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1 | INTRODUCTION

Abstract

Background: Variants in the endosomal solute carrier family 9 member Aé (SLC9A6)/
(Na*,K")/H" exchanger 6 (NHE6) gene have been linked to epilepsy, speech loss, trun-
cal ataxia, hyperkinesia, and postnatal microcephaly.

Methods: In the present study, we evaluated genetic alterations in a 3-year-old
Chinese boy displayed features of epilepsy, psychomotor retardation, microcephaly,
low body weight, difficulty in feeding, excessive movement, attention loss, ataxia, and
cerebellar atrophy and his healthy family using WES method. The identified variant
was further confirmed by Sanger sequencing method. Finally, minigene assays were
used to verify whether the novel SLC9A6 intronic variant influenced the normal splic-
ing of MRNA.

Results: We identified a novel hemizygous splicing variant [NM_001042537.1: c.1463-
1G>A] in SLC9A6 by trio-based exome sequencing. The minigene expression in vitro
confirmed the splicing variant altered a consensus splice acceptor site of SLC?A6 in-
tron 11, resulting in skipping over exon 12.

Conclusions: Our finding extends the catalog of pathogenic intronic variants affecting

SLC9A6 pre-mRNA splicing and provides a basis for the genetic diagnosis of CS.

KEYWORDS
chinese boy, christianson syndrome, novel splicing variant, SLC9A6

The alteration of SLC9Aé causes a phenotype mimicking Angelman

Solute carrier family 9 member A6 gene (SLC9A6, OMIM 300231)
is located at Xq26.3 and encodes the alkali cation (Na*,K*)/proton
(H*) exchanger NHE6 isoform protein, which plays a critical role in
the regulation of pH lumen in early recycling endosomes and the

process of neuronal arborization and synapse development.!”®

Syndrome, now referred to as Christianson syndrome (CS,OMIM
300243).% To date, at least 35 different SLC9A6 pathogenic variants
have been identified.

CSis an X-linked neurodevelopmental and neurological disorder,
characterized in males by critical symptoms that include intellectual

disability, epilepsy, hyperkinesis, truncal ataxia, and postnatal-onset
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microcephaly.t>® Furthermore, these core phenotypic features
can also be accompanied by secondary symptoms, such as autistic
behaviors, poor weight gain, feeding difficulties, motor regression,
sleep disturbances, squint, high pain threshold, hypotonia, gas-
troesophageal reflux, and different degrees of cerebellar atrophy
(CA).”? Contrast to male, female variant carriers show milder phe-
notypes with variable penetrance.*!° Affected CS patients show a
remarkable neurological symptom may be due to high-level expres-
sion of mutant SLC9A6 gene in the central nervous system.“’12

To date, few Chinese CS patients have been reported. Here,
we report a Chinese boy presenting with Christianson syndrome
due to novel splicing variant NM_001042537.1: ¢.1463-1G>A in
the SLC9A6 gene. The variant is not mentioned in ClinVar, dbSNP,
1000genomes, NCBI, EXAC, or HGMD database. We performed
minigene splicing assay to validate the functional effect of variant in
SLC9A6 gene to determine whether the hemizygous site is a patho-
genic site for the affected boy.

2 | MATERIALS AND METHODS

2.1 | Patient and ethics
The present study was approved by the Ethics Committee of
Northwest women's and children's hospital (Xi'an, China). Written

informed consent was obtained from the parents.

2.2 | Samples and DNA extraction
Genomic DNA was extracted from 2-3 ml EDTA peripheral blood
sample using BloodGen Midi Kit (CWBIO), according to the manu-

facturer's protocol.

2.3 | Variant screening

Library enrichment for whole exome sequencing was conducted
using SeqCap EZ Exome v3 kit (Roche NimbleGen). Then, the en-
riched samples were sequenced by using an lllumina Hiseq 2500
(Illumina). The variants which is presented at least 20% of all reads
were identified as quality variants. Thus, all quality variants were
evaluated by bioinformatic tools including Polyphen2, PROVEAN,
and MaxEntScan. The pathogenicity of all quality variants was ac-
cessed by The American College of Medical Genetics and Genomics
(ACMG) Standards and Guidelines.*® The pathogenic variant was
validated by Sanger sequencing.

2.4 | Transcription analysis

SLC9A6 fragments containing intronll, exon12, and intron12 were
amplified from DNA of patient and control by nested PCR. The

first PCR was performed using genomic DNA as a template, with
37527-SLC9A6-F and 39956-SLC9A6-R as primers; the second PCR
was performed using products from the first PCR as a template, with
37833-SLC9A6-F and 39651-SLC9A6-R as primers; the third PCR
was performed using PCR products from the second round as a tem-
plate, with pcMINI-SLC9A6-Kpnl-F and pcMINI-SLC9A6-BamHI-R
as primers. The primer sequences were listed as Table 1.

