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Objective: The dysfunction of the CLCN4 gene can lead to X-linked intellectual

disability and Raynaud–Claes syndrome (MRXSRC), characterized by severe

cognitive impairment and mental disorders. This study aimed to investigate the

genetic defects and clinical features of Chinese children with CLCN4 variants and

explore the e�ect of mutant ClC-4 on the protein expression level and subcellular

localization through in vitro experiments.

Methods: A total of 401 children with intellectual disabilities were screened for

genetic variability using whole-exome sequencing (WES). Clinical data, including

age, sex, perinatal conditions, and environmental exposure, were collected.

Cognitive, verbal, motor, and social behavioral abilities were evaluated. Candidate

variants were verified using Sanger sequencing, and their pathogenicity and

conservation were analyzed using in silico prediction tools. Protein expression

and localization of mutant ClC-4 were measured using Western blotting (WB) and

immunofluorescencemicroscopy. The impact of a splice site variant was assessed

with a minigene assay.

Results: Exome analysis identified five rare CLCN4 variants in six unrelated

patients with intellectual disabilities, including two recurrent heterozygous de

novo missense variants (p.D89N and p.A555V) in three female patients, and two

hemizygous missense variants (p.N141S and p.R694Q) and a splicing variant

(c.1390-12T > G) that are maternally inherited in three male patients. The p.N141S

variant and the splicing variant c.1390-12(T > G were novel, while p.R694Q was

identified in two asymptomatic heterozygous female patients. The six childrenwith

CLCN4 variants exhibited a neurodevelopmental spectrum disease characterized

by intellectual disability (ID), delayed speech, autism spectrum disorders (ASD),

microcephaly, hypertonia, and abnormal imaging findings. The minigene splicing

result indicated that the c.1390-12T > G did not a�ect the splicing of CLCN4

mRNA. In vitro experiments showed that the mutant protein level and localization

of mutant protein are similar to the wild type.

Conclusion: The study identified six probands with CLCN4 gene variants

associated with X-linked ID. It expanded the gene and phenotype spectrum of

CLCN4 variants. The bioinformatic analysis supported the pathogenicity of CLCN4

variants. However, these CLCN4 gene variants did not a�ect the ClC-4 expression

levels and protein location, consistent with previous studies. Further investigations

are necessary to investigate the pathogenetic mechanism.
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Introduction

Raynaud–Claes syndrome (MRXSRC) is a rare X-linkedmental

developmental disorder characterized by intellectual disability

(ID) or global developmental delay (GDD), language delay,

autism spectrum disorder (ASD), anxiety, hyperactivity, epilepsy,

brain abnormalities, and facial dysmorphism (1–6). Although

those from the male sex are typically more affected than those

from the female sex, some female patients may exhibit severe

neurodevelopmental deficits similar to male patients due to X-

chromosome inactivation (4).

MRXSRC (OMIM, #300114) is caused by mutations in

the CLCN4 gene (OMIM, #302910), leading to ClC-4 protein

dysfunction. The CLCN4 gene was initially identified and cloned

by van Slegtenhorst et al. (7) who discovered an evolutionarily

conserved region (CpG island). CLCN4 is located on the Xp22.3

region of the human chromosome, but it is autosomal in other

species due to chromosomal rearrangement and X-inactivation

during evolution (8). Di Nguyen et al. (9) compared the

CLCN4 gene structure across multiple species and found that the

translation start codons (ATG) are present at the beginning of

the third exon, while the last exon (exon 13) terminates with the

poly(A) tail in all examined species. The coding sequence from

exon 3 to 13, which exhibits nearly 90% sequence identity among

various species, is highly conserved throughout evolution. The

CLCN4 gene encodes ClC-4, an intracellular 2Cl−/H+ transporter

(7, 10, 11). ClC-4 is widely expressed in the brain tissue, particularly

in cerebral cortex pyramidal neurons and the cerebellar Purkinje

cell layer (12). It is a 760-amino acid transport protein with 12

predicted hydrophobic domains, sharing high sequence homology

and structural similarity with other family members of voltage-

gated chloride channels (ClCs).

