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Abstract High concentrations of urinary calcium counteract vasopressin action via the activation
of the Calcium-Sensing Receptor (CaSR) expressed in the luminal membrane of the collecting duct
cells, which impairs the trafficking of aquaporin-2 (AQP2). In line with these findings, we provide
evidence that, with respect to wild-type mice, CaSR knock-in (KI) mice mimicking autosomal
dominant hypocalcaemia, display a significant decrease in the total content of AQP2 associated
with significantly higher levels of AQP2 phosphorylation at Ser261, a phosphorylation site involved

This article forms part of the ‘Aquaporins in Health and Disease’ symposium held at Copenhagen in September 2022, and organised by Robert
Fenton.
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in AQP2 degradation. Interestingly, KI mice also had significantly higher levels of phosphorylated
P38MAPK, a downstream effector of CaSR and known to phosphorylate AQP2 at Ser261. Moreover,
ATF1 phosphorylated at Ser63, a transcription factor downstream of p38MAPK, was significantly
higher in KI. In addition, KI mice had significantly higher levels of AQP2-targeting miRNA137
consistent with a post-transcriptional downregulation of AQP2. In vivo treatment of KI mice with
the calcilytic JTT-305, a CaSR antagonist, increased AQP2 expression and reduced AQP2-targeting
miRNA137 levels in KI mice. Together, these results provide direct evidence for a critical role of CaSR
in impairing both short-term vasopressin response by increasing AQP2-pS261, as well as AQP2
abundance, via the p38MAPK-ATF1-miR137 pathway.
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Abstract figure legend Proposed model for signalling of activating mutation of Calcium-Sensing Receptor (CaSR)
causing autosomal dominant hypocalcaemia (ADH), characterized by hypocalcaemia, hyperphosphatemia, and hyper-
calciuria. The activating mutation located in the transmembrane domain (A843E) generated a strain of CaSR knock-in
mice used as an ADH mouse model. This CaSR gain-of-function mutation is associated with increased levels of
Pp38MAPK which activates the transcriptor factor ATF1, which in turn may induce (dotted lines) the transcription of the
miRNA137, a well-known aquaporin-2 (AQP2)-mRNA targeting microRNA, causing the reduction of AQP2 expression.
The novel short-acting calcilytic, JTT-305 counteracts the p38MAPK-ATF1-miR137-AQP2 pathway, ameliorating the
renal phenotype and representing a possible new therapeutic agent to reverse most of the anomalies in calcium
metabolism in ADH patients caused by activating mutations of CaSR.

Key points

Calcium-Sensing Receptor (CaSR) activating mutations are the main cause of autosomal
dominant hypocalcaemia (ADH) characterized by inappropriate renal calcium excretion
leading to hypocalcaemia and hypercalciuria. Current treatments of ADH patients with
parathyroid hormone, although improving hypocalcaemia, do not improve hypercalciuria or
nephrocalcinosis.

In vivo treatment with calcilytic JTT-305/MK-5442 ameliorates most of the ADH phenotypes
of the CaSR knock-in mice including hypercalciuria or nephrocalcinosis and reverses the down-
regulation of the vasopressin-sensitive aquaporin-2 (AQP2) expression, providing direct evidence
for a critical role of CaSR in impairing vasopressin response.

The beneficial effect of calcilytic in reducing the risk of renal calcification may occur in a
parathyroid hormone-independent action through vasopressin-dependent inhibition of cAMP
synthesis in the thick ascending limb and in the collecting duct.

The amelioration of most of the abnormalities in calcium metabolism including hypercalciuria,
renal calcification, and AQP2-mediated osmotic water reabsorption makes calcilytic a good
candidate as a novel therapeutic agent for ADH.

Marianna Ranieri obtained her PhD in ‘Cellular and Molecular Technologies in Physiology” in 2007, at the University of Bari,
Italy. Next, she achieved a Postdoctoral Research Fellowship within an international FIRB grant. Currently, she is Assistant
professor in the Department of Biosciences, Biotechnology and Environment. Her research is focused on the signal transduction
of the extracellular Calcium Sensing Receptor and its pathophysiological role in hypertension and kidney disorders. She has
focused my studies on the functional interaction of CaSR with renal aquaporins both in vitro and in vivo models, demonstrating
a negative feedback from CaSR signalling to V2R/AQP2 pathway in regulating water reabsorption.
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Introduction

Calcium-Sensing Receptor (CaSR) is a
seven-transmembrane (7TM) domain receptor coupled to
G-proteins and belonging to the C family, characterized
by a large extracellular domain composed of a Venus
Flytrap (VFT) domain where agonists bind, linked to the
7TM domain via a cysteine-rich rigid segment. CaSR is a
mandatory dimer in which the monomers are associated
via the N-terminal lobe of the VFT.

In the kidney, CaSR is expressed in all segments
(Riccardi & Valenti, 2016), showing major expression
on the basolateral membrane of the thick ascending
limb (TAL). In TAL, CaSR plays a crucial role in the
regulation of mineral cation transport inhibiting calcium
reabsorption in response to increased plasma calcium
levels (Brown & MacLeod, 2001; Hebert et al., 1997; Pearce
& Thakker, 1997; Ward & Riccardi, 2002).

CaSR is also expressed on the apical membrane of
the proximal tubule cells, where it directly blunts the
phosphaturic action on the parathyroid hormone (PTH),
modulating the inhibitory action of PTH on Pi absorption
(Ba et al., 2003).

In the distal tubule, CaSR is co-expressed with the
vacuolar H"-ATPase at the apical membrane of the inter-
calated cells of the collecting duct, while on the apical
membrane of the principal cells, CaSR is co-expressed
with aquaporin-2 (AQP2) (Sands et al, 1997). Here,
the CaSR senses urinary Ca’" and regulates water
reabsorption to control hypercalciuria and prevent Ca**
precipitation (Vezzoli et al., 2011). These two important
signalling activated by CaSR together result in the
production of dilute, acidified urine, which reduces the
risk of nephrolithiasis (Nedvetsky et al., 2009; Ranieri
etal., 2015).

