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Distribution of P2Y receptor subtypes on haematopoietic cells
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1 RT-PCR-southern hybridization analyses with radiolabelled P2Y receptor cDNAs as probes
indicated that the peripheral blood leukocytes and the human umbilical vein endothelial cells express

P2Y,, P2Y,, P2Y, and P2Y, receptors.

2 Of the haematopoietic cell lines tested, promonocytic U937 cells express P2Y, and P2Y,, but not
P2Y, or P2Y,; promyelocytic HL-60 cells express the P2Y,, P2Y, and P2Y4 receptors but not the P2Y,
receptor; K562 cells express P2Y, but not P2Y,, P2Y, or P2Y; and Dami cells express P2Y,, P2Y,,

P2Y, and P2Y, receptors.

3 Of the peripheral blood leukocytes tested, polymorphonuclear cells express P2Y, and P2Y, but not
P2Y, or P2Y, receptors; monocytes express P2Y,, P2Y,, P2Y, and P2Y, receptors and lymphocytes

express P2Y,, P2Y,, P2Y, and P2Y| receptors.

4 These results suggest a physiological role for different P2Y receptor subtypes in the extracellular
nucleotide-mediated stimulation of monocytes, neutrophils, lymphocytes and endothelial cells.
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Introduction

Extracellular adenine nucleotides activate cell membrane
receptors, referred to as P2 receptors (Burnstock, 1978). P2
receptors have been divided into two groups, P2X and P2Y
(Abbracchio & Burnstock, 1994). The P2X family of ligand-
gated channel receptors includes adenosine 5'-triphosphate
(ATP)-activated ion channels, which have long been known to
be involved in neurotransmission and smooth muscle
contraction (Abbracchio & Burnstock, 1994), as well as a
subtype originally referred to as P2Z, first observed to cause a
generalized increase in membrane permeability in mast cells
but now classified as a P2X subtype (Surprenant et al., 1996).
The second group comprises receptors coupled to G proteins.
These include P2Y, P2U, P2T and P2D subtypes, according to
old nomenclature (Abbracchio & Burnstock, 1994). All of
these G protein-coupled receptors belong to the seven
transmembrane domain family and cause mobilization of
intracellular calcium ions and/or activation or inhibition of
adenylyl cyclase. Under the new nomenclature proposed by the
IUPHAR committee, all the G protein-coupled P2 receptors
should be called P2Y, distinct from P2X ligand-gated channel
receptors, and the various subtypes are numbered in the order
of cloning (Fredholm ez al., 1994).

Several G protein-coupled P2 receptor subtypes have been
cloned and characterized. A receptor designated P2Y, has been
cloned by expressing chick brain cRNA in Xenopus oocytes and
following the electrophysiological responses induced by ATP,
which is the P2Y subtype under the old nomenclature (Webb et
al., 1993). The human orthologue of the P2Y, receptor has been
cloned in our laboratory (Ayyanathan et al., 1996). A cDNA
encoding the P2Y, receptor, equally responsive to ATP and
UTP, has been cloned from the NG108-15 murine neuroblas-
toma-glioma cell line, which is the P2U subtype under the old
nomenclature (Lustig ez al., 1993). The human orthologue of the
mouse P2Y, receptor has been cloned from a human airway
epithelial cell line (Parr et al., 1994) and from human erythro
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leukaemia (HEL) cells (Akbar et al., 1996a). Another receptor
with higher affinity for UDP and ADP than for ATP has also
been cloned from the chick brain library and has been
designated P2Y; (Webb ef al., 1996a). A uridine nucleotide
receptor, which responds to UTP and UDP, has been cloned
from a human genomic library and designated P2Y, (Communi
et al., 1995; Nguyen et al., 1995). An orphan receptor cloned
from activated chicken T cells has now been identified as a P2
receptor and is designated P2Ys (Webb er al., 1996b). A P2
nucleotide receptor from rat aortic smooth muscle, designated
P2Yy, is more responsive to UTP and ADP than to ATP, butitis
not clear if it is the rat homologue of P2Y; (Chang et al., 1995).
The human orthologue of the P2Y, receptor has recently been
cloned (Communi et al., 1996). We have cloned a novel G
protein-coupled receptor from a HEL cell cDNA library,
originally designated P2Y, (Akbar et al., 1996b), but recent
studies have shown that this is indeed a leukotriene B, receptor
(Yokomizo et al., 1997).

