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A B S T R A C T

Voltage-gated sodium channel α-subunit type I (NaV1.1, encoded by SCN1A gene) plays a critical role in the
excitability of brain. Downregulation of SCN1A expression is associated with epilepsy, a common neurological
disorder characterized by recurrent seizures. Here we reveal a novel role of malate dehydrogenase 2 (MDH2) in
the posttranscriptional regulation of SCN1A expression under seizure condition. We identified that MDH2 was an
RNA binding protein that could bind two of the four conserved regions in the 3′ UTRs of SCN1A. We further
showed that knockdown of MDH2 or inactivation of MDH2 activity in HEK-293 cells increased the reporter gene
expression through the 3′ UTR of SCN1A, and MDH2 overexpression decreased gene expression by affecting
mRNA stability. In the hippocampus of seizure mice, the upregulation of MDH2 expression contributed to the
decrease of the NaV1.1 levels at posttranscriptional level. In addition, we showed that the H2O2 levels increased
in the hippocampus of the seizure mice, and H2O2 could promote the binding of MDH2 to the binding sites of
Scn1a gene, whereas β-mercaptoethanol decreased the binding capability, indicating an important effect of the
seizure-induced oxidation on the MDH2-mediated downregulation of Scn1a expression. Taken together, these
data suggest that MDH2, functioning as an RNA-binding protein, is involved in the posttranscriptional
downregulation of SCN1A expression under seizure condition.

1. Introduction

The SCN1A gene, encoding voltage-gated sodium channel α-subunit
type I (NaV1.1), is one of the most pathogenic genes for epilepsy, a
group of neurological diseases characterized by recurrent seizures. To
date, more than 1200 mutations in the SCN1A coding region have been
identified to be associated with epilepsy, and about half of them results
in loss of function of the protein NaV1.1 [1,2]. Additionally, mutations
in the SCN1A untranslated region or promoter region have also been
identified from epileptic patients [3–5]. Furthermore, Scn1a+/− mice
display epileptic seizures [6]. These reports suggest that the down-
regulation of SCN1A expression is associated with epilepsy.

Posttranscriptional regulation is an important process of control
gene expression at the RNA level, and RNA binding proteins (RBPs)
play an important role in this process by controlling alternative
splicing, nuclear export, cytoplasmic distribution, degradation and
ultimately translation [7,8]. RBPs achieve these events via binding
the RNA recognition motifs on the mRNA transcripts, which typically

locate within the 3′ untranslated region (3′ UTR) of the transcript
[9–11]. It has been reported that there are a number of cytoplasmic
proteins potentially functioning as RBPs, but their roles in posttransla-
tional regulation remain to be elucidated [12]. Therefore, identification
of new RBPs and their targets should be helpful for understanding the
regulatory mechanism of gene expression at posttranscriptional level
and its role in the pathogenesis of human diseases [10,13]. It is known
that numerous metabolic enzymes have an RNA-binding activity that
may play roles in metabolism-driven post-translational modifications
and be associated neurological diseases [14–17]. Malate dehydrogenase
2 (MDH2), a metabolic enzyme to participate in the citric acid cycle by
catalyzing the interconversion of malate to oxaloacetate, may act as an
RNA-binding protein in regulating the mRNA process [12]. However, to
our knowledge, there is no experimental evidence to demonstrate that
MDH2 is involved in posttranscriptional regulation.

In this study, we report for the first time that the MDH2 is an RNA-
binding protein that negatively regulates sodium channel SCN1A gene
expression by binding to the conserved regions of 3′ UTR. We further
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show that, in the hippocampus of seizure mice, Scn1a expression is
downregulated by MDH2 under an oxidation condition, suggesting a
relationship between MDH2 and epileptogenesis.

2. Materials and methods

2.1. Conservation analysis

The SCN1A 3′ UTR sequences of Homo sapiens (GenBank Accession
No: NM_001165963) and Mus musculus (NM_018733), and the SCN3A
3′ UTR sequences of Homo sapiens (NM_006922) and Mus musculus
(NM_018732), were aligned with the vector NTI (Informax). The
conserved regions (CSs) were identified according to our previous
descriptions [15].

