
(IL)-1β and IL-6 were examined utilizing enzyme-linked immuno-
sorbent assay (ELISA). J, K Level of oxidative stress-related factors 
MDA and SOD was determined by commercial kits. Data represent 
mean ± standard error of the mean (SEM). *P < 0.05
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induced in hippocampus cells under KA treatment, while 
these effects were inhibited when H19 was silenced (Fig. 1C, 
D). Western blotting indicated that BAX6A7 and C-cas-
pase 3 protein levels were increased and the Bcl-2 protein 
level was decreased in KA-induced hippocampus neurons; 
whereas that effect was significantly reversed by sh-H19 len-
tivirus infection (Fig. 1E). Moreover, western blotting data 
showed that KA-induced promotion on LC3-II/I and Beclin 
1 proteins were also attenuated by H19 silencing (Fig. 1F). 
The production of pro-inflammatory factors secreted in the 
culture supernatant was assessed by ELISA, and we found 
that highly expressed TNF-α, IL-1β and IL-6 in KA-treated 
neurons were overall declined with sh-H19 lentivirus infec-
tion (Fig.  1G–I). Besides, H19 silencing decreased the 
production of MDA and increased the activity of SOD in 
hippocampus neurons treated with KA, as determined by 
special kits (Fig. 1J, K). Collectively, these results showed 
that knockdown of H19 could suppress KA-induced hip-
pocampus neuron apoptosis, autophagy, inflammatory 
response, and oxidative stress, suggesting a protective role 
of H19 silencing in KA-induced epilepsy in hippocampus 
neurons in vitro. By the way, H19 knockdown did not affect 
apoptosis and inflammatory response of control hippocam-
pus neurons (Fig. S2A–S2E).

Overexpression of miR‑206 remitted KA‑induced 
apoptosis, autophagy, inflammatory response, 
and oxidative stress in primary hippocampus 
neurons

Moreover, miR-206 was lower expressed in cerebrospinal 
fluid of epilepsy patients (Fig. 2A). This data suggested 
a potential role of both in epileptogenesis. The biological 
role of miR-206 dysregulation was also investigated in hip-
pocampus during epilepsy latency. Expression of miR-206 
was downregulated in KA-induced primary hippocampus 
neurons (Fig. 2B), and mimic lentivirus infection was used 
to overexpress its expression. The high overexpression effi-
ciency was identified in primary hippocampus neurons (Fig-
ure S1B), and this lentivirus infection was also rescued by 
miR-206 expression in neurons under KA stimuli (Fig. 2B). 
Ectopic expression of miR-206 could inhibit cell apopto-
sis of KA-treated hippocampus neurons, as depicted by 
the decrease of protein apoptotic rate and the protein lev-
els of BAX6A7 and C-caspase 3, as well as the increase of 
EdU positive cells and the Bcl-2 protein level (Fig. 2C–E). 
The autophagy-related markers LC3II/I and Beclin 1 were 
highly expressed in KA-treated hippocampus cells, and 
this effect was reversed by the presence of miR-206 mimic 
(Fig. 2F), suggesting that the inhibiting effect miR-206 
on KA-induced autophagy. ELISA indicated a high level 
of TNF-α, IL-1β and IL-6 in response to KA, which was 
then declined in miR-206 mimic-transfected hippocampus 

neurons (Fig. 2G–I), hinting a diminishing effect of miR-206 
on KA-induced inflammation. Besides, oxidative stress of 
KA-induced neurons was consistently attenuated by miR-
206 overexpression, as evidenced by decreased MDA and 
increased SOD (Fig. 2J, K). Taken together, these results 
showed that overexpression of miR-206 could also suppress 
KA-induced hippocampus cell injuries in vitro, implying a 
protective role of miR-206 upregulation in KA-induced hip-
pocampus neurons in epilepsy. By the way, miR-206 overex-
pression failed to alter apoptosis and inflammatory response 
of control hippocampus neurons (Figure S2F–S2J).

