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CNRS EP612 Faculté de Pharmacie, 34060 Montpellier,1 CRBM, CNRS UPR1086, 34293 Montpellier Cedex 5,2
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We have previously shown that phosphatidylinositol 3-kinase a (PI 3-Ka) (p85a-p110a) is required for DNA
synthesis induced by various growth factors (S. Roche, M. Koegl, and S. A. Courtneidge, Proc. Natl. Acad. Sci.
USA 91:9185–9189, 1994) in fibroblasts. In the present study, we have investigated the function of PI 3-Kb
(p85a-p110b) during mitogenesis. By using antibodies specific to p110b we showed that PI 3-Kb is expressed
in NIH 3T3 cells. PI 3-Kb and PI 3-Ka have common features: PI 3-Kb is tightly associated with a protein
serine kinase that phosphorylates p85a, it interacts with the Src-middle T antigen complex and the acti-
vated platelet-derived growth factor (PDGF) receptor in fibroblasts in vivo, and it becomes tyrosine phosphor-
ylated after PDGF stimulation. PI 3-Kb was also activated in Swiss 3T3 and Cos7 cells stimulated with
lysophosphatidic acid (LPA), a mitogen that interacts with a heterotrimeric G protein-coupled receptor. In
contrast PI 3-Ka was activated to a lesser extent in these cells. Microinjection of neutralizing antibodies
specific for p110b into quiescent fibroblasts inhibited DNA synthesis induced by both insulin and LPA but
poorly affected PDGF receptor signaling. Therefore, PI 3-Kb plays an important role in transmitting the
mitogenic response induced by some, but not all, growth factors. Finally, we show that while oncogenic V12Ras
interacts with type I PI 3-Ks, it could induce DNA synthesis in the absence of active PI 3-Ka and PI 3-Kb,
suggesting that Ras uses other effectors for DNA synthesis.

Phosphatidylinositol 3-kinases (PI 3-Ks) belong to a family
of enzymes that phosphorylate phoshoinositides at the 39 po-
sition of the inositol ring, leading to the formation of phos-
phatidylinositol 3-phosphate [PI(3)P], phosphatidylinositol
3,4-bisphosphate [PI(3,4)P2], and phosphatidylinositol 3,4,5-
trisphosphate (PIP3). PI 3-K activity was first identified by its
association with tyrosine kinases in mammalian cells. PI 3-Ks
have now been identified in various organisms, including plants,
yeasts, flies, and mammals (for reviews, see references 40 and
46). They are involved in the regulation of multiple biological
responses, including mitogenesis, apoptosis, vesicular traffick-
ing, and cytoskeleton rearrangement. In agreement with such
important functions, PI 3-K activities are highly regulated in
vivo. Also, their products PI(3,4)P2 and PIP3 are present in
very low levels in quiescent cells but are rapidly produced
during cell stimulation. These lipids are thought to have a
secondary messenger function. Several targets for these lipids
have been identified. These are serine/threonine kinases of the
protein kinase C (PKC) family, the product of the proto-on-
cogene Akt (also called PKB), a protein kinase involved in
prevention of apoptosis; p70S6k, a kinase important for mito-
genesis; and GRP1 (18) and cytohesin, two proteins involved in
cell adhesion and membrane trafficking. Additionally, PI 3-K
may also affect the activity of small GTP-binding proteins, such
as Rac, leading eventually to cytoskeleton rearrangement dur-
ing membrane ruffling. The mechanism by which these novel
lipids initiate their signaling pathway has been recently unrav-
elled: PI(3,4)P2 and PIP3 have been shown to have binding

affinity for conserved peptidic sequences, including the pleck-
strin homology domain (PH) and the Src homology region 2
domain (SH2) (29). One consequence of such associations may
be localization of a PH-containing signaling molecule to the
membrane or regulation of complex dissociation in the case of
SH2-containing proteins. PIP3 also activates intrinsic enzy-
matic activities, as has been shown for several serine/threonine
kinases, including members of the PKC family, PDK, and Akt
(1, 19, 38).

