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The present study was undertaken to determine the identities and the kinase activity of the 42 and 44 kDa proteins. Moreover,
characteristics of proteins with molecular masses between 40 and using immunoprecipitated p42 and p44 MAPK isoforms in this
44 kDa whose tyrosine phosphorylation increases in human gel assay revealed activity associated with the p42 and p44
neutrophils following stimulation of these cells with tumour MAPK isoforms. Using the same in situ assay, TNF-a induces an
necrosis factor az (TNF-a) and granulocyte-macrophage colony- increase in kinase activity of a 40-42 kDa protein. However, the
stimulating factor (GM-CSF). Immunoblotting results dem- 40 kDa protein whose phosphorylation on tyrosine residues
onstrate that addition of GM-CSF to human neutrophils increased in human neutrophils following stimulation with TNF-
increases the tyrosine phosphorylation of two proteins with a is not a member of the known MAPK family, demonstrating
molecular masses of 42 and 44 kDa. However, the addition of the divergences in pathways utilized by GM-CSF and TNF-a.
TNF-a to neutrophils induces a time- and dose-dependent This 40 kDa protein may be related to the recently identified
increase in tyrosine phosphorylation of a 40 kDa protein. protein that becomes phosphorylated on tyrosine residues upon
Immunoprecipitation using specific mitogen-activated protein stimulation of the human epidermal carcinoma cell line KB by
kinase (MAPK) isoform antibodies and an axntibody which interleukin-1. In these cells the p40 protein is part of a protein
recognizes phosphotyrosine-containing proteins demonstrated kinase cascade which results in the phosphorylation of the small
that the 42 and 44 kDa proteins are isoforms of MAPKs. heat shock protein, hsp27.
Utilizing an in situ gel kinase activity assay, GM-CSF increases

INTRODUCTION pathways initiated by many types of cell-surface receptors. These
enzymes, which are serine/threonine kinases, become activated

Granulocyte-macrophage colony-stimulating factor (GM-CSF) by phosphorylation on both a tyrosine and a threonine residue [5].
and tumour necrosis factor a (TNF-a) are cytokines which can MAPKs that have been purified and analysed in depth include
effect the growth and maturation of various cells, including the p42mak, p44crkl and p54 isoforms. Recently, two other
myeloid cells, which differentiate into neutrophils [1]. In addition, MAPKs have been identified using anti-MAPK peptide anti-
certain functions of mature neutrophils such as adherence, bodies as probes: p46erk4 and p4ohera. These proteins appear to be
superoxide (02-) release and phagocytosis are recognized to be highly conserved during eukaryotic evolution and are particularly
rapidly activated or potentiated by GM-CSF and TNF-a [1]. The known for their possible roles in cell-cycle progression [6]. Their
mechanisms, however, by which these cytokines activate or role, however, in terminally differentiated cells, such as the
prime mature neutrophils remain to be fully defined [2,3]. The neutrophil, remains to be elucidated. The consensus recognition
intracellular transmission of cytokine signals is believed to be sequence for phosphorylation by the MAPKs, PX(Ser or Thr)P
mediated by sequentially activated protein kinases integrated [7], potentially exists in many proteins and many of these are
into a complex network. Phosphorylation and dephosphorylation nuclear proteins [7,8]. Substrates that have been shown to be
of proteins is an important regulatory mechanism utilized by phosphorylated by MAPK include p90r8k, c-Raf-1, c-Myc, c-Jun,
growth factors to mediate their actions. Although most protein c-Fos, the epidermal growth factor receptor and cytosolic
phosphorylation occurs on serine and threonine residues, tyrosine phospholipase A2 [9].
phosphorylation has also been shown to play a crucial role in the Recent studies have investigated the involvement of tyrosine
control of cellular function. Protein kinase cascades emanating kinases and MAPKs in the signal-transduction pathways of
from cytokine receptors have recently been shown to involve GM-CSF in various cell lines and in neutrophils [1,10- 1 5]. GM-
activation of mitogen-activated protein kinase (MAPK) kinase CSF has been shown to stimulate the rapid tyrosine
which then activates MAPK [4]. phosphorylation of at least six unique and distinct proteins in
MAPKs, or extracellular signal-regulated protein kinases neutrophils [10,14,15]. Recently, GM-CSF has been demon-

(ERKs) as they are occasionally called, comprise a family of strated to induce tyrosine phosphorylation and activation of
enzymes that are important intermediates in signal-transduction MAPK or p42 MAPK in neutrophils [16-18]. The tyrosine

