
 
* Correspondence: bbitergesut@ohu.edu.tr 

J Exp Clin Med  
2021; 38(3): 288-293 
doi: 10.52142/omujecm.38.3.15 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 
Epilepsy is a major neurological disease affecting millions 
worldwide. It is characterized by recurrent and unprovoked 
seizures that can cause loss of consciousness or abnormal 
motor behavior depending on the affected brain region 
(Stafstrom and Carmant, 2015.). The diagnosis begins with 
seizure type(s) and can then be defined as focal, generalized, 
combined focal and generalized or unknown epilepsy when 
sufficient electroclinical information is available (Fisher, 2017; 
Scheffer et al., 2017). A seizure is defined as an increase in 
electrical activity in the brain that can be triggered by various 
factors such as medications (Chen et al., 2016), metabolic 
changes (Imad et al., 2015) and infections (Zoons et al., 2008). 
When seizures emerge spontaneously, they are considered 
epileptic. The main mechanism that triggers epilepsy is the 
shift of the balance between excitation and inhibition towards 
the excitation side. In the central nervous system, there are two 
important paths that mediate this mechanism. The first is the 
formation of action potential in neurons and its transmission 
with axonal conduction. Here, voltage-gated sodium and 
potassium channels play a significant role. The second one is 
synapses, in which ligand-gated ion channels such as nicotinic 
acetylcholine receptor (nAChR) channel, GABA and glycine 

receptor channels, serotonin and glutamate receptor channels 
are important. Calcium channels, which allow neurotransmitter 
vesicles to flow into the synaptic space, also play a role. 
Mutations in these channels cause a change in the neuronal 
membrane potential, contributing to the disruption of the 
balance between excitation and inhibition. As a result, epileptic 
seizures and even epileptogenesis occur (Armijo et al., 2005). 

GABAA-mediated inhibition basically affects 
postsynaptically located GABAA receptors such as GABRD 
and GABRA1, through GABA release from synaptic vesicles. 
In the mature central nervous system, it causes chloride ion [Cl-

] influx and an inhibitory postsynaptic potential. Transient 
receptor activation with high concentrations of GABA at the 
synapse is called phasic inhibition. Tonic inhibition refers to 
the condition in which GABA can move away from the 
synapse at low concentrations in a spatially and temporally 
constrained GABAA-mediated inhibition (Farrant and Nusser, 
2005). CLCN2 encodes the voltage-gated chlorine channel 
ClC-2 and is expressed in neurons that are postsynaptic to 
GABAergic inhibitory synapses. Maintenance of low 
intracellular chloride concentration by CIC-2 is essential for 
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the inhibitory response to GABA (Kearney and Meisler, 2009). 
CACNA1H serves as a member of the T-type calcium channel 
family. SLC12A5 gene codes for the K+/Cl− co-transporter 2 
(KCC2), which is the main Cl− extruder of neurons and 
functions as a suitable inhibitor for the neurotransmitters γ-
aminobutyric acid (GABA) and glycine (Saito et al., 2017). 
Myoclonin1/EFHC1 is a newly identified microtubule 
associated protein (MAP) that directly interacts with α-tubulin 
via the microtubule binding domain located at the N-terminus. 
EFHC1 acts as a non-ion channel gene, which encodes a 
protein that contains a Ca2+-binding EF-hand motif, and 
overexpression of Myoclonin1/EFHC1 induces in vitro 
neuronal and synaptic apoptosis by increasing R-type voltage-
dependent Ca2+ channel currents (de Nijs et al., 2009).  

Due to their significant roles in the regulating neuronal 
membrane potential, ion channels have been a center of 
attention in the field of neurology. In line with this, several 
studies in the literature have implicated missense mutations of 
the voltage-gated chlorine channel encoding CLCN2 gene 
(Kearney and Meisler, 2009), calcium channel CACNA1H 
(Heron et al., 2007a), GABAA receptor subunits (Ishii et al., 
2017; Niturad et al., 2017), the neuron-specific type 2 K+/Cl− 
co-transporter KCC2 encoded by SLC12A5 (Saito et al., 2017) 
as well as the non-ion channel gene EFHC1 (Bailey et al., 
2017) in epilepsy. Therefore, here in this study, we adopted an 
in silico-based approach to identify ion channel-related single 
nucleotide variations that are considered as risk factors in 
epilepsy and determine their potential effects on pathogenicity, 
protein stability and structure.  

