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Phosphatidylinositol 3-kinase (PI3-kinase) is a cytosolic en- (PMA) and phorbol 12,13-dibutyrate (PDBu) significantly
inhibited both the tyrosine phosphorylation of p85 and thezyme that plays key roles in mediating signaling through

many receptors. The heterodimeric form of PI3-kinase is activation of PI3-kinase. The inhibitory effects of phorbol
esters were not induced by their inactive analogues andmade up of a regulatory subunit, p85, and a catalytic sub-

unit, p110. Although granulocyte-macrophage colony- they were selective to the stimulation of tyrosine phos-
phorylation of p85 since phorbol esters did not alter thestimulating factor (GM-CSF) has been shown to activate

PI3-kinase, the mechanisms by which this activation is me- enhancement of the pattern of tyrosine phosphorylation
of other cellular proteins, including that of Jak2 induceddiated and regulated are incompletely understood. Here

we show that treatment of human neutrophils with GM- by GM-CSF. However, PMA significantly inhibited the in
situ tyrosine phosphorylation and the activation of lyn ob-CSF induced both time- and concentration-dependent in-

creases in the level of tyrosine phosphorylation of p85. The served in response to GM-CSF. The results suggest that
the activation of PI3-kinase by GM-CSF is mediated by theability of GM-CSF to activate PI3-kinase was abolished by

pretreating the cells with erbstatin, a tyrosine kinase inhib- tyrosine phosphorylation of p85 and that this activation is
downregulated by PKC possibly via the inhibition of lyn.itor. The simultaneous treatment of the cells with GM-CSF

and phorbol esters such as phorbol 12-myristate 13-acetate q 1997 by The American Society of Hematology.

G calcium mobilization induced by GM-CSF.11 In addition, the
stimulation of the activity of lyn18 and of fes19,20 and the

RANULOCYTE-MACROPHAGE colony-stimulating
factor (GM-CSF) is a glycoprotein of 22 kD released

by several activated cell types that promotes the growth and increased tyrosine phosphorylation of Jak219,21 have recently
been reported upon the stimulation of human neutrophils bydifferentiation of granulocyte and monocyte progenitors.1-3

The effects of GM-CSF extend to the regulation of the func- GM-CSF. The functional significance of these events re-
mains to be established.tional responsiveness of mature human neutrophils. Preincu-

bation of neutrophils with GM-CSF enhances (primes) their Another effector system that is activated by GM-CSF is
that mediated by phosphatidylinositol 3-kinase (PI3-ki-ability to respond to subsequent stimulation by a number of

stimuli, such as chemotactic factors and phagocytic parti- nase).22 PI3-kinase phosphorylates the third hydroxyl posi-
tion of the inositol ring of phosphatidylinositol (PtdIns),cles.4,5 The biologic activities known to be primed by GM-
phosphatidylinositol-4-phosphate (PtdIns4P), and phosphati-CSF include superoxide production,3,4,6 phagocytosis,5

dylinositol 4,5 bisphosphate (PtdIns4,5P2), leading to thecalcium mobilization,7 phospholipase D (PLD),8,9 and arachi-
production of PtdIns3P, PtdIns3,4P2, and PtdIns3,4,5P3, re-donic acid release and synthesis of leukotriene B4 (LTB4).10

spectively.23-25 Two families of PI3-kinase have so far beenIn addition, GM-CSF exerts a number of direct effects on
described. The best characterized is composed of a tyrosineneutrophils. These include the stimulation of tyrosine phos-
phosphorylation-dependent p85 regulatory subunit and a cat-phorylation,11 synthesis of interleukin-1 (IL-1) and IL-1-re-
alytic domain p110 subunit of which two isozymes haveceptor antagonist (IL-1-Ra),5 surface expression of adhesion
been described, p110a and p110b.26 More recently, a dis-molecules of the b2-integrin family,12 modulation of the
tinct, G-protein–activated, p85-independent isotype of p110number as well as the affinity of fMLP receptors,3,5 and
(p110g) has been biochemically characterized27 andinduction of cytosolic alkalinization.13,14 Although most of
cloned.28 PI3-kinase has been implicated in the regulation ofthese activities are well documented, the intracellular mecha-
cell proliferation,29 protein secretion,30 and membrane ruf-nisms by which they are mediated are poorly or incompletely

understood.
GM-CSF binds to a high-affinity receptor made up of two
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AL-SHAMI, BOURGOIN, AND NACCACHE1036

suspensions was directly transferred to microtubes that contained anfling31 in various cellular systems. In addition, the products
equal volume of 21 Laemmli’s sample buffer (11 is 62.5of PI3-kinase, namely, PtdIns3,4P2 and PtdIns3,4,5P3 can
mmol/L Tris-HCl, pH 6.8, 4% sodium dodecyl sulfate [SDS], 5%activate several calcium-insensitive protein kinase C (PKC)
b-mercaptoethanol, 8.5% glycerol, 2.5 mmol/L orthovanadateisotypes, including PKCe32 and PKCz.33 Although the role
[NaVO4], 10 mmol/L paranitro-phenylphosphate [NaP2O4], 10 mg/that PI3-kinase plays in GM-CSF–induced signaling path-
mL leupeptin, 10 mg/mL aprotinin, 0.025% bromophenol blue) pre-

ways is presently unknown, its involvement is likely, as heated to 1007C. Another 500-mL aliquot was added to an equal
increased PI3-kinase activity was recovered in antiphospho- amount of lysis buffer (21) as described later for the immunoprecipi-
tyrosine precipitates from GM-CSF–stimulated human neu- tation protocols.
trophils.22 However, it is unclear at present whether PI3 ki- For nondenaturing lysis, buffers containing Tris-HCl 20 mmol/L,

