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FccRI activation of phospholipase Cc1 and protein kinase C in dibutyryl
cAMP-differentiated U937 cells is dependent solely on the tyrosine-kinase

activated form of phosphatidylinositol-3-kinase
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SUMMARY

The human high affinity receptor for immunoglobulin G, FccRI, in dibutyryl cyclic AMP
(dbcAMP)-differentiated U937 cells, is coupled to the activation of phospholipase C (PLC ) and
the conventional protein kinase C (PKC) isoforms, a, b, and c. Here we demonstrate that
aggregation of FccRI activates the tyrosine-kinase regulated form of phosphatidylinositol-3-kinase
(PI-3-kinase) and that an increase of phosphatidylinositol trisphosphate (PIP3) is essential for the
activation and translocation of PLCc1 in these cells. In addition, activation of the PKC isoforms
was ablated by specific inhibitors of PI3-kinase or by overexpression of a dominant negative p85
subunit of PI3-kinase. The findings reported here demonstrate that PLCc1 and PKC activation
by FccRI are downstream of PI3-kinase, and that in contrast to cytokine primed cells, only the
tyrosine-kinase activated isoform of PI3-kinase is coupled to FccRI in dbcAMP-differentiated cells.

INTRODUCTION expressed on monocyte and macrophage cell types. The cyto-
plasmic tail of FccRI contains no obvious signalling motif.

Receptors for the constant (Fc) region of immunoglobulin G
However, FccRI has been shown to associate with the immune-

(IgG) (FccRs) are expressed on the surface of many different
receptor tyrosine activation motif (ITAM)-containing mol-cell types of the immune system and play an important role
ecules, c chain6,7 and the low-affinity receptor FccRIIa.7in linking the cellular and humoral arms of the immune
Aggregation of FccRI results in signal transduction events asresponse.1 On myeloid cells aggregation of FccRs leads to a
evidenced by tyrosine phosphorylation of proteins,7–10 tyro-number of cellular responses, including the internalisation of
sine-kinase dependent calcium transients,11,12 and the gener-immune complexes, degranulation and the release of proteases,
ation of lipid second messengers through the activation ofactivation of the respiratory burst and the release of cytokines.
phospholipases,7–9,12 and lipid kinases.8,13,14These processes can lead to targeted cell killing through

The lipid kinases, phosphatidinositol-3-kinase (PI3-kin-antibody-directed cellular cytotoxicity,2,3 which is critically
ase), which catalyse the phosphorylation of inositol phospho-important for clearing virus-infected cells and in cancer
lipids at the 3-position of the inositol ring,15 have beensurveillance.4
increasingly implicated in regulating a number of cellularFccRs comprise a family of receptors for IgG (FccRI,
responses, including mitogenesis, enhanced cell motility, andFccRII, and FccRIII ) that are distinguished by the affinity
vesicular trafficking, although the exact mechanism by whichfor ligand.1 Of these the human high affinity receptor, FccRI,
PI3-kinase mediates cell signalling during these events is stillis an integral type I membrane glycoprotein5 constitutively
poorly understood.16 The products of PI3-kinases have been
found to activate certain calcium-independent protein kinases
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this translocation, PtdIns-3,4,5-P3 enhances PLCc1-mediated linking FccRI, and the reactions stopped at specified times
with ice-cold PBS. Generated PIP3 is resolved from lipidhydrolysis of PtdIns-4,5-P2 thereby increasing intracellular

Ins-1,4,5-P3 levels. In support of this, overexpression of a extracts by thin-layer chromatography (TLC), by reference to
standards, and counted by liquid scintillation.constitutively active form of the p110 catalytic subunit of

PI3-kinase increases intracellular InsP3 levels,22 raising the
possibility that phosphatidylinositol-trisphosphate (PIP3) may Cell fractionation

