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A novel mutation in SLC1A3 causes episodic ataxia
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Abstract
Episodic ataxias (EAs) are rare channelopathies characterized by recurrent ataxia and vertigo, having eight subtypes.
Mutated genes were found in four of these eight subtypes (EA1, EA2, EA5, and EA6). To date, only four missense
mutations in the Solute Carrier Family 1 Member 3 gene (SLC1A3) have been reported to cause EA6. SLC1A3 encodes
excitatory amino-acid transporter 1, which is a trimeric transmembrane protein responsible for glutamate transport in the
synaptic cleft. In this study, we found a novel missense mutation, c.383T>G (p.Met128Arg) in SLC1A3, in an EA patient by
whole-exome sequencing. The modeled structural analysis suggested that p.Met128Arg may affect the hydrophobic
transmembrane environment and protein function. Analysis of the pathogenicity of all mutations found in SLC1A3 to
date using multiple prediction tools showed some advantage of using the Mendelian Clinically Applicable Pathogenicity
(M-CAP) score. Various types of SLC1A3 variants, including nonsense mutations and indels, in the ExAC database suggest
that the loss-of-function mechanism by SLC1A3 mutations is unlikely in EA6. The current mutation (p.Med128Arg)
presumably has a gain-of-function effect as described in a previous report.

Introduction

The most common and recognizable causes of pediatric
acute ataxia are post-infectious cerebellar processes, from
which recovery occurs naturally [1]. Chronic or recurrent
spells of vertigo and ataxia may suggest episodic ataxias

(EAs), which are rare inherited disorders of ion channel
function (channelopathies) [2]. EAs include eight subtypes
defined by the responsible mutated genes/loci and clinical
features [3]. Mutated genes were found in four of eight
subtypes, exhibiting autosomal dominant expression. EA1
and EA2 are the most common subtypes, caused by muta-
tions in the Potassium Voltage-Gated Channel Subfamily A
Member 1 gene (KCNA1) and the Calcium Voltage-Gated
Channel Subunit Alpha1 A gene (CACNA1A) [2]. EA1 is
clinically characterized by brief attacks of ataxia with
myokymia. The episodes are commonly triggered by phy-
sical and emotional stress in early childhood [4]. EA2 is
usually characterized by more prolonged attacks of ataxia
and nystagmus lasting minutes to hours (or even days).
Acetazolamide and 4-aminopyridine have been effective in
treating EA2 [5]. In addition, mutations in Calcium
Voltage-Gated Channel Auxiliary Subunit Beta 4
(CACNB4) and Solute Carrier Family 1 Member 3
(SLC1A3) cause EA5 and EA6, respectively [6, 7].
EA6 shows similar features to EA2, but without CACNA1A
mutations. The other four subtypes (EA3, EA4, EA7,
and EA8) have been linked to different chromosomal loci
[2, 3].

SLC1A3 encodes excitatory amino-acid transporter 1
(EAAT1), consisting of 542 amino acids. EAAT1 clears
glutamate from the synaptic cleft and regulates
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neurotransmitter concentrations at the excitatory glutama-
tergic synapses in mammals [7]. Three missense mutations
in SLC1A3 have been registered as disease-causing muta-
tions in the Human Gene Mutation Database (HGMD,
Qiagen) [7–9]. In addition, very recently, Choi et al. [10]
also reported one missense mutation. However, the clinical
features of EA6 have not been fully elucidated.

In this paper, we report on a patient with EA harboring a
novel missense mutation in SLC1A3. Clinical features are
compared with those of previously reported cases and the
pathogenicity associated with all of the reported mutations
is evaluated.

Materials and methods

Patient

A patient with EA was focused on in this study. Detailed
clinical information was obtained after careful examination
by the clinician seeing this patient. The Institutional Review
Board of Yokohama City University of Medicine approved
the experimental protocols. Informed consent was obtained,
in agreement with Japanese regulations.

