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Abstract

Nephrogenic syndrome of inappropriate antidiuresis (NSIAD) is a recently identified chromosome X-linked disease associated
with gain-of-function mutations of the V2 vasopressin receptor (V2R), a G-protein-coupled receptor. It is characterized by
inability to excrete a free water load, hyponatremia, and undetectable vasopressin-circulating levels. Hyponatremia can be quite
severe in affected male children. To gain a deeper insight into the functional properties of the V2R active mutants and how they
might translate into the pathological outcome of NSIAD, in this study, we have expressed the wild-type V2R and three
constitutively active V2R mutants associated with NSIAD (R137L, R137C, and the F229V) in MCD4 cells, a cell line derived
from renal mouse collecting duct, stably expressing the vasopressin-sensitive water channel aquaporin-2 (AQP2). Our findings
indicate that in cells expressing each active mutant, AQP2 was constitutively localized to the apical plasma membrane in the
absence of vasopressin stimulation. In line with these observations, under basal conditions, osmotic water permeability in cells
expressing the constitutively active mutants was significantly higher compared to that of cells expressing the wild-type V2R. Our
findings demonstrate a direct link between activating mutations of the V2R and the perturbation of water balance in NSIAD. In
addition, this study provides a useful cell-based assay system to assess the functional consequences of newly discovered
activating mutations of the V2R on water permeability in kidney cells and to screen the effect of drugs on the mutated receptors.
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Introduction circulation by the posterior pituitary gland, in response to in-

creased serum osmolality or decreased blood volume.

In most mammals, including humans, the maintenance of wa-
ter balance is under the control of the antidiuretic hormone
arginine vasopressin (AVP). AVP is secreted into the
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In the kidney, AVP binds to the V2 vasopressin (V2R)
receptor belonging to the superfamily of G-protein-coupled
receptors (GPCRs). V2 receptors expressed in the basolateral
membranes of the collecting duct epithelial cells activate the
Gs protein thus increasing intracellular cAMP [1]. It is well
established that binding of AVP to the V2 receptors leads to
protein kinase A-mediated translocation of aquaporin-2
(AQP2) water-channel proteins to the apical membrane thus
promoting water reabsorption (reviewed in [2]). However, re-
cent lines of evidence suggest multiple mechanisms involved
in V2-mediated increased water reabsorption [3-5].

Loss-of-function mutations of both V2R and AQP2 are
associated with congenital nephrogenic diabetes insipidus
(NDI), a rare genetic disorder, which can be quite severe in
infants, characterized by a failure to concentrate urine (despite
normal or elevated levels of AVP), polyuria, polydipsia, and
hypernatremia [6-8].
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Mutations of the V2R cause the X-linked form of congen-
ital NDI, whereas mutations in the gene encoding aquaporin-2
are responsible for both the autosomal recessive and autoso-
mal dominant forms. At present, more than 180 loss-of-
function mutations in the V2R have been described in associ-
ation with X-linked NDI.

In 2005, gain-of-function mutations of the V2R have been
discovered in two unrelated infants affected by hyponatremia
with undetectable levels of circulating AVP [9]. Inappropriate
antidiuresis is the most common cause of hyponatremia and is
characterized by inability to excrete a free water load,
hyponatremia, hypo-osmolality, and natriuresis. The most
common clinical entity of inappropriate antidiuresis is the id-
iopathic syndrome of inappropriate antidiuretic hormone se-
cretion (SIADH) which is linked to hypersecretion of AVP
[10]. However, 10-20% of patients with inappropriate
antidiuresis display low or undetectable AVP circulating
levels. The identification of gain-of-function mutations of
the V2R in those two infants with severe hyponatremia led
to the definition of nephrogenic syndrome of inappropriate
antidiuresis (NSIAD) as a new clinical entity of inappropriate
antidiuresis which, in contrast to SIADH, is characterized by
low or undetectable levels of AVP [8].

In the first two cases of NSIAD described above, activating
mutations of the V2R have been found at residue R137 be-
longing to the highly conserved DRY/H sequence at the cyto-
solic end of helix 3 of GPCRs which plays a crucial role in the
activation process of the receptors. Substitution of R137 to
cysteine or leucine (R137C and R137L) results in constitutive
activation of the V2R associated with NSIAD. Interestingly,
conversion of R137 to histidine (R137H) is a well-known
loss-of-function mutation associated with NDI leading to wa-
ter loss and inability to concentrate urine [11]. Thus, mutations
of the same amino acid of the V2R, R137, can have opposite
clinical outcomes.

A novel activating mutation, F229V at the cytosolic end of
helix 5, was found in the V2R of a 3-month-old severely
affected male infant [12]. More recently, two other activating
mutations have been described in patients with hyponatremia:
I130N and L312S in the third and seventh transmembrane
helix, respectively [13, 14]. Thus, constitutively activating
mutations of the tubular V2R, which can activate signaling
in the absence of hormonal stimulation, seem to be the most
probable mechanism underlying increased free water reab-
sorption in NSIAD.

Standard treatments of NSIAD consist of fluid restriction
and urea to increase urine osmolality. However, fluid restric-
tion poses a challenge especially in infancy because it is asso-
ciated with limited calorie intake. The ideal treatment would
be represented by V2R antagonists with properties of “inverse
agonists,” but two of them, tolvaptan and satavaptan, had no
efficacy in patients carrying mutations of R137 [15]. In con-
trast, both inverse agonists could almost entirely abolish the
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constitutive activity of the F229V, 130N mutants, and L312S
in vitro, thus suggesting that they could be effective on pa-
tients carrying these mutations [12—14].

Some of the molecular properties of the constitutively ac-
tive V2R mutants found in NSIAD have been investigated in
previous studies [9, 12, 16, 17], but several questions remain
open on their role in the pathogenesis of the disease as well as
on the most effective treatments.

