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The Role of P2Y2 Nucleotide Receptors
in Vascular Inflammation
Abstract
Extracellular nucleotides and nucleosides can regulate vascular tone. Extracellular
nucleotides are released at the site of tissue injury and may play an important role in the
atherogenesis process by promoting monocyte/macrophage adherence and infiltration,
impairing endothelial barrier, and stimulating migration and proliferation of vascular
smooth muscle cells, thereby contributing to the development of intimal thickening. In
vascular injury models, including collared rabbit carotid arteries and rat aorta balloon
angioplasty, P2Y2 mRNA was significantly up-regulated while P2Y4 mRNA was
unaffected and P2Y6 mRNA was undetectable. This dissertation concerns the specific
roles played by the P2Y2 receptor in pathophysiological vascular development.
Promotion of monocyte adherence to vascular endothelium by nucleotides was
first suggested by the observation that activation of up-regulated P2Y2 receptors in the
collared rabbit carotid artery increased monocyte/macrophage infiltration and intimal
hyperplasia. We addressed the hypothesis that activation of the P2Y2 receptor modulates
the expression of VCAM-1 in vascular endothelial cells that is important for monocyte
recruitment. Suppression of P2Y2 receptor expression by P2Y2 anti-sense oligonucleotide
inhibited UTP-induced VCAM-1 expression. UTP-induced VCAM-1 expression in
human coronary artery endothelial cells (HCAEC) is dependent on intracellular calcium
stores, p38 mitogen-activated protein kinase (MAPK) and Rho kinase, but independent of
MEK1/2. Expression of VCAM-1 in HCAEC increased the adherence of monocytic
xii

U937 cells to HCAEC monolayers. We report here that P2Y2 receptor-induced VCAM-1
expression is mediated by rapid tyrosine phosphorylation of VEGFR-2 in HCAEC. RNA
interference (RNAi) targeting of VEGFR-2 expression or inhibition of VEGFR-2 tyrosine
kinase activity abolished P2Y2 receptor-mediated VCAM-1 expression. Furthermore,
VEGFR-2 association with the P2Y2 receptor upon UTP stimulation is dependent on the
integrity of SH3 binding sites in the P2Y2 receptor C-terminal tail and Src kinase activity,
and is required for VCAM-1 expression.
We also discovered that the P2Y2 receptor is linked to the cytoskeleton through
direct interaction with the actin-binding protein filamin A (FLNa), which is a large
protein of 280 kD and serves as a cross-linker of actin polymers and as a scaffolding
protein for various signaling molecules. This interaction was mapped to the C-terminal
tail of the P2Y2 receptor (amino acids 322 to 333) and is required for FLNa
phosphorylation induced by extracellular nucleotides. P2Y2 receptor activation causes
spreading and migration of vascular smooth muscle cells (SMC) in vitro and ex vivo.
Disruption of this interaction impairs the ability of the receptor to induce the spreading
and migration of SMC.
Taken together, these results demonstrated that extracellular nucleotides and the
P2Y2 receptor have several important functions in vascular endothelial cells and smooth
muscle cells and may be a key contributor to the progression of cardiovascular diseases,
such as atherosclerosis and hypertension. These results encourage drug design targeting
the P2Y2 receptor as a means to prevent and/or treat arterial disease.
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Chapter I
Introduction

A.

Inflammation in vascular disease
The connection between atherosclerosis and lipid storage was observed a long

time ago. Although hypercholesterolemia was theorized as pathogenic and is still under
intensive study, until the 1990’s this phenomenon was poorly understood. In the last
fifteen years, substantial advances in basic and experimental sciences have elucidated the
role of vascular inflammation and associated molecular and cellular mechanisms that
contribute to atherogenesis (reviewed by Libby, 2002). Understanding the connection
between inflammation and atherosclerosis could be of considerable prognostic and
therapeutic value.
In the progression of atherosclerosis, inflammation participates in each step
(Libby, 2002). Normal vascular endothelium is not adhesive to leukocytes (Poole and
Florey, 1958). However, at atherosclerotic lesion sites, the endothelium is inflamed and
expresses certain adhesion molecules that can bind their cognate ligands on leukocytes in
the circulation (Cybulsky and Gimbrone, 1991). Initially, selectins expressed on the
endothelial cell luminal surface cause leukocytes to slow down and roll on the
1

endothelium (Dong et al., 1998). Then, cytokines up-regulate the integrins α4 and β2 in
the leukocytes, which promote binding to vascular cell adhesion molecule (VCAM)-1
and intercellular cell adhesion molecule (ICAM)-1 on endothelium, respectively
(Springer, 1994). Interestingly, VCAM-1 can bind monocytes and T lymphocytes, two
types of leukocytes found in atheromas, making it an important player and potential
target for therapeutic strategies (Elices et al., 1990; Walpola et al., 1995). In addition,
pro-inflammatory factors expressed in the atheroma are chemoattractants for leukocytes
and direct the leukocytes to migrate into the vascular intima. Such chemoattractants
include monocyte chemotactic protein (MCP)-1, which can guide monocytes into the
intima (Boring et al., 1998; Gu et al., 1998) and T lymphocyte-activating CXC
chemokines, which guide T cells into the intima (Mach et al., 1999). Other proinflammatory factors in the intima, such as macrophage-colony stimulating factor (MCSF), can up-regulate the leukocytic expression of macrophage scavenger receptors that
promote the uptake of modified lipoprotein particles (i.e. oxLDL) and the differentiation
of monocytes into macrophages (de Villiers et al., 1994). M-CSF can also stimulate the
replication of macrophages in the intima (Sherr, 1991; Stanley et al., 1997). Proinflammatory factors released by T cells (e.g. interferon-γ and lymphotoxin) stimulate the
migration and proliferation of macrophages and smooth muscle cells (SMC) (Libby and
Hansson, 1991), resulting in intimal hyperplasia and a decrease in vessel inner diameter.
Leukocytes and resident arterial cells also release fibrogenic mediators that cause the
formation of a fibrous cap, mainly composed of collagen, to protect the atheroma from
further exposure to invading leukocytes (Schneider et al., 1999). As inflammation
progresses, the leukocytes release collagenase to prevent the formation of new collagen
2

and thin the fibrous cap of the atherosclerotic plaque, rendering it susceptible to rupture
(Galis et al., 1994; Sukhova et al., 1999; Herman et al., 2001). Activated T lymphocytes
release interferon-γ, that suppresses production of collagen by SMC (Libby et al., 1995;
Libby, 2000). Inflammatory mediators cause the macrophages in the atherosclerotic
plaque to produce tissue factor, which is a pro-coagulator (Wilcox et al., 1989). Once
vascular rupture occurs, tissue factors are released that can trigger thrombosis and result
in fatal acute myocardial infarction (Libby and Simon, 2001).

B.

P2 receptors in the cardiovascular system
Extracellular nucleotides bind to cell-surface receptors known as P2 receptors,

that are present in many tissues. To date, these receptors have been classified into two
main families: the P2X receptors that are ligand-gated ion channels comprised of homoor hetero-oligomers (North and Surprenant, 2000), and P2Y receptors that are sevenmembrane-spanning receptors coupled via G proteins (Gq/11 or Gi/o) to phospholipase C
(PLC) and/or adenylate cyclase (Cooper and Rodbell, 1979; North and Surprenant, 2000;
Communi et al., 2001). In turn, PLC activation generates inositol 1,4,5-triphosphate (IP3),
a mediator of Ca2+ release from intracellular stores, and diacylglycerol, an activator of
protein kinase C (PKC) whereas adenylate cyclase generates cyclic AMP, an activator of
protein kinase A (PKA). The identification of seven P2X (P2X1, P2X2, P2X3, P2X4, P2X5,
P2X6, P2X7) (Valera et al., 1994; Le et al., 1997; Garcia-Guzman et al., 1997a, 1997b;
Rassendren et al., 1997; Urano et al., 1997; Lynch et al., 1999) and eight P2Y (P2Y1,
P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) (Parr et al., 1994; Nguyen et al., 1995;
Ayyanathan et al., 1996; Chambers et al., 2000; Communi et al., 1995, 1996, 1997, 2001;
Hollopeter et al., 2001) receptor subtypes has made it possible to use molecular and
3

pharmacological approaches to study the distribution and functional properties of specific
P2 receptor subtypes at the tissue and cellular level.
B1.

P2 receptors in vascular cells The normal arterial wall consists of three

layers: intima, media, and adventitia. The single layer of endothelial cells facing the
vessel lumen is a very important component of the vascular wall in terms of releasing
both vasodilators such as nitric oxide (NO) and prostacyclin (PGI2), and vasoconstrictors
such as thromboxane A2 and endothelin (Weksler et al., 1978; Nawroth et al., 1985;
Salvemini et al., 1990; McClellan et al., 1994). The principal P2Y receptor subtypes that
have been functionally characterized in endothelial cells are P2Y1 and P2Y2, but mRNAs
for P2Y4 and P2Y6 receptors have also been detected (Di Virgilio and Solini, 2002).
Endothelium-dependent vasorelaxation has been attributed to the release of NO and PGI2
after binding of nucleotides to P2Y1 and P2Y2 receptors in endothelial cells (Ralevic and
Burnstock, 1991) whereas vasoconstrictor effects in SMC result from the action of
nucleotides on P2Y2 and P2X receptors (von Kugelgen and Starke, 1990; Saiag et al.,
1992). In most blood vessels, P2Y1 receptors, which preferentially bind ADP, are present
on the endothelium and regulate vasodilatation by Ca2+-dependent (PLC-mediated)
activation of NO synthase (NOS) and generation of endothelial-dependent relaxing factor
(EDRF) (Di Virgilio and Solini, 2002). Endothelial PGI2 production is also stimulated by
P2Y1 and P2Y2 receptors, but this seems to play a minimal role in vasodilatation, at least
under physiological conditions (Ralevic and Burnstock, 1998). Recent studies have
indicated that in the aortas of P2Y2-null mice, endothelium-dependent relaxation induced
by ATP and ATPγS was inhibited, demonstrating the role of P2Y2 receptors, but the
response to0 UTP and UDP was maintained, suggesting the additional involvement of
4

P2Y6 receptors (Guns et al., 2006). The majority of cells in intact blood vessels are SMC,
which occupy most of the media and are involved in vasoconstriction and vasorelaxation.
P2Y2 receptors in SMC mediate the induction of immediate-early and delayed-early cellcycle-dependent genes, consistent with a role for P2Y2 receptors in vascular proliferation
of SMC (Malam-Souley et al., 1995; Seye et al., 1997). A recent study demonstrated that
the P2Y2 receptor is the predominant functional receptor that responds to ATP and UTP
in rat aortic SMC (Kumari et al., 2003). In human cerebral arteries, the P2Y6 receptor
seems to be the predominant subtype and induces vasoconstriction when activated by
UDP/UTP (Malmsjo et al., 2003a, b). This is consistent with findings from rat pulmonary
and mesenteric arteries (Hartley et al., 1998; Malmsjo et al., 2000). In addition, a recent
study with P2X1 receptor knockout mice further supports the prominent contractile effect
of the P2Y6 receptor subtype in mesenteric arterial trees (Vial and Evans, 2002). Taken
together, it seems that the principal receptor mediating UTP/UDP-induced contractile
responses in blood vessels might be the P2Y6 receptor subtype. Other studies have
reported the presence of both P2Y4 and P2Y6 receptors in rat aortic SMC (Chang et al.,
1995; Malam-Souley et al., 1995; Erlinge et al., 1998a). P2Y1 receptors are expressed in
SMC of a number of blood vessel types and, like their endothelial cell counterparts,
mediate vasodilatation most likely through the activation of K+ channels (Ralevic and
Burnstock, 1998). The presence of several P2X receptor subtypes also has been reported
in human saphenous vein SMC, including P2X1, P2X2, P2X4, and P2X7 receptors (CarioToumaniantz et al., 1998). The outermost layer of the blood vessel consists of connective
tissue and fibroblasts, which have not been appreciated in the regulation of vascular tone.
A recent study showed that fibroblasts can migrate into the neointima, suggesting their
5

possible involvement in the development of vascular diseases such as atherosclerosis and
restenosis after angioplasty (Zalewski et al., 2002). Since human and rat fibroblasts are
known to express P2Y1, P2Y2, P2Y4, P2Y6, P2X3, P2X4, and P2X7 receptors (von
Kugelgen and Wetter, 2000), further investigation is needed to establish the role of
fibroblast P2 receptors under physiological and pathophysiological conditions.
B2. P2 receptors in blood cells G-protein-coupled P2Y receptors, the activation
of which leads to intracellular calcium mobilization, have been observed in neutrophils
(Kuhns et al., 1988; Cowen et al., 1989; Di Virgilio and Solini, 2002). Turkey
erythrocytes express both P2Y1 and P2X7 receptors (Parker and Snow, 1972; Boyer et al.,
1989). ATP and UTP act as secretagogues by binding to P2Y2 receptors to enhance
exocytosis of primary granules in neutrophils (Cockcroft and Stutchfield, 1989). In
macrophages, ATP activates a P2X7 receptor that differs from other ligand-gated ionchannel P2X receptors by its ability to generate plasma membrane pores when activated
(Steinberg et al., 1987). Human T lymphocytes also have been shown to express P2X7
receptors (Baricordi et al., 1996). Human monocytes and macrophages co-express P2X1,
P2X4, and P2X7 receptors whereas granulocytes only express P2X7 receptors (Suh et al.,
2001). P2Y1, P2Y2, and P2Y6 receptors also are expressed in monocytes, B lymphocytes,
and polymorphonuclear granulocytes (Di Virgilio et al., 2001). Human platelets express
P2Y1, P2Y12, and P2X1 receptors (Leon et al., 1997; Sun et al., 1998; Hollopeter et al.,
2001). Thus, the diversity of P2 receptor expression in blood cells, as well as endothelial
cells, SMC and fibroblasts, suggests that this receptor superfamily plays a significant role
in the regulation of cardiovascular functions.

6

C.

Modulation of P2 receptors in vascular injury and related

pathophysiology
Experimental arterial intimal hyperplasia can be evoked by balloon angioplasty,
or by the perivascular placement of a silicone collar around an artery. An influx of
leukocytes precedes the migration and proliferation of vascular SMC into the intima in
both of these models (De Meyer et al., 1997). In normal adult aorta, P2Y2 receptor
mRNA was found in the endothelial cell lining, while a sustained expression of this
receptor was detected in few SMC disseminated in all the media (Seye et al., 1997). In
contrast, P2Y2 mRNA was detected in all medial SMC of fetal aortas and in most of the
cells of intimal lesions obtained after aortic ballooning, with high expression in cells
lining the lumen, both 1 and 3 weeks after injury (Seye et al., 1997).
In the collar model, neointimal formation appears to be triphasic (De Meyer et al.,
1997). The first phase characterized by vascular infiltration of leukocytes begins 2 h after
collar placement around a rabbit carotid artery. The second phase begins within 12 h of
collar placement and is characterized by medial replication of SMC. The third phase is
characterized by the appearance, beginning at day 3 after collar placement, of subendothelial SMC. In situ hybridization with sham-operated arteries indicated that P2Y2
receptor mRNA was localized to CD31-positive endothelial cells and not medial SMC
(Seye et al., 2002). High levels of P2Y2 mRNA were detected in medial SMC 3 days after
collar placement, before appearance of neo-intima. At day 14, all intimal and medial cells
were P2Y2 positive. Fura-2 digital imaging of single SMC that was used to measure
changes in myoplasmic calcium concentration in response to P2Y receptor agonists
7

showed an increase in P2Y2 receptor activity. However, the same study showed that P2Y4
receptor mRNA was equivalently expressed in sham-operated, collared arteries, or
cultured SMC, whereas P2Y6 receptor mRNA was not detected in carotid arteries or in
cultured carotid SMC. In a more recent study, it was shown that P2Y2 receptor upregulation occurs in a porcine model of coronary artery stent, a clinically relevant model
of arterial injury (Shen et al., 2004). P2Y2 receptor mRNA levels were significantly
increased in coronary SMC dispersed from stented segments of coronary arteries 3 weeks
after stent angioplasty compared with SMC from unstented segments. There was no
significant difference observed in levels of P2Y6 receptor mRNA in the stented and
unstented artery segments, whereas P2Y4 receptor mRNA was undetectable.
Up-regulation of functional P2Y receptors also occurs in the basilar artery of the
rat double-hemorrhage model (Carpenter et al., 2001), in the coronary artery of diabetic
dyslipidemic pigs (Hill et al., 2001), and in human atherosclerotic lesions (Seye and
Desgranges, personal communication). It has been proposed that up-regulation of P2Y
receptors could be a potential diagnostic indicator for the early stages of atherosclerosis
(Elmaleh et al., 1998). Interestingly, a more recent study showed that high shear stress
associated with vascular diseases can selectively up-regulate P2Y2 and P2Y6 receptors in
perfused arterial SMC (Wang et al., 2003). P2X1 and P2X4 receptors have been shown to
be up-regulated in rabbit intimal thickenings (Pulvirenti et al., 2000). Taken together,
these findings strongly suggest that at least some P2 receptor subtypes (most notably
P2Y2) are implicated in the development of vascular disease.
A high level of P2Y2 receptor expression could be related to the altered phenotype
of SMC in intimal thickenings. Migrating and proliferating SMC in the arterial media,
8

together with infiltrating macrophages and T lymphocytes, are the main cell types that
comprise atherosclerotic and restenotic lesions (Ross, 1993). In the early stages of intimal
hyperplasia, SMC are modified from a differentiated, contractile phenotype to an
immature, synthetic phenotype, which enables them to migrate into the intima, proliferate,
and secrete extracellular matrix components (Bochaton-Piallat et al., 1996). In many
aspects, this shift in phenotype is a reversal of the normal differentiation pattern of
vascular SMC during fetal and early postnatal life (Owens, 1995; Katoh and Periasamy,
1996). However, there is still a lack of knowledge concerning the phenotypic regulation
of SMC during vasculogenesis and vascular disease. Partially dedifferentiated SMC are
found in rat arterial intimal lesions after balloon angioplasty (Gabbiani et al., 1984;
Kocher et al., 1991), and their phenotype has been compared with that of newborn rat
aortic SMC (Schwartz et al., 1995). Interestingly, it has been reported that medial SMC
of rat embryonic aorta also exhibit high P2Y2 receptor expression similar to intimal
thickenings (Seye et al., 1997). Other studies have shown that P2Y1 and P2Y2 receptor
transcripts are strongly up-regulated with phenotypic changes in rat SMC whereas P2X1
mRNA is completely down-regulated and P2Y4 and P2Y6 mRNA levels are unchanged
(Erlinge et al., 1998a; Pillois et al., 2002). Taken together, these results suggest that P2Y2
receptor expression is up-regulated in the entire cell population of intimal thickenings and
is closely associated with a poorly differentiated phenotype of SMC. The dramatic
increase in P2Y2 mRNA expression observed in balloon angioplasty-induced intimal
lesions would suggest increased activity of extracellular nucleotides with consequent
enhancement of cell proliferation and vasoreactivity. Indeed, extracellular nucleotides,
particularly ATP and UTP, have been shown to induce cell-cycle progression and
9

