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75014 Paris, France, ¶INSERM, U773, Centre de Recherche Biomédicale Bichat Beaujon CRB3 and Université Paris,
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Phospholipase D (PLD), a major source of lipid second mes-
sengers (phosphatidic acid, diglycerides) in many cell types, is
tightly regulated by protein kinases, but only a few of them have
been identified. We show here that protein kinase B (AKT) is a
novel major signaling effector of PLD activity induced by the
formylpeptide f-Met-Leu-Phe (fMLP) in human neutrophil-like
HL-60 cells (dHL-60 cells). AKT inhibition with the selective
antagonistAKTib1/2 almost completely prevented fMLP-medi-
ated activity of PLD, its upstream effector ERK1/2, but not p38
MAPK. Immunoprecipitation studies show that phosphory-
lated AKT, ERK, and PLD2 form a complex induced by fMLP,
which can be prevented by AKTib1/2. In cell-free systems,
AKT1 stimulated PLD activity via activation of ERK. AKT1
actually phosphorylated ERK2 as a substrate (Km 1 �M). Block-
ing AKT activation with AKTib1/2 also prevented fMLP- but
not phorbol 12-myristate 13-acetate-mediatedNADPHoxidase
activation (respiratory burst, RB) of dHL-60 cells. Impaired RB
was associated with defective membrane translocation of
NADPH oxidase components p67phox and p47phox, ERK, AKT1,
AKT2, but not AKT3. Depletion of AKT1 or AKT2 with anti-
sense oligonucleotides further indicates a partial contribution
of both isoforms in fMLP-induced activation of ERK, PLD, and
RB, with a predominant role of AKT1. Thus, formylpeptides
induce sequential activation of AKT, ERK1/2, and PLD, which
represents a novel signaling pathway. A major primarily role of
this AKT signaling pathway also emerges in membrane recruit-
ment of NOX2 components p47phox, p67phox, and ERK, which
may contribute to assembly and activation of the RBmotor sys-
tem, NADPH oxidase.

Phospholipase D (PLD)2 is a major source of lipid mediators
inmany cell types and has emerged as a key regulator of various

physiological responses, such as cytoskeleton rearrangement,
endocytosis, vesicle trafficking, cellmigration, aswell patholog-
ical processes (1). PLD cleaves phosphatidylcholine to produce
free choline and a lipid second messenger, phosphatidic acid
(PA). This latter is rapidly dephosphorylated into diglycerides
(diacylglycerol, alkyl-acyl glycerol) which are potent PKC acti-
vators (2). Two distinct families of PLD, PLD1 and PLD2, have
been cloned in mammalian cells and share �50% amino acid
identity. Both PLDs are expressed ubiquitously and show a dif-
ferent intracellular distribution and are activated differently
suggesting they regulate distinct functions (2, 3). PLD1 is
located preferentially at the membrane of internal compart-
ments and is activated by protein kinase C (PKC), small G pro-
teins of the Rho and ADP-ribosylation factor families, Rac1,
whereas PLD2, located at the plasmamembrane, is not directly
activated by these regulators (2). The biochemical regulation of
PLD2 is poorly documented, although this isoform is appar-
ently tightly regulated upon activation of various types ofmem-
brane receptors.
In a previous study with retinoic acid-differentiated human

promyelocyte leukemia HL-60 cells (dHL-60 cells), we showed
that the PLD2 isoform rather than PLD1 is mainly responsible
for the PLD activity induced by the chemotactic peptide fMLP
and regulates fMLP-mediated respiratory burst (RB), i.e. a
robust production of reactive oxygen species by the NADPH
oxidase complex NOX2 (4). Reactive oxygen species produc-
tion by phagocytes is essential for killing bacteria and has been
involved in various diseases (5, 6). We further showed that the
fMLP-mediated PLD activity is mainly dependent on p44/42
MAPKs in human polymorphonuclear leukocytes, dHL-60
cells, and HEK 293 cells expressing the formylpeptide receptor
fPR (4, 7). Other chemoattractants such as the chemokines
MIP1-� or SDF1� also stimulate PLD activity via ERK1/2 acti-
vation in intact cells (8). We also showed that ERK is present in
a signaling complex with PLD2 in resting cells and stimulates
PLD2 phosphorylation and activity in cell-free systems (4).
However, the molecular mechanisms by which chemoattrac-
tant receptors stimulate ERK and PLD pathways are not
elucidated.
Protein kinase B (also called AKT), the human homologue of

the viral oncogene v-AKT, is a serine/threonine kinase of the
“AGC” superfamily, which is important in a variety of biological
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responses such as cell survival and proliferation (9). AKT pos-
sesses a pleckstrin homology domain that binds to lipids pro-
duced by phosphoinositide 3�-kinase (PI3-kinase) (10). Among
these, phosphatidylinositol 3,4,5-trisphosphate, a bioactive
lipid, exerts a critical function inmediating translocation at the
plasma membrane of a number of effectors via their pleckstrin
homology domains (11). Once recruited at the plasma mem-
branes, AKT can be activated by phosphorylation at two sites,
Thr308 by the 3-phosphoinositide-dependent protein kinase 1
PDK1(12), and Ser473 by PDK2 (13). In turn, AKT phosphory-
lates a number of proteins associated with cell survival/death
pathways (Bad, procaspase-9, Forkhead family of transcription
factors, Foxo1, CREB, I�B kinase). In human neutrophils, PI3-
kinase has been shown to mediate the PLD activity induced by
chemoattractants (14–16). Chemoattractants stimulate AKT
phosphorylation in neutrophils (4, 17, 18). However, a role of
AKT in up-regulating signaling pathways toward ERK1/2 and
PLD is not known.
In this study, we have addressed whether AKT is required for