Subcellular fractions were prepared as described previously.25regulate cytosolic calcium transients. Moreover, inhibitors of
PI3-kinase diminish the intracellular calcium transient seen in Briefly, cells were lysed in nuclear preparation buffer and

freeze–thawed three times, then the intact nucleus was isolated,adrenal glomerulosa cells, neutrophils, and rat leukaemia
cells.23 Furthermore, it has recently been shown that, in HepG2 and the cytosol was separated from nuclear-free membranes

by high speed centrifugation.cells expressing platelet-derived growth factor receptor
(PDGFR), inhibition of PI3-kinase markedly reduced the
release of intracellular calcium.24 Immunoprecipitation of translocated p85 and PLCc1

The p85 subunit of PI3-kinase, and PLCc1 were immunopreci-We have previously shown that aggregation of FccRI in
U937 cells results in distinct signalling patterns and calcium pitated from the membrane fraction. Rabbit polyclonal anti-

p85a antibody (Santa Cruz Biotechnology, Santa Cruz, CA),transients, depending on the differentiation state of the cell.7
Thus, in cells differentiated to a macrophage phenotype with or mouse monoclonal anti-PLCc1, D4 (raised against a

C-terminal peptide26), were incubated with protein-A-agarosedibutyryl cyclic AMP (dbcAMP), phospholipase C is activated
whereas in cytokine (interferon-c; IFN-c) primed cells, FccRI (50% slurry, Pharmacia Biotech, Uppsala, Sweden) at 4°

rocking for 2 hr in order to form precipitating complexes.activates phospholipase D.7,12 A role for PI3-kinases in signal
transduction has been shown in cytokine-primed cells as Samples from the membrane fraction were either incubated

with either anti-p85-precipitating complexes, or anti-aggregation of FccRI results in prolonged elevation of PIP3
as a result of sequential activation of both Class I PI3-kinases.13 PLCc1-precipitating complexes, placed in a tumbler at 4° for

4 hr, to immunoprecipitate specific proteins.The role of PI3-kinases in dbcAMP-differentiated cells has not
been studied. Here we show that in contrast to the cytokine
primed cells only the tyrosine-kinase dependent form of Gel electrophoresis and Western blots

Electrophoresis and Western blots were done as previouslyPI3-kinase is activated by FccRI aggregation in dbcAMP-
differentiated cells and that this activation is necessary for the described.12 Briefly, proteins were resolved on 8% poly-

acrylamide gels (sodium dodecyl sulphate–polyacrylamide gelactivation and translocation of PLCc1 and PKCs.
electrophoresis (SDS–PAGE)). The resolved proteins were
transferred to 0·45 mm nitrocellulose membranes. Following

MATERIALS AND METHODS
blocking, the membranes were incubated with a rabbit poly-
clonal anti-p85a antibody (Santa Cruz Biotechnology); orCell culture

U937 cells were cultured in RPMI-1640 (Gibco, Paisley, UK) mouse monoclonal anti-PLCc1 (clone D4), or antiphospho-
tyrosine 4G10 (Santa Cruz Biotechnology), for 4 hr at roomsupplemented with 10% fetal calf serum, 2 m glutamine,

10 IU/ml penicillin and 10 mg/ml streptomycin at 37°, 6·8% temperature. The membranes were then washed and incubated
with suitable horseradish peroxidase (HRP)-conjugated sec-carbon dioxide in a water saturated atmosphere. U937:Dp85

cells (a generous gift from Dr L. Stephens, Barbraham ondary antibodies (Amersham, Little Chalfont, UK) for 4 hr
at room temperature. Proteins were visualized using an ECLInstitute, Cambridge, UK) were similarly cultured, but in

addition were cultured in the presence of 0·6 mg/ml G418 and detection system (Amersham).
0·1 mg/ml hygromycin B (Calbiochem, Nottingham, UK).
Expression of Dp85 was induced with 15 m isopropyl B-D- Measurement of inositol-1,4,5,-trisphosphate

