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Abstract

Background Long-read sequencing is increasingly used to uncover structural variants in the human genome,

both functionally neutral and deleterious. Structural variants occur more frequently in regions with a high homology
or repetitive segments, and one rearrangement may predispose to additional events. Bartter syndrome type 3 (BS

3) is a monogenic tubulopathy caused by deleterious variants in the chloride channel gene CLCNKB, a high propor-
tion of these being large gene deletions. Multiplex ligation-dependent probe amplification, the current diagnostic
gold standard for this type of mutation, will indicate a simple homozygous gene deletion in biallelic deletion carriers.
However, since the phenotypic spectrum of BS 3 is broad even among biallelic deletion carriers, we undertook a more
detailed analysis of precise breakpoint regions and genomic structure.

Methods Structural variants in 32 BS 3 patients from 29 families and one BS4b patient with CLCNKB deletions
were investigated using long-read and synthetic long-read sequencing, as well as targeted long-read sequencing
approaches.

Results We report a ~3 kb duplication of 3'-UTR CLCNKB material transposed to the corresponding locus

of the neighbouring CLCNKA gene, also found on ~50 % of alleles in healthy control individuals. This previously
unknown common haplotype is significantly enriched in our cohort of patients with CLCNKB deletions (45 of 51
alleles with haplotype information, 2.2 kb and 3.0 kb transposition taken together, p=9.16x10~%). Breakpoint coor-
dinates for the CLCNKB deletion were identifiable in 28 patients, with three being compound heterozygous. In total,
eight different alleles were found, one of them a complex rearrangement with three breakpoint regions. Two patients
had different CLCNKA/CLCNKB hybrid genes encoding a predicted CLCNKA/CLCNKB hybrid protein with likely residual
function.
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Conclusions The presence of multiple different deletion alleles in our cohort suggests that large CLCNKB gene dele-
tions originated from many independently recurring genomic events clustered in a few hot spots. The uncovered
associated sequence transposition haplotype apparently predisposes to these additional events.

The spectrum of CLCNKB deletion alleles is broader than expected and likely still incomplete, but represents an obvi-
ous candidate for future genotype/phenotype association studies.

We suggest a sensitive and cost-efficient approach, consisting of indirect sequence capture and long-read sequenc-
ing, to analyse disease-relevant structural variant hotspots in general.

Keywords Bartter syndrome type 3, Salt-wasting tubulopathy, Long-read sequencing, Target enrichment, CLCNKA,
CLCNKB, Structural variant, Risk haplotype, Next-generation sequencing, HiFi-sequencing

Background

Bartter Syndrome (BS), first reported in 1962 [1], is unar-
guably the prototypic Mendelian salt-losing tubulopathy,
characterized by defective salt reabsorption in the thick
ascending limb (TAL) of Henle and/or the distal convo-
luted tubule (DCT), resulting in chronic hypokalaemia,
hypochloraemia, metabolic alkalosis, and hyperreninae-
mic hyperaldosteronism with low or normal blood pres-
sure [2]. BS forms a clinically heterogenous spectrum
with variable onset and severity manifesting from ante-
natal life to adulthood with variable clinical signs (with/
without nephrocalcinosis), and sometimes extrarenal
findings like sensorineural deafness [1, 3, 4]. Today, the
BS spectrum is genetically classified into five subtypes
(types 1-5) and Gitelman syndrome (GS; phenotypically
defined by hypomagnesemia and hypocalciuria in addi-
tion to hypokalaemic metabolic alkalosis) [1, 4—15]; how-
ever, there is wide phenotypic overlap between the BS
and the GS (like) spectrum [2]. BS 1-3, and 4a, as well as
SLC12A3-associated GS constitute autosomal recessive
disorders. The ultra-rare BS 4b follows digenic recessive
inheritance, and MAGED2-associated BS 5 is an X-linked
recessive disorder (Additional file 1: Table S1).

BS 3 is caused by biallelic pathogenic variants in the
CLCNKB gene encoding the CIC-Kb chloride channel
[8]. There are more than 140 different causative sequence
variants reported in the CLCNKB gene (HGMD data-
base [16] accessed in 12/2022), but complete deletions of
CLCNKB account for more than 50% of all BS 3 disease
alleles, often found in a homozygous state [8, 17-21]. The
CLCNKB gene is directly adjacent to the highly homolo-
gous CLCNKA gene (94% coding sequence identity [8]),
presumably as a result of an ancient gene duplication.
This genomic structure likely predisposes the locus to
meiotic rearrangements, as is known to happen to other
similar structured loci (e.g. the CYP11B1/CYP11B2 locus
(22]).

Clinically, the BS 3 phenotype seems the most vari-
able of all BS types, ranging from antenatal/neonatal BS
(30 %), classic infantile/childhood BS (44 %), to a GS-
like phenotype (26 %) [17, 20, 23—25] in the 115 patients

analysed in a recent retrospective French study [20].
Patients with BS 3 are at risk to develop chronic kidney
disease (CKD), which can progress to kidney failure in
some cases. Preliminary data on genotype/phenotype
correlations for BS 3 indicate that deletions and truncat-
ing mutations are associated with earlier diagnosis and
higher risk for CKD [20, 23]. Currently, genetic diag-
nosis is commonly performed with Multiplex Ligation-
dependent Probe Amplification (MLPA), a method that
does not allow to determine the size of the SV and detec-
tion of breakpoint regions of the deletion.

