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Abstract

TheV2 vasopressin receptor (V2R) activates themitogen activated protein kinases (MAPK)ERK1/2 through amechanism involving the scaffolding
protein βarrestin. Here we report that this activating pathway is independent of Gαs, Gαi, Gαq or Gβγ and that the V2R-mediated activation of Gαs
inhibits ERK1/2 activity in a cAMP/PKA-dependent manner. In the HEK293 cells studied, the βarrestin-promoted activation was found to dominate
over the PKA-mediated inhibition of the pathway, leading to a strong vasopressin-stimulated ERK1/2 activation. Despite the strong MAPK activation
and in contrast with other GPCR, V2R did not induce any significant increase in DNA synthesis, consistent with the notion that the stable interaction
between V2R andβarrestin prevents signal propagation to the nucleus.βarrestin was found to be essential for the ERK1/2 activation, indicating that the
recruitment of the scaffolding protein is necessary and sufficient to initiate the signal in the absence of any other stimulatory cues. Based on the use of
selective pharmacological inhibitors, dominant negative mutants and siRNA, we conclude that the βarrestin-dependent activation of ERK1/2 by the
V2R involves c-Src and a metalloproteinase-dependent trans-activation event. These findings demonstrate thatβarrestin is a genuine signalling initiator
that can, on its own, engage a MAPK activation machinery upon stimulation of a GPCR by its natural ligand.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The V2 vasopressin receptor (V2R) is a G protein-coupled
receptor (GPCR) that is mainly expressed in the principal cells of
the renal collecting duct. It plays an important role in the regu-
lation of multiple renal functions, most notably water absorption
but also NaCl and urea absorption, K+ secretion as well as H+

secretion/HCO3
− absorption [1]. Althoughmost of its actions have

been attributed to the production of cAMP through positive
coupling to the stimulatory G protein, Gαs, recent studies have
shown that the V2R can also activate the extra-cellular signal-
regulated kinases 1 and 2 (ERK1/2) [2,3]. Although the precise
role for the V2R-regulated ERK1/2 activity in vivo remains
unknown, the recent observations that the V2R could be impli-
cated in the development of polycystic kidney diseases [4] and is
found in various tumor cells [5], suggest that this receptor might
play a role in abnormal cell growth or differentiation, raising the
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interest for a potential role of the mitogen-activated protein ki-
nases (MAPK) in these cases.

Many GPCR have previously been shown to activate various
kinases of the MAPK family. Depending on the receptor studied
and the cellular context considered, several different pathways
have been unraveled [6,7]. These can be distinguished in two
broad classes: the first one involves the production of second
messengers through classical G protein activation whereas the
second results from the recruitment of scaffolding proteins such as
βarrestin. Although each of these pathways can be sufficient on
its own to activate the MAPK, in many cases, they were found to
contribute simultaneously to the overall activation process, albeit
to different extent [8]. For both second messenger- and scaf-
folding-mediated MAPK activation, non-receptor tyrosine ki-
nases such as c-Src and/or receptor tyrosine kinases (RTK) such
as epidermal or platelet-derived growth factor receptors (EGFR
and PDGFR, respectively) have often been found as central
effectors [9,10]. Although the phenomenon of RTK trans-
activation is common in GPCR-stimulated MAPK, many distinct
mechanisms have been described. Trans-activation can result
from: the activation of metalloproteinases leading to the
generation of mature cognate RTK ligands through ectodomain
shedding that activate the system in an autocrine or paracrine
manner, the intracellular activation of the RTK through interac-
Fig. 1. Inhibition of the Gαs/PKA pathway potentiates the V2R-mediated ERK1/2 ac
or not with the indicated inhibitors at 37 °C prior to AVP stimulation. Cells were then
detected by western blot using phospho-specific anti-ERK1/2 antibodies (P-ERK). E
the total kinase population (ERK) and data expressed as a % P-ERK/ERK of the lev
300 ng/ml CTX. Inset, AVP-induced cAMP accumulation. B) Cells were pre-tr
phosphorylation was detected by western blot using phospho-(Ser/Thr) PKA sub
independent experiments. ⁎ indicates p<0.05.
tions with protein complexes that can include non-receptor tyro-
sine kinases such as c-Src or Pyk2, or the inhibition of protein
tyrosine phosphatases that constitutively inhibits RTK [11].

For the V2R, βarrestin has been shown to play an important
role in the AVP-stimulated ERK1/2 activation observed in human
embryonic kidney cells (HEK293) [3,12]. However, the mechan-
isms underlying this βarrestin-mediated process and its relative
contribution to the overall activation remain poorly defined. In
addition to its well characterized role in receptor desensitization
and internalization, βarrestin has been shown to act as a scaf-
folding protein that can assemble several of the proteins involved
in theMAPK signalling pathway [13]. For example,βarrestin has
been seen in complexes with the non-receptor tyrosine kinase c-
Src [14,15] as well as Raf-1, the ERK1/2 kinase MEK1 [16,17]
and c-Jun N-terminal kinase 3 (JNK3) [18]. βarrestin can there-
fore be considered as a switch that can direct the signalling flow
from the G protein-mediated second messenger production to-
ward the MAPK signalling cascade. More recently, the use of
artificial systems [19] or of synthetic ligands [20,21] lead to the
suggestion thatβarrestin is a genuine signallingmolecule that can
function on its own, independently of G protein activation.

The present study was therefore undertaken to determine the
relative contribution of βarrestin in the V2R-stimulated ERK1/
2 activity, to assess whether such βarrestin-mediated MAPK
tivation. Serum-starved HEK293 cells stably expressing Myc-V2R were treated
lysed in Laemeli sample buffer, subjected to SDS-PAGE andMAPK activity was
xpression levels of the MAPK were controlled using antibodies directed against
el observed in AVP stimulated conditions. A) Cells were pre-treated 16 h with
eated for 30 min with 100 nM of the PKA inhibitor KT5720. Inset, PKA
strate antibodies (P-SPKA). Data represent the mean±S.E. of at least three
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engagement requires G protein activation and to characterize the
signalling cascade linking βarrestin to ERK1/2 activation.

We report that V2R stimulation leads to a dual regulation of
ERK1/2 involving a Gαs-dependent inhibition and a G protein-
independent βarrestin-mediated activation of the MAPK. The
βarrestin-dependent pathwaywas found to involve c-Src as well as
a trans-activation event occurring through metalloproteinase-
dependent ectodomain shedding and to supersede the inhibitory
action of theGprotein. In addition to shed new light on the complex
regulation of MAPK by GPCR, our results show that βarrestin is a
genuine signalling molecule that can sustain the activation of
ERK1/2 by the V2R independently of G protein activation.

