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CysLT, signal transduction in differentiated U937 cells involves the
activation of the small GTP-binding protein Ras
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Abstract

We investigated the signal transduction pathway(s) of leukotriene D4 (LTD,) in the human promonocytic U937 cells, a cell line known
to constitutively express CysLT receptors. Herein, we demonstrate that LTD, specifically acts on a CysLT, receptor to dose-dependently
increase (three to five-fold over basal) RasGTP through a Gy, protein. In fact, while cytosolic Ca" ([Ca®™),) increase was only partially
sensitive to pertussis toxin (PTx), Ras activation was almost completely inhibited by the same toxin. Furthermore, the phospholipase C
(PLC) inhibitor U73122 completely inhibited both [Ca>™]; and RasGTP increase, suggesting that in these cells PLC is the point of
convergence for both PTx insensitive and sensitive pathways leading to [Ca®"]; release and Ras activation. Indeed, chelating intracellular
Ca®" strongly (>70%) prevented LTD4-induced Ras activation, indicating that this ion plays an essential role for CysLT,-induced
downstream signaling in differentiated U937 (dU937) cells. In addition, while Src did not appear to be substantially involved in CysLT-
induced signaling, genistein was able to partially inhibit LTD,-induced [Ca®"); transient (~34%) and almost completely prevented Ras
activation (>90%), suggesting a potential role for other Ca>"-dependent tyrosine kinases in LTD4-induced signaling. Finally, agonist-
induced CysLT, stimulation was followed by a specific extracellular regulated kinase (ERK) 1/2 phosphorylation, an event with a
pharmacological profile similar to that of Ras activation, partially (~40%) sensitive to Clostridium sordellii lethal toxin and totally
blocked by PTx. In conclusion, LTDy4-induced CysLT; receptor activation in dU937 cells leads to Ras activation and ERK phosphorylation

mostly through a PTx-sensitive Gy, protein, PLC, and Ca”*-dependent tyrosine kinase(s).

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Cysteine-containing leukotrienes (cys-LTs) are pivotal
inflammatory mediators formed through the 5-lipoxygen-
ase pathway of arachidonic acid in a number of inflam-
matory cells including eosinophils, basophils, monocytes,
and macrophages. It is now widely recognized that cys-LTs
might play an important role in a number of inflammatory

Abbreviations: cys-LTs, cysteine-containing leukotrienes; PTx, pertus-
sis toxin; GPCR, G protein-coupled receptors; LTD,, leukotriene Dy;
[Ca2+]i, cytosolic Ca%* concentration; dU937, differentiated U937; PLC,
phospholipase C; MAPK, mitogen-activated protein kinase; RBD, Ras
binding domain; Fluo3/AM, Fluo3 acetoxymethyl ester; PTK, protein
tyrosine kinase; ERK, extracellular regulated kinase; IP3, inositol 1,4,5-
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diseases, such as asthma, participating both to the early
bronchoconstriction but also to the late chronic inflamma-
tory component of the disease [1]. In addition, cys-LTs
have been implicated in a number of cardiovascular dis-
eases, from coronary artery disease to atherosclerosis [2,3]
or in cardiovascular complications of inflammatory pro-
cesses [4].

Until now, two receptor subtypes have been cloned,
namely CysLT; [5,6] and CysLT, [7-9], both belonging
to the seven transmembrane domains superfamily of recep-
tors, largely confirming previous pharmacological charac-
terization based on sensitivity to classical antagonists. The
distribution of each subtype has been also clarified, and in
particular, the CysLT, receptor has been localized, besides
in human lung smooth muscle cells and macrophages,
also in most peripheral blood cells, including eosinophils
and in subsets of monocytes and B lymphocytes and
CD34™" progenitor cells [10,11]. In turn, CysLT, is more
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abundant in heart, peripheral blood leukocytes and brain
[7]. Therefore, CysLT; distribution is quite consistent with
the anti-bronchoconstrictive and anti-inflammatory actions
of CysLT, receptor antagonists [1].