In this study, using a combination of synthetic long-
read sequencing and Nanopore/PacBio Long-read Third
Generation Sequencing (LRS), we performed an in-depth
structural investigation of the CLCNKA/CLCNKB locus.
Analysing 32 patients with CLCNKB deletion-associated
BS 3, and one patient with digenic BS 4b (P17), we shed
new light on the genomic complexity of this rearrange-
ment-prone region.

Methods

Patients

We identified 33 patients from 30 families (32 individu-
als with BS 3, and 1 with BS4b) with a diagnosis of Bar-
tter syndrome and a deletion of CLCNKB on at least one
allele, who had genetic testing performed at the labora-
tories at the departments of nephrology and paediatric
nephrology at the University Hospital of Cologne (Fam-
ily 1 and P18), Great Ormond Street Hospital in Lon-
don (P2-P14), and the department of paediatrics at the
University of Marburg, together with the department of
general paediatrics at the University Children’s Hospital
of Miinster (P15-P17, and P19-P30). Clinical data were
obtained from the treating clinicians using a standard-
ized questionnaire. Appropriate informed consent was
obtained using protocols approved by the respective local
research ethics committees.

Long-range PCR was attempted for all 33 samples and
the product was sequenced using LRS in 24 patients.
Whole genome LRS was performed in 3 patients, tar-
geted enrichment LRS in 4 patients, and linked-read
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WGS in 1 patient (some samples were analysed multiple
times with different technologies) [26]. For a summary
of the molecular genetic analyses performed on each
patient, see Additional file 1: Table S2. Patient P18 was
previously diagnosed with a presumably hemizygous 5 bp
deletion in exon 9 of CLCNKB resulting in a frameshift
(c.847_851delTTCTT; p.Phe284Cysfs*38, Additional
file 2: Fig. S1). Patient P17 has previously been reported
by Schlingmann et al. with digenic BS 4b [11].

High molecular weight DNA isolation

High molecular weight (HMW) genomic DNA isolation
for linked read and Xdrop applications was performed
using the MagAttract HMW DNA Kit (Cat. No. 67563)
for 200 pl fresh EDTA blood input according to the man-
ufacturer’s specifications (Qiagen, Hilden, Germany).

Variant reporting

Genomic coordinates, unless otherwise stated, refer to
the hgl9 human genome reference sequence. Descrip-
tions of cDNA or protein changes refer to the RefSeq
and UniProt references NM_004070.3 and P51800 (CLC-
NKA), and NM_000085.4 and P51801 (CLCNKB). As a
consequence of the high sequence homology between
CLCNKA and CLCNKB, the breakpoints in a rearrange-
ment between both loci may—if the breakpoints lie in a
nucleotide stretch with complete sequence identity—be
impossible to localize to a single nucleotide. In these
cases, breakpoint regions are specified.

Whole-exome sequencing (WES)

WES was performed using Agilent SureSelect Whole
Exome v7 enrichment (Agilent Technologies, Santa
Clara, CA, USA), followed by NGS on an Illumina
NovaSeq 6000 platform (Illumina, San Diego, CA,
USA). Data analysis and NGS-based CNV detection
were performed using the Cologne Center for Genom-
ics Varbank2 application v.3.3 [27] (Cologne Center for
Genomics, Cologne, Germany). In particular, we filtered
for high-quality (coverage >15-fold; Phred-scaled quality
>25), rare (minor allele frequency (MAF) <0.01) variants.
To exclude pipeline-related artefacts, we additionally
filtered against common variants from in-house WES
datasets.

10x Genomics linked-read analysis

High molecular weight DNA was extracted for library
preparation following the Chromium Genome Reagent
Kit standard protocol (CG00022 RevA) using the Chro-
mium Genome Chip Kit PN-120216 (10X Genomics,
Pleasanton, USA) and the Genome Library, Gel Bead &
Multi- plex V1 Kit PN-120229 (10X Genomics) with the
modification of using 0.9 ng of genomic DNA input. The
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fragment size of the prepared library was assessed using
Tapestation 4200 (Agilent Technologies). The library
was sequenced on a NovaSeq6000 sequencer (Illumina),
which generated 1.63x10° paired-end reads. Assembly
was performed using the de novo genome assemblies
setting of the Long Ranger v.2.2.2 genome assembler
(https://github.com/10XGenomics/longranger) and vis-
ualized using the Loupe Browser v.2.1.1 [28]. 96.4% of
reads were mapped, reaching a mean coverage depth of
70.3%.