2. Materials and methods

2.1. Materials

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS),
penicillin, streptomycin, glutamine, fungizone, G418 and phosphate-buffered sa-
line (PBS) were fromWisent Inc. Cell culture plates and dishes were all purchased
from BD Biosciences. Hank's balanced salt solution, RPMI 1640 Amino Acid
solution, HEPES, arginine-8 vasopressin (AVP), SNC80, (−)-isoproterenol (ISO),
angiotensin II (ATII), phorbol 12-myristate 13-acetate (PMA) and 3-isobutyl-1-
methyl-xantine (IBMX) were from Sigma Chemical Co. while the epidermal
growth factor (EGF) was from Calbiochem. [3H]adenine, [3H]myo-inositol, [3H]
thymidine and the enhance chemiluminescence lightening (ECL) were obtained
from PerkinElmer. Cholera (CTX) and pertussis (PTX) toxins as well as all the
inhibitors for protein kinases, phospholipases and RTK were from Calbiochem,
whereas 1,10-phenanthroline was from Sigma. Antibodies recognizing ERK1/2
(ERK) and their phosphorylated forms (P-ERK) aswell as anti-myc 9E10, anti-HA
12CA5 and anti-βarrestin2 (H9) IgGs were all from Santa Cruz Biotechnology
Fig. 2. Gαq- and Gαi-independent V2R-mediated ERK1/2 activation. A) HEK293 ce
and serum-starved prior to AVP stimulation. ERK1/2 phosphorylation was detected a
controlled in western blot using anti-HA 12CA5 (lower panel) or anti-myc 9E10 an
transiently expressing Flag-AT1aR, and co-transfected or not with RGSGRK2HA. B
100 ng/ml PTX at 37 °C prior to AVP stimulation. Inset, SNC80-induced ERK1/2 ph
Data represent the mean±S.E. of at least three independent experiments.
Inc., whereas antibodies recognizing AKT/Protein kinase B (AKT) and its phos-
phorylated form (P-AKT) aswell as the phospho-(Ser/Thr) protein kinase A (PKA)
substrate antibody (P-SPKA) were purchased from Cell Signalling Technology.
The H-Ras and c-Src dominant negative mutants (RasS17N and c-Src(K296R/
Y528F), respectively) in pUSEamp as well as anti-H-Ras (RAS10), anti-Src
(GD11 and EC10) IgG were from Upstate Biotechnology. Anti-mouse and anti-
rabbit HRP-conjugated IgG were from GE Healthcare.

2.2. Expression vectors

The plasmid encoding Flag-tagged angiotensin 1a receptor (AT1aR) was a
generous gift from Sylvain Meloche (Université de Montréal, Montréal). Plasmids
encoding the β-adrenergic receptor kinase (βARK) carboxyl terminal (C)-tail
conjugated to the extra-cellular and transmembrane domain of the CD8 protein
(T8βARKctail) [22] and the regulator of G protein signalling (RGS) domain of
GPCR kinase 2 (RGSGRK2) [23] were generously provided by J. S. Gutkind
(National Institutes ofHealth, Bethesda) and J.L. Parent (Université de Sherbrooke,
Sherbrooke), respectively, and were described elsewhere. T8βARKctailHA and
RGSGRK2HAwere generated by PCR, where theHA sequence YPYDVPDYAwas
added in frame at the carboxyl terminus of T8βARKctail and RGSGRK2, respec-
tively, and confirmed by sequencing. Plasmids encoding myc-tagged V2R [24], δ-
opioid receptor (δOR) [25] andβ2-adrenergic receptor (β2AR) [26]were described
previously.

2.3. Cell culture and transfections

HEK293 and simian kidney (COS) cells were cultured in DMEM supple-
mented with 10% FBS, 2 mM glutamine, 0.1 U/ml penicillin, 0.1 mg/ml strep-
tomycin, and 0.25 μg/ml fungizone. Stable transfections were performed using the
calcium phosphate precipitation method [27] and neomycin-resistant cells were
selected in the presence of G418 (450 μg/ml). Resistant clones were screened for
V2R expression by radioligand binding. Transient transfections were performed
using the FuGENE 6 Transfection Reagent (Roche Diagnostics), according to the
lls transiently expressing myc-V2R were co-transfected or not with RGSGRK2HA
nd quantified as described in Fig. 1. RGSGRK2 and V2R expression levels were
tibodies (data not shown). Inset, ATII-induced ERK1/2 phosphorylation in cells
) Serum-starved cells stably expressing myc-V2R were pre-treated or not with
osphorylation in cells stably expressing myc-δOR and treated or not with PTX.



Fig. 3. Gβγ-independent V2R-mediated ERK1/2 activation. HEK293 cells
transiently expressing myc-V2R were co-transfected or not with T8βARKct-
HA and serum-starved prior to AVP stimulation. Expression levels of the
transfected constructs were controlled in western blot using anti-HA 12CA5
(lower panel) or anti-myc 9E10 antibodies (data not shown). Inset, ISO-induced
ERK1/2 phosphorylation in COS cells transiently expressing myc-β2AR and co-
transfected or not with T8βARKct-HA. Data represent the mean±S.E. of three
independent experiments. ⁎ indicates p<0.05.
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manufacturer's protocol, and cells were harvested 48 h after transfection. The
previously described siRNAs for βarrestin 1 and 2 [28] were purchased from
QIAGEN and transfected at 400 nM final (300 nM βarrestin1 siRNA and 100 nM
βarrestin2 siRNA) using the RNAiFect transfection Reagent (QIAGEN), accord-
ing to the manufacturer's protocol.

