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ABSTRACT

The endogenous nucleoside adenosine is thought to play a role
in the pathophysiology of asthma by stimulating mast cells. We
previously showed that the human mast cell line HMC-1 ex-
presses A,, and A,g receptors, and that both receptors acti-
vate adenylate cyclase via G, -protein but that only A,g recep-
tors are also coupled to phospholipase C via G, proteins.
Stimulation of A,g but not A, receptors induced production of
interleukin-8 (IL-8) from HMC-1 cells. The mechanism by which
adenosine promotes IL-8 synthesis has not been defined. In
this study, we tested the hypothesis that mitogen-activated
protein kinase (MAPK) signaling pathways are involved in this
process. Stimulation of HMC-1 with the stable adenosine ana-
log NECA (5'-N-ethylcarboxamidoadenosine) activated p21
and both p42 and p44 isoforms of extracellular signal-regulated
kinase (ERK). NECA (10 uM) induced a 1.9 = 0.06-fold increase

in ERK activity, whereas 10 uM of the selective A,, agonist
CGS 21680 (4-((N-ethyl-5'-carbamoyladenos-2-yl)-aminoeth-
yl)-phenylpropionic acid) had no effect. NECA, in parallel with
the activation of ERK, also stimulated the p46 isoform of c-Jun
N-terminal kinase (MEK) and p38 MAPK. Furthermore, the se-
lective MAPK/ERK kinase 1 inhibitor PD 98059 (2'-amino-3’-
methoxyflavone), and p38 MAPK inhibitors SB 202190 (4-(4-
fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1H-imidazole)
and SB 203580 (4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-
5-(4-pyridyl)1H-imidazole) blocked A,g receptor-mediated pro-
duction of IL-8. These results indicate that extracellular aden-
osine can regulate ERK, c-dun N-terminal kinase, and p38
MAPK signaling cascades and that activation of ERK and p38
MAPK pathways are essential steps in adenosine A,g receptor-
dependent stimulation of IL-8 production in HMC-1.

The endogenous nucleoside adenosine can be released to or
formed in the extracellular space under hypoxic and inflam-
matory conditions. Once generated, adenosine acts as an
autocoid by interacting with adenosine receptors belonging to
the seven transmembrane G protein-coupled group of cell
surface receptors. Among other sources, activated mast cells,
platelets, and neutrophils have been shown to release aden-
osine and adenine nucleotides. Adenosine has diverse effects
on inflammatory process. The activation of A,, receptors
inhibits oxidative burst, degranulation, and adhesion of neu-
trophils (Cronstein et al., 1992) and also inhibits platelet
aggregation (Cristalli et al., 1994). Adenosine at A; receptors
can increase neutrophil chemotaxis (Cronstein et al., 1992),
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whereas activation of A receptors inhibits eosinophil chemo-
taxis (Walker et al., 1997).

The ability of extracellular adenosine to modulate mast cell
function has long been recognized (Marquardt et al., 1978;
Church and Hughes, 1985; Peachell et al., 1988). Activation
of mast cells by adenosine has been implicated in the patho-
physiology of asthma (Church and Holgate, 1986; Feoktistov
et al., 1998). Inhaled adenosine, or its precusor AMP, pro-
vokes bronchoconstriction in asthmatic patients via activa-
tion of mast cells (Cushley and Holgate, 1985). Whereas
adenosine A, receptor has been shown to modulate rat mast
cell function (Ramkumar et al., 1993), it appears that the A,
adenosine receptor subtype regulates mouse (Marquardt et
al.,, 1994), canine (Auchampach et al., 1997), and human
mast cell activation (Feoktistov and Biaggioni, 1995).

ABBREVIATIONS: NECA, 5'-N-ethylcarboxamidoadenosine; CGS 21680, 4-((N-ethyl-5'-carbamoyladenos-2-yl)-aminoethyl)-phenylpropionic
acid; IL-8, interleukin-8; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, Jun N-terminal kinase; SB
202190, 4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1H-imidazole; SB 203580, 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl)1H-imidazole; MEK, MAPK/ERK kinase; RBD, minimal p21@S-binding domain of Raf-1; GST, glutathione S-transferase; PD 98059,
2'-amino-3'-methoxyflavone; Ro 32-0432, [2-{8-[(dimethylamino)methyl]-6,7,8,9-tetrahydropyrido[1,2-a]indol-3-yl}-3-(1-methylindol-3-yl)maleim-
ide, hydrochloride]; PMA, phorbol 12-myristate 13-acetate.
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We previously showed that the human mast cell line
HMC-1 expresses functional A,, and A,g receptors (Feoktis-
tov and Biaggioni, 1995; Feoktistov and Biaggioni, 1998).
Both A, subtypes of adenosine receptors activate adenylate
cyclase via G,-protein. However, only the A,g receptor has
been shown to also be coupled to phospholipase C in mast
cells via a GTP-binding protein of the G, family. Further-
more, the nonselective A,,/A,z adenosine receptor agonist
5'-N-ethylcarboxamidoadenosine (NECA), but not the selec-
tive A,, agonist 4-((N-ethyl-5'-carbamoyladenos-2-yl)-ami-
noethyl)-phenylpropionic acid (CGS 21680), induced secre-
tion of interleukin-8 (IL-8) from HMC-1 cells (Feoktistov and
Biaggioni, 1995). IL-8 is not stored preformed in HMC-1 and
requires synthesis de novo (Selvan et al., 1994), suggesting
that stimulation of adenosine A, receptors can trigger tran-
scription and synthesis of this cytokine. However, the mech-
anism by which adenosine promotes biosynthesis of IL-8 is
not clear.

Recently, several mitogen-activated protein kinase
(MAPK) signaling pathways have been demonstrated to play
a central role in mediating intracellular signal transduction
from the cell surface to the nucleus. At least three MAPK
subfamilies are present in mammalian cells and form distinct
signaling cascades. These include extracellular signal-regu-
lated kinases (ERK), c-Jun N-terminal kinases (JNK), and
p38 MAPKSs. There is recent evidence that the p38 MAPK
pathway regulates synthesis of IL-8 in neutrophils stimu-
lated with tumor necrosis factor-a and N-formylmethionine
leucyl-phenylalanine, whereas the ERK cascade does not
play any role in this process (Zu et al., 1998). Less is known
about the coupling of adenosine receptors to MAPK path-
ways. It has been shown that adenosine A,, receptors ex-
pressed in Chinese hamster ovary cells inhibit thrombin-
induced ERK activation via increases in cAMP (Hirano et al.,
1996). Similarly, the selective A,, agonist CGS 21680 inhib-
ited ERK activation by cAMP-dependent mechanism in mast
cells derived from human umbilical cord blood (Suzuki et al.,
1998). In contrast, in human endothelial cells A,, adenosine
receptors stimulated ERK pathway independently from
cAMP (Sexl et al., 1997). The coupling of A,z adenosine
receptors with MAPK signaling pathways, to our knowledge,
has not been described and the coupling of A, adenosine
receptors to JNK and p38 MAPKSs has not been reported. The
present study was undertaken to elucidate the role of MAPK
signaling pathways in A,z-mediated IL-8 secretion in the
human mast cell line HMC-1. We report that stimulation of
adenosine A, receptors triggers activation of p217S-ERK,
JNK, and p38 MAPK signaling pathways. Using highly se-
lective inhibitors of extracellular signal-regulated protein ki-
nase kinase (MEK) and p38 MAPK we found that stimulation
of ERK and p38 MAPK pathways are essential steps in the
mechanism of adenosine A,y receptor-mediated IL-8 secre-
tion in HMCs.