Ins-1,4,5-P3 was measured using the BIOTRAK TRK 1000thiogalactoside (IPTG), 5 n phorbol 12-myristate 13-acetate
(PMA) and 100 m zinc chloride for a period of 16 hr. All kit (Amersham). Briefly, this is a competition binding assay

in which cellular generated (unlabelled) InsP3 competes withcells were differentiated with 1 m dbcAMP (Sigma, Poole,
UK.) 48 hr prior to experimentation. a fixed, known amount of [3H ]InsP3 for binding to the InsP3

receptor present in homogenates from bovine adrenal glands,
which has a high affinity and specificity for InsP3.FccRI cross-linking

Cells were harvested by centrifugation and then incubated at
4° with 1 m human monomeric IgG (Serotec, Oxford, UK) Measurement of total inositol phosphates

Total inositol phosphates were assayed as previouslyto occupy surface FccRI. Excess unbound ligand was removed
by dilution and centrifugation of the cells. Cells were resus- described.27 Briefly, PtdInsP2 pools are labelled by preincubat-

ing cells with [3H]inositol. Prior to assay the cells are pretreatedpended in ice cold RPMI-1640/10 m HEPES/0·1% bovine
serum albumin (BSA) and cross-linking antibody (sheep anti- with 10 m LiCl. Inositol phosphates are extracted and

resolved by anion-exchange chromatography and quantifiedhuman IgG; 1550 dilution) was added.12 Cells were then
warmed to 37° for the times specified in the assays. by liquid scintillation.

Measurement of DAG generationMeasurement of PI3-kinase activity
PI3-kinase activity was measured as described previously.13 Mass DAG was measured as previously described.12 Briefly,

cellular lipids extracts are reconstituted into mock membraneBriefly, cells were labelled with 500 mCi/ml [32P]PO4 for 90 min
at 37°. Following labelling, cells were stimulated by cross- micelles and incubated with DAG kinase and [32P-c]ATP. Any
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DAG present in the cell sample will be phosphorylated to PI3-kinase activity to tyrosine kinase activation was investi-
gated. Preincubation of cells for 30 min with tyrosine kinaseform PtdOH. PtdOH is resolved by TLC relative to standards

and quantified by liquid scintillation. inhibitors abolished the increase in PIP3 following FccRI
aggregation. Thus, genistein (0·37 m); lavendustin A (2 m);

PKC enzyme activity assay tyrphostin A23 (160 m) or tyrphostin A25 (28 m) all
PKC enzyme activity was assayed as previously described.25 inhibited peak (30 s) PI3-kinase activity (Fig. 2).
Briefly, the assay is based upon the PKC catalysed transfer of
the c-phosphate group of ATP to a peptide substrate specific

FccRI aggregation stimulates tyrosine-kinase dependent (p85)for PKC. The samples were assayed in the presence of 1·5 m
isoform of PI3-kinasecalcium, or substituting calcium with 1·5 m egtazic acid

(EGTA)-containing buffer. To examine whether the tyrosine-kinase regulated form of
PI3-kinase accounted for all the increase in PIP3 after FccRI
aggregation, U937 cells expressing a dominant negative formRESULTS
of p85 were used (U937:Dp85); this dominant negative protein

FccRI aggregation stimulates PI3-kinase activity is regulated by an IPTG-inducible promoter. Over expression
of this protein (Dp85), ablates p85-mediated PI3-kinase acti-Following the aggregation of FccRI, in dbcAMP-differentiated
vation.13,28 Protein studies have shown that under IPTGU937 cells, the cellular levels of PIP3 rose rapidly, reaching a
induction the truncated p85 is expressed eight- to tenfoldpeak 30 s after receptor aggregation (Fig. 1). After this peak,
above the wild-type protein.13PIP3 levels fell and returned to basal levels 2 min after receptor

