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Abstract

Background: Bartter syndrome (BS) is a rare autosomal recessive genetic disorder, typically characterized by hypokalemic metabolic
alkalosis, and sometimes accompanied by hyponatremia and hypochloremia. BS is caused by mutations at multiple gene loci with
strong genetic heterogeneity, making accurate genetic analysis crucial for diagnosis. Case: We collected peripheral blood samples from
three family members: an 8-week pregnant woman, her husband, and their daughter, with BS symptoms. Whole-exome sequencing
(WES) and whole-genome sequencing (WGS) were performed, with variants verified by Sanger sequencing. Minigene assays were
used to investigate splicing effects, and in silico predictions were conducted to assess the impact of mutations on protein structure. A
prenatal diagnosis was performed at 18 weeks of gestation via amniocentesis and Sanger sequencing. Conclusions: This case highlights
three critical values. First, clinically, WGS provides a feasible solution for diagnosing BS cases with negative WES results, which helps
reduce hypokalemia-related complications. Second, this is the first report of the SLC12A1 c.2961-647T>G and c.1153G>A variants, and
integrated validation confirms their pathogenicity, expanding the spectrum of pathogenic SLC12A1 variants. Third, our findings guide
clinicians to consider deep intronic variants and WGS application in unexplained hereditary renal diseases, which is highly relevant
to current prenatal diagnosis and genetic counseling practices. WGS can identify deep intronic variants in SLC12A1, and functional
experiments can strengthen pathogenicity evidence, providing an effective prenatal diagnostic approach for families with a history of BS.
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1. Introduction

Bartter syndrome (BS) is a rare hereditary renal disor-
der characterized by tubulopathy leading to electrolyte im-
balances, including hypokalemia, metabolic alkalosis, and
polyuria, which significantly affect quality of life [1–3]. BS
is divided into five subtypes, with types I and II being the
most severe, often presenting as an antenatal form of BS
[4]. Type I BS is the most common, but the diverse clinical
manifestations of this type and similarity to other kidney
diseases make diagnosing type I BS challenging [5].

With the development of next-generation sequencing
(NGS) technologies, an increasing number of studies have
shown that genetic mutations are closely associated with the
onset of BS [6,7]. However, BS can be classified into five
types depending on the causative gene mutation, with each
type associated with a specific gene: solute carrier family
12 member 1 (SLC12A1) (MIM600839, type I), inwardly
rectifying subfamily J member 1 (KCNJ1) (MIM600359,
type II), chloride channel, voltage-sensitive Kb (CLCNKB)
(MIM602023, type III), Barttin (BSND) (MIM606412, type
IVa), CLCNKB, and chloride channel, voltage-sensitive
Ka (CLCNKA) (MIM602024, type IVb), or melanoma-

associated antigen D2 (MAGED2) (MIM 300155, type V).
Currently, more than 100 mutations in SLC12A1 have been
reported, of which 65 are associated with type I BS and
nine are found in the general population and are associated
with lower blood pressure levels [8–10]. Common muta-
tions are located in exons and can be detected using the
current whole-exome sequencing (WES) techniques. How-
ever, conventional WES—focusing on protein-coding re-
gions and flanking splice sites—often fails to detect deep
intronic variants (located >20 bp from exons), meaning
some cases of BS remain undiagnosed. This diagnostic gap
not only delays targeted treatment but also hinders accurate
genetic counseling for families. Additionally, the prenatal
diagnosis of BS currently lacks clear guidelines for whole-
genome sequencing (WGS) applications whenWES is neg-
ative, leaving clinicians with limited options for managing
fetuses with suspected renal abnormalities.

In this case, we used WGS to diagnose a child with
suspected BS. Using WGS, we conducted a comprehensive
high-throughput analysis of the genome, including both
coding and non-coding regions. This allowed us to iden-
tify the gene variants associated with BS accurately. This
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not only fills the diagnostic gap but also provides clinically
relevant evidence for the use of WGS in the prenatal diag-
nosis of BS.

