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ABSTRACT Phosphoinositide 3-kinases (PI3-kinases)
play an important role in the generation of lipid second
messengers and the transduction of a myriad of biological
responses. Distinct isoforms have been shown to be exclusively
activated either by tyrosine kinase-coupled or G protein-
coupled receptors. We show here, however, that certain non-
classical receptors can couple to both tyrosine kinase- and G
protein-dependent isoforms of PI3-kinase: thus, aggregation
of FcgRI, the human high affinity IgG receptor, on monocytes
unusually leads to activation of both of these types of PI3-
kinase. After aggregation of FcgRI, phosphatidylinositol
3,4,5-triphosphate (PIP3) levels rise rapidly in interferon
g-primed cells, reaching a peak within 30 sec. Moreover, and
in contrast to the situation observed after stimulation of these
cells with either insulin or ATP, which exclusively activate the
tyrosine kinase- and G protein-coupled forms of PI3-kinase,
respectively, PIP3 levels remain elevated up to 15 min after
receptor aggregation. We show here that although the initial
peak results from transient activation of the p85-dependent
p110 isoform of PI-3kinase, presumably through recruitment
of tyrosine kinases by the g chain, the later sustained rise of
PIP3 results from activation of the G protein bg subunit-
sensitive isoform, p110g. This finding indicates that receptors
lacking an intrinsic signaling motif, such as FcgRI, can
recruit both tyrosine kinase and G protein-coupled intracel-
lular signaling molecules and thereby initiate cellular re-
sponses.

Fc receptors (FcgRs) specific for IgG are expressed on the
surface of many different cell types of the immune system and
play an important role in linking the cellular and humoral arms
of the immune response (1–3). On myeloid cells aggregation of
FcgRs leads to a number of cellular responses, including the
internalization of immune complexes by endocytosis or opso-
nized particles through phagocytosis, degranulation, and the
release of proteases, activation of the respiratory burst, and the
release of cytokines. These processes can lead to targeted cell
killing through antibody-directed cellular cytotoxicity (4, 5),
which is important for the clearance of virus-infected cells and
in cancer surveillance (6).

Three classes of FcgRs have been identified and cloned in
mammals (FcgRI, FcgRII, and FcgRIII), each of which has a
variety of isoforms with differing affinities for IgG and tissue
distributions (1, 2). FcgRI is the human high affinity receptor
(7) and although its cytoplasmic tail contains no obvious
signaling motif, FcgRI has been shown to associate physically
with the immunoreceptor tyrosine activation motif (ITAM)-
containing g chain (8, 9), and FcgRI crosslinking results in

signal transduction as evidenced by tyrosine phosphorylation
events (10–13) and tyrosine kinase-dependent calcium tran-
sients (14, 15).

Phosphoinositide 3-kinases (PI3-kinases) catalyze the phos-
phorylation of inositol phospholipids at the 3-position of the
inositol ring (16). The phospholipids produced by the actions
of these enzymes: PtdIns(3)P, PtdIns(3,4)P2 (PIP2), and
PtdIns(3,4,5)P3 (PIP3), act as second messengers that are
increasingly implicated in regulating a number of cellular
responses. For example, PI3-kinase activity has been impli-
cated as being involved in insulin-induced glucose transport
(17), platelet-derived growth factor, and insulin-induced actin
rearrangement (18, 19) and in the regulation of neuronal
survival (20).

There are three classes of PI3-kinases that are determined
by their in vitro substrate specificities. Class I PI3-kinases
phosphorylate PtdIns, PtdIns(4)P, and PtdIns(4,5)P2. This
class of enzymes can be further subdivided into class IA and
class IB. Class IA PI3-kinases consist of p110 catalytic subunits
that are regulated by the Src homology 2 (SH2)ySH3-domain
containing the p85 family of adaptor proteins and consist of the
isoforms p110a, p110b, and p110d (21–23). The p85 family of
adaptor proteins (24–26) facilitate PI3-kinase interactions
with other proteins through their SH2 and SH3 domains. Class
IB consists of p110g, an enzyme that associates with a p101
adaptor protein and is stimulated by G protein bg subunits
(27–30). Class II PI3-kinases phosphorylate PtdIns and
PtdIns(4)P but not PtdIns(4,5)P2 (31, 32), and class III PI3-
kinases have a substrate specificity restricted to PtdIns and are
homologous to yeast Vps34p (vacuolar protein sorting defec-
tive), which is involved in the trafficking of proteins from the
Golgi to the yeast vacuole (33–35).

Previous studies have shown that receptors that are coupled
to tyrosine kinases, such as insulin, exclusively activate class IA
PI3-kinases through the p85 adaptor molecule. In contrast,
receptors that engage heterotrimeric G proteins, such as ATP,
exclusively activate class IB PI3-kinases through the generation
of bg subunits. No crosstalk between the coupling of these two
receptor to PI3-kinases has been shown. We report here an
example of a single receptor, FcgRI, which has the capacity to
activate both class IA and class IB PI3-kinases.