While in recombinant cell systems CysLT; was shown to
be preferentially coupled to G/ [5,6], soon it became clear
that heterogeneity of pathways has to be expected among
endogenous tissues and cells. Indeed, naturally expressed
CysLT, receptor has been reported to activate both pertussis
toxin (PTx)-sensitive and -insensitive G-proteins [12,13].
This by no means a surprise, as it has been recognized that
the use of recombinant systems, especially when dealing
with signal transduction pathway(s) of G protein-coupled
receptors (GPCRs) [14], might produce results whose
general validity is sometimes questionable and cannot be
easily extrapolated to endogenous cells.

It is widely recognized that the result of the interaction
between leukotriene D4 (LTD,) and its receptor is the rise
in cytosolic Ca®" concentration ([Ca?"];). However, dif-
ferences exist between cell types with respect to both the
role of Ca®>" and the mechanisms of its elevation [15].
For example, we have recently demonstrated that in dim-
ethylsulphoxyde differentiated U937 cells LTD,4-induced
[Ca®"]; elevation not only was partially PTx sensitive, but
also regulated by isoprenylated proteins, possibly the B
subunits of heterotrimeric G proteins and/or a member of
the small GTPase Ras family [16]. Indeed, it has been
suggested that LTD, is able to activate Ras in mesangial
cells, but this activation was somehow attributed to the
activation of a CysLT, receptor [17].

The aim of this work was, therefore, to elucidate the
signal transduction pathways of LTD, in dU937 cells. The
promonocytic leukemia cell U937, an immortalized cell
line known to constitutively express a high density of
CysLT, receptors upon differentiation to monocytes/
macrophages [6,18], was selected because closely related
to the inflammatory cells responsible of many cys-LT
biological actions. Indeed, monocyte/macrophages activa-
tion leads to the release of a wide spectrum of cytokines
and chemokines that have key roles in all inflammatory
diseases, such as chronic asthma or in the formation and
rupture of the atherosclerotic plaques. Herein, we demon-
strate for the first time that CysLT; activates Ras via a PTx
sensitive G protein and through the essential recruitment
of a Ca®"-dependent factor, possibly a Ca*"-dependent
kinase. Furthermore, we have also shown that this signal-
ing pathway depends on PLC activation, and that Ras
activation is able to induce ERK1/2 phosphorylation.

2. Materials and methods

2.1. Materials

Phosphate buffer saline, RPMI 1640, fetal calf serum,
bovine serum albumin, EGTA, phenylmethylsulphonyl-

fluoride, aprotinin, penicillin, streptomycin, L-glutamine,
dimethylsulphoxyde, probenecid, penicillamine, and Hepes,
were from Sigma Chem. Co. All salts for saline and Tris
solution were from Merck. U73122, PP1, PP2 and pertussis
toxin were from Calbiochem. Clostridium sordellii lethal
toxin was a generous gift from Dr. Popoff (Institut Pasteur,
Unité des Toxines Microbiennes, Paris, France). LTD, was
purchased from Cayman Chemical Co.; zafirlukast and
pranlukast were a kind gift from Merck. “TRIZOL®
Reagent” and Taq Platinum Polymerase and PCR-Buffer
are from Invitrogen-Life Technologies; the ReTRO script
Kit is from Ambion; Anti-p-ERK1/2 (threonine 202 and
tyrosine 204) monoclonal antibody are from Signaling
Technology; Rabbit polyclonal antibody against CysLT,
receptor is from Cayman. Ras activation assay kit contain-
ing a GST fusion protein corresponding to the human RBD
of Raf-1 and a pan-Ras mouse monoclonal antibody (clone
RAS10) was purchased from Upstate biotechnology.
Horseradish peroxidase-conjugated goat anti-mouse/rabbit
IgG and ECL chemiluminescent substrate were from
Amersham Pharmacia Biotech. Fluo3/AM and pluronic
F-127 were purchased from Molecular Probes. Disposable
culture flasks, petri dishes, and filters were from Corning
Glassworks.

