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signal transduction

treatment of cardiovascular and cerebrovascular disease states.
ADP also binds to P2Y1 receptors in vascular endothelial cells and
rapidly activates endothelial nitric oxide synthase (eNOS) (5).
Endothelium-generated nitric oxide (NO) inhibits platelet aggregation (3, 6) and provides an important feedback loop between
endothelial cells and platelets that serves to attenuate the direct
proaggregatory effects of ADP on platelets. ADP may also be
released from the vascular endothelium and act in an autocrine
or paracrine fashion to exert longer-term effects on vascular cell
migration and barrier function (1, 3, 7–9). Clearly, a deeper
understanding of P2Y receptor pharmacodynamics could inform current efforts in the development of novel purinergic
antagonist drugs.
Purinergic receptors for ADP can be classified by their
structure and mode of action into two distinct receptor families,
P2X and P2Y. P2X receptors are ligand-gated ion channels,
whereas members of the P2Y receptor family are G proteincoupled receptors. ADP signaling pathways in platelets have
been extensively characterized, yet the roles of ADP in the
modulation of endothelial responses are less well understood.
The current studies have focused on exploring the signaling
pathways activated by P2Y1 receptors in vascular endothelial
cells. We have shown (6) that ADP acts via P2Y1 receptors to
activate the endothelial isoform of nitric oxide synthase (eNOS)
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B

eyond their established roles in intracellular energy flux and
nucleic acid metabolism, purine nucleotides also serve as
intercellular messenger molecules that regulate signal transduction pathways in a broad range of cells and tissues (1–3). The
purine nucleotide ADP binds to G protein-coupled P2Y purinergic cell surface receptors, which are expressed in diverse
mammalian cells, including blood platelets and vascular endothelial cells (reviewed in refs. 2 and 4). ADP is a critical determinant of platelet aggregation, blood vessel tone, and vascular
wall integrity. Platelet granules contain high concentrations of
ADP, which is released during platelet aggregation. The released
ADP binds to P2Y12 and P2Y1 cell surface receptors for ADP
on platelets and further potentiates platelet aggregation. P2Y
receptor antagonists play a central role in cardiovascular therapeutics (2, 4): The P2Y12 blocker clopidogrel is one of the most
commonly prescribed drugs in the United States, and other P2Y1
and P2Y12 blockers are being actively developed and tested for
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ADP activates a family of cell surface receptors that modulate
signaling pathways in a broad range of cells. ADP receptor antagonists are widely used to treat cardiovascular disease states. These
studies identify a critical role for the stable reactive oxygen species
hydrogen peroxide (H2O2) in mediating cellular responses activated
by the G protein-coupled P2Y1 receptor for ADP. We found that
ADP-dependent phosphorylation of key endothelial signaling
proteins—including endothelial nitric oxide synthase, AMPactivated protein kinase, and the actin-binding MARCKS protein—
was blocked by preincubation with PEG-catalase, which degrades
H2O2. ADP treatment promoted the H2O2-dependent phosphorylation of c-Abl, a nonreceptor tyrosine kinase that modulates the actin
cytoskeleton. Cellular imaging experiments using fluorescence
resonance energy transfer-based biosensors revealed that ADPstimulated activation of the cytoskeleton-associated small GTPase
Rac1 was independent of H2O2. However, Rac1-dependent activation of AMP-activated protein kinase, the signaling phospholipid
phosphatidylinositol-(4, 5)-bisphosphate, and the c-Abl–interacting protein CrkII are mediated by H2O2. We transfected endothelial cells with differentially targeted HyPer2 H2O2 biosensors and
found that ADP promoted a marked increase in H2O2 levels in the
cytosol and caveolae, and a smaller increase in mitochondria. We
performed a screen for P2Y1 receptor-mediated receptor tyrosine
kinase transactivation and discovered that ADP transactivates Fmslike tyrosine kinase 3 (Flt3), a receptor tyrosine kinase expressed in
these cells. Our observation that P2Y1 receptor-mediated responses
involve Flt3 transactivation may identify a unique mechanism
whereby cancer chemotherapy with receptor tyrosine kinase inhibitors promotes vascular dysfunction. Taken together, these findings
establish a critical role for endogenous H2O2 in control of ADP-mediated signaling responses in the vascular wall.

