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Activation of P2Y2 receptors by extracellular nucleotides has been shown to
induce phenotypic differentiation of human promonocytic U937 cells that is
associated with the in¯ammatory response. The P2Y2 receptor agonist, UTP,
induced the phosphorylation of the MAP kinases MEK1/2 and ERK1/2 in a
sequential manner, since ERK1/2 phosphorylation was abolished by the MEK1/2
inhibitor PD 098059. Other results indicated that P2Y2 receptors can couple to
MAP kinases via phosphatidylinositol 3-kinase (PI3K) and c-src. Accordingly,
ERK1/2 phosphorylation induced by UTP was inhibited by the PI3K inhibitors,
wortmannin and LY294002, and the c-src inhibitors, radicicol and PP2, but not by
inhibitors of protein kinase C (PKC). The phosphorylation of ERK1/2 was
independent of the ability of P2Y2 receptors to increase the concentration of
intracellular free calcium, since chelation of intracellular calcium by BAPTA did
not diminish the phosphorylation of ERK1/2 induced by UTP. A 5-minute
treatment with UTP reduced U937 cell responsiveness to a subsequent UTP
challenge. UTP-induced desensitization was characterized by an increase in the
EC50 for receptor activation (from 0.44 to 9.3 mM) and a dramatic (�75%)
decrease in the maximal calcium mobilization induced by a supramaximal dose
of UTP. Phorbol ester treatment also caused P2Y2 receptor desensitization
(EC50� 12.3 mM UTP and maximal calcium mobilization reduced by �33%). The
protein kinase C inhibitor GF 109203X failed to signi®cantly inhibit the UTP-
induced desensitization of the P2Y2 receptor, whereas the protein phosphatase
inhibitor okadaic acid blocked receptor resensitization. Recovery of receptor
activity after UTP-induced desensitization was evident in cells treated with agonist
for 5 or 30 min. However, P2Y2 receptor activity remained partially desensitized
30 min after pretreatment of cells with UTP for 1 h or longer. This sustained
desensitized state correlated with a decrease in P2Y2 receptor mRNA levels.
Desensitization of ERK1/2 phosphorylation was induced by a 5-minute pretreat-
ment with UTP, and cell responsiveness did not return even after a 30-minute
incubation of cells in the absence of an agonist. Results suggest that
desensitization of the P2Y2 receptor may involve covalent modi®cations (i.e.,
receptor phosphorylation) that functionally uncouple the receptor from the
calcium signaling pathway, and that transcriptional regulation may play a role in
long-term desensitization. Our results indicate that calcium mobilization and
ERK1/2 phosphorylation induced by P2Y2 receptor activation are independent
events in U937 monocytes. J. Cell. Physiol. 187:196±208, 2001.
ß 2001 Wiley-Liss, Inc.

Pro-in¯ammatory activation of monocytes is an
important stage of myeloid differentiation. The human
promonocytic U937 cell line is a progenitor cell model
that has been extensively used for studies of myelomo-
nocytic differentiation induced by a wide variety of phy-
siological and pharmacological agents. For example,
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phorbol esters, vitamin D, and cytokines have been
shown to induce monocyte to macrophage patterns of
maturation in U937 cells (Cowen et al., 1991). Extra-
cellular ATP and UTP through activation of a G protein-
coupled P2Y2 receptor causes the mobilization of
intracellular calcium stores in U937 cells by a phospho-
lipase C (PLC)-dependent pathway leading to phenoty-
pic changes characteristic of monocyte to macrophage
differentiation, such as inhibition of proliferation, incre-
ased expression of complement receptors types 1 and 3
(CR1 and CR3), and increased responsiveness to chemo-
tactic peptides (Cowen et al., 1989, 1991). Extracellular
ATP also has been shown to activate phospholipase D
(Kusner et al., 1993). The cellular mechanisms whereby
P2Y2 receptors modulate myelomonocytic differentia-
tion remain to be elucidated.

A role for the mitogen-activated protein kinases
(MAPKs) in myelomonocytic differentiation is recog-
nized. MAPKs are a family of intracellular serine-threo-
nine protein kinases that mediate signal transduction
between plasma membrane receptors and components
in the cytoplasm and nucleus that regulate cellular
processes such as proliferation, differentiation, in¯am-
mation, and apoptosis (Seger and Krebs, 1995). The
activation of MAPKs by covalent modi®cation (i.e., phos-
phorylation of threonine and tyrosine residues found in
a regulatory TXY motif present in all MAPKs) is medi-
ated by threonine-tyrosine protein kinases known as
MAPK kinases (Cobb and Goldsmith, 1995). Differen-
tiation of U937 cells induced by phorbol esters and
ceramide is mediated by MAPK (Ragg et al., 1998), and
the phosphorylation by MAPK of the amino terminus of
a TATA-binding protein has been observed (Biggs et al.,
1998). Activation of MAPK also occurs during apoptosis
induced by taxol and bryostatin 1 in U937 cells (Wang
et al., 1998). Phorbol esters can activate the MAPK-
speci®c phosphatase MKP-1 in U937 cells that regulate
the inactivation of MAPKs (Franklin and Kraft, 1997).
Recently, we found that the MEK1/2 inhibitor PD-
098059 and the p38 MAPK inhibitor SB202190 blocked
phorbol ester-induced differentiation of U937 cells
(Weisman et al., 1998). Therefore, a role for MAPK
activation in U937 cell differentiation is appreciated.
Several studies have shown that P2Y2 receptors can
mediate the activation of MAPKs in various cell types
(Neary et al., 1998, 1999; Soltoff, 1998; Soltoff et al.,
1998).

The present study investigated the molecular/bio-
chemical consequences of P2Y2 receptor activation and
its desensitization in human promonocytic U937 cells.
Our results indicate that ERK1/2 activation is depen-
dent on c-src, phosphatidylinositol 30-kinase (PI3K), and
MEK1/2, but not calcium-sensitive protein kinase C
(PKC) isoforms or increases in the intracellular calcium
concentration, [Ca2� ]i. The mechanisms underlying
desensitization and resensitization of P2Y2 receptor
activity (i.e., UTP-induced calcium mobilization and
ERK1/2 activation) after acute and chronic agonist sti-
mulation also were examined. Elucidation of the mole-
cular basis for the effects of nucleotides on the U937
monocyte/macrophage lineage will better de®ne the
physiological role of extracellular nucleotides in the
in¯ammation process and may provide novel strategies
for regulating in¯ammation via pharmacotherapy.

