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Damage to the CNS can cause a differential spatio-temporal
release of multiple factors, such as nucleotides, ATP and UTP.
The latter interact with neuronal and glial nucleotide receptors.
The P2Y2 nucleotide receptor (P2Y2R) has gained prominence
as a modulator of gliotic responses after CNS injury. Still, the
molecular mechanisms underlying these responses in glia are
not fully understood. Membrane-raft microdomains, such as
caveolae, and their constituent caveolins, modulate receptor
signaling in astrocytes; yet, their role in P2Y2R signaling has not
been adequately explored. Hence, this study evaluated the role
of caveolin-1 (Cav-1) inmodulating P2Y2R subcellular distribu-
tion and signaling in human 1321N1 astrocytoma cells. Recom-
binant hP2Y2R expressed in 1321N1 cells and Cav-1 were found
to co-fractionate in light-density membrane-raft fractions, co-
localize via confocal microscopy, and co-immunoprecipitate.
Raft localization was dependent on ATP stimulation and Cav-1
expression. This hP2Y2R/Cav-1 distribution and interaction
was confirmed with various cell model systems differing in the
expression of both P2Y2R and Cav-1, and shRNA knockdown of
Cav-1 expression. Furthermore, shRNA knockdown of Cav-1
expression decreased nucleotide-induced increases in the intra-
cellular Ca2� concentration in 1321N1 and C6 glioma cells
without altering TRAP-6 and carbachol Ca2� responses. In
addition, Cav-1 shRNA knockdown also decreased AKT phos-
phorylation and altered the kinetics of ERK1/2 activation in
1321N1 cells. Our findings strongly suggest that P2Y2R interac-
tion with Cav-1 in membrane-raft caveolae of 1321N1 cells
modulates receptor coupling to its downstream signaling
machinery. Thus, P2Y2R/Cav-1 interactions represent a novel
target for controlling P2Y2R function after CNS injury.

Neurodegenerative conditions are among the leading causes
of death and disability in the United States and have dramati-
cally increased in incidence during the last decade (1, 2). The P2
receptors for extracellular nucleotides have emerged as key

modulators of the pathophysiology of neurodegeneration
(3–6). G protein-coupled P2Y2 nucleotide receptors (P2Y2Rs)3
have been identified in both neurons and glia as mediators of
pro-inflammatory responses, neurotransmission, apoptosis,
proliferation, and cell migration (3–5, 7, 8). In addition, the
P2Y2Rs have also gained prominence, due to their association
with some types of neoplasms, spinal cord injury, and the
enhancement of neuronal differentiation (7, 9–15). Further
insight into the spatio-temporal organization of the P2Y2R and
its signaling cascades in astrocytic cells is required to expand
our knowledge of their role in neurodegenerative diseases. In
this context, evidence suggests that receptors and associated
signaling molecules are not randomly distributed in plasma
membranes but are localized in specialized membrane
microdomains, namely membrane rafts (MRs), such as cave-
olae (Cav) (16–20). MRs are specialized membrane domains
enriched in cholesterol and glycosphingolipids (21), which are
known to localize signaling molecules, including several types
of receptors (e.g. receptor protein kinases and heptahelical
receptors), G protein subunits, and an array of signaling mole-
cules (22–25). These scaffolds serve to facilitate protein-pro-
tein interactions among signaling molecules, thereby integrat-
ing complex signaling pathways.
Recently, we have reviewed and established the importance

of glial caveolins and the caveolar MR compartment in neuro-
degenerative conditions, such as Alzheimer disease, aging,
among others (26, 27). Caveolin-1 (Cav-1), one of the main raft
scaffolding proteins (26, 28–31), has been shown to modulate
multiple cellular responses by couplingmembrane receptors to
downstream signaling molecules (28–32). Because P2Y2R
expression in 1321N1 astrocytoma cells has been shown to
exert glio-protective and neurotrophic actions (33–35), analy-
sis of the subcellular and molecular mechanisms involved in its
actions deserve special attention. Although the precise endo-
cytic mechanism of the P2Y2R has been partially characterized
(36–39), the functional significance of P2Y2R trafficking in
MRs is only beginning to be recognized (36, 40, 41). Therefore,
this study was undertaken to assess the potential role of Cav-1
in modulating P2Y2R subcellular distribution and signaling in
1321N1 astrocytoma cells. Results obtained indicate that
P2Y2R resides inCav-1 raftmicrodomains and their interaction
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regulates P2Y2R signal transduction by extracellular ATP,
including intracellular calcium mobilization and Akt and
ERK1/2 activities. Together, our results suggest that the inter-
action between P2Y2R and Cav-1 in raft microdomains is a key
factormediating nucleotide signaling in astrocytic cells regulat-
ing their protective, trophic, and degenerative functions in the
CNS.

Experimental Procedures

Antibodies and Reagents—The following antibodies and re-
agentswere used in this study: anti-phospho-Akt (Ser473) (D9E)
(1:2000), anti-Akt (pan) (C67E7) (1:1000), anti-phospho-
p44/42 MAPK (ERK1/2) (Thr202/Tyr204, D13.14.4E) (1:2000),
and anti-total p44/42 MAPK (ERK1/2) (1:1000) antibodies
from Cell Signaling Technology (Boston, MA); anti-hemagglu-
tinin (HA) (3F10 and 12CA5) (1:500) antibodies from Roche
Applied Science (Indianapolis, IN); anti-P2Y2 receptor anti-
body (1:400) from Alomone Labs (Jerusalem, Israel); mouse
monoclonal anti-flotillin-2 (1:500) and mouse monoclonal
anti-caveolin-1 (1:1000) from BD Biosciences (San Jose, CA);
rabbit polyclonal anti-caveolin-1 (1:7500), anti-flotillin-2
(1:500), anti-GAPDH (1:10000), mousemonoclonal anti-FLAG
M2-HRP (1:1000), mouse IgG-agarose beads, Protein A-HRP,
anti-FLAGM2Magnetic Beads, and anti-�-tubulin clone B-5-
1-2 (1:5000) from Sigma; horseradish peroxidase-conjugated
goat anti-mouse IgG, goat anti-rabbit IgG, rabbit anti-mouse
IgG1, and rabbit anti-mouse IgG2a secondary antibodies were
obtained fromNeuroMab (UCDavis/NIHNeuroMab Facility);
and Alexa Fluor-488 goat anti-mouse IgG and Alexa Fluor-633
goat anti-mouse IgG secondary antibodies from Molecular
Probes (Eugene,OR). ATP, TRAP-6, and carbamylcholinewere
obtained from Tocris Bioscience (Ellisville, MO). Fetal bovine
serum, fura-2-acetoxymethyl ester (fura-2AM), Pluronic
F-127, Probenecid (water soluble), and ProLong Gold Antifade
Reagent were purchased from Life Technologies. Control
(SC108080), human caveolin-1 (SC29241), and rat caveolin-1
(SC106996) shRNALentiviral Particles, anti-c-Myc (9E10) aga-
rose affinity gel, c-Myc antibody (9E10) HRP (1:1000), normal
rabbit IgG agarose affinity gel, normalmouse IgG agarose affin-
ity gel, normal rabbit IgG, and normal mouse IgG were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). All
other reagents, unless mentioned, were obtained from Sigma.
Cell Culture—Wild type (WT) human 1321N1 astrocytoma

