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Aim: Mutations in the SLC12A3 gene have been reported to cause Gitelman syndrome (GS), characterized by hypokalemic metabolic 
alkalosis. The aim of this research is to investigate the genetic mutations and clinical features of patients with clinical suspicion of GS.
Methods: Six families were enrolled. The symptoms, clinical examination, laboratory results, genotypes, and effect of mutations on 
mRNA splicing were analyzed. Genomic DNA was screened for gene variations using whole exome sequence and Sanger sequencing. 
DNA sequences were compared with reference sequences.
Results: Genetic analysis revealed nine genetic variants of SLC12A3, including three novel heterozygous mutations (c.1096–2A>G, 
c.1862A>G, and c.2747+4del) and six previously characterized mutations (c.965–1_976delinsACCGAAAATTTT, c.506–1G>A, 
c.602–16G>A, c.533C >T, c.1456 G>A, and c.1108 G>C). Probands presented with the clinical syndrome of hypokalemia, increased 
plasma renin, hypocalciuria and hypokalemic alkalosis.
Conclusion: These clinical manifestations and genotypes were consistent with the diagnostic criteria of GS. The study described the 
phenotypes and genotypes of six pedigrees involving GS patients, demonstrating the importance of SLC12A3 gene screening for GS. 
This study expands the mutation spectrum of SLC12A3 gene in GS.
Keywords: SLC12A3, Gitelman syndrome, gene mutation, mRNA splicing, clinical characteristics

Introduction
Gitelman syndrome (GS) is an autosomal recessive disease, characterized by hypokalemic alkalosis, accompanied by 
hypomagnesaemia, hypocalciuria, low blood pressure, and hypocalcemia, first described by Gitelman in 1966.1 It is 
caused by mutations in the SLC12A3 gene, which is located on the long arm of chromosome 16(16q13) and encodes the 
renal thiazide-sensitive Na/Cl co-transporter (NCCT) in the distal convoluted tubules.2

In Western countries, the incidence of GS is about 1–10 per 40,000 people and the prevalence for the heterozygote is 
roughly 1%.3 However, the prevalence of GS has grown remarkably to 10.3 per 10,000 population and mutation rate may 
be as high as 3% in Asia.4 Currently, a number of pathogenic mutations have been found to cause GS, including nonsense 
mutations, frameshift mutations, deletions, insertions, splicing site mutations and missense mutations. Intronic variants 
can not only activate noncanonical splice sites and alter splicing regulatory elements,5 but also interrupt regulatory motifs 
and the transcription of noncoding RNA genes.6 The incidence of GS has been increasing, and the most common 
missense mutation was p. Thr60Met in Chinese GS patients.7 However, the hot spot mutation site is not yet known.

Although the long-term prognosis is considered to be favorable, hypokalemia is difficult to cure. The diagnosis of GS 
is made through clinical assessments, biochemical screening and genetic research analyses which has become important 
in diagnosing GS.8 In this study, we described five compound heterozygous and one homozygous variant of SLC12A3 
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gene in six Chinese pediatric GS patients. Whole exome sequencing (WES) identified nine variants, three of which were 
novel. We verified that two variants can affect the RNA splicing of SLC12A3 gene by in vitro experiments.

Method
Subjects
Children who were clinically suspected or clinically diagnosed with GS combined with genetic diagnosis at the 
Department of Endocrinology of Xi’an Children’s Hospital from December 2020 to December 2021 were enrolled in 
this cohort. Patients’ clinical manifestation and biochemical parameters were consistent with the diagnostic criteria for 
kidney disease guidelines,9 which included manifestations of hypokalemia, hypomagnesemia, hypocalcemia, muscle 
weakness, and normal or low blood pressure, and so on. The exclusion criteria were as follows: 1) Patients with a history 
of diuretics, laxatives, chronic vomiting, or diarrhea; 2) Patients with other conditions that could lead to hypokalemia 
(renal tubular acidosis or thyrotoxic periodic paralysis, Cushing’s syndrome, primary aldosteronism, etc.). Six pedigrees 
were selected finally (Figure 1). Clinical data, medical history and general information were retrospectively collected. 
Probands and their parents underwent genetic analysis, including WES and Sanger sequencing. Genomic DNA (gDNA) 
was isolated from ethylenediaminetetraacetic acid-treated peripheral blood. Genetic sequencing revealed that each patient 
had rare/novel intronic or exonic mutation with unknown significance or pathogenic. This study protocol was approved 
by the ethics committees of Xi’an Children’s Hospital and carried out according to the 2013 Helsinki Declaration. 
Written informed consent was obtained from each patient’s parents or guardian.