So far, for all V2R mutants, constitutive activity was main-
ly described as their ability to increase basal cAMP levels in
HEK-293 or COS cells expressing the receptors. Considering
the degree of constitutive activity on cAMP levels and other
biochemical properties, the V2R mutants associated with
NSIAD can be divided in two groups with quite different
features. In group 1, including F229V, 130N and L.312S mu-
tant receptors display quite normal cell surface expression, no
increased basal interaction with 3-arrestin, and high constitu-
tive activity on cAMP accumulation which can be almost
entirely abolished by the inverse agonists tolvaptan and
satavaptan [12—14]. In group 2, formed by R137C and
R137L, the mutated receptors display weak constitutive activ-
ity on cAMP levels, constitutive (3-arrestin recruitment, and
decreased cell surface expression [12, 17, 18]. In addition, the
small constitutive activity of R137C and R137L mutants on
cAMP levels is not inhibited by inverse agonists.

To gain a deeper insight into the functional implications of
the V2R activating mutations and how they might translate
into the pathological outcome of NSIAD, in this study, we
have expressed the wild-type V2R and constitutively active
V2R mutants, of both groups 1 and 2, in cells from the kidney
collecting duct stably expressing human AQP2 (MCD#4 cells),
which represent the physiological environment where the re-
ceptors are expressed. In these cells, we have compared the
ability of the wild-type and mutated V2 receptors to affect
some functional parameters of AQP2 including its transloca-
tion to the apical membrane and AQP-mediated water
reabsorption.

Results
Expression of V2 receptors in MCD4 cells

To explore the effect of the functional expression of different
mutations of the V2R on water transport, wild-type and mu-
tated V2 receptors were stably expressed in the MCD4 cells, a
cell line derived from renal mouse collecting duct cells with
no significant levels of endogenous V2R, in which human
AQP2 has been overexpressed [19]. Cells were stably trans-
duced using a retroviral vector encoding the wild-type V2R,
the inactive R137H mutant associated with NDI, two active
mutants of group 1 (R137L and R137C), or one active mutant
of group 2 (F229V) mutations associated with NSIAD. The
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cDNA of receptors carried a c-Myc sequence in the N-
terminal portion for immunodetection and the Renilla lucifer-
ase cDNA within the C terminus.

Receptor expression was assessed using different ap-
proaches including western blotting, cell surface ELISA, and
confocal microscopy.

As shown in Fig. 1 a, western blotting on plasma
membrane-enriched preparations from transfected cells, using
monoclonal anti-Myc antibodies, revealed that all receptors
were expressed displaying a similar migration pattern charac-
terized by two mains bands, at =80 and =72 kDa. The pre-
dominant band of =~ 80 kDa, observed for all receptors, corre-
sponds well to the size expected for the mature V2R (=45 kDa
[16]) fused to Renilla luciferase (=35 kDa). Considering the
intensity of both protein bands, the expression level of all
mutated receptors was overall lower compared to that of the
wild-type V2R with the inactive R137H showing the weakest
expression.

Surface and total expression of the V2 receptors in MCD4
cells were measured by cell-based ELISA and Renilla

luciferase luminescence, respectively, as described in the
“Materials and methods.” As shown in Fig. 1 b, in which
levels in cells expressing the mutated receptors are normalized
to those of cells expressing the wild-type V2R, cell surface
expression could be detected for all receptor mutants.
However, the level of cell surface receptors of the receptor
mutants was more than 50% lower compared to that of the
wild-type V2R (R137L 28.1£8.0%; R137C 41.7+5.8%;
F229V 25.8+3.3% vs V2R-wt), the lowest level being ob-
served for the inactive R137H mutant (R137H 15.9+2.1% vs
V2R-wt).

Whereas the results on expression of the R137 mutants are
in good agreement with those reported by other groups ex-
pressing these receptors in different cell lines [16], cell surface
expression of the F229V mutant is lower (30% of the wild
type) compared to that reported in a previous study (80% of
the wild type) [12]. This is, probably, due to the fact that total
expression of the F229V in our cell system is smaller than that
of the wild-type V2R, as demonstrated by the low level of
luminescence measured (Fig. 1b).
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Fig. 1 Expression of V2 receptors in MCD4 cells. a Western blotting on
plasma membrane-enriched preparations (21,000xg) from transfected
MCD#4 cells, using monoclonal anti-Myc antibodies and revealing two
mains bands, at ~ 80 and ~ 72 kDa. b Surface and total expression of the
V2 receptors in MCD4 cells measured by cell-based ELISA and Renilla
luciferase luminescence. The data, expressed as percentage of the level in
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cell expressing wild-type V2R, are means (+ s.e.m.) of 5 experiments. ¢
Confocal immunofluorescence analysis of wild-type (V2R-wt) and mu-
tated receptors (V2R-R137L/C/H, V2R-F229V) using fluorescent mono-
clonal anti-Myc antibodies in MCD4 cells grown on filters.
Immunostaining was visualized in xy apical confocal plan (upper panel)
and in xz confocal plan (lower panel) (scale bar 5 pm)
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To assess the cellular distribution of the V2R mutants, we
performed confocal microscopy on MCD4 cells expressing
the wild-type and mutated receptors using fluorescent mono-
clonal anti-Myc antibodies. Cells were grown on permeable
filters to allow their polarization and images were taken on
both xy and xz axes.

As shown in Fig. 1 ¢ (xy image), in basal conditions, the
wild-type V2R was mainly localized at the cell surface as
indicated by the sharp fluorescence along the perimeter of
the cells. The F229V mutant displayed a pattern similar to
that of the wild-type V2R, but fluorescence was a bit weak-
er in agreement with the lower level of F229V expression
as observed in panels a and b. In cells expressing either the
active R137L and R137C mutants or the inactive R137H,
intracellular fluorescence was more pronounced compared
to that of the wild-type V2R with both a punctuated and
reticular pattern.