2.2. Luciferase constructs and DNA constructs

SCN1A 3′ UTR and SCN3A 3′ UTR luciferase constructs were
generated as our previous descriptions [15]. To generate MDH2 over-
expression construct pCMV-MDH2, the Mdh2 ORF was amplified from
the construct pcDNA3.1-3xFlag-MDH2 purchased from (YouBao Bio-
technology), and were then cloned into the Nhe I-Sal I site of the pCMV
vector (Invitrogen). These constructs were confirmed by sequencing.
For knockdown of MDH2, MDH2-specific small hairpin RNA (shRNA)
plasmid and control shRNA plasmid were purchased from GenePharma
Co., Ltd (Shanghai, China).

2.3. Cell culture, drug treatment and transfection

Human embryonic kidney 293 (HEK-293) cells and mouse neuro-
blastoma N1E-115 cells purchased from ATCC were cultured in
Dulbecco's Modified Eagle's Medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (Gibco) and antibiotics penicillin and
streptomycin at a final concentration of 100 μg/ml. The cells were
incubated at 37 °C under 5% CO2. Before treatment with drugs, the cells
were seeded in 6-well plates (3.5 cm2) with 3.5 × 105 cells per well and
incubated overnight. The cells were then respectively treated with
MDH2 inhibitor (K252C, Santa Cruz Biotech) at a final concentration of
10 μM and 20 μM. For MDH2 knockdown, 5 μg of MDH2-specific
shRNA constructs or negative control shRNA constructs were trans-
fected into HEK-293 cells using TurboFect Transfection Reagent
(Thermo). After 72-h transfection, the cells were harvested for further
analyses. For MDH2 overexpression, 5 μg of pCMV-MDH2 constructs or
negative control constructs pCMV-null were transfected into the cells.
After 48-h transfection, the cells were harvested for further analyses.

2.4. Luciferase assay

The cells were incubated at 37 °C under 5% CO2. Before transfec-
tion, the HEK-293 cells were plated at 1 × 105 cells per well in 96-well
plates and the medium was changed to DMEM without FBS or the
medium with K252C. In each well, the cells were transfected with
200 ng of the tested constructs using TurboFect Transfection Reagent
(Thermo). The activities of Renilla luciferase and firefly luciferase were
determined using the Dual-Luciferase Reporter Assay System
(Promega). Luminescence was detected by a GloMax 20/20
Luminometer (Promega) according to the manufacturer's instructions
and our previous descriptions [18,19]. Three technical repeats were
performed for each transfection.

2.5. Mice and seizure induction

Kunming mice (closed strain, derived from Swiss mice) were
obtained from Medical Experimental Animal Center of Guangdong
Province (Foshan, China) and were bred at The Experimental Animal
Center of Guangzhou Medical University. Only male mice and aged

2 weeks were used for the studies. This study was approved by the
Ethical Committee for the use of experimental animals of Guangzhou
Medical University. Total 40 mice (2 weeks old, about 12 g) were
divided into normal and seizure groups (20 mice for each group).
Evoked seizures were induced by a single intraperitoneal injection of
kainic acid (KA; 20 mg/kg; Sigma-Aldrich) dissolved in saline. After KA
treatment, the behavior of each mouse was observed for at least 2 h
according to a previous report and our previous studies [20–22]. The
seizure degree was evaluated according to the Racine scale, and the
mice with tonic–clonic convulsions at level 5 were considered as seizure
group. The control mice were injected with saline without KA at the
same time. Two weeks later, 5 seizure mice and 5 control mice were
used for further analyses.