ClCs belong to two main branches: chloride channels and

anion/proton antiporters. In mammals, ClC-1, ClC-2, and ClC-

Ka/Kb are chloride channels located in the plasma membrane,

while ClC-3 to ClC-7 are 2Cl−/H+ exchangers found in

endolysosomal membranes. The structures of ClCs are remarkably

similar. Among the ClC family, ClC-1, ClC-2, and ClC-K proteins

are located at the plasma membrane and distributed in different

tissues. ClC-K has two highly homologous isoforms that require

the β-subunit barttin. On the other hand, vesicular ClCs (ClC-3

through ClC-7) have been shown to facilitate the acidification of

intracellular vesicles by shunting the H+-ATPase currents (11). All

ClC transporters exhibit strong outward rectification although the

precise molecular mechanisms underlying this phenomenon are

not yet fully understood (13).

ClC-4 and ClC-3 are highly conserved homologous isoforms

displaying ∼80% sequence identity. They are expressed in various

tissues, with strong expression observed in the brain (7, 14).

It is possible that these proteins may form functional ClC-3/4

heteromeric Cl−/H+ exchangers (15–17). ClC-4 homodimers are

primarily found in the endoplasmic reticulum (ER), while ClC-

3 forms heterodimers with late recycling endosomes/lysosomes

(17). As mentioned in previous studies, ClC-4 may play an

important role in the vital functions of transepithelial transport,

endocytosis, endosomal acidification, and transferrin trafficking

(16, 18, 19). Moreover, ClC-4 overexpression might contribute to

the increased copper loading of ceruloplasmin, osteogenesis of the

osteoprogenitor cell line, cancer cell proliferation and migration,

and neurite outgrowth induced by nerve growth factor (20–22).

However, the precise mechanisms by which the ClC-4 protein

exerts these diverse influences remain unknown.

The gating glutamate plays a crucial role in the process of

proton exchange for ClC-4 (23, 24). Through electrophysiological

studies in Xenopus oocytes, Palmer et al. (25) found that gain-

of-function (GOF) variants (including recurrent p.D89N and

p.A555V variants) exhibited increased abnormal currents at

negative voltages and disturbed the negative feedback mechanism

of acidic luminal pH. On the other hand, loss-of-function

(LOF) variants showed a shift in voltage-dependent activation

toward more positive voltages. These findings suggest an

impairment in the gating process of ClC-4. Guzman et al. further

demonstrated that the impaired functions of ClC-4 may be

compensated for or exacerbated by additional chaperone proteins

and compensatory processes (26). Therefore, more sophisticated

and reliable experimental systems are necessary to explore these

possibilities in the future.

According to the Human Gene Mutation Database (HGMD)

and previous reports (1, 2, 4, 6, 25, 27), more than 60 different

variants of the CLCN4 gene have been described, with missense

variants being the most common (Supplementary Figure 1). In this

study, we screened 401 children with intellectual disability (ID)

and identified five CLCN4 variants in six individuals, aiming to

gain further insights into the clinical and genetic characteristics

of MRXSRC.

Materials and methods

Patient data

We screened 401 children with ID using genetic testing

conducted from 1 December 2018 to 31 October 2022. We

retrospectively included patients who met the following ID criteria:

patients with an intellectual disability disorder with poor or

absent speech, autistic features, delayed motor delay, and certain

brain imaging abnormalities. The study was approved by the

Ethics Committee of the Children’s Hospital of Nanjing Medical

University (Nanjing, China) and was conducted according to

the Helsinki Declaration. Informed consent forms were obtained

from all legal guardians, and we collected clinical information,

demographic data, clinical progression details, neuroimaging

findings, as well as blood samples from the probands and their

family members.

DNA extraction and whole-exome
sequencing

A 2ml peripheral venous blood sample was collected and

placed into disposable vacuum tubes for genetic analysis.