MATERIALS AND METHODS
Materials

UTP and other nucleotides and nucleotide analogs
were obtained from Boehringer-Mannheim. Kinase
and phospho-kinase-speci®c antibodies were purchased
from New England BioLabs. Protein kinase inhibitors
were obtained from Calbiochem (La Jolla, CA). Fura-2,
fura-2-AM, and BAPTA-AM were obtained from
Molecular Probes. Taq polymerase and avian myelo-
blastosis virus reverse transcriptase were obtained from
Promega (Madison, WI). Oligonucleotides were synthe-
sized in a Beckman Oligo 1000 instrument. Culture
media and sera were purchased from Invitrogen. All
other reagents were obtained from Sigma or Fisher
Scienti®c.

Cell culture

Human monocytic U937 cells were obtained from the
American Type Culture Collection (ATCC CRL-1593).
U937 cells were cultured in suspension in RPMI 1640
medium supplemented with 10% Cosmic calf serum
(Invitrogen) and 1% antimycotic antibiotic solution
(Sigma, St. Louis, MO) at 37�C in a humidi®ed atmo-
sphere of 5% CO2 and 95% air.

Phosphorylation of MAP kinases

Assays to detect the phosphorylation of MAPKs were
performed by a modi®cation of published procedures
(Nakashima et al., 1994; Patel et al., 1996). U937 cells in
the exponential phase of growth were subcultured at
2�106 cells/ml in 35�10 mm sterile plates (Nunclon)
and incubated for 18±24 h at 37�C in serum-free RPMI
medium. For experiments, the cells were incubated at
37�C in the same medium containing nucleotides, acti-
vators or inhibitors for varying time periods. The cells
were then placed on ice and harvested by centrifugation
(11,400� g for 30 sec at 25�C). The pelleted cells were
rinsed with ice-cold phosphate-buffered saline (PBS),
lysed with 250 ml of ice-cold lysis buffer (25 mM Tris±
HCl, pH 7.4, 25 mM NaCl, 1 mM Na3VO4, 10 mM NaF,
10 mM Na4(P2O7), 25 mMb-glycerophosphate, 25 mM p-
nitrophenylphosphate, 0.5 mM ethylenebis(oxyethyle-
nenitrilo) tetraacetic acid (EGTA), 0.5% (v/v) Triton X-
100,1 mMphenylmethylsulfonyl ¯uoride (PMSF), 10mg/
ml aprotinin, 10 mg/ml leupeptin, and 10 mM okadaic
acid) and centrifuged (8,200� g for 10 min at 4�C) to
remove insoluble material. Then, cells were extracted
for 5 min at 96�C with 100 ml of 3X SDS-PAGE loading
buffer (187.5 mM Tris±HCl, pH 6.8, 6% (w/v) sodium
dodecylsulphate (SDS), 150 mM DL-dithiothreitol (DTT),
and 0.3% (w/v) bromophenol blue).

Cell extracts were then subjected to 12% SDS-PAGE,
and after the run, the gels were incubated for 30 min in
transfer buffer (48 mM Tris base, pH 9.0, 39 mM glycine,
20% (v/v) methanol, and 0.038% (w/v) SDS). The pro-
teins in the gel were transferred to a nitrocellulose
membrane using a semi-dry electroblotting transfer
device (BioRad, Hercules, CA). The membranes were
blocked with 5% (w/v) low fat milk in TBS-T solution (20
mM Tris base, pH 7.6, 137 mM NaCl, and 0.1% (w/v)
Tween 20) for 1 h at room temperature with gentle
agitation. Then, the membranes were incubated with
either rabbit anti-phospho p42/p44 MAPK IgG or rabbit

P2Y2 NUCLEOTIDE RECEPTOR SIGNALING IN U937 CELLS 197



anti-phospho MEK1/2 IgG (New England BioLabs)
overnight at 4�C at 1:1,000 dilution in blocking buffer
(5% (w/v) low fat milk in TBS-T solution). The mem-
branes were then rinsed once for 15 min and twice for 5
min with TBS-T solution and incubated with goat anti-
rabbit horseradish peroxidase (HRP)-conjugated IgG (at
a dilution of 1:2,000) and anti-biotin IgG conjugated to
HRP (1:2,000 dilution) (to detect the biotinylated protein
molecular weight markers) in blocking buffer for 1 h at
room temperature. The membranes were rinsed three
times with TBS-T solution and the proteins were
visualized using autoradiographic ®lm and the LumiGlo
chemiluminescence system (New England BioLabs).
The chemiluminescence in the blots was quantitated
using an imaging screen and a Molecular Imager GS-
525 (BioRad) and MultiAnalyst software (BioRad) at a
Macintosh workstation. For normalization of the signal,
the blots were stripped of antibodies by a 30 min
incubation at 60�C in stripping buffer (100 mM 2-
mercaptoethanol, 2% (w/v) SDS, and 62.5 mM Tris±
HCl, pH 6.7) followed by three washes with TBS-T
solution, and then reprobed with either anti-p42/p44
MAPK IgG (New England BioLabs) or anti-MEK1/2 IgG
(New England BioLabs) (1:1,000 dilution). These anti-
bodies bind to the protein kinases independent of their
state of phosphorylation. Detection of bound antibodies
was performed as described above. Occasional varia-
tions between experiments in the basal level of phos-
phorylation in cells caused some variations in the
relative fold-increase induced by agonists. However,
this result did not affect the qualitative interpretation of
the data.

ERK1/2 activity assay

ERK1/2 activity assays were performed in vitro using
immunopuri®ed protein kinase by a modi®cation of
published procedures (Nakashima et al., 1994; Patel
et al., 1996). U937 cells in the exponential phase
of growth were subcultured at 2�106 cells/ml in
35�10 mm sterile plates (Nunclon) and incubated for
18±24 h at 37�C in serum-free RPMI medium. For
experiments, the cells were incubated at 37�C in the
same medium containing the nucleotide agonist for the
indicated period of time. The cells were then placed on
ice and harvested by centrifugation (11,400� g for 30 sec
at 25�C). The pelleted cells were rinsed with ice-cold
PBS, lysed with 500 ml of ice-cold lysis buffer (20 mM
Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% (w/v) Triton X-100, 2.5 mM Na4(P2O7), 1 mM b-
glycerophosphate, 1 mM Na3VO4, 1 mg/ml leupeptin,
and 1 mM PMSF) and centrifuged (8,200� g for 10 min
at 4�C) to remove nuclei and unbroken cells. An aliquot
of the cell extract (200 ml) was incubated with mouse
anti-phospho p42/p44 MAPK IgG (New England Bio-
Labs) (1:100 dilution) overnight at 4�C with gentle
rocking. Then, 20 ml of a protein A Sepharose bead slurry
(Sigma) were added and incubated for 3 h at 4�C with
gentle rocking. The beads were microcentrifuged and
washed twice with ice-cold lysis buffer and twice
with ice-cold kinase buffer (25 mM Tris, pH 7.5, 5 mM
b-glycerophosphate, 2 mM DTT, 0.1 mM Na3VO4, and
10 mM MgCl2).