2.4. Western blotting

Cellswere grown in 6well plates and rendered quiescent by serum starvation for
24 h prior to incubation in the presence or absence of the specified inhibitors for the
indicated time, followed by the different stimulations: 2minwith 1μMAVP, 10μM
ISO, 1 μM ATII and 10 ng/ml EGF; or 5 min with 10% FBS and 10 min with
100 nM PMA. When assessing ectodomain shedding trans-activation, cells were
incubated with 1 μMAVP, the supernatant was taken after 2 min of stimulation and
transferred on wild-type HEK293 cells, whichwere then incubated for 2min before
being harvested. Cells were then placed on ice, washed twice with ice-cold PBS and
solubilized directly in 150 μl of Laemmli sample buffer containing 50 mM of
dithiothreitol. The samples were sonicated for 15 s, then heated 5 min at 95 °C and
microcentrifuged 5 min before resolution of the proteins on SDS-PAGE. ERK1/2
phosphorylation was detected by protein immunoblotting using mouse monoclonal
anti-P-ERK and anti-mouse HRP-conjugated antibodies for chemiluminescence
detection. After quantification of phosphorylation by densitometry, nitrocellulose
membraneswere stripped of immunoglobulins and reprobed using rabbit polyclonal
anti-ERK. ERK phosphorylation was normalized according to the loading of
proteins by expressing the data as a ratio of P-ERK over total ERK. AKT phos-
phorylation was detected and quantified similarly, using rabbit polyclonal anti-P-
AKT and anti-AKT antibodies coupled to anti-rabbit HRP-conjugated IgG.
Phosphorylation of PKA substrates was detected using a rabbit polyclonal anti-P-
SPKA antibody detecting proteins containing a phospho-Ser/Thr residue with
arginine at the minus 3 position, followed by an anti-rabbit HRP-conjugated IgG.
Detection of myc-, HA-, and Flag-tagged constructs was performed using mouse
monoclonal anti-myc 9E10, anti-HA 12CA5 and anti-Flag M2 antibodies, respec-
tively, and anti-mouse HRP-conjugated IgG. Detection of c-Src(K296R/Y528F)
and H-Ras were carried out using mouse monoclonal anti-Src (EC10) and anti-H-
Ras (RAS10) followed by an anti-mouse HRP-conjugated IgG. Detection of
βarrestin1 and 2 was achieved using the mouse monoclonal anti-βarrestin2 (H9)
antibody that recognizes both βarrestin isoforms, followed by anti-mouse HRP-
conjugated IgG.

2.5. Intracellular cAMP accumulation measurement

Agonist-induced cAMP accumulation in HEK293 cells was measured as
previously described [3]. Briefly, cells were grown in 6 well plates and incubated
for 16 h in the presence of [3H]adenine (2 μCi/ml) in complete DMEM medium
with or without 300 ng/ml CTX. Cells were then washed twice with PBS con-
taining 1mM3-isobutyl-1-methyl-xantine before being incubated for 15min in the
presence of 1 μMAVP at 37 °C. Reactionswere stopped by adding 1ml of ice-cold
5% trichloroacetic acid (TCA) and 1 mM of unlabeled cAMP to decrease enzy-
matic degradation of [3H]cAMP. Cells were scraped off the plate and centrifuged at
800 ×g 20 min at 4 °C to clear the lysates. The [3H]cAMP was then separated by
sequential chromatography over Dowex and Alumina columns as described
previously [29]. cAMP accumulation was then calculated as ([3H]cAMP cpm/
([3H]cAMP cpm+ [3H]ATP cpm))×1000 and expressed as a percentage of the
maximal AVP-stimulated cAMP production.

2.6. Intracellular inositol phosphate (IP) accumulation measurement

Agonist-induced IP accumulation in cells was measured as previously de-
scribed [30]. In brief, cells were grown in 24 well plates and incubated for 24 h
in the presence of [3H]myo-IP (1 μCi/ml) in IP-free media consisting of Hank's
balanced salt solution supplemented with amino acids from a RPMI 1640 stock
solution, 5 mM glutamine, 45 mM sodium bicarbonate, 100 mM HEPES, 0.1 U/
ml penicillin, 0.1 mg/ml streptomycin, and 0.25 μg/ml fungizone. Cells were
then incubated for 15 min in the presence of 20 mM LiCl prior to stimulation
with 1 μM AVP for 15 min at 37 °C. Reactions were stopped on ice, media
aspirated and cells incubated for 16 h in the presence of 10 mM ice-cold formic
acid at 4 °C. Samples were neutralized with 100 mM ammonium hydroxide and
[3H]IP was isolated by anion exchange chromatography as described previously
[31]. IP accumulation was expressed as [3H]IP cpm/1000 and as a percentage of
the maximal AVP-stimulated IP production.

2.7. [3H]Thymidine incorporation

[3H]Thymidine incorporation was measured as described previously [32].
Cells were grown in 24 well plates and starved for 16 h prior to incubation in the
presence of the indicated ligands for 24 h at 37 °C, followed by the addition of
1 μCi/ml of [3H]thymidine for 3 h at 37 °C. Reactions were stopped on ice and
cells were washed twice with cold PBS before being fixed with 1 ml 10% TCA
for 30 min at 4 °C. Cells were then washed twice with 1 ml 5% TCA and
solubilized in 250 μl 0.1 N NaOH/0.1% SDS. Incorporated [3H]thymidine was
measured by scintillation counting and expressed as fold over basal [3H]
thymidine incorporation.

2.8. Data analysis

Immunoreactivities were determined by densitometric analysis of the films
using NIH Image software. Statistical significances of the differences were
carried out using unpaired Student's t-test where p<0.05 was considered sta-
tistically significant.

3. Results

3.1. Role of Gα proteins

To determine if a G protein-dependent signalling component
contributes to the V2R-mediated ERK1/2 activation, the potential
role of different Gα proteins was first examined. To test Gαs's
implication, we assessed the effect of down-regulating this G
protein α subunit by sustained CTX treatment. Indeed, prolonged
treatment with CTX, which induces activation of Gαs by in-
hibiting its GTPase intrinsic activity, leads to a significant down-
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regulation of Gαs after 16 h in HEK293 cells [33]. We show in
Fig. 1A that, whereas treatment with CTX led to a significant
inhibition of V2R-promoted cAMP accumulation (Fig. 1A, in-
set), it produced the opposite effect on the AVP-induced ERK1/2
activity, as reflected by the potentiation of the AVP-stimulated
ERK1/2 phosphorylation. Inhibition of the Gαs down-stream
effector PKA by the selective inhibitor KT5720 [34] (Fig. 1B,
inset) led to a similar increase in AVP-induced ERK1/2 phos-
phorylation (Fig. 1B). These results suggest that not onlyGαs is not
implicated in the stimulatory pathway linking the V2R to ERK1/2,
but that it promotes inhibition of theMAPK through stimulation of
cAMP production and the subsequent activation of PKA.

Even if the V2R has been shown to preferentially interact with
Gαs, several studies suggested that the V2R can also induce IP
production and Ca2+ mobilization through Gαq coupling [35,36].
To directly investigate if Gαq signalling could be implicated in
the V2R-mediated ERK1/2 activation, we used the RGS domain
ofGRK2 (RGSGRK2), which has been shown to selectively inhibit
Gαq/11-dependent signalling [23]. As shown in Fig. 2A, whereas
RGSGRK2 efficiently inhibited ERK1/2 phosphorylationmediated
by the prototypical Gαq-coupled AT1aR (Fig. 2A, inset), over-
expression of the Gαq-selective RGS domain had no effect on the
AVP-stimulated MAPK activity. Interestingly, however, the
RGSGRK2 was found to inhibit AVP-induced IP accumulation
(data not shown), confirming a possible coupling of the V2R to
Gαq that does not contribute to the ERK1/2 stimulatory pathway.