MATERIALS AND METHODS

Materials. Human IgG and sheep-anti-human IgG (g chain
specific) were obtained from Serotec. Potassium oxalate and
all phospholipids were from Sigma. [32P]orthophosphate (HCl
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free) was obtained from Amersham. Wortmannin, lavendustin
A, and tyrphostins A23 and A25 were obtained from Calbio-
chem, and genistein was from Sigma. Cells were treated with
inhibitors at concentrations specified for 30 min at 37°C before
receptor aggregation or stimulation.

Antisense oligonucleotides were purchased from Oswell
DNA Services (Southampton, UK). Anti-p110g oligonucleo-
tides corresponded to the first eight (24 mer) or 10 (30 mer)
amino acids of p110g. The sequences of these oligonucleotides
were 59-CTGTTTATAGTTCTCCAGCTCCAT-39 and 59-
CACGGGCTGTTTATAGTTCTCCAGCTCCAT-39. A con-
trol oligonucleotide (24 mer) of random sequence also was
made, the sequence of which was 59-CTGGTGGAAGAA-
GAGGACGTCCAT-39. The 24 mers were capped at either
end by phosphothiorate linkages (first two and last two link-
ages) whereas each linkage of the 30 mer consisted of a
phosphothiorate. Cells were incubated with 10 mM of oligo-
nucleotide for 1 hr before, and then for the duration of culture
with interferon g (IFN-g).

Cell Culture. U937 cells were cultured in RPMI 1640
medium (GIBCO) supplemented with 10% fetal calf serum, 2
mM glutamine, 10 unitsyml of penicillin, and 10 mgyml of
streptomycin at 37°C, 6.8% carbon dioxide in a water-saturated
atmosphere. U937:Dp85 cells (a generous gift from L. Ste-
phens, Babraham Institute, Cambridge, UK) were similarly
cultured, but in addition were cultured in the presence of 0.6
mgyml of G418 and 0.1 mgyml of hygromycin B (both from
Calbiochem). Expression of Dp85 was induced with 15 mM
isopropyl b-D-thiogalactoside (IPTG), 5 nM phorbol 12-
myristate 13-acetate, and 100 mM zinc chloride for 10 hr. All
cells were primed with 200 ngyml of IFN-g (a kind gift from
Bender Wein Ltd., Vienna, Austria) for 24 hr before experi-
mentation.

FcgRI Crosslinking. Cells were harvested by centrifugation
and then incubated at 4°C with 1 mM human monomeric IgG
(Serotec) to occupy surface FcgRI. Excess unbound ligand was
removed by dilution and centrifugation of the cells. Cells were
resuspended in ice-cold RPMI 1640 mediumy10 mM Hepesy
0.1% BSA, and crosslinking antibody (goat anti-human IgG;
1:50 dilution) was added. Cells then were warmed to 37°C for
the times specified in the assays.

Insulin and ATP Stimulation. Cells were harvested by
centrifugation, resuspended in ice-cold RPMI 1640 medium/10
mM Hepes/0.1% BSA, and incubated with either 10 mgyml of
insulin or 100 mM ATP. Cells then were warmed to 37°C for
the times specified in the assays.

Pertussis Toxin Activation and Culture. Pertussis toxin (90
mgyml) was activated by incubation in 25 mM DTT for 30 min
at 37°C. The concentration then was adjusted to 60 mgyml with
75 mM TriszHCl, pH 7.5 containing 1 mgyml BSA. Pertussis
toxin was then incubated overnight with cells at a final
concentration of 1 mgyml (36).

Measurement of PI3-Kinase Activity. U937 cells (2 3 107

cellsyml) were treated with IFN-g as described and har-
vested by centrifugation. Cells then were washed in phos-
phate-free RPMI and resuspended in phosphate-free RPMI
containing 10% dialyzed fetal calf serum. Cells were labeled
with 500 mCiyml [32P]PO4 for 90 min at 37°C. After labeling,
cells were washed in ice-cold RPMI 1640 medium/10 mM
Hepes/0.1% BSA. Cells were stimulated with either insulin
or ATP, or FcgRI crosslinked, and the reactions stopped at
specified times with ice-cold PBS. Cells were permeabilized
with methanol, and the lipids were extracted with chloro-
form. Aliquots from the organic phase were used to analyze
total label incorporation, and duplicate aliquots were dried
down under vacuum, resuspended in chloroformymethanol
(19:1), PIP2 (10 mgyml) standard added, and spotted onto a
silica TLC G60 plate (20 3 20 cm 3 250 mm; Whatman)
precoated with potassium oxalate. Plates were developed
in chloroformyacetoneymethanolyacetic acidywater

(80:30:26:24:14), and the standards were visualized with
iodine vapors. Radiolabeled bands were located by autora-
diography or PhosphorImaging, and the PIP3 band was
scraped into scintillation vials, scintillant was added, and the
associated radioactivity was determined by liquid scintilla-
tion counting. Quantification of labeled PIP3 by Phospho-
rImaging or scintillation counting always yielded the same
ratio of PIP3 generation.

Western Blot. U937:Dp85 cells were induced to express Dp85
as described earlier. Noninduced or induced cells (107) were
harvested by centrifugation and solubilized in sample buffer
(37) containing 50 mM DTT. Samples were boiled for 15 min
and run in a 10% SDSypolyacrylamide gel (38). After elec-
trophoresis, the proteins were transferred to a nitrocellulose
membrane (0.2 mM pore size) as described (39). The blots were
tested for the overexpression of Dp85 by Western blotting with
a polyclonal anti-p85a antibody (Santa Cruz Biotechnology).
Western blots were developed by using the ECL system
(Amersham).

