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Extracellular nucleotides transmit signals into the cells through
the P2 family of cell surface receptors. These receptors are amply
expressed in human blood vessels and participate in vascular tone
control; however, their signaling mechanisms remain unknown.
Here we show that in smooth muscle cells of isolated human cho-
rionic arteries, the activation of the P2Y2 receptor (P2Y2R)
induces not only its partition into membrane rafts but also its
rapid internalization. Cholesterol depletion with methyl-�-cy-
clodextrin reduced the association of the agonist-activated
receptor intomembrane rafts but did not affect either the UTP-
mediated vasoconstrictions or the vasomotor responses elicited
by both serotonin and KCl. Ex vivo perfusion of human chori-
onic artery segments with 1–10 �MUTP, a selective P2Y2R ago-
nist, displaced the P2Y2R localization into membrane rafts
within 1min, a process preceded by the activation of both RhoA
and Rac1 GTPases. AG1478, a selective and potent inhibitor of
the epidermal growth factor receptor tyrosine kinase activity,
not only blocked the UTP-induced vasomotor activity but also
abrogated both RhoA and Rac1 activation, the P2Y2R associa-
tion with membrane rafts, and its internalization. Altogether,
these results show for the first time that the plasma mem-
brane distribution of the P2Y2R is transregulated by the epi-
dermal growth factor receptor, revealing an unsuspected
functional interplay that controls both the membrane distri-
bution and the vasomotor activity of the P2Y2R in intact
human blood vessels.

The plasma membrane (PM)4 nucleotide receptors of the
P2Y (P2YR) family are all Gq or Gi protein-coupled receptors
(GPCRs); this family is composed of eight members (P2YR1,
P2YR2, P2YR4, P2YR6, and P2YR11–14) (1). The P2YRs are ubiq-
uitous and amply expressed in the brain and other organs (2).
They are activated by either purines, such as ADP/ATP, or py-
rimidines, including UTP, UDP, CTP, or UDP-glucose (3).
Moreover, P2YRs are pharmacological targets in processes like
platelet aggregation and treatment of cystic fibrosis (4, 5).
Both ADP and UTP have been recently recognized as signals

involved in the contractility of the human vascular wall through
the activation of P2Y1/2Rs (6, 7). In particular, the activation of
P2Y1/2Rs byADP, ATP, orUTP stimulates smoothmuscle con-
traction in human chorionic arteries (HCA), whereas these
nucleotides relax microvessels in the placental cotyledon
through the release of nitric oxide (7). Notwithstanding its con-
tribution to vascular smooth muscle tone, little is known about
its cellular mechanisms.
Microregionalization is a common feature of cell signaling.

Clathrin-coated pits, caveolae, and membrane rafts contain
high concentrations of signaling molecules. An array of GPCR
has also been identified in caveolae or rafts (reviewed in Ref. 8).
In many cases, the receptor microregionalization is sensitive to
ligand stimulation, altering the receptor clustering in or out of
membrane rafts. We recently showed that in HCA, the P2Y1R-
mediated vasocontractile activity depends on its association
with membrane rafts (9). Although membrane rafts have been
involved in signal transduction mediated by UTP (10), neither
the P2Y2R cellmembrane distribution nor themolecularmech-
anisms involved have been clarified.
Membrane rafts are a dynamic assembly of cholesterol,

glycosphingolipids, and proteins, such as caveolin, flotillins,
Src family kinases, and glycosylphosphatidylinositol-linked
proteins (11, 12). Cholesterol is a vital and major component
of membrane rafts; it is known that its extraction with
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M�CD causes a loss in identifiable caveolae (13, 14). The
actin cytoskeleton also appears to play a role. Actin network
disruption by latrunculin B, a toxin isolated from the red
sponge Negombata magnifica (formerly Latrunculia magni-
fica), results in loss of the caveolae-F actin association (15).
Filamin, an actin cross-linking protein, is one of the proteins
identified as ligand of caveolin-1 (16). Interestingly, activation
of the P2Y2R induces its associationwith filamin and actin reor-
ganization in aortic SMC (17). Because of its increasing role in
signal transduction, the mechanisms that govern organization
of these microdomains are a matter of intense research and
debate. Interestingly, recent data show that epidermal growth
factor (EGF) induces the coalescence of different membrane
rafts (18), making it likely that the EGF�EGF receptor (EGFR)
complex also transregulates signaling pathway(s) mediated by
several other physiological inputs.
Connected to the role of P2Y1/2Rs in cell proliferation, cell

migration, and vascular tone control (6, 7, 9, 19–23), EGF is also
a key regulator in a variety of cellular systems. It binds to EGFR,
triggering tyrosine kinase activity that results in the activation
of several signaling proteins, such Ras, phosphatidylinositol
3-kinase, and phospholipase C� pathways, leading tomitogenic
events (24, 25). The EGFR also plays a role in vascular physiol-
ogy. EGF induces contractility of vascular and gastric smooth
muscles (24, 26, 27). Moreover, activation of receptors for
angiotensin and catecholamines results in transactivation of
the EGFR, most probably by activation of metalloproteinases
and release of EGFR ligands, such as HB-EGF (28), a process
associated with smooth muscle cell growth and contraction,
respectively (29, 30).
To date, the P2Y1R and P2Y2R are the only nucleotide recep-

tors clearly demonstrated to transactivate the EGFR (19–23,
31). Thus, it becomes possible to hypothesize that EGFR acts
downstream of the P2Y2R signaling pathway to regulate nucle-
otide-induced vasoconstriction. The transactivation of the
EGFR activity by GPCRs is a complex molecular process that
governs many aspects of the cell fate (32, 33), nevertheless, the
question of whether EGFR in turn transregulates GPCR activity
in intact human tissues is a challenging issue that remains to be
addressed (34).
Here we report that in the SMC of HCA, the P2Y2R is not

associated with membrane rafts; however, selective receptor
activation with 1 �M UTP results in its rapid partition to raft
domains. Stimulation with higher UTP concentrations further
caused the internalization of the P2Y2R, a finding concomitant
with the fading of theUTP-evoked contractions in these human
vessels. Membrane raft disruption by tissue cholesterol deple-
tion resulted in reduction of the receptor mass associated with
these microdomains, a procedure that nonetheless did not
modify the UTP-induced vasomotor responses. Remarkably,
partition of the P2Y2R into rafts and its internalization were
found to depend on the activation of the EGFR and the actin
cytoskeleton, implying RhoA and Rac1 GTPase activity. The
vasomotor action elicited by P2Y2R activation was also depen-
dent on the EGFR tyrosine kinase activity. These results show
for the first time that membrane distribution and the vasomo-
tor activity of the P2Y2R are processes transregulated by the

EGFR, revealing an unprecedented functional interplay be-
tween the P2Y2R and the EGFR in smooth muscle cells.