proliferation of cultured arterial SMC (Erlinge et al., 1993, 1995; Malam-Souley et al.,
1993, 1995), and vasoconstriction in the absence of endothelial cells (Saiag et al., 1990;
von Kugelgen and Starke, 1990; Ralevic and Burnstock, 1991). Since both neointimal
hyperplasia and vasoconstrictive remodeling have been found to be involved in
postangioplasty restenosis (Ross, 1993; Lafont et al., 1995; Schwartz et al., 1995;
Andersen et al., 1996), these findings suggest that extracellular nucleotides may play a
significant role in these processes, at least as long as functional endothelial cells, which
regulate intimal thickening (Haudenschild and Schwartz, 1979; Clowes et al., 1986) and
nucleotide-induced vasorelaxation (Shimokawa et al., 1989; Weidinger et al., 1990), are
not regenerated.
Increased P2Y2 receptor expression in the neointima may by itself be sufficient to
enhance local effects of extracellular nucleotides on proliferation of SMC. Although
expression of other P2 receptors has been described in arterial SMC (Valera et al., 1994;
Chang et al., 1995; Malam-Souley et al., 1995), the P2Y2 receptor seems to be more
specifically involved in the response of SMC to ATP and UTP (Nicholas et al., 1996),
particularly in potentiation of proliferation (Erlinge et al., 1995; Malam-Souley et al.,
1995). Effects of extracellular nucleotides are not only dependent on the nature and
number of P2 receptors present on target cells but also on local concentrations of
nucleotide agonists. Although in vivo concentrations of extracellular nucleotides are
difficult to measure, in vitro experiments suggest that extracellular nucleotides are
released from blood and vascular cells exposed to various physicochemical conditions,
e.g., stress, hypoxia (Gordon, 1986; Bergfeld and Forrester, 1992; Bodin and Burnstock,
1995) associated with the angioplasty process.
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P2Y2 receptors in SMC are involved in nucleotide-induced constriction of normal
arteries (Saiag et al., 1990; von Kugelgen and Starke, 1990; Ralevic and Burnstock,
1991). Long-lasting alterations in vasomotricity after endothelial cell denudation,
resulting in increased sensitivity to vasoconstrictive substances, have previously been
demonstrated (Shimokawa et al., 1989; Weidinger et al., 1990). It appears that, like other
receptors for vasoconstrictive factors such as angiotensin II (Viswanathan et al., 1992),
endothelin (Winkles et al., 1993), and platelet-derived growth factor (PDGF) (Majesky et
al., 1990), which are overexpressed in neointima, P2Y2 receptors may play an important
role in controlling vasoactive properties of pathological arteries, particularly in chronic
constriction at the lesion site that is postulated to be one of the processes leading to
postangioplasty restenosis (Lafont et al., 1995; Andersen et al., 1996)
In the collared artery, up-regulation of the P2Y2 receptor (P2Y2R) and in vivo
activation of the P2Y2 receptor by continuous delivery of UTP with an osmotic minipump significantly increases macrophage infiltration (Seye et al., 2002). The
macrophages in the intima originate from monocytes in the blood recruited to the
endothelium via binding to adhesion molecules, such as vascular cell adhesion molecule
(VCAM)-1, intercellular cell adhesion molecule (ICAM)-1, and selectins. Importantly,
VCAM-1 is expressed in atherosclerosis-prone areas, such as aorta, one week after
feeding the animal with a atherogenic diet, which is before the appearance of
macrophages in the intima (Li et al., 1993). VCAM-1 binds to monocytes and T
lymphocytes, which are found in the atheromas (Elices et al., 1990; Walpola et al., 1995).
Chapter II clarifies the role of the P2Y2R in VCAM-1 induction in endothelial cells and
monocyte recruitment to endothelium. Furthermore, we explored downstream signaling
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effectors that mediate UTP-induced VCAM-1 expression. Especially, the role of
VEGFR-2, a key player in vascular inflammation and associated signaling events, is
discussed in Chapter III. A schematic representation of the mechanism of P2Y2R-induced
activation of VEGFR-2 and induction of VCAM-1 is shown in Figure I-1.

D.

Regulation of smooth muscle cell motility and cytoskeletal

reorganization by nucleotides
Recent studies indicate that the extracellular nucleotides ATP, ADP, UTP, and
UDP serve as directional cues for migration of rat aortic SMC (Chaulet et al., 2001). At
identical concentrations, the most powerful migratory response induced by these
nucleotides was elicited by UTP. Nucleotide-induced migration of SMC is the
consequence of both chemotaxis and chemokinesis and may result from activation of one
or several P2 nucleotide receptor subtype(s) (Ikeda et al., 1997; Pillois et al., 2002)). The
ability of UTP at submicromolar levels to stimulate migration of SMC supports the
hypothesis that this response could have physiological consequences and is essentially
mediated by P2Y2 receptor activation without excluding participation of other P2Y
receptor subtypes. The difference in the capacity of UTP and ATP to elicit migration of
SMC could be due to inhibition of nucleotide-induced cell migration by adenosine
generated from ATP catabolism by cell-surface ectonucleotidases (Pillois et al., 2002).
Indeed, ATP and UTP were equally effective in causing migration of SMC when ATP
was prevented from degradation by addition of the ectonucleotidase inhibitor α,βmethylene-ATP (Pillois et al., 2002). It has been shown in rat aortic SMC that the P2Y2
receptor is the predominant P2Y receptor subtype (Erlinge et al., 1998a; Pillois et al.,
12

2002) whereas lower levels of P2Y6 and P2Y4 receptor mRNA and very low level of
P2Y1 receptor mRNA were detected (Pillois et al., 2002). The very low level of P2Y1
receptor mRNA expression was consistent with the absence of ADP-induced migration of
cultured rat aortic SMC, demonstrating that P2Y1 is not involved in this process (Pillois
et al., 2002). In addition, the same study showed that a commercially available solution
of hexokinase-treated UDP (UTP-free) induced cell migration equally as well as
untreated UDP, thereby demonstrating that UDP is chemotactic for aortic SMC by
activation of the P2Y6 receptor (Pillois et al., 2002). Conversely, migration of rat aortic
SMC induced by UTP occurred even when UTP degradation by nucleoside diphosphate
kinase was inhibited, demonstrating the involvement of P2Y2 and/or P2Y4 receptor(s)
(Pillois et al., 2002).
The increased migration of SMC in response to extracellular nucleotides could be
related to increases in extracellular matrix (ECM) protein expression. Indeed, previous
studies have shown that UTP induces osteopontin expression in rat and rabbit aortic SMC
(Malam-Souley et al., 1993; Seye et al., 2002). Increased expression of osteopontin, an
integrin-binding RGD motif-containing ECM protein, is associated with the activation of
rat arterial SMC in vitro and in vivo (Chaulet et al., 2001). The increase in osteopontin
expression plays a key role in UTP-induced migration of rat aortic SMC since a
monoclonal antibody against osteopontin fully abolished UTP-induced migration
(Chaulet et al., 2001) whereas an antibody against vitronectin, another ECM protein also
involved in migration of human SMC (Dufourcq et al., 1998), had no effect on the
migration of rat aortic SMC (Chaulet et al., 2001). UTP can increase osteopontin mRNA
expression by increasing both osteopontin mRNA stabilization and osteopontin promoter
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activity (Renault et al., 2003). Recent studies have shown that activation of an AP-1
binding site located 76 bp upstream of the transcription initiation site in the rat
osteopontin promoter is involved in UTP-induced osteopontin expression (Renault et al.,
2003). Using a luciferase promoter deletion assay, Renault et al. (2005) identified a new
region of the rat osteopontin promoter (−1837 to −1757) that is responsive to UTP. This
region contains an NFκB site located at −1800 and an Ebox located at −1768.
Electrophoretic mobility supershift and chromatin immunoprecipitation assays identified
NFκB and USF-1/USF-2 as DNA-binding proteins induced by UTP (Renault et al., 2005).
Using dominant negative mutants of IκB kinase and USF transcription factors, it was
confirmed that NFκB and USF-1/USF-2 are involved in the UTP-induced expression of
osteopontin.
The ability of nucleotides to act as chemoattractants for rat arterial SMC in a
concentration range potentially found in pathological vessels (Communi et al., 2000) and
the findings of previous studies demonstrating the mitogenic activity of extracellular
nucleotides for these cells suggest that nucleotides released from mechanically stretched
vascular or damaged cells during the angioplasty process may participate in arterial wall
remodeling. Activation of the P2Y2 receptor in SMC can cause the reorganization of actin
filaments (Sauzeau et al., 2000). Filamins (also named FLN, actin-binding protein, or
ABP) form a family of molecules that are large actin-binding proteins that can crosslink
and stabilize three-dimensional networks of actin filaments (Cunningham et al., 1992;
Stossel et al., 2001). Three isoforms of FLN have been reported in humans and named
FLNa, FLNb, and FLNc (Gorlin et al., 1990; Xie et al., 1998; Xu et al., 1998). Tissuespecific gene splicing further contributes to FLN diversity. The overall homology
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between different isoforms of FLN is about 60-80%, where the C-terminal region is the
least conserved (Stossel et al., 2001). FLNa isoform-specific functions have been
suggested, since membrane instability and defects in cell migration occurred in FLNadeficient, but not FLNb-deficient, M2 melanoma cells (Cunningham, 1995). FLNa is an
actin-binding protein that promotes the orthogonal cross-linking of actin filaments,
raising the possibility that it may regulate cytoskeletal rearrangement and other related
cell functions such as cell motility (Cunningham et al., 1992; Li et al., 1999). FLNa can
be phosphorylated by a wide variety of kinases, such as Src, p90RSK, PKA, and PAK-1.
FLNa also has been found to be targeted by small GTPases of the Rho- and Rac-families,
suggesting a role in cell motility and cell shape change. However, it is not well
understood how phosphorylation regulates FLNa function (Ridley and Hall, 1992;
Kozma et al., 1996; Hall, 1998; Ohta et al., 1999; Vadlamudi et al., 2002). In Chapter IV,
we report that P2Y2 receptor is linked to actin cytoskeleton via interaction with filamin A
and regulate SMC migration. The model of the role of filamin A is shown in Fig I-2.

E.

Endothelial cell-to-cell junctions and leukocyte permeability
E1.

Endothelial cell-to-cell junctions seal endothelium and regulate

leukocyte permeability Vascular endothelium is a monolayer of endothelial cells that
separates the intima from the circulating blood. Endothelial cells adhere to neighboring
cells by homodimerization of transmembrane adhesion proteins (Breier et al., 1996;
Bazzoni et al., 2000b). Similar to epithelium, in the endothelium, mainly three types of
junctions have been reported, which are tight junctions (TJ), adherens junctions (AJ) and
gap junctions (reviewed by Bazzoni and Dejana, 2004). Both TJ and AJ are composed of
transmembrane proteins and soluble proteins. In TJ, the transmembrane proteins occludin,
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claudins, junction adhesion molecule (JAM), and the intracellular proteins zona
occludens, ZO-1, ZO-2, and ZO-3 have been reported (Fig. I-1) (Stevenson et al., 1986;
Gumbiner et al., 1991; Furuse et al., 1993; 1998; Haskins et al., 1998; Martin-Padura et
al., 1998). In AJ, E-cadherin and VE-cadherin are transmembrane components and they
bind to intracellular proteins α- and β-catenin (Fig. I-1) (Takeichi, 1993; Dejana et al.,
1995; Aberle et al., 1996; Gumbiner, 1996). In each junctional complex, the
transmembrane proteins can associate via their extracellular domain to the same protein
on adjoining cells, thus form an endothelium that is impermeable to leukocytes.
Intracellular junctional proteins are important in the regulation of tight and adherens
junctional functions, such as anchorage of transmembrane proteins on the cell surface
through linkage to actin cytoskeleton (Schneeberger and Lynch, 2004; Perez-Moreno and
Fuchs, 2006). Although the TJ are usually located at the apical side of adherens junction
in epithelium, such ordered structure is less defined in endothelium and TJ and AJ are
intermingled (Simionescu, 2000). Gap junctions formed by connexin proteins are also
found in the junctional complex, which mediate intercellular communication by forming
channels between cells that allow the passage of electrical signals and small secondary
messenger molecules (Simon and Goodenough, 1998). Desmosomes, which are seen in
epithelium (Geisenheimer and Han, 1971), are not present in endothelium (Rubin, 1992;
Lampugnani and Dejana, 1997; Bazzoni et al., 1999; Dejana et al., 1999; Simionescu,
2000).
The main functions of these junctions include restriction of membrane molecules
from moving between apical and basalateral domains to maintain cell polarity (i.e. fence
function), and fine-regulation of the extravasation and infiltration of leukocytes at sites of
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vascular inflammation (i.e. barrier function) (Johnson-Leger et al., 2000; Muller, 2003).
Endothelium of different blood vessels have different organization of junctions
(Simionescu, 2000). Brain vessels, where maintaining the blood-brain barrier is required,
display a well-developed junctional complex system (Rubin and Staddon, 1999; Wolburg
and Lippoldt, 2002). In contrast, postcapillary endothelial cells, where frequent
trafficking of cells and proteins is required, express low levels of junctional proteins
(Jiang et al., 1999). During embryogenesis in mice, development of junctions occurs in
the late stages (Rubin and Staddon, 1999). It was found that formation of a fully
functional blood-brain barrier is reached only after birth (Rubin and Staddon, 1999;
Stewart, 2000).
E2.

The role of actin cytoskeleton in the regulation of tight junctions TJ

appear like fibrillar strands within the plasma membrane of endothelial cells at sites of
cell-cell connection in electron micrographs. Cohesion of tight junctional strands on
adjoining cell plasma membranes occludes the paracellular space and provides the
mechanical basis for the barrier and fence functions (Tsukita et al., 2001). Actin
filaments terminate at these highly ordered membrane contact sites, suggesting a physical
linkage and functional/structural regulation of TJ by actin cytoskeleton.
Transmembrane proteins in TJ have been found to contribute to paracellular seals
in vitro. Mutation of such proteins causes disruption of both fence and barrier functions
(Balda et al., 1996b; Furuse et al., 1998). In freeze fracture electron micrographs, both
membrane proteins (occludin and claudins) and cytosolic plaque proteins (ZO-1, ZO-2,
and ZO-3) are localized at the fibrillar strand structures (Stevenson et al., 1986; Balda et
al., 1993; Jesaitis and Goodenough, 1994; Fannning et al., 1998). Occludin, the first
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adhesion protein discovered in TJ, has four transmembrane domains, two extracellular
loops, a short N-terminal tail and a long C-terminal tail (Amieva et al., 2003). Occludin
phosphorylation occurs when TJ assemble. The C-terminal tail of occludin has been
reported to bind to the guanine kinase (GUK) domain of ZO-1 (Schmidt et al., 2001).
ZO-1 belongs to the Membrane Associated Guanine Kinase (MAGUK) family, which is
a family of diverse proteins that mediates the linkage between membrane proteins and
cytoskeleton (Fanning et al., 1998). All proteins in the MAGUK family have three PDZ
(PSD-95, Dlg, ZO-1) domains, one SH3 (Src Homology 3) domain, and one guanine
kinase (GUK) domain in their N-terminal halves, although kinase activity is not present
in these proteins (Bazzoni and Dejana, 2004). The GUK domain of ZO-1 is predicted to
be unable to bind guanine monophosphate (GMP), but it is reported to bind to the Cterminal tail of occludin (Schmidt et al., 2001). Multiple serine/threonine and tyrosine
residues in ZO-1 are predicted to be phosphorylation targets (Beatch et al., 1996; Bazzoni
et al., 1999, 2000a, b; Bazzoni and Dejana, 2001; Bazzoni, 2003). A serine kinase has
been identified that can specifically phosphorylate the C-terminal tail of ZO-1, and was
named ZAK-1 (ZO-1-associated kinase) (Behrens et al., 1985). The actin-binding activity
is predicted to reside in the C-terminal domain of ZO-1. Unlike full-length ZO-1 or the
N-terminal domain of ZO-1, expression of a construct encoding the C-terminal domain of
ZO-1 does not localize to the cell membrane. Instead, it often targets to actin filaments
that are connected to focal adhesions, intercellular junctions, microvilli, and lamellae in
subconfluent cells (Fanning et al., 1998). ZO-1 also has been found to localize with actin
filaments at intercellular junctions and in lamellae of astrocytes and transformed
fibroblasts in cell culture (Howarth et al., 1992; Howarth and Stevenson, 1995). The N18