The first PI 3-K identified was a heterodimer composed of
the regulatory subunit p85 and the catalytic subunit p110.
Later, other enzymes with PI 3-K activity were identified. They
are now grouped into three classes depending on their sub-
strate specificity. Enzymes of class I phosphorylate PI, PI(4)P,
and PI(4,5)P2, whereas PI 3-Ks of class II prefer PI and PI(4)P
as substrates. Class III members include enzymes with PI as the
sole substrate, the first member being the S. cerevisiae PI 3-K
Vps34p, identified by its involvement in intracellular protein
trafficking (for a review, see reference 46).

Type I enzymes include heterodimers composed of p110a
(the first p110 originally identified) (11), p110b (12), and
p110d (3, 47), all of which are tightly associated with regulatory
subunits (p85a, p85b, PIK55, and p50). While p110s encode PI
3-K activity, p85 contains multiple domains that regulate in-
teraction of PI 3-K with signaling proteins, e.g., two SH2 do-
mains, one SH3 domain, two proline-rich regions, and a Bcr
homology domain which is involved in rho-like binding re-
gions. These enzymes interact with and are regulated by tyro-
sine kinases. p110g also belongs to this family, but it does not
associate with p85 (39); rather, it associates with a recently
cloned p101 regulatory subunit which has no homology with
any known protein (37). Recent studies have shown that this
member is involved in G-protein-coupled receptor signaling
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(25). In addition, all these enzymes contain a region in the
catalytic subunit involved in the interaction with the small
GTP-binding protein Ras (35, 46, 47), and it has been shown
that PI 3-Ka is a Ras effector (17, 33, 34). Therefore, type I PI
3-Ks may also be part of the Ras-dependent signaling pathway.

While p110d is almost exclusively present in leukocytes
(3, 47), PI 3-Ka (p85a-p110a) and PI 3-Kb (p85a-p110b) are
broadly expressed (11, 12). a and b catalytic subunits show
42% identity (12). Although the regulation and function of PI
3-Ka have been extensively studied, much less is known about
PI 3-Kb. In a recent study, we used a microinjection approach
in order to assess the function of PI 3-Ka during mitogenesis:
neutralizing antibodies specific to p110a were microinjected
into quiescent fibroblasts, and the capacity of injected cells to
respond to growth factors was subsequently analyzed. This
study led us to conclude that the a form is required for DNA
synthesis induced by various growth factors (30). In the present
study we investigated the role of PI 3-K b in fibroblasts during
mitogenesis by using antibodies specific for p110b.

MATERIALS AND METHODS

Antibodies and protein purification. p110a.1 and p110a.2 were described in
reference 31 and were generated in rabbits as antibodies to the 16 carboxy-
terminal amino acids and and amino acids 776 to 791 of the bovine brain p110a
subunit; p110b.2 and p110b.3 sera were generated as antibodies to amino acids
738 to 752 and 420 to 435 of human p110b; and polyclonal antibody (PAb)
ap110g was generated as antibody to amino acids 742 to 756 of human p110g
(39). Monoclonal p110g (generous gift of B. Stoyanov) and PAb 762 (7) (gen-
erous gift of S. Dilworth) were used for Western blotting analyses and recognize
p110g and mouse middle T (mT) antigen, respectively. Platelet-derived growth
factor PDGF receptor antibodies (aPR4), mT antibodies (amT), and p85a
antibodies (ap85a) have been described elsewhere (31). PP2A-C and PP2A-R
antibodies have been described elsewhere (43). Antiphosphotyrosine monoclo-
nal antibody 4G10 was from Upstate Biochemical Inc., and anti-hemagglutinin
(HA) monoclonal antibody 12CA5 was from Babco. Antibodies were affinity
purified as described previously (30). Briefly, ammonium sulfate-precipitated
sera were first loaded onto a Sepharose column to which peptides were coupled
and then were washed with 10 mM sodium phosphate–500 mM NaCl buffer (pH
7). Antibody was eluted with 1 mM propionic acid, and fractions were collected
into 1 M ice-cold sodium phosphate buffer (pH 7.0) and stored at 270°C.
Nonimmune and preimmune rabbit immunoglobulin G (IgG) was purified on a
protein A-Sepharose (Pharmacia) column and eluted as described previously
(30). p85a, PI 3-Ka (p85a-p110a) expressed in Sf9 insect cells, and histidine-
tagged V12Ras expressed in Escherichia coli were purified as described in ref-
erences 20, 30, and 33, respectively. PI 3-Kb (p85a–histidine-tagged p110b)
expressed in insect Sf9 cells was purified by using His-bind resin (Novagen)
according to the manufacturer’s instructions. All proteins were concentrated to
.1 mg/ml with a Minicon microconcentrator (Amicon) for in vivo studies.