Materials and Methods

Cell Culture and Reagents. HMC-1 cells were a generous gift
from Dr. J. H. Butterfield (Mayo Clinic, Rochester, MN). HMC-1 cells
were maintained in suspension culture at a density between 3 and
9 X 10° cells/ml by dilution with Iscove’s medium supplemented with
10% (vol/vol) fetal bovine serum, 2 mM glutamine, antibiotics, and
1.2 mM «-thioglycerol. The cells were kept under a humidified at-
mosphere of air/CO,, (19:1) at 37°C.
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CGS 21680 and NECA were purchased from Research Biochemicals,
Inc. (Natick, MA). Forskolin, wortmannin, genistein, herbimycin A,
thapsigargin, calcium ionophore A23187, and phorbol 12-myristate 13-
acetate (PMA) were obtained from Sigma Chemical Co. (St. Louis, MO).
2'-Amino-3'-methoxyflavone (PD 98059), 4-(4-fluorophenyl)-2-(4-hy-
droxyphenyl)-5-(4-pyridyl)1H-imidazole (SB 202190), 4-(4-fluorophe-
nyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole (SB 203580),
and [2-{8-[(dimethylamino)methyl]-6,7,8,9-tetrahydropyrido[1,2-
alindol-3-yl}-3-(1-methylindol-3-yl)maleimide, hydrochloride] (Ro 32—
0432) were purchased from Calbiochem-Novabiochem Corp. (San Di-
ego, CA).

Measurement of IL-8 Secretion. HMC-1 cells were harvested
and resuspended to a concentration of 10° cells/ml in serum-free
Iscove’s media containing 1 U/ml adenosine deaminase. Cells were
incubated for 2.5 h (or for the times indicated in Results) under a
humidified atmosphere of air/CO, (19:1) at 37°C with the reagents
indicated in Results. At the end of this incubation period, the culture
media were collected by centrifugation at 12,000g for 1 min at 4°C.
IL-8 concentrations were measured using an enzyme-linked immu-
nosorbent assay kit (American Laboratory Products Co. Ltd,
Windham, NH).

Stimulation of Mast Cells. HMC-1 cells were harvested and
resuspended to a concentration of 107 cells/ml in a buffer, pH 7.4,
containing 150 mM NaCl, 2.7 mM KCl, 0.37 mM NaH,PO,, 1 mM
MgSO,, 1 mM CaCl,, 5 g/liter D-glucose, 10 mM HEPES-NaOH, and
1 U/ml adenosine deaminase. After 15 min preincubation at 37°C,
200- to 1000-ul aliquots of cell suspension were incubated for various
times at 37°C with the reagents indicated in Results.

Assay of Tyrosine Phosphorylation of ERK. To evaluate phos-
phorylation of ERK at tyrosine residues, following each stimulation,
2 X 108 HMC-1 cells were collected by centrifugation for 15 s at
12,000g and lysed by addition of 100 ul of boiling 1% SDS. After
boiling for 15 min, samples were diluted with 900 ul of ice-cold buffer
containing 10 mM Tris-HC1 (pH 7.4), 150 mM NaCl, 1% Triton
X-100, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM EGTA, 2 mM sodium
orthovanadate, 10 ug/ml leupeptin, 10 pug/ml aprotinin and 1 mM
phenylmethylsulfonyl fluoride (lysis buffer A). Unsoluble material
was removed by centrifugation for 10 min at 16,000g at 4°C and
supernatant was precleared with 50 ul of agarose for 1 h at 4°C.
Proteins phosporylated on tyrosine residues were precipitated after
incubation for 4 h at 4°C with antiposphotyrosine monoclonal anti-
body (clone PT-66) covalently coupled to agarose (Sigma Chemical
Co.). The immune complexes were washed three times with the lysis
buffer A, and then 50 ul of sample buffer (250 mM Tris-HCI, pH 6.8,
10% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.5% bromophenol
blue) was added. After boiling for 5 to 10 min, the samples (20 ul)
were loaded onto 0.75-mm 10% SDS-polyacrylaminde gel electro-
phoresis (PAGE) gels, and discontinuous electrophoresis was per-
formed as described by Laemmli (1970). Proteins on the gel were
transferred to Immobilon-P polyvinilidene fluoride 0.45-um mem-
brane (Millipore, Bedford, MA). Nonspecific protein binding sites on
the membrane were blocked by incubation for 2 h at room tempera-
ture or overnight at 4°C in 5% (w/v) skimmed milk powder, 0.2% (v/v)
Tween-20, 100 mM Tris-HCL, pH 7.5, and 0.9% (w/v) NaCl. ERK1/
ERK2-specific antiserum (M5670, Sigma Chemical Co.) was incu-
bated with the membrane for 1 h at room temperature at a dilution
0f 1:1000 in a fresh blocking solution. The blot was then washed five
times with 0.2% (v/v) Tween-20, 100 mM Tris-HCL, pH 7.5, and 0.9%
(w/v) NaCl (10 min/wash) and then incubated for 1 h with horserad-
ish peroxidase-conjugated anti-rabbit IgG (Sigma Chemical Co.) in
the blocking solution. The membrane was washed again as described
above and the bands were visualized with an enhanced chemilumi-
nescence method (Nesbitt and Horton, 1992).

Alternatively, tyrosine phosphorylation of ERK was assayed as
described below for JNK and p38 MAPK activation. Phospho-specific
ERK antibody (Calbiochem-Novabiochem Corp.) was used to detect
phosphorylated tyrosine in the TEY motif of p44 and p42 ERK
isoforms.
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Assay of ERK Enzymatic Activity. To measure activity of ERK,
following each stimulation, 2 X 10 HMC-1 cells were collected by
centrifugation for 15 s at 12,000g and lysed by adding 70 ul of the
lysis buffer A, containing also 5 ug/ml pepstatin and 2 uM microcys-
tin. After incubation in an ice bath for 1.5 h, insoluble material was
removed from lysates by centrifugation at 16,000g for 10 min at 4°C.
Affinity-purified polyclonal ERK1/ERK2-specific antibody R2 Erk
1-CT (Upstate Biotechnology, Lake Placid, NY) was preincubated
with protein A-agarose (Pharmacia Biotech Inc., Piscataway, NJ) at
a ratio of 1 pug IgG per 30 ul agarose in the lysis buffer A for 1 h at
4°C, then washed three times with the same buffer and combined
with 50 ul of lysates. Enzymatically active ERK was precipitated
after incubation for 2 h at 4°C. The immune complexes were washed
twice with the lysis buffer A and once with assay dilution buffer,
containing 20 mM 3-(IN-morpholino)propanesulfonic acid, pH 7.2, 25
mM B-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovana-
date, and 1 mM dithiothreitol. ERK activity was evaluated with a
MAPK assay kit (Upstate Biotechnology) according to the manufac-
turer’s protocol.