Genetic Analysis
Peripheral blood of proband and parents were collected by EDTA anticoagulant tube and outsourced to Shanghai We- 
Health Biomedical Technology Co, Ltd. The genomic DNA extraction was undertaken with the Blood Genomic DNA 
Extraction Kit (TIANGEN, China). Library preparation and Clinical Exome capture were performed with Hieff 
NGS®OnePot DNA Library Prep Kit for Illumina® (YEASEN, China) and twist custom panel (Twist Bioscience 
Corporation, USA). Captured libraries were sequenced on DNBSEQ-T7 (MGI, China) in Pair-End 100 mode.

A bioinformatic filtering pipeline was modified from a previously described approach.10 The quality of raw data was 
checked by FASTQC. The clean reads were mapped to the reference genome (GRCh37/hg19) with BWA software. After 
removing duplicates and base quality recalibration, SNP and Indel variants were called using the GATK pipeline. 
Detected variants were annotated using ANNOVAR and filtered with minor allele frequencies (MAFs) of <0.5% for 
dbSNP, 1000G, ExAC, and gnomAD databases. Additionally, copy number variation analysis was performed of probe 
coverage regions using XHMM11 and CLAMMS12 tools. The list of genes related to patient phenotype used in variation 
analysis is presented in Supplementary Table 1.

SLC12A3 was sequenced by Sanger sequencing. The polymerase chain reaction (PCR) conditions were as follows: 
a pre-denaturation step (95°C for 5 min), followed by 35 cycles of denaturation (95°C for 30s), annealing (60°C for 30s), 
elongation (72°C for 30s), with a final extension (72°C for 5 min). Amplicon was sequenced on the ABI 3730xl Genetic 
Analyzer (Applied Biosystems, Inc.). Sequences were compared using Codon Code Aligner to reference sequences.

Online mutation prediction tools like PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), Mutation Taster (http://www. 
mutationtaster.org/), and SIFT (http://sift.jcvi.org/) were used to predict the pathogenicity of missense mutations. Potential 
splice effects of variants were predicted using the following mutation prediction tools: Varseak (https://varseak.bio), 
SpliceAI (https://spliceailookup.broadinstitute.org/), and dbscSNV.

