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ABSTRACT: High concentrations of urinary calcium counteract vasopressin action via the activation of the calcium-
sensing receptor (CaSR) that is expressed in the luminal membrane of collecting duct cells, which impairs the
trafficking of aquaporin-2 (AQP2). Pendrin/NaCl cotransporter double-knockout (dKO) mice display significant
calcium wasting and develop severe volume depletion, despite increased circulating vasopressin levels. We hy-
pothesized that theCaSR-mediated impairment ofAQP2 expression/trafficking underlies vasopressin resistance in
dKOmice. Compared with wild-type mice, in renal inner medulla, dKOmice had reduced total AQP2 sensitive to
proteasome inhibitors, higher levels of AQP2-pS261, ubiquitinated AQP2, and p38-MAPK, an enzyme that is
activated by CaSR signaling and known to phosphorylate AQP2 at Ser261. CaSR inhibition with the calcilytic
NPS2143 reversed these effects, which indicates that CaSR mediates the up-regulation of AQP2-pS261, ubiquiti-
nation, anddegradation.Ofnote,dKOmicedemonstratedsignificantlyhigherAQP2-targetingmiRNA-137 thatwas
reduced uponCaSR inhibition, supporting a critical role for CaSR in the down-regulation ofAQP2 expression. Our
data indicate that CaSR signaling reduces AQP2 abundance both via AQP2-targeting miRNA-137 and the p38-
MAPK/AQP2-pS261/ubiquitination/proteasomal axis. These effects may contribute to the reduced renal concen-
tratingability thathasbeenobservedindKOmiceandunderscoreaphysiologicmechanismof theCaSR-dependent
regulationofAQP2abundanceviaanovelmicroRNApathway.—Ranieri,M., Zahedi,K., Tamma,G.,Centrone,M.,
Di Mise, A., Soleimani, M., Valenti, G. CaSR signaling down-regulates AQP2 expression via a novel microRNA
pathway in pendrin and NaCl cotransporter knockout mice. FASEB J. 32, 000–000 (2018). www.fasebj.org
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The Cl2/HCO3
2 exchanger, pendrin (SLC26A4, PDS)—

located on the apical membrane of b-intercalated cells in
the kidney cortical collecting duct (CCD) and the con-
necting tubules (CNTs)—plays a dominant role in medi-
ating the secretion of bicarbonate and the reabsorption
of chloride (1–4), whereas, the thiazide-sensitive NaCl
cotransporter (NCC) is primarily expressed on the apical
membrane of distal convoluted tubule cells (5, 6) and
represents the main sodium absorbing transporter in the
distal convoluted tubule. The epithelial sodium channel is

the main molecule responsible for the absorption of so-
dium in CNTs and the CCD (5–13).

Chloride reabsorption in CNTs and the CCD is medi-
atedviabothparacellular and transcellularpathways,with
the transcellular pathway being mediated primarily by
pendrin, which, in conjunction with the epithelial sodium
channel, is responsible for the bulk of sodiumand chloride
reabsorption in these two segments (14, 15).

Despite its critical role in the kidney, genetic deletion of
pendrin does not cause any significant salt wasting or
excessive diuresis in mutant mice under basal conditions,
which suggests that this transporter does not play an im-
portant role in salt absorption under baseline conditions
(16–18). Similar to pendrin-deficient mice, genetically
engineered mice that lack NCC do not display excessive
salt wasting under baseline conditions (12). Instead,NCC-
deficientmice display enhanced calcium absorption along
with magnesium wasting (12, 13). Of interest, whereas
micewith a single deletion ofNCCor pendrin have amild
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phenotype, pendrin/NCC double-knockout (dKO) mice
display significant salt wasting and develop severe
volume depletion and metabolic alkalosis (19). These
data indicate that pendrin and NCC cross-compensate
for the loss of each other, masking the role that each
transporter plays in salt reabsorption under baseline
conditions (19).

One intriguingobservation inpendrin/NCCdKOmice
is the presence of hypercalciuria along with hyper-
phosphaturia (19). Consistently, calcium-absorbing path-
waymolecules—apical TRPV5 and basolateral Na+/Ca2+

exchanger—are down-regulated in KO mice (20).
The worsening of calcium reabsorption and the im-

paired reabsorption of sodium and phosphate have been
proposed to be precipitated by severe salt wasting and
volume depletion in dKOmice via processes mediated by
prostaglandin E2 (21).

Several lines of evidence demonstrate that hyper-
calciuria is associated with greater water excretion by the
kidney.With respect to this, we have previously provided
evidence that high concentrations of luminal calcium in
the renal collecting duct counteract vasopressin action,
thereby impairing the trafficking of the vasopressin-
sensitive water channel, aquaporin 2 (AQP2). This effect
is mediated by the activation of the calcium-sensing re-
ceptor (CaSR) (22, 23). Data that support this conclusion
wereobtainedboth from in vitro experimentsusingAQP2-
expressing mouse collecting duct cells (MCD4 cells) and
from hypercalciuric patients (24, 25), as well as from bed
rest studies (25).Moreover, high external calciumhas been
found to reduce AQP2 expression, both in collecting duct
cell lines and hypercalciuric rats (22, 26, 27). Specifically,
CaSR activation in renal cells has been demonstrated to
modulate AQP2 trafficking and/or expression by altering
its phosphorylation state (28, 29), which indicates a direct
negative effect on the vasopressin-sensitivewater channel,
AQP2. Of interest, pendrin/NCC dKO mice failed to in-
crease their urine osmolality in response to desmopressin
(dDAVP, a vasopressin analog), which is consistent with
the impaired response to vasopressin, despite increased
circulating levels of this hormone (19). Together, these
data underscore a physiologic mechanism on the basis
of negative feedback from CaSR signaling to AQP2
conferring high sensitivity of vasopressin to extracel-
lular calcium (28, 30).