EXPERIMENTAL PROCEDURES

P2YR Ligands andDrug Providers—ATP trisodium salt, ADP
disodium salt, UTP trisodium salt, UDP disodium salt, uridine,
serotonin (5-HT) as the hydrochloride salt, M�CD, and anti-
proteases were purchased from Sigma. MRS 2365 as the triso-
dium salt was purchased from Tocris Bioscience (Ellisville,
MO). AG1478, latrunculin B, and PD98059 were purchased
from Calbiochem. Percoll was from Amersham Biosciences.
For the preparation of buffers, we only used analytical grade
reagents, which were obtained fromMerck.
Obtainment of Human Placentas—Full-term placentas from

normal pregnancies delivered vaginally or by caesarean section
were derived from the maternity ward associated with the
Department of Obstetrics and Gynecology of the School of
Medicine at the P. Catholic University Clinical Hospital, San-
tiago. The ethics committees from the School of Medicine and
the Faculty of Biology approved the experimental protocols
using human tissues; the guidelines for the handling of human
materials were strictly adhered to. Appropriate informed con-
sent was obtained as requested by the School of Medicine Ethics
Committee. Concerted actions with other investigators in our
Department allowedamore complete studyof this organ;whereas
we dissected chorionic blood vessels, other colleagues used the
cord or the body of the placentas for independent protocols. The
corresponding ethical regulations were strictly adhered to.
At least 60 placentas were used in the experiments reported

in this study. Full-term placentas were transported to the labo-
ratory within 5–15 min of childbirth; immediately thereafter,
segments of superficial HCA were carefully dissected from the
main body to perform the protocols. For some experiments,
segments conserved an intact endothelium, whereas in other
experiments, the vessel segments were manually denuded of
the endothelial cell layer by gently rubbing the internal vessel
surface with a cotton swab; this procedure was described to
eliminate the internal endothelial layer without damaging the
adjacent smoothmuscle layer (35). To performother protocols,
as will be specified separately, HCA vessel segments were per-
fused with one of the nucleotide receptor agonists for 1, 2, or 4
min; immediately thereafter, these vessel segments were placed
in liquid nitrogen until further tissue processing. Functional
assays were also performed to assess the biological activity of
the P2Y2R upon challenge with selective nucleotide agonists or
the removal of the tissue cholesterol. Each of these protocols
will be detailed below.
Detergent-free purification of membrane rafts and plasma

membrane-enriched fraction isolation from HCA were done
according to the methods described by Song et al. (36) and
Smart et al. (37), respectively, and modified as we described
previously (9).
Immunoblotting—Antibodies for the human P2Y1R were

generated and characterized previously (7). Antibodies against
P2Y2R, P2X1R, RhoA, Cdc42, caveolin-3, flotillin-1, Gq, phos-
pho-ERK, and Na�/K� ATPase (�-subunit) were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-
bodies against Rac were from Cytoskeleton, Inc. (Denver, CO),

Transregulation of the P2Y2R Membrane Distribution by EGFR

JANUARY 29, 2010 • VOLUME 285 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 2941



and anti-ERK antibodies (pan-ERK) from BD Biosciences
Pharmingen.
Proteins were separated by SDS-PAGE on 10% acrylamide

gels and transferred to polyvinylidene difluoride membranes.
These membranes were incubated with the specific antibodies
to detect the indicated proteins and visualized using horserad-
ish peroxidase-conjugated secondary antibody and the ECL
detection system (SuperSignal�West Femto, Pierce). Immuno-
blots were digitized in a VISTA-T630 UMax scanner driven by
Adobe Photoshop CS (Adobe Systems, Mountain View, CA);
quantitative analysis was done with the ImageJ software
(National Institutes of Health).
Ex Vivo Tissue Perfusion with P2Y2R Agonists—A 3–5-cm

segment from the second bifurcation of the principal super-
ficial chorionic artery was carefully dissected from the pla-
cental body. The tissue was immediately denuded of the
endothelial cell layer as described previously (9). Immedi-
ately thereafter, one end of the vessel was cannulated with PE
190 tubing and perfused with 95% O2, 5% CO2 gassed Krebs-
Ringer buffer maintained at 37 °C at a flow of 4 ml/min; the
vessels were placed inside a 1.5-ml Eppendorf tube, keeping
humid and warm the external surface of the tissue. In this
way, the buffer bathed the inside and outside of the vessel
during the ex vivo perfusion procedure. After an equilibrium
period of 15–20 min, the tissues were perfused with 1 �M

UTP for 4min. Upon completion of the perfusion procedure,
the tissues were rapidly dismounted from the perfusion set
and immediately immersed in liquid nitrogen until tissue
processing for fractionation and sucrose gradient applica-
tion as detailed above. Control experiments performed with-
out freezing the tissue showed that these procedures did not
alter the membrane raft localization of the P2Y2R and con-
trol proteins.
To test the agonist specificity of the putative receptors, we

next perfused separated artery segments for 4 min with one of
the following nucleotides: 10 nMMRS 2365, 100 nM ADP, 1 �M

UTP, or 1�Muridine. Each of these studies was repeated in 3–4
separate vessels obtained from independent placentas.
To examine whether the receptor microregionalization was

altered by agonist activation and to assess the timing required
for the P2Y2R to incorporate into raft domains, additional
experiments were performed by perfusing 1 �M UTP for either
1, 2, or 4 min; immediately thereafter, blood vessels were
immersed into liquid nitrogen for sucrose gradient centrifuga-
tion. To test the participation of actin cytoskeleton and the
involvement of the EGFR on P2Y2R raft translocation, we per-
fused 100 nM latrunculin B or 100 nM AG1478 during 30 min.
Next, UTP was added to a final concentration of 1 �M and
perfused for another 4 min. The vessels were dismounted and
processed as described previously.
All these experiments were performed in Krebs-Ringer solu-

tions gassed with 95% O2, 5% CO2 at 37 °C; protocols were
repeated in at least 3–4 independent placentas. Parallel bioas-
says determined the course of the vasocontractile activity
ensued by agonist application and the viability of the tissues;
these protocols will be detailed below.