2. Case Presentation
2.1 Materials and Methods
2.1.1 Sample Collection

This study was approved by the hospital Ethics Com-
mittee of Jiaxing Maternal and Child Health Care Hospi-
tal (2024-Y-107). Informed consent was obtained from all
study participants, and their family members provided writ-
ten informed consent. Parental consent was obtained for
gathering prenatal fetal amniotic cell samples at 18weeks of
pregnancy. Peripheral blood samples were collected from
the parents of the proband.

2.1.2 Whole-Genome Sequencing
The polymerase chain reaction (PCR) products were

purified and sequenced using BGI Genomics (Shenzhen,
Guangdong, China). Candidate mutation sites were identi-
fied followingDNA extraction, quality inspection, genomic
library construction, target-region capture sequencing, and
bioinformatic analysis. A total of 500 ng genomic DNA
was sonicated, yielding fragments ranging from 250 to 300
bp. After adding a mixture of terminal repair buffer and re-
pair enzyme, the fragments were reacted on a PCR instru-
ment. Then, the end repair system was added to the ligase,
buffer, and linker, and the reaction was incubated at 22 °C
for 30 minutes. After purification with magnetic beads, the
sample mixture was added to the PCR amplification reac-
tion system for 8–10 cycles. After magnetic bead purifi-
cation, the library quality was assessed: the library was 25
µL, with a concentration>15 ng/µL, an effective molecular
concentration >10 nM, and the main DNA fragment peak
was at 430 bp, ranging from 300 to 600 bp. Sequencing was
performed after finalizing the quality control.

2.1.3 Minigene Assay
The c2961-647T>G mutation was identified in the

SLC12A1 gene. Subsequently, two analysis software tools,
RDDC (https://rddc.tsinghua-gd.org) and SpliceAI (https:
//spliceailookup.broadinstitute.org/), were used to assess
the impact of the mutation (SLC12A1; c.2961-647T>G) on
splicing. The results indicated a positive prediction rate of
90%, suggesting a high likelihood that this mutation influ-
ences splicing. Minigene experiments were performed in
vitro. Normal human genomic DNA (gDNA) was used as a
template, and pcMINI and pcMINI-C vector skeletons pro-
vided by Baiyi Bio Company (Wuhan, Hubei, China) were
used to construct vectors for enzyme digestion, ligation,
transformation, and recombinant cloning. The pcMINI-
wild-type (wt)/mutant (mut) and pcMINI-C-wt/mut plas-
mids were used in this study. Minigene fishing and re-
striction site introduction were also conducted. The recom-
binant vectors were transiently transfected into HeLa and

293T cells, and samples were collected 48 h after transfec-
tion. Total RNAwas extracted from the cell samples using a
standard liposome-mediated RNA extraction protocol, and
the concentration was quantified using a spectrophotome-
ter. Finally, the flanking primers on the minigene vector
were used for PCR amplification, and the amplified gene
transcript bands were detected by agarose gel electrophore-
sis. Sanger sequencing was performed on each recovered
band.

2.1.4 Protein Structure Prediction
The transmembrane region analysis (TMHMM) web-

site was used to predict the effect of the SLC12A1 gene
c.1153G>A p.Ala385Thr mutation on protein structure.

2.1.5 Fetal Sanger Validation
Sanger sequencing validation of fetal variants was

conducted based on whole-genome high-throughput se-
quencing results, and the PCR products were purified and
sequenced on an ABI 3130. National Center for Biotech-
nology Information (NCBI) Basic Local Alignment Search
Tool (BLAST) searches were performed against the human
reference genome (hg19) and other reference genomes to
identify mutation sites, and the pathogenicity of the variants
was determined according to the American College ofMed-
ical Genetics and Genomics (ACMG) 2015 genetic varia-
tion classification criteria [11]. These variants are classi-
fied as pathogenic variants. The ClinGen Working Group
on sequence variation Interpretation and the Association for
Clinical Genomic Science (ACGS) were referred to for fur-
ther interpretation of the guidelines.