cells devoid of functional P2 receptors, pLXSN 1321N1 astro-
cytoma cells, and human N-terminal HA-tagged P2Y2R
expressing 1321N1 astrocytoma cells were a kind gift from Dr.
Gary A. Weisman, University of Missouri (33, 42–44). WT
human 1321N1 astrocytoma cells were grown at 37 °C in a
humidified 5% CO2 atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% (v/v) FBS (Life
Technologies Corp.), 100 units/ml of penicillin, and 100
mg/ml of streptomycin. To express human HA-tagged P2Y2R
(hHAP2Y2R) in this cell line, the retroviral vector pLXSN was
used, as previously described (42, 43). Human 1321N1 cells
expressing hHAP2Y2R (hHAP2Y2R 1321N1) or the empty vec-
tor pLXSN (pLXSN 1321N1) were grown as above, but in the
presence of 500 �g/ml of G418, and cells were infected with
Cav-1 or scrambled shRNA-containing lentiviral particles in

the presence of 5 �g/ml of puromycin dihydrochloride. C6 rat
glioma and HEK-293 cells (CCL-107 and CRL-1573, American
Type Culture Collection, Manassas, VA) were grown in Ham’s
F-12K or DMEM containing 10% (v/v) FBS (Life Technologies
Corp.), 100 units/ml of penicillin, and 100mg/ml of streptomy-
cin, respectively (45). Cells infectedwith either Cav-1 or scram-
bled shRNA-containing lentiviral particles were supplemented
with 5�g/ml of puromycin dihydrochloride. The immortalized
mousemicroglial cells (BV-2)were originally obtained fromDr.
R. Donato (University of Perugia, Italy) and cultured in DMEM
containing 10% (v/v) FBS (Life Technologies Corp.), 100
units/ml of penicillin, and 100mg/ml of streptomycin (46). Pri-
mary cultures of rat astrocytes (PCRA) (obtained from the
NIH-NCRR-RCMI supportedNeuronal Glia Culture Facility of
Universidad Central del Caribe School of Medicine, Bayamón,
PR) were grown inDMEMcontaining 10% FBS, 100 units/ml of
penicillin, and 100 mg/ml of streptomycin (27).
Treatments—When indicated, cells were incubated in

serum-free medium for 16–24 h prior to treatments. For time
course experiments, cells were treated with 100 �MATP or 100
�M UTP in serum-free medium for 5, 10, 15, 30, or 60 min.
Serum-free medium-treated cells served as controls (vehicle or
untreated).
shRNA Lentiviral Infection—Cells were infected with either

control shRNA lentiviral particles (scrambled or non-targeted
shRNA) or caveolin-1 shRNA-containing lentiviral particles
obtained from Santa Cruz Biotechnology, following the man-
ufacturer’s recommendations. After infection, stable cell clones
expressing the shRNA constructs were isolated by selection
with 5 �g/ml of puromycin dihydrochloride.
Measurement of the Intracellular Calcium Concentration,

[Ca2�]i—Changes in [Ca2�]i were measured using the Ca2�-
sensitive fluorescent ratiometric dye fura-2. Cells were seeded
16–24 h before experiments in clear flat-bottom black 96-well
culture trays (Corning Life Sciences, Corning, NY) at a density
of 3.0 � 104 cells/well. The mediumwas removed and replaced
with HEPES-buffered saline (HBS; 5 mM KCl, 145 mMNaCl, 10
mM D-glucose, 1 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, and
0.1% (w/v) bovine serum albumin (BSA), pH 7.4) containing 5
�M fura-2AM and 0.05% (w/v) Pluronic F-127, and cells were
incubated for 1 h at room temperature in the dark. The loaded
cells were washed twice with HBS and covered with 200 �l of
HBS supplemented with 2.5 mM probenecid for at least 20 min
at room temperature to allow for fura-2AM de-esterification.
Fluorescence emission intensity at 510 nm was determined in
individual wells using a plate reader equipped with an auto-
mated injection system (Infinite M200 Pro, Tecan, Männedorf,
Switzerland) at alternating excitation wavelengths of 340 and
380 nm every 3 s for 60 acquisition cycles (cycle, 3 s; exposure,
25 flashes; gain, 120) in response to agonists added with the
automated injector. [Ca2�]i in cells was expressed as the aver-
age emission at 510 nm in individual wells in response to exci-
tation at 340/380 nm normalized to initial fluorescence emis-
sion obtained during the first 10–20 cycles. Analysis of the
resulting phramacodynamic parameters from the nucleotide-
mediated dose-response curves is described under “Statistical
Analysis.”
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Detergent-free Purification of Caveolin-rich Membrane
Fractions—Discontinuous sucrose density gradients were pre-
pared as previously described (27, 45, 47) with minor modifica-
tions. In brief, cells were grown to 70–80% confluence in two
150-mm dishes, serum-starved for 16–24 h, treated with
DMEM or Ham’s F-12K (basal/vehicle) or with DMEM or
Ham’s F-12K supplemented with 100 �M ATP or UTP for 30
min and then washed with ice-cold MES-buffered saline (25
mM MES, 150 mM NaCl, pH 6.0). Cells were then scraped from
dishes andhomogenized in 2.0ml of 500mM sodiumcarbonate,
pH 11, supplemented with 1% (v/v) protease inhibitor mixture
(Sigma) and 1% (v/v) phosphatase inhibitor mixture 3 (Sigma).
Homogenization was carried out sequentially at 4 °C using a
loose fittingDounce homogenizer (15 strokes), then a sonicator
(Sonic Dismembrator System, Model 120; Fisher Scientific,
Cayey, PR) atmid power (three 20-s bursts interposed by 60 s of
rest). Homogenates were then adjusted for equal protein load-
ing and discontinuous sucrose density gradientswere prepared.
Samples were centrifuged at 100,000 � g for 22 h in a SW 40Ti
rotor (Beckman Coulter, Fullerton, CA). Twelve gradient frac-
tions were collected (1ml/each), washed withMBS, and centri-
fuged in an 80Ti rotor (Beckman Coulter) at 100,000 � g for 30
min. The resulting pellets were resuspended in urea sample
buffer (USB) (62 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 8 M urea,
20mMEDTA, 5% (v/v)mercaptoethanol, and 0.015% (w/v) bro-
mphenol blue), boiled, and equal sample volumeswere resolved
on 10–12% SDS-PAGE gels.
Protein Extraction—Cells were washed with ice-cold PBS,

and lysed with CelLytic M Mammalian Cell Lysis/Extraction
Reagent, supplemented with 1% protease mixture with phos-
phatase inhibitor, as above. Extracts weremaintainedwith con-
stant agitation for 30 min at 4 °C and then centrifuged for 20
min at 17,000 � g. Supernatants were collected and used to
determine total protein concentration using the Bradford
Quick-Start Protein Assay (Bio-Rad).
Expression Constructs and DNA Transfections—N-terminal