Initial studies were performed in non-induced U9375Dp85stimulation (Fig. 1). All of this stimulated increase in PIP3 to ensure that the kinetics were identical to the wild-type U937levels was abolished by pretreating the cells (for 30 min) with
cells. This comparison showed that in both cell types thethe PI3-kinase inhibitors wortmannin (50 n) or LY294002
temporal pattern of PIP3 levels in the cells was identical(250 m) (Fig. 1).
(Fig. 3b). After over expression of Dp85, the pattern of PIP3
was altered (Fig. 3a), and no increase in PIP3 levels was

PI3-kinase activation by FccRI aggregation is tyrosine kinase observed following FccRI aggregation (Fig. 3a).
dependent The kinetics of the translocation of p85-subunit of

PI3-kinase to the membrane was assessed together with itsAs signal transduction mediated by FccRI requires the recruit-
tyrosine phosphorylation. Following FccRI aggregation, p85ment of non-receptor tyrosine kinases,7–10 the relationship of
was rapidly translocated to the membrane fraction. Thus, no
p85 could be detected in the membrane preparation in non-
stimulated cells. However, 15 s after receptor aggregation p85
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Figure 1. PI3-kinase is activated by FccRI aggregation in dbcAMP- Figure 2. Inhibition of tyrosine-kinase activity blocks FccRI-stimu-
lated PI3-kinase activity. Peak 30 s) PIP3 production was measured indifferentiated U937 cells.PIP3 production was measured following

aggregation of FccRI in untreated cells ( XL), compared to cells cells following FccRI aggregation ( XL), compared to cells pretreated
with for 30 min with genistein 0·37 m ( XL+Gen); lavendustin A 2-pretreated for 30 min with 50 n wortmannin ( XL Wrt.), and

LY294002 250 m ( XL LY ); or in untreated cells were no crosslinking m ( XL+lavendt.); tyrphostin A23 160 m ( XL+tyr.A23); or tyrpho-
stin A25 28 m ( XL+tyr.A25); or in cells in which not crosslinkingantibody was added (Basal ); and in pretreated cells were no crosslink-

ing antibody was added (Basal Wrt.); (Basal LY ). Data is the antibody was added (Basal ). Data is the mean±SD of triplicate
measurements for each time point and are derived from five separatemean±SD of triplicate measurements for each time point and are

derived from three separate experiments. experiments.
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Aggregation of FccRI activates phosphatidylinositol-specific
phospholipase Cc1

In dbcAMP-differentiated U937 cells, aggregation of FccRI
results in the generation of inositol-1,4,5-trisphosphate (InsP3)
(Fig. 4a), and diacylglycerol (DAG) (Fig. 4b), which is depen-
dent on tyrosine kinase activity as it is blocked by genistein
(0·37 m), lavendustin A (2 m), tyrphostin A23 (160 m),
tyrphostin A25 (28 m), inhibitors of tyrosine kinases
(Fig. 4a,b).

The PLC isoform activated following FccRI aggregation
was characterized by Western blot analysis. Following FccRI
aggregation, PLCc1 rapidly translocates to the nuclear-free
membrane fraction. Thus, no PLCc1 could be detected in the
membrane fraction prepared from resting cells. However, 15 s
after receptor aggregation, a band corresponding to the correct
molecular weight for PLCc1 was detected in the membrane
fraction by the anti-PLCc1, monoclonal antibody D4 (Fig. 4c
upper panel ) and remained associated with the membrane for
subsequent time points up to 5 min (15 s, 30 s, 1 min, 2 min
and 5 min). The band corresponding to PLCc1 was also
positive when probed with the monoclonal antibody 4G10
indicating that this protein is tyrosine phosphorylated.
Interestingly, the tyrosine phosphorylation was apparent only
after 30 s (Fig. 4c lower panel ) but remained tyrosine phos-
phorylated up to 5 min