As can be seen in the xz images of Fig. 1, the wild-type
V2R is localized at both the basolateral and apical membranes.
The apical localization of the receptor might be due either to
receptor overexpression or to an incomplete polarization of
the cells. Also for the active mutants, R137L, R137C, and
F229YV, in addition to the basolateral fluorescence, a faint sig-
nal could be detected on the apical side. In contrast, for the
inactive R137H mutant, the fluorescence signal was rather
diffuse through the cytoplasm suggesting that the receptor is
mainly intracellular.

CTR

Fig. 2 AQP2 translocation in
cells expressing the wild-type
V2R. Confocal immunofluores-
cence analysis of AQP2 localiza-
tion in MCD#4 cells grown on fil-
ters not expressing recombinant
receptors (mock) or expressing
the wild-type V2R (V2R-wt), in
resting conditions (CTR), after
forskolin (FK) stimulation or after
desmopressin (AIDAVP) stimula-
tion, as described in the
“Materials and methods.”
Immunostaining was visualized
in xy apical confocal plan (upper
panels) and in xz confocal plan
(lower panels) (scale bar 5 pm)

mock

V2R-wt
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Overall, these findings on MCD4 cells are consistent
with those from previous studies in other cell lines indicat-
ing that both active and inactive receptors carrying muta-
tion of R137 display increased retention in the intracellular
compartments probably due to both misfolding and consti-
tutive endocytosis [14, 16].

AQP2 localization and water transport in cells
expressing the V2 receptors

To investigate the physiological effects of the V2R constitu-
tively active mutants on water homeostasis, AQP2 localiza-
tion and water permeability were investigated in MCD4 cells
expressing the wild-type or mutated receptors. In agreement
with previous findings, confocal microscopy in cells grown on
permeable filters expressing the wild-type V2R revealed that,
under basal conditions, AQP2 staining was mainly localized
in intracellular vesicles (Fig. 2). As clearly visible in the xz
images of Fig. 2, stimulation of cells with either forskolin
(FK) or desmopressin (IDAVP) resulted in marked redistribu-
tion of AQP2 to the apical plasma membrane. This finding
supports the paradigm that activation of V2R in kidney cells
triggers AQP2 translocation to the plasma membrane which
contributes to increased water reabsorption.

Confocal analysis in MCD4 cells expressing each consti-
tutively active mutant, R137L, R137C, or F229V, revealed
that, under basal conditions, staining of AQP2 in the apical

FK dDAVP
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plasma membrane was more pronounced compared to that of
cells expressing the wild-type V2R (Fig. 3a). AQP2 fluores-
cence at the apical membrane was much sharper for the
F229V mutant with respect to R137C or R137L receptors.
In contrast, in cells expressing the inactive R137H mutant,
AQP2 was mainly localized in intracellular vesicles with no
clear staining at the apical membrane. These findings provide
strong evidence that, in MDC4 cells expressing constitutively
active V2R mutants, AQP2 is constitutively localized, at dif-
ferent extent, at the apical membrane probably because of
agonist-independent receptor signaling.

To quantify the insertion of AQP2 into the apical plasma
membrane, we performed cell surface biotinylation experi-
ments of AQP2 in polarized MCD4 cells expressing the var-
ious receptors (Fig. 3b). Compared to cells expressing the
wild-type V2R (1.00£0.17 a.u.), cell surface expression of
AQP2 was significantly higher in cells expressing the active
R137L (1.58+0.03 a.u.), R137C (1.56+0.07 a.u.), and
F229V (2.08 £0.22 a.u.) mutants, the last displaying the
highest value. In contrast, in cells expressing the inactive
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Fig. 3 AQP2 translocation in cells expressing the wild-type and mutated
V2R. MCD4 cells expressing the wild-type V2R; the constitutively active
R137L, R137C, or F229V; and the inactive R137H were grown on filters.
a Confocal analysis was performed in basal conditions using anti-AQP2
antibody. Immunostaining was visualized in xy apical confocal plan (up-
per panel) and in xz confocal plan (lower panel) (scale bar 5 um). b

V2R-R137C

R137H mutant, AQP2 abundance at the cell surface was even
significantly lower (0.34 +0.04 a.u.) than in cells expressing
the wild-type V2R. This seems to indicate a certain degree of
constitutive activity also for the wild-type V2R overexpressed
in MCD4 cells.

To assess the functional outcome of AQP2 translocation,
the osmotic water permeability was measured in MCD4 cells
expressing either the wild-type V2R or different receptor mu-
tants, as previously described [5]. As shown in Fig. 4, in cells
expressing the constitutive active mutants, the temporal os-
motic response (indicated as 1/t) was significantly higher
(R137L 145.8 £4.6%; R137C 144.4+4.3%; F229V 167.7
+4.6%; p <0.05) compared with that of cells expressing the
wild-type V2R (100.0+2.6%), indicating increased water
permeability in the absence of dDAVP stimulation. The in-
crease in water permeability correlates with AQP2 transloca-
tion to the apical membrane being greater in cells expressing
the F229V mutant compared to cells expressing either the
R137L or R137C receptor. In contrast, the value of the tem-
poral osmotic response in cells expressing the inactive R137H

