
R E S E A R C H A R T I C L E
G P C R S I G N A L I N G
Purinergic P2Y6 receptors heterodimerize with
angiotensin AT1 receptors to promote angiotensin
II–induced hypertension
Akiyuki Nishimura,1,2* Caroline Sunggip,1,3,4* Hidetoshi Tozaki-Saitoh,5,6

Tsukasa Shimauchi,1,4 Takuro Numaga-Tomita,1,2 Katsuya Hirano,7 Tomomi Ide,8

Jean-Marie Boeynaems,9 Hitoshi Kurose,10 Makoto Tsuda,6 Bernard Robaye,9

Kazuhide Inoue,5 Motohiro Nishida1,2,4,11†
http://stke.s
D

ow
nloaded from

 

The angiotensin (Ang) type 1 receptor (AT1R) promotes functional and structural integrity of the arterial
wall to contribute to vascular homeostasis, but this receptor also promotes hypertension. In our inves-
tigation of how Ang II signals are converted by the AT1R from physiological to pathological outputs, we
found that the purinergic P2Y6 receptor (P2Y6R), an inflammation-inducible G protein (heterotrimeric
guanine nucleotide–binding protein)–coupled receptor (GPCR), promoted Ang II–induced hypertension
in mice. In mice, deletion of P2Y6R attenuated Ang II–induced increase in blood pressure, vascular re-
modeling, oxidative stress, and endothelial dysfunction. AT1R and P2Y6R formed stable heterodimers,
which enhanced G protein–dependent vascular hypertrophy but reduced b-arrestin–dependent AT1R
internalization. Pharmacological disruption of AT1R-P2Y6R heterodimers by the P2Y6R antagonist
MRS2578 suppressed Ang II–induced hypertension in mice. Furthermore, P2Y6R abundance increased
with age in vascular smoothmuscle cells. The increased abundance of P2Y6R convertedAT1R-stimulated
signaling in vascular smooth muscle cells from b-arrestin–dependent proliferation to G protein–
dependent hypertrophy. These results suggest that increased formation of AT1R-P2Y6R heterodimers
with age may increase the likelihood of hypertension induced by Ang II.
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INTRODUCTION

Hypertension is amajor risk factor of various diseases including stroke, heart
failure, vascular disease, and kidney disease. Angiotensin II (Ang II), which
is produced by the renin-angiotensin system, primarily functions as a phys-
iological regulator of blood pressure and cardiovascular homeostasis, but it
also plays a major role in the pathogenesis of hypertension (1). In the aorta,
Ang II promotes hypertrophy of vascular smooth muscle cells, resulting in
hypertension by increasing arterial wall thickness and vascular resistance, a
process called vascular remodeling (2). Additionally, Ang II induces phys-
iological proliferation (a process called hyperplasia) of vascular smooth
muscle cells. Pharmacological studies suggest that Ang II is involved in
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neointimal hyperplasia after vessel injury (2, 3). Ang II has hyperplastic
effects in the newborn and in the neointima, but not in adult vascular smooth
muscle cells (4). The responsiveness of the artery to Ang II depends on age
in rats (5, 6). However, how vascular smooth muscle cells determine the re-
sponsiveness to Ang II under different developmental and region-specific
conditions is mostly unclear.

Ang II binds to two types of G protein (heterotrimeric guanine nucleo-
tide–binding protein)–coupled receptors (GPCRs) called angiotensin II type
1 receptor (AT1R) and AT2R (7). Although both receptors are found in vas-
cular smooth muscle cells, AT1R accounts for most cardiovascular effects of
Ang II (8, 9). AT1R is primarily coupled with heterotrimeric Gq/11 protein to
induce intracellular Ca2+ mobilization through phospholipase C activation,
and with G12/13 protein to activate Rho-dependent signaling. After GPCR
stimulation, b-arrestin (bArr) is recruited to the cell membrane and triggers
GPCR internalization to attenuateGprotein–dependent signaling. In addition
to receptor desensitization, bArr itself can mediate G protein–independent
signaling (10, 11). Ang II activates various signaling molecules, including
mitogen-activated protein kinases and Akt, through G protein– and bArr-
dependent pathways (12, 13). Although biochemical studies demonstrate that
GPCRs transmit signals as monomeric entries (14, 15), many GPCRs prob-
ably exist as homo- and heterodimers in living cells (15). Receptor dimeriza-
tion modulates receptor properties, including maturation and plasma
membrane trafficking of nascent receptors, ligand binding, G protein selec-
tivity, downstream signaling, and internalization (16). Heterodimerization be-
tween different GPCRs increases the diversity of signaling pathways
activated byGPCRs and their regulation.AT1Rheterodimerizeswith various
other GPCRs (17–23), suggesting cross-regulation between angiotensin II
and other signaling pathways. The fourth to sixth transmembrane domain
is expected to participate in heterodimerization (24), and the DRY ligand-
bindingmotif ofAT1Rappears to be critical for functional activationof oligo-
merized AT1R signaling (25).
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Purinergic P2Y receptors are a family of GPCRs that respond to extra-
cellular mononucleotides (26). Eight different subtypes of P2Y receptors
(P2Y1R, P2Y2R, P2Y4R, P2Y6R, P2Y11R, P2Y12R, P2Y13R, and
P2Y14R) have been identified in mammals and show marked differences in
ligand selectivity and specificity ofGprotein coupling (27). After mechanical
stress (28) or cellular injury (29), mononucleotides released from non-
secretory tissues may signal in an autocrine or paracrine manner to regulate
biological functions. Additionally, dinucleotide phosphates, such as Up4A
and ApnA, are ligands that activate vasoregulatory processes (30, 31) and
may activate purinergic receptors (32). Multiple P2Y receptor subtypes, in-
cluding P2Y6R (33, 34), are present in blood vessels. Gq-coupled P2Y6R has
strong ligand selectivity for UDP (uridine 5′-diphosphate) and shows a ubiq-
uitous distribution in mammalian tissues. P2Y6R activation induces a Ca2+

response invascular smoothmuscle cells that results in contraction of isolated
blood vessels (26). These pharmacological studies suggest that P2Y6R plays
an important role in cardiovascular function.AlthoughP2Y6Rknockoutmice
do not show abnormalities of the cardiovascular system under normal
conditions (35), P2Y6R ablation attenuates vascular inflammation in vivo un-
der pathological conditions (36, 37). These results suggest that P2Y6R partic-
ipates in the development of pathological vascular remodeling.