Cell culture and transfection. Mouse mT-transformed NIH 3T3 cells, NIH
3T3 cells, NIH 3T3 cells stably overexpressing insulin receptor (NIH 3T3 HIR),
Swiss 3T3 cells, and Cos7 cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) (GIBCO) or RPMI 1640 (Eurobio) (in the case of BI-141
lymphoid T cells) containing 10% fetal calf serum (FCS). For growth factor
stimulation experiments, fibroblasts were growth arrested at confluence, then
incubated for 40 to 48 h in DMEM supplemented with 0.5% FCS, and then
stimulated or not with PDGF BB (25 ng/ml; Upstate Biochemical Inc.), 5% FCS
insulin (100 mg/ml; Sigma), or LPA (10 mM; Sigma). Cos7 cells were incubated
overnight in the absence of serum before lysophosphatidic acid (LPA) stimula-
tion. For inhibitor treatment, cells were preincubated for 30 min with wortman-
nin, LY294002, or 0.1% dimethyl sulfoxide (as a control) before growth factor
stimulation or protein microinjection. For transient-expression experiments,
Cos7 cells were transfected for 2 days with 5 mg of pRK5 vector encoding human
p110b tagged at the C terminus with influenza virus HA epitope as previously
described (12) or pSG5 vector encoding human p110g (generous gift of B. Stoy-
anov) by using Lipofectamine (Life Technology) according to the manufacturer’s
instructions.

Biochemistry. Methods for immunoprecipitation of proteins, kinase assay,
reimmunoprecipitation, and sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis have been described before (30). Briefly, cells were rinsed twice
in cold TBS (20 mM Tris [pH7.5], 150 mM NaCl, 0.1 mM sodium orthovanadate)
and then lysed into LB (20 mM Tris [pH 8], 150 mM NaCl, 1% Nonidet P-40, 1%
aprotinin, 20 mM leupeptin, 0.1 mM sodium orthovanadate, 10 mM NaF) at 4°C.
For some experiments cells were lysed in 0.5% SDS, boiled for 3 min at 95°C, and
then diluted in fivefold radioimmunoprecipitation assay (RIPA) buffer (see
above) lacking SDS. Cleared lysate was incubated with the indicated serum for
1 h, followed by a further incubation of 30 min with protein A-Sepharose.

Immunoprecipitates were washed three times with LB or RIPA buffer (20 mM
Tris [pH 7.5], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, 1% aprotinin, 20 mM leupeptin, 0.1 mM sodium orthovanadate) as appro-
priate and once with TBS. Kinase assays were performed in 20 ml of 20 mM
HEPES (pH 7.5)–10 mM MnCl2–2 mM dithiothreitol containing 2 to 10 mCi of
[g-32P]ATP (3,000 to 5,000 Ci/mmol; Amersham) for 10 min at 30°C. For reim-
munoprecipitation experiments immunoprecipitates were boiled at 95°C for 3
min in the presence of 0.5% SDS in order to dissociate the complex, diluted in
5 volumes of RIPA buffer without SDS, and then reimmunoprecipitated with the
indicated antibody (31). The samples were then resolved on SDS-polyacrylamide
gels and analyzed by autoradiography. Serine protein kinase activity of p110b
was tested by performing the kinase assay in the presence of 1 mg of purified
p85a (20) that was expressed in insect Sf9 cells (20) containing 2 to 10 mCi of
[g-32P]ATP (3,000 to 5000 Ci/mmol; Amersham) and 10 mM ATP (Boehringer
Mannheim). For Western blotting experiments, the transfer of proteins to nitro-
cellulose (BA85; Schleicher and Schuell) was performed with a semidry appa-