2.2 Results
2.2.1 Clinical Characteristics

A woman, who was eight weeks pregnant and had
previously given birth to a daughter suspected of having
BS, was included. In a previous pregnancy, ultrasonog-
raphy at 28 weeks of gestation revealed an amniotic fluid
index of 310 mm, consistent with polyhydramnios. The
amniotic fluid level continued to increase progressively,
resulting in preterm births at 30 weeks of gestation. The
baby girl weighed 1300 g at birth. At the age of 2 years,
the daughter developed polydipsia, with a daily water in-
take exceeding 2500 mL, accompanied by polyuria, with
a daily urine volume of 2000 mL (normal range is about
400–600 milliliters/24 hours), as well as nausea and vomit-
ing. Her 24-hour urinary calciumwas 175.6 mg (equivalent
to 13.5 mg/kg) (normal range is 150–600 milligrams per
24 hours, about 2.5–7.5 millimoles per 24 hours), and her
blood potassium level was 2.5 mmol/L (serum potassium
level is 3.5–5.5 millimoles per liter). Renal ultrasonogra-
phy revealed petal-like medullary calcification. The patient
is currently on long-term potassium supplementation.

The parents were not consanguineous, had no clinical
symptoms, and had normal blood potassium levels. We re-
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viewed the medical history, blood test results, and treatment
plan of the 8-year-old daughter of the proband, as well as
the history of polyhydramnios and preterm birth during the
previous pregnancy. The Department of Pediatrics at our
hospital confirmed a clinical diagnosis of BS (Fig. 1A).

2.2.2 Whole-Genome Sequencing Identified Pathogenic
Genes After Whole-Exome Sequencing Failure

The patient was admitted to the Children’s Hospital
for suspected BS; however, prior WES performed at other
hospitals did not identify pathogenic variants, and a pre-
natal diagnosis was requested. Therefore, we performed
WGS using the total genomic DNA extracted from the
proband and his parents. The proband carried a paternal
missense mutation (SLC12A1 c.1153G>A) and maternal
splicing variant (SLC12A1 c.2961-647T>G). We validated
these results using Sanger sequencing (Fig. 1B,C). Am-
niocentesis was used to collect fetal DNA, and Sanger se-
quencing was performed to verify that the fetus carried the
maternal-derived SLC12A1 c.2961-647T>G variant and
that a healthy baby would be born at term. SLC12A1;
NM_000338.2 : c.2961-647T>G abnormal splicing muta-
tions lead to protein changes and pathogenicity. The evi-
dence item PM2+PS3+PP4 was possibly pathogenic. The
SLC12A1; NM_000338.2 : c.1153G>A (p.Ala385Thr) ev-
idence item PM2+PM3+PP3+PP4 may also be pathogenic.

2.2.3 Minigene In Vitro Experiments

To determine whether this variant causes abnormal
splicing of SLC12A1 and affects the gene expression and
function, we performed minigene splicing assays in vitro.
The software predicted that SLC12A1 c.2961-647T>Gmay
affect normal mRNA levels, and our experimental results
were consistent with this prediction. The electrophoretic
patterns of the wt and mut SLC12A1 gene regions (from
exon A to exon 25) showed a difference in bands due
to the c.2961-647T>G mutation (Fig. 2A). The reverse
transcription-polymerase chain reaction (RT-PCR) results
for the wt and mut gene regions in 293T and HeLa cells
revealed changes in the band position and intensity of the
mutant, suggesting an effect on the transcription products
(Fig. 2B). A schematic diagram of the gene structures indi-
cated that the mutant retained intron 24 (188 bp) (Fig. 2C).
Electrophoretic patterns of the sequencing results further
confirmed the retention of intron 24 in the mutant. Thus,
this mutation causes abnormal splicing. The internal reten-
tion of intron 24 was 188 bp, and the retention position was
c.2961–646_c.2961–459. This retention was expressed at
the cDNA and protein levels as follows: c.2960_2961ins
GAACCTGAATAATACTCATTTGAAAATCTCAGA
CAGCAACATCAAACAACAAAAGGACAAGGGGA
GCATTATTTGCAGAAAACGTCCAAATTGTTCTAC
AATCATTAAACTTGTGGGAGCCCTTGCTGTTCTC
CTCCTACCTGCCCGCGGCCTCCTGCCATGAGTGG
GAGTTGCCATGTGGACTAAGG p.Ser987Argfs × 55

(Fig. 2D). Overall, the minigene analysis confirmed that
the SLC12A1 c.2961-647T>G aberrant splicing mutation
resulted in a 188 bp retention at intron 24, resulting in a
premature stop codon (PTC) and a truncated protein with a
size of 1040 aa.

