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Abstract

CIC-4 prominently expressed in brain.

in genetic counselling for this family.

Background: The Raynaud-Claes type of X-linked syndromic mental retardation (MRXSRC) is a very rare condition,
by intellectual disability ranged from borderline to profound, impaired language development, brain abnormalities,
facial dysmorphisms and seizures. MRXSRC is caused by variants in CLCN4 which encodes the 2CI7/H* exchanger

Case presentation: We present a 3-year-old Chinese girl with intellectual disability, dysmorphic features, brain
abnormalities, significant language impairment and autistic features. Brain magnetic resonance imaging (MRI)
showed a thin corpus callosum, a mega cisterna magna and ventriculomegaly. Whole exome sequencing (WES)
was performed to detect the molecular basis of the disease. It was confirmed that this girl carried a novel
heterozygous missense variant (c.1343C > T, p.Ala448Val) of CLCN4 gene, inherited from her mother. This variant has
not been registered in public databases and was predicted to be pathogenic by multiple in silico prediction tools.

Conclusion: Our investigation expands the phenotype spectrum for CLCN4 variants with syndromic X-linked
intellectual disability, which help to improve the understanding of CLCN4-related intellectual disability and will help
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Introduction

The Raynaud-Claes type of X-linked syndromic mental
retardation (MRXSRC, OMIM: 300114) is a rare X-
linked intellectual developmental disorder characterized
by borderline to severe intellectual disability (ID) and
impaired language development. Additional features in-
clude brain abnormalities, facial dysmorphisms, seizures,
behavioral problems, psychiatric disorders, and progres-
sive ataxia [1-3]. Intellectual disability of the affected
males was variable, even within families. Some heterozy-
gous females are unaffected, whereas others are affected
with a severity spectrum similar to that seen in males.

* Correspondence: zhangli_0612@163.com

Xin Xu and Fen Lu contributed equally to this work.

Department of Rehabilitation, Children’s Hospital of Nanjing Medical
University, No. 72 Guangzhou Road, Nanjing 210008, Jiangsu Province, China

K BMC

MRXSRC is caused by heterozygous loss-of-function
variants in CLCN4 (OMIM: 302910) on chromosome
Xp22.2 [1, 2]. CLCN4 encodes the 2ClI7/H" exchanger
CIC-4, which is a member of the chloride channel (CLC)
family and most homologous to CIC-3 and CIC-5 [4, 5].
Like its homologues, CIC-4 is a strongly outwardly recti-
fying 2Cl-/H+ exchanger and predominantly resides on
intracellular vesicles [6]. Variable neurological disorders
such as neurodegeneration, leukodystrophy, mental re-
tardation, myotonia have been described in humans and
mice with variants in other members of the CLC protein
family [5]. The biological function of CIC-4 may be re-
lated to the ion homeostasis, including endosomal acid-
ification and trafficking [7, 8]. However, the actual
physiological function of CIC-4, particularly in the brain,
remains unclear. Variants in CLCN4 was first dentified
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in five families with variable X-linked intellectual disabil-
ity and seizure disorder in 2016 [1]. To date, only about
40 patients with 22 variants were reported in Human
Gene Mutation Database (HGMD) and literature [1-3,
9-12]. Herein, we report a novel heterozygous variant of
CLCN4 in a Chinese girl diagnosed with MRXSRC and
the corresponding phenotypes.