chemoattractant-mediated ERK activation, PLD activity, and
RB parameters. To this purpose, we have combined pharmaco-
logical, biochemical, and molecular biology approaches to
manipulate AKT activation in differentiated HL-60 cells
(dHL-60 cells). With this neutrophilic model, we provide evi-
dence that AKT plays a crucial role in PLD activity and RB
stimulated by fMLP. Interestingly, the PLD activity induced by
AKT was mediated mainly through activation of ERK1/2,
which we identified here as a novel AKT1 substrate. Antisense
oligonucleotides to AKT and pharmacological inhibition of
AKT further indicate that AKT1 and AKT2 contribute to
fMLP- but not phorbol ester-mediated RB of dHL-60 cells,
although phorbol esters stimulate a potent AKT activation.
AKT signaling was primarily involved in the membrane trans-
location of the NOX2 components p47phox and p67phox and
contributed to the p47phox phosphorylation by MAPKs.

EXPERIMENTAL PROCEDURES

Materials—Cell culturemedia, FBS, and Lipofectamine were
from Invitrogen. Amplex Red was from Molecular Probes.
Antibodies used were from Cell Signaling (AKT1, AKT2,
AKT3, phospho-ERK1/2(Thr202/Tyr204), phospho-AKT1/
2(Ser473), phospho-p38MAPK(Thr180/Tyr182), phospho-MEK1/
2(Ser217/Ser221), from Santa Cruz (anti-ERK1, anti-MEK1/2,
and peroxidase-conjugated antibodies), and Roche Applied
Science (anti-HA (12CA5)). The AKT inhibitor VIII
(AKTib1/2) and constitutively activated AKT1 were from
Calbiochem. Anti-p47phox and anti-phospho-p47phox were
produced as described (19). The mouse monoclonal anti-
phospho-Ser/Thr-Pro, MPM-2 was from Millipore. Thio-
lated oligodeoxynucleotides, sense and antisense, to AKT1
and AKT2 were synthesized by Sigma, i.e. AKT1 antisense
(5�-cac gtc gct cat ggt gcc-3�), AKT2 antisense (5�-aca cct cat
tca tgg tgg-3�), and sense (5�-cat gct gtc act gca tcg-3�). SDS-
PAGE and Western blotting reagents were from Bio-Rad.
[�-32P]ATP was from PerkinElmer Life Sciences. All other
reagents were from Sigma.
Cell Culture and Transfection—HL-60 cells were grown in

RPMI 1640mediumwith 10%FBS and 100�g/ml penicillin and

streptomycin. Myeloid differentiation was induced by incubat-
ing HL-60 cells (0.5� 106/ml) with 1 �M all-trans-retinoic acid
for 5 days (4). Cells were starved overnight, washed twice, and
suspended in HBSS, pH 7.4, for signaling studies. In some
experiments, cells were differentiated with 1 �M all-trans-reti-
noic acid for 1 day and then transfected with 8 �M AKT anti-
sense oligonucleotides using Oligofectamine (4). Cells were
harvested 3 days later in HBSS, pH 7.4, for signaling and func-
tional studies.
PLD Activity and RB—PLD activity was measured using the

fluorometric Amplex Red assay for mass choline quantification
in homogenates of stimulated cells, as described (4). Briefly, 2�
106 dHL-60 cells/300�l of HBSSwere pretreatedwith cytocha-
lasin B (5 �g/ml/5min) before stimulation with fMLP or PMA,
as described in the figure legends. Stimulationwas stoppedwith
cold HBSS, and cells were sonicated at 4 °C in 200 �l of 100mM

Na2HPO4, pH 8. The amount of choline was quantified at 37 °C
using calibration curves obtained with choline chloride (4).
RB of d-HL-60 cells was monitored continuously using the

cytochrome c reduction assay (20). Aliquots of 2 � 106 cells/ml
of HBSS were stimulated under conditions used for the PLD
assay. In some experiments, cells were pretreatedwith pharma-
cological inhibitors or dimethyl sulfoxide (up to 0.2%) for 15
min before stimulation. Superoxide production is expressed as
a percentage of control values.
In Vitro PLD Activity and Phosphorylation of ERK by AKT1—

Membrane and cytosolic fractions of resting cells were pre-
pared by centrifugation of postnuclear supernatants (1000 � g,
2 min, 4 °C) over 41% sucrose cushion (120,000 � g, 50 min,
4 °C) as described (4). Membranes were washed and suspended
in homogenization buffer. For PLD activity (21), 100 �g of
membrane proteins were preincubated at 30 °C for 10 min in
100 �l of 50 mM Tris-HCl, pH 7.5, containing 10 mM MgCl2, 1
mMEGTA, 0.01%Brij 35, and 10mMcoldATP,without (buffer)
or with 50 units of recombinant AKT1 or 10 �MGTP�S. Then,
a cytosolic fraction (100 �g of proteins) was added to the reac-
tion mixture, and aliquots were collected at various times for
choline assay.
In some experiments, particulate or cytosolic fraction alone