pH 7.4, NaCl 137 mmol/L, EDTA 5 mmol/L, EGTA 5 mmol/L,nase (or p85 in particular) is directly tyrosine phosphorylated
glycerol 10%, sodium fluoride (NaF) 50 mmol/L, NaP2O4 20 mmol/in neutrophils in response to chemotactic factors or cyto-
L, NaVO4 1 mmol/L, pepstatin 1 mmol/L, aprotinin 10 mg/mL, leu-kines.34-36

peptin 10 mg/mL, phenylmethylsulfonylfluoride (PMSF) 1 mmol/L,The present study was initiated to examine further the
and 1% NP-40 (final concentrations) were used. The lysed cells wererelationship between the PI3-kinase and the signaling path-
incubated on ice for 10 minutes before centrifugation at 12,000 rpmways activated by GM-CSF in human neutrophils. The re-
for 20 minutes. A preclearing with protein A–Sepharose for 30

sults obtained demonstrate that treatment of human neutro- minutes at 47C was performed. The lysates were carefully transferred
phils with GM-CSF induces a time-, as well as to new tubes and used for immunoprecipitation.37

concentration-dependent, increase in the level of tyrosine For lysates prepared under reducing conditions, 500 mL of the
phosphorylation of the p85 subunit of PI3-kinase. The stimu- cell suspensions was added to equal amounts of denaturing buffer

A containing 50 mmol/L Tris-HCl pH 8, 150 mmol/L NaCl, 2 mmol/lated tyrosine phosphorylation of p85 is essential for the
L EDTA, 50 mmol/L NaF, 2 mmol/L NaVO4, 20 mmol/L NaP2O4,increased activity of PI3-kinase, as both were abolished by
10 mg/mL leupeptin, 10 mg/mL aprotinin, 1 mmol/L pepstatin, 1erbstatin, a tyrosine kinase inhibitor. It was also observed
mmol/L N-ethylmaleimide (NEM), 1 mmol/L PMSF, 1% SDS, andthat the simultaneous activation of PKC by phorbol esters
0.6% b-mercaptoethanol (final concentrations) preheated to 1007Csignificantly inhibited the activation of PI3-kinase and the
and incubated for 10 minutes. The lysates were centrifuged at 12,000tyrosine phosphorylation of p85 induced by GM-CSF. PMA
rpm for 10 minutes at room temperature. The supernatants were then

was also found to inhibit the in situ phosphorylation of lyn filtered through sephadex G-10 columns to remove the denaturing
and its kinase activity without affecting the tyrosine phos- agents. To prepare the columns, 3 g of sephadex per sample was
phorylation of Jak2. suspended in 10 mL of buffer that contained 20 mmol/L Tris HCl,

pH 8.0, 5 mmol/L EDTA, 5 mmol/L EGTA, and 137 mmol/L NaCl
MATERIALS AND METHODS (final concentrations) for at least 3 hours at room temperature with

occasional shaking before use. NP-40 (1% final) and 5 mL of bovineMaterials. GM-CSF and erbstatin were generously provided by
serum albumin (BSA; 0.01%, wt/vol) were added to the eluates,the Genetics Institute (Cambridge, MA) and Dr K. Umezawa (Keio
which were subsequently used for immunoprecipitation.University, Yokohama, Japan), respectively. Phorbol 12-myristate

Immunoprecipitation of tyrosine phosphorylated proteins. Ly-13-acetate (PMA), 4aPMA, phorbol 12,13-dibutyrate (PDBu), 4aP-
sates (1 mL) obtained as described earlier were incubated either withDBu, Nonidet P-40 (NP-40), low-endotoxin dimethyl sulfoxide
10 mg of agarose-conjugated antiphosphotyrosine antibodies for 6(DMSO), and O-phospho-L-tyrosine were obtained from Sigma
hours or with 5 mg of free antibodies for 5 hours at 47C on a rotatorChemical (St Louis, MO). Sephadex G-10, protein A, Dextran T-
platform. In the latter case, this was followed by incubation with 20500, and Ficoll-Paque were purchased from Pharmacia Biotech (Dor-
mg of protein A–Sepharose for 1 hour at 47C. The beads wereval, Quebec, Canada). The monoclonal antiphosphotyrosine antibody
collected and were washed twice with modified buffer A containingUB 05-321 was purchased from UBI (Lake Placid, NY). Polyclonal
1% NP-40, but no SDS or b-mercaptoethanol, and twice with LiClanti–PI3-kinase antibodies were obtained from Santa Cruz Biotech-
buffer (LiCl 0.5 mol/L, HEPES 20 mmol/L, pH 7.4). The superna-nology (Santa Cruz, CA) and from UBI. The polyclonal anti-lyn and
tants were removed carefully, 45 mL of 21 boiling Laemmli’s bufferanti-Jak2 antibodies were obtained from Santa Cruz Biotechnology.
was added, and the samples were incubated at 1007C for 10 minutes.Src substrate was purchased from GIBCO-BRL (Burlington, On-
The specificity of the immunoprecipitation with the antiphosphotyro-tario, Canada). The enhanced chemiluminescence (ECL) Western
sine antibodies was determined by incubating the agarose-conjugatedblotting system was obtained from Amersham (Oakville, Ontario,
antiphosphotyrosine antibodies with 10 mmol/L O-phospho-L-tyro-Canada).
sine for 1 hour at 377C before their use in immunoprecipitation.Neutrophil preparation. Blood was collected from healthy adult