Samplix Xdrop indirect sequence capture and ONT
long-read sequencing

The Xdrop indirect sequence capture allows the isola-
tion of specific genomic DNA fragments which contain
a region of interest (ROI) and enriches these fragments
for long-read sequencing applications. Essentially, a
small known genomic sequence of ~ 150 bp (detection
sequence) is used near the ROI to select genomic high
molecular weight DNA fragments of up to 50 kb span-
ning the breakpoint region or other structural vari-
ants of interest. To identify the breakpoint regions of
the CLCNKB deletion, Xdrop indirect sequence capture
was performed in selected patients (Additional file 1:
Table S2). High molecular DNA is encapsulated with a
PCR reaction mix (Samplix, Birkeread, Denmark). The
short fluorescence-labelled detection sequence (for-
ward primer; 5'-ATCCTGACACAGCCATCTGC-3" and
reverse primer; 5-TGATCACGCAGAACCCTCAG-3')
is used to mark our ROI (Additional file 2: Fig. S2). Drop-
lets containing the genomic ROI were enriched using a
FACS Aria IIIu (BD Biosciences, Franklin Lakes, USA)
using the 100-micron nozzle at 20 psi pressure, gating
based on forward scatter pulse height, side scatter pulse
height, and droplet fluorescence pulse height. Droplets
were sorted using the “Yield” precision mode for the
best possible recovery of droplets of interest. The sorting
of droplets is described in more detail by Madsen et al.
[29]. Before sequencing, the evaluation sequence (for-
ward primer; 5-GCCCAGAAGAGTTATGTGGCT-3'
and reverse primer; 5-GAGCCCTTGGAAAGCGAG
TA-3') (Additional file 2: Fig. S2) is used to assess the
enrichment factor as a quality control. DNA is released
from the isolated droplets and encapsulated again con-
taining a multiple displacement amplification mix for tar-
get enrichment followed by long-read sequencing using
a Gridlon sequencing device from Oxford Nanopore
(Oxford Nanopore Technologies, Oxford, UK). Sequenc-
ing reads were aligned using the minimap2 software
v2.17 [30], with the pre-specified map-ont parameter.
The resulting alignment files were sorted and indexed
using samtools v1.7 [31] and visualized in the Integrative
Genomics Viewer software v.2.10.2 [32].
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Long-range polymerase chain reaction (PCR)

and amplicon-based SMRT sequencing

Specific forward primer 5'-AGATACTGGTTTTCCGTC
ATCTC-3" and reverse primer 5-TACCTTTGTGGA
TATTTCCTCCTAC-3" were designed to exclusively
amplify a ~6450 bp region covering the CLCNKB break-
point regions previously identified by Xdrop targeted
enrichment as described above. PCR was performed with
100 ng gDNA and 0.4 pM of primers using the LA-Taq
polymerase and 2xGC PCR-Buffer I according to manu-
facturer protocols (Takara Bio Inc., Kusatsu, Japan).

PacBio whole genome long-read sequencing
(single-molecule real-time SMRT-Seq)
Libraries were prepared using the SMRTbell Express
Template Prep Kit 2.0 (PN 101-853-100, Pacific Bio-
sciences, Menlo Park, CA, USA). Briefly, 5 pg of the
genomic DNA was sheared to 15 kbp (Megaruptor 3,
Diagenode, Denville, New York, USA), followed by per-
forming damage repair, end repair, A-tailing and hair-
pin adapter ligation and final exonuclease treatment. All
libraries were size selected using BluePippin (Sage Sci-
ences, Beverly, MA, USA) running with a size cut-off
of 10,000 bp. AMPure PB magnetic beads (Pacific Bio-
sciences) were used for all purification steps. Library size
and quality were assessed using Fragment Analyzer (Agi-
lent Technologies) and Qubit fluorometer with Quant-iT
dsDNA HS Assay Kits (Invitrogen, Waltham, MA, USA).
Sequencing primer v5 and Sequel 2.2 DNA Polymer-
ase were annealed and bound, respectively, to the final
SMRThbell library. Libraries were loaded at an on-plate
concentration of 80 pM and sequencing was performed
using 8M SMRT cells on the Sequel II System with
Sequel II Sequencing Plate 2.0 for 24h movie time. Sec-
ondary analysis (HiFi reads) was performed using Pacific
Biosciences SMRT Link v10.2. The sequencing data were
then processed and analysed as described above.

Analysis of CLCNKA/CLCNKB expression data
Expression data for CLCNKA and CLCNKB were down-
loaded from The Cancer Genome Atlas’ Pan-Cancer
Atlas [33] for all 510 renal clear cell carcinoma samples.
Expression RSEM values were then analysed in R (v4.2.2)
using the R packages tidyverse [34] (v2.0.0), car [35]
(v3.1-2), and goft [36] (v1.3.6). For all performed analy-
ses, expression outliers were removed and RSEM values
< 50 were considered (83.1% and 81.2% of observations
for CLCNKA and CLCNKB, respectively). For the calcu-
lation of the gamma distribution goodness-of-fit, zero
expression values were also excluded.

Plots were generated using base R’s ggplot() and the
car package’s qqPlot() function. Significance values for
goodness-of-fit analyses were calculated with the shapiro.
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test() function for the normal and lognormal distribu-
tions, and with the goft package’s gamma_test() and
gamma_fit() functions for the gamma distribution.

A p-value of >0.05 was considered to signify that the
gene’s expression distribution was not significantly differ-
ent from the respective statistical distribution category
and thus compatible with the gene’s expression pattern
following this distribution.