For the kinase reaction, the pellets were resuspended
in kinase buffer supplemented with 200 mM ATP and

2 mg/ml Elk-1 (ERK1/2 speci®c substrate, (Marais et al.,
1993)) (New England BioLabs). The kinase reactions
were performed for 30 min at 30�C and terminated
during the linear phase of the reaction by incubation
with 100 ml of 3X SDS-PAGE loading buffer for 5 min at
96�C. After agitation and microcentrifugation of the ter-
mination mixture, the supernatants were subjected to
12% SDS-PAGE and transferred to nitrocellulose mem-
branes as described above. The phosphorylation of Elk-1
was detected by Western blot analysis using rabbit anti-
phospho Elk-1 IgG (1:1,000 dilution), asdescribed above.

Measurement of intracellular free
calcium concentration

We performed ¯uorescence measurements with fura-
2-loaded cells following the protocol of Grynkiewicz et al.
(1985), as previously described (Garrad et al., 1998;
Otero et al., 2000; VelaÂzquez et al., 2000). Brie¯y, 2� 106

cells were incubated for 30 min with 3mM acetoxymethyl
ester fura-2 (Molecular Probes, Oregon) dissolved in
DMSO. Cells were centrifuged for 3±4 sec and resus-
pended in HBS (15 mM HEPES, pH 7.4, 120 mM NaCl,
4 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1 mM
CaCl2, 0.1% (w/v) albumin, and 0.18% (w/v) glucose).
The fura-2-loaded cells were immediately transferred to
a thermostated cuvette (37�C) containing a magnetic
stirrer to allow continuous sample agitation during ¯uo-
rescence measurements. The cuvette was positioned in
computer-controlled dual excitation DeltaScan spectro-
¯uorimeter (Photon Technology International, Newark,
NJ) and ¯uoresced at excitation wavelengths of 340 and
380 nm with emission detected at 505 nm. After a 5-
minute equilibration, an aliquot of ligand was added, as
indicated. The ratio of ¯uorescence intensities at 340 to
380 nm (R�F340 nm/F380 nm) as a function of time was
determined. The maximum (Rmax) and minimum (Rmin)
ratios of ¯uorescence were determined by addition of
100ml of 20% Triton X-100 and 300ml of 100 mM EGTA in
250 mM Tris±HCl (pH 7.4), respectively. Rmax and Rmin

values were used to calculate the intracellular free
Ca2� concentration ([Ca2� ]i) from the equation:

�Ca2��i � KD�Rÿ Rmin=Rmax ÿ R��Sf380=Sb380�
where KD is the dissociation constant for the Ca2� /fura-
2 complex (224 nM) and Sf380 and Sb380 are the ¯uo-
rescence intensities at 380 nm of Ca2� -free fura-2 and
Ca2� -saturated fura-2, respectively.

Desensitization of P2Y2 nucleotide receptors

U937 cells were incubated for 5 min±4 h with extra-
cellular nucleotide (typically 100 mM) in serum-free
DMEM/Waymouth medium (1:1). Then, cells were
washed, incubated in HBS, and rechallenged with nu-
cleotide. P2Y2 receptor desensitization was de®ned as
decreased cellular responsiveness to a second nucleotide
treatment, as compared to the response in cells treated
with a single dose of nucleotide. Nucleotide-treated cells
were assayed for full responsiveness to bradykinin or
the endoplasmic reticulum Ca2� -ATPase inhibitor tha-
psigargin, as a measure of the selectivity of P2Y2 rece-
ptor desensitization (Otero et al., 2000). The rate of
recovery of P2Y2 receptor activity from desensitization
was monitored by washing nucleotide-treated cells to
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remove the agonist and incubation of cells for varying
times in the absence of nucleotide prior to agonist
rechallenge.

Ecto-nucleotidase activity measurements

The rate of nucleotide hydrolysis by U937 cells was
determined, as previously described (Magnusson et al.,
1976), to evaluate whether signi®cant decreases in the
extracellular nucleotide concentration occurred over the
course of the desensitization experiments. Brie¯y, UTP
was added to cells in RPMI 1640 culture medium and the
medium was sampled after varying lengths of time.
UTP, UDP, UMP, and uridine in the medium were re-
solved by chromatography on polyethyleneimine (PEI)-
coated cellulose columns. The anion exchange PEI-
cellulose columns were equilibrated with 0.1 M HCl and
washed with water. For separation of nucleotides, 2.0 ml
aliquots of nucleotide-containing medium were applied
to the top of each column, and uridine and UMP were
eluted with four 1-ml fractions of 0.325 M LiCl. Then,
UDP was eluted with four 1-ml fractions of 1.0 M LiCl,
and UTP was eluted with four 1-ml fractions of 2.0 M
LiCl. Known concentrations of nucleotide and uridine
standards were used to con®rm the elution pattern. The
concentration of nucleotide/nucleoside in each fraction
was determined by spectrophotometry at 260 nm.

Reverse transcriptase-polymerase chain reaction
(RT-PCR) of P2Y receptor mRNA

Since P2Y2 receptor mRNA in U937 cells was not
easily detected by Northern blot analysis, we monitored
its expression by a semi-quantitative RT-PCR that has
been previously used to measure the expression levels of
P2Y2 receptor mRNA in other cells types (Martin et al.,
1997; Turner et al., 1997; Clarke et al., 1999). This
procedure has been validated and optimized for the
selective ampli®cation of mRNA for different P2Y
receptor subtypes (Koshiba et al., 1997; Clarke et al.,
1999). Brie¯y, total RNA was isolated from U937 cells
and human 1321N1 astrocytoma cell transfectants
stably expressing the P2Y1, P2Y2, P2Y4, and P2Y6

receptors using the RNeasy Mini Kit (Qiagen, Chats-
worth, CA). Removal of deoxyribonucleic acids was
accomplished through treatment with RNase-free
DNase I (Promega) followed by a clean-up step using
the RNeasy Mini Kit. cDNA was synthesized from the
puri®ed RNA using the First Strand cDNA Synthesis
Kit for RT-PCR (AMV) (Boehringer Mannheim, India-
napolis, IN). Ten percent of the resulting cDNA was used
as a template in the polymerase chain reaction (PCR)
using the Expand High Fidelity PCR System (Boehrin-
ger Mannheim). Oligonucleotide primers were designed
to amplify speci®c P2 receptor subtypes. The P2Y1

receptor primers (upstream: 50-AAGACCGGCTTC-
CAGTTCTACTAC-30 and downstream: 50-CACATTT-
CTGGGGTCTGGAAATCC-30, representing nucleotides
136±159 and 887±864, respectively, of the human
receptor), the P2Y2 receptor primers (upstream: 50-
ATCTTCTTGTGCCGCCTCAAGACCT-30 and down-
stream: 50-AGCAGACCCAGCATGACTGAGCTGT-30,
representing nucleotides 169±193 and 617±593, respec-
tively, of the human receptor), the P2Y4 receptor
primers (upstream: 50-ATGAGGATTTCAAGTTCATC-
CTGC-30 and downstream: 50-TAGACCACGTTGAC-

