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Mutations of BSND, which encodes barttin, cause Bartter syndrome type IV. This disease is characterized
by salt and fluid loss, hypokalemia, metabolic alkalosis, and sensorineural hearing impairment. Barttin is
the B-subunit of the CIC-K chloride channel, which recruits it to the plasma membranes, and the CIC-K/
barttin complex contributes to transepithelial chloride transport in the kidney and inner ear. The

Keywords: retention of mutant forms of barttin in the endoplasmic reticulum (ER) is etiologically linked to Bartter
Bartter syndrome syndrome type IV. Here, we report that treatment with 17-allylamino-17-demethoxygeldanamycin
g?crff(m (17-AAG), an Hsp90 inhibitor, enhanced the plasma membrane expression of mutant barttins (R8L and
17-AAG G47R) in Madin-Darby canine kidney cells. Administration of 17-AAG to Bsnd®é“RS" knock-in mice

elevated the plasma membrane expression of R8L in the kidney and inner ear, thereby mitigating
hypokalemia, metabolic alkalosis, and hearing loss. These results suggest that drugs that rescue ER-

Sensorineural hearing impairment

retained mutant barttin may be useful for treating patients with Bartter syndrome type IV.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Mutations of BSND that encode barttin cause Bartter syndrome
type IV [1]. This disease is characterized by salt and fluid loss,
hypokalemia, metabolic alkalosis, and sensorineural hearing
impairment. Patients with Bartter syndrome are typically treated
with potassium-sparing diuretics such as spironolactone or amilo-
ride, angiotensin inhibitors, and potassium supplementation and
frequently treated with nonsteroidal anti-inflammatory drugs to
suppress the elevation of renal prostaglandin E2. However, these
treatments only partially ameliorate Bartter syndrome symptoms.
Sensorineural hearing impairment accompanies renal symptoms;
however, no treatment is available for this impairment.

Barttin is the B-subunit of CIC-K chloride channels that are
expressed in the distal renal tubules and inner ear [2]. Barttin is
coexpressed with CIC-K1 in apical and basolateral membranes of
the thin ascending limb of Henle’s loop [3,4] and with CIC-K2 in
the basolateral plasma membranes of nephron segments from
the thick ascending limb of Henle’s loop to intercalated cells in
collecting ducts [5-7]. Constitutive barttin knockout mice die a
few days after birth because of severe dehydration [8]. Moreover,
barttin hypomorphic mice suffer from severe polyuria,
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hypokalemia, and metabolic alkalosis [9]. These findings indicate
that CIC-K/barttin plays a crucial role in transepithelial chloride
transport in the kidney.

Barttin colocalizes with CIC-K1 and CIC-K2 in the basolateral
membrane of marginal cells of the stria vascularis and vestibular
dark cells [2]. Mechanical vibration is enhanced and converted to
electrical signals through outer and inner hair cells in the organ
of Corti. To allow a depolarizing influx of potassium ions through
apical mechanosensitive cation channels of hair cells, the endo-
lymph that fills the cavity of the scala media is high in K" and
has a positive potential [10,11]. These conditions are generated
by the stria vascularis, which comprises a multilayered epithelium
[11,12]. Inner ear-specific barttin knockout mice show a significant
decrease of endocochlear potential (EP) and are congenitally deaf
[8], indicating that barttin/CIC-K is required to generate EP.

Patients with Bartter syndrome type IV harbor different BSND
mutations [1,13-20]. The R8L missense mutant barttin does not
activate the CIC-K chloride channel currents when introduced into
Xenopus laevis oocytes, and R8L barttin and C1C-K are not ex-
pressed on the plasma membrane [2,21]. We showed that the
R8L barttin stably expressed in Madin-Darby canine kidney
(MDCK) cells was trapped in the endoplasmic reticulum (ER) and
did not reach the plasma membrane [22]. Recently, we confirmed
this phenotype in the kidneys of Bsnd®F! knock-in mice (R8L
knock-in mice) [9].
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Certain pathogenic proteins are misfolded and are retained in
the ER, including the cystic fibrosis transmembrane conductance
regulator (CFTR) [23-26], aquaporin 2 (AQP2) [27,28], V2 vasopres-
sin receptor [29,30], podocin [31], and Tamm-Horsfall Protein
(THP) [32]. Attempts have been made to rescue these ER-trapped
mutant proteins. For example, the Hsp90 inhibitor 17-allylami-
no-17-demethoxygeldanamycin (17-AAG) increases cell-surface
expression of AQP2-T125M and partially corrects nephrogenic
diabetes insipidus phenotype in AQP27'2™/~ mice [28]. Moreover,
17-AAG increases the stability of mutant pendrin by inhibiting its
ubiquitin-mediated degradation [33].