CIC-Kb/CIC-Ka hybrid protein structure predictions

Protein structures of reference and hybrid CIC protein
sequences were predicted using the ParaFold [37] version
of Alphafold2 [38] using default parameters. Since CIC
channels are homodimeric, the homodimeric states were
generated using the multimer pre-set (n=2).

Results

Genetic workup of Family P1

Family P1 first presented in the paediatric nephrol-
ogy department in 2018 with three male siblings with
hypokalaemic metabolic alkalosis, hypochloraemia,
hyperuricaemia, and progressive chronic kidney dis-
ease (Fig. 1A—F). WES of the three patients revealed no
causative single nucleotide variants, but WES-based
CNV detection suggested a homozygous deletion of
CLCNKB (Fig. 2A). A region of homozygosity (ROH)
value of 389 Mb confirmed the reported consanguinity.
Due to the unusually severe clinical presentation of the
oldest sibling with intradermal tophi and gouty arthritis
(Fig. 1G-I), we performed breakpoint detection using
linked-read whole-genome sequencing [26]. We identi-
fied an unusual pattern consisting of a large homozy-
gous deletion encompassing CLCNKB and two smaller
adjacent deletions nearby, but the precise genomic
architecture remained unclear due to discontinuous
sequencing reads (Fig. 2B). As our attempts to identify
breakpoints by PCR were unsuccessful, we used Xdrop
indirect sequence capture and subsequent ONT long-
read sequencing in patient P1.2 [26]. Here, we identified
three breakpoint regions between 30 and 410 bp in size
that could not be further narrowed down because of their
sequence homology (Fig. 2C). The genomic architecture
was then reconstructed as shown in Fig. 2D. Based on
the peculiar genomic findings in Family P1, we initiated a
more detailed characterisation of the complete locus in a
cohort of CLCNKB deletion patients.

Results of the genomic workup of the cohort

Long-range PCR amplifying a ~6450 bp DNA frag-
ment covering the genomic breakpoint regions found in
patient P1.2 was performed, and 29 additional patients
with CLCNKB deletion-associated BS 3 and one patient
with BS 4b were analysed [26]. The long-range PCR
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yielded an amplicon in 25 of the 33 patients. In total, we
generated long-read sequence data of 27 patients. For six
patients, no sequence data were obtained (P1.1 was not
sequenced; see Additional file 1: Table S2). Clinical data
for all patients included in this study are summarized in
Table 1.

Patient P11 with no long-range PCR product was
first analysed using Xdrop targeted DNA enrichment
and long-read sequencing, identifying the breakpoint
regions. In this patient, the first breakpoint region is
located upstream of the long-range PCR forward primer
resulting in the loss of the PCR forward primer binding
site. Of the other seven patients with no long-read PCR

amplicons, two patients (P6 and P10) were subsequently
analysed using whole genome long-read sequencing,
which identified the cause of amplification failure [26].
In patient P10, one breakpoint region is located 1727 bp
downstream of the long-range PCR reverse primer bind-
ing site, thus deleting the binding site. In patient P6, a
single breakpoint region located 302 bp upstream of the
long-range PCR forward primer binding site resulted in
the loss of the binding site. Taken together, we identi-
fied the breakpoint regions in 28 of the 33 patients with
CLCNKB deletions. Whereas we initially hypothesized
that the deletions in the CLCNKA/CLCNKB locus largely
represent complex events, our investigation of the larger
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cohort and healthy controls revealed the presence of a
common, but previously unreported structural haplo-
type. In most patients, we detected a transposition of a
2.2-3.0-kb long segment of the human genome refer-
ence CLCNKB 3' untranslated region (UTR) to the cor-
responding region in the CLCNKA 3" UTR. The longer
3.0-kb transposition haplotype covers a sequence in
which the CLCNKA and CLCNKB references differ in
only 105 nucleotides (sequence identity approx. 96 %).
The smaller 2.2-kb transposition haplotype covers a
sequence in which the CLCNKA and CLCNKB refer-
ences differ in only 75 nucleotides (sequence identity also
approx. 96 %). Both haplotypes share the same 5’ break-
point region but have significantly different 3’ breakpoint
regions clearly distinguishing both haplotypes. In NGS
datasets aligned against the reference genome, the pres-
ence of these transpositions results in an apparent loss of
CLCNKA 3' UTR sequence with a concomitant gain of
CLCNKB 3' UTR genetic material (see Fig. 3). Forty-five
(88.2 %) of the structurally characterized deletion alleles
for which a haplotype determination could be made
(alleles A-F, n=51) lie on the variant haplotype. Addition-
ally, we reviewed the CLCNKA/CLCNKB gene cluster in
the new T2T CHM13-v2.0 human reference genome [40]
of our patients and confirmed both the sequence trans-
position haplotype as well as the different deletion alleles
(Additional file 2: Fig. S3).