Abbreviations used: MAPK, mitogen-activated protein kinase; GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF-a, tumour necrosis
factor-a; ECL, enhanced chemiluminescence; MBP, myelin basic protein; PVDF, poly(vinylidene difluoride); PMSF, phenylmethanesulphonyl fluoride;
HBSS, Hanks' balanced salt solution; a-PY, anti-phosphotyrosine antibody; a-p42 MAPK, anti-p42 MAPK antibody; a-p44 MAPK, anti-p44 MAPK
antibody; a-cdc2, anti-cdc2 antibody.
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phosphorylation of other MAPKs in GM-CSF stimulation of
human neutrophils remains largely unexplored.
TNF-a stimulation ofmany different types of cells leads to the

activation of multiple signal-transduction pathways and to the
induction of various cellular genes [19]. Protein kinases probably
involved in TNF-a signal-transduction pathways include both
protein kinase C and protein kinase A [20,21]. However, while
TNF-a has been shown to induce activation and/or increased
tyrosine phosphorylation of MAPKs in various human and
.murine- cell lines [22-25], the involvement of tyrosine
phosphorylation and activation ofMAPKs in TNF-a stimulation
ofneutrophils remains to be defined. Although some investigators
have demonstrated increased tyrosine phosphorylation of a 42-
kDa protein following stimulation of human neutrophils with
TNF-a [1], other investigators maintain that TNF-a-induced
tyrosine phosphorylation is dependent upon adhesion of neutro-
phils to extracellular proteins [26].
The present studies were undertaken to address the following

questions. First, does the addition of TNF-a to human neutro-
phils increase the tyrosine phosphorylation and/or activity of
any of the MAPK isoforms? Secondly, does the addition of
GM-CSF to human neutrophils increase the tyrosine phos-
phorylation and/or activities of other isoforms of MAPKs in
addition to the p42 isoform? In addition, if these cytokines do
increase the tyrosine phosphorylation and activities of MAPK
isoforms, do the responses of the various isoforms differ from
each other with respect to time course and dose response?

MATERIALS AND METHODS

Materials
GM-CSF and TNF-a were purchased from R&D Systems,
Minneapolis, MN, U.S.A. The following antibodies were all
obtained from Upstate Biotechnology Incorporated (UBI), Lake
Placid, NY: anti-phosphotyrosine (a-PY), a monoclonal anti-
body derived from hybridoma 4G10; anti-MAPK R3 (a-p44
MAPK), a polyclonal antibody specific for the 44 kDa MAPK;
anti-MAPK erk 2 (a-p42 MAPK), a monoclonal antibody
specific for the 42 kDa MAPK; anti-cdc2 (a-cdc2), a polyclonal
antibody which recognizes the p4QheraMAPK isoform. Poly(vinyl-
idine difluoride) (PVDF) protein transfer membrane, Immobilon-
P, was from Millipore Corp., Bedford, MA, U.S.A.; electro-
phoresis reagents and molecular-mass markers were from Bio-
Rad Laboratories, Melville, NY, U.S.A.; enhanced chemilumi-
nescence (ECL) Western blotting reagents and [y-32P]ATP
(3000 Ci/mmol) were purchased from Amersham, Arlington
Heights, IL, U.S.A. All other reagents were from Sigma, St.
Louis, MO, U.S.A.

Isolation of human neutrophils
Neutrophils were isolated from normal human donors utilizing a

Ficoll/Hypaque gradient according to the method of English
and Andersen [27]. Cells were resuspended in modified Hanks'
balanced salt solution (HBSS) containing 0.1 % (w/v) BSA and
10 mM Hepes, pH 7.35.

Immunoblotting
Immunoblotting was performed as described previously [17].
Briefly, cells (1 x 107/ml) were stimulated with either buffer
(HBSS), GM-CSF or TNF-a at 37 °C and the reaction was

stopped by rapid centrifugation (5 s using a tabletop Eppendorf
3200 centrifuge). Pellets were resuspended in 40 ul of ice-cold
HBSS containing 2 mM sodium orthovanadate, 10 #tM sodium