In vitro Splicing Analysis
In order to verify the effect of variation on mRNA splicing, total RNA was isolated using the PAXgene Blood RNA Kit 
(Qiagen #762174). Reverse transcription was performed using Hifair®II 1st Strand cDNA Synthesis Kit (YEASEN 
Biotech Co., Ltd, China). Primer sequences were designed to amplify the different transcripts of SLC12A3 (Table 1). The 
20ul PCR reaction system included 10ul 2 × Taq Plus Master Mix (Nanjing Vazyme Biotech Co., Ltd.), 0.5ul each 
primer, 5ul cDNA template and 4ul H2O. PCR cycling conditions were as follows: an initial denaturation of 95°C for 3 
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Figure 1 Pedigrees of the six family and Sanger sequencing. (A) Pedigree of No.1 patient, M1 (c.1096–2A>G) was de novo, M2 (c.1862A>G) was inherited from father. (B) Pedigree of 
No.2 patient, M1 (c.506–1G>A) and M2 (c.2747+4del) were inherited from the mother and father, respectively. (C) Pedigree of No.3 patient, M1 (c.602–16G>A) and M2 (c.965– 
1_976delinsACCGAAAATTTT) were inherited from the mother and father, respectively. (D) Pedigree of No.4 patient, M1 (c.533C>T) and M2 (c.602–16G>A) were inherited from the 
mother and father, respectively. (E) Pedigree of No.5 patient, mutation (c.1456G>A) was inherited from her mother and father. (F) Pedigree of No.6 patient, M1 (c.1108G>C) was de 
novo, M2 (c.1456G>A) was inherited from father. Males and females are indicated by squares and circles. An affected individual is indicated by filled black and carrier filled in half black. The 
black arrow indicates the proband and red arrow indicates the location of the Sanger sequencing of the mutations. An asterisk refers to a de novo mutation. N stands for normal 
sequencing and WT stands for wild type. M1 and M2 represent mutation 1 and mutation 2.
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min, 35 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec, and extension at 72°C for 45 sec and then 
an extra 5 min at 72°C. Successful amplification of the PCR products was confirmed by 2% agarose gel electrophoresis. 
PCR products of similar lengths were isolated by TA cloning. The PCR product fragments were purified by Sanprep 
Column DNA Gel Extraction Kit (Sangon Biotech, China) and then cloned into the pESI-T vector using Hieff CloneTM 
Zero TOPO-TA Cloning Kit (YEASEN Biotech Co., Ltd, China). The recombinant DNAJB6 plasmids were transformed 
into E. coli competent cells of the DH5α strain. Recombinant plasmids were extracted using Sanprep Column Plasmid 
DNA Microextraction Kit (Sangon Biotech Co., Ltd, China), and sequencing directly was performed by ABI 3730xl 
DNA Analyzer.

Result
Clinical Characteristics of the Patients
Six patients, including four boys and two girls, were enrolled in the study. They came from six non-consanguineous 
families (Figure 1). Clinical characteristics and laboratory data of 6 patients are listed in Table 2, as well as the reference 
values of biochemical parameters. As shown in Table 2, the typical onset of the disease occurs in young adults, with 
a higher incidence in males. All patients presented with hypokalemia (1.83–2.56 mmol/L), increased plasma renin 
(142.69–4947.54 pg/mL), hypocalciuria (0.11–0.46 mmol/24h) and hypokalemic alkalosis (pH 7.46–7.58), which are 
typical symptoms of GS. Milder hyponatremia was found in patient No.1, and hypochloremia were found in patient No.1, 
No.3, No.4 and No.6, respectively. Patient No.1, No.2, No.4 and No.5 had a typical muscle weakness phenotype, which 
recovered quickly after intravenous potassium infusion or ingestion of oral potassium chloride. In addition, three 
probands had normal–low blood pressure (90/60–104/63mmHg). The grandfather of No.1 patient had a family history 
of hypertension, and the grandmother and grandfather of No.3 patient had diabetes. The remaining members denied 
a family history of hypokalemia and other diseases. Combining the clinical features and laboratory findings of the six 

Table 1 RT-PCR Primer Information

Patient Variation Forward Primer (5’-3’) Reverse Primer (5’-3’)