The ADP receptor, P2T, which has been pharmacologically
characterized has not yet been cloned (Gachet et al., 1996;
Mills, 1996). The P2T receptor is coupled to inhibition of
adenylyl cyclase and plays a role in platelet aggregation
(Gachet et al., 1996; Mills, 1996). Recent studies have
suggested that the P2Y, receptor is a platelet ADP receptor
coupled to inhibition of adenylyl cyclase at which ATP is an
antagonist (Leon et al., 1997), although it has been regarded
primarily as an ATP receptor, due to either contamination of
ATP with ADP or breakdown of ATP over the timecourse of
the experiment.

Upon vascular injury, ATP and ADP are released into the
blood stream from damaged cells and from activated platelets
and act on other platelets and leukocytes (Gordon, 1986;
Cowen et al., 1989). The molecular subtypes of P2 receptors
involved in these functional responses have not been identified.
The G protein-coupled P2 receptors cloned to date are coupled
to intracellular calcium mobilization. It is very difficult to
dissect out the pharmacology of a single receptor in cells that
express multiple P2 receptor subtypes. The agonist potency
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series, and agonist or antagonist selectivity, found on a given
source may not match any actual molecular subtype. The
rationale for these studies is to determine the distribution of
the cloned G protein-coupled P2 receptors (P2Y,—P2Yy) in
blood cells. These results will then form the basis for
understanding the role of the cloned G protein-coupled P2
receptor subtypes in eliciting nucleotide-mediated physiologi-
cal responses in these cells.

Here we demonstrate the presence of the cloned G protein-
coupled P2 receptor subtypes on peripheral blood leukocytes
and on their precursor cell lines.

Methods
Isolation of blood cells

Whole blood in citric acid-sodium citrate-dextrose (ACD) was
drawn from volunteers and mixed with 0.1 volume of 7.5%
polyanhydroglucose and red blood cells were sedimented in
polypropylene tubes for 45 min onice. All subsequent steps were
performed at 4°C. Leukocyte-rich plasma was centrifuged at
400 x g for 30 min and the remaining red blood cells were lyzed
in 155 mM ammonium chloride and 10 mM potassium
bicarbonate, pH 7.4. Leukocytes were washed twice in Hank’s
balanced salt solution containing 20 mM HEPES (HBSS)
without Ca®>" or Mg?" and the cell count was adjusted for each
sample to 5x 10° ml~".

Polymorphonuclear cells, monocytes and lymphocytes were
isolated from blood from healthy volunteers by Ficoll-
histopaque gradient centrifugation (Altman et al., 1992;
Kappelmayer et al., 1993; Wachtfogel et al., 1994). Monocytes
were purified after adherence of peripheral blood mononuclear
cells to plastic petri dishes for 1 h at 37°C, followed by gentle
washing with phosphate buffered saline three times to remove
non adherent cells (Loudon et al., 1996).

Cell culture

Human promonocytic U937 cells and K562 cells were obtained
from American Type Culture Collection (ATCC) (Rockville,
MD) and were grown in suspension culture in RPMI 1640
medium supplemented with penicillin/streptomycin/amphoter-
icin B solution and 10% foetal calf serum at 37°C with 5%
CO,. These cells were harvested every 4—5 days (1-1.5x 10°
cells ml~"). Megakaryocytic Dami cells were also obtained
from ATCC under a transfer agreement with the Brigham and
Women’s Hospital and the kind co-operation of Dr Sheryl M.
Greenberg (Boston, MA). Dami cells were maintained in
suspension culture in Iscove’s modified Dulbecco’s medium
supplemented with 10% heat-inactivated horse serum and
4 mM glutamine.

Table 1 P2Y receptor primers used for PCR on blood cells

Reverse transcription-coupled polymerase chain reaction
(RT—PCR)

The total RNA was isolated from total blood leukocytes or cells
by the RNAzol procedure (Tel-Test Inc., Friendswood, TX)
and the cDNA was prepared with the first stand synthesis kit
(Gibco-BRL, Gaithersberg, MD). The PCR was carried out by
use of a set of forward and reverse primers specific for each P2Y
receptor (Table 1). After initial denaturation for 5 min at 94°C
the amplifications were carried out for 35 cycles with 5.0 units of
pfu DNA polymerase as follows: denaturation at 94°C for
1 min, annealing at receptor specific temperature for 1 min and
extension at 72°C for 1 min, followed by 7 min at 72°C. The
annealing temperatures of 54°C, 55°C, 60°C and 58°C were used
for the P2Y,, P2Y,, P2Y, and P2Y receptors, respectively.