In the present work, we provide evidence that vaso-
pressin resistance and possibly the volume depletion ob-
served in pendrin/NCC dKO mice, in part, is a result of
sustained CaSR signaling in the collecting duct, likely
linked to high urinary calcium, that causes a bimodal
down-regulation of AQP2 expression via the ubiquitin/
degradative pathway and a novel microRNA pathway.

MATERIALS AND METHODS

Animal models

Double Slc26a4pendrin/thiazide-sensitiveNCCdKOmicewere
generated by crossing pendrin KO mice with NCC KO mice.
Wild-type (WT) mice have a mixed BALB/c and C57BL/6J
background (19).

Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). NPS-R568 was from Santa Cruz Biotechnology (Dal-
las, TX, USA) and NPS2143 from Tocris (Bristol, United King-
dom). SB203580 (p38-MAPK inhibitor) was from Cell Signaling
Technology (Danvers, MA, USA). miRNA assay and kit were
purchased from Applied Biosystems (Foster City, CA, USA).

Abs

AQP2 Abs against the 20-aa residue segment just N-
terminal from the polyphosphorylated region of rat AQP2
(CLKGLEPDTDWEEREVRRRQ) (31, 32) were used to de-
tect the total amount of AQP2. AQP2-pS261 Ab was from
Novus Biologicals (Littleton, CO, USA). p38-MAPK, phospho-
p38-MAPK (Thr180/Tyr182), and ubiquitin (P4D1) Abs were
purchased from Cell Signaling Technology. mAb against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; clone
6C5)was purchased fromEMDMillipore (Billerica,MA,USA).
Alexa Fluor 488 Abs were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA).

Kidney slices from mouse inner medullary
collecting ducts

Mouse kidney slices from mouse papilla were prepared as pre-
viously described (28, 33). In brief, WT and dKOmice—3 males
and 2 females for each genotype—were anesthetized and eu-
thanized by dislocation. Kidneys were quickly removed and
;500-mm sections were made. Sectioned kidney papillae were
equilibrated for 10 min in kidney slices buffer that contained
118mMNaCl, 16mMHepes, 17mMNa-Hepes, 14mMglucose,
3.2mMKCl, 2.5mMCaCl2, 1.8mMMgSO4, and1.8mMKH2PO4
(pH7.4).Kidney sliceswere subsequently left in the samebuffer at
37°Cor incubatedwith10mMNPS-R568 for30minorwith10mM
NPS2143 for 30 min or desmopressin (dDAVP) 1 mM for 30 min.

Forexperimentswithp38-MAPKinhibitor, kidney sliceswere
incubated with SB203580 at 10 mM for 30 min. Treated sections
were then homogenized with a mini-potter on ice-cold kidney
slices buffer and protease and phosphatase inhibitors. Suspen-
sions were then centrifuged at 12,000 g for 10 min at 4°C, and
supernatants were used for Western blotting analysis.

Coimmunoprecipitation

Coimmunoprecipitation experiments were performed as pre-
viously described (34, 35). In brief, after treatments, kidney slices
were lysedwith 150ml of 1%TritonX-100, 150mMNaCl, 25mM
Hepes (pH 7.4), and 20 mM N-ethylmaleimide to block deubi-
quitination in the presence of protease (1 mM PMSF, 2 mg/ml
leupeptin, and 2 mg/ml pepstatin A) and phosphatase (10 mM
NaF and 1 mM sodium orthovanadate) inhibitors. Lysates were
clarified by centrifugation at 12,000 g for 20 min at 4°C. Super-
natants obtained were precleared with protein A–sepharose
suspension for 30 min under rotation at 4°C. Precleared lysates
were incubated overnight at 4°C with anti-AQP2 Ab coupled to
protein A–sepharose. Immunocomplexes were washed 3 times,
resuspended inLaemmli’s buffer in nondenaturating conditions,
and subjected to immunoblotting using anti-AQP2 and anti-
ubiquitin Abs.

Gel electrophoresis and Western blotting

Proteins were separated on 13% Bis-Tris acrylamide gels under
reducing conditions. Protein bands were electrophoretically
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transferred to immobilon-P membranes (EMD Millipore) for
Westernblot analysis,blocked inTris-bufferedsaline—Tween-20
that contained 3% bovine serum albumin and incubated with
primary Abs overnight. Immunoreactive bands were de-
tected with secondary Ab conjugated to horseradish peroxidase
obtained from Santa Cruz Biotechnology. Membranes were
developed by using SuperSignal West Pico Chemiluminescent
Substrate (Pierce, Rockford, IL, USA) with Chemidoc System
(Bio-Rad, Hercules, CA, USA). Band intensities were quantified
by densitometric analysis using Scion Image software (Scion,
Frederick, MD, USA).