(100 �g of proteins) was treated in the absence or presence of
AKTib1/2 or U0126 for 10 min, then with 50 units of AKT1 for
15min. Proteins were electrophoresed and blotted on nitrocel-
lulose membrane for the detection of phosphoproteins by
Western blotting.
Immunoprecipitation of AKT, ERK1/2, andHA-PLD2—Rest-

ing and stimulated HEK 293T cells expressing HA-tagged PLD2
were suspended (3 � 106 cells/0.3 ml) in buffer A (10 mM Tris-
HCl, pH 7.4, 100mMNaCl, 10% glycerol, 1%TritonX-100, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM EGTA, 1 mM EDTA, 1
mM NaF, 1 mM NaVO4, 1 mM benzamidine, 1 mM PMSF, and a
mixture of antiproteases) and sonicated at 4 °C (three pulses of
5 s) before incubation for 2 h at 4 °C with gentle agitation. Cell
lysates were centrifuged (10,000 � g, 30 min), and the superna-
tant was diluted four times in buffer B (i.e. buffer Awithout deter-
gent).Aliquotsof300�gofproteins in500�l of bufferBwereused
to immunoprecipitate AKT, HA-PLD2, or ERK1/2 with 1 �g of
antibody. After 1-h incubation at 4 °C, the immune complexes
were incubated overnight at 4 °C with 50 �l of protein G-Sepha-
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rose beads. Beadswerewashed three timeswith buffer B, and pro-
teins were heat-denatured and electrophoresed.
Electrophoresis and Western Blot Analysis—Stimulated cells

(3 � 106 cells) were lysed in 200 �l of 50 mM Tris-HCl, pH 6.8,
containing 2.5 mM orthovanadate, 2.5 mM EDTA, a mixture of
antiproteases (CompleteTM; Roche Applied Science) and 1�
Laemmli sample buffer. Proteinswere denatured (5min, 95 °C),
separated by 10% SDS-PAGE, and transferred onto nitrocellu-
lose membrane. Immunoblotting experiments were performed
under standard conditions using primary phosphoantibodies
and ECL for the detection of HRP-conjugated secondary anti-
body. The quantification of phosphorylated proteins was per-
formed with ImageJ 1.62 software (National Institutes of
Health).
In Vitro Phosphorylation of GST-ERK2 and p47phox by AKT1—

RecombinantGST-ERK2 expressed inEscherichia coli from the
pGEX plasmid (gift from Dr. M. Cobb, University of Texas) or
GST p47phox (5 �g) was subjected to phosphorylation with a
constitutively activated AKT1 in a 40 �l of 35 mM Tris-HCl
buffer, pH 7.5, containing 50 mM glycero 2-phosphate, 0.4 mM

EGTA, 10mMmagnesium acetate, and 10 unit/ml recombinant
activated AKT. The phosphorylation reaction was initiated
with 50 �M [�-32P]ATP (specific radioactivity 150–300
Ci/mmol) and carried out at 30 °C for 30 min. Aliquots of the
reactionmixture (20 �l) were subjected to 10% SDS-PAGE and
then blotted for autoradiography at �70 °C.
In Vitro Phosphorylation of p47phox and MBP by ERK2—Re-

combinant p47phox or MBP (5 �g each) was phosphorylated by
active AKT1 (Calbiochem) or ERK2 (New England Biolabs) in a
reaction mixture containing 40 mM Hepes, pH 7.5, 10 mM

MgCl2, 1 mM DTT, and 50 mM ATP (3 �Ci of [�-32P]ATP/
assay) in a total volume of 100 �l at 30 °C for 30 min. The
reaction was stopped by adding hot 2� Laemmli sample buffer.
In some assays, 10 �M U0126 was incubated with AKT1 or
ERK2 for 10 min prior starting the reaction with [�-32P]ATP.
The samples were separated on 13% polyacrylamide gels, and
separated proteins were transferred to nitrocellulose following
Towbin’s procedure. MBP and p47phox phosphorylation were
detected with a PhosphorImager and autoradiography.
Statistical Analysis—Unless otherwise stated, data represent

means � S.E. of at least three experiments. Statistically signifi-
cant differences between means were calculated using the Stu-
dent’s paired t test with a threshold of p � 0.05 designated by *.

RESULTS

Inhibition of AKT Abrogates fMLP-mediated Activation of
PLD, ERK1/2, but not p38 MAP Kinase—The contribution of
AKT signaling pathway to PLD activation was examined in
stimulated dHL-60 cells using AKTib1/2, a selective antagonist
of the AKT isoforms (22). Under optimal conditions of PLD
stimulation by fMLP (4), 0.25–1 �M AKTib1/2 induced a
concentration-dependent inhibitory effect with an IC50 of
�0.40 �M (Fig. 1A). At a concentration of 1 �M, the AKTib1/2
inhibitory effect reached �80%, suggesting a crucial role of
AKT in chemoattractant-mediated PLD activation. PLD activ-
ity can be stimulated via PKC, which is an important part of the
signaling network induced by fMLP in human neutrophils (23,
24). PKC also potently stimulates AKTphosphorylation in neu-

trophils (17). However, the contribution of AKT to the PKC-
dependent PLD activity is not known and was explored here.
Cell pretreatment with 0.5–3 �M AKTi1/2 also impaired the
PLD activity induced by PMA in a concentration-dependent
manner (IC50 value of�1�M; Fig. 1A). These results suggest an
important role of AKT in fMLP- and PMA-induced PLD
activation.
We previously showed that the PLD activity induced by

fMLP in dHL-60 cells is mainly regulated by p44/42 MAPK
(ERK1/2) (4). To determine a possible relationship between
AKT and ERK activation, the active form of these kinases was
examined byWestern blotting. Treatment of dHL-60 cells with
fMLP induced a rapid and transient phosphorylation of AKT
(Fig. 1B) peaking at approximately 1min of cell stimulation and
then returning to basal values within 5 min, as in primary
human neutrophils (20). Cell treatment with 0.5–10 �M

AKTib1/2 reduced basal phosphorylation of AKT and abro-
gated fMLP-induced AKT phosphorylation (Fig. 1, C and D).
This inhibition was almost complete with 1–2 �M AKTib1/2, a
drug concentration close to the IC50 values for the three AKT
isoforms (22). The fMLP-mediated rapid and transient AKT