Genomic DNA was extracted from peripheral leukocytes using a

DNA isolation kit (Tiangen, Beijing, China) following standard

protocols. The DNA samples were subjected to whole-exome
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sequencing (WES) and next-generation sequencing (a total list of

42 ID-implicated genes is displayed in Supplementary Table 1). The

WES analysis was conducted by Mygenostics Medical Laboratory

Co. Ltd. (Beijing, China). The experimental steps involved the

use of an Illumina HiSeq 2000 platform (Bio-Rad, Hercules, CA,

USA) with 2 × 100-bp paired-end reads. Variants with an allele

frequency >1% were excluded from further analysis. The minor

allele frequency (MAF) data were obtained from various databases,

including the Genome Aggregation Database (gnomAD), 1000

Genomes MAF (Chinese), dbSNP, ExAC, and an internal MAF

database. The identified variants were interpreted following the

guidelines of the American College of Medical Genetics and

Genomics (ACMG). To validate the predicted variants in the

CLCN4 gene, Sanger sequencing was performed. This additional

sequencing technique helped confirm the presence or absence of

the identified variants, as predicted by in silico tools.

In silico analysis of the CLCN4 variants

The in silico analysis of missense variants was performed using

polymorphism phenotyping (PolyPhen-2), sorting intolerant from

tolerant (SIFT), mutation taster, PROVEAN, and CADD. Splice site

variants were predicted using MaxEntScan and dbscSNV software.

Alignments of CLCN4 and its orthologs were performed using

Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/).

Plasmid construction
The wild-type full-length human CLCN4 cDNA (GenBank

NM_001830) was synthesized by Youbio Biotechnology Company.

The recombinant plasmid was inserted into pcDNA3.1-3xFlag

vectors by subcloning (Vazyme, Nanjing City, China). Based

on the construction of the expression plasmid of wild-type

pcDNA3.1-3xFlag-C1C-4-WT, four mutants, namely pcDNA3.1-

3xFlag-C1C-4-D89N, pcDNA3.1-3xFlag-C1C-4-R694Q,

pcDNA3.1-3xFlag-C1C-4-A555V, and pcDNA3.1-3xFlag-C1C-

4-N141S recombinant expression plasmid, were constructed

using the Mut Express II Fast Mutagenesis kit (Vazyme Biotech

Co., Ltd., Nanjing, China). All constructs were confirmed by

bidirectional sequencing.

Cell culture and transfection
HEK-293T cells (human embryonic kidney cells) were

transiently transfected with wild-type (WT) or mutant hClC-4.

Briefly, 24 h before transfection, HEK-293T cells were seeded

in six-well plates with 2ml of DMEM in each well at 37◦C

in an atmosphere of 5% CO2. After the cells were 50–70%

confluent, HEK-293T cells were transfected with purified

plasmids (containing either wild-type or mutant CLCN4) using

PolyJetTM (SignaGen) by the manufacturer’s protocols. The final

concentration of each plasmid after transfection was 0.01 µg/µL.

Transfection was conducted for 4 h with 2 µg of pcDNA3.1-

3xFlag-C1C-4-D89N, pcDNA3.1-3xFlag-C1C-4-R694Q,

pcDNA3.1-3xFlag- C1C-4-A555V, pcDNA3.1-3xFlag-C1C-4-

N141S, and pcDNA3.1-3x Flag-WT DNA, and the cells were

harvested after 24 h.

Western blotting
HEK-293T cells were rapidly washed with ice-cold PBS, and

whole-cell lysates were generated using a lysis buffer containing

protease inhibitors. The cell total proteins were extracted according

to the manufacturer’s instructions (Beyotime, Nanjing, China).

Protein concentration was determined using a micro-BCA protein

assay kit with BSA as a standard (Pierce, Thermo). Then, 20 µg

of total protein was separated by 10% SDS-PAGE and transferred

onto the PVDF membrane. The membranes were blocked by TBS-

T (0.1% Tween 20 in TBS) containing 5% non-fat milk for 1 h

at room temperature and then incubated with primary antibodies

against Flag (1: 1,500; Sigma-Aldrich), GAPDH (1: 1,500; ProTech)

overnight at 4◦C, followed by the incubation of HRP-labeled

secondary antibodies at room temperature for 1 h. Membranes

were visualized by the chemiluminescence reaction. Band intensity

was quantified using ImageJ software (National Institutes of Health,

Bethesda, MD). Differences between groups were calculated using

an unpaired t-test with GraphPad Prism software. All experiments

were repeated at least three times, and data were presented as the

mean± SD.

Immunofluorescence
To determine the localization of ClC-4, HEK-293T cells were

grown in 24-well culture plates containing glass slides in DMEM

with 10% FCS in a 5% CO2 atmosphere at 37◦C. The wild-type and

four mutant ClC-4-3xFlag plasmid DNAs were transfected using

PolyJetTM (SignaGen), according to the manufacturer’s guidelines.