We have previously shown that P2Y6R mediates pressure overload–
induced cardiac fibrosis in mice (38). Mechanical stretch–induced nu-
cleotides release initiates Rho-dependent fibrotic gene expressions in
cardiomyocytes. Therefore, P2Y6R-G12/13 signaling is speculated to act
as an upstreammediator of Ang II–AT1R signaling to induce fibrosis. Here,
we investigated whether P2Y6R contributes to Ang II–induced patho-
physiological functions through functional coupling with AT1R.
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RESULTS

P2Y6R deletion attenuates Ang II–induced vascular
remodeling in mice
To investigate the contribution of P2Y6R in Ang II–induced chronic hyper-
tension, wemeasured blood pressures of P2Y6R knockout [P2Y6R

(−/−)] and
littermate control [P2Y6R

(+/+)] mice infused with Ang II for 4 weeks. Mice
of either genotype developed robust hypertensionwithAng II treatment, but
mean blood pressure ofP2Y6R

(−/−)micewas significantly lower than that of
P2Y6R

(+/+)mice (Fig. 1A).Heart ratewas similar inP2Y6R
(+/+) andP2Y6R

(−/−)

mice (Fig. 1B). Ang II treatment increased the medial cross-sectional
area and wall-to-lumen ratio in both genotypes, but to a significantly
lesser extent in P2Y6R

(−/−) mice (Fig. 1, C to E). Additionally, Ang II
infusion significantly increased vascular fibrosis of P2Y6R

(+/+)mice, which
was markedly suppressed in P2Y6R

(−/−)mice (Fig. 1F). Generation of reac-
tive oxygen species (ROS) is required for Ang II–induced vascular hyper-
trophy (13), and 4-hydroxyl-2-nonenal (4-HNE) is a major membrane lipid
peroxidation product andmarker of oxidative stress (39).We found thatAng
II–induced accumulation of 4-HNE adducts in aortae was greatly sup-
pressed in P2Y6R

(−/−) mice compared with P2Y6R
(+/+) mice (Fig. 1G).

These results suggest that deletion of P2Y6R in mice substantially protects
tissues against the pathological effect of Ang II.

Ang II–induced vascular contraction is reduced in
P2Y6R

(−/−) mice
We next examined whether P2Y6R contributes to Ang II–induced vascular
dysfunction using isolated abdominal aortic rings. We first confirmed the
effect of long-term Ang II treatment on endothelium-dependent relaxation
evoked by UDP, an endothelium-dependent relaxing factor (40). UDP treat-
ment induced vascular relaxation in a concentration-dependent manner, and
the aortae fromAng II–infused mice showed inhibited UDP-evoked relaxa-
ww
tion (Fig. 1H). The aortae from P2Y6R
(−/−) and P2Y6R

(+/+) mice showed
similar UDP-evoked relaxation, suggesting that UDP induced endothelial-
dependent relaxation through other P2Y receptors. Ang II pretreatment im-
pairedUDP-induced relaxation to a lesser extent inP2Y6R

(−/−) aortae than in
P2Y6R

(+/+) aortae (Fig. 1I). Moreover, Ang II– but not norepinephrine-
induced contraction was significantly lower in aortae from P2Y6R

(−/−)mice
compared with those from P2Y6R

(+/+) mice (Fig. 1, J and K), which sug-
gested that AT1R-stimulated signaling was reduced in P2Y6R

(−/−) mice.

P2Y6R participates in the Ang II–induced Ca2+ response
of vascular smooth muscle cells
BecauseAng II–inducedmedial hypertrophy and contractionwere impaired
in blood vessels isolated from P2Y6R

(−/−) mice (Fig. 1, C and J), we next
compared the AT1R response in isolated vascular smoothmuscle cells. The
intracellular Ca2+ response induced by P2Y6R-specific agonist 3-phenacyl
UDP (3-pUDP) was absent in vascular smooth muscle cells isolated from
P2Y6R

(−/−) mice (Fig. 2A). AT1R mRNA expression was not significantly
different between P2Y6R

(+/+) and P2Y6R
(−/−) vascular smooth muscle cells

(Fig. 2B). However, the intracellular Ca2+ response induced by Ang II was
reduced in P2Y6R

(−/−) cells (Fig. 2C). Furthermore, retroviral expression of
mouse P2Y6R–IRES (internal ribosomal entry site)–GFP (green fluores-
cent protein) into P2Y6R

(−/−) cells led to a higher Ca2+ response compared
with GFP-expressing P2Y6R

(−/−) cells (Fig. 2D). These results suggested
that P2Y6R promoted Ang II–induced G protein signaling in vascular
smooth muscle cells.

P2Y6R heterodimerizes with AT1R
Heterodimerization modulates the function of several GPCRs (16). To de-
termine whether P2Y6R heterodimerizes with AT1R, we used a bio-
luminescence resonance energy transfer (BRET) assay in cells expressing
different ratios of AT1R-Rluc (donor) and P2Y6R–YFP (yellow fluorescent
protein) (acceptor) or YFP as a negative control. The BRET signal was
saturated in cells expressing AT1R-Rluc and P2Y6R-YFP, but not in the
AT1R-Rluc and YFP (Fig. 3A). Moreover, overexpression of FLAG-
P2Y6R as a competitor inhibited BRET signaling between AT1R-Rluc
and P2Y6R-YFP in a concentration-dependent manner (Fig. 3B). This
finding suggested a specific interaction between P2Y6R and AT1R. Myc-
P2Y6R coimmunoprecipitated with FLAG-AT1R in human embryonic
kidney (HEK) 293 cells (Fig. 3C). Moreover, endogenous P2Y6R coim-
munoprecipitated with endogenous AT1R in rat aortae (Fig. 3D), which
suggested that these proteins formed a stable heterodimer.

P2Y6R binding prevents Ang II–induced desensitization
of AT1R
bArr-dependent internalization of ligand-activated GPCR is important for
receptor desensitization and turning off classical GPCR signaling (10, 11).
AT1R-YFP was mainly localized at the plasma membrane under basal
conditions. After Ang II treatment, AT1R-YFPwas localized to endosomes,
which suggested that ligand-trigged receptor internalization had occurred
(Fig. 3E). Myc-P2Y6R was colocalized with AT1R-YFP at the plasma
membrane under basal conditions. However, coexpression of P2Y6R par-
tially inhibited internalization of AT1R in response to Ang II (Fig. 3, F and
G).We used BRET to measure Ang II–triggered bArr recruitment to AT1R
in HEK293 expressing AT1R-Rluc and bArr2-YFP. Ang II stimulation
increased the BRET signal between AT1R-Rluc and bArr2-YFP. This re-
sponse was reduced by overexpression of P2Y6R, which suggested that
P2Y6R prevented Ang II–triggered bArr2 recruitment (Fig. 3H). We then
captured the transient interaction of bArr2 with AT1R by cross-linking im-
munoprecipitation. Ang II–induced coimmunoprecipitation of bArr2-YFP
withFLAG-AT1Rwasmostly inhibited bymyc-P2Y6Rexpression, suggesting
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that AT1R-P2Y6R heterodimerization inhibited ligand-triggered recruit-
ment of bArr2 (Fig. 3I). After bArr is recruited to activated GPCR, the
GPCR-bArr complex is internalized. bArr2-YFP translocated from the cy-
tosol to the intracellular puncta after Ang II treatment (Fig. 3J), a response
that was inhibited by expression of P2Y6R (Fig. 3K).
ww
Wenext testedwhether endogenous P2Y6R participates in preventing de-
sensitization of AT1R. Ang II–induced internalization of bArr2-YFP was
greater in vascular smooth muscle cells from P2Y6R

(−/−) mice than in those
from P2Y6R

(+/+)mice (Fig. 3, L and M). Ang II–induced AT1R internaliza-
tion, as assessed by the BRET signals between AT1R-Rluc and Venus-PM
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Fig. 1. P2Y6R deletion attenuates Ang II–induced vascular remodeling in mice.
(A and B) Mean blood pressure (MBP) (A) and heart rate (B) of P2Y6R