Immunoprecipitation. For immunoprecipitations, cells were
lysed with ice-cold RIPA lysis buffer containing 1 mM phe-
nylmethylsulfonyl f luoride, 1 mgyml of CLAP (1 mgyml each
chymostatin, leupeptin, antipain, and pepstatin) 1 mM sodium
orthophosphate, and 1 mM sodium fluoride for 30 min.
Cellular debris was removed by centrifugation at 13,000 rpm
for 15 min, and the cell lysates were precleared with protein-
A-agarose. Cell lysates then were either incubated with 1 mg
anti-p110 g (Santa Cruz Biotechnology) followed by 10 mg
protein A-agarose (Santa Cruz Biotechnology) or 10 mg of
anti-p85-PI3 kinase conjugated to 10 mg of protein A-agarose
(Upstate Biotechnology, Lake Placid, NY) to immunoprecipi-
tate p85 and p110g.

For the studies of tyrosine phosphorylation of p85, IFN-g-
treated cells were loaded with human IgG and crosslinked as
described. Cells were harvested at specified times and lysed,
and p85 was immunoprecipitated from the cell lysates by
incubating 500 ml of cell lysate with 10 mg of anti-p85 PI3
kinase conjugated to protein A-agarose overnight. Proteins
were harvested by centrifugation of the agarose beads and
dissociated from the beads by boiling in sample buffer (37)
containing 50 mM DTT for 15 min and run in a 10%
SDSypolyacrylamide gel (38). After electrophoresis, the pro-
teins were transferred to a nitrocellulose membrane (0.2 mM
pore size) as described (39). The presence of tyrosine phos-
phorylated proteins then was detected by Western blotting
with a monclonal antiphosphotyrosine antibody (clone 4G 10;
Upstate Biotechnology). Western blots were developed by
using the ECL system (Amersham).

For the quantitation of the effect of antisense oligonucleo-
tides on p110g levels, cells were incubated with the relevant
oligonucleotides as described. Cells were harvested and lysed,
and p110g was immunoprecipitated from the cell lysates.
Proteins were harvested and subjected to SDSyPAGE as
above. Blots were probed for the presence of p110g and
visualized by probing with radiolabeled (125I) donkey anti-goat
Ig. Specific bands corresponding to p110g were quantified by
using a PhosphorImager (Fuji, FUJIX BAS 1000).

RESULTS

Crosslinking FcgRI Stimulates PI3-Kinase Activity. After
the formation of surface immune complexes in IFN-g-primed
U937 cells, the cellular levels of PIP3 rose rapidly, reaching a
peak 30 sec after receptor aggregation (Fig. 1A). After this
initial peak, PIP3 levels were reduced but remained elevated
about 2-fold above control (noncrosslinked cells) up to 2 min
after crosslinking (Fig. 1A). This 2-fold stimulation above
basal levels was sustained and remained elevated 15 min after
receptor crosslinking (data not shown). All of this stimulated
increase in PIP3 levels could be abolished by treating the cells
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before receptor aggregation with the PI3-kinase specific in-
hibitor wortmannin (50 nM) (Fig. 1A).

Previous studies have shown that insulin and ATP stimulate
distinct PI3-kinases in U937 cells (27, 40), insulin being
coupled to the p85-dependent PI3-kinase whereas ATP acti-
vates the G protein bg subunit-stimulated PI3-kinase. The
response observed for FcgRI aggregation therefore was com-
pared in these same cells to that observed for insulin and ATP.
The sustained rise in PIP3 observed after FcgRI aggregation
was not observed for either insulin or ATP. Thus, insulin
stimulated a rapid, transient increase of PIP3, which quickly
returned almost to basal levels within 2 min of receptor
stimulation (Fig. 1B). The time course for PIP3 levels after
ATP stimulation were similar to that for insulin although the
reduction after the peak was less rapid than that observed for
insulin but, unlike FcgRI aggregation, levels reached basal
within 2 min.

FcgRI Crosslinking Stimulates Tyrosine Kinase-Depen-
dent PI3-Kinase Activities. As FcgRI has been shown to signal
through the recruitment of nonreceptor tyrosine kinases (41,
42), the relationship of PI3-kinase to tyrosine kinase activation
was investigated. The p85 subunit was rapidly tyrosine-
phosphorylated after FcgRI aggregation as phosphotyrosine
could be detected within 30 sec of adding crosslinking antibody
to the cells. This phosphorylation was attenuated in cells
pretreated with 0.1 mM genistein and was abolished in cells
treated with 0.37 mM genistein (Fig. 2A).

The effect of inhibiting tyrosine kinases on PI3-kinase
activation was measured. Preincubation of cells for 30 min with
genistein (0.37 mM) completely blocked the increase of PIP3

after receptor aggregation (Fig. 2B). Consistent with the
phosphotyrosine data, the lower concentration of genistein
(0.1 mM) did not abolish activity but reduced peak PI3 kinase
activity by 68 6 4%. Three other tyrosine kinase inhibitors (2

mM lavendustinA, 160 mM tyrophostin A23, or 28 mM tyr-
phostin A25) all inhibited peak PI3 kinase activity (Fig. 2C).