Sample preparation and whole-exome sequencing

Genomic DNA was isolated from peripheral blood leuko-
cytes using QuickGene 610L (Wako, Osaka, Japan).
Genomic DNA was sheared and captured using the
SureSelect Human All Exon v6 Kit (60Mb; Agilent
Technologies, Santa Clara, CA, USA) and sequenced on an
Illumina HiSeq2500 (Illumina, San Diego, CA, USA) with
101-bp paired-end reads. Exome data processing, variant
calling, and variant annotation were performed as pre-
viously described [11]. The average read depth of protein-
coding regions was 67.2× and at least 97% of the target
bases were sequenced by 10 or more reads for the patient.
Common single-nucleotide polymorphisms (SNPs) with
minor allele frequencies ≥1% in dbSNP 137, and variants
observed in more than five of our 575 in-house ethnically
matched controls as an exome database were filtered out.
Among the remaining rare variants, we focused on amino
acid-altering or splicing-affecting variants. Particular
attention was given to the mutations in previously reported
causative genes associated with ataxia, cerebellar atrophy,
and other neurodegenerative diseases. The variant in
SLC1A3 was confirmed by Sanger sequencing with an
ABI PRISM 3500×l autosequencer (Life Technologies,

Fig. 1 The SLC1A3 mutation found in this family. a Familial pedigree
and electropherograms of the mutation. c.383T>G (p.Met128Arg)
occurred de novo in the patient. b Met128 is evolutionarily highly
conserved in vertebrates. c Schematic representation of the EAAT1

protein together with previously reported and our mutations. EAAT1
contains eight transmembrane domains and helical hairpins (HP1 and
HP2). Black (reported) or red (this case) circles with lines indicate
mutations. p.Met128Arg is located at transmembrane domain 3
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Carlsbad, CA, USA) using genomic DNA from the patient
and her parents as a template.

Structural consideration

We constructed a modeled structure of human EAAT1 from
an archaeal homolog using Protein Homology/analogY
Recognition Engine V 2.0 (Phyre2) [12] with mapping of
the mutation site.

Results

Clinical features

The patient was a 10-year-old girl born to healthy non-
consanguineous parents and the family history was unre-
markable for neurological disorders. She showed truncal
ataxia and crossed eyes at the age of 11 months. Initial brain
magnetic resonance imaging (MRI) and cerebrospinal fluid
examination performed at this time were normal. She
recovered spontaneously in a few days. Although her
development was normal, she showed repeated episodes of
cerebellar ataxia, such as truncal ataxia, intentional tremor,
and slurred speech, at 8–9 years of age. Brain single-photon
emission computed tomography (SPECT) indicated mild

hypoperfusion of her cerebellum and brainstem at 8 years of
age. Her symptoms resolved spontaneously in ~2 weeks and
were absent for periods between the episodes. A similar
episode occurred again at 10 years of age. Acetazolamide
was effective for her symptoms. Most of her episodes arose
in winter.

Genetic analysis

We performed whole-exome sequencing in the patient and
found a missense mutation in SLC1A3, NM_004172.4:
c.383T>G (p.Met128Arg). Sanger sequencing of samples
from the patient and her parents revealed that c.383T>G
had occurred de novo in the patient (Fig. 1a). Met128 is
conserved in the eukaryotic EAAT1 protein (Fig. 1b) and
located in transmembrane domain 3 (TM3) (Fig 1c) [13].

c.383T>G is absent from dbSNP 137, our ethnically
matched control database (n= 575), the Exome Aggrega-
tion Consortium (ExAC, http://exac.broadinstitute.org/)
database, and the Tohoku Medical Megabank Organization
(ToMMo, https://ijgvd.megabank.tohoku.ac.jp/) database.
Web-based prediction tools, SIFT (http://sift.jcvi.org/),
MutationTaster (http://www.mutationtaster.org/), PolyPhen-
2 (http://genetics.bwh.harvard.edu/pph2/), and M-CAP,
indicated that the mutation was pathogenic (in the first two)
and possibly damaging (in the latter two).

Fig. 2 Structural consideration of the SLC1A3 mutation. A modeled
structure of human EAAT1 constructed from the crystal structure of a
ligand-free trimeric glutamate transporter homolog from Thermococcus
kodakarensis (PDB code 4ky0) [18] is viewed from the extracellular
side (a) and parallel to the membrane (b). Each monomer of the trimer
is colored cyan, magenta, or green. The methionine residue at the
mutation site is shown as red van der Waals spheres in one monomer.

b A magnified view around the mutation site is also shown. Hydro-
phobic side chains in the third transmembrane α-helix (TM3) are
shown as cyan van der Waals spheres. Red and blue faces depicted as
series of slits represent the extracellular and cytoplasmic surfaces of the
lipid bilayers, respectively. The orientation of the protein in the
membrane was obtained from the Orientations of Proteins in Mem-
branes (OPM) database [19]
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Structural consideration

EAAT1 is a trimeric transmembrane protein (Fig. 2a) and
the identified mutation falls within the third transmembrane
α-helix (TM3), which comprises hydrophobic amino-acid
residues (Fig. 2b). The methionine residue at the mutation
position is located at the center of TM3 and would be
exposed to lipids of the membrane. This might be related to
the pathogenic role of Met128Arg.