Lyn tyrosine kinase activity in vitro. Anti-lyn polyclonal anti-volunteers into heparinized tubes. The cells were centrifuged for 10
bodies (5 mg/1 mL of lysates) were added to nondenatured preclearedminutes at 1,000 rpm to remove platelet-rich plasma. After 2% dex-
lysates prepared as described earlier and left at 47C for 2 hours. Thetran sedimentation of erythrocytes for 30 minutes, neutrophils were
antibodies were pelleted after incubation with 20 mg of protein A–purified under sterile conditions by centrifugation on Ficoll-Paque
Sepharose for 1 hour (47C) by a 1-minute centrifugation at 12,000cushions. Contaminating erythrocytes were removed by hypotonic
rpm. The immunoprecipitates were washed once with the lysislysis and the cells were suspended in magnesium-free Hanks’ bal-
buffer, and once with LiCl 0.5 mol/L, Tris-HCl 100 mmol/L, pHanced salt solution (HBSS) that contained 1.6 mmol/L CaCl2 at a
7.4. This was followed by resuspension in 250 mL of kinase bufferfinal count of 401 106 cells/mL. The entire procedure was performed
without adenosine triphosphate (ATP) or substrate (Tris-HCl 20at room temperature.11

mmol/L, pH 7.5, MnCl2 5 mmol/L, MgCl2 5 mmol/L). The immuno-Cell stimulation and lysis. Neutrophil suspensions (1 mL of 40
precipitates were divided into two, centrifuged (12,000 rpm, 1 min-1 106 cells/mL) were either stimulated with the indicated agonists
ute), and suspended in 30 mL of kinase buffer containing 32P-ATPor treated with the same volume of the appropriate diluents for the
(10 mCi) and either the substrate or the control peptide as indicatedindicated periods of time at 377C. For the determination of the tyro-

sine phosphorylation patterns in whole cells, 100 mL of the cell by the manufacturer. The reactions were allowed to proceed for 8

AID Blood 0037 / 5h2c$$$721 12-30-96 14:17:35 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/3/1035/1410125/1035.pdf by guest on 29 M

ay 2024



REGULATION OF GM-CSF ACTIVATION OF PI3K 1037

minutes and were stopped by centrifugation. The supernatants were
transferred to new tubes, 21 mL of glacial acetic acid and 91 mL of
trichloroacetic acid were added, and the tubes were left on ice for
10 minutes. The tubes were centrifuged and the supernatants were
again transferred to clean tubes. Ten microliters of each sample was
added to individual phosphocellulose disks, which were then washed
with 1% phosphoric acid. The levels of radioactivity bound to the
phosphocellulose disks were measured by liquid scintillation count-
ing.

In vitro measurement of PI3-kinase activity. The assay was con-
ducted as previously described.34 Briefly, PI3-kinase was immuno-
precipitated by adding 4 mg of anti-p85 antibodies to 900 mL of
nondenatured precleared lysates and left at 47C for 2 hours. The
antibodies were collected following a 1-hour incubation at 47C with
protein A–Sepharose. The immunoprecipitates were washed once
with each of the following: lysis buffer (LiCl 0.5 mol/L, Tris-HCl
100 mmol/L, pH 7.4; EDTA 1 mmol/L, NaCl 100 mmol/L, Tris-
HCl 10 mmol/L, pH 7.4), and kinase buffer without ATP (Tris-
HCl 20 mmol/L, pH 7.5, MnCl2 5 mmol/L, MgCl2 5 mmol/L).
The immunoprecipitates were suspended in 50 mL of kinase buffer
containing phosphatidylinositol substrate (300 mg/mL) and 32P-ATP
(10 mCi). The reactions were allowed to proceed for 90 seconds
before being quenched with 80 mL of HCl (1N). The lipids were
extracted by the addition of 200 mL chloroform/methanol (1:1 vol/
vol ratio) and separated on thin-layer chromatography (TLC) plates

Fig 1. Time-dependent increase in the level of tyrosine phosphor-precoated with ammonium oxalate. The migration solution contained
ylation of the p85 subunit of PI3-kinase in GM-CSF–treated neutro-

2-n-propanol and acetic acid (2 mol/L) at a 2:1 ratio (vol/vol). The phils. The cells were stimulated with GM-CSF (4 nmol/L) for 1, 5, 15,
phosphorylated lipids were revealed by autoradiography. The speci- and 30 minutes at 377C. At the indicated times, the cells were lysed
ficity of PI3-kinase activity was confirmed by its inhibition in the under denaturing conditions and the immunoprecipitations were per-
presence of either wortmannin (20 nmol/L) or 2.5% NP-40. formed using agarose-conjugated antiphosphotyrosine antibodies.

The p85 subunit of PI3-kinase was revealed by blotting with specificElectrophoresis and immunoblotting. Samples were electropho-
anti-p85 antibodies. The antibodies used in lane 5 were preneutral-resed on 7.5% to 20% SDS-polyacrylamide gradient gels.
ized by 10 mmol/L O-phospho-L-tyrosine. The data are representativeElectrophoretic transfer cells (Hoeffer Scientific Instruments,
of three experiments, which yielded similar results.Pharmacia Biotech, Dorval, Québec, Canada) were used to transfer

proteins from the gels to Immobilon PVDF membranes (Millipore,
Bedford, MA). Western blotting was performed as previously de-
scribed.11 Briefly, nonspecific sites were blocked using 2% gelatin