In our review of a small cohort of non-BS short-read
and long-read whole genome in-house control data-
sets, we found this sequence transposition haplotype

Reference haplotype

CLCNKA
16,346,920 A 16,367,077
Transposition haplotype CLCNKA
16,346,920 A 16,367,077
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to be common (10/22 alleles and 5/18 alleles, respec-
tively), indicative of a high population frequency. Based
on coverage data from more than 76,000 whole-genome
sequencing analyses in the gnomAD v3.1.2 dataset, we
estimate the worldwide allele frequency of the variant
haplotype at approximately 50% (2.2-kb and 3.0-kb trans-
position taken together; Additional file 2: Fig. S4). An
analysis of CLCNKA and CLCNKB expression levels in a
large dataset of renal clear cell carcinoma samples from
The Cancer Genome Atlas’ (TCGA) Pan-Cancer Atlas
database [33] showed no evidence of a pronounced effect
of the common transposition haplotype on gene expres-
sion. Both genes’ expression patterns are compatible with
a gamma distribution (CLCNKA p-value 0.0504, CLC-
NKB p-value 0.4076), the second most common type of
expression pattern distribution in TCGA datasets after
the normal distribution [41]. A bimodal or multimodal
expression pattern, as might be expected if the common
haplotype had a marked effect on gene expression, was
not seen (Additional file 2: Fig. S5).

To investigate whether the human reference haplotype
or the transposition haplotype is the ancestral haplotype,
we compared the human reference sequence to the rhe-
sus monkeys’ and other, more distantly related species’
reference sequences. While the rhesus monkey reference
sequence corresponds to the human reference sequence
in 40 of the allele-defining 69 nucleotides (58 %), a mean-
ingful comparison was not feasible in other studied spe-
cies, likely due to larger genetic distance. The moderate
reference sequence similarity between human and rhesus

CLCNKB
16,368,759 A’ 16,389,585
CLCNKB
16,368,759 A’ 16,389,585
5kb

Fig. 3 Genomic CLCNKA/CLCNKB locus and the common CLCNKA 3" UTR sequence transposition haplotype on chromosome 1p36.13. The
genomic environment surrounding the CLCNKA/CLCNKB gene locus contains two highly homologous genomic regions (A and A, sequence
homology approx. 80 %). A and A'are indicated by the yellow and orange boxes, respectively. The homologous region A stretches over 20.157 bp
from chr1:16,346,920-16,367,077 (GRCh37/Hg19), region A'stretches over 20.827 bp from chr1:16,368,759-16,389,585 (GRCh37/Hg19). The exonic
sequence homology of CLCNKA and CLCNKB is 94% [8]. In the alternative transposition haplotype, a 2.2-3-kb large DNA fragment of the CLCNKA
3" UTR (small orange box, arrow head) is replaced by the homologous fragment from the 3" UTR of CLCNKB (small orange box, arrow tail), resulting
in the loss of the genomic material downstream of CLCNKA and an extra copy of the DNA fragment duplicated from the CLCNKB 3" UTR. Gene
length and orientation of CLCNKA and CLCNKB are indicated by the grey arrows. Exons are indicated as grey bars
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monkey does not currently prove or rule out the presence
of either haplotype in the rhesus monkey population, and
we thus cannot determine the ancestral haplotype.
Altogether, we found eight different deletion alleles
(termed here A-H; Fig. 4). At least five of the eight dele-
tion alleles (B, C, D, E, F) derive from the variant hap-
lotype (Fig. 4). Allele A derives from the reference
haplotype. The origin of deletion alleles G and H cannot

A

16345000 16,350,000 16,355,000 16,360,000 16,365,000 16,370,000

CLCNKA
. |

N~
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be determined with certainty based on sequence data, as
the deletion spans the haplotype-defining sequence seg-
ment. Interestingly, we could detect alleles of various
complexity ranging from simple single breakpoint regions
to more complex “scattered” alleles with three breakpoint
regions (allele G). Deletion alleles C and E are defined by
the same breakpoint region, but differ in the length of the
variant haplotype sequence transposition segment in the

16375000 16,380,000 16385000, 16,390,000

CLCNKB

16,395,000)

o —

FAM131C

16,400,000) 16,405,000

P4
P15.1
P15.2

CLCNKA

[]

e A

CLCNKB P7
P9t
P14t
P17
P20
P30

e

FAM131C

CLCNKA

[

N7

CLCNKB

P11
P1.2
P13

—

FAM131C

CLCNKA

[]

CLCNKA

E I:”

N

CLCNKB

P10

FAM131C

P2
CLCNKB
P12
P13
P21
P24
P27
P28

—

FAM131C

CLCNKA

: [ ]

\

P29

CLCNKB
P5
pot
P14t
P18%

FAM131C p23

5kb

Fig. 4 Summary of the CLCNKB deletion alleles identified in this study. Breakpoint regions are indicated by coloured vertical lines. Corresponding
breakpoint regions are indicated by coloured arrows. Identical breakpoint regions are coloured in the same colour. Two common CLCNKA