teriminal domain of ZO-1, which is unable to bind actin, can be as efficiently
incorporated into cell-cell contacts as full length ZO-1. However, modulation of the
structure of perijunctional actin cytoskeleton affects junction assembly and maintenance
of the paracellular seal in both endothelium and epithelium (Madara et al., 1992;
Anderson and Van Itallie, 1995). Expression of constitutive or dominant negative forms
of RhoA or Rac1 in epithelial cells caused a marked change in perijunctional actin
organization and disrupted the paracellular seal in epithelium (Jou et al., 1998).
Leukocyte extravasation is controlled by finely regulated opening and closing of
the tight junction, which requires the coordination of actin cytoskeleton (Lampugnani et
al., 1993). The endothelial permeability of leukocytes is an important factor in vascular
inflammation (de Boer et al., 1999). Inflammation represents an attempt by the organism
to combat on the infection, but could be detrimental if it persists in vascular tissue
(Cotran et al., 1999). Clarification of the molecular and signaling mechanisms that
regulate assembly of the components that seal interendothelial junctions is key to
understanding and controlling chronic vascular inflammation.
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Figure I-1 Signaling mechanism of P2Y2 receptor-induced VEGFR-2 activation and
VCAM-1 expression in endothelial cells.
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Figure I-2 The P2Y2 receptor is linked to actin cytoskeleton via filamin A.
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Figure I-3 Structure of tight junctions and adherens junctions.
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Artery Endothelial Cells
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Abstract
P2Y2 receptor up-regulation and activation induce intimal hyperplasia and
monocyte/macrophage infiltration in the collared rabbit carotid artery model of vascular
injury, suggesting a potential role for P2Y2 receptors in monocyte recruitment by
vascular endothelium. In this study, we addressed the hypothesis that activation of P2Y2
receptors by extracellular nucleotides modulates the expression of adhesion molecules on
vascular endothelial cells that are important for monocyte recruitment. Results indicated
that the equipotent P2Y2 receptor agonists UTP or ATP (1–100 µM) stimulated the
expression of vascular cell adhesion molecule-1 (VCAM-1) in human coronary artery
endothelial cells (HCAEC) in a time- and dose-dependent manner. P2Y2 antisense
oligonucleotides inhibited VCAM-1 expression induced by UTP but not by tumor
necrosis factor-α. Furthermore, UTP induced VCAM-1 expression in human 1321N1
astrocytoma cell transfectants expressing the recombinant P2Y2 receptor, whereas vectortransfected control cells did not respond to UTP. The effect of UTP on VCAM-1
expression in HCAEC was prevented by depletion of intracellular calcium stores with
thapsigargin or by inhibition of p38 mitogen-activated protein kinase or Rho kinase, but
was not affected by inhibitors of the mitogen-activated protein/extracellular signalregulated kinase pathway (i.e. MEK1/2). Consistent with a role for VCAM-1 in the
recruitment of monocytes, UTP or ATP increased the adherence of monocytic U937 cells
to HCAEC, an effect that was inhibited by anti-VCAM-1 antibodies. These findings
suggest a novel role for the P2Y2 receptor in the p38- and Rho kinase-dependent
expression of VCAM-1 that mediates the recruitment of monocytes by vascular
endothelium associated with the development of atherosclerosis.
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Introduction
Extracellular nucleotides cause a wide range of cellular responses and appear to
play a role in the regulation of many vascular functions (Dubyak and el-Moatassim,
1993; Erlinge, 1998a). Vascular cells release nucleotides when exposed to stimuli such as
ischemia, hypoxia, and chemical or mechanical stress (Pearson and Gordon, 1979;
Grierson and Meldolesi, 1995). It also is becoming apparent that extracellular nucleotides
can promote the development of a variety of pathologies including disorders of the
immune system, and neurodegenerative and vascular diseases (Dubyak and elMoatassim, 1993). Indeed, ATP or UTP induces proliferation and migration of vascular
smooth muscle cells, two processes involved in the development of intimal lesions found
in atherosclerosis and post-angioplasty restenosis (Malam-Souley et al., 1993; Pillois et
al., 2002). The biological effects of extracellular nucleotides are mediated through
activation of P1 and P2 purinergic receptors (Burnstock, 1998; Di Virgilio et al., 2001).
P1 receptors are responsive to adenosine, whereas P2 receptors are activated by a variety
of nucleotides including ATP and UTP (Burnstock, 1998; Di Virgilio et al., 2001). The
P2 receptors are subdivided into two distinct categories, the metabotropic G proteincoupled (P2Y) receptors and the ionotropic ligand gated channel (P2X) receptors
(Burnstock, 1998; Zhang et al., 2002). Vascular cells have been shown to express
metabotropic P2Y and ionotropic P2X receptors (Radisavljevic et al., 2000; Di Virgilio et
al., 2001). It has been reported that P2Y2 receptors are up-regulated in cells of rat intimal
lesions following balloon angioplasty (Seye et al., 1997). Recent studies in our group
showed that placement of a silicone collar around the rabbit carotid artery promoted upregulation of P2Y2 receptors in vascular smooth muscle cells and endothelium (Seye et
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al., 2002). Subsequently, local infusion of UTP was shown to stimulate intimal
hyperplasia and increase intimal monocyte infiltration (Seye et al., 2002), suggesting a
role for P2Y2 receptors in the recruitment of blood monocytes leading to inflammation in
atherosclerosis.
Monocyte recruitment into the vessel wall is a complex process that includes cell
rolling, firm attachment, and directed migration (Reviewed by Libby, 2002). It is now
becoming evident that adhesion molecules such as VCAM-1 play an important role in
leukocyte adherence to vascular endothelial cells (Faruqi and DiCorleto, 1993; Cybulsky
et al., 2001). VCAM-1 expression is induced or up-regulated by proinflammatory
cytokines such as tumor necrosis factor (TNF)-α (Dubyak and El-Moatassim 1993) and
interleukin 1-β on cellular components of the arterial wall including endothelial cells,
smooth muscle cells, and fibroblasts (Rice et al., 1990; Braun et al., 1995; Iademarco et
al., 1995). ATP and UTP have been shown to induce cell-cell adhesion in a
monocyte/macrophage lineage and neutrophil adherence to an endothelial cell monolayer
(Ventura and Thomopoulos, 1995; Parker et al., 1996), raising the possibility that
released ATP and UTP could induce endothelial cell activation by an autocrine/paracrine
mechanism to regulate leukocyte adherence.
The purpose of this study was to test the hypothesis that extracellular nucleotides
stimulate the expression of adhesion molecules on vascular endothelial cells and promote
monocyte adherence. Results showed that the P2Y2 receptor agonists UTP or ATP
induced the expression of VCAM-1 in human coronary artery endothelial cells
(HCAEC). The ability of P2Y2 antisense oligonucleotides to inhibit UTP-induced
VCAM-1 expression strongly suggests that this response is mediated via P2Y2 receptors.
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The effects of UTP were dependent upon release of calcium from intracellular stores and
activation of the p38 kinase pathway. Finally, results indicated that nucleotide-induced
VCAM-1 expression increased monocyte binding to endothelial cells, supporting the
hypothesis

that

nucleotides

released

during

vascular

injury

contribute

to

leukocyte/endothelial cell interactions and promote inflammatory responses involved in
the development of atherosclerosis.
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Experimental Procedures
Materials
HCAEC and endothelial cell basal medium-2 (EBM-2) were purchased from
Clonetics (Walkerville, MD). U937 cells were obtained from American Type Cell
Collection (ATCC), and RPMI 1640 medium was purchased from Invitrogen. AntiVCAM-1 (P3C4), anti-ICAM-1 (P2A4), and anti-E-selectin (P2H3) antibodies used in
blocking studies were purchased from Chemicon International (Temecula, CA). AntiICAM-1 (clone G-5), anti-β-actin (rabbit polyclonal), anti-VCAM-1 (c-19), and antiVCAM-1 (HAE-2z) antibodies used for Western analysis and immunofluorescence,
respectively, were obtained from Santa Cruz Biotechnologies (Santa Cruz, CA). Oregon
green-labeled goat anti-rabbit IgG antibody and Hoechst 33258 were purchased from
Molecular Probes (Eugene, OR). The polyclonal rabbit anti-phospho-p38 MAP kinase
(Thr180/Tyr182) antibody was obtained from Cell Signaling (Beverly, MA). The p38
inhibitor SB203580, MEK1/2 inhibitor U0126, and Rho kinase 1/2 inhibitor Y27632
were purchased from Calbiochem (Indianapolis, IN). DOTAP liposomal reagent was
purchased from Roche Diagnostics. Phosphorothioate-modified oligonucleotides to
human P2Y2 were synthesized and purified by Integrated DNA Technologies. All other
reagents including nucleotides and the PKH2 green fluorescent cell linker were obtained
from Sigma, unless otherwise specified.
Cell Cultures
HCAEC were cultured in EBM-2 supplemented with SingleQuot® Kit (Lonza
Group Ltd, Switzerland) at 37 °C in a humidified atmosphere of 5% CO2. HCAEC were
used between the third and tenth passages. Monocytic U937 cells were grown in RPMI
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1640 medium supplemented with 5% (v/v) fetal bovine serum. The retroviral vector
pLXSN was used for stable expression of the human P2Y2 receptor in human 1321N1
astrocytoma cells, as described previously (Erb et al., 1995). Briefly, the recombinant
P2Y2-pLXSN construct or pLXSN (control) was used to transfect PA317 amphotropic
packaging cells for production of the viral vectors. Then, 1321N1 cells were infected
with the viral vectors and cultured in Dulbecco's modified Eagle's medium supplemented
with 5% (v/v) fetal bovine serum, 100 units/ml penicillin, and 1 mg/ml G418 (Invitrogen)
for neomycin resistance selection.
P2Y2 Antisense S-oligonucleotides
Sequences including translation initiation site were as follows: sense, 5'GGCGATGGCAGCAGACCTGGCCCCTGGA-3'; antisense, 5'-TCCAGGGGCCAGG
TCTGCTGCCATCGCC-3'. The sequences were checked for uniqueness using the
National Center for Biotechnology Information's Local Alignment Search Tool (BLAST)
(Erlinge, 1998b). Briefly, HCAEC were incubated with 2 µM P2Y2 sense or antisense Soligonucleotides for 6 h at 37 °C in EBM-2 medium containing 1.4% (v/v) DOTAP
liposomal reagent. Then, fresh EBM-2 medium was added and cells were cultured for an
additional 20 h, as previously reported (Warny et al., 2001). Fluorescein isothionateconjugated P2Y2 antisense oligonucleotides were used to monitor cellular oligonucleotide
uptake by HCAEC.
Immunofluorescence Staining
HCAEC were made quiescent by incubation in EBM-2 for 24 h at 37 °C before
exposure to UTP. After treatment with UTP (100 µM) or TNF-α (10 ng/ml) for 8 h at 37
°C, the cells were fixed in acetone for 15 min and treated with 0.2% (v/v) Triton X-100 in
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phosphate-buffered saline (PBS) at room temperature. After washing in PBS, VCAM-1
expression was detected in cells by incubation for 2 h at room temperature with a rabbit
polyclonal anti-VCAM-1 (HAE-2z) antibody (1:200 dilution in PBS containing 5% (v/v)
normal goat serum), followed by Oregon green-labeled goat anti-rabbit IgG antibody
(1:200 dilution in PBS). Then, the cells were incubated in PBS containing 2 µM Hoechst
33258 for nuclear counterstaining.
Binding of U937 Cells to Human Endothelial Cells
HCAEC were grown to confluence in 24-well plates in EBM-2 supplemented
with 5% (v/v) fetal bovine serum, and then the cells were incubated for 24 h at 37 °C in
EBM-2 followed by stimulation with 100 µM ADP, ATP, UTP, adenosine, or 2MeSATP for an additional 8 h at 37 °C. In some experiments, HCAEC were preincubated
with BAPTA/AM (10 µM) for 30 min before the addition of nucleotides. U937 cells were
labeled with the green fluorescent dye PKH2, as described previously (Allen et al.,
1998). Labeled U937 cells (106 cells/well) were added to confluent cultures of HCAEC
for 1 h at 37 °C. The cells were washed several times in PBS, and adherent U937 cell
numbers were determined by microscopy using fluorescein isothiocyanate illumination.
In experiments designed to investigate the effect of blocking antibodies on binding of
U937 cells, HCAEC were treated with UTP for 8 h at 37 °C and then 10 µg/ml antiVCAM-1, anti-ICAM-1, or anti-E-selectin antibody was added to HCAEC for 45 min
before addition of U937 cells. For each condition, cell numbers were determined in seven
different fields of view in three wells.
Western Blot Analysis
Equivalent amounts of protein (100 µg) in extracts of HCAEC were subjected to
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7.5% (w/v) SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting.
Detection of VCAM-1 and ICAM-1 was performed using goat anti-mouse VCAM-1 or
goat anti-mouse ICAM-1 monoclonal antibodies (1:1000 dilution), followed by
horseradish peroxidase-conjugated anti-mouse IgG (1:2000 dilution). For signal
normalization, membranes were probed with polyclonal anti-β-actin antibody (1:2000
dilution). A mouse monoclonal pERK (E-4) antibody and a rabbit polyclonal anti-p38
MAP kinase antibody were used to analyze ERK1/2 and p38 phosphorylation.
Statistical Analysis
Results are represented as mean ± S.E. Statistical analyses were performed by
analysis of variance and unpaired Student's t test (significance, p < 0.05).
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Results
ATP and UTP Induce VCAM-1 Expression in Vascular Endothelial Cells
Incubation of serum-starved HCAEC with UTP or ATP for 8 h caused a dosedependent increase in the expression of VCAM-1 (Fig. II-1A and B). In contrast, UDP,
ADP, 2MeS-ATP, or adenosine had no significant effect even at concentrations as high
as 100 µM (not shown). VCAM-1 expression was induced within 2 h of UTP or ATP
addition, reached a maximum level within 6 h, and remained elevated through 16 h (Fig.
II-1C and D). A significant increase in VCAM-1 expression occurred even when HCAEC
were exposed to 100 µM UTP for as little as 30–60 min before the nucleotide agonist was
removed (Fig. II-1E). Incubation of HCAEC with the enzyme potato apyrase grade III (2
units/ml) that degrades nucleoside di- and triphosphates inhibited UTP or ATP-induced
VCAM-1 expression (not shown). In contrast to VCAM-1 expression, ATP or UTP did
not significantly increase ICAM-1 expression in quiescent HCAEC (Fig. II-2). These
data suggest a selective effect of UTP and ATP on VCAM-1 expression in human
endothelial cells. Immunofluorescence staining of quiescent untreated HCAEC detected a
low basal level of VCAM-1 expression with a punctate staining (Fig. II-3A). In cells
treated with UTP (100 µM), there was diffuse VCAM-1 staining over the entire cell
surface (Fig. II-3B). A similar VCAM-1 staining pattern was observed when cells were
treated with 10 ng/ml TNF-α (Fig. II-3C).
Calcium Release from Internal Stores Is Required For UTP-induced VCAM-1
Expression
UTP caused an increase in the intracellular free calcium concentration, [Ca2+]i, in
HCAEC, a response that was inhibited by the intracellular calcium chelator BAPTA (not
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shown). VCAM-1 expression induced by UTP also was inhibited in HCEAC that were
preincubated with 10 µM BAPTA/AM for 30 min at 37 °C (Fig. II-4). Furthermore,
thapsigargin (2 µg/ml), an agent that depletes intracellular calcium stores, also inhibited
UTP-induced VCAM-1 expression (Fig. II-4), further demonstrating a role for UTPinduced increases in [Ca2+]i in the expression of VCAM-1. Thapsigargin treatment had no
apparent toxic effect on HCEAC as measured by trypan blue exclusion (not shown).
UTP-induced VCAM-1 Expression Is Mediated by P2Y2 receptors
Pertussis toxin (100 ng/ml), an inhibitor of Gαi/o proteins, attenuated the effects of
UTP on VCAM-1 expression in HCAEC (Fig. II-5A). Because the P2Y2 receptor subtype
has been shown to be partially sensitive to pertussis toxin (Erb et al., 2001), we evaluated
the effect on UTP-stimulated VCAM-1 expression in HCAEC of inhibition of P2Y2
receptor activity with P2Y2 antisense S-oligonucleotides. Treatment of HCAEC with
P2Y2 antisense S-oligonucleotides (2 µM), complementary to the P2Y2 translation
initiation region, inhibited UTP-induced VCAM-1 expression by ~50% (Fig. II-5B and C;
p < 0.05) compared with cells treated with P2Y2 sense oligonucleotides. In contrast, P2Y2
antisense S-oligonucleotides had no effect on TNF-α-induced VCAM-1 expression in
HCAEC (Fig. II-5B and C). To confirm the involvement of P2Y2 receptors in UTPinduced VCAM-1 expression in HCAEC, we stably expressed P2Y2 receptor cDNA in
1321N1 cells that lack endogenous P2 receptors (Parr et al., 1994). Cells transfected with
P2Y2 receptor cDNA and treated with UTP for 8 h at 37 °C expressed VCAM-1, whereas
vector-transfected control cells failed to respond to UTP (Fig. II-6). Taken together, these
results demonstrate that P2Y2 receptors mediate UTP-induced VCAM-1 expression.
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Rho Kinase Activation and p38 Phosphorylation Mediate UTP-induced VCAM-1
Expression
The UTP-induced increase in [Ca2+]i mediates mitogen-activated protein kinase
phosphorylation in vascular cell types including endothelial cells (Boarder and Hourani,
1998; Chaulet et al., 2001). In HCAEC, UTP (100 µM) caused the rapid phosphorylation
of ERK1/2 and p38 that was inhibited by the MEK1/2 inhibitor U0126 (5 µM) or the p38
inhibitor SB203580 (10 µM), respectively (Fig. II-7A). Preincubation of HCAEC with 10
µM SB203530 prevented UTP-induced VCAM-1 expression in HCAEC, whereas the
MEK1/2 inhibitor U0126 (5 µM) had no effect (Fig. II-7B). Because P2Y receptors have
been shown to couple to activation of the small GTPase RhoA (Sauzeau et al., 2000), we
examined the effect of the Rho kinase inhibitor Y27632 on UTP-induced VCAM-1
expression. Pretreatment of HCAEC with 10 µM Y27632 inhibited the expression of
VCAM-1 induced by UTP (Fig. II-7B). Thus, phosphorylation of Rho kinase and p38,
but not ERK1/2, is involved in the intracellular signaling pathways leading to VCAM-1
expression induced by UTP.