2. Methods 
2.1. Identification of mutations 
Ion channel-related mutations that are considered as risk 
factors in epilepsy are retrieved from the National Center for 
Biotechnology Information 
(https://www.ncbi.nlm.nih.gov/clinvar/variation/).  ClinVar is 
a repository of public data regarding associations between 
genetic variations and human phenotypes based on supporting 
evidence. The parameters used to identify ion channel-related 
mutations are depicted in Fig. 1. (ClinVar accession numbers: 
VCV000016212.2, VCV000127232.1, VCV000016214.1, 
VCV000009039.1, VCV000002701.1, VCV000002702.1, 
VCV000002703.1, VCV000218378.1, VCV000002068.1, 
VCV000002066.1 and VCV000002069.1). 

 
Fig. 1. Flow chart summarizing the methodological approach in the 
present study 

2.2. Prediction of pathogenicity  
To determine whether the ion channel-related mutations linked 
with epilepsy had any deleterious effects, pathogenicity scores 
were predicted using FATHMM-XF 
(http://fathmm.biocompute.org.uk/fathmm-xf/index.html) 
(Rogers et al., 2018). P-values (pathogenicity scores) obtained 
via FATHMM-XF ranges between 0-1 and values above 0.5 
are interpreted as deleterious/pathogenic. FATHMM-XF 
analysis was run using genomic locations of the mutations (in 
accordance with genome assembly GRCh38/hg38), which 
were obtained from ClinVar. 

2.3. Analysis of protein stability and structure 
Amino acid sequences for the full-length proteins were 
retrieved from UniProt (GABRD (ID: O14764), GABRA1 
(ID: P51788), CLCN2 (ID: P14867), CACNA1H (ID: 
Q5JVL4), SLC12A5 (ID: O95180), EFHC1 (ID: Q9H2X9)). 
When more than one isoform was available, the longest 
isoform, which was chosen as the canonical sequence, was 
preferred. Analysis of protein stability in relation to the 
missense amino acid substitutions was performed using 
MUpro, which is a tool for protein stability prediction 
(http://mupro.proteomics.ics.uci.edu) (Cheng et al., 2006).  

Structural alterations due to identified pathogenic 
mutations were determined via HOPE server 
(https://www3.cmbi.umcn.nl/hope) (Venselaar et al., 2010) 
using amino acid sequences obtained from UniProt. 

3. Results 
3.1. Ion channel mutations as risk factors for epilepsy 
ClinVar revealed 23977 genetic variations in total including 
but not limited to frameshift, missense and nonsense mutations, 
deletions, duplications and insertions. The majority of these 
variations originated from germline mutations (n=21935), 
while the others were either de novo (n=1053) or somatic 
(n=48). Among them, 26 variations were attributed clinical 
significance as risk factors. We further narrowed down the list 
of epilepsy-related genetic variations by missense mutations, 
which returned 17 results in GABRD, SLC2A1, CLCN2, 
GABRA1, EFHC1, CILK1, PDX1, CACNA1H and SLC12A5 
genes. SLC2A1 is a glucose transporter, CILK1 is an intestinal 
serine/threonine kinase and PDX1 functions as a pancreatic 
nuclear factor; therefore, we omitted them in further analyses 
and focused on the ion channel-related GABRD, CLCN2, 
GABRA1, EFHC1, CACNA1H and SLC12A5 genes.  

We identified 11 missense mutations (Table 1) within these 
ion channel-related genes that were implicated as risk factors 
for epilepsy. All of the identified nucleotide variations were 
associated with different subtypes of epilepsy with distinct 
seizure properties and/or affected age groups. Specifically, 
SLC12A5 R1072C substitution and EFHC1 I174V and C259Y 
substitutions were linked with susceptibility to IGE and JAE 
(juvenile absence epilepsy), respectively.
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Table 1. Ion channel gene variations analyzed in this study 
Gene name Function AA substitution Condition Reference 