in cultured endothelial cells and also modulates the activation of
key signaling protein kinases including the AMP-activated protein kinase (AMPK). We also found that ADP promotes the
P2Y1 ADP receptor-dependent endothelial cell migration
through activation of the small GTPase Rac1 (6, 10). Discovering the involvement of Rac1 provided an important clue to the
mechanisms whereby ADP exerts its influence on endothelial
cell responses.
Rac1 is an actin-binding cytoskeletal regulatory protein and is
a member of the Rho GTPase protein family. The activation of
eNOS by P2Y1 receptors for ADP depends on Rac1 (1, 6). Rac1
has been identified as a critical determinant of endothelial cell
migration and barrier function, at least in part by modulating the
levels of intracellular NO and hydrogen peroxide (H2O2) (11–
15). H2O2 is a stable reactive oxygen species (ROS) that has been
identified in recent years as a physiologically important intracellular messenger molecule (11–14), belying the classical
concept of ROS functioning solely as deleterious molecules
responsible for pathological states such as aging and neurodegeneration (14, 16). We reported (17, 18) that endogenous
H2O2 regulates endothelial cell migration via dynamic signaling
pathways involving the MARCKS protein, a ubiquitous phosphoprotein that translocates from the cell membrane to the actin
cytoskeleton. The MARCKS protein also reversibly sequesters
the signaling phospholipid phosphatidylinositol-(4, 5)-bisphosphate (PIP2). PIP2 is an important activator of proteins that
initiate actin nucleation, including the phosphoprotein c-Abl,
a nonreceptor tyrosine kinase that has been implicated in the
dynamic cytoskeletal rearrangements that modulate endothelial
barrier function. Endogenous H2O2 induces changes in cellular
phospholipid metabolism via the phosphorylation and translocation of MARCKS in endothelial cells, yet the connections
between receptor activation and intracellular modulation of
H2O2 levels are incompletely understood.
The roles of H2O2 as a physiological intracellular messenger
molecule were initially discovered through studies of growth
factor-dependent activation of their cognate receptor tyrosine
kinases (19, 20), which then signal to redox-regulated phosphoprotein phosphatases via H2O2 (20). In contrast to the widespread involvement of H2O2 in receptor tyrosine kinase
signaling, only a handful of G protein-coupled receptors have
been shown to directly modulate H2O2 levels (11, 16, 21, 22).
Indeed, the roles of H2O2 in modulation of physiological
responses have not yet been clearly defined for G proteincoupled receptors. In these studies, we present observations that
establish that the G protein-coupled P2Y1 receptor for ADP
modulates key H2O2-dependent signaling responses in the vascular endothelium via transactivation of the receptor tyrosine
kinase Flt3.
Materials and Methods
Reagents. FBS was from HyClone Laboratories. All other cell culture reagents,
media, and Lipofectamine 2000 were from Invitrogen. Antibodies directed
against eNOS, phospho-eNOS (S1177), AMPK, phospho-AMPK (T175), MARCKS,
phospho-MARCKS, and caveolin-1 were from Cell Signaling. Antibodies
against vinculin and GAPDH were from Sigma. AlexaFluor-coupled secondary
antibodies and phalloidin/AlexaFluor 568 were from Invitrogen. SuperSignal
chemiluminescence detection reagents and secondary antibodies conjugated
with HRP were from Pierce. Processing and analysis of treated cells for the
receptor tyrosine kinase screen used the PathScan RTK Signaling Antibody
Array (Cell Signaling) according to the manufacturer’s protocols. All EVfluorescence resonance energy transfer (FRET) biosensor plasmids were kind
gifts of Michiyuki Matsuda (Department of Tumor Virology, Research Institute for Microbial Diseases, Kyoto University, Japan) (23). The AMPK FRET
sensor was the kind gift of Lewis Cantley (Harvard Medical School) (24). ADP
and PEG-catalase and all other biochemical reagents were from Sigma.
MRS2179, sunitinib, and bosutinib were from SellcheckChem. pCMV LiveActTagGFP2 was from Ibidi. Arterial preparations from human tissues were from
discarded surgical specimens and were obtained under a protocol approved by
the Partners Healthcare Institutional Review Board (protocol 1999P000740).
Arterial preparation from mice was obtained under a protocol approved by the
Harvard Medical Area Standing Committee on Animals (protocol 03082).
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The HyPer2 constructs targeted to cytosol, mitochondria, and nucleus were
from Evrogen. The HyPer2 construct targeted to caveolae was created by
fusing the HyPer2 coding sequence downstream of the N-terminal 500
amino acids of eNOS, a caveolae-targeted protein (25).
Cell Culture, Transfection, and Treatment. Bovine aortic endothelial cells
(BAEC) were obtained from Genlantis and were maintained in culture,
transfected with plasmids, and treated as described (18). When used, PEGcatalase treatments (100 U/mL) were for 8 h, with 0.05% PEG as control.
After drug treatments, lysates from BAEC were prepared and analyzed in
immunoblots, as described in detail (18). For live-cell imaging, the cells were
seeded onto individual glass-bottom dishes (Mattek) 24 h after transfection
and analyzed 24 h later.
Fluorescence Microscopy. Live cell imaging experiments were carried out as
described (18) by using a GM-4000 on-stage incubator mounted on a fully
motorized Olympus IX81 inverted microscope equipped with a Hamamatsu
Orca ER cooled-CCD camera in conjunction with a zero-drift focus compensation system. For imaging, cells were maintained in complete medium [lowglucose DMEM/10% (vol/vol) FBS] without phenol red in a humidified atmosphere containing 5% CO2. HyPer2 fluorescence was excited with 420/40 nm
and with 500/16 nm band-pass excitation filters; corresponding YFP emission
was acquired every 5 s for 15 min by using a 535/30 band-pass emission filter.
The HyPer2 ratio was quantitated in cells as described in detail (18). Microscopic
F-actin was imaged by using the plasmid construct pCMV LiveAct-TagGfp2
using a standard GFP filter set (Semrock). Images were acquired by using a 20×,
40×, or 100× differential interference contrast oil immersion objective lens and
analyzed by using MetaMorph software (Universal Imaging).
FRET Imaging. Monitoring of FRET biosensors was performed by using
methods described in detail (18, 23). In brief, endothelial cells were transfected with plasmids encoding FRET biosensors as indicated. After 24 h, the
cells were seeded onto individual glass-bottom dishes (Mattek), then pretreated with inhibitors as indicated and subjected to excitation of CFP-PH at
425 ±10 nm; emission was collected at 475 ± 10 (CFP) and 540 ± 10 nm (YFP)
by using the Semrock FRET-CFP/YFP-B 4-filter single-band set. A series of
fluorescence images were taken at 30-s time intervals before and after drug
treatments; visualization and analysis was performed by using the MetaMorph FRET module.
Electric Cell Impedance Sensing. ADP-induced changes in endothelial resistance were analyzed by using an electric cell impedance sensing (ECIS)
device (Applied Biophysics). Impedance arrays were coated with gelatin for
30 min. A total of 20,000 endothelial cells were seeded per well and grown for
48 h at 37 °C/5% CO2. The cell medium was changed before the array was
connected to the ECIS device. Drugs were added as soon as impedance had
stabilized, and resistance (Ω) was analyzed for 24 h.
Statistical Analyses. All experiments were performed at least three times.
Mean values for experiments are expressed as mean ± SE. Statistical differences were assessed by analysis of variance. A P value less than 0.05 was
considered statistically significant.