FccRI stimulation of PLCc1 activity is downstream of
PI3-kinase stimulation

Studies were undertaken to explore comparative kinetics of
activation of PI3-kinase and PLCc1 after FccRI aggregation.
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As seen in Figs 1(a) and 4(a), the generation of lipid second
Figure 3. (a) PI3-kinase coupled to FccRI aggregation was inhibited messengers produced by PI3-kinase and PLCc1, respectively,
in cells expressing the dominant negative, Dp85.Production of PIP3 was very rapid in both cases reaching maximal activity 30 sfollowing FccRI aggregation in cells in which the Dp85 gene has been

after receptor stimulation. However, from the tyrosine phos-induced ( XL Dp85 (induced)); or not induced ( XL Dp85 (uninduced));
phorylation data (Fig. 3a, lower panel and Fig. 4b, lowerand non-crosslinked basal levels, induced (Basal Dp85 (induced)), not
panel ), it can be seen that the p85-subunit of PI3-kinase isinduced (Basal Dp85 (uninduced)). Data are the means±SD of
tyrosine phosphorylated more rapidly than PLCc1. To deter-triplicate measurements for each time point and are derived from

three separate experiments. (b) The p85 subunit of PI3-kinase translo- mine whether PI3-kinase activation precedes PLCc1 activation,
cates to the nuclear-free membrane fraction and gets phosphorylated cells pretreated with PI3-kinase inhibitors were compared with
on tyrosine residues.Western blot analysis of immunoprecipitated p85 control cells. Pretreating cells with wortmannin (50 n) or
subunit of PI3-kinase translocated to the nuclear-free membrane LY294002 (250 m) for 30 min, completely abolished the
fraction of dbcAMP differentiated U937 cells following FccRI aggre- increase in InsP3 and DAG previously observed in response
gation time course (upper panel ) lanes: 1 unstimulated; 2 time 0; 3

to FccRI aggregation (Fig. 5a, b). To ensure that a transient15 s; 4 30 s; 5 1 min; 6 2 min; 7 5 min; 8 10 min. Tyrosine phosphoryl-
or small peak in InsP3 was not missed an inositol phosphateation of translocated p85 ( lower panel ) lanes: 1 unstimulated; 2 time
(InsPs) accumulation assay was performed. Accumulation in0; 3 15 s; 4 30 s; 5 1 min; 6 2 min; 7 5 min; 8 10 min.
total InsPs observed after receptor aggregation, was systemati-
cally reduced by pretreating cells with increasing amounts of
either wortmannin or LY294002 (Fig. 5c).

was present in the membrane fraction and remained associated
Aggregation of FccRI stimulates PLCc1 that is dependent on

with the membrane during subsequent time points (30 s, 1 min,
p85-subunit of PI3-kinase

2 min, 5 min, and 10 min). At the later time points, the amount
of p85 in the membrane preparation appeared to decrease In order to define better the relationship between the activation

of PI3-kinase and PLCc1 and to rule out the possible direct(Fig. 3b upper panel ). The p85 subunit in the membrane
preparation was tyrosine phosphorylated (Fig. 3b lower inhibition of PLCc1 activity by wortmannin or LY294002, the

dominant negative p85 (U9375Dp85) cell line was used.panel ). Thus, even at the earliest time point of translocation
(15 s), p85 was tyrosine phosphorylated. Tyrosine phosphoryl- Induction of the dominant negative p85 (Dp85) completely

abolished the increase in InsP3 and DAG previously observedation of p85 could also be detected at 1 min and 2 min of the
time course but not at later time points. in the wild-type and non-induced (U9375Dp85) cells (Fig. 6).

© 1999 Blackwell Science Ltd, Immunology, 98, 1–8
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Aggregation of FccRI stimulates PKC activity that is edge, together with the observation that PI3-kinase is upstream
of PLCc1 in the signalling pathway initiated by FccRI aggre-downstream of PI3-kinase activation
gation in these cells, leads us to suspect that PKC activity

We have previously shown that in dbcAMP differentiated
would also be downstream of PI3-kinase. PKC activity was

U937 cells, FccRI aggregation stimulates conventional
therefore measured following FccRI aggregation in cells pre-

(calcium- and DAG-dependent) PKC activity.25 This knowl-
treated with PI3-kinase inhibitors. PKC activity was indeed
inhibited by the PI3-kinase inhibitors (Fig. 7). Consistent with
this result, experiments carried out in the U9375Dp85 cells
demonstrated that no PKC activity could be detected in cells
where the dominant negative p85 (Dp85) was expressed
(Fig. 7).

