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BSND, encoding ClC-Kb and barttin, cause Bartter’s syndrome types III and IV, respectively. In vitro
experiments have shown that an amino acid change in a proline-tyrosine motif in the C-terminus
of barttin stimulates ClC-K currents. The molecular mechanism of this enhancement and whether
this potentiation has any in vivo relevance remains unknown. We performed electrophysiological
and biochemical experiments in Xenopus oocytes and kidney cells co-expressing ClC-K and barttin
constructs. We demonstrated that barttin possesses a YxxØ motif and, when mutated, increases
ClC-K plasma membrane stability, resulting in larger currents. To address the impact of mutating
this motif in kidney physiology, we generated a knock-in mouse. Comparing wild-type (WT) and
knock-in mice under a standard diet, we could not observe any difference in ClC-K and barttin
protein levels or localization, either in urinary or plasma parameters. However, under a high-sodium
low-potassiumdiet, known to induce hyperplasia of distal convoluted tubules, knock-inmice exhibit
reduced hyperplasia compared toWTmice. In summary, our in vitro and in vivo studies demonstrate
that the previously identified PYmotif is indeed an endocytic YxxØmotif in which mutations cause
a gain of function of the channel.

(Received 11 April 2024; accepted after revision 11 July 2024; first published online 6 August 2024)
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Abstract figure legendClC-K/barttin channelsmediate chloride transport in the kidney and inner ear.Mutating tyrosine
98 to alanine in barttin increases function by an unknown mechanism. In the present study, we performed experiments
in oocytes and kidney cells, showing that tyrosine 98 is part of an endocytic motif. In addition, we show that mice
containing this mutation showed a gain of function under specific conditions, resulting in lower proliferation of distal
convoluted tubular cells. We suggest a mechanism that could explain this phenotype.

Key points
� It is revealed by mutagenesis and functional experiments that a previously identified
proline-tyrosine motif regulating ClC-K plasma membrane levels is indeed an endocytic YxxØ
motif.

� Biochemical characterization of mutants in the YxxØ motif in Xenopus oocytes and human
embryonic kidney cells indicates that mutants showed increased plasma membrane levels as a
result of an increased stability, resulting in higher function of ClC-K channels.

� Mutation of this motif does not affect barttin protein expression and subcellular localization in
vivo.

� Knock-in mice with a mutation in this motif, under conditions of a high-sodium low-potassium
diet, exhibit less hyperplasia in the distal convoluted tubule than wild-type animals, indicating a
gain of function of the channel in vivo.
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Introduction

Human kidney chloride channels from the CLC family
(ClC-Ka and ClC-Kb) are important for transcellular
chloride transport in the nephron (Jentsch&Pusch, 2018).
The ClC-Ka homolog (ClC-K1) is expressed in the thin
ascending limb andmedullary thick ascending limb (TAL)
of the loop of Henle (Hennings et al., 2017; Uchida
et al., 1995), whereas the ClC-Kb homolog (ClC-K2) is
detected in the medullary and cortical portions of the
TAL, the distal convoluted tubule (DCT), the intercalated
cells of the connecting tubule and the collecting duct
(Estévez et al., 2001; Hennings et al., 2017; Kobayashi
et al., 2001). Their physiological function is revealed by the
phenotype of knockout mouse models (Hennings et al.,
2017; Matsumura et al., 1999) and by the presence of
pathological mutations in CLCNKB in patients affected
with Bartter’s syndrome type III (Simon et al., 1997).

Both ClC-K channels are obligatorily associated with
barttin (Estévez et al., 2001), a two-transmembrane
protein encoded by the BSND gene (Birkenhäger
et al., 2001), which increases their stability and plasma
membrane (PM) levels (Hayama et al., 2003). Barttin
knockout mice (Nomura et al., 2011; Rickheit et al.,
2008) and Bartter’s syndrome type IV patients, in which
BSND is mutated (Birkenhäger et al., 2001), show reduced
expression of both ClC-K channels, severe salt loss and
deafness. Moreover, it has been shown in zebrafish that
barttin localization also depends on ClC-K (Pérez-Rius
et al., 2019). Importantly, several biochemical studies have
identified which parts of the barttin protein and which
residues are important for ClC-K channel exit from the
endoplasmic reticulum and for modification of channel
function (Scholl et al., 2006; Steinke et al., 2015a, 2015b;
Stölting et al., 2015; Wojciechowski et al., 2015, 2018).

The regulation of ClC-K channels and its consequences
are not yet fully elucidated. Several hormones such
as insulin-like growth factor-1, angiotensin II or
adenosine have been shown to influence ClC-K function
(Stavniichuk et al., 2023). In addition, ClC-K channels
are regulated by extracellular calcium and pH (Gradogna
et al., 2010; Pinelli et al., 2016). It has been suggested that
pH influence on ClC-Kb activity might be important in
the regulation of salt reabsorption and HCO3

− secretion
by beta-intercalated cells (Pinelli et al., 2016).

Intracellular chloride levels in the DCT might
indirectly affect salt reabsorption by modulating the
activity of sodium/chloride cotransporters (NCC)
(Castañeda-Bueno et al., 2022; Terker et al., 2015).
One of the best described mechanisms involved in the
regulation of NCC is the phosphorylation at key sites,
which enhances transport activity, by inhibiting its
ubiquitination and increasing PM levels (Meor Azlan
et al., 2021). Phosphorylation of NCC is a result of
the activity of Ste20-related proline-alanine-rich (i.e.

SPAK) and oxidative stress-responsive gene 1 (i.e.
OSR1) kinases, which, in turn, are regulated by the
with-no-lysine kinases (WNKs), mainly the isoform
WNK4. It is known that WNKs possess a chloride
binding motif, and a decrease in intracellular chloride
concentration activates WNKs (Murillo-de-Ozores et al.,
2022). As the main chloride channel in the basolateral
side of the DCT is ClC-Kb/barttin, which is open at
almost all voltages because of the lack of protopore
gating, it has been proposed that intracellular chloride
depends on the basolateral membrane potential, which
depends on the potassium gradient (Su et al., 2020).
Thus, a reduction in plasma potassium levels is sensed
by Kir4.1/Kir5.1 channels (Terker et al., 2015). In this
sense, mice with low expression levels of barttin showed
impaired NCC phosphorylation when fed with a high-salt
and low-potassium diet (Nomura et al., 2018).
Increased levels of salt in the diet affect blood pressure.