AATGTTCAGT-30 representing nucleotides 89±112
and 863±840, respectively, of the human receptor),
and the P2Y6 receptor primers (upstream: 50-TGCCA-
CCCACCTGTGTCTACCG-30 and downstream: 50-AG-
TAGAAGAGGATGGGGTCCAGCAC-30, representing
nucleotides 38±62 and 907±883, respectively, of the
human receptor) were designed from the coding regions
of the respective receptor cDNA. Primers speci®c for
ampli®cation of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Clontech, Palo Alto, CA) were used as
positive controls for the presence and integrity of the
cDNA. Parallel aliquots of RNA samples were subjected
to mock RT reactions as controls. These samples were
treated as above, but no AMV-RT was added. Diluted
aliquots from the experimental and mock RT reactions
were then used as templates for the PCR. Reaction
mixtures contained 20 pmol of each primer and 2 U of
high ®delity polymerase in a 50 ml ®nal reaction volume.
The PCR was carried out for 30 cycles as follows:
denaturation at 95�C for 1 min, annealing at 60�C for 1
min, and extension at 72�C for 2 min with an additional 5
min extension at 72�C following the ®nal cycle. The
resulting PCR products were resolved on a 1.0% (w/v)
agarose gel containing 10 mg/ml ethidium bromide and
photographed under UV illumination. The ampli®cation
products from each reaction were quantitated using
Multi-Analyst software (Bio-Rad) after digitizing the gel
photograph.

RESULTS
Calcium mobilization mediated by P2Y2 nucleotide

receptors in U937 cells

P2Y2 receptor activation causes inositol 1,4,5 trispho-
sphate (IP3)-dependent calcium mobilization from intra-
cellular stores in a variety of mammalian cell types
(Boarder et al., 1995). Addition of 10 mM UTP to fura-2-
loaded monocyte-like U937 cells produced a transient
increase in [Ca2� ]i (Fig. 1A). The agonist potency pro®le
of the calcium response in U937 cells typi®es the P2Y2

receptor subtype (Fig. 1B), that has been described for
other endogenous or heterologously expressed P2Y2

receptors (Cowen et al., 1991; Lustig et al., 1993; Parr
et al., 1994). The expression in U937 cells of mRNA for
both P2Y2 and P2Y6 receptor subtypes, but not for P2Y1

and P2Y4, was con®rmed by RT-PCR (data not shown).
This result is consistent with the P2Y receptor expres-
sion pro®le previously reported for U937 cells (Jin et al.,
1998). The P2Y2 receptor is pharmacologically distin-
guished by the equi-potency and -ef®cacy of the agonists
ATP and UTP (Parr et al., 1994) whereas the human
P2Y6 receptor is uridine nucleotide-selective with UDP
being the most potent agonist (Communi et al., 1996).
The lack of a demonstrable response to UDP (Fig. 1B)
suggests that U937 cells used in the present study lack a
functional P2Y6 receptor.

Extracellular nucleotides activate MAPKs
in U937 cells

Activation of MAPKs in U937 cells can mediate
in¯ammatory responses (Franklin and Kraft, 1997;
Biggs et al., 1998; Ragg et al., 1998; Wang et al., 1998;
Weisman et al., 1998), and P2Y2 receptors have been
shown to activate MAPKs in a variety of cell types
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(Neary et al., 1998, 1999; Soltoff, 1998; Soltoff et al.,
1998). Accordingly, we investigated whether P2Y2 rece-
ptors were coupled to MAPKs in U937 cells. Addition of
100 mM UTP to U937 cells caused a transient increase in
the phosphorylation of ERK1/2 that was detected using
Western analysis with anti-phosphoMAPK antibodies
that bind selectively to the phosphorylated regulatory
TXY motif of ERK1/2 (Fig. 2A±C). Reprobing of the blot
with anti-ERK1/2 antibody that binds ERK1/2 indepen-
dent of phosphorylation state, con®rmed that the
apparent increase in ERK1/2 phosphorylation induced
by UTP was not due to changes in MAPK protein levels
(Fig. 2B). The EC50 for UTP-induced ERK1/2 phosphor-
ylation (Fig. 2C Inset) was 2.7 mM (log (EC50)�

ÿ5.5�0.2), a value typical for P2Y2 receptor-mediated
responses (Turner et al., 1998). To con®rm that the
increase in ERK1/2 phosphorylation caused by UTP
correlated with an increase in ERK1/2 activity, we
immunoprecipitated ERK1/2 from cytoplasmic extracts
of UTP-treated U937 cells and used it to phosphorylate
exogenous Elk-1, a transcription factor whose activity is
known to be regulated by ERK1/2-dependent phosphor-
ylation of Ser383 (Marais et al., 1993). Results indicated
that the time dependence (Fig. 2D) and EC50 (not shown)
for UTP-induced Elk-1 phosphorylation by immunopre-
cipitated ERK1/2 was virtually identical for UTP-indu-
ced ERK1/2 phosphorylation in U937 cells (Fig. 2A±C).
The relative potencies of a variety of nucleotides and
analogs for phosphorylation of ERK1/2 in U937 cells
(Fig. 3) strongly suggest that the P2Y2 receptor subtype
mediate this response.

Signal transduction pathway for ERK1/2
activation by the P2Y2 receptor

The activation by phosphorylation of ERK1/2 is cata-
lyzed by the upstream dual threonine-tyrosine protein
MAPK kinases, MEK1/2 (Zheng and Guan, 1993). The
activation of MEK1/2 is regulated by phosphorylation on
serine residues 217 and 221 catalyzed by a family of
MAPK kinase kinases (MAPKKKs) of which Raf is the
best characterized (Dent et al., 1992; Yan and Temple-
ton, 1994). Consistent with this pathway for activation
of ERK1/2, we detected the rapid phosphorylation of
MEK1/2 upon P2Y2 receptor activation in U937 cells
(Fig. 4).

Since several protein kinases have been shown to
activate the MEK±ERK pathway, we tested the effects
of various kinase inhibitors on UTP-induced ERK1/2
phosphorylation. PD 098059 (30 mM), an inhibitor of
MEK1/2 (Dudley et al., 1995), and wortmannin (100 nM)
and LY294002 (50 mM), inhibitors of PI3K (Arcaro and
Wymann, 1993; Vlahos et al., 1994) inhibited ERK1/2
phosphorylation induced by 100 mM UTP (Fig. 5). How-
ever, GF 109203X (1 mM), a potent inhibitor of various
PKC isoforms (Toullec et al., 1991), had no signi®cant
effect on UTP-induced phosphorylation of ERK1/2. The
ability of GF 109203X to inhibit PKC was con®rmed (see
Fig. 10). These results suggest that the P2Y2 receptor
couples to PI3K, but not PKC, to modulate the activity of
the MEK±ERK pathway.