Taken together these results indicate that in this system,
FccRI aggregation results in the sequential activation of the
tyrosine kinase dependent PI3-kinase, and that this activation
is necessary for the subsequent activation of both PLCc1,
and PKC.

DISCUSSION

The results presented in this study demonstrate that, in
dbcAMP-differentiated U937 cells, FccRI is coupled through
tyrosine kinase to the activation of p85-dependent PI3-kinase,
PLCc1, and PKC. Furthermore the data presented here dem-
onstrates that both PLCc1 and PKC activation is downstream
of PI3-kinase. The dependence of PLCc1 on PI3-kinase is
demonstrated by two observations: first, the inhibition of
intracellular InsP3 and DAG generation following pretreat-
ment with the PI3-kinase inhibitors wortmannin or LY294002
(Fig. 5); and second, inhibition of PLCc1 activation by a
dominant negative (Dp85) p85-subunit of PI3-kinase (Fig. 6a).
Thus, in cells differentiated to a macrophage phenotype with
dbcAMP, FccRI is coupled solely to the tyrosine-kinase
activated form of PI3-kinase and this is required for coupling
signal transduction to PLCc1 and PKC activation. FccRI
contains no tyrosine motifs in its cytoplasmic tail5 but rather,
to initiate signal transduction, the receptor recruits an access-
ory molecule. Previous work has shown that this receptor
utilizes a molecular switch to initiate different signal transduc-
tion cascades depending on the differentiation state of the
cell.7 The finding here that, in differentiated cells, FccRI is
coupled solely to p85 tyrosine-kinase activated form of
PI3-kinase differs from that previous findings that, in cytokine
primed cells this receptor is coupled to both tyrosine-kinase

Figure 4. FccRI aggregation activates PLCc1, which is dependent on
tyrosine kinases and translocates to the membrane. (a)
Inositol-1,4,5-trisphosphate (InsP3) is generated in cells following
FccRI aggregation ( XL), compared to cells pretreated with for 30 min
with genistein 0·37 m ( XL+Gen); or in cells in which not crosslink-
ing antibody was added (Basal ). (b) Diacylglycerol (DAG) is pro-
duced in cells following FccRI aggregation ( XL), compared to cells
pretreated with for 30 min with genistein 0·37 m ( XL+Gen); laven-
dustin A 2-m ( XL+lavendt.); tyrphostin A23 160 m ( XL+tyr.A23);
and tyrphostin A25 28 m ( XL+tyr.A25); or in cells in which not
crosslinking antibody was added (Basal ). (c) Western blot analysis of
immunoprecipitated PLCc1 translocated to the nuclear-free membrane
fraction of dbcAMP-differentiated U937 cells following FccRI aggre-
gation time course (upper panel ) lanes: 1 unstimulated; 2 time 0; 3
15 s; 4 30 s; 5 1 min; 6 2 min; 7 5 min; 8 10 min. Tyrosine phosphoryl-
ation of translocated PLCc1 ( lower panel ) lanes: 1 unstimulated; 2
time 0; 3 15 s; 4 30 s; 5 1 min; 6 2 min; 7 5 min; 8 10 min.

Time (seconds)

D
m

yo
-i

no
si

to
l 1

,4
,5

-t
ri

sp
ho

sp
ha

te
 p

m
ol

/s
am

pl
e

(a)

(c)

1 2 3 4 5 6 7 8

PLCc1

1 2 3 4 5 6 7 8

PLCc1

(b)

[32
P

]P
ho

sp
ha

ti
di

c 
ac

id
 (

c.
p.

m
.)