Quantification of Tissue Cholesterol Content followingMeth-
yl-�-cyclodextrin Treatment—Extraction and quantification of
tissue cholesterol were done exactly as we described previously
(9).
Vascular Reactivity Assays—Intact segments of HCA were

dissected from surrounding tissues; 0.3–0.5-cm width rings
were carefully prepared for bioassays as previously detailed (9).
Muscular contractions were evoked with 1–2-min applications
of increasing UTP concentrations; once the maximal contrac-
tion was reached, the agonists were rapidly rinsed, avoiding
desensitization of the motor responses.
To assess whether removal of the membrane cholesterol

influenced the vasomotor responses elicited by UTP, the next
series of experiments examined the effect of tissue incubation
with 10mMM�CD.These experimentswere performed exactly
as we described previously (9). Once the rings reached themax-
imal contraction evoked by 70mMKCl, 1�MUTPwas added to
the tissue bath for less than 2 min to avoid tissue desensitiza-
tion. Next, tissues were exposed to 10 mM M�CD for 90 min,
after which the challenge with UTP was repeated. Results eval-
uated the contractile responses evoked by each vasomotor ago-
nist before and after treatment with M�CD.
Receptor Internalization Assays—In analogy to the observa-

tion of the loss of the vasomotor response following 10–100�M

UTPapplications, an additional set of experiments analyzed the
PM distribution of the P2Y2R in HCA segments perfused ex
vivo with either 1, 10, or 100 �M UTP. The procedure for the
PM assay of the P2Y2R was described above. To test the effects
of AG1478 on the receptor internalization, we perfused Krebs-
Ringer solution gassed with 95% O2, 5% CO2 at 37 °C contain-
ing 100 nM AG1478 for 30 min. Then UTP was added to a final
concentration of 10 �M and perfused for another 4 min.
RhoA, Rac1, and Cdc42 Pull-down Activity Assays—RhoA

activation was studied using as substrate the RhoA binding
domain of rhoketin. Rac1 andCdc42were studied using as sub-
strate the Pak1 binding domain. Both were contained in a glu-
tathione S-transferase fusion proteins (GST-RhoA binding
domain andGST-Pak1 binding domain) kindly provided by Dr.
Keith Burridge (University of North Carolina) (38). Briefly,
HCA segments were perfused with Krebs-Ringer solution
gassed with 95% O2, 5% CO2 at 37 °C and a flow rate of 4 ml
min�1 containing 1 �M UTP for 4 min. HCA segments were
ground in a cold slab in the presence of pull-down buffer (50
mM Tris, pH 7.6, 0.5 mM MgCl2, 500 mM NaCl, 1% Triton
X-100, 0.1% SDS, 0.5% deoxycholate, 10 �g/ml each of aproti-
nin and leupeptin, and 1 mM phenylmethylsulfonyl fluoride).
The extracts were centrifuged at 14,000 rpm for 10min to elim-
inate debris. The supernatantwas sequentially incubated for 1 h
with 30 �g of either GST-RhoA binding domain or GST-Pak1
binding domain coupled to glutathione-Sepharose beads to
precipitate RhoA-GTP or Rac1-GTP (38). Total RhoA, Rac1,
and Cdc42 present in 30 �g of whole cell lysates used for load-
ing controls and pulled down RhoA-GTP, Rac1-GTP, and
Cdc42-GTPwere detected by immunoblot using the respective
monoclonal antibodies.
To analyze the time dependence of GTPase activation medi-

ated by UTP, HCA segments were perfused with 1 �M UTP for
0.5 and 1 min. Agonist perfusion and pull-down assays were
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done as described above. Similarly, studies were performed to
evaluate the UTP concentration dependence for the GTPases
activation. For this purpose, HCA segments were perfusedwith
1, 10, and 100 �M UTP for 4 min. Finally, to test the effects of
AG1478 on theGTPase activity, we perfusedKrebsRinger solu-
tion gassed with 95% O2, 5% CO2 at 37 °C containing 100 nM
AG1478 for 30 min. Then UTP was added to a final concentra-
tion of 1 �M and perfused for another 4 min. The vessels were
dismounted and processed as described above.
Quantification of Vasomotor Responses and Statistical

Analysis—Nucleotide-induced isometric vasomotor responses
were quantified as the tension developed by each agonist in
intact vessel rings or vessels denuded of the endothelial cell

layer. The motor responses were
quantified as the tension force that
was expressed in g of tension
developed; results were generally
normalized agonist the standard
of 70 mM KCl used at the begin-
ning of each bioassay. At least 4–6
separate rings were examined per
agonist examined; the rings were
derived each time from separate
placentas. Statistical analysis used
Student’s t test when appropriate or
Dunnett’s tables for multiple com-
parisons with a single control. In all
cases, a p value less than 0.05 was
considered significant.

RESULTS

The P2Y2R Partitions into Mem-
brane Rafts upon Agonist Stimula-
tion in HCA-SMC—Membrane rafts
enriched in glycosphingolipids and
cholesterol are currently isolated
by flotation in sucrose gradients as
low density membranes. Analysis of
the gradient’s fractions by Western
blot indicated that the inactive
P2Y2R did not associate with mem-
brane rafts, as evidenced by its co-
migration with the � subunit of
Na�/K� ATPase (n � 10), a non-
membrane raft protein. As mem-
brane raft markers, we showed that
either flotillin-1 or caveolin-3, the
muscle-caveolin variant (Fig. 1A),
were consistently found floating in
low density fractions containing
15–25% sucrose. In addition, pro-
tein Gq, the signaling partner of the
P2Y2R (39), was also partially local-
ized in low density fractions (Fig.
1A). Densitometric analysis of the
bands indicated that 100% (n � 10)
of the total P2Y2R mass was
excluded from the raft fractions