In the present study, we investigated the effect of 17-AAG
treatment on mislocalized R8L barttin in MDCK cells and in R8L
knock-in mice. We found that 17-AAG increased the expression
of R8L barttin on the plasma membrane and partially ameliorated
the phenotypes of Bartter syndrome type IV, including hearing loss.

2. Material and methods
2.1. Cell culture and analysis of cell-surface expression of barttin

We used MDCK cells stably expressing wild-type (WT) and R8L
mutant barttin, which are described in our previous study [22].
G47R mutant barttin stably expressing MDCK cells were generated
with site-directed mutagenesis and G418 selection as previously
described [22]. Cell-surface proteins were harvested using a

published side-specific biotinylation technique [34]. MDCK cells
were incubated in the wells of 6-well TransWell filters (Corning)
for at least 3 days to form confluent monolayers and were then
incubated with 17-AAG (LC Laboratories), curcumin (Sigma-Al-
drich), trimethylamine oxide (TMAO) (Sigma-Aldrich), or DMSO
(0.15%) as control for 2 h before biotinylation. Cells were biotinyl-
ated using EZ-Link Sulfo-NHS-SS-biotin (Thermo Scientific) for
30 min. After quenching the remaining biotin with 50 mM NH,CI,
cells were lysed with lysis buffer (150 mM NacCl, 20 mM Tris-HCI,
5mM EDTA, and 1% Trion-X-100). Biotinylated proteins were
bound to NeutrAvidin resin (Thermo Scientific), eluted using
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) buffer containing 50 mM dithiothreitol at 60 °C for 20 min
and then subjected to immunoblotting. Blots were incubated with
an anti-barttin antibody diluted to 1:200 with 5% skim milk in Tris-
buffered saline with tween (TBST) [9]. Immunofluorescence (IF)
detection of barttin in MDCK cells grown on filters was performed
as follows. The cells were fixed with 3% paraformaldehyde (PFA)
for 15 min, permeabilized with 0.1% Triton X-100 in PBS for
10 min, blocked in 1% bovine serum albumin (BSA) in phosphate
buffered saline (PBS) for 30 min, and then incubated with the
anti-barttin antibody (1:200 dilution with 1% BSA in PBS) for 2 h
at room temperature. Alexa-Fluor®-labeled secondary antibodies
(Life Technologies) were used to detect the barttin-primary anti-
body complexes. IF images were observed using an LSM510 Meta
fluorescence microscope (Carl Zeiss).
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Fig. 1. Effect of 17-allylamino-17-demethoxygeldanamycin (17-AAG) on cell-surface expression of R8L and G47R mutant barttins R8L and G47R were stably expressed in
Madin-Darby canine kidney (MDCK) cells. The cells were incubated with 17-AAG 2 h before biotin labeling and IF analysis. (A) Expression of R8L and G47R in basolateral
plasma membranes increased after treatment with >30 nM 17-AAG. (B) Densitometric analyses of the data shown in Fig. 1A. N=4 (R8L), N=3 (G47R), *p <0.05. (C)
Immunofluorescence analysis of R8L and G47R showing increased expression on the plasma membrane after treatment with 17-AAG (300 nM). At least three independent

experiments yielded similar results. Scale bars = 50 uM.
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Fig. 2. Representative images of R8L barttin and CIC-K in the kidney of an R8L knock-in mice after 17-allylamino-17-demethoxygeldanamycin (17-AAG) treatment 17-AAG
(25 mg/kg) or dimethyl sulfoxide (DMSO; vehicle control) was intraperitoneally administered. (A) 17-AAG restored the plasma membrane localization of R8L barttin (red) in
connecting tubules. Apical green staining identifies AQP2. (B) Localization of CIC-K in intercalated cells in the cortical connecting duct was corrected by 17-AAG treatment in
R8L knock-in mice. WT: wild-type mice, R8L: R8L knock-in mice. Scale bars = 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Analysis of blood samples obtained from R8L knock-in mice before and after17-allylamino-17-demethoxygeldanamycin (17-AAG) treatment.