2.2. Cell culture

U937 cells (ATCC) were routinely cultured into flasks
in RPMI 1640 medium supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin at 37 °C (5% CO,) and differen-
tiated for 96 h with 1.3% dimethylsulphoxyde.

RT-PCR of CysLT, receptor. Total human dU937 cells
RNA were extracted from cells using “TRIZOL Reagent,”
according to the manufacturer’s instructions (GIBCO
BRL—Invitrogen). After denaturation (75 °C, 3 min),
1-2 pg of total purified RNA was retro-transcribed in
the presence of MMLV-RTase (5 U/ul) under optimized
reaction conditions (RT-buffer: 50 mM Tris—HCI, pH 8.3,
75 mM KCl, 3 mM MgCl,, 5mM DTT, 2 mM dNTPs,
0.5U0/ul RNase inhibitors 42-44 °C, 1h). Specific
amino- and carboxyl-terminal primers for CysLT, receptor
(N-terminal, 5'-GGCGGATCCATGGATGAAACAGGA-
AATCTG-3' and C-terminal, 5'-CGGCTCGAGCTATA-
CTTTACATATTTCTTC-3') were selected on the basis
of the sequences previously published [5]. The PCR-
mediated amplification of cDNA was performed using
Taq Platinum Polymerase (0.03 U/ul) under optimized
conditions (PCR-Buffer: 20 mM Tris-HCI, pH 8.4,
75 mM KCI, 0.2mM dNTPs, 2 mM MgCl,, 0.2 uM
forward and reverse primers) using a Bio-Rad/I-Cycler
PCR system. A specific cDNA fragment of 1013 bp
was amplified (30 cycles: denaturation: 95 °C, 30 s;
annealing: 60 °C, 20 s; extension: 68 °C, 45 s) and visua-
lized after electrophoresis in 1% agarose gels by UV
irradiation.
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2.3. Determination of cytosolic free Ca’" levels

Determination of [Ca®"]; has been performed as pre-
viously described [16]. Briefly, dU937 cells were incubated
for 30 min at 30 °C in the dark with 2 uM Fluo3/AM. After
loading, Fluo3/AM was removed and cells were further
incubated for 30 min at 30 °C to complete the hydrolysis of
Fluo3/AM. Then, cells were centrifuged, resuspended,
diluted to the concentration of 10° cells/ml, transferred
to the spectrofluorimeter (Perkin Elmer L.S50) and fluor-
escence monitored at 37 °C (506 nm excitation, 530 nm
emission). Calibration was performed by adding 2 uM
ionomycin and 100 pM digitonin (Fp,.x) and by adding
5 mM EGTA and 60 mM Tris-base (Fp,). [Ca®'); eleva-
tion has been expressed as fold increase over basal.

2.4. Subcellular fractionation, electrophoresis, and
immunoblot analysis

dU937 cells were serum deprived overnight, treated with
appropriate stimuli and then washed with ice-cold phos-
phate buffer saline and lysed by addition of 0.5 ml “Hypo-
tonic Buffer” (5 mM Tris—HCI, pH 7.5, 1 mM MgCl,,
1 mM EGTA, 0.1 mM EDTA, with 0.0067 IU/ml aprotinin
and 0.2 mM PMSF as protease inhibitors). Cells suspen-
sions were incubated at 4 °C for 30 min, freeze/thawed and
homogenized with Teflon/glass homogenizer. Following
centrifugation at 600 x g for 10 min at 4 °C to remove
unbroken cells and the nuclear pellets, the samples were
centrifuged for 1 h at 100,000 x g at 4 °C in a Beckman
TL100 centrifuge. The pellets (particulate fraction, P), the
cytosolic supernatants (soluble fraction, S) and the total
lysates (total fraction, T), containing the same amounts of
proteins (20-30 ng/ml), were boiled for 5 min at 95 °C in
Laemmli buffer (200 mM Tris pH 6.5, 6% SDS, 15% 2-8-
mercaptoethanol, 24% glycerol, 3% bromophenol blue),
separated on SDS-polyacrylamide gel (11% for Ras, 15%
for CysLT; and ERK). After semi-dry transfer to nitro-
cellulose, membranes were incubates overnight at 4 °C in
TBS-T (20 mM Tris—HC]l, pH 7.5, 150 mM NaCl, 0.2%
Tween 20) containing 5% powdered skim milk. After three
10 min washes with TBS-T, membranes were incubated for
1 h with primary antibodies diluted in TBS-T/3% milk
(Ras: 1 pg/ml; ERK: 0.5 pg/ml; CysLT;: 2 ng/ml) and for
1 h with horseradish peroxidase-conjugated goat anti-
mouse/rabbit IgG. The blots were developed using ECL
chemiluminescent substrate.