VCAM-1 Expression Correlates with Increased Monocytic Cell Adherence to
Endothelial Cells
Stimulation of HCAEC with UTP or ATP (100 µM) for 8 h increased the binding
of U937 monocytes to HCAEC by ~4- and ~3.6-fold, respectively, compared with
HCAEC incubated in the absence of nucleotides (Fig. II-8). In contrast, treatment of
HCAEC with UDP, adenosine, or 2MeS-ATP (Fig. II-8) or ADP (not shown) did not
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significantly increase U937 cell adherence to HCAEC. Introduction of BAPTA/AM (10
µM) into HCAEC prior to treatment with UTP attenuated U937 cell binding to
endothelial cells (Fig. II-8). Incubation of HCAEC with anti-VCAM-1 antibody, but not
anti-ICAM-1 or anti-E-selectin antibody, significantly decreased U937 cell binding to
UTP-treated HCAEC (Fig. II-8). These antibodies did not affect U937 cell adherence to
HCAEC in the absence of UTP (not shown).
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Discussion
The present study demonstrates that exogenous UTP or ATP stimulate VCAM-1
expression via P2Y2 receptors in HCAEC. It also indicates that the P2Y2 receptormediated increase in VCAM-1 expression promotes the adherence of U937 monocytes to
HCAEC. These results, for the first time, link P2Y purinergic receptor signaling to the
mechanisms controlling the expression of an endothelial cell adhesion molecule involved
in monocyte recruitment in early atherosclerosis.
Vascular diseases such as atherosclerosis and post-angioplasty restenosis are
initiated by vascular injury. Previous reports demonstrated that large amounts of
nucleotides are released into the extracellular milieu in response to vascular stress
conditions including ischemia/oxidative stress, flow, and mechanical stretch (Pearson and
Gordon, 1979; Di Virgilio et al., 2001). In addition, high concentrations of extracellular
ATP and UTP generated in vivo by platelet aggregation or cell damage that occurs during
transluminal angioplasty should increase the concentration of nucleotides in the vessel
wall. Although the metabolism of extracellular nucleotides by ecto-nucleotidases plays a
role in the regulation of purinergic signaling, recent studies indicate that chronic hypoxic
exposure of pulmonary artery endothelial cells can decrease the rate of ecto-nucleotidase
activity (Gerasimovskaya et al., 2002). In addition, it also has been reported that certain
pathological conditions, especially those associated with endothelial cell activation, can
decrease ATP-diphosphorylase activity (Robson et al., 1997), suggesting that
pathological conditions affecting blood vessels contribute to local elevations in
nucleotide concentrations in the vessel wall.
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The P2Y2 receptor is up-regulated in activated thymocytes (Koshiba et al., 1997)
and in epithelial cells in response to ligation of the salivary gland duct (Turner et al.,
1998). It is now becoming apparent that P2Y2 receptor up-regulation occurs in various
models of vascular injury including balloon denudation of the rat aorta (Seye et al., 1997)
and placement of a silicone collar around the rabbit carotid artery (Seye et al., 2002). In
the latter model, we showed that activation of the P2Y2 receptor by UTP stimulated
intimal hyperplasia and induced monocyte/macrophage infiltration into the vessel wall,
suggesting a potential role for this receptor in monocyte recruitment by vascular
endothelium. The relative equipotency and equiefficacy of UTP and ATP for induction of
VCAM-1 expression in HCAEC (Fig. II-1) strongly suggests the involvement of P2Y2
receptors. Nonetheless, the ability of antisense, but not sense, P2Y2 oligonucleotides to
inhibit UTP-induced VCAM-1 expression (Fig. II-5) unambiguously demonstrates the
role of P2Y2 receptors. Furthermore, UTP stimulated the expression of VCAM-1 in
human 1321N1 astrocytoma cells expressing recombinant P2Y2 receptors but not in
control 1321N1 cells (Fig. II-6) that lack endogenous P2 receptors (Parr et al., 1994).
Moreover, the inability of 2MeS-ATP and UDP to induce VCAM-1 expression in
HCAEC suggests that activation of P2Y1, P2Y4, and P2Y6 receptors is not involved.
Stimulation of the P2Y2 receptor in endothelial cells is known to activate a variety
of signaling molecules including the mitogen- and stress-activated protein kinases
ERK1/2, p38, and c-Jun NH2-terminal kinase, and the small GTPase RhoA, and the
release of the second messenger Ca2+ into the cytoplasm (Boarder and Hourani, 1998;
Sauzeau et al., 2000; Chaulet et al., 2001). In this study, UTP-induced VCAM-1
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expression in HCAEC was prevented by the calcium chelator BAPTA or by depletion of
intracellular calcium stores with thapsigargin (Fig. II-4), indicating a role for P2Y2
receptor-mediated increases in [Ca2+]i in VCAM-1 expression. UTP-induced VCAM-1
expression also was suppressed by inhibitors of p38 and Rho kinase but not by inhibition
of ERK1/2 (Fig. II-7), suggesting that p38 and RhoA are involved in the increased
expression of VCAM-1 mediated by P2Y2 receptors.
Vascular endothelial growth factor induces VCAM-1, ICAM-1, and E-selectin
expression in endothelial cells through a pathway involving the MEK/ERK-independent
activation of NF-κB (Kim et al., 2001). Activation of the P2Y2 receptor has been
reported to increase prostacyclin and nitric oxide release from endothelial cells (Lustig et
al., 1992; Shen et al., 1999). Studies have shown that nitric oxide modulates the level of
VCAM-1 protein expression in endothelial cells (De Caterina et al., 1995). Although
nitric oxide did not play a role in vascular endothelial growth factor-induced adhesion
molecule expression (Kim et al., 2001), it could potentially modulate the effects of UTP
on VCAM-1 expression in endothelial cells. Further studies are needed to identify the
factors involved in nucleotide-induced VCAM-1 expression both at the transcriptional
and translational levels.
Consistent with earlier reports showing that ATP and UTP stimulate cell-cell
adhesion in a monocyte/macrophage lineage and enhance neutrophil adherence to
endothelial cell monolayers (Ventura and Thomopoulos, 1995), our data demonstrate that
ATP and UTP stimulate U937 monocyte adherence to HCAEC (Fig. II-8). The P2Y2
receptor contains the integrin binding domain arginine-glycine-aspartic acid (RGD) in its
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first extracellular loop (Erb et al., 2001). The RGD motif has been shown to be the core
recognition sequence for many integrins including αvβ3 and αvβ5 (Hynes, 1992). Recent
studies have indicated that the RGD sequence in the P2Y2 receptor mediates its
interaction with αvβ3/β5 integrins, and is required for Go-mediated signal transduction
(Erb et al., 2001). It has been reported previously that the αvβ3 integrin on monocytes
mediates their adherence to endothelial and epithelial cells, an early event in the acute
inflammatory response (Beekhuizen and van Furth, 1993). Thus, protein complex
formation between αvβ3/β5 integrins and P2Y2 receptors also may be involved in the
regulation of monocyte binding to endothelial cells mediated by P2Y2 receptors.
In summary, this study is the first to demonstrate that extracellular nucleotides
and P2Y2 receptor activation can induce VCAM-1 expression in endothelial cells and
promote the adherence of monocytes. In combination with our previous studies, these
results indicate that P2Y2 receptor up-regulation in vascular cells mediates the
nucleotide-stimulated proliferation of smooth muscle cells and the adherence of
monocytes to endothelium, responses associated with intimal hyperplasia and
inflammation seen in atherosclerosis. These results encourage the development of
therapeutic strategies to limit P2Y2 receptor up-regulation and activation as a means to
prevent arterial disease.
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Figure II-1. UTP or ATP induces VCAM-1 expression in HCAEC.
A and B, quiescent HCAEC (serum-free-medium for 24 h at 37 °C) were
stimulated with the indicated concentrations of UTP or ATP for 8 h at 37 °C. C and D,
quiescent HCAEC were stimulated with 100 µM UTP or ATP for the indicated times at
37 °C. E, quiescent HCAEC were stimulated with 100 µM UTP for 5, 15, 30, or 60 min
at 37 °C (lanes 2–5), the medium was removed and replaced with serum-free medium,
and the cells were incubated for 8 h at 37 °C. Also, HCAEC were continuously incubated
in the absence (lane 1) or presence (lane 6) of 100 µM UTP for 8 h at 37 °C. Protein
extracts of HCAEC were prepared and 100 µg of extract protein from each sample were
subjected to electrophoresis and transferred to nitrocellulose, as described under
"Experimental Procedures." The nitrocellulose membrane was divided into two pieces
and probed with either anti-VCAM-1 antibody or anti-β-actin antibody to verify the
equivalence of protein loading. Results shown are representative of four independent
experiments.
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Figure II-2. ICAM-1 expression in HCAEC is unaffected by UTP or ATP.
Quiescent endothelial cells were stimulated with the indicated concentrations of
UTP or ATP for 8 h at 37 °C, and then ICAM-1 protein levels were determined by
Western analysis with anti-ICAM-1 antibody, as described in the legend to Figure II-1.
Results shown are representative of five independent experiments.
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Figure

II-3.

Detection

of

VCAM-1

expression

in

endothelial

cells

by

immunofluorescence.
Cultured HCAEC were serum-starved for 24 h at 37 °C and then incubated in the
absence (A) or presence (B) of 100 µM UTP for 8 h at 37 °C. As a positive control (C),
HCAEC were stimulated with TNF-α (10 ng/ml) for 8 h at 37 °C and analyzed for
VCAM-1

expression.

VCAM-1

staining

(green)

was

obtained

by

indirect

immunofluorescence, as described under "Experimental Procedures". Nuclei were
counterstained with Hoechst (blue), and the images were merged. Fluorescence
micrographs representative of three individual experiments are shown.
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Figure II-4. Calcium release from internal stores mediates UTP-induced VCAM-1
expression.
HCAEC incubated in serum-free medium for 24 h at 37 °C were then incubated
with BAPTA-AM (10 µM) or thapsigargin (2 µg/ml) for 30 min, and stimulated with 100
µM UTP (when indicated) for 8 h at 37 °C. VCAM-1 protein expression was determined
in cell lysates by Western analysis, as described in the legend to Figure II-1. Results
shown are representative of three independent experiments.
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Figure II-5. UTP-induced VCAM-1 expression is mediated by P2Y2 receptors.
A, serum-starved HCAEC were incubated in the presence or absence of pertussis
toxin (PTX; 100 ng/ml) for 1 h at 37 °C, and then incubated with or without UTP (100
µM) for 8 h at 37 °C. B, cells were transfected with 2 µM P2Y2 antisense (AS) or sense
(S) S-oligonucleotides for 4 h at 37 °C in EBM-2 containing 1.4% (v/v) DOTAP
liposomal reagent. Then, cells were cultured for an additional 20 h at 37 °C in serum-free
EBM-2 followed by addition of UTP (100 µM) or TNF-α for 8 h at 37 °C, and VCAM-1
expression was determined by Western analysis, as described in the legend to Figure II-1.
C, bar graphs indicate VCAM-1 expression normalized to β-actin staining and represent
the mean ± S.E. of results from three independent experiments.
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Figure II-6. P2Y2 receptors mediate VCAM-1 expression in transfected 1321N1
astrocytoma cells.
Human 1321N1 cells expressing the P2Y2 receptor (P2Y2-1321N1 cells) or vector
transfected controls (1321N1 cells) were incubated for the indicated times at 37 °C with
100 µM UTP and VCAM-1 expression was determined by Western analysis, as described
in the legend to Figure II-1. Results shown are representative of three independent
experiments.
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Figure II-7. Inhibitors of p38 and Rho kinase, but not MEK1/2, attenuate UTPinduced VCAM-1 expression.
A, serum-starved HCAEC were incubated for 2 h at 37 °C in the presence or
absence of the MEK1/2 inhibitor U0126 (5 µM) or the p38 inhibitor SB203580 (10 µM),
followed by stimulation with 100 µM UTP for 10 min at 37 °C. Phosphorylated ERK1/2
and p38 were detected in cell extracts by Western analysis. B, serum-starved HCAEC
were incubated in the presence or absence of the MEK1/2 inhibitor U0126 (5 µM), the
p38 inhibitor SB203580 (10 µM), or the Rho kinase 1/2 inhibitor Y27632 for 2 h at 37 °C
followed by stimulation with 10 µM UTP for 8 h at 37 °C. VCAM-1 expression was
determined by Western analysis, as described in the legend to Figure II-1. Results shown
are representative of three independent experiments.
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Figure II-8. U937 monocyte adherence to UTP-stimulated HCAEC is inhibited by
anti-VCAM-1 antibody.
Confluent serum-starved HCAEC in 24-well plates were stimulated with the
indicated nucleotide or adenosine (100 µM) for 8 h at 37 °C then incubated for 1 h at 37
°C with U937 cells (106 cells/well) pre-labeled with the PKH2 green fluorescent cell
linker. In some experiments, HCAEC were preincubated with BAPTA/AM (10 µM) for
30 min prior to the addition of UTP. In other experiments, 10 µg/ml anti-VCAM-1, antiICAM-1, or anti-E-selectin antibody was added to UTP-stimulated HCAEC for 45 min
prior to the addition of U937 cells. The results shown represent the number of U937 cells
(mean ± S.E.) bound to confluent HCAEC in seven wells from three independent
experiments.
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Chapter III
The P2Y2 Nucleotide Receptor Mediates Vascular Cell
Adhesion Molecule-1 Expression through Interaction with
VEGF Receptor-2 (KDR/Flk-1)

This work is published in:
Cheikh I. Seye, Ningpu Yu, Fernando A. González, Laurie Erb, Gary A. Weisman. The
P2Y2 nucleotide receptor mediates vascular cell adhesion molecule-1 expression through
interaction with VEGF receptor-2 (KDR/Flk-1). Journal of Biological Chemistry. 2004
Aug 20;279(34):35679–86.
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Abstract
UTP stimulates the expression of pro-inflammatory vascular cell adhesion
molecule-1 (VCAM-1) in endothelial cells through activation of the P2Y2 nucleotide
receptor. Here, we demonstrated that activation of the P2Y2 receptor induced rapid
tyrosine phosphorylation of vascular endothelial growth factor receptor (VEGFR)-2 in
human coronary artery endothelial cells (HCAEC). RNA interference targeting VEGFR-2
or inhibition of VEGFR-2 tyrosine kinase activity abolishes P2Y2 receptor-mediated
VCAM-1 expression. Furthermore, VEGFR-2 and the P2Y2 receptor co-localize upon
UTP stimulation. Deletion or mutation of two Src homology-3-binding sites in the Cterminal tail of the P2Y2 receptor or inhibition of Src kinase activity abolished the P2Y2
receptor-mediated transactivation of VEGFR-2 and subsequently inhibited UTP-induced
VCAM-1 expression. Moreover, activation of VEGFR-2 by UTP leads to the
phosphorylation of Vav2, a guanine nucleotide exchange factor for Rho family GTPases.
Using a binding assay to measure the activity of the small GTPase Rho, we found that
stimulation of HCAEC by UTP increased the activity of RhoA and Rac1 (but not Cdc42).
Significantly, a dominant negative form of RhoA inhibited P2Y2 receptor-mediated
VCAM-1 expression, whereas expression of dominant negative forms of Cdc42 and Rac1
had no effect. These data indicate a novel mechanism whereby a nucleotide receptor
transactivates a receptor tyrosine kinase to generate an inflammatory response associated
with atherosclerosis.
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Introduction
Extracellular nucleotides released by vascular cells act via P2 nucleotide receptors
to regulate the vascular tone (Dubyak and el-Moatassim, 1993). There is increasing
evidence to support a role for nucleotides in the development of vascular diseases such as
atherosclerosis and restenosis after angioplasty. Indeed, UTP and ATP, equipotent
agonists of the P2Y2 receptor (Dubyak and el-Moatassim, 1993), induce proliferation and
migration of vascular smooth muscle cells(Erlinge et al., 1995; Malam-Souley et al.,
1995; Chaulet et al., 2001), two key processes involved in atherogenesis. Furthermore,
previous studies by our group have shown that the development of intimal lesions in
experimental models of atherosclerosis is closely associated with up-regulation of a
functional P2Y2 receptor (Seye et al., 1997; Seye et al., 2002). The first direct evidence
supporting a role for nucleotides in atherogenesis is the demonstration that local
application of UTP to collared rabbit carotid arteries enhanced intimal hyperplasia and
promoted infiltration of monocytes into the neointima (Seye et al., 2002). In Chapter II,
we showed that activation of the P2Y2 receptor in vascular endothelial cells induces
VCAM-1 expression and promotes the adherence of monocytes (Figs. II-1A and B, II-8).
Similarly, VEGF, a pleiotropic factor that regulates multiple biological phenomena,
including endothelial cell survival,

proliferation, and migration, also stimulates

endothelial cell expression of adhesion molecules, including VCAM-1, ICAM-1
(intracellular adhesion molecule-1), and selectins (Kim et al., 2001). These multiple
responses are mediated through the interaction of VEGF with two receptor tyrosine
kinases, Flt-1 or VEGF receptor-1 and Flk-1/KDR or VEGF receptor-2 (Kim et al.,
2001). It is widely accepted that VEGFR-2 mediates the growth and migration of
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endothelial cells, the permeability of blood cells, and the expression of VCAM-1 in
human umbilical vascular endothelial cells (Zeng et al., 2001). It is increasingly apparent
that VEGFR-2 serves as a point of convergence of multiple signals arising from diverse
stimuli. VEGFR-2 transactivation follows activation of G protein-coupled receptors,
including the endothelial differentiation gene product and the bradykinin receptor
(Tanimoto et al., 2002; Thuringer et al., 2002). We hypothesized that transactivation of
VEGFR-2 may be involved in P2Y2 receptor-mediated VCAM-1 expression in
endothelial cells. Here, we show that P2Y2 receptor activation by UTP induced tyrosine
phosphorylation of VEGFR-2. Importantly, we demonstrated that inhibition of the
tyrosine kinase activity of VEGFR-2 prevented UTP-induced VCAM-1 expression.
Furthermore, we elucidated the structural determinants within the P2Y2 receptor that are
responsible for activating the signaling pathways involved in nucleotide-induced VCAM1 expression.
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Experimental Procedures
Materials
VEGF-165, rabbit anti-human Flk-1/VEGFR-2 polyclonal antibody, A/G PLUSagarose, monoclonal anti-phosphotyrosine (4G10) antibody, and transfection grade
eukaryotic expression vector pUSEamp (+) containing human dominant negative RhoA,
Rac1, or Cdc42 were purchased from Upstate Biotechnology (Lake Placid, NY). A rabbit
anti-VCAM-1 antibody was purchased from Santa Cruz Biotechnologies (Santa Cruz,
CA). The antibody against Vav2 (rabbit polyclonal) was generously provided by Dr.
Keith Burridge (University of North Carolina at Chapel Hill). Anti-VEGF neutralization
monoclonal antibody was from Chemicon (Temecula, CA). Specific inhibitors for
VEGFR-2 tyrosine phosphorylation (SU1498) and Src (PP2) were obtained from
Calbiochem (San Diego, CA). LipofectAMINE 2000 reagent was purchased from
Invitrogen. The rat monoclonal anti-HA 3F10 affinity matrix was obtained from Roche
Diagnostics. Dominant negative Src (K296R/Y528F) and its control vector (pUSE) were
purchased from Upstate Biotechnology. All other reagents were from Sigma unless
otherwise specified.
Cell Culture and Transfection
HCAEC were cultured in endothelial basal medium-2 (Clonetics, Walkerville,
MD) at 37 °C in a humidified atmosphere of 5% CO2. HCAEC were used between the
third and sixth passages. The retroviral vector pLXSN was used for stable expression of
the human P2Y2 receptor in human 1321N1 astrocytoma cells, as described previously
(Erb et al., 2001). For transient transfections, plasmid constructs were delivered using
LipofectAMINE 2000 reagent according to the manufacturer’s instructions.
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P2Y2 Receptor cDNA Constructs
The open reading frame of the wild type human P2Y2 receptor cDNA was
modified using PCR to incorporate the HA epitope (YPYDVPDYA) from influenza virus
at the N-terminus of the expressed protein, as described previously (Garrad et al., 1998).
Three primers synthesized in the DNA Core Facility of the University of MissouriColumbia (primer 1, 5’-AGGCTCGTACGCTTTGCCCGAGATGCCAAGGCTCGCCG
CAGGCTGGGCCTGCGCAGATC-3’; primer 2, 5’-ATCATGGATCCTTACTTGGCA
TCTCGGGC-3’; and primer 3, 5’-CACACCCTAACTGACAC-3’) were used in PCR to
generate cDNA encoding HA-tagged deleted (del) (using primer 1 and 3) or 4A (using
primer 1 and 2) mutant P2Y2 receptors. After verification of the size of the PCR products
by agarose gel electrophoresis, the products were purified using the PCR Wizard kit
(Amersham Biosciences), digested with BsiWI and BamHI, and inserted into pLXSN.
The mutant cDNAs were sequenced to verify that the mutations were incorporated
correctly.
siRNAs Treatment
The sense and antisense strands of siRNAs were: VEGFR-2, beginning at
nucleotide

3172,

5’-GTGGATCTGAAACGGCGCTTGT-3’

CCGGCGACTCAATCTACTAGCT-3’

(antisense).