2.6. RNA extraction and qRT-PCR

Total RNA samples were isolated from mouse hippocampus using
PureLink® RNA Mini Kit (Thermo Scientific). The cDNAs were synthesized
from the DNase-treated total RNA (1 μg) using ReverTra Ace qPCR RT
Master Mix with gDNA Remover (TOYOBO) according to themanufacturer's
protocol. The primers for qRT-PCR were to mouse Scn1a (5′-
AACAGCCTGTCATTGAACCAGAAG-3′ and 5′-TTTGTCAGCATACT-
CCAGCATGG-3′), Mdh2 (5′-TTCAACACCAACGCTACCATTGTG-3′ and 5′-
GTGTTCGCTCTGACGATG TCAAGG-3′), β-actin (5′-TGGTCGTCGACAA-
CGGCTC-3′ and 5′-CCATGTCGTCCCAGTT GGTAAC-3′) and Tublin (5′-
CTTCGGGCAGATCTTCAGAC-3′ and 5′-CAGTCGA CATTGTAGGTGTG-3′).
Real-time qPCR was performed using Thunderbird SYBR Q-PCR Mix
(Toyobo) and Rotor-Gene™ Q instrument (Qiagen) according to the
manufacturer's protocols. All of the cDNA samples were diluted to 200 ng
for qPCR. The level of house-keeping genes β-actin was used as endogenous
controls for normalization according to a previous description [23]. For
mouse model, 3 technical replicates were performed with the RNA sample
from each mouse.

2.7. mRNA stability analysis

The mRNA stability analysis was performed according to our
previous descriptions [15]. Briefly, the half-lives of the reporter genes
hRluc and hluc + mRNAs determined in HEK-293 cells or Scn1a and
Tublin mRNAs in N1E-115 cells treated with actinomycin D (Invitro-
gen). The HEK-293 cells were co-transfected with luciferase constructs
and MDH2-overexpression constructs or the N1E-115 cells were
transfected MDH2-overexpression constructs for 48 h, following with
addition of actinomycin D (10 μg/ml) to block gene transcription. After
addition of actinomycin D, the cells were harvested at 0, 3 and 6 h,
respectively. The levels of hRluc mRNA and hluc + mRNA or Scn1a and
Tublin mRNAs at each time point were quantified by qRT-PCR as
described above. Three technical replicates were performed with RNA
sample from three independent transfections.

2.8. Western blot analysis

Cytoplasmic proteins from tissues or cells were extracted using
reagent of NE-PER™ Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific) according to the manufacturer's instructions.
Protein samples were quantified using BCA method. Protein fractions
were then transferred to polyvinylidene difluoride (PVDF) membranes.
The membranes were then incubated with primary antibodies anti-
MDH2 (1:8000, Abcam, Cat#: ab181857), anti-Nav1.1 (1:500, Abcam,
Cat#: ab24820), and anti-β-tubulin (1:3000, Abcam, Cat#: ab6046)
respectively. A horseradish peroxidase-conjugated secondary antibody
was added to the reaction and the bands were visualized using
Supersignal West Pico Chemiluminescence (Pierce) and the bands were
quantified using Photoshop CS software. Three biological replicates
were performed for all the experiments.
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2.9. RNA Electrophoretic Mobility Shift Assay (RNA-EMSA) and supershift
assay

RNA-EMSA using Lightshift Chemiluminescent EMSA kit (Thermo
Scientific), which was conducted in a 20 μl complex containing
1× EMSA binding buffer, 5% glycerol, 2 μg of yeast tRNA, 4–6 μg of
protein extract or 600 ng of recombinant human MDH2 protein (Abcam),
nuclease-free water, labeled biotinylated RNA probes and/or unlabeled
probes. The labeled probe sequences were as follows: CS4: 5′-Biotin-
GUGACUAUUUUUGUAAACG-3′, CS5: 5′-Biotin-UUAGCCAUCUUCGGC-3′,
CS6: 5′-Biotin-UUAUGUAAAUAGUCAU-3′, CS7: 5′-Biotin-CCUGUGG-
UGCACGU-3′. RNA–protein complexes were detected and analyzed using
the LightShift Chemiluminescent EMSA Kit (Thermo scientific) according to
the manufacturer's suggestions. To assess the interacting specificity of
proteins and probes with supershift assays, anti-MDH2 (Abcam) or IgG
(Abcam) was added to the samples after incubation with the probes, and
incubation was continued for another 10 min at room temperature followed
by gel electrophoresis on a native polyacrylamide gel. To further explore the
influencing factor, H2O2 (at a titration of 0.01 to 0.5 μM) and β-
Mercaptoethanol (at titration of 0.01 to 0.1 μM) were added into the
reactions. RNA EMSA assays using the extracts from seizure mice and
control mice were performed with three biological repeats.