(+/+)

and P2Y6R
(−/−) mice treated with Ang II or vehicle (n = 8 mice per genotype

and treatment; *P < 0.05 compared with P2Y6R
(+/+) mice with vehicle, §P <

0.05 compared with P2Y6R
(−/−) mice with vehicle, †P < 0.05 compared with

P2Y6R
(+/+) mice with Ang II). bpm, beats per minute. (C to E) Hematoxylin

and eosin (H&E)–stained images of descending aortae. Right panels show
magnified images (C).Scalebars, 200mm(left) and50mm(right).Quantification
of the medial cross-sectional area (D) and wall-to-lumen ratio (E) of descending
aortae (n=4mice per genotype and treatment). **P<0.01, *P<0.05. (F) Picro-
sirius red–stained images of descending aortae. CVF, collagen volume fraction.
Scale bars, 50 mm (n= 4mice per genotype and treatment). **P<0.01. (G) Flu-
orescence images of 4-HNE adducts in abdominal aortae (n = 6 mice per
genotype and treatment). Scale bars, 50 mm. **P < 0.01. (H) Endothelium-
dependent vasorelaxation induced by UDP. The abdominal aorta from P2Y6R

(+/+)

mice with Ang II orvehiclewasprecontractedbynorepinephrine(NE)(n=3miceper
genotype and treatment). (I) Concentration-dependent vasorelaxation induced by
UDP in abdominal aortae from P2Y6R

(+/+) and P2Y6R
(−/−) mice with Ang II or

vehicle (n = 3 mice per genotype and treatment). Kruskal-Wallis test followed by
Dunn’spost hoc test. †P<0.05comparedwithP2Y6R

(+/+)micewith vehicle. (Jand
K) Peakconstriction inducedbyAng II (J) orNE (K) in abdominal aortae frommice
[n = 6 (J) or n = 4 (K) mice per genotype]. *P < 0.05, Mann-Whitney test.
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(a plasma membrane–localized fluorophore), was not altered in P2Y6R
(+/+)

vascular smooth muscle cells. In contrast, Ang II treatment significantly re-
duced the BRET signal in P2Y6R

(−/−) vascular smooth muscle cells (Fig.
3N), an effect that was significantly abolished by bArr2 knockdown (fig.
S1). These results suggest that endogenous P2Y6R prevents bArr (mainly
bArr2)–dependent desensitization of AT1R, resulting in enhanced G protein–
dependent signaling.

Disruption of the AT1R-P2Y6R heterodimer by MRS2578
inhibits Ang II–induced hypertension
We use the noncompetitive P2Y6R-selective antagonist MRS2578 to fur-
ther test whether P2Y6R activity affected heterodimer formation (41).
MRS2578 impaired coimmunoprecipitation of myc-P2Y6R with FLAG-
AT1R in a concentration-dependentmanner invascular smoothmuscle cells
(Fig. 4A). TheBRET signal betweenAT1R-Rluc and P2Y6R-YFPwas also
reduced by MRS2578, which suggested that MRS2578 binding to P2Y6R
ww
inhibited heterodimer formation ofAT1R-P2Y6R (Fig. 4B). Consistentwith
these results, MRS2578 promoted Ang II–induced internalization of AT1R
in P2Y6R

(+/+) vascular smooth muscle cells (fig. S2A). In contrast, the AT1R
antagonist losartan did not affect AT1R-P2Y6R heterodimer formation
(fig. S2B). UDP concentrations in plasma were unchanged in Ang II–
infused mice, and 3-pUDP binding had no effect onAT1R-P2Y6R hetero-
dimer formation and AT1R internalization (fig. S2, C to E). Dinucleotide
phosphates, such as Up4A, are ligands of various P2Y receptors (30, 32).
We found that Up4A activated P2Y6R in P2Y6R-overexpressing HeLa cells
(fig. S3A).However,Up4Adid not affectAT1R-P2Y6Rheterodimer forma-
tion (fig. S2D) and Up4A-induced Ca2+ responses were not different be-
tween P2Y6R

(+/+) and P2Y6R
(−/−) vascular smooth muscle cells (fig.

S3B). These findings indicate that P2Y6R may not participate in Up4A-
induced responses in vascular smooth muscle cells.

The Ang II–induced intracellular Ca2+ increase and ROS generation
were partially suppressed by pretreatment with MRS2578 in vascular
smooth muscle cells (Fig. 4, C and D).MRS2578 did not affect basal blood
pressure, but significantly inhibited the Ang II–induced sustained increase
in blood pressure (Fig. 4E). Additionally, MRS2578 suppressed Ang II–
induced vascular hypertrophy as demonstrated by an increase in the medial
cross-sectional area of mouse thoracic aorta (Fig. 4F). These results sug-
gested that heterodimer formation of AT1R and P2Y6R participated in
Ang II–mediated vascular hypertrophy in vivo and that MRS2578 sup-
pressed Ang II–induced hypertension by disrupting heterodimer formation.

A developmentally induced increase in P2Y6R
abundance alters Ang II responses of vascular smooth
muscle cells
BecauseAng II triggers different cellular responses in neonatal and adult vas-
cular smooth muscle cells (4), we investigated whether age-dependent
changes in P2Y6R abundance determine the response of vascular smooth
muscle cells to Ang II.P2Y6RmRNA expression was higher in P30 vascular
smooth muscle cells than in E17 or P1 vascular smooth muscle cells (Fig.
5A). Consistent with this finding, ERK (extracellular signal–regulated ki-
nase) activation induced by the P2Y6R-specific agonist 3-pUDPwas greater
in P30 vascular smooth muscle cells than in P1 vascular smoothmuscle cells
(Fig. 5B and fig. S4). In contrast, although Ang II–triggered Akt activation
was enhanced in P30vascular smoothmuscle cells (Fig. 5C),Ang II–induced
ERK activation was similar in vascular smooth muscle cells at different de-
velopmental stages (Fig. 5D). Gq inhibitory peptide blocked Ang II–induced
Akt activation (fig. S5), consistent with the involvement of Gqa-mediated
Ca2+ mobilization in this process (12). This finding suggested that Gq-
mediated signaling was potentiated in P30 vascular smooth muscle cells.
Ang II–stimulated AT1R activates not only G protein–dependent but also
bArr-dependent signaling pathways (10, 11). [Sar(1), Ile(4), Ile(8)]Ang II
(S II), a biased AT1R agonist that selectively activates bArr-dependent path-
ways, did not activate Akt or ERK in P30 vascular smooth muscle cells (Fig.
5,E andF).KnockdownofbArr1 andbArr2hadno effect onAng II–induced
Akt and ERK activation in P30 vascular smooth muscle cells (fig. S6A).
However, S II induced activation of ERK, but not that ofAkt, in E17 vascular
smooth muscle cells (Fig. 5, E and F), and ERK activation was partially sup-
pressed by bArr1/2 knockdown (fig. S6B). These results suggested that bArr
partially mediated Ang II–induced ERK activation in E17 neonatal vascular
smooth muscle cells but that Ang II–induced Akt and ERK activation was G
protein–dependent in P30 adult vascular smooth muscle cells.