2.2.4 Effect of the Mutation on the Secondary Structure of
the SLC12A1 Protein

We compared the differences between wt SLC12A1
and mutant SLC12A1 c.1153G>A (p.Ala385Thr) in terms
of secondary structure and hydrogen bond distance. In
terms of secondary structure, the wt sequence length was
1099 bp, while the mut was also 1099 bp. However, the
distribution of the secondary structural elements differed
between the two. For example, the wt had 444 amino
acids inα-helices, whereas the mutant had 422 amino acids.
Moreover, the number of β-sheets, β-turns, random coils,
and other structures also differed. In terms of hydrogen
bond distances, there were differences between the hydro-
gen bond distances of Ala385 with other amino acids in the
wt and those of Thr385 with corresponding amino acids
in the mutant. Some values changed, whereas others pre-
sented the same values but involved different amino acids.
These structural changes may affect the stability and func-
tion of the protein, and may be related to the pathogenesis
of relevant diseases (Fig. 3).

2.2.5 Prediction of the Effect of SLC12A1 Mutations on
Protein Structure

We identified 385 mutations in the NCBI functional
domain database, located in the 2a30 functional domain (ht
tps://www.ncbi.nlm.nih.gov/). Using the TMHMM web-
site, the predicted SLC12A1 protein contained 12 trans-
membrane helices (TMhelix) (Fig. 4), and the mutation at
position 385 of the protein was predicted to be located in the
transmembrane helix (TMhelix). After the self-optimized
methodwith profile alignment (SOPMA) database analysis,
the proportion of alpha helices (Hh), extended strands (Ee),
random coils (Cc), and other structures changed, suggesting
that the mutation affected the secondary structure. In con-
trast, the proportions of the structures, such as the beta turn
(Tt), 310 helix (Gg), Pi helix (Ii), beta bridge (Bb), bend
region (Ss), and ambiguous states, did not change. The c.
1153G>A p.Ala385Thr. Alphafold modeling and PyMOL
mapping analysis showed that after mutation, the distance
of hydrogen bonding between the main chain Thr385 and
PHE381 changed, indicating that the mutation may affect
the main chain structure of SLC12A1. In summary, these
mutations may affect the tertiary structure of SLC12A1
(Fig. 4).

2.2.6 Effect of the Mutation on the Surface Potential of the
SLC12A1 Protein

We analyzed the structural and surface potential
changes in both wild-type and mutant (p.Ala385Thr)
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Fig. 1. Identification and analysis of Bartter syndrome-related mutations in a family. (A) Pedigree analysis shows that the proband
carries both a paternal missense mutation (SLC12A1 c.1153G>A) and a maternal splicing variant (SLC12A1 c.2961-647T>G). The red
arrows in panel A point to the proband in the pedigree, clearly indicating the index case of this study. (B) SLC12A1 c.2961-647T>G
variant was verified by Sanger sequencing. The red arrows in panel B highlights the specific nucleotide position (c.2961-647T>G) where
the variant occurs, showing the T-to-G nucleotide change compared to the wild-type sequence. (C) SLC12A1 c.1153G>A variant was
verified by Sanger sequencing. The red arrow in panel C highlights specific nucleotide positions (c.1153G>A), where G-to-A nucleotide
changes are observed compared to the wild-type sequence.
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Fig. 2. Analyses of abnormal splicing caused by the SLC12A1; c.2961-647T>G mutation. (A) Electrophoretic patterns of the wild-
type (wt) and mutant (mut) SLC12A1 gene region (from exon A to exon 25). The red box (in panel A) encloses the electrophoretic
band area of the mutant sample, highlighting the difference from the wild-type band. The red arrow (in panel A) points to the position
of the c.2961-647T>G variant, which is a nucleotide substitution site situated within the 1340 bp fragment of intron24. (B) Reverse
transcription-polymerase chain reaction (RT-PCR) results of the wt and mut regions in 293T and HeLa cells display changes in band
position and intensity for the mutant, indicating an effect on transcription products. (C) A gene structure schematic diagram shows that
intron 24 (188 bp) is retained in the mutant. (D) Electrophoretic patterns of the sequencing results confirm the retention of intron 24
in the mutant. Note: “Exon” is the abbreviation of “expression region”, referring to the coding sequence region in a gene; terms like
“Exon 25” are standard professional expressions in genetics, representing the 25th exon in the gene structure. Specifically, ExonA (Exon
A, i.e., expression region A): exhibits a single clear band consistent with the expected size of the target exon, without additional bands
indicating intron retention (serving as a normal control); Exon25 (Exon 25, i.e., expression region 25): shows two bands—one matching
the normal exon size and another larger band, which is verified to contain the retained intron 24, confirming the splicing abnormality in
the mutant.
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Fig. 3. Effect of genetic variants on the secondary structure of the SLC12A1 protein. This figure compares the secondary structures
of the wild-type and mutant (c.1153G>A, p.Ala385Thr) SLC12A1 proteins (both consisting of 1099 amino acids). The red box (in the
structural diagram) highlights the region where the secondary structure changes between the wild-type and mutant proteins, while the
red arrows point to the specific positions of α-helices/β-sheets that show altered distribution (e.g., reduced α-helix content or increased
random coil ratio) in themutant. These differences in the number ofα-helices, β-sheets, β-turns, and random coils may affect the protein’s
normal function.