CaSR inactivating mutations cause neonatal severe
hyperparathyroidism (NSHPT, OMIM# 239 200) and
familial hypocalciuric hypercalcaemia (FHH, OMIM#
145 980), also known as familial benign hypercalcaemia
(Pollak et al., 1993). Conversely, activating mutations are
the main causes of autosomal dominant hypocalcaemia
(ADH, OMIM# 146 200), described as hypocalcaemia,
hyperphosphatemic and hypercalciuric disorder (Pollak
etal., 1994).

Inherited or de novo activating variants of the CASR
alter the sensitivity of cells to the extracellular calcium,
resulting in inadequate PTH secretion and inappropriate
renal calcium excretion, leading to hypocalcaemia
and hypercalciuria. The conventional therapy includes
calcium and vitamin D, which can worsen hypercalciuria,
resulting in renal complications (Roszko, Stapleton Smith
et al., 2022). Indeed, treatment of hypoparathyroidism
with PTH ameliorates bone turnover (Sikjaer et al., 2011),
increasing the amount of loss mineralized bone and the
porosity of cortical bone (Gafni et al., 2012). By contrast,
several studies showed that daily injection of PTH in

© 2024 The Authors. The Journal of Physiology © 2024 The Physiological Society.
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ADH patients, although improving hypocalcaemia, did
not improve hypercalciuria or nephrocalcinosis (Theman
etal., 2009). The currently available treatments frequently
cause considerable complications such as nephrolithiasis
and renal impairment, prompting the demand for a new
therapeutic approach to correct the hypersensitivity of
mutated CaSR to serum Ca*" in ADH patients.

Recently, we demonstrated that CaSR activation
results in p38MAPK activation, which in turn
phosphorylates transcription factors able to increase
the gene transcription of microRNA miRNA137 (Ranieri,
2019; Ranieri et al., 2018). In the renal collecting duct,
this miRNA is known as AQP2-targeting miRNA (Kim
et al., 2015). CaSR-dependent activation of miRNA137
expression contributes to counteract the AQP2 expression
and trafficking.

The present study aimed to investigate the
functional interaction of the CaSR signalling and the
vasopressin-AQP2 axis in vivo in CaSR knock-in (KI)
mice harbouring activating mutations in the CASR
gene. This animal model exhibited low bone turnover
because of the deficiency of PTH, mimicking ADH
(Dong et al., 2015). More specifically, the experimental
strategy was to evaluate the effect of high-affinity CaSR
antagonists, the calcilytics (Alfadda et al., 2014), on the
vasopressin-AQP2 axis. Calcilytics are able to bind CaSR
directly at transmembrane domain level (Petrel et al,
2004) and allosterically stimulate the endogenous release
of PTH (Kumar et al, 2010). Several calcilytics have
been used to decrease CaSR sensitivity to extracellular
Ca’". In the present study, CaSR KI mice were treated
with JTT-305 (also known as MK-5442), a short-acting
calcilytic, already known to transiently enhance the end-
ogenous PTH secretion and to increase bone mineral
density (BMD) in rats (Kimura et al., 2011). Of note,
the obtained results revealed that JTT-305 reversed the
downregulation of the vasopressin-AQP2 pathway, thus
ameliorating the CaSR KI ADH phenotype.

Methods
Ethical approval

All animal experimental procedures were performed in
accordance with the guidelines of the Animal Research
Committee of Tokushima University (T2020-109).
This study was approved by the Genetic Modification
Experiment Safety Management Committee of
Tokushima University (2023-136).

Animal models

As ADH1 model mice, A843E mutant CaSR KI mice
(Accession No. CDB1054K; http://www?2.clst.riken.jp/
arg/mutant%20mice%20list.html) were generated as
described (http://www2.clst.riken.jp/arg/Methods.html).
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Mice were housed under a 12:12 h light/dark photocycle
(lights on 07.00 h) at 25°C, with free access to water and
diet during the night cycle, and fed with diet containing
1.2% calcium, 0.8% phosphorus and 400 IU 100 g'
vitamin D [Hough, 2004 #71] after weaning.

JTT-305/MK-5442 or  vehicle 0.5  w/v%
methylcellulose) was administered to mice by gastric
gavage. No adverse events were observed within the doses
of JTT-305/MK-5442 used in this study (2-50 mg g~' body
weight). Genotyping analysis of mice was performed by
PCR analysis to detect both human CaSR and mouse CaSR
using genomic DNA extracted from the tail as described
previously (Dong et al., 2015). Mice were anaesthetized
using isoflurane and killed by cervical dislocation at
the time of kidney extraction. Three genotype mice
[wild-type (WT), KI and KI4+JTT-305], comprising three
males and three females for each genotype, were used for
all experiments.

Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (St
Louis, MO, USA). Calcilytic JTT-305 (also known as
MK-5442) was kindly provided by Japan Tobacco Inc.
(Tokyo, Japan) and it was administered to mice by gastric
gavage. SB203580 (p38MAPK inhibitor) was obtained
from Cell Signalling Technology Inc. (Danvers, MA,
USA). The miRNA assay and kit were purchased from
Applied Biosystems (Foster City, CA, USA).

Antibodies

Mouse monoclonal antibody against AQP2-E2 (catalogue
no. sc-515 770, lot no. J0820) was purchased from Santa
Cruz Biotechnology (Tebu Bio, Milan, Italy). AQP2 poly-
phosphorylated region (CLKGLEPDTDWEEREVRRRQ)
was used to detect the total amount of AQP2. AQP2-pS261
antibody was from Novus Biologicals (Littleton, CO,
USA). p38MAPK, Pp38MAPK (Thr180/Tyr182) and
ubiquitin (P4D1) antibodies were purchased from
Cell Signalling Technology. Total ATF-1 and P-ATF-1
(Ser63) antibodies were from Santa Cruz Biotechnology.
Secondary goat anti-rabbit (catalogue no. A0545, lot no.
083M4752) or anti-mouse (catalogue no. A9044, lot no.
055M4818) horseradish peroxidase-coupled antibodies
were obtained from Santa Cruz Biotechnology. Secondary
goat anti-rabbit Alexa555 conjugate antibodies was from
Molecular Probes (Eugene, OR, USA).