FIGURE 1. PLD activity induced by fMLP or PMA in dHL-60 cells is abro-
gated by the AKT antagonist, AKTib1/2. A, PLD activity in dHL-60 cells pre-
treated without (control) or with 0.25–3 �M AKTib1/2 for 15 min before stim-
ulation with 1 �M fMLP or 0.5 �M PMA for 3 min. The stimulated production of
choline by PLD is expressed as a percentage of control values (n � 5 experi-
ments). B, time course of AKT phosphorylation induced by 1 �M fMLP in
dHL-60 cells and its densitometric quantification (*, p � 0.05). C, AKT phos-
phorylation in dHL-60 cells pretreated without (control) or with 0.5–10 �M

AKTib1/2 for 15 min before cell stimulation with 1 �M fMLP for 1 min or 0.5 �M

PMA for 3 min. A representative Western blot of phospho-AKT (Ser473) (P-AKT)
is shown in C, and the densitometric quantification (D) is expressed as per-
centage of maximal response (n � 4 experiments).
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phosphorylation correlated with the phosphorylation of
ERK1/2 (Fig. 2,A andB). However, a role of AKT in stimulating
chemoattractant-mediated ERK activation is not known.
AKTib1/2 (3 �M) was found to block the transient stimulation
of ERK (1 min) induced by fMLP (Fig. 2, A and B). Concentra-
tion-response curve studies (Fig. 2, C and D) confirmed that
ERK phosphorylation was strongly inhibited by low concentra-
tions of AKTib1/2 (IC50 of 0.5 �M). Taking advantage of the
selective inhibitory effect of AKTib1/2, we examined whether
another MAPK stimulated by fMLP, p38 MAPK (20), was reg-
ulated by AKT. In contrast to ERK, the rapid and transient
phosphorylation of p38 MAPK induced by fMLP was not
altered by AKTib1/2 (Fig. 2, E and F), suggesting that this
MAPK is activated independently of AKT.
AKT Stimulates PLD Activity, ERK, and PLD2 Phosphoryla-

tion in Cell-free Systems—PLD activity can be stimulated in
cell-free systems reconstituted with plasma membranes, cyto-
solic fractions, and ATP (21). We previously took advantage of
thismodel to show that ERK2 stimulates PLD activity in plasma
membranes of HEK293T cells (4). In this model, recombinant

AKT1 also triggered a rapid and
transient PLD activity compared
with the basal response obtained in
the absence of AKT1 but in the
presence of ATP (Fig. 3A). This PLD
activity was similar to that induced
by GPT�S used here as a positive
control (21). Interestingly, the pre-
treatment of plasma membranes
and cytosolic fractions with the spe-
cific MEK antagonist, U0126 (10
�M), strongly inhibited AKT1-in-
duced PLD activity, indicating that
it was mediated by ERK signaling
(Fig. 3B). Consistent with this possi-
bility, AKT1 strongly stimulates
ERK phosphorylation in cytosolic
fractions (�80% above basal values)
(Fig. 3C). As expected, this phos-
phorylation of ERK1/2 was pre-
vented when cytosolic fractions
were pretreated with U0126. AKT1
also increasedmoderately the phos-
phorylation state of MEK1/2 in the
cytosolic fraction (�40% above
basal values), and this MEK phos-
phorylation was also prevented by
U0126 (Fig. 3C), suggesting that a
role of MEK1/2 in AKT1-induced
activation of ERK. This U0126
inhibitory effect was not due to a
nonspecific inhibition of AKT1.
This is supported by the observation
that pretreatment of particulate
fractions withU0126 before incuba-
tion with AKT1 did not alter the
phosphorylation of various proteins
(molecular mass ranging from 36 to

250 kDa) induced by AKT1 and revealed with a specific phos-
pho-AKT substrate antibody (Fig. 3D). In agreement with this
result, treatment of recombinant AKT1 with 10 �M U0126 has
no effect on the phosphorylation of GST-p47phox (Fig. 3E). By
contrast, we found that U0126 inhibits ERK2 activity. This is
supported by the observation that the phosphorylation of MBP
by recombinant ERK2 in vitrowas inhibited by pretreatment of
ERK2with 10�MU0126 (�40% of control values, p� 0.05, Fig.
3F). This property of U0126 was unexpected because U0126 is
known to target MEK1/2 specifically.
ERK2 Is a Substrate of AKT—The observation that AKT1

more potently stimulated the phosphorylation of ERK com-
pared with MEK (Fig. 3C) raises the possibility that AKT could
phosphorylate ERK directly. To clarify this point, 0.125–1.5�M

recombinant GST-ERK2 was treated with [�32-P]ATP in the
absence (control) or presence of AKT1. This treatment stimu-
lated the phosphorylation ofGST-ERK2 (Fig. 4A). In this exper-
iment, GST alone (1.5 �M) was not phosphorylated by AKT1
(data not shown), in agreement with previous report (25). The
basal phosphorylation of GST-ERK2 measured in the absence

FIGURE 2. AKT mediates fMLP-induced activation of ERK but not p38 MAPK in dHL-60 cells. A and B, time
course of ERK phosphorylation induced by 1 �M fMLP in dHL-60 cells that were pretreated without (control) or
with 3 �M AKTib1/2 for 15 min. C–F, concentration-dependent effects of 0.5–10 �M AKTib1/2 on the phosphor-
ylation of ERK1/2 (C and D) and p38 MAPK (E and F) induced by fMLP (1 �M, 1 min) in dHL-60 cells. Represen-
tative Western blots are shown in A, C, and E, and densitometric quantification is expressed as a percentage of
the respective control in B, D, and F (n � 4 experiments).