H19 directly interacted with miR‑206

Therefore, we wondered about the relationship between 
H19 and miR-206. Online bioinformatics software miRcode 
(http://​www.​mirco​de.​org/) predicted that H19 contained the 
complementary binding sequence of miR-206, as shown in 
Fig. 3A. To determine this potential interaction, a luciferase 
reporter assay was conducted in SE-induced hippocampus 
cells. As a result, the luciferase activity of a luciferase vector 
containing H19-wt was consistently reduced by upregulating 
miR-206 via miR-206 mimic transfection, whereas acceler-
ated by downregulating miR-206 via anti-miR-206 trans-
fection in 293T cells (Fig. 3B, C, Fig. S1B). Additionally, 
no significant changes were observed in luciferase activity 
of the H19-mut vector after any transfection. Furthermore, 
miR-206 and H19 were simultaneously enriched in RIP 
derived from Ago2 antibody in cell extract of primary hip-
pocampus neurons (Fig. 3D); moreover, Bio-miR-206 mimic 
could abundantly enrich H19 expression in 293FT cells 
(Fig. 3E). These outcomes suggested a direct target relation-
ship between H19 and miR-206. Besides, miR-206 expres-
sion levels were induced by H19 knockdown via sh-H19 len-
tivirus infection and descended by H19 overexpression via 
H19 lentivirus infection in hippocampus neurons (Fig. 3F, 
Fig. S1A). These results showed that H19 could negatively 
regulate miR-206 expression via acting as a miR-206 decoy.

Knockdown of miR‑206 counteracted 
the suppressive role of H19 silencing in KA‑induced 
hippocampus neurons in vitro

Rescue experiments with transfection of sh-H19 alone or 
combined with anti-miR-206 were carried out, and expres-
sion of miR-206 was upregulated in sh-H19-transfected hip-
pocampus neurons under KA treatment, which was abol-
ished by co-infected of anti-miR-206 (Fig. 4A). The silence 
of miR-206 abated the inhibition of H19 knockdown on 
EdU positive cells (Fig. 4B) and apoptotic rate (Fig. 4C), 
as well as expression of BAX6A7 and cleaved caspase 3 
expression (Fig. 4D), and LC3-II/I and Beclin 1 (Fig. 4E) in 
KA-treated neurons. In addition, the protection of sh-H19 

http://www.mircode.org/
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lentivirus infection against pro-inflammatory factors TNF-α, 
IL-1β and IL-6 secretions (Fig. 4F–H), and MDA production 
(Fig. 4I) was impaired in KA + sh-H19 + anti-miR-206 group 
than KA + sh-H19 + anti-NC group. By the way, H19 silenc-
ing promoted Bcl-2 expression and SOD production in KA-
challenged hippocampus neurons, and this promotion was 
abrogated by simultaneous downregulation of H19 and miR-
206 (Fig. 4D, J). These data indicated the suppressive role 
of H19 knockdown in KA-induced apoptosis, autophagy, 
inflammatory response, and oxidative stress presumably 
through upregulating its target miR-206, indicating that the 
H19/miR-206 axis took part in KA-induced hippocampal 
neurons injury.

H19 knockdown promoted the activation 
of the PI3K‑AKT signaling pathway 
through upregulating miR‑206 in hippocampus 
neurons under KA treatment

The involved signaling pathways were dug out, and western 
blotting was performed to examine the key protein levels in 
PI3K/AKT signaling. According to the results in Fig. 5A, 
B, p-PI3K and p-AKT expression levels were lower in KA-
induced hippocampus cells, implying that KA caused PI3K/
AKT signaling inhibition in the latent period of epilepsy; 
while knockdown of H19 by transfecting sh-H19 could 

apparently recover its activation. Co-infection of anti-
miR-206 lentivirus counteracted the promoting effect of 
sh-H19 lentivirus infection on p-PI3K and p-AKT expres-
sion in KA-induced hippocampus neurons, which was in line 
with the impact of LY, an inhibitor of the PI3K-AKT sign-
aling pathway (Fig. 5A, B). Thus, we considered that H19 
knockdown activated the PI3K/AKT signaling pathway in 
KA-induced hippocampus neurons via liberating miR-206. 