Kidney slices from mouse kidneys

The three genotype mice (WT, KI, and KI+JTT-305),
three males and three females for each genotype, were
anaesthetized and killed by cervical dislocation. Kidneys

J Physiol 0.0

were quickly removed and 500 um sections were made
with a Mcllwain tissue chopper. Kidney sections were
equilibrated for 10 min at 37°C in buffer for kidney
slices, containing 118 mm NaCl, 16 mmHepes, 17 mm
Na-HEPES, 14 mm glucose, 3.2 mm KCl, 2.5 mm
CaCly, 1.8 mm MgSO, and 1.8 mm KH,PO, (pH 7.4),
integrated with protease (I mm phenylmethylsulfonyl
fluoride, 2 mg mL™' leupeptin and pepstatin A) and
phosphatase inhibitors (10 mm NaF and 1 mm sodium
orthovanadate). To test the role of p38MAPK, the kidney
slices were incubated with the p38-MAPK inhibitor,
SB203580, at 10 uMm for 30 min at 37°C. Afterwards,
treated sections were homogenized through a mini potter
on ice-cold kidney slices buffer implemented with the
previously mentioned inhibitors. Suspensions were finally
centrifuged at 12 000 g for 10 min at 4°C and the super-
natants were employed in western blot analysis or gene
expression experiments.

Ubiquitination assay

After treatments, kidney slices were lysed into the
immunoprecipitation buffer (150 mm 1% Triton X-100,
150 mm NaCl and 25 mm Hepes, pH 7.4, with 20 mm
N-ethylmaleimide to block de-ubiquitination), in the pre-
sence of protease and phosphatase inhibitors. Lysates were
clarified by centrifugation at 12 000 g for 10 min at 4°C.
The obtained supernatants were precleared with protein
A-sepharose suspension for 30 min under rotation at
4°C. The protein A-sepharose was previously hydrated
into the immunoprecipitation buffer and incubated with
the anti-AQP2 antibody under rotation at 4°C overnight.
The next day, the immunocomplexes were washed three
times, resuspended in Laemmli’s buffer in non-denaturing
conditions, and used for the immunoblotting analysis with
anti-AQP2 and anti-ubiquitin antibodies.

Gel electrophoresis and western blotting

Proteins were separated using 12% stain-free poly-
acrylamide gels (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) under reducing conditions or 10% stain-free
polyacrylamide gels (Bio-Rad Laboratories, Inc.)
under non-denaturing conditions for ubiquitination
experiments. Protein bands were electrophoretically
transferred on polyvinylidene fluoride (PVDF)
membranes (Thermo Fisher Scientific, Waltham, MA,
USA) using the Trans-Blot Turbo Transfer System
for the western blot analysis, blocked in Tris-buffered
saline-Tween-20 containing 3% bovine serum albumin
(BSA) and incubated with primary antibody overnight.
Immunoreactive bands were detected with horseradish
peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology). Membranes were developed by using

© 2024 The Authors. The Journal of Physiology © 2024 The Physiological Society.
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Clarity Western ECL Blotting Substrate with a Chemidoc
System (Bio-Rad Laboratories). The obtained bands
were normalized to total protein using the stain-free
technology gels. Densitometry was performed using
Image Lab software (Bio-Rad Laboratories), displaying
the optical density (O.D.) values.

Immunolocalization of AQP2 and AQP2-pS261 in
kidney slices

For AQP2 immunolocalization, kidneys of each genotype
(WT, KI, and KI+JTT-305) were embedded into
paraffin blocks. Tissues were fixed by immersion in
4% paraformaldehyde in phosphate-buffered saline
(PBS) at 4°C overnight; then, they were dehydrated and
embedded into paraffin wax. The solidified paraffin
blocks were trimmed and cut at 5 um, and then the
sections were separated from the paraffin ribbon and
mounted onto slides. Afterwards, deparaffinization
with histolemon was performed and the sections were
hydrated through a graded series of ethanol (100%,
95%, 80%, 70%, and 50% ethanol) and distilled water.
Hereafter, the sections were rinsed in PBS 1X several
times before using them for immunostaining. Sections
were exposed to permeabilization procedure with Triton
X-100 0.01% and SDS 0.1% for 5 min. After washing in
PBS, non-specific binding sites were blocked with 1%
BSA in PBS (saturation buffer) for 45 min in a humidified
chamber. Sections were incubated by drop with primary
antibodies: mouse anti-AQP2 (dilution 1:1000) in 1%
BSA in PBS for 1 h at room temperature, then overnight
at 4°C. After washing five times in PBS, sections were
incubated with the donkey anti-mouse Alexa Fluor 555
conjugated secondary antibody (dilution 1:1000) for 1 h
and 30 min at room temperature. After more washes in
PBS, sections were mounted on glass slides using Mowiol
(Sigma-Aldrich) as mounting medium overnight at
room temperature. Images were obtained with a confocal
laser-scanning fluorescence microscope (TCS SP2; Leica
Microsystems, Mannheim, Germany).