We next examined the biological importance of G protein– and bArr-
dependent signals. Ang II treatment in P30, but not P1, vascular smooth
muscle cells enhanced hypertrophic growth (Fig. 5G) as well as abundance
of smoothmuscle myosin heavy chain (SM-MHC), which encodes a marker
of themature contractile phenotype (fig. S7) (42).Activationof p70 ribosomal
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Fig. 2. P2Y6R participates in Ang II–induced Ca2+ response of mouse vas-
cular smoothmuscle cells (VSMCs). (A) Average tracesofCa2+ responses in
VSMCs induced by 3-pUDP (n = 3 independent experiments; VSMCs were
isolated from three mice per genotype). (B) AT1R mRNA expression in
VSMCs isolated from P2Y6R

(+/+) and P2Y6R
(−/−) mice (n = 3 independent

experiments; VSMCs were isolated from three mice per genotype). (C) Rep-
resentative traces of Ca2+ responses in VSMCs induced by Ang II. Right
panel: Peak [Ca2+]i increases (DRatio) induced by Ang II (n=5 independent
experiments; VSMCs were isolated from three mice per genotype). **P <
0.01. (D) Representative traces of Ang II–induced Ca2+ responses in
P2Y6R

(−/−) VSMCs infected with retroviruses encoding IRES-GFP or
P2Y6R-IRES-GFP. Right panel: DRatio (n = 3 independent experiments;
VSMCs were isolated from three mice). **P < 0.01.
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S6 kinase (p70S6K), a major regulator of vascular hypertrophy (43), was
enhanced in P30 adult vascular smooth muscle cells (Fig. 5H). Ang II–
induced increases in p70S6K activation and protein synthesis (as assessed
by [3H]leucine incorporation) were significantly suppressed by inhibition of
ERK (U0126) and Akt (MK-2206) in P30 vascular smooth muscle cells
(Fig. 5, I and J). These results suggested that G protein–dependent hyper-
trophic signalingwas enhanced inP30vascular smoothmuscle cells. Egr-1 and
platelet-derived growth factor–B (PDGF-B) are involved in the proliferative
response toAng II (4,44).We found thatEgr-1 inductionbyAng II stimulation
was enhanced in E17 neonatal vascular smooth muscle cells (Fig. 5K). The
Ang II–induced increases in the expression of Egr-1 and PDGF-B mRNA
and DNA synthesis (as assessed by [3H]thymidine incorporation) were signif-
ww
icantly suppressed by U0126, but not by MK-2206 (Fig. 5, L to N). These
results suggested that bArr-dependent activation of ERKwas required for pro-
liferative responses to Ang II.

Finally, we examined whether age-dependent changes in P2Y6R abun-
dance determine the balance of G protein–dependent hypertrophic and
bArr-dependent proliferative responses by Ang II. Consistent with inhibi-
tion of the intracellularCa2+ response (Fig. 2C),Ang II–induced increases in
protein synthesis and cell size were significantly suppressed in P2Y6R

(−/−)

vascular smooth muscle cells (Fig. 6A and fig. S8). Ang II–induced activa-
tion of p70S6Kwas also reduced in aortae from P2Y6R

(−/−)mice compared
with those from P2Y6R

(+/+) mice (Fig. 6B and fig. S9). Ang II induced an
increase in DNA synthesis in P2Y6R

(−/−), but not P2Y6R
(+/+), vascular
CA
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P2Y6R in HEK293 cells (n = 3 independent experiments). IP, immuno-
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smooth muscle cells (Fig. 6C). S II–induced ERK activation was enhanced
in P2Y6R

(−/−) vascular smooth muscle cells (fig. S10A), suggesting that
bArr-dependent proliferative signaling predominated inP2Y6R

(−/−) vascular
smoothmuscle cells. However, the number of medial nuclei was unchanged
in descending aortae from Ang II–infused P2Y6R

(−/−) mice (fig. S10B).
Therefore, proliferation of vascular smooth muscle cells in the aorta was
strictly regulated in vivo. MRS2578 treatment inhibited Ang II–induced
Akt activation and hypertrophic growth in P30 adult vascular smooth
muscle cells (Fig. 6, D and E), which suggested a requirement for AT1R-
ww
P2Y6R heterodimer formation in Ang II–induced vascular hypertrophy. In
addition to the Gq-dependent hypertrophic response, MRS2578 inhibited
Ang II–induced activation of RhoA, which mediates Ga12/13-dependent
procontractile signaling (fig. S11). In contrast, P2Y6R overexpression in
E17 neonatal vascular smooth muscle cells completely suppressed the
Ang II–induced increases in PDGF-BmRNA expression and DNA synthe-
sis (Fig. 6, F and G). In addition, P2Y6R-overexpressed E17 cells showed
increased hypertrophic signaling, including activation of p70S6K, Akt, and
ERK (Fig. 6H) and enhanced basal protein synthesis (Fig. 6I). Furthermore,
P2Y6RmRNAwas greater in the descending aorta of older mice compared
with that of young adult mice (Fig. 6J). These results support the idea that
the increase in P2Y6R abundance that occurs with age converts AT1R-
stimulated signaling in vascular smooth muscle cells from bArr-dependent
proliferation to G protein–dependent hypertrophy (Fig. 6K).

DISCUSSION

We found that P2Y6R promoted Ang II–triggered hypertrophic signals in
vascular smooth muscle cells (Fig. 6). Accordingly, P2Y6R deletion attenu-
atedAng II–induced hypertension and vascular remodeling inmice (Fig. 1).
Heterodimer formation betweenAT1R and P2Y6R played an important role
in P2Y6R-mediated regulation of Ang II responses (Fig. 4). Several GPCRs
have been identified as the dimerization partners of AT1R (17). Tissue-
specific regulation of Ang II signaling may explain why AT1R can form a
heterodimer with various GPCRs. The a2C-adrenergic receptor–AT1R
complex is involved in norepinephrine secretion in sympathetic neurons
(22), and the cannabinoid CB1R-AT1R complex acts in activated hepatic
stellate cells (18). The bradykinin B2R-AT1R heterodimer is abundant in
omental vessels from preeclamptic women (45) and mesangial cells from
hypertensive rats (46). Our study showed that the AT1R-P2Y6R complex
regulated Ang II–evoked vascular remodeling in the thoracic aorta and
supports the notion that heterodimerization ofAT1Rmay generate function-
al diversity of Ang II responses in different tissues and under different
conditions.

AT1R can associatewith various GPCRs. Identification of the molecular
mechanism of heterodimerization of AT1R and P2Y6R could lead to
understanding of the mechanism underlying heterodimerization of GPCRs.
In our study, the P2Y6R antagonist MRS2578 inhibited the interaction of
both receptors (Fig. 4), whereas the P2Y6R selective agonist 3-pUDP and
the AT1R antagonist losartan did not affect this interaction (fig. S2). These
findings suggested that the MRS2578-induced conformational change of
P2Y6R is critical for AT1R interaction. Future structural biological analysis
focusingon the conformational changeof P2Y6R inducedbyMRS2578may
help to understand the molecular basis of AT1R-P2Y6R heterodimerization.

Mass spectrometry analysis has shown that the concentration of Ang II
in human plasma is about 20 pM in healthy subjects and about 70 pM in
chronic kidney disease patients (47). Although locally generatedAng IImay
increase local Ang II concentrations, which act on vascular smooth muscle
cells, theAng II concentrations that we used in this study, especially invitro,
would be too high. Therefore, an aberrant increase in plasma Ang II con-
centrations under pathophysiological conditions may be required to induce
AT1R-mediated hypertensive signaling in vivo. An alternative possibility is
the activation ofAT1R bymechanical stress in anAng II–independentman-
ner (48). Thus, both chemical and physical stimulation may cooperatively
activate AT1R-P2Y6R heterodimer to induce hypertension, although it is
not known whether AT1R-P2Y6R heterodimer responds to mechanical
stretch.