Immunolocalization in kidney tissue slices

For immunolocalizationofAQP2inmousekidneyslices (250mm),
tissueswere incubated at 37°C for 15min in kidney slices buffer
only. After equilibration, slices were fixed by immersion in 4%
paraformaldehyde in PBS at 4°C overnight. Slices were then
rinsed several times in PBS before use for immunostaining.
Sections were exposed to an antigen retrieval procedure with
citrate buffer at pH 6 for 20 min. After washing in PBS, non-
specific binding sites were then blocked with 1% bovine serum
albumin in PBS (saturation buffer) overnight at 4°C. Sections
were incubated with rabbit anti-AQP2 Ab (affinity purified;
1:3000 dilution) in saturation buffer overnight at 4°C. After
washing inPBS, sectionswere incubatedwith secondarydonkey
anti-rabbit Alexa Fluor 488 conjugate (Thermo Fisher Scientific)
for 2 h at room temperature.Afterwashing in PBS, sectionswere
mounted on glass slides with Mowiol (Sigma-Aldrich). Images
were obtained with a confocal laser-scanning fluorescence mi-
croscope (TCS SP2; Leica Microsystems, Mannheim, Germany).

Real-time PCR analysis of mRNA of AQP2 and CaSR
in WT and dKO mice

Real-time PCR experiments were performed to measure the rel-
ative expression of mRNA in inner medulla collecting duct
(IMCD) that was isolated from WT and dKO mouse kidneys.
Total RNA was extracted by using Trizol (Thermo Fisher Scien-
tific). Reverse transcriptionwas performed on 1 mg of total RNA
using SuperScript Vilo Master Mix (Thermo Fisher Scientific).
Real-time PCR amplification was performed by using TaqMan
Gene Expression PCR Master Mix with AQP2 and GAPDH as-
says (Applied Biosystems) in StepOne Real-Time PCR System
(Applied Biosystems). Results were expressed as 22DCt values
(relative quantification) with DDCt = (Cttarget 2 CtGAPDH)dKO 2
(Cttarget2CtGAPDH)WT.

miRNA-137 evaluation in WT and dKO mice

miRNA-137 content in WT and dKO mice inner medulla col-
lecting duct was evaluated by using TaqMan AdvancedmiRNA
Assays (has-miR-137; Assay ID: 477904_mir; Applied Bio-
systems), which enabled highly sensitive and specific quantification
ofmaturemiRNAusingquantitativePCR.TotalRNAwasextracted
by using Trizol. TaqMan Advanced miRNA cDNA Synthesis Kit
(Applied Biosystems) was used to obtain cDNA synthesis.
The synthetic RNA (UUAUUGCUUAAGAAUACGCGUAG)
with 59-phospho was synthesized by Applied Biosystems and
used to perform a calibration line and interpolate miRNA
sample values from WT and dKO mice to obtain the precise
evaluation (ng) of miR137 content in samples.

Statistical analysis

One-way ANOVA followed by multiple comparison tests was
used for statistical analysis. When applicable, a Student’s t test

was also used, and for RT-PCR analysis, a 1-sample Student’s
t test was used. All values are expressed as means6 SEM. Values
of P,0.05 were considered statistically significant.

RESULTS

Reduced expression of AQP2 in inner medulla
of pendrin/NCC dKO mice

To evaluate AQP2 expression at the protein level, we
performed immunoblotting experiments for AQP2 in in-
ner medulla collecting duct samples from dKO and WT
mice (Fig. 1A). Normalization of AQP2 immunoreac-
tive bands to the housekeeping GAPDH revealed a
strong (;65%) reduction in AQP2 levels in dKO mice
compared with WT mice (dKO: 0.35976 0.0666 OD vs.
WT: 1.000 6 0.2467 OD; P , 0.05; n = 5 for each geno-
type; Fig. 1A). In line with immunoblotting experi-
ments, immunolocalization and analysis by confocal
microscopy confirmed reduced expression of AQP2 in
the inner medulla (Fig. 1B). Furthermore, evaluation of
AQP2 mRNA that was extracted from the renal inner
medulla collecting duct of WT and dKO mice and pro-
cessed for real-time PCR revealed a strong reduction in
mRNA in dKO mice compared with WT mice (dKO:
0.2869 6 0.1031 vs. WT: 1.000; *P , 0.001, 1-sample
Student’s t test; n = 8 for each genotype; Fig. 1C). Con-
versely, no significant alteration at either the mRNA or
protein levels was observed for AQP2 expressed in the
cortex (data not shown).

Low AQP2 expression in the inner medulla
of dKO mice is associated with significantly
higher expression of AQP2-pS261 and
phosphorylated p38-MAPK

AQP2 is subjected to a number of post-translational
modifications, including phosphorylation and ubiquiti-
nation, that are important for AQP2 function and degra-
dation (36, 37). Under vasopressin action, in the short term
(within second to minutes), AQP2 is phosphorylated at
S256, S269, S264, whereas, in the long term (within hours),
AQP2 mRNA expression increases, followed by a rise in
AQP2 protein level (38–40). Conversely, phosphorylation
levels of Ser261 within the C terminus of AQP2 decreases
in response to vasopressin (31, 38, 41, 42).

A role for AQP2 phosphorylation at Ser261 via p38-
MAPK and polyubiquitination in the control of AQP2
protein degradation has been suggested (42, 43).