GABRD Ligand-gated chloride channel 
inhibitor E177A Generalized epilepsy with 

febrile seizures plus Dibbens et al., 2004 

GABRA1 Ligand-gated chloride channel 
inhibitor D219N, A322D Epilepsy, juvenile myoclonic 

Lachance-Touchette et 
al., 2011; Ding et al., 

2010 

CLCN2 Voltage-gated chloride channel R577Q Epilepsy with grand mal 
seizures on awakening Saint-Martin et al., 2009 

CACNA1H Voltage-dependent calcium 
channel complex protein 

F161L, E282K, 
V831M Epilepsy, childhood absence Chen et al., 2003 

SLC12A5 Potassium/chloride transporter R1072C Epilepsy, idiopathic 
generalized (susceptibility to) Kahle et al., 2014 

EFHC1 Calcium ion binding protein 
I174V, C259Y Epilepsy, juvenile absence 

(susceptibility to) Stogmann et al., 2006 

D253Y Myoclonic epilepsy, juvenile Suzuki et al., 2004 

Table 2. In silico analysis of pathogenicity and protein stability for the selected ion channel mutations 

 Pathogenicity Protein Stability 

Gene name AA change dbSNP ID Allele 
frequency Prediction Score Prediction ΔΔG 

GABRD p.E177A rs121434580 n/a Pathogenic 0.757931 Decrease -0.23182591 

GABRA1 p.D219N rs587777364 n/a Pathogenic 0.929361 Decrease -1.1316196 

GABRA1 p.A322D rs121434579 n/a Pathogenic 0.941727 Decrease -0.76389212 

CLCN2 p.R577Q rs137852682 3.13e-4 Pathogenic 0.879425 Decrease -0.78638535 

CACNA1H p.F161L rs119454947 8.81e-6 Benign 0.095123 Decrease -0.57233831 

CACNA1H p.E282K rs119454948 1.69e-5 Pathogenic 0.924846 Decrease -0.73848501 

CACNA1H p.V831M rs119454949 1.43e-5 Pathogenic 0.916787 Decrease -1.879213 

SLC12A5 p.R1072C rs548424453 4.95e-5 Pathogenic 0.745658 Decrease -1.0625526 

EFHC1 p.I174V rs137852779 3.98e-6 Benign 0.171890 Decrease -0.97574957 

EFHC1 p.C259Y rs137852780 n/a Benign 0.180000 Decrease -1.0762814 

EFHC1 p.D253Y rs137852778 1.99e-5 Benign 0.416226 Decrease -0.52608728 

3.2. Determination of deleterious mutations 
The potential outcomes of ion channel-related missense 
mutations were predicted using FATHMM-XF, which 
identified seven mutations, namely p.E177A, p.D219N, 
p.A322D, p.R577Q, p.E282K, p.V831M and p.R1072C as 
pathogenic (pathogenicity score>0.5) (Table 2). All missense 
substitutions of the EFHC1 gene (p.I174V, p.C259Y, 
p.D253Y) were predicted as benign, along with CACNA1H 
mutation p.F161L. Pathogenicity scores closer to 1 indicate 
higher confidence and accuracy; thus, substitutions of 
p.D219N, p.A322D, p.E282K and p.V831M were identified as 
the most confident and accurate deleterious mutations (p-
values above 0.9).  

3.3. Structural effects 
In order to evaluate the potential outcomes of these pathogenic 
mutations on protein structure and function, we performed 
protein stability prediction via MUpro and determined the 
structural changes induced by a single amino acid substitution 
at the tertiary (3D) level using the HOPE server. Analysis of 
protein stability in relation to the missense amino acid 