2.5. Ras activation assay

Ras activation assay was performed following the affi-
nity precipitation protocol provided by the manufacturer
(Ras pull-down assay kit, Upstate Biotechnology), which
relies on the use of the GST fusion-protein of the human
Ras Binding Domain (RBD) of Raf-1 to specifically bind
and precipitate Ras GTP from cell lysates. Briefly, cells

were serum-starved overnight, treated with appropriate
stimuli, and then lysed as previously described (see above).
Lysates (1 mg/ml of total cell proteins in each sample)
were incubated with 10 pg of Raf-1 RBD for 45 min at
4 °C and then centrifuged for 15 sec at 14,000 x g to pellet
the agarose beads. After discarding the supernatant, agar-
ose beads were washed with 1 ml PBS and then the pellets
were resuspended in 2 x Laemmli sample buffer containing
DTT, boiled for 5 min, and finally centrifuged for 15 s at
14,000 x g. The supernatant was collected and cellular
proteins resolved by SDS-PAGE using 11% (w/v) acryla-
mide and analyzed by western blotting (see above).

2.6. Statistical analysis

Statistical comparison of two groups was performed
using and independent ¢ test; multiple groups were ana-
lyzed using one-way ANOVA followed by Dunnett post
hoc test. Data are expressed as means + S.E.M. All gels
were analyzed using NIH Image computer software. Each
experiment was performed at least three times. Where
possible triplicates have been performed.

3. Results
3.1. Characterization of CysLT; receptors

In order to confirm that dU937 cells express a receptor for
LTD,, we routinely performed RT-PCR reaction on total
RNA from U937 and dU937 cells to amplify a CysLT;

specific DNA sequence. A standard PCR reaction was run
with a set of amino- and carboxyl-terminal primers to obtain
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Fig. 1. RT-PCR and western blot of CysLT; receptor in dU937 cells.
Analysis of CysLT| receptor expression was performed on U937 and dU937
cells cultured as described in Section 2. (A) Agarose gel electrophoresis of
RT-PCR products derived from U937 and dU937 first DNA template:
CysLT, 1013-bp fragment product was obtained using specific amino- and
carboxyl-terminal primers: N-terminal, 5'-GGCGGATCCATGGATGAAA-
CAGGAAATCTG-3' and C-terminal, 5'-CGGCTCGAGCTATACTTTACA-
TATTTCTTC-3'. Amplification product of B-actin is also shown. (B)
Western immunoblotting analysis of particulate (P100) and soluble (S100)
fractions from U937 and dU937 cells performed with a rabbit polyclonal
antibody raised against CysLT, receptor. A single protein band with similar
intensity was detected in both particulate fractions with a molecular mass
close to the expected molecular weight of the CysLT, receptor (38 kDa).
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the expected product of 1013 bp (Fig. 1A). Furthermore, we
also performed western blot analysis with a polyclonal
antibody specific for CysLT; receptor to demonstrate
expression of the protein at the membrane level. Fig. 1B
shows that no signal was present in the soluble fraction,
whereas only a single immunoreactive band was detected in
the particulate fraction migrating between 35 and 49 kDa.