Since several Gαs-coupled receptors, notably the β2AR [37],
were shown to promote MAPK activation following a switch of
coupling from Gαs to Gαi/o, we also assessed the potential role
of Gαi/o in the V2R-promoted ERK1/2 activation. As shown in
Fig. 4. PLC-, PKC- and PI3K-independent V2R-mediated ERK1/2 activation. Serum
the indicated inhibitors at 37 °C prior to stimulation with AVP or FBS. A) Cells wer
induced inositol phosphate (IP) accumulation. B) Cells were pre-treated for 30 min
induced ERK1/2 phosphorylation. C) Cells were pre-incubated for 30 min with 500
measured and quantified by western blot using phospho-specific anti-AKT (P-AKT) a
experiments. ⁎ indicates p<0.05.
Fig. 2B, whereas the selective inhibition of Gαi/o signalling by
PTX treatment efficiently blocked MAPK activation by the Gαi-
coupled δOR, it had no effect on the V2R-promoted ERK1/2
phosphorylation.

Taken together, these results suggest that the V2R stimulates
ERK1/2 activity in a Gα-independent fashion.

3.2. Role of Gβγ subunits

Since Gα and Gβγ subunits have been shown to act on
different effectors [38], we then investigated the role of Gβγ
subunits in the V2R-promoted ERK1/2 activation. For this pur-
pose, we used the previously characterized Gβγ-scavenger con-
sisting of the C-tail of GRK2 (βARK) conjugated to the extra-
cellular and trans-membrane domains of the CD8 protein that
provides a membrane anchor for βARK's C-tail (T8βARKctail)
[22]. Over-expression of the T8βARKctail did not affect AVP-
stimulated ERK1/2 activity, whereas this Gβγ scavenger ef-
ficiently inhibited the Gβγ-dependent ERK1/2 activation by the
β2AR [22] (Fig. 3). Associated with the lack of involvement of
the Gα subunits, these data suggest that the V2R-promoted
ERK1/2 activation occurs independently of heterotrimeric G
protein signalling.

3.3. Enzymes intermediates

We next assessed the involvement of several enzymes pre-
viously shown to be involved in different cascades linking GPCR
to MAPK [6]. In particular, the roles of phospholipase C (PLC),
protein kinase C (PKC), phosphatidyl-inositol-3-kinase (PI3K)
-starved HEK293 cells stably expressing myc-V2R were pre-treated or not with
e pre-treated for 1 h with 10 μM of the PLC inhibitor ET-18-OCH3. Inset, AVP-
with 500 nM of the PKC inhibitor bisindolylmaleimide I (bis-I). Inset, PMA-
nM of the PI3K inhibitor wortmannin (wort.). Inset, AKT phosphorylation was
nd anti-AKT (AKT). Data represent the mean±S.E. of at least three independent



Fig. 5. c-Src is an intermediate in the V2R-mediated ERK1/2 activation
pathway. HEK293 cells transiently expressing myc-V2R were co-transfected or
not with the c-Src dominant negative mutant c-Src(K296R/Y528F) (Src d.n.)
and serum-starved prior to AVP stimulation. Where indicated, cells were pre-
treated for 1 h with 50 μM of the Src inhibitor PP2. Expression levels of the
transfected constructs were controlled in western blot using either anti-Src EC10
(lower panel) or anti-myc 9E10 antibodies (data not shown). Data represent the
mean±S.E. of at least three independent experiments. ⁎ indicates p<0.05.
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and the protein tyrosine kinase (PTK) c-Src were assessed using
the selective inhibitors ET-18-OCH3 [39], bisindolylmaleimide I
[40], wortmannin [41] and PP2 [42], respectively. As shown in
Fig. 4, neither the inhibition of PLC (Fig. 4A) nor PKC (Fig. 4B)
had any significant effect on the AVP-stimulated ERK1/2 activity.
In contrast, the PLC inhibitor significantly reduced the AVP-
promoted inositol phosphate accumulation (Fig. 4A, inset) and
the PKC inhibitor completely blocked PMAactivation of ERK1/2
(Fig. 4B, inset), confirming the efficiency of the compounds. For
PI3K, not only wortmannin treatment did not have a significant
effect on the AVP-induced ERK1/2 phosphorylation (Fig. 4C),
but AVP failed to induce the phosphorylation of the direct down-
stream effector of PI3K,AKT (Fig. 4C, inset), strongly suggesting
that this kinase is not involved in the V2R-mediated ERK1/2
activation. However, wortmannin completely blocked the FBS-
stimulated AKT and ERK1/2 phosphorylation. In contrast to the
lack of effect of PKC, PLC and PI3K inhibition, selective block-
ade of Src family PTK by PP2 completely prevented the AVP-
stimulated ERK1/2 activity (Fig. 5). Over-expression of the
dominant negative c-Src(K296R/Y528F)mutant [43] also led to a
strong inhibition of the V2R-promotedMAPK activation (Fig. 5),
suggesting an important role for c-Src in the sought signalling
pathway.

3.4. Metalloproteinase trans-activation

In several cases, GPCR-stimulated MAPK activation through
a c-Src-family tyrosine kinases dependent process was found to
involve pro-ligand ectodomain shedding (eg: HB-EGF) resulting
from metalloproteinase activation [44]. To determine whether
such metalloproteinase activation is involved in the V2R-medi-
ated ERK1/2 response, we assessed the effect of the metallopro-
teinase inhibitor phenanthroline on the AVP-induced ERK1/2
phosphorylation. As shown in Fig. 6A, whereas phenanthroline
treatment did not affect the EGF-promoted ERK1/2 activation, it
almost completely blocked the AVP-stimulated ERK1/2 activity.
The role of a metalloproteinase-mediated ligand processing and
shedding was next examined by assessing whether the superna-
tant of AVP-stimulated V2R-expressing cells could induce the
activation of ERK1/2 in wild-type HEK293 cells, which do not
express endogenous V2R. As shown in Fig. 6B, the supernatant
of AVP-treated V2R-expressing cells significantly increased the
ERK1/2 activity in wild-type cells. In contrast, a supernatant
taken from V2R-expressing cells that were not stimulated with
AVP had only marginal effects on ERK1/2 activity. This trans-
activation was blocked by phenanthroline (data not shown),
suggesting a role for metalloproteinases in this process and ruling
out the possibility of a direct effect of AVP present in the trans-
ferred supernatant on wild-type HEK293 cells. This is further
supported by the observation that AVP stimulation of wild-type
cells failed to induce any detectable ERK1/2 phosphorylation
(Fig. 6B, inset). Given that the EGFR was often shown to be
trans-activated by GPCR through an ectodomain shedding
mechanism, we then tested if this RTK is involved in the pathway
linking the V2R to MAPK activation. As shown in Fig. 6C, this
does not seem to be the case since treatment with the selective
EGFR inhibitor AG1478 failed to block the AVP-stimulated
ERK1/2 activity whereas it efficiently inhibited EGF-induced
ERK1/2 phosphorylation (Fig. 6C, inset). Despite our efforts to
identify the growth-factor receptor system involved, the identity
of the pro-ligand being processed remains elusive.