These data indicate that all of the increase in PI3-kinase
activity after FcgRI aggregation is downstream of the activa-
tion of tyrosine kinases.

FcgRI Crosslinking Stimulates p85-Dependent and p85-
Independent PI3-Kinase Activities. To investigate whether the
PI3-kinase activity detected on FcgRI stimulation was caused
by the activation of a p85-dependent PI3-kinase, the type
usually associated with tyrosine kinase activation, a U937 cell
line was used that had been stably transfected with an IPTG-
inducible dominant-negative form of p85 (U937:Dp85). This
dominant-negative protein lacks the binding site for the p110
catalytic subunit of PI3-kinase and so when overexpressed will
oblate p85-mediated PI3-kinase associations with other sig-
naling components (40).

First, the kinetics of PIP3 production were compared be-
tween the wild-type U937 cells and the noninduced U937:Dp85
cells. This comparison showed that in both cell types the
temporal pattern of stimulation of PIP3 levels in the cells was
identical. Thus, peak levels were observed at 30 sec but values
in both cell types remained elevated over 2 min (Fig. 3).
However, after overexpression of Dp85, the pattern of PI3-
kinase stimulation was significantly altered (Fig. 3). In
U937:Dp85 cells induced to express Dp85, the peak level of
PIP3 was delayed; significant stimulation was detectable only
after 1 min (Fig. 3). However, 2 min after receptor aggregation
similar levels of PIP3 levels were measured for both Dp85-
expressing and wild-type cells (Fig. 3). Overall, the amount of
PIP3 generated after receptor aggregation was reduced, and
this reduced level of PI3-kinase was commensurate with the
loss of the early, rapid peak of PI3-kinase activity observed in
p85-functional cells.

FIG. 1. PI3 kinase is activated by FcgRI aggregation in IFN-g U937
cells. The time course of activation differs from that observed for
either tyrosine kinase or G protein-stimulated PI3-kinase. (A) PIP3
production in IFN-g primed U937 cells after aggregation of FcgRI
(XL). Concentrations were compared with cells in which no crosslink-
ing antibody (No XL) was added and in cells treated with 50 nM
wortmannin (Wrt). (B) PIP3 concentrations in IFN-g-primed U937
cells after stimulation of tyrosine kinase activated PI3-kinase with
insulin (10 mgyml) or G protein-activated PI3-kinase with ATP (100
mM). Data are the mean 6 SD of triplicate measurements for each
time point and are derived from three separate experiments.

FIG. 2. Inhibition of tyrosine kinase activity blocks FcgRI-
stimulated PI3 kinase activity. (A) Western blot analysis of immuno-
precipitates of p85 probed with antiphosphotyrosine (4G10) antibody.
Cells were cultured in the absence or presence of 0.1 mM genistein or
0.37 mM genistein for 30 min before aggregation of FcgRI for 0, 30,
60, or 120 sec. p85 immunoprecipitates were resolved by SDSyPAGE
and probed for presence of phosphotyrosine (Upper). The blot then
was stripped and probed with anti-p85 (Lower). (B) PIP3 production
was measured in cells pretreated with genistein (0.37 mM) for 30 min
before aggregation of FcgRI (XL 1 Gen) and compared with un-
treated cells (XL). Data are the mean 6 SD of triplicate measurements
for each time point and are derived from five separate experiments.
(C) Peak PIP3 production (30 sec) was measured in cells pretreated for
30 min with various tyrosine kinase inhibitors and compared with
control levels (XL control). Genistein was used at two concentrations
(0.37 mM and 0.1 mM); lavendustin A (2 mM), tyrphostin A23 (160
mM), and tyrphostin A25 (28 mM). Data are the mean 6 SD of
triplicate measurements.
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The correct functioning of the dominant-negative Dp85
protein was shown in two ways. First, overexpression of the
truncated Dp85 was verified by Western blot analysis, which
showed the truncated form of p85 only after induction with
IPTG (Fig. 4A). The functional dominant-negative role for this
truncated p85 was verified by assaying PI3-kinase activity after
stimulation of the cells by insulin or ATP. In keeping with the
known requirement of insulin for p85 to couple to PI3-kinase,
induction of the dominant-negative Dp85 in these cells com-
pletely abolished the expected rise in PIP3 after insulin treat-
ment (Fig. 4B). In contrast, the response to ATP was entirely
unaffected by the presence of the truncated p85 (Fig. 4C). This
finding is consistent with the fact that insulin exclusively
stimulates p85-mediated PI3-kinase in response to tyrosine
phosphorylation events whereas ATP exclusively stimulates
p110g, the G protein bg-stimulated (p85-independent) PI3-
kinase isoform. The data also clearly support previous obser-
vations on the exclusive coupling of these two types of recep-
tors to distinct PI3-kinase isoforms.

Taken together, these results suggest that FcgRI aggrega-
tion stimulates both a p85-dependent PI3-kinase and a p85-
independent PI3-kinase. The temporal relationship of the
response in the Dp85 cells suggests that the p85-dependent
activity is responsible for the rapid and transient peak of
PI3-kinase activity, and the p85-independent activity is re-
sponsible for the delayed activity observed 2 min after
crosslinking.