2.10. Pull down and LC–MS/MS assays

Pull-down assays were performed using biotinylated oligoribonu-
cleotides and cytoplasmic extracts. Approximately 100 μl of μMACS
streptavidin microbeads (Miltenyi Biotec) were used to bind up to
100 pmol of biotinylated oligoribonucleotides according to the manu-
facturer's recommendations. RNA–protein complexes were isolated by

the μMACS separator. The isolated proteins were separated on 10%
denatured SDS-PAGE and visualized by Coomassie Blue staining. The
band from RNA–protein pull-down assay was excised and submitted for
LC–MS/MS assay to identify proteins at the service provided by the BGI
(Shenzhen, China). The matched peptides were searched using the
Mascot algorithm (www.matrixscience.com).

2.11. Hydrogen peroxide assays

The level of H2O2 was analyzed using hydrogen peroxide assay kit
(S0038, Beyotime Institute of Biotechnology, China) according to the
manufacturer's instructions. In brief, the brain tissues were dissolved in
the lysis buffer, and then were centrifuged at 12000 rpm for 5 min. The
supernatants were collected for the following test. The test tubes
containing 100 μl of supernatants and 100 μl of test solutions were
placed at room temperature for 20 min and measured instantly with a
spectrometer at a wavelength of 560 nm. The concentration of H2O2

released was calculated according to the standard concentration curve
from the standard solution. Three technical repeats were performed
with the samples from 5 mice in this study.

2.12. Statistical analyses

All numerical data are expressed as mean ± SEM. Statistical
differences among groups were analyzed by one-way ANOVA analysis
of variance with a post-hoc test and statistical differences between two
groups were determined by the Student's t-test. All statistical analyses
were performed with SPSS (version 13.0) software. P < 0.05 was
defined as statistical significance.

Fig. 1. Binding of cytoplasmic extracts to the conserved regions on the SCN1A 3′ UTR. (A) Conservation analyses of the 3′ UTRs of human and mouse SCN1A and SCN3A. The
numbers and arrows represent the distance (nt) from the stop codon. The nucleotides displayed as gray background indicate the conserved regions named as CS4–7, respectively. (B) RNA-
EMSA assays using the cytoplasmic extracts of HEK-293 cells and the biotin-labeled probes containing CS4–7, respectively. Shift probes and free probes were shown by solid arrow and
hollow arrow, respectively. Unspecific bands were shown by asterisk. (C) Competition RNA-EMSA assays using the labeled probes and the unlabeled probes with a titration from 0 to 400
(for CS4) and from 0 to100 (for CS5), respectively. Shift probes and free probes were shown by solid arrow and hollow arrow, respectively. Unspecific bands were shown by asterisk.
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3. Results

3.1. Identification of the conserved RBP binding sites on the 3′ UTRs of
SCN1A and SCN3A genes

Using the cross-species sequence comparison analysis, we pre-
viously identified three conserved regions with length > 15 nts on
the 3′ UTRs of human and mouse SCN1A and SCN3A genes and
demonstrated that GAPDH is involved in posttranscriptional regulations
of the two genes under seizure condition [15]. Here, we analyzed four
conserved regions (named as CS4, CS5, CS6 and CS7, respectively) with
a length range from 8 to 15 nts on the 3′ UTRs of human and mouse
SCN1A and SCN3A genes (Fig. 1A). We then used RNA-EMSA assay to
identify the potential RNA binding sites using four synthetic oligor-
ibonucleotides containing CS4, CS5, CS6 and CS7, respectively (their
sequences shown in Materials and methods). These probes were
incubated with cytoplasmic proteins from human HEK293 cells. Shift
bands were only observed in the reactions using the CS4 and CS5
probes, but not for the CS6 and CS7 probes (Fig. 1B). To determine
whether the binding is specific, we performed competition assays using
the unlabeled CS4 and CS5 probes, respectively. Fig. 2C showed that
the binding capabilities of the cytoplasmic proteins to the CS4 and CS5
probes were reduced with increased doses of unlabeled probes,
suggesting that the CS4 and CS5 are conserved RBP binding sites.