1 c.1096–2A>G CGTGGACCCCATTAACGACA CTCGGTGAAGTTCCAGCCAT
2 c.2747+4del CCACCATCTTCCAGTCGGAG TGATGACGATGAGAGCAGCG

Table 2 Clinical Characteristics of Six Patients with GS

Patient No. 1 2 3 4 5 6

Sex(F/M) F M M M F M

Age(years) 6 7 4 2 11 3

Symptoms Hypokalemia, 

muscle weakness

Hypokalemia, cough, 

muscle weakness, leg pain

Hypokalemia Hypokalemia, 

muscle weakness

Hypokalemia, muscle weakness, 

palpitation, chest distress

Hypokalemia, 

cough, fever

SBP/DBP(mmHg) ND 104/63 ND ND 91/63 90/60

Minimal serum K (mmol/L, 3.7–5.2) 2.27 1.83 2.56 2.54 1.83 2.14

Minimal serum Na (mmol/L, 135–145) 129.1 ND 135.1 136.2 137.9 ND

Minimal serum Cl (mmol/L, 98–110) 91.5 100.1 93.3 91.3 99 95.6

Minimal serum Mg (mmol/L, 0.5–0.9) 0.64 0.72 0.66 0.56 0.59 0.74

Minimal serum Ca (mmol/L, 2.1–2.8) 2.27 ND 2.45 2.37 2.53 2.5

Maximal pH (7.35–7.45) 7.58 7.49 7.52 7.46 7.55 ND

PCO2 (mmHg, 35–45) 25 37.6 34.9 16 26 ND

Plasma renin (pg/mL, 4–38) 142.69 180.82 569.47 472.56 195.71 4947.54

Plasma aldosterone (pg/mL, 40–310) 283.27 223.68 ND 640.68 108.2 453.14

Urinary β2 microglobulin (ng/mL, 0–500) 1470 773 ND ND 773 ND

Urinary α-1 microspherin (mg/dl, 0–1.25) 1.47 1.61 ND ND 1.61 ND

24h urinary Ca2
+ (mmol/24h, 2.7–7.5) ND 0.46 0.18 0.32 0.24 0.11

Abbreviations: M, male; F, female; ND, no data.
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preceding patients, it was possible to find hypokalemia, hypocalciuria, hyperreninemia, and hypotension in almost all of 
them. The common causes of hypokalemia (primary aldosteronism, Cushing’s syndrome, hyperthyroidism, etc.) were 
also excluded. Therefore, the clinical diagnosis of GS was suggested, but further genetic testing is needed to confirm the 
diagnosis.

Genomic Studies Identify Variant in SLC12A3
Analysis of the SLC12A3 gene revealed nine genetic variants, including three novel heterozygous mutations, c.1096–2A>G, 
c.1862A>G, and c.2747+4del, and six previously characterized heterozygous mutations, c.965–1_976delinsACCGAAAATTTT, 
c.506–1G>A, c.602–16G>A, c.533C>T, c.1456G>A, and c.1108G>C (Table 3 and Figure 2A). As shown in Table 3, there are 
nine variants, including 4 missense mutations, 4 intronic mutations and 1 insertion deletion mutation. According to the American 
College of Medical Genetics (ACMG) guidelines,13 there were six distinct pathogenic or likely pathogenic variants and three 
uncertain significance variants (VUS). All the parental studies of the six patients had done, and the lineage diagrams and Sanger 
sequencing results of the six families are shown in Figure 1. For five patients, one mutant allele was inherited from one carrier 
parent, and the other mutant allele was inherited from the other carrier carried or was de novo variant. Hence, five patients were 
compound heterozygous and 1 patient was homozygous. All the missense variants were predicted to be deleterious or probably 
damaging by Polyphen-2, Mutation Taster, and SIFT and were categorized into likely pathogenic or pathogenic variant according 
to ACMG, except c.1862A>G. There was an adenine to guanine transition (c.1862A>G), resulting in a tyrosine to cysteine 
substitution at position 621 (p.Y621C) in exon 15. Although c.1862A>G was predicted to be probably damaging deleterious by 
software and was absent in gnomAD_EAS database, no published references could be matched to illustrate the pathogenicity of 
this variant. Therefore, we presume that this variant may be uncertain significance variant (VUS). Another heterozygous variant 
harbored by No.1 patient (c.1096–2A>G) and a heterozygous variant detected in No.2 patient (c.2747+4del) were predicted to 
have splicing effect by several software. Both variants were no published reference reported and absent in gnomAD_EAS 
database. Thus, they were categorized as VUS variants and further functional studies are necessary to confirm the pathogenicity.