pyrophosphate, 1 mM phenylmethanesulphonyl fluoride
(PMSF), I mM EGTA, 10 mM NaF, 10 ,ug/ml leupeptin and
10lug/ml aprotinin; mixed 1:1 with Laemmli sample buffer
(8 % SDS, 10% 2-mercaptoethanol, 10% glycerol, 66 mM
Tris/HCl, pH 6.8, 0.05 % Bromophenol Blue), heated at 100 °C
for 10 min and loaded on to either 8 % or 12% SDS/
polyacrylamide gel. After electrophoresis, proteins were electro-
phoretically transferred from the gel to PVDF membranes in
transfer buffer (20 mM Tris base, 150 mM glycine, 20 % meth-
anol, pH 8.9) at 4 mA/cm2 for 3 h at 4 'C. Residual binding sites
on the membrane were blocked by incubating the membrane in
Tris-buffered saline/Tween (20 mM Tris base, 137 mM NaCl,
pH 7.6, 0.1 % Tween 20) containing 5 % (w/v) BSA for either
1 h at room temperature or overnight at 4 'C. Blots were washed
in Tris-buffered saline containing 0.1 % Tween 20 (TBS-T) and
then incubated with the appropriate antibody. Incubation time
was 2 h at room temperature for the a-PY antibody and the a-
p44 MAPK antibody and 1 h at room temperature for the a-p42
MAPK antibody. Blots were again washed with TBS-T and then
incubated with the appropriate secondary antibody [either horse-
radish peroxidase-conjugated anti-(mouse IgG) or anti-(rabbit
IgG)] for 20 min at room temperature. The ECL method was
utilized for detection. Where appropriate, blots were stripped of
the primary antibody-secondary antibody complex by incubation
in stripping buffer (100 mM 2-mercaptoethanol, 2% SDS,
62.5 mM Tris/HCl, pH 6.7) for 30 min at 50 'C and reprobed
with a different antibody according to the procedure above.

Immunoprecipitation
Immunoprecipitation was carried out according to the method of
Campos-Gonzalez and Glenney [28] with slight modifications.
Briefly, neutrophils (5 x 107/ml) were treated with buffer (HBSS),
GM-CSF, or TNF-a. Reactions were terminated by rapid
centrifugation; 100l, of boiling 1% SDS was added to the
pellets and samples were immediately boiled for 15 min. Aliquots
(400 ,gl) of ice-cold water and (500 ,ul) of double-strength lysis
buffer (20 mM Tris/HCl, 300 mM NaCl, 2.0% Triton X-100,
1.0% Nonidet P-40, 2 mM EDTA, 2mM EGTA, 2 mM PMSF,
4 mM sodium orthovanadate, 20 ,ug/ml leupeptin, 20 ,ug/ml
aprotinin) were then added to the samples. After centrifugation
at 15000 g for O min, supernatants were transferred to tubes
containing anti-(mouse IgG) or anti-(rabbit IgG) agarose beads
to which the appropriate antibody had been conjugated. Briefly,
conjugation consisted of the following procedure: anti-(mouse
IgG) or anti-(rabbit IgG) agarose beads were rinsed with 1 x
lysis buffer and then incubated with 500 4u1 of 1 x lysis buffer
containing 10 mg/ml BSA and either a-PY, a-p42 MAPK, or a-
p44 MAPK. Following overnight incubation at 4 °C, beads were
washed with 1 x lysis buffer and resuspended in 100 #1l of 1 x
lysis buffer. Lysate-bead-antibody complexes were incubated
for 2 h at 4 °C for a-p42 MAPK antibody or 4 h at 4 °C for a-
PY antibody or a-p44 MAPK antibody. After incubation,
complexes were centrifuged at 15000 g for 5 min and the super-
nantants were removed. The immune complexes were then
washed with buffer (25 mM Tris/HCl, 150 mM NaCl, 2 mM
EDTA, pH 7.4), dissociated by addition of 50 1l of Laemmli
sample buffer, boiled for 5-10 min, and loaded on to an 8%
SDS/polyacrylamide gel. Proteins were transferred and analysed
by immunoblotting as described above.

Kinase assay
Kinase activity was determined as previously described [29] with
minor modifications. Briefly, neutrophils were treated with buffer
(HBSS), GM-CSF, or TNF-a; reactions were terminated by
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rapid centrifugation. Cell pellets were lysed in lysis buffer (50 mM
Hepes, 150 mM NaCl, 100% glycerol, 1OmM EDTA, 1 mM
MgCl2, 2 mM sodium orthovanadate, 10 mM sodium pyro-
phosphate, 1 mM PMSF, 10 mM NaF, 10 /ug/ml aprotinin,
10 ,ug/ml leupeptin, 1 % Nonidet P-40) and equivalent amounts
of lysate were electrophoresed utilizing 8 % SDS/PAGE con-
taining 0.5 mg/ml myelin basic protein (MBP). After electro-
phoresis, the gel was washed for 1 h at room temperature with
three changes of Buffer 1 (50 mM Tris, pH 8.0, 20% isopro-
panol). The gel was then treated for 1 h with Buffer 2 (50 mM
Tris, pH 8.0, 6 M guanidine hydrochloride, 5 mM 2-mercapto-
ethanol). Following this step, the gel was incubated in Buffer 3
(50 mM Tris, pH 8.0, 0.04% Tween 40, 5 mM 2-mercapto-
ethanol) for 16 h at 4 °C changing the buffer several times. The
gel was then incubated with kinase buffer (40 mM Hepes, 2 mM
DTT, 0.1 mM EGTA, 5 mM magnesium acetate, pH 8.0) for
30 min at room temperature and subsequently incubated in
kinase buffer containing 20 ,uM ATP and 50 ,uCi [y-32P]ATP for
1 h at room temperature. The gel was washed for approximately
2-3 h with 5 % trichloroacetic acid containing 1% sodium
pyrophosphate, dried, and then autoradiographed at -70 °C
using Kodak X-ray film and an intensifying screen.