Ang II triggers hypertrophic and hyperplastic responses of vascular
smooth muscle cells. In our study, Ang II induced bArr-dependent prolifer-
ative and G protein–dependent hypertrophic responses in neonatal and adult
A

C

M
ea

n
 b

lo
o

d
 p

re
ss

u
re

 (
m

m
H

g
)

50

75

125

DMSO-vehicle
DMSO-Ang II
MRS2578-vehicle
MRS2578-Ang II

0 7 14
Ang II infusion (days)

100

MRS2578
– +Ang II

0.50

1.25

1.00

1.50

+
– – +

A
ve

ra
g

e 
in

te
n

si
ty

(x
 1

03  
ar

b
it

ar
y 

u
n

it
) ** **

FLAG-AT1R
Myc-P2Y6R

– +
++

–
–

Myc-P2Y6R

Myc-P2Y6R

FLAG-AT1R
IP: FLAG

Lysate

MRS2578 [µM] – ––
+
+

10
+
+

4
+
+

1

Control Ang II MRS + Ang II

E

B

0.04

0.06

0.08

B
R

E
T

 r
at

io

DMSO MRS

AT1R-Rluc + P2Y6R-YFP

0.75

*

†

0.10

D

1

3

4

2

0
0 42 6

Time [min]

F
u

ra
-2

 r
at

io
 (

F
34

0/
F

38
0)

DMSO

MRS2578

Ang II

DMSO MRS

1

3

4

2

0

A
U

C
 (

ar
b

it
ra

ry
 u

n
it

s)

*

F

M
ed

ia
l c

ro
ss

-s
ec

ti
o

n
al

 a
re

a
(m

m
2 )

0.06

0.10

0.12

0.08

Vehicle Ang II Vehicle Ang II

*

DMSO MRS2578

n
 =

 4

n
 =

 5

n
 =

 5

n
 =

 5

Fig. 4. MRS2578 inhibits Ang II–induced hypertension by disrupting
AT1R-P2Y6R heterodimer formation. (A) Effect of MRS2578 on the inter-
action of myc-P2Y6R with FLAG-AT1R in VSMCs [n = 3 independent
experiments; VSMCs were isolated from three P2Y6R

(+/+)mice]. (B) BRET
ratio of VSMCs expressing AT1R-Rluc and P2Y6R-YFP in the absence [di-
methyl sulfoxide (DMSO)] or presence of MRS2578 [n = 4 independent
experiments; VSMCs were isolated from three P2Y6R

(+/+) mice]. *P <
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vascular smoothmuscle cells, respectively (Fig. 5). This finding is consistent
with a previous report that Ang II stimulates PDGF-B abundance and pro-
motes DNA synthesis in newborn, but not adult, vascular smooth muscle
cells (4). We found that the age-dependent changes in P2Y6R abundance
determined the balance of hypertrophic and hyperplastic signaling induced
by Ang II (Fig. 6). Increased P2Y6R abundance in adult vascular smooth
muscle cells inhibited Ang II–induced recruitment of bArr to AT1R and re-
ceptor desensitization (Fig. 3), suggesting preferential activation of G protein–
dependent signaling. Gq protein–dependent activation of Akt mediated
Ang II–induced hypertrophic signaling, whereas Ang II–induced ERK
contributed to hypertrophic and proliferative signals (Fig. 5, J and N). Our
results suggested that these two Gq effectors differentially regulated the Ang
II–induced responses in vascular smoothmuscle cells as follows. G protein–
dependent activation of ERK and Akt stimulated p70S6K, a major regulator
of hypertrophic growth (43), and bArr-dependent ERK increased expression
ww
of Egr-1 through Elk-1, a nuclear regulator of cell proliferation (44). The
proliferative phenotype of vascular smooth muscle cells during neointimal
formation relies on the ERK/Elk-1/Egr-1 pathway (44).We found that bArr-
dependent ERK activationmediated the Ang II–induced Elk-1/Egr-1 axis in
the nucleus (Fig. 5). Our results are supported by a previous report that
m-opioid receptor activation by morphine leads to cytosolic ERK activation
through a G protein–dependent pathway, whereas etorphine induces nuclear
ERK activation through a bArr-dependent manner (49). Additionally, in car-
diomyocytes, Ang II–evoked ERK activation through the bArr2-dependent
pathway supports proliferation, whereas G protein–mediated ERK activity
induces hypertrophy (50).

In addition to developmentally induced changes in abundance, P2Y6R
abundance is also increased in pathological conditions. Inflammation re-
portedly increases P2Y6R abundance in endothelial and epithelial cells
(36, 51). We have previously shown that pressure overload and constitutive
A C

Ang II

B

0.50

1.25

1.00

1.50
m

R
N

A
/1

8S
 r

R
N

A
 (

fo
ld

)

0.75

0

1.75

0.25

P2Y6RAT1R

E17
P1
P30

– + – + – +

E17 P1 P30

Ang II – + – + – +

E17 P1 P30

0

1

2

3

4

5

6

0

1

2

3

4

5

6

7

A
kt

 a
ct

iv
at

io
n

 (
fo

ld
)

E
R

K
 a

ct
iv

at
io

n
 (

fo
ld

)

D

S II – + – + – +

E17 P1 P30

S II – + – + – +

E17 P1 P30

0

1

2

3

0

1

2

3

A
kt

 a
ct

iv
at

io
n

 (
fo

ld
)

E
R

K
 a

n
ti

va
ti

o
n

 (
fo

ld
)

****
** **

**

3-pUDP – + – +

P1 P30

0

1

2

3

4

5

E
R

K
 a

ct
iv

at
io

n
 (

fo
ld

)

**

Ang II – + – +

P1 P30

0

1000

2000

3000

C
el

l s
u

rf
ac

e 
ar

ea
 [

µm
2 ]

4000 **

E

H

*

2

0

**

p
70

S
6K

 a
ct

iv
at

io
n

 (
fo

ld
) 6

4

**
**

Ang II – + – +

E17 P30

p
70

S
6K

 a
ct

iv
at

io
n

 (
fo

ld
)

7.5

10.0

0

5.0

12.5

2.5

MK-2206
U0126
Ang II

–
–
–

–
–
+

+
–
+

–
+
+

**
**

*

–Ang II

DMSO

[3 H
]l

eu
ci

n
e 

in
co

rp
o

ra
ti

o
n

[C
P

M
]

1500

4500

3000

0

**6000
**

**

+ – + – +

MK-2206 U0126

F

G

–Ang II

DMSO

5

10

0

15

+ – + – +

MK-2206 U0126

E
g

r-
1/

G
A

P
D

H
 (

fo
ld

)

–Ang II

DMSO

0.5

1.0

0

2.5

+ – + – +

MK-2206 U0126

P
D

G
F

-B
/G

A
P

D
H

 (
fo

ld
)

1.5

2.0
**

** ** **

7.5

0

12.5

10.0

Ang II – + – +

E17 P30

I

E
g

r-
1/

G
A

P
D

H
 (

fo
ld

)

5.0

2.5

J

K L M
** **

[3 H
]t

h
ym

id
in

e 
in

co
rp

o
ra

ti
o

n
[C

P
M

]