Although PKC does not appear to directly mediate the
activation of ERK1/2 by the P2Y2 receptor, it is plausible
that intracellular calcium mobilization induced by
extracellular UTP (Fig. 1) could modulate ERK1/2 phos-
phorylation. However, the addition to U937 cells of
10 mM BAPTA-AM (to generate the intracellular cal-
cium chelator BAPTA) and 5 mM EGTA (to chelate
extracellular calcium) did not inhibit UTP-induced
ERK1/2 phosphorylation (Fig. 6). BAPTA-AM treat-
ment decreased the 100mM UTP-induced increase in the
concentration of intracellular calcium to 15.5� 1.2% of
the response in the absence of BAPTA-AM (data not
shown).

Recent reports indicate that cytoplasmic tyrosine
kinases, such as c-src, may function as transducers
between G proteins and Ras-dependent activation of
MAPKs (Hawes et al., 1996; Luttrell et al., 1996;
Yamauchi et al., 1997). Therefore, we investigated the

Fig. 1. Calcium mobilization mediated by P2Y2 nucleotide receptors in
U937 cells. A: The concentration of intracellular free calcium ([Ca2� ]i)
was measured in fura-2-loaded cells as described in Materials and
Methods. Addition of 10 mM UTP was made at the time indicated
(arrow). B: [Ca2� ]i was measured in fura-2-loaded U937 cells
incubated with the indicated concentration of nucleotides and analogs
for 1 min at 37�C. UDP and ADP stock solutions were pretreated with
hexokinase (10 units/ml) and 25 mM glucose for 1 h at 37�C to convert
potentially contaminating UTP and ATP to UDP and ADP, respec-
tively. The data presented are expressed as a percentage of the
maximal response to 100 mM UTP ([Ca2� ]i� 1.7�0.2� 10ÿ6 M,
n� 56) and are the average�SEM of results from three independent
experiments. 2MeSATP: 2-methyl-S-adenosine 50-triphosphate;
BzATP: 20- & 30-(4-benzoylbenzoyl)-adenosine 50-triphosphate; AMP-
CPP: a,b-methyleneadenosine 50-triphosphate; ATPgS: adenosine-50-
O0(-3-thiotriphosphate). The lines shown were obtained using the
Prism 2.0b software (GraphPad) from a least squares protocol

designed to satisfy the equation Y � Bottom� �TopÿBottom�
1�10 Log�EC50 �ÿX

; where Y

is the response, X is the logarithm of agonist concentration, Bottom is
the Y value at the bottom plateau, Top is the Y value at the top
plateau, and Log(EC50) is the logarithm of the EC50, the concentration
of agonist that gives a half-maximal response. The iterations stopped
when two iterations in a row changed the sum-of-squares by less than
0.01%.
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effect of the c-src inhibitors, PP2 (Hanke et al., 1996),
and radicicol (Kwon et al., 1992), on P2Y2 receptor-
mediated ERK1/2 phosphorylation. Figure 7 shows that
a 30-minute incubation with either 10 mM PP2 or
radicicol caused a dramatic inhibition of ERK1/2 phos-

phorylation induced by UTP. These data suggest that
c-src can mediate the activation of ERK1/2 by P2Y2

receptors in U937 cells.

Desensitization of the P2Y2 nucleotide
receptor in U937 cells

Since chronic exposure to nucleotide agonists is req-
uired to induce the differentiation of monocytic U937
cells to the macrophage-like phenotype, we investigated
whether prolonged exposure to UTP-induced desensiti-
zation of P2Y2 nucleotide receptor-mediated responses.
A 5-minute exposure of U937 cells to UTP decreased the
responsiveness of cells to a second challenge with
agonist (Fig. 8A). The IC50 (0.30 mM) for UTP-induced
receptor desensitization was comparable to the EC50

(0.44 mM) for receptor activation (Fig. 8A). We deter-
mined that UTP-induced desensitization increased both
the EC50 for P2Y2 receptor activation and the capacity of
the desensitized receptor to mobilize intracellular free
calcium in response to UTP (Table 1; Fig. 8B).

Activation of PKC with phorbol 12,13-dibutyrate
(PdBu) caused desensitization of the P2Y2 receptor in
U937 cells (IC50 for PdBu �26 nM; Fig. 9A). PdBu-
induced desensitization was characterized by an
increase in the EC50 for UTP but, in contrast to
agonist-induced desensitization (Fig. 8B), PdBu only
partially reduced the capacity of the receptor to mobilize
intracellular calcium (Fig. 9B, Table 1). We further
investigated whether PdBu-sensitive PKC isoforms
mediate agonist-induced desensitization of the P2Y2

receptor in U937 cells. Pretreatment of U937 cells with
the non-selective PKC inhibitor GF 109203X (Toullec
et al., 1991) almost completely blocked the desensitiza-

Fig. 2. Activation of ERK1/2 by extracellular UTP in U937 cells. A:
The phosphorylation of ERK1/2 was detected by Western analysis of
cell extracts from U937 cells treated with 100 mM UTP for the
indicated times, as described in Materials and Methods. B: Total
ERK1/2 protein in cell extracts was detected by reprobing the blot with
anti-p42/p44(ERK1/2) MAPK IgG, as described in Materials and
Methods. C: The time course for UTP-stimulated ERK1/2 phosphor-
ylation was determined by normalizing the density of phospho-ERK1/
2 (shown in Fig. 2A) to the density of total ERK1/2 protein (shown in
Fig. 2B), as described in Materials and Methods. The data are
expressed as the fold change over ERK1/2 phosphorylation in untre-
ated cells and are the average�SEM of results from four experiments.
Inset: Dose dependence of UTP-induced ERK1/2 phosphorylation.
U937 cells were stimulated with the indicated concentrations of UTP
for 2 min. Quantitations were made as described for Figure 2C, the
line was generated as in Figure 1B and data represent the mean
�SEM of results from four experiments. D: The time course for Elk-1
phosphorylation was determined with ERK1/2 immunoprecipitated
from U937 cells that were treated with 100 mM UTP for the indicated
period of time. ERK1/2 was immunoprecipitated with anti-phospho
p42/p44 MAPK IgG, and in vitro kinase reactions using 2 mg of Elk-1
protein as substrate were performed, as described in Materials and
Methods. Data are representative of results from four independent
experiments.