Discussion

Emerging pieces of evidence had gained attention to lncR-
NAs for the treatment of epilepsy. For example, several 
dysregulations of vitamin D receptor-related lncRNAs had 
been revealed in the peripheral blood of epileptic patients 
compared to healthy subjects (Mazdeh et al. 2019). High-
throughput sequencing was also used to profile the transcrip-
tome of deregulated circRNAs (Li et al. 2018), a type of 
lncRNAs with a closed-loop structure. In an animal model 
with chronic epilepsy, comprehensive profiling of lncRNAs 
and mRNAs was performed in mouse models induced by 
pilocarpine and KA (Lee et al. 2015; Jang et al. 2018). More-
over, the lncRNA-mRNA network and lncRNA-miRNA-
mRNA network had been well-established in epilepsy (Lee 
et al. 2015; Jang et al. 2018; Luo et al. 2019). In this present 

Fig. 3   The interaction between 
H19 and miR-206. A The in 
silicon data on miRcode showed 
the complementary binding 
sites between H19 and miR-206. 
The wild type of H19 (H19-wt) 
was mutated and named as H19-
mut. B, C Relative luciferase 
activity of H19-wt/mut was 
measured by luciferase reporter 
assay in 293T cells co-trans-
fected with H19-wt/mut and 
either miR-206/NC or miR-206/
NC inhibitor (anti-miR-206/
NC). D RNA immunoprecipita-
tion assay examined relative 
enrichment of H19 in primary 
hippocampus neurons. E RNA 
pull-down assay detected 
relative enrichment of H19 in 
293T cells transfected with 
biotin-labeled miR-206 (Bio-
miR-206) or its control Bio-NC. 
F RT-qPCR detected miR-206 
expression level in hippocam-
pus neurons lentivirus infected 
with sh-H19, si-NC, H19 or 
empty lentiviral vector (vector). 
Data represent mean ± SEM. 
*P < 0.05
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study, we discussed the function and regulatory mechanism 
of H19 in epilepsy patients and KA-induced hippocampus 
neurons isolated from neonatal rats. Notably, a direct inter-
action between H19 and miR-206 was further confirmed in 
hippocampal neurons under KA treatment.

The systematic functions and downstream targets of 
H19 had been explored using high-throughput microarray 
analysis, as well as signaling pathways. As a result, H19 
dysregulation exhibited diverse cellular functions related to 
SE-induced hippocampus cell injury including inflammatory 
response, apoptosis, immune response and demyelination 
(Han et al. 2017). In the present study, our data supported 
the notion that H19 was associated with hippocampus inju-
ries, and knockdown of H19 resulted in lowered apoptosis, 
autophagy, inflammatory response and oxidative stress in 
hippocampus neurons under KA treatment. As previously 
reported, H19 accentuated neuron apoptosis in a rat model 
of epilepsy, suggesting a promoting role of H19 in epilep-
togenesis (Han et al. 2018a). Besides, H19 upregulation 
might underlay epileptogenesis by promoting hippocampal 
glial cell activation and inflammatory response (Han et al. 
2018b). Moreover, downregulation of H19 was also dem-
onstrated to suppress streptozotocin-induced hippocampus 
neuron apoptosis and oxidative stress in mice model of dia-
betes mellitus (Yu et al. 2019). These findings together sug-
gest that H19 expression might contribute to hippocampal 
neurodegeneration through multiple mechanisms, including 
signaling pathways and H19/miRNAs axis. Here, we con-
firmed that miR-206 was sponged by H19 via target binding, 
and thereby participated in epileptogenesis, at least, through 

PI3K/AKT signaling pathway (Fig. 6), a well-documented 
pathway in epilepsy (Duan et al. 2018; Liu et al. 2019; Wu 
and Yi 2018). However, the influence of the H19/miR-206 
axis on downstream gene expression remained to be further 
investigated.