In this regard, ClC-K2 mRNA was moderately decreased
in WT rats under a high-salt diet (Vitzthum et al., 2002).
Furthermore, a polymorphism in CLCNKB (T481S) has
been associated with high blood pressure in human
populations, suggesting that it might be a gain of
function mutation, although functional studies are not
completely clear showing divergent results depending on
the expression system (Sile et al., 2007, 2009).
Additionally, Estévez et al. (2001) reported that the

cytoplasmatic tail of barttin contains a proline-tyrosine
motif (PQPPYVRL), the so-called PY motif, which is
a binding site for ubiquitin ligases. Thus, when the
tyrosine ismutated to alanine (Y98A), ClC-Ka/barttin and
ClC-Kb/barttin currents increase (Estévez et al., 2001). It
has been suggested that this mutation increased channel
levels at the PM, possibly because the ubiquitin ligase
Nedd4-2 could not bind to thismotif (Embark et al., 2004).
In the present study, we first performed an in vitro

biochemical characterization of the mechanism by which
Y98A mutation increases channel surface expression,
suggesting it is part of an endocytosis YxxØ motif
rather than the previously considered PY motif. Then,
we generated a knock-in (KI) mouse model of barttin
containing this mutation and assayed its impact on renal
function. Our results suggest that Y98A is a gain of
function mutation in the ClC-K/barttin channel both in
vitro and in vivo.

Methods

Molecular biology

Plasmids presented herein were constructed using
standard molecular biology techniques employing
recombinant PCR and the Multisite Gateway System
(Invitrogen, Carlsbad, CA, USA). The integrity of all
cloned constructs was confirmed by sequencing.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Generation of custom antibodies against ClC-Kb and
barttin proteins

Immune sera against synthetic peptides from
mouse ClC-Kb MEELVGLREGASKKPVPL(C),
corresponding to amino acids 1–18 at the N-terminus, or
(C)KKAISTLTNPPAPK, corresponding to the last amino
acids at the C-terminus (coupling cysteine between
parenthesis), and mouse barttin (C)PEQEEEDLYYGLPD
and (C)PLPDKELGFEPDIQG, corresponding to amino
acids 275–288 and 293–307 of the C-terminus, were raised
in rabbits using the services provided by Eurogentec
(Seraing, Belgium). After several boosts of immunization,
the antibodies were affinity purified using the peptides
covalently linked to Sulfolink (Thermo Fisher Scientific,
Waltham, MA, USA). The polyclonal antibodies were
tested by immunoblotting in human embryonic kidney
(HEK) 293T cells expressing ClC-Kb and barttin.

Electrophysiology and luminescence-based surface
assays in Xenopus oocytes

Oocytes were obtained by surgery from Xenopus
laevis purchased from Xenopus Express (Vernassal,
France). Oocytes were harvested from frogs that had
been anaesthetized by tricaine (ethyl 3-aminobenzoate
methanesulfonate salt; Sigma-Aldrich, Madrid, Spain)
and the follicular layer was enzymatically removed by
collagenase digestion during 3 h at 17°C. After surgery,
frogs were allowed to recover from anaesthesia and
suitable aftercare was given. Oocytes were maintained at
17°C in Barth’s solution containing (in mm): 88 NaCl,
1 KCl, 0.82 MgSO4, 0.41 CaCl2, 0.33 Ca(NO3)2, 2.4
NaHCO3 and 10 Hepes/Tris, pH 7.4, as well as 10 mg L–1
of gentamycin. Each oocyte was injected with 10 ng
of capped ClC-Ka or ClC-Kb complementary RNA
and 5 ng of barttin. Measurements were carried out in
ND96 medium (96 mm NaCl, 2 mm KCl, 1.8 mm CaCl2,
1 mm MgCl2 and 5 mm Hepes buffer at pH 7.4). Voltage
was clamped between +80 and −100 mV for 0.8 s in
20 mV steps throughout. Currents were measured using
a TEC-05X voltage amplifier and the CellWorks program
(NPI Electronic, Tamm, Germany). Off-line analysis
was performed using pCLAMP9 (Molecular Devices,
Sunnyvale, CA, USA) and SigmaPlot (Systat Software
Inc., San Jose CA, USA).
To measure the surface membrane expression of

HA-tagged proteins, we used a chemiluminescence-based
method. Oocytes were placed in ND96 medium
containing 1% bovine serum albumin (BSA) for 30 min
at 4°C, then incubated for 60 min at 4°C with 1 μg mL–1
of rat monoclonal anti-HA antibody (3F10; Roche
Diagnostics, Sant Cugat del Vallès, Barcelona) in 1%
BSA-ND96, before being washed and incubated with
horseradish peroxidase-conjugated secondary antibody

[donkey anti-rat IgG (H+L); Jackson ImmunoResearch,
Newmarket, UK] in 1% BSA-ND96 for 30−60 min
at 4°C. Oocytes were washed thoroughly (1% BSA at
4°C for 60 min) and transferred to ND96 without BSA.
Individual oocytes were placed in 50 μL of Power Signal
enzyme-linked immunosorbent assay (ELISA) solution
(Thermo Fisher Scientific). Chemiluminescence was
quantified in a Turner TD-20/20 luminometer (Turner
Biosystems, Sunnyvale, CA, USA).

Cell culture, transfection and cell surface ELISA

HEK293T cells were grown in Dublecco’s modified
Eagle’s medium containing (v/v) 10% fetal bovine serum
(Sigma, St Louis, MO, USA) 1% glutamine and 1%
penicillin/streptomycin at 37°C in a humidity-controlled
incubator with 5% CO2. Cells were transiently trans-
fected with Transfectin Lipid Reagent (Bio-Rad, Madrid,
Spain) in accordancewith themanufacturer’s instructions.
Experiments were performed 48−72 h after cell trans-
fection. Experiments with differentmedia containing high
or low potassium were performed as previously described
(Terker et al., 2015). Cell surface ELISA was performed as
previously described (Zerangue et al., 1999).