RESULTS
Tyrosine phosphorylation of proteins with molecular masses
between 40 and 44 kDa in human neutrophils stimulated with
GM-CSF and TNF-ex
Human neutrophils were stimulated with GM-CSF and TNF-a
at 37 °C and tyrosine phosphorylated proteins were evaluated by
immunoblotting with UBI a-PY. As shown in Figure 1(a), GM-
CSF induced a time-dependent increase in tyrosine
phosphorylation of two proteins with molecular masses of
approximately 42 kDa and 44 kDa. Phosphorylation was evident
as early as 2 min after stimulation with GM-CSF.
Phosphorylation of both bands peaked at approx. 5 min and
subsequently decreased to a sustained level which lasted for
approx. 45 min. GM-CSF also induced a dose-dependent increase
in tyrosine phosphorylation of two proteins with molecular
masses of approx. 42 kDa and 44 kDa (results not shown). TNF-
ac also induced a time- and dose-dependent increase in tyrosine
phosphorylation (Figures lb and ic), but of only one significant
and consistant band of approx. 40 kDa. Phosphorylation was
detected at concentrations as low as 2 ng/ml and within 2 min of
stimulation with TNF-a. Phosphorylation peaked at approx.
5 min and decreased rapidly by 30 min. A comparison of the 40-
kDa band tyrosine phosphorylated by TNF-cx with the 42 and
44 kDa bands tyrosine phosphorylated by GM-CSF suggests
that the band phosphorylated by TNF-a does not co-migrate
with either the 42 or 44 kDa bands phosphorylated by GM-CSF.
This is demonstrated in Figure 1(d). Utilizing 12% SDS/PAGE,
three tyrosine phosphorylated bands of approximate molecular
mass 40-44 kDa are induced by GM-CSF stimulation of neutro-
phils (lane 1), but only one tyrosine phosphorylated band in this
molecular-mass range is induced by TNF-a (lane 3; arrowheads
indicate bands). Stripping and reprobing of this immunoblot
with the specific MAPK isoform antibodies demonstrated that
the upper two tyrosine phosphorylated bands induced by GM-
CSF co-migrate with the upper bands of the p42 and p44
MAPKs respectively, while the TNF-a-induced tyrosine
phosphorylated band did not co-migrate with either of these
MAPK isoforms. These results also demonstrate that GM-CSF
induces the tyrosine phosphorylation of a 40-kDa band in
human neutrophils.
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Figure 1 GM-CSF- and TNF-a-induced tyrosine phosphorylation In human
neutrophils

(a) Neutrophils were stimulated with 500 pM GM-CSF for the indicated times. (b) Neutrophils
were stimulated with 200 ng/ml TNF-a for the indicated times. (c) Neutrophils were stimulated
with the indicated concentrations of TNF-a for 5 min. (d) Neutrophils were treated with 500 pM
GM-CSF (lane 1), HBSS buffer (lane 2), or 20 ng of TNF-ac (lane 3) for 5 min. In Figures (a,
b and c) 8% SDS/PAGE was utilized, whereas in (d) 12% SDS/PAGE was used. Following
SDS/PAGE, proteins were transferred to a Millipore membrane and immunoblotted with UBI a-
PY (a monoclonal antibody directed against phosphotyrosine proteins). Detection was determined
by the Amersham ECL system. Molecular-mass standards are given in kDa. Arrowheads indicate
the positions of the respective 40, 42, and 44 kDa bands. Results are representative of
experiments.

Characterization of the tyrosine phosphorylated proteins
In order to characterize these proteins further, immunoblots
were stripped and reprobed with antibodies specific for the p42
MAPK and the p44 MAPK. As shown in Figures 2(a) and 2(b),
GM-CSF induced time-dependent formation of p42 MAPK
doublet and p44MAPK doublet, respectively. Doublet formation
of both the p42 and p44 MAPK isoforms was also dose-
dependent (results not shown). The upper bands of both the p42
and p44 MAPKs were most prominent at 5 min following
stimulation with GM-CSF and were sustained for at least 45 min.
This pattern correlates with that observed for tyrosine
phosphorylation and the upper bands of both the p42 and p44
proteins appear to co-migrate with the tyrosine phosphorylated
bands. The appearance of the upper band is characteristic for
MAPK activation and is thought to be associated with its
enhanced phosphorylation [30].
MAPK doublet formation was also investigated in TNF-a-

stimulated neutrophils by stripping immunoblots and reprobing
with the antibodies specific for the p42 and p44 MAPKs. As
shown in Figure 2(c), TNF-a seems to induce a time-dependent
formation of the p42 MAPK doublet. The upper band of the p42
MAPK is evident by 5 min, peaks at 10 min and returns to a
decreased level which is maintained for approx. 45 min following