(Fig. 1B).We also examined the distribution of two other nucle-
otide receptors. As much as 50 and 30% of the P2X1R and
P2Y1R, respectively, were also found in low density fractions
(Fig. 1C) (9). Similar distribution of the P2Y2R was observed in
parallel experiments performed using the OptiPrepTM proce-
dure (9). These results suggest that inactive P2Y2R does not
have the properties for being targeted to membrane rafts.
Because GPCR activation may induce in and out transloca-

tions from membrane rafts (40–42), we assessed whether
P2Y2R activation changed itsmembrane localization. Perfusion
of HCA segments with 0.1 or 1 �M UTP for 4 min showed a
concentration-dependent translocation of the P2Y2R into low
density fractions (Fig. 1A). Lower UTP concentrations (0.1–1

FIGURE 1. UTP changes the plasma membrane distribution of the P2Y2R. The association of the P2Y2R with
raft domains was assessed in sodium carbonate extracts separated in sucrose gradients; membrane rafts
generally correspond to fractions 4 –7 that were enriched with the endogenous markers flotillin-1 and caveo-
lin-3. In non-stimulated HCA, the P2Y2R localized exclusively in fractions 9 –11 co-migrating with the non-
membrane raft protein Na�/K� ATPase subunit � (representative immunoblots of three independent experi-
ments are shown). Furthermore, the P2Y2R signaling partner Gq was distributed in raft and non-raft fractions
(A). The P2Y2R associates with membrane rafts upon agonist stimulation. HCA segments were perfused ex vivo
with different concentrations of UTP for 4 min (n � 3 each). Immunoblots from sucrose density gradients show
that 0.1–1 �M UTP caused a rapid and nearly complete P2Y2R enrichment in membrane rafts (A). For compar-
ative purposes, densitometry of the sodium carbonate immunoblots for P2Y2R and flotillin-1 are shown in
B. Symbols, average values; bars, S.E. (n � 3). As a control, we observed that the P2Y1R and the P2X1R from these
vessels partially localized in raft fractions (C). The contractile response elicited by UTP was plotted as a concen-
tration-response curve; maximal response was attained with 1 �M, and larger concentrations elicited less
response (D). Symbols, average values; bars, S.E. (n � 4). E, P2Y2R internalization induced at 10 –100 �M UTP.
HCA segments were perfused with 1, 10, or 100 �M UTP for 4 min; as controls, separated vessels were perfused
with agonist-free buffer. Cells were harvested, SMC-plasma membranes were isolated by centrifugation, and
15 �g of these fractions were subjected to Western blot analysis using the indicated antibodies. Representative
immunoblots are shown in the upper part of E; columns, mean values; bars, S.E. *, p � 0.05 as compared with the
controls.
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nM) did not modify the receptor distribution in the sucrose
gradient (data not shown). Increasing UTP concentration to 1
�M produced an apparent further increase in the receptor
translocation because we consistently observed that nearly 50%
of the receptor translocated to the raft domains (Fig. 1A). Fur-
thermore, a 4-min tissue perfusion with an agonist-free buffer
provided evidence that 100% of the P2Y2R was present in the
non-raft fractions, therefore discarding nonspecific effects due
to shear stress or other variables related to the perfusion
procedure.
On the other hand, UTP elicited a slow rise in the vasocon-

striction response that attained its maximum with 1 �M UTP
(Fig. 1D). The contraction was not sustained, because shortly
after reaching its maximum, the response faded rapidly to basal
tension (data not shown). Further increasing the concentration
to 10�Mdid not evoke a larger vasomotor effect; in contrast, we
repeatedly noted an evident reduction in the motor response
(Fig. 1D).
P2Y2R Internalization Is a Rapid and Concentration-depen-

dent Process—To further investigate the molecular mechanism
accounting for the rapid decrease in the vasomotor response,
we next examined whether desensitization might be related to
P2Y2R internalization. Western blot analysis of the PM-en-
riched fractions showed thatHCAperfused for 4minwith 1�M

UTP did not modify the P2Y2R present in the PM (Fig. 1E), a
result that further reinforced our notion that the partition of
the activated P2Y2R into the low density fractions is due to
receptor association withmembrane rafts from the cell surface.
In contrast, increasing UTP to 100 �M induced the complete
clearance of the PM-associated P2Y2R (Fig. 1E). As a control, it
was shown that tissue perfusion with UTP did not change
either the P2Y1R fraction associated with the PM (Fig. 1E) or
its membrane raft association (9). These PM-enriched frac-
tions showed only a minor or null contamination with other
cell markers (9, 37).
P2Y2R Occupation with UTP Analogues Induces Receptor

Partitioning into Membrane Rafts—To further substantiate
that the activation of the P2Y2R is necessary for its transloca-
tion into membrane rafts, we assessed whether structural ana-
loguesmimicked the effect of UTP. Perfusion ofHCA segments

withATPorUDPalso evidenced a displacement of the receptor
toward the low density fractions (Fig. 2, A and C), although the
latter redistributed the P2Y2R with a lesser potency (Fig. 2, A
and C). Consonant with the notion that receptor partition into
membrane rafts is dependent on P2Y2R activation, uridine did
not elicit receptor translocation into low density fractions.
Likewise, other nucleotides with preferential affinity for the
P2Y1R, such as ADP (100 nM) or MRS 2365 (10 nM), did not
mimic the effect of UTP (Fig. 2, B and C).
M�CD Reduces the UTP-induced P2Y2R Partitioning into

Membrane Rafts without Modifying Its Vasomotor Activity—
Tissue treatment with M�CD reduced by 60% the UTP-in-
duced P2Y2R association with low density fractions (n � 3, p �
0.05; Fig. 3,A andB), an effect attributed to the 50% reduction of
the tissue cholesterol content elicited by the dextrin treatment
(9).M�CDdid notmodify either theUTP vasomotor responses
or those elicited byKCl (Fig. 3,C andD), although the responses
became slower, retarding the maximum response. In contrast,
parallel experiments showed that cholesterol depletion abro-
gated the vasoconstrictions evoked by 2-MeSADP (Fig. 3C),
confirming our previous report (9). Thus, these data strongly
suggest that the vasocontractile action of UTP is independent
of the P2Y2R association with raft domains, a finding that con-
trasts with the P2Y1R, and highlights novel aspects that govern
the signaling by nucleotides in vascular SMC.
UTP Induces RhoA and Rac1 GTPase Activation in HCA-