removing the denaturing agents, as described in Materialsin TBS-Tween (25 mmol/L Tris-HCl, pH 7.8, 190 mmol/L NaCl,
and Methods, the tyrosine-phosphorylated proteins were im-0.15% Tween 20) for 1 hour at 377C. The first antibody, either
munoprecipitated with the agarose-conjugated antiphospho-monoclonal antiphosphotyrosine antibodies or polyclonal anti-lyn or
tyrosine antibodies and the amounts of p85 in the precipitatesanti-Jak2 antibodies, was then incubated with the membranes for 1

hour at 377C at a final dilution of 1/4,000 and 1/1,000 respectively, was determined by blotting with anti-p85 antibodies. A rep-
in fresh blocking solution. The membranes were washed three times resentative blot from these experiments is shown in Fig 1.
at room temperature in TBS-Tween for a total duration of 30 min- As compared with unstimulated cells (lane 1), a significant
utes, and then incubated with horseradish peroxidase-labeled sheep increase in the level of p85 in antiphosphotyrosine immuno-
antimouse or donkey antirabbit IgG (Amersham, Oakville, Ontario, precipitates was evident after 1 minute of treatment with
Canada) for 1 hour at 377C at a final dilution of 1/20,000 in fresh GM-CSF (P Å .041). The amounts of p85 in antiphosphoty-
blocking solution. The membranes were washed three times with

rosine immunoprecipitates continued to increase until theyTBS-Tween and the protein bands were revealed using the ECL
reached their maximum after 15 minutes of stimulation (laneWestern blotting detection system following the manufacturer’s di-
4). The levels of p85 in the antiphosphotyrosine immunopre-rections.
cipitates then decreased until, at 30 minutes, they stopped
being significantly (P Å .21) different from those in control

RESULTS cells (lane 6). The specificity of the immunoprecipitation was
demonstrated by the absence of p85 in immunoprecipitatesGM-CSF–induced tyrosine phosphorylation of the p85

subunit of PI3-kinase in human neutrophils. The first set performed with preneutralized antiphosphotyrosine antibod-
ies (lane 5). Similar results were obtained using the reverseof experiments was initiated to examine the ability of GM-

CSF to affect the level of tyrosine phosphorylation of the protocol, ie, immunoprecipitation with anti-p85 antibodies
and detection with antiphosphotyrosine antibodies (data notp85 subunit of PI3-kinase in human neutrophils. The cells

were incubated at 377C with GM-CSF (4 nmol/L) or an shown). The increase in the tyrosine phosphorylation of p85
was not reproducibly observed in lysates prepared in nonde-equal volume of diluent (0.01% BSA) for various times. The

reactions were stopped by adding aliquots of the cells to naturing buffer as described in Materials and Methods (data
not shown). To examine the dependence of the tyrosine phos-equal volumes of boiling lysis buffer containing SDS and

b-mercaptoethanol (lysis under reducing conditions). After phorylation of p85 on the concentration of GM-CSF, cells
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AL-SHAMI, BOURGOIN, AND NACCACHE1038

the PI3-kinase in vitro activity. While erbstatin treatment
did not affect the basal level of PI3-kinase activity, it abol-
ished the ability of GM-CSF to augment in vitro PI3-kinase
activity.

Effect of phorbol esters on p85 tyrosine phosphorylation
and PI3-kinase activity in GM-CSF–stimulated cells. The
effects of phorbol esters on the ability of GM-CSF to in-
crease the tyrosine phosphorylation of p85 in human neutro-
phils were investigated next. The phorbol esters used were
PMA and PDBu, and their inactive analog 4aPMA and 4aP-
DBu. The cells were treated with the phorbol esters (90
nmol/L) either alone or simultaneously with GM-CSF (4
nmol/L). After 15 minutes of stimulation, the cells were
lysed under denaturing conditions and immunoprecipitation
with antiphosphotyrosine antibodies, and Western blotting
for the p85 subunit of PI3-kinase was conducted as described
earlier. As shown in Fig 4, PMA did not stimulate the tyro-
sine phosphorylation of p85. However, the simultaneous
treatment of neutrophils with PMA and GM-CSF signifi-
cantly (P Å .05) inhibited the ability of the latter to increase

Fig 2. Concentration-dependent increase in the level of tyrosine
the level of tyrosine phosphorylation of p85. The inhibitoryphosphorylation of the p85 subunit of PI3-kinase in GM-CSF–treated
effects of PMA were not shared by 4aPMA, its inactiveneutrophils. The cells were stimulated with 0.04, 0.4, and 4 nmol/L

of GM-CSF for 15 minutes at 377C, lysed under denaturing conditions, analog, which had no significant effect on the increases of
and the immunoprecipitations were performed using agarose-conju- the level of p85 tyrosine phosphorylation induced by GM-
gated antiphosphotyrosine antibodies. The p85 subunit of PI3-kinase

CSF. Similar results were obtained with PDBu and 4aPDBuwas revealed by blotting with specific anti-p85 antibodies. The densi-
(data not shown). Equivalent amounts of tyrosine phosphory-ties of the bands were quantified by densitometry. Statistical signifi-

cance of the difference from control, unstimulated, cells was tested lated proteins were loaded in each lane as estimated by im-
using unpaired Student’s t-test. Mean Ô SEM of three independent munoblotting with antiphosphotyrosine antibodies.
experiments. The selectivity of the inhibitory effects of PMA was veri-

were treated with 0.04 nmol/L, 0.4 nmol/L, and 4 nmol/L
GM-CSF or an equal volume of diluent (0.01% BSA) for
15 minutes at 377C. Lysis under reducing conditions, immu-
noprecipitation and detection were conducted as described
in Materials and Methods. As summarized in Fig 2, no sig-
nificant stimulation of tyrosine phosphorylation of p85 was
detected with 0.04 nmol/L of GM-CSF. On the other hand,
significant increases in the amounts of p85 in antiphospho-
tyrosine immunoprecipitates were observed at both 0.4 and
4 nmol/L GM-CSF (P Å .038 and P Å .001 respectively).