FLAG-tagged humanP2Y2R expression vectorwas constructed
using recombinant cDNA synthesized by IDT (IntegratedDNA
Technologies, Inc., IA) and cloned into pcDNA3.1 mammalian
expression vector (Invitrogen) by the standard PCR extension
overlap technique (48). Construct identity was confirmed by
sequencing, and functionality was tested in 1321N1 cells. The
C-terminal Myc-tagged human caveolin-1 pcDNA3.1 expres-
sion vector was kindly provided by Dr. Jeffrey E. Pessin, Stony
Brook University, New York, NY (49). HEK-293 cells were
seeded in 10-cm plates (3.0 � 106 cells/plate) overnight in
DMEM, 10% FBS, and 1% antibiotic/antimycotic (Sigma) at
37 °C. For the transient expression of the different constructs,
cells were transfected with 6 �g of empty pcDNA3.1,
pcDNA3.1/Myc-caveolin-1, pcDNA3.1/FLAG-P2Y2R, or
cotransfectedwith 3�g of pcDNA3.1/Myc-caveolin-1 and 3�g
of pcDNA3.1/FLAG-P2Y2R using X-tremeGENE HP DNA
transfection reagent (Roche Molecular Biochemicals) accord-
ing to the manufacturer’s instructions. After 36 h, cells were
washedwith PBS and changed to essentially serum-freeDMEM
(0.5% FBS) and incubated for another 16 h at 37 °C for further
experiments.

Immunoprecipitation Assays—Serum-starved (16–24 h)
confluent cultures of hHAP2Y2R 1321N1 and pLXSN 1321N1
astrocytoma cells were washed twice with ice-cold PBS and
lysed for 45 min at 4 °C in IP lysis buffer A (50 mM Tris, pH 8.0,
150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 60 mM octyl
glucoside, and complete protease and phosphatase inhibitors).
Subsequently, lysates were centrifuged at 13,000� g for 12min
at 4 °C. In other assays, serum-starved (16–24 h) confluent cul-
tures of hHAP2Y2R 1321N1 were DMEM (vehicle) or DMEM
with 100 �M ATP treated and prepared as above. To immuno-
precipitate the hHAP2Y2R, the Pierce HATag IP/Co-IP kit was
used as directed by themanufacturer (Thermo Scientific, Rock-
ford, IL). Briefly, 600 �g of cell lysates were mixed with 20 �l of
anti-HA-agarose beads and added to spin columns. Samples
were incubated overnight at 4 °C with end-over-end mixing,
and then the immunocomplexes were washed three times with
lysis buffer A and twice with lysis buffer B (50 mM Tris, pH 8.0,
150 mM NaCl, 5 mM EDTA). C6 rat glioma cells, primary cul-
tures of rat astrocytes, and transiently transfected HEK-293
cells expressing pcDNA3.1, pcDNA3.1/Myc-caveolin-1,
pcDNA3.1/FLAG-P2Y2R, pcDNA3.1/Myc-caveolin-1, and
pcDNA3.1/FLAG-P2Y2R were washed twice each with cold
PBS and lysed for 45min at 4 °C in IP lysis bufferA. Lysateswere
then centrifuged and supernatants were pre-cleared with
mouse IgG-agarose beads (Sigma) for 1 h at 4 °C. After centri-
fugation, supernatants were collected and protein concentra-
tion was determined using the BCA protein assay kit (Thermo
Fisher Scientific Inc.). Equal amounts of total proteins�500�g
were incubated with either 1 �g of mouse monoclonal anti-
cav-1 antibody (BD Biosciences, San Jose, CA) and 30 �l of
ProteinA/GMagnetic Beads (Thermo Scientific, Rockford, IL),
with anti-FLAG M2 Magnetic Beads (Sigma) or with Anti-c-
Myc (9E10) Agarose Affinity Gel (Santa Cruz Biotechnology)
for 4 h at 4 °C with end-over-end rotation. All samples were
resuspended in Laemmli buffer (0.2 M Tris-HCl, pH 6.8, 2%
SDS, 10% glycerol, 0.01% bromphenol blue, 20 mM DTT) with
subsequentmixing and incubation at 65 °C for 15min. Samples
were then separated on 10–12% SDS-PAGE, transferred to
nitrocellulosemembranes, and immunoblottedwith the appro-
priate antibodies.
SDS-PAGE and Immunoblot Analysis—Both were per-

formed as previously described (47) with modifications. Equal
amounts of whole cell protein extracts were suspended in 6�
Laemmli sample buffer (0.375 M Tris, pH 6.8, 12% (w/v) SDS,
60% (v/v) glycerol, 0.6 M DTT, 0.06% (w/v) bromphenol blue,
and 8 M urea), then heated and electrophoresed on Pre-Cast
TGX-SDS gels (Bio-Rad). Proteins in the gel were transferred to
nitrocellulose membranes using the Bio-Rad Turbo Trans-Blot
apparatus at preprogrammed recommended settings. Mem-
braneswere blockedwith 5% (w/v) nonfatmilk in TBST (25mM

Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1% (v/v) Tween 20) for
1 h at 22 °C and the appropriate primary antibodies were added
overnight at 4 °C. Membranes were then washed with TBST
and probed with the corresponding horseradish peroxidase-
conjugated IgG secondary antibody (1:15,000) at 22 °C for 1 h.
Membranes were washed several times with TBST and blots
were developed using an ECL kit (SuperSignal Femto, Pierce).
All images were obtained using a Bio-Rad VersaDoc 4000 Sys-
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tem, as previously described (27) and densitometric analysis
was done usingNIH ImageJ software. To reprobewith different
antibodies, the membranes were first stripped using Restore
PLUS Western blot Stripping Buffer (Thermo Scientific) at
22 °C for 30 min, washed extensively, reblocked with 5% (w/v)
nonfat milk in TBST and then incubated with the appropriate
antibodies.
Immunofluorescent Staining—1 � 104 cells/well were seeded

and grown on 4-well laboratory Tek chamber slides II (Thermo
Scientific) for 3 days, and equilibrated in serum-freeDMEM for
at least 16 h at 37 °C. Cells were washed with cold HBS and
nonspecific protein sites were blocked with a mixture of 0.1%
(w/v) BSA and 1% (v/v) normal goat serum inHBS for 15min at

4 °C (blocking buffer), followed by an incubation with 10�g/ml
of anti-HA 12CA5 mouse monoclonal antibody in blocking
buffer for 1 h at 4 °C to form receptor-antibody complexes (44,
50). Cells werewashedwith ice-coldHBS and incubatedwith or
without 100�MATP inHBS at 37 °C for 30min.Cellswere then
washed with ice-cold HBS and fixed with 1% (v/v) formalde-
hyde (Electron Microscopy Sciences, Hatfield, PA), in 0.1 M

phosphate-buffered saline for 10 min at room temperature,
followed by permeabilization with 0.1% (w/v) saponin, 1%
(w/v) BSA, 1% (v/v) normal goat serum in PBS. The HA-
tagged receptors were detected by incubation with Alexa
Fluor 488-conjugated goat anti-mouse IgG antibody. Cav-1
was detected using a polyclonal rabbit primary antibody