Then, the cells were fixed with methanol for 20min at 4◦C

followed by staining the cells’ nuclei with DAPI (4
′

, 6-diamidino-

2-phenylindole). The cells were rinsed with PBS and incubated

with the primary mouse anti-Flag (1:400; Sigma-Aldrich, St. Louis,

MO) and rabbit anti-Na+/K+-ATPase antibodies (1:400; Abcam,

Cambridge, MA) overnight at 4◦C. The secondary antibodies were

added and incubated for 2 h at 37◦C. Imaging was performed on

an inverted confocal laser scanning microscope using a 63/1.4 oil

immersion objective. The excitation wavelength was 488 nm for

the enhanced green fluorescent protein (EGFP), 543 nm for Cy3,

and 340 nm for DAPI. Moreover, the wild-type and mutant ClC-

4 proteins were stained with ClC-4-specific antibodies (green) to

revalidate the effect of mutant protein on subcellular localization.

Results

Clinical features of six probands

In this study, we identified six probands (three male and three

female patients) who carried rare CLCN4 variants. MRXSRC was

shown to be caused by variants in the CLCN4 gene according to

previous research (14) and the OMIM database. The pedigree of

the families with CLCN4 variants is presented in Figure 1A. All

six children were below 3 years of age at the time of presentation

and exhibited varying degrees of global developmental disorders

and language delays. Among the probands, three girls (P1, P3,

and P4) displayed microcephaly, while two boys (P2 and P5) had

microcephaly below the median range. The boys (P2, P5, and P6)

also exhibited autistic behaviors. The clinical phenotypes observed
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FIGURE 1

Clinical findings of a�ected individuals. (A) Pedigrees of influenced families and variants of the probands. Pedigrees of six unrelated families with

CLCN4 variants. The probands are indicated by arrows. I and II indicate the first and second generations, respectively. Squares represent male

individuals, circles represent female individuals, filled symbols indicate a�ected individuals, open symbols indicate healthy individuals, circles with

dots indicate asymptomatic carriers, and triangles represent spontaneously aborted fetuses. Number 4 represents the number of abortions. (B) MRI

of four patients. P1: Delayed myelination. P3: A widened bilateral frontal-temporal extra brain space and an enlarged left ventricle (indicated by red

arrows). P4: Brain dysplasia: small cranial volume; slightly thin posterior of the corpus callosum; widened ventricles and bilateral lateral fissure pools.

P6: Possible right temporal arachnoid cyst and slightly wide left temporal subcranial plate gap.
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in these patients were complex and varied. P1 exhibited distinctive

features such as microcephaly, esotropia, and hypertonia. P2

demonstrated limited eye contact, a lack of interest in social

interactions, and an absence of normal imitative actions. He was

also evaluated by the Autistic Behavior Checklist (ABC) (score <

50) andDevelopmental Screen Test (DST) [developmental quotient

(DQ) score < 50 and mental index (MI) score < 50]. P3 initially

showed normal development at birth but exhibited hypertonia at

a physical examination conducted at 7 months old. The child’s

motor and cognitive function were delayed compared to other

children of the same age. At 11 months, P3′s height was 68.8 cm

(<-1SD), weight was 7.8 kg (<-1SD), and head circumference

was 40.6 cm (<-3SD). P3 was also evaluated by the DST (DQ

score < 45 and MI score < 50). P4 experienced swallowing

difficulties, slight limb hypertonia, and occasional involuntary

shaking although there was no history of seizures. P5 had feeding

difficulty and behavioral abnormalities. Neurological examination

revealed poor visual and auditory facial reflexes. P6 suffered from

septicemia during infancy and was non-verbal at the age of 2

years. Further details can be found in the Supplementary material.

Due to the loss of contact with patients and limited resources,

we encountered challenges in obtaining complete follow-up data.

Overall, the clinical features observed in these six probands

were characterized by a range of developmental delays, language

impairments, microcephaly, hypertonia, behavioral abnormalities,

and other associated symptoms.