3.2. Effect of LTD4 on the amount of activated Ras
(RasGTP)

To demonstrate a specific activation of Ras by LTD,,
dU937 cells were treated with the agonist and then
the amount of RasGTP present in the homogenates was
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Fig. 2. Time course and concentration—response curve of LTD,-induced
Ras activation. Activated Ras (p21 RasGTP) was co-immunoprecipitated
with Raf-1 RBD from cell lysates and detected by immunoblotting
the same amount of proteins for each sample with a pan-Ras antibody. (A)
Time-course of Ras activation induced by 10 nM LTD,; (B) concentration—
response curve of Ras activation induced by 2 min stimulation with LTD,
at the indicated concentration. (Upper panel) Typical gel is shown. (Lower
panel) Values shown represent means = S.E.M. of densitometric analysis
of at least three independent experiments.

evaluated. Fig. 2 demonstrates that 10 nM LTD, was able
to rapidly (1-2 min) produce a ~five-fold increase in
RasGTP over basal condition (Fig. 2A), and that Ras
activation is dose-dependent with maximal efficacy at
10 nM (Fig. 2B). As expected, 100 ng/ml Clostridium
sordellii lethal toxin, a specific inhibitor of the small
GTPases Ras, Rap and Rac [19], was able to completely
prevent RasGTP formation (data not shown).

3.3. Pharmacological profile of LTDinduced Ras
activation

Zafirlukast and pranlukast, two selective CysLT, recep-
tor antagonists, were used to characterize the receptor
involved in LTDy-induced Ras activation. Pretreatment
for 30 min with 1 pM of each antagonist completely pre-
vented LTD,-induced response (Fig. 3).

3.4. Effect of pertussis toxin on LTDinduced [Ca’™];
elevation and Ras activation

To identify which class of G protein is involved in
Ras activation, dU937 cells were treated for 20 h with
300 ng/ml (maximal efficacious concentration, data not
shown) of PTx and then LTD4-induced [Ca®*]; elevation
was recorded. Fig. 4A shows that only half (~51%) of the
CysLT;-mediated signal was PTx-sensitive, and can thus
be ascribed to a G protein of the Gy, family, while the
remaining part has to be ascribed to a PTx-insensitive
mechanism. At variance, 1 pM N-formyl-methionyl-leu-
cyl-phenylalanine (fMLP)-induced [Ca®"); elevation was
completely abolished by PTx treatment. Furthermore, to
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Fig. 3. Pharmacological specificity of LTD4-induced Ras activation.
dU937 cells were processed as described in the legend to Fig. 2 to
evaluate Ras activation. Effect of 30 min pretreatment with 1 pM CysLT;
receptor antagonists zafirlukast and pranlukast, before 10 nM LTD,
challenge (2 min). (Upper panel) Typical gel is shown. (Lower panel)
Values shown represent means + S.E.M. of densitometric analysis of four
independent experiments. “*P < 0.01, ANOVA followed by Dunnett post
hoc test vs. control.
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Fig. 4. Effect of pertussis toxin on LTD,-induced [Ca®"]; elevation and
Ras activation. (A) dU937 cells were treated for 20 h with 300 ng/ml PTx
and then challenged with 10 nM LTD, or 1 puM N-formyl-methionyl-
leucyl-phenylalanine (fMLP). Data are presented as fold increase over
basal + S.E.M. of three independent experiments. “*P < 0.01, independent
t test. (B) Cells were treated as in panel (A), challenged with 10 nM LTD,
(2 min) and subjected to the Ras pull-down assay performed as described
in the legend to Fig. 2. (Upper panel) Typical gel is shown. (Lower panel)
Values shown represent means + S.E.M. of densitometric analysis of three
independent experiments. P < 0.01, ANOVA followed by Dunnett post
hoc test vs. control.

investigate the involvement of PTx in LTD4-induced Ras
activation the amount of RasGTP was also measured.
Fig. 4B indicates that PTx was able to inhibit almost
completely (>85%) the activation of Ras.