Results
We first used immunohistochemical approaches to explore the
expression of the P2Y1 ADP receptor in intact arterial preparations. We analyzed human arterioles from tissues that were
incidentally obtained as discarded surgical specimens, which
were then fixed and stained with antibodies directed against either the P2Y1 receptor or the endothelial marker protein von
Willebrand factor (vWF). As shown in Fig. 1A, antibodies specific for the P2Y1 receptor reveal a robust signal in the endothelial cell layer; the P2Y1 staining in endothelium colocalizes
with the staining pattern observed using antibodies directed
against vWF. We next analyzed mouse arterial preparations and
found that mouse aorta showed robust staining of P2Y1 in
vascular endothelium and smooth muscle cells (Fig. 1A). We
previously characterized agonist-stimulated H2O2-mediated
phosphorylation responses in endothelial cells and cardiac
myocytes (18, 26), and in the present studies, we extended these
approaches to explore the role of H2O2 in ADP signaling in
intact blood vessels and endothelial cells. Fig. 1B shows results of
immunoblots analyzed in freshly isolated mouse aortae that were
Kalwa et al.

treated with ADP in the presence and absence of PEG-catalase
(a H2O2-catabolizing cell-permeant enzyme) and probed with
phosphospecific antibodies. Fig. 1B shows representative immunoblots; statistical analyses of pooled data from identically configured experiments are shown in Fig. S1 A and B. The ADPpromoted increase in phosphorylation of AMPK, MARCKS, or
eNOS (at phosphoserine 1179) is blocked both by PEG-catalase
and by the P2Y1 receptor antagonist MRS2179. These findings
indicate that ADP-promoted phosphorylation responses in intact
arterial preparations are mediated by the P2Y1 cell surface receptor for ADP and implicate H2O2-dependent signaling pathways in coupling receptor activation to the phosphorylation of
MARCKS, AMPK, and eNOS. We next explored the role of
H2O2 in ADP-modulated signaling responses in cultured vascular endothelial cells, which represent a more tractable model
system for the analysis of cell signaling pathways. Just as we
found in mouse arterial preparations, ADP-stimulated phosphorylation of AMPK, eNOS, and MARCKS in cultured bovine
aortic endothelial cells (BAEC) was blocked by PEG-catalase
and by the P2Y1 antagonist MRS2179 (Fig. 1B and Figs. S1B
and S2 A and B).
H2O2 has been implicated in the modulation of vascular
wall integrity (14), and our next experiments explored the
involvement of H2O2 in modulating the effects of ADP on
endothelial permeability. We performed cell impedance measurements of cultured endothelial monolayers as an assay for
endothelial barrier integrity (27). As shown in Fig. 2A, ADP
treatment significantly increases the impedance of the endothelial monolayer, indicating an increase in barrier integrity; this
ADP response is completely blocked by MRS2179 and is partially, but significantly, blocked by PEG-catalase treatment. Because of the importance of the actin cytoskeleton in control of
the endothelial barrier, we performed pursuing cell imaging
studies with FRET-based biosensors to explore the role of H2O2
in signaling pathways activated by ADP. We previously reported
(6) that ADP promotes the P2Y1 receptor-dependent activation
of the cytoskeleton-associated small GTPase Rac1 in endothelial
cells. Fig. 2B shows the results of experiments in endothelial cells
transfected with the Rac1 biosensor Raichu-RacEV (23) and
analyzed by using FRET time-lapse imaging following addition
of ADP. We found that the ADP-promoted increase in Rac1
activity was unaffected by PEG-catalase, indicating that ADP
signaling to Rac1 is independent of changes in intracellular
H2O2. We next prepared lysates from endothelial cells after
treatment with ADP, and analyzed immunoblots probed with
phosphospecific antibodies directed against the nonreceptor
Kalwa et al.
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Fig. 1. P2Y1 receptor expression and signaling responses in vascular preparations and cultured endothelial cells. A shows representative photomicrographs of human arterioles and murine aortic preparations that were
fixed, paraffin-embedded, and stained with antibodies directed against the
endothelium-specific marker vWF or the P2Y1 receptor, as indicated. Nuclei
were stained with DAPI. Images were obtained by confocal imaging, as
discussed in the text. In B, immunoblots were analyzed in murine aortic
preparations or cultured endothelial cells that were incubated with ADP (50
μM, 30 min) in the presence or absence of the P2Y1-specific blocker MRS2179
(5 μM) or of the cell permeant H2O2-catabolizing enzyme PEG-catalase
(100 U/mL). Membranes were probed with total and phosphospecific antibodies directed against eNOS, AMPK, and MARCKS; P2Y1 served as loading
control. Fig. S1 A and B show statistical analyses of pooled data from four
identical immunoblot experiments that yielded similar results.