Erbstatin, a specific tyrosine kinase inhibitor,38 was used
next to investigate the role that tyrosine kinases play in the
activation of PI3-kinase by GM-CSF in human neutrophils.
In these experiments, cells were suspended at 5 1 106/mL
and pretreated with erbstatin (10 mg/mL) or diluent for 1
hour at 377C. The viability of the cells following incubation
with erbstatin has previously been demonstrated.38 The cells
were then washed and suspended at 30 1 106/mL and stimu-
lated with GM-CSF (4 nmol/L) or diluent (BSA) for 15

Fig 3. GM-CSF–induced activation of PI3-kinase is dependent onminutes before lysis under nondenaturing conditions. Immu-
tyrosine kinase activity. Neutrophils were pretreated with erbstatinnoprecipitation was conducted using anti–PI3-kinase anti-
(10 mg/mL) or diluent (0.1% DMSO) for 1 hour at 377C. This was

bodies, and an in vitro PI3-kinase assay was performed using followed by treatment with GM-CSF or diluent (0.01% BSA) for 15
phosphatidylinositol as substrate as described in Materials minutes at 377C. Lysis was conducted under nondenaturing condi-

tions and immunoprecipitation was performed using anti-p85 poly-and Methods. The in vitro reaction was allowed to proceed
clonal antibodies. An in vitro kinase assay was conducted using phos-for 90 seconds. The lipid products were separated by TLC
phatidylinositol as substrate. Lipids were separated by TLC andand phosphorylated reaction products were revealed by auto- revealed by autoradiography and quantified by densitometry. Statis-

radiography and identified using internal standards. As tical significance was evaluated using unpaired Student’s t-test.
Mean Ô SEM of four independent experiments.shown in Fig 3, GM-CSF induced a significant increase in

AID Blood 0037 / 5h2c$$$721 12-30-96 14:17:35 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/3/1035/1410125/1035.pdf by guest on 29 M

ay 2024



REGULATION OF GM-CSF ACTIVATION OF PI3K 1039

fied by determining first whether PMA also inhibited the
tyrosine phosphorylation of other cellular proteins. Whole
cells aliquots were taken, dissolved in boiling Laemmli’s
sample buffer, and tested for the level of tyrosine phosphory-
lation by Western blot. The tyrosine phosphorylation of p85
was verified in parallel. The results of these experiments are
illustrated in Fig 5. As described earlier, GM-CSF increased
the tyrosine phosphorylation of p85 (Fig 5A). While neither
phorbol esters had any effects of their own, PMA, but not
4aPMA, significantly inhibited the phosphorylation of p85
induced by GM-CSF. The cells stimulated with GM-CSF
alone showed the characteristic pattern of tyrosine phosphor-
ylation,39 namely, increased phosphorylation of proteins at
150 to 170, 120, 80 to 90, 55, and 42 kD (Fig 5B). PMA
increased (as previously reported39) the tyrosine phosphory-
lation of a number of proteins (lane 4), yet with a different
pattern than that of GM-CSF. The simultaneous treatmentFig 4. Effects of PMA on the activation of the tyrosine phosphory-
with the two agonists caused the appearance of a mixedlation of the p85 subunit of PI3-kinase induced by GM-CSF in human

neutrophils. The cells were simultaneously treated with BSA (0.01%), pattern of tyrosine phosphorylation, with no apparent inhibi-
GM-CSF (4 nmol/L), and/or phorbol esters (90 nmol/L) for 15 minutes tory effects on the level of tyrosine phosphorylation of the
at 377C. Neutrophils were lysed under denaturing conditions and

proteins characteristically observed in GM-CSF–treatedthe immunoprecipitation was performed using agarose-conjugated
neutrophils. 4aPMA, on the other hand, did not stimulateantiphosphotyrosine antibodies. The p85 subunit was revealed by

blotting using specific anti-p85 antibodies and quantified by densi- tyrosine phosphorylation or have an effect on that induced
tometry. Statistical significance was evaluated using unpaired Stu- by GM-CSF.
dent’s t-test. Mean Ô SEM of four independent experiments. We examined next whether the inhibition by PMA of the

tyrosine phosphorylation of p85 was reflected in a similar
reduction of the ability of GM-CSF to stimulate the activity
of PI3-kinase. Cells were treated with GM-CSF and/or PMA
as earlier, and the in vitro PI3-kinase activity was monitored
as described in Materials and Methods. As shown in Fig 6,

Fig 5. Effects of phorbol esters on the tyrosine phosphorylation
of p85 and on the pattern of tyrosine phosphorylation in human Fig 6. Effects of PMA on the activation of PI3-kinase induced by

GM-CSF in human neutrophils. The cells were simultaneously treatedneutrophils. Neutrophils were simultaneously treated with BSA
(0.01%), GM-CSF (4 nmol/L), and/or phorbol esters (90 nmol/L) for 15 with BSA (0.01%), GM-CSF (4 nmol/L), and/or PMA (90 nmol/L) for