Fig. 3. Activation of ERK1/2 by P2 receptor agonists. U937 cells were
treated with the indicated agonist (100 mM) for 2 min. UDP and ADP
stock solutions were pretreated with hexokinase and glucose, as in
Figure 1B. Cell extracts were analyzed by Western analysis with anti-
phospho p42/p44 MAPK antibody and blots were reprobed for
normalization to total ERK1/2 protein with anti-p42/p44 MAPK
antibody, as described in Materials and Methods. Data are expressed
as the fold change over ERK1/2 phosphorylation in untreated cells and
are the average�SEM of results from four independent experiments.
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tion of the P2Y2 receptor induced by PdBu (Fig. 10), but
only partially inhibited UTP-induced desensitization.
These results suggest a role for both PKC-dependent
and -independent pathways in agonist-induced receptor
desensitization, similar to studies with a recombinant
P2Y2 receptor expressed in human 1321N1 astrocytoma
cells (Otero et al., 2000).

We also investigated whether protein phosphatase
activity plays a role in the recovery of P2Y2 receptor
function after agonist-induced desensitization. Addition
to UTP-desensitized U937 cells of 1 mM okadaic acid, an
inhibitor of protein phosphatases-1 and -2A (Bialojan
and Takai, 1988; Haystead et al., 1990), prevented
recovery of receptor activity that occurs within 90 min of
the initial UTP challenge (Fig. 11). These results
implicate protein phosphorylation and dephosphoryla-
tion in agonist-induced desensitization and recovery of
receptor activity (resensitization), respectively.

Prolonged treatment (>30 min) of U937 cells with
100 mM UTP caused persistent desensitization from
which the cells did not recover upon removal of agonist
(Fig. 12). Treatment of cells with 100 mM UTP for
>30 min also caused a signi®cant decrease in levels of
P2Y2 receptor mRNA (Fig. 13).

Agonist-induced desensitization was also observed for
P2Y2 receptor-mediated ERK1/2 activation (Fig. 14A).
In contrast, desensitization of PdBu-induced ERK1/2
phosphorylation was not detected in cells pretreated
with 100 mM UTP for 30 min (Fig. 14A). Furthermore,
desensitization of P2Y2 receptor-induced ERK1/2 phos-
phorylation induced by a 30-minute pretreatment with
UTP was not reversed by a 20-minute incubation in
UTP-free medium (Fig. 14B), in contrast to recovery
from agonist-induced desensitization of P2Y2 receptor-
mediated calcium mobilization under similar conditions
(Fig. 12). These results provide further evidence that

Fig. 4. Activation of MEK1/2 by extracellular UTP in U937 cells.
A: The phosphorylation of MEK1/2 was detected with anti-phospho
MEK1/2 IgG by Western analysis of cell extracts from U937 cells
treated with 100 mM UTP for the indicated times, as described in
Materials and Methods. B: Total MEK1/2 protein in the cell extracts
was determined by reprobing the blot with anti-MEK1/2 IgG, as
described in Materials and Methods. C: The time course for UTP-
stimulated MEK1/2 phosphorylation was determined by normalizing
the density of phospho-MEK1/2 (shown in Fig. 4A) to the density of
total MEK1/2 protein (shown in Fig. 4B), as described in Materials and
Methods. The data are expressed as the fold change over MEK1/2
phosphorylation in untreated cells and are the average�SEM of
results from four experiments.

Fig. 5. Effect of protein kinase inhibitors on P2Y2 receptor-mediated
ERK1/2 phosphorylation. A: The phosphorylation of ERK1/2 was
detected by Western analysis of cell extracts from U937 cells treated in
the presence or absence of 1 mM GF 109203X, 30 mM PD 098059,
100 nM wortmannin, or 50 mM LY294002 for 30 min followed by
incubation in the presence or absence of 100 mM UTP for 2 min. B:
ERK1/2 phosphorylation was determined by normalizing the density
of phospho-ERK1/2 (shown in Fig. 5A) to the density of total ERK1/2
protein (not shown), as described in Materials and Methods. The data
are expressed as the fold change over ERK1/2 phosphorylation in cells
treated in the absence of UTP and are the average�SEM of results
from four experiments.
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calcium mobilization and ERK1/2 activation are distinct
signaling pathways coupled to P2Y2 receptors in U937
cells, and may be independently regulated.

DISCUSSION

Persistent activation of P2Y2 receptors in U937 cells
causes phenotypic changes characteristic of monocyte-
to-macrophage differentiation, including increased res-
ponsiveness to chemotactic peptides, reduced rates of
proliferation, and increased expression of complement
receptors type 1 (CR1) and 3 (CR3) (Cowen et al., 1991).
Although an important role for nucleotides in modulat-
ing myelomonocytic differentiation is appreciated, the
molecular/biochemical basis for the effects remains
unclear and little is known about the regulation of
P2 nucleotide receptors that mediate these effects in
human monocytes.

In this study, we investigated signal transduction
pathways for a P2Y2 receptor subtype that is expressed

in undifferentiated U937 cells. Experiments with inhi-
bitors of certain protein kinases and other pharmacolo-
gical agents demonstrated that the activation of ERK1/2
is independent of the well-known P2Y2 receptor/Gq/11

signaling pathway that mediates the IP3-dependent
mobilization of intracellular calcium and the activa-
tion of calcium/diacylglycerol-dependent PKC isoforms
(Cowen et al., 1989, 1991; Weisman et al., 1998). Our
results implicate PI3K, c-src, and MEK1/2 in the coupl-
ing of P2Y2 receptors to ERK1/2 activation, and rule out
the involvement of PKC isoforms and the mobilization of
intracellular calcium in this pathway. A caveat to our
interpretations is the potential for non-speci®c effects of
the inhibitors tested. Whenever possible, more than one
inhibitor for the same enzymatic activity was used to
con®rm the results.

Since P2Y2 receptors in U937 cells are known to acti-
vate PLC to generate diacylglycerol (DAG) as well as IP3

(Cowen et al., 1989, 1991; Weisman et al., 1998), it was
surprising to ®nd no role for DAG-activated PKC in
ERK1/2 phosphorylation. However, it is possible that
the amount of DAG produced by P2Y2 receptor activa-
tion is insuf®cient to activate PKC. Conversely, the
main source of DAG for PKC activation in U937 cells
might be a phospholipid other than phosphatidylinositol
4,5-bisphosphate, the substrate for IP3 generation. It
has been reported previously that extracellular nucleo-
tides induced calcium mobilization without a conco-
mitant activation of PKC in murine 3T6 ®broblasts
(Gonzalez et al., 1989).