Functional expression in Xenopus oocytes and
HEK293T cells

Capped complementary RNA of CLC channels (10 ng)
and barttin (5 ng) were expressed in Xenopus oocytes
as described. Mutations were introduced by recombinant
PCR and sequenced. Measurements were carried out in
ND96 medium for oocytes or in extracellular media
containing (in mm): 140 NaCl, 2 MgSO4, 3CaCl2, 10
Hepes and 5 glucose, pH 7.3, as well as intracellular media
containing (in mm): 130 NaCl, 2 MgSO4, 2 EGTA and 10
Hepes, pH 7.3, for cells.

Animal procedures

The BsndY95A/Y95A KI mouse model was generated by
editing the genome of C57BL/6J mice by a clustered
regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated 9 (Cas9) system using
the services of Taconic Biosciences (Germantown, NY,
USA). Four nucleotides were changed from position c.282
to c.285 (CTAC to TGCA), resulting in a synonymous
change p.Pro94Pro and the targeted missense change
p.Tyr95Ala. Heterozygous BsndY95A/+ mice were crossed
to obtainWT and homozygous KI mice in the same back-
ground (C57BL/J). Mice were maintained in a specific
pathogen-free animal facility, in a temperature- and
humidity-controlled room, under a 12:12 h light/dark
photocycle. Mice were housed by sex in groups of three to

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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fivemice per cage with ad libitum access to drinking water
and food (VRF1 P chow; Special Diets Services, UK, code:
801900). All experimental protocols were approved by the
Animal Experimentation Ethics Committee of IDIBELL
(AAALAC accredited facility, B9900010). On the last day,
mice were anaesthetized with inhaled isofluorane (IsoFlo,
100% liquid). Once deep asleep, they were killed by intra-
cardiac puncture with lithium heparin-coated syringes to
obtain blood samples. Mice died by exsanguination and
death was ensured by cervical dislocation. The abdominal
cavity was then opened to remove the kidneys.

WT and KI mice weight was assessed weekly from
weaning until 5 months of age to ensure that the
introduced mutation did not affect mouse development
(N = 25 per condition). Then, to monitor water intake,
and urinary excretion levels and collect 24 h urine
samples,micewere housed individually inmetabolic cages
for 4 days (N = 6–7 per condition). On the last day,
mice were killed by intracardiac puncture using syringes
coated with lithium heparin to obtain blood samples
and remove kidneys. Blood samples were centrifuged for
10 min at 1500 g and 4°C to obtain plasma. One and a
half kidneys were stored at −80°C for gene and protein
expression analysis, and the other half was placed in 4%
paraformaldehyde for overnight fixation for subsequent
histological analysis.

To ensure increased urinary ions levels, high-sodium
normal-potassium (HSNK+) or high-sodium
low-potassium (HSLK+) diets were administered to
BsndY95A/Y95A mice for 12 consecutive days (N = 6–7 per
condition). Groups were randomized by separating litters
and sexes equally. Diets were prepared by modifying
the Ssniff diet (Soest, West Germany) to obtain a final
concentration of 6% NaCl and 1% K+, for the HSNK+
diet, and 6% NaCl and 0.01% K+, for the HSLK+ diet.
Mice had ad libitum access to drinking water and their
corresponding diet. During the last 4 days of treatment,
mice were placed inmetabolic cages tomonitor daily food
and water intake, weight, and urinary excretion levels and
collect individual urine samples. Then, mice were killed
to obtain blood and kidney samples as described above.

Western blots and immunohistochemistry

Barttin and ClC-K antibodies were produced as described
previously. NCC and phospho-NCC were from Abcam
(Cambridge, UK) and Cayman Chemical (Ann Arbor,
MI, USA), respectively. Actin and tubulin antibodies
were from Millipore (Spain, Madrid). Western blots
were performed as previously described using kidney
membranes.

Anaesthetized adult animals were perfused through the
left ventricle with phosphate-buffered saline followed by
4% paraformaldehyde in phosphate-buffered saline.

When comparing protein levels and localization,
half kidneys were fixed by placing them in 4%
paraformaldehyde for overnight fixation for subsequent
histological analysis. Tissue samples were mounted in
OCT compound (Tissue Tek; Sakura Finetek, Alphen
aan den Rijn, The Netherlands) for cryosections and cut
into 10 μm sections. Detection of proteins was performed
as previously described (Estévez et al., 2001) and the
analysis was performed by confocal microscopy (Zeiss,
Oberkochen, Germany). Quantification was performed
using ImageJ (NIH, Bethesda, MD, USA).

Gene expression analysis

Kidney RNA extraction and purification were performed
using the Direct-zol RNA MiniPrep Plus kit (Zymo
Research, Irvine, CA, USA). RNA was quantified
with the Qubit RNA BR Assay Kit (Invitrogen) and
1 μg was retrotranscribed using the Transcriptor
First Strand cDNA Synthesis Kit (Roche, Basel,
Switzerland). A primer pair was designed for renin
(5′-GGAGGAAGTGTTCTCTGTCTACTACA-3′;
5′-GCTACCTCCTAGCACCACCTC-3′) and
GADPH (5′-TGTCCGTCGTGGATCTGAC-3′;
5′-CCTGCTTCACCACCTTCTTG-3′). Gene expression
was measured following the NZY Supreme qPCR Green
Master Mix (NZYTech, Lisbon, Portugal) protocol and
using the Light Cycler 480 Real-Time PCR System
(Roche). Then, the relative quantification was determined
using the Delta-Delta Ct (2−��Ct) method normalized by
Gapdh expression (Livak & Schmittgen, 2001).

Determination of parameters in urine and blood

Plasma and urinary levels of chloride (Cl−), sodium
(Na+), potassium (K+), calcium (Ca2+) and magnesium
(Mg2+) were detected by indirect potentiometry in an
Allinity ci-series automated analyzer (Abbot, Abbott
Park, IL, USA). Ion data were normalized per mmol
of creatinine, determined using the Creatinine2 assay
(049T9120). Urinary PGE2 was measured using the
PGE2 ELISA Kit (Cayman Chemical) in accordance with
the manufacturer’s instructions, and urinary pH was
determined using the 52 09 pH electrode for micro-
samples (CRISON, Barcelona, Spain). Osmolarity was
determined using a vapour-pressure osmometer (Model
3320 Osmometer; Tecil, Barcelona, Spain).