Both Ras-dependent and -independent ERK1/2 stimulatory
pathways have been described down-stream of GPCR and trans-
activated RTK [45,46]. We thus investigated the potential in-
volvement of Ras in the V2R-promoted MAPK activation by
over-expressing the dominant negative mutant of H-Ras,
RasS17N [47]. In contrast to its robust inhibition of EGF-induced
ERK1/2 phosphorylation, the RasS17N did not affect MAPK
activation by the V2R (Fig. 7A), excluding Ras from the pathway.

Even if the V2R has been reported to have non- or even anti-
mitogenic effects in different cell types [2,32], our finding that it
promotes ERK1/2 activation through an ectodomain shedding
trans-activation mechanism suggests that, in this case, it could
produce a mitogenic response similar to that induced by the direct
stimulation of many RTK. As can be seen in Fig. 7B, stimulation
of the β2AR, previously characterized as mitogenic [2], led to a
significant increase in DNA synthesis. In contrast, AVP
stimulation of the V2R failed to promote DNA synthesis (Fig.
7B). Taken together, these results demonstrate that the metallo-
proteinase-mediated trans-activation of ERK1/2 promoted by the
V2R activation is Ras-independent and non-mitogenic, clearly
distinguishing it from classical direct RTK activation.

3.5. The crucial role of βarrestin

Given that βarrestin was often found to play an important
role in GPCR-stimulated ERK1/2 activation [6], its involve-
ment in promoting V2R-mediated MAPK activation was further



Fig. 6. V2R-mediated ERK1/2 activation involves a metalloproteinase-dependent ectodomain shedding trans-activation event. Serum-starved HEK293 cells were
incubated or not for 30 min with the indicated inhibitors at 37 °C prior to stimulation. A) Cells stably expressing myc-V2R were pre-treated with 500 μM 1,10-
phenanthroline before AVP or EGF stimulation. B) Wild-type cells were incubated for 2 min with the transferred supernatant from myc-V2R-expressing cells
previously stimulated or not for 2 min with AVP. Inset, FBS- and AVP-induced ERK1/2 phosphorylation. C) Cells stably expressing myc-V2R were pre-treated with
500 nM of the EGFR inhibitor AG1478 before AVP stimulation. Inset, EGF-induced ERK1/2 phosphorylation. Data represent the mean±S.E. of at least two
independent experiments. ⁎ indicates p<0.05.
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investigated. First, we assessed the effect of a dominant nega-
tive mutant of βarrestin (βarrV53D) on the kinetic of AVP-
induced ERK1/2 phosphorylation. As shown in Fig. 8A, the
transient V2R-promoted MAPK activation was greatly inhib-
ited by the over-expression of βarrV53D. Similarly, siRNA-
directed silencing of the two βarrestin isoforms almost
completely blocked ERK1/2 activation by AVP (Fig. 8B), con-
firming the crucial role of βarrestin in the signalling cascade
linking the V2R to ERK1/2 activation.

4. Discussion

Our results show that V2R exerts dual and opposite regulatory
influences on ERK1/2 activity. Whereas a G protein-independent
pathway involving βarrestin, c-Src, and a metalloproteinase-
mediated ectodomain shedding trans-activation event underlies
ERK1/2 activation, the concomitant activation of Gαs dampens
this stimulatory pathway in a PKA-dependent manner.

Similar observation of a single GPCR having opposing ef-
fects on MAPK signalling was previously reported for the Gαs-
coupled β2AR [37]. In that case, the β2AR-promoted sti-
mulation of Gαs and cAMP production was found to inhibit
ERK1/2 activity, whereas the engagement of Gαi by the recep-
tor stimulated the MAPK pathway. Interestingly, coupling to
Gαi was found to require prior activation of Gαs, indicating a
temporal switch from inhibitory to stimulatory MAPK pathway.
This switch mechanism was found to rely on the PKA-mediated
phosphorylation of the β2AR, which enhances the affinity of the
receptor for Gαi [48]. Such a switching mechanism cannot be
invoked to explain the dual regulation of MAPK by the V2R
since AVP-stimulated ERK1/2 activation was found to be inde-
pendent of both Gαs and Gαi (Fig. 2A). Moreover, the V2R is
not a substrate for PKA [49].

Inhibition of ERK1/2 activity through the Gαs–cAMP–PKA
cascade results, in many cell types, from the inhibition of the Ras-
mediatedMAPK activation via phosphorylation and inhibition of
the c-Raf-1 isoform [22]. This mechanism [50,51] could be re-
sponsible for the inhibitory branch observed in the present study
(Fig. 1). The cAMP-mediated inhibitory branch of the MAPK
activity could have prevalence in some physiological systems
since AVP was previously found to inhibit the EGF-stimulated
MAPK activity in a cAMP-dependent manner in Madin–Darby
canine kidney cells [52]. In cells of neuronal and hematopoietic
origins, cAMP production can also lead to the activation of
ERK1/2 through PKA phosphorylation of Rap-1 and the sub-
sequent activation of B-Raf [53,54]. This last pathway, however,
is unlikely to contribute to the response promoted by the V2R in
HEK293 cells given that the B-Raf-mediated activation appears
to be restricted to specific cell types [55].