tyrosine kinase c-Abl or against MARCKS phosphoproteins,
both of which are known to be involved in actin assembly and
phospholipid signaling in these cells (1, 18, 28, 29). ADP treatment led to the robust phosphorylation of each of these proteins;
these phosphorylation responses were blocked both by the P2Y1
antagonist MRS2179, PEG-catalase, and the specific c-Abl tyrosine kinase inhibitor bosutinib (Fig. 2 C and D).
We next analyzed the involvement of H2O2 in the ADPdependent modulation of the signaling phospholipid PIP 2, the
AMPK, and the c-Abl–interacting protein CrkII by using highly
sensitive FRET biosensors. We first studied ADP-dependent
modulation of PIP2, which we implicated in MARCKS-dependent
regulation of endothelial cell motility (17, 18). We transfected
endothelial cells with the PIP2-specific biosensor PiPi (23) and
analyzed the fluorescence signal in response to ADP in the
presence or absence of PEG-catalase. As shown in Fig. 3A,
treatment with ADP leads to an increase in the PIP2 signal
that is abrogated by PEG-catalase. We next explored the role
of H2O2 in ADP-dependent activation of AMPK by using a
recently developed FRET-based AMPK biosensor (24). Endothelial cells transfected with a plasmid encoding this biosensor
were treated with ADP in the presence and absence of PEGcatalase. As shown in Fig. 3B, ADP-stimulated AMPK activation
was completely blocked by PEG-catalase. We found similar
effects on PEG-catalase on the ADP-promoted activation of the
actin-regulatory protein CrkII, which is known to be a downstream target of c-Abl (18). We transfected endothelial cells with
a plasmid by expressing a well-characterized CrkII FRET biosensor (23) and performed cellular imaging analyses after exposing the cells to ADP in the presence and absence of PEGcatalase. As shown in Fig. 3C, ADP treatment led to a significant
activation of CrkII that was entirely blocked by PEG-catalase.
The well-established involvement of Rac1 in modulation of
the endothelial cytoskeleton led us to extend these cell imaging
approaches to directly explore the direct effects of ADP and
H2O2 on cytoskeletal fibers. We transfected endothelial cells
with a plasmid construct expressing the actin-binding protein
F-tractin fused to eGFP (pCMV LiveAct-TagGFP2) and analyzed