Statistical analysis

For each calculated value from different experiments,
data indicate the mean ± SD. Statistical analyses
were performed using Prism (GraphPad Software
Inc., San Diego, CA, USA). To estimate statistical

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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significance for experiments comparing two populations,
we used a two-tailed unpaired Student’s t test or
a Wilcoxon–Mann–Whitney test. For experiments
comparing three or more populations, we used one-way
ANOVA with Bonferroni multiple comparison tests. The
tests used and the respective P values are indicated where
appropriate.

Results

A mutation in the Tyr 98 of barttin increases ClC-K
plasma membrane levels

In Xenopus oocytes, when ClC-Ka was co-expressed
with barttin containing a Y98A mutation in a putative
PY motif at the proximal C terminus (Fig. 1A), higher
current levels (about two-fold) were observed compared
to ClC-Ka co-expressed with WT barttin (Fig. 1B). Pre-
vious reports have shown that in MDCK cells stably
transfected with WT or Y98A barttin, higher PM levels
were observed for barttin Y98A mutant (Hayama et al.,
2003). To confirm these results in Xenopus oocytes, we
measured the surface levels of ClC-K expressed alone or
together with WT or Y98A barttin. Barttin co-expression
enhanced the surface expression of ClC-Ka and this effect
was strongly potentiated by the Y98A mutant (Fig. 1C).
Previous studies have shown that barttin retained its
stimulatory effect on ClC-K1 activity even after large
C terminal truncations (Estévez et al., 2001). Thus, we
analyzed whether the ClC-K1 channel function could also
be further increased by the Y98A mutation in the context
of the previously described barttin truncation in residue
115 (115X) (Estévez et al., 2001). Interestingly, the Y98A
mutation dramatically increased ClC-K1 channel activity
(more than 10 times) (Fig. 1D).
Moreover, we addressed whether this PY motif could

be translated to a different protein (Fig. 1E). We fused the
C-terminal residues 60 to 115 of barttin containing (or
not) the Y98A mutation to the C-terminus of N-terminal
HA-tagged ß2-adrenergic receptor (ß2-ADR) and assayed
surface expression. As an internal control, we used the
same receptor containing the C terminus of the Kir6.2
channel (Zerangue et al., 1999), which contains aWT end-
oplasmic reticulum (ER) retention signal (RKR) or the
signal mutated to alanines (AAA, free from ER retention).
Mutation Y98A in the fused ß2-ADR also increased
surface expression of the barttin-fused receptor, indicating
that the barttin putative PY motif regulates PM levels
independently of the context.

Characterization of the proline-tyrosine motif in
barttin

These functional effects of the barttin Y98A variant
resemble that observed for the sodium channel ENaC

(Staub et al., 1997) or the chloride transporter ClC-5
(Schwake et al., 2001), where a PY motif involved in
channel endocytosis was described (Fig. 2A). Thus, we
decided to investigate this putative PYmotif inmore detail
via mutagenesis studies. We performed a site-directed
scanning mutagenesis approach on the barttin protein,
mutating every single residue from proline 94 to leucine
101 to alanine, and co-expressed them with ClC-Ka
(Fig. 2B). By contrast to that expected for a typical PY
motif, individual mutations of prolines 94, 96 and 97 to
alanine, or even the double mutant of prolines 96 and 97,
did not potentiate ClC-Ka currents, as Y98A mutation
did. Similarly, no activating effects were observed when
mutating the other three residues (Q95, V99 and R100).
However, an increase in ClC-Ka currents was observed
when leucine 101 was mutated to alanine (Fig. 2B).
Considering these mutagenesis studies, we conclude that
the identified motif is not a PY motif but rather an end-
ocytosis YxxØ motif. Interestingly, it has been found
that Y98 residue can be phosphorylated (Paulo et al.,
2015). Mimicking this phosphorylation by introducing a
glutamate residue instead of the tyrosine (Y98E) resulted
also in increased currents (Fig. 2B).
In agreement with its role as an endocytosis motif,

incubation with brefeldin A (a known ER-Golgi protein
trafficking inhibitor) indicated that Y98A barttin is
more stable at the PM than WT barttin (Fig. 2C).
Moreover, channel co-expressionwith dynamin dominant
negative (known to limit the endocytosis process)
(Fig. 2D) potentiated ClC-Ka/WT-barttin currents
but not in ClC-Ka/Y98A-barttin. We conclude that
ClC-K/barttin channels might cycle between the PM
and intracellular vesicles through clathrin-mediated and
dynamin-dependent endocytic pathways, as has been
described for other renal channels such as AQP2 (Sun
et al., 2002).

Analyzing the effect of mutating the YxxØ motif in
mammalian cells

To confirm that the effects observed in Xenopus oocytes
could also be extrapolated to kidney mammalian cells,
we analyzed the PM expression of ClC-Kb co-expressed
with WT or Y98A barttin in HEK293 cells. To ensure
that all transfected cells equally expressed both proteins,
we developed a construct where both cDNAs were fused
through E2A sequences. Using a luminescence-based
ELISA signal, we could show that ClC-Kb PM levels were
higher when co-expressed with Y98A barttin (Fig. 3A).
To demonstrate that increased levels of the channel

at the PM resulted in a gain of function causing
reduced intracellular chloride levels, we used a previously
described method (Terker et al., 2015). For that purpose,
we expressed NCC alone or together with ClC-Kb/barttin

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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or ClC-Kb/Y98A-barttin in HEK cells. Then, cells were
treated with normal-potassium (NK+) or low-potassium
(LK+) medium and the ratio of NCC phosphorylated at
position Thr 53/ total NCC was estimated by a western
blot (Fig. 3B andC). As previously described (Terker et al.,
2015), incubation with LK+ medium caused an increase
in the phosphorylation of NCC, an increase that was

potentiated by the presence of ClC-Kb/barttin channels
(Fig. 3B and C). Importantly, in cells incubated in NK+
medium, the expression of ClC-Kb/barttin increased the
phosphorylation of NCC, an effect that was further
potentiated by ClC-Kb/Y98A-barttin channels (Fig. 3B
and C). This result again suggested the gain of function
effect of Y98A-barttin in mammalian cells.