Evaluation of JNK and p38 MAPK Activation. Dual phos-
phorylation of MAPKs at both threonine and tyrosine residues in a
regulatory Thr-Xaa-Tyr site has been shown to be an accurate indi-
cator of their activation (Burack and Sturgill, 1997; Moriguchi et al.,
1996; Raingeaud et al., 1995). To evaluate the dual phosphorylation
of JNK and p38 MAPKs, following each stimulation, 2 X 10® HMC-1
cells were collected by centrifugation for 15 s at 12,000g and lysed by
addition of 100 pl sample buffer (250 mM Tris-HCl, pH 6.8; 10%
SDS, 10% glycerol, 5% B-mercaptoethanol, and 0.5% bromophenol
blue). After 2 s of sonication, samples were heated to 95 to 100°C for
5 min and insoluble material was removed by centrifugation at
16,000g for 10 min at 4°C. The samples (20 ul) were loaded onto
0.75-mm 10% SDS-PAGE gels, and discontinuous electrophoresis
was performed as described by Laemmli (1970). Western blotting
was done as described above. Affinity-purified antibody specific for
human p38 MAPK phosphorylated at Thr'®® and Tyr'®2 (Calbio-
chem-Novabiochem Corp.) or monoclonal IgG; antibody specific for
human JNK phosphorylated at Thr'®® and Tyr!®® (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA) was incubated with the membrane
for 1 h at room temperature in a fresh blocking solution. The blot was
then washed five times with 0.2% (v/v) Tween-20, 100 mM Tris-HCI,
pH 7.5, 0.9% (w/v) NaCl (10 min/wash) and then incubated for 1 h
with horseradish peroxidase-conjugated anti-rabbit IgG (Sigma
Chemical Co.) or with horseradish peroxidase-conjugated anti-mouse
IgG (Sigma Chemical Co.) in the blocking solution. The membrane
was washed again as described above and the bands were visualized
with an enhanced chemiluminescence method (Nesbitt and Horton,
1992).

Evaluation of p21"2° Activation. The active GTP-bound form of
p21™®° was detected using the minimal p21"%-binding domain of
Raf-1 (RBD) according to previously published technique (de Rooij
and Bos, 1997). pGEX 2T RBD prokaryotic expression vector was
kindly provided by Dr. A. Wittinghoffer (Max-Planck Institute, Dort-
mund, Germany). Glutathione S-transferase (GST)-RBD was pro-
duced and isolated as described (Herrmann et al., 1995). Following
each stimulation, 107 HMC-1 cells were collected by centrifugation
for 15 s at 12,000g and lysed by addition of 200 ul 6 mM Na,HPO,,
4 mM NaH,PO,, 1% NP-40, 150 mM NaCl, 2 mM EDTA, 50 mM
NaF, 0.1 mM Nas;VO,, 4 pg/ml leupeptin, and 2 mM benzamidine,
containing Complete Mini protease inhibitor cocktail (Boehringer
Mannheim, Mannheim, Germany) (lysis buffer B). GST-RBD, pre-
coupled to glutathion-agarose beads in the lysis buffer B, was added
and lysates were incubated at 4°C for 30 min. Beads then were
washed five times with the lysis buffer B by centrifugation and
resuspended in 40 ul of sample buffer (250 mM Tris-HC1, pH 6.8,
10% SDS, 10% glycerol, 5% B-mercaptoethanol, and 0.5% bromophe-
nol blue). After boiling for 5 to 10 min, the supernatant was collected
by centrifugation and the protein samples (20 ul) were separated on
a 15% SDS-PAGE gel and subsequently transferred to polyvinilidene

fluoride membrane by Western blotting. p21"** was detected by in-
cubating the membrane with the rat monoclonal antibody Y13-259
(Calbiochem-Novabiochem Corp.) overnight at 4°C. Horseradish per-
oxidase-conjugated anti-rat IgG (Sigma Chemical Co.) was used as a
second antibody (1 h at room temperature). The bands on the mem-
brane were visualized with an enhanced chemiluminescence method
(Nesbitt and Horton, 1992).

Measurement of Intracellular Calcium. Cytosolic free calcium
concentrations were determined by fluorescent dye techniques.
HMC-1 cells (2 X 10° cells/ml) were loaded with 1 uM fura-2/ace-
toxymethyl ester in a buffer containing 150 mM NaCl, 2.7 mM KCl,
0.37 mM NaH,P0,, 1 mM MgSO,, 1 mM CacCl,, 5 g/liter D-glucose, 10
mM HEPES-NaOH, pH 7.4, and 0.35% BSA. After incubation for 1 h
at room temperature, cells were washed to remove excess of fura-2
and were resuspended (2 X 10° cells/ml) in the same buffer contain-
ing 1 U/mL adenosine deaminase and no BSA. Fluorescence was
monitored at an emission wavelength of 510 nm and excitation
wavelengths of 340 and 380 nm. Maximal fluorescence was deter-
mined after addition of 0.004% digitonin. Minimal fluorescence was
then determined in the presence of 20 mM EGTA. The intracellular
calcium was calculated using previously described formulae (Grynk-
iewicz et al., 1985), assuming a K, of 224 nM. Fluorescence was
measured with a spectrofluorimeter (Fluorolog 2; Spex Industries,
Inc., Edison, NJ) in a thermostated cuvette (37°C).

Results

Adenosine Induces Tyrosine Phosphorylation and
Activation of ERK. The activation of ERK1/ERK2 is accom-
panied by the phosphorylation of Tyr!®® residue at the TEY
motif (Burack and Sturgill, 1997), which can be detected
using immunoprecipitation with antiphosphotyrosine anti-
body following by immunoblotting with specific anti-ERK1/
ERK2 antibody. To determine whether adenosine induces
tyrosine phosphorylation of ERK isoforms, HMC-1 cells were
incubated for 5 or 30 min with the stable adenosine analog
NECA at a concentration of 100 uM. Cells were incubated in
the presence of 1 U/ml of adenosine deaminase to remove
endogenously produced adenosine. PMA, a potent activator
of protein kinase C, was used as a positive control at the
concentration of 10 nM. As seen in Fig. 1, NECA, and to a
greater extent PMA, induced phosphorylation of both the p42
and p44 isoforms of ERK. This effect was evident after 5 min
of incubation. After 30 min of incubation in the presence of
NECA, the tyrosine phosphorylation of ERK was completely
reversed, and it was also considerably reduced in the pres-
ence of PMA.