15 minutes at 377C. Lysis was conducted under nondenaturing condi-minutes at 377C. (A) Following denaturing lysis, immunoprecipitation
was performed with agarose-conjugated antiphosphotyrosine anti- tions and immunoprecipitation was performed using anti-85 poly-

clonal antibodies. An in vitro kinase assay was conducted using phos-bodies and p85 was revealed by blotting with anti-p85 antibodies. (B)
Cells were lysed in boiling sample buffer and blotting was conducted phatidylinositol as substrate. Lipids were separated by TLC, revealed

by autoradiography, and quantified by densitometry. Statistical sig-using antiphosphotyrosine antibodies. The samples in (A) and (B)
were derived from the same experiment, which was repeated four nificance was evaluated using unpaired Student’s t-test. Mean Ô

SEM of five independent experiments.times with similar results.
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Fig 7. Effect of PMA on the stimulation of the
tyrosine phosphorylation of Jak2 induced by GM-
CSF in human neutrophils . The cells were simultane-
ously treated with BSA (0.01%), GM-CSF (4 nmol/L),
and/or phorbol esters (90 nmol/L) for 15 minutes at
377C. Neutrophils were lysed under denaturing con-
ditions and the immunoprecipitation was performed
using anti-Jak2 antibodies. The level of tyrosine
phosphorylation was revealed by blotting with anti-
p85 antibodies. The data illustrated are representa-
tive of similar results obtained in four other indepen-
dent experiments. Ip, immunoprecipitation; wb,
Western blot.

GM-CSF increased the in vitro PI3-kinase activity. By itself, also demonstrate that PMA markedly inhibited the increase
in lyn kinase activity induced by GM-CSF.PMA had no effect on the lipid kinase activity recovered in

p85 immunoprecipitates. However, the simultaneous stimu-
DISCUSSIONlation of human neutrophils with PMA and GM-CSF essen-

tially abrogated the ability of the latter agonist to stimulate GM-CSF is one of the key cytokines that regulate the
in vitro PI3-kinase activity. biologic activities of hematopoietic cells, including mature

Effect of PMA on GM-CSF–induced activation of Jak2 neutrophils.1,2 GM-CSF binds to a high-affinity receptor
and lyn. The activation of Jak2 and of lyn has been linked made up of two subunits, a and b, neither of which possesses
to the mechanism of action of GM-CSF.18,19 Furthermore, enzymatic activity or associates directly with a G-protein.
increased PI3-kinase activity has been recovered in lyn im-
munoprecipitates from GM-CSF–stimulated human neutro-
phils.22 The possibility that PMA inhibited GM-CSF–in-
duced p85 tyrosine phosphorylation (and PI3-kinase activity)
by interfering with signaling between GM-CSF receptors and
the above two tyrosine kinases was therefore investigated.
Neutrophils were treated as described earlier with GM-CSF
and/or phorbol esters, and lysed under denaturing conditions.
Immunoprecipitation was conducted using anti-Jak2 or anti-
lyn antibodies and the level of tyrosine phosphorylation of
the kinases was revealed by Western blotting as shown in
Figs 7 and 8. Jak2 immunoprecipitated from unstimulated
cells or from cells treated with phorbol esters showed no
detectable tyrosine phosphorylation (Fig 7). However, in-
creased tyrosine phosphorylation of Jak2 was observed in
immunoprecipitates derived from GM-CSF–stimulated
cells. Neither PMA nor 4aPMA had any effect on the tyro-
sine phosphorylation of Jak2 stimulated by GM-CSF. The
level of in situ tyrosine phosphorylation of lyn was examined
next (Fig 8). As previously reported,37 lyn recovered from
GM-CSF–treated cells showed increased tyrosine phosphor-
ylation. While PMA had no effect on its own, it, on the
other hand, completely inhibited the increases in the levels
of tyrosine phosphorylation of lyn induced by GM-CSF.

As the tyrosine phosphorylation of src-like kinases may
be reflected in increased or decreased kinase activity,40,41 the
ability of lyn derived from GM-CSF and/or PMA-treated

Fig 8. Effect of PMA on the stimulation of the in situ tyrosinecells to phosphorylate an exogenous substrate was deter-
phosphorylation of lyn induced by GM-CSF in human neutrophils.

mined. To this effect, lyn was immunoprecipitated from cells The cells were simultaneously treated with BSA (0.0.1%), GM-CSF (4
treated with PMA and/or GM-CSF and an in vitro kinase nmol/L), and/or PMA (90 nmol/L) for 15 minutes at 377C. (Top) In

situ tyrosine phosphorylation of lyn was determined by immunoprec-assay was conducted using a specific src-peptide as described
ipitating lyn under denaturing conditions from control or stimulatedin Materials and Methods. The results presented in Fig 9
cells and blotting using antiphosphotyrosine antibodies. (Bottom)show that GM-CSF stimulated the activity of lyn, which Mean Ô SEM of five independent experiments such as presented in

resulted in increased tyrosine phosphorylation of the src- the top panel and quantified by densitometry. Statistical significance
was evaluated using unpaired Student’s t-test.derived peptide. In addition, the results of these experiments
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The first obstacle that had to be overcome was to ensure
adequate preservation and sensitive detection of tyrosine-
phosphorylated proteins in neutrophil lysates. This problem
is particularly acute in neutrophils because of their unusual
complement of proteases and phosphatases, which easily es-
cape from control once the cells are lysed. On the basis of
preliminary experiments (manuscript in preparation), all of
the experiments in which the levels of tyrosine phosphoryla-
tion were measured were conducted using lysates prepared
under denaturing conditions as described in Materials and
Methods. This allowed the consistent preservation of the
levels of tyrosine phosphorylation of various substrates, in-
cluding p85. This procedure also ensured that most, if not all,
protein-protein interactions are disrupted, thus effectively
eliminating the possibility of coimmunoprecipitations. The
results obtained showed a significant increase in the level of
tyrosine phosphorylation of the p85 subunit of PI3-kinase
upon treatment of neutrophils with GM-CSF. This increase
was time-, as well as concentration-dependent. Small
amounts of p85 were detected in the antiphosphotyrosine
immunoprecipitates prepared from unstimulated cells, indi-
cating a constitutive basal level of tyrosine phosphorylation.