P2 receptors are present in monocytes and their
expression is modulated by in¯ammatory cytokines and
agents that induce cell differentiation (Di Virgilio et al.,
1996). The P2Y2 receptor, through the transient activa-
tion of MAPK, may modulate the differentiation process
in U937 cells. The transient activation of MAPKs by
lipopolysaccharides (LPS) has been shown to modulate
differentiation and the production of proin¯ammatory
cytokines in U937 cells (Mander et al., 1997). In PC12
cells, EGF causes transient MAPK activation that
induces neuronal differentiation, a response that is

Fig. 6. P2Y2 receptor-mediated ERK1/2 activation is not dependent
on intracellular calcium mobilization. A: The phosphorylation of
ERK1/2 was detected by Western analysis of cell extracts from U937
cells treated in the presence or absence of 10 mM BAPTA-AM and 5 mM
EGTA for 30 min followed by incubation in the presence or absence of
100 mM UTP for 2 min. B: ERK1/2 phosphorylation was determined by
normalizing the density of phospho-ERK1/2 (shown in Fig. 6A) to the
density of total ERK1/2 protein (not shown), as described in Materials
and Methods. The data are expressed as the fold change over ERK1/2
phosphorylation in cells treated in the absence of UTP and are the
average�SEM of results from three experiments.

Fig. 7. Effect of c-src inhibitors on P2Y2 receptor-mediated ERK1/2
phosphorylation. The phosphorylation of ERK1/2 was detected by
Western analysis of cell extracts from U937 cells treated in the
presence or absence of 10 mM radicicol or 10 mM PP2 for 30 min
followed by incubation in the presence or absence of 100 mM UTP for 2
min. The data shown are representative of results from two similar
experiments.
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sustained by NGF treatment (Morooka and Nishida,
1998). Importantly, phorbol ester-induced differentia-
tion of U937 cells is blocked by the MEK1/2 inhibitor
PD 098059 (Weisman et al., 1998), providing further
evidence for the role of ERK1/2 in the differentiation of
monocytic U937 cells. Although chronic treatment of
U937 cells with extracellular ATP and UTP failed to

Fig. 8. UTP-induced desensitization of P2Y2 receptors in U937 cells.
A: P2Y2 receptor-mediated changes in [Ca2� ]i were measured in fura-
2-loaded cells in response to various concentrations of UTP (closed
circles), as described in Materials and Methods. Each value shown is
the maximal UTP-induced increase in [Ca2� ]i expressed as a
percentage of the maximal response to 500 mM UTP. The data
presented are the average�SEM of results from four independent
experiments. P2Y2 receptor desensitization was measured in fura-2-
loaded U937 cells that were preincubated with the indicated con-
centration of UTP for 5 min at 37�C. Then, cells were washed, resus-
pended in assay buffer, and changes in [Ca2� ]i in response to 1 mM
UTP were monitored (open circles) as described in Materials and
Methods. Each value shown is the maximal UTP-induced increase in
[Ca2� ]i expressed as a percentage of the response to 500 mM UTP in
cells not pretreated with UTP. The data presented are the aver-
age�SEM of results from four independent experiments. The lines
shown were generated as described in Figure 1B. B: Fura-2-loaded
U937 cells were pretreated with the indicated concentrations of UTP
for 5 min at 37�C. Then, cells were washed, resuspended in assay
buffer, incubated for 1 min with the indicated concentration of UTP,
and changes in [Ca2� ]i were monitored (see Materials and Methods).
Each value shown is the maximal UTP-induced increase in [Ca2� ]i

expressed as a percentage of the maximal response to 500 mM UTP in
cells not pretreated with UTP. The data presented are the aver-
age�SEM of results from four independent experiments. The lines
shown were generated as described in Figure 1B.

TABLE 1. P2Y2 receptor desensitization in U937 cells

Pretreatment EC50 (mM) log EC50 Maximal response (% of control)

Control 0.44 ÿ6.28� 0.15 100.3�0.15
UTP 1 mM 1.0 ÿ5.99� 0.09 82.7�2.5

10 mM 6.8 ÿ5.16� 0.11 53.2�2.3
100 mM 9.3 ÿ5.03� 0.04 25.6�0.4

PdBu 10 nM 0.83 ÿ6.08� 0.08 95.9�2.5
100 nM 6.36 ÿ5.19� 0.14 80.1�4.3
500 nM 12.3 ÿ4.91� 0.07 67.2�2.1

PdBu, phorbol 12,13-dibutyrate. The EC50, log EC50, maximal calcium response, and SEM values were determined from
data shown in Figures 8 and 9 using Prism 2.0b software (GraphPad, San Diego, CA) as described in the legend of Figure 1B.

Fig. 9. Phorbol ester-induced desensitization of P2Y2 receptors in
U937. A: Fura-2-loaded cells were pretreated with the indicated
concentration of phorbol 12,13-dibutyrate (PdBu) for 5 min at 37�C.
Then, the cells were washed, resuspended in assay buffer, and chan-
ges in [Ca2� ]i in response to 1 mM UTP were monitored (see Materials
and Methods). Each value shown is the maximal UTP-induced
increase in [Ca2� ]i expressed as a percentage of the maximal response
to 100 mM UTP in cells not pretreated with UTP. The data presented
are the average�SEM of results from four independent experiments.
The lines shown were generated as described in Figure 1B. B: Fura-2-
loaded U937 cells were pretreated with the indicated concentrations of
PdBu for 5 min at 37�C. Then, cells were washed, resuspended in
assay buffer, incubated for 1 min with the indicated concentration of
UTP, and changes in [Ca2� ]i were monitored (see Materials and
Methods). Each value shown is the maximal UTP-induced increase in
[Ca2� ]i expressed as a percentage of the maximal response to 500 mM
UTP in cells not pretreated with UTP. The data presented are the
average�SEM of results from four independent experiments. The
lines shown were generated as described in Figure 1B.
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induce the morphological differentiation associated
with the macrophage phenotype, presumably due to
nucleotide degradation, the slowly hydrolyzable analog
and P2Y2 receptor agonist, ATPgS, induced the morpho-
logical differentiation of U937 cells (Cowen et al., 1989,
1991) and activated ERK1/2 (Fig. 3).

Our data indicate that the P2Y2 receptor is rapidly
desensitized by exposure to agonists. The desensitiza-
tion resulted in a decrease in the potency of receptor
agonists (increased EC50 values), and a decrease in the
maximal response obtained after receptor activation
(reduced receptor capacity for signaling). Although the
molecular basis for those two effects remains unclear,
we speculate that a post-translational modi®cation (e.g.,
phosphorylation) of the receptor may decrease the af®-
nity of the receptor for its ligands, whereas a reduction
in receptor number on the cell surface (i.e., receptor
internalization) may be responsible for the decrease in

signaling capacity. Studies by Garrad et al. (1998) have
shown that the C-terminus of the recombinant P2Y2

receptor, which contains potential phosphorylation sites
for protein kinases, mediates both agonist-induced
desensitization and sequestration. Other evidence of a
role for P2Y2 receptor phosphorylation in desensitiza-

Fig. 10. Effect of the protein kinase C inhibitor, GF 109203X, on
P2Y2 receptor desensitization in U937 cells. Fura-2-loaded cells were
pretreated with 1 mM UTP or 100 nM phorbol 12,13-dibutyrate (PdBu)
for 5 min in the presence or absence of 1 mM GF 109203X. Then, cells
were washed, resuspended in assay buffer, incubated for 1 min with
1 mM UTP, and changes in [Ca2� ]i were monitored (see Materials and
Methods). Each value shown is the maximal UTP-induced increase in
[Ca2� ]i expressed as a percentage of the maximal response to 100 mM
UTP in cells not pretreated with UTP. The data presented are the
average�SEM of results from four independent experiments.