Brain magnetic resonance imaging (MRI) was performed in

four patients (P1, P3, P4, and P6), and the results revealed a

diverse spectrum of abnormalities, as shown in Figure 1B. In the

case of P1, the MRI displayed delays in myelination development.

For P3, the MRI revealed a widened bilateral frontal-temporal

extra brain space and an enlarged left ventricle. P4 exhibited brain

dysplasia, where the cranial volume was small, and the bilateral

frontal areas appeared more pointed, the posterior part of the

corpus callosum was slightly thin. The supratentorial ventricles

were significantly widened, the bilateral ventricles were dominant,

the bilateral lateral fissure pools were wide, the cerebral sulcus was

slightly wide and deep, and the extracerebral space was slightly

wide. P6 had a possible right temporal arachnoid cyst and a

slightly wide subcranial space in the left temporal plate. Overall,

the brain MRI findings in these patients demonstrated a range

of abnormalities, including delays in myelination development,

enlarged ventricles, brain dysplasia, and the presence of cysts.

These imaging abnormalities contribute to the understanding of the

underlying neurological manifestations associated with the CLCN4

gene variants in these individuals.

Variants detected in the CLCN4 gene

Genetic analysis was conducted on DNA samples from all

participants using WES and Sanger sequencing of CLCN4. We

identified four missense variants (p.D89N, p.N141S, p.A555V, and

p.R694Q) and a novel splice site variant (c.1390-12T > G) in the

six patients (Figure 2A). Three unrelated female patients carried

two de novo heterozygous recurrent missense variants, p.D89N

(P1) and p.A555V (P3 and P4). Three hemizygous variants that

are maternally inherited were identified in three unrelated male

patients: P2 carried a novel missense variant, p.N141S, P5 carried

a novel splicing variant (c.1390-12T > G), and P6 carried the

p.R694Q variant that had been reported in two healthy female

carriers. According to the ACMG guidelines, the p.D89N, p.N141S,

and p.R694Q variants were predicted to be of uncertain significance

[(PM1 +PM2 + PP3), (PM2 + PP2 + BP4), and (PP2 + PP3)],

while the p.A555V variant was predicted to be pathogenic (PS2 +

PS4+ PM2_supporting+ PP3) (13) (Table 1).

Based on five in silico predictions (PolyPhen-2, SIFT, mutation

taster, PROVEAN, and CADD), all variants were most likely

damaging and deleterious (Supplementary Table 2). The p.D89N,

p.N141S, and p.A555V variants were located in the transmembrane

domain, while the p.R694Q variant was in the cytoplasmic domain

(Figure 2B). These altered residues are highly evolutionarily

conserved across species except for p.N141S, indicating that they

are likely harmful variations (Figure 2B). A comparison of the

homology of nine members of the ClCs family revealed that the

p.D89N and p.A555V variants were highly conserved, whereas the

p.R694Q variant was partially conserved, and the p.N141S variant

was not (Supplementary Figure 2).

According to the ACMG guidelines, the novel splice site variant

(c.1390-12T > G) was predicted to be of uncertain significance

(PM2 + PP3). This variant is located at the 12th position of

the splice acceptor site of exon 10 and has not been previously

reported in any public genomic databases. In silico predictions

using MaxEntScan and dbscSNV suggested that this splicing

variant was likely deleterious.

In vitro studies of CLCN4 variants
We examined the levels of expression of ClC-4 in whole cells

of HEK-293T and observed that cells were transfected with wild-

type and four mutant constructs (p.D89N, p.N141S, p.A555V,

and p.R694Q). The flag-specific monoclonal antibody revealed a

protein band (84.9 kDa) with similar protein expression levels

for all constructs (Figure 3). Subsequently, an immunofluorescence

assay was performed to evaluate the localization of WT-ClC-

4 and Mut-ClC-4 in HEK-293T cells. The result showed that

all four CLCN4 variants do not alter the subcellular location of

ClC-4 (Figure 4).

To verify whether the c.1390-12T > G variant impaired

mRNA splicing, we performed a minigene splicing assay in

vitro. We evaluated the effect of the variant on splicing by the

pSPL3 minigene reporter in HEK-293T cells. The cDNA analysis

prepared from HEK293 cells indicated that the c.1390-12T > G

variant may disturb normal splicing in vitro. However, agarose gel

electrophoresis performed by RT-PCR products showed that no

skipping exons occurred (Figure 5). Finally, our minigene splicing

assay confirmed that the novel variant of c.1390-12T > G did not

affect the normal splicing of CLCN4mRNA.