Real-time PCR analysis of AQP2 and activating
transcription factor 1 (ATF-1) mRNA levels

Real-time PCR (RT-PCR) experiments were performed to
measure the relative expression of mRNA in inner medulla
collecting duct (IMCD) isolated from WT and KI mice
kidneys. Total RNA was extracted using Trizol Reagent
(Thermo Fisher Scientific). Complementary DNA
(cDNA) was synthesized using Super Script Vilo Master
Mix (Thermo Fisher Scientific), performing the reverse
transcription on 1 g of total RNA. RT-PCR amplification
was performed using TagMan Gene Expression Master
Mix (Thermo Fisher Scientific). The real-time PCR

© 2024 The Authors. The Journal of Physiology © 2024 The Physiological Society.
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mixture contained 10 uL of 2 x TagMan, 8 uL of DNase
and RNase free water, 1 uL of AQP2 or ATF-1 or 18S
(endogenous control) assay, and 1 L of cDNA sample.
Assays were performed using a StepOne Real-Time PCR
System (Applied Biosystems, Inc., Foster City, CA, USA).
Amplification including one stage of 20 min at 95°C,
followed by 40 cycles of a two-step loop: 1 s at 95°C
and 20 s at 60°C. The comparative C; (AAC;) method
was used to determine the relative target quantity in
samples by comparing normalized target quantity in each
sample to the normalized target quantity in the reference
sample. The results were expressed as 27224 values, with
AAC = (Ct target G ISS)KI - (Ct target — G ISS)WT-

miR137 evaluation

miR137 content in WT and KI mice IMCD was evaluated
using a TagMan Advanced miRNA Assay (has-miR-137;
Assay ID: 477 904_mir; Applied Biosystems), which
allows highly sensitive and specific amplification and
quantification of mature miRNA through a quantitative
PCR.

After the total RNA extraction using Trizol, the cDNA
templates were obtained: the poly(A) tailing reaction,
the adaptor ligation reaction, the RT-reaction, and
the miR-Amp reaction were performed. To estimate
the quantity (ng) of miR137 content in samples, a
synthetic RNA (UUAUUGCUUAAGAAUACGCGUAG),
synthesized by Applied Biosystems, was employed to
create a calibration curve to interpolate miRNA samples
values from W'T, KI and KI mice treated with JTT-305.
Next, the quantitative PCR amplification was performed.

Statistical analysis

All of the data are presented as the mean =+ SD.
Statistical differences are analysed either by an unpaired
Student’s ¢ test between two groups or one-way analysis
of variance followed by an appropriate (Tukey’s) post hoc
test for multiple comparisons. P < 0.05 was considered
statistically significant.

Results

Reduced expression of AQP2 in the kidney of CaSR KI
mice

First, we evaluated protein expression levels of AQP2
through immunoblotting experiments in kidneys
obtained from WT and CaSR KI mice, using anti-
bodies against AQP2 (Fig. 1A). AQP2 immunoreactive
bands were normalized to total protein content and
densitometric analysis revealed a robust reduction (more
than 50%) in AQP2 levels in KI mice with respect
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Figure 1. AQP2 expression and localization in the kidney from WT and KI mice

A, kidney slices from WT and KI mice were lysed and immunoblotting experiments were performed using specific
antibodies against total AQP2. Densitometric analysis of total AQP2 bands normalized to the total protein content
is reported in the histogram. Data are expressed as the mean + SD (*P = 0.038 vs. WT). B, for the analysis of
AQP2 mRNA levels, RNA was extracted from WT and K| mice kidneys as described in the Methods. Data are
expressed as the mean & SD (*P = 0.016 vs. WT). C, immunolocalization of AQP2 (in red) in the renal inner
medulla from WT and KI mice. Reduced AQP2 immunofluorescence signal was observed in KI mice compared to

WT (scale bar = 20 um).
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to WT mice [KI: 0.481 (0.239) vs. WT: 1.000 (0.477)
O.D; P = 0.038; n = 6 for each genotype] (Fig. 14).
Furthermore, evaluation of AQP2 mRNA extracted from
WT and KI mouse kidneys and processed for RT-PCR
(Fig. 1B) showed a significant reduction in AQP2 gene
expression in KI compared to WT mice [KI: 0.512 (0.119)
vs. WT: 1.000 (0.396); P = 0.016; n = 6 for each genotype]
(Fig. 1B). According to the immunoblotting findings,
immunolocalization and visualization by confocal micro-
scopy validated a reduced expression of AQP2 in KI mice
kidneys with respect to WT (Fig. 1C).

Effect of JTT-305 on AQP2 expression in the CaSR Ki
mice kidneys

The short-acting calcilytic JTT-305 or vehicle was
administered to CaSR KI mice by gastric gavage.
Therefore, we performed immunoblotting experiments
to evaluate the expression of AQP2 at the protein level
in kidneys obtained from CaSR KI mice treated with
JTT-305 or with the vehicle only (Fig. 24). AQP2
immunoreactive bands were normalized to total protein
content and densitometric analysis revealed a significant
and strong increase (~2-fold) in AQP2 levels in KI
mice treated with JTT-305 with respect to KI mice
[KI+JTT-305: 2.878 (0.440) vs. KI: 1.000 (0.547) O.D.;
P = 0.000064; n = 6 for each genotype] (Fig. 2A).
Moreover, an evaluation of AQP2 mRNA extracted
from KI and KI4JTT-305 mice kidneys was performed
(Fig. 2B). The RT-PCR results revealed a significant
increase in AQP2 gene expression in KI4JTT-305 mice
compared to KI mice [KI4+JTT-305: 1.959 (0.707) vs.
KI: 1.000 (0.230); P = 0.01; n = 6 for each genotype]
(Fig. 2B). Confocal microscopy immunolocalization and
visualization confirmed the increased expression of AQP2
observed in KI4JTT-305 mice kidneys with respect to
KI treated with the vehicle only (Fig. 2C). These findings
clearly confirm the direct involvement of CaSR in the
regulation of AQP2 gene and protein expression levels, as
recently demonstrated (Ranieri et al., 2018).