FIG. 1. Characterization of p110b antibodies. (A) Ectopic HA-p110b was
immunoprecipitated from lysates of Cos7 cells that had been transfected for 2
days with the expression vector encoding HA-tagged human p110b with nonim-
mune IgG or antibodies specific to PI 3-Ka or PI 3-Kb as indicated. p110a (B)
and p110b (C) were immunoprecipitated from an NIH 3T3 cell lysate with the
indicated antibodies. (D) p110g was immunoprecipitated with the indicated
antibodies from a lysate of Cos7 cells that had been transfected with the expres-
sion vector encoding human p110. The presence of p110a, p110b, HA-p110b,
and p110g was detected by immunoblotting using ap110a.2, ap110b.3, 12CA5 anti-
tag, and monoclonal anti-p110g antibodies, respectively. ip, immunoprecipitate.
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ratus according to the manufacturer’s instructions (Millipore), blocked in 3%
bovine serum albumin, and blotted with the indicated antibodies. Bound anti-
bodies were detected with horseradish-conjugated anti-protein A or horseradish-
conjugated anti-mouse IgG (for the 4G10, ap110g, PAb 762, and 12CA anti-
bodies) and followed by enhanced chemiluminescence detection (Amersham).
Phosphoamino acid analysis was described previously (41). An immunodepletion

FIG. 2. Expression of PI 3-Ka and PI 3-Kb in NIH 3T3 cells (A) and in BI-141 lymphoid T cells (C). PI 3-Ka and PI 3-Kb were immunoprecipitated from cell lysates
by using nonimmune rabbit serum (NRS) or anti-PI 3-K sera as indicated followed by an in vitro PI 3-K assay using PI(4,5)P2 as a substrate. Products were resolved
on thin-layer chromatography plates. The presence of p85a in the immunocomplex is also shown and was determined by Western blotting analysis using anti-p85a
antibody. (B) Association of p85a subunit with p110a and p110b in NIH 3T3 cells. Fibroblast lysate was immunodepleted of p110a and p110b molecules by using a
mixture of ap110a.1 and ap110b.3 or nonimmune serum as indicated. The presence of p85a was detected as described for panel A. p85a was also immunoprecipitated
from depleted cell lysates followed by an in vitro PI 3-K assay using PI–PI(4)P–PI(4,5)P2 (1:1:1) as substrates. Shown are the labelled products that were resolved by
thin-layer chromatography. The positions of phosphatydylinositol phosphate (PIP), PIP2, PIP3, and the origin (Ori) are shown. ip, immunoprecipitate.

FIG. 3. PI 3-Kb is tightly associated with a serine protein kinase that phos-
phorylates p85a. (A) In vitro phosphorylation of purified p85a by immunopuri-
fied p110b. HA-p110b was immunoprecipitated (ip) with nonimmune IgG or
anti-HA-p110b antibodies from cell lysate of Cos7 cells transiently transfected
with HA-p110b expression vector as shown. After extensive washing, immuno-
precipitates were assayed for an in vitro kinase activity in the presence or the
absence of 1 mg of purified p85a as indicated, and phosphoproteins were re-
solved on 9% acrylamide gel. The presence of phosphorylated p85a is shown. ip,
immunoprecipitate. (B) Phosphoamino acid analysis of labelled p85a. The po-
sitions of phosphorylated Ser, Thr, and Tyr are shown.
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experiment was performed as described elsewhere (30). Briefly, p110a and
p110b were immunoprecipitated overnight with 20 ml of ap110a.1 and ap110b.3
or nonimmune serum as control, followed by another round of immunoprecipi-
tation. Immunodepleted cell lysate was then used for further biochemical anal-
ysis as indicated.

In vitro binding assay. For V12Ras in vitro experiments, purified protein
coupled to Affigel 10 was first incubated with 10 mM GTPgS or GDPbS (Sigma)
and then incubated with purified PI 3-Ka for 1 h at 4°C. The beads were then
washed extensively with 20 mM HEPES [pH 7.5]–150 mM NaCl–0.1 mM sodium
orthovanadate–2 mM dithiothreitol and then further incubated for 15 min with
5 mg of affinity-purified anti-PI 3-K antibody or nonimmune IgG before PI 3-K
activity was determined.

Measurement of PI-3K activity. The in vitro PI kinase assay was performed as
described previously (30, 31). PI(4,5)P2 or a mixture of PI–PI(4)P–PI(4,5)P2
(1:1:1; Sigma) was used as the substrate as indicated. Products were separated by
chromatography on silica gel 60 plates impregnated with 1% potassium oxalate–1

mM EDTA in chloroform-methanol-acetone-glacial acetic acid-water (60:20:23:
18:11) for 2 h. Phosphorylated products were detected by autoradiography and
quantified by using a PhosphorImager. PI 3-K activity in vivo was analyzed by
measurement of the levels of PI(4,5)P2, PI(3,4)P2, and PIP3 as described in
reference 13.