3.5. Effect of U73122 and BAPTA on LTD 4induced
signaling

We have previously demonstrated that most of the
[Ca®*"); transient induced by LTD, in these cells is due
to the release from intracellular stores [16]. Thus, we
wanted to verify the effect of the PLC inhibitor U73122
in preventing CysLT;-mediated downstream events in
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Fig. 5. Effect of U73122 on LTD,-induced [Caz+]i elevation and Ras
activation. (A) dU937 cells were treated for 5 min at the indicated
concentrations of the PLC inhibitor U73122 and then challenged with
10 nM LTD,. Data are presented as fold increase over basal + S.E.M. of
three independent experiments. (B) Cells were treated as in panel (A),
challenged with 10 nM LTD, (2 min) and subjected to the Ras pull-down
assay performed as described in the legend to Fig. 2. (Upper panel) Typical
gel is shown. (Lower panel) Values shown represent means + S.E.M. of
densitometric analysis of three independent experiments. **P < 0.01,
ANOVA followed by Dunnett post hoc test vs. control.

dU937 cells. It is clear from Fig. 5 that U73122 at the
maximal concentration of 5 UM was able to completely
abolish both LTD,-induced [Ca®*]; response (Fig. 5A) and
the formation of RasGTP (Fig. 5B).

Furthermore, to verify the role of Ca®" as a key second
messenger, cells were loaded with BAPTA acetoxymethyl
ester, a Ca®"/Zn*" chelator that blocks pore complex
assembly. Similarly to U73122, 10 pM BAPTA strongly
(>70%) prevented LTD4-induced Ras activation (Fig. 6).

3.6. Effect of genistein and PP2 on LTD induced
[ Ca*t J; elevation and Ras activation

Activation of Ras by GPCR is usually associated with
activation of a PTK, such as Src or a Src-like kinase, or
other cytosolic kinases such as Pyk2, a proline-rich kinase
activated by increase in [Ca®T];. Fig. 7 shows the effect of
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Fig. 6. Effect of BAPTA on LTD,-induced Ras activation. dU937 cells
were treated for 30 min with 10 pM BAPTA acetoxymethyl ester and then
challenged with 10 nM LTDy (2 min). (Upper panel) Typical gel is shown.
(Lower panel) Values shown represent means + S.E.M. of densitometric
analysis of three independent experiments. “*P < 0.01, ANOVA followed
by Dunnett post hoc test vs. control.

the broad-spectrum tyrosine kinase inhibitor genistein and
of the specific Src kinase inhibitor PP2. While genistein
was able to partially inhibit LTD,-induced [Ca®"]; tran-
sient (~34%) (Fig. 7A) and almost completely Ras activa-
tion (>90%, Fig. 7B), the specific Src kinase inhibitors PP1
(data not shown) and PP2 at a concentration of 10 uM were
only able to marginally affect [Ca®"]; signaling (Fig. 7A,
~20%), without significantly affect Ras activation
(Fig. 6B).

3.7. Extracellular regulated kinase 1/2 activation in
dU937 cells

To test the hypothesis that the MAPKs ERK1/2 might
be activated downstream of Ras, we measured the amount
of phosphorylated form of ERKI1/2. Time course and
concentration-response curve were similar to that of
LTD4-induced Ras activation (data not shown). Fig. 8A
shows a typical experiment in which 10 nM LTD, strongly
activated ERK1/2 cascade (~three-fold increase), while
pranlukast and zafirlukast were able to completely prevent
this activation. In addition, while PTx treatment (20 h with
300 ng/ml) completely inhibited ERK1/2 phosphorylation
(Fig. 8B), 100 ng/ml Clostridium sordellii lethal toxin was
able to inhibit LTD4-induced ERK1/2 activation by only
40% (Fig. 8C).