The SLC12A3 Variants Induce Aberrant mRNA Splicing and Transcript Deletion
Due to its proximity effect to the exon splice donor site or acceptor site, we wondered whether SLC12A3 c.1096–2A>G, 
and c.2747+4del could induce mRNA splicing defects. To investigate this possibility, we isolated the total RNA from 
whole blood of No.1 and No.2 patients then reverse transcribed into cDNA. Since blood leukocytes express NCCT 
mRNA,18 it is feasible to detect intronic mutations in blood leukocytes from GS patients using reverse transcriptase (RT)- 
PCR. cDNA sequencing was performed to confirm the splicing predictions, along with normal splicing, aberrant splicing 
products were observed (shown in Figure 2B and C).

The presence of the splicing mutation c.1096-2A>G C in No.1 patient which was a de novo variant caused the 
occurrence of an abnormal transcript that lacked the entire exon 9 in addition to the normal-length transcript (Figure 2B). 
Electrophoresis for amplification of SLC12A3 cDNA from No.1 patient showed the large-sized fragment (529bp) 
corresponded to the correctly spliced mRNA and the small-sized fragment (444 bp) corresponded to the skipping of 
exon 9. The small-sized fragment was more apparently observed for the patient. Analysis of the No.2 patients who 
carried the mutation c.2747+4del revealed an aberrantly spliced transcript that lacked exon 23. The large-sized fragment 
(471bp) corresponded to the correctly spliced mRNA and the small-sized fragment (384 bp) corresponded to the skipping 
of exons 23. The sequencing chromatogram of SLC12A3 normal cDNA and two splicing variants are shown in Figure 3. 
These data suggest that these mutations may disrupt exon splicing enhancers (ESE), which are sequences of ESE 
following exon skipping. The results point to the potential pathogenicity of these mutations, which should be recognized 
as candidates for variant reclassification in the future.

Discussion
In this study, we explored the novel mutations of our GS patients as well as some previously reported variants and the 
clinical characteristics. Notably, three novel mutations, c.1096–2A>G, c.1862A>G, and c.2747+4del, were identified. 
Genealogical analysis revealed a pattern consistent with autosomal recessive inheritance.
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Table 3 Genetic Analysis of Six Patients with GS

Patient 
No.

cDNA Change 
(NM_000339.3)

gnomAD_EAS Ref Original Hom/Het In silico Analysis ACMG Classification and 
Criteria

PolyPhen-2 Mutation 
Taster

SIFT VarSeak SpliceAI dbscSNV

1 c.1096–2A>G # - d Het - DC - SE AG/AL SE VUS (PVS1_M, PM2_Sup, PP4)

c.1862A>G # - p Het PD DC D - - - VUS (PM2_Sup, PP3, PP4)
2 c.506–1G>A 0.0001 [18] m Het - DC - SE AL SE P (PVS1_M, PM3_Str, PS3_M, 

PM2_Sup, PP1, PP4)

c.2747+4del # - p Het - - SE DL - VUS (PM3, PM2_Sup, PP4, PP3)
3 c.602–16G>A 0.00005 [14] m Het - - - LNSE AG/AL - LP (PM3_Str, PM2_Sup, PP4, PP3)

c.965–1_976 

delinsACCG 
AAAATTTT

# [15] p Het - - - SE - - P (PVS1, PM3, PM2_Sup, PP4)

4 c.533C>T 0.000054 [16] m Het PD DC D - - - LP (PM3_Str, PM2_Sup, PP3, PP4)

c.602–16G>A 0.000050 [14] p Het - - - LNSE AG/AL - LP (PM3_Str, PM2_Sup, PP3, PP4)
5 c.1456G>A 0.00019 [17] m/p Hom PD DC D - - - P (PM3_VStr, PM2_Sup, PP3, PP4)

6 c.1108G>C # [7] d Het PD DC D - - - LP (PM3_Str, PM2_Sup, PP3, PP4)

c.1456G>A 0.00034 [17] p Het PD DC D - - - P (PM3_VStr, PM2_Sup, PP3, PP4)