The enzymatic activity of ERK1/ERK2 immunoprecipi-
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Fig. 1. Tyrosine phosphorylation of ERK isoforms in HMC-1. Cells were
incubated in the absence or presence of 100 uM NECA for 5 and 30 min;
10 nM PMA was used as a positive control. Proteins phosphorylated on
tyrosine residues were immunoprecipitated from cell lysates with a phos-
photyrosine antibody. After separation on 10% SDS-PAGE, phosphory-
lated ERK isoforms were identified by immunoblotting with antiserum
against p42/p44 ERK.



tated from HMC-1 lysates was assayed by its ability to phos-
phorylate myelin basic protein. In preliminary experiments
we determined that stimulation of ERK activity reached a
peak within the first minute of incubation with 10 uM
NECA. Therefore, we chose this time point to study ERK
activation by various agents. The enzymatic activity of non-
stimulated ERKI/ERK2 was 277 = 51 fmol P,/min per 10°
cells in four separate experiments performed in triplicates.
As seen in Fig. 2, incubation of HMC-1 cells for 1 min in the
presence of the nonselective A,,/A,; adenosine agonist
NECA at a concentration of 10 uM induced a 1.9 = 0.06-fold
increase in ERK activity, whereas the selective A,, adeno-
sine receptor agonist CGS 21680 had no effect (1.03 = 0.07).
By comparison, activation of protein kinase C with 10 nM
PMA produced a 1.8 *= 0.1-fold increase in ERK activity, but
stimulation of adenylate cyclase with 100 uM forskolin had
no significant effect (1.2 = 0.07 from baseline, P = .1 by
Student’s ¢ test). In ancillary studies, we verified that fors-
kolin at this concentration induces cAMP accumulation to
levels similar to those produced by NECA (from 2.8 + 0.1
pmol/10¢ cells to 38.4 + 3.0 and 22.3 = 3.2 pmol/10° cells
respectively). These data indicate the involvement of A,g
adenosine receptor in adenosine-induced stimulation of ERK
cascade, because the nonselective A, /A, adenosine agonist
NECA, but not the selective A,, agonist CGS 21680, acti-
vated ERK. On the other hand, the stimulation of adenylate
cyclase with forskolin, which mimics the effect on cAMP
shared by both A,, and A, receptors, had no effect on ERK
activity.

We showed previously that stimulation of A,5 receptors
results in calcium mobilization in HMC-1 cells (Feoktistov
and Biaggioni, 1995). We asked, therefore, whether an in-
crease in intracellular calcium levels can mimic the effect of
NECA on ERK activation in HMC-1 cells. For this purpose
we chose calcium ionophore A23187 and thapsigargin, both of
which increase intracellular calcium but through different
mechanisms; calcium ionophore acts primarily through cal-
cium influx, whereas thapsigargin induces mobilization of
calcium from internal stores. After 1 min incubation with 10
nM A23187 or 10 nM thapsigargin, the intracellular calcium
in HMC-1 cells was increased by 426 += 25 nM and 320 *+ 26
nM, respectively. By comparison, 10 uM NECA increased
intracellular calcium by 190 = 7 nM. In parallel studies, the
activation of ERK at the same time point was determined by
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Fig. 2. Stimulation of ERK activity in HMC-1. Cells were incubated for 1
min in the absence (CON) or presence of 10 uM NECA (NECA), 10 uM
CGS 21680 (CGS), 100 uM forskolin (FORSK), or 10 nM PMA (PMA).
ERK was immunoprecipitated from cell lysates with an antibody against
p42/p44 ERK, and enzymatic activity was determined by phosphorylation
of myelin basic protein. Normalized values are presented as mean = SEM
of four independent experiments done in triplicate.
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immunoblotting of extracted proteins with a phospho-specific
ERK antibody. As seen in Fig. 3, the increase of intracellular
calcium levels produced by A23187 or thapsigargin did not
mimic the effect of NECA on ERK activation.

Stimulation of p21"®° by Adenosine. Increase in gua-
nine nucleotide exchange on p21™° results in binding of this
small G protein to Raf protein kinase with subsequent stim-
ulation of MEK and ERK activation. To determine whether
adenosine induces formation of GTP-bound active form of
p217®%, we incubated cells with the stable adenosine analog
NECA (10 uM) in the presence of 1 U/ml adenosine deami-
nase. Samples were collected at different time points and the
extracted proteins were incubated with bacterially expressed
GST-p217@*-binding domain of Raf coupled to glutathion-aga-
rose. The absorbed proteins were then analyzed by immuno-
blotting with anti-p21™° antibody. As seen in Fig. 4, the
nonselective A, /A,p agonist NECA induced maximal forma-
tion of active p21™° during the first minute, whereas the
selective A, agonist CGS 21680 produced virtually no effect.

We showed previously that adenosine A,y receptors can
stimulate protein kinase C via a G, -dependent mechanism
in HMC-1 cells (Feoktistov and Biaggioni, 1995). In this
study we asked whether stimulation of protein kinase C
activity with forbol ester would mimic the effect of NECA on
p21™®°. Figure 4 shows virtually no formation of the active
p21*®° within the first minute after incubation with 10 nM
PMA. However, activation of p21"° with PMA was evident at
later time points, with a maximum stimulation observed at
15 min. These data demonstrate that the kinetics of NECA-
and PMA-dependent activation of p217° in HMC-1 cells are
different.

Adenosine Activates JNK and p38 MAPK. To deter-
mine whether adenosine stimulation of HMC-1 cells would
trigger activation of other MAPK cascades, we incubated
cells with the stable adenosine analog NECA (10 uM) in the
presence of 1 U/ml adenosine deaminase. Samples were col-
lected at different time points and immunoblotted either with
an antibody specific for human p38 MAPK phosphorylated at
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Fig. 3. Effect of 10 uM NECA, 10 nM calcium ionophore A23187, and 10
nM thapsigargin on free intracellular calcium and ERK activation in
HMC-1. Upper panel, rise in inracellular calcium was determined by
fura-2 technique within 1 min after addition of vehicle (V), NECA (N),
A23187 (A), or thapsigargin (T). Results are presented as mean + SEM of
four experiments. Lower panel, activation of ERK was evaluated by
immunoblotting with phospho-specific ERK antibody within 1 min after
stimulation. These results are representative of three similar experi-
ments.
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Thr'®® and Tyr'®? or with an antibody specific for human
JNK phosphorylated at Thr'®® and Tyr'®5. The double phos-
phorylation of the TGY motif in p38 MAPK or TPY in JNK is
considered to be an accurate indicator of their stimulation
(Raingeaud et al., 1995; Moriguchi et al., 1996). As seen in
Fig. 5, the stable adenosine analog NECA stimulated both
JNK and p38 MAPK. It should be noted, however, that stim-
ulation of these kinases followed different kinetics; maximal
stimulation of p38 MAPK was observed within the first
minute, whereas JNK activation reached a maximum only
within 10 to 15 min of incubation with NECA. The JNK
antibody used in these experiments recognizes the phosphor-
ylated p55 and p46 isoforms of JNK, but with NECA we
consistently observed an increase in the band corresponding
to p46 JNK only. In some but not all gels we observed an
appearance of a faint band of a lower molecular weight,
which may be explained by phosphorylation of a product of
partial proteolytic degradation of JNK. The data, presented
here, confirm that adenosine, in parallel with the activation
of ERK cascade shown above, can also stimulate JNK and
p38 MAPK pathways in HMC-1 cells.