41
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Figure 2 GM-CSF- and TNF-a-induced MAPK doublet formation in human
neutrophils

(a, b) Neutrophils were stimulated with 500 pM GM-CSF for the indicated times. Proteins were
transferred as described and the membrane was probed first with UBI a-p42 MAPK, a
monoclonal antibody specific for the 42 kDa MAPK isoform (a). The blot was then stripped and
reprobed with UBI cc-p44 MAPK, a polyclonal antibody specific for the 44 kDa MAPK (b). (c)
Neutrophils were stimulated with 200 ng/ml TNF-ct for the indicated times. Following transfer
of proteins, the blot was probed with the -p42 MAPK antibody. (d) Neutrophils were stimulated
with the indicated concentrations of TNF-a for 5 min. Proteins were transferred and the blot
was probed with the cc-p42 MAPK antibody. Molecular-mass standards are given in kDa.
Results are representative of experiments.

TNF-a treatment. As shown in Figure 2(d), p42 MAPK doublet
formation appears to be dose-dependent with a concentration of
2.0 ng/ml TNF-a sufficient to induce doublet formation. TNF-
a does not induce doublet formation of p44 MAPK (results not
shown), suggesting that TNF-a does not induce phosphorylation
or activation of this MAPK isoform. However, a comparison of
the 40 kDa band tyrosine phosphorylated by TNF-a with the
p42 MAPK doublet induced by TNF-a reveals that the tyrosine
phosphorylated band does not co-migrate with the upper p42
band as with GM-CSF-stimulated neutrophils, suggesting that
the tyrosine phosphorylated band induced by TNF-a may not be
the p42 MAPK.

Identity of the tyrosine phosphorylated proteins Induced by GM-
CSF and TNF-a stimulation of human neutrophils
To determine the identity of the tyrosine phosphorylated proteins
induced by GM-CSF and TNF-a, immunoprecipitation was

performed. The antibody used to immunoprecipitate the p42
MAPK isoform was UBI anti-MAPK erk 2 (a-p42 MAPK), a

monoclonal antibody specific for the 42 kDa MAPK. Neutro-
phils were treated with buffer (HBSS), 500 pM GM-CSF, or

200 ng/ml TNF-a for 5 min. Reactions were terminated by rapid
centrifugation and p42 MAPK was immunoprecipitated utilizing
a denaturing protocol as described in the Materials and methods
section. Following SDS/PAGE, proteins were transferred to
PVDF membranes and blots were probed with either a-PY or a-

3

Figure 3 Immunoprecipitation of the p42 MAPK

(a) Neutrophils were treated with HBSS buffer (lane 1), 500 pM GM-CSF (lane 2), or 200 ng/ml
TNF-oa (lane 3) for 5 min. Reactions were terminated by rapid centrifugation and p42 MAPK
was isolated with at-p42 MAPK antibody utilizing a denaturing immunoprecipitation protocol as
described in the Materials and methods section. Following SDS/PAGE, proteins were transferred
as described and immunoblotted with the a-PY antibody. A molecular-mass standard is given
in kDa. An arrowhead indicates that the p42 MAPK protein is tyrosine phosphorylated only in
neutrophils stimulated by GM-CSF (lane 2). (b) The blot was stripped and reprobed with the
a-p42 MAPK antibody. Results are representative of experiments.

p42 MAPK antibodies. As shown in Figure 3(a), the p42 MAPK
protein is tyrosine phosphorylated only in neutrophils stimulated
by GM-CSF (lane 2) and not in neutrophils stimulated by TNF-
a (lane 3). To demonstrate that the p42 MAPK was actually
immunoprecipitated, the blot was stripped and reprobed with a-
p42 MAPK antibody (Figure 3b). Note that in Figure 3(b) the
p42 MAPK doublet is induced by GM-CSF, but not by TNF-a,
stimulation. While this correlates with previous whole-cell
immunoblot studies ofGM-CSF-stimulated neutrophils, it differs
somewhat from whole-cell immunoblot studies of TNF-a-
stimulated neutrophils. Absence of the p42 MAPK doublet in
immunoprecipitates ofTNF-a-induced neutrophils was puzzling.
Repetitive experiments, however, yielded the same consistent
results. While the exact explanation is not clear at present, one

possible explanation may be antibody cross-reactivity. If the
40 kDa band is a protein closely related to the p42 MAPK, a-p42
MAPK antibody may recognize the 40 kDa band in addition to
the p42 MAPK in whole-cell immunoblots. However, while a-
p42 MAPK antibody may recognize the 40 kDa band sufficiently
in whole-cell immunoblots, it may not possess the affinity
necessary to immunoprecipitate this protein. Immunoprecipi-
tation, therefore, will result in isolating only the p42 MAPK,
which would show up as a single band.