The

(sense)

control

and

siRNAs

5’were:

scrambler, beginning at nucleotide 3172, 5’-GCTAGTAGATTGAGTCGCCGGT-3’
(sense) and 5’-CCGGCGACTCAATCTACTAGCT-3’ (antisense). Double-stranded
siRNAs were generated in the pRNAT-U6.1 Neo vector (GenScript) that carries a green
fluorescent protein marker used to track transfection efficiency. HCAEC were transfected
with VEGFR-2 siRNA or control scrambler siRNA for 48 h in normal culture medium.
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Activity Assay for Rho, Rac1, and Cdc42
A Rho activation assay kit (Upstate Biotechnology) was used to assess Rho
activity in HCAEC. Briefly, HCAEC were cultured in 150-mm tissue culture dishes and
stimulated with UTP for the times indicated in the figure legends. The cells were then
washed three times with ice-cold Tris-buffered saline and suspended in lysis buffer A
containing 125 mM HEPES, pH 7.5, 750 mM NaCl, 5% (v/v) Igepal CA-630, 50 mM
MgCl2, 5 mM EDTA, and 10% (v/v) glycerol, and the lysates were transferred to 1.5-ml
tubes. Fifty microliters of Rhotekin Rho-binding domain (RBD)-agarose were added to
each tube for 45 min at 4 °C. The beads were pelleted by centrifugation (10s, 14,000 x g,
4 °C) and washed three times with lysis buffer A. Finally, the beads were resuspended in
40 μl of 2x Laemmli buffer, and Western blot analysis was performed with anti-Rho
antibody (Upstate Biotechnology). The assay for Rac1 and Cdc42 was done using an
immobilized GST fusion construct of the Rac1-binding domain of p65 Pak (p21 Racbinding domain that binds to Rac1-GTP but not to Rac1-GDP). Because Cdc42 also
binds to the p21 Rac-binding domain construct, the same assay was used to measure
Cdc42 activity, except that the membranes were probed with an anti-Cdc42 antibody
(Upstate Biotechnology).
Immunoprecipitation and Immunoblotting
HCAEC or 1321N1 cell transfectants were washed with PBS and suspended in
lysis buffer B containing 0.5% (v/v) Nonidet P-40, 10 mM Tris, pH 7.5, 2.5 mM KCl,
150 mM NaCl, 50 mM NaF, 1 mM Na3VO4, and 0.1% (w/v) protease inhibitor mixture.
Protein concentrations were measured using the Coomassie protein assay reagent
following the manufacturer’s instructions (Pierce), and then 500 mg of the protein lysate
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were incubated overnight at 4 °C with anti-HA affinity matrix, anti-Flk1/VEGFR-2, antiVav2, or anti-phosphotyrosine antibodies. The immunoprecipitates were collected by
incubation with protein A/G PLUS-agarose (Upstate Biotechnology) for 2 h when
applicable and washed three times with lysis buffer B. Bound proteins were eluted by
boiling

in

SDS-polyacrylamide

gel

electrophoresis

sample

buffer,

and

then

immunoblotting was performed.
Immunofluorescence
Human 1321 astrocytoma cells stably expressing an N-terminal HA epitopetagged human P2Y2 receptor were grown to 60% confluence on coverslips in 35-mm
dishes. The cells were serum-starved overnight followed by incubation for 1 h at 37 °C
with rabbit anti-HA (1:100) (Santa Cruz Biotechnologies) and mouse anti-VEGFR-2
(1:100) (Upstate Biotechnology) antibodies that recognize cell surface epitopes. The cells
were washed three times with PBS and then incubated with 1:200 dilution of goat antirabbit Alexa Fluor™ 594- and goat anti-mouse Oregon Green™ 488-conjugated IgG
(Molecular Probes, Eugene, OR) in serum-free medium for 1 h at 37 °C. The cells were
washed in PBS and re-equilibrated in serum-free medium for 1 h and then exposed to 100
μM UTP for 5 min at 37 °C, promptly washed in PBS, and immersed in PBS containing
4% (v/v) paraformaldehyde for 10 min. Coverslips were washed three times in PBS,
rinsed in ddH2O, and mounted on glass slides in ProLong® antifade reagent (Molecular
Probes). Microscopy was performed on a Bio-Rad Radiance 2000 system coupled with
an Olympus IX70 microscope using a 60x water immersion lens (numerical aperture 1.3).
Data were processed with Laser Sharp 2000 software. Co-localization experiments with
Alexa Fluor™ 594-conjugated IgG to detect VEGFR-2 and Oregon Green™ 48866

conjugated IgG to detect the HA-tagged P2Y2 receptor were performed at 590 nm
excitation/617 nm emission and 496 nm excitation/524 nm emission wavelengths for the
respective antibodies.
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Results
UTP Induces Tyrosine Phosphorylation of VEGFR-2
We have shown in Chapter II that UTP induces VCAM-1 expression via the P2Y2
receptor in vascular endothelial cells (Figs. II-1A and B, II-5B and C). VEGF also
stimulates the expression of endothelial cell adhesion molecules including VCAM-1 via
activation of VEGFR-2 (Zeng et al., 2001). Because ligand-independent activation of
receptor tyrosine kinases is involved in some biological responses initiated by G proteincoupled receptors (Thuringer et al., 2002; Seta and Sadoshima, 2003), we hypothesized
that activation of the P2Y2 receptor would increase VEGFR-2 phosphorylation in
HCAEC. Indeed, we detected a rapid and intense tyrosine phosphorylation of VEGFR-2
in HCAEC as early as 1 min after UTP stimulation, which reached a peak within 5 min
(Fig. III-1A). Importantly, treatment of HCAEC with anti-VEGF antibody did not
suppress UTP-induced VEGFR-2 phosphorylation, indicating that activation of VEGFR2 did not occur secondarily to VEGF release (not shown). To determine whether the
P2Y2 receptor could mediate VEGFR-2 phosphorylation, we utilized G protein-coupled
P2 receptor-deficient 1321N1 cells transfected with the human P2Y2 receptor. We first
verified that VEGF could induce tyrosine phosphorylation of VEGFR-2 in 1321N1 cells
prior to and after expression of the human P2Y2 receptor (not shown). We then
determined that UTP caused a time-dependent increase in VEGFR-2 tyrosine
phosphorylation in 1321N1 cells expressing the P2Y2 receptor (Fig. III-1B) but not in
untransfected 1321N1 cells (not shown). Thus, our data clearly indicate that the P2Y2
receptor can mediate transactivation of the VEGFR-2.
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RNA Interference Targeting of VEGFR-2 Inhibits P2Y2 Receptor-mediated VCAM-1
Expression
The rapid activation of VEGFR-2 by UTP prompted us to consider whether the
VEGFR-2 signaling pathway was involved in UTP-induced P2Y2 receptor-mediated
VCAM-1 expression. To assess the role of VEGFR-2 in this process, siRNA was used to
suppress the expression of the VEGFR-2 gene. Synthetic siRNAs of 21–23 nucleotides in
length have been shown to silence cellular and viral gene expression in mammalian cells
both in vitro and in vivo (Caplen et al., 2001; Song et al., 2003). Results indicated that
VEGFR-2 siRNA significantly decreased VEGFR-2 mRNA and protein levels 2 days
after transfection (Fig. III-2A and B) without affecting UTP-induced mobilization of
intracellular calcium (not shown). Treatment of HCAEC with VEGFR-2 siRNA
completely inhibited UTP-induced VCAM-1 expression (Fig. III-2C). Furthermore,
SU1498, a specific inhibitor of VEGFR-2 tyrosine kinase activity, inhibited both UTPinduced phosphorylation of VEGFR-2 and VCAM-1 expression (Fig. III-3), indicating
that activation of VEGFR-2 is necessary for P2Y2 receptor-mediated VCAM-1
expression in HCAEC.
UTP-dependent Co-localization and Interaction of VEGFR-2 with the P2Y2 Receptor
To determine whether the VEGFR-2 and the P2Y2 receptor co-localize upon UTP
stimulation, 1321N1 cells were transfected with the wild type P2Y2 receptor in which a
HA epitope tag was incorporated at the N-terminus to facilitate immunodetection of the
receptor. In the absence of UTP, confocal microscopy of dual labeled cells showed no colocalization between the VEGFR-2 (red) and the P2Y2 receptor (green) in 1321N1 cell
transfectants (Fig. III-4A). Upon UTP stimulation (100 μM, for 5 min), the P2Y2 receptor
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and VEGFR-2 co-localized in the plasma membrane as indicated by the appearance of
yellow staining due to the merged immunofluorescence from the P2Y2 receptor and
VEGFR-2 (Fig. III-4A). These data indicate that activation of the P2Y2 receptor
facilitates its association with VEGFR-2. We next examined whether the P2Y2 receptor
and VEGFR-2 physically interact with each other. An anti-HA affinity matrix was used
to immunoprecipitate the HA-tagged P2Y2 receptor expressed in 1321N1 cells, enabling
us to demonstrate that the P2Y2 receptor and VEGFR-2 could be co-immunoprecipitated
as early as 1 min after UTP stimulation (Fig. III-4B). However, this interaction was
transient because it was not observed 10 min after UTP stimulation. Interestingly,
phosphorylation of VEGFR-2 in 1321N1 cells persists for 10 min after UTP stimulation
(Fig. III-1B) even though the physical interaction between VEGFR-2 and the P2Y2
receptor was lost (Fig. III-4B), suggesting that once phosphorylation of VEGFR-2 is
initiated the activity of VEGFR-2 may be maintained through autophosphorylation.
SH3-binding Sites in the C-terminal Domain of the P2Y2 Receptor and Src Kinase
Activity Are Required for VEGFR-2 Tyrosine Phosphorylation
It is unclear how the P2Y2 receptor, which lacks intrinsic tyrosine kinase activity,
activates VEGFR-2. It has been reported previously that the angiotensin II type I
receptor, which also lacks intrinsic tyrosine kinase activity, can activate the EGF receptor
through binding with the SH2 domain containing tyrosine phosphatase 2 (Seta and
Sadoshima, 2003). There is also evidence that Src kinase activity is necessary for
transactivation of the EGF receptor by the P2Y2 receptor (Soltoff, 1998). Recently, it has
been shown that P2Y2 receptor-mediated transactivation of the EGF receptor requires Src
activity and two PXXP motifs in the C-terminus of the P2Y2 receptor that represent
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minimal consensus motifs for SH3 domain-binding proteins, including Src (Liu et al.,
2004). We found that P2Y2 receptor-mediated tyrosine phosphorylation of VEGFR-2 was
dependent on Src kinase activity, as demonstrated by concentration-dependent sensitivity
to PP2, the Src tyrosine kinase inhibitor (Fig. III-5A). Furthermore, expression of
dominant negative Src abolished the physical interaction between VEGFR-2 and the
P2Y2 receptor (Fig. III-5B). These results indicate that Src plays a critical role in
mediating UTP-induced activation of VEGFR-2. To test the role of the P2Y2 receptor
SH3-binding domains in UTP-induced transactivation of VEGFR-2, we stably expressed
in 1321N1 cells P2Y2 receptor cDNA encoding a mutant receptor (Fig. III-5C) in which
the PXXP sequences were deleted (del) or mutated to replace the prolines with alanines
(4A). VEGF induced tyrosine phosphorylation of VEGFR-2 in 1321N1 cells expressing
wild type or mutant P2Y2 receptors (Fig. III-5D). In contrast to cells expressing the wild
type receptor, UTP failed to activate VEGFR-2 in cells expressing the del or 4A mutant
P2Y2 receptors (Fig. III-5D). These data clearly indicate that the SH3-binding domains in
the C-terminus of the P2Y2 receptor mediate UTP-induced transactivation of VEGFR-2.
We also found that UTP did not induce VCAM-1 expression in cells expressing del or 4A
mutant P2Y2 receptors in contrast to cells expressing the wild type receptor (Fig. III-6).
Activation of RhoA Downstream of VEGFR-2 Mediates VCAM-1 Expression in
HCAEC
We next sought to identify the signaling mechanisms downstream of VEGFR-2
activation that are responsible for UTP-induced VCAM-1 expression. Activation of the
P2Y2 receptor and VEGFR-2 are linked to activation of the small GTPase RhoA
(Sauzeau et al., 2000; Zeng et al., 2002). Stimulation of the EGF receptor or the PDGF
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receptor leads to phosphorylation and activation of Vav2, a specific Rho exchange factor
that activates RhoA (Liu and Burridge, 2000). Therefore, we investigated whether Vav2
could

be

phosphorylated

in

response

to

P2Y2

receptor-mediated

VEGFR-2

transactivation. We found that UTP caused a strong time-dependent increase in the
tyrosine phosphorylation of Vav2 in HCAEC (Fig. III-7A). UTP-induced Vav2 tyrosine
phosphorylation was blocked by pretreatment of cells with SU1498, an inhibitor of
VEGFR-2 tyrosine phosphorylation (Fig. III-7B). Because Vav2 can activate all three
major Rho family GTPases, including RhoA, Rac, and Cdc42, we tested whether these G
proteins were activated by UTP. Glutathione-Sepharose beads complexed to GST
constructs were used to affinity-precipitate GTP-bound RhoA, Rac1, and Cdc42. As
shown in Fig. III-8A, RhoA was activated as early as 2 min after stimulation of HCAEC
with UTP and remained activated through 10 min. We found a transient but significant
UTP-induced increase in the activity of Rac-1 in HCAEC, whereas Cdc42 was not
activated (Fig. III-8B and C). To determine which of these G proteins was involved in
UTP-induced VCAM-1 expression, we transiently expressed dominant negative forms of
RhoA, Rac1, and Cdc42 in HCAEC. We found that expression of dominant negative
forms of RhoA (but not Rac1 or Cdc42) blocked UTP-induced VCAM-1 expression (Fig.
III-9), indicating that RhoA (but not Rac1 or Cdc42) mediates VCAM-1 expression
downstream of Vav2 activation.
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Discussion
The P2Y2 receptor is increasingly recognized as an important contributor to the
development of atherosclerosis or restenosis after angioplasty (Seye et al., 1997; Di
Virgilio and Solini, 2002). We have reported previously that this G protein-coupled
receptor mediates VCAM-1 expression and adhesion of leukocytes to vascular
endothelial cells (Chapter II). This study focuses on the mechanisms whereby P2Y2
receptor activation increases the expression of VCAM-1. We demonstrated for the first
time that activation of the P2Y2 receptor in human coronary artery endothelial cells
induces the rapid tyrosine phosphorylation of VEGFR-2 and the activation of Vav2, a
Rho guanine exchange factor, leading to the expression of VCAM-1. Two lines of
evidence demonstrated the involvement of VEGFR-2 in this process. First, SU1498, a
specific VEGFR-2 tyrosine kinase inhibitor, diminished UTP-induced VCAM-1
expression (Fig. III-3B). Second, selective inhibition of VEGFR-2 expression by siRNA
inhibited UTP-induced VCAM-1 expression (Fig. III-2C). Ligand-independent activation
of receptor tyrosine kinases is involved in biological responses initiated by G proteincoupled receptors. It has been reported that activation of the endothelial differentiation
gene in response to sphingosine 1-phosphate stimulates endothelial nitric-oxide synthase
through activation of Flk1/KDR (Tanimoto et al., 2002). EGF receptor transactivation by
G protein-coupled receptor ligands may involve activation of matrix metalloproteinases,
release of membrane heparin-bound EGF, and binding of heparin-bound EGF to the EGF
receptor (Prenzel et al., 1999; Gschwind et al., 2001; Pierce et al., 2001). At the
structural level, two SH3-binding sites (PXXP motifs) have been identified in the
intracellular C-terminus of the P2Y2 receptor and have been shown to interact with Src
73

and regulate the activity of the EGF and PDGF receptors (Liu et al., 2004). In this study,
we demonstrated that PP2, the Src kinase inhibitor, decreased P2Y2 receptor-mediated
VEGFR-2 tyrosine phosphorylation (Fig. III-5A) consistent with the involvement of Src
in EGF and PDGF receptor transactivation by P2Y2 receptors (Liu et al., 2004). We also
found that the P2Y2 receptor and VEGFR-2 co-localized in cells upon UTP stimulation
and demonstrated for the first time a direct interaction between these receptors in a UTPdependent manner (Fig. III-4). Deletion or mutation of the SH3-binding domains of the
P2Y2 receptor prevented UTP-induced expression of VCAM-1 (Fig. III-6). Because
transfection of dominant negative Src inhibited the P2Y2 receptor-VEGFR-2 interaction
(Fig. III-5B), we concluded that Src binding to the SH3-binding domains in the P2Y2
receptor mediates both the UTP-induced P2Y2 receptor and VEGFR-2 interaction and the
transactivation of VEGFR-2 involved in VCAM-1 expression.
VEGF-stimulated expression of VCAM-1 is regulated mainly through nuclear
factor κB (NFκB) activation with phosphatidylinositol 3-kinase-mediated suppression
(Kim et al., 2001). P2Y2 receptors in endothelial cells activate a variety of signaling
pathways including but not restricted to the mitogen- and stress-activated protein kinases
ERK1/2 and p38, and the small GTPase RhoA (Sauzeau et al., 2000; Chapter II).
However, it is unclear whether activation of the small GTPase RhoA is involved in UTPinduced VCAM-1 expression. Previous work has demonstrated that Vav and Vav2, two
members of the Dbl family of proteins, act as guanine nucleotide exchange factors for
Rho family proteins (Cerione and Zheng, 1996; Whitehead et al., 1997). Rho family
proteins function as GDP/GTP-regulated molecular switches that cycle between an active
GTP-bound state and an inactive GDP-bound state (Narumiya et al., 1997; Van Aelst and
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D'Souza-Schorey, 1997; Zohn et al., 1998). Although Dbl family proteins stimulate GDP
dissociation to promote the formation of the active GTP-bound protein, Rho family
proteins are inactivated by GTPase-activating proteins that stimulate the intrinsic rate of
GTP hydrolysis (Abe et al., 2000). Recent studies have demonstrated EGF- or PDGFstimulated tyrosine phosphorylation of Vav2 in hematopoietic cells (Liu and Burridge,
2000). We have found that UTP induced a rapid but transient phosphorylation of Vav2
(Fig. III-7A), a Rho exchange factor that activates RhoA (Liu and Burridge, 2000), and
UTP-induced Vav2 phosphorylation was inhibited by SU1498 (Fig. III-7B), a specific
inhibitor of VEGFR-2 tyrosine kinase activity. In addition, UTP failed to activate Vav2
in HCAEC transfected with VEGFR-2 siRNA (data not shown). Therefore, we concluded
that Vav2 is activated downstream of tyrosine phosphorylation of VEGFR-2.
Our results indicate that RhoA and Rac1 (but not Cdc42) activities were increased
by UTP in HCAEC (Fig. III-8). The tyrosine phosphorylation of Vav2 in response to
UTP suggests that Vav2 contributes to RhoA and Rac1 activity. Although we cannot
conclude that elevation of RhoA and Rac1 activity was due to direct activation by Vav2,
preliminary experiments (not shown) indicated that over-expression of a constitutively
active Vav2 in HCAEC activates Rho and Rac1 (but not Cdc42). Others studies have
indicated that Vav2 overexpression elevates the activities of Rac1, RhoA, and Cdc42 (Liu
and Burridge, 2000). Although our data demonstrated that Rho and Rac1 were both
activated downstream of VEGFR-2 tyrosine phosphorylation, only RhoA activation is
required for VCAM-1 expression, because expression of dominant negative forms of
RhoA (but not Rac1 or Cdc42) blocked UTP-induced VCAM-1 expression (Fig. III-9).
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In summary, results from the present study indicate that activation of the G
protein-coupled P2Y2 receptor promotes Src binding to SH3-binding motifs in the P2Y2
receptor and facilitates the interaction and transactivation of VEGFR-2, resulting in the
sequential activation of Vav2 and RhoA leading to VCAM-1 expression. The present
study elucidated for the first time a novel mechanism whereby a nucleotide receptor
interacts with a growth factor receptor to generate a pro-inflammatory response in
vascular endothelial cells. Further delineation of the signaling pathway involved in this
process may help prevent inflammation associated with atherosclerosis by limiting P2Y2
receptor up-regulation and/or the consequences of P2Y2 receptor activation.
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Figure III-1. UTP induces tyrosine phosphorylation of VEGFR-2.
A, HCAEC were treated with UTP (10 µM) for the indicated times. Cell lysates
were subjected to immunoprecipitation (IP) with anti-VEGFR-2 antibody and were
immunoblotted (IB) with anti-phosphotyrosine (PY) antibody. B, 1321N1 cells stably
expressing the human P2Y2 receptor were stimulated with UTP (100 µM) for the
indicated times, and cell lysates were immunoprecipitated and immunoblotted as
indicated in A. Immunoblots shown in A and B are representative of results from three
independent experiments. The blots were stripped and reprobed with anti-VEGFR-2
antibody (lower immunoblots in A and B) to normalize for protein loading.
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Figure III-2. VEGFR-2 siRNA duplex efficiently silences VEGFR-2 gene and
protein expression and inhibits P2Y2 receptor-mediated VCAM-1 expression.
HCEAC were transfected with VEGFR-2 siRNA or scrambler siRNA as
described under "Experimental Procedures," and then VEGFR-2 mRNA (A) and protein
(B) levels were analyzed by PCR and Western analysis, respectively. A, gel
electrophoresis of PCR products and quantification of relative amounts of VEGFR-2
mRNA normalized to G3PDH mRNA (n = 3, mean ± S.E.). B, Western blot and
quantification of VEGFR-2 protein levels normalized to α-actin (n = 3, mean ± S.E.). C,
quantification of VCAM-1 expression in HCAEC treated with or without VEGFR-2 or
control scrambler siRNA followed by 10 µM UTP for 6 h.
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Figure III-3. Inhibition of VEGFR-2 tyrosine phosphorylation prevents UTPinduced VCAM-1 expression.
A, HCEAC were pretreated with the indicated concentrations of SU1498 for 30
min and then stimulated with 10 µM UTP for 5 min. VEGFR-2 was immunoprecipitated
(IP) and tyrosine phosphorylation (PY) was detected by immunoblotting (IB), as
described in the legend to Figure III-1. The blots were stripped and reprobed with antiVEGFR-2 antibody. B, HCEAC were pretreated with the indicated concentrations of
SU1498 for 30 min and stimulated with 10 µM UTP for 6 h, and VCAM-1 expression
was determined by Western blot analysis. The blots were stripped and reprobed with anti-actin antibody. The data are representative of results from four independent
experiments.
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Figure III-4. The P2Y2 receptor and VEGFR-2 co-localize and interact upon UTP
stimulation.
A, 1321N1 cells stably expressing the HA-tagged P2Y2 receptor were incubated in
the presence (+) or absence (–) of 100 µM UTP at 37 °C for 5 min. Immunofluorescence
of IgG-conjugated Oregon GreenTM (green) and IgG-conjugated Alexa FluorTM (red) was
used to detect anti-HA-tagged P2Y2 receptor and anti-VEGFR-2 antibodies, respectively,
in intact cells as described under "Experimental Procedures". Confocal micrographs are
representative of results from four separate experiments. Magnification: 60x. B, 1321N1
cells stably expressing the HA-tagged P2Y2 receptor were stimulated with 100 µM UTP
for the indicated times, and cell lysates were subjected to immunoprecipitation (IP) with
anti-HA antibody and immunoblotted (IB) with anti-VEGFR-2 antibody. Prior to
immunoprecipitation, total VEGFR-2 was detected with anti-VEGFR-2 antibody using
duplicate samples (lower blot). The results are representative of four independent
experiments.
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Figure III-5. Src kinase activity and SH3-binding domains in the C-terminal tail of
the P2Y2 receptor are required for VEGFR-2 transactivation.
A, PP2 inhibits UTP-induced VEGFR-2 phosphorylation. Human 1321N1 cells
stably expressing the P2Y2 receptor were incubated for 1 h with the indicated
concentrations of the specific inhibitor of Src kinase PP2 and stimulated with 100 µM
UTP for 5 min. VEGFR-2 phosphorylation was determined by immunoprecipitation (IP)
with anti-VEGFR-2 antibody and immunoblotting (IB) with anti-phosphotyrosine (PY)
antibody. The blots were stripped and reprobed with anti-VEGFR-2 antibody. B,
dominant negative Src inhibits the interaction between VEGFR-2 and the P2Y2 receptor.
Human 1321N1 cells stably expressing the P2Y2 receptor were transfected with dominant
negative Src or control plasmid. 48 h after transfection, the cells were stimulated with
100 µM UTP for 5 min, and the cell lysates were subjected to immunoprecipitation with
anti-HA antibody and immunoblotting with anti VEGFR-2 antibody. Lane 1 (left to right),
untransfected cells without UTP; lane 2, untransfected cells treated with UTP; lane 3,
vector transfected cells with UTP; lane 4, dominant negative Src transfected cells with
UTP. C, partial amino acid sequence of the C-terminal tail of the P2Y2 receptor including
the SH3-binding domains of the wild type receptor (wt) and mutant receptors in which
prolines in the SH3-binding domains were mutated to alanines (4A) or deleted (del). D,
VEGFR-2 phosphorylation in 1321N1 cells expressing the wt (upper panel), del (middle
panel), or 4A mutant P2Y2 receptor (lower panel). The cells were stimulated with 100
µM UTP for the indicated times or 10 ng/ml VEGF for 10 min, and the cell lysates were
subjected to immunoprecipitation with anti-VEGFR-2 antibody and immunoblotting with
anti-phosphotyrosine antibody. The blots were stripped and reprobed with anti-VEGFR-2
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antibody. The results shown are representative of at least three independent experiments
for each figure.
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Figure III-6. Deletion or mutation of the SH3-binding sites in the P2Y2 receptor
prevents UTP-induced VCAM-1 expression in HCAEC.
Wild type (WT) and mutant P2Y2 receptors in which prolines in the SH3-binding
domains were deleted (del) or mutated to alanines (4A) were stimulated with the
indicated concentrations of UTP for 6 h or 10 ng/ml VEGF for 6 h, and then VCAM-1
expression was determined by Western analysis. The blots were stripped and reprobed
with anti-VEGFR-2 antibody. The data are representative of results from three
independent experiments.
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Figure

