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Abstract

Background: Epilepsy is one of the most common and heterogeneous neurological diseases. The main clinical signs of
the disease are repeated symptomatic or idiopathic epileptic seizures of both convulsive and non-convulsive nature that
develop against a background of lost or preserved consciousness. The genetic component plays a large role in the
etiology of idiopathic forms of epilepsy. The study of the molecular genetic basis of neurological disorders has led to a
rapidly growing number of gene mutations known to be involved in hereditary ion channel dysfunction. The aim of this
research was to evaluate the involvement of single-nucleotide variants that modify the function of genes (SCN1A, KCNT1,
KCNTС1, and KCNQ2) encoding sodium and potassium ion channel polypeptides in the development of epilepsy.

Results: De novo mutations in the sodium channel gene SCN1A c.5347G>A (p. Ala1783Thr) were detected in two
patients with Dravet syndrome, with a deletion in exon 26 found in one. Three de novo mutations in the potassium
channel gene KCNT1 c.2800G>A (p. Ala934Thr), were observed in two patients with temporal lobe epilepsy (TLE) and
one patient with residual encephalopathy. Moreover, a control cohort matched to the case cohort did not reveal any
SNVs among conditionally healthy individuals, supporting the pathogenic significance of the studied SNVs.

Conclusion: Our results are supported by literature data showing that the sodium ion channel gene SCN1A c.5347G>A
mutation may be involved in the pathogenesis of Dravet syndrome. We also note that the c.2800G>A mutation in the
potassium channel gene KCNT1 can cause not only autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) but
also other forms of epilepsy. To treat pathogenetic mutations that accelerate the function of sodium and potassium
ion channels, we recommend ion channel blockade drug therapy.
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Background
Epilepsy is one of the most common serious neuro-
logical disorders, affecting 4–10 per 1000 people and ap-
proximately 50 million people worldwide [1]. Epilepsy
comprises a group of chronic brain diseases character-
ized by chronic recurrent unprovoked seizures caused by
abnormal excessive electrical discharges of brain neu-
rons [2]. Epilepsy can be induced by both mechanical

and non-mechanical factors. Approximately 20–30% of
epilepsy cases are caused by acquired conditions such as
stroke, swelling, or head trauma. Non-mechanical epi-
lepsy forms are associated with hereditary predisposition.
Recent data indicate a genetic background in 70–80% of
epilepsy cases [3, 4]. Moreover, some hereditary syn-
dromes (Rett, Dravet, Angelman, West, Prader-Willi,
and others) are accompanied by epileptic seizures.
Molecular genetic studies of neurological disorders

have led to a rapidly growing number of gene mutations
known to be involved in hereditary ion channel
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dysfunction (genetic channelopathies). The normal func-
tioning of ion channels is especially important in the
nervous system for the generation, repression and distri-
bution of action potentials [5, 6]. Taking into account
their importance in neuronal excitability and synaptic
transmission through the central and peripheral nervous
systems, it is not surprising that mutation of the genes
responsible for ion channel functioning can cause epi-
lepsy. Most hereditary epilepsy forms with detected gene
mutations are caused by changes to ion channels that
ensure neuronal membrane polarization. They include
genes encoding sodium, potassium, calcium, and chlor-
ide channels (SCN1A, SCN2A, CACNA1A, KCNJ10,
KCNT1, KCNC1, KCNQ2, CLCN1) [3, 4, 7–10].
Nonetheless, the list of candidate ion channel genes

involved in epilepsy is not restricted by variants in the
above genes. Due to large-scale genome-wide studies
(GWASs) of epilepsy patients, the spectrum and number
of gene mutations possibly involved in epilepsy patho-
genesis are increasing every year [11]. However, the low
frequency of mutation requires more detailed screening
of certain single-nucleotide variants (SNVs) in healthy
individuals and in those with different forms of epilepsy.
The aim of this research was to examine involvement in

the development of epilepsy single-nucleotide variants that
modify the function of genes encoding the polypeptides of
sodium and potassium ion channels, as follows: SCN1A
(rs121918748, c.5459T>C-p.Phe1820Ser [12], rs571447839,
c.5347G>A-p.Ala1783Thr [13], rs121918792, c.5020G>C-
p.Gly1674Arg [14], rs121917948, c.4969C>T-p.Pro1657Ala
[15]); KCNT1 (rs397515405, c.2782C>T-p.Arg928Cys [16]
and rs397515403, c.2800G>A-p.Ala934Thr [17]); KCNС1
(rs727502818, c.959G>A-p.Arg320His [12]); KCNQ2
(rs587777219, c.794C>T-p.Ala265Val [18] and rs28939683,
c.851A>G-p.Tyr284Cys [19]).