DMSO + Low NacCl diet (N =10) 17-AAG + Low NaCl diet (N=9)

Before treatment (regular) After treatment (low NaCl) Before treatment (regular) After treatment (low NaCl)

Na (mEq/L) 147 £0 143 +1 146+ 1 142£1

K (mEq/L) 45402 3.9+02 4701 45+0.1'
Cl (mEq/L) 1111 106 + 1 111 108 +1

pH 7.294+0.015 7.345+0.016 7.285+0.012 7.321+0.018
HCO; (mEq/L) 228+04 25.6+0.6 22.6+04 24108

The knock-in mice were injected with 17-allylamino-17-demethoxygeldanamycin (17-AAG) (25 mg/kg) or dimethyl sulfoxide (DMSO; vehicle control) daily for 7 days. The
mice were fed a low salt diet during treatment. Plasma HCO3 levels and pH of DMSO-treated mice fed a low salt diet increased. However, the increase of plasma HCO; and pH
in 17-AAG-treated mice was not significant. DMSO-treated mice fed a low salt diet were hypokalemic; however, 17-AAG-treated mice were not.

“ p<0.05 vs. Pre.
¥ p<0.05 vs. DMSO. Na, sodium; K, potassium; Cl, chloride; HCO3, bicarbonate.

2.2. Immunofluorescent analysis of mouse tissues

The Animal Care and Use Committee of Tokyo Medical and Den-
tal University approved the experiments conducted using animals.
Mice were intraperitoneally administered 17-AAG (25 mg/kg) 2 h
before tissue preparation. 17-AAG was dissolved in 50% DMSO,
and the same volume of 50% DMSO was used as a vehicle control.
Tissues were prepared as described previously [35]. Mice were
deeply anesthetized with ether, and tissues were harvested and
fixed with 4% PFA in PBS by perfusion through the left ventricle.
The kidneys were removed and placed in the fixative. To prepare
inner ear specimens, the temporal bones were removed and placed
in the fixative. Small openings were made at the round and oval
windows and at the apex of the cochlea, and the perilymphatic
space was then gently perfused with fixative. After 1 h, the right
temporal bones were decalcified by immersion in 5% ethylenedi-
aminetetraacetic acid with stirring at 4 °C for approximately
7 days. Kidney and right inner-ear specimens were soaked for sev-
eral hours in 20% sucrose in PBS, embedded in Tissue-Tek OCT
compound (Sakura Finetechvical Co., Ltd.), and snap frozen. For
whole-mount staining of the stria vascularis, fixed left-inner ears
were microdissected, and the isolated stria vascularis was soaked
in fixative. The whole-mount samples were treated with 0.5%
Triton X-100 in PBS for 30 min. Frozen sections and whole-mount
samples were blocked using 1% BSA in PBS and incubated with pri-
mary antibodies as follows: anti-barttin (diluted 1:200 with 0.1%

BSA in PBS) [9] and anti-CIC-K (diluted 1:100) [36]. The secondary
antibodies were conjugated to Alexa-Fluor® (diluted 1:200).
Samples were mounted using VECTASHIELD® with DAPI (Vector
Laboratories).

2.3. Analysis of blood

Blood was collected from the submandibular vein after admin-
istering light anesthesia with ether. Blood data was determined
using an i-STAT® analyzer (Fuso, Osaka, Japan). Baseline blood data
were acquired from mice fed a normal diet (0.4% NaCl). The mice
were then fed a low salt diet (0.01% NacCl) that induces hypokale-
mia and metabolic alkalosis in R8L barttin knock-in mice. We
administered intraperitoneal injections of 25 mg/kg 17-AAG once
daily for 7 days. Blood samples were collected after the treatment
period. All nutrients were obtained from the Oriental Yeast Co.,
Ltd., (Tokyo, Japan).