Fig 9. Effect of PMA on the stimulation of the activity of lyn in- The stimulation of the tyrosine phosphorylation of p85 was
duced by GM-CSF in human neutrophils. The cells were simultane- apparently critical to the activation of PI3-kinase as erbstatin,
ously treated with BSA (0.0.1%), GM-CSF (4 nmol/L), and/or PMA

a tyrosine kinase inhibitor,38 inhibited equally the phosphory-(90 nmol/L) for 15 minutes at 377C. The cells were then lysed under
lation of p85 (data not shown) and the stimulation of thenondenaturing conditions and lyn was immunoprecipitated as de-

scribed in Materials and Methods. An in vitro kinase assay using a activity of PI3-kinase induced by GM-CSF. These results
specific synthetic substrate was conducted as detailed in Materials extend the previously observed inhibition by genistein of
and Methods. The level of the phosphorylation of the peptide was the stimulation of PI3-kinase by GM-CSF22,34 by showing amonitored by liquid scintillation counting. Statistical significance

parallel inhibition of the tyrosine phosphorylation of p85.was evaluated using unpaired Student’s t-test. Mean Ô SEM of four
independent experiments. Additionally, wortmannin and ly294002, two unrelated com-

pounds which have been previously shown to inhibit PI3-
kinase,43-45 were also found to inhibit the shape changes in-Instead, GM-CSF receptors make use of cytoplasmic tyro-
duced by GM-CSF (data not shown), thereby implicatingsine kinases. Accordingly, one of the prominent effects of
PI3-kinase in this response. It should also be noted that,GM-CSF in neutrophils is an increase in the level of tyrosine
as previously reported,36 fMLP did not induce a significantphosphorylation of a number of cellular proteins and the
increase in the level of tyrosine phosphorylation of p85 (dataactivation of several tyrosine kinases, including lyn,18 Jak2,19

not shown).and fes.19

It remains to be established whether it is the extent ofPrevious work in neutrophils has shown an increase in
phosphorylation of p85 or the specific site of phosphoryla-PI3-kinase activity upon treatment with GM-CSF.22 How-
tion that is the critical event in the activation of PI3-kinase.ever, the role of tyrosine phosphorylation in the mediation
The src family of tyrosine kinases, the activity of which isof this activation is not clear. The phosphorylation of the
regulated by a balance in phosphorylation between two tyro-p85 subunit of PI3-kinase on serine and tyrosine residues is
sine residues,40 provides a precedent for the latter possibility.thought to play key roles in regulating PI3-kinase activity.42

Previous work has suggested the involvement of lyn in theWhile serine phosphorylation seems to have an inhibitory
activation of PI3-kinase by GM-CSF.22 This conclusion waseffect, it is unclear whether p85 is itself tyrosine phosphory-
supported by the observation of an increase in the level oflated and what the role of this phosphorylation may be. The
PI3-kinase activity in lyn immunoprecipitates after stimula-evidence for the tyrosine phosphorylation of PI3-kinase is
tion of human neutrophils with GM-CSF. These interactionsbased on an increase in PI3-kinase activity in antiphospho-
may be mediated through the SH3 domain of lyn and thetyrosine immunoprecipitates after stimulation by GM-CSF.22

proline rich sequences of p85. Binding of p85 to the SH3This increase may be due to the tyrosine phosphorylation of
domains of lyn and fyn has been observed in vitro usingPI3-kinase or to an association with a tyrosine-phosphory-
GST-SH3 fusion proteins.46 Whether a direct interaction be-lated protein. Furthermore, several reports failed to show a
tween lyn and p85 takes place in situ in human neutrophils,direct tyrosine phosphorylation of p85 in neutrophils.34,35

and whether GM-CSF modulates it, remains to be directlyThis led to the conclusion that the tyrosine phosphorylation
tested.of p85 may not be essential for the activation of PI3-ki-

Interplays (‘‘cross talk’’) among signaling pathways havenase.34,36 The experiments, the results of which are described
been repeatedly observed in the last few years, and the PI3-here, were designed to directly address these issues in human

neutrophils stimulated by GM-CSF. kinase pathway is no exception. For example, specific mem-
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bers of the PKC family (PKCe and PKCz32,33) are directly by GM-CSF are both inhibited by phorbol esters. It is likely
that this represents a significant and relevant element of theactivated by the products of PI3-kinase activation. On the

other hand, direct stimulation of PKC by phorbol esters can mechanism of inhibition of the activation of PI3-kinase by
PKC activators. The potential involvement of phosphatasesresult in enhanced or diminished responses (activation of

PLC and mobilization of calcium) in various cells, including has not been examined in this investigation, and cannot
therefore be evaluated at this stage.neutrophils, depending on the concentration used and the

length of the pre-incubation period.47-50 With respect to GM- Another question that still needs to be answered concerns
the identity of the PKC involved in the downregulation ofCSF, preincubation with PMA has previously been shown

to inhibit GM-CSF binding,51 as well as the stimulation of PI3-kinase. PKC family is divided into two major subfami-
lies, the Ca2/-dependent or the conventional PKC (cPKC)tyrosine phosphorylation by this growth factor.39 These con-

siderations led us to examine the potential effects of the and the Ca2/-independent or the novel PKCs (nPKC).56 GM-
CSF does not directly stimulate a calcium mobilization7 oractivation of PKC by phorbol esters on the stimulation of