Methods
Sampling
This “case-control” study was approved by the Local
Ethics Committee of Kazakh-Russian Medical University
(protocol N.51, 05.09.2017). The studied cohorts in-
cluded 120 patients with different forms of epilepsy of
non-mechanical origin and 120 conditionally healthy in-
dividuals. In some cases, the patient’s first-degree rela-
tives were included (17 persons). Peripheral blood
samples were collected on the basis of the SVS clinic by
V.M. Savinov (Almaty, Kazakhstan) and Center of Neur-
ology, Epileptology, and EEG, “Arnur” (Almaty,
Kazakhstan). Detailed questionnaires and informed con-
sent were obtained when samples were collected. Epi-
lepsy diagnosis was based on clinical symptoms,
electroencephalograms (EEG), and magnetic resonance
imaging (MRI) data.

Genotyping of SNVs
DNA samples were isolated using GeneJet Genomic
DNA Purification Kit (Thermo Fisher Scientific, USA) in
accordance with the protocol recommended by the
manufacturer.
Site-specific PCR amplification with restriction of

amplified fragments (PCR-RFLP) was used for genotyp-
ing ion channel gene SNVs (rs121918748, rs571447839,
rs121918792, rs121917948, rs397515405, rs397515403,
rs727502818, rs137989254, rs587777219, rs28939683).
Primers were designed by using the PrimerQuest Tool
online program. The PCR mixture contained 20–50 ng
genomic DNA, 10 pM each specific primer, and 10 μL
Master mix (2×, Thermo Fisher Scientific, USA).
Temperature and time conditions were selected for each
SNV by taking into account the size of the primers used
(Table 1). Genotyping of SNVs was performed by PCR
with subsequent restriction fragment length polymorph-
ism (RFLP) analysis in accordance with the protocol rec-
ommended by the manufacturer (Thermo Fisher
Scientific, USA).
Restriction endonucleases were selected with the help

of WatCut for SNP-RFLP online analysis. The RFLP de-
tails are represented in Table 2.

Statistical analysis
The standard chi2 test was used to assess the signifi-
cance (P values) of the observed differences between the
case and control groups. An alpha error (P) of less than
0.05 was used as the criterion for significance.
Allele frequencies were calculated in accordance with

standard Hardy-Weinberg equilibrium.

Results
Characteristics of the studied cohorts
Clinical examination of epilepsy patients confirmed the
non-mechanical nature of the different epilepsy forms in
the individuals in the study cohort. In all patients,
neurological status did not show meningeal signs or
cerebral symptoms. A memory/attention decrease and
emotional liability in the psycho-emotional sphere were
detected in one patient. In total, 71 patients had a patho-
logical EEG; 10 individuals had a normal EEG. MRI de-
tected pathologies for 49 individuals, whereas 12 did not
have pathological signs. Seizure manifestations allowed
us to diagnose the following epilepsy types: temporal
epilepsy—10 cases; symptomatic epilepsy—20 cases; re-
sidual encephalopathy—14 cases; frontal epilepsy—4
cases; idiopathic epilepsy—18 cases; juvenile myoclonic
epilepsy—6 cases; absence epilepsy—3 cases; myoclonic
epilepsy—case; West syndrome—1 case; Angelman syn-
drome—2 cases; Dravet syndrome—3 cases; Rett syn-
drome—1 case; Lennox Gastaut syndrome—1 case. For
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other patients, the exact type of epilepsy was not
determined.
The control cohort representing people without any

noticeable neurological pathologies was matched to the
case cohort by age, sex, and ethnicity (Table 3).