FcgRI Crosslinking Activates p110g, a G Protein bg Sub-
unit-Dependent PI3-Kinase. Because it appeared that aggre-
gation of FcgRI stimulated both p85-dependent- and p85-
independent activities, we next investigated whether the p85-
independent activity could be caused by the stimulation of the
G protein bg subunit-dependent PI3-kinase, p110g. This
enzyme previously has been purified and cloned from U937
cells (27, 28) and pig neutrophils (29, 30). To do this, antisense
oligonucleotides were designed complementary to the N ter-
minal-encoding region of p110g mRNA to knock out the
expression of this enzyme. Two oligonucleotides were de-
signed; a 30-mer that included a phosphothiorate group at each
linkage and a 24-mer that had only phosphothiorate links at
either end. Both of these oligonucleotides significantly inhib-
ited ATP-stimulated PI3-kinase activity in U937 cells, an
activity known to be attributed to p110g (Fig. 5A; refs. 27 and
43). In cells loaded with the short oligonucleotide, peak ATP
stimulated PI3 kinase activity was reduced to 52 6 6% of
control, whereas in cells loaded with the 30-mer peak kinase
activity was reduced to 25 6 2% of control. Consistent with this
observation, the level of p110g was reduced by equivalent
amounts in cells pretreated with the antisense oligonucleotides

(cells treated with short oligonucleotide 57% of control; cells
treated with 30-mer 28% of control). In contrast, a control
oligonucleotide of random DNA sequence had no effect on
ATP-stimulated PI3-kinase activity (Fig. 5A) or protein ex-
pression levels (cells treated with control oligonucleotide
105% of control). The longer of the two p110g antisense
oligonucleotides was found to be the slightly more effective of
the two oligonucleotides, probably because it was more resis-
tant to nuclease attack. Neither oligonucleotide influenced the
rise in PIP3 observed after insulin stimulation (Fig. 5B),
findings consistent with the fact that the insulin receptor
couples exclusively to the p85-dependent PI3-kinase.

Treatment of the IFN-g-primed U937cells with p110g an-
tisense oligonucleotides altered the pattern of PI3-kinase
stimulated activity after FcgRI aggregation (Fig. 5C). The
initial rapid increase in PIP3 levels previously observed 30 sec
after receptor aggregation remained unaltered. However, in
marked contrast to control oligonucleotide treated and un-
treated cells, PIP3 levels had returned to basal levels within 1
min; kinetics reminiscent of the exclusive coupling of the
insulin receptor to the p85 system. Indeed, these results
essentially are the inverse of those obtained with the Dp85-
expressing cells where the initial peak of activation was lost but
stimulation remained elevated after 1 min (Fig. 3).

FIG. 3. Expression of a dominant-negative form of p85, Dp85,
abolishes only the early peak of PIP3 observed after FcgRI aggrega-
tion. The time course of FcgRI-stimulated PIP3 concentrations were
measured in cells induced to express to dominant-negative form of p85
(Dp85 1 IPTG XL) and compared with the same transformed cells not
induced to express [Dp85 (no induced) XL] and wild-type U937 cells
(U937 XL). Data are the mean 6 SD of triplicate measurements for
each time point and are derived from three separate experiments.

FIG. 4. Verification that Dp85 is expressed and functionally active.
(A) Western blot analysis of cells induced to overexpress Dp85
compared with noninduced cells. Whole-cell extracts were run in a
10% SDSypolyacrylamide gel. Proteins then were transferred to
nitrocellulose and blotted with an anti-p85 polyclonal antibody as
described in Materials and Methods. Lane 1, IFN-g-primed U937 cells.
Lane 2, IFN-g-primed U937:Dp85 cells noninduced for the expression
of Dp85. Lane 3, IFN-g-primed U937:Dp85 cells induced to overex-
press Dp85. Lanes 4 and 5, loading of twice amount of protein
compared with lanes 1–3 (lane 4, IFN-g-primed U937 cells; lane 5,
IFN-g-primed U937:Dp85 cells noninduced for the expression of
Dp85); Lanes 6 and 7, loading of four times amount of protein
compared with lanes 1–3 (lane 6, IFN-g-primed U937 cells; lane 7,
IFN-g-primed U937:Dp85 cells noninduced for the expression of
Dp85). Bands corresponding to wild-type constitutive p85 and Dp85
are indicated. (B) PI3-kinase coupled to tyrosine kinase activation was
inhibited in cells expressing the dominant-negative, Dp85. Production
of PIP3 in induced (Dp85 1 IPTG 1 Ins), uninduced cells [Dp85 (no
induced) Ins] and wild-type cells (U937 Ins) after treatment with
insulin (10 mgyml). Data are the mean 6 SD of triplicate measure-
ments for each time point and are derived from four separate
experiments. (C) Activation of G protein-coupled PI3-kinase was
unaffected by the expression of the dominant-negative p85. Production
of PIP3 in induced (Dp85 1 IPTG 1 ATP), uninduced cells [Dp85 (no
induced) ATP], and wild-type cells (U937 ATP) after treatment with
ATP (10 mM). Data are the mean 6 SD of triplicate measurements for
each time point and are derived from four separate experiments.
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Taken together these results indicate that FcgRI crosslink-
ing results in initial activation of a p85-dependent PI3-kinase
that lasts less than 1 min, and this action is followed by the
stimulation of a G protein bg subunit-dependent PI3-kinase
(p110g). This latter activity was found to be insensitive to
pertussis toxin (Fig. 5D) and so was unlikely to have been
activated by G proteins of the Gi type.