Fig. 2. ADP- and H2O2-mediated changes in endothelial cell impedance,
Rac1 activation, and phosphorylation responses. A shows representative tracings of endothelial cells analyzed in impedance measurements in the presence
or absence of ADP (50 μM), the P2Y1 receptor blocker MRS2179 (5 μM), or the
H2O2 scavenger PEG-catalase (100 U/mL). The findings shown are representative
of three identical experiments that yielded similar results. B shows representative photomicrographs of endothelial cells transfected with a plasmid encoding
a Rac1 FRET biosensor and then analyzed by quantitative time-lapse microscopy
before and 5 min after the addition of ADP in the presence or absence of
MRS2179 (MRS) or PEG-catalase (Cat); pooled data are shown from four identical experiments, presenting the slope of the fluorescence increase following
the addition of ADP, measured 5 min after adding ADP in the presence or
absence of MRS2179 or PEG-catalase. C shows representative immunoblots of
cultured endothelial cells incubated with ADP in the presence or absence of
MRS2179, the c-Abl inhibitor bosutinib, or PEG-catalase as indicated, probed
with antibodies as shown. D shows statistical analyses of pooled data from three
identical experiments that yielded similar results; *P < 0.05 (ANOVA).
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ADP-simulated phosphorylation responses in the absence and
presence of the P2Y1 inhibitor MRS2179. As shown in Fig. 6A,
ADP treatment led to the reversible and robust phosphorylation
of Flt3, and had a smaller and more transient effect on phosphorylation of fibroblast growth factor receptor-4 (FGF4). We
performed standard immunoblot analyses and confirmed that
ADP-dependent Flt3 and AMPK phosphorylation responses are
completely blocked by the nonselective receptor tyrosine kinase
inhibitor sunitinib, yet sunitinib had no substantive effect on
ADP-modulated eNOS phosphorylation (Fig. 6B and Fig. S1D).
Sunitinib also entirely abrogated ADP-induced changes in the
endothelial cytoskeleton (Fig. 6C).

Fig. 3. Effects of PEG-catalase on ADP-dependent modulation of PIP 2,
AMPK, and c-Abl. Endothelial cells were transfected with plasmids encoding
FRET biosensors specific for PIP2 (A), AMPK (B), and CrKII (C) and then analyzed by quantitative FRET microscopy before and after the addition of ADP
(50 μM, 5 min) in the presence and absence of PEG-catalase. A–C Left show
representative photomicrographs; A–C Right show representative tracings of
FRET ratios as well as statistical analysis of the ADP-promoted FRET slope change,
as pooled and plotted from four independent experiments; *P < 0.05 (ANOVA).

the cells by time-lapse fluorescence microscopy. As shown in
Fig. 4, ADP treatment markedly enhances actin polymerization
and induces cell spreading. These effects of ADP on actin polymerization are entirely blocked by the P2Y1 inhibitor MRS2179
and by PEG-catalase.
To further characterize the intracellular sources of H2O2 that
are modulated by ADP, we used differentially targeted constructs expressing the H2O2 biosensor HyPer2. Endothelial cells
were transfected with HyPer2 constructs targeted to various
subcellular locales: the mitochondrial membrane, caveolae, nucleus, or cytosol (Fig. 5 A and B). After addition of ADP, there
was a marked increase in the HyPer2 signal in cells transfected
with the cytosolic and the caveolae-targeted HyPer2 constructs;
a smaller ADP-stimulated H2O2 response was observed for
the HyPer2 variant targeted to the mitochondria, and no ADPstimulated H2O2 response was seen for the HyPer2 variant targeted to the nucleus. All these differentially targeted HyPer2
constructs responded to exogenous H2O2 (Fig. S3). The NADPH
oxidase inhibitor VAS2870 completely blocked the effect of
ADP on AMPK, eNOS, and MARCKS phosphorylation (Fig. 5C
and Figs. S1C and S2C) and blocking the HyPer2 response
(Fig. S2D). In contrast, the mitochondrial inhibitor rotenone had
no effect on ADP-modulated phosphorylation of MARCKS or
AMPK, yet completely blocked ADP-stimulated eNOS phosphorylation (Fig. 5C). A more detailed time course showing the
effects of these inhibitors on ADP-modulated phosphorylation
responses is shown in Fig. S2.
We next explored the possibility that ADP leads to transactivation of receptor tyrosine kinases, which have been linked to
H2O2-mediated signaling responses (11–14). We screened for
ADP-dependent activation of receptor tyrosine kinases in endothelial cells by using a chip-based receptor tyrosine kinase
phosphorylation assay that allowed us to screen 39 different
tyrosine kinases, along with a series of positive and negative
controls. We used this chip assay to analyze the time course of
3386 | www.pnas.org/cgi/doi/10.1073/pnas.1320854111