SNV analysis in the control and case cohorts
The selected ion channel gene SNVs (SCN1A 26 exon
c.5459T>C, c.5347G>A, 5020G>C, and c.4969C>T;
KCNT1 24 exon c.2782C>T, and c.2800G>A; KCNС1 2
exon- c.959G>A; KCNQ2 2 exon c.794C>T, and
c.851A>G) were genotyped in the control and case
cohorts.
The studied SNVs were not detected in the control co-

hort of conditionally healthy persons. Two patients with

Dravet syndrome carried mutations in the sodium chan-
nel gene SCN1A. Figure 1 demonstrates the PCR-RFLP
results for SCN1A c.5347 G>A (p.Ala1783Thr) mutation
screening.
The SCN1A c.5347 G>A (p.Ala1783Thr) mutation was

detected in a heterozygous state in an 8-year-old patient.
Convulsions first appeared at the age of 3 months and
were repeated 2 times a month with different semiotics.
Febrile convulsions were not registered. Valproate treat-
ment led only to a slight improvement; treatment was
replaced by topiramate, which resulted in a decrease in
seizure frequency; worsening of the patient’s condition
was observed after oxarbazepine treatment. Based on
this, treatment with topiramat in combination with val-
proate and dexamethasone was recommended. However,

Table 1 The site-specific PCR amplification protocols

Gene, location SNVs Primers, 5′→3′

SCN1A, 26 exon c.5499T>C (p.Phe1820Ser) f-CCCGACTGTGACCCTAATAAA
r-GTTTGGTTGTGGCAGATTGAG

c.5347G>A (p.Ala1783Thr)

c.5020G>C (p.Gly1674Arg) f-GTTTCTTGCCGAGCTGATAGA
r-CGATCCCAACTTCCCTCTTAA

c.4969C>Т (p.Pro1657Ala) f-ACCGGATCCACTGTCTTGATA
r-CGTCTGTAAGCACGCTGAATA

KCNT1, 24 exon c.2782C>T (p.Arg928Cys) f-CACCCTGAGACCTCCTACAA
r-CCCTTTCTCCCACTCTTTCTG

c.2800G>A (p.Ala934Thr)

KCNQ2, 5 и 6 exon c.794 C>T (p.Ala265Val) f-TGGTGATGCTTCTGGTGATG
r-GTATCAGCAGGGAAAGGGAAA

c.851 A>G (p.Tyr284Cys) f-GATCACGCTGACCACCATT
r-GGTCCCACCTAGGGAACT

KCNC1, 2 exon c.959 G>A (p.Arg320His) f-CTTCGCTTCCCTCTTCTTCAT
r-GAAGATGATGAGCAGCAGGAA

Table 2 Restriction endonucleases and SNV specific RFLP details

Gene, location Mutation/polymorphism//primers
(3′→5′)

Restriction
endonuclease

DNA fragments length and corresponding
genotype

SCN1A, 26 exon c.5459T>C (p.Phe1820Ser) PstI TT-321 bp; CC-282 и 39 bp;
TC-321, 282 и 39 bp

c.5347G>A (p.Ala1783Thr) Acc II GG-188 и 133 bp; AA-321 bp;
GA-321, 188 и 133 bp

c.5020G>C (p.Gly1674Arg) HaeIII GG-90, 83 и 75 bp; CC -173 и 75 bp;
GC-173, 90, 83 и 75 bp

c.4969C>Т (p.Pro1657Ala) BamHI CC-140 и 108 bp; TT-248 bp;
CT-248, 140 и 108 bp.