Restriction enzymes Kpn | and BamH | were used to digest am-
plified products, and the digestion products were ligated to pcMINI
plasmid to obtain the pcMINI-SLC9A6-wt and pcMINI-SLC?A6-mut
plasmid (Figure 4A). The recombinant plasmids were then trans-
fected into human embryonic kidney cells (HEK-293T) and human
cervical cancer cells (HeLa) by lipofectamine 2000 (Invitrogen). After
48 h, cells were harvested and RNA was extracted by RNAiso Plus
(TAKARA). cDNA was synthesized using PrimeScript RT Master Mix
(TAKARA). Finally, the cDNA was identified using 1.8% agarose gel
electrophoresis and verified through sequencing.

3 | RESULT

3.1 | Clinical case report

The boy was born in full-term normal delivery without anoxia and
asphyxia history. His birth weight, length, and occipitofrontal cir-
cumference (OFC) were reported to be within normal range. There
were no family histories of mental illness, genetic illness, epilepsy,
and febrile seizures. His six-month-old sister was in good health. His
parents were both Han Chinese.

He started a seizure at the age of 12 months, characterized by
general tonic-clonic seizure, and has been treated with topiramate
(TPM) firstly. TPM was stopped using without permission from doc-
tor after half a month. However, 3 months later, he had frequent
general tonic-clonic seizures in clusters for 6 months, despite antie-
pileptic treatment by sodium valprorate (VPA). General tonic-clonic
seizures were suddenly completely controlled by additional use of
levoethylacetam (LEV) and repetitive transcranial magnetic stimu-
lation (rTMS), with a seizure-free interval between 22 months old
and 34 months old. During the absence of seizures, rTMS has been
added only a few times and then discontinued, LEV was replaced
with lamotrigine (LTG) because of his hyperkinesis and bad appe-
tite after using 6 months, and LTG was subsequently replaced with

TABLE 1 Primers for transcription analysis

Primers Sequence (5’-3’)
37527-SLC9A6-F ggcatgcaccaatatgectg
37833-SLCYA6-F ctgattccaaatccttggtt
39651-SLC9A6-R ttttatctgacctggtgata
39956-SLC9A6-R gtattctggaagcttggtag

pcMINI-SLC9A6-Kpnl-F
pcMINI-SLC9A6-BamHI-R

ggtaggtaccctgggattacaggcatgege
tagtggatccgtaaatgtccatgctatatt
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zonisamide (ZNS) because of his anaphylaxis after using one month.
But nocturnal seizures were found at age of 34 months, character-
ized by consciousness loss and upward gaze, without other abnormal
movements. Oxcarbazepine (OXZ) was added to the antiepileptic
treatment in external hospital. However, general tonic-clonic sei-
zures in clusters were appeared again at the age of 39 months, sub-
sequently followed by myoclonic and atonic seizure in clusters. Just
then, he was admitted to our hospital.

He was initially diagnosed as psychomotor retardation at the age
of 9 months, due to a visible delaying of developmental milestones,
including unstable sitting posture and undeveloped language. The
first electroencephalo graph (EEG) and magnetic resonance imaging
(MRI) indicated nothing abnormal. And he received rehabilitation
training regularly and achieved independent ambulation at the age
of 2 years and 6 months finally, but his gait was insecure and ataxic.
He had no autistic behaviors so far, but had hyperactive and dis-
tracted behaviors. He spoke little, occasionally, some unconscious
reduplicated words. He had poor weight gain because of having
poor appetite and frequent gastrointestinal discomfort. He hardly
ever drooled.

On physical examination, his weight was 11 kg (<1st centile),
belonged to severe underweight, his OFC 45 cm (<1st centile),
belonged to microcephaly. His mandibular tension was high and
with facial obesity, often closed teeth, restricted opening mouth.
The neurological examination was unremarkable except the
ataxic gait.

During hospitalization, most of the laboratory test results were
normal, which included ammonia, homocysteine, inorganic phos-
phorus, serum calcium, 25-(OH)D, ceruloplasmin, thyroid function,
erythrocyte sedimentation rate (ESR), urine organic acids analy-
sis, and karyotype. Thus, only serum free carnitine concentration
slightly reduced (7.68 umol/L, normal range: 8.5-50 pmol/L).