Decreased AQP2 expression in the kidney of CaSR KI
mice is correlated to the higher expression of
AQP2-pS261, phosphorylated p38MAPK and
polyubiquitinated AQP2: role of JTT-305

AQP2 function and expression are fine regulated
by several post-translational modifications, such as
phosphorylation, ubiquitination and degradation
(Centrone et al, 2017; Moeller et al, 2011), and
glutathionylation (Tamma, Ranieri et al, 2014). In
the short term, vasopressin stimulation causes AQP2
phosphorylation in serine 256, 264 and 269; in the
long term, AQP2 mRNA expression increases and,

© 2024 The Authors. The Journal of Physiology © 2024 The Physiological Society.
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consequently, causes a rise in AQP2 protein level (Fenton
& Moeller, 2008; Hoffert et al., 2008; Matsumura et al.,
1997). On the other hand, phosphorylation at Ser261 of
AQP2 is known to decrease under vasopressin stimulation
(Hoffert et al., 2006, 2007; Matsumura et al., 1997;
Nedvetsky et al., 2010). AQP2 phosphorylation at Ser261
and polyubiquitination by p38MAPK have been shown
to induce AQP2 degradation (Nedvetsky et al., 2010;
Trepiccione et al., 2014).

Considering the strong reduction in the AQP2
expression, we next evaluated whether the reduced AQP2
levels found in KI mice were accompanied by an increase
in AQP2 phosphorylation at Ser261 (AQP2-pS261).
Hence, we performed immunoblotting experiments in
kidneys obtained from WT mice, CaSR KI mice and CaSR
KI mice treated with JTT-305 (Fig. 34). AQP2 immuno-
reactive bands were normalized to total protein content
and total AQP2 levels, and densitometric analysis revealed
a robust increase (78%) in AQP2-pS261 expression in KI
mice compared to WT mice [KI: 1.780 (0.454) vs. WT:
1.000 (0.185) O.D.; P = 0.0013; n = 6 for each genotype]
(Fig. 3A). Moreover, we analysed the AQP2-pS261 levels
in CaSR KI mice treated with JTT-305. Compared
with CaSR KI mice, the calcilytic treatment was able
to significantly reduce the increased phosphorylation
in Ser261 of AQP2 observed in CaSR KI mice treated
with the vehicle only [KI4+JTT-305: 0.549 (0.169) vs.
KI: 1.780 (0.454) O.D.; P = 0.00001; n = 6 for each
genotype] (Fig. 3A). Noteworthy, the JTT-305 treatment
induced significantly lower AQP2-pS261 levels than that
detectable in the WT mice (P = 0.04) (Fig. 3A). Because
the expression of total AQP2 was significantly reduced
in KI mice, post-translational modification related to an
increase in cell surface expression of AQP2 namely the
pS256-AQP2 and the pS269-AQP2 were not evaluated.

Ubiquitination is a mechanism aimed at targeting
proteins intended for degradation (Li & Ye, 2008). A
pioneering biochemical study showed that a single
polyubiquitin chain is sufficient to target a model sub-
strate to 26S proteasomes (Chau et al, 1989) and to
be the principal proteasome delivery signal (Finley
et al., 1994). Subsequently, it has become clear that
mono- and polyubiquitin chains generally signal different
fates for their target proteins (Sadowski et al., 2012):
monoubiquitination leads to altered trafficking in
multiple pathways (Hicke & Dunn, 2003), whereas poly-
ubiquitin chains usually signal proteasome proteolysis (or
degradation) (Flick et al., 2004; Thrower et al., 2000).

The analysis of ubiquitinated AQP2 by immuno-
blotting experiments revealed that, compared with WT
mice, the levels of polyubiquitinated AQP2 normalized to
immunoprecipitated AQP2 were more than 2-fold higher
in kidneys from CaSR KI mice [KI: 2.229 (0.798) vs.
WT: 1.000 (0.480) O.D.; P = 0.004; n = 6 for each
genotype] (Fig. 3B). Of note, treatment with JTT-305
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Figure 2. AQP2 expression and localization in the kidney from KI and JTT-305 treated KI mice

A, kidney slices from KI mice and Kl mice treated with JTT-305 were lysed and immunoblotting experiments were
performed using specific antibodies against total AQP2. Densitometric analysis of total AQP2 bands normalized to
the total protein content is reported in the histogram. Data are expressed as the mean = SD (***P = 0.000064 vs.
Kl). B, for the analysis of AQP2 mRNA levels, RNA was extracted from KI and JTT-305 treated Kl mice kidneys as
described in the Methods. Data are expressed as the mean + SD (*P = 0.01 vs.Kl). C, immunolocalization of AQP2
(in red) in the renal inner medulla from KI and JTT-305 treated KI mice. A higher AQP2 immunofluorescence signal
was observed in Kl treated with JTT-305 compared to KI mice kidney section (scale bar = 20 pm).
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Figure 3. AQP2 phosphorylation at Ser261, ubiquitination and p38MAPK expression in the kidneys from
WT, Kl and JTT-305 treated Kl mice

A, kidney slices from WT, KI and KI mice treated with JTT-305 were lysed and immunoblotting experiments were
performed using specific antibodies against AQP2-pS261 and total AQP2. Densitometric analysis of AQP2-pS261
bands normalized to total AQP2 is reported in the histogram. Data are expressed as the mean =+ SD (**P = 0.0013
vs. WT; $$$ P = 0.00001 vs. KI). B, kidney slices from WT, KI and KI mice treated with JTT-305 were lysed
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and subjected to immunoprecipitation (IP) with AQP2 antibody. Immunoprecipitates were immunoblotted using
anti-AQP2 and anti-ubiquitin antibodies. Statistical analysis of data showed ubiquitinated AQP2 (poly-Ub-AQP2;
polyubiquitinated) levels, normalized to immunoprecipitated AQP2 (**P = 0.004 vs. WT, $$$P = 0.0002 vs. KI).
C, kidney slices from WT, KI and KI mice treated with JTT-305 were lysed and immunoblotting experiments were
performed using specific antibodies against phospho-p38MAPK (Pp38MAPK) and total p38MAPK. Densitometric
analysis of Pp38MAPK bands, normalized to total p38MAPK, is reported in the histogram. Data are expressed as
the mean % SD (***P = 0.000005 vs. WT; $$$ P = 0.000009 vs. KI).

restored polyubiquitinated AQP2 levels detected in KI
mice [KI+JTT-305: 0.523 (0.248) O.D.; P = 0.0002; n = 6
for each genotype] (Fig. 3B).