SMC, Implicating EGFR Signaling—Togain further insight into
the translocation mechanism, we next determined the kinetics
of this process. HCA perfused with 1 �MUTP for 1, 2, or 4 min
provided evidence that the displacement of the P2Y2R to low
density fractions was completed within the first minute; pro-
longing agonist exposure for up to 4 min did not yield evidence
of further receptor movements (Fig. 4, A and B), an indication
that translocation is a rapid event in the P2Y2R signaling
cascade.
Because UTP is known to activate small GTPases of the

Rho family in different cell types (43–46) and the EGFR acti-
vates Vav2, a guanine nucleotide exchange factor for RhoA
and Rac1 (47), we next assessed whether the activated P2Y2R
signals toward the EGFR and Rho family GTPases as part of

FIGURE 2. The P2Y2R translocation in membrane rafts is ligand-dependent. To examine whether the P2Y2R association with membrane raft depends on the
occupation of the P2Y2R, HCA were perfused for 4 min with either 10 �M ATP, 1 �M UTP, or 1 �M UDP. A, representative immunoblots showing that all of these
nucleotides induced the association of the P2Y2R receptor to membrane rafts. Neither 1 �M uridine nor 100 nM ADP or 10 nM MRS 2365 evoked the receptor
displacement into raft domains, as shown in representative immunoblots shown in B. Quantification of the immunoblots illustrates the fraction of the P2Y2R
associated with membrane rafts evoked by these nucleotide and their analogs (C). Columns, mean values; bars, S.E. *, p � 0.05 as compared with the controls
(n � 3– 4 per assay).

Transregulation of the P2Y2R Membrane Distribution by EGFR

2944 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 5 • JANUARY 29, 2010



its molecular mechanism. Pull-down assays using the RhoA
and Rac1 substrate GST-rhoketin and GST-PAK, respec-
tively (38, 48), showed a significant 2-fold activation of RhoA
and Rac1 in HCA perfused ex vivo with 1 �M UTP. 10–100
�M UTP did not evoke activation of these GTPases (Fig. 5, A
and C). Kinetic experiments showed that increased RhoA
and Rac1 activities were detected within 30 s of 1 �M UTP
perfusion with a time course compatible with the transloca-
tion of the P2Y2R to low density fractions (Fig. 5, B and D).
Activation of Cdc42 was not detected under these conditions
(Fig. 5, A–D). Thus, there is a correlation between the level of
RhoA and Rac1 activation and the occupation of the P2Y2R in
HCA smoothmuscle cells. Moreover, this finding suggests that

P2Y2R signaling involves EGFR
activity and that the actin cytoskel-
eton actively participates in the
pathways triggered by P2Y2R.
The P2Y2R Signaling and Its

Membrane Distribution Are De-
pendent on the EGFR—We next
assessed whether activation of the
P2Y2R by UTP activates the EGFR
signaling cascade. HCA segments
were perfused ex vivo with 1 �M

UTP in the absence and in the pres-
ence of 100 nM AG1478, a highly
selective inhibitor of the EGFR
tyrosine kinase activity. Tissue per-
fusion with AG1478 completely
blocked the UTP-induced activa-
tion of RhoA and Rac1 (Fig. 5, E
and F). Surprisingly, AG1478 also
fully abrogated the UTP-mediated
P2Y2R association with the low
density fractions, an effect that
was mimicked by the actin seques-
tering drug latrunculin B (Fig. 6, A
and B). AG1478 also blocked the
UTP-mediated internalization of
the P2Y2R (Fig. 6C). Control exper-
iments showed that latrunculin B
did not modify the P2Y1R associa-

tion with membrane rafts (data not shown). The P2Y2R acti-
vates the MAPK/ERK pathway in several cell lines, in many
cases by transactivation of the EGFR (10, 20, 22, 46, 49, 50).
Perfusion of HCA for 4 min with 0–100 �M UTP showed no
changes in the phospho-content of ERK1/2 (Fig. 6D), strongly
suggesting that themembrane distribution of the P2Y2R and its
signaling in this fetal tissue are independent of theMAPK/ERK
pathway. Thus, the EGFR is linked not only to the P2Y2R intra-
cellular signalingmechanismbut also transregulates the plasma
membrane distribution of the P2Y2R.
P2Y2R-mediated Vasomotor Activity Is Dependent on the

EGFR—To directly assess whether the vasomotor response
elicited by P2Y2R activation involves EGFR signaling, we exam-
ined the contractile activity of UTP in HCA rings preapplied
with AG1478. HCA rings pretreated with 100 nM AG1478
evoked only 40% of the vasoconstriction induced by 1 �MUTP.
Increasing AG1478 up to 3 �M was unable to completely block
the UTP-mediated vasoconstrictions (Fig. 7, A and B). The
blockade of the UTP-mediated contractions was specific, as
demonstrated by the insensitivity of KCl-evoked contractions
to the EGFR blocker (Fig. 7C). AG1478 showed a dual action on
the magnitude of the 5-HT-induced contractions; at 100 nM,
this inhibitor increased by 40% the 5-HT-mediated activity,
whereas at 3 �M, we detected a �50% reduction (Fig. 7D).
Collectively, these results strongly suggest that the vasomo-

tor activity of the P2Y2R involves transactivation of the EGFR
which, in turn, retrotransregulates the PM distribution of the
P2Y2R by mechanisms involving Rho GTPases.

FIGURE 3. The UTP-mediated vasoconstrictions are insensitive cholesterol depletion. Representative
immunoblots from sucrose gradients and their quantification show that perfusion of HCA with Krebs Ringer
buffer containing 10 mM M�CD for 1.5 h caused a 60% reduction in the P2Y2R recovered in raft fractions (A and
B). C shows representative tracings of the vasomotor activity elicited by HCA rings prior to and following
treatment with M�CD. Cholesterol depletion by M�CD did not modify either 1 �M UTP- or 70 mM KCl-evoked
vasomotor responses but substantially decreased vasoconstrictions induced by 100 nM 2-MeSADP. D shows a
quantification of these responses. Columns, mean values; bars, S.E. (n � 3– 4 per assay). *, p � 0.05 when
comparing the effect of UTP in tissues with and without M�CD treatment.