Furthermore, EEG and MRI were rechecked. Awake EEG re-
vealed that on the basis of diffuse irregular medium to high ampli-
tude 4-6 Hz 6 rhythm, middle to very high amplitude spikes, multiple
spikes, spikes and slow waves complex, and rhythms were exploded

frequently and asynchronously. The leads of frontal, occipital, and

FIGURE 1 Brain MRI findings. (A) Axial
T1-weighted image showing dysplasia of
inferior cerebellar vermis. (B) Mid-sagittal
T1-weighted image showing cerebellar
atrophy mainly in the vermis, and the
fourth ventricle enlarged
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temporal were prominent. The right hemisphere was more obvious
than the left. During sleep, epileptiform discharge was significantly
increased than awake (see Figure 1). The brain MRI revealed hypo-
plasia of inferior parts of cerebellar vermis, and enlargement of in-
ferior orifice of the fourth ventricle, and abnormal signals in the left
frontal cortex. The other intracranial structures including brainstem,
basal ganglia, and supratentorial brain structures were within normal
limits (Figure 2).

Since he came out of our hospital, there has been a seizure-free in-
terval of 5 months. During this period, his ambulation and appetite were
a little better than before, but his language development and weight
gain still changed little. He still had no autistic behavior, but he was eas-
ily irritated. He was more likely to suffer from upper respiratory infec-
tions than normal children, sometimes even had fever, but there was no
seizure. General tonic-clonic, myoclonic, and atonic seizures were no
longer appeared. But sleep seizures occurred occasionally again after
5 months, characterized by consciousness loss and upward gaze, with-
out other abnormal movements, and relieved after about 3 minutes.
The dose of LEV was adjusted from 30 to 60 mg/kg every day. After
each dose adjustment, the frequency of seizures would be significantly

reduced, but sleep seizures were not controlled completely.

3.2 | The whole exome sequencing reveals a novel
SLC9A6 splicing variant

Whole exome sequencing was performed on the proband and his
parents and sister, and variant filtering was performed as described
in the methods. Annotated whole exome sequencing data were ex-
amined for variants in genes for relevance for the epilepsy and devel-
opmental delay phenotypes. Finally, one splicing variant was chosen
as potential causal variant. The splicing variant NM_001042537.1:
¢.1463-1G>A was not previously reported in variant databases in-
cluding ClinVar, dbSNP, 1000genomes, NCBI, ExXAC, and HGMD da-
tabase. Sanger sequencing confirmed the hemizygous variant of the

SLC9A6 in the proband II-1, which was a de novo variant not founded

in his parents and sister (Figure 3).
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FIGURE 2 EEG findings. (A) Awake
EEG revealing on the basis of diffuse
irregular medium to high amplitude

4-6 Hz0 rhythm, middle to very high
amplitude spikes, multiple spikes,
spikes and slow waves complex, and
rhythms were exploded frequently and
asynchronously. The leads of frontal,
occipital, and temporal were prominent.
The right hemisphere was more obvious
than the left. (B) Sleep EEG revealing
frequent unsynchronized paroxysm of
middle to very high amplitude spikes,
mutiple spikes, spikes and slow waves
complex, and rhythms, over bilateral
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anterior-middle frontal, occipital, and
temporal. The right hemisphere was
more obvious. Epileptiform discharge was
significantly increased than being awake
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3.3 | Theintron c.1463-1G >A variant causes a
skipping transcription of exon 12

In vitro transcription analysis was performed to validate how the
variant affect splicing products. Figure 4B showed that mutant plas-
mid encoded a shorter transcriptional products compared to the
WT plasmid. The results of Sanger sequencing demonstrated the
intron mutant lead to a complete skipping of exon 12 (Figure 4C,
Figure 4D).

4 | DISCUSSION

According to our literature review and this study, at least 35 dif-
ferent SLC9A6 pathogenic variants have been identified, which
included 16 exonic variants and 10 intronic splices site variants
(Table 2).3>%914-30 The exonic mutational spectrum showed that
exon 12 was a high incidence region of pathogenic variants, ac-
counting for 43.8% of all exonic pathogenic variants. SLC9A6 is a
twelve-span transmembrane protein and exon 12 encodes the last

transmembrane motif.> The mutational spectrum indicated a vital
role of exon 12 in the function of SLC9A6. The de novo splice-site
variant [NM_001042537.1: c.1463-1G>A] in SLC9Aé6 was identified
as a novel pathogenic variant in this report. This variant is closest
variant to C-terminal of the known pathogenic intron variant, and it
causes the skipping transcription of exon 12. Given the importance
of exon 12, the pathogenicity of this variant is predicated.

This patient presented drug refractory epilepsy, global psy-
chomotor development delay, microcephaly, underweight, feeding
difficulties, hyperkinesis, attention-deficit, ataxic gait and mild CA,
no mouth opening, and no drooling and had a de novo splice-site
variant in SLC9A6 on the X chromosome which caused a skipping
transcription of exon 12. Consequently, the patient was diagnosed
as CS definitely.