V2R-F229V V2R-R137H
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Biotinylation experiments were performed as described in the
“Materials and methods.” Densitometric analysis of bands of AQP2 bio-
tinylated at the apical membrane (mAQP2) normalized to the total AQP2
bands (totAQP2) is shown in the histogram. The data, normalized to the
level in cell expressing wild-type V2R, are means (+ s.e.m.) of 5 exper-
iments (*p <0.05; **p <0.01; ***p <0.001 vs V2R-wt)
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Fig. 4 Water permeability in cells expressing the wild-type and mutated
V2R. a Osmotic permeability studies in MCD4 mock cells (not express-
ing recombinant receptors) or expressing the wild-type V2R; the consti-
tutive active R137L, R137C, and F229V; and the inactive R137H were
performed as reported in the “Materials and methods.” The temporal
osmotic response is indicated as 1/t (s ). The data, expressed as percent-
age of the level in cell expressing wild-type V2R, are means (+ s.e.m.) of

mutant was slightly but significantly decreased (86.04 + 3.4%);
p<0.05) with respect to cells expressing the wild-type V2R.
The osmotic water permeability of mock cells was not signif-
icantly different from V2R-wt expressing cells. These find-
ings provide evidence of a direct link between constitutively
activating mutations of the V2R and increased water reabsorp-
tion in kidney cells under basal conditions which might be
responsible for the clinical outcome observed in patients suf-
fering from NSIAD.

cAMP levels in cells expressing the V2 receptors

It is well established that the effect of V2R on increased AQP2
translocation to the plasma membrane and water reabsorption
is, at least in part, mediated by the cAMP-PKA pathway (re-
ported in [3, 20-24]). Therefore, to assess the role of cAMP in
constitutive activation of water reabsorption in MCD4 cells
expressing the active V2R mutants, cAMP was measured in
whole cells.

To detect cAMP levels in MCDA4 cells with high sensitivity,
we used the GloSensor technology, a luciferase-based biosen-
sor which can detect real-time cAMP production in cells. The
wild-type V2R and its mutants were transiently transfected in
MCD4 cells stably expressing the GloSensor-22F, and lumi-
nescence was measured in cells co-expressing the biosensor
and each receptor in basal conditions or after stimulation with
different agents. As shown in Fig. 5, under basal conditions,
cAMP levels (expressed as percentage of forskolin response)
displayed almost a 2-fold increase in cells expressing the
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Cells loaded with Calcein-AM

Hyperosmotic stress
|

I >
H,0 H,0

5 experiments (*p < 0.05; **#%p <0.001 vs V2R-wt). b Schematic model
showing the water permeability assay in MCD4 cells loaded with
Calcein-AM dye. Exposure to a hyperosmotic solution causes water ef-
flux with a consequent cell shrinkage resulting in Calcein-AM increased
concentration and self-quenching. The speed of decrease in fluorescence
intensity is proportional to the speed of water efflux and, indirectly, to the
water permeability through AQP2 water channels

constitutively active V2R mutants compared to cells not ex-
pressing recombinant receptors (mock). The rank order of
receptor constitutive activity was F229V > R137L > R137C.

A small but significant increase in constitutive activity on
cAMP production above mock cells was observed also in cells
expressing the wild-type V2R. Considering that in our exper-
iments the expression level of the F229V mutant was lower
compared to that of other receptors (Fig. 1b), it is conceivable
that its constitutive activity is much greater than that observed.
Interestingly, stimulation with AVP induced a 4- to 5-fold
increase in cAMP levels above basal in cells expressing either
the wild-type V2R or its constitutively active F229V mutant,
whereas agonist-induced cAMP production was less than 2-
fold in cells expressing the R137 mutants (Fig. 5a). These
results indicate that even in cells expressing the gain-of-
function receptor F229V, known to be sensitive to AVP stim-
ulation, the increased basal cAMP levels are far from those
levels reached under stimulation with the physiological ago-
nist AVP.

Overall, these findings are consistent with those from pre-
vious studies reporting increased basal cAMP production in
cells expressing the constitutively active mutants R137L,
R137C, and F229V [9, 12, 16, 17]. However, the degree of
constitutive activity of each receptor mutant on cAMP re-
sponse reported in previous studies was highly dependent on
the methods used to detect cAMP. For example, in studies
using CRE-luciferase reporter gene assay, basal cCAMP pro-
duction in cells expressing the R137L mutant ranged from 4-
to 15-fold above the level of cells expressing the wild-type
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Fig. 5 cAMP levels in cells a ——BASAL — TLV —AVP
expressing the wild-type and mu- 20 mock | 20 V2R-wt
tated V2R. a cAMP levels in
MCD#4 cells detected with 16 16
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V2R [9, 12]. When basal cAMP production was measured
using a FRET-based immunoassay, its levels in cells express-
ing the R137L mutant were only 2.5-fold greater than in cells
expressing the wild-type receptor [17]. Using the
GloSensor™ cAMP assay, a new generation technology to
measure intracellular cAMP levels, we evaluated the cAMP
levels in different cell types expressing R137L, R137C, and

F229V V2R active mutants compared to wild-type V2R ex-
pressing cells. As shown in Fig. 5 b, we obtained that cAMP
levels in active mutants were significantly higher (R137L
147.0 £6.5%; R137C 131.0=7.2%; F229V 165.7+7.7%;
p<0.01) with respect to the wild-type V2R expressing cells
(100.1 +2.2%). In contrast, in cells expressing R137H inac-
tive mutant, cAMP levels were not significantly different
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(91.05£7.8%) compared to cells expressing the wild-type
V2R (Fig. 5b).

Effect of tolvaptan on constitutive water reabsorption
and cAMP production

It has been previously reported that inverse agonists, like
satavaptan or tolvaptan, could inhibit the constitutive activity
of the F229V mutant or of the L312S on cAMP response
in vitro [12, 14], but not that of the R137L or R137C receptors
[17]. Thus, we tested the effect of tolvaptan on basal water
reabsorption in MCD4 cells expressing the constitutively ac-
tive V2R receptor mutants.