AKT Signaling via ERK/PLD/NOX2 in Neutrophilic HL-60 Cells

32058 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 42 • OCTOBER 15, 2010



of AKT1 (ERK autophosphorylation) was low. The estimated
amount of phosphorylation due to AKT (total minus basal ERK
phosphorylation) was dependent on the concentration of ERK2
(Fig. 4B). The apparent Km value of AKT1 for ERK2, calculated
from a Lineweaver-Burk representation of the data (not
shown), was low (�1 �M), which suggests that ERK2 is a good
substrate of AKT. In addition, the phosphorylated GST-ERK2
was detected in Western blot experiments using a phospho-
ERK antibody that recognizes the active form of ERK (Thr202/
Tyr204) (Fig. 4C). Compared with basal values, AKT1 signifi-
cantly increased phosphorylation of ERK2 (�40%), suggesting
that it may contribute to the ERK activation state.
AKT, ERK, and PLD2 Form a Signaling Complex in Stimu-

lated Cells—To examine a possible interaction among AKT,
ERK1/2, or PLD in vivo, co-immunoprecipitation studies were
performed with lysates of fMLP-stimulated cells which were
pretreated or not with AKTib1/2. For this purpose, HEK cells
transfected with HA-PLD2 were used because HL-60 cells
express weak amounts of endogenous PLD. We showed previ-

ously that in both cell types, fMLP stimulated a similar time
course of PLD activity which was dependent on ERK activation
but not PKC (4). In these HEK cells stably expressing fPR, AKT
co-immunoprecipitated with ERK in resting cells and recipro-
cally, whereas a greater amount of both protein kinases was
obtained after cell stimulation with fMLP (Fig. 5, A and B).

FIGURE 3. AKT1 stimulates PLD activity and phosphorylation of cytosolic
ERK1/2 in cell-free systems. A, PLD activity in cell membrane fractions incu-
bated in the presence of ATP without (buffer) or with recombinant AKT1
added at time zero. The production of choline induced by AKT1 for 6 and 12
min is expressed as a percentage of basal values at time zero set at 100%
(mean of three experiments). B, PLD activity measured in the same way for 6
min, except that cell fractions were pretreated without (control) or with 10 �M

U0126 for 10 min. PLD activity is expressed as a percentage of basal control
values (*, p � 0.05). C, cytosolic fraction pretreated without or with 10 �M

U0126 for 10 min, then with AKT1 and ATP for 15 min. Results show a repre-
sentative Western blot of ERK1/2 and MEK1/2 and their phosphorylation state
(P-ERK, P-MEK). D, particulate fraction purified from dHL-60 cells pretreated
with 10 �M U0126 for 10 min before incubation with ATP in the absence or
presence of AKT1 for 30 min. Proteins were resolved by SDS-PAGE and
detected by Western blotting with an antibody against AKT phosphorylation
sites. E, recombinant ERK2 treated in the absence or presence of 10 �M U0126
for 10 min, then incubated with MBP and [�-32P]ATP for 30 min. Data show the
autoradiography of phosphorylated MBP. F, recombinant AKT1 treated with
the absence or presence of 10 �M U0126 for 10 min, then incubated with
GST-p47phox and [�-32P]ATP for 30 min. Data show the autoradiography of
phosphorylated p47phox.

FIGURE 4. AKT1 phosphorylates GST-ERK2 in vitro. A, 0.125–1.5 �M recom-
binant GST-ERK2 incubated for 30 min with [�-32P]ATP in the absence of AKT1
(buffer) or in the presence of AKT1. Proteins were electrophoresed and blot-
ted for autoradiography analysis (P32-GST-ERK). B, densitometric quantifica-
tion of [32P]-GST-ERK of D. C, GST-ERK was treated with cold ATP without or
with AKT1 for 30 min, electrophoresed on SDS-PAGE, and detected by West-
ern blotting with anti-phospho-ERK(Thr202/Tyr204). Data are representative of
three experiments.

FIGURE 5. Co-immunoprecipitation of AKT, ERK1/2, and HA-PLD2 in rest-
ing and stimulated cells. HEK293 cells stably expressing fPR were trans-
fected with empty vector (pcDNA3) or plasmid encoding wild-type HA-PLD2.
Cells in suspension were treated in the absence or presence of 3 �M AKTib1/2
for 15 min before stimulation with 1 �M fMLP for 60 s. Immunoprecipitation
(IP) of AKT (A), ERK1/2 (B), and HA-PLD (C) was performed with cell homoge-
nates, and the presence of partners was revealed by Western blotting. For
each immunoprecipitation experiment, the stimulating effect of fMLP was
calculated and is expressed as a percentage of stimulated control values (right
panels). Data are representative of three independent experiments.
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Blocking AKT activation with 3 �M AKTib1/2 strongly inhib-
ited the formation of the immunocomplex, suggesting that acti-
vated AKT may be required for the recruitment of ERK. In
addition, we confirmed that HA-PLD2 and ERK1/2 are present
in the same signaling complex in resting cells (Fig. 5C). This
complex also contained a substantial amount of AKT which
increased after cell stimulation with fMLP. Blocking AKT acti-
vation with AKTib1/2 also inhibited the formation of the
ERK�PLD2 complex. Consistent with these data, AKTib1/2 also
prevented the phosphorylation of PLD2 induced by fMLP (Fig.
6). We previously reported that this phosphorylation was
dependent mainly on ERK1/2 activation (4). Taken together,
these data suggest an important role of AKT in the activation of
PLD2 via ERK1/2.
Blocking AKT Stimulation Prevents fMLP- but Not PMA-me-

diated RB of dHL-60 Cells—AKT has been proposed to stimu-
late neutrophil RB due to its ability to phosphorylate the
NADPH oxidase component p47phox (26), although controver-
sial studies have been reported (20, 27). We took advantage of
the potent AKTib1/2-blocking effects to examine further the
contribution of AKT in RB. Treatment of dHL-60 cells with
0.5–10 �MAKTib1/2 dramatically inhibited fMLP-induced RB
with an IC50 value of 1 �M. In contrast, the PMA-induced RB
was not altered (Fig. 7A). Thus, although AKT is potently acti-
vated in PMA-stimulated cells, it does not mediate PKC-medi-
atedNOX2 activation. Consistentwith this hypothesis, the PI3-
kinase antagonist wortmannin failed to inhibit PMA-induced
RB of dHL-60 cells, whereas fMLP-mediated RB was almost
completely inhibited (Fig. 7B), in agreement with previous
studies (28).