3" UTR sequence transpositions identified in this study are indicated by the orange box within the yellow box of CLCNKA. Breakpoint region
coordinates of the 2.2 kb and 3 kb sized sequence transpositions are listed in Additional file 1: Table S3. Exons are indicated as vertical bars.
Orientation and length of CLCNKA and CLCNKB are indicated by grey arrows. The gene FAM131C, located on the negative strand, is indicated

by the grey-hatched arrow and is only partially visualized. FAM131C exons are indicated by dotted lines. A Deletion allele A is derived

from the reference haplotype. Deletion alleles B, C, and D are derived from the smaller 2.2 kb sized sequence transposition haplotype. Deletion
alleles E and F are derived from the larger 3 kb sized sequence transposition haplotype. Adjacent breakpoint region coordinates that discriminate
the deletion alleles E and F are listed in Additional file 1: Table S3. All patients show the corresponding deletion allele in a homozygous state

if not indicated otherwise. B Deletion alleles G and H that result in CLCNKA/CLCNKB hybrid genes. Since the haplotype-defining genomic sequence
is deleted on these alleles, a haplotype determination could not be made. t Patients, compound heterozygous for the deletion alleles B and F;
Heterozygous deletion allele. This patient carries a 5 bp deletion in exon 9 in trans
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CLCNKA 3' UTR (2.2 kb vs. 3.0 kb). A summary of each
patient’s breakpoint region coordinates can be found in
Additional file 1: Table S3. The breakpoint region in allele
C and E is the most common breakpoint region identified
in this study (24 of 56 alleles), with allele E being the sin-
gle most common allele (18 of 56). All SVs found in this
study are in a homozygous state, except for patients P9,
P14, and P18. P9 and P14 both carry the deletion alleles
B and F compound heterozygously (Fig. 4A). Sequence
overviews of all deletion alleles found in our cohort are
shown in Additional file 2: Fig. S6.

CLCNKA/CLCNKB hybrid gene

In two patients, we found breakpoint regions affecting
the coding sequence of both CLCNKA and CLCNKB.
Patient P11 carries the complex deletion allele G with
three breakpoint regions. The first breakpoint region is
located in a homologous region of 53 bp in intron 7 of
CLCNKA and intron 7 of CLCNKB resulting in an in-
frame fusion of CLCNKA exons 1-7 to CLCNKB exons
8-20. The second and third breakpoint regions are
located in the 3' UTR of CLCNKA and are not predicted
to have an effect at the protein level. Patient P6 carries
a single breakpoint in a homologous region of 144 bp in
intron 15 of CLCNKA and intron 15 of CLCNKB result-
ing in an in-frame hybrid gene composed of exons 1-15
of CLCNKA and exons 16-20 of CLCNKB (Fig. 4B).

Predicted CIC-Ka/CIC-Kb hybrid proteins

CIC-Ka and CIC-Kb channels share a high sequence
identity of 91.3%. The hybrid genes identified in patients
P6 and P11 result in two different CIC-Ka/CIC-Kb hybrid
proteins. In patient P11, the predicted hybrid protein
is composed of amino acids (AA) 1-218 of CIC-Ka and
AA 219-687 of CIC-Kb (Figs. 5A and 6A). Due to the
high sequence identity between CIC-Ka and CIC-Kb,
this hybrid protein differs in 43 AA positions from the
wildtype CIC-Ka protein. In patient P6, the breakpoint is
located at Gly541, behind the last transmembrane helix
of CIC-Ka. The predicted hybrid protein is composed of
AA 1-540 of CIC-Ka and AA 541-687 of CIC-Kb altering
the CIC-Ka AA-sequence by 16 AA (Figs. 5B and 6B).

As no frameshifts are introduced or deletions occur in
the hybrid genes, the overall topology of CIC-K channel is
retained in these hybrids and we assume that the hybrid
genes express stable proteins. We predicted the struc-
tures of CIC-Ka and CIC-Kb as well as the two hybrids in
a homodimeric state using Alphafold2 (AF) [37, 38]. The
AF predictions show minimal difference between the two
homologs and the two hybrids with a root-mean-square
deviation (RMSD) between Ca atoms of the structures
of 0.3A (see Fig. 6A, B). We checked the validity of the
predictions by comparing to the cryo-EM structure of
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CIC-K from Bos Taurus (PDB ID: 5TQQ, 84,3% seq. ID
to CIC-Ka and CIC-Kb). The predictions were found to
be highly similar to the Bos Taurus CIC-Channel with an
RMSD of 0.5 A, supporting that the predictions are cor-
rect [42] (see Fig. 6A—C). As AA variations in the hybrid
proteins arise from the two endogenous proteins, most
AA variations exhibit the same sidechain properties
(e.g. hydrophobic:hydrophobic, polar:polar) within the
membrane helices. Since the tunnel of the protein is not
affected by any AA variation between CIC-Ka and CIC-
Kb, interference with channel function would thus not be
expected (Fig. 6D).

Interestingly, both hybrids contain the cytoplasmic cys-
tathionine beta-synthase (CBS) domain of the CIC-Kb
channel, which are known regulators in CIC proteins via
binding to adenosine nucleotides thereby activating or
inhibiting channel function [43]. This could suggest that
the activity of the hybrid proteins is regulated as the CIC-
Kb would be. The CBS domains of CIC-Ka and CIC-Kb
show distinct differences in the putative adenosine nucle-
otide binding side (577 Thr(A)/Ala(B), 578 Glu(A)/Lys(B),
654 GIn(A)/His (B)) when superimposing the ATP bound
in CIC-7 (RCSB Protein data base 7jm7) to the predicted
structures (Fig. 6E). Binding of ATP in CIC-7 is however
also supported by the N-terminal region of the protein,
which is missing from our models as we cannot predict
ligand binding [44]. It is currently still unknown if CIC-K
proteins are regulated by adenosine nucleotides as other
CIC proteins are. Several interesting AA changes can also
be found in the CBS domain interface with the mem-
brane region (Fig. 6F) and the CBS dimerization interface
(Fig. 6G).