2.4. Auditory brainstem response (ABR)

ABR recording was performed as previously described [35].
Mice were anesthetized using pentobarbital before placing
stainless steel needle electrodes dorsolaterally to the ears. Wave-
forms of 512 stimuli (9 Hz) were averaged, and the visual detection
threshold was determined using varying sound pressure levels.
Baseline hearing thresholds were recorded first. After 2h of
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Fig. 3. Representative images of barttin in the stria vascularis. (A) Representative images of barttin in frozen sections of the stria vascularis. Wild-type (WT) barttin appeared
to be present on the lateral walls of marginal cells (arrows), whereas R8L expression on the plasma membrane was not clear. Blue indicates nuclear (DAPI) staining. Scale
bars = 100 um in upper panels, 20 pm in lower panels. (B) Representative images of barttin (red) in whole mounts of the stria vascularis. Blue indicates nuclear (DAPI)
staining. Scale bars = 20 pum. Lower panels show z-stacks of upper panels. Wild-type (WT) barttin was observed on the lateral walls of marginal cells (left panel), whereas R8L
expression on the plasma membrane was not clear (middle panel). 17-AAG treatment partially restored the plasma membrane expression of R8L (right panel). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Hearing thresholds (dB) of wild-type (WT) and R8L knock-in mice assessed using
auditory brainstem response (ABR).

Frequency 3-Week-old 5-Week-old 10-Week-old
mice mice mice
8000 Hz WT 16.0+2.0 199+1.7 21.8+14
RSL 36.0%2.8 549+29" 704 £33
20,000Hz WT 6.7+23 141+£28 13.4+0.0
R8L 42.6+5.5 50.9+2.0 63.4+291

The numbers of mice are shown in Fig. 4A.
" p<0.05 vs. WT.

* p<0.05, 3-week-old mice.

8 p<0.05, 5-week-old mice.

recovery from anesthesia, 17-AAG (25 mg/kg) or vehicle (equal
volume of 50% DMSO) was intraperitoneally injected and hearing
thresholds were determined again.

2.5. Statistical methods

All values are expressed as the mean + standard error of the
mean (SE). Statistical analyses of the effects of treatment
were performed using a paired t-test. Other statistical analyses
were performed using an unpaired t-test. p-Values <0.05 were
considered statistically significant.

3. Results

3.1. Cell-surface expression of mutant barttins by MDCK cells
is increased by treatment with 17-AAG

Analysis of MDCK cells stably expressing human R8L and G47R
barttins showed that barttin localization was primarily intracellu-
lar (Fig. 1). We next tested whether agents that rescue ER-trapped
mutant membrane proteins (17-AAG, curcumin, and TMAO)
[23,25,26,28,33] were effective in relocalizing the mutant barttins.
IF and site-specific biotin labeling revealed that these agents effec-
tively increased the basolateral plasma membrane expression of
the mutant proteins (Fig. 1 and Fig. S1). Moreover, the basolateral
expression of WT barttin did not increase in response to 17-AAG
(Fig. S2). We also assessed the effects of 17-AAG on barttin mutants
G10S, 112T, Q32X; however, G10S and 112T mutant barttin were
expressed on the plasma membrane before the treatment
[17,22,37], and the low level of Q32X barttin expression did not
permit the acquisition of meaningful data.

3.2. Partial rescue of renal phenotypes of R8L knock-in mice

We previously showed that R8L and CIC-K expression in the
basolateral membrane is significantly decreased in the renal
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Fig. 4. Hearing impairment in R8L knock-in mice and its amelioration with 17-AAG
treatment (A) Hearing thresholds at 8000 Hz in wild-type (WT) and R8L knock-in
mice measured using auditory brainstem response (ABR). Numbers of mice are
shown on the columns. *p < 0.05 vs. WT, 'p < 0.05 vs. 3-week-old mice, %p < 0.05 vs.
5-week-old mice. (B) Variation of hearing thresholds before and after treatment.
17-allylamino-17-demethoxygeldanamycin (17-AAG): N=13; vehicle: N=10.
*p <0.05 vs. vehicle.

tubules of R8L knock-in mice [9]. IF analysis of the R8L mutants
shows that 17-AAG restored the basolateral localization of barttin
in the connecting tubules (Fig. 2) and corrected the intracellular
localization of CIC-K in the intercalated cells of cortical collecting
ducts (Fig. 2).

The R8L knock-in mice suffered from metabolic alkalosis and
hypokalemia when fed a low-salt diet [9]. We confirmed our previ-
ous findings in the vehicle-treated R8L knock-in mice (Table 1).
However, administration of 17-AAG for one week corrected the
low salt-induced metabolic alkalosis and ameliorated hypokalemia
(Table 1). In wild-type mice, administration of 17-AAG did not sig-
nificantly affect these parameters (Table S1).