Activation of the NADPH oxidase is dependent on the phos-
phorylation of the NOX2 components (p47phox and p67phox)
and their translocation to the plasma membranes where they
assemble with the cytochome b558 to form an active complex
(29, 30). As shown in Fig. 7C, fMLP did stimulate the translo-
cation of p47phox and p67phox at the plasma membranes in
dHL-60 cells. Treatment of dHL-60 cells with AKTib1/2 pre-
vented the membrane translocation of AKT induced by fMLP.
This treatment also blocked the membrane translocation of
ERK1/2, p47phox, and p67phox induced by fMLP and inhibited
the state of p47phox phosphorylation (Fig. 7C). This phosphor-
ylation of p47phox was detected using an antibody directed
against MAPK consensus sites (19). A role of ERK is likely pre-
dominant because the fMLP-mediated RB in dHL-60 cells was
also blocked by U0126 (4). Taken together, these results indi-
cate that AKTmay primarily regulate themembrane transloca-
tion of NOX2 components and the phosphorylation of p47phox
by MAPKs.
Contribution of AKT Isoforms to fMLP-mediated Phosphory-

lation of ERK, PLD Activity, and RB of dHL-60 Cells—The con-
centrations of AKTib1/2 used here to inhibit fMLP-mediated
RB (Fig. 7) and signaling events, ERK phosphorylation (Fig. 2),

FIGURE 6. The phosphorylation of HA-PLD2 induced by fMLP in HEK cells is
abrogated by the AKT antagonist AKTib1/2 prevents. HEK29 T cells stably
expressing the fMLP receptor fPR were transiently transfected with an empty
vector (pcDNA3) or with HA-PLD2. Cells were treated with AKTib1/2 (3 �M, 15
min) and then stimulated with fMLP (1 �M) for 2 min. HA-PLD2 was immunopre-
cipitated, Western-blotted (IB), and detected with the MPM-2 antibody against
phosphorylated Ser/Thr-Pro and with an anti-HA antibody after membrane strip-
ping. The amount of PLD2 phosphorylation was quantified and expressed as a
percentage of maximal values (mean of four experiments; *, p � 0.05).

FIGURE 7. AKT activation is required for fMLP-mediated RB and translo-
cation of NOX components but not for PMA-induced RB. A and B, dHL-60
cells pretreated without (control) or with 0.25–3 �M AKTib1/2 (A) or with 10
nM wortmannin (B) for 15 min before stimulation with 1 �M fMLP or 0.5 �M

PMA for 5 min. Superoxide production is expressed as a percentage of control
values (five experiments). C, representative Western blot of p47phox, p67phox,
ERK, AKT, phospho-p47phox (P-p47phox), phospho-ERK1/2 (P-ERK), and phos-
pho-AKT (P-AKT) in the membrane fractions of dHL-60 cells that were pre-
treated in the absence or presence of AKTib1/2 before stimulation with 1 �M

fMLP for 2 min. D, amount of proteins translocated at the membrane in fMLP-
stimulated cells quantified and expressed as a percentage of stimulated con-
trol values (n � 3 experiments). E, phosphorylated form of p47phox, ERK, and
AKT quantified and expressed as percentage of stimulated control values
(n � 3 experiments). *, p � 0.05.
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andPLDactivity (Fig. 1A), are in the range of theAKTib1/2 IC50
values for AKT1, AKT2, and AKT3, i.e. �0.06, 0.2, and 2 �M,
respectively (22). To determine the functional contribution of
AKT isoforms, we first examined their ability to translocate at
the membranes upon cell stimulation with fMLP. All three
AKT isoforms are present in dHL-60 cells (Fig. 8) and human
neutrophils (data not shown), although AKT3 expression was
weaker. All three isoforms translocated at themembranes upon
stimulation of dHL-60 cells by fMLP (Fig. 8). Interestingly,
AKTib1/2 (1 and 3 �M) strongly inhibited the translocation of
AKT1 (IC50 of 1 �M). The translocation of AKT2 was inhibited
with 3�MAKTib1/2 only, whereasAKT3 translocationwas not
altered. Based on these AKTIb1/2 inhibitory concentrations,
these results strongly suggest that AKT1 and AKT2 are poten-
tial candidates regulating fMLP-mediated signaling through
ERK/PLD and RB. To investigate further the functional contri-
bution of these two AKT isoforms, antisense oligonucleotides
were used to deplete AKT1 or AKT2 in dHL-60 cells.
The depletion of AKT1 (�60-70 % versus control (p � 0.05)

did not alter the expression of AKT2, and inversely (Fig. 9A),
the depletion of both AKTs also did not alter the expression of
p47phox, a main component of the NADPH oxidase complex.

AKT1 andAKT2 antisense oligonu-
cleotides inhibited fMLP-mediated
PLD activity by �80 and 40%,
respectively; p � 0.05 (Fig. 9B). The
state of ERK phosphorylation in-
duced by fMLP was also reduced by
AKT1 andAKT2 antisense oligonu-
cleotides (�55 and 35% respec-
tively; p � 0.05) (Fig. 6D). The
fMLP-induced RB was also signifi-
cantly reduced by the AKT1 and
AKT2 antisense (�50 and 20%,
respectively; p � 0.05). By contrast,
the depletion of both AKTs did not
alter PMA-mediated RB (data not
shown).