Next, we evaluated the phosphorylation level
of p38MAPK because the phosphorylated form
(Pp38MAPK) represents the activated form of
p38MAPK. Moreover, p38MAPK is a candidate kinase
to phosphorylate AQP2 at Ser261 (Hoffert et al., 2006;
Nedvetsky et al., 2010) and its phosphorylation represents
a hallmark for ubiquitination and protein degradation via
proteasome (Isobe et al., 2017; Nedvetsky et al., 2010).
Statistical analysis of the data obtained from western
blot experiments revealed that Pp38MAPK levels were
~4-fold higher in KI mice compared to WT mice [KI:
3.998 (1.138) vs. WT: 1.000 (0.381) O.D.; P = 0.000005;
n = 6 for each genotype] (Fig. 3C). Interestingly, KI
mice treated with JTT-305 showed phosphorylation
levels of p38MAPK no different from that observed in
WT mice and significantly lower compared to KI mice
[KI4+JTT-305: 1.127 (0.573) O.D.; P = 0.000009; n = 6
for each genotype] (Fig. 3C).

CaSR overexpression downregulates AQP2 via miR137

We recently demonstrated the regulation of total AQP2
expression elicited by CaSR signalling via microRNA
pathway activation (Ranieri et al., 2018). Showing a
bimodal downregulation, p38MAPK on one side increases
AQP2-pS261 levels, ubiquitination and degradation
and, on the other side, increases miR137, a known
AQP2-targeting miRNA in the kidney collecting duct
(Kim et al., 2015; Ranieri et al., 2018).

Here, we evaluated the miR137 levels in KI mice
kidneys compared to WT [KI: 6.622 x 1077 (5.885 x 1077)
ys. WT: 1.384 x 107 (1.283 x 107) ng P = 0.033;
n = 6 for each genotype] (Fig. 4A), revealing a significant
increase in KI mice miR137 levels. Treatment with
JTT-305 of KI mice caused a significantly strong reduction
of miR137 with respect to vehicle-treated KI mice
[KI+JTT-305: 3.738 x 1078 (3.939 x 107%) ng; P = 0.009;
n = 6 for each genotype] (Fig. 4A).

A group of substrates activated by p38MAPK comprise
transcription factors. Many transcription factors, such
as transcription factor 1 (ATF1), encompassing a broad
range of action, have been shown to be phosphorylated
and subsequently activated by p38MAPK (Tan et al,
1996).

RT-PCR experiments were performed to evaluate the
gene expression of ATF1 in the different genotypes (WT,
KI and KI+JTT-305 mice). Compared with WT, ATF1
gene expression levels were significantly higher in KI
mice kidneys [KI: 1.719 (0.272) vs. WT: 1.000 (0.249);
P = 0.004; n = 6 for each genotype] (Fig. 4B). Of note,
in JTT-305 KI mice, the calcilytic treatment prevented
this increase, showing ATF1 mRNA levels similar to
those obtained in WT mice [KI4+JTT-305: 0.944 (0.428);
P =0.002; n = 6 for each genotype] (Fig. 4B). Moreover,
the protein content of ATFI and its phosphorylated
form at serine 63 (pS63ATF1) was evaluated in kidneys
from WT, KI and KI mice treated with JTT-305 by
performing immunoblot experiments. In KI mice kidneys,
we observed increased levels of the phosphorylated form
of ATF1 (pS63ATF1), normalized to total protein content
and total ATF1 levels, with respect to WT mice kidneys
[KI: 1.553 (0.525) vs. WT: 1.000 (0.257); P = 0.029; n = 6
for each genotype] (Fig. 4C). Again, treatment with the
calcilytic JTT-305 in KI mice restored the phosphorylated
levels of ATF1 observed in WT mice [KI+]JTT-305: 0.980
(0.282); P = 0.024; n = 6 for each genotype] (Fig. 4C).

p38MAPK increases miR137 via ATF1

Around half of the p38MAPK substrates identified so
far are transcription factors (Zarubin & Han, 2005).
Therefore, it is evident that p38MAPK has a pivotal
role in regulating gene expression at transcriptional level.
To verify the specific activation of ATF1 by p38MAPK,
we used a specific p38MAPK inhibitor, SB203580. For
this purpose, we performed ex vivo kidney slice pre-
parations from KI mice kidneys, left in basal conditions
or treated with the p38MAPK inhibitor SB203580. At first,
we evaluated ATF1 mRNA levels. RT-PCR experiments
revealed that the inhibition of p38MAPK caused a
significant decrease in ATF1 mRNA levels compared to
untreated KI mice kidney slices [KI SB203580: 0.395
(0.178) wvs. KI ctrl: 1.000 (0.311); P = 0.016; n = 6 for
each genotype] (Fig. 5A). Immunoblotting experiments
showed a significant decline also in the phosphorylation
levels of ATF1 (pS63ATF1) [KI SB203580: 0.505 (0.203)
ys. KI ctrl: 1.000 (0.277) O.D.; P = 0.005; n = 6 for each
genotype] (Fig. 5B). Next, we investigated the effect of
the inhibition of p38MAPK on the high levels of miR137
observed in KI mice kidneys. KI SB203580 kidneys
reported a robust decrease in miR137 levels compared

© 2024 The Authors. The Journal of Physiology © 2024 The Physiological Society.
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to KI untreated kidneys [KI SB203580: 1.207 x 107°
(1.204 x 107°) vs. KL ctrl: 3.028 x 107° (2.255 x 107°) ng;
P =0.047; n = 6 for each genotype] (Fig. 5C). Moreover,
the increase in total AQP2 levels, detected in KI mice
kidneys, was prevented when treating KI mice kidney
slices with p38MAPK inhibitor [KI SB203580: 1.605
(0.397) vs. KI ctrl: 1.000 (0.294) O.D.; P = 0.029; n = 6
for each genotype] (Fig. 5D). The inhibitory effect of
SB203580 on p38MAPK phosphorylation was confirmed
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by immunoblotting experiments performed in KI mice
kidney slices. As expected, Pp38MAPK levels decreased
when KI mice kidney slices were treated with the inhibitor
SB203580 [KI SB203580: 0.582 (0.236) vs. KI ctrl: 1.000
(0.315) O.D.; P=0.009; n = 6 for each genotype] (Fig. 5E).