Discussion
Purinergic receptors modulate a broad range of cellular responses
in cardiovascular cells and tissues. Blood platelets express G
protein-coupled P2Y1 and P2Y12 receptors for ADP (1, 4, 6, 8,
30); both receptor subtypes are linked to platelet aggregation
(30). The P2Y12 ADP receptor antagonist clopidogrel is one of
the most frequently prescribed cardiovascular drugs, yet clopidogrel has limited potency in blocking P2Y1 receptors (6). Because of frequent treatment failures with clopidogrel, there are
ongoing efforts to develop new ADP antagonists that block P2Y1
and P2Y12 receptors. Signal transduction pathways modulated
by platelet P2Y12 receptors have been extensively characterized,
whereas our knowledge of P2Y1 receptor responses remains less
complete. In contrast to blood platelets, P2Y1 receptors represent the predominant isoform found in vascular endothelial cells
(6) and modulate ADP-dependent eNOS activation, leading to
vascular relaxation. Because ADP receptor antagonists may affect ADP signaling pathways in the vascular wall, it is essential to
develop a more comprehensive understanding of P2Y1 receptormediated responses. The principal discoveries in the present
studies are twofold: First, our observation that ADP-modulated
signaling responses in endothelial cells are modulated by H2O2regulated pathways, and second, our discovery of ADP-dependent transactivation of the receptor tyrosine kinase Flt3.
We have shown that ADP stimulates G protein-coupled P2Y1
cell surface receptor in endothelial cells and leads to the rapid
activation of diverse protein kinase pathways, while also modulating endothelial cell migration (6, 10). The present studies have
documented a central role for H2O2 in modulating cellular
responses activated by the P2Y1 ADP receptor in blood vessels
and in vascular endothelial cells (Fig. 1). The inhibition of key
ADP-dependent phosphorylation responses—AMPK, MARCKS,
and eNOS—by the cell-permeant H2O2-catabolizing reagent
PEG-catalase provides strong evidence that H2O2 is a critical
intermediate both in intact arteries and in cultured endothelial
cells. However, as shown in Fig. 2A, PEG-catalase provides only
a partial (but statistically significant) inhibition of the ADPpromoted increase in cell impedance (a marker of endothelial
barrier function). The fact that the P2Y1 receptor antagonist

Fig. 4. ADP-dependent modulation of actin polymerization. A shows representative photomicrographs of endothelial cells that were transfected
with GFP-labeled F-tractin, and then treated with PBS or ADP (50 μM), with
or without MRS2179 (5 μM) or PEG-catalase. (Magnification: 100×.) (Scale
bars: 5 μm.) B shows individual tracings of cellular fluorescence over time;
the slope of the fluorescence increase before and 60 min after addition of
ADP was determined for each experiment. The asterisk notes P < 0.05,
showing a significant effect of both PEG-catalase and MRS2179 on ADPpromoted F-tractin fluorescence.
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MRS2179 is more effective than PEG-catalase in blocking these
and several other ADP-stimulated responses analyzed in these
cells likely reflects the fact that PEG-catalase is less effective at
fully degrading all intracellular H2O2 than is the high-affinity
receptor antagonist MRS2179 in fully blocking P2Y1-mediated
responses. It is also likely that H2O2-independent pathways are
involved in the control of cell impedance (27).
We used a series of informative FRET-based biosensors to
further probe the involvement of H2O2 in signaling pathways
stimulated by ADP in these cells. As shown in Fig. 3, PEGcatalase entirely abrogates the ADP-stimulated increase in PIP2,
a key signaling phospholipid that reversibly binds MARCKS,
which we showed also to be regulated by ADP in a H2O2dependent fashion (Fig. 3). ADP-dependent activation of the
c-Abl–binding protein CrkII is similarly blocked by PEGcatalase, consistent with our observation that ADP-stimulated c-Abl
phosphorylation is blocked by PEG-catalase. ADP-dependent
activation of the “energy gauge” kinase AMPK—which we have
shown to be modulated by redox-sensitive upstream kinases
(6, 31)—is also blocked by PEG-catalase (Fig. 3). These results
help to establish the critical role of H2O2 in modulating the response to ADP.
These studies provide multiple lines of evidence establishing
a key role for H2O2 in modulating ADP signaling to the cytoskeleton. PEG-catalase completely blocked ADP-stimulated
phosphorylation of c-Abl and MARCKS (Fig. 2), both of which
are reversibly targeted to the actin cytoskeleton. The P2Y1 receptor-modulated formation of actin stress fibers is similarly
attenuated by PEG-catalase (Fig. 4). We sought to complement
these approaches with PEG-catalase by directly detecting intracellular H2O2 using the biosensor HyPer2 (18), which we have
previously studied in these cells. Using differentially targeted
HyPer2 constructs, we found that ADP promoted a robust increase in H2O2 levels in endothelial cells transfected with cytosolic or caveolae-targeted HyPer2 constructs, whereas cells
transfected with mitochondria-targeted HyPer2 variants showed
a smaller response; the nuclear-targeted HyPer2 showed
no response whatsoever (Fig. 5). This finding suggested that
Kalwa et al.