As the overall expression of AQP2 in the innermedulla
of dKO mice is drastically reduced, we next evaluated
whether this was in parallel to an increase in AQP2-
pS261 levels. Levels of AQP2 phosphorylated at Ser261
(AQP2-pS261) were therefore semiquantified by West-
ern blot experiments (Fig. 2A). Data obtained from
these experiments demonstrated that AQP2-pS261 was
significantly increased in dKO innermedulla compared
with that of WT (normalized to total AQP2; dKO: 7.9106
0.7211 vs. WT: 1.000 6 0.0588; P , 0.0001; n = 5 for each
genotype; Fig. 2A). No significant alteration in AQP2-p256
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level—normalized to total AQP2—was instead observed
in dKO mice compared with WT mice (n = 5 for each ge-
notype; data not shown).

p38-MAPK is a candidate kinase to phosphorylate
AQP2atSer261 (31, 42) and isdown-regulatedby cAMP in
a PKA-dependentmanner; its phosphorylation represents
a hallmark for ubiquitination and proteasomal degrada-
tion of AQP2 (42, 44). Phosphorylated p38-MAPK (Pp38-
MAPK) represents the activated form of p38-MAPK and
decreases upon vasopressin stimulation (42); therefore,
we evaluated Pp38-MAPK levels using Western blot
experiments (Fig. 2B). Statistical analysis of data
revealed that Pp38-MAPK levelswere;2-fold higher in
dKO mice compared with WT mice (dKO: 1.822 6
0.1616 vs. WT: 1.000 6 0.088; P , 0.01; n = 5 for each
genotype; Fig. 2B). These data point to p38-MAPK as a
possible candidate kinase that is responsible for the
increase in AQP2-pS261.

AQP2 in the inner medulla of dKO mice
is more ubiquitinated and degraded
via proteasome

Polyubiquitination targets proteins to proteasomes for
degradation (45), and p38-MAPK activation results in
proteasomal degradation of different proteins (46, 47). Of
interest, evaluation of AQP2 expressed in the inner me-
dulla of dKOmice demonstrated that, comparedwithWT
mice, levels of ubiquitinated AQP2—both mono- and
polyubiquitinated—normalized for immunoprecipitated
AQP2 were ;4-fold higher in the inner medulla of dKO
mice (dKO: 3.8926 0.929 vs.WT: 1.0006 0.220; P, 0.05;
n = 3 for each genotype; Fig. 3A).

AQP2 can be degraded in proteasomes and lysosomes
(48,49), andubiquitination isacrucial stepbywhichtodirect
proteins in both compartments (50). Therefore, we next
assessed the effect of MG132 or chloroquine—inhibitors

Figure 1. AQP2 expression and localization in the inner medulla collecting duct (IMCD) from WT and dKO mice. A) Inner
medulla kidney slices from WT and dKO mice were lysed and subjected to immunoblotting using specific Abs against total AQP2.
Protein content was normalized to the housekeeping protein, GAPDH. Signals from immunodetected bands were semiquantified
by densitometry. AQP2 expression was significantly reduced in the inner medulla of dKO mice. *P , 0.05 vs. WT (Student’s
t test). B) Immunolocalization of AQP2 (in green) in the inner medulla of WT and dKOmice. Reduced AQP2 immunofluorescence
signal was observed in dKO mice compared with WT mice. Scale bars: 30 mm (left), 100 mm (right). C) For analysis of AQP2 mRNA
levels, RNA was extracted from WT and dKO mouse IMCD as described in Materials and Methods. RT-PCR experiments revealed
that AQP2 mRNA levels were significantly reduced in dKO mice compared with WT mice. ***P , 0.001 vs. WT (1-sample Student’s
t test). Data are presented as means 6 SEM.
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of proteasomal and lysosomal degradation, respectively—
on the expression of total AQP2 in inner medulla kidney
slices (n = 3 for each genotype). Treatment of inner me-
dulla kidney slices with chloroquine (100 mM for 30 min)
or MG132 (10 mM for 30 min) in WT tissues had only a
modest effect on total AQP2 abundance (Fig. 3B). In
contrast in dKO kidney slices, while chloroquine had a
slight effect (;15% increase), MG132 was clearly more
effective in increasing the total amount of AQP2bynearly
50% (;5-foldmore effective than inWT; P, 0.05), which
strongly suggested that the rate of AQP2 proteasomal
degradation in dKO inner medulla is significantly higher
than that in WT mice.

Role of CaSR signaling in the regulation of
AQP2 abundance in dKO mice

Wehave recently demonstrated that the specific activation
of CaSR expressed in the luminal membrane of the col-
lecting duct prevents the cAMP-dependent increase in
AQP2-pS256 and water permeability, which counteracts
short-term vasopressin response (28, 30). We suggested
that CaSR expressed in the collectingduct, aswell as in the
other segments of the nephron, exerts negative feedback
on hormones that act via cAMP, which confers high sen-
sitivity of hormone to extracellular calcium (30). Because
dKOmice are extremely hypercalciuric, a tonic activation
of CaSR in the collecting duct is expected in these mice,
which, in turn, can modulate AQP2 trafficking and ex-
pression. First, a preliminary study confirmed that no
significant differences, both at the mRNA and protein
levels, were observed for CaSR expressed in the inner
medulla between WT and dKOmice (data not shown).

To evaluate a direct link between CaSR signaling and
the modulation of AQP2 expression, ex vivo experiments
wereperformedbyusingdKOkidney slices fromthe inner
medulla in the presence of NPS2143, a specific CaSR

allosteric inhibitor (51). Kidney slices fromdKOmicewere
preincubated with 10 mM NPS2143 for 30 min, and the
effect on total AQP2 levels was assessed by Western blot
analysis.