KCNT1, 24 exon c.2782C>T (p.Arg928Cys) HpyF10VI CC-116 и 117 bp; TT-233 bp;
CT-233, 117 и 116 bp

c.2800G>A (p.Ala934Thr) Acc II GG-128 и 105 bp; AA-233 bp;
GA-233, 128 и 105 bp

KCNQ2 5 and 6
exons

c.794 C>T (p.Ala265Val) RsaI CC-175 и 35 bp; ТТ-210 bp;
СТ-210, 175 и 35 bp

c.851 A>G (p.Tyr284Cys) AccII АА-156 и 65 bp; GG-221 bp;
AG-221, 156 и 65

KCNC1 2 exon c.959 G>A (p.Arg320His) HpyCH4V GG-519 bp, AA-367 и 152 bp;
GA-519, 367 и 152
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despite this, convulsions occurred daily with myoclonia
of the eyes and shoulders.
The deletion (33 bp) of exon 26 of the SCN1A gene was

detected in another patient, a 4-year-old child (Fig. 2). The
first seizures of this patient were marked by twitching of
the right hand with gradual involvement of the leg and sec-
ondary generalization; at present, attacks begin with tonic
tension with subsequent clonic twitches. The EEG for
sleeping time demonstrated sharp evoked potentials in the
adductions of the left posterior temporal domain and series
of bitemporal asynchronous theta waves. As the SCN1A
gene deletion was in a heterozygous state, the presence of a
second functional copy provides partial SCN1A gene func-
tion preservation. Despite the identified mutation, the pa-
tient’s response to treatment was adequate.
The c.2800G>A (p.Ala934Thr) mutation of the potas-

sium ion channel gene KCNT1 was detected in 3 pa-
tients (Fig. 3); two of these patients had temporal lobe
epilepsy, and one patient had residual encephalopathy.
Both patients with temporal lobe epilepsy (years of

birth 1972 and 1988) had psychomotor automatism at-
tacks with partial seizures. MRI of the patient born in
1972 detected residual subatrophic changes in the brain,
and EEG showed a pathological variant that was more
indicative of the temporal lobe. The second patient

(born in 1988) first experienced attacks at the age of 20.
A computer tomography scan of the brain showed that
the patient had mild ventriculomegaly of the lateral ven-
tricles, and EEG revealed polymorphic dysrhythmia
slightly increased in the temporal-parietal ventricles. The
patient was treated with carbamazepine 600 mg/day, but
despite this, attacks were occurred every month.
The third carrier of the KCNT1 codon 934 mutation

was a patient born in 1987 who had primary generalized
tonic-clonic seizures that developed suddenly. MRI re-
vealed congenital peculiarity of mid-brain structure de-
velopment in the background of non-rough changes in
residual genesis.
We performed molecular genetic examinations of the

first-degree relatives of patients with detected SNVs to de-
termine the hereditary burden. We did not find SCN1A
exon 26 or KCNT1 exon 24 mutations among the close
relatives of the indicated patients, supporting the de novo
origin of the SCN1A c.5347G>A and KCNT1 c.2800G>A
mutations detected in the children of healthy parents.

Discussion
In Kazakhstan, more than 70,000 people have epilepsy,
of which 28,000 are children, adolescents, and young
people; 38% of patients become disabled, and their

Table 3 The main characteristics of studied cohorts

Cohort
(sample
volume)

Years of birth (average
age)

Sex (%) Ethnicity, persons (%)

Men Women Kazakhs Russian Other

Case(120) 1960–2017 (21.00 ± 13.00) 74 (61.67) 46 (38.33) 84 (70.00) 23 (19.17) 13 (10.83)

Control (120) 1966–2018 (20,72 ± 11,58) 68 (56.67) 52 (43.33) 88 (73.33) 23 (19.17) 9 (7.50)

tst 0.01608 0.50219 0.60277 0.30476 0 0.81371

P 0.98976 0.70371 0.65466 0.81169 1 0.56516

Fig. 1 PCR-RFLP detection of SCN1A gene mutation p.Ala1783Thr (c.5347G>A). М–DNA Ladder GeneRuler 100 bp (Thermo Fisher Scientific, USA);
1,2,5,6,8-11–homozygotes by normal allele c.5347G>A (188 and 133 bp DNA fragments length); 3 and 7–c.5347G>A heterozygote genotype (321,
188, and 133 bp DNA fragments length)
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quality of life decreases by an average of 85%. All pa-
tients in this study had generalized idiopathic (27%),
focal (47%), and epileptic encephalopathies (26%). The
focal seizure type includes symptomatic (76.8%) and
idiopathic forms (23.2%) [20].
This study regarding the molecular genetic spectrum

of epilepsy-associated causative mutations is the first
conducted in Kazakhstan. In general, statistical data
about epilepsy hereditary form frequency are unavail-
able, which was the main reason why we chose non-
mechanical epilepsy forms, as they can be associated
with genetic disorders. The matched control cohort was
selected from conditionally healthy individuals after
sampling epilepsy cases, taking into account sex, ethni-
city, and age.