4. Discussion

Here we report that CysLT; receptor activates Ras via a
PTx-sensitive G protein and through the recruitment of a
Ca”'-dependent factor, possibly a Ca*"-dependent tyro-
sine kinase. We have obtained evidence that while this
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Fig. 7. Effect of genistein and PP2 on LTD,-induced [Ca®*]; elevation and
Ras activation. dU937 cells were treated for 30 min with 50 pM genistein
or with 10 uM PP2 and then challenged with 10 nM LTD,. (A) Data are
presented as fold increase over basal £ S.E.M. of three independent
experiments. (B) Cells were treated as in panel (A), challenged with 10 nm
LTD, (2 min) and subjected to the Ras pull-down assay performed as
described in the legend to Fig. 2. (Upper panel) Typical gel is shown.
(Lower panel) Values shown represent means + S.E.M. of densitometric
analysis of three independent experiments. “P < 0.05 and **P < 0.01,
ANOVA followed by Dunnett post hoc test vs. control.

activation is mostly PTx-sensitive, CysLT, transduction
pathways in dU937 cells involve both PTx-sensitive and -
insensitive G proteins-mediated pathways converging at
the level of PLC. We have also demonstrated that LTD,4-
induced CysLT, activation stimulates ERK1/2 phosphor-
ylation, and that MAPK activation is partially dependent
from Ras (Fig. 9).

Classical view of Ras signaling cascade involves recep-
tor tyrosine kinases as triggering elements, whereas
GPCRs usually activate or inhibit second messenger reg-
ulating enzymes and/or ion channels. However, pathways
for activation of Ras in response to GPCRs stimulation
have now been clearly established [20] and involve an
always increasing number of receptors.

We have recently reported that LTD4-induced [Ca®'];
elevation in dU937 cells is significantly inhibited by flu-
vastatin or by specific isoprenylation inhibitors, eventually
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Fig. 8. ERK1/2 phosphorylation in dU937 cells. dU937 cells were
cultured as described in Section 2. Western blot analysis was performed
with an anti-p-ERK1/2 monoclonal antibody on the particulate fraction
from dU937 cells containing the same amount of proteins. (A) ERK1/2
phosphorylation induced by 10 nM LTD, (2 min) and effect of 30 min
pretreatment with 1 pM zafirlukast and pranlukast. (B and C) Cells were
treated for 20 h with 300 ng/ml PTx (B) or 100 ng/ml Clostridium sordellii
lethal toxin (C) and then challenged with 10nM LTD,. Control is
represented by MEM additioned with 0.1% FBS. Gels were analyzed using
NIH Image computer software. Data are representative of at least two other
independent experiments.

suggesting a specific role for isoprenylated proteins, such
as GBy or a small GTP-binding protein [16]. Furthermore,
we have also demonstrated that Clostridium sordellii lethal
toxin was able to greatly inhibit LTD,-induced [Ca®'];
elevation, suggesting that a Ras family member (Ras and/
or Rap) might be involved in CysLT, signaling in these
cells [16]. Here we demonstrate that LTDy, is indeed able to
induce Ras activation, and that this activation is not only
rapid and concentration-dependent, but has the pharmaco-
logical profile of a CysLT, receptor, i.e. sensitive to the
classical antagonists pranlukast and zafirlukast.

Furthermore, at variance with [Ca®"]; modulation, Ras
activation has been found to be totally PTx-sensitive,
suggesting that in dU937 cells the major transducer for
CysLT;-induced Ras activation is a PTx-sensitive G pro-
tein of the Gy, class. Thus, CysLT, receptors seem to be
simultaneously coupled to a G/ protein classically acti-
vating PLCf to produce IP5 and Ca’" and to a Gy, protein
that seems to be involved in both Ca*" signaling (likely
through By subunits) and Ras activation (Fig. 9). It is a fact
that most GPCRs simultaneously activate multiple G pro-
teins in natural as well as in recombinant systems and,
particularly, G; linked receptors are often coupled to Gq
proteins as well [21].

Intriguingly, the PLC inhibitor U73122 completely
abolished LTDy-induced [Ca®"]; increase as well as
RasGTP accumulation, indicating that in these cells

zafirlukast pranlukast

N Cys-LT; ¥

PTx - PTx +

— genistein

” F— Lethal tox.

Fig. 9. Schematic representation of CysLT;-induced signaling pathway in
dU937 cells. See test for details.