As shown in Fig. 6, incubation with tolvaptan abolished the
increase of basal water reabsorption in cells expressing the
F229V mutant (F229V+TLV 126.1 £4.7% vs F229V 167.1
+4.6%; p <0.001), whereas it did not have any effect on the
constitutive activity of the R137L (R137L+TLV 155.8 £8.7%
vs R137L 145.8+4.6%) or R137C mutants (R137C+TLV
156.9+5.9% vs R137C 144.4 £4.3%).

When tested on basal cAMP production, tolvaptan was
able to inhibit the constitutive activity of the F229V mutant,
but not that of the R137L or R137C receptors (Fig. Sa), in
agreement with previous findings [12].

AQP2 phosphorylation at Ser-256

Binding of AVP to the V2R leads to activation of protein
kinase A-mediated phosphorylation of AQP2 at Ser-256

250+
200+
150+

100+

1/tau (sec™)

50

Fig. 6 Effect of tolvaptan on water reabsorption. Osmotic permeability
studies in MCD4 cells expressing the wild-type V2R and constitutive
active R137L, R137C, and F229V were performed as reported in the
“Materials and methods.” The temporal osmotic response is indicated
as 1/7 (s ™). In cells expressing the wild-type V2R, tolvaptan was tested
in cells stimulated with AVP. In cells expressing the active mutants,
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[22], and this phosphorylation event is crucial to increase wa-
ter reabsorption in the renal collecting duct. To evaluate
whether the expression of the active V2R mutants affects the
basal levels of AQP2 phosphorylated at Ser-256 (pS256-
AQP2), western blotting experiments using phosphospecific
antibodies were performed. Interestingly, when normalized to
total AQP2, basal pS256-AQP2 levels in cells expressing
F229V were almost 2-fold higher than in cells expressing
the wild-type V2R (F229V 1.84+0.16 a.u. vs V2R-wt 1.00
+0.04 a.u.; p<0.001) (Fig. 7). This suggests that, in cells
expressing the F229V mutant, constitutive AQP2 transloca-
tion to the apical membrane involves cAMP-dependent phos-
phorylation of Ser-256. In contrast, no significant changes in
pS256-AQP2 levels were found in cells expressing either the
R137L (0.81 £0.20 a.u.) or R137C (0.64 £0.11 a.u.) mutant.
These findings might have different explanations. On one
hand, it is possible that constitutive increase of cAMP levels
induced by the R137 mutants, which was weaker compared to
F229V (Fig. 5), is not sufficient to induce a measurable in-
crease of pS256-AQP2. On the other hand, it is possible that
both the R137L and R137C mutants activate additional sig-
naling pathways underlying AQP2 regulation.

Discussion
In this study, we have investigated some biochemical and

functional features of V2R mutants carrying activating muta-
tions (R137L, R137C, and F229V) which have been found in

*k%k

tolvaptan was tested on unstimulated cells. The data, expressed as per-
centage of the level in cell expressing the wild-type V2R, are means (+
s.e.m.) of 5 experiments. (***p < 0.001 vs V2R-wt; **p < 0.001 vs V2R-
wt AVP; $$$p <0.001 vs V2R-F229V; n.s. not significant vs V2R-R137L
or V2R-R137C)
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Fig. 7 Phosphorylation of AQP2 on Ser-256 in cells expressing the wild-
type and mutated V2R. a A representative western blot showing phos-
phorylation of AQP2 on Ser-256 (pS256-AQP2) in cells expressing the
wild-type V2R or the constitutively R137L, R137C, and F229V in basal

patients suffering from NSIAD syndrome [9, 12]. In previous
studies, the constitutive activity of the V2R mutants associat-
ed with NSIAD has been assessed as to their ability to induce
agonist-independent increase of intracellular cAMP levels in
recombinant cells [12, 14]. Whether and how this biochemical
effect might be translated into the perturbation of water reab-
sorption, which is the pathological outcome of NSIAD, has
not been explored so far. Our findings demonstrate a direct
link between the activating mutations of the V2R and the
alteration of water permeability in cells expressing V2R mu-
tants (R137L, R137C, and F229V).

To characterize the functional consequences of V2R acti-
vating mutations, the R137L, R137C, and F229V receptors
have been stably transfected in MCD4 cells, a cell line derived
from mouse kidney collecting duct and overexpressing human
AQP2, which represent a cell system close to the physiologi-
cal environment where the V2R is expressed [19]. Cells ex-
pressing the constitutively active V2R mutants displayed in-
creased basal water reabsorption (Fig. 4) which correlated
with both agonist-independent translocation of AQP2 to the
apical membrane (Fig. 3a, b) and the significant increase in
cAMP production although to a different extent for each V2R
mutant (Fig. 5).

Our findings show a good correlation between the effects
of activating mutations of V2R on constitutive increase of
cAMP levels (Fig. 5) and water permeability (Fig. 4) in
MCD4 cells. However, the basal levels of AQP2 phosphory-
lated at Ser-256 (pS256-AQP2) were significantly increased
in cells expressing the F229V mutant, but not in those ex-
pressing the R137L or R137C (Fig. 7). This observation sug-
gests that, whereas the functional effects on AQP2 induced by

2.5

*%k%k

2.01 _|_

1.5+

pS256-AQP2/totAQP2

conditions. b Densitometric analysis of pS256-AQP2 bands normalized
to total AQP2 bands (totAQP2) is reported in the histogram. The data,
normalized to the level in cell expressing the wild-type V2R, are means (+
s.e.m.) of five experiments (***p <0.0001 vs V2R-wt)

the F229V mutant are strictly cAMP-dependent, both the
R137L and R137C mutants might activate additional signal-
ing pathways underlying AQP2 regulation which have not
been investigated in this study. This is in agreement with re-
cent studies suggesting that multiple intracellular mechanisms
can couple the V2R to AQP2 regulation [5, 25-27].