Stimulation of ERK and p38 MAPK Cascades Is Re-
quired for Adenosine A,; Receptor-Mediated IL-8 Se-
cretion. We previously showed that stimulation of adeno-
sine A, receptors in HMC-1 cells induces secretion of IL-8
(Feoktistov and Biaggioni, 1995). Figure 6A shows that there
is a 1-h delay between stimulation with 100 uM NECA and
secretion of IL-8, the time probably needed to initiate protein
synthesis. IL-8 production increased linearly between 1 and
3 h of incubation with NECA and reached maximal levels of
33 = 0.5 pmol/ml after 4 h. In a control experiment sponta-
neous release of IL-8 reached 4 *+ 0.2 pmol/ml after 4 h of
incubation in the absence of NECA (Fig 6A). Incubation of
HMC-1 cells with increasing concentrations of NECA for
2.5 h revealed a sigmoid curve for IL-8 production with an
EC;, of 3 uM (Fig. 6B). In parallel experiments we also made
an approximate estimate of the effects of increasing concen-
trations of NECA on activation of ERK and p38 MAPK. As
seen in the inset of Fig. 6B, NECA in micromolar concentra-
tions produced a dose-dependent phosphorylation of the TXY
motif, measured as an increase in the intensity of the immu-
noreactive p44 ERK and p38 MAPK bands in corresponding
immunoblots. The relatively low potency of NECA agrees
with previous reports of A,y receptor-mediated IL-8 produc-
tion in HMC-1 cells (Feoktistov and Biaggioni, 1995).

Based on these results we chose 2.5-h incubation with 3
uM NECA in further studies to analyze the signaling path-
ways involved in adenosine-induced IL-8 production. First,

PMA R

CGS

0 1 5 15 30 min

Fig. 4. Time course of activation of p21"*® produced by 10 nM PMA, 10 uM
NECA, and 1 uM CGS 21680 (CGS) in HMC-1 cells. Effects of PMA and
NECA were determined at indicated periods of time, and effect of CGS
21680 was determined at 1 min only. Analysis of p21™* activation was
performed by Western blotting of proteins absorbed to GST-p21**-bind-
ing domain of Raf as described in Materials and Methods. These results
are representative of three similar experiments.

we evaluated a potential role of protein kinase C in NECA-
induced synthesis of IL-8. In ancillary studies we found that
a 2.5-h incubation with PMA produced a sigmoidal dose-
dependent increase in IL-8, with an EC,, of 3 nM. We pre-
incubated HMC-1 cells for 1 h in the absence or in the
presence of increasing concentrations of the cell-permeable
selective protein kinase C inhibitor Ro 32-0432. We then
stimulated cells with 3 uM NECA or with 3 nM PMA as a

-
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Fig. 5. Time course of JNK and p38 MAPK activation by NECA in
HMC-1. Cells were incubated with 10 uM NECA for indicated periods of
time. Analysis of JNK and p38 MAPK activation was performed concom-
itantly in the same samples. Proteins from cell lysates were separated on
10% SDS-PAGE. MAPKs activation was determined by immunoblotting
with antibody specific for phosphorylated JNK or for phosphorylated p38
MAPK. These results are representative of four similar experiments.
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Fig. 6. Release of IL-8 from HMC-1 cells. A, time course of IL-8 release
from the cells stimulated with 100 uM NECA (@). O, Spontaneous release
of IL-8 after 4 h of incubation in the absence of NECA. B, effect of
increasing concentrations of NECA on IL-8 release from the cells incu-
bated for 2.5 h. Values are presented as mean = SEM of four experi-
ments. Inset, effect of increasing concentrations of NECA on activation of
p38 MAPK and p44 ERK. MAPK activation was evaluated by increase in
intensity of phospho-specific immnoreactive bands in corresponding
Western blots, using SigmaScan/Image software (Jandel Scientific, San
Rafael, CA). Results represent an average of two experiments.



positive control. As shown in Fig. 7, 1 uM Ro 32-0432 com-
pletely blocked PMA-induced production of IL-8, whereas the
NECA-dependent IL-8 production was decreased by 48 *= 7%.
These data suggest that, although protein kinase C activa-
tion may contribute to IL-8 production, it is not an absolute
requirement for NECA-dependent stimulation.

We then used two different protein tyrosine kinase inhib-
itors to investigate whether signaling pathways connecting
adenosine receptors and IL-8 secretion involve tyrosine phos-
phorylation. Genistein is a competitive inhibitor of ATP bind-
ing at the catalytic domain of various tyrosine kinases. Her-
bimycin A produces irreversible inactivation of tyrosine
kinases, possibly by binding to reactive sulfhydryl groups.
Both inhibitors blocked IL-8 secretion induced by 3 uM
NECA (Fig. 8, A and B and Table 1). The potencies of
genistein (IC;,, 33 uM) and herbimycin A (ICj,, 0.23 uM) are
in good agreement with their reported potencies as inhibitors
of tyrosine kinases (White and Lee, 1993).

It was demonstrated recently that stimulation of phospha-
tidylinositol 3-kinase is critical for secretion of preformed
granule-associated mediators in mast cells, but is not re-
quired for IL-6 production to occur (Marquardt et al., 1996).
In agreement with this observation, wortmannin, a selective
inhibitor of phosphatidylinositol 3-kinase, did not block IL-8
secretion in HMC-1 cells induced by 3 uM NECA (Fig. 8C).
We then used PD 098059, a highly selective inhibitor of
MEK, to evaluate the role of ERK activation in adenosine-

100
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3' 50-
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-8
Log [Ro 32-0432]

Fig. 7. Effect of selective protein kinase C inhibitor Ro 32—-0432 on IL-8
release stimulated by 3 uM NECA or by 3 nM PMA for 2.5 h. Values are
presented as mean + SEM of three experiments.
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induced IL-8 production. As seen in Fig. 8D, PD 098059
blocked the NECA-induced IL-8 production with an IC,, of 3
uM (Table 1), which is in good agreement with its reported
potency as inhibitor of MEK (Dudley et al., 1995; Pang et al.,
1995). To investigate the role of p38 MAPK, we used two
highly selective inhibitors, SB 202190 and SB 203580. Both
inhibitors blocked IL-8 secretion induced by 3 uM NECA
(Fig. 8, E and F and Table 1). The potencies of SB 202190
(IC5p, 0.3 uM) and SB 203580 (IC5,, 0.3 wM) are in good
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Fig. 8. Effect of tyrosine kinase inhibitors genistein (A) and herbimycin
A (B), phosphatidylinositol 3-kinase inhibitor wortmannin (C), selective
MEK inhibitor PD 098058 (D), and selective p38 MAPK inhibitors SB
202190 (E) and SB 203580 (F) on A, adenosine receptor-dependent IL-8
release from HMC-1 cells. HMC-1 cells were incubated with 3 uM NECA
for 2.5 h in the absence or presence of increasing concentrations of these
inhibitors. Values are presented as mean = SEM of three or four exper-
iments.