Fig. 6. ADP induces actin rearrangement via Flt3 transactivation. A shows
results from a receptor tyrosine kinase activation screen that permits
quantitation of phosphorylation responses for a panel of 39 different receptor tyrosine kinases. Endothelial cells were treated with ADP (50 μM) for
the indicated time points in the presence or absence of MRS2179 (5 μM), and
then harvested and lysed. Whole-cell lysates were subjected to a RTK
PathScan antibody array (Cell Signaling) and analyzed by densitometry. The
arrows note a significant time-dependent increase and decrease in phosphorylation of the receptor tyrosine kinase Flt3. The receptor tyrosine kinase
FGF4 also showed an increase in phosphorylation, but only at the 15-min
time point. B shows immunoblots of cultured endothelial cells incubated
with ADP in the presence or absence of MRS2179 or the receptor tyrosine
kinase inhibitor sunitinib, as indicated. Membranes were probed for phosphospecific and total AMPK, eNOS, and Flt3, as shown in these representative immunoblots. C shows representative photomicrographs of endothelial
cells transfected with GFP-labeled F-tractin treated with ADP (50 μM) with or
without sunitinib. (Magnification: 100×.) (Scale bars: 5 μm.) B and C show
individual tracings of cellular fluorescence over time; the asterisk notes
a significant difference in the slope of the fluorescence signal measured
before and 30 min after the addition of ADP, as analyzed in pooled data
from four independent experiments. D shows a schematic of the signaling
pathways being probed in these studies; see text for details.
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Fig. 5. Detection of ADP-promoted changes in intracellular H2O2 levels. A
shows representative photomicrographs of endothelial cells transfected with
differentially targeted variants of the hydrogen peroxide specific biosensor
HyPer2 expressed in cytosol (Cyto), caveolae (Cav), nucleus (Nuc), or mitochondria (Mito), as indicated, and then treated with ADP. B shows representative tracings for the individual differentially targeted HyPer2
constructs; ADP addition is indicated by an arrow. C shows immunoblots of
cultured endothelial cells incubated with ADP in the presence or absence of
MRS2179 (“MRS”; 5 μM), PEG-catalase (“Cat”; 100 U/mL), the NADPH oxidase
inhibitor VAS2870 (“VAS”; 10 μM), or the inhibitor of mitochondrial respiration rotenone (“Rot”; 10 μM) as indicated. Membranes were probed with
total and phosphospecific antibodies for AMPK, eNOS, and MARCKS. The
results shown are representative of three identical experiments that yielded
similar results; statistical analyses of pooled data are presented in Fig. S1C.

mitochondria—which are a quantitatively important source of
H2O2 in these (and in most other) cells (11)—are not the major
source of increased H2O2 levels seen after ADP treatment.
Differential utilization of intracellular H2O2 sources in different signaling pathways is consistent with our observation (Fig.
5C) that the mitochondrial inhibitor rotenone completely blocks
ADP signaling to eNOS, while having no effect on ADPstimulated phosphorylation of MARCKS or AMPK. These observations represent a point of convergence with features of the
angiotensin-II AT1 receptor, in which the increase in intracellular
ROS seen after AT1 receptor activation is due to an increase in
NADPH oxidase activity (16). However, in contrast to the pathophysiological consequences of ROS generation typically seen in
response to angiotensin-II (13, 16), the increase in H2O2 in response to ADP observed in the present study instead appears to
reflect the activation of a physiological signaling pathway.
The signal detected by the caveolae-targeted HyPer2 construct
provides suggestive evidence that NADPH oxidases may represent an important ADP-modulated source of H2O2. NADPH oxidases are a family of membrane-associated multisubunit enzymes
that synthesize superoxide or H2O2 in response to a broad range
of extracellular stimuli. Rac1 is an essential component of
some NADPH oxidase isoforms, and the critical dependence
of ADP signaling on Rac1 (ref. 6 and Fig. 2) provides additional
evidence for the involvement of NADPH oxidase in the P2Y1

receptor-mediated response. The fact that ADP-dependent
Rac1 activation is not blocked by PEG-catalase (Fig. 2)
indicates that H2O2 is “downstream” of Rac1 activation.
The NADPH oxidase inhibitor VAS2180 completely blocked
ADP-stimulated phosphorylation responses, whereas the mitochondrial inhibitor rotenone blocked only eNOS phosphorylation while having no effect on AMPK or MARCKS
phosphorylation (Fig. 5C). These findings suggest that different signaling responses elicited by P2Y1 receptors for ADP
may differentially modulate specific intracellular H2O2 sources.
FRET imaging of the ADP-dependent activation of Rac1 reveals
that most of the Rac1 activation is taking place at cell membranes. This observation is consistent with the subcellular distribution of NADPH oxidase isoforms, which typically are membranetargeted proteins (13, 16). Taken together, ADP-dependent
activation of NADPH oxidase appears to be a key determinant
of P2Y1-mediated responses in these cells.
The critical role of H2O2 in receptor-dependent cell signaling
has been extensively characterized for receptor tyrosine kinases.
Many G protein-coupled receptors “transactivate” receptor
tyrosine kinases as a fundamental component of their signal
transduction pathways, yet a role for H2O2 in directly mediating
physiological G protein-coupled receptor signal transduction has
been observed for only a handful of receptors (11). These previous observations on the interactions between G proteincoupled receptors and receptor tyrosine kinases inspired us to
explore whether the P2Y1 receptor for ADP might follow a
similar signaling paradigm. We therefore explored whether ADP
might activate receptor tyrosine kinase(s) in these cells by using
a chip-based receptor tyrosine kinase screen, which revealed that
ADP treatment promoted the robust time-dependent reversible
phosphorylation of Flt3, and a transient increase in FGF4
phosphorylation (Fig. 6). ADP-dependent phosphorylation of
both receptor tyrosine kinases was entirely blocked by MRS2179,
indicating that these responses are mediated by the P2Y1 receptor. Fig. 6D shows a schematic model that synthesizes our key