A B

C D E

Figure 1. Functional characterization of a barttin Y98A mutant in Xenopus oocytes
A, schematic 2D models of the ClC-K chloride channel and barttin. The position of important structural features
such as the helices and the cystathionine-β-synthase (CBS) domains are shown for the ClC-K protein. The
localization of the N- and C-terminus is shown for both ClC-K and barttin proteins. The estimated position of
the Y98 motif is highlighted in the barttin model. B, three-day time course of the conductance values mediated
by ClC-Ka/barttin (Ka + B, white bars, n = 9, n = 9 and n = 4, for days 1, 2 and 3, respectively) or ClC-Ka/barttin
containing the Y98A mutation (Ka + B Y98A, black bars, n = 9, n = 9 and n = 5, for days 1, 2 and 3, respectively),
after co-expression in Xenopus oocytes. An unpaired t test showed significant differences between Ka + B
and Ka + B Y98A groups (P < 0.0001, P = 0.00175 and P = 0.0141, for days 1, 2 and 3, respectively. C,
chemiluminescence assay for ClC-Ka plasma membrane levels estimation of Control (n = 8), ClC-Ka (Ka, n = 6),
Ka + B (n = 5) and Ka + B Y98A (n = 6) groups. One-way ANOVA with Bonferroni multiple comparison tests was
performed to compare the different groups. P values (vs. Ka group): control (P > 0.999), Ka + B (P > 0.999) and
Ka + B Y98A (P < 0.0001). Importantly, significant differences were also found between Ka + B and Ka + B Y98A
groups (P < 0.0001), indicating that ClC-Ka PM levels were further enhanced by Y98A barttin. D, conductance
values mediated by ClC-K1 in co-expression with the truncated 115X version of barttin (K1 + B115X, n = 10) or
barttin 115X additionally containing the Y98A mutation (K1 + B115X_Y98A, n = 10). An unpaired t test showed
significant differences between K + B115X and K1 + B115X_Y98A (P < 0.0001). E, chemiluminescence assay
monitoring N-terminal HA-tagged ß2-adrenergic receptor PM levels. Groups include control (n = 5) and C-terminal
fusion of different residues, as follows: C-terminus of theWT Kir6.2 channel (ß2-KIR, n = 10) or Kir6.2 three-alanine
mutation of retention signal (ß2-KIR_AAA, n = 10), and residues 60 to 115 of WT barttin (ß2-B_60-115, n = 10)
or containing the Y98A mutation (ß2-B_60-115_Y98A, n = 10). Data represent the mean ± SD. An unpaired t
test showed significant differences between ß2-KIR and ß2-KIR_AAA (P< 0.0001) and between ß2-B_60-115 and
ß2-B_60-115_Y98A (P = 0.0422). Significance: ∗P ≤ 0.05, ∗∗P ≤ 0.01 and ∗∗∗P ≤ 0.001.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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A

B

C D

Figure 2. Determination of an endocytosis mutant in barttin
A, sequence magnification and alignment of the region surrounding and compressing the putative PY motif in
barttin, ClC-5 and the ENaC channel. Motifs residues similarity is highlighted in bold letters. B, relative conductance
values mediated by ClC-Ka in co-expression with WT barttin (n = 10) and different PY motif mutants. One-way
ANOVA with Bonferroni multiple comparison tests was performed between the different groups. P values (vs. the
Ka+ B (WT) group): Ka+ P94A (n = 10, P> 0.999), Ka+Q95A (n = 10, P> 0.999), Ka+ P96A (n = 10, P> 0.999),
Ka + P97A (n = 10, P > 0.999), Ka + P96P97AA (n = 6, P > 0.999), Ka + Y98A (n = 10, P = 0.0258), Ka + Y98E
(n = 4, P < 0.0001), Ka + V99A (n = 5, P > 0.999), Ka + R100A (n = 5, P = 0.637) and Ka + L101A (n = 6,
P < 0.0001). Groups showing enhanced conductance values are highlighted by black filled bars. In these groups,
significance is indicated. C, time course of the conductance levels mediated by ClC-Ka/WT-barttin (Ka + B, n = 7,
n = 8, n = 8 and n = 7, for incubation times of 0, 2, 4 and 14 h, respectively) and ClC-Ka/Y98A-barttin (Ka + B
Y98A, n = 6, n = 10, n = 10 and n = 6, for incubation times of 0, 2, 4 and 14 h, respectively) in the presence of
brefeldin A. One-way ANOVA with Bonferroni multiple comparison tests was performed to compare barttin WT vs.
barttin Y98A effects at every brefeldin A incubation time. Significant differences were found after 4 h of incubation
time: 0 h (P = 0.618), 2 h (P = 0.0966), 4 h (P = 0.0371) and 14 h (P < 0.001). D, conductance values mediated
by ClC-Ka/WT-barttin (white bars) and ClC-Ka/Y98A-barttin (black filled bars) in co-expression with WT dynamin
(Dyn) (n = 8 and n = 9, for WT and Y98A barttin variants, respectively) or dominant negative dynamin (Dyn_KE)
(n = 11 and n = 8, for WT and Y98A barttin variants, respectively). One-way ANOVA with Bonferroni multiple
comparison tests was performed comparing the dynamin variants effect. Significant differences were found for
ClC-Ka/WT-barttin channels (P = 0.00918), whereas no significant differences were found for ClC-Ka/Y98A-barttin
channels (P > 0.999). Data represent the mean ± SD. Significance: ∗P ≤ 0.05, ∗∗P ≤ 0.01 and ∗∗∗P ≤ 0.001.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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A C

B

Figure 3. Characterization of barttin Y98A mutant in cells
A, ClC-Kb relative PM levels estimation in both co-expression ofWT-barttin (B-Kb, n = 5) or Y98A-barttin (B Y98A-Kb,
n = 5). E2A fusion approach was applied to ensure the co-transfection of both barttinWT/Y98A and extracellular loop
HA-tagged ClC-Kb channel proteins in all transfected cells. Data represent the mean± SD. An unpaired t test showed
significant differences between both groups (P < 0.0224). Significance: ∗P ≤ 0.05. Inset: illustration depicting the
cell surface ELISA method selected to determine the relative PM levels of both groups (see methods). B, western blot
detection of relative protein levels of NCC (Anti-NCC) and NCC phosphorylated at position Thr 53 (Anti-NCC-T53).
Actin protein levels were detected as a loading control (Anti-Actin). Experiments were performed after expression
of NCC alone or in co-expression with ClC-Kb/barttin (B-Kb) or ClC-Kb/Y98A-barttin (B Y98A-Kb) in HEK293T
cells. Incubation conditions in normo-potassium (NK+) or low-potassium (LK+) medium are indicated at the top.
C, western blot quantification of the increment (%) in the phosphorylation ratio of the NCC transporter (Th53/total
NCC). Data of three independent experiments (n = 3) were normalized to the basal phosphorylation ratio exhibited
by the NK+ NCC group. One-way ANOVA with Bonferroni multiple comparison tests was performed. P values of the