Southern blot analysis

The RT—-PCR products were separated on a 1% agarose gel
and transferred to a nylon membrane. The P2Y receptor
cDNA or genomic DNA insert was radiolabelled to a specific
activity of 1-3x10° cp.m. ug~' by random priming kit
(Stratagene) and was hybridized with the RT—PCR Southern
blot for 3 h at 65°C in the Rapid Hybridization buffer
(Amersham, Arlington Heights, IL). The blot was washed
with 2xSSC and 0.1% SDS at room temperature for 1 h
followed by several high stringency washes with 0.1 x SSC and
0.1% SDS at 65°C for 20 min each. The blot was then
autoradiographed at —80°C for 15—30 min. The cDNAs for
P2Y, and P2Y, have been cloned in our laboratory (Akbar et
al., 1996a; Ayyanathan et al., 1996). The genomic clone for
P2Y, (Nguyen et al., 1995) was obtained from Dr O’Dowd
(University of Toronto, Canada). The P2Y, cDNA insert was
amplified from human genomic DNA by use of primers (Table
1) specific for the P2Y receptor cDNA (Communi et al., 1996)
subcloned into pcDNA3, and the nucleotide sequence was
confirmed (Pidlaoan et al., 1997).

Materials
a-[**P]-dCTP was from NEN (Boston, MA); other materials

were as previously described (Akbar et al., 1996a,b;
Ayyanathan et al., 1996).

Results

Identification of P2Y receptors in cell lines of
haematopoietic origin

RNA from various cell lines of haematopoietic origin was
analysed by RT-PCR with P2Y,—P2Y, receptor specific

Subtype Strand Sequence Corresponds to nt Reference
P2Y, + 5-CGGTCCGGGTTCGTEC 194-209

— 5-CGGACCCCGGTAGET 707-721 (Ayyanathan et al., 1996)
P2Y, + 5'-CTAAAGCCAGCCTACGGGAC 919-938

— 5-TCCTATCCTCTGCATGBC 12811297 (Parr et al., 1994)
P2Y, + 5'-CCACCTGGCATTGTCAGACACC 615-636

— 5-GAGTGACCAGGCAGGGCAEGC 1019-1039 (Nguyen et al., 1995)
P2Y + 5-CGCTTCCTCTTCTATGCCAAEC 583-604

— 5'-CCATCCTGGCGGCACAGGEHBGC 926947 (Communi et al., 1996)

The P2Y receptor specific primers also contained additional sequences at the 5" end for subcloning purposes.
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primers and Southern hybridization of the RT—PCR products
with the corresponding P2Y receptor subtype cDNA. Since
only four molecular subtypes, P2Y, P2Y,, P2Y, and P2Y, are
of human origin, we used specific primers for each of these four
molecular subtypes (Table 1) and hybridized the RT-PCR
product with the corresponding radiolabelled cDNA probe. As
shown in Figure 1, the P2Y, receptor mRNA was identified in
peripheral blood leukocytes, endothelial cells, HL-60 cells,
K562 cells and Dami cells, but not in U937 cells. P2Y, receptor
mRNA was detected in peripheral blood leukocytes, endothe-
lial cells, U937 cells, HL-60 cells and Dami cells, but not in
K562 cells. The P2Y, receptor was expressed in peripheral
blood leukocytes endothelial cells and Dami cells, but not in
U937 cells, HL-60 cells or K562 cells. P2Y receptor mRNA
was detected in peripheral blood leukocytes, endothelial cells,
U937 cells, HL-60 cells and Dami cells, but not in K562 cells.
These data are summarized in Table 2. The genomic DNA
contamination in the RNA preparation could serve as a
template for the PCR primers and result in a signal. In order to
rule out such contamination, we used RNA without reverse
transcription reaction as template in a PCR reaction. No signal
was detected in RNA samples without cDNA synthesis
indicating that the samples were free from genomic DNA
(data not shown).