Abbreviations: #Not included; Ref, reference; m, maternal; p, paternal; d, de novo; Het, heterozygote; Hom, homozygote; PD, probably damaging; DC, disease causing; D, deleterious; SE, splicing effect; LNSE, likely no splicing effect; 
AG, acceptor gain; AL, acceptor loss; DL, donor loss; P, pathogenic; LP, likely pathogenic; VUS, uncertain significance; ACMG, criteria; M, moderate; Sup, supporting; Str, strong; VStr, very strong; -, no data.
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The six patients in the present study presented with clinical symptoms of hypokalemia, normal serum magnesium, 
increased plasma renin, hypocalciuria, hypokalemic alkalosis, milder hyponatremia, hypochloremia, muscle weakness, 
and normal–low blood pressure. Although some patients have symptoms of hypokalemia, they usually hospitalized due 
to none related diseases such as fever and cough, occasionally with mild symptoms of GS. Most clinical symptoms of GS 
are linked to acid-base and electrolyte disturbances.9,19 Normomagnesemia is not uncommon in GS, and the severity of 
the clinical manifestations of GS is negatively correlated with the level of serum magnesium.20 It has been reported that 
8% to 22% of patients with GS have normal blood magnesium,21 and the pathogenesis of hypomagnesemia in GS is still 

Figure 2 Schematic overview of SLC12A3 gene and representation of intronic variants on pre-RNA splicing in patients with GS. (A) The structure of SLC12A3 and its 26 
exons which are indicated by black vertical lines. The black arrows in the diagram indicate the position of nine variations. Mutations that have been reported are shown in 
black, and those novel mutations in the manuscript are indicated by red. (B) Schematic overview of the region harboring c.1096–2A>G mutation in SLC12A3 and 
representation of the abnormal splicing. Representation of the alternative splicing of exon 9 in SLC12A3. Electrophoresis for amplification of SLC12A3 cDNA from the WT 
and No.1 patient (MT1). (C) Schematic overview of the region harboring c.2747+4del mutation in SLC12A3 and representation of the abnormal splicing. Representation of 
the alternative splicing of exon 23 in SLC12A3. Electrophoresis for amplification of SLC12A3 cDNA from the WT and No.2 patient (MT2). Red arrows indicate the position of 
MT and WT in agarose gel. WT represents wild-type and MT represents mutant type.
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unclear. Blood magnesium levels below 0.5 mmol/L result in significant clinical manifestations including neuromuscular 
hyperexcitability, tremors, convulsions, and coma.22 GS with normal blood magnesium showed a low frequency of wrist 
spasms or hand and foot twitches, as well as mild electrolyte disturbances, metabolic alkalosis, and activation of the renin 
angiotensin-aldosterone system (RAAS). In this study, the patient had no relevant conscious clinical symptoms, which 
may relate to normal magnesium levels. Three probands showed elevated micro-urinary protein, suggesting renal tubular 
dysfunction. The causes of proteinuria and renal impairment in patients with Gitelman syndrome are mainly related to 
long-term hypokalemia, which can lead to tubulointerstitial damage and cyst formation, and proteinuria is mainly tubular 
source;23 Secondly, due to the long-term activation of RAAS, it may directly or indirectly lead to glomerular sclerosis of 
the renal pool, and in rare cases, there are other glomerular diseases, such as IgA nephropathy, C1q nephropathy,24 etc., 
but its correlation with Gitelman syndrome is not clear.9 It is considered that proteinuria is due to angiotensin II or renin- 
induced damage to the glomerular basement membrane caused by podocyte injury.25 Renal potassium loss is a common 
clinical cause of hypokalemia. Common diseases that can cause renal potassium loss include primary aldosteronism, 
Cushing’s syndrome, renal tubular acidosis, Bartter syndrome and GS. Among them, most patients with primary 
aldosteronism have blood pressure higher than 160/100 mmHg and blood potassium is usually mildly reduced, while 
most patients in this study had aldosterone levels less than 300 pg/mL and normal to low blood pressure, so primary 
aldosteronism was not considered. In addition, none of the patients in this study had clinical manifestations such as full 
moon face, buffalo back, or acne, so Cushing’s syndrome was also not considered. Patients with Bartter syndrome have 
similar symptoms to GS and are more difficult to differentiate, but patients with Bartter syndrome generally have normal 
blood magnesium and urinary calcium levels, so the patients in this study are more consistent with the symptoms of GS, 
but still need to be differentiated by further genetic testing.