FIGURE 4. UTP induced a rapid association of the P2Y2R with membrane
rafts. Kinetics of the P2Y2R association with membrane rafts. HCA segments
were perfused ex vivo with 1 �M UTP for 1, 2, and 4 min (n � 3 each). A shows
representative immunoblots from sucrose density gradients. UTP elicited a
rapid enrichment of the P2Y2R into raft fractions after a 1-min perfusion with
the ligand compared with a control protocol perfused without the agonist
addition. Quantification of these experiments are depicted in B. Columns,
mean values; bars, S.E. (n � 4). *, p � 0.05 when comparing control versus
UTP-perfused tissues.
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DISCUSSION

Three major findings highlight novel aspects of the P2Y2R
cell biology. First, the inactive P2Y2R is excluded from mem-
brane rafts of HCA-SMC; however, upon selective activation,
nearly 50% of the receptor mass rapidly associates to these
microdomains. Second, the P2Y2R membrane distribution
requires EGFR activity and actin cytoskeleton remodeling,
highlighting the role of RhoA and Rac1 GTPases in P2Y2R
signaling. In addition, a rapid and concentration-dependent
P2Y2R internalization is functionally reflected in UTP concen-
tration-response curves. Finally, bioassays concur in showing
that the P2Y2R-evoked vasoconstrictions are of slow onset and

involve indirectly the EGFR pathway cascade, highlighting the
importance of complementing cell biology studies with physi-
ological bioassays (see Fig. 8).
Membrane rafts, which include caveolae and non-caveolae

microdomains, have been amply described (51, 52). In non-
stimulated HCA-SMC, the P2Y2R was located outside mem-
brane rafts, and these corresponded to the receptors competent
for smooth muscle contraction. Although several GPCRs have
previously been shown to reside in rafts and caveolae, we have
discovered that the activated P2Y2R shared this location. This is
the first report showing raft localization for active P2Y2R.
Although our biochemical methods of preparing membrane
rafts amply support the conclusions (9), the ultimate proof will
require high resolution microscopy. Unfortunately, the P2Y2R
antibody has limitations in the usage of these methodologies.
The finding that tissue exposure to UTP or ATP and to a

minor extent UDP but not to other structurally related nucleo-
tides reveals that selective P2Y2R occupation is required for the
receptor association with rafts. In the same tissue, the fraction
of the P2Y2R found in membrane rafts exceeds the proportion
of the P2Y1R, which never was over 30–35%. Myristylation
and/or palmitylation of the Src family tyrosine kinases and Ras
proteins have been shown to be critical for its association with
membrane rafts (53, 54). Consistently, the P2Y2R, which lacks
potential S-alkylation cysteines (55), was not detected in raft
domains. We now show evidence indicating that the actin
cytoskeleton plays a role in this process; latrunculin B, a known
disrupter of the actin cytoskeleton remodeling, abrogated the
UTP-evoked receptor microregionalization.
Because the UTP-evoked vasomotor activity was blocked by

AG1478,we infer that EGFR transactivation is amajor signaling
event involved in P2Y2R-mediated contractile activity. Trans-
activation of the EGFR by GPCR agonists was first reported by
Daub et al. (56) in rat fibroblasts and subsequently observed in
additional cell types and for other GPCR ligands (32). This
process may involve the activation of the tyrosine kinases Pyk2
and Src (57, 58) or the proteolytic processing of the pro-hepa-
rin-binding EGF (32). Bothmechanisms result in rapid tyrosine
phosphorylation and activation of the EGFR. UTP-mediated
EGFR transactivationwas previously reported in 1321N1 astro-
cytoma cells (19). The mechanism of the EGFR transactivation
in HCA remains unknown, but the recent report describing the
activation of the Pyk2/Src pathway by UTP suggests that it may
likewise be involved in HCA vasoconstriction (19). The EGFR
expression levels in HCA seem to be very low, given that we
were unable to detect it by Western blots even after immuno-
precipitation (31). Notwithstanding and surprisingly, AG1478
not only reduced the vasomotor activity mediated by UTP but
also completely blocked the UTP-mediated partition of the
P2Y2R into membrane rafts and its internalization. These
observations strongly suggest that EGFR is indeed a down-
stream element in the P2Y2R signaling; thus, we propose that
the transactivated EGFR in turn retrotransregulates the plasma
membrane distribution the P2Y2R, which is also a novel func-
tional role for the EGFR (see Fig. 8, A.2). A recent report from
Ma and co-workers (34) described how EGF induces internal-
ization of the �- and �-opioid receptors through GRK2 activa-
tion in HEK293 cells. To our knowledge, our present data rep-

FIGURE 5. The UTP-mediated activity of both RhoA and Rac1 is dependent
on EGFR tyrosine kinase activity. The activation of both RhoA and Rac1, but
not Cdc42, precedes the partition of the P2Y2R into membrane rafts. UTP-
mediated activation of RhoA, Rac1, and Cdc42 was measured in HCA seg-
ments perfused with 1, 10, and 100 �M UTP; densitometric analysis showed a
concentration-dependent activation of RhoA and Rac1, reaching a maximum
at 1 �M UTP (A and C). Kinetic experiments using 1 �M UTP showed that the
increase in the GTP loading of RhoA and Rac occurs within the first 30 s of UTP
perfusion (B and D). Cdc42 was not activated under these conditions. Control
experiments were performed in HCA segments perfused with agonist-free
buffer. Data were normalized to the relative activation of the protein com-
pared with the control and assigned an arbitrary value of 1; bars, S.E. (n � 3 per
assay). *, p � 0.05 when comparing control versus UTP-perfused tissues. HCA
segments were perfused sequentially with Krebs-Ringer buffer with or with-
out 100 nM AG1478 for 30-min and the same buffer supplemented with 1 �M