Identification of the P2Y receptor subtype mRNA in
peripheral blood leukocytes

Since several of the cloned G protein-coupled P2 receptor
subtypes were expressed on peripheral blood leukocytes
(Figure 1), we investigated the molecular subtypes of these
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Figure 1 RT-PCR analysis of RNA from haematopoietic cell lines.
An autoradiograph is shown of PCR products electrophoresed on a
1.0% agarose gel, Southern blotted to a nylon membrane and probed
with the radiolabelled P2Y receptor cDNA. PCR was carried out on
RNA from Lane 1, human genomic DNA (positive control); or RT—
PCR on RNA from Lane 2, human blood leukocytes; Lane 3, human
umbilical vein endothelial cells; Lane 4, promonocytic U937 cells;
Lane 5, promyelocytic HL-60 cells; Lane 6, K562 cells; Lane 7,
megakaryocytic Dami cells; by use of P2Y;, P2Y,, P2Y, or P2Yy
receptor specific primers. Four identical gels were separately
transferred to nylon membranes and the blots were probed with
corresponding radiolabelled P2Y receptor cDNA (as indicated).
Autoradiographs of the four blots were carefully aligned for
presentation purposes.

receptors expressed in different leukocyte cell types. The RNA
from peripheral blood monocytes, polymorphonuclear cells,
and lymphocytes was then analysed for the P2Y,—P2Y,
receptor subtypes by RT—PCR-southern analysis. As shown

Table 2 Distribution of P2Y receptors in haematopoietic
cell lines

Cells P2Y, P2Y, P2Y, P2Ys
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Figure 2 RT-PCR-southern analysis of RNA from peripheral
blood leukocytes. An autoradiograph is shown of PCR products
electrophoresed on a 1.0% agarose gel and stained with ethidium
bromide (a), southern blotted to nylon membrane, and probed with
the radiolabelled P2Y receptor cDNA (b). PCR was carried out with
human genomic DNA (Control) or cDNA from polymorphonuclear
cells (PMNs), monocytes or lymphocytes as indicated.
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in Figure 2, polymorphonuclear cells express the P2Y, and
P2Y, receptors, but not P2Y, or P2Y, receptors, while
monocytes and lymphocytes express P2Y,, P2Y,, P2Y, and
P2Y¢ receptors. Control PCR reactions on RNA samples
without cDNA synthesis resulted in no signal, indicating that
the samples were free from genomic DNA (data not shown).

Discussion and conclusion

Two major sources of extracellular ATP in the blood stream
are vascular injury, when broken cells release cytosolic ATP
and the degranulation of platelets, releasing stored ATP and
ADP. These extracellular nucleotides can act on a number of
blood cells to trigger physiological responses (Gordon, 1986;
Cowen et al., 1989). ADP stimulates other platelets leading to
thrombus formation (Hourani & Hall, 1994). In human
neutrophils and their precursor cell line HL-60 (Dubyak et
al., 1988), and in macrophages (Pfeilschifter et al., 1989), ATP
causes activation of phospholipase C (PLC). Both ADP and
ATP stimulate phagocytic activity of neutrophils and
monocytes (Sakamoto & Firkin, 1984) and increase intracel-
lular calcium in monocytes and promonocytic U937 cells
(Cowen et al., 1989). ADP also causes increased binding of
fibrinogen to monocytes in a calcium-dependent manner
(Altieri et al., 1986). The adherence of neutrophils to
endothelial cells (Dawicki et al., 1995) and of monocytes to
surfaces (Ventura & Thomopoulos, 1991) is increased upon
stimulation with extracellular nucleotides. Endothelial cells
produce prostacyclin and nitric oxide in response to
nucleotides (Boarder ef al., 1995). We have demonstrated that
extracellular nucleotides cause increased surface expression of
Mac-1 on peripheral blood leukocytes and this was inhibited
by R0-31-8220, a protein kinase C specific inhibitor (Akbar et
al., 1997). Intracellular calcium mobilization by adenine
nucleotides was demonstrated in T-leukaemic cells and this
response is also mediated by P2Y receptor subtypes (Biffen &
Alexander, 1994). P2Y receptor subtypes with a possible role
in differentiation have been identified in murine myelomono-
cytic leukaemic cells (Yamguchi et al., 1994).

ATP-induced calcium transients (Cowen et al., 1989; Pleass
et al., 1990; Ventura & Thomopoulos, 1995) and increase in
inositol triphosphate formation (Ventura & Thomopoulos,
1995) have been observed in monocytes and U937 cells. The
ATP-induced increase in intracellular calcium in U937 cells is
mediated by a P2Y receptor subtype which responds to both
ADP and ATP (Pleass et al., 1990). Extracellular ADP causes
increased surface expression of Mac-1 («Mf2 integrin, CD11b/
CD18) on monocytes (Altieri & Edgington, 1988). RT—PCR
analysis of the U937 cell RNA (Figure 1) indicates that these
cells express P2Y, receptors, at which UTP and ATP are at
least 100 fold more active than ADP (Erb er al., 1995), and
P2Y, receptors, at which UDP and ADP are at least 50 fold
more active than ATP, but not P2Y, receptors, which respond
to UTP and UDP and not to ADP (Communi et al., 1995;
Webb et al., 1996b), or the P2Y, receptor, which responds to
ADP but not to ATP (Leon et al., 1997). The presence of P2Y,
P2Y,, P2Y, and P2Y, receptors on monocytes (Figure 2)
suggests that different P2Y receptor subtypes may be
responsible for the actions of ATP and ADP on these cells.