© 1999 Blackwell Science Ltd, Immunology, 98, 1–8



A. J. Melendez et al.6

and G-protein-regulated PI3-kinase isoforms13 and provides
further evidence for our proposal that FccRI is able to switch
signalling pathways in a differentiation-dependent fashion.9

In the dbcAMP differentiated cells, FccRI is coupled to
the activation of PLCc17 and the conventional PKCs, a, b
and c.25 Here, we show that activation of both these signalling
components is downstream of the activation of the tyrosine-
kinase activated form of PI3-kinase.

PI3-kinase-dependent PLCc activation has also been dem-
onstrated in experiments carried out using the platelet-derived
growth factor receptor (PDGFR).24 PDGF was shown to
activate PI3-kinase and subsequently PLCc in this report.
Wortmannin and LY294002 inhibited PIP3 and InsP3 gener-
ation without preventing PI3-kinase association with the recep-
tor.24 Of interest, Bae et al.22 reported that constitutive
expression of the p110 catalytic subunit of PI3-kinase caused
sustained increases in cellular InsP3 levels, without the necessity
for receptor activation. This also supports the notion that
PI3-kinase can be upstream of PLCc activation. Moreover, in
the same study it was reported that PIP3 can directly activate
PLCc hydrolytic activity in vitro and that this activation can
be blocked by the addition of isolated SH2 domains of PLCc.
Various studies have shown that PIP3 can directly associate
with SH2 domain-containing proteins and regulate their
activity.18 Furthermore, recent in vitro data has demonstrated
that PIP3 binds to the C-terminal SH2 domain of PLCc1.24
However, recent work has shown that PIP3 also binds to a
number of pleckstrin homology (PH ) domains of proteins and
that this binding is associated with the translocation of the
protein to the membranes. Falasca et al.14 demonstrated that
the N-terminal PH domain of PLCc can bind PIP3 and that
mutations of this domain diminished recruitment of PLCc to
the cell membrane, raising the possibility that simultaneous
binding of the PH and SH2 domains to PIP3 may be involved
in PLCc enzyme activation. Regulating the translocation of
the enzyme PLCc provides a dual method of controlling its
activation as translocation normally approximates the enzyme
to various membrane-anchored kinases, but also localizes the
enzyme to a cellular site rich in its substrate.

In these dbcAMP-differentiated cells, FccRI has also been
shown to be coupled to the activation of the conventional
PKCs, a, b and c. Here, this coupling was disrupted by
overexpression of the dominant negative form of p85 indicating
that this activation is also downstream of PI3-kinase acti-
vation. As conventional PKCs are activated by DAG and

Figure 5. FccRI stimulation of PLCc1 is inhibited by PI3-kinase
inhibitors. (a) InsP3 generation following aggregation of FccRI in
untreated cells ( XL), compared to cells pretreated for 30 min with
50 n wortmannin ( XL Wrt.), or LY294002 250 m ( XL LY ), and in
cells where no crosslinking antibody was added (Basal ). (b) Peak
DAG generation following aggregation of FccRI in untreated cells
( XL), compared to cells pretreated for 30 min with 50 n wortmannin
( XL Wrt.), or LY294002 250 m ( XL LY ), and in cells where no
crosslinking antibody was added (Basal ). (c) Total inositol phosphates
generation following FccRI for 30 min in untreated cells ( XL), and
in cells pretreated for 30 min with wortmannin 3 n ( XL+3 n Wrt);
wortmannin 30 n ( XL+30 n Wrt); wortmannin 300 n

( XL+300 n Wrt); wortmannin 3 m ( XL+3 m Wrt); or LY294002
3 m ( XL+3 m LY ); LY294002 30 m ( XL+30 m LY );
LY294002 300 m ( XL+300 m LY ); LY294002 3 m ( XL+3 m