Discussion
CLCNKB deletions are the leading cause of Bartter syn-
drome type 3 worldwide [8, 18, 19, 21].

In this study, we report the CLCNKB deletion break-
point region coordinates of 27 patients from 24 families
with BS 3, and one patient with BS 4b. We characterize
the deletion alleles utilizing long-read sequencing in 27
patients (24 long-range PCR LRS, 3 whole genome LRS, 4
targeted enrichment LRS, and 1 linked-read WGS; some
samples were analysed multiple times with different tech-
nologies) and detected eight different CLCNKB deletion
alleles, which are likely caused by non-allelic homolo-
gous recombination (NAHR) with homologous flanking
regions >200 bp as suggested by Ebert et al. [45]. For the
remaining five patients with no long-read PCR ampli-
cons, additional molecular genetic workup was not per-
formed. For two of these patients, the DNA quality was
very low, which could explain the failure to generate a
long-range PCR product. Given the number of different
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Fig. 5 Workup of the CIC-Ka/CIC-Kb hybrid genes in patients P6 and P11. CIC-Ka AA-sequence is indicated in light grey; CIC-Kb AA-sequence

is indicated in dark grey; AA changes between wildtype CIC-Ka and CIC-Ka/CIC-Kb hybrid protein are annotated in the corresponding exon.

AA changes analysed in detail in Figure 6 are shown in red. A Hybrid gene in patient P11. Breakpoint region in intron 7/8. Genomic sequence
at the border between exon 7 and exon 8 divided into triplets and the corresponding AA are shown. Ser218 is the last AA encoded by exon 7
before the breakpoint region. B Hybrid gene in patient P6. Breakpoint region in intron 15/16. Genomic sequence at the border between exon
15 and exon 16 divided into triplets and the corresponding AA are shown. 1540 is the last AA encoded by exon 15 before the breakpoint region.

AA G541 is encoded by the last two nucleotides of exon 15 and the first

nucleotide of exon 16. In the hybrid gene, the first nucleotide in exon 16

encoded by CLCNKB has changed from C>T but the corresponding AA G541 remains unchanged in the hybrid protein

deletion alleles detected in this study, the probability of
additional genotypes is high.

Based on these results, we estimate that the long-range
PCR reported here is capable of identifying about 75%
(49/65) of the deletion alleles, assuming that all patients
with a single deletion allele type are homozygous for
this deletion allele. This procedure cannot exclude com-
pound heterozygosity for a “long-range PCR positive”
deletion allele with a “long-range PCR negative” deletion
allele. However, such a constellation was not detected in
any patient analysed by whole-genome LRS or indirect
sequence capture LRS (n=7). The discrimination between
two different “long-range PCR positive” deletion alleles
in the same patient (as in patients P9 and P14) is possi-
ble. A fully sensitive and specific as well as allele-agnos-
tic method is the indirect sequence capture approach by
Xdrop followed by LRS, or alternatively whole-genome

LRS—the latter being cost-prohibitive in most settings.
In our view, a reasonable procedure to precisely detect
breakpoint alleles is to start with a screening long-range
PCR followed by indirect sequence capture LRS if no
PCR product can be derived.

The presence of multiple different deletion alleles in
our cohort suggests that CLCNKB whole gene deletions
originated from many independently recurring genomic
events.

This in-depth approach characterizing CLCNKB
deletion alleles may prove useful for the investigation
of genotype/phenotype correlations in BS 3 patients,
who show a remarkable phenotypic variability that cur-
rently remains largely unexplained. Approximately 1/3
of patients carrying biallelic CLCNKB deletions pre-
sent antenatally with polyhydramnios [8, 17, 24, 46].
This observation is consistent with the clinical data of
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homodimer homodimer homodimer
A monomer 1 monomer 2 B monomer 1 monomer 2 C monomer 1 monomer 2

CIC-K, Bos taurus
PDB 5TQQ

ATP (modelled)

Q654(A)

H654(B)

Fig. 6 Predicted CIC-Ka/CIC-Kb hybrid proteins in patients P6 and P11. A AlphaFold2 prediction of the CIC-Ka1-218b219-687 hybrid homodimer
(P11). B AlphaFold2 prediction of the CIC-Ka1-540b541-687 hybrid homodimer (P6). C Cryo-EM structure of the CIC-K homodimer from Bos taurus
(PDB ID: 5TQQ, 84,3% seq ID to CIC-Ka and CIC-Kb). D View on the membrane region of CIC-Ka (teal) and CIC-Kb (pastel red) with the amino acid
variations shown in sticks shows no significant changes in the ion tunnel between the variants CIC-Ka and CIC-Kb. E Putative adenosine nucleotide
binding site in CIC-Ka and CIC-Kb superimposed with an ATP bound in CIC-7 structure (Protein data base: 7jm7). F Interface between the cytosolic
CBS domains of the CIC-Ka and CIC-Kb proteins. G Dimerization interface of the CBS domains in the CIC-Ka and CIC-Kb shows distinct differences