DISCUSSION

This study provides new insights
to the signaling network of che-
moattractant receptors coupled to
G proteins. Our results first indicate
that the activation of AKT triggered
by fMLP in dHL-60 cells is a major
early event leading to stimulation of
ERK1/2, PLD activity, and produc-
tion of oxidants by the NADPH oxi-
dase NOX2. We confirmed these
results with primary human neutro-
phils. However, human neutrophils
were found to be more sensitive to
AKTib1/2 inhibitory effects than
dHL-60 cells (data not shown).
These conclusions are supported by
two different approaches: (i) the
use of AKTib1/2, which provides

advantages of quickly and potently preventing intracellular
redistribution of both AKT1 and AKT2 (Fig. 8); and (ii) the
depletion of these two AKT isoforms by antisense oligonucleo-
tides, although the respective contribution of AKT1 and AKT2
was partial (Fig. 9) compared with AKTIb1/2. Our data further
show that AKT1 utilizes ERK2 as a substrate in vitro and pro-
motes PLD activity via ERK1/2 in cell-free systems.We showed
previously that ERK1/2 phosphorylates PLD2, the main PLD
isoform responsible for fMLP-induced PLD activity and RB of
dHL-60 cells. ERK2 also stimulated PLD activity in cell-free
systems (4). We show here that AKT is required for the phos-
phorylation of PLD2 via ERK induced by fMLP in dHL-60 cells.
Thus, AKT is a crucial intermediate linking PI3-kinase activa-
tion to the ERK/PLD pathway.
The ability of AKT to stimulate the activation of ERK

induced by chemoattractants has not been described previ-
ously. In contrast, a report by Zimmermann andMoelling using
HEKcells showed thatAKT inhibits signaling via the ERKmod-
ule as a consequence of AKT phosphorylation of c-Raf on a
highly conserved serine (Ser259) (25). The reasons for these dis-
crepancies are unclear and may be related to the cell type and
stimulus used. Our conclusions are supported by different

FIGURE 8. Membrane translocation of AKT isoforms induced by fMLP in control and AKTIb1/2-treated
dHL-60 cells. Cells were pretreated for 15 min with 1 and 3 �M AKTib1/2 and stimulated with 1 �M fMLP (2 min).
A, cells were disrupted by sonication, and the membrane fractions were prepared and Western-blotted. B, the
amount of AKT1, AKT2, and AKT3 was quantified and expressed as a percentage of the maximal control values
obtained with fMLP (mean � S.E., n � 3 experiments; *, p � 0.05).
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approaches. First, in vitro, AKT directly phosphorylated ERK
(Fig. 4, A and B) and increased its activation state (Fig. 4C).
Second, in a cytosolic fraction of dHL-60 cells, AKT1 strongly
stimulates the phosphorylation of ERK1/2 (Fig. 3C). At least
two processes may account for this activation. The first mech-
anism may involve the activation of ERK by MEK1/2 because
this latter was weakly activated in the presence of AKT1, and its
inhibition by U0126 prevented ERK phosphorylation (Fig. 3C).
It is not known whether MEK is directly or indirectly activated
by AKT. The secondmechanismmay involve a direct phosphor-
ylation of ERK by AKT as shown here in vitro (Fig. 4). In intact
cells, an interaction of AKT and ERK is suggested by the obser-
vation that fMLP increases the amount ofAKTco-immunopre-
cipitated with ERK, and reciprocally (Fig. 5). Interestingly, the
ability of the AKTib1/2 to prevent ERK recruitment suggests
that the activated form of AKT is required for interaction with
ERK. In contrast to ERK, p38MAPK does not appear to be reg-
ulated by AKT because the AKT antagonist AKTib1/2 has no
impact on the activation of p38 MAP kinase induced by fMLP
(Fig. 2,E and F). By contrast, AKT can be phosphorylated by the
p38 MAPK substrate MAPKAPK-2 in neutrophils (31).
We showed previously that the transient PLD activity

induced by fMLP in dHL-60 cells is mainly due to the PLD2
isoform. Moreover, PLD2 is phosphorylated by ERK2 in vitro
and via ERK in fMLP-stimulated cells (4). The present study
further indicates that AKT may activate the ERK/PLD2 signal-
ing pathway. This is supported by the observation that

AKTib1/2 prevented fMLP-mediated ERK activation (Fig. 2A)
and PLD activity (Fig. 1A) and phosphorylation (Fig. 6) with the
same efficiency (IC50 of 0.5–1 �M) and that AKT1 also stimu-
lated PLD activity via ERK in cell-free systems (Fig. 3, A and B).
However, we cannot exclude the possibility that AKT activates
PLD2 directly. Indeed, AKT consensus phosphorylation sites
are present in the PLD2 sequence (Thr175), and transfection
experiments in COS cells indicate phosphorylation in PLD2-
myc following AKT activation (32).
Stimulation of neutrophil RB is dependent on translocation