PI3-kinase by GM-CSF in human neutrophils. activate PLC.8,57 Thus, the effects of GM-CSF are more
likely to be linked to the nPKC than the cPKC family. Ac-The results obtained indicate that phorbol esters did not

stimulate the activity of PI3-kinase or increase the tyrosine cordingly PKCe, a member of the nPKC subfamily, has been
shown to be activated by GM-CSF.58 Similarly, the productsphosphorylation of p85. However, the ability of GM-CSF to

induce both effects was significantly inhibited in the pres- of PI3-kinase were reported to activate members of the same
family of PKC, including PKCe.32 Thus, while it is likelyence of phorbol esters. Similar results were obtained with

PMA and PDBu (data not shown), but not with their respec- that PKCe may play an important role in mediating the down-
regulation mechanisms, the data available to date cannottive inactive analogs. The simultaneous stimulation with the

phorbol esters and GM-CSF did not eliminate the presence confirm or deny these possibilities.
In conclusion, the data presented here indicate that theof functional GM-CSF receptors on the neutrophil membrane

following phorbol esters pretreatment.51 This is evidenced by activation of PI3-kinase by GM-CSF is mediated by the
tyrosine phosphorylation of its p85 subunit. This activationthe normal, or additive, patterns of tyrosine phosphorylation

observed upon stimulation with GM-CSF and PMA. These is subject to down regulation by presently unidentified mem-
bers of the PKC family via a mechanism that involves anlatter results also suggest that the tyrosine phosphorylation

of the p85 subunit of PI3-kinase only represents a minor inhibition of the stimulated phosphorylation of p85, and inac-
tivation of PI3-kinase, that is likely to be mediated by inter-component of the proteins in the 80- to 90-kD range that are

tyrosine-phosphorylated by GM-CSF. The lack of effect of ference with the activation of lyn.
PMA on the stimulation of the tyrosine phosphorylation of
Jak2 by GM-CSF further indicates that the cells are capable
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Activation of lyn is a common element of the stimulation of human20. Hanazono Y, Chiba S, Sasaki K, Mano H, Miyajima A, Arai

K, Yazaki Y, Hirai H: c-fps/fes protein-tyrosine kinase is implicated neutrophils by soluble and particulate agonists. Blood 86:3567, 1995
38. Naccache PH, Gilbert C, Caon AC, Gaudry M, Huang CK,in a signaling pathway triggered by granulocyte-macrophage colony-

stimulating factor and interleukin-3. EMBO J 12:1641, 1993 Bonak VA, Umezawa K, McColl SR: Selective inhibition of human
neutrophil functional responsiveness by erbstatin, an inhibitor of21. Zhao YM, Wagner F, Frank SJ, Kraft AS: The amino-terminal

portion of the JAK2 protein kinase is necessary for binding and tyrosine protein kinase. Blood 76:2098, 1990
39. Kanakura Y, Druker B, DiCarlo J, Cannistra SA, Griffin JD:phosphorylation of the granulocyte-macrophage colony-stimulating

factor receptor beta(c) chain. J Biol Chem 270:13814, 1995 Phorbol 12-myristate 13-acetate inhibits granulocyte-macrophage
colony-stimulating factor-induced protein tyrosine phosphorylation22. Corey S, Eguinoa A, Puyanatheall K, Bolen JB, Cantley L,

Mollinedo F, Jackson TR, Hawkins PT, Stephens LR: Granulocyte in a human factor-dependent hematopoietic cell line. J Biol Chem
266:490, 1991macrophage-colony stimulating factor stimulates both association

and activation of phosphoinositide 3OH-kinase and src-related tyro- 40. Bolen JB: Signal transduction by the SRC family of tyrosine
protein kinases in hemopoietic cells. Cell Growth Differ 2:409, 1991sine kinase(s) in human myeloid derived cells. EMBO J 12:2681,

1993 41. Hurley TR, Hyman R, Sefton BM: Differential effects of
expression of the CD45 tyrosine protein phosphatase on the tyrosine23. Stephens L: Molecules mediating signals. Biochem Soc Trans

23:207, 1995 phosphorylation of the lck, fyn, and c-src tyrosine protein kinases.
Mol Cell Biol 13:1651, 199324. Liscovitch M, Cantley LC: Lipid second messengers. Cell

77:329, 1994 42. Carpenter CL, Auger KR, Duckworth BC, Hou WM, Schaff-

AID Blood 0037 / 5h2c$$$721 12-30-96 14:17:35 blda WBS: Blood

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/89/3/1035/1410125/1035.pdf by guest on 29 M

ay 2024



AL-SHAMI, BOURGOIN, AND NACCACHE1044

hausen B, Cantley LC: A tightly associated serine/threonine protein signalling events implicated in leukotriene B4-induced activation of
the NADPH oxidase in eosinophils: Role of Ca2/, protein kinase Ckinase regulates phosphoinositide 3-kinase activity. Mol Cell Biol

13:1657, 1993 and phospholipases C and D. Biochem J 310:795, 1995
51. Gomez-Cambronero J, Huang CK, Yamazaki M, Wang E,43. Okada T, Sakuma L, Fukui Y, Hazeki O, Ui M: Blockage of

chemotactic peptide-induced stimulation of neutrophils by wortman- Molski TFP, Becker EL, Sháafi RI: Phorbol ester inhibits granulo-
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