UTP for another 4 min. Activation of RhoA and Rac1 GTPases by UTP were
completely blocked by the EGFR tyrosine kinase inhibitor (E and F). *, p � 0.05
as compared with the same protocol without AG 1478 (n � 3– 4 per assay).
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resent the first example of a tyrosine kinase receptor that
transregulates the membrane distribution of a GPCR in a hu-
man tissue with a functional correlate.
It was essential to address whether the receptor signaling

leading to vasomotor activity occurred in rafts. Disruption of
thesemicrodomainswithM�CDdid not essentially perturb the
UTP-evoked vasomotor responses or the contractions elicited
by KCl or 5-HT, whereas it abrogated the P2Y1R-induced vaso-
contractile responses (7) (this study). We conclude that P2Y2R
signaling occurs atmembrane sites other than raft domains and
that the receptor translocation into rafts must occur after sig-
naling. Taken together, these observations strongly suggest that
the environment of the PM microdomain in which the P2Y2R
operates dictates signal output. In fact, the UTP-mediated acti-
vation of p38 in HeLa cells was reported to be blocked by cho-
lesterol depletion or knocking down of flotillin-2; in contrast,
the ERK1/2 pathway was not affected (10).
The PM is a highly dynamic structure exposed to constant

internalization and recycling of endocytic vesicles (59). Endo-
cytosis occurs through clathrin-dependent and -independent
mechanisms, although the precise nature of the clathrin-inde-
pendent pathways remains unclear. Tissue exposure to UTP
resulted in P2Y2R internalization, a process that required UTP
concentrations larger than necessary to elicit maximal vasomo-
tor responses. Although 1 �M UTP, which caused the maximal

contraction, did not evidence a de-
tectable P2Y2R internalization even
after 60 min of ligand perfusion
(data not shown), increasing 10-
fold the concentration of UTP
evoked a rapid and nearly com-
plete clearance of the receptor
from the PM-enriched fractions, a
likely indication that the P2Y2R was
internalized. This finding is related
in all likelihood to the vasomotor
concentration-response curve (Fig.
1D). Other tissues and/or cell lines
require larger concentration and a
longer exposure to UTP to elicit
significant receptor internalization
(60–62). Most likely, low agonist
concentration results in poor �-ar-
restin recruitment needed for effi-
cient internalization (62). On the
other hand, rapid internalization
could result in uncoupling of the
receptor from its signaling machin-
ery, avoiding overstimulation trig-
gered by sustained receptor activa-
tion. The finding that RhoA and
Rac1 activity also follow an activation
peak supports this interpretation.
Whether the P2Y2R follows a

clathrin-dependent or -indepen-
dent pathway has been controversial
(62, 63). For the EGFR. it is known
that “selection” of a specific inter-

nalization route depends on the EGF concentration (i.e. low
ligand concentration induces receptor sequestration through a
clathrin-dependent pathway, whereas high ligand concentra-
tion targets the EGFR to a clathrin-independent/raft-depen-
dent pathway, which finally transports cargoes to the degrada-
tive pathway) (64). Although the present results are in line with
this latter hypothesis, we were unable to detect reduction in its
expression by Western blots even after 3 h of UTP perfusion
(data not shown). Future work using selective inhibition/
knockdowns of proteins involved in these internalization pro-
cesses will be necessary to definitively address these issues.
Low UTP concentrations increased both RhoA and Rac1

activities 2-fold without affecting Cdc42 activity. Although we
did not explore which guanine nucleotide exchange factors are
involved, themost plausible candidate is Vav2, which has RhoA
and Rac1 guanine nucleotide exchange factor activity and also
is phosphorylated and activated by EGFR (47). In this way, the
blocking action of AG1478 demonstrated that RhoA and Rac1
were both activated downstream from the P2Y2R/EGFR axis.
Most likely, this process commands the translocation of the
P2Y2R into membrane rafts and the receptor’s internalization
kinetics (see Fig. 8).
The P2Y2R is known to activate a variety of signaling path-

ways, including the mitogen-activated protein kinase ERK1/2
and the small GTPases of the Rho family (43, 45, 65). However,

FIGURE 6. The P2Y2R plasma membrane distribution is dependent on EGFR tyrosine kinase activity and
actin cytoskeleton. The UTP-mediated partitioning of the P2Y2R into membrane rafts was also blocked by
either AG1478 or 100 nM latrunculin B (A and B). HCA segments were perfused sequentially with Krebs-Ringer
buffer with or without 100 nM AG1478 for 30 min and the same buffer supplemented with 10 �M UTP for
another 4 min. As controls, separated vessels were perfused with agonist-free buffer. C shows that the P2Y2R
internalization induced by 100 �M UTP is dependent on the EGFR tyrosine kinase activity. HCA segments were
perfused with 100 �M UTP for 4 min; as controls, separated vessels were perfused with agonist-free buffer. Cells
were harvested; SMC-plasma membranes were isolated by centrifugation; 15 �g of these fractions were sub-
jected to Western blot analysis using the indicated antibody. Representative immunoblots are shown in the
upper part of C. Columns, mean values; bars, S.E. HCA segments were perfused ex vivo with 0 –100 �M UTP for 4
min. Cell-equivalent amounts of lysate were resolved by SDS-PAGE and transferred to polyvinylidene difluo-
ride membranes. Blots were probed with monoclonal anti-phospho-ERK antibodies and developed with the
ECL enhanced chemiluminescence detection system (SuperSignalR West Femto, Pierce). As a loading control,
membranes were stripped and probed for total ERK. A representative blot of three independent experiments
is shown in D. No increases in the phospho-content of ERK were detected after UTP perfusions.
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until now, it was unclear whether these pathways were involved
in HCA vasoconstrictions induced by nucleotides. The P2Y2R
has been shown to mediate proliferative signaling through
UTP, a process most probably involving transactivation of the
EGFR/ERK pathway (10, 20, 22, 46, 49). However, we could
not detect any increase in phospho-ERK1/2 after perfusion of
HCA with 1–100 �M UTP. Furthermore, HCA perfusion with
PD98059, a well known mitogen-activated protein kinase/
extracellular signal-regulated kinase kinase (MEK) inhibitor,
was unable to block the vasomotor activity mediated by UTP
(data not shown). Most likely, the P2Y2R/EGFR axis in this
human fetal tissue is coupled to signaling pathways related to
short term responses, such as those described here.
RhoA-dependent signaling controls smooth muscle cell

functions, such as contraction and proliferation (66–68). The
classical hypothesis establishes that the vasocontractile action
of RhoA results from the activation of Rho-dependent kinase,
which phosphorylates the myosin light chain phosphatase,
allowing a phosphorylation increase of the myosin light chain
and contraction at a constant [Ca2�], a phenomenon called
Ca2� sensitization (69, 70). We now describe that 10 �M