Neutrophils respond to ATP by increased intracellular
calcium by a pertussis toxin sensitive pathway (Boarder et al.,
1995). This response has been attributed to a P2Y, receptor, at
which both UTP and ATP are equally potent. Our failure to
detect the P2Y, receptor on neutrophils suggests that this
receptor subtype may be expressed at low levels. The

identification of other P2Y receptor subtypes on neutrophils
(Figure 2) and promyelocytic HL-60 cells (Figure 1) indicates
that these receptors may also play a role in the stimulation of
neutrophils by extracellular nucleotides leading to enhanced
adherence to endothelial cells (Dawicki et al., 1995).

Vascular endothelial cells are regulated by nucleotides
released from platelets, endothelial cells, neurones and
damaged cells. Nucleotides stimulate phospholipase A, (PLA,)
and nitric oxide synthase in endothelial cells and thereby cause
enhanced synthesis and release of prostacyclin and nitric oxide,
respectively (Boarder et al., 1995). The nucleotides have also
been shown to stimulate endothelial cells resulting in enhanced
binding of neutrophils (Dawicki et al., 1995). Endothelial cells
are known to express classical P2Y, and P2Y, receptors and
respond to nucleotides via pertussis toxin sensitive and
insensitive pathways (Boarder et al., 1995). The demonstration
of the expression of P2Y,, P2Y,, P2Y, and P2Y, receptors on
endothelial cells (Figure 1) indicates that the UTP-induced
intracellular responses could be mediated by either the P2Y,
receptor or the P2Y, on these cells. On the other hand, ADP-
induced responses could be mediated by either P2Y, or P2Y
receptors.

The P2Y, receptor, present in placenta, is not expressed in
K562 cells or HL-60 cells (Communi et al., 1995). Our results
confirmed this. The expression of P2Y, in neutrophils,
monocytes, lymphocytes, megakaryocytic Dami cells and in
endothelial cells (Figures 1 and 2) suggests a new physiological
function for this receptor.

ADP-induced calcium transients have also been observed in
various lines of cultured hematopoietic stem cells, including
HEL, DAMI, K562, and Meg01 (Murgo et al., 1992; 1994;
Vittet et al., 1992; Kalambakas et al., 1993; Akbar et al.,
1996a). In K562 cells, ADP and 2MeSADP cause a transient
increase in [Ca®"]; and the response is antagonized by ATP
(Murgo et al., 1992). The identification of P2Y, receptors on
K562 cells (Figure 1) is consistent with the findings of Leon et
al. (1997) wherein ATP has been shown to be an antagonist of
the P2Y, receptor. On the other hand, the responses seen for
ATP, ADP and UTP in Dami cells (Murgo et al., 1994) could
be mediated by some or all of the four molecular subtypes
identified on these cells.

This study is a qualitative study done to find out if a
particular P2Y receptor subtype is expressed in a haemato-
poietic cell or cell line. The quantification of these results in
terms of the receptor abundance may not be accurate, since
abundant mRNA does not necessarily correlate to abundant
protein. Translational regulation of mRNA and protein
stability in the cell will determine the ultimate receptor
number. Unfortunately, the necessary tools, such as the
receptor subtype specific radioligands to determine the exact
number of a receptor subtype are not available at present.
Additional studies with specific agonists and antagonists, when
they become available, and with gene disruption techniques,
such as the antisense and knockout approaches, are required to
delineate the role of a specific receptor subtype in a functional
response.

Note added in proof

Subsequent to the submission of this work, Handin (1997) reported
that the Dami cells distributed through ATCC are contaminated
with and, appear in fact to be, human erythroleukaemia (HEL) cells.
Hence, the present results as well as the previous results with ‘Dami
cells’ cited in the present manuscript should be interpreted in that
light.
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phia, for RNA from HL-60 cells. We also thank Dr Keith McCrae,
The Sol Sherry Thrombosis Research Center, Temple University
School of Medicine, for providing us with human umbilical vein

References

ABBRACCHIO, M.P. & BURNSTOCK, G. (1994). Purinoceptors: are
there families of P>, and P>y purinoceptors? Pharmacol. Ther., 64,
445-475.