Case presentation

The proband is a 3-year-old female who visited our De-
partment of Rehabilitation for delayed language develop-
ment. She was the first child of non-consanguineous
Chinese parents. Her antenatal and birth history were un-
remarkable. She was born by cesarean section with weight
of 3.2 kg and length of 50 cm. She presented hypotonia at
6 months old. The girl was able to sit unsupported around
the age of 10 months and walk independently at 28
months. At the age of 3 years, she received a comprehen-
sive physical examination. Her height was 95cm (50th—
75th percentile), weight was 15 kg (50th—75th percentile)
and head circumference was 47.5 cm (10th—25th percent-
ile). Her dysmorphic features included bushy eyebrows,
downslanted palpebral fissures, esotropia, depressed nasal
bridge, and sparse teeth (Fig. la). She had significant
speech delay and did not produce any meaningful words.
She showed poor eye contact and was not interested in
her surroundings, so she had an abnormal social inter-
action. Her blood counts, liver and renal function tests,
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thyroid profile, metabolic screen by mass spectrometry
were normal. Brain magnetic resonance imaging (MRI)
showed a thin corpus callosum, a mega cisterna magna
and ventriculomegaly (Fig. 2b). Long term video-
Electroencephalography (EEG) showed that atypical sharp
waves were emitted in the right occipital and posterior
temporal regions, but she had no history of seizures. Oph-
thalmological and hearing assessment were normal. Ac-
cording to the Gesell Developmental Diagnostic Scale for
children, the proband’s delayed speech indicated a devel-
opmental age of only 8 months. She was also evaluated by
Autistic Behavior Checklist (ABC) and Childhood Autism
Rating Scale (CARS) (ABC: score 61; CARS: score 36). A
detailed study of the family history did not show any rela-
tives with a similar presentation. Only the proband’s
mother had mild symptoms. Her mother graduated from
middle school with poor grades. Her pronunciation was
not clear and the language expression ability was slightly
poor. And the intelligence test score is 85.

To identify the underlying disease, the whole exome
sequencing was performed. The study protocol was ap-
proved by the Ethics Committee of Children’s Hospital
of Nanjing Medical University. Written informed con-
sent was obtained from the proband’s parents for the
publication of any potentially identifiable images or data
included in this article. The method of WES was men-
tioned in the previous report [13]. All genetic variants
were screened and listed in Table S1: Additional file 1.

A

magna and ventriculomegaly when the girl was 3 years old

Fig. 1 Clinical and imaging features of the proband. a The picture illustrates the facial dysmorphic features consisting of bushy eyebrows,
downslanted palpebral fissures, esotropia, depressed nasal bridge, and sparse teeth. b Brain MRI showed a thin corpus callosum, a mega cisterna
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Fig. 2 Sequencing results and analysis. a The variation of c.1343C > T, p.Ala448Val is a missense variant identified in the proband and her mother.
Her father did not carry the variant. Red arrows indicate the variant. b Orthologous protein sequence alignment of CLCN4 from different species.
The mutated residue demonstrating conservation of alanine (Ala) at codon 448 is indicated by the arrow
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Finally, the candidate variants were evaluated using the
American College of Medical Genetics and Genomics
(ACMGQG) guidelines criteria [14]. Findings from WES
were confirmed by Sanger sequencing in the trio. The
primer sequences for the variant to be confirmed were
forward 5'-GTCTTCCCAGCTCTGTGACT-3" and re-
verse 5'- TGTGAAGTGGGTTTGATGC-3'. We identi-
fied the proband carried a heterozygous missense variant
c1343C>T, p.Alad448Val in exon 9 of CLCN4 gene
(Genbank association number NM_001830). Sanger se-
quencing was applied to confirm the variant (Fig. 2a).
Her mother was confirmed to be the carrier of the het-
erozygous variant. The mother is a symptomatic carrier
with a milder clinical phenotype. The variant co-
segregation is consistent to the X-linked hereditary
mode in genetics. This missense variant causes an amino
acid substitution of an alanine residue with a valine resi-
due (p.Ala448Val). Comparative amino acid sequence
alignment of CLCN4 across different species at https://
www.ncbi.nlm.nih.gov/homologene revealed that the ala-
nine at position 448 is highly conserved (Fig. 2b). The
identified variant was not found in searched public data-
bases (ExAC, gnomAD, dbSNP and 1000 Genomes Pro-
ject). This variant was predicted by SIFT. PolyPhen-
2. MutationTaster. GERP++ and REVEL, and the re-
sults were all damaging (Table 1). This suggested that

this missense variant could be responsible for XLID in
this girl.