III-7.

UTP-induced

transactivation

of

VEGFR-2

causes

tyrosine

phosphorylation of Vav2 in HCAEC.
A, HCAEC were treated with 10 µM UTP for the indicated times, and cell lysates
were immunoprecipitated (IP) with polyclonal anti-Vav2 antibody and immunoblotted
(IB) with anti-phosphotyrosine (PY) antibody. The blots were stripped and reprobed with
anti-Vav2 antibody. Shown are bar graphs of densitometric quantifications of three
independent experiments normalized to total Vav2 protein expression (n = 3, mean ±
S.E.). B, serum-starved HCAEC were pretreated with the indicated concentrations of
SU1498 for 30 min and stimulated with 10 µM UTP for 2 min. Phosphorylation of Vav2
was detected as described in A.
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Figure III-8. UTP stimulates the activity of RhoA and Rac1.
HCAEC were treated with 10 µM UTP for the indicated times. Immunoblots of
RhoA (A), Rac1 (B), and Cdc42 (C) are shown. The top panels show immunoblots of
protein from cell lysates precipitated by either GST-RBD beads (for Rho-GTP) or GSTp21-binding domain beads (for Rac1-GTP or Cdc42-GTP). The signal from the
stimulated cell lysates was compared with signals from lysates loaded with guanosine 5'O-(3-thiotriphosphate) (GTPγS) before precipitation with GST-RBD or PAK-1 p21binding domain beads. The lower panels show immunoblots of total RhoA, Rac1, or
Cdc42 in total cell lysates.
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Figure III-9. Dominant negative RhoA inhibits VCAM-1 expression.
HCAEC were transiently transfected with vector or dominant negative (DN)
RhoA (A), Rac1 (B), or Cdc42 (C). After stimulation with 10 µM UTP for 6 h, VCAM-1
was analyzed by Western analysis. The blots were stripped and reprobed with anti-actin
antibody. The data are representative of results from three independent experiments.
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Chapter IV
Binding of the P2Y2 Nucleotide Receptor to Filamin A
Regulates Migration of Vascular Smooth Muscle Cells

Abstract
The functional expression of the G protein-coupled P2Y2 nucleotide receptor has
been associated with proliferation and migration of vascular smooth muscle cells (SMC),
two processes involved in atherosclerosis and restenosis. Activation of the P2Y2 receptor
causes dynamic reorganization of the actin cytoskeleton, which transmits biochemical
signals and forces necessary for cell locomotion, suggesting that P2Y2 receptors may be
linked to the actin cytoskeleton. Here, we identified filamin A (FLNa) as a P2Y2 receptor
interacting protein using a yeast two-hybrid system screen with the amino terminus of the
P2Y2 receptor as bait. The FLNa binding site in the P2Y2 receptor is localized between
amino acids 322 and 333. Deletion of this region led to selective loss of FLNa binding to
the P2Y2 receptor and abolished tyrosine phosphorylation of FLNa induced by the P2Y2
receptor agonist UTP. Using both time-lapse microscopy and the Transwell cell
migration assay, we showed that UTP significantly increased smooth muscle cell
spreading on collagen I (6.8 fold; P≤0.01) and migration (3.6 fold; P≤0.01) of aortic SMC
isolated from wild type mice, as compared to unstimulated SMC. UTP-induced spreading
and migration of aortic SMC did not occur with cells isolated from P2Y2 receptor
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knockout mice. Expression of the full length P2Y2 receptor in SMC isolated from P2Y2
receptor knockout mice restored both UTP-induced spreading and migration. In contrast,
UTP-induced spreading and migration did not occur in SMC isolated from P2Y2 receptor
knockout mice and transfected with a mutant P2Y2 receptor that does not bind FLNa.
Furthermore, ex vivo studies showed that both ATP and UTP (10 µM) promoted
migration of SMC out of aortic explants isolated from wild type but not P2Y2 receptor
knockout mice. Thus, this study demonstrates that P2Y2 receptor/FLNa interaction
selectively regulates spreading and migration of vascular SMC.
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Introduction
Migration of vascular smooth muscle cells (SMC) plays a key role in the
development of prominent vascular diseases, including atherosclerosis and restenosis
after angioplasty (Ross, 1993; Schwartz, 1998). Extracellular nucleotides released in the
vascular wall from perivascular nerves, activated platelets and mechanically stretched
cells (Ellsworth et al., 1995; Lazarowski et al, 1997; Hamada et al., 1998) are the focus
of ongoing studies aimed at determining the role of released nucleotides in the
development of vascular diseases. Previous studies have indicated that extracellular
nucleotides serve as directional cues for the migration of rat SMC in vitro through
activation of G protein-coupled P2Y receptors (Chaulet et al., 2001). Up-regulation and
activation of the P2Y2 receptor subtype has been shown to stimulate neointimal growth in
the collared rabbit carotid artery (Seye et al., 2002), suggesting an important role for this
receptor in intimal hyperplasia and vascular remodeling.
As with many other cellular processes, the molecular components involved in
smooth muscle cell migration are being identified at a rapid rate but like most cell
functions, the manner in which these components work together as a dynamic, integrated
system is less well understood. Although it has been shown that activation of P2Y
receptors induces migration of SMC through increased production of osteopontin
(Chaulet et al., 2001), an extracellular matrix protein that interacts with integrins, it is not
known whether the P2Y2 receptor interacts with intracellular components that modulate
the migration process. Activation of P2Y receptors by nucleotides has been shown to
induce reorganization of the actin cytoskeleton in vascular SMC (Sauzeau et al., 2000).
One of the earliest responses to extracellular signals is a rapid reorganization of the actin
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cytoskeleton, which leads to the formation of motile structures, alterations in cell shape,
and changes in cell adhesiveness and locomotion (Thomas and Advani,, 2006). Actinbinding proteins play a pivotal role in reorganizing the actin cytoskeleton in response to
signals exchanged between cells (Viola and Gupta, 2007). Accordingly, actin-binding
proteins are increasingly a focus of investigations into effectors of cell signaling and the
coordination of cellular functions that regulate tissue development. Using the yeast twohybrid system, we report for the first time that an interaction occurs between the
cytoplasmic domain of the P2Y2 receptor and filamin A (FLNa), an actin binding protein
that crosslinks filamentous actin into either orthogonal or parallel bundles (Cunningham
et al., 1992). FLNa is required for cell migration (Cunningham et al., 1992) and
mutations in human FLNa are responsible for impaired migration of cerebral neurons and
give rise to periventricular heterotopia, leading to epilepsy and vascular disorders, as well
as embryonic lethality (Fox et al., 1998).
FLNa anchors actin filaments to cell-extracellular matrix adhesion sites by
binding to β-integrin subunits (Calderwood et al., 2000) and also provides a scaffold for
small GTPases of the Ras and Rho families (Ohta et al, 1999). We characterized the
interaction between FLNa and the P2Y2 receptor in biochemical assays and used wild
type and P2Y2 receptor knockout mice to show that the loss of this interaction affects
spreading and migration of aortic SMC.
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Experimental Procedures
Materials
All reagents, unless specified otherwise, were purchased from Sigma Alderich (St.
Louis, MO).
Plasmid Constructs
All cDNAs were generated by PCR. The sequence and insert orientation of all
constructs were verified by DNA sequencing at the DNA Core Facility of the University
of Missouri-Columbia. For the yeast two-hybrid assay, the EcoRI-BamHI fragment
encoding a C-terminal domain (CTD) of the P2Y2 receptor (amino acids 317-360) was
subcloned into the yeast GAL4 DNA binding domain expression vector pGBKT7 (BD
Biosciences, Palo Alto, CA) between EcoRI and BamHI restriction sites. Accordingly,
the following P2Y2 receptor primers: forward (5’-GTA GGA ATT CCG AGA TGC CAA
GCC ACC CAC T-3’) and reverse (5’-TAT GGG ATC CCC TGA AGT CCT CAC TGC
TGC C-3’) were used to produce the bait plasmid (pGBKT7-P2Y2CTD). For the GST
pull down assay, the BamHI-EcoRI fragment encoding the P2Y2CTD was inserted
between BamHI and EcoRI restriction sites of the bacterial expression vector pGEX-5X1 (Amersham Biosciences, Piscataway, NJ) to produce pGEX-5X-1-P2Y2CTD using the
following primers: forward (5’-GTA GGG ATC CCC CGA GAT GCC AAG CCA CCC
ACT-3’) and reverse (5’-TAT GGA ATT CCC TGA AGT CCT CAC TGC TGC C-3’).
Mutagenesis and Epitope Tagging of the P2Y2 Receptor
The open reading frame of P2Y2 receptor cDNA was modified to incorporate the
hemagglutinin (HA) epitope (YPYDVPDYA) at the amino terminus of the recombinant
protein, as described previously (Garrad et al., 1998). Six C-terminal truncation mutants
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of the P2Y2 receptor were generated by PCR. In each case, the forward primer was 5'GAT CGT GAA TTC TGA TGT ATC CAT ATG ATG TTC CAG ATT ATG CTG
CAG CAG ACC TGG AAC CCT GG-3', which maintains the HA epitope at the amino
terminus and incorporates an EcoRI restriction site, and the reverse primer differed for
each mutant: 5’-TGC TAG GGA TCC CGT CAT CAG CCC AAC ACA TCT TCT ATC
CTC TGC AT-3’ (truncation mutant 1; 1-354), 5’-TGC TAG GGA TCC CGT CAT CAC
ATG TCA GTT CTG TCG GAT CTG CGC AG-3’ (truncation mutant 2; 1-346), 5’-TGC
TAG GGA TCC CGT CAT CAT CTG CGC AGG CCC AGC CTG CGG CGA GC-3’
(truncation mutant 3; 1-340), 5’-TGC TAG GGA TCC CGT CAT CAG CGA GCC GGG
GTG GCA GGG CTG GGG CC-3’ (truncation mutant 4; 1-333), 5’-TGC TAG GGA
TCC CGT CAT CAC TTG GCA TCT CGG GCA AAG CGT ACG AG-3’ (truncation
mutant 5; 1-321), and 5’-TGC TAG GGA TCC CGT CAT CAG GCA AAG CGT ACG
AGC CTC TGC CCA GC-3’ (truncation mutant 6; 1-317). The PCR was carried out
using Advantage 2 Polymerase under conditions suggested by the manufacturer (BD
Biosciences, Palo Alto, CA). The DNA amplification was verified by agarose gel
electrophoresis, and PCR products were purified using the GFX™ PCR DNA and Gel
Band Purification Kit (Amersham Biosciences, Piscataway, NJ). Mutations were
confirmed by DNA sequencing.
Yeast Two-Hybrid Library Screening
A cDNA library from human aorta constructed in the GAL4 activation domain
vector pACT2 was purchased from BD Biosciences (Palo Alto, CA). The cDNA library
was co-transformed with the bait plasmid pGBKT7-P2Y2CTD into Saccharomyces
cerevisiae strain AH109 following the manufacturer’s instructions (BD Biosciences). The
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interaction between bait and prey proteins was determined using the β-galactosidase
assay, as described in the Yeast Protocol Handbook (Clontech Laboratories, Palo Alto,
CA). Positive prey plasmids were extracted from yeast and transformed into E. coli
TOP10 chemically competent cells (Invitrogen, Carlsbad, CA). The identity of the prey
was determined by DNA sequencing with the 5’-pACT2 primer 5’-CTA TTC GAT GAT
GAA GAT ACC CCA CCA AAC CC-3’ and the 3’-pACT2 primer 5’-GTG AAC TTG
CGG GGT TTT TCA GTA TCT ACG A-3’ and the Basic Local Alignment Search Tool
(BLAST)

against

the

human

protein

database

(tblastx;

http://www.ncbi.nlm.nih.gov/BLAST). To confirm the interaction between bait and prey
in the yeast two-hybrid system, purified prey plasmids were re-transformed with the bait
plasmid or empty pGBKT7 and tested for growth on the same plates.
Glutathione S-Transferase (GST) Pull-Down Assay
The GST-fusion protein pull-down assay was carried out according to the
manufacturer’s instructions (Pierce Biotechnology, Rockford, IL). Briefly, pGEX-5X-1P2Y2CTD was transformed into E. coli strain BL21-Gold (Stratagene, La Jolla, CA).
Fusion protein expression was induced with 1 mM IPTG (Sigma, St. Louis, MO) for 2 h
at 37 °C and the fusion protein was immobilized by glutathione covalently linked to
Sepharose. Lysates from human coronary artery smooth muscle cells (CASMC) were
incubated with fusion protein immobilized by glutathione-linked Sepharose, and bound
proteins were eluted with soluble glutathione (100 mM). The eluted proteins were
resolved by SDS-PAGE and analyzed by Western analysis using a mouse monoclonal
anti-FLNa antibody (1:1000 dilution; Chemicon, Temecula, CA).
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Adenovirus Production and Infection of Cultured Cells
The P2Y2 receptor cDNA constructs encoding full length and truncated P2Y2
receptors were inserted into the adenoviral vector Ad5mCMV. Virus production was
performed at the Gene Transfer Vector Core at the University of Iowa (Iowa City, IA).
Mouse aortic smooth muscle cells (SMC), at 70-80% confluence, were incubated for 4 h
with adenovirus at 200 PFU/cell in growth medium comprised of DMEM, 2% (v/v) FBS,
100 IU/ml penicillin, and 100 µg/ml streptomycin. Then, the cells were washed and
cultured in fresh growth medium for 24-48 h to allow protein expression.
Immunoprecipitation and Western Blot Analysis
Mouse aortic SMC or 1321N1 astrocytoma cell transfectants expressing full
length or truncated HA-tagged P2Y2 receptors were washed with cold PBS and lysed in
modified RIPA buffer at 4 oC for 15 min. The lysates were cleared by centrifugation at
10,000 X g at 4 oC for 15 min. The protein concentrations in the supernatant were
determined according to the Lowry assay and equal amounts of supernatant protein (200
µg) were incubated with 50 μl of HA-affinity matrix (Roche Applied Sciences,
Indianapolis, IN) with gentle rocking at 4 oC for 2 h. The immunoprecipitate was
sedimented by centrifugation, washed with RIPA buffer, resuspended in 50 μl of 2X
Laemmli’s buffer and heated at 95 oC for 4 min. The solubilized proteins were resolved
by SDS-PAGE and transferred to nitrocellulose membrane. The membrane was blocked
with 5% (w/v) non-fat milk in TBST with gentle rocking at room temperature for 2 h.
Then, the membrane was incubated at room temperature in TBST containing mouse
monoclonal anti-FLNa antibody (1/1000 dilution; Chemicon), washed five times with
TBST for 10 min each time, incubated with 1/2000 dilution of HRP-conjugated goat anti105