AKBAR, G.K.M., DASARI, V.R., SHETH, S., ASHBY, B., MILLS, D.C.B.
& KUNAPULI, S.P. (1996a). Characterization of P, purinergic
receptors on human erythroleukemia cells. J. Receptor Signal
Transd. Res., 16, 209 —224.

AKBAR, G.K.M., DASARI, V.R.,, WEBB, T.E., AYYANATHAN, K.,
PILLARISETTI, K., SANDHU, A.K., ATHWAL, R.S., DANIEL, J.L.,
ASHBY, B., BARNARD, E.A. & KUNAPULI, S.P. (1996b).
Molecular cloning of a novel P2 purinoceptor from human
erythro leukemia cells. J. Biol. Chem., 271, 18363 —18367.

AKBAR, G.K.M., MILLS, D.C.B. & KUNAPULI, S.P. (1997). Char-
acterization of extracellular nucleotide-induced Mac-1(zMp2
integrin) on peripheral blood leukocytes. Biochem. Biophys.
Res. Commun., 233, 71 -75.

ALTIERI, D.C. & EDGINGTON, T.S. (1988). The saturable high
affinity association of factor X to ADP-stimulated monocytes
defines a novel function of the Mac-1 receptor. J. Biol. Chem.,
263, 7007—7015.

ALTIERI, D.C., MANNUCCI, P.M. & CAPITANEO, A.M. (1986).
Binding of fibrinogen to human monocytes. J. Clin. Invest., 78,
968 —-976.

ALTMAN, A., MALLY, M.I. & ISAKOV, N. (1992). Phorbal ester
synergizes with calcium ionophore in activation of protein kinase
C (PKC)o and PKCp isoenzymes in human T cells and in
induction of related cellular functions. Immunology, 76,465—471.

AYYANATHAN, K., WEBB, T.E., SANDHU, A.K., ATHWAL, R.S,,
BARNARD, E.A. & KUNAPULI, S.P. (1996). Cloning and
chromosomal localization of human P2Y1 purinoceptor. Bio-
chem. Biophys. Res. Commun., 218, 783 —788.

BIFFEN, M. & ALEXANDER, D.R. (1994). Mobilization of intracel-
lular Ca™ " by adenine nucleotides in human T-leukaemia cells:
evidence for ADP-specific and P2Y-purinergic receptors. Bio-
chem. J., 304, 769 —774.

BOARDER, M.R., WEISMAN, G.A., TURNER, J.T. & WILKINSON,
G.F. (1995). G protein-coupled purinoceptors: From molecular
biology to functional responses. Trends Pharmacol. Sci., 16,
133-139.

BURNSTOCK, G. (1978). A basis for distinguishing two types of
purinergic receptors. In Cell Membrane Receptors for Drugs and
Hormones A Multidisciplinary Approach. ed. Straub, R.W. &
Bolis, L. pp.107-118, New York: Raven Press.

CHANG, K., HANAOKA, K., KUMADA, M. & TAKUWA, Y. (1995).
Molecular cloning and functional analysis of a novel P,
nucleotide receptor. J. Biol. Chem., 270, 26152 —-26158.

COMMUNI, D., PARMENTIER, M. & BOEYNAEMS, J.M. (1996).
Cloning, functional expression and tissue distribution of the
human P2Y6 receptor. Biochem. Biophys. Res. Commun., 222,
303-308.

COMMUNI, D., PIROTTON, S., PARMENTIER, M. & BOEYNAEMS,
J.-M. (1995). Cloning and functional expression of a human
uridine nucleotide receptor. J. Biol. Chem., 270, 30849 —30852.

COWEN, D., LAZARUS, H., SHURIN, S., STOLL, S. & DUBYAK, G.
(1989). Extracellular adenosine triphosphate activates calcium
mobilization in human phagocytic leukocytes and neutrophil/
monocyte progenitor cells. J. Clin. Invest., 83, 1651 —1660.

DAWICKI, D., MCGOWAN-JORDAN, J., BULLARD, S., POND, S. &
ROUNDS, S. (1995). Extracellular nucleotides stimulate leukocyte
adherence to cultured pulmonary artery endothelial cells. Am. J.
Physiol., 268, L666—L673.