LY ); or in untreated cells with no crosslinking antibody added (Basal ).
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Figure 7. Aggregation of FccRI stimulates PKC enzyme activity that
is downstream of PI3-kinase activation. PKC enzyme activity in wild-
type U937 following FccRI aggregation ( XL); in U937 cells pretreated
for 30 min with wortmannin (50 n) prior to FccRI aggregation
( XL+Wrt), or U937 cells pretreated for 30 min with LY294002
(250 m) prior to FccRI aggregation ( XL+LY ). Compared to the
PKC enzyme activity in the U9375Dp85 cell line following FccRI
aggregation in which the Dp85 gene has not been induced ( XL Dp85
control ), or following FccRI aggregation in cells in which the Dp85
gene has been induced ( XL Dp85 induced).

calcium, it seems likely that the failure of FccRI to couple to
PKC activation in these cells is secondary to the lack of PLC
activation. However, PI3-kinase has also been shown to regu-
late activation of novel (calcium independent) and atypical
PKCs that are independent of both calcium and DAG. In
these studies PI3-kinase operates through the PDK1 regulatory
domain by regulating the phosphorylation of PKCs d and f.29
The results presented in this paper together with the recent
observations that PIP2 and/or PIP3 can activate the serine/
threonine protein kinases Akt/PKB and PDK125 and that
PIP3 can stimulate the Arf1 nucleotide exchange protein,
Grp1,26 suggest that PI3-kinase may regulate multiple and
complex signalling pathways.

Our present data suggest that FccRI-mediated activation

(a)
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[32
P

]P
ho

sp
ha

ti
di

c 
ac

id
 (

c.
p.

m
.)

[3 H
]I

P
s(

%
To

t.
[3 H

]I
no

si
to

l i
nc

or
po

ra
te

d)
 (

c.
p.

m
.)

of PI3-kinase is linked to the enhanced activation of protein
Figure 6. FccRI stimulation of PLCc1 is inhibited in U937:Dp85 cells kinase C through the stimulation of PLCc1. We speculate that
when the dominant negative p85 (Dp85) is induced. (a) Total InsPs PI3-kinase, through the activation of PLCc1, may also be
generation in wild-type U937 cells, with no crosslinking antibody linked to the release of intracellular calcium from InsP3-added (Basal ), or following FccRI aggregation ( XL); compared to sensitive stores and activation of calcium entry. We have
the total InsPs generation in the U937:Dp85 cell line, when the Dp85 previously shown that in dbcAMP differentiated U937 cells,
gene was uninduced with no crosslinking antibody added (Basal Dp85

FccRI mobilize intracellular calcium transients that are longuninduced), or following FccRI aggregation ( XL Dp85 uninduced);
lasting and that at the single cell level oscillates.7 The possibilityand when the Dp85 gene was induced with no crosslinking antibody
that the magnitude and/or duration of intracellular calciumadded (Basal Dp85 induced); or following FccRI aggregation ( XL
transients can moderate cell fate has recently been confirmedDp85 induced). (b) Peak DAG production in wild-type U937 cells

with no crosslinking antibody added (Basal ); or following FccRI by the work of Dolmetsch et al.,30 in which they show that
aggregation ( XL), compared to the peak DAG production in the activation of nuclear factor (NF)-kB and c-Jun N-terminal
U9375Dp85 cell line when the Dp85 gene was uninduced, with no kinase occurred with rapid high calcium transients, whereas
crosslinking antibody added (Basal Dp85 uninduced), or following nuclear factor of activated T cells (NFAT) was preferentially
FccRI aggregation ( XL Dp85 uninduced); and when the Dp85 gene activated by low, more sustained calcium release. The differen-
was induced, with no crosslinking antibody added (Basal Dp85

tiation-dependent switch in signalling pathways initiated by
induced), or following FccRI aggregation ( XL Dp85 induced).

FccRI therefore likely regulates the cell fate after immune
complex activation.

© 1999 Blackwell Science Ltd, Immunology, 98, 1–8
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