In agreement with what was reported in previous studies,
our findings highlight some important differences between the
F229V mutant and receptors carrying mutations of R137, in
terms of cellular expression as well as functional behavior.
Both the F229V mutant and receptors mutated at R137
displayed expression of the mature receptor form at the cell
surface, but their level of cell surface expression was more
than 50% lower compared to that of the wild-type V2R (Fig.
1b). However, whereas the F229V was mainly expressed at
the cell surface, both active (R137L, R137C) and inactive
(R137H) receptors mutated at R137 displayed marked reten-
tion in the intracellular compartments. This is in agreement
with previous findings showing that either activating or
inactivating mutations of R137 profoundly compromise cell
surface expression of the V2R due to both impaired matura-
tion and [3-arrestin-mediated constitutive internalization [12,
14, 28].

With respect to the functional and pharmacological prop-
erties of the receptor mutants, the F229V receptor displayed
greater constitutive activity, both at the level of water reab-
sorption (Fig. 4) and cAMP production (Fig. 5), compared to
the R137L or R137C mutants. In addition, whereas the cAMP
response mediated by the R137 mutants was only weakly
stimulated by AVP, agonist-induced increase of cAMP medi-
ated by F229V was similar to that of the wild-type V2R
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(Fig. 5a). Finally, the constitutive activity of F229V on both
water reabsorption and cAMP production was inhibited by
tolvaptan, which behaved as an inverse agonist, whereas the
active mutants carrying mutations of R137 were not respon-
sive to this drug (Figs. 5 and 6).

Altogether, these findings suggest that the conformational
changes induced by mutations of F229 and R137 result in
different active “states” of the V2R [29]. In particular, the
impaired capacity of the R137L and R137C mutants to re-
spond to either AVP or tolvaptan suggests that mutations of
R137 induce a “locked” active state of the V2R not responsive
to pharmacological modulation. This is coherent with results
from previous studies demonstrating that mutations of argi-
nine in the highly conserved E/DRY motif, to which R137
belongs, can drive GPCRs into different “states” [30].

The different responsiveness to tolvaptan displayed by the
constitutively active V2R mutants has important clinical im-
plications. Treatment with currently available inverse agonists
can be effective in NSIAD patients carrying the F229V,
I130N, and L312S mutations, but not in those carrying muta-
tions of R137 for whom standard treatment consists of fluid
restriction and urea to increase urine osmolality. This differ-
ence in therapeutical indications implies that any novel muta-
tion discovered in NSIAD cases should be subjected to exten-
sive molecular investigations to assess the sensitivity of con-
stitutive cAMP signaling to inverse agonists, as this informa-
tion is of crucial diagnostic value for deciding optimal patient
treatment. In contrast, the ideal theoretical pharmacological
treatment of NSIAD associated with R137 or other, yet un-
known, mutations unresponsive to current drugs will require
to identify new inverse agonists selective for distinct active
“states” of the mutated receptors.

NSIAD follows an X-linked pattern of transmission since
the V2R gene is located on the long arm of the X chromosome
(Xq28). Hyponatremia mainly occurs in male patients, but
episodes of hyponatremia are not limited to hemizygous males
as they can also affect heterozygous females. Hyponatremia
can be severe and symptomatic, with the occurrence of sei-
zures reported in several affected children. However, although
harboring the same mutation, some patients were diagnosed in
the neonatal period, while others were diagnosed later in life
[15, 31]. This indicates variable expressivity of NSIAD both
in male and female individuals, but it is not possible, so far, to
establish a correlation between specific mutations and the se-
verity of the clinical symptoms. At present, few patients af-
fected by NSIAD have been identified, but the number of
cases will increase once sequencing of the V2R gene will be
done on more patients affected by inappropriate antidiuresis
with undetectable AVP levels. Therefore, it will be important
to fully characterize the molecular and functional properties of
novel V2R mutations. An important implication of this study
is to provide a useful assay system to assess the functional
consequences of constitutively activating mutations of the
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V2R on water permeability in kidney cells thus allowing to
unequivocally identify the link between novel mutations and
the perturbation of water balance which is the main pathogen-
ic factor in NSIAD.

Materials and methods
Chemicals and reagents

All chemicals were purchased from Sigma (Sigma-Aldrich,
Milan, Italy). Calcein-AM was bought from Molecular
Probes (Life Technologies, Monza, Italy). Forskolin was pur-
chased from Fermentek (Jerusalem, Israel). Cell culture media
and FBS (fetal bovine serum) were from GIBCO (Life
Technologies, Monza, Italy). Antibiotics were from
Calbiochem. Super Signal® West Pico Chemiluminescent
Substrate was from ThermoScientific (Rockford, USA) and
used for the ChemiDoc System (Bio-Rad Laboratories,
Milan, Italy).

Antibodies

Vasopressin receptor (V2R) was detected using anti-c-Myc
from Santa Cruz Biotechnologies (Tebu-Bio, Milan, Italy).
Aquaporin (AQP2) was detected using a specific antibody
(C-tail Ab) raised against a synthetic peptide corresponding
to the last 15 C-terminal amino acids of human AQP2 [32].
AQP2-pS256 antibodies were kindly gifted by Peter Deen.
Secondary goat anti-rabbit or goat anti-mouse horseradish
peroxidase—coupled antibodies were obtained from Santa
Cruz Biotechnologies (Tebu-Bio, Milan, Italy). Secondary
goat anti-rabbit and anti-mouse Alexa 488 and 555 conjugate
antibodies were from Molecular Probes (Eugene, OR, USA).