Y27632, a Rho-dependent kinase inhibitor, did not block the
UTP-evoked translocation of the P2Y2R into rafts or its vaso-
contractile action; however, Y27632 significantly halved the
5-HT-mediated vasomotor activity (supplemental Fig. 1). Thus,

the UTP-mediated contractile activity partially follows after
EGFR activation (discussed below) rather than direct release
of intracellular calcium reservoirs elicited by IP3, explaining its
relatively delayed onset as compared with the faster motor
responses elicited by other vasoconstrictors, such as 5-HT,
noradrenaline, or angiotensin II, known to depend directly on
intracellular calcium release. Therefore, the vasomotor action
of UTP is indirect in nature (see Fig. 8), since it requires EGFR
activation, a finding that could account for the rather modest
component attributed to nucleotides as compared with other

FIGURE 7. The UTP-mediated vasoconstrictions are dependent on EGFR
signaling. A representative tracing of a vascular reactivity assay of a HCA ring
shows that the contractile response of 1 �M UTP was halved by 0.1 or 3 �M

AG1478 (A and B). As a control, AG1478 did not modify the KCl-induced vaso-
constrictions (C). As an additional control, we also evaluated whether the
vasomotor responses evoked by 300 nM 5-HT were modified by AG1478.
Quantification of the polygraphic recordings showed that 0.1 �M AG1478
increased by 40% the 5-HT-induced contractions, whereas at 3 �M, these
were halved (D). Columns, mean average contraction (n � number of inde-
pendent experiments); bars, S.E.; *, p � 0.05.

FIGURE 8. Model of P2Y2R membrane distribution and its regulation by
agonists. UTP-mediated activation of the P2Y2R induces transactivation of
the EGFR, leading to vessel contraction (A.1) in turn, the EGFR retrotransregu-
lates the membrane distribution of the P2Y2R through a mechanism involv-
ing RhoA and Rac1 GTPases, and actin cytoskeleton remodeling (A.2). Under
high UTP concentration, the P2Y2R is rapidly internalized, avoiding excessive
P2Y2R signaling (B).
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agents known to play a key role in regulating the vascular wall.
Likewise, the P2Y1R-evoked vasoconstrictions account for only
20% of those induced by KCl; thus, the purinergic component
governing vascular tone is but one of a multiple set of endoge-
nous compounds that concur in vascular wall tone regulation
(71).
We demonstrated years ago that arachidonic acid (AA) and

thromboxane � receptors are involved in HCA vasoconstric-
tions mediated by the P2Y2R (7). The role of the AA cascade in
the generation of potent and efficacious vasoactive metabolites
is of paramount importance for the maintenance of the vaso-
motor tone of human placental vessels (72–74). We demon-
strated that prostaglandin E2 or F2� (35) and even adenosine
contracts main conductance placental vessel rings, probably by
the release of thromboxane (74), reiterating the importance of
AA metabolites in the regulation of placental vasomotor tone.
AA has been shown to activate protein kinase C, which in turn
phosphorylates theMLCP regulator CIP17 (75). AA also can be
produced by EGFR activation; therefore, it is possible that in
HCA-SMC the UTP-mediated EGFR transactivation generates
AA responsible in part for vasoconstrictions.
In summary, Fig. 8 illustrates ourmodel linking P2Y2Rmem-

brane distribution with vasomotor responses. P2Y2R signaling
starts out of raft domains. As a result, the EGFR is transacti-
vated by an as yet non-definedmechanism, which results in the
activation of a pathway that probably includes Vav2 and RhoA/
Rac1 GTPases. Actin remodeling follows, allowing the translo-
cation of the P2Y2R into the raft domains. The physiological
consequences of this P2Y2R-EGFR interplay remain to be
examined at the light of recent findings relating nucleotide
receptor oligomerization and signaling (76, 77). Finally, these
findings should be extended not only to SMC from other
human vascular beds but also to other organs and cell types
where the P2Y2R and the EGFR are co-expressed. Because the
EGFR is a target for anticancer drugs (78) and plays a funda-
mental role in vascular physiology (28–30, 79, 80), the present
findings highlight novel clinically relevant opportunities with
therapeutic potential.
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L. I., González, F. A., Seye, C. I., Weisman, G. A., and Erb, L. (2004) J. Biol.
Chem. 279, 8212–8218

20. Morris, J. B., Pham, T. M., Kenney, B., Sheppard, K. E., and Woodcock,
E. A. (2004) J. Biol. Chem. 279, 8740–8746

21. Schafer, R., Sedehizade, F., Welte, T., and Reiser, G. (2003) Am. J. Physiol.
Lung Cell Mol. Physiol. 285, L376–L385

22. Soltoff, S. P., Avraham, H., Avraham, S., and Cantley, L. C. (1998) J. Biol.
Chem. 273, 2653–2660

23. Wagstaff, S. C., Bowler, W. B., Gallagher, J. A., and Hipskind, R. A. (2000)
Carcinogenesis 21, 2175–2181

24. Hollenberg, M. D. (1995)Mol. Cell Biochem. 149, 77–85
25. Jorissen, R. N., Walker, F., Pouliot, N., Garrett, T. P., Ward, C. W., and

Burgess, A. W. (2003) Exp. Cell Res. 284, 31–53
26. Berk, B. C., Brock, T. A., Webb, R. C., Taubman, M. B., Atkinson, W. J.,

Gimbrone, M. A., Jr., and Alexander, R. W. (1985) J. Clin. Invest. 75,
1083–1086

27. Muramatsu, I., Hollenberg, M. D., and Lederis, K. (1985) Can J. Physiol.
Pharmacol. 63, 994–999

28. Hao, L., Du,M., Lopez-Campistrous, A., and Fernandez-Patron, C. (2004)
Circ. Res. 94, 68–76

29. Zhang, H., Chalothorn, D., Jackson, L. F., Lee, D. C., and Faber, J. E. (2004)
Circ. Res. 95, 989–997

30. Thomas, W. G., Brandenburger, Y., Autelitano, D. J., Pham, T., Qian, H.,
and Hannan, R. D. (2002) Circ. Res. 90, 135–142

31. Buvinic, S., Bravo-Zehnder, M., Boyer, J. L., Huidobro-Toro, J. P., and
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