20,000

40,000

30,000

0

N

Ang II – + – +

MK-2206 U0126

** *

10,000
Fig. 5. Ang II induces hyperplastic or hypertrophic signaling in VSMCs de-
pending on the developmental stage. (A) Expression of mRNAs for AT1R
and P2Y6R in VSMCs from E17, P1, or P30 rats (n = 3 biological replicates;
VSMCswere isolated from10E17, 10 P1, and 3P30 rats). **P<0.01. (B) ERK
activation of P1 and P30 VSMCs induced by 3-pUDP (n = 3 independent
experiments; VSMCs were isolated from 10 P1 and 3 P30 rats). **P < 0.01.
(C toF) ERKandAkt activationof E17,P1, or P30VSMCsexposed toAng II (C
andD) orS II (E andF) (n=3 independent experiments; VSMCswere isolated
from 10 E17, 10 P1, and 3 P30 rats). *P < 0.05, **P < 0.01. (G) Hypertrophic
growth of P1 and P30 VSMCs induced by Ang II (n = 3 independent
experiments; VSMCs were isolated from 10 P1 and 3 P30 rats). **P < 0.01.
(H) p70S6K activation of E17 and P30 VSMCs exposed to Ang II (n = 3
independent experiments; VSMCswere isolated from10E17and3P30 rats).
**P < 0.01. (I and J) Effects of MK-2206 and U0126 on p70S6K activation (I)
and [3H]leucine incorporation (J) in P30 VSMCsexposed to Ang II [n=3 (I) or
n=4 (J) independent experiments; VSMCswere isolated from threeP30 rats].
*P<0.05, **P<0.01. CPM, counts perminute. (K) Expression ofEgr-1mRNA
in E17 andP30VSMCs exposed to Ang II (n=3biological replicates; VSMCs
were isolated from 10 E17 and 3 P30 rats). **P < 0.01. (L toN) Effects of MK-
2206 andU0126 onmRNA expression of Egr-1 (L) and PDGF-B (M) and [3H]
thymidine incorporation (N) in E17 VSMCs exposed to Ang II (n=3 biological
replicates; VSMCs were isolated from 10 E17 rats). *P < 0.05, **P < 0.01.
w.SCIENCESIGNALING.org 19 January 2016 Vol 9 Issue 411 ra7 7

http://stke.sciencemag.org/


R E S E A R C H A R T I C L E

 on N
ovem

ber 21, 2020
http://stke.sciencem

ag.org/
D

ow
nloaded from

 

activation ofGa13 increase P2Y6R abundance inmouse hearts (38).We also
found that P2Y6R abundancewas increased in the descending aorta of older
mice (Fig. 6J). This evidence suggests that environmental risk factors, in-
cluding inflammation, mechanical stress, and aging, raise the probability of
hypertension through increases in P2Y6R abundance.

We also found that the P2Y6R-specific antagonist MRS2578 (41) dis-
rupted the interaction of AT1R and P2Y6R (Fig. 4, A and B), and infusion
of MRS2578 reduced Ang II–induced hypertension and vascular hypertro-
phy in mice (Fig. 4, E and F). This experimental evidence suggests that
AT1R-P2Y6R heterodimerization could be a potential therapeutic target for
hypertension. Although angiotensin-converting enzyme inhibitors and an-
giotensin receptor blockers are widely used in the treatment of hypertension,
they increase the risk for congenital anomalies in infants if women take these
medicines during pregnancy (52). Genetic mutations in genes encoding the
renin-angiotensin system have been identified in patients who have renal tu-
bular dysgenesis (53). Additionally, mice lacking renin-angiotensin system
genes have abnormal renal development (54), whereas P2Y6R knockout
ww
mice show normal kidney development (35). Therefore, compounds that dis-
rupt the AT1R-P2Y6R heterodimer might be attractive drug candidates to
treat hypertension without triggering abnormalities in kidney development.
MATERIALS AND METHODS

Materials
Ang II was purchased from Peptide Institute. Paraformaldehyde (PFA) and
10% formalin neutral buffer solution were from Wako. Dihydroethidium
(DHE), UDP, and MRS2578 were from Sigma. 3-pUDP (PSB 0474) was
from Tocris. Fura-2 AM was from Dojindo. [3H]Leucine (NET135H) and
[3H]thymidine (NET027E)were fromPerkinElmer.The followingantibodies
were purchased: anti-FLAG M2 horseradish peroxidase–conjugated and
anti–a–smooth muscle actin (aSMA) (Sigma); anti–4-HNE (Japan Institute
for the Control of Aging); anti-GFP and anti–SM-MHC11 (Abcam); anti-
myc (Millipore); anti–phospho-Akt (#4060), anti-Akt, anti–phospho-ERK
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Fig. 6. Developmental increase in P2Y6R abundance enhances
Ang II–induced hypertrophic signaling. (A andC) Ang II–induced
[3H]leucine (A) and [3H]thymidine (C) incorporation in P2Y6R

(+/+)

and P2Y6R
(−/−) VSMCs (n = 3 independent experiments; VSMCs

were isolated from three 4- to 6-week-old mice per genotype).
*P < 0.05, **P < 0.01. (B) p70S6K activation of P2Y6R

(+/+) and
P2Y6R

(−/−) mice that were intravenously infused with Ang II or
vehicle (three 6- to 8-week-old mice per genotype and treat-
ment). *P < 0.05. (D and E) Effect of MRS2578 on Akt activation
(D) andhypertrophicgrowth (E) of P30VSMCs inducedbyAng II
(n = 3 independent experiments; VSMCs were isolated from
three P30 rats). *P < 0.05, **P < 0.01. (F and G) Expression of
PDGF-B mRNA (F) and [3H]thymidine incorporation (G) in E17
VSMCs expressing GFP (−) or P2Y6R-IRES-GFP (P2Y6R) induced
by Ang II (n = 3 biological replicates; VSMCs were isolated from
w.SCIENC
10 E17 rats). **P < 0.01. (H and I) Activation of ERK, Akt, and p70S6K (H) and [3H]leucine incorporation (I) in E17 VSMCs expressing GFP (−) or P2Y6R-
IRES-GFP (P2Y6R) (n = 3 independent experiments; VSMCs were isolated from 10 E17 rats). *P < 0.05, **P < 0.01. (J) Expression of P2Y6R mRNA in
descending aortae isolated from young adult (12 weeks) or aged (1 year) mice (n = 3 mice per developmental stage). *P < 0.05. (K) Working model for
Ang II–induced signaling in neonatal (low P2Y6R abundance) and adult (high P2Y6R abundance) VSMCs.
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(#4370), anti-ERK, anti–phospho-p70S6K (#9204), and anti-p70S6K (Cell
Signaling Technology).

Experimental animals
Animal care and handling were carried out according to guidelines ap-
proved by the Animal Care and Use Ethical Committee of Kyushu Univer-
sity and the ethic committees at the National Institute for Physiological
Sciences. Rodents were housed in air-conditioned conventional roomswith
time-controlled lighting system. P2Y6R

(−/−) mice were backcrossed onto a
C57BL/6 background to obtain P2Y6R heterozygotes [P2Y6R

(+/−)]. Six- to
8-week-oldmalemicewere used for experiments.Briefly, rodentswere anes-
thetized by an intraperitoneal injection of midazolam (4 mg/kg), medeto-
midine hydrochloride (0.3 mg/kg), and butorphanol (5 mg/kg). A
mini-osmotic pump (ALZET) filledwith vehicle [phosphate buffered saline
(PBS)] or Ang II (2 mg/kg per day) was intraperitoneally implanted into
mice, and Ang II or PBS was continuously administered for 4 weeks. For
acute infusion, mice were anesthetized and then Ang II (10 mM, 30 ml) was
injected into the jugular vein. After 10 min, thoracic aortae were isolated.