Worldwide data on the genetics of epilepsy and
hereditary syndromes characterized by epileptic sei-
zures are very limited. Basically, data on complete
screening of the genomes of patients with various
forms of epilepsy are available [21]. As a rule, all
identified genetic changes in ethnically heterogeneous
populations are single cases or are characterized by a
low frequency (less than 1% of the general population
frequency) [22].
Analyzing the available literature sources on the

spectrum of genes associated with epilepsy, it is clear
that mutations of ion channel genes that alter their func-
tion are most often recorded [23–25].
Only a few cases of heterozygous mutations were

found in 120 patients with different forms of epilepsy.

Fig. 2 PCR-RFLP detection of 26 exon SCN1A gene deletion. a М–GeneRuler Low Range DNA Ladder (Thermo Fisher Scientific, USA); 1—the
BamHI restriction results of PCR-amplified products of heterozygote with normal and shorted alleles of SCN1A 26 exon: 140 bp and 108 bp DNA
fragments, which are the restriction products of normal allele, and the 215 bp DNA shorted DNA fragment; 2—the 26 exon SCN1A gene PCR-
amplified products (248 bp and 215 bp) of patient-carrier of deletion; 3–5—the results of normal PCR-amplified product BamHI restriction: 140 bp
and 108 bp DNA fragments; 4–6—the 26 exon SCN1A gene PCR-amplified product (248 bp) of normal sample without mutation; b M–pBR322
DNA/BsuRI (HaeIII) Marker; 1—the 26 exon SCN1A gene PCR-amplified products (248 bp and 215 bp) of patient-carrier of deletion; 2, 4—221 bp
DNA fragment used as an additional marker; 3, 5—233 bp DNA fragment used as an additional marker

Fig. 3 PCR-RFLP detection of KCNT1 934 codon mutation (c.2800G>A). М—GeneRuler Low Range DNA Ladder (Thermo Fisher Scientific,
USA); 1–5—homozygotes by normal allele c.2800G>A (128 and 105 bp DNA fragments length); 6–8—heterozygote genotypes (233, 128,
and 105 bp DNA fragments length)
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Moreover, none of the studied SNVs was detected in the
control cohort of conditionally healthy persons, though
this situation did not allow us to apply the statistical
treatment-odds ratio method (OR). Based on the avail-
able comparability of case and control cohorts by age,
sex, ethnic background, and cohort volume, we consider
that the mutations detected (SCN1A c.5347 G>A
(p.Ala1783Thr) and KCNT1 c.2800G>A (p.Ala934Thr)
have pathogenic significance. In both cases, replacement
of a non-polar aliphatic amino acid alanine with a polar
oxyaminocarboxylic threonine occurs, which results in a
small physicochemical difference of the corresponding
polypeptides of sodium and potassium ion channels. Ex-
perimental studies have shown that this missense change
renders the KCNT1 ion channel constitutively active
when assayed in cell culture [17, 26]. The SCN1A
p.Ala1783Thr missense variant was first described in
2007 [27] as being associated with Dravet syndrome, and
it is reported as pathogenic in the following databases:
(i) HGMD, (ii) Ensembl, and (iii) ClinVar. According to
the ACMG criteria, the variant is also classified as
pathogenic (PS2, PS3, PM1, PM2, PP2, PP3, PP4, PP5)
[28]. This variant is likely to be disruptive, but these pre-
dictions have not been confirmed by published func-
tional studies, and their clinical significance is still
uncertain. These mutations are proposed to accelerate
the functioning of sodium and potassium ion channels
[23], causing epileptic seizures.
The frequency of detected SNVs in exon 26 of the so-

dium channel gene SCN1A (c.5347G>A (p.Ala1783Thr),
rs571447839) was 0.01667, and it was 0.00833 for the 33
kb deletion. The frequency of SNVs in exon 24 of the
potassium ion channel gene KCNT1 (c.2800G>A
(p.Ala934Thr), rs397515403) was recorded as 0.025.
Our results show a more notable frequency for the