As stated in the methods section, three genotype
mice (WT, KI and KI+JTT-305), three males and three
females for each genotype, were used for all described
experiments. No difference between the sexes were
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Figure 4. miR137 evaluation and ATF1 transcription factor expression in the kidneys from WT, KI and
JTT-305 treated KI mice

A, total RNA was extracted from WT, KI and JTT-305 treated K| mice kidneys, and the cDNA was obtained as
described in the Methods. Synthetic RNA with 59-phospho, miR137 (WUAUUGCUUAAGAAUACGCGUAG), was
synthesized and used to perform a calibration curve and interpolate miRNA sample values from WT, Kl and JTT-305
treated K| mice, to obtain a precise evaluation (in nanograms) of miR137 content in samples. Data from RT-PCR
experiments were interpolated in the calibration curve obtained with synthetic miRNA. Data are expressed as the
mean =+ SD (*P = 0.033 vs. WT, $$P = 0.009 vs. Kl). B, for the analysis of ATF1 mRNA levels, RNA was extracted
from WT, Kl and JTT-305 treated KI mice kidneys as described in the Methods. Data are expressed as the mean
+ SD (**P = 0.004 vs. WT, $$P = 0.002 vs. Kl). C, kidney slices from WT, K| and KI mice treated with JTT-305
were lysed and immunoblotting experiments were performed using specific antibodies against ATF1-pS63 and
total ATF1. Densitometric analysis of ATF1-pS63bands normalized to total ATF1 is reported in the histogram. Data
are expressed as the mean £ SD (*P = 0.029 vs. WT; $P = 0.024 vs. KI).
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Figure 5. Modulation of ATF1, miR137 and AQP2 in response to p38MAPK inhibitor

A, for the analysis of ATF1T mRNA levels, RNA was extracted from Kl kidney slices treated with p38MAPK inhibitor,
SB203580, or left in basal conditions, as described in the Methods. Data are expressed as the mean £ SD
(*P = 0.016 vs. KI). B, kidney slices from Kl ctrl and Kl treated with SB203580 were lysed and immunoblotting
experiments were performed using specific antibodies against ATF1-pS63 and total ATF1. Densitometric analysis
of ATF1-pS63 bands normalized to total ATF1 is reported in the histogram. Data are expressed as the mean 4 SD
(**P = 0.005 vs. Kl). C, total RNA was extracted from Kl ctrl and Kl treated with SB203580 kidney slices, and the
miRNA cDNA Synthesis Kit was used to obtain cDNA synthesis, as described in the Methods. Data from RT-PCR
experiments were interpolated in the calibration curve obtained with synthetic miRNA. Data are expressed as the
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mean #+ SD (*P = 0.047 vs. KI). D, kidney slices from KI mice and KI mice treated with SB203580 were lysed and
immunoblotting experiments were performed using specific antibodies against total AQP2. Densitometric analysis
of total AQP2 bands normalized to the total protein content is reported in the histogram. Data are expressed as
the mean £ SD (*P = 0.029 vs. Kil). E, kidney slices from Kl ctrl and Kl treated with SB203580 were lysed and
immunoblotting experiments were performed using specific antibodies against phospho-p38MAPK (Pp38MAPK)
and total p38MAPK. Densitometric analysis of Pp38MAPK bands normalized to total p38MAPK is reported in the
histogram. Data are expressed as the mean + SD (**P = 0.009 vs. KI).

observed, indicating that the obtained results were not
influenced by sex.

Discussion

The major result of the present study is the demonstration
of in vivo treatment with calcilytic JTT-305/MK-5442
reversing the downregulation of the expression of the
vasopressin-sensitive AQP2 water channel, resulting in

COLLECTING
DUCT

an amelioration of the renal phenotype in CaSR KI mice
mimicking ADH (Fig. 6).

Although we have provided evidence that high
concentrations of urinary calcium counteract vaso-
pressin action via the activation of the CaSR expressed at
the luminal membrane of collecting duct cells, impairing
the trafficking and the expression of AQP2, the present
contribution provides a direct demonstration of this
functional interplay. Specifically, the present study, as
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Figure 6. Schematic model
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The proposed model shows that high urinary calcium levels in the collecting duct activate CaSR, resulting in the
phosphorylation and activation of p38-MAPK that, in turn, phosphorylates AQP2 at Ser261, causing AQP2 inter-
nalization, ubiquitination (Ub) and proteasomal degradation. In parallel, CaSR signalling promotes the synthesis of
miRNA137 via the activation of p38MAPK-ATF1, which results in reduced AQP2 mRNA translation (Ranieri et al.,
2018). As reported by Kim et al. (2015), miRNA32 is also able to reduce AQP2 mRNA levels and consequently
AQP2 abundance. The CaSR inhibition through calcilytic JTT-305 reverses the entire pathway.
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performed on a mouse-based genetic model of CaSR
KI, confirms that a constitutively active CaSR variant
causes the downregulation of AQP2 expression via
p38-MAPK-dependent increased AQP2-pS261 and AQP2
ubiquitination, leading to AQP2 protein degradation, as
well as via the AQP2-targeting miR137 pathway. This
interplay contributes to the impaired renal function and
reduced renal concentrating ability that characterizes
ADH.