Constructs

Human V2R wild type and mutants with c-Myc epitope in the
N-terminal, expressed in pRKS vector, were a gift from Prof.
Michel Bouvier (Université de Montréal, Montréal, Quebec,
Canada). Human c-Myc-tagged V2Rs (wild type and mutants)
were fused to the N-terminal of Rluc (Renilla luciferase) by
linking each receptor sequence without its stop codon to Rluc
cDNA through a decanucleotide linker peptide
(GGGGSGGGGS) and cloned into puromycin resistance ret-
roviral expression vector pQCXIP (Clontech).

Cell engineering and culture

Mouse cortical collecting duct MCD4 cells, stably transfected
with the plasmid encoding the human AQP2 [33], were
engineered to permanently express chimeric V2R-Rluc using
the pantropic retroviral expression system by Clontech.
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Briefly, recombinant retroviruses expressing receptor—RIuc
fusion proteins were prepared by transfection of GP2-293
packaging cell with different retroviral vectors using
polyethyleneimine linear MW 25,000 Da (PEI). Cells were
allowed to increase the viral titer for 48 h before collecting
the virus-containing supernatants. MCD4 cells were infected
with the V2R-Rluc retroviruses in the presence of 8 pg/ml
Polybrene for 24 h and selected under puromycin (1 pg/ml).

Then MCD4 were grown in a 1:1 mixture of Dulbecco’s
modified Eagle’s medium and F-12 supplemented with 5% (v/
v) fetal bovine serum, 1% (v/v) L-glutamine, 1% (v/v) non-
essential amino acids and 1% penicillin/streptomycin,, 5 uM
dexamethasone, 400 pg/ml G418 (for AQP2 resistance), and
1 pg/ml puromycin (for V2R-Rluc resistance), in a humidified
atmosphere of 5% CO, at 37 °C.

Gel electrophoresis and immunoblotting

For immunoblotting studies, cells grown on 60-mm dishes
were lysed in isolation medium (220 mM mannitol, 70 mM
sucrose, 0.5 M EGTA pH 8.0, 0.5 M EDTA pH 8.0, | M
Tris—HCI pH 7.4) in the presence of proteases (1 mM PMSF,
2 mg/ml leupeptin, and 2 mg/ml pepstatin A) and phosphatases
(10 mM NaF and 1 mM sodium orthovanadate) inhibitors. The
obtained lysates were pottered at 1200xg. Nuclear and heavy
organelle debris was removed by centrifugation at 2500xg for
15 min at 4 °C. The supernatants were then centrifuged at
21,000xg for 1 h. The pellets were collected and resuspended
in isolation medium and used for immunoblotting studies.

Proteins were separated on 8% Bis-Tris acrylamide gels un-
der reducing conditions. Protein bands were electrophoretically
transferred onto Immobilon-P membranes (Millipore Corporate
Headquarters, Billerica, USA) for western blot analysis,
blocked in TBS—Tween-20 containing 3% bovine serum albu-
min (BSA) and incubated with primary antibodies O/N. Anti-
AQP2 (pre-C-tail Ab) and anti-AQP2-pS256 were used at
1:1000 dilution; anti-c-Myc was used at 1:100 dilution.
Immunoreactive bands were detected with secondary goat
anti-mouse horseradish peroxidase—coupled antibodies obtain-
ed from Santa Cruz Biotechnologies (Tebu-Bio, Milan, Italy).
Membranes were developed using Super Signal® West Pico
Chemiluminescent Substrate (ThermoScientific, Rockford,
USA) with the ChemiDoc System (Bio-Rad Laboratories,
Milan, Italy). Densitometry analysis was performed using
Image Lab (Bio-Rad Laboratories, Milan, Italy). Data are sum-
marized in histograms by using GraphPad Prism (GraphPad
Software, San Diego, CA).

Confocal microscopy
For confocal microscopy, cells were grown on cell culture

filters (Transwell PET inserts), and in order to induce cell
polarization, 24 h before the experiment, cells were cultured

in Opti-MEM (ThermoScientific, Rockford, USA), treated
with different agents, and fixed for 20 min with 4% parafor-
maldehyde in PBS. Samples were permeabilized with 0.1%
Triton X-100 in PBS for 5 min, blocked with 1% BSA-PBS
added with 0.1% SDS for 45 min, and incubated with a 1:3000
dilution of AQP2 antibody or 1:100 dilution of c-Myc anti-
body for 2 h. After washing three times with 1% BSA—PBS,
samples were incubated with 1:1000 diluted goat anti-rabbit
or anti-mouse antibodies coupled to Alexa 488 or 555 in 1%
BSA-PBS for 1 h. Next, cells were rinsed three times with
PBS and mounted on glass slides with Mowiol. Images were
obtained with a confocal laser scanning fluorescence micro-
scope Leica TCS SP2 (Leica Microsystems, Heerbrugg,
Switzerland).

Measurement of total intrinsic luminescence
of receptors

To assess total receptor expression in whole cell extracts, cells
grown in plastic dishes were detached using PBS containing
1 mM EDTA and pelleted at 1000xg. The pellets were resus-
pended in Tris/HCI 10 mM pH 7.4, sonicated (20 s, 60 V) in
ice, and stored at —80 °C. The amount of proteins in each
extract was measured by Lowry’s method. Luminescence was
recorded in 96-well white plastic plates (Packard OptiPlate)
using a plate luminometer (VICTOR Light, PerkinElmer)
equipped with two independent automatic injectors.

In each assay, 7 duplicate serial dilutions of each cell ex-
tract (0.15-10 ug of protein) in PBS supplemented with Ca**
Mg”** were counted in the luminometer using an automated
protocol; 0.5 uM (final) of coelenterazine was automatically
injected to each sample, and after a delay of 2 s, total light
emission was counted at 0.5-s intervals for 5-fold. Integrated
photon counts were plotted as a function of protein concentra-
tion, and the luminescence (counts/pg of protein) of the ex-
tract was computed by linear regression of the data.