In order to determine the identity of the 44 kDa protein whose
tyrosine phosphorylation is increased in neutrophils stimulated
with GM-CSF, immunoprecipitation with the a-p44 MAPK
antibody was done. Following protein transfer, the immunoblot
was probed with the a-PY antibody. However, blots were difficult
to interpret due to the interference of heavy and light IgG chains
as maintained by the antibody's manufacturer, UBI.
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Figure 4 Immunoprecipitation of tyrosine phosphorylated proteins

(a) Neutrophils were treated with HBSS buffer (lane 1), 500 pM GM-CSF (lane 2), or 200 ng/ml
TNF-x (lane 3) for 5 min. Reactions were terminated and tyrosine phosphorylated proteins were
isolated with a-PY antibody utilizing a denaturing immunoprecipitation as described in the
Materials and methods section. Following SDS/PAGE, proteins were transferred as described
and immunoblotted with the a-p42 MAPK antibody. A molecular-mass standard is given in kDa.
An arrowhead indicates the p42 MAPK protein is only present in immunoprecipitates from GM-
CSF-stimulated neutrophils. (b) The blot was stripped and reprobed with the a-p44 MAPK
antibody. An arrowhead indicates the p44 MAPK protein is only present in immunoprecipitates
from GM-CSF-stimulated neutrophils. Results are representative of experiments.

To substantiate further the identity of the tyrosine
phosphorylated proteins induced by GM-CSF and TNF-a,
immunoprecipitation with UBI a-PY was performed. Neutro-
phils were stimulated with buffer (HBSS), 500 pM GM-CSF, or

200 ng/ml TNF-a for 5 min. Reactions were terminated and
tyrosine phosphorylated proteins were immunoprecipitated
utilizing a denaturing protocol as described. After SDS/PAGE
and transfer of proteins to PVDF membranes, the blot was

probed with a-p42 MAPK antibody (Figure 4a). The blot was

then stripped and reprobed with a-p44 MAPK antibody (Figure
4b). As shown in Figure 4(a), p42 MAPK is immunoprecipitated
by a-PY antibody in neutrophils stimulated by GM-CSF (lane
2), but not in neutrophils stimulated by TNF-a (lane 3). Figure
4(b) demonstrates that p44 MAPK is also immunoprecipitated
by a-PY antibody in neutrophils stimulated by GM-CSF (lane
2), and not in neutrophils stimulated by TNF-a (lane 3). These
results confirm that the p42 MAPK and p44 MAPK isoforms are

both tyrosine phosphorylated in neutrophils stimulated by GM-
CSF. However, the protein(s) tyrosine phosphorylated by TNF-
a stimulation of neutrophils does not appear to be either the p42
or p44 MAPKs.
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Figure 5 GM-CSF and TNF-o induce kinase activation in human neutrophils

(a) Neutrophils were stimulated with 500 pM GM-CSF for the indicated times and (b)
neutrophils were stimulated with indicated concentrations of GM-CSF for 5 min. (c) Neutrophils
were stimulated with 200 ng/ml TNF-a for the indicated times. Reactions were terminated by
rapid centrifugation and equivalent amounts of protein were electrophoresed using 8% SDS/
PAGE containing 0.5 mg/ml MBP. The proteins were then renatured and submitted to an in-
gel kinase assay as described in the Materials and methods section. Gels were dried and
autoradiographed at -70 °C. Molecular-mass standards are indicated in kDa. Arrowhead(s)
indicate kinase activities. Results are representative of experiments.