mouse IgG for 1 h, and washed four times with TBST for 10 min each time. Proteins
were visualized with Luminol reagent (Bio-Rad Laboratories, Hercules, CA).
Cell Culture
Mouse aortic SMC were obtained from 4-6 week-old mice. Briefly, thoracic aorta
was denuded of adventitia, cut into 1 mm cubes and digested with 0.1% (w/v)
collagenase (Worthington Biochemical Corp, Lakewood, NJ) in DMEM containing 1%
(w/v) BSA at 37 oC with gentle rocking. Cells dissociated within the first 30 min were
discarded to improve smooth muscle cell purity. Subsequently, dissociated cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% (v/v) fetal calf
serum, penicillin (100 IU/ml), streptomycin (100 μg/ml) and L-glutamine (2 mM). Cells
were identified as vascular SMC through their characteristic hill-and-valley growth
pattern and by detection of α–smooth muscle actin. Human 1321N1 astrocytoma cells
were cultured in DMEM with 10% (v/v) fetal calf serum, penicillin (100 IU/ml),
streptomycin (100 μg/ml) and L-glutamine (2 mM). Transfection of 1321N1 cells with
wild type or mutant P2Y2 receptor cDNA was performed using Lipofectamine 2000
following the manufacturer’s (Invitrogen) instructions.
Smooth Muscle Cell Migration in Aortic Explants
P2Y2 receptor knockout (KO) mice on a B6D2 genetic background and the
corresponding wild type mice were generous gifts from Dr. B. H. Koller (University of
North Carolina-Chapel Hill). Genotypes were verified by tail snip assay. Descending
mouse aorta was thoroughly dissected free from connective tissue, cut open
longitudinally, and the intima and a thin portion of the subjacent media were removed.
The descending aorta was weighed and trimmed to normalize the weight to 5 mg. The
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aorta was cut into 4 pieces and each piece was placed in a corner of a chambered slide
with the endothelium facing down and cultured in DMEM containing appropriate
concentrations of nucleotides or supplemented with 10% (v/v) FBS. For the creatine
phosphokinase (CPK) regenerating system, cells were preincubated with agonist for 10
min, and then 2 U ml-1 CPK and 1 mM phosphocreatine were added. Medium was
replaced every day for 5 days prior to analysis of the explants by confocal microscopy.
To count cells that migrated out of the explant, the remaining tissue was removed and
cells that had migrated away from the explant were detached by 0.05% (w/v) trypsinEDTA (Invitrogen), and counted under a microscope.
Cell Migration Assay
Cell migration assays were performed on Transwells (Costar), as previously
described (Chaulet et al., 2001). Briefly, cells were resuspended in serum-free DMEM
(5x105 cells/ml) and added to the upper chamber of Transwells. The lower chamber was
filled with 600 μl of DMEM with or without 10 μM UTP. After an 18 h incubation with
nucleotides, filters were removed, and cells that had not migrated (i.e., cells on the upper
surface of the membrane) were removed with a cotton swab. Then, cells present beneath
the membrane were fixed with cold methanol and stained with hematoxylin (Sigma, St.
Louis, MO). Migrating cells were counted in 10 high-power microscope fields (20X
magnification). Analysis was performed on three Transwells for each condition, and each
experiment was repeated three times.
Cell Spreading Assay and Time-Lapse Microscopy
Cell spreading was determined by measuring the number of cells that spread after
a defined time, as described previously (Yamamoto and Yamamoto, 1994). Coverslips
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placed in welled plates were coated with type I collagen (20 µg/ml) overnight at 4 °C. To
suppress nonspecific binding, coverslips were blocked with 1% (w/v) BSA in PBS at 37
°C for 1 h. Cells in DMEM containing 0.4% (v/v) FCS were added at a concentration of
2000 cells per 100 µl and maintained at 37 ºC for 1 h in a POC-R chamber inside a preheated microscope stage insert (LaCon, Staig, Germany). Then, cell spreading was
followed by time-lapse microscopy to monitor movement of cells containing nuclei or
with a recognizable noncircular shape using an Axiovert 200M inverted microscope
equipped with a 40X/0.6 NA LD Plan-Neofluar objective (LSM 510 Meta System, Zeiss,
Thornwood, NY).

Four fields of view for each coverslip were chosen by visual

inspection and the position of the stage in each field was marked by the microscope
control software (Zeiss LSM 5 version 4.0). At different time points, the microscope
stage was positioned at each marked location, the fields were focused manually, and cells
were imaged by detecting transmitted light while scanning with a 488 nm laser.
Statistical Analysis
ANOVA and paired and unpaired t tests were performed for statistical analysis, as
appropriate. Values of P<0.05 were considered to be statistically significant.
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Results
FLNa Interacts Directly With Amino Acids 322-333 in the C-Terminus of the P2Y2
Receptor
Extracellular nucleotides have been shown to induce reorganization of the actin
cytoskeleton (Sauzeau et al., 2000), a key step in cell migration. Since P2Y2 receptor
activation causes migration of SMC, we hypothesized that the P2Y2 receptor is directly
linked to the actin cytoskeleton. Thus, we used a 45-amino acid fragment (aa 318-362) in
the intracellular C-terminal tail of the P2Y2 receptor (i.e., P2Y2CTD) as bait to screen for
binding of proteins expressed from a human aorta cDNA library using the AH109 yeast
two-hybrid system. Screening of 106 independent clones yielded P2Y2CTD-binding
proteins in several clones expressing an identical 1.2-kb cDNA insert that encoded the Cterminal region of FLNa, a dimeric actin-crosslinking phosphoprotein that promotes
orthogonal branching of actin filaments. The specificity of the interaction between
P2Y2CTD and FLNa was verified by one-on-one transformation into yeast strain AH109
(data now shown). To further verify that a specific interaction occurs between the
P2Y2CTD and FLNa, we tested the ability of a Glutathione S-Transferase (GST)-fusion
protein containing the C-terminus of the P2Y2 receptor (GST-P2Y2CTD) to associate
with endogenously expressed full length FLNa. Lysates from human coronary artery
SMC (CASMC) contained a 280 kDa protein that immunoreacted with anti-FLNa
antibody (Fig. IV-1A). As shown in Fig. IV-1B, this protein also was detected in pulldown assays when lysates from CASMC were incubated with GST-P2Y2CTD, but not
GST, immobilized by glutathione-linked Sepharose. To verify that full length P2Y2
receptor and FLNa interact in mammalian cells, we transfected P2 receptor-null 1321N1
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astrocytoma cells with cDNA encoding the HA-tagged P2Y2 receptor, then
immunoprecipitated the HA-P2Y2 receptor from cell lysates using anti-HA antibody and
detected co-precipitation of FLNa using anti-FLNa antibody (Fig. IV-1C). To identify the
domain in the C-terminal tail of the P2Y2 receptor that interacts with FLNa, cDNA
encoding P2Y2 receptor with progressive deletion mutants of the CTD were generated by
PCR using specific primers (Fig. IV-2A). All of the P2Y2 receptor mutants expressed in
1321N1 cells showed the same ability as the wild type P2Y2 receptor to mediate UTPinduced intracellular calcium mobilization (data not shown). HA-tagged P2Y2 receptor
or P2Y2CTD deletion mutants expressed in 1321N1 cells were immunoprecipitated with
anti-HA antibody, and co-precipitation of FLNa was assessed. As indicated in Fig. IV-2B,
deletion of amino acids 322-333 results in the loss of FLNa binding to the HA-P2Y2
receptor.
P2Y2 Receptor Activation Mediates FLNa Phosphorylation
Phosphorylation and dephosphorylation events are thought to regulate FLNa
activity (Gibbons and Dzau, 1994), and therefore we determined whether P2Y2 receptor
activation by UTP in mouse aortic SMC induces the phosphorylation of FLNa. For this
purpose, the full length P2Y2 receptor or the mutant P2Y2 receptor lacking the FLNa
binding amino acids 322-332 (i.e., truncation mutant 5) were expressed in aortic SMC
isolated from P2Y2 receptor knockout (KO) mice. UTP (10 µM) stimulation of SMC
expressing the full length P2Y2 receptor, but not truncation mutant 5 P2Y2 receptor,
caused a rapid and sustained increase in tyrosine phosphorylation of FLNa (Fig. IV-3).
These results indicate that binding of FLNa to the P2Y2 receptor is necessary for UTPinduced activation of FLNa.
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P2Y2 Receptor and FLNa Interaction Promotes Spreading of SMC
To gain further insight into the role of P2Y2 receptors in the function of vascular
SMC, we studied the ability of UTP to induce the spreading of mouse aortic SMC on
collagen I. Treatment of aortic SMC isolated from wild type mice with UTP for 2 h
caused a 6.8 fold increase (P≤0.01) in the spreading of cells on collagen I, as compared to
unstimulated cells (Fig. IV-4). In contrast, UTP did not increase spreading of aortic SMC
isolated from P2Y2 receptor KO mice. To test the role of P2Y2 receptor/FLNa interaction
in UTP-induced cell spreading, we transfected aortic SMC obtained from P2Y2 receptor
KO mice with either full length (WT) or truncation mutant 5 P2Y2 receptor cDNA, and
successful receptor expression was demonstrated by the appearance of UTP-induced
calcium mobilization and P2Y2 receptor mRNA in the cell transfectants (data not shown).
Expression of the full length P2Y2 receptor in aortic SMC from P2Y2 receptor KO mice
completely restored UTP-induced cell spreading whereas cells that expressed the
truncation mutant 5 P2Y2 receptor exhibited significantly less spreading (Fig. IV-4).
These results indicate that the P2Y2 receptor C-terminal tail is required for optimum
UTP-induced spreading of SMC.
P2Y2 Receptor and FLNa Interaction Mediates Migration of SMC
UTP increased by 3.4 fold (P≤0.01) the migration of aortic SMC isolated from
wild type mice, as compared to unstimulated SMC or UTP-stimulated SMC from P2Y2
receptor KO mice (Fig. IV-5A). Expression of the full length P2Y2 receptor in aortic
SMC from P2Y2 receptor KO mice increased UTP-induced cell migration (Fig. IV-5B) to
levels seen with SMC from wild type mice (Fig. IV-5A). In contrast, aortic SMC from
P2Y2 receptor KO mice expressing the truncation mutant 5 P2Y2 receptor that is
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defective in FLNa binding did not exhibit UTP-induced cell migration (Fig. IV-5B),
indicating that loss of P2Y2 receptor/FLNa interaction prevents UTP-induced migration
of SMC.
P2Y2 Receptors Mediate Migration of SMC Out of Mouse Aortic Explants
To validate our in vitro data, we investigated whether extracellular nucleotides
serve as directional cues for SMC within a vessel fragment. Therefore, we examined the
ability of SMCs to migrate out of aortic explants isolated from wild type and P2Y2
receptor KO mice. The P2Y2 receptor agonists ATP or UTP (10 µM) induced significant
migration of SMC out of aortic explants isolated from wild type but not P2Y2 receptor
KO mice, as compared to untreated controls (Fig. IV-6, A-B). ATP and UTP also
increased migration of SMC out of explants in the presence of 2U/ml CPK and 1 mM
phosphocreatine (Fig. IV-6B), a system for regenerating nucleoside triphosphates from
cell-hydrolyzed ATP or UTP, suggesting that ectonucleotidase-mediated nucleoside
generation was not responsible for cell migration induced by ATP or UTP. In contrast to
ATP and UTP, 5% serum was equally effective in stimulating migration of SMC out of
aortic explants from both wild type and P2Y2 receptor KO mice (Fig. IV-6B). UDP and
2MeS-ADP did not induce migration of SMC out of the explants (data not shown). These
data indicate that ATP and UTP promote migration of SMC from aortic tissue via
activation of P2Y2 receptors.
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Discussion
In the present study, we demonstrated that extracellular nucleotides serve as
directional cues not only for cultured SMC but also for SMC within a vessel segment
suggesting that nucleotides released in vivo at the site of vessel injury could participate in
the remodeling process accompanying prominent vascular diseases. We showed that the
nucleotides ATP and UTP act directly on P2Y2 receptors, since nucleotides were not
effective in promoting the motility of SMC derived from the P2Y2 receptor knockout
(KO) mouse. Furthermore, we showed that ATP and UTP significantly increased the
spreading of mouse aortic SMC on collagen I, a process that involves rearrangement of
the cytoskeleton and increased contractility of vascular SMC (Calderwood et al., 2000).
Both cytoskeletal rearrangement and contraction of SMC are essential for the control of
vascular remodeling and repair mechanisms that are induced by increased shear stress or
vascular damage (Gibbons and Dzau, 1994). To date, this is the first report demonstrating
that ATP and UTP promote cell spreading in intact tissue.
Nucleotides act on P2Y receptors expressed in vascular SMC to promote actin
cytoskeletal reorganization in a Rho kinase-dependent manner (Sauzeau et al., 2000).
Furthermore, the P2Y2 receptor mediates UTP-induced cytoskeleton rearrangement and
cell migration induced by Rho/Rac activation (Bagchi et al., 2005; Liao et al., 2007).
This prompted us to investigate whether the P2Y2 receptor is directly linked to the actin
cytoskeleton. Using a yeast two-hybrid system screen and in vitro and in vivo binding
assays, we demonstrated that the scaffold protein filamin A (FLNa) interacts directly with
the P2Y2 receptor. FLNa is an actin crosslinking protein and is involved in the
maintenance of the cytoskeletal architecture (Cunningham et al., 1992). FLNa functions
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as a dimer and is composed of 23 approximately 96 amino acid long repeats flanked by
an N-terminal actin-binding domain and a C-terminal homodimerization domain that
regulate organization of the cortical actin network (Cunningham et al., 1992). FLNa is
essential for mammalian cell locomotion (Cunningham et al., 1992). Human melanoma
cell lines that do not express detectable levels of FLNa do not migrate, and expression of
FLNa in these cells restores their locomotion (Cunningham et al., 1992). FLNa is known
to be a phosphoprotein (Ohta et al., 1996), but it is not understood how phosphorylation
regulates FLNa function. In the present study, we found that stimulation of quiescent
SMC with UTP results in a rapid increase in the phosphorylation of FLNa (Fig. IV-3).
FLNa is targeted by a variety of signaling molecules, e.g., Src, ribosomal S6 kinase,
protein kinase C, and small GTPases of the Rho- and Rac-families, which thereby
implicate FLNa in cell shape modulation and integrin-dependent adhesion and motility
(Ohta et al., 1996; Nagano et al., 2002; Tigges et al., 2003; Woo et al., 2004; Pal Sharma
and Goldmann, 2004).

Previous results have shown that PAK-1 mediates FLNa

phosphorylation in MCF-7 breast cancer cells (Vadlamudi et al., 2002). Rac1, an
activator of PAK-1, has been found to be activated by the P2Y2 receptor in vascular
endothelial cells (Chapter III). We also have found that UTP induces PAK activity in
mouse SMC (unpublished data), suggesting a possible role of PAK-1 in UTP-induced
FLNa phosphorylation. Activation of the P2Y2 receptor can cause tyrosine
phosphorylation of Src, a kinase family member that is known to phosphorylate FLNa on
tyrosine residues (Pal Sharma and Goldmann, 2004; Liu et al., 2004). Further studies are
needed to define the roles of Src and PAK-1 in P2Y2 receptor-mediated FLNa
phosphorylation.
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The biological significance of the loss of P2Y2 receptor/FLNa interaction was a
major focus of the present study. We have identified amino acids in the C-terminal
domain of the P2Y2 receptor that are required for P2Y2 receptor/FLNa interaction and
UTP-induced migration of SMC (Figs. IV-2 and IV-5). Our data indicate that UTP did
not induce spreading and migration of aortic SMC isolated from P2Y2 receptor KO mice,
and expression of the P2Y2 receptor in these cells restored nucleotide-induced spreading
and migration of SMC (Figs. IV-4 and IV-5). In further support of a role for P2Y2
receptor/FLNa interaction in nucleotide-induced spreading and migration of SMC,
expression in SMC from P2Y2 receptor KO mice of a mutant P2Y2 receptor that does
bind FLNa fails to restore cell spreading and migration in response to UTP, as compared
to expression of the WT P2Y2 receptor (Figs. IV-4 and IV-5). Since loss of the P2Y2
receptor/FLNa interaction also prevented UTP-induced FLNa phosphorylation in mouse
aortic SMC (Fig. IV-3), we conclude that activation of FLNa is a prerequisite for P2Y2
receptor-mediated spreading and migration of SMC.
Rearrangement of actin filaments plays an essential role in cell growth, survival,
locomotion, and shape. For example, cell-cycle progression depends on cell spreading
and adhesion, whereas apoptosis is initiated after cells are detached (Assoian and
Marcantonio, 1996; Meredith and Schwartz, 1997). In cardiovascular diseases, such as
hypertension, atherosclerosis, and restenosis after angioplasty, vascular remodeling
clearly requires rearrangement of the cytoskeleton of vascular SMC (Gibbons and Dzau,
1994; Schwartz et al., 1995). Nucleotides are thought to play important roles in cell
remodeling by virtue of their effects on migration and growth of SMC (Erlinge, 2004).
115