SLC12A1 proteins. The wild-type SLC12A1 protein had
a specific three-dimensional structure, and a particular sur-
face potential distribution was observed around the locally
magnified Ala385. The overall structure of the mutant
SLC12A1 protein is similar to that of the wild-type pro-
tein. However, owing to the Ala385 to Thr385 mutation,
the potential of the local surrounding surface changed sig-
nificantly. This change in surface potential may affect in-
teractions between the protein and other molecules, thereby
influencing the biological functions and related physiolog-
ical processes of the protein. Fig. 5 demonstrates the po-
tential changes in surface potential of the SLC12A1 protein
induced by mutations.

3. Discussion
Pregnant women with BS usually experience polyhy-

dramnios between 18 and 30 weeks of gestation, and their
amniotic fluid index can reach 330–500 mm [12,13]. In
cases of gestational polyhydramnios, the risk of fetal BS
should be considered after excluding pathological condi-
tions such as gestational diabetes. Therefore, this study pro-
vides valuable insights. In this case, the patient was a preg-

nant woman with a history of adverse birth outcomes who
required a prenatal diagnosis. After the WES results were
negative, WGS was performed to detect two variants of un-
certain significance in the SLC12A1 gene, which is associ-
ated with type I BS and was found to be related to the phe-
notype of the subject. The NM_000338.2: c.2961-647T>G
mutation was located in the deep intron region. This may
explain why WES failed to identify causative genes and
their corresponding variants.

This variant was found to have enhanced pathogenic-
ity through functional verification. Specifically, the cor-
responding locus of the variant in the SLC12A1 gene
(NM_000338.2: c.1153G>A, p.Ala385Thr) also showed
an improved pathogenicity rating. Consequently, this study
identified a new SLC12A1 locus associated with BS. WES
is widely used for pediatric and prenatal diagnoses. With
the ongoing decline in WES costs and improvements in
technology and data analysis, the clinical application of
chromosomal chip technology and single-gene sequencing
is gradually being replaced [14]. Meanwhile, WES has be-
come the main technological platform for genetic testing.
Moreover, deep introns, copy number variations (CNVs),
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Fig. 4. Effect of genetic variants on the tertiary structure of the SLC12A1 protein. A comparison of the hydrogen-bond distances
in wild-type and mutant (c.1153G>A, p.Ala385Thr) SLC12A1 proteins. The hydrogen bond distances related to alanine at position 385
(ALA385) in the wild-type and threonine at position 385 (Thr385) in the mutant differ, which may affect protein-protein interactions.
Specifically, the relevant amino acid residues include Phenylalanine 381 (PHE381), Serine 572 (SER572), Serine 382 (SER382), Serine
572 (SER572) and Serine 382 (SER382).