FIGURE 1. Activation of the P2Y2 receptor changes its subcellular distribution and decreases interactions with caveolin-1 in 1321N1 astrocytoma cells.
A and B, detergent-free sucrose density gradient fractionation of homogenates from serum-starved hHAP2Y2 1321N1 cells (A) untreated or (B) treated with 100
�M ATP for 30 min analyzed by immunoblotting using primary anti-HA (hHAP2Y2R), anti-flotillin-2 (Flot-2), or anti-caveolin-1 (Cav-1) antibodies. C and D,
hHAP2Y2R was immunoprecipitated using homogenates from serum-starved hHAP2Y2R 1321N1 cells untreated (C) or treated (D) with 100 �M ATP for 30 min
with anti-HA-conjugated agarose beads. IP of lysates from pLXSN 1321N1 cells was performed as a control. Western blot (WB) analysis using anti-Cav-1 and
anti-HA antibodies indicates co-IP of the hHAP2Y2R and Cav-1, and that this interaction is agonist dependent. E and F, laser scanning confocal microscopy of
serum-starved hHAP2Y2R 1321N1 cells untreated (E) or treated (F) with 100 �M ATP for 30 min. Secondary antibodies detected the hHAP2Y2R are shown in
green (Alex Fluor 488 dye) and caveolin-1 shown in red (Alexa Fluor 633 dye) and co-localization between the two dyes is shown in gray. Representative images
from over 20 cells were examined for each condition are shown. Scale bar indicates 20 �m. All results shown are representative of 3– 4 independent
experiments.
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(1:150) and Alexa Fluor 633-conjugated goat anti-rabbit IgG
antibody. Slides were washed and mounted using the Pro-
long Gold Antifade Kit (Molecular Probes) according to the
manufacturer’s protocol. Laser scanning confocal micros-

copy was performed as described in Ref. 27. Briefly, a Zeiss
LSM510 Confocal Microscope equipped with a �63 oil-im-
mersion objective, a 488 nm argon/2 laser, a 633 He/Ne laser,
and a BP 500–550 or LP 650 filter was used for image acqui-

FIGURE 2. shRNA-mediated knockdown of caveolin-1 expression causes redistribution of the P2Y2R from membrane rafts. A, immunoblot analysis of
hHAP2Y2R, Cav-1, and GAPDH (control) expression in serum-starved WT 1321N1 cells (lane 1) or hHAP2Y2R 1321N1 cells (lanes 2– 4) before (lane 2) or after
infection with scrambled (SCRAM) shRNA (lane 3) or Cav-1 shRNA (lane 4; Cav-1 KD) lentiviral particles. B, densitometric analysis of immunoblots indicates the
level of Cav-1 normalized to GAPDH expression. Results are presented as the mean � S.E. (n � 3; ***, p � 0.001 as determined by one-way ANOVA). C, Cav-1 KD
was performed in hHAP2Y2R 1321N1 cells and homogenates subjected to detergent-free sucrose density gradient fractionation. All fractions were immuno-
blotted and analyzed, as described in the legend to Fig. 1. hHAP2Y2R dissociates from the raft or buoyant fraction in the absence of Cav-1. The data shown are
representative of 3– 4 independent experiments.
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sition and images were analyzed with CoLocalizer Pro soft-
ware version 2.7.1 (51, 52).
Statistical Analysis—Mean values of treatment data from

at least four independent experiments were calculated and
expressed as a percentage of mean values from untreated con-
trols (which were set to 100%). One-way ANOVA followed by
multiple Tukey comparison post-test or unpaired Student’s t
test was used for comparison of multiple groups or two groups,
respectively. A p value less than 0.05 between control and
experimental groups was considered to be statistically signifi-
cant. All analyses were performed using GraphPad Prism, ver-
sion 6.0e for Mac OS X (GraphPad Software Inc., San Diego,
CA). Pharmacodynamic parameters (Emax and EC50) for nucle-
otide-mediated dose-response curves for calcium flux in
1321N1 and C6 cells were calculated using theMichaelis-Men-
ten equation in GraphPad Prism.Maximal responses were nor-
malized for each cell line assigning the maximal calcium
responses for hHAP2Y2R 1321N1 and wild type C6 controls an
intrinsic activity value of 1.0, respectively. Parameter data were

expressed asmean� S.E. of at least 3 independent experiments
and were subjected to unpaired Student’s t test. Differences
between mean values were considered significant when p �
0.05.

Results

The hHAP2Y2R Localization in Cav-1 Membrane Raft
Microdomains Is Modulated by ATP in Human 1321N1 Astro-
cytoma Cells—Demonstration of membrane raft residence
demands the use of a series of complementary experimental
approaches; particularly, subcellular co-fractionation, confocal
imaging co-localization, and co-immunoprecipitation. As a
first approach, sucrose density gradient centrifugation under
detergent-free conditions was performed to explore the possi-
bility of co-fractionation of the hHAP2Y2R with the MR pro-
tein Cav-1 in 1321N1 cells (Fig. 1). Under basal conditions,
hHAP2Y2R co-fractionates with Cav-1, as determined by
immunoblot analysis of light density MR fractions 4–6 that
express raft marker proteins Cav-1 and flotillin-2 (Flot-2) (Fig.

FIGURE 3. The P2Y2R subcellular distribution is also dependent on agonist activation in C6 rat glioma and absence of caveolin-1 in BV-2 microglial
cells. These experiments were done on C6 glioma cells, which endogenously express P2Y2R and Cav-1, and BV-2, which are Cav-1 devoid. A and B, detergent-
free sucrose density gradient fractionation of homogenates from serum-starved C6 rat glioma cells untreated (A) or treated (B) with 100 �M UTP for 30 min and
analyzed by immunoblotting using primary anti-P2Y2R, anti-flotillin-2 (Flot-2), or anti-caveolin-1 (Cav-1) antibodies. C, sucrose density gradient fractionation of
BV-2 cells. BV-2 cell homogenates were subjected to detergent-free sucrose density gradient fractionation, and all fractions plus a Cav-1 positive control were
immunoblotted and analyzed. The distribution of the P2Y2R across the BV-2 fractions was similar to that of the Cav-1 KD hHAP2Y2R 1321N1, being present
mostly in the non-raft or heavy fractions. Results shown are representative of 3– 4 independent experiments.
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1A). Activation of the hHAP2Y2R with 100 �M ATP for 30 min
induced a significant increase in the distribution of the P2Y2R
to the high density, non-buoyant fractions 8–12 that were
devoid of Cav-1 and Flot-2 (Fig. 1B). hHAP2Y2R interactions
with Cav-1 under basal conditions were definitively demon-
strated by co-immunoprecipitation of hHAP2Y2R and Cav-1
(Fig. 1C). This interactionwas also found to be agonist sensitive,
as addition of ATP (100 �M) for 30 min reduced the co-immu-
noprecipitation of the hHAP2Y2R with Cav-1 (Fig. 1D). Immu-
nofluorescence microscopy showed that Cav-1 co-localizes
with the hHAP2Y2R under basal conditions (Fig. 1E) and addi-
tion of 100 �M ATP also decreases hHAP2Y2R/Cav-1 co-
localization (Fig. 1F). These findings strongly suggest that