substitutions using MUpro showed that all mutations resulted 
in varying degrees of decrease in overall protein stability 
(Table 2). Lower ΔΔG values implicate a greater decrease in 
protein stability, pointing towards GABRA1 p.D219N, 
CACNA1H p.V831M and EFHC1 p.C259Y mutations as the 
top three most destabilizing mutations. Single nucleotide 
variations resulting in missense substitutions often cause 
alterations within the overall protein structure. Results of the 
HOPE server analysis showed that all variants were annotated 
with risk for disease. The pathogenic ion channel mutations 
introduced distinct side chains (Fig. 2), causing differences in 
size, charge, and hydrophobicity, as well as contact with other 
proteins and ligands. Specifically, E177A substitution resulted 
in a smaller and more hydrophobic residue with a neutral 
charge, while the wild type residue had a negative charge. 
Similarly, the negative charge of the wild type residue was 
neutralized by the D219N substitution. A322D mutation led to 
a less hydrophobic residue with a negative charge, as opposed 
to the neutral wild type residue. The loss of hydrophobicity was 
predicted to affect the interactions between the GABRA1 
protein and the membrane lipids. 
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Fig. 2. Structural alterations of the 3D organization resulting from ion 
channel-related pathogenic missense mutations p.E177A, p.D219N, 
p.A322D, p.R577Q, p.E282K, p.V831M and p.R1072C. Wild-type 
amino acids are indicated in green, while mutated amino acids are 
shown in red 

Substitutions of R577Q and R1072C caused the 
neutralization of the positive charge of the wild type residue. 
E282K caused the most drastic negative to positive charge 
difference, which could potentially result in repulsion of other 
residues in the protein or its ligands. A322D, E282K and 
V831M introduced larger amino acid side chains into the 
protein, which were predicted to lead to structural bumps. 
Furthermore, structural predictions identified E177A, A322D, 
R577Q and V831M substitutions as damaging as their wild 
type counterparts were highly conserved.  

4. Discussion 
Only one third of all epilepsy patients share a medical 
condition that causes epilepsy such as head trauma, stroke or 
tumor; of which 70% are diagnosed with idiopathic epilepsy 
via electrophysiological methods (Gardiner, 2005). On the 
other hand, genetic factors are considered as more dominant 
determinants in epilepsy patients. Several subtypes of 
idiopathic epilepsy emerge with multi-factorial reasons such as 
the monogenic autosomal dominant idiopathic generalized 
epilepsy (IGE), certain focal epilepsies and generalized 
epilepsy with febrile seizures plus (GEFS+), while monogenic 
epilepsy predominantly occurs with single gene defects (Heron 
et al., 2007b; Scheffer et al., 2017). One such group of genes 
that are implicated in familial human epilepsy includes genes 
encoding for subunits of nicotinic acetylcholine receptors 
(nAChR), chlorine channel, GABAA receptors, potassium 
channels, sodium channels and calcium channels. For instance, 
Genetic epilepsy syndrome (GES) is associated with the 
mutations in synaptic proteins, which involve neurotransmitter 
receptors and voltage-gated ion channels creating an abnormal 
thalamocortical excitability leading to chronic seizures. 
Monogenetic mutations in GES are generally associated with 
ion channel mutations (Heyne et al., 2018). In line with the 
previous work in the literature suggesting significant roles for 
ion channelopathies in epilepsy, here we identified ion 
channel-related mutations that are considered as risk factors 
and determined their potential effects on pathogenicity, protein 
stability and structure. Our in-silico analysis has identified 
mutations in GABRD, GABRA1, CLCN2, CACNA1H, 
SLC12A5 and EFHC1 genes as potential risk factors for 

epilepsy. GABRD and GABRA1 are receptor subunits of 
GABAA, which acts as an important inhibitor of postsynaptic 
potential by enabling Cl- influx. Mutations in the receptor 
subunits of GABAA often results in the removal this inhibition 
and causes epileptic discharges. Previous studies have  

identified single nucleotide variations in several genes 
encoding GABAA receptors. In particular, E177A mutation 
was shown to alter cell surface expression and single-channel 
gating properties of GABRD and was proposed as a 
susceptibility factor for GEFS+ and JME (Feng et al., 2006). 
Similarly, A322D and D219N mutations were reported to 
change gating kinetic properties of GABRA1 (Lachance-
Touchette et al., 2011). Moreover, A322D affected 
GABAergic bouton and dendritic spine formation as well as 
miniature inhibitory postsynaptic current amplitude in 
pyramidal neurons, while D219N did not (Ding et al., 2010; 
Lachance-Touchette et al., 2014). 