Coupling to Gαq could be invoked to explain the stimulatory
component of the V2R-regulated ERK1/2 activity since, as was
previously reported [35,36], the V2R can stimulate IP produc-
tion (Fig. 4A inset). However, this Gαq-dependent pathway
does not seem to be required in the activation of ERK1/2 by the
V2R since inhibition of Gαq by over-expression of RGSGRK2
(Fig. 2A) or the selective inhibition of the classical Gαq effectors
PLC and PKC (Fig. 4A,B) did not affect the AVP-stimulated
MAPK activity. It should however be noted that Gαq-coupled
receptors such as the M1 muscarinic receptor or the oxytocin
receptor can activate ERK1/2 via a Gβγ-dependent pathway that



Fig. 8. V2R-mediated ERK1/2 activation requires βarrestin. A) HEK293 cells
transiently expressing myc-V2R were co-transfected or not with the dominant
negative mutant of βarrestin (βarrV53D) and serum-starved prior to AVP
stimulation for the indicated time. Receptor expression level was controlled by
western blot (data not shown). B) HEK293 cells stably expressing myc-V2R
were transfected with siRNAs targeting both βarrestin isoforms and serum-
starved prior to AVP stimulation. To assess βarrestin knock-down, lysates were
subjected to western blotting using the anti-βarrestin2 (H9) antibody
recognizing both βarrestin isoforms. Data represent the mean±S.E. of three
independent experiments. ⁎ indicates p<0.01.

Fig. 7. The ERK1/2 activity stimulated by the V2R is Ras-independent and non-
mitogenic. A) HEK293 cells transiently expressing myc-V2R were co-
transfected or not with the H-Ras dominant negative mutant RasS17N and
serum-starved prior to AVP stimulation. Expression levels of the transfected
constructs were controlled in western blot using either anti-H-Ras RAS10 (lower
panel) or anti-myc 9E10 antibodies (data not shown). Inset, EGF-induced
ERK1/2 phosphorylation. B) HEK293 cells stably expressing myc-V2R or myc-
β2AR were serum-starved for 16 h prior to stimulation for 24 h at 37 °C with
either AVP, ISO, or FBS. Cells were then incubated for 3 h in the presence of
1 μCi/ml [3H]thymidine before being washed and harvested. Data represent the
mean±S.E. of at least three independent experiments. ⁎ indicates p<0.05.
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requires protein tyrosine kinase activity [56,57]. This pathway
does not seem to be used by the V2R since over-expression of
the Gβγ scavenger T8βARKctail (Fig. 3) was without effect on
the AVP-promoted ERK1/2 activation. Taken together our data
indicate that the V2R promotes ERK1/2 activation indepen-
dently of its coupling to heterotrimeric G proteins.

Although the general paradigm of GPCR function entails
that they transmit extra-cellular signals to intra-cellular signal-
ling networks via heterotrimeric G proteins, a growing number
of observations indicate that they can, in some cases, function
independently of their cognate G protein partners [58–60]. For
example, mutants of the AT1aR that failed to couple to G
proteins have been found to activate the MAPK pathway. Si-
milarly, an ATII analogue that does not promote G protein
coupling could efficiently stimulate ERK1/2 phosphorylation.
In both cases, the MAPK activation required the presence of
βarrestin2 [21]. Independence from G protein coupling was also
revealed by the observation that an inverse agonist towards the
β2AR-stimulated adenylyl cyclase activity promoted partial
ERK1/2 activation in a βarrestin-dependent manner [20]. To
our knowledge however, the V2R is the first example of a wild-
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type GPCR promoting strong G protein-independent activation
of ERK1/2 in response to its natural ligand AVP.

When considering its interaction with βarrestin, the V2R is a
typical class B receptor undergoing high agonist-induced GRK
phosphorylation that leads to stable βarrestin recruitment and a
persistent co-localization of the two proteins in endosomes
following endocytosis [61]. Such stable association between
βarrestin and GPCR has been shown to promote the formation
of a multiprotein complex, which can include the receptor,
βarrestin, Raf-1, MEK1/2 and activated ERK1/2, leading to
endosome-localized ERK1/2 activity [2,16,62]. Such βarrestin-
mediated cytosolic retention of activated ERK1/2 could then
explain the lack of V2R-mediated mitogenic effects (Fig. 7B
and [2]), as this would prevent nuclear translocation of the
activated MAPK and the ensuing stimulation of DNA synthesis.

Our observation that c-Src is required for the V2R-dependent
activation of ERK1/2 (Fig. 5) is consistent with several studies
documenting the role of this tyrosine kinase in the βarrestin-
promoted signalling leading to MAPK activation by GPCR
[14,17]. Given that Ras is not required for the AVP-stimulated
ERK1/2 activation (Fig. 7A) and that c-Src can directly phos-
phorylate and activate Raf-1 [63], βarrestin is likely to act as a
regulator of c-Src-mediated Raf-1 activation by scaffolding the
two signalling proteins. The role of βarrestin would then be
similar to that of the connector enhancer of the kinase suppres-
sor of Ras-1 (CNK1), which has been shown to mediate the c-
Src-dependent tyrosine phosphorylation and activation of Raf-1
through the scaffolding of these two kinases [64]. By allowing
such a cross-talk between c-Src and Raf-1, βarrestin would then
allow the activation of the Raf-1-MEK1/2-ERK1/2 module by
the V2R. This MAPK module seems indeed implicated in
ERK1/2 activation by the V2R since the selective inhibition of
MEK1/2 completely abolished the AVP-stimulated MAPK
activity (data not shown).

The complete inhibition of the V2R-mediated ERK1/2 ac-
tivation by the dominant negativemutant ofβarrestin,βarrV53D,
or the RNAi-mediated cellular depletion of βarrestin1/2 (Fig. 8)
suggest that the activation is entirelyβarrestin-dependent, leaving
no other alternative pathway that could connect the V2R to the
MAPK. This contrasts with the recent report that V2R can pro-
mote ERK1/2 activation through both PKA and βarrestin2-
dependent pathways that appear to function as independent path
to the MAPK [12]. Although the reason for the difference is not
clear, the use of different HEK293 isolates that could harbour
distinct signalling partners could be invoked. Indeed, the cellular
context has been shown to play a determinant role in directing the
specific pathways leading to MAPK activation [65]. In any case,
our study clearly indicates that βarrestin is essential to promote
strong ERK1/2 activation.

The observations that the general metalloproteinase inhibitor
phenanthroline completely inhibited the AVP-stimulated ERK1/2
and that conditioned medium derived from V2R-stimulated cells
could activate ERK1/2 in naïve cells strongly suggest the involve-
ment of a metalloproteinase-mediated ligand processing event
(Fig. 6). Although c-Src-dependent metalloproteinase cleavage of
pro-HB-EGF has previously been shown to be involved in
GPCR-mediated ERK1/2 activation [66,67], the EGFR is most
likely not the RTK linking the V2R to the MAPK pathway since
EGFR inhibition did not affect AVP-stimulated ERK1/2
phosphorylation (Fig 6C). The contribution of another RTK is
however supported by the blockade of AVP-induced ERK1/2
activation observed upon non-selective inhibition of RTK (data
not shown). AlthoughGPCR-promoted ectodomain shedding has
only been experimentally demonstrated for EGFR ligands
[66,68], the recent discovery of membrane-tethered pro-ligands
for the PDGFR [69] suggests that this receptor also has the
potential to be trans-activated via an inside–out model, and that
similar pro-ligands might exist for other RTK that have yet to be
discovered. The lack of PDGF-stimulated ERK1/2 activity in the
HEK293 cells used in the present study rules out the contribution
of the PDGFR (data not shown) and calls for future studies aiming
to identify the ligand and RTK involved.