Comparison between reported potency and selectivity of inhibitors of various kinases and their potency in inhibiting A,z-mediated IL-8 production

To determine IC5, for inhibition of A,g adenosine receptor-mediated IL-8 production, HMC-1 cells were incubated in the absence or presence of increasing concentrations
of inhibitors and in the presence of 3 uM NECA for 2.5 h. Values are presented as mean * SEM of three to four experiments.

ICy for IL-8

Inhibitor Production Reported IC5, Reference
M pM and selectivity

Genistein 33 +24 30 White and Lee, 1993
Nonselective tyrosine kinase inhibitor

Herbimycin A 0.23 = 0.18 0.87 White and Lee, 1993
Nonselective tyrosine kinase inhibitor

PD 098059 3+1 2-10 Dudley et al., 1995; Pang et al., 1995
Selective MEK 1 inhibitor

Wortmannin No inhibition 0.005 Arcaro and Wymann, 1993
Selective PI 3-kinase inhibitor

SB 203580 0.3 *+0.2 0.6 Cuenda et al., 1995
Selective p38 MAPK inhibitor

SB 202190 0.3 +0.1 0.4 Li et al., 1996

Selective p38 MAPK inhibitor
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agreement with their reported potencies as inhibitors of p38
MAPK (Cuenda et al., 1995; Li et al., 1996). Taken together,
these results demonstrate that both the p38 MAPK and ERK
cascades play a key role in mediating the adenosine-induced
IL-8 production in HMC-1 cells.

Discussion

Four distinct subtypes of adenosine receptors, specifically
A, A,n, Ay, and A, have been pharmacologically charac-
terized and cloned. The classification of adenosine receptors
was originally based on their ability to modulate intracellu-
lar levels of cAMP. A, adenosine receptors stimulate adenyl-
ate cyclase through coupling with G, protein, whereas A; and
A, adenosine receptors are coupled to adenylate cyclase via
inhibitory GTP-binding proteins of the G,/ family. Although
activation of adenylate cyclase is arguably an important sig-
naling mechanism for A,, receptors, this is not necessarily
the case for A,y receptors, because other intracellular path-
ways have been found to be functionally coupled to A,g
receptors in addition to adenylate cyclase. We previously
showed that the human mast cell line HMC-1 expresses
functional A,, and A, receptors, whereas no evidence was
found for A; or A5 adenosine receptors (Feoktistov and Biag-
gioni, 1995, 1998). Both A, subtypes of adenosine receptors
activate adenylate cyclase via G, protein. However, only A,
receptor was found to couple also to phospholipase C via a
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¢ b/ \4 Raf
cAMP 1P, DAG el
| Il b '
PKA Ca?t PKC MEK1/MEK2
'
JNK p38 MAPK ERK1/ERK2
| ,
v 'Y
Nucleus

Initiation of IL-8 production

Fig. 9. Schematic representation of intracellular pathways coupled to
adenosine receptors in HMC-1. We previously demonstrated that HMC-1
cells express functional A,, (A, AR) and A, (A,zAR) receptors. Both
subtypes activate adenylate cyclase (AC) via G, protein. Activation of this
pathway results in accumulation of cAMP and stimulation of protein
kinase A (PKA). However, only A, receptors are coupled also to phos-
pholipase C (PLC) via a GTP binding protein of the G, family. Activation
of this pathway results in an increase in diacylglycerol (DAG) and IP,.
Diacylglicerol stimulates PKC. Inositol trisphosphate activates mobiliza-
tion of calcium from intracellular stores. Stimulation of A,y receptors
eventually leads to production of IL-8 (Feoktistov and Biaggioni, 1995). In
this study we present evidence that stimulation of A, receptors activates
the small GTP-binding protein p217°. This event triggers ERK signaling
pathway with sequential stimulation of Raf, MEK1/2, and ERK1/2 pro-
tein kinase activities. The exact mechanism of coupling of A, receptors
with ERK pathway remains to be determined. This may include combi-
nation of activation of p21"** via G,a (Watanabe et al., 1995; Eguchi et al.,
1996) and stimulation of Raf via PKC (Hawes et al., 1995) (indicated by
a question mark). We also demonstrate the couphng of adenosine recep-
tors to JNK and p38 MAPK signaling pathways, but the upstream events
have not been explored. Blockade of ERK pathway with the selective
MEK inhibitor PD 098058 or p38 MAPK pathway with the selective p38
MAPK inhibitors SB 202190 and SB 203580 revealed that these MAPK
pathways are essential for adenosine A, receptor-mediated production
of IL-8.

GTP-binding protein of the G, family (Fig. 9). A similar
coupling of adenosine A,y receptors to phospholipase C has
been also found in mouse bone marrow-derived mast cells
(Marquardt et al., 1994) and in the canine BR mast cell line
(Auchampach et al., 1997).

We previously demonstrated that stimulation of adenosine
receptors with the nonselective A,,/A,5 agonist NECA but
not the selective A,, agonist CGS 21680 induced production
of IL-8 from HMC-1 cells (Feoktistov and Biaggioni, 1995).
These data indicate that A,y receptors stimulate intracellu-
lar pathways eventually leading to transcription and synthe-
sis of IL-8. We hypothesized that among possible candidates
for these pathways were MAPK cascades serving as informa-
tion relays connecting cell-surface receptors to nuclear tran-
scription factors. In favor of this hypothesis it was reported
recently that p38 MAPK but not ERK pathway is involved in
tumor necrosis factor-a and N-formylmethionine leucyl-phe-
nylalanine-stimulated induction of IL-8 in neutrophils (Zu et
al., 1998).