Measurement of blood pressure and heart rate
Systolic blood pressure, diastolic blood pressure, MBP, and heart rate in the
daytime (2:00 p.m. to 5:00 p.m.) were measured in conscious mice using a
noninvasive computerized tail-cuff system (BP-98AW,Softron).An average
of 10 consecutive measurements per mouse was taken.

Histological analysis
Mice were sacrificed by intraperitoneal injection of midazolam, medetomi-
dine hydrochloride, and butorphanol. The descending thoracic aorta was
carefully isolated and cleaned of any adhering connective tissue. Paraffin-
embedded specimenswere stainedwithH&E.Digital imageswere obtained
using ECLIPSE 80i (Nikon). The H&E-stained medial cross-sectional
areas, wall-to-lumen ratio, and number of nuclei were measured by ImageJ
software. Fibrotic tissues were stained using Picrosirius red staining. Speci-
mens embedded in OCT (optimum cutting temperature) compound were
used to analyze ROS formation. Aortae were stained with anti–4-HNE an-
tibody. The 4-HNE adductswere detectedwith Alexa Fluor 546 anti-mouse
immunoglobulin G antibody. Digital images were taken at ×60 magnifica-
tion using confocal microscopy (FV10i, Olympus), and five regions were
randomly selected for each specimen. The average intensity was analyzed
using MetaMorph software (Molecular Devices).

Measurement of vascular contraction and
endothelial-dependent relaxation
Isometric tension was measured as previously described (55). To analyze
endothelium-dependent relaxation, abdominal aortaewere carefully isolated
from P2Y6R

(+/+) or P2Y6R
(−/−)mice that were infused with or without Ang

II. The aortic rings were precontracted with norepinephrine (1 mM), and
endothelial function was determined by examining the degree of relaxation
in response to UDP. To measure vascular contraction, aortic rings were
contracted with 100 mM KCl before measurement of Ang II–induced vas-
cular contraction. Themagnitude of the responsewas shown as a percentage
of the reference constriction in response to 100 mM KCl.

Measurement of UDP concentration in mouse plasma
The blood samples were centrifuged at 2000g for 5 min and subsequently
at 9000g for 5 min to isolate plasma. Collected plasma was then mixed
with phenol/chloroform/isoamyl alcohol (25:24:1, v/v, pH 7.9; Nacalai
Tesque Inc.), and after brief vortex, samples were centrifuged for 2 hours
at 4°C. The aqueous phase was collected and washed three times with di-
ethyl ether. All samples were filtered by Ultrafree-MC (Amicon) before
ww
high-performance liquid chromatography (HPLC) analysis. The concen-
tration of nucleotides in the serum was analyzed using an HPLC system
(Jasco) with an octadecylsilyl column (4.6 × 150 mm; GL Sciences Inc.)
as previously described (56). The mobile phase consisted of 8 mM tetra-
butylammoniumhydrogen sulfate (TBAHS), 35mMKH2PO4, 15%MeOH
(pH 3.5; solvent A), and 8 mM TBAHS, 35 mM KH2PO4, 50% methanol
(pH 2.8; solvent B). The mobile phase was developed at 0.8 ml/min from
0 to 15 min in 100% solvent A, and from 15 to 30 min in 50% solvent B.
Absorbance at 260 nm was monitored online with an UV-2075 UV (ultra-
violet) detector (Jasco).

Cell culture
Primarymousevascular smoothmuscle cellswere isolated by the enzymatic
dispersion method. Thoracic aortae from three 4- to 6-week-old mice were
quickly isolated, and perivascular fat and adventitiawere discarded. Vessels
were cut into small pieces and then digested by collagenase II and elastase at
37°C for 1 hour. The isolated cells were plated in Dulbecco’s modified Ea-
gle’s medium (DMEM)/F-12 containing 20% fetal bovine serum (FBS).
Primary rat vascular smooth muscle cells were isolated from 10 E17, 10
P1, or 3 P30 rat thoracic aortae, and cultured in low-glucose DMEM
containing 10% FBS. HEK293 cells were cultured in high-glucose DMEM
containing 10% FBS. Plasmid DNAwas transfected into HEK293 cells or
smoothmuscle cells using X-tremeGENE 9 (Roche) or ViaFect (Promega),
respectively.

Infection of recombinant adenoviruses
Recombinant adenoviruses expressing G protein inhibitory peptide (Gasct,
Gaict, Gaqct, or p115RGS) were generated and amplified as previously de-
scribed (57). Vascular smooth muscle cells were infected with recombinant
adenoviruses at amultiplicity of infection of 50 for 24 hours.Cellswere then
starved in serum-free medium and cultured for an additional 24 hours. Un-
der these conditions, almost 80% of cells were GFP-positive.

Intracellular Ca2+ imaging
Intracellular Ca2+ was measured using Fura-2 as previously described (8).
For the P2Y6R rescue experiment, vascular smooth muscle cells from
P2Y6R

(−/−) mice were infected with retrovirus encoding IRES-GFP or
P2Y6R-IRES-GFP, and images of Fura-2 fluorescence ofGFP-positive cells
were analyzed.

Immunoprecipitation
HEK293 cells transfectedwithmyc-P2Y6R and FLAG-AT1Rwere lysed in
lysis buffer A [20 mM Hepes (pH 7.4), 100 mM NaCl, 3 mMMgCl2, and
1%NP-40] containing protease inhibitor cocktail for 15min at 4°C. Cleared
lysates were immunoprecipitated with anti-FLAG M2 agarose beads
(Sigma) for 2 hours. Agonist-induced interaction between FLAG-AT1R
and bArr2-YFP was detected by cross-linking experiments. In brief, trans-
fected HEK293 cells were treated with 100 nM Ang II for 10 min. After
washing with PBS, cells were incubated with 2 mM dithiobis(succinimidyl
propionate) (DSP) cross-linker for 30 min at room temperature. The cross-
linking reaction was quenched by the addition of tris-HCl (pH 7.5) at a final
concentration of 50 mM. After washing twice with PBS, cells were lysed
and immunoprecipitated. For inhibitor treatment, transfected vascular
smooth muscle cells were treated with indicated concentrations of
MRS2578 for 30 min and then lysed.

Small interfering RNA transfection
Vascular smoothmuscle cells were transfected with small interfering RNAs
(siRNAs) (20 nM) using Lipofectamine RNAiMAX reagent (Life Technol-
ogies). The siRNA sequences used in this study are listed in table S1. The
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gene silencing of mouse bArr1, mouse bArr2, rat bArr1, or rat bArr2
mRNAwere 86 ± 6%, 49 ± 3%, 86 ± 6%, or 75 ± 1%, respectively (n =
3 biological replicates). Silencing efficiency was assessed by quantitative
real-time polymerase chain reaction (PCR).

RNA preparation and real-time PCR
Total RNAwas purified from cultured cells using Qiagen RNeasy Mini Kit.
Real-time PCR was performed using Power SYBR Green PCRMaster Mix
(Life Technologies) or QuantiTect Probe RT-PCR Kit (Qiagen) and TaqMan
probes. TaqManprobe andprimer sequences are listed in table S2.Expression
was normalized to 18S ribosomal RNA or GAPDH as the internal control.