GM-CSF and TNF-o induce kinase activation

In order to show that tyrosine phosphorylation increases MAPK
activation, an in situ gel kinase activity assay was utilized.
Neutrophils (1 x 107) were treated with buffer (HBSS), GM-CSF,
or TNF--a; following reaction termination by rapid centri-
fugation, cell pellets were lysed and equivalent amounts of lysate

were electrophoresed utilizing 8% SDS/PAGE containing
0.5 mg/ml MBP. After electrophoresis, gels were washed and
subjected to a kinase activity assay as described in the Materials
and methods section. As shown in Figures 5(a) and 5(b)
respectively, GM-CSF induces a time- and dose-dependent
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with a-cdc2 antibody, a polyclonal antibody which also
recognizes p4ohera. Cdc2 kinases and MAPKs are highly related
in their primary structure [31] and therefore antibodies directed
against one may recognize the other. Results, not shown,
demonstrated that the p4ohera MAPK is not tyrosine
phosphorylated in neutrophils stimulated with GM-CSF or TNF-
a. Therefore, the protein(s) tyrosine phosphorylated in TNF-a-
stimulated neutrophils does not appear to be this MAPK isoform.
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Figure 6 GM-CSF, but not TNF-a, Induces p42 and p44 MAPK activity In
human neutrophils

(a and b) Neutrophils were treated with HBSS buffer (lane 1), 500 pM GM-CSF (lane 2), or
200 ng/ml TNF-a (lane 3) for 5 min. The p42 MAPK (a) and the p44 MAPK (b) were isolated
by immunoprecipitation as described. Immunoprecipitates were then submitted to the in-gel
kinase assay according to the protocol described in the Materials and methods section. p42
MAPK and p44 MAPK activity are induced only in neutrophils stimulated with GM-CSF, not
in neutrophils stimulated with TNF-a. Molecular-mass standards are indicated in kDa. Results
are representative of experiments.

increase in kinase activity of two bands, of approx. 42 and
44 kDa. Kinase activity is evident by 2 min, peaks at 5 min, and
is sustained for approx. 45 min (Figure 5a). This time-dependence
characteristic ofthe kinase activity correlates with that oftyrosine
phosphorylation and MAPK doublet formation in cells stimu-
lated by GM-CSF. TNF-a also induces a time-dependent increase
in kinase activity of one significant and consistant band of
approx. 40-42 kDa, as shown in Figure 5(c). Kinase activity
peaks at 5-10 min and rapidly decreasesby 30 min, correlating
with the characteristic time course of tyrosine phosphorylation
induced in neutrophils stimulated by TNF-a.

GM-CSF, but not TNF-a, induces the activation of p42 and p44
MAPKs in human neutrophils
Since the substrate used in the in situ gel kinase activity assay,
MBP, can be utilized by kinases other than MAPKs, these results
suggest, but do not confirm, the activation of MAPKs in
neutrophils stimulated by GM-CSF and TNF-a. Therefore, cells
were treated with buffer (HBSS), GM-CSF, or TNF-a and p42
MAPK and p44 MAPK were isolated by immunoprecipitation
with the respective antibodies. Immunoprecipitates were then
subjected to the in situ gel kinase activity assay. Results (Figure
6a) demonstrate that p42 MAPK is activated only in neutrophils
stimulated by GM-CSF (lane 2) and not in neutrophils stimulated
by TNF-a (lane 3). Similarly, p44 MAPK is activated only in
neutrophils stimulated by GM-CSF (Figure 6b, lane 2) but not
in neutrophils stimulated by TNF-a (Figure 6b, lane 3).
The kinase activity of a band of approx. 40 kDa molecular

mass induced by TNF-a may be due to the activation of another
MAPK isoform. This would correlate with the observed tyrosine
phosphorylation induced by TNF-a stimulation of neutrophils.
The possibility that this isoform may be the p4Olera was investi-
gated by immunoprecipitating GM-CSF- and TNF-a-stimulated
neutrophils with the a-PY antibody and probing the immunoblot

DISCUSSION
Tyrosine phosphorylation and activation ofMAPKs are thought
to play a key role in signalling processes initiated by various
cytokines in many types of cells [32]. Although receptors for
GM-CSF and TNF-a are structurally different, these cytokines
seem to share some functional redundancy in their effects on the
neutrophil. We therefore sought to determine which of the
various MAPK isoforms are tyrosine phosphorylated and acti-
vated in human neutrophils following stimulation of these cells
with GM-CSF and TNF-a. Although GM-CSF has previously
been shown to induce tyrosine phosphorylation and activation of
the p42 MAPK in human neutrophils [17,18], phosphorylation
and activation of other MAPK isoforms has not been investi-
gated. While in some cells, both the p42 and p44 kinases are co-

activated by a variety of stimuli [33-35], it has recently been
demonstrated that only the p42 MAPK is phosphorylated and
activated in thrombin-stimulated platelets [36].
The data presented here show very clearly that GM-CSF

increases the tyrosine phosphorylation and activity of the p42
and p44 MAPK isoforms. Recently, it has been demonstrated
that certain MAPKs, such as the p44erkl and the newly discovered
p40Aera, are physically associated with certain growth factor
receptors [31,37] in various cell lines. It will be interesting to see