and chromosomal abnormalities cannot be detected because
the detection ranges are limited to the exon level [14].
Nonetheless, WGS, based on NGS, is an emerging tech-
nology for genetic disease detection that can detect genetic
variations, including chromosome numerical abnormalities,
genomic variations in copy number, single-nucleotide vari-
ations, and small fragment insertions and deletions. High-
depth WGS can cover the entire genome, with a wide dy-
namic range. Simultaneously, this approach can reduce the
risk of missed detection to some extent by targeting se-
quencing or WES library construction. Notably, the current
clinical application of WGS still faces practical challenges:
clinical laboratories generally have limited experience with
WGS, and the use of high-depth WGS (typically defined as
a sequencing depth>30×) in clinical settings remains in the
early stages. Against this background, our study success-
fully identified a locus in the intronic region of the SLC12A1
gene (NM_000338.2: c.2961-647T>G) through peripheral
blood testing of a child with suspected BS, which, in turn,
provides a foundational basis for subsequent prenatal diag-
noses.

Since WGS generates vast amounts of data, more
sophisticated bioinformatics analyses are necessary, and
genetic variants of uncertain significance have frequently
emerged. Currently, the predominant classification crite-
ria and guidelines for genetic variants published in 2015
are used [15]. For Mendelian diseases, a five-level con-
clusion based on 28 independent evidence judgments was

proposed, and a classification system for sequence variants
was established.

All compound heterozygous variants of SLC12A1 de-
tected in this study were initially of uncertain significance
and did not provide a basis for prenatal diagnosis. How-
ever, after meticulous consultation, functional testing was
performed to validate and improve the pathogenicity rating.

SLC12A1 NM_000338.2: c.2961-647T>G variant.
Initially classified as a variant of uncertain significance
(VUS) according to ACMG guidelines, this variant failed
to provide a basis for prenatal diagnosis [15,16]. Therefore,
to clarify the pathogenicity of the variant, we conducted
meticulous consultations and functional validations, which
improved the pathogenicity rating.

The supporting evidence for reclassification includes:
• PP3: Multiple in silico analyses (conservation predic-
tion, evolutionary analysis, and splice site impact assess-
ment) consistently predicted harmful effects on the gene
or gene product.

• PM2: The variant was absent in normal control
populations (Exome Sequencing Project (ESP), 1000
Genomes, and ExomeAggregation Consortium (EXAC)
databases) or presented as an extremely low-frequency
locus in recessive genetic diseases.

• PS3: In vitrominigene assays confirmed that this variant
affects SLC12A1 expression and impairs protein func-
tion, consistent with in silico predictions that this variant
disrupts normal mRNA levels.
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Fig. 5. Surface potential changes in the wild-type and mutant (p.Ala385Thr) SLC12A1 proteins. The results of minigene splic-
ing assays that investigated the effect of the SLC12A1 c.2961-647T>G variant on gene splicing,including the analysis of Alanine 385
(ALA385) and Threonine 385 (Thr385). The black squares represent the wild-type SLC12A1 protein (Ala385) surface potential values,
while the black circles represent the mutant SLC12A1 protein (Thr385) surface potential values.

• PP4: The phenotype and family history of the carrier
were highly consistent with a monogenic inherited dis-
order, supporting the potential pathogenicity of the vari-
ant.
Collectively, the evidence (PM2+PS3+PP3+PP4)

confirmed the pathogenicity of this intronic variant.
SLC12A1 NM_000338.2: c.1153G>A (p.Ala385Thr)

variant. This missense variant was also initially classi-
fied as a VUS under ACMG criteria but was re-evaluated
through comprehensive analyses [15,16]. Key evidence for
the pathogenicity of this variant includes:

• PP3: In silico predictions (conservation, evolutionary,
and splice site impact analyses) indicate harmful effects
on the gene product.

• PM2: The variant was not detected in normal control
databases (ESP, 1000 Genomes, EXAC) or exhibited ex-
tremely low frequency in recessive disease cohorts.

• PM3: In the context of recessive inheritance, the variant
was identified in trans with another pathogenic allele.