In conclusion, our study demonstrates that V2R regulates a
delicate balance between activating and inhibiting signals that
control ERK1/2 activity. The net effect of AVP stimulation in
HEK293 cells favours the activating branch through a G protein-
independent pathway involving βarrestin, c-Src and an ecto-
domain shedding trans-activation event that dominates the Gαs–
cAMP–PKA-dependent inhibitory pathway. The intrinsic
plasticity conferred by such a dual regulatory mechanism most
likely contributes to the integration of multiple signalling cues
that can arise from different physiological conditions.

Acknowledgments

This workwas supported by grants from the Canadian Institute
for Health Research and theQuebecHeart and Stroke Foundation.
P.G.C. was supported by doctoral studentships from the Heart and
Stroke Foundation of Canada and the Fonds de Recherche en
Santé du Québec; G.O.-L. was supported by a studentship from
the Natural Sciences and Engineering Research Council of
Canada; M.A. was supported by a post-doctoral fellowship from
the Canadian Hypertension Society; and M.B. holds a Canada
Research Chair in Signal Transduction and Molecular Pharma-
cology.We are grateful to Dr. Monique Lagacé for critical reading
of the manuscript.

References

[1] S. Masilamani, M.A. Knepper, M.B. Burg, “The Kidney” Saunders, 1999,
p. 595.

[2] A. Tohgo, E.W. Choy, D. Gesty-Palmer, K.L. Pierce, S. Laporte, R.H. Oakley,
M.G. Caron, R.J. Lefkowitz, L.M. Luttrell, J. Biol. Chem. 278 (2003) 6258.

[3] P.G. Charest, M. Bouvier, J. Biol. Chem. 278 (2003) 41541.
[4] V.H. Gattone, X. Wang, P.C. Harris, V.E. Torres, Nat. Med. 9 (2003) 1323.
[5] W.G. North, Exp. Physiol. 85 (2000) 27S Spec No.
[6] L.M. Luttrell, J. Mol. Endocrinol. 30 (2003) 117.
[7] M.J. Marinissen, J.S. Gutkind, Trends Pharmacol. Sci. 22 (2001) 368.
[8] D.K. Luttrell, L.M. Luttrell, Assay Drug Dev. Technol. 1 (2003) 327.
[9] G. Carpenter, Sci. STKE 2000 (2000) E1.
[10] A. Gschwind, E. Zwick, N. Prenzel, M. Leserer, A. Ullrich, Oncogene 20

(2001) 1594.
[11] T.D. Werry, P.M. Sexton, A. Christopoulos, Trends Endocrinol. Metab. 16

(2005) 26.
[12] X.R. Ren, E. Reiter, S. Ahn, J. Kim, W. Chen, R.J. Lefkowitz, Proc. Natl.

Acad. Sci. U. S. A. 102 (2005) 1448.
[13] W.E. Miller, R.J. Lefkowitz, Curr. Opin. Cell Biol. 13 (2001) 139.



41P.G. Charest et al. / Cellular Signalling 19 (2007) 32–41
[14] L. Luttrell, S.S. Ferguson, Y. Daaka, W.E. Miller, S. Maudsley, G.J. Della
Rocca, F.T. Lin, H. Kawakatsu, K. Owada, D.K. Luttrell, M.G. Caron, R.J.
Lefkowitz, Science 283 (1999) 655.

[15] W.E. Miller, S. Maudsley, S. Ahn, K.D. Khan, L.M. Luttrell, R.J.
Lefkowitz, J. Biol. Chem. 275 (2000) 11312.

[16] L.M. Luttrell, F.L. Roudabush, E.W. Choy, W.E. Miller, M.E. Field, K.L.
Pierce, R.J. Lefkowitz, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 2449.

[17] K.A. Defea, Z.D. Vaughn, E.M. O'Bryan, D. Nishijima, O. Dery, N.W.
Bunnett, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 11086.

[18] P.H. McDonald, C.W. Chow, W.E. Miller, S.A. Laporte, M.E. Field, F.T.
Lin, R.J. Davis, R.J. Lefkowitz, Science 290 (2000) 1574.

[19] S. Terrillon, M. Bouvier, EMBO J. 23 (2004) 3950.
[20] M. Azzi, P.G. Charest, S. Angers, G. Rousseau, T. Kohout, M. Bouvier, G.

Pineyro, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 11406.
[21] H. Wei, S. Ahn, S.K. Shenoy, S.S. Karnik, L. Hunyady, L.M. Luttrell, R.J.

Lefkowitz, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 10782.
[22] P. Crespo, T.G. Cachero, N. Xu, J.S. Gutkind, J. Biol. Chem. 270 (1995)

25259.
[23] C.V. Carman, J.L. Parent, P.W. Day, A.N. Pronin, P.M. Sternweis, P.B.

Wedegaertner, A.G. Gilman, J.L. Benovic, J. Kozasa, J. Biol. Chem. 274
(1999) 34483.

[24] S. Terrillon, T. Durroux, B. Mouillac, A. Breit, M.A. Ayoub, M. Taulan, R.
Jockers, C. Barberis, M. Bouvier, Mol. Endocrinol. 17 (2003) 677.

[25] U.E. Petaja-Repo, M. Hogue, S. Bhalla, A. Laperriere, J.P. Morello, M.
Bouvier, EMBO J. 21 (2002) 1628.

[26] T.E. Hebert, S. Moffett, J.P. Morello, T.P. Loisel, D.G. Bichet, C. Barret,
M. Bouvier, J. Biol. Chem. 271 (1996) 16384.

[27] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laboratory Press, New York, 1989.

[28] S. Ahn, C.D. Nelson, T.R. Garrison, W.E. Miller, R.J. Lefkowitz,
Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 1740.