Discussion

In this study, we identified six probands from unrelated

Chinese families with one splice site variant and four missense

variants of the CLCN4 gene. CLCN4 gene mutations have been
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FIGURE 2

Genetic bioinformatics analysis. (A) Gene sequencing of the six patients with CLCN4 variants. The probands show a nucleotide change (red arrow).

Two peaks show a heterozygous nucleotide change and a single peak shows a hemizygous nucleotide change (A, adenosine; G, guanine; C,

cytosine; T, thymidine). (B) The variants identified in this study are shown in red. B to Q represent transmembrane and intramembrane domains

(green domains represent helical transmembranes and yellow domains represent helical-intramembranes). Multiple-sequence alignment confirms

the evolutionary conservation of missense variants in the animal kingdom (CD, cytoplasmic domain; CBS, cystathionine-beta-synthase domains).

previously associated with MRXSRC (28, 29), and the clinical

findings in our probands were consistent with the pathophysiology

observed in MRXSRC, including a broad phenotypic spectrum

ranging from ID, language delay, abnormal behaviors, brain

abnormalities, and facial dysmorphism (2).

MRXSRC is an extremely genetically heterogeneous sex

chromosome-associated ID, with those of the male sex being more

frequently affected than those of the female sex. CLCN4 variants

have been shown to exhibit complete penetrance, with variable

expressivity in those of the male sex and partial penetrance and

variable expressivity in those of the female sex (5). In our study,

all male patients (P2, P5, and P6) exhibited autistic features and

severely delayed speech development or were non-verbal. Palmer

et al. (4) reported a French family (MRX15) with non-syndromic

X-linked intellectual disabilities, in which all affected male

patients had mild-to-profound ID/GDD with variable behavioral

problems, while two female heterozygotes were unaffected. These

observations suggested that CLCN4 variants associated with

MRXSRC are sex-related. Epilepsy is also a significant characteristic

feature of CLCN4-related neurodevelopmental conditions. Palmer

et al. (25) found that over 50% of male patients and 20% of

female patients had seizures. Although our patients did not
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TABLE 1 Variants of the CLCN4 gene identified in this study.

Patient Nucleotide
change

Amino
acid
change

Location Domain Hom/Het ACMG De novo Reported

P1 c.265G > A p.Asp89Asn E5 TM Het VUS (PM1+

PM2+ PP3)

Yes (25)

P2 c.422A > G p.Asn141Ser E5 TM Hemi VUS (PM2+

PP2+ BP4)

Mother No

P3 c.1644C > T p.Ala555Val E11 TM Het P (PS2+ PS4

+

PM2_Supporting

+ PP3)

Yes (4)

P4 c.1644C > T p.Ala555Val E11 TM Het P (PS2+ PS4

+

PM2_Supporting

+ PP3)

Yes (4)

P5 c.2081G > A p.Arg694Gln E12 CD Hemi VUS (PP2+

PP3)

Mother No

P6 c.1390-

12(IVS9)T >

G

- IVS9 - Hemi VUS (PM2+

PP3)

Mother No

CD, cytoplasmic domain; E, exon; Het, heterozygous; Hemi, hemizygous; Hom, homozygous; IVS, intron; P, pathogenic; P1-P6, Patient 1-Patient 6; TM, transmembrane domain; VUS, variants

of uncertain significance. The criteria for pathogenic variants can be divided into very strong (PVS1), strong (PS1∼4), moderate (PM1∼6), or supporting (PP1∼5). The evidence for benign

variation can be classified as stand-alone (BA1), strong (BS1∼4), or supporting (BP1∼6). Among them, the number is only used as a class label for reference and is not meaningful.

