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Abstract
The mammalian Na+/H+ exchanger isoform one (NHE1), encoded by Solute Carrier Family 9, member 1 (SLC9A1),
consists of 12 membrane domains and a cytosolic C-terminal domain. NHE1 plays an important role in maintaining
intracellular pH homeostasis by exchanging one intracellular proton for one extracellular sodium ion. Mice with a
homozygous null mutation in Slc9a1 (Nhe1) exhibited ataxia, recurrent seizures, and selective neuronal cell death. In
humans, three unrelated patients have been reported: a patient with a homozygous missense mutation in SLC9A1, c.913G>A
(p.Gly305Arg), which caused Lichtenstein–Knorr syndrome characterized by cerebellar ataxia and sensorineural hearing
loss, a patient with compound heterozygous mutations, c.1351A>C (p.Ile451Leu) and c.1585C>T (p.His529Tyr), which
caused a neuromuscular disorder, and a patient with de novo mutation, c.796A>C (p.Asn266His) which associated multiple
anomalies. In this study, using whole exome sequencing, we identified a novel homozygous SLC9A1 truncating mutation,
c.862del (p.Ile288Serfs*9), in two affected siblings. The patients showed cerebellar ataxia but neither of them showed
sensorineural hearing loss nor a neuromuscular phenotype. The main clinical feature was similar to Lichtenstein–Knorr
syndrome but deafness may not be an essential phenotypic feature of SLC9A1 mutation. Our report expands the knowledge
of clinical features of SLC9A1 mutations.

Introduction

The mammalian Na+/H+ exchanger isoform one (NHE1),
encoded by Solute Carrier Family 9, member 1 (SLC9A1,
MIM 107310), is a ubiquitously expressed membrane pro-
tein consisting of 12 membrane domains facilitating ion
transportation and a cytosolic C-terminal domain regulating
NHE1 activity [1]. NHE1 plays an important role in main-
taining intracellular pH homeostasis by exchanging one

intracellular proton for one extracellular sodium ion [2].
NHE1 activity has been implicated in several human dis-
eases, including cardiovascular disease [2] and several forms
of cancer [3, 4]. In a mouse model system, Slc9a1 (pre-
viously termed Nhe1) knockout mice exhibited ataxia, tonic-
clonic seizures and selective neuronal cell death [5], sug-
gesting a role for NHE1 in the development and/or function
of the nervous system. Consistently, a homozygous mis-
sense mutation in SLC9A1, c.913G>A (p.Gly305Arg,
annotated based on NM_003047.4), has been reported in
patients with Lichtenstein–Knorr syndrome (MIM 616291),
which is characterized by cerebellar ataxia and sensorineural
hearing loss [6]. To date, only four SLC9A1 variants have
been registered as disease-causing mutations (DMs) or likely
DMs in the Human Gene Mutation Database (HGMD) and
the clinical spectrum of patients remains undetermined.
Herein, we describe a novel homozygous SLC9A1 mutation
in affected siblings and detail their clinical features.

Materials and Methods

A series of patients with cerebellar atrophy were collected.
Detailed clinical information was obtained by the clinicians
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examining the patients. A prescreening of triplet repeat
disorders had not been performed. The Institutional Review
Board of Yokohama City University of Medicine approved
the experimental protocols. Informed consent was obtained
from the patients’ guardians, in accordance with Japanese
regulatory requirements.

Genomic DNA was isolated from peripheral blood leu-
kocytes using QuickGene 610L (Wako, Osaka, Japan). A
sample from patient 2 was captured using the SureSelect
Human All Exon v6 (60Mb) Kit (Agilent Technologies,
Santa Clara, CA, USA), and sequenced on an Illumina
HiSeq2500 (Illumina, San Diego, CA, USA) with 101 bp
paired-end reads. Image analysis and base calling were per-
formed using CASAVA software (Illumina). Sequence reads
were aligned to GRCh37 and PCR duplicates were excluded
using Novoalign (http://www.novocraft.com/) and Picard
(http://picard.sourceforge.net/), respectively. Indel realign-
ment and recalibration of base-quality scores were performed
using the Genome Analysis ToolKit (GATK) (http://www.
broadinstitute.org/gatk/). Variant calling and annotation were
performed using GATK UnifiedGenotyper and ANNOVAR
(http://www.openbioinformatics.org/annovar/) [7].

The average read depth of protein-coding regions had a
range of 64× and at least 97.3% of target bases were

sequenced by 10 or more reads. Common single-nucleotide
polymorphisms (SNPs) with minor allele frequencies ≥1%
in dbSNP 137 and variants that were observed in more than
5 of our 575 in-house ethnically matched control exomes
were filtered out. Among the remaining rare variants, we
focused on amino acid-altering or splice-affecting variants.
Particular attention was paid to mutations in known cau-
sative genes associated with ataxia, cerebellar atrophy, and
other neurodevelopmental disorders. SLC9A1 variants were
confirmed by Sanger sequencing of PCR products with an
ABI PRISM 3500xl autosequencer (Life Technologies,
Carlsbad, CA, USA), using genomic DNA from the patients
and their parents as a template.