The novel finding reported here is that A, receptors are
coupled to the ERK pathway (Fig. 9). This is based on the
observation that the nonselective A, /A, agonist NECA but
not the selective A,, agonist CGS 21680 stimulates p217°
and activates ERK. The current pharmacological character-
ization of A,y receptors relies on the lack of effectiveness of
compounds that are potent and selective agonists of other
receptor types (Feoktistov and Biaggioni, 1997). In HMC-1
cells, where only A,, and A, receptors are present (Feok-
tistov and Biaggioni, 1995), the lack of effect of the selective
A, agonist CGS 21680 on ERK activity indicates an A,p-
mediated mechanism. We also examined whether the second
messengers, known to be generated upon activation of A,y
receptors, would be responsible for activation of ERK signal-
ing pathway by NECA. Stimulation of both A,z and A,y
receptors in HMC-1 cells results in increase of cAMP. How-
ever, the increase of cAMP produced by forskolin failed to
mimic the effect of NECA on ERK activity. In addition to
stimulation of adenylate cyclase in HMC-1 cells, A, recep-
tors also activate phospholipase C, resulting in mobilization
of intracellular calcium and generation of diacylglycerol, a
natural activator of protein kinase C (Feoktistov and Biag-
gioni, 1995). It has been previously reported that thapsigar-
gin and A23187 can stimulate ERK activity in epidermal
cells and fibroblasts, but this effect was not observed within
the first minute and was obvious only after a 4- to 5-min
delay (Chao et al., 1992). Because stimulation of ERK by
NECA reached its maximum within 1 min, we focused on the
early effects of thapsigargin and A23187 on intracellular
calcium and ERK activation in HMC-1 cells in our study.
Stimulation of calcium mobilization with thapsigargin or
generation of calcium influx with calcium ionophore A23187
followed closely the kinetics of the NECA-dependent calcium
increase within the first minute, but they failed to mimic the
activation of ERK by NECA. In contrast, stimulation of pro-
tein kinase C with PMA produced a strong activation of ERK
within the first minute, comparable with the effects of
NECA. The mechanism of stimulation of ERK pathway by
protein kinase C remains unclear, and may include a p2172*-
dependent (Marais et al., 1998), or p21"®*-independent stim-
ulation of Raf (Hawes et al., 1995). We compared the kinetics
of p21™° stimulation with PMA and NECA to determine
whether stimulation of protein kinase C would mimic the



effect of A,y receptor activation. Our results indicate that
PMA does not stimulate p21"° within the first minute, at a
time when NECA produced maximal stimulation. On the
contrary, formation of the active GTP-p21"™° complexes
reached a peak by 15 min after incubation with PMA, at a
time when the stimulation produced by NECA was on a
decline. Taken together, our data provide the first evidence
that A, receptors can stimulate p21"*-ERK signaling path-
way in HMC-1 cells. The increase in levels of cAMP, intra-
cellular calcium, and protein kinase C activation cannot
alone explain the stimulation of p21"S-ERK pathway pro-
duced by NECA. The events upstream of p21™° activation
remain to be delineated. Direct stimulation of p21*** by G«
subunits is possible, as shown for angiotensin II and prosta-
glandin F,_ receptors (Watanabe et al., 1995; Eguchi et al.,
1996).

Our study has also documented that stimulation of aden-
osine receptors in HMC-1 cells activates JNK and p38 MAPK
cascades. This has not been previously shown for A, adeno-
sine receptors. Interestingly, the time course was different
for activation of these two pathways. NECA-induced activa-
tion of p38 MAPK reached its maximum within the first
minute, whereas maximal activation of JNK occurred only
within 10 to 15 min. The delineation of events that couple
adenosine receptors with stimulation of both pathways re-
quires further investigation.

Another novel observation was that simulation of both
ERK and p38 MAPK pathways is essential for the A, recep-
tor-regulated IL-8 production in human mast cells, because
inhibition of either MEK, the enzyme that activates ERK, or
p38 MAPK completely blocked this process. In contrast, in-
hibition of phosphatidylinositol 3-kinase did not affect the
IL-8 production in HMC-1 cells, which is in agreement with
previous observations made in mouse bone marrow mast
cells (Marquardt et al., 1996). In this study we found that
inhibition of protein kinase C with Ro 32—0432 completely
blocked PMA-stimulated IL-8 production, but only partially
blunted the response to NECA. These results suggest that
stimulation of protein kinase C can contribute to IL-8 pro-
duction, but this pathway alone cannot explain A, receptor-
dependent IL-8 production.

In summary, we provide the first evidence of coupling of A,
adenosine receptors to JNK and p38 MAPK signaling path-
ways, and of A, receptors to p2172°- ERK activation. At least
two of these MAPK pathways, namely ERK and p38 MAPK are
essential for adenosine A,y receptor-mediated production of
IL-8 in the human mast cell line HMC-1. Adenosine uniquely
activates mast cells in asthmatics, but not in normal persons,
and the processes that explain this differential effects are un-
known. The relevance of MAPKSs to this phenomenon and to the
pathogenesis of asthma remains to be elucidated.

Acknowledgments

We thank Dr. M. Freissmuth (University of Vienna, Austria) and
Dr. A. Wittinghoffer (Max-Planck Institute, Dortmund, Germany)
for sharing pGEX 2T RBD plasmid and for advice regarding its use.

References

Arcaro A and Wymann MP (1993) Wortmannin is a potent phosphatidylinositol
3-kinase inhibitor: The role of phosphatidylinositol 3,4,5-trisphosphate in neutro-
phil responses. Biochem J 296:297-301.

Auchampach JA, Jin X, Wan TC, Caughey GH and Linden J (1997) Canine mast cell
adenosine receptors: Cloning and expression of the A 3 receptors and evidence that
degranulation is mediated by the Ayg receptor. Mol Pharmacol 52:846—860.

MEK and p38 MAPK in Adenosine-Induced IL-8 Production

733

Burack WR and Sturgill TW (1997) The activating dual phosphorylation of MAPK by
MEK is nonprocessive. Biochemistry 36:5929-5933.

Chao TS, Byron KL, Lee KM, Villereal M and Rosner MR (1992) Activation of MAP
kinases by calcium-dependent and calcium-independent pathways. Stimulation by
thapsigargin and epidermal growth factor. J Biol Chem 267:19876—-19883.

Church MK and Holgate ST (1986) Adenosine and asthma. Trends Pharmacol Sci
7:49-50.

Church MK and Hughes PJ (1985) Adenosine potentiates immunological histamine
release from rat mast cells by a novel cyclic AMP-independent cell-surface action.
Br J Pharmacol 85:3-5.

Cristalli G, Vittori S, Thompson RD, Padgett WL, Shi D, Daly JW and Olsson RA
(1994) Inhibition of platelet aggregation by adenosine receptor agonists. Naunyn-
Schmiedeberg’s Arch Pharmacol 349:644—650.

Cronstein BN, Levin RI, Philips M, Hirschhorn R, Abramson SB and Weissmann G
(1992) Neutrophil adherence to endothelium is enhanced via adenosine A; recep-
tors and inhibited via adenosine A, receptors. J Immunol 92:2201-2206.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher, TF, Young PR and Lee
JC (1995) SB 203580 is a specific inhibitor of a MAP kinase homologue which is
stimulated by cellular stresses and interleukin-1. FEBS Lett 364:229-233.