3.3. Partial rescue of sensorineural hearing impairment of R8L
knock-in mice

IF analysis revealed that R8L was present in the stria vascularis
(Fig. 3A). In higher magnification (lower panels), wild-type barttin
appeared to be localized on the lateral walls of marginal cells
(arrows), whereas R8L expression on the plasma membrane was
not clear. However, it was difficult to assess from this view
whether localization of R8L to the plasma membrane was impaired
because marginal and intermediate cells are extensively interdigi-
tated. Therefore, we analyzed whole-mount samples (Fig. 3B) and
confirmed the finding shown in Fig. 3A. Furthermore, we could
observe that 17-AAG treatment partially restored the plasma
membrane expression of R8L (Fig. 3B, right panel).

We evaluated hearing impairment using ABR. R8L knock-in
mice lost hearing at 8 and 20 kHz compared with control WT litter-
mates at 3-, 6-, and 10-weeks of age (Table 2, Fig. 4A). Although
17-AAG treatment did not affect the hearing thresholds of WT
mice (Table S2), it slightly, but significantly, improved the hearing
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thresholds of R8L knock-in mice (Fig. 4B). DMSO treatment did not
affect hearing thresholds.

4. Discussion

We previously described the renal phenotypes of R8L barttin
knock-in mice [9]. Bartter-like phenotypes (loss of salt from the
kidney, hypokalemia, and metabolic alkalosis) were only observed
when these mice were fed a low salt diet. In contrast to the renal
phenotypes, we found here that the hearing of R8L knock-in mice
was significantly impaired under normal conditions. Because ABR
analysis generated semi-quantitative data indicating impaired
function of CIC-K/R8L barttin in vivo, we used this parameter to as-
sess the reversal of symptoms by administering 17-AAG to R8L
knock-in mice. We observed significant improvement in the hear-
ing threshold as well as the increased expression of barttin at the
plasma membrane. Metabolic alkalosis and hypokalemia were also
ameliorated by 17-AAG treatment, which increased the plasma
membrane expression of R8L barttin in renal tubules. 17-AAG, a
semisynthetic chemical analog of the natural product geldanamy-
cin, inhibits Hsp90 function [38]. Hsp90 participates in a diverse
range of cellular processes, including chaperoning of newly synthe-
sized proteins, stress responses, signal transduction, and transcrip-
tional regulation [39]. We chose 17-AAG for the present study
because 17-AAG is effective at low concentrations in vitro and
has been used in other mouse models of human diseases [28] as
well as for treating patients with cancer [40,41]. We previously
demonstrated that decreased transepithelial chloride transport
and plasma membrane localization of barttin significantly corre-
late in the thin limb of Henle’s loop of R8L knock-in mice, providing
compelling evidence that impaired plasma membrane localization
of R8L barttin accounts for pathogenesis. We demonstrate that 17-
AAG was effective for rerouting barttin to the plasma membrane of
MDCK cells expressing R8L and G47R barttin. Therefore, 17-AAG
may be useful for treating patients with Bartter syndrome type
IV who harbor other BSND missense mutations.

The mechanism underlying the ability of 17-AAG to rescue
mutant barttins is unknown. ER-retained mutant barttins may be
misfolded and are restored to their native conformations by 17-
AAG. This assumption is supported by findings that TMAO and cur-
cumin were also effective in increasing barttin expression at the
plasma membrane (Fig. S1). However, it was difficult to confirm
this hypothesis from these experiments because the maturation
of barttin (an unglycosylated protein) cannot be monitored by its
glycosylation. Findings related to those reported here demonstrate
that the treatment of human cell lines with 17-AAG facilitates the
folding of pendrin through heat shock transcription factor 1-
dependent induction of molecular chaperones [33], suggesting that
the same mechanism mediates the effects of 17-AAG on R8L and
G47R barttin. Restoration from the misfolding by 17-AAG might
not only correct the mislocalization of R8L but also decrease ER-
associated degradation of R8L, both of which might be involved
in the increased plasma membrane expression of R8L by 17-AAG.

In conclusion, we demonstrated that the hearing of patients
with Bartter syndrome type IV may be restored by treatment with
drugs such as 17-AAG. Further research is required to discover
more effective drugs that correct the aberrant intracellular locali-
zation of misfolded membrane proteins.
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