Cell surface expression of receptors

To measure surface expression of wild-type and mutated V2R,
we developed a cell-based ELISA (enzyme-linked immuno-
sorbent assay). Cells were plated in 96-well white plastic
plates (about 5000 cells/well) in 100 ul of medium without
antibiotics and then exposed to various experimental treat-
ments. After 24 h, cell layers were fixed in equal volume
(100 wl) of paraformaldehyde 4% in PBS to the wells contain-
ing culture media for 10 min at room temperature (RT) and
washed 3% with 300 pl of PBS. Nonspecific binding was
blocked for 1 h at RT with 5% (w/v) nonfat dry milk dissolved
in PBS. After washing again 3% with PBS, the wells were
exposed to the antibody anti-c-Myc AP conjugated
(1:10,000) in 5% (w/v) nonfat dry milk in PBS (100 pl) for
an additional hour at RT. Extensive washing (5%) with PBS
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was followed by the addition of 50 pl/well of the chemilumi-
nescent substrate VisiGlo AP. The luminescence was recorded
in the plate luminometer for about 4 h. Photon counts were
integrated in function of time, as area under the curve.

Cell monolayers were quantified by Cell Counting Kit-8
(Biotool), according to the manufacturer’s protocol, measur-
ing absorbance at 450 nm.

Cell surface biotinylation of AQP2

Biotinylation was carried out according to the manufacturer’s
protocol (Pierce) with some adaptations. MCD4 cells were
cultured on 6-well filters in DMEM for 4 days and washed
thoroughly with ice-cold coupling buffer (0.1 M sodium phos-
phate and 0.15 M NaCl [pH 7.2]) before being subjected to
oxidation with Na* metaperiodate (20 mM) in coupling buffer
for 30 min on ice in the dark. After three rounds of washing
with coupling buffer, cell surface glycoproteins were labeled
with 5 mM biocytin hydrazide (EZ-Link Pierce) for 30 min.
After removing the biotinylation buffer, cells were incubated
with quenching solution (50 mM NH,4Cl in PBS at pH 7.2) for
5 min and washed three times with coupling buffer. Cells were
solubilized with lysis buffer (1% Triton X-100 and 0.01%
SDS in PBS) supplemented with 2 mg/ml pepstatin A,
2 mg/ml leupeptin, and 2 mM PMSF for 30 min. The lysates
were homogenized using an ultrasonic homogenizer at 40 Hz
for 20 s and centrifuged at 12,000xg for 20 min. An aliquot of
the supernatants (20 ml) was diluted in Laemmli’s buffer,
whereas the remaining biotinylated proteins were pulled down
with immobilized streptavidin beads. The complexes were
washed three times with wash buffer (Triton X-100 0.5%
and SDS 0.01% in PBS), denatured in Laecmmli’s buffer for
10 min at 90 °C and 400 rpm, and analyzed by SDS-PAGE
and immunoblotting using anti-AQP2 antibodies.

Water permeability assay

Osmotic water permeability was measured by video imaging
experiments as previously described [34]. Briefly, MCD4
cells were grown on 40 mm glass coverslips and loaded with
10 uM membrane-permeable Calcein-AM for 45 min at
37 °C, 5% CO, in DMEM. Cells were left under basal condi-
tion or stimulated with 1 uM dDAVP for 30 min or treated
with 10 nM tolvaptan for 45 min. The coverslips with dye-
loaded cells were mounted in a perfusion chamber (FCS2
Closed Chamber System, Bioptechs, Butler, USA) and mea-
surements were performed, under basal conditions, using an
inverted microscope (Nikon Eclipse TE2000-S microscope)
equipped for single-cell fluorescence measurements and im-
aging analysis. The Calcein-AM-loaded sample was excited
at 490 nm. Fluorescence measurements, following isosmotic
(140 mM NaCl, 5 mM KCl, I mM MgCl,, 1 mM CaCl,,
10 mM HEPES sulfonic acid, 5 mM glucose, pH 7.4) or
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hyperosmotic (isosmotic solution added with 135 mM man-
nitol) solutions, were carried out using MetaFluor software
(Molecular Devices, MDS Analytical Technologies, Toronto,
Canada). Exposure to a hyperosmotic solution causes water
exit from cells with a consequent cell shrinkage resulting in
Calcein-AM-increased concentration and self-quenching.
The speed of decrease in fluorescence intensity is proportional
to the speed of water efflux and, indirectly, to the water per-
meability through AQP2 water channels. The time course of
cell shrinkage was measured as time constant (K, sh.

cAMP assay

MCD4 cells stably expressing GloSensor-22F and transiently
expressing V2R wild-type and mutant-Rluc were seeded in 96-
well white plates at a density of 20 x 10> cells/well 24 h after
transfection of receptors and 24 h before performing the exper-
iment. One hour before the assay, cells were washed once with
PBS and incubated in PBS + 25 mM glucose in the presence of
2 mM luciferin in a total volume of 50 ul. After 60 min, ligands
were added with 100 uM (final) rolipram in a total volume of
100 ul/well and the plate was counted in a plate luminometer.
Luminescence from each well was counted every 30 s with
0.5 s integration time for about 80 min. Ligands were diluted
in 0.1% BSA in PBS and rolipram in PBS added with 25 mM
glucose. cAMP response was determined as area under the
luminescence-time curves. Resulting values for each ligand
were corrected either with respect to the forskolin (100 uM)
response obtained in parallel experiments.

Statistical analysis

Nonparametric one-way ANOVA followed by a comparison
with column control was used for all statistical analysis. All
values are expressed as means + s.e.m. A difference of
p <0.05 was considered statistically significant.
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