Microinjection of cells. Cells were grown on coverslips to 70% confluence and
then made quiescent by incubating for 24 to 30 h (48 h in the case of NIH 3T3
HIR cells and Swiss 3T3 cells) in DMEM containing 0.5% FCS, as well as in
insulin (5 mg/ml) and transferrin (5 mg/ml) in the case of NIH 3T3 cells. Purified
antibody or purified V12Ras premixed with antibodies or purified p85a (1 mg/
ml) as indicated was then injected into the cytoplasm by using either an auto-
matic (AIS; Zeiss) or a semiautomatic (Eppendorf) microinjection system as
described earlier (30, 32) and then stimulated with growth factor in the presence
or the absence of wortmannin or LY294002 when indicated. Typically antibodies
were injected into 100 to 150 cells per coverslip. The needles used for microin-
jection were pulled with a Fleming-Brown micropipette puller. DNA synthesis

FIG. 4. Association of PI 3-Kb with the cSrc-mT complex in fibroblasts. (A) Association of PI 3-Ka and PI 3-Kb with the Src-mT complex in mT-transformed cells.
Immunoprecipitates with mT-transformed NIH 3T3 cells and nonimmune rabbit antibody (NRS) or antibody specific to mT, PI 3-Ka (ap110a.1), or PI 3-Kb (ap110b.3)
were assayed in vitro for associated kinase activity. The positions of the size markers are shown. (B) Reprecipitation analysis of the products detected by kinase assay
of the p110b immunocomplex with nonimmune antibody and antibodies specific to mT, cSrc (327), p85a, and p110b (ap110b.2), as indicated. (C and D) Association
of PI 3-Ka and PI 3-Kb with mT and PP2A. After immunoprecipitation of PI 3-Ka or PI 3-Kb as indicated, the presence of mT (C) and the catalytic (PP2A-C) and
the regulatory (PP2A-R) subunits of PP2A (D) was detected by immunoblotting using PAb 762, aPP2A-C, and aPP2A-R antibodies, respectively. Cell lysate (10% of
total [10%TOT]) used for immunoprecipitations was assayed by immunoblotting. The position of the antibody heavy chain (H chain) is also indicated. wb, Western
blot; ip, immunoprecipitate.
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was monitored by adding bromodeoxyuridine (BrdU) (Sigma). The cells were
further incubated for 18 h (22 h in the case of Swiss 3T3 cells) and then fixed for
immunostaining. Coverslips were washed once with PBS and fixed for 5 min with
cold methanol. Cells with injected antibodies were detected by incubating the
coverslips with fluorescein-conjugated goat anti-rabbit antibody (Dianova) di-
luted in PBS (1:100) for 30 min and then washing them three times with PBS. To
analyze DNA synthesis, cells were incubated for 10 min with 1.5 M HCl, washed
three times with PBS, stained with monoclonal anti-BrdU antibody (Boehringer
Mannheim), and then stained with Texas red-conjugated anti-mouse antibody
(Dianova). All coverslips were finally washed in PBS containing Hoechst 33258
(Sigma), rinsed in water, and mounted in Moviol (Hoechst) on glass slides. The
slides were viewed with an Axiophot fluorescence microscope. Percent DNA
synthesis was calculated by using the formula (number of injected cells that were
BrdU positive)/(total number of injected cells) 3 100. Results from several
independent experiments (n . 3) have been averaged; the mean and standard
deviation are shown.

RESULTS

Characterization of PI 3Kb antibodies. Antibodies to p110b
were first generated. They were raised against two distinct pep-
tides corresponding to specific regions of the human p110b.
These peptides had no homology with any cloned type I PI 3-K
sequence and therefore were expected to be specific to PI 3-
Kb. p110b was immunoprecipitated with various PI 3-K anti-
bodies from a lysate of Cos7 cells that were transiently trans-
fected with an expression vector encoding HA-tagged human
p110b. The presence of p110b was detected by immunoblot-
ting with antitag antibody. As shown in Fig. 1A, both p110b.2
and p110b.3 antibodies recognized the expressed p110b. An-
tibody specificity was next investigated. While anti-p110b an-
tibodies recognize endogenous p110b in NIH 3T3 cells (Fig.
1C), they did