Of note, the sole exposure of dKO innermedulla kidney
slices to the CaSR inhibitor, NPS2143 at rest, resulted in a
strong increase (;3-fold) in the level of total AQP2 (con-
trol: 1.000 6 0.189 and NPS2143: 2.671 6 0.173; P, 0.05;
n = 5 for each treatment; Fig. 4A), which implies that CaSR
signaling in dKO down-regulates AQP2 expression. Of
interest, a similar effect on AQP2 down-regulation was
obtained by exposing dKO inner medulla kidney slices to
SB203580 (10 mM for 30 min), a specific inhibitor of p38-
MAPK (control: 1.000 6 0.242 and SB203580: 5.097 6
1.159; P , 0.05; n = 3 for each treatment; Fig. 4B), which
indicates that this kinase is a downstreameffector.Of note,
preincubation of dKO kidney slices with NPS2143 also
reduced AQP2-pS261 levels (control: 1.000 6 0.031 and
NPS2143: 0.4976 0.021;P, 0.01; n = 3 for each treatment;
Fig. 4C). A comparable reduction in AQP2-pS261 levels
was observed in the presence of SB203580 (control: 1.0006
0.153, P, 0.05 and SB203580: 0.5926 0.055; n = 3 for each
treatment; Fig. 4D), which suggests that CaSR signaling in
dKO up-regulates AQP2-pS261 likely via p38-MAPK as a
downstream effector in this pathway. The direct link be-
tweenCaSR signaling andp38-MAPKactivitywas proven
by demonstrating that preincubation of dKO kidney slices
with NPS2143 also reduced Pp38-MAPK, the active
form of p38-MAPK (control: 1.000 6 0.111 and
NPS2143: 0.546 6 0.086; P , 0.01; n = 5 for each treat-
ment; Fig. 4E). In linewith this, SB203580 reducedPp38-
MAPK levels (control: 1.000 6 0.184 and NPS2143:
0.1446 0.024;P, 0.05; n= 5 for each treatment; Fig. 4F).
The final evidence that CaSR signaling in dKO modu-
lates AQP2 expression by promoting AQP2 ubiquiti-
nation was obtained by exposing dKO inner medulla
kidney slices to NPS2143 and SB203580, followed by

Figure 2. Phosphorylation of
AQP2 at Ser261 and p38-MAPK
in WT and dKO mice. Lysates
from WT and dKO inner me-
dulla kidney slices were subjected
to immunoblotting using Abs
against AQP2-pS261 and total
AQP2 (A), or total p38-MAPK
and its phosphorylated form,
Pp38-MAPK (B). Statistical anal-
ysis of data revealed that in dKO
mice, AQP2-pS261 normalized
to total AQP2 was significantly
increased. In parallel, a signifi-
cant increase in Pp38-MAPK was
observed in dKO mice. Data are
presented as means 6 SEM. *P ,
0.05 vs. WT.
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semiquantitation of ubiquitinated AQP2. Both treat-
ments resulted in a drastic decrease in ubiquitinated
AQP2, which indicated that CaSR signaling in dKO
plays a crucial role in decreasing total AQP2 levels,
promoting AQP2 phosphorylation at Ser261 via the
downstream effector, p38MAPK, which results in
AQP2 ubiquitination (control: 1.0006 0.105; NPS2143:
0.274 6 0.087 and SB203580: 0.360 6 0.174; P , 0.05;
n = 3 for each treatment; Fig. 4G).

CaSR signaling regulates AQP2 expression via
microRNA pathway

The obtaineddata indicate that aberrantCaSR signaling in
dKO mice can be responsible for the biased response of
these mice to vasopressin (both at short and long term),
whose levels are elevated in dKO mice (19), causing a

reduction of AQP2 expression as revealed by real-time
PCR experiments (Fig. 1C).

On the basis of this idea, we investigated whether
CaSR signaling in dKOmice regulates expression levels
of miRNAs, which, in turn, transduce the extracellular
signal via an miRNA-mediated reduction of AQP2
expression.

To this end, we evaluated miR-137, a known AQP2-
targetingmiRNAin thekidneycollectingduct (52), indKO
mice. Of note, compared with WT mice, levels of miR137
observed in the kidney inner medulla of dKO mice were
;1.7-fold higher (dKO: 2.867 · 1026 6 1.599 · 1027 ng vs.
WT:1.716 ·102668.704 ·1028 ng;P,0.0001;n=7 for each
genotype; Fig. 5), leading to the intriguing hypothesis that
regulation of miR-137 by CaSR signaling may be a crucial
post-transcriptional modulator of AQP2 expression via
inhibition of AQP2 mRNA translation.

Figure 3. AQP2 ubiquitination and degradation in WT and dKO mice. A) Inner medulla kidney slices from WT and dKO mice
were lysed and subjected to immunoprecipitation (IP) with AQP2 Ab. Immunoprecipitates were immunoblotted using anti-AQP2
and antiubiquitin Abs. Statistical analysis of data showed that ubiquitinated AQP2 (Ub-AQP2; both mono- and polyubiquitinated)
levels normalized to immunoprecipitated AQP2 were significantly higher in the inner medulla of dKO mice. *P, 0.05 vs.WT. B)
Inner medulla kidney slices from WT and dKO mice were lysated and immunoblotted using anti-AQP2 Ab and normalized to the
housekeeping, GAPDH, to test the effect of proteasomal inhibitor, MG132, and the lysosomal inhibitor, chloroquine, on the
expression of total AQP2. Rate of AQP2 proteasomal degradation in dKO inner medulla was significantly higher than that in WT mice.
Data are presented as means 6 SEM percentage of difference between basal vs. MG132 and basal vs. chloroquine treatments.
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To evaluate this hypothesis, miR-137 levels were mea-
sured in the kidney innermedulla fromWTanddKOmice
under control conditions and after preincubation with
NPS-R568 (10 mM for 30 min) or NPS2143 (10 mM for
30min) to activate and inhibit CaSR, respectively (Fig. 6A,
B). Quite interestingly, exposure ofWTkidney slices to the
CaSR allosteric activator, NPS-R568, resulted in a signifi-
cant increase in miR-137 (control: 1.0006 0.102 and NPS-
R568: 2.0316 0.328; P , 0.01; n = 10 for each treatment),
which demonstrated a direct functional link between
CaSR signaling and the production of AQP2-targeting
miRNA (Fig. 6A). No significant effect on miR-137 levels
was observed with treatment with the CaSR inhibitor,
NPS2143 (n = 10 for each treatment), nor with SB203580