findings. We found that the ADP-dependent phosphorylation of
AMPK and ADP-modulated cytoskeleton reorganization was
entirely blocked by the highly selective Flt3 inhibitor sunitinib.
Activation of the endothelial cell P2Y1 receptor leads to the
transactivation of the receptor tyrosine kinase Flt3, which leads
to the H2O2-dependent phosphorylation of the nonreceptor tyrosine kinase c-Abl, which then promotes phosphorylation of
MARCKS and leads to an increase in endothelial barrier integrity. This pathway appears to involve NADPH oxidase and is
independent of mitochondria-derived H2O2. In contrast, the
ADP/P2Y1 signaling pathway leading to eNOS activation is independent of Flt3 and appears to involve H2O2 derived from
mitochondrial sources, providing a clear point of departure
between P2Y1 signaling to eNOS vs. AMPK and MARCKS.
These observations indicate that P2Y1-mediated ADP-dependent
transactivation of the Flt3 receptor tyrosine kinase differentially
modulates downstream signaling responses in endothelial cells.
These studies establish a role for Flt3 in endothelial signaling
and may help to explain the frequent occurrence of vascular
dysfunction in patients treated with sunitinib and other receptor
tyrosine kinases inhibitors used in cancer chemotherapy (32).
Because ADP modulates vascular wall integrity, the abrogation
of ADP responses by blockade of Flt3 might represent one
mechanism whereby sunitinib leads to dose-limiting vascular
dysfunction. In the process of explicating unique features of
H2O2 in ADP signaling, these studies have identified a mechanism for receptor transactivation that may have implications for
cancer chemotherapy, revealing the complex interplay between
oxidant-modulated signaling and vascular homeostasis.
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Fig. S1. Statistical analyses of pooled data from immunoblot experiments. A and B show pooled data from four independent experiments identical in design
to the representative immunoblots shown in Fig. 1B, in which murine aortic preparations (A) or cultured endothelial cells (B) were incubated with ADP in the
presence or absence of the P2Y1-specific blocker MRS2179 or the cell-permeant H2O2-catabolizing enzyme PEG-catalase. C shows pooled data from three
identically configured experiments corresponding to the representative immunoblots shown in Fig. 5, in which endothelial cells were incubated with MRS2179,
PEG-catalase, the NADPH oxidase inhibitor VAS2870, or the mitochondrial inhibitor rotenone and treated with ADP. D shows pooled data corresponding to the
representative immunoblots shown in Fig. 6B, in which endothelial cells were incubated with ADP in the presence or absence of MRS2179 or the receptor
tyrosine kinase inhibitor sunitinib (n = 3 identical experiments) and probed with total and phosphospecific antibodies as shown; *P < 0.05 (ANOVA).
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Fig. S2. Effects of PEG-catalase, MRS2179, sunitinib, and VAS2870 on ADP-mediated phosphorylation and HyPer2 responses in cultured endothelial cells. A–C
show a time-response analysis of ADP-induced protein phosphorylation in endothelial cells. Cells were incubated with ADP (50 μM) for the indicated times in
the presence or absence of PEG-catalase, MRS2179, or VAS2870. Membranes were probed with phosphospecific and total antibodies directed against eNOS,
AMPK, and MARCKS. The results shown are representative of four identical experiments that yielded similar results. D shows the effects of these same inhibitors on ADP-stimulated HyPer2 responses. Endothelial cells transfected with the HyPer2 plasmid were treated with ADP (50 μM) in the presence of absence
of PEG-catalase, MRS2179, sunitinib, or VAS2870 and then analyzed by ratiometric imaging of the HyPer2 signal; the slope of the ratiometric response following addition of ADP was calculated and is presented in this figure (n = 3; *P < 0.05 by ANOVA).
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Fig. S3. Detection of hydrogen peroxide levels by differentially targeted variants of HyPer2. Shown are representative photomicrographs and quantitative
live-cell time course experiments in endothelial cells transfected with differentially targeted variants of the hydrogen peroxide specific biosensor HyPer2
expressed in cytosol (CYTO), caveolae (CAV), nucleus (NUC), or mitochondria (MITO), as indicated, and then treated with H2O2. The cytosolic, nuclear, and
mitochondria-targeted HyPer2 constructs were from Evrogen. The caveolae-targeted HyPer2 was generated by amplifying the cytosolic HyPer2 coding sequence (minus its initial ATG) by PCR, using as forward primer 5′-GATCTCTGCAAGCCAGCAGGGCGAGACGA; reverse primer 5′-CTAGATTAAACCGCCTGTTTTAAAACTTTATCG; this fragment was ligated in frame with the N-terminal sequence of eNOS extending from the initial eNOS ATG to the BglII site at base pair
1520 (Bos taurus eNOS cDNA M89952).
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