DUBYAK, G.R., COWEN, D.S. & LAZARUS, H.M. (1988). Activation
of the inositol phospholipid signaling system by receptors for
extracellular ATP in human neutrophils, monocytes, and
neutrophil/monocyte progenitor cells. Ann. New York Acad.
Sci., 551, 218-238.

endothelial cells, and Dr Brian O’Dowd, University of Toronto,
Toronto, Canada, for his generous gift of the P2Y, genomic clone.
We also would like to acknowledge the help of Dr Robert Loudon,
Department of Molecular Pharmacology, Thomas Jefferson Uni-
versity, Philadelphia in the separation of monocytes and lympho-
cytes from peripheral blood leukocytes. We thank Dr David C.B.
Mills, Sol Sherry Thrombosis Research Center, Temple University
Medical School, for critically reviewing this manuscript.

ERB, L., GARRAD, R., WANG, Y., QUINN, T., TURNER, J.T. &
WEISMAN, G.A. (1995). Site-directed mutagenesis of P,y
purinoceptors. Positively charged aminoacids in transmembrane
helices 6 and 7 affect agonist potency and specificity. J. Biol.
Chem., 270, 4185—4188.

FREDHOLM, B., ABBRACCHIO, M.P., BURNSTOCK, G., DALY, J.W.,
HARDEN, T.K., JACOBSON, K.A., LEFF, P. & WILLIAMS, M.
(1994). Nomenclature and classification of purinoceptors.
Pharmacol. Rev., 46, 143 —156.

GACHET, C., HECHLER, B., LEON, C., VIAL, C., OHLMANN, P. &
CAZENAVE, J.P. (1996). Purinergic receptors on blood platelets.
(Review). Platelets, 7, 261 —267.

GORDON, J. (1986). Extracellular ATP: effects, sources and fates.
Biochem. J., 233, 309-319.

HANDIN, R.I. (1997). Dami Cell line. Blood, 89, 4238.

HOURANI, S.M.O. & HALL, D.A. (1994). Receptors for ADP on
human platelets. Trends Pharmacol. Sci., 15, 103—108.

KALAMBAKAS, S.A., ROBERTSON, F.M., O'CONNELL, S.M., SINHA,
S., VISHNUPAD, K. & KARP, G.I. (1993). Adenosine diphosphate
stimulation of cultured hematopoietic cell lines. Blood, 81,2652 —
2657.

KAPPELMAYER, J., KUNAPULI, S.P., WYSHOK, E. & COLMAN, R.W.
(1993). Characterization of monocyte-associated factor V.
Thromb. Haemost., 70, 273 —280.

LEON, C., HECHLER, B., VIAL, C., LERAY, C., CAZENAVE, J.P. &
GACHET, C. (1997). The P2y(1) receptor is an ADP receptor
antagonized by ATP and expressed in platelets and megakaryo-
blastic cells. FEBS Letts., 403, 26— 30.

LOUDON, R.P., PERUSSIA, B. & BENOVIC, J.L. (1996). Differentially
regulated expression of the G protein-coupled receptor kinases,
PARK and GRK6, during myelomonocytic cell development in
vitro. Blood, 88, 4547 —4557.

LUSTIG, K.D., SHIAU, A.K., BRAKE, A.J. & JULIUS, D. (1993).
Expression cloning of an ATP receptor from mouse neuroblas-
toma cells. Proc. Natl. Acad. Sci. U.S.A., 90, 5113-5117.

MILLS, D.C.B. (1996). ADP receptor in platelets. Thromb. Haemost.,
76, 835—-856.

MURGO, A.J., CONTRERA, J.C. & SISTARE, F.D. (1992). K562
leukemia cells express P2T (adenosine diphosphate) purinergic
receptors. J. Pharmacol. Exp. Ther., 261, 580—585.

MURGO, A.J., CONTRERA, J.C. & SISTARE, F.D. (1994). Evidence for
separate calcium-signaling P2T and P2U purinoceptors in human
megakaryocytic Dami cells. Blood, 83, 1258 —1267.

NGUYEN, T., ERB, L., WEISMAN, G.A., MARCHESE, A., HENG,
H.H.Q., GARRAD, R.C., GEORGE, S.R., TURNER, J.T. & O'DOWD,
B.F. (1995). Cloning, expression, and chromosomal localization
of the human uridine nucleotide receptor. J. Biol. Chem., 270,
30845-30848.