hHAP2Y2R interacts directly with Cav-1 under basal condi-
tions and that activation of hHAP2Y2R causes its dissociation
from Cav-1 and plasma MR in 1321N1 astrocytoma cells.
Knockdown (KD) of Cav-1 Expression Causes Redistribution

of the P2Y2R from Membrane Rafts—To validate the role of
Cav-1 in hHAP2Y2R distribution to low density buoyant
plasma MRs, we decreased Cav-1 expression in hHAP2Y2
1321N1 cells using Cav-1 shRNA-containing lentiviral parti-
cles. Western blot analysis indicated that Cav-1 expression was
decreased by Cav-1 shRNA, but not scrambled (SCRAM)
shRNA, in hHAP2Y2 1321N1 cells (Fig. 2A). When normalized
to GAPDH, Cav-1 KD in hHAP2Y2 1321N1 cells decreased
Cav-1 expression by �80–85%, as compared with untreated

FIGURE 4. Cav-1 interacts with P2Y2 receptors in C6 glioma cells, primary cultures of rat astrocytes and HEK-293 cells. Western blot (WB) analysis of C6
glioma cells (A) and PCRA (B) lysates show that endogenously expressed P2Y2 receptors were IP by mouse monoclonal Cav-1 antibody and protein A/G-
magnetic beads (3rd lane) but not with non-immune control mouse IgG1 antibody and protein A/G-magnetic beads (2nd lane). The first lane shows detection
of Cav-1 and P2Y2R from total C6 and PCRA cell lysates used (�20 �g). Polyclonal rabbit anti-Cav-1 and anti-P2Y2R antibodies were used for Western blot
detection. C, Western blot from HEK-293 cells transiently transfected with empty pcDNA3.1, pcDNA3.1 Myc-caveolin-1, pcDNA3.1 Flag-P2Y2R or cotransfected
with pcDNA3.1 Myc-caveolin-1 and pcDNA3.1 Flag-P2Y2R. Cells were incubated for at least 16 h with essentially serum-free DMEM (1% FBS). Lysates were
prepared and subjected to immunoprecipitation using either anti-FLAG M2 Magnetic Beads (IP: Flag) or anti-c-Myc (9E10) Agarose Affinity Gel (IP: Myc)
(“Experimental Procedures”). The 3rd panel from the top (Input) shows Western blot detection of Myc-Cav-1 and FLAG-P2Y2 receptors from total lysates used
(�20 �g). Monoclonal HRP-conjugated anti-FLAG and anti-Myc antibodies were used for Western blot detection. Representative Western blot from a single
experiment that has been replicated three times with equivalent results are shown.
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or SCRAM shRNA-treated hHAP2Y2 1321N1 cells or WT
1321N1 cells (Fig. 2B; n � 3; ***, p � 0.001). Also, hHAP2Y2R
expression levels were not affected by treatment with the lenti-
viral particles, as determined byWestern blot analysis (Fig. 2A,

upper panel). Detergent-free sucrose gradient density fraction-
ation of hHAP2Y2R 1321 cells with shRNA-reduced Cav-1
expression levels caused a marked shift in the hHAP2Y2R pop-
ulation to the high density, non-buoyant fractions 8–12 (Fig.
2C). A similar Cav-1 dependence of hHAP2Y2R localization in
membrane raft microdomains was further demonstrated using
the microglia cell line BV-2 (53), which does not express Cav-1
(Fig. 1D). These results suggest that hHAP2Y2R distribution in
the raft compartment is Cav-1 dependent, as Flot-2-containing
MRs were still detected even with the reduced or absence of
Cav-1 expression. Subcellular fractionation assays using C6 gli-
oma cells further demonstrate the residence of its endoge-
nously expressed P2Y2R in Cav-1 positive MRs and its depen-
dence on agonist stimulation (Fig. 3). In addition, to provide
additional evidence of the interaction between Cav-1 and
P2Y2R, Fig. 4 demonstrates the co-immunoprecipitation of
these two proteins in C6 rat glioma cells (Fig. 4A) and PCRA
(Fig. 4B). Even more, double transfection of HEK-293 cells,
which have negligible Cav-1 and P2Y2 levels (54–56), with
FLAG-P2Y2R andCav-1-myc also permitted their co-immuno-
precipitation (Fig. 4C).
Knockdown of Cav-1 Expression Inhibits P2Y2R-mediated

Increases in [Ca2�]i—Activation of the P2Y2R stimulates phos-
pholipase C and the generation of inositol 1,4,5-trisphosphate
that induces the release of calcium from intracellular storage
sites (44, 57). Therefore,we evaluated the effect ofCav-1 knock-
down on P2Y2R-mediated increases in [Ca2�]i induced by 100
�M ATP. The ATP-induced increase in [Ca2�]i was signifi-
cantly reduced in hHAP2Y2R 1321N1 cells after Cav-1 KD, as
compared with uninfected cells or cells infected with SCRAM
shRNA (Fig. 5A). Peak increases in [Ca2�]i induced by 100 �M

ATP were decreased after Cav-1 KD, as compared with unin-
fected or SCRAM shRNA-infected cells in a statistically signif-
icant manner (Fig. 5B) (***, p � 0.001). The dose-response
curves obtained for the hHAP2Y2R in 1321N1 cells revealed no
significant differences in the EC50 value for ATP (Fig. 5C, Table
1), whereas a highly statistically significant decrease (�85%
reduction) in the intrinsic activity ormaximal responses toATP
was seen in Cav-1 knockdown cells.
Rat C6 glioma cells express endogenously both Cav-1 and a

repertoire of P2Y receptors, P2Y2R included (26, 58, 59), which
can be activated by UTP. The abolishment or reduction of
P2Y2R-mediated increases in [Ca2�]i by shRNA Cav-1 knock-

FIGURE 5. Knockdown of caveolin-1 by shRNA inhibits P2Y2R-mediated
intracellular Ca2� [Ca2�]i signaling in 1321N1 cells. A, representative
traces of intracellular calcium responses to 100 �M ATP in serum-starved WT
1321N1 cells, hHAP2Y2R 1321N1 cells, hHAP2Y2R cav1-KD 1321N1 cells, and
hHAP2Y2R 1321N1 cells infected with scrambled shRNA (n � 5). B, maximum
increases in intracellular Ca2� [Ca2�]i evoked by 100 �M ATP. Data represent
the mean � S.E. of readings from three to five wells per cell line from four
independent experiments (***, p � 0.001; N.S., p � 0.05; one-way ANOVA).
The dashed line represents the basal 340/380 ratio level. C, ATP-mediated
dose-response curves for calcium flux in hHAP2Y2R 1321N1 and hHAP2Y2R
cav1-KD 1321N1 cells were obtained using the Michaelis-Menten equation
using GrahPad Prism (“Experimental Procedures”). Each data point represents
the mean � S.E. from three to four independent experiments, the pharmaco-
dynamic parameters corresponding to each independent experiment were
subsequently analyzed using an unpaired Student’s t test (***, p � 0.001; N.S.,
p � 0.05) (Table 1).