FIGURE 3

Western blot analysis of wild-type and mutated ClC-4. (A) The protein levels of ClC-4 WT, D89N, and R694Q variants in HEK293 cell. (B)

Quantification analysis of the ClC-4 WT, D89N, and R694Q variants. (C) The protein levels of ClC-4 WT, A555V, and N141S variants in HEK293 cell. (D)

Quantification analysis of the ClC-4 WT, A555V, and N141S variants. Western blot analysis of the HEK293T cell expressing wild-type and mutant

ClC-4. The proteins are expressed at similar levels. Di�erences between groups were calculated using an unpaired t-test with GraphPad Prism

software. All experiments were repeated at least three times, and data were presented as the mean ± SD. It was not statistically significant (P > 0.05).

All lanes are taken from the same gel and blot.

experience any seizures, ongoing surveillance of the incidence

of seizures in childhood would be clearly warranted. A previous

study found that ID severity and neuroimaging progressively

worsened in some cases, and some symptoms appeared after the

age of 3 years, including behavioral problems, psychiatric disorders,

and emotional disorders (4). These results suggest that more

attention should be paid to managing mental health problems in

older children.
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FIGURE 4

Immunofluorescence analysis of wild-type and mutated ClC-4. Subcellular localization of human ClC-4 variants expressed in HEK293T cells. ClC-4

wildtype and the four mutant proteins localize mainly to the ER. The mutant ClC-4 did not seem to alter the subcellular localization of ClC-4.

The CLCN4 gene comprises 13 exons and 12 introns and

it encodes a transporter protein that comprises 760 amino

acids in human beings. The ClC-4 protein contains cytosolic

cystathionine-beta-synthase (CBS), transmembrane (TM), and

intramembrane (IM) domains. The TMdomains affect the function

of ion channels, whereas CBS domains affect the gating and

localization of a transmembrane protein and regulate membrane

components (30). Variants in the CLCN4 gene reduce the

activity of Cl−/H+ exchange, disrupt homeostasis and intracellular

transport of vesicles, weaken protein function, and affect neuronal

differentiation (26).

In this study, we identified two recurrent heterozygous

de novo missense variants in three female patients, including

p.D89N in P1 and p.A555V in P3 and P4. Three male patients

carried hemizygous variants that are maternally inherited, with

the two missense variants (p.N141S in P2 and p.R694Q in

P5) and the splice site variant (c.1390-12T > G) in P6.

Variants such as p.N141S and c.1390-12T > G are novel, and
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FIGURE 5

Minigene analysis of the novel splicing variant c.1390-12T > G. RT-PCR amplification for aberrant splicing transcripts, agarose gel separation, and

subsequent Sanger sequencing was conducted. They were confirmed by bidirectional sequencing. RT-PCR products were analyzed by agarose gel

electrophoresis, and no size variants were observed. Sanger sequencing demonstrates no skipping exon.

p.R694Q has been identified in two asymptomatic heterozygous

females in a previous study. Importantly, p.D89N, p.N141S,

and p.A555V variants were located in the TM domains of the

ClC-4 protein. In a previous study, GOF variants were found,

namely, p.D89N and p.A555V variants, which disrupted the

gating process of ClC-4 that prevents inward currents (25).

Therefore, it is possible to speculate that these regions are crucial

for normal protein function, which is supported by previous

evidence (1).

The six children with CLCN4 variants presented with

a neurodevelopmental spectrum disease featuring intellectual

disability (ID), delayed speech, autism spectrum disorders (ASD),

microcephaly, hypertonia, and abnormal imaging manifestations.

The onset age of our patients was under 3 years old. The genetic

analysis indicated that pathogenic variants of the CLCN4 gene,

identified using multiple in silico prediction tools, may result in

the loss of function of the ClC-4 protein. In P6, we identified

a novel splice site variant c.1390-12T > G, which was predicted

to lead to affect the normal splice of ClC-4 mRNA. However,

the in vitro minigene splicing reporter assay revealed that the

splice site variant had no significant effect on RNA splicing. It is

possible that the in vitro minigene splicing experiments cannot

fully simulate gene splicing in vivo. In in vitro experiments, we

found that the four mutants (p.D89N, p.N141S, p.R694Q, and

p.A555V) did not affect the ClC-4 protein level and localization.

In the previous study, p.A555V did not affect the expression and

location but reduced the ClC-4 currents (4). Multiple studies have

shown that CLCN4 mutants do not affect protein localization

and expression but impact currents (1, 4, 25). It is required

to conduct more complex experimental systems, such as animal

models and current assay to explain the pathogenetic mechanism.