Discussion and conclusions

X-linked intellectual disability (XLID) is a clinically and
genetically heterogeneous disorder [15, 16]. To date,
there are more than 100 genes associated with XLID
[17]. MRXSRC, which is caused by variants in the
CLCN#4 gene, is considered as a syndromic form of X-
chromosome-linked ID, behavioral disorder, brain ab-
normalities, facial dysmorphisms and seizures. The vari-
ants in CLCN4 result in complete penetrance but
variable expressivity in males, and incomplete pene-
trance and variable expressivity in females. The variabil-
ity of symptoms in females is not correlated with the X
inactivation pattern studied in their blood [1, 2]. Palmer
et al. summarized 5 heterozygous females with de novo
mutations in CLCN4 who had a more severe phenotype
consistent with the phenotype in hemizygous males [2].
One had borderline, 2 had moderate, and 2 had severe/
profound intellectual disability. All 5 had impaired lan-
guage development. Two girls had seizure disorders of
varying severity, 2 had self-injurious behaviors, and 1
was assessed as emotionally reactive. In our study, the
proband with the novel variant of CLCN4 (c.1343C > T,
p-Ala448Val) displayed delayed intellectual development,

Table 1 Evaluation of possible impact of c.1343C > T, p.Ala448Val variant of CLCN4 by different bioinformatic prediction tools

Variant SIFT score PolyPhen-2 MutationTaster GERP++ REVEL
c1343C>T, 0.003 0.868 1 544 0.856
p.Ala448Val Damaging Possibly damaging Disease causing Damaging Damaging
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Fig. 3 Schematic diagrams showing structure of CIC-4. The variants were reported in HGMD and the literatures were shown in black, respectively.
The position of the variant identified in this study are shown in red. CBS, cytosolic cystathionine-beta-synthase

lack of language expression ability, autistic features, dys-
morphic features and brain abnormalities, which are
consistent with the characteristic clinical manifestations
of MRXSRC. Although the proband had no history of
seizures, but the video-EEG showed that she had epilep-
tiform discharges. So the proband still have the risk of
seizures and need further follow-up. In this family, the
mother was carrier for the variant, but her clinical symp-
toms were mild.

The CLCN4 gene, which is mapped to chromosome
Xp22.2, consists of 13 exons and encodes a 760 amino
acids protein CIC-4. CIC-4 proteins form homodimers
with a separate ion pathway within each subunit [18].
Each subunit is composed of 10 helical-transmembrane
domains, 6 helical-intramembrane domains and cyto-
solic cystathionine-beta-synthase (CBS) domains. Trans-
membrane domains form the ion pathway while CBS
domains affect membrane localization and regulate the
transmembrane component [4]. CIC-4 is significantly
expressed in the brain, especially in pyramidal cells, den-
tate gyrus of the hippocampus and the cerebellum Pur-
kinje cell layer [19, 20]. Until now, the actual
physiological role of CIC-4 is unclear. Previous studies
had found that knockdown of the Clcn4 gene in mouse
hippocampal neurons resulted in 30% less dendritic
branches compared to controls, and cultured neurons
derived from Clcnd™ "mice showed similar changes [1,
20, 21]. This indicates that CIC-4 play a important role
in the development of the nervous system.

To date, there are eighteen missense variants, two
frameshift variants, one splice site variant, one exonic
deletion variant in CLCN4 reported in HGMD and the
literatures (Fig. 3). As to our patient, She was found to
have a novel missense variant (c.1343C > T, p.Ala448Val)
in CLCN4 which is located in the eighth helical

transmembrane domain region of exon 9. As reported,
the majority of the missense variants affect residues in
the transmembrane or intramembrane part that contains
the ion translocation pathway, often close to the inter-
face of the two subunits of the CIC-4 protein [2, 20].
And these variants reduced or abolished the outwardly
rectifying CIC-4 exchange currents in heterologous ex-
pression in vitro [1, 2, 20]. Our variant causes changes
in conserved amino acids, which are predicted to be
pathogenic by multiple in silico prediction tools, sug-
gesting the pathogenicity of this variant. However,
in vitro functional expression studies are needed for fur-
ther verification. The intronic splice site variant (IVS9 +
5G > A) in a male patient with severe intellectual disabil-
ity reported in the literature was verified to affect spli-
cing leading to in-frame deletion of exon 9 [2].
Therefore, exon 9 is predicted to be a critical exon as it
codes for four helical transmembrane domains.

In conclusion, in this study we found a novel heterozy-
gous missense variant of XLID-related CLCN4 gene.
Through the analysis of clinical manifestations and the
mutated gene of the girl, it was speculated that the likely
cause of XLID in this case is a missense variant in
CLCN4. At present, the understanding of the molecular
mechanism of XLID is not comprehensive, and the find-
ings of this study expand the expression spectrum and
gene spectrum of XLID, which can provide a reference
for family counseling.
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