3.2. MDH2 functions as an RNA binding protein to bind to the conserved
regions of SCN1A and SCN3A 3′ UTRs

To determine the RNA-binding proteins for the conserved regions,
the biotin-labeled RNA probes were used as baits to pull-down
interacting proteins from the cytoplasmic extracts of HEK-293 cells.
Compared with the negative control (without probes), SDS-PAGE with
Coomassie Blue staining showed that ~35-kDa bands was pulled down
using the CS4 and CS5 RNA probes, respectively (left in Fig. 2A). The

two bands were then excised for LS-MS/MS assay to identify the
proteins and several hundreds of proteins were identified as potential
RNA-binding proteins (full protein components were provided as
required). Fig. 2A (right) showed the five proteins with the highest
scores, of them MDH2 might represent a strong candidate due to its
molecular weight of 35.9 kDa.

We then performed RNA-EMSA SuperShift assays with the anti-
MDH2 to confirm the interaction between MDH2 and the probes. We
found that the shift band in the reaction with CS4 and anti-MDH2 was
relatively weak compared to the control with IgG, and no shift band in
the reaction with CS5 and anti-MDH2 was observed (Fig. 2B). We also
performed EMSA assays with the purified recombinant human MDH2
protein to further confirm the interaction. Fig. 2C showed that, after
addition of 200-ng MDH2, the strong retarded bands were observed in
the reaction using the CS4 and CS5 probes. Thus, these data suggest
that MDH2 is an RNA binding protein which binds to the conserved
regions of SCN1A and SCN3A 3′ UTRs.

3.3. MDH2 knockdown or inactivation increase gene expression by
interacting with the SCN1A 3′ UTR

To determine whether the binding of MDH2 is involved in regulat-
ing gene expression at post-transcriptional level, we used the shRNA-
expressing construct for specific knockdown of MDH2 expression.
Western blot analyses showed that the MDH2 level in the HEK-293
cells transfected with MDH2-specific shRNA#1 or #2 constructs were
respectively 0.2-fold, 0.4-fold of that in the cells transfected with
control shRNA constructs (Fig. 3A). We then co-transfected the
luciferase constructs containing SCN1A 3′ UTR or SCN3A 3′ UTR and
the shRNA constructs into HEK-293 cells and found that the relative
luciferase activities (hRluc/hluc+) of the constructs containing the
SCN1A 3′ UTR co-transfected with the MDH2 shRNA#1 or shRNA#2
constructs were respectively 1.8 and 1.5 folds of that of the co-
transfected with the control shRNA construct (Fig. 3B), but no altera-

Fig. 2. MDH2 binds to the conserved regions CS4 and CS5 on the 3′ UTRs of SCN1A and SCN3A. (A) The CS4 and CS5 binding proteins identified by LC-MS/MS. Proteins pulled
down in the absence (No probe) or the presence of the CS4 and CS5 probes were detected by Coomassie staining. The bands (the arrow showed) were excised for protein identification by
LC-MS/MS. Five proteins with the highest scores were listed and the molecular weight of MDH2 (35.9 kDa) was similar to that of the pull-down complex in the SDS-PAGE analyses. (B)
Supershift EMSA assays using anti-MDH2 and IgG, respectively. The shift band was decreased in the reactions using anti-MDH2, compared to the reactions using IgG. Shift probes and free
probes were shown by solid arrow and hollow arrow, respectively. (C) RNA-EMSA assay using biotin-labeled CS4 and CS5 probes and 200 ng of purified MDH2. The shift bands were
observed in the reactions with MDH2 and no retarded band was observed in the reactions without MDH2. Shift probes and free probes were shown by solid arrow and hollow arrow,
respectively.
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tion in the relative luciferase activity were observed for the constructs
containing the SCN3A 3′ UTR. To further confirm the effect of MDH2 on
the regulation of gene expression via SCN1A 3′ UTR, we added MDH2
inhibitor into cultured medium to inhibit MDH2 activity. Fig. 3C
showed that the relative activities of the luciferase constructs contain-
ing SCN1A 3′ UTR in HEK-293 cells treated with 10 and 20 μM of
MDH2 inhibitor were respectively ~1.2 and ~1.5 folds of those in the
transfected cells without treatment. Similarly, no difference in relative
activity was observed for the luciferase constructs containing SCN1A 3′
UTR (Fig. 3C). Together, these data suggest that MDH2 plays a role in
posttranscriptional regulation of gene expression via SCN1A 3′ UTR.