PLC (or different isoforms of PLC) is the point of con-
vergence for both the PTx-sensitive and insensitive path-
ways leading to [Ca®"]; modulation and Ras activation
(Fig. 9). Furthermore, chelating intracellular Ca®" with
BAPTA strongly prevented the formation of RasGTP,
demonstrating that the release of intracellular Ca®" is
essential for CysLT;-induced Ras activation in these cells.
These findings confirm our previous observations demon-
strating that most of the LTD4-induced [Ca®"]; transient in
dU937 cells is due to the release from intracellular stores
induced by PLC-catalyzed IP; generation [16]. Thus, PLC
and Ca”" are essential components acting upstream of Ras
activation (Fig. 9).

A number of possible pathways may link CysLT,
receptor to Ras, some of which are PTx-sensitive and
some not [20]. The former, generally involves the activa-
tion of Ras by By [22], via the Shc-Grb2-Sos complex [23],
either directly or through the intervention of a PTK, such as
Src [24], whereas the latter involves the activation of a
Ca”"-dependent kinase such as the proline-rich kinase
Pyk2 [25]. In our system, the specific Src inhibitor PP2
was only marginally able to inhibit [Ca®"]; signaling and
substantially unable to affect Ras activation, at variance
with genistein that significantly inhibited the formation of
RasGTP. Thus, these data seem to suggest only a limited
involvement of Src in LTD, signaling, but, in turn, a
possible role for a Ca**-dependent kinase such as Pyk2,
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that is expressed in hematopoietic besides neuronal cells
[26]. Alternatively, or in cooperation with Pyk2, a Guanine
nucleotide Exchange Factor (GEF) for Ras known to be
regulated by Ca’t (such as RasGRF or RasGRP [27]),
might be involved in CysLT-induced Ras activation. This
is an issue that worth further investigation.

We did not find a role for the Goy; subunit, as LTD, was
not able to inhibit forskolin-induced adenylate cyclase
stimulation in membranes from dU937 cells (data not
shown). However, we cannot completely rule out the
possibility that a Go; subunit might be implicated in the
direct activation of Ras either alone [28], or in cooperation
with a Go, subunit [29].

At this point, it was tempting to speculate the activation
of the MAPK cascade downstream of Ras [30]. Indeed,
LTD, was able to induce ERK1/2 phosphorylation with a
pharmacological profile compatible with a CysLT; recep-
tor activation, similarly to the results obtained with Ras.
Furthermore, to confirm a link between CysLT; receptor-
Ras and MAPKs, we demonstrated that ERK1/2 activation
was, at least in part, inhibited by Clostridium sordellii
lethal toxin. This, in turn suggest that other pathways might
contribute to LTD4-induced MAPK activation in dU937
cells. These data are in partial agreement with a report
recently published showing that CysLT, receptor is indeed
able to activate MAPK cascade in intestinal epithelial cells
through a Ras-independent PKCe-dependent pathway [31].

In conclusion, we demonstrated that the involvement of
Ras downstream of LTD4-induced CysLT; receptor activa-
tion converges to PLC and Ca”" for both PTx sensitive and
insensitive pathways (Fig. 9). In addition to PLC, a Ca®"-
dependent PTK and/or a Ca®'-dependent Ras GEF are
essential components in CysLT; signaling to Ras and
MAPKSs. Indeed, the role of Ras and MAPKSs in monocytes
might be of crucial importance. The activation of the
MAPK signaling cascade, that is known to regulate protein
transcription and thus cellular proliferation or differentia-
tion, suggests new and until now unexplored actions for
these lipid mediators. Thus, the role of LTD, in both
amplifying the immediate tissue damage and expanding
the population of inflammatory cells seems deserving
further investigation. Such a positive feedback mechanism
may in part explain the clinically observed progressively
refractory bronchospasm and inflammation characteristic
of chronic asthma as well as the role of cys-LTs in the
atherosclerotic and inflammatory processes of the vascular
wall.
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