Discussion

To date, a total of five missense mutations (including our
mutation) in SLC1A3 have been found in cases of ataxic
disorders [7–10]. A summary of the comparative data of the
clinical and mutational features in all cases is shown in
Supplementary Table 1. SLC1A3 mutations are associated
with a wide range of clinical phenotypes. Our case showed
repetitive ataxic episode triggered physical stress, effective
response to acetazolamide and normal MRI finding. Jen
et al. [7] reported exceptionally the most severe case of
c.869C>G (p.Pro290Arg) showing EA, mild cerebellar
atrophy, severe intellectual disability, and seizures. The other
four patients (three reported and the one in this study) har-
boring c.383T>G (p.Met128Arg), c.556T>A (p.Cys186Ser),
c.1496G>A (p.Arg499Gln), or c.1177G>A (p.Val393Ile)
consistently showed episodic cerebellar ataxia but with nor-
mal MRI findings [8–10]. In addition, Adamczyk et al. [14]
reported another case with c.657G>C (p.Glu219Asp), which
has been registered as a polymorphism (rs2032892) asso-
ciated with Tourette’s syndrome.

The modeled structure study suggested that Met128Arg
would perturb the hydrophobic status of the membrane by
the strong positive charge of the replaced arginine and affect
EAAT1’s function. The reported mutations (Pro290Arg and
Cys186Ser) reside in the transmembrane domain of EAAT1
and lead to decreased glutamate uptake [7, 8]. Met128 is
located at the center of the TM3 domain and might similarly
affect glutamate uptake. On the basis of the pathogenicity
classification of the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology
(ACMG/AMP) guidelines [15], c.383T>G is pathogenic
(PS2, PM1, PM2, PP3, and PP4).

The six missense mutations (including the current
mutation) were evaluated using multiple computational
predictive tools, but none of the prediction tools (such as
Polyphen-2 and CADD) could consistently predict their
pathogenicity (Supplementary Table 2). M-CAP is a
machine learning method combining nine established
pathogenicity likelihood scores for only rare missense
variants [16]. M-CAP outperforms other tools with the

evaluation of receiver operating characteristic curves [16].
M-CAP indicated that four of the six missense mutations
are possibly pathogenic and the M-CAP scores were con-
sistent with the age of onset or severity of the patients,
indicating that M-CAP is the most useful prediction tool,
especially in the evaluation of SLC1A3 variants.

The ExAC database contains 153 non-synonymous
missense variants, 2 nonsense, 2 indels (leading to frame-
shift), and 2 canonical splice site substitutions in SLC1A3,
indicating that the loss-of-function mechanism by SLC1A3
mutations is unlikely in EA6. The previous report described
that p.Pro290Arg in SLC1A3 led to the gain-of-function of
the EAAT1 transporter and increases anion currents in
whole-cell patch clamp analyses [17]. Other mutations
(including our p.Met128Arg) may have similar gain-of-
function effects. M-CAP classified 58 (of 153) missense
variants in ExAC as possibly pathogenic (Supplementary
Table 3). Even pathogenic SLC1A3 variants might be
included in ExAC, considering possible low penetrance and
late onset in EA6 patients. c.1496G>A is indeed a patho-
genic variant found in an EA6 patient [9], but also in ExAC.
We should thus be very cautious in evaluating EA-related
variants registered in ExAC.

In conclusion, this paper presents a novel pathogenic
SLC1A3 mutation: c.383T>G (p.Met128Arg). The struc-
tural consideration suggests that Met128Arg may disturb
the hydrophobic transmembrane environment and possibly
affect protein function. The assessment of missense variants
in SLC1A3 using M-CAP was relatively useful, but the
evaluation of variants in control databases should be
undertaken with caution, like in EA6.
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