SLC12A3 gene has a total of 26 exons. The distribution of 9 mutations detected in this paper is shown in Figure 2A. 
SLC12A3 gene encodes the NaCl cotransport protein (NCC), which is a 12-transmembrane protein.26 Depending on the 
relationship between the NCC protein and the cell membrane, the mutation sites can be intracellular, extracellular and 
transmembrane. GS is caused by SLC12A3 gene mutation, and missense mutation is the most common. According to the 
genetic analysis, Thr60Met and Asp486Asn are the most common amino acid mutations in Chinese patients and possibly 
specific to Asian populations,27,28 while IVS9+1G>T and c.1196_1202dup7bp were reported to be the most common 
mutation in European populations.29,30 In this study, we found a novel missense mutation in exon 15(c.1862A>G), which 
have not been reported previously. The missense variant change locates at the carboxy end of the protein intracellular, 
where amino acids at this region are conserved among different species and human ethnicity.31

In the nucleus, mature mRNA contains only coding sequences, and intronic sequences are removed from transcripts 
during splicing. Splicing mutations may occur in introns and exons and disrupt existing splice sites or splicing regulatory 
sequences. Splicing mutations can lead not only to improper exon and intron recognition but also to incorrect intron 

Figure 3 Sequencing chromatogram of SLC12A3 wild-type cDNA and splice variants. (A) The normal splicing fragment between exon 8 and 10; aberrant transcript of 
c.1096–2A>G skipping of exon 9. (B) The normal splicing fragment between exon 22 and 24; aberrant transcript of c.2747+4del skipping of exon 23.
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removal, which can lead to alterations in the open reading frame and ultimately may result in the formation of abnormal 
transcripts of mutant genes. Therefore, precise pre-mRNA splicing is essential for protein translation.32 For the c.1096– 
2A>G and c.2747+4del mutations, reclassification of variants of uncertain significance is critical and additional evidence 
is needed to support pathogenicity. The results of RNA splicing analysis point to the potential pathogenicity of these 
variants, and we strongly recommend additional RNA splicing analysis, especially for variants predicted to have potential 
splicing alterations. Notably, No.1 patient carries a de novo mutation and a missense variant of paternal origin, whose 
parents are both healthy adults, and the Sanger verification results suggest that his brother has the same mutation. It is 
hypothesized that the source of the SLC12A3 variants in this pedigree may be due to germline mosaicism, since parental 
germ cells are difficult to obtain and whole exome sequencing cannot exclude the possibility of a very low percentage of 
germline mosaicism in the tested samples. According to the follow-up, the younger brother of the proband is in good 
health and has no GS related clinical characteristics. Follow-up observation of the brother is recommended, and germ cell 
chimerism may be considered as a source of germline mosaicism if the parents have a request to have rebirth.

Our results identified two novel mutation sites (c.1096–2A>G, c.2747+4del) in vitro experiments, which could 
contribute to the enrichment of database resources on GS if its pathogenicity was determined. Moreover, the establish-
ment of a diagnostic process for GS has important implications for confirmed cases. We are fully aware that this would 
have been very important to define the significance of the study.

There are two major limitations in this study that could be addressed in future research. First, more functional 
experiments are needed to reveal the underlying molecular mechanism of the two novel splice mutations in GS. Second, 
we expand the sample size to further explore the correlation between genotype and phenotype to better understand GS.

Conclusions
Overall, this study identified three novel mutations of SLC12A3 gene in Chinese patients. These clinical manifestations 
and genotypes were consistent with the diagnostic criteria of GS. The study described the phenotypes and genotypes of 
six pedigrees involving GS patients, demonstrating the importance of SLC12A3 gene screening for GS and expanding the 
mutation spectrum of SLC12A3 gene in GS.
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