The clinical presentations of this patient were almost consis-
tent with the characteristics of CS, except for no mouth opening,
no drooling, and no autistic behavior; many previous literatures also
have described the above symptoms as secondary symptom.3’31
The detailed mechanism might be related to different variants of
SLC9A6 gene leading to different phenotypes of CS.
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Standard sequence

I

I1

12
I2

12

1
TYTCTGTTCCCCTOGTAGGCCTT CGTAGAGTAGC A/

i
TYCTOTYTCCCCTYTOGTAAGCCTYT CAGTAGATAGC A/

4
FTYCYTOTTCCCCTAOTAGOCCTTY COTOOAGTAC A

i
TYTCTGYTT CCCCTAGTAGGCCTTY CGTGGTGCA

i
Trrecr¥arrccccraraaaccrrcaraaracas

FIGURE 3 A.Family's pedigree and variant. Pedigree of the family. B. Sanger sequencing revealed a splice-site variant in SLC?A6 gene

" c.1463-1G>A ©

TTCCCCTGTA[GleccTTCETGE" E . ®

61 620
TTCCCCTGTAA[GCCTTCETGG" m_.&m‘Aﬂon,zAm__
/\

/\/\/\/\/\/\/\/\A/\ MUT - - TExonA :m_ _
B D
IR Hela 293T (D)

Marker WT MUT WT MUT
ExonA Exon12 ExonB

WT

CTAGACAAGlGCCTTCGTGggCATATCAGlGAGCTCATT

AAAAAAAAANAA SR

SAATAVAVVi VAV VAVATAYATS

ExonA\‘"“*—r“"' ExonB

ACTCCATGGCCTAGACAAGIGAGCTCATTGGTGCAACG

i /\/\/\/\/\/L/X/\/\ /\/\/\/\A/\/\Z/S}/\/\/\/\/\/\/\/\Ag/\/\/\/\/\/ ANA

FIGURE 4 Splicing analysis using a minigene assay. (A) Construction of the pcMINI-SLC9A6-wt and pcMINI-SLC9A6-mut plasmid.

(B) Reverse-transcription polymerase chain reaction (RT-PCR) products were separated by electrophoresis of the pcMINI-SLC26A4-wt/

mut vector in HelLa and 293T cells. The longer band represented the wild-type transcript (WT) with a length of 543 bp, the shorter band
represented the mutated transcript (MT) with a length of 249 bp. (C) Schematic diagram of minigene construction and schematic diagram of
Sanger sequencing of RT-PCR products. (D) Sanger sequencing of the RT-PCR products, the wild-type transcript consisted of exon A, 12, and

B, in contrast, the mutated transcript consisted of exon A and B, without exon 12
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According to the previous reports, CS specific brain MRI pre-
sented as CA. CA occurred mainly in the inferior parts of vermis
and cerebellar hemisphere, especially in the cerebellar vermis.”
This patient has received two brain MRI scans at the age of
9 month and 3 year, respectively. The first brain MRI showed nor-
mal intracranial structures, but the later brain MRI showed the in-
ferior parts of cerebellar vermis dysplasia and the inferior orifice
of the fourth ventricle enlargement (Figure 1), which indicated
that the cerebellum was slowly atrophy and its further develop-
ment should be monitored during follow-up. It was reported that
the occurrence of CA was mainly related to the extensive progres-
sive loss and degeneration of cerebellar Purkinje cells caused by
SLC9A6 gene variant in the CS.2! The above results indicated that
the occurrence of CA was progressive in the CS. According to the
neuroimaging data of 17 CS patients, the average age of onset of
CA was about 11 years old.” Therefore, although the brain MRI
scans indicate no abnormality, the possibility of CS should also
be considered in the patients with mental retardation less than
1 year of age. Their brain MRI should be monitored constantly and
regularly after onset.

There are still some limitation in this study. On the one hand,
transcription analysis in the patient was not investigated. It was re-
ported that peripheral blood mRNA analysis is helpful for ascertain-
ment of alternative splicing of SLC9A6 induced CS.2? On the other
side, the correlation between genotype and phenotype is still need
further investigation.

In conclusion, few Chinese CS patients have been re-
ported based on the current literature. This case described the
clinical manifestations of a Chinese CS patient, including ep-
ilepsy, microcephaly, ataxia, and progressive cerebellar atro-
phy. SLC9A6 NM_001042537.1: c.1463-1G>A was found to be a
pathogenic variant. The novel finding broadens the spectrum of
SLC9A6 gene variants in CS and provides a basis for the genetic

diagnosis of CS.
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