Voltage-gated chlorine channel ClC-2 is encoded by 
CLCN2 gene, which is associated with several IGE subtypes 
including JME, CAE and EGMA (grand mal epilepsy) 
(Gardiner, 2005). Mutations in CLCN2 were shown to result in 
reduced ClC-2 activity and overstimulation of postsynaptic 
cells at GABAergic synapses, which might lead to epileptic 
seizures (Kearney and Meisler, 2009). In vitro studies using 
recombinant ClC2 channels suggested a loss-of-function role 
for R577Q and showed that it causes deactivation of the 
voltage-gated chlorine channel (Saint-Martin et al., 2009). 
Intracellular [Cl-] concentration is mainly regulated by the 
K+/Cl− co-transporter KCC2, which is encoded by SLC12A5. 
Disruptions in [Cl-] homeostasis, possibly due to KCC2 
dysfunction, are implicated in the pathogenesis of common 
neurodevelopmental disorders including mental disability, 
autism spectrum disorder, schizophrenia and epilepsy (Bozzi 
et al., 2012). Therefore, variants of SLC12A5 can potentially 
be pathogenic for neurological and psychiatric disorders by 
interfering with the excitation-inhibition balance. In support of 
this, studies identified SLC12A5 variants as risk factors for 
seizure disorders, detected pathogenic SLC12A5 variants in 
patients with neurodevelopmental diseases (Merner et al., 
2015) and studies on human genetics associated mutations in 
KCC2 with the development of epilepsy (Saito et al., 2017). 

JME is a lifelong disease, comprises 3-30% of all epilepsies 
and has no definitive treatment. EFHC1 variants are the most 
common mutations observed in hereditary myoclonic and 
grand mal clonic-tonic-clonic convulsions of JME (Bailey et 
al., 2017). Myoclonin1/EFHC1 is actually a microtubule-
associated protein involved in the regulation of cell division 
and it affects neuroblast migration and synapse/dendrite 
formation (Grisar et al., 2012). Impairment of EFHC1 in rats 
was shown to disrupt the radial migration of projection nodes 
by affecting the development of the neocortex through ex vivo 
and utero electroporation, the mitosis and cell cycle output of 
cortical progenitors, radial glial structure (scaffold) 
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organization and the movement of postmitotic neurons (de Nijs 
et al., 2009). Furthermore, EFHC1 mutations were associated 
with increased sensitivity to myoclonic and grand mal seizures 
and disruption of apoptosis in neurons/synapses where R-type 
voltage-dependent calcium channel function changes (Grisar et 
al., 2012). The calcium channel CACNA1H was first defined 
in the “Genetic Absence Epilepsy Rats of Strasbourg” model, 
which exhibited increased T-type currents with age and 
reflected the temporal profile of epilepsy development 
(Rajakulendran and Hanna, 2016). Mutations in CACNA1H 
were identified in patients with IGE and CAE, and changes in 
canal function similar to those due to CAE-related mutations 
were observed (Chen et al., 2003; Heron et al., 2007a). F161L, 
E282K and V831M mutations in CACNA1H were reported to 
cause shifts in membrane polarization and activation potentials 
(Khosravani et al., 2004). Among these mutations, V831M that 
we characterized as pathogenic, had a more significant effect. 
Overall, these results suggest that, in humans, CACNA1H 
might increase neuronal firing by decreasing the threshold 
value in neurons, thus leading to overstimulation. However, the 
role of CACNA1H in epilepsy has been controversial as no 
seizures were observed in CACNA1H knockout mice (Chen et 
al., 2003). Likewise, the ClinGen study group recently 
classified CACNA1H as a controversial gene and claimed that 
it provides poor genetic support in terms of clinical value 
(Helbig et al., 2018). 

In conclusion, it is clear that ion channels and other related 
genes are key factors in epilepsy due to their critical 
importance for the regulation and maintenance of neuronal 
membrane potential via controlling ion transportation. 
Although single nucleotide variations of these genes have been 
widely studied, previous works have mainly consisted of 
genetic association studies and lacked establishment of 
functional links. In this paper, we identified a short-list of 
nonsynonymous mutations in ion channel-related genes, some 
of which were previously addressed by others in the context of 
epilepsy while the rest were analyzed for the first time in this 
study. Furthermore, we determined their potential effects of on 
pathogenicity, protein stability and structure and provided a 
functional explanation to the pathogenic effects of these 
mutations that were observed previously in genetic association 
studies. 
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