3.4. Overexpression of MDH2 downregulates gene expression by affecting
mRNA stability

To further investigation the role of MDH2 in posttranscriptional
regulation of gene expression, we generate a construct pCMV-MDH2
overexpressing MDH2. Western blots showed that the MDH2 level in
the HEK-293 cells transfected with pCMV-MDH2 constructs was ~2.5
folds of that in the cells transfected with the control constructs
(Fig. 4A). We then co-transfected the luciferase constructs and the
pCMV-MDH2 into HEK-293 cells and found that the relative luciferase
activities of the SCN1A-3′ UTR-containing constructs co-transfected
with the pCMV-MDH2 were only 0.7 fold of that of the co-transfected
with the control constructs, but no change in the activities of SCN3A-3′
UTR-containing constructs was observed (Fig. 4B). We then detected
the effect of MDH2 on the mRNA stability in the transfected HEK-293
cells using actinomycin D (Act.D). After 3- or 6-h Act.D treatment, the
remaining relative mRNA levels (hRluc/hluc+) of the cells co-trans-
fected with the SCN1A-3′ UTR-containing constructs and the MDH2
overexpression constructs were significant lower than those of the cells
cotransfected with the SCN1A-3′ UTR-containing constructs and the
control constructs, and no significant difference in the remaining
relative mRNA levels in the transfected cells with SCN3A-3′ UTR-
containing constructs (Fig. 4C). Therefore, overexpression of MDH2
could downregulate gene expression by affecting mRNA stability.

Fig. 3. Knockdown or inactivation of MDH2 upregulates the reporter gene expression via SCN1A 3′ UTR, instead of SCN3A 3′ UTR, in HEK-293 cells. (A) Western blot analyses
of MDH2 expression in HEK-293 cells transfected with MDH2-specific shRNA or control shRNA. Values at the top show the results of densitometric quantification of MDH2-
immunoreactive bands. Tubulin expression was also detected for the loading control. (B) The relative activities of the constructs containing SCN1A 3′ UTR in the cells transfected with
MDH2 shRNA#1 or shRNA#2 were about 1.8 and 1.5 folds of those in the cells transfected with the control shRNA, respectively. No significant difference in the relative activity of the
constructs containing SCN3A 3′ UTR was observed. The relative activities in the cells transfected with the control shRNA were normalized as “1”. *P < 0.01, n= 10, n.s. represents no
significance. (C) The relative activities in the cells transfected with the constructs containing SCN1A 3′ UTR, instead of SCN3A 3′ UTR, gradually increased following with MDH2 inhibitor
at a titration of 0–20 μM. The relative activities in the transfected cells without MDH2 inhibitor were normalized as “1”. *P < 0.01, n= 10, n.s. represents no significance.

Fig. 4. Overexpression of MDH2 downregulates the reporter gene expression via
affecting mRNA stability. (A) Western blot analyses of MDH2 expression in HEK-293
cells transfected with pCMV-MDH2 or pCMV-null. Values at the top show the results of
densitometric quantification of MDH2-immunoreactive bands. Tubulin expression was
also detected for the loading control. (B) The relative activities of the cells cotransfected
with the constructs containing SCN1A 3′ UTR and pCMV-MDH2 were about 0.7 fold of
that in the cells cotransfected with the luciferase construct and pCMV-null. No significant
difference in the relative activity was observed for the luciferase constructs containing
SCN3A 3′ UTR. The relative activities of the cells cotransfected with the constructs
containing the luciferase construct and pCMV-null were normalized as “1”. *P < 0.01,
n = 3, n.s. indicates no significance.
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3.5. Increase of MDH2 expression downregulates Scn1a gene expression in
the hippocampus of the seizure mice