DISCUSSION

We show that ligation of a single receptor can induce coupling
to two distinct classes of PI-3-kinase: levels of PIP3 rise very
rapidly after aggregation of FcgRI in IFN-g-primed U937 cells
because of the rapid and transient activation of a p85-
dependent PI3-kinase. In contrast, the sustained elevation of
PIP3 observed after receptor aggregation appears to result
from a delayed, longer-lasting, p85-independent PI3-kinase
activity. This latter activity was shown to be caused by the
activation of p110g, a G protein bg subunit-sensitive form of
PI3-kinase (28, 29). This finding demonstrates a single recep-

tor stimulating both tyrosine kinase and G protein-regulated
PI3-kinases.

Activation of PI3-kinase appears necessary to mediate some
of the effector functions for Fc receptors. Thus, inhibition of
PI3-kinase with wortmannin inhibits antibody-dependent
phagocytosis in U937 cells and COS cells (44, 45). It is
interesting to note that although wortmannin inhibits Fc
receptor-mediated phagocytosis in U937 cells, it will not block
endocytosis of immune complexes in these cells (data not
shown). Previous studies have shown that PI3-kinase activity is
increased in immunoprecipitates by using anti-p85 and an-
tiphosphotyrosine antibodies in U937 cells after aggregation of
FcgRI and FcgRII. This activation seemed to be secondary to
tyrosine phosphorylation. Consistent with this, the data pre-
sented in this paper showed that the tyrosine kinase inhibitor,
genistein, was able to block completely PI3-kinase activation
(Fig. 2). Similarly inhibition of tyrosine kinases with genistein
previously has been shown to inhibit FcgRI-mediated phago-
cytosis in transiently transfected COS cells, but not FcgRI-
mediated endocytosis in the same cells and in U937 cells (41,
46). Taken together, these results are consistent and suggest
that PI3-kinase activation as a result of tyrosine phosphory-
lation events is essential for FcgRI-mediated phagocytosis, but
that endocytosis of immune complexes by FcgRI is indepen-
dent of these signaling events.

The question relating to how FcgRI couples to both a
p85-dependent and a G protein subunit-sensitive PI3-kinase
remains to be answered. FcgRI contains no known signaling
motif but has to recruit an accessory signaling molecule. In
IFN-g-treated U937 cells, FcgRI recruits the g chain, which
contains a cytoplasmic ITAM (8, 9). It therefore seems likely
that the p85-dependent PI3-kinase activity is a result of a direct
interaction between the SH2 domain of p85 and the ITAM of
the g chain, probably after tyrosine phosphorylation of the
ITAM by a src-type kinase or Syk (for review see ref. 47).
Indeed, the p85 regulatory subunit of PI3-kinase has been
shown to bind with phosphopeptides of the g chain ITAMs
(48) but there is also evidence to suggest that p85 can directly
interact with phosphorylated Syk via a YxxM motif on the Syk
protein. It has been proposed for high affinity IgE receptor
signaling that Lyn becomes activated on receptor clustering
and tyrosine phophorylates the ITAMs of the g chain, initi-
ating the recruitment of Syk through its SH2 domain. Phos-
phorylated Syk then can activate other downstream signaling
molecules, including PI3-kinase (49). Recent studies have
shown that Lyn is associated with both FcgRI and the g chain
independently of receptor crosslinking and that the level of the
phosphorylation of this src-type kinase increases upon recep-
tor crosslinking (42). These studies also showed that Syk
associates with the g chain after FcgRI aggregation and the
resultant phosphorylation of the g chain. The p85 regulatory
subunit of PI3-kinase has been shown to bind with phos-
phopeptides of the g chain ITAMs (48). Therefore it is
probable that the p85-dependent PI3-kinase activity is re-
cruited as a result of FcgRI recruiting the g chain and
subsequent tyrosine kinases, notably Lyn and Syk.

How FcgRI might recruit a heterotrimeric G protein is less
clear. The results presented here show that all PI3-kinase
activity stimulated after FcgRI aggregation was abolished by
pretreating cells with genistein (Fig. 2). This finding suggests
that the activation of p110g also occurs downstream of the
activation of tyrosine kinases. It is possible that members of the
Tec family of tyrosine kinases, for example Tec, Itk, or Btk,
could play a role in the activation of p110g via a heterotrimeric
G protein because this family of enzymes contains SH2 and
Pleckstrin homology domains. It is feasible that the SH2
domain of a Tec-type tyrosine kinase could associate with the
g chain (or a tyrosine-phosphorylated protein such as Syk) and
recruit a heterotrimeric G protein while at the plasma mem-