miR-206 had been implicated in hippocampus neurons 
in a broad spectrum of neurological disorders, such as Alz-
heimer’s disease (Tian et al. 2014), depression (Yang et al. 
2014), as well as epilepsy (Wu et al. 2019). In epilepsy, 
expression of miR-206 was found to be lower in hippocam-
pus tissues compared to the cortex during KA-induced SE, 
and injection of miR-206 agomir led to inhibition of seizure 
activity, neuron loss and IL-1β expression through targeting 
C–C Motif chemokine ligand 2 (CCL2). Intriguingly, the 
linking between miR-206 and drug resistance was explained 
in epilepsy models (Moon et al. 2014). By the way, the 
brain-derived neurotrophic factor (BDNF) gene was wildly 
recognized to be a target for miR-206 ranging from can-
cers to neurological diseases (Tajbakhsh et al. 2017). Even 
though CCL2 and BDNF played a vital role in epileptogen-
esis (Tian et al. 2017; Soysal et al. 2016), it was unclear that 
miR-206 is involved in epilepsy. Here, we uncovered that 
miR-206 upregulation showed a suppressive effect on cell 
apoptosis, autophagy, inflammatory response, and oxidative 
stress in hippocampus neurons under KA treatment (Fig. 6).

Recently, several lncRNAs including H19 (Han et al. 
2018a) had been uncovered to take part in the inflammatory 
response and hippocampus neuronal apoptosis. Meanwhile, 
autophagy, another cellular process, was also discovered to 
lead to neuronal loss. Codogno and Meijer (2005) observed 

Fig. 5   The H19/miR-206 axis promoted the activation of phosphati-
dylinositol 3-kinase (PI3K)/AKT signaling pathway in KA-induced 
epilepsy in primary hippocampus neurons in  vitro. Hippocampus 
neurons were lentivirus infected with sh-H19 or si-NC, and co-
infected with sh-H19 and anti-miR-206/NC. 25  μM of LY294002 
(LY), a PI3K/AKT inhibitor, was simultaneously exposed to sh-

H19-transfected neurons for 24  h. A Expression of phosphorylated 
PI3K and AKT (p-PI3K and p-AKT) and total PI3K and AKT (PI3K 
and AKT) was evaluated by western blotting. B Protein bands of 
p-PI3K and p-AKT were quantified by densitometry, normalized to 
PI3K and AKT, respectively. Data represent mean ± SEM. *P < 0.05
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that epilepsy was accompanied by increased oxidative stress, 
ATP exhaust, TNF-α and unbalanced ion fluxes, thereby induc-
ing and aggravating the autophagy. However, the autophagy-
related miRNAs and lncRNAs in epilepsy remained poorly 
investigated, even though these informative RNAs were popular 
in cancers (Gan et al. 2015). In this study, we demonstrated a 
novel H19/miR-206 axis in KA-induced cellular events altera-
tions in hippocampus neurons including autophagy and oxida-
tive stress. Moreover, the inhibition of the PI3K/AKT signaling 
pathway was confirmed to be activated when H19 silence and/
or miR-206 upregulation exerted the protective role in KA-
induced primary hippocampal neurons. Coincidently, Wu and 
Yi (2018) put forward a protective role of MALAT1 downregu-
lation from excessive autophagy and apoptosis through activat-
ing PI3K/AKT signaling pathway in pilocarpine-injected rats 
with epilepsy. miR-206 had been documented to control PI3K/
AKT signaling pathway probably by targeting functional genes 
and regulating downstream signals in human cells (Liu et al. 
2018; Ma et al. 2018). However, the association between miR-
206 and PI3K/AKT seemed to be firstly exploited in this study, 
but unluckily it was still unclear how H19/miR-206 regulated 
PI3K/AKT signaling yet. This underlying mechanism should 
be further studied in the near further.

Conclusion

In conclusion, we proposed an upregulation of H19 and a 
downregulation of miR-206 in hippocampus neurons in KA-
induced epilepsy in vitro. Knockdown of H19 or overex-
pression of miR-206 could suppress KA-induced apoptosis, 
autophagy, inflammatory response, and oxidative stress in 
hippocampus neurons via H19/miR-206 axis and PI3K/AKT 
signaling pathway (Fig. 6). Our data provided a novel H19/
miR-206 axis in epileptogenesis, and it could be a target for 
epilepsy therapy.
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