Cushley MJ and Holgate ST (1985) Adenosine-induced bronchoconstriction in asth-
ma: Role of mast cell-mediator release. J Allergy Clin Immunol 75:272-278.

de Rooij J and Bos JL (1997) Minimal Ras-binding domain of Rafl can be used as an
activation-specific probe for Ras. Oncogene 14:623—625.

Dudley DT, Pang L, Decker SJ, Bridges AJ and Saltiel AR (1995) A synthetic
inhibitor of the mitogen-activated protein kinase cascade. Proc Natl Acad Sci
92:7686-7689.

Eguchi S, Matsumoto T, Motley ED, Utsunomiya H and Inagami T (1996) Identifi-
cation of an essential signaling cascade for mitogen-activated protein kinase
activation by angiotensin II in cultured rat vascular smooth muscle cells. Possible
requirement of G, -mediated p21™* activation coupled to a Ca®"/calmodulin-
sensitive tyrosine kinase. J Biol Chem 271:14169-14175.

Feoktistov I and Biaggioni I (1995) Adenosine Ay, receptors evoke interleukin-8
secretion in human mast cells. An enprofylline-sensitive mechanism with impli-
cations for asthma. J Clin Invest 96:1979-1986.

Feoktistov I and Biaggioni I (1997) Adenosine Ay receptors. Pharmacol Rev 49:381—
402.

Feoktistov I and Biaggioni I (1998) Pharmacological characterization of adenosine
Ay receptors: Studies in human mast cells co-expressing A,y an Ayp adenosine
receptor subtypes. Biochem Pharmacol 55:627—633.

Feoktistov I, Polosa R, Holgate ST and Biaggioni I (1998) Adenosine A,g recep-
tors—a novel therapeutic target in asthma? Trends Pharmacol Sci 19:148-153
Grynkiewicz G, Poenie M and Tsien RY (1985) A new generation of Ca?" indicators

with greatly improved fluorescence properties. J Biol Chem 260:3440-3450.

Hawes BE, van Biesen T, Koch WJ, Luttrell LM and Lefkowitz RJ (1995) Distinct
pathways of G;- and G -mediated mitogen-activated protein kinase activation.
J Biol Chem 270:17148-17153.

Herrmann C, Martin GA and Wittinghofer A (1995) Quantitative analysis of the
complex between p21™° and the Ras-binding domain of the human Raf-1 protein
kinase. J Biol Chem 270:2901-2905.

Hirano D, Aoki Y, Ogasawara H, Kodama H, Waga I, Sakanaka C, Shimizu T and
Nakamura M (1996) Functional coupling of adenosine A,, receptor to inhibition of
the mitogen-activated protein kinase cascade in Chinese hamster ovary cells.
Biochem J 316:81-86.

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature 227:680—685.

Li Z, Jiang Y, Ulevitch RJ and Han J (1996) The primary structure of p38 gamma:
A new member of p38 group of MAP kinases. Biochem Biophys Res Commun
228:334-340.

Marais R, Light Y, Mason C, Paterson H, Olson MF and Marshall CJ (1998)
Requirement of Ras-GTP-Raf complexes for activation of Raf-1 by protein kinase
C. Science 280:109-112.

Marquardt DL, Alongi JL and Walker LL (1996) The phosphatidylinositol 3-kinase
inhibitor wortmannin blocks mast cell exocytosis but not IL-6 production. J Im-
munol 156:1942-1945.

Marquardt DL, Parker CW and Sullivan TJ (1978) Potentiation of mast cell mediator
release by adenosine. J Immunol 120:871-878.

Marquardt DL, Walker LL and Heinemann S (1994) Cloning of two adenosine
receptor subtypes from mouse bone marrow-derived mast cells. J Immunol 152:
4508-4515.

Moriguchi T, Gotoh Y and Nishida E (1996) Roles of the MAP kinase cascade in
vertebrates. Adv Pharmacol 36:121-137.

Nesbitt SA and Horton MA (1992) A nonradioactive biochemical characterization of
membrane proteins using enhanced chemilumescence. Anal Biochem 206:267—
272.

Pang L, Sawada T, Decker SJ and Saltiel AR (1995) Inhibition of MAP kinase kinase
blocks the differentiation of PC-12 cells induced by nerve growth factor. o/ Biol
Chem 270:13585-13588.

Peachell PT, MacGlashan DWJ, Lichtenstein LM and Schleimer RP (1988) Regula-
tion of human basophil and lung mast cell function by cyclic adenosine monophos-
phate. J Immunol 140:571-579.

Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J, Ulevitch RJ and Davis RJ
(1995) Pro-inflammatory cytokines and environmental stress cause p38 mitogen-
activated protein kinase activation by dual phosphorylation on tyrosine and thre-
onine. J Biol Chem 270:7420-7426.

Ramkumar V, Stiles GL, Beaven MA and Ali H (1993) The A; adenosine receptor is
the unique adenosine receptor which facilitates release of allergic mediators in
mast cells. J Biol Chem 268:16887-16890.

Selvan RS, Butterfield JH and Krangel MS (1994) Expression of multiple chemokine
genes by a human mast cell leukemia. J Biol Chem 269:13893—-13898.

Sexl V, Mancusi G, Holler C, Gloria-Maercker E, Schutz and Freissmuth M (1997)



734

Feoktistov et al.

Stimulation of the mitogen-activated protein kinase via the A,,-adenosine recep-
tor in primary human endothelial cells. J Biol Chem 272:5792-5799.

Suzuki H, Takei M, Nakahata T and Fukamachi H (1998) Inhibitory effect of
adenosine on degranulation of human cultured mast cells upon cross-linking of Fe¢
epsilon RI. Biochem Biophys Res Commun 242:697-702.

Walker BA, Jacobson MA, Knight DA, Salvatore CA, Weir T, Zhou D and Bai TR
(1997) Adenosine Ag receptor expression and function in eosinophils. Am J Resp
Cell Mol Biol 16:531-537.

Watanabe T, Waga I, Honda Z, Kurokawa K and Shimizu T (1995) Prostaglandin F2
alpha stimulates formation of p21"**-GTP complex and mitogen-activated protein
kinase in NIH-3T3 cells via G,-protein-coupled pathway. J Biol Chem 270:8984—
8990.

White JR and Lee JC (1993) Effect of protein kinase inhibitors on IL-8/NAP-1 release
from human umbilical vein endothelial cells. Agents Actions 39:C73-C76.

Zu YL, Qi J, Gilchrist A, Fernandez GA, Vazquez-Abad D, Kreutzer DL, Huang C K
and Sha’afi RI (1998) p38 mitogen-activated protein kinase activation is required
for human neutrophil function triggered by TNF-alpha or FMLP stimulation.
J Immunol 160:1982-1989.

Send reprint requests to: Igor Feoktistov, Ph.D., Departments of Pharma-
cology and Medicine, Room 315 MRB II, Vanderbilt University, Nashville, TN
37232-6300. E-mail: Igor.Feoktistov@mcmail.vanderbilt.edu