FIG. 5. Treatment of cells with an antisense oligonucleotide to
p110g selectively abolishes ATP-stimulated PI3-kinase and inhibits the
delayed PI3-kinase activity after FcgRI aggregation. (A) Treatment of
cells with either antisense oligonucleotide to p110g (ATP short and
ATP long) significantly reduced PIP3 after stimulation with ATP (100
mM) (control ATP). A control jumbled oligonucleotide had no effect
on ATP-stimulated PIP3 levels (ATP oligo control). Data are the
mean 6 SD of triplicate measurements for each time point and are
derived from three separate experiments. (B) Treatment of cells with
either antisense oligonucleotide to p110g (Ins short and Ins long) had
no influence on the PIP3 concentrations achieved after stimulation
with insulin (10 mgyml). A control jumbled oligonucleotide had no
effect on insulin-stimulated PIP3 levels (Ins oligo control). Data are
the mean 6 SD of triplicate measurements for each time point and are
derived from three separate experiments. (C) The initial peak in PIP3
observed 30 sec after FcgRI aggregation was unaffected in cells
treated with the p110g antisense oligonucleotides. The delayed sus-
tained rise in PIP3 observed 2 min after FcgRI aggregation (XL) was
abolished by treating cells with this antisense oligonucleotide (XL
short and XL long). The control jumbled oligonucleotide had no effect
on any aspect of PIP3 levels after FcgRI aggregation (XL oligo cont).
Data are the mean 6 SD of triplicate measurements for each time
point and are derived from three separate experiments. (D) Treatment
of cells with pertussis toxin (XL PT) had no influence on PIP3
concentrations observed after FcgRI aggregation (XL). Data are the
mean 6 SD of triplicate measurements for each time point and are
derived from three separate experiments.
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brane. This G protein then could activate p110g via its bg
subunits.

In conclusion we have shown in the present paper that two
distinct PI3-kinase isoforms are activated after FcgRI aggre-
gation in IFN-g-primed U937 cells; both p85-regulated and G
protein bg subunit-sensitive PI3-kinase isoforms are activated.
This suggests that receptors such as FcgRI, which do not have
an intrinsic signaling motif, can recruit both tyrosine kinase
and G protein-coupled intracellular signaling molecules to
initiate distinct cellular responses. It has yet to be elucidated
as to how FcgRI is able to recruit these different regulatory
molecules and whether there are distinct physiological roles for
the two PI3-kinases and their products.

We are grateful to Dr. L. Stephens, Babraham Institute, for pro-
viding the U937:Dp85 cell line. We also thank Bender Wein for the
generous gift of IFN-g. This work was supported by grants from the
MacFeat Bequest (University of Glasgow), Scottish Hospitals Endow-
ment Research Trust, the Biotechnology and Biological Sciences
Research Council, and Cunningham Trust.

1. Ravetch, J. V. & Kinet, J.-P. (1991) Annu. Rev. Immunol. 9,
457–492.

2. van de Winkel, J. G. J. & Capel, P. J. A. (1993) Immunol. Today
14, 215–221.

3. Hulett, M. D. & Hogarth, P. M. (1994) Adv. Immunol. 57, 1–127.
4. Graziano, R. F. & Fanger, M. W. (1987) J. Immunol. 139,

3536–3541.
5. Fanger, M. W., Shen, L., Graziano, R. F. & Guyre, P. M. (1989)

Immunol. Today 10, 92–99.
6. Ely, P., Wallace, P. K., Givan, A. L., Guyre, P. M. & Fanger,

M. W. (1996) Blood 87, 3813–3821.
7. Allen, J. M. & Seed, B. (1989) Science 243, 378–381.
8. Ernst, L. K., Duchemin, A.-M. & Anderson, C. L. (1993) Proc.

Natl. Acad. Sci. USA 90, 6023–6027.
9. Scholl, P. R. & Geha, R. S. (1993) Proc. Natl. Acad. Sci. USA 90,

8847–8850.
10. Liao, F., Shin, H. S. & Rhee, S. G. (1992) Proc. Natl. Acad. Sci.

USA 89, 3659–3663.
11. Scholl, P. R., Ahern, D. & Geha, R. S. (1992) J. Immunol. 149,

1751–1757.
12. Rankin, B. M., Yokum, S. A., Mittler, R. S. & Kiener, P. A. (1993)

J. Immunol. 150, 605–616.
13. Lin, C.-T., Shen, Z., Boros, P. & Unkeless, J. C. (1994) J. Clin.

Immunol. 14, 1–13.
14. van de Winkel, J. G. J., Tax, W. J. M., Jacobs, C. W. M., Huizinga,

T. W. J. & Willems, P. H. G. M. (1990) Scand. J. Immunol. 31,
315–325.

15. Davis, W., Sage, S. O. & Allen, J. M. (1994) Cell Calcium 16,
29–36.

16. Whitman, M., Downes, C. P., Keeler, M., Keeler, T. & Cantley,
L. (1988) Nature (London) 332, 644–646.

17. Okada, T., Sakuma, L., Fukui, Y., Hazeki, O. & Ui, M. (1994)
J. Biol. Chem. 269, 3563–3567.

18. Wymann, M. & Arcaro, A. (1994) Biochem. J. 298, 517–520.
19. Kotani, K., Yonezawa, K., Hara, K., Ueda, H., Kitamura, Y., et

al. (1994) EMBO J. 13, 2313–2321.
20. Dudek, H., Datta, S. R., Franke, T. F., Birnbaum, M. J., Yao, R.,

Cooper, G. M., Segal, R. A., Kaplan, D. R. & Greenberg, M. E.
(1997) Science 275, 661–665.