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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4300 C. Mayayo-Vallverdú and others J Physiol 602.17

comparison of every group between NK+ and LK+ conditions, were: NCC (P = 0.365), NCC + B-ClC-Kb (P = 0.0115)
and NCC + BY98A-Kb (P = 0.234). Under NK+ conditions, no significant differences in the phosphorylation ratio of
NCC were found after B-Kb co-expression (P = 0.839). Conversely, B Y98A-Kb co-expression significantly increased
the phosphorylation ratio of NCC (P = 0.0307), displaying no significant differences vs. the B-Kb co-expression
group (P > 0.999). Under LK+ conditions, both B-ClC-Kb (P = 0.0259) and B Y98A-Kb (P = 0.0199) co-expression
significantly increased the phosphorylation ratio of NCC, and no significant differences were found between B-Kb
and B Y98A-Kb groups (P > 0.999).

Development of a Bsnd knock-in mouse with a
mutation in the YxxØ motif

Once the role of the YxxØ motif as an internalization
signal was described in two different cell systems, we
aimed to assess the impact of this mutation in vivo by
generating a BsndY95A/Y95A KI mouse (Fig. 4A). Homo-

zygous KI mice were born from heterozygous matings at
Mendelian ratio, which were indistinguishable from their
WT and heterozygous littermates, and their body weight
evolution followed the same progression at different ages
(Fig. 4B).
The expression and localization of ClC-K and barttin

proteins were determined using Western blot and

A B

C

D

Figure 4. Generation and initial
characterization of BsndY95A/Y95A KI
mice
A, representative Bsnd sequences of
wild-type (WT), heterozygous (Het) and
knock-in (KI) mice. Changing the four
nucleotides CTAC to TGCA by CRISPR-Cas9
results in the missense mutation p.Tyr95Ala.
B, body weight evolution from the first to
the fifth month of age, plotted by genotype
and sex (n = 25). C, western blot detection
(left) and quantification (right) of the
relative protein levels of ClC-K2 and barttin
proteins using our newly generated rabbit
polyclonal antibodies. In the case of ClC-K2,
the antibody against the synthetic
C-terminal peptide was used (Rb#108).
β-actin protein levels were detected as a
loading control (beta-actin). A comparison
of the renal tissue relative protein levels
between WT, heterozygous (Het), and full
knock-in mice (KI) is shown. Two bar
diagrams show the normalized and β-actin
corrected protein levels quantification of
either the ClC-K2 channel and the barttin
protein. Data represent the mean ± SD
(n = 9 in every group, three replicates out of
three independent animals from each mice
model). One-way ANOVA with Bonferroni
multiple comparison tests showed no
differences in the protein levels among: WT
vs. Het (P = 0.381 and P = 0.981, for
ClC-K2 and barttin, respectively), WT vs. KI
(P = 0.826 and P = 0.636, for ClC-K2 and
barttin, respectively) and Het vs. KI
(P > 0.999 for both ClC-K2 and barttin). D,
immunohistochemical staining of barttin in
WT and KI mice renal tissue. Images show
that barttin is in the basolateral side in WT
and KI mice. Scale bar = 20 μm.
4′,6-Diamidino-2-phenylindole (i.e. DAPI)
nuclei staining (blue) is also shown to help
identify individual cells. [Colour figure can
be viewed at wileyonlinelibrary.com]
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immunofluorescence studies. Western blot analysis
revealed no significant differences in protein expression
betweenWT and KI mice (Fig. 4C). As previously shown,
localization of both proteins in the KI mice was detected
in the renal cortex and medulla in many segments such
as the TAL or the cortical collecting duct (Fig. 4D).
Staining of barttin in KI mice also showed basolateral
expression in collecting duct cells resembling intercalated
cells (Fig. 4D). Thus, we concluded that the mutation of
the critical tyrosine does not affect either ClC-K/barttin
expression or its subcellular localization in vivo.

We then addressed the functional consequences of the
tyrosine mutation in vivo assessing different physiological
parameters (Fig. 5). Measurements of urine volume, pH
and osmolarity showed no differences between KI and
WTmice (Fig. 5A). Water intake was also similar between
both groups (Fig. 5A). Moreover, because the trans-
cellular movement of chloride affects the movement of
other ions such as sodium, potassium, magnesium and
calcium,we assessed its concentration in urine and plasma
(Table 1). No significant differences were observed in
any ion comparison or blood urea nitrogen (Table 1).

Furthermore, in agreement with similar renin expression
levels between the two genotypes, levels of PGE2 were not
significantly different (Fig. 5B).

Increasing salt delivery to the distal convoluted
tubules in WT and KI mice

The above results showed no obvious differences in
kidney functioning in BsndY95A/Y95A mice, although in
vitro results have shown that this mutation increases
ClC-K function. Considering the role of barttin in NCC
phosphorylation on the DCT under a high-salt and
low-potassium diet (HSLK+) (Nomura et al., 2018),
we reasoned that differences might be observed under
these conditions. Then, we fed WT and KI mice with
a HSLK+ diet, and we used it as a control high-salt
and normal potassium diet (HSNK+). We found that
ClC-K levels slightly decreased in KI mice after the
HSLK+ diet, whereas barttin remained unchanged. As
expected for this HSLK+ treatment (Nomura et al., 2018),
NCC phosphorylated levels were increased in both WT
and KI. NCC levels were only slightly increased in KI

A

B

Figure 5. Characterization of urinary and salt-related parameters in BsndY95A/Y95A mice
A, comparison of urine excretion, pH, osmolarity (Osm) and water intake between wild-type (WT) and knock-in
(KI) mice was assessed during the days housed individually in metabolic cages (n = 11−14). Osmolarity levels
were normalized by body weight (kg). Water intake was measured in mL. B, renin gene expression (n = 6−7)
and PGE2 urinary normalized by mg of creatinine levels (n = 10−12). Data are expressed as the mean ± SD
and each dot represents a different mouse. No statistical differences were found between WT and KI after
a Mann–Whitney–Wilcoxon test: urine excretion (P = 0.550), pH (P = 0.364), osmolarity (P = 0.426), water
intake (P = 0.910), renin gene expression (P = 0.166) and PGE2 (P = 0.604). [Colour figure can be viewed at
wileyonlinelibrary.com]