Lymphoblastoid cells derived from patients were grown
in Roswell Park Memorial Institute 1640 medium supple-
mented with 10% fetal bovine serum, tylosin, and
antibiotic–antimycotic solution in a 5% CO2 incubator. After
incubation with dimethyl sulfoxide (DMSO) (as vehicle
control) with/without 30 µM cycloheximide (Sigma) to
observe the preventive effects of cyclophosphamide to
nonsense-mediated mRNA decay (NMD) for 4 h, total RNA
was extracted using RNeasy Plus Mini kit (Qiagen) and
genomic DNA was removed using recombinant DNase I
(Takara). Four milligrams of total RNA was subjected to

Table 1 Summary of clinical features of patients with SLC9A1 mutations

Patient profile This study Guissart et al.

Patient Patient I-1 Patient I-2 Summary of the three affected siblings

Gender Male Male One male and two female

Zygote Homozygote Homozygote Homozygote

Variant c.862del c.862del c.913G>A

Protein p.Ile288Serfs*9 p.Ile288Serfs*9 p.Gly305Arg

Age 8 years and 10 months 3 years and 1 month From 17 to 22 years

Ethnic group Han (Chinese) Han (Chinese) Turkish

Consanguinity Non-consanguineous Non-consanguineous First-degree consanguineous parents

Onset Age at onset 2 years and 6 months 1 year and 6 months After 1 year

Initial symptom Delayed walking Delayed walking Delayed walking or deafness

MRI Age 3 and 5 years N.A. 5 years

Findings Mild cerebellar atorphy N.A. Mild vermis atrophy (one of three patients)

Development Initial development Normal Normal Normal

Walking 1 year and 4 months 2 years From 18 months to 5 years (with aid required)

Language Mild delay (slurred
speech)

Within normal range None or sign language

Neurological
symptom

Seizure — — —

Ataxia + + +

Oculomoter Oculomoter apraxia N.D.

Deafness — — Severe to profound sensorineural deafness (the
lack of response at 100 dB in ABR)

Other features Cafe-au-lait spots on left thigh
Short statue (one of three patients showed −3.7
S.D.)

N.A. not assessed, N.D. not described, ABR auditory brainstem responses, MRI magnetic resonance imaging, S.D. standard deviation
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reverse transcription using PrimeScript 1st strand synthesis kit
with random hexamers (Takara). cDNA was isolated from
lymphoblastoid cells from a patient with a different disease
(Joubert syndrome with TMEM67 mutation) and the current
patients. Relative quantity of the cDNA was confirmed by
quantitative polymerase chain reaction (qPCR) with specific
primers (Supplemental Table 1) The qPCR was performed
using a QuantiFast SYBR Green PCR kit (Qiagen) on a
Rotor-Gene Q real-time PCR cycler (Qiagen). Relative ratios
of cDNA were calculated using the standard curve method
with Rotor-Gene 6000 Series Software 1.7 (Qiagen) by nor-
malizing with the autosomal internal control locus (ACTB).

Results

Clinical features

Clinical features of patients are summarized in Table 1. The
two affected brothers were born to non-consanguineous

Chinese parents. Patient 1 (the elder sibling) showed
unstable walking and mild motor developmental delay at
the age of 3 years. He did not show muscle weakness,
seizures nor deafness, but showed ataxia and mild delay of
talking. An auditory steady-state evoked response was
normal. Initial magnetic resonance imaging (MRI) findings
were unremarkable at 3 years, but a second MRI indicated
mild cerebellar atrophy at the age of 5 years (Fig. 1). Patient
2 (the younger brother) showed motor developmental delay,
especially in walking ability, and ataxia. MRI was not
performed on him, but his clinical course was similar to his
elder brother.

Genetic analysis

Whole exome sequencing of patient 2 (I-2, Fig. 2a) revealed
a homozygous truncating mutation, c.862del (p.Ile288-
Serfs*9) in SLC9A1. Segregation of the mutation based on
an autosomal recessive model was confirmed by Sanger
sequencing. The c.862del was absent from the databases of

Fig. 1 Brain MRI of patient I-1.
Axial (a) and sagittal (b) T1-
weighted brain magnetic
resonance imaging (T1WI)
showed normal findings at 3
years of age. At 5 years of age,
axial (c) and sagittal (d) T1WI
revealed mild cerebellar atrophy
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the Exome Aggregation Consortium (ExAC, http://exac.
broadinstitute.org/) and our in-house controls, and is
extremely rare (MAF 0.05 %) in the Tohoku Medical
Megabank Organization (ToMMo, https://ijgvd.megabank.
tohoku.ac.jp/) database. The evaluation scores of the mis-
sense showed a deviation of observed variant counts from
the expected number (mis-Z) of 4.37 and the probability of
being loss-of-function intolerant (pLI) of 0.952.