our cohort, in which 34% (9 of 26) of patients for which  patient care (association with onset of disease and/
phenotype data is available also had an antenatal onset  or disease progression (e.g. kidney failure)) cannot yet
of disease (see Table 1). Whether the precise determi- be predicted given our cohort size and study design
nation of the deletion allele has any clinical impact on  (cross-sectional genomic study with no longitudinal
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phenotype data in most patients). This question needs
to be revisited in larger BS 3 cohorts with correspond-
ing longitudinal clinical data. The CLCNKB deletions
also include parts of the 3' UTR of FAM131C. The size
of the FAMI31C 3" UTR deletion was not associated
with the differences concerning the clinical phenotype
in our cohort. Furthermore, no monogenic disease
caused by mutations in FAM131C is known to date and
FAMI131C has not been attributed to any particular
function.

CLCNKB full gene deletions are most often described
as homozygous [17-19, 21, 39, 46]. Only a few studies
reported cases with heterozygous whole CLCNKB gene
deletions in combination with other mutations [19, 47,
48]. Cases of two different whole gene CLCNKB deletion
alleles have not been reported until now. This is most
likely because previous studies have utilized MLPA, PCR,
or WES to identify deletions, which are not sensitive to
small breakpoint region differences in the two alleles.
Only through long-read sequencing it has become pos-
sible to completely characterize these structural variants.

Carriers of single heterozygous pathogenic variants
in SLC12A1, SLC12A3, and KCNJ1 were shown to have
a reduced prevalence of hypertension and for SLC12A3
also in lower serum potassium levels. A similar effect
may also exist in heterozygous Bartter syndrome type 3
carriers [49, 50]. Surprisingly, no such data is available for
(unaffected) carriers of causative CLCNKB variants and
it remains speculative whether the here identified struc-
tural variants would exert any (additive) subtle pheno-
type effects in BS3 carriers. Unaffected family members
(BS 3 carriers) were not investigated in this study.

Our deep genotype analysis identified two patients
with different CLCNKA/CLCNKB hybrid genes. Rare
CLCNKA/CLCNKB hybrid genes have been reported
previously, but always in a heterozygous state [17,
51, 52]. Here we report two novel hybrid genes in a
homozygous state that presumably lead to the expres-
sion of hybrid CIC-Ka/CIC-Kb proteins under control
of the CLCNKA promotor. Complete loss of CIC-Ka
and CIC-Kb function would result in hearing loss in
addition to salt-wasting tubulopathy (BS 4b) [11]. Inter-
estingly, our patients have no hearing impairment, sug-
gesting an at least partially functional CIC-Ka/CIC-Kb
hybrid protein that still can accommodate functions
of CIC-Ka. This deduction is further supported by the
very high sequence similarity of the individual pro-
teins CIC-Ka and CIC-Kb, with very few AA variations
within the transport pathway of the transmembrane
region. Although we find district differences between
the cytosolic CBS domains in CIC-Ka and CIC-Kb, that
is present in the hybrid proteins (Fig. 6A, B), proteins
seem to retain partial functionality. Therefore, further
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work is needed to elucidate the possible functional
changes of these differences between CIC-Ka, CIC-Kb,
and their hybrid proteins.

In this study, we characterize a novel variant haplo-
type of the CLCNKA/CLCNKB genomic region defined
by a ~3-kb CLCNKA 3' UTR sequence transposition.
This haplotype is significantly associated with struc-
tural aberrations in the CLCNKA/CLCNKB locus and
likely represents a predisposing factor for their occur-
rence. Given an estimated allele frequency of 45-50%
in the general population, the frequency of the vari-
ant haplotype in our cohort is significantly enriched
(p=9.16x10"°, binominal test). This transposition thus
constitutes another example of a common structural
polymorphism without an apparent strong influence on
gene expression that predisposes to additional genomic
rearrangements relevant for human disease as dis-
cussed by Poubsky et al. [53].

Conclusions

In conclusion, we show that the genomic region encom-
passing CLCNKA and CLCNKB can give rise to com-
plex structural variants due to high sequence similarity,
and emphasize that CLCNKB deletions are more diverse
than routine diagnostics are able to discriminate. We
identify a common haplotype predisposing to CLCNKB
deletions. Further larger studies are needed to determine
whether the precise genomic architecture of the deletion
allele has a relevant impact on clinical phenotype and
management.

Abbreviations

BS Bartter syndrome
BS3 Bartter syndrome type 3
BS 4b Bartter syndrome type 4b

NAHR Non-allelic homologous recombination
TAL Thick ascending limb

DCT Distal convoluted tubule

GS Gitelman syndrome

CKD Chronic kidney disease

MLPA Multiplex ligation-dependent probe amplification
NGS Next-generation sequencing

LRS Long-read third Generation Sequencing
HMW High molecular weight

EDTA Ethylenediaminetetraacetic acid

WES Whole-exome sequencing

WGS Whole-genome sequencing

CNV Copy number variation

MAF Minor allele frequency

ROI Region of interest

PCR Polymerase chain reaction

ONT Oxford Nanopore Technology

ROH Region of homozygosity

UTR Untranslated region

SV Structural variant

AA Amino-acid

bp Base-pairs

AF Alphafold
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