• PP4: The phenotype and family history of the carrier
were highly consistent with a monogenic disorder, rein-
forcing the clinical relevance of the variant.
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Functional assessments further demonstrated that the
c.1153G>A mutation alters the protein structure. Com-
bined with the clear clinical diagnosis, the cumulative evi-
dence (PM2+PM3+PP3+PP4) supported the pathogenicity
of the variant.

Given the stringency required for the prenatal diagno-
sis, clarifying the pathogenicity of these SLC12A1 variants
through systematic validation provides a critical basis for
accurate prenatal risk assessment.

Given the particularities of prenatal diagnosis, iden-
tifying the mutation sites of pathogenic genes and their
pathogenicity requirements remains necessary [17]. There-
fore, we performed functional tests to clarify the signifi-
cance of the pathogenicity. Presently, mutations that af-
fect splicing are often tested for protein function, while
protein structure is predicted using software that does not
affect splicing. However, the evidence items are fre-
quently not accepted. Similar to SLC12A1, NM_000338.2:
c.2961-647T>G deep intron variations can lead to protein
truncation and pathogenicity. Upgrading of the SLC12A1
c.1153G>Amissense mutation is also caused by variations
in the contralateral nucleotide chain.

Limitations and Future Perspectives
3.1.1 Sample Size and Generalizability of Conclusions

As a single case report, although the novel deep in-
tronic SLC12A1 variant identified here was validated by
WGS (after WES failure) and supported by functional as-
says, the rarity of this variant and the uniqueness of the ge-
netic background of the patient limit the generalizability of
our findings. We cannot conclude whether this variant is
a common pathogenic cause of BS in broader populations,
nor can we confirm its genotype–phenotype correlation in
other patients with similar clinical manifestations. Hence,
future studies with larger cohorts (e.g., multi-center case se-
ries) are needed to verify the prevalence and clinical signif-
icance of this variant.

3.1.2 Scope of Genomic Sequencing and Variant
Interpretation

WGS successfully identified the deep intronic variant
missed by WES. However, we did not systematically ex-
plore other non-coding regulatory regions that might also
contribute to the pathogenesis of BS. Additionally, due to
a lack of population frequency data for this specific deep
intronic variant, we could not fully exclude the possibility
of rare benign variation, despite the predicted pathogenicity
of the variant by in silico tools and functional experiments.

3.1.3 Depth of Functional Validation and Structural
Modeling

Our functional assays (e.g., minigene experiments)
confirmed the pathogenic effect of the variant on SLC12A1
function; however, these assays did not provide direct struc-
tural validation of the protein (e.g., via X-ray crystallogra-

phy or cryo-EM). These limitations mean that the specific
molecular mechanism through which the variant disrupts
SLC12A1 function remains partially unclear.

To address the above limitations, future research
should focus on two aspects: (1) Expanding the cohort to in-
clude more patients with BS who tested negative for WES,
to explore the prevalence of deep intronic SLC12A1 variants
and the associated genotype–phenotype correlations; (2)
performing functional experiments in renal tubule-specific
cell models to better simulate in vivo conditions.

4. Conclusions
Our case underscores one key clinical value of WGS-

based diagnosis for BS: this study optimizes prenatal ge-
netic counseling. Before the WGS results, the family faced
uncertainty about the condition of the fetus (e.g., “whether
the renal abnormality was genetic” or “whether future preg-
nancies would be at risk”). WGS can effectively identify
deep intronic variants in SLC12A1, and functional exper-
iments can provide critical evidence for the pathogenicity
of the variant. The identification of the SLC12A1 variant
allowed us to inform the family of the autosomal recessive
inheritance pattern (both parents were found to be carriers
via subsequent testing) and to offer an effective prenatal di-
agnostic approach for families with a history of BS.

Our findings are highly relevant to current clinical
practice and research: For clinicians (especially neonatolo-
gists and prenatal diagnosticians), our case provides a “clin-
ical algorithm” reference: when a patient presents with clin-
ical features of BS (e.g., renal salt wasting, hypokalemia)
but WES is negative, deep intronic variants should be con-
sidered, and WGS should be recommended as the next
step. This directly addresses a common clinical dilemma
and helps reduce misdiagnosis. For prenatal diagnosis pro-
grams, our case provides real-world evidence for incorpo-
rating WGS into the diagnostic workflow of suspected BS.
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