[29] Y. Salomon, C. Londos, M. Rodbell, Anal. Biochem. 58 (1974) 541.
[30] F.F. Hamdan, S.D. Ward, N.A. Siddiqui, L.M. Bloodworth, J. Wess,

Biochemistry 41 (2002) 7647.
[31] M.J. Berridge, Biochem. J. 212 (1983) 849.
[32] M. Thibonnier, D.M. Conarty, J.A. Preston, P.L. Wilkins, L.N. Berti-

Mattera, R. Mattera, Adv. Exp. Med. Biol. 449 (1998) 251.
[33] M.G. Seidel, M. Klinger, M. Freissmuth, C. Holler, J. Biol. Chem. 274

(1999) 25833.
[34] C.S. Simpson, B.J. Morris, Neurosciences 68 (1995) 97.
[35] X. Zhu, S. Gilbert, M. Birnbaumer, L. Birnbaumer, Mol. Pharmacol. 46

(1994) 460.
[36] C.A. Ecelbarger, C.L. Chou, S.J. Lolait, M.A. Knepper, S.R. DiGiovanni,

Am. J. Physiol. 270 (1996) F623.
[37] Y. Daaka, D.K. Luttrell, R.J. Lefkowitz, Nature 390 (1997) 88.
[38] S.R. Neves, P.T. Ram, R. Iyengar, Science 296 (2002) 1636.
[39] G. Powis, M.J. Seewald, C. Gratas, D. Melder, J. Riebow, E.J. Modest,

Cancer Res. 52 (1992) 2835.
[40] D. Toullec, P. Pianetti, H. Coste, P. Bellevergue, T. Grand-Perret, M.

Ajakane, V. Baudet, B. Boissin, E. Boursier, F. Loriolle, J. Biol. Chem. 266
(1991) 15771.
[41] R.W. Bonser, N.T. Thompson, R.W. Randall, J.E. Tateson, G.D. Spacey,
H.F. Hodson, L.G. Garland, Br. J. Pharmacol. 103 (1991) 1237.

[42] J.H. Hanke, J.P. Gardner, R.L. Dow, P.S. Changelian, W.H. Brissette, E.J.
Weringer, A. Pollok, P.A. Connelly, J. Biol. Chem. 271 (1996) 695.

[43] M.V. Barone, S.A. Courtneidge, Nature 378 (1995) 509.
[44] A. Piiper, S. Zeuzem, Curr. Pharm. Des. 10 (2004) 3539.
[45] B.H. Shah, A.J. Baukal, F.B. Shah, K.J. Catt, Mol. Endocrinol. 19 (2005)

2535.
[46] S. Paruchuri, B. Hallberg, M. Juhas, C. Larsson, A. Sjolander, J. Cell Sci.

115 (2002) 1883.
[47] L.A. Feig, G.M. Cooper, Mol. Cell Biol. 8 (1988) 2472.
[48] A.M. Zamah, M. Delahunty, L.M. Luttrell, R.J. Lefkowitz, J. Biol. Chem.

277 (2002) 31249.
[49] G. Innamorati, H. Sadeghi, A.N. Eberle, M. Birnbaumer, J. Biol. Chem.

272 (1997) 2486.
[50] M.D. Houslay, W. Kolch, Mol. Pharmacol. 58 (2000) 659.
[51] H. Mischak, T. Seitz, P. Janosch, M. Eulitz, H. Steen, M. Schellerer, A.

Philipp, W. Kolch, Mol. Cell Biol. 16 (1996) 5409.
[52] T. Yamada, Y. Terada, M.K. Homma, H. Nonoguchi, S. Sasaki, Y. Yuasa,

K. Tomita, F. Marumo, Kidney Int. 48 (1995) 745.
[53] M.R. Vossler, H. Yao, R.D. York, M.G. Pan, C.S. Rim, P.J. Stork, Cell 89

(1997) 73.
[54] S.S. Grewal, A.M. Horgan, R.D. York, G.S. Withers, G.A. Banker, P.J.

Stork, J. Biol. Chem. 275 (2000) 3722.
[55] W. Qiu, S. Zhuang, F.C. von Lintig, G.R. Boss, R.B. Pilz, J. Biol. Chem.

275 (2000) 31921.
[56] M. Zhong, M. Yang, B.M. Sanborn, Endocrinology 144 (2003) 2947.
[57] P. Crespo, N. Xu, W.F. Simonds, J.S. Gutkind, Nature 369 (1994) 418.
[58] J.A. Brzostowski, A.R. Kimmel, Trends Biochem. Sci. 26 (2001) 291.
[59] C. Heuss, U. Gerber, Trends Neurosci. 23 (2000) 469.
[60] K. Seta, M. Nanamori, J.G. Modrall, R.R. Neubig, J. Sadoshima, J. Biol.

Chem. 277 (2002) 9268.
[61] R.H. Oakley, S.A. Laporte, J.A. Holt, L.S. Barak, M.G. Caron, J. Biol.

Chem. 274 (1999) 32248.
[62] K.A. Defea, J. Zalevsky, M.S. Thoma, O. Dery, R.D. Mullins, N.W.

Bunnett, J. Cell Biol. 148 (2000) 1267.
[63] J.R. Fabian, I.O. Daar, D.K. Morrison, Mol. Cell Biol. 13 (1993) 7170.
[64] A. Ziogas, K. Moelling, G. Radziwill, J. Biol. Chem. (2005).
[65] R.J. Lefkowitz, K.L. Pierce, L.M. Luttrell, Mol. Pharmacol. 62 (2002) 971.
[66] K.L. Pierce, A. Tohgo, S. Ahn, M.E. Field, L.M. Luttrell, R.J. Lefkowitz,

J. Biol. Chem. 276 (2001) 23155.
[67] B.H. Shah, F.B. Shah, K.J. Catt, J. Neurochem. 96 (2006) 520.
[68] S. Fujiyama, H. Matsubara, Y. Nozawa, K. Maruyama, Y. Mori, Y. Tsutsumi,

H. Makasi, Y. Uchiyama, Y. Koyama, A. Nose, O. Iba, E. Tateishi, N. Ogata,
N. Jyo, S. Higashiyama, T. Iwasaka, Circ. Res. 88 (2001) 22.

[69] H. Li, L. Fredriksson, X. Li, U. Eriksson, Oncogene 22 (2003) 1501.


	The V2 vasopressin receptor stimulates ERK1/2 activity independently �of heterotrimeric G prote.....
	Introduction
	Materials and methods
	Materials
	Expression vectors
	Cell culture and transfections
	Western blotting
	Intracellular cAMP accumulation measurement
	Intracellular inositol phosphate (IP) accumulation measurement
	[3H]Thymidine incorporation
	Data analysis

	Results
	Role of Gα proteins
	Role of Gβγ subunits
	Enzymes intermediates
	Metalloproteinase trans-activation
	The crucial role of βarrestin

	Discussion
	Acknowledgments
	References