P2Y2 receptors are highly expressed in rat and rabbit intimal lesions (Seye et al., 1997;
2002), and therefore, P2Y2 receptor interactions with FLNa may play an important role in
the regulation of vascular remodeling and tone by modulating migration of SMC in
response to nucleotides released at the site of vascular injury.
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Figure IV-1. FLNa binds to the P2Y2 receptor C-terminal domain (CTD) and coimmunoprecipitates with the HA-P2Y2 receptor.
A, Lysates from CASMC were analyzed by SDS-PAGE and immunoblotted by
goat anti-FLNa antibody. M2 melanoma cells (kindly provided by Dr J. H. Hartwig,
Harvard Medical School) that are deficient in FLNa were used in parallel assays as a
negative control, and FLNa transfected cells (A7 cells) were used as a positive control.
Results are representative of three independent experiments. B, GST-P2Y2CTD or GST
expression was induced in E. coli, as described in the “Experimental Procedures”. GSTP2Y2CTD or GST in bacterial lysates from 5 ml of IPTG-induced bacterial cultures were
immobilized by incubation with glutathione-linked Sepharose for 4 h at 4 °C with gentle
rocking. After washing 3X with PBS, glutathione-linked Sepharose-bound protein was
incubated with lysates from 107 CASMC overnight at 4 °C with gentle rocking. Bound
proteins were eluted with 100 mM glutathione, and Western analysis was performed with
anti-FLNa antibody. Results are representative of three independent experiments. C,
Human 1321N1 cells transfected with cDNA encoding the HA-tagged P2Y2 receptor or
with the pLXSN vector alone were lysed, and immunoprecipitated (IP) with anti-HA
affinity matrix or normal IgG and immunoprecipitates were analyzed by immunoblotting
(IB) with anti-FLNa antibody, as described in the “Experimental Procedures”. FLNa
levels in whole cell lysates are shown in the lower panel. Results are representative of
three independent experiments.
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Figure IV-2. Identification of the FLNa binding domain of the P2Y2 receptor.
Full length (wt) and progressive C-terminal truncation mutants of the HA-tagged
P2Y2 receptor (A) were expressed in human 1321N1 astrocytoma cells. B, Lysates from
transfected cells were immunoprecipitated (IP) with anti-HA affinity matrix, and
immunoprecipitates were analyzed by immunoblotting (IB) with anti-FLNa antibody, as
described in the “Experimental Procedures”. FLNa levels in whole cell lysates were used
to normalize FLNa binding data (means ± S.E.) from three independent experiments (bar
graphs) where ** indicates P<0.01 as compared to wild type control, with a
representative blot shown above.
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Figure IV-3. UTP induces FLNa phosphorylation in aortic SMC.
SMC from aortas of P2Y2 receptor knockout (KO) mice were transfected with
cDNA encoding the full length (wt) or truncation mutant 5 P2Y2 receptor (Fig. IV-2A),
as described in the “Experimental Procedures”. Cell transfectants were serum-starved for
48 h and stimulated with UTP (10 μM) for the indicated time. Cell lysates were
immunoprecipitated (IP) with anti-phosphotyrosine antibody and immunoprecipitates
were analyzed by immunoblotting (IB) with anti-FLNa antibody, as described in the
“Experimental Procedures”. FLNa levels in total cell lysates were used to normalize
phosphotyrosine data (mean ± S.E.) from three independent experiments, where
indicates P<0.05 and ** indicates P<0.01, as compared to the wt P2Y2 receptor at 0 min.
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Figure IV-4. Spreading of SMCs on collagen-coated coverslips.
Aortic SMC from wild type (WT) or P2Y2 receptor knockout (KO) mice were
plated on collagen I-coated coverslips, as described in the “Experimental Procedures”,
and then were incubated for 1 h in serum-free medium with or without UTP (10 µM). A,
Cell spreading was visualized with an Axiovert 200M inverted microscope and a
representative micrograph is shown with arrows indicating spreading cells. B, Aortic
SMC from wild type (WT) or P2Y2 receptor KO mice were treated as above and cell
spreading was visualized by time-lapse microscopy, as described in the “Experimental
Procedures”. Also, aortic SMC from P2Y2 receptor KO mice were transfected with
cDNA encoding full length (WT) or truncation mutant 5 P2Y2 receptor. Then, cell
transfectants were incubated with or without UTP (10 µM) for 1 h, and the percentage of
cells exhibiting UTP-induced cell spreading was determined by time-lapse microscopy,
as described in the “Experimental Procedures”. Data represent means ± S.E., where **
indicates P<0.01, as compared to the indicated condition for three independent
experiments performed in triplicate.
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Figure IV-5. Loss of FLNa/P2Y2 receptor interaction affects UTP-induced migration
of SMC.
A, Aortic SMC from wild type (WT) or P2Y2 receptor KO mice were added to the
upper chamber of Transwells. The lower chamber contained serum-free DMEM with or
without UTP (10 µM). Cell migration expressed as the number of cells migrating across
the membrane was evaluated after 18 h, as described in the “Experimental Procedures”. B,
Aortic SMC from P2Y2 receptor KO mice expressing full length (WT) or truncation
mutant 5 P2Y2 receptor, or vector alone were assayed for UTP-induced cell migration, as
described above. Incubation for 18 h with 10% FBS in the lower chamber was used as a
positive control. Data with UTP and FBS are expressed as fold increase over untreated
control and represent means ± S.E. of results from three independent experiments, where
** indicates P<0.01, as compared to untreated cells.
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Figure IV-6. Migration of SMC out of mouse aortic explants.
Aortic explants were obtained from wild type (WT) and P2Y2 receptor KO mice,
as described in “Experimental Procedures”, and cultured for 4 h in DMEM with or
without ATP or UTP (10 µM) or 5% (v/v) FBS. Some explants also were cultured for 4
h with a nucleotide regenerating system (CPK), as described in “Experimental
Procedures”. Then, medium was replaced daily with DMEM alone and after 5 days, cells
growing out of the aortic explants were visualized with an Olympus IX70 inverted
microscope. A, Micrographs from a representative experiment are shown.

Arrows

indicate the direction of cell migration. Magnification: 20X. B, SMC migrating from
aortic explants treated as above were removed after five days by incubation with a
trypsin-EDTA solution. The number of cells migrating from explants was determined in
three independent experiments performed in triplicate, as described in the “Experimental
Procedures”. Data with ATP, UTP, FBS and CPK are expressed as fold increase over
untreated control and represent means ± S.E. of results from three independent
experiments, where ** indicates P<0.01, as compared to untreated cells.
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Chapter V
Ongoing Project: The P2Y2 Nucleotide Receptor Regulates
Tight Junction Complex Assembly and Endothelial Cell
Permeability Properties

Introduction
Leukocyte recruitment and expression of pro-inflammatory cytokines occur early
during atherogenesis. Decreases in inflammatory mediator levels can inhibit macrophage
accumulation and formation of atheromatous lesions (Smith et al., 1995; Rajavashisth et
al., 1998). The extravasation of leukocytes from the luminal to interstitial compartment is
a hallmark of the inflammatory response and is associated with the pathogenesis of many
cardiovascular diseases (Libby, 2002). Prior to their migration through the vessel wall,
the circulating leukocytes start rolling along the vessel endothelium by interaction with
low affinity selectins (e. g. E-, L- and P-selectin). Then, the leukocytes express integrins
α4 and β2 that mediate their firm adhesion to the endothelium (Springer, 1994). Though
there have been a lot of studies on leukocyte rolling and firm adhesion, the mechanism of
leukocyte transendothelial migration is unclear.
The endothelium is a monolayer of endothelial cells that are connected to each
other through intercellular junctions. Electron microscopy studies revealed that leukocyte
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transmigration is mostly through the junctions between pairs of adjacent cells (i.e., the
paracellular pathway) (Marchesi, 1961; Hurley and Xeros, 1961). At least three types of
endothelial junctions have been described: gap junctions, tight junctions (TJ), and
adherens junctions (AJ) (Reviewed by Bazzoni and Dejana, 2001). These junctions are
defined morphologically and contain specific transmembrane proteins. Although TJ are
localized closest to the luminal surface among the three types of junctions and are
strategically placed to govern leukocyte extravasation, the functions of TJ are not well
understood.
Freeze fracture electron microscopy has shown that TJ are connected to actin
filaments, suggesting that cytoskeleton is involved in regulation of tight junction structure
and function (Madara, 1987). The transmembrane proteins occludin and claudins have
been demonstrated to contribute to the paracellular seal in cultured cells and they localize
to the discrete membrane contact sites in the freeze fracture micrograph. These proteins
are in turn linked to the cytosolic protein ZO-1, which can target actin filaments to TJ
(reviewed by Bazzoni and Dejana, 2003). It has been found that leukocyte permeability
of TJ is affected by the organization of perijunctional actin. For example, activation of
Rho family small GTPases, which regulate actin cytoskeletal reorganization, increases
paracellular permeability of leukocytes (Breslin and Yuan, 2004).

A schematic

representation of the structures of TJ and AJ can be found in Fig. I-3.
Nucleotides are released at sites of atherosclerotic and restenotic lesions and can
induce inflammatory responses (Pearson and Gordon, 1979; Grierson and Meldolesi,
1995). The effects of nucleotides are mediated by P2 receptors, which can be classified
into P2X ligand-gated ion channels and P2Y G-protein coupled receptors. Seven P2X and
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eight P2Y receptors have been cloned and their pharmacology and functions have been
studied. Although multiple P2 receptors are present in vascular cells, it has been found
that P2Y2 receptor mRNA is specifically up-regulated in two vascular injury models,
balloon angioplasty and perivascular placement of a silicone collar, suggesting the
potential dominance of the P2Y2 receptor, as compared to other P2 receptor subtypes, in
atherosclerotic lesion formation (Seye et al., 1997; 2002). Activation of the P2Y2
receptor causes intracellular calcium mobilization mediated by Gq/11 and phospholipase C
and RhoA small GTPase activation, suggesting that these responses participate in
increased leukocyte permeability of TJ (Lustig et al., 1992; Chapter III). Indeed, it was
found that activation of the P2Y2 receptor causes an increase of the number of CD68+
macrophages in the intima, indicating that P2Y2 receptor activation facilitates leukocyte
extravasation (Seye et al., 2002).
The present study focuses on the mechanism of P2Y2 receptor regulation of
reorganization and leukocyte permeability of TJ. Results show that the P2Y2 receptor is
physically associated with TJ upon activation through binding to ZO-1. Sustained
activation of the P2Y2 receptor also causes a decrease in protein levels of occludin and
claudins.
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Experimental Procedures
Materials
The anti-occludin, anti-claudin 1, anti-claudin 7, anti-ZO-1 and anti-ZO-2
antibodies were purchased from Invitrogen (Carlsbad, CA). Anti-HA affinity matrix was
from Roche Applied Science (Indianapolis, IN). Anti-actin antibody was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Human microvascular endothelial cells
(HMVEC) were purchased from Cambrex (East Rutherford, NJ).
Immunoblotting and Immunoprecipitation
HMVEC or 1321N1 cells transfected with HA-tagged P2Y2 receptor were washed
with ice-cold PBS and lysed in lysis buffer B containing 0.5% (v/v) Nonidet P-40, 10
mM Tris, pH 7.5, 2.5 mM KCl, 150 mM NaCl, 50 mM NaF, 1 mM Na3VO4, and 0.1%
(w/v) protease inhibitor mixture. Protein concentrations were measured using a Lowry
assay. Then, 500 mg of the protein lysate were and incubated with anti-HA affinity
matrix overnight at 4 °C. The immunoprecipitates were collected by brief centrifugation
and washed three times with modified RIPA buffer. Bound proteins were eluted by
boiling in Laemmli buffer, resolved by SDS-PAGE, and immunoblotting was performed
with the antibodies indicated in the figure legends.
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Results
UTP Induces a Decrease in Tight Junction Protein Levels
Incubation of serum-starved HMVEC with 10 μM UTP caused a dose-dependent
decrease in the protein levels of occludin, claudin 1, and claudin 7 (Fig. V-1). Occludin
levels decrease within 1 h after UTP stimulation and continue to decline over 8 h.
UTP Induces Association Between the P2Y2 Receptor and ZO-1/ZO-2 in 1321N1
Astrocytoma Cells
To determine whether the P2Y2 receptor is physically linked to tight junction
proteins, an HA-tagged P2Y2 receptor was transfected into HMVEC. Serum-starved cells
were stimulated with UTP for the indicated time, and immunoprecipitated by anti-HA
affinity matrix. Co-precipitated ZO-1 and ZO-2 proteins were analyzed by
immunoblotting. We detected an association between the P2Y2 receptor and ZO-1/ZO-2
as early as 5 minutes after UTP stimulation (Fig. V-2).
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Figure V-1. UTP stimulation causes a decrease in tight junction protein levels in
HMVEC.
Serum-starved HMVEC were stimulated with or without 10 μM UTP for the
indicated time or VEGF for 2 h at 37 oC. Cells were then lysed with Laemmli buffer and
lysate was resolved by SDS-PAGE and analyzed by immunoblotting with anti-occludin
(1:1000), anti-claudin 1 (1:250), anti-claudin 7 (1:500), and anti-actin (1:1000) antibodies.
Results are representative of three independent experiments.
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Figure V-2. The P2Y2 receptor interacts with ZO-1/ZO-2 upon UTP stimulation.
1321N1 astrocytoma cells stably transfected with the HA-tagged P2Y2 receptor
were serum-starved and then stimulated with or without 100 μM UTP for the indicated
time. Cell lysates were prepared in RIPA buffer, and subjected to immunoprecipitation
with anti-HA affinity matrix. Co-immunoprecipitated ZO-1 (A) or ZO-2 (B) was analyzed
by immunoblotting with anti-ZO-1 and anti-ZO-2 antibodies, respectively. Results shown
are representative of three independent experiments.
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Chapter VI
Summary and General Discussion

Normal blood vessels consist of three layers: intima, which includes the
endothelium and underlying extracellular matrix, media which mostly contains SMC, and
adventitia which has fibroblasts, collagen bundles, and proteoglycans. In this dissertation,
the contribution of the P2Y2 receptor to vascular inflammation has been elucidated from
three aspects: endothelial adhesiveness to monocytes, migration of SMC, and endothelial
dysfunction.
It was speculated that the P2Y2 receptor was a potential regulator of
atherosclerosis and postangioplasty restenosis because of the observed up-regulation of
P2Y2 receptors in vascular injury models (Seye et al., 1997; 2002). In the perivascular
collar placement model, P2Y2 receptor mRNA was significantly up-regulated after three
days of collar placement. Activation of the P2Y2 receptor in situ increased intimal
hyperplasia and macrophage infiltration into the intima (Seye et al., 2002), indicating that
the P2Y2 receptor regulates mechanisms that lead to vascular smooth muscle cell
proliferation/migration and leukocyte extravasation.
In HCAEC, UTP and ATP can induce the expression of VCAM-1, but not ICAM1, with similar efficacy, indicating a role for P2Y2 receptors (Figs. II-1, II-2, II-3). This
response was dependent on increases in [Ca2+]i, and Go (Figs. II-4, II-5). The role of the
138

P2Y2 receptor in UTP-induced VCAM-1 expression was confirmed using P2Y2 receptor
anti-sense oligonucleotide to block P2Y2 receptor expression in HCAEC (Fig. II-5B and
C). In P2Y receptor deficient 1321N1 cells, UTP was unable to induce VCAM-1
expression, unless the cells were transfected with P2Y2 receptor cDNA (Fig. II-6).
Notably, VCAM-1, an endothelial cell adhesion protein, is known to bind to integrins on
monocytes and T lymphocytes (Reviewed by Libby, 2002), raising the possibility that the
P2Y2 receptor induces leukocyte extravasation mediated by VCAM-1. Indeed, VCAM-1
expression in endothelial cells induced by ATP/UTP is required for monocyte binding in
vitro (Fig. II-8). Transient UTP stimulation (≤1 min) caused the tyrosine phosphorylation
of VEGFR-2 in both HCAEC and 1321N1 cells transfected with P2Y2 receptor cDNA
(Fig. III-1). The role of VEGFR-2 in VCAM-1 expression was clearly demonstrated with
VEGFR-2 inhibitor and VEGFR-2 siRNA, which completely suppressed UTP-induced
VCAM-1 expression (Fig. III-2, III-3). The P2Y2 receptor and VEGFR-2 were found to
physically associate upon UTP stimulation (Fig. III-4). Interestingly, the association
between the P2Y2 receptor and VEGFR-2 induced by UTP was transient (<10 min),
although VEGFR-2 remained phosphorylated for at least 30 min. It was reported that
proline rich SH3 binding sites in the C-terminal tail of P2Y2 receptor mediate
transactivation of the EGFR and PDGFR (Liu et al., 2004). Similarly, mutation or
deletion of the SH3 binding sites suppressed UTP induced VEGFR-2 phosphorylation
and VCAM-1 expression (Fig. III-5, III-6). Importantly, RhoA and Rac1, members of
Rho small GTPases that regulate vascular cytoskeletal organization, were activated by
UTP stimulation in HCAEC (Fig. III-8). However, VCAM-1 expression was inhibited by
transfection with a dominant negative mutant of RhoA, but not Rac1. Our group has
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identified an RGD sequence in the first extracellular loop of the P2Y2 receptor that
promotes its binding to αvβ3/β5 integrins (Erb et al., 2001). Since αvβ3/β5 integrins
mediate monocyte adherence to endothelium/epithelium (Beekhuizen and van Furth,
1993), the RGD sequence in the P2Y2 receptor may be involved in monocyte adherence
to endothelium that occurs in vascular disease.
The P2Y2 receptor can regulate cytoskeletal organization and migration of SMC.
The long intracellular C-terminus of P2Y2 receptor has multiple sites that are potentially
active in protein binding and signal transduction. Screening for protein-protein
interactions using the P2Y2 receptor C-terminal tail identified an actin-binding protein,
FLNa. P2Y2 receptor and FLNa interaction was confirmed using co-immunoprecipitation
and GST-fusion protein pull down assays. We mapped the FLNa-interaction site to amino
acids 322-333 of the P2Y2 receptor and generated a receptor mutant that was FLNabinding deficient. We also used aortic SMC from P2Y2 receptor knockout mice to
directly evaluate whether loss of P2Y2 receptor expression affects FLNa related
responses activated by UTP. Transfection of aortic SMC from P2Y2 receptor KO mice
with wild type P2Y2 receptor cDNA enabled UTP-induced tyrosine phosphorylation of
FLNa, whereas UTP had no effect in cells transfected with the mutant P2Y2 receptor
defective in FLNa binidng. Phosphorylation of FLNa on serine residues by P2Y2 receptor
activation has also been observed (data not shown). In addition, UTP significantly
stimulated the spreading (on collagen I) and migration of aortic SMC isolated from wild
type but not P2Y2 receptor KO mice. Expression of the wild type P2Y2 receptor in SMC
isolated from P2Y2 receptor KO mice restored UTP-induced cell spreading and migration.
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However, expression of the P2Y2 receptor defective in FLNa-binding did not restore
UTP-induced spreading and migration of SMC.
Vascular diseases such as atherosclerosis and restenosis after angioplasty are
initiated by vascular injury and characterized by formation of atherosclerotic plaques and
narrowed/blocked arteries. The pathogenesis of vascular disease has been attributed to
dyslipidemia, such hypercholesterolemia, until about fifteen years ago, when vascular
inflammation and the underlying molecular/cellular mechanisms have gained more
interest (Libby, 2002).
Large quantities of nucleotides are released from damaged cells by stresses of a
mechanical or chemical nature, including hypoxia/ischemia or shear stress, and from
other sources such as aggregating platelets, and nerves around the arteries (Pearson and
Gordon, 1979; Di Virgilio et al., 2001). In addition, balloon angioplasty damages the
vascular endothelium and causes nucleotide release into the vessel wall. Recent studies
showed that certain pathological conditions and chronic hypoxic exposure may cause
suppression of nucleotide degradation in endothelial cells (Robson et al., 1997;
Gerasimovskaya et al., 2002), indicating that vascular injury contributes to the local
elevation of nucleotide concentrations in the arterial wall.
The P2Y2 receptor is up-regulated by tissue injury caused by ligation of the
salivary gland duct, activation of thymocytes, and balloon angioplasty and perivascular
collar placement in arteries (Koshiba et al., 1997; Seye et al., 1997; 2002; Turner et al.,
1998). In the collared rabbit carotid artery model, our group reported that activation of
the P2Y2 receptor by in vivo delivery of UTP caused monocyte/macrophage infiltration
into the vessel wall and intimal hyperplasia, two important processes in the vascular
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pathophysiology. This dissertation has partially delineated the signaling mechanisms of
P2Y2 receptor-induced macrophage infiltration (Chapter II and III) and intimal
hyperplasia (Chapter IV).
The P2Y2 receptor possesses an RGD domain in an extracellular domain, which
can bind to the integrins αvβ3/β5 (Erb et al., 2001; Hynes, 1992). It has been reported that
monocytes adhere to endothelium and epithelium via integrin αvβ3 (Beekhuizen and van
Furth, 1993). Thus, monocytic integrin αvβ3 may also mediate monocyte binding to
endothelium by interaction with the P2Y2R expressed in endothelial cells.
The SH3 binding motifs in the C-terminal tail of the P2Y2R, which were
previously reported to mediate transactivation of the EGFR and PDGFR in 1321N1
astrocytoma cells (Liu et al., 2004), also mediate VEGFR-2 activation in endothelial cells.
The ligand-independent activation of VEGFR-2 represents a mechanism of initiation of
vascular inflammation in the presence of nucleotides released during vascular injury.
Such cross-talk between the P2Y2R and growth factor receptors is relevant to drug design
targeting the P2Y2R and/or VEGF/VEGFR-2 pathway to prevent vascular inflammation.
Vascular inflammation occurs in many diseases such as atherosclerosis,
hypertension, diabetes and stroke. This research has shown that the P2Y2 receptor plays a
role in vascular inflammation during atherogenesis. Further delineation of the signaling
pathways activated by the P2Y2 receptor may help in the prevention and treatment of
these diseases by limiting P2Y2 receptor up-regulation or responses to P2Y2 receptor
activation.
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