TABLE 1
Summary of pharmacodynamic parameters for nucleotide-mediated
dose response curves for calcium flux in hHAP2Y2R 1321N1,
hHAP2Y2R cav1-KD 1321N1, wild type C6 controls, and C6 cav1-KD
cells (see Figs. 5C and 6D)
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down was further demonstrated in C6 glioma cells using 100
�M UTP (Fig. 6, B and C). Dose-response curves obtained for
P2Y2R in C6 cells revealed a slight but significant change in
EC50 value forUTP (Fig. 6D, Table 1), with themost statistically
significant change also being a decrease (�79% reduction) in
the maximal responses or intrinsic activity of UTP in Cav-1
knockdown cells.
The inhibition of P2Y2R-mediated increases in [Ca2�]i by

knockdown of Cav-1 expression in 1321N1 cells seems to be
largely selective, because it did not affect increases in [Ca2�]i
elicited by ionomycin, the PAR-1 receptor agonist TRAP-6 and
carbachol (Fig. 7A). Similarly, no alteration by Cav-1 knock-
down in C6 was seen for responses elicited by ionomycin and
TRAP-6, because C6 do not mobilize [Ca2�]i in response to
carbachol (60) (Fig. 7B). The ionomycin results are also consis-
tent with the fact that P2Y2Rmediated Ca2� signaling depends
on the mobilization of intracellular Ca2� stores, and not on its
entry.
Knockdown of Cav-1 Inhibits P2Y2R-mediated Akt Phos-

phorylation—P2Y2R activation leads to Akt phosphorylation in
astrocytes (3, 10, 33), and other cell types (61, 62). In addition,
Akt phosphorylation has been reported to be regulated by
Cav-1 (63–65). Therefore, we examined the effect of Cav-1 KD
in hHAP2Y2R 1321N1 cells on ATP-induced Akt phosphoryla-
tion. Incubation of hHAP2Y2R 1321N1 cells with 100 �M ATP

increased Akt phosphorylation at Ser473 within 10min and Akt
phosphorylation was maintained for more than 30 min (Fig.
8A). Cav-1 KD in hHAP2Y2R 1321N1 cells significantly inhib-
ited Akt phosphorylation at Ser473 in response to 100 �M ATP
regardless of time of exposure, whereas total Akt levels were
unaffected (Fig. 8B). Densitometric analysis showed that Akt
phosphorylation at Ser473 induced by 100 �M ATP in
hHAP2Y2R 1321N1 cells was reduced after Cav-1 KD by �50
and �75% at 15 and 30 min, respectively, as compared with
uninfected hHAP2Y2R 1321N1 cells incubated with ATP (Fig.
8C).
Cav-1 KD Fails to Sustain P2Y2R-mediated ERK1/2 Phos-

phorylation—P2Y2R activation (10, 33, 37, 38) and Cav-1
expression (28, 66) are required for ERK1/2 phosphorylation in
a variety of cell types. Thus, we examined whether Cav-1 KD
inhibited ATP-induced ERK1/2 phosphorylation at Thr202/
Tyr204 in hHAP2Y2R 1321N1. As comparedwith ERK1/2 phos-
phorylation in response to 100 �MATP in uninfected cells (Fig.
9A) Cav-1 KD in hHAP2Y2R 1321N1 cells (Fig. 9B) were unable
to sustain ERK1/2 phosphorylation at 30 min of ATP incuba-
tion. Total ERK1/2 levels were unaffected by Cav-1 KD. Densi-
tometric analysis showed that ERK1/2 phosphorylation
on Thr202/Tyr204 induced by 100 �M ATP in hHAP2Y2R
1321N1 cells was significantly reduced by�70%withCav-1KD

FIGURE 6. Caveolin-1 knockdown inhibits P2Y2R-mediated increases in [Ca2�]i in C6 glioma cells. A, representative immunoblot of P2Y2R, Cav-1, and
GAPDH (control) expression in WT C6 cells (1st lane), C6 cells after infection with scrambled (SCRAM) shRNA (2nd lane) or cav1 shRNA (3rd lane; cav1-KD)
lentiviral particles. B, representative traces of intracellular calcium responses to 100 �M UTP in serum-starved WT C6 cells, C6 cav1-KD cells, and C6 cells infected
with scrambled shRNA (n � 5). C, maximum increases in intracellular Ca2� [Ca2�]i evoked by 100 �M UTP in WT C6, C6 SCRAM, and C6 cav1-KD cells. Data
represent the mean � S.E. of readings from three to five wells per cell line from four independent experiments where (***, p � 0.001; N.S., p � 0.05; one-way
ANOVA). The dashed line represents the basal 340/380 ratio level. D, UTP-mediated dose-response curves for calcium flux in hHAP2Y2R 1321N1 and hHAP2Y2R
cav1-KD 1321N1 cells were obtained using the Michaelis-Menten equation using GraphPad Prism (“Experimental Procedures”). Each data point represents the
mean � S.E. from three to four independent experiments, the pharmacodynamic parameters corresponding to each independent experiment were subse-
quently analyzed using an unpaired Student’s t test (***, p � 0.001; N.S., p � 0.05) (Table 1).
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at 30 min, as compared with uninfected hHAP2Y2R 1321N1
cells incubated with ATP (Fig. 9C).

Discussion

Themultipronged approach of this study revealed a dynamic
and physiologically relevant interaction between the P2Y2R and
Cav-1 in human 1321N1 astrocytoma cells. The results were
further validated using non-transfected glial cell lines endoge-
nously expressing or devoid of P2Y2R and/or Cav-1 (Figs. 2–7),
and, HEK-293 cells doubly transfected with FLAG-P2Y2R and
Cav-1-myc, because these cells express extremely low levels of
P2Y2R and negligible levels of caveolin-1 (54–56) (Fig. 4C).

On the first hand, P2Y2R were found to co-fractionate with
Cav-1-richMR fractions of 1321N1 cells (Fig. 1). Its localization
inMRswas agonist (ATP) dependent, as agonist stimulation led
to the migration of the receptor into higher density membrane
fractions (Fig. 1). Similar experiments conducted in rat C6 gli-
oma cells also demonstrate that P2Y2R resides in MRs in an
agonist-sensitive and -dependent manner (Fig. 3). The P2Y2R/
Cav-1 interaction and its sensitivity to agonist stimulation was
demonstrated via co-immunoprecipitation assays (Fig. 1). Cor-
respondingly, confocal microscopy revealed that both mole-
cules co-localize in Cav-1 positive membranemicrodomains of
1321N1 cells, and co-localization was diminished upon ATP
stimulation (Fig. 1).
Furthermore, localization of the P2Y2R in MRs was found to

be dependent on Cav-1 expression, because knockdown of its

expression (without alteration in the distribution of the raft
marker protein flotillin-2) led to the migration of P2Y2R into
higher density membrane fractions. Use of BV-2 cells, a Cav-1
devoidmicroglial cell line expressing P2Y2Rs, substantiates this
finding, because P2Y2R was found to reside in high density
membrane fractions (Fig. 2) (67).
C6 cells and PCRA express endogenously both P2Y2R and

Cav-1, and co-immunoprecipitation assays further corrobo-
rated and determined the extent of the P2Y2R/Cav-1 interac-
tion in these glial cell model systems (Fig. 4). In turn, HEK-293
cells, which are basically devoid of P2Y2R and caveolin-1 (54–
56), were doubly transfectedwith FLAG-P2Y2R andCav-1-myc
to further demonstrate their interaction via co-immunopre-
cipitation (Fig. 4C). Together, all of the above findings com-
bined provide strong evidence on the interaction between the
P2Y2R and Cav-1.