(n=10 for each treatment; Fig. 6A). In addition,noeffect on
miR-137 levels was observed after dDAVP stimulation
(1mMfor30min; control: 1.00060.102anddDAVP:0.9726
0.115; n = 10 for each treatment; data not shown), which
was in agreement with previous findings that reported
that miR-137 is not a vasopressin-regulated miRNA (52).
Conversely, whereas exposure of dKOkidney slices to the
CaSR allosteric activator,NPS-R568, had no effect onmiR-
137 (control: 1.000 6 0.225 and NPS-R568: 0.723 6 0.269;
n = 10 for each treatment), a strong reduction in miR-137
level was obtained under treatment with the CaSR in-
hibitor, NPS2143 (control: 1.000 6 0.225 and NPS2143:
0.21560.058;P,0.05;n=10 for each treatment), andwith
the p38MAPK inhibitor, SB203580 (control: 1.0006 0.225

Figure 4. Effects of CaSR and p38-MAPK inhibition on total AQP2, AQP2-pS261, and ubiquitinated AQP2 (Ub-AQP2). Inner
medulla kidney slices from WT and dKO mice were treated with the specific CaSR allosteric inhibitor, NPS2143 (A, C, E, G), or
with the p38-MAPK inhibitor, SB203580 (B, D, F, G), lysed, and immunoblotted using specific Abs against total AQP2 or AQP2-
pS261 or p38-MAPK and Pp38-MAPK. Statistical analysis of data revealed that, in dKO mice, the calcilytic NPS2143 caused an
increase in total AQP2 (A) and a decrease in AQP2-pS261 C) and a decrease in Pp38-MAPK E). In dKO mice, p38-MAPK
inhibitor increased total AQP2 levels (B), while decreased AQP2-pS261 (D) and Pp38-MAPK (F) levels. G) Total lysates from dKO
inner medulla kidney slices were treated with NPS2143 and SB203580, subjected to the immunoprecipitation, immunoblotted,
and probed with AQP2 and ubiquitin Abs. Statistical analysis revealed that, in dKO mice, inhibition of CaSR and p38-MAPK
significantly reduced ubiquitinated AQP2 levels. Data are presented as means 6 SEM. *P , 0.05 vs. dKO control (ctrl); **P , 0.01
vs. dKO ctrl.
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and SB203580: 0.266 6 0.089; P , 0.05; n = 10 for each
treatment).

Together, these data suggest that, at steady state, CaSR
signaling reduces AQP2 expression also via miRNA
pathway in dKO mice and that this pathway is mediated
by p38-MAPK activation. Moreover, since the CaSR

inhibitor NPS2143 is effective only in the dKO inner me-
dulla, this indicates that CaSR is constitutivelymore active
in dKO mice, likely due to the tonic activation by high
luminal calcium. Is particularly relevant that these data
imply a physiologic role for CaSR expressed in the inner
medulla in the modulation of total AQP2 expression via a
novel miRNA pathway.

DISCUSSION

In the present study, we tested the hypothesis that vaso-
pressin resistance and the consequent reduced renal con-
centrating ability in pendrin/NCC dKOmice is a result of
a CaSR-mediated impairment of AQP2 expression/
trafficking in the renal collecting duct.

Here, we have demonstrated that the activation of CaSR
causes a bimodal down-regulation of AQP2 expression in
dKOmiceby increasingAQP2-pS261 levels viap38-MAPK,
which results in enhanced AQP2 ubiquitination and deg-
radation; and by a novel miRNA pathway, increasing
miR-137, a known AQP2-targeting miRNA in the kidney
collectingduct (52). The final effect of thisCaSR signaling in
dKO mice is to reduce collecting duct water permeability,
which likely contributes to vasopressin resistance and
possibly to the water depletion observed in dKOmice.

In the kidney, CaSR senses changes in both urine and
serum calcium levels, which indicates a direct role in renal
calcium handling (30). In the collecting duct, CaSR is
expressed in intercalated cells and principal cells of the
collecting duct (53) and is activated by luminal calcium.
Specifically, in principal cells, CaSR is colocalizedwith the
AQP2water channel (30, 53, 54). Several in vitroand in vivo
studies, including those in humans, have suggested that
CaSR signaling inhibits vasopressin-induced trafficking
and expression of AQP2 (22, 24–26, 28, 55–58). The pro-
posed mechanism for this process is that vasopressin-
regulated water reabsorption from the lumen causes an

Figure 5. miR-137 evaluation in WT and dKO mice. Total RNA
was extracted from WT and dKO mice inner medulla collecting
duct, and the miRNA cDNA Synthesis Kit was used to obtain
cDNA synthesis, as described in Materials and Methods. Synthetic
RNA with 59-phospho, miR-137 (UUAUUGCUUAAGAAUACGC-
GUAG), was synthesized and used to perform a calibration
line and interpolate miRNA sample values from WT and dKO
mice to obtain a precise evaluation (in nanograms) of miR-
137 content in samples. Data from RT-PCR experiments were
interpolated in the calibration line obtained with synthetic
miRNA. miR-137 levels were found to be significantly higher
in dKO mice compared with WT mice. Data are presented as
means 6 SEM. ***P , 0.001.