It is well known that ADH patients develop hypo-
calcaemia, hyperphosphatemia and hypercalciuria and
the current therapy is the administration of active vitamin
D3 or PTH. However, this treatment aggravates hyper-
calciuria and renal calcification (Roszko, Hu et al., 2022).
Interestingly, we have previously reported that treatment
of CaSR KI mice with calcilytic JTT-305/MK-5442
increased urinary cAMP excretion, improved serum and
urinary calcium and phosphate levels by stimulating end-
ogenous PTH secretion, and prevented renal calcification
(Dong et al, 2015). By contrast, PTH treatment
normalized serum calcium and phosphate but could
not reduce hypercalciuria or renal calcification (Dong
et al., 2015). Because of this, calcilytics may become a
treatment of choice for ADH patients. In the kidney, PTH
stimulates calcium reabsorption in the distal convoluted
tubule by activation of the calcium channel transient
receptor potential vanilloid member 5 (i.e. TRPV5) (de
Groot et al., 2008). This would allow for removal of
calcium from the pro-urine without affecting sodium
reabsorption, thus minimizing renal calcium wasting.
However, its action probably does not prevent the hyper-
calciuric effect of activating mutations of the CASR
gene. Conversely, JTT-305/MK-5442 reversed most of
the ADH phenotypes of the CaSR KI mice, including a
reduction in renal calcification. Calcilytics bind to the
transmembrane domain of CaSR directly (Petrel et al.,
2004) and allosterically stimulate the endogenous PTH
release (Kumar et al., 2010).

The beneficial effect of JTT-305/MK-5442 on hyper-
calciuria and renal calcification is probably not restricted
to an increased serum PTH level mimicking the effect of
PTH. In the TAL CaSR is expressed on the basolateral
membrane (Toka et al., 2015) and its main role is to inhibit
calcium reabsorption in a PTH-independent fashion. This
effect is accounted for, at least in part, by an increase in
the paracellular pathway, as indicated by the concomitant
downregulation of claudin-14 and of NKCC2 activation.
Gong et al. (2015) have demonstrated that claudin-14 in
the TAL is downstream of CaSR activation.

Specifically, CaSR controls the transcription of miR9
and miR-374 that target the 3'-untranslated region of
the claudin-14 gene resulting in decreased paracellular
divalent cation permeability contributing to pathological
hypercalciuria and nephrocalcinosis. Thus, calcilytic
drugs would be expected to decrease urinary calcium

J Physiol 0.0

output via PTH-dependent and PTH-independent (renal
CaSR-mediated) actions, hence potentially decreasing the
risk of calcium stone occurrence.

CaSR activation in the TAL also decreases
vasopressin-stimulated intracellular cAMP accumulation
by inhibiting AC6 (de Jesus Ferreira et al., 1998).
Therefore, we can speculate that the calcilytic
JTT-305/MK-5442 can reverse most of the phenotypes of
mutant CaSR KI mice and normalize not only serum
calcium and phosphate, but also urinary calcium
excretion, thus preventing renal calcification also in a
PTH-independent action through vasopressin-dependent
inhibition of cAMP synthesis in the TAL. This results in
NKCC2 inhibition being necessary for paracellular
calcium permeability. Calcium reabsorption in the TAL
is reliant upon the uptake of NaCl across the luminal
NKCC2 expressed on the luminal membrane. Potassium
ions brought into the cell by NKCC2 are recycled back
into the lumen through an apical K™ channel. Together,
these processes establish a lumen-positive transepithelial
potential difference, which provides the driving force
for the passive reabsorption of monovalent and divalent
cations (Na™, Ca® and Mg®" ions) via the paracellular
route. By attenuating the tonic inhibition of the vaso-
pressin response in TAL as a result of the gain-of-function
CaSR variant, the calcilytics reduce calcium wasting in the
lumen preventing hypercalciuria and renal calcification.

In the collecting duct, we have previously provided
evidence that high concentrations of luminal calcium
counteract vasopressin action, thereby impairing the
trafficking of the vasopressin-sensitive water channel,
AQP2. This effect is mediated by the activation of the
CaSR (Procino et al., 2004, 2008; Ranieri et al., 2015).
Data that support this conclusion were obtained both from
in vitro experiments conducted in renal collecting duct
cells (Ranieri et al., 2015) and from hypercalciuric patients
(Procino et al., 2012), as well as from bed rest studies
(Tamma, Di Mise et al., 2014). Moreover, high external
calcium has been found to reduce AQP2 expression, in
both collecting duct cell lines and hypercalciuric rats
(Bustamante et al., 2008; Procino et al., 2004; Sands et al.,
1998). Specifically, CaSR activation in renal cells has
been demonstrated to modulate AQP2 trafficking and/or
expression by altering its phosphorylation state (Ranieri
et al,, 2013, 2015), which indicates a direct negative effect
on the vasopressin-sensitive water channel, AQP2. Finally,
in pendrin/NaCl cotransporter double-knockout mice
with significant calcium wasting and developing severe
volume depletion despite increased circulating vaso-
pressin levels, we have demonstrated that CaSR-mediated
impairment of AQP2 expression/trafficking underlies
vasopressin resistance observed in double-knockout mice
(Ranieri, 2019; Ranieri et al., 2018).

To conclude, our data show that CaSR KI mice
mimicking ADH are characterized by downregulation

© 2024 The Authors. The Journal of Physiology © 2024 The Physiological Society.
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of AQP2 expression associated with CaSR-dependent
activation of AQP2 degradation and reduced expression
via AQP2-targeting miRNA137. Of note, the inhibition
of constitutively active CaSR by in vivo treatment
with calcilytics restores normal levels of AQP2
expression, providing direct in vivo evidence for a
critical role of CaSR in the negative regulation of
vasopressin-AQP2-dependent water reabsorption in
the collecting duct. The amelioration of most of the
abnormalities in calcium metabolism including hyper-
calciuria, renal calcification and AQP2-mediated osmotic
water reabsorption makes calcilytic a good candidate for
a novel therapeutic agent in the treatment of ADH.
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