Given that MDH2 is involved in the posttranscriptional regulation of
SCN1A gene expression and abnormal expression of SCN1A gene is
associated with epileptic seizures [24], we speculate that MDH2-
regulated SCN1A gene expression may play a role in the development
of this disease. Therefore, we generated evoked seizure mice and then
detected the protein and mRNA levels of Mdh2 and Scn1a genes. We
found that the protein levels of MDH2 and NaV1.1 in the hippocampus
of seizure mice were respectively ~1.7 folds and ~0.5 fold of those of
normal control mice (Fig. 5A). The qRT-PCR showed that the Scn1a
mRNA levels in the seizure mice were ~0.5 fold of those in the control
mice (Fig. 5B). To determine the relationship between upregulation of
MDH2 and downregulation of NaV1.1 in seizure mice, we overexpressed
MDH2 in the mouse N1E-115 cells and detected the mRNA stability of
Scn1a gene. After 3- and 6-h Act.D treatment, the remaining relative
mRNA levels (Scn1a/Tublin) of the N1E-115 cells transfected with
pCMV-MDH2 were significantly lower than that of the cells transfected
with pCMV-null (Fig. 5C), suggesting that the increase of MDH2
expression in seizure mice could downregulate Scn1a expression via
affecting the mRNA stability.

3.6. Seizure-induced H2O2 production increases the binding of MDH2 to the
conserved elements of Scn1a 3′ UTR

In addition to the increase of MDH2 levels, other factors such as
seizure-induced oxidation may also affect the MDH2-mediated regula-
tion of NaV1.1 expression. Therefore, we performed the EMSA analyses
using the cytoplasmic extracts with the same quantity of MDH2
between the seizure and control mice (Fig. 6A). The results showed
that the density of retarded bands using the extracts from seizure mice
increased ~5 folds (for CS4 probes) and ~3 folds (for CS5 probes) of
those using the extracts from control mice (Fig. 6A), suggesting that
seizure could promote the binding of MDH2 to the conserved elements.
We then assayed H2O2 levels of the hippocampus and found that the

Fig. 5. Seizure-induced upregulation of MDH2 contributes to decrease Scn1a
expression via affecting mRNA stability. (A) Western blot analyses showing upregula-
tion of MDH2 and downregulation of NaV1.1 in the hippocampus of the seizure mice. The
Tubulin expression was also detected for the loading control. The relative average
densities of MDH2 or NaV1.1/Tubulin of the control mice were normalized as “1”. n= 3,
*P < 0.01. (B) The qRT-PCR showing a decrease of Scn1a mRNA levels in the
hippocampus of the seizure mice. The relative Scn1a mRNA levels (Scn1a/Tubulin) in
control mice were normalized as “1”. n = 5, *P < 0.01. (C) Overexpression of MDH2
increased the mRNA stability of Scn1a gene in mouse N1E-115 cells. The qRT-PCR was
used to determine the mRNA levels of Scn1a and Tubulin genes in N1E-115 cells after 3-h
and 6-h treatment with Act.D. The relative Scn1amRNA levels (Scn1a/Tubulin) in the cells
before treatment were normalized as “1”. *P < 0.05, n= 3.

Fig. 6. Seizure-induced increase in H2O2 enhances the binding of MDH2 to the CS4 and CS5 elements. (A) RNA-EMSA showing that the binding of MDH2 to the CS4 and CS5
elements increased using the cytoplasmic extracts from seizure mice compared to control mice. Western blot (left figure) represented the same usage of MDH2 between the seizure mice
and the control mice. The densities of the retarded bands using the cytoplasmic extracts from the control mice were normalized as “1”. *P < 0.01, n = 3. (B) H2O2 levels in the
hippocampus of seizure mice increased compared to control mice. The levels of H2O2 in hippocampus of control mice were normalized as “1”. n= 5, *P < 0.01. (C) RNA-EMSA showing
that the retarded probes in the assays gradually increased following with increasing the usage of H2O2. (D) RNA-EMSA showing that the retarded probes in the assays gradually decreased
following with increasing the usage of β-ME.
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H2O2 concentrations in the hippocampus of the seizure mice were ~1.3
folds of that of the control mice (Fig. 6B). To determine the role of H2O2