Fig. 11. Effect of okadaic acid on recovery from UTP-induced P2Y2

receptor desensitization. P2Y2 receptor desensitization was induced in
fura-2-loaded U937 cells by incubation for 30 min with 100 mM UTP.
Then, cells were washed, incubated in assay buffer for 1 min
(unshaded bars) or 90 min (shaded bars) in the presence or absence
of 1 mM okadaic acid and changes in [Ca2� ]i in response to a 1 min
incubation with 100 mM UTP were monitored (see Materials and
Methods). Each value shown is the maximal UTP-induced increase in
[Ca2� ]i expressed as a percentage of the maximal response to 100 mM
UTP in cells not pretreated with UTP. The data presented are the
average�SEM of results from four independent experiments.

Fig. 12. Recovery from desensitization induced by prolonged treat-
ment with UTP. UTP-induced calcium mobilization was measured in
fura-2-loaded U937 cells that were preincubated with 100 mM UTP for
the indicated times (open circles). For some cells, UTP was removed (*)
and the cells were incubated in UTP-free medium for 10 (closed
circles) or 20 (diamonds) min followed by the addition of 100 mM UTP
for 2 min. The maximal UTP-induced increase in [Ca2� ]i was deter-
mined and expressed as a percentage of the maximal response to 100
mM UTP in cells not pretreated with UTP. The data presented are the
average�SEM of results from four independent experiments.

Fig. 13. Effect of prolonged UTP exposure on P2Y2 receptor mRNA
levels in U937 cells. P2Y2 receptor and GAPDH mRNA levels were
measured by semi-quantitative RT-PCR with cDNA derived from
U937 cells treated with 100 mM UTP for the indicated times, as
described in Materials and Methods. Values were normalized to the
densities of P2Y2 receptor mRNA from cells incubated in the absence
of UTP and are the average of results from three independent
experiments. Inset: Results from a typical experiment showing the
RT-PCR ampli®cation product obtained with P2Y2 receptor-speci®c
primers and cDNA derived from U937 cells that were incubated in the
presence or absence of 100 mM UTP for 4 h. Ampli®cation of GAPDH
with GAPDH speci®c primers was used as a control.
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tion is the ability of the protein phosphatase inhibitor,
okadaic acid, to inhibit recovery of receptor activity from
the desensitized state (Fig. 11).

Activation of protein kinase C by phorbol esters can
cause desensitization of the P2Y2 receptor (Fig. 10) and
this pathway presumably mediates heterologous desen-
sitization (Otero et al., 2000). However, PKC does not
appear to be involved in agonist-induced desensitiza-
tion, which was nearly insensitive to potent and speci®c
inhibitors of PKC (Fig. 10). It is interesting that treat-
ment of cells with either UTP or phorbol esters caused a
decrease in the potency of a subsequent dose of UTP for
induction of receptor-mediated calcium mobilization,
suggesting that these compounds activate convergent
pathways that attenuate receptor responsiveness.

The internalization of recombinant P2Y2 receptors
expressed in a heterologous cell system can be induced
by nucleotide agonists but not phorbol esters (Garrad
et al., 1998). In U937 cells, we observed a marked redu-
ction in receptor signaling capacity induced by a supra-
maximal dose of UTP, but not by direct activation of PKC
with phorbol esters (Table 1). Further research is
needed to determine the relationship of P2Y2 receptor
phosphorylation to homologous and heterologous desen-
sitization and receptor internalization.

The agonist-induced desensitization of P2Y2 receptor-
mediated calcium mobilization in U937 cells caused by
acute (short-term) UTP treatments was reversible (Fig.
10±12). In contrast, chronic (long-term) treatments pro-
duced a sustained desensitized state in the U937 mono-

cytic cell (Fig. 12) that correlated with a decrease in
P2Y2 receptor mRNA levels, suggesting a role for gene
transcription or mRNA degradation in the regulation of
receptor activity in U937 cells (Fig. 13). It was surpris-
ing to discover that desensitization of P2Y2 receptor-
mediated ERK1/2 activation induced by acute exposure
of U937 cells to UTP was not readily reversible (Fig. 14).
It is possible that increased activity of intracellular pro-
tein phosphatases in response to calcium mobilization
masked recovery of ERK1/2 activity. The protein phos-
phatase MKP-1 has been reported to mediate ERK1/2
and p38 MAPK dephosphorylation in U937 cells
(Franklin and Kraft, 1997), although the regulation of
MKP-1 activity is poorly understood. Further studies
are required to assess the independent regulation of
calcium signaling and MAPK cascades by P2Y2 recep-
tors in U937 cells.

The role of P2Y2 receptor desensitization in the
induction of phenotypic changes in U937 cells caused
by chronic treatment with UTP remains to be deter-
mined. Recently, it has been determined that the
desensitized b-adrenergic receptor forms a complex
with c-src protein kinase that functions as a critical
structural component of a mitogenic signal (Luttrell
et al., 1999). It is possible that a similar complex is
formed between the desensitized P2Y2 receptor and c-
src, since both ERK1/2 activation and receptor desensi-
tization occur within 2±5 min of UTP addition to U937
cells (compare Figs. 2C and 12), and c-src is implicated in
P2Y2 receptor-mediated ERK1/2 activation (Fig. 7). It
is noteworthy that P2Y2 receptor activation for only
several minutes is mitogenic for several cell types
(Huang et al., 1989; Wang et al., 1990, 1992), suggesting
that nucleotides act as a ``competence factor'' in mito-
genesis (Huang et al., 1989; Wang et al., 1992). It is
plausible that extracellular nucleotides also make cells
competent for monocytic differentiation, and that once
P2Y2 receptors are activated, other secondary factors
(i.e., in¯ammatory cytokines) promote progression of
the differentiation process. Phorbol esters, considered to
be second phase in¯ammatory regulators, can down-
regulate the expression of P2Y2 receptor mRNA in
monocytes (Martin et al., 1997). A role for P2Y2 receptors
in the activation and differentiation of monocytes is
proposed, which presents novel pharmacotherapeutic
approaches for the treatment of promonocytic leukemia
and in¯ammation.
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