HomozygosityMapper (http://www.homozygosityma
pper.org/) showed that the younger patient (I-2) harbored
463 continuous homozygous single-nucleotide variants
(SNVs) in chromosome 1 (from 24,180,806 to 27,995,533;
3.8 Mb length, Supplemental Fig. 1). SNV typing of family
members indicated that the parents shared at least a 3.0 Mb
haplotype, which included the c.862del and three other
extremely rare variants. It implied that the c.862del was
derived from a common ancestor (Fig. 2).

SLC9A1 mRNA levels was confirmed using qPCR for
cDNA derived from patients lymphoblastoid cells. The
samples of both patients indicated low SLC9A1 mRNA and
the restoration by using cycloheximide which is one of
NMD inhibitor, implied that the c.862del (p.Ile288Serfs*9)
induced NMD (Fig. 3a).

The pathogenicity classification of mutations of the
American College of Medical Genetics and Genomics and the
Association for Molecular Pathology (ACMG/AMP) guide-
lines indicated that c.862del (p.Ile288Serfs*9) is pathogenic
(PVS1, PM2, PM3, PP1, and PP4, Supplemental Table 2).

Discussion

To date, a total of three individuals harboring pathogenic
mutations in SLC9A1 have been reported. Schematic of

Fig. 2 Familial pedigrees and electropherograms. Segregation of the
mutation (c.862del) in patients and their parents was confirmed by
Sanger sequencing. The c.862del was absent from the databases of the
Exome Aggregation Consortium (ExAC, http://exac.broadinstitute.
org/) and 1000 Genome data, and extremely rare (MAF: 2/3994= 0.05

%) in the Tohoku Medical Megabank Organization (ToMMo, https://
ijgvd.megabank.tohoku.ac.jp/) database. Haplotyping indicated that
the parents shared at least a 3.0Mb haplotype, including the c.862del
and three other rare homozygous variants
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NHE1 and reported and current variants are shown in
Fig. 3b [8, 9]. A homozygous c.913G>A (p.Gly305Arg)
mutation caused Lichtenstein–Knorr syndrome (showing
cerebellar ataxia and deafness) [6], and compound hetero-
zygous mutations, c.1351A>C (p.Ile451Leu) and
c.1585C>T (p.His529Tyr), caused a neuromuscular dis-
order [10]. One dominant mutation (de novo), c.796A>C (p.
Asn266His) was reported in a patient with multiple
anomalies (microcephaly, minor dysmorphisms, profound
developmental delays, epilepsy, and white matter abnorm-
alities) [11]. It remains largely unknown how different
SLC9A1 mutations can cause different functional
effects and thereby be associated with such distinct phe-
notypes. AP-1 cells expressing the p.Gly305Arg mutant
(the disease-causing mutation reported in patients with
Lichtenstein–Knorr syndrome) showed decreased levels of
mature glycosylated NHE1 protein and its subcellular
localization was also affected. [6, 12, 13]. At the cellular

level, the p.Gly305Arg mutant delayed the recovery from
acid treatment, indicating that defective NHE1 function
affected pH homeostasis. These results suggest that the
Lichtenstein–Knorr syndrome mutation (p.Gly305Arg) is
loss-of-function.

In this study, we identified a homozygous truncating
mutation (c.862del, p.Ile288Serfs*9) in cerebellar ataxia
patients. The mRNA analysis derived lymphoblastoid cells
indicated that the mutant transcript was eliminated by
NMD, leading to a critical defect in NHE1 function [14].
Functional studies of truncated NHE1, similar to our case
but terminated at amino acid 321, 449, 543, or 735,
demonstrated a decrease of NHE1 activity and expression
[15]. Therefore, we speculate that homozygous loss-of-
function mutations are defective and lead to cerebellar
ataxia.

Our patients showed cerebellar ataxia similar to that
previously reported for Lichtenstein–Knorr syndrome
(Table 1), suggesting a shared underlying pathological
mechanism [6]. However, neither brother showed sensor-
ineural hearing loss, implying that deafness might not be an
essential condition for diagnosis as a cerebellar disorder
resulting from SLC9A1 mutation. In addition, the patients
were born to Chinese (Han) non-consanguineous parents
and shared at least a 3.0 Mb loss of heterozygosity (LOH),
including the pathogenic c.862del and three other extremely
rare homozygous variants (Chr1:24,384,198T>A,
Chr1:24,997,828T>C, and Chr1:25,775,397T>C, based on
GRCh37/hg19). In a previous study of LOH in different
human populations, Europeans and East Asians have very
similar LOH profiles [16]. European population analysis
indicated the last common ancestor of the preceding six
generations resulted predominantly in LOH longer than 5
Mb, and losses of heterozygosity measuring 3 or 4Mb are
relatively common in non-consanguineous families [17].
This evidence supports the possibility of a common
ancestor in a far preceding generation, because the size of
the LOH is relatively small in our case.

In conclusion, our study supports a specific connection
between SLC9A1 and cerebellar ataxia (but not deafness).
The detailed clinical evaluation in this report provides
useful information for future diagnosis of cerebellar ataxia
caused by SLC9A1 mutation.
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