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 1. Ion levels in plasma and urine of WT and KI mice

Plasma (mM) Urine (mmol/mmolCre)

WT KI P-value WT KI P value

Cl 112.00 ± 4.00 111.57 ± 2.93 0.617 83.62 ± 15.47 72.77 ± 12.45 0.610
Na 143.35 ± 4.89 145.61 ± 3.44 0.999 41.70 ± 5.39 36.21 ± 4.07 0.395
K 4.91 ± 0.67 4.98 ± 0.68 0.395 121.00 ± 25.80 106.33 ± 19.75 0.779
Ca 2.31 ± 0.09 2.33 ± 0.09 0.999 0.36 ± 0.08 0.41 ± 0.12 0.741
Mg 0.75 ± 0.07 0.84 ± 0.11 0.589 6.96 ± 2.12 7.71 ± 2.32 0.897
BUN (mg dL–1) 15.50 ± 2.05 17.92 ± 2.40 0.490

Note: Values represent the mean ± SD, n = 6−7 mice per group. No statistical differences were found between WT and KI after a
Mann–Whitney–Wilcoxon test. Plasma: Cl (P = 0.617), Na (P = 0.999), K (P = 0.395), Ca (P = 0.999), Mg (P = 0.589) and BUN (P = 0.490).
Urine: Cl (P = 0.610), Na (P = 0.395), K (P = 0.779), Ca (P = 0.741) and Mg (P = 0.897). BUN = blood urea nitrogen (mg dL–1).

mice (Fig. 6A). We observed only a tiny increase in the
ratio between phosphorylated NCC and NCC for WT
mice after a HSLK+ treatment. However, no significant
differences were observed between WT and KI mice for
barttin, ClC-K, total NCC and phosphorylatedNCC levels
(Fig. 6A).
In addition, it has been reported that an increase in the

salt delivery to the DCT, especially under conditions of
high salt and low potassium diet such as those used here,
induces hyperplasia of the epithelial cells, manifested by
increased numbers of cells in the tubules (de Bruyne, 2003;
Kaissling & Stanton, 1988; Kaissling et al., 1985; Liang &
Shimosawa, 2022; Saritas et al., 2018). In agreement with
these findings, we observed a dramatic increase in the
DCT area in WT and KI mice after HSLK+ vs. HSNK+
diet (Fig. 6B and C). Although KI mice also showed
an increase in the DCT area, it was at a lower degree
compared to WT animals in HSNK+ (Fig. 6B and C).
Furthermore, quantification of the number of nuclei
found on every individual DCT tubule, as revealed by
4′,6-Diamidino-2-phenylindole (i.e. DAPI) staining, also
showed much greater values in WT animals compared to
KI animals in HSLK+ (Fig. 6D), whereas no differences
were observed in HSNK+ or in KI animals when
comparing HSLK+ vs. HSNK+. Quantification of the
area/number of nuclei quotient showed an increased value
for WT and KI animals in HSLK+ (Fig. 6E). Thus, both
WT and KI DCT cells show an increased volume because
of HSLK+. Accordingly, all of these results suggest that
the increased DCT area in WT vs. KI animals could be
attributed mainly to a major degree of hyperplasia.

Discussion

In the present study, we report the in vitro and in vivo
effect of a motif in the C-terminus of barttin, which
regulates the levels of ClC-K/barttin channels at the
PM. Barttin C-terminus is poorly conserved between
species and, even in zebrafish, the C-terminus is very

short and does not contain the motif investigated in
the present study (Pérez-Rius et al., 2019). In mammals,
in agreement with not having a functional role, large
deletions of the C-terminus can be performed without
abolishing the barttin function (Estévez et al., 2001).
Nevertheless, truncating the humanprotein before residue
115 (115X) dramatically reduced its function (Estévez
et al., 2001). In the context of the truncation 115X,
we show here that adding the Y98A mutation also
significantly increases ClC-K activity, suggesting that the
distal C-terminus region may regulate the accessibility
to the internalization motif; for example, by steric hind-
rance. Interestingly, many phospho-sites have been found
in the C-terminus of barttin in different conditions,
including residues in the motif described (Y98) or close
to it (serine 107) (Paulo et al., 2015). We show here
that mimicking the phosphorylation of this tyrosine, by
mutating it to glutamate, increases macroscopic currents
possibly by increasing PMchannel levels. Thus, we suggest
that it is possible that signalling cascades regulating the
phosphorylation of barttin may influence PM levels of the
complex.
In the case of the PYmotif of ENaC and ClC-5 proteins,

the increase in currents depended on reduced inter-
actions with WW domains of ubiquitin protein ligases
(Schwake et al., 2001; Staub et al., 1997). It has been
shown in co-expression experiments that the ubiquitin
ligase Nedd4-2 and the kinases SGK1 and 3 regulate
ClC-K/barttin (Embark et al., 2004). However, recent
studies with conditional knockout mice of Nedd4-2
indicated that barttin and ClC-K protein levels did not
change (Nanami et al., 2018). Because we have shown that
the internalization motif studied is a YxxØ motif instead
of a PY motif, we conclude that the previously observed
effects of Nedd4-2 on ClC-K currents might be through
indirect mechanisms.
In vivo studies using the BsndY95A/Y95A mouse model

showed no differences in ion levels or other physiological
parameters under a normal diet betweenWTandKImice.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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A
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C D E