Immunofluorescence
Transfected HEK293 cells were seeded on poly-L-lysine–coated glass-
bottom dish and stimulated with 100 nM Ang II for 15 min. To assess hy-
pertrophy, vascular smooth muscle cells were seeded on glass-bottom dish
at 4 × 104 cells per dish and serum-starved for 48 hours. Cells were then
stimulated with 100 nMAng II for 1 to 3 days. After stimulation, cells were
fixed with 4% PFA for 15 min and permeabilized with 0.2 saponin or 0.1%
Triton X-100 for 5 min. After washing with PBS, cells were incubated with
blocking buffer (10% FBS in PBS) for 1 hour. Cells were stained with
primary antibodies for FLAG, myc, aSMA, or SM-MHC11 at 4°C
overnight. After washing with PBS, cells were incubated with CF488- or
CF594-conjugated secondary antibodies (Biotium) for 1 hour. After wash-
ingwithPBS, cellswere incubatedwithDAPI (4′,6-diamidino-2-phenylindole)
and then imaged on a confocal microscope (FV10i, Olympus). Cell sur-
face area was quantified from more than 30 cells at each condition using
FV10-ASW software.

Western blotting
Serum-starved vascular smooth muscle cells were pretreated with 10 mM
MRS2578, 5 mM MK-2206, or 5 mM U0126 for 30 min, then stimulated
with 100 nM Ang II, 10 mM S II, or 1 mM 3-pUDP for 5 min, and then
harvested with lysis buffer B (lysis buffer A with 50 mM NaF, 1 mM
Na3VO4, and 20 mM b-glycerophosphate) containing protease inhibitor
cocktail for 15 min at 4°C. Cleared lysates were mixed with sample buffer.

RhoA activation
Vascular smooth muscle cells were plated on six-well plates at 1.5 × 105

cells per well. After 24 hours, cells were starved in serum-free medium
for another 24 hours. Cells were pretreated with 10 mM MRS2578 for
25 min and then stimulated with 100 nMAng II for 5 min. RhoA activation
wasmeasured byG-LISARhoAActivationKit (Cytoskeleton) according to
the manufacturer’s protocol.

[3H]Leucine and [3H]thymidine incorporation
Vascular smoothmuscle cellswere plated on24-well plates at 3×104 cells per
well. After 24 hours, cells were starved in serum-free medium for another
24hours.Cellswere pretreatedwith 1mMMRS2578, 3mMMK2206, or 3mM
U0126 for 30 min, and then incubated with 100 nMAng II together with [3H]
leucine or [3H]thymidine (1 mCi/ml) for an additional 24 hours. Cells were
washed with ice-cold PBS and fixed in 10% trichloroacetic acid. Cells were
lysed in 0.4 N NaOH, and incorporated [3H]leucine or [3H]thymidine was
measured by a liquid scintillation counter. To discriminate hypertrophy
from proliferation in cell culture, values of [3H]leucine were normalized to
DNA content determined by QuantiFluor dsDNA System (Promega).

Measurement of ROS
Vascular smoothmuscle cellswere plated on 35-mmglass-bottomdish at 1 ×
105 cells per dish. ROS productionwas detected by loadingDHE (10 mM) at
www
37°C for 10 min before Ang II administration. The DHE fluorescence
was observed using FV10i confocal microscope at 543-nm excitation and
560-nm emission wavelength, and DHE fluorescence intensity was quanti-
fied using FV10-ASW software.

Bioluminescence resonance energy transfer
HEK293 cells or vascular smooth muscle cells were seeded on a 12- or
6-well plate, respectively, 24 hours before transfection. To analyze the inter-
action of AT1R and P2Y6R, BRET between AT1R-Rluc (donor) and
P2Y6R-YFP (acceptor) was measured. For the BRET saturation assay,
HEK293 cells were transfected with a constant amount of AT1R-Rluc with
an increasing amount of P2Y6R-YFP or YFP as a negative control. For the
BRET competition assay, HEK293 cells were transfected with a constant
amount of AT1R-Rluc and P2Y6R-YFP with an increasing amount of
FLAG-P2Y6R as a competitor. For the bArr recruitment assay, AT1R-Rluc
was transfected alone or with bArr2-YFP. To evaluate colocalization of
AT1R with membrane compartment markers, AT1R-Rluc was transfected
alone or with Venus-PM (C-terminal peptide of K-Ras, plasmamembrane).
After 48 hours of transfection, cells were suspended in PBS containing
CaCl2, MgCl2, and glucose, and were transferred to 96-well plates. Coelen-
terazine h (5 mM) and 100 nM Ang II were added 10 min before BRET
measurement. Luminescence and fluorescence signals were detected using
SpectraMax i3 (Molecular Devices). The BRET ratio was calculated by
dividing the fluorescence signal (531/22 emission filter) by the lumines-
cence signal (485/20 emission filters).

Statistical analysis
Results are represented as means ± SEM. All experiments were repeated at
least three times. For a normal distribution, statistical significance was
determined by unpaired t test for two-group comparison and by one-way
analysis of variance with Tukey’s post hoc test for comparison among three
or more groups. For a nonnormal distribution, statistical significance was
determined by the Mann-Whitney test for two-group comparison and by
the Kruskal-Wallis test with Dunn’s post hoc test for comparison among
three or more groups. Significance was considered at P < 0.05.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/9/411/ra7/DC1
Fig. S1. Involvement of bArr2 in Ang II–induced AT1R internalization.
Fig. S2. Effects of agonists and antagonists on the heterodimerization of AT1R and P2Y6R.
Fig. S3. P2Y6R activation by Up4A.
Fig. S4. Ang II–induced activation of various signaling pathways in VSMCs from different
developmental stages.
Fig. S5. Ang II induces Akt activation through Gq in VSMCs.
Fig. S6. Involvement of bArr in Ang II–mediated hyperplastic and hypertrophic signaling in
VSMCs.
Fig. S7. Ang II promotes contractile differentiation of adult VSMCs.
Fig. S8. P2Y6R deletion inhibits Ang II–induced hypertrophic growth.
Fig. S9. Developmental increases in P2Y6R abundance enhance Ang II–induced hyper-
trophic signaling.
Fig. S10. P2Y6R deletion potentiates bArr-dependent signaling.
Fig. S11. MRS2578 attenuates Ang II–induced RhoA activation.
Table S1. List of siRNAs.
Table S2. List of Taqman probe and primer sets for real-time PCR.
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receptors may decrease age-associated high blood pressure.
those from older mice by activating different signaling pathways. Thus, targeting the interaction between AT1 and P2Y6 

inmice. Angiotensin II increased the proliferation of vascular smooth muscle cells from young mice but increased cell size 
 receptor than those from older6 receptors. Vascular smooth muscle cells from young mice had less P2Y6lacking P2Y

different responses to angiotensin II. Blood pressure increased to a lesser extent in response to angiotensin II in mice 
 receptors explained the6that an age-related increase in the heterodimerization of AT1 receptors with purinergic P2Y

 discoveredet al.proliferation or hypertrophy (the latter of which increases blood pressure), depending on age. Nishimura 
Activation of angiotensin AT1 receptors in vascular smooth muscle cells by angiotensin II can trigger either

Raising blood pressure with age
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