if this phenomenon also exists in a differentiated cell such as the
neutrophil.
The data presented in this study show clearly that neither the

p42 nor the p44 MAPK is tyrosine phosphorylated or activated
in human neutrophils stimulated with TNF-a. This is unlike the
situation in proliferating cells, in which it has been shown that
the addition ofTNF-a to fibroblasts or HL-60 cells increases the
tyrosine phosphorylation of the p42 MAPK [23,24]. This
difference in the patterns of tyrosine phosphorylation of the two
MAPK isoforms between GM-CSF and TNF-a stimulation of
human neutrophils provides evidence for distinction in tyrosine
kinase and/or phosphatase regulation of the actions of these two
cytokines. While TNF-a does not induce tyrosine
phosphorylation or activation ofp42 MAPK, it does increase the
activity of a kinase of approximate molecular mass 40-42 kDa,
as evidenced by the observed increase in the in situ
phosphorylation ofMBP (Figure 5c). The identity of this protein
or proteins is not known. It must be kept in mind that MBP is
a substrate for kinases other than MAPKs [38].
More interestingly, while TNF-a does not increase the tyrosine

phosphorylation of either of the two MAPK isoforms in human
neutrophils, it increases the tyrosine phosphorylation ofa protein
of approximate molecular mass of 40 kDa (Figures lb and lc).
This response is time- and dose-dependent. This result demon-
strates that TNF-a does induce tyrosine phosphorylation in
suspended human neutrophils as is maintained by some investi-
gators [1]. While the identity of the 40 kDa protein whose
phosphorylation is increased in human neutrophils following
stimulation by TNF-a is not known, it is not related to the newly
discovered MAPK, p40/era. This conclusion is based on the
finding that the phosphorylated protein is not recognized by the

(a)

47.8 -

33.3 -
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antibody against cdc2. This antibody has been shown to cross-
react with p4Ohera [31].
The data presented here make three distinct yet related points.

First, although GM-CSF and TNF-a both potentiate certain
functions of mature neutrophils, such as adherence, superoxide
generation, arachidonic acid release and phagocytosis, these
results demonstrate that distinctive signalling pathways are
utilized by these cytokines. Secondly, since neutrophils are non-
proliferative cells, the signal-transduction pathway that involves
p42 and p44 MAPKs cannot lead to a mitogenic signal and
instead may regulate secretory or metabolic changes during
neutrophil activation. Substrates that are phosphorylated and
activated by MAPKs include cytosolic phospholipase A2 (cPLA2)
and p9Or8k [9]. Whereas p9Orsk, a ribosomal S6 kinase, is thought
to participate in regulating gene expression [36], activation of
cPLA2 leads to the production of arachidonic acid and its
metabolites, prostaglandins and leukotrienes. Since GM-CSF
can directly augment the synthesis of leukotriene B4 and platelet-
activating factor in neutrophils [39,40], these substances them-
selves may play a role in signal transduction [2]. Recently,
arachidonic acid has also been shown to be involved in the
signal-transduction pathways utilized by TNF-a stimulation of
HL-60 cells, a promyelocytic cell line. In this system, TNF-a
stimulated a rapid release of arachidonic acid which preceded
TNF-a-stimulated sphingomyelin hydrolysis [41]. Therefore,
although distinct signalling pathways seem to be utilized in GM-
CSF and TNF-a stimulation of neutrophils, lipid molecules such
as arachidonic acid may act as central mediators involved in the
activation of the neutrophil. Thirdly, determining the identity
and the distribution of the 40 kDa protein, whose
phosphorylation on tyrosine is increased following stimulation
of human neutrophils with TNF-a, and understanding the role
of this protein in mediating TNF-a-induced action are important
in elucidating the signalling mechanism ofTNF-a. Determination
of the identity, distribution and function of this protein are the
subject of future studies.
While this paper has been under review, another member of

the MAPK family has been identified. An MAPK, p38, was
isolated from a murine cell line and demonstrated to be tyrosine
phosphorylated in response to endotoxin and hyperosmolarity
[42]. The likely human equivalent of this protein has recently
been identified in the human epidermal carcinoma cell line KB.
This protein, p40, becomes tyrosine phosphorylated and acti-
vated in response to interleukin- 1 and is part of a protein kinase
cascade which results in the phosphorylation of the small heat
shock protein, hsp 27 [43]. Tyrosine phosphorylation of p40 was
demonstrated by phosphoamino acid analysis, protein tyrosine
phosphatase treatment, and immunoblotting. The 40 kDa band
tyrosine phosphorylated in human neutrophils stimulated by
TNF-a may be related to this recently identified protein.

This work is supported by National Institutes of Health Grants HL-53786-06 and Al-
2881 0-03.
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