21. Hiles, I. D., Otsu, M., Volinia, S., Fry, M. J., Gout, I., et al. (1992)
Cell 70, 419–429.

22. Hu, P., Mondino, A., Skolnik, E. Y. & Schlessinger, J. (1993) Mol.
Cell. Biol. 13, 7677–7688.

23. Vanhaesebroeck, B., Welham, M. J., Kotani, K., Stein, R.,
Warne, P. H., Zvelebil, M. J., Higashi, K., Volinia, S., Downward,
J. & Waterfield, M. D. (1997) Proc. Natl. Acad. Sci. USA 94,
4330–4335.

24. Otsu, M., Hiles, I., Gout, I., Fry, M. J., Ruiz-Larrea, F., et al.
(1991) Cell 65, 91–104.

25. Pons, S., Asano, T., Glasheen, E., Miralpeix, M., Zhang, Y.,
Fisher, T. C., Meyers, M. G, Jr., Sun, X. J. & White, M. W. (1995)
Mol. Cell. Biol. 15, 4453–4465.

26. Inukai, K., Anai, M., van Breda, E., Hosaka, T., Kotagiri, H., et
al. (1996) J. Biol. Chem. 271, 5317–5320.

27. Stephens, L., Smrcka, A., Cooke, F. T., Jackson, T. O., Stern-
weiss, P. C. & Hawkins, P. T. (1994) Cell 77, 83–93.

28. Stoyanov, B., Volinia, S., Hanck, T., Rubio, I., Loubtchenkov, M.,
et al. (1995) Science 269, 690–693.

29. Stephens, L. R., Eguinoa, A., Erdjument-Bromage, H., Lui, M.,
Cooke, F., et al. (1997) Cell 89, 105–114.

30. Tang, X. & Downes, C. P. (1997) J. Biol. Chem. 272, 14193–14199.
31. MacDougall, L. K., Domin, J. & Waterfield, M. D. (1996) Curr.

Biol. 5, 1404–1415.
32. Molz, L., Chen, Y.-W., Hirano, M. & Williams, L. T. (1996)

J. Biol. Chem. 271, 13892–13899.
33. Hernan, P. K., Stack, J. H., DeModena, J. A. & Emr, S. D. (1991)

Cell 64, 425–437.
34. Stack, J. H. & Emr, S. D. (1995) J. Biol. Chem. 269, 31552–31562.
35. Volinia, S., Dhand, R., Vanhaesebroeck, B., MacDougall, L. K.,

Stein, R., Zvelebil, M. J., Domin, J., Panaretou, C. & Waterfield,
M. D. (1995) EMBO J. 14, 3339–3348.

36. Harnett, M. M. (1994) in Methods in Molecular Biology, eds.
Graham, J. M. & Higgins J. A. (Humana, Clifton, NJ), Vol. 27,
pp. 199–211.

37. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Lab. Press,
Plainview, NY), 2nd Ed.

38. Laemmli, U. K. (1970) Nature (London) 227, 680–685.
39. Towbi, H., Staehelin, T. & Gordon, J. (1979) Proc. Natl. Acad.

Sci. USA 76, 4350–4354.
40. Hara, K., Yonezawa, K., Sakaue, H., Ando, A., Kotani, K., et al.

(1994) Proc. Natl. Acad. Sci. USA 91, 7415–7419.
41. Davis, W., Harrison, P. T., Hutchinson, M. P. & Allen, J. M.

(1995) EMBO J. 14, 432–441.
42. Duchemin, A.-M. & Anderson, C. L. (1997) J. Immunol. 158,

865–871.
43. Stephens, L. R., Jackson, T. R. & Hawkins, P. T. (1993) Biochim.

Biophys. Acta 1179, 27–75.
44. Ninomiya, N., Hazeki, K., Fukui, Y., Seya, T., Okada, T., Hazeki,

O. & Ui, M. (1994) J. Biol. Chem. 269, 22732–22737.
45. Indik, Z. K., Park, J. G., Hunter, S. & Schreiber, A. D. (1995)

Blood 86, 4389–4399.
46. Harrison, P. T., Davis, W., Norman, J. C., Hockaday, A. & Allen,

J. M. (1994) J. Biol. Chem. 269, 24396–24402.
47. Cambier, J. C. (1995) J. Immunol. 152, 3281–3285.
48. Johnson, S. A., Pleiman, C. M., Pao, L., Schneringer, J., Hippen,

K. & Cambier, J. C. (1995) J. Immunol. 155, 4596–4603.
49. Jouvin, M.-H. E., Adamczewski, M., Numerof, R., Letorneour,

O., Valle, A. & Kinet, J.-P. (1994) J. Biol. Chem. 269, 5918–5925.

2174 Biochemistry: Melendez et al. Proc. Natl. Acad. Sci. USA 95 (1998)