Figure 6. Modulation of miR-
137 in response to CaSR activa-
tion or CaSR and p38-MAPK
inhibition in WT and dKO
mice. Total RNA was extracted
from WT and dKO mice inner
medulla collecting duct under
different experimental condi-
tions, and the miRNA cDNA
Synthesis Kit was used to obtain
cDNA synthesis. A) In WT mice,
CaSR activation with NPS-R568
(10 mM for 30 min) caused a
significant increase in miR-137
compared with control (ctrl). No
significant change in miR-137
levels was observed after treat-
ment with the calcilytic NPS2143
(10 mM for 30 min) or the
SB203580 p38-MAPK inhibitor
(10 mM for 30 min). **P ,
0.01 vs. ctrl. B) In dKO mice, CaSR activation with NPS-R568 (10 mM for 30 min) did not alter miR-137 levels compared with
control, whereas treatment with the calcilytic NPS2143 (10 mM for 30 min) or the SB203580 p38-MAPK inhibitor (10 mM for 30 min)
caused a drastic decrease in miR-137 levels compared with control. *P , 0.05 vs. ctrl. N.s., not significant. Data are presented as
means 6 SEM.
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increase in urinary calcium levels as a result of urine
concentration, which, in turn, activates CaSR located on
the apical membrane of the principal cells. Activation of
CaSR reduces the vasopressin-stimulated insertion of
AQP2 into the plasma membrane and the rate of water
reabsorption, which leads to the formation of dilute
urine and, consequently, a reduced risk of calcium su-
persaturation (22–24, 28). Whereas the acute inhibitory
effect of CaSR signaling on vasopressin-activated AQP2
trafficking and water reabsorption is mainly due to a
strong reduction in cAMP-induced AQP2 phosphory-
lation at Ser256 (28), the sustained activation of
CaSR—as mimicked by the ectopic expression of CaSR
gain-of-function variants (hCaSR-R990G, hCaSR-N124K)—
was found to cause a significant increase in AQP2-pS261
levels (28). In line with this, in pendrin/NCC dKOmice,
which display severe hypercalciuria, a tonic activation of
the luminal CaSR in the collecting duct is expected and
was found here to be associated with a strong reduction
in total AQP2 expression. Nevertheless, when normal-
ized to total AQP2, a significantly higher expression of
AQP2-pS261 was observed, along with higher levels of
ubiquitinated AQP2. In addition, in dKO mice, sensi-
tivity to the proteasome inhibitor, MG132, was found to
be 5-fold higher than in WT mice, as exposure of inner
medulla kidney slices toMG132 increased total AQP2 by
.50% (Fig. 3). Overall, these data indicate that, in the
dKO inner medulla, the rate of AQP2 degradation via
proteasome is significantly higher than that in WTmice.
It should be noted that the experiments were conducted
using the tip of the inner medulla collecting duct from
dKO mice, thereby excluding the contribution of CaSR
expressed in the thick ascending limb, where the highest
expression of CaSR is found.

Several authors have suggested a critical role for AQP2
phosphorylation at Ser261 and polyubiquitination in the
control of AQP2 levels (42, 43). Specifically, a role for p38-
MAPK in the promotion of AQP2 phosphorylation at
Ser261 has been reported (42, 43).

Here, we report that, in dKO inner medulla kidney
slices, p38-MAPK expression was found to be ;2.5-fold
higher compared with that of WT. Moreover, SB203580, a
specific inhibitor of p38-MAPK, caused a drastic decrease
in p38-MAPK phosphorylation—the active form of
MAPK—and in AQP2-pS261, along with a nearly 5-fold
increase in total AQP2 (Fig. 4). In addition, SB203580
drastically reduced the levels of ubiquitinated AQP2 (Fig.
4), which indicates that p38-MAPK is the kinase commit-
ted to phosphorylate AQP2 at Ser261, likely promoting
AQP2 ubiquitination. Polyubiquitination targets proteins
to proteasomes (45), and p38-MAPK activation results in
proteasomal degradation of different proteins (46, 47).
Consistent with these findings, we demonstrate here that,
in dKO, p38-MAPK inhibition results in a drastic re-
duction in ubiquitinated AQP2 that is paralleled by a
strong increase in total AQP2 (Fig. 4).

Previous work has demonstrated that p38-MAPK is a
downstream effector of CaSR. Specifically, CaSR activa-
tion associated with high extracellular calcium causes the
rapid and highly significant p38-MAPK phosphorylation
in a kidney proximal epithelial cell model, in airway

smooth muscle cells, and in H-500 Leydig cancer cells
(59–61),which indicates that CaSR activation induces p38-
MAPK phosphorylation.

Data presented here directly demonstrate that, in dKO
mice, CaSR signaling via p38-MAPK is the key to the
mechanismof reducedAQP2abundance. In fact, theCaSR
inhibitor, NPS2143, caused a strong reduction in Pp38-
MAPK, reproducing the sameeffects observed in response
to specific p38-MAPK inhibition—that is, increased total
AQP2 abundance and reduced AQP2-pS261 and ubiq-
uitinated AQP2 levels, which point to CaSR as the up-
stream receptor that orchestrates themodulation of AQP2
expression (Fig. 4).