Despite its certain limitations, our findings of multiple changes in

a ClC-mediated Cl−/H+ shift by disease-related variants promote

further studies in understanding the molecular genetic basis of

X-linked ID.

Furthermore, Hu et al. showed that ClC-4 deletion of

hippocampal neurons interfered with the normal progress of

neuronal differentiation. The cells showed a 30% reduction in

neurotic branching and outgrowth. Similar changes were observed

in neurons cultured from CLCN4 knockout mice (5). Another

study suggested that among the ClC family of proteins, ClC-4 is

involved in NGF-induced meson activation and neurite growth,

indicating that ClC-4 plays an important role in nervous system

development (31, 32). The ClC family of Cl− channels and

transporters form dimers with one permeation pathway in each

monomer. In addition to typical homodimers, some isoforms can

function as heterodimers (31). Weinert et al. (33) found that ClC-3

and ClC-4 are prone to form stable heterodimers that reside mainly

on late endosomes. The researchers showed that a substantial part

of ClC-4 is found physically combined with ClC-3 in vivo. Without

ClC-4, ClC-3 can reach endosomes, while the stable presence of

ClC-4 in endosomes is largely because of the help of ClC-3. In the

absence of ClC-3 as an important binding partner, ClC-4 remains

in the endoplasmic reticulum where it is most likely degraded (33).

To date, the recurrence rate of p.A555V variants reported in the

literature is high (see Supplementary Table 3). We found that these

patients seemed to havemore severe language delays, microcephaly,

and feeding problems (Tables 2, 3), providing direction for the

treatment and home care of patients. Due to the heterogeneity of

the disease, developing more effective treatment options remains

challenging. Currently, most treatments are supportive and can

improve patients’ quality of life.
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TABLE 2 Recurrent CLCN4 variants in our study and a previous study.

Probands P3 A555V
(This study)

P4 A555V
(This study)

P44 A555V
(4)

P84 A555V
(25)

P85 A555V
(25)

P86 A555V
(25)

Neurological

features

No Hypertonia No Cerebral palsy,

hypotonia

Hypotonia, brisk

tendon reflexes,

stereotypical hand

movements

(chorea)

Mild hypotonia

Delayed speech Severe Severe Non-verbal Yes Yes Speaking in

sentences (40%

understandable by

others)

Behavioral issues No No No No No No

Seizure disorders No No No No No No

Head circumference <3rd centile <3rd centile <2nd centile <<2nd centile <<2nd centile <3rd centile

Weight <3rd centile 25–50th centile 25–50th centile <<3rd centile <<3rd centile 2nd centile

Height <3rd centile 10–25th centile 3–10th centile <<<1st centile <<<1st centile 3rd centile

Gastrointestinal

symptoms

No Difficulty

swallowing

Feeding difficulties,

growth

retardation/failure

to thrive,

gastrostomy fed,

constipation

Failure to thrive,

gastrostomy

feeding,

constipation,

gastroesophageal

reflux, allergic

colitis

Feeding difficulties,

gastroesophageal

reflux

Failure to thrive

Other phenotypical

features

No Occasional

involuntary shaking

No Ichthyosis No No

TABLE 3 Recurrent CLCN4 variants in our study and a previous study.

Probands P1 D89N (This
study)

P74 D89N (25)

Neurological features Hypertonia Ataxia, unsteady gait

Delayed speech Yes Yes (only five words at 3

years old)

Behavioral issues No No

Seizure disorders No No

Head circumference <3rd centile Relative microcephaly

Weight Normal Not reported

Height Normal Not reported

Gastrointestinal

symptoms

No Difficulty swallowing,

gastroesophageal reflux

Other phenotypical

features

No No

Conclusion

In conclusion, our study reported six Chinese children

with variants in the X-linked ID-related CLCN4 gene and

expanded the spectrum of CLCN4 variants. Despite these

novel findings, further expression analyses and functional

studies are required to clarify the molecular mechanisms of

the disease. At present, the comprehensive understanding

of the pathogenic mechanism underlying MRXSRC is still

unclear, and more cases need to be collected for further

analysis to improve the early diagnosis, treatment, and

prenatal and postnatal care of intellectual disorders and

their comorbidities.
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