SNVs rs571447839 and rs39751540 compared to the fre-
quency in global databases (ClinVar, 1000G, Esp6500,
ExAC), which can be explained by geographical location
or ethnic peculiarities of the studied cohort of epilepsy
patients.
Mutations in the SCN1A gene are mostly described for

patients with Dravet syndrome, as well as for other epi-
lepsy forms [29–32]. Mutations in the SCN1A gene are
inherited autosomal dominantly and lead either to a loss
or a change in function. For instance, mutations related
to loss of function are more likely associated with Dravet
syndrome [33]. However, SCN1A mutations altering so-
dium ion channel function are mostly recorded for gen-
eralized epilepsy with febrile seizures [30]; mutations of
this gene are de novo in 95% of cases [27]. Two studies
[13] recorded single de novo cases of SCN1A c.5347G>A
mutation in patients with Dravet syndrome. Our results
are in accordance with these data. Based on a study of
first-degree relatives of patients carrying the SCN1A

c.5347G>A mutation and 33 kb deletion, we concluded
the de novo occurrence of these mutations in the stud-
ied families.
Autosomal dominant mutations in the potassium

channel gene KCNT1 are associated with the develop-
ment of epileptic syndromes such as MMPSI [16, 17, 34,
35], ADNFLE [16], early infantile epileptic encephalop-
athy (EIEE), and Ohtahara syndrome (OS) [34, 36]. Het-
erozygous mutations of the KCNT1 gene have been
described for patients with infantile epilepsy with migra-
tory focal seizures [17], one patient with leukoencepha-
lopathy, and one patient with severe epilepsy [36].
Ohba C et al. detected 9 heterozygous mutations in

the KCNT1 gene in 11 patients, 10 of which were de-
scribed as de novo mutations; 1 patient inherited the
KCNT1 mutation from a mother with mosaicism [37].
Interestingly, some mutations of the KCNT1 gene (in-
cluding the KCNT1 c.2800G>A mutation, which was
found in our case cohort) are associated with one of two
different phenotypes, ADNFLE or MMFSI, even within
the same family [38]. This indicates that the relation-
ships of genotype and phenotype for KCNT1 c.2800G>A
(p.Ala934Thr) mutation are not unambiguous. Our
study shows that the de novo KCNT1 c.2800G>A muta-
tion can occur in patients with temporal lobe epilepsy
(TLE) and residual encephalopathy, which indicates the
clinical heterogeneity of genetic disorders associated
with the KCNT1 gene.

Conclusion
Our results indicate the possibility of detecting patho-
logical mutations in the SCN1A and KCNT1 genes, even
in a small cohort of patients with non-mechanical epi-
lepsy forms, without expensive genome sequencing. Be-
cause of high frequency of KCNT1 c.2800G>A (p.
Ala934Thr) mutation (0.025) in epilepsy patients from
Kazakhstan, we recommend screening for this mutation
in patients from the Central Eurasian region with differ-
ent epilepsy forms, including MMPSI, ADNFLE, EIEE,
TLE, and residual encephalopathy. In the future, we plan
to use next-generation sequencing (386 genes in the epi-
lepsy panel) to expand the search for new genes and mu-
tations. We hope that this strategy, accompanied
primarily by the screening of mutations in other ion
channel genes, will help to develop effective therapy pro-
tocols for epilepsy patients with non-mechanical forms.
We suppose that, in the case of detection of ion channel
gene mutations that lead to Na, K channelopathies,
treatment by agents limiting the distribution of electric
potential will be effective. In the case of detecting patho-
genetic mutations that accelerate the function of sodium
and potassium ion channels, we recommend using ther-
apy based on the effect of ion channel blockade. For ex-
ample, valproic acid or sodium valproate can block
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sodium ion channels; phenytoin or carbamazepine block
sodium and potassium ion channels.
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