It is important to note that receptor trafficking and signaling
could be dependent on cell type (68, 69) and ligand specificity,
leading to the activation of several caveolar and non-caveolar
endocytic pathways (38, 70). In the case of the P2Y2R, bioin-
formatic analysis further supports the molecular basis for its
interaction with Cav-1 and caveolar MR residence. Analysis
of the protein sequence of the human P2Y2R (UniProt
number P41231) reveals consensus sequences commonly
regarded as caveolin-binding motifs (CBM: ØXØXXXXØ or
ØXXXXØXXØ) (where Ø signifies F, W, or Y and, X signifies
any amino acid) (71, 72). For example, two of the several canon-

FIGURE 7. Knockdown of Cav-1 expression impairs P2Y2 receptor signaling without altering the signaling of other Gq-coupled receptors. For these
experiments hHAP2Y2R 1321N1 cells, hHAP2Y2R cav1-KD 1321N1 cells, WT C6, and shRNA-mediated cav1-KD glioma cells were plated onto 96-well plates,
serum-starved for at least 16 h, and then exposed to the different agonists. Traces of intracellular calcium flux responses to (A) 5 �M TRAP-6, (B) 100 �M

carbachol, and (C) 5 �M ionomycin in hHAP2Y2R 1321N1 and hHAP2Y2R cav1-KD 1321N1 cells; and traces of intracellular calcium flux responses to (D) 50 �M

TRAP-6 and (E) 5 �M ionomycin in WT C6 and C6 cav1-KD cells. Data represent the mean � S.E. of readings from three to five wells per cell line from four
independent experiments. F, bar graph representing the maximal response of WT and cav1-KD C6 cells to the calcium ionophore ionomycin.
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ical CBM foundwithin the human P2Y2R protein sequence rest
arranged within amino acids 56 to 65, and 65 to 73. Interest-
ingly, these domains are evolutionarily conserved in human,
mouse, and rat P2Y2R protein sequences. These motifs may
operate as a “molecular control switch” that regulates P2Y2R
trafficking (16, 73–75). Future P2Y2Rmutagenesis experiments
should evaluate whether the CBMs in the P2Y2R regulate Cav-
1-dependent P2Y2R trafficking from MRs and whether other
protein interactions are involved. Nevertheless, it is clear that
P2Y2R localization and interaction with Cav-1-positive in
caveolar MR microdomains is a dynamic process required for
optimal receptor function.
It is noteworthy that a previous study (36) done in HEK-

293 cells did not consider the fact that these cells express
extremely low to negligible levels of caveolin-1 and are con-
sidered to be caveolin-1 devoid (54). Consequently, the role
of caveolin-1 in P2Y2R endocytic behaviors cannot be accu-
rately determined in the naive HEK-293 model system. An
additional, weakened aspect of the latter study was the use of

methyl-�-cyclodextrin (a typical inhibitor of caveolar endo-
cytosis) to “block clathrin-mediated endocytosis,” among
others. Hence the value and appropriateness of the Cav-
1-KD models developed and analyzed in our study to accu-
rately determine the caveolarMR residence of the P2Y2R and
the modulatory role of Cav-1 of its signaling pathways in
1321N1 cells.
To establish the physiological relevance of the interaction

between Cav-1 and P2Y2R, the impact of Cav-1 knockdown in
P2Y2R-mediated signaling in 1321N1 cells was assessed. Con-
sequently, P2Y2R-mediated increases in [Ca2�]i mobilization
was significantly reduced by silencing Cav-1 expression in both
1321N1 (Fig. 5) and C6 cells (Fig. 6). Hence, P2Y2R interaction
with Cav-1 in plasmaMRs is required for nucleotide agonists to
inducemaximal intracellular calciummobilization. Indeed, the
agonist-mediated P2Y2R receptor Ca2� mobilization in undif-
ferentiated C6 cells is blocked by the caveolar membrane raft
disrupting agent methyl-�-cyclodextrin, and, upon differentia-
tion of these cells, down-regulation of the P2Y2 receptor

FIGURE 8. Cav-1 is necessary for the P2Y2R-mediated Akt phosphoryla-
tion. A and B, hHAP2Y2R 1321N1 cells were uninfected (A) or infected (B) with
Cav-1 shRNA lentiviral particles, serum-starved for 16 –24 h, and stimulated
with 100 �M ATP in DMEM at 37 °C for 5, 10, 15, 30, and 60 min. DMEM only
treated cells served as controls. Cells were lysed and Akt phosphorylation on
Ser473 and total Akt, Cav-1, and GAPDH (control) expression in equal amounts
of protein were determined by Western blot analysis. Immunoblots are rep-
resentative of at least three independent experiments. C, Akt phosphoryla-
tion on Ser473 was normalized to total Akt levels and expressed as a percent-
age of untreated controls at 0 min. Values represent the mean � S.E. (n � 4),
where ***, p � 0.001 (one-way ANOVA) represent significant differences from
ATP-treated cells to basal levels.

FIGURE 9. Knockdown of Cav-1 inhibits the P2Y2R-mediated ERK1/2 phos-
phorylation. A and B, hHAP2Y2R 1321N1 cells were uninfected (A) or infected
(B) with Cav-1 shRNA lentiviral particles, then serum-starved for 16 –24 h and
stimulated with 100 �M ATP in DMEM at 37 °C for 5, 10, 15, 30, and 60 min.
DMEM only treated cells served as controls. Cells were lysed and ERK1/2 phos-
phorylation on Thr202/Tyr204 and expression of total ERK1/2, Cav-1, and
GAPDH (control) in equal amounts of protein were determined by Western
blotting analysis. Immunoblots are representative of three independent
experiments. C, ERK1/2 phosphorylation on Thr202/Tyr204 was normalized to
total ERK1/2 levels and expressed as a percentage of untreated controls at 0
min. Values represent the mean � S.E. (n � 4), where ***, p � 0.001 (one-way
ANOVA) represent significant differences from ATP-treated cells to basal
levels.
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is observed with abolishment of the UTP-mediated Ca2�

responses.4
The reduction in P2Y2R-mediated increases in [Ca2�]i was

both time and agonist concentration dependent, as evidenced
by the kinetics and dose-response curves for ATP and UTP, in
1321N1 and C6 cells, respectively. The reduction by Cav-1
knockdown of P2Y2R-mediated changes in [Ca2�]i seems to be
selective, because the increases in intracellular [Ca2�]i elicited
by the muscarinic agonist carbachol and TRAP-6 were unaf-
fected in 1321N1 cells (Fig. 7). Similarly, in C6 cells (which lack
muscarinic receptors) the PAR-1 receptor agonist TRAP-6
[Ca2�]i responses were unaffected by Cav-1 knockdown. In
both cell types, the ionophore ionomycin [Ca2�]i responses
were also not altered by knockdown of Cav-1 (Fig. 7).
Herein, it is clearly established that silencing caveolin-1

expression significantly and selectively reduced P2Y2R-depen-
dent increases in [Ca2�]i in hHAP2Y2R 1321N1 cells and C6
cells by �80–85% after Cav-1 KD, as compared with their
respective Cav-1 controls. The remaining calcium responses
seen may relate to the remaining Cav-1 in these cells or addi-
tional Cav-1-independent mechanisms that can also induce
P2Y2R-mediated calcium mobilization. Similar reductions in
P2Y receptor-dependent increases in [Ca2�]i have been
reported with suppression of Cav-1 expression in C6 glial cells
(40). Furthermore, P2Y2R interaction with Cav-1 in plasma
MRs is required for ATP to induce Akt and ERK1/2 phosphor-
ylation (Figs. 8 and 9), as demonstrated by statistically signifi-
cant reductions in Cav-1 KD hHAP2Y2 1321N1 cells.

Stimulation of the P2Y2R with ATP and Cav-1 KD in
hHAP2Y2R 1321N1 cells leads to a redistribution of the P2Y2R
to a high-density membrane domain that does not contain
Flot-2 or Cav-1; hence, strongly suggesting that ATP can
induceCav-1 dissociation from the P2Y2R thereby releasing the
receptor from plasma MRs and/or associated signaling com-
plexes (Fig. 10). The P2Y2R and Cav-1 co-exist in a well orga-
nized MR complex under basal conditions, whereas ligand
binding appears to elicit activation of its signaling pathways,
concomitant with redistribution of the P2Y2R into non-caveo-
lar MRs microdomains (Fig. 10). Kinetic studies must be done
to precisely determine whether Cav-1 interacts with the P2Y2R
permitting its compartmentalization in CAV with its signaling
machinery, yet in an “inactive receptor” state promoted by
Cav-1. Agonist stimulation may hence lead to its dissociation
fromCav-1 promoting an “active receptor” state, which permits
its coupling to its signaling pathway effectors, and subsequently
migrate into non-raft microdomains in a “desensitized” or
“uncoupled” receptor state. Thus, the P2Y2Rmay be fully active
when located in caveolar MRs, although not necessarily bound
to Cav-1, and, calciummobilization and Akt and ERK1/2 phos-
phorylation are decreased when the receptor is redistributed
out of these Cav-1 positive rafts. Alternatively, initial spatio-
temporal calcium signaling events may take place in the caveo-
lar raft microdomains, whereas subsequent Akt and ERK1/2
activation take place in non-caveolar raftmicrodomains such as
clathrin-coated pits/vesicles and endosomes (76, 77). This

behavior is reminiscent of possible P2Y2R desensitization or
uncoupling as previously observed (44, 57), and may correlate
with the proposed clathrin-mediated endocytosis of the recep-
tor seen in HEK-293 cells (36). The spatial distribution of the
receptor between caveolar and non-caveolar subcellular com-
partments may modulate the temporal signaling responses
duration andmagnitudes by concerting the location of intracel-
lular second messenger production relative to effectors (77). It
has also been suggested that MRs at the cellular surface may be
involved in the regulation of receptor stability (78). Therefore,
P2Y2Rs located in theMRsmay becomemore resistant to rapid
internalization, thus allowing it to couple to specific signaling
pathways. This venue, however, remains to be explored. Most
importantly, our findings are consistent with other studies that
have made compelling arguments regarding the existence of
purinergic receptors in caveolae consequently providing an
enriched environment for integrating necessary interactions
for signal transduction (39, 79, 80).
Regarding the exact mechanisms by which caveolin-1 regu-

lates P2Y2R-mediated Akt and ERK1/2 phosphorylation
remain to be elucidated. �-Arrestins have been suggested to
regulate the activation of MAPKs and Akt by G protein-cou-
pled receptors by inducing receptor endocytosis and relocaliza-

4 N. A. Martinez, A. M. Ayala, M. Martinez, F. J. Martinez-Rivera, J. D. Miranda,
and W. I. Silva, unpublished results.

FIGURE 10. Caveolin-1 modulates P2Y2R signaling in 1321N1 cells. A sche-
matic representation describing the Cav-1-dependent P2Y2R-mediated sig-
naling pathways investigated in this study. A, basal state P2Y2R localization in
caveolar membrane raft microdomains is mediated by its interaction with
caveolin-1. B, nucleotide agonists activation of the P2Y2R signaling pathways,
subsequent dissociation from caveolin-1 with migration into non-caveolar
raft microdomains. C, caveolin-1 knockdown or absence leads to P2Y2R
expression in non-caveolar membrane raft microdomains and uncoupling
from its signaling pathways.
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tion to intracellular structures (70, 76, 81, 82). Indeed, a previ-
ous study suggested a role for clathrin-mediated endocytosis in
P2Y2R trafficking (36). Activation of the P2Y2R by ATP has
been shown to promote interaction with �-arrestin-1, which
alters the duration of ERK1/2 activation (38), similar to the
effect of ATP and Cav-1 KD on P2Y2R-mediated ERK1/2 acti-
vation in the current study. The duration of ERK1/2 activation
has been found to determine cell fate (83) and Cav-1 has been
reported to enhance the interaction between �-arrestin-2 and
the neurokinin-1 receptor to regulate clathrin-mediated recep-
tor endocytosis and signaling (84). It is tempting to speculate
that Cav-1 might also affect the behavior of �-arrestin-1 upon
P2Y2R activation in hHAP2Y2R 1321N1 cells. Moreover, de-
phosphorylation of Akt is catalyzed by protein phosphatases
PP1 and PP2A (85–87), whichmight represent a key regulation
point of Cav-1, previously shown to negatively modulate their
activity (64). Clearly, the precise mechanisms by which Cav-1
modulates P2Y2R-mediated Akt and ERK1/2 phosphorylation
remains to be determined, considering other subcellular com-
partments (32).
To date, only a few studies have investigated the role of

caveolin-1 in the regulation of P2Y2R signaling (36, 39, 41, 67,
88), although these studies have provided limited or conflicting
information on this pathway. The current study conclusively
demonstrates that the P2Y2R is a caveolar MR resident protein
and its interaction with Cav-1 modulates the signaling
responses to P2Y2R nucleotide agonists. These findings may
unveil promising targets for drug discovery and the develop-
ment of treatment for conditions where both molecules have
been shown to play a role, such as in neurodegenerative dis-
eases, cancer, and brain injury (8, 89–93).
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