Our data suggest that, in addition to the enhanced rate
of AQP2 degradation, low AQP2 levels observed in dKO
mice are also a result of reduced AQP2mRNA translation
via a novel miRNA pathway that is modulated by CaSR
signaling. miRNAs are single-stranded, noncoding RNA
molecules ;21 nt (62), and base paired with their target
mRNAs, inducing mRNA translational repression (55).

In the kidney inner medulla of dKO mice, miR-137, a
known AQP2-targeting miRNA in the renal collecting
duct (52), was found to be ;1.7-fold higher compared to
WTmice,whichwas in linewith the reduced translationof
AQP2 mRNA. Worthy of attention, under physiologic
conditions in WT mice, miR-137 transcript levels were
increasedby the calcimimeticNPS-R568 (Fig. 6), providing
the first evidence that CaSR signaling directly acts up-
streamof themiR-137–AQP2 axis. Conversely,whereas in
dKO mice, exposure to NPS-R568 had no effect on miR-
137 levels (likely because of the tonic CaSR activation by
high luminal calcium), compared with WT, a strong re-
duction in miR-137 levels was observed under treatment
with the CaSR inhibitor, NPS2143, aswell aswith the p38-
MAPK inhibitor, providing direct evidence that CaSR can
regulateAQP2expression viaAQP2-targetingmiRNAin a
pathophysiological setting.

In a previous study (56), CaSR signaling was shown to
modulate gene expression viamiRNA in the kidney thick
ascending limb of Henle. Hou and coworkers (56) dem-
onstrated that in the thick ascending limb, high external
calcium—via activation of CaSR—regulates the expres-
sion levels of 2 miRNAs, miR-9 and miR-374, which, in
turn, reduces the expression of Claudin-14, a protein that
blocks theparacellular cationchannel, leading todecreases
in cation permeation. These data indicate that the regula-
tion of miRNA by CaSR signaling may occur on several
layers within the kidney.

Despite several studies that have demonstrated that
transcriptional and post-transcriptional regulation of
AQP2 play a crucial role in AQP2 expression levels within
the cell, along with a profound impact on water homeo-
stasis (36, 57), little is known about the role of miRNA in
the regulation of AQP2 expression. In this respect, the re-
port by Kwon and coworkers (52) demonstrated that a
significant decrease of AQP2 translation is observed in
mpkCCDc14 cells when these cells were transfected with
miR-32 ormiR-137. In addition, the authors demonstrated
that both miR-32 and miR-137 are AQP2-targeting
miRNAs in kidney collecting duct cells and result in the
vasopressin-independent regulation of AQP2. In linewith
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these findings, in the pathophysiological setting of the
pendrin/NCC dKO mice analyzed here, we show signif-
icantlyhighermiR-137 transcript levels comparedwith the
WT strain, which are drastically reduced in response to
CaSR or p38-MAPK inhibition. Moreover, in WT mice,
CaSR activationwith calcimimetics, and not with dDAVP
(datanot shown), causeda significant increase inmiR-137,
providing the first novel evidence that CaSR signaling
directly regulates, in part, AQP2 protein expression via
RNA interference—AQP2-targeting miRNAs—in a
vasopressin-independent manner.

It shouldbenoted that other pathways, suchas the high
urinary prostaglandin E2 levels in pendrin/NCC dKO
mice (21), can also contribute to the reduced AQP2 ex-
pression, as previously reported (58, 63). Increase in
prostaglandin E2 in dKO mice was paralleled with an in-
crease in cyclooxygenase-2 (21), and it is known thatCaSR
induces cyclooxygenase-2, which leads to the synthesis
of prostaglandin E2 (64, 65). Therefore, although we do
not provide direct in vivo data that CaSR activation
contributes to vasopressin resistance and polyuria in
dKO mice, indirect in vivo and direct ex vivo data
strongly support this hypothesis. In line with this, re-
cent data indicate that hypercalcemia-induced hyper-
calciuria, by exposing cells to sustained elevated
extracellular calcium, causes AQP2 autophagic degra-
dation that is mediated by CaSR activation (66). Cell-
surface AQP2 abundance is crucial to the maintenance
of body water homeostasis; however, it should be
considered that dKO mice may also have a moderate
defect in the generation of the cortical-medullary gra-
dient as a result of the down-regulation of NKCC2 (20),
which is also critical for the production of concentrated
urine. Therefore, both aspects have account for to ex-
plain the polyuria and volume depletion in dKO mice.

In summary, we propose that, in pendrin/NCC dKO
mice, a bimodal down-regulation of AQP2 expression
occurs: i) via p38-MAPK–dependent increased AQP2-
pS261 and AQP2 ubiquitination leading to AQP2 protein
degradation, and ii) via the AQP2-targeting miR-137
pathway. Both pathways have been demonstrated to be
directly activated by CaSR signaling and to contribute
to vasopressin resistance and the consequent reduced
renal concentrating ability in pendrin/NCC dKO mice
(proposed model in Fig. 7). Notably, our data on a
mouse-basedgeneticmodel unravel themolecular basis
of a novel physiological mechanism that, in the renal
inner medulla, may link the activation of CaSR to the
regulation of the expression levels of miRNAs regulat-
ing AQP2 expression.
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