Figure 6. Effect of a high salt/low potassium diet in wild-type and BsndY95A/Y95A mice
A, western blot detection (left) and quantification (right) of the renal tissue relative protein levels of barttin, ClC-K2,
NCC and phosphorylated NCC (pNCC-T53 or NCC-P). Tubulin protein levels were detected as a loading control. A
comparison of the relative protein levels between WT and KI mice in both HSNK+ (NK+) and HSLK+ (LK+) diets is
shown. Four bar diagrams show the normalized and tubulin corrected protein levels quantification of each of the
proteins. An inset small diagram depicts the NCC-P/NCC ratio calculated for every group. One-way ANOVA with
Bonferroni multiple comparison tests was performed. No significant differences were found in the protein levels
between WT (n = 6 in all the groups) and KI mice (n = 4 in the NCC LK+ group, n = 6 in all the groups under NK+
diet and n = 5 in the rest of the groups under LK+ diet). P values (NK+ and LK+) as follows: Barttin (P > 0.999
and P > 0.999), ClC-K2 (P = 0.868 and P > 0.999), NCC-P (P > 0.999 and P > 0.999) and NCC (P > 0.999 and
P = 0.134). Conversely, LK+ diet triggered significant alterations of protein levels in some groups. P values (WT
and KI) as follows: Barttin (P = 0.147 and P = 0.718), ClC-K2 (P = 0.479 and P = 0.0141), NCC-P (P = 0.0438
and P = 0.0515) and NCC (P > 0.999 and P = 0.0252). Bar diagrams represent the mean ± SD. Significance: ∗P
≤ 0.05. B, immunohistochemical staining of the NCC cotransporter (red) allows to compare the distal convoluted

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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tubule areas betweenWT and full knock-in mice (KI) in both HSNK+ (NK+) and HSLK+ (LK+) diet conditions. Scale
bar = 20 μm C–E, diagram graphs depicting the distal convoluted tubule area (C), number of nuclei quantifications
(D) and area/nuclei quotient (E). One-way ANOVA with Bonferroni multiple comparison tests was performed. No
significant differences were found in the distal convoluted tubule area between WT and KI mice fed with NK+
(P > 0.999, n = 66 and n = 61 for WT (n = 3 animals) and KI (n = 4 animals), respectively). Conversely, significant
differences were found under LK+ diet (P < 0.0001, n = 285 and n = 239 for WT (n = 6 animals) and KI (n = 5
animals), respectively) diets. Furthermore, significant differences were found in the distal convoluted tubule area
between NK+ and LK+ conditions, either in WT (P < 0.0001) and KI (P < 0.001) mice. Similarly, under NK+ diet,
no significant differences were found in the quantified number of nuclei of distal convoluted tubules between WT
(n = 66 ROIS, out of n = 3 animals) and KI mice (n = 61 ROIS, out of n = 4 animals) (P > 0.999); and, under LK+
diet, significant differences were found between WT (n = 48 ROIS, out of n = 5 animals) and KI mice (n = 55 ROIS,
out of n = 5 animals) (P < 0.0001). Conversely, between NK+ and LK+ conditions, significant differences were
found for the WT mice (P < 0.0001), whereas they were not significant for the KI (P > 0.999). In addition, no
significant differences were found in the area/nuclei quotient between WT and KI mice fed with NK+ (P > 0.999,
n = 66 and n = 61 for WT (n = 3 animals) and KI (n = 4 animals), respectively), or LK+ (P> 0.121, n = 48 and n = 55
for WT (n = 5 animals) and KI (n = 5 animals), respectively). Curiously, both WT and KI mice experienced a similar
and significant increase in the area/nuclei quotient under LK+ diet (P < 0.0001 for both WT and KI). Significance:
∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001 and ∗∗∗∗P ≤ 0.0001. [Colour figure can be viewed at wileyonlinelibrary.com]

In addition, we did not observe differences either in renin
expression, PGE2 or salt levels, suggesting that the blood
pressure of KI mice should not be altered.
The regulation of NCC activity in the DCT is a key

element for blood pressure and potassium homeostasis.
The importance of this regulation can be clearly seen in
genetic diseases (Castañeda-Bueno et al., 2022). Thus,
overactivation of NCC in transgenic mouse models
expressing WNK4 containing a Gordon syndrome
mutation (Lalioti et al., 2006) led to increased blood
pressure and blood potassium levels, and hyperplasia
of the DCT. By contrast, the inactivation of NCC in

Gitelman’s syndrome (Loffing et al., 2004) and Kir4.1
in EAST syndrome (Saritas et al., 2018), or thiazide
treatment in rats (Loffing et al., 1995, 1996), which block
NCC transporters, causes DCT atrophy. The mechanism
of how levels of NCC transport activity are related to
DCT remodelling is unknown. Under the HSLK+ diet,
we identified reduced DCT hyperplasia levels in the
KI mice vs. WT mice. Given that Y98A is a gain of
function mutation in ClC-K/barttin channels, we hypo-
thesize that intracellular chloride levels might affect
tubule remodelling via yet-to-be-discovered mechanisms
(Fig. 7). It could be that chloride accumulation affects

Figure 7. A model to explain the reduced DCT hyperplasia observed in BsndY95A/Y95A KI mice after a low
potassium diet
Proposed model to explain the KI reduced DCT hyperplasia. In the left panel, the model illustrates theWT behaviour
under HSNK+ conditions. Mid and right: WT and KI mice under HSLK+ treatment. HSLK+ stimulating conditions
lead to an increased NCC activity (as a result of both an increased stability and phosphorylation state, depicted
as a change in the transporter from black to blue colour), triggering a rise in the Cl− and Na+ uptake. In the
case of the WT mice (left), the activity of ClC-K/WT-barttin channels could be insufficient to mediate the needed
Cl− efflux into the bloodstream, thus leading to Cl− accumulation in the cell cytoplasm. This could trigger a cell
proliferation signal considered to be an alternative solution to overcome the Cl− reabsorption needs by increasing
the total number of distal convoluted tubular cells involved. Conversely (right), the gain-of-function exhibited by
the ClC-K/Y98A-barttin channels might mediate higher Cl− efflux, thus limiting its intracellular accumulation and
the degree of cell proliferation triggered. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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intracellular sodium or simply NaCl reabsorption, which
might influence cell volume. Changes in cell volume
changes could affect renal volume-regulated anion
channels influencing cell proliferation (Lopez-Cayuqueo
et al., 2022). However, further studies should be
performed to confirm these hypotheses.

In summary, considering both the in vitro results in
oocytes and mammalian cells, as well as the in vivo effects
identified inmice containing the Y98A variant, we suggest
thatmutations in the endocytic YxxØmotif of barttin lead
to a gain of function of ClC-K/barttin channels. Thus, it
could be possible that signalling cascades might regulate
ClC-K/barttin channel function by directly or indirectly
affecting its PM levels through the modulation of this
motif. Further studies will explore this possibility and its
biomedical implications.
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