of NOX2 components (p47phox, p67phox) at the plasma mem-
brane which allows their interaction with the membrane-
bound cytochome b558 (NOX2) to form an active complex able
to reduce molecular oxygen (6). AKT has been proposed to
stimulate neutrophil NADPH oxidase activity, based on a
reconstituted cell-free system in which p47phox and p67phox
were phosphorylated in vitro by AKT (26). A role of AKT in
regulating RB was also suggested by the use of an AKT peptide
antagonist and by co-immunoprecipitation studies of AKT
with p47phox in vivo (18). However, a number of observations
suggest that activated AKT by itself is not sufficient to activate
NADPH oxidase of intact cells directly: (i) AKT phosphoryla-
tion is stimulated by neutrophil stimuli that were unable to
stimulate RB such as GM-CSF (27) or SDF1� (20); (ii) in
dHL-60 cells stimulated by PMA, AKT was strongly phosphor-
ylated (Fig. 1) but does not appear to regulate RB (Fig. 6A) in
agreement with other works (18); (iii) the two sites of p47phox
phosphorylated by AKT (Ser304, Ser328) can also be phosphor-
ylated by other kinases such as conventional PKC and PKC�
for Ser304 (33, 34) and by PKA for Ser328 (33). Taken together,
these data suggest that AKT would primarily regulate NADPH
oxidase assembly rather than directly stimulating the oxidase.
This hypothesis is supported here by our observation that treat-
ment of resting dHL-60 cells by AKTib1/2 primarily induced a
reverse translocation of p47phox and p67phox and blocked fur-
ther membrane translocation of these components induced by
fMLP (Fig. 7C). AKT also regulated the fMLP-induced mem-
brane translocation of ERK (Fig. 7) and its activation (Fig. 2). In
a previous work, ERK was required to induce fMLP-mediated
RB in dHL-60 cells (4). In vitro, ERKphosphorylates twoMAPK
consensus sites of p47phox (Ser345 and Ser348) which are distinct
fromPKCsites (33). Thep47phox (Ser345) is also phosphorylated
byMAPKs in neutrophils primedwithGM-CSF, andTNF� and
has been proposed to mediate the oxidase activation (19). ERK
is also required for stimulation of PLD activity induced by che-
moattactants (4). PLD generates large amounts of lipid second
messengers and up-regulates RB (35). PA generated by PLD
recruits p47phox at the plasma membrane (36) and mediates
phosphorylation of p22phox, the small membrane-bound sub-
unit of NOX2 (37). PA is then dephosphorylated in diglycerides
which are potent activators of conventional and novel PKCs.
However, in dHL-60 cells, fMLP-mediated RBwas not sensitive
to PKC inhibition by the antagonist GF109203X, although the
PLD2 was strongly involved in RB (4). One possible interpreta-
tion for this regulation may be a predominant implication of
PA-activated kinases. Among these, the atypical PKC� is one
potential candidate because it was found to be relatively insen-
sitive to PKC inhibitors (38). PKC� can be directly activated by

FIGURE 9. Effect of antisense oligonucleotides on AKT1 and AKT2 on
fMLP-mediated PLD activity, ERK phosphorylation, and RB in dHL-60
cells. Cells were transfected with 8 �M antisense oligonucleotides with AKT1
(AS-T1) or AKT2 (AS-T2) or sense (control). A, expression of AKT1, AKT2, and
p47phox in transfected dHL-60 cells, revealed by Western blotting. B–E, RB (B),
PLD activity (C), and phosphorylation of ERK (D and E) were stimulated with 1
�M fMLP. Significant differences between control and antisense-treated cells
are indicated by * p � 0.05. Blots are representative of three experiments.
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PA (39). In addition, PKC� phosphorylates p47phox and regu-
lates fMLP-mediatedRBof dHL-60 cells (40). Because theRBof
dHL-60 cells is strongly regulated by ERK (4) andAKT (Figs. 7A
and 9C), the novel signaling pathway AKT/ERK/PLD2 identi-
fied here may likely participate to different steps of NOX2 acti-
vation via PKC� or other PA-activated protein kinases (41). The
use of AKTib1/2 in this study revealed that blocking AKT acti-
vation did not alter the RB of dHL-60 cells in response to the
direct activation of PKC by PMA (Fig. 7A). This observation
was surprising because PMA strongly stimulated AKT (Fig. 1C)
and PLD as well ERK (4). One possible interpretation of these
data is that the PKCs that are directly activated by PMA may
phosphorylate NOX2 components and promote NOX2 activa-
tion independently of AKT and ERK. Consistent with this, we
found that the PMA-mediated RB of dHL-60 cells was also not
inhibited in dHL-60 cells inwhichAKT1 orAKT2was depleted
with antisense oligonucleotides (data not shown). However,
these results contrast with a recent report indicating that mouse
bone marrow neutrophils lacking AKT2 exhibited impaired
PMA-mediated RB compared with wild type (42). In this mouse
model, AKT2 but not AKT1was found to regulate fMLP-induced
RB as well granule enzyme release, which also contrasts with our
data. In this report, themouse RBwas studied using a chemilumi-
nescence assay which is dependent on the release of granule per-
oxidase. It is thusnot clearwhether impairedRB is linked todefec-
tive enzyme release, alteration of NOX2 activity, or other
biochemical differences betweenmouse and human neutrophils.
In conclusion, this study shows that AKT stimulation

induced by fMLP is an important step in the activation of
ERK1/2 and PLD activity and promotes NADPH oxidase acti-
vation parameters in dHL-60 cells. Moreover, the cell-free sys-
tems used indicate that AKT1 directly phosphorylates ERK
promoting its activation state, as well PLD activity. Both AKT1
and AKT2 contribute partially to activation of ERK, PLD, and
RB induced by fMLP. From these data and our previous studies,
we propose that AKT, ERK, and PLD form a novel signaling
pathway linking fPR stimulation to the assembly and activation
of the NADPH oxidase. Considering the importance of these
three major internal effectors in physiopathological processes,
their sequential activation described here is of great interest not
only for RB regulation and host defense mechanisms but for a
variety of cellular responses mediated by chemoattractant
receptors coupled to pertussis-sensitive G proteins.
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