on the interaction between MDH2 and the conserved motifs, we
performed EMSA using purified MDH2 and found that the binding
capability of the MDH2 to the CS4 and CS5 gradually increased
following a titration of H2O2 at 0–0.5 μM (Fig. 6C). On the contrast,
the binding capability of the MDH2 to the CS4 and CS5 gradually
decreased following a titration of β-Mercaptoethanol at 0.01–0.1 μM
(Fig. 6D). Together, these data suggest that seizure-induced H2O2

production increases the binding of MDH2 to the Scn1a 3′-UTR motifs,
which then downregulates Scn1a expression.

4. Discussion

In this study, we report for the first time that MDH2, a critical
metabolic enzyme in TCA cycle, functions as an RNA binding protein to
alter SCN1A gene expression at post-transcriptional level. We demon-
strate that MDH2 binds to the conserved elements of SCN1A 3′ UTR and
negatively regulates this gene expression, which contribute to the
downregulation of mouse Scn1a expression under seizure-induced
oxidative condition (Fig. 7). Due to the strong relationship of NaV1.1
deficiency with epilepsy [2,24], thus this work provides a link between
the MDH2-induced downregulation of SCN1A expression and seizures.

Using the sequence comparison and LS-MS/MS analyses similar to
one of our recent studies [15], we identified that MDH2 could bind to
two of four conserved regions with a length range from 8 to 15 nts on
the 3′ UTRs of human and mouse SCN1A and SCN3A genes. It is known
that MDH2 is a nuclear gene encoding mitochondrial protein which
catalyzes the reversible oxidation of malate to oxaloacetate in the citric
acid cycle, i.e., this protein is synthesized in the cytoplasm and then is
transported into the mitochondria. Given that MDH2 is an RNA binding
protein that interacts with the SCN1A 3′ UTR elements and a previous
report that many metabolic enzymes including MDH2 are suggested as
potential RNA binding proteins [12], we speculate that this protein
might play multiple roles in cytoplasm.

We previously showed that another metabolic enzyme GAPDH
binds to a conserved region in the 3′ UTRs of human and mouse

SCN1A and SCN3A genes that posttranscriptionally regulates the
expressions of the two genes [15]. However, the present study found
that MDH2s binding to the conserved 3′-UTR motifs downregulated
gene expression by affecting mRNA stability via SCN1A 3′ UTR, instead
of SCN3A 3′ UTR, although these motifs are presented in 3′ UTRs of
both SCN1A and SCN3A genes. This phenomenon might be resulted
from the distinct second structures of the two genes and/or their
recruited interacting co-factors. Future studies are needed to explore
the underlying mechanism.

Our data showed that MDH2 was upregulated and NaV1.1 was
downregulated in the hippocampus of acute seizure mice. We further
showed that overexpression of MDH2 in mouse cell line decreased the
Scn1a mRNA stability, suggesting a causal link between the change of
MDH2 and NaV1.1. In line with our previous report that GAPDH
contributes to downregulate Scn1a expression under seizure condition
[15], we speculate that both MDH2 and GAPDH share a combined role
in the regulation of Scn1a expression. Given that the two proteins are
metabolic enzymes and epileptic seizures are associated with metabo-
lism [25], thus this study provide a direct link between seizure and
metabolism.

The present study further showed that seizure-induced oxidation
promotes the binding of MDH2 to the 3′-UTR elements and the reducing
condition decreases these bindings, which can be explained by the
MDH2 modifications such as phosphorylation under redox conditions,
similar to that of GAPDH [15,26,27]. Accumulating evidences suggest
that oxidative stress is a consequence of the first onset of seizure, which
then potentially contribute to epileptogenesis [28,29], therefore, it is
possible that MDH2-mediated downregulation of Scn1a expression
under seizure-induced oxidation condition might be involved epilepto-
genesis.

Mutations in theMDH2 gene are associated with several cancers and
its protein product may be a potential target for cancer treatment
[30,31]. According to this idea and our findings, we propose that MDH2
may be an effective therapeutic target for seizure control.
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