PARR, C.E.,SULLIVAN, D.M., PARADISO, A.M., LAZAROWSKI, E.R.,
BURCH, L.H., OLSEN, J.C., ERB, L., WEISSMAN, G.A., BOUCHER,
R.C. & TURNER, J.T. (1994). Cloning and expression of a human
P2U nucloeotide receptor, a target for cystic fibrosis pharma-
cotherapy. Proc. Natl. Acad. Sci. U.S.A., 91, 3275-3279.

PFEILSCHIFTER, J., THURING, B. & FESTA, F. (1989). Extracellular
ATP stimulates polyinositol phospholipid hydrolysis and
eicosanoid synthesis in mouse peritoneal macrophages in culture.
Eur. J. Biochem., 186, 509 —513.

PIDLAOAN, L.V, JIN, J.,, SANDHU, A K., ATHWAL, R.S. & KUNA-
PULI, S.P. (1997). Co-localization of P2Y2 and P2Y6 receptor
genes at human chromosome 11ql3.3-14.1. Som. Cell Mol.
Genet., (in press).

PLEASS, R., CUSACK, N. & WESTWICK, J. (1990). An ATP receptor
that mediates increases in intracellular calcium in U937 cells is a
P2Y-purinoceptor. Eur. J. Pharmacol., 183, 1605—1606.



794 J. Jinetal

P2Y receptor subtypes on blood cells

SAKAMOTO, H. & FIRKIN, F. (1984). Characterization of leukocyte
phagocytic stimulatory material released by activated human
platelets. Br. J. Haematol., 57, 49— 60.

SURPRENANT, A., RASSENDREN, F., KAWASHIMA, E., NORTH,
R.A. & BUELL, G. (1996). The cytolytic P2z receptor for
extracellular ATP identified as a P2x receptor (P2x). Science,
272, 735-738.

VENTURA, M.A. &« THOMOPOULOS, P. (1991). The effect of ATP and
ADP on U-937 promonocyte cell adhesiveness and intracellular
Ca™ " levels. Nucleosides Nucleotides, 10, 1195—1197.

VENTURA, M.A. & THOMOPOULOS, P. (1995). ATP and ADP
activate distinct signalling pathways in human promonocyte U-
937 cells differentiated with 1,25-dihydroxy-vitamin D3. Mol.
Pharmacol., 47, 104 —114.

VITTET, D., MATHIEU, M.-N., LAUNAY, J.-M. & CHEVILLARD, C.
(1992). Platelet receptor expression on three human megakaryo-
blast-like cell lines. Exp. Hematol., 20, 1129 —1134.

WACHTFOGEL, Y.W., DE LA CADENA, R.A., KUNAPULI, S.P., RICK,
L., MILLER, M., SCHULTZE, R.L., ALTIERI, D.C., EDGINGTON,
T.S. & COLMAN, R.W. (1994). High molecular weight kininogen
binds to Mac-1 on neutrophils by its heavy chain and its light
chain. J. Biol. Chem., 269, 19307 —-19312.

WEBB, T.E., HENDERSON, D., KING, B.F., WANG, S., SIMON, J.,
BATESON, A.A., BURNSTOCK, G. & BARNARD, E.A. (1996a). A
novel G protein-coupled P2 purinoceptor (P2Y3) activated
preferentially by nucleoside diphosphates. Mol. Pharmacol., 50,
258-265.

WEBB, T.E., KAPLAN, M.H. & BARNARD, E.A. (1996b). Identification
of 6HI1 as a P2Y purinoceptor P2Y5. Biochem. Biophys. Res.
Commun., 219, 105-110.

WEBB, T.E., SIMON, J., KRISHEK, B.J., BATESON, A.N., SMART, T.G.,
KING, B.F., BURNSTOCK, G, & BARNARD, E.A. (1993). Cloning
and functional expression of a brain G-protein-coupled ATP
receptor. FEBS Lett., 324, 219-225.

YAMGUCHI, M., HIRAYOSHI, K., OKUMA, M. & NAGATA, K. (1994).
Enhancement of differentiation induction of mouse myelomono-
cytic leukemic cells by extracellular ATP. J. Cell. Physiol., 159,
441-449.

YOKOMIZO, T., IZUMI, T., CHANG, K., TAKUWA, Y. & SHIMIZU, T.
(1997). A G-protein-coupled receptor for leukotriene B4 that
mediates chemotaxis. Nature, 387, 620 —624.

(Received July 15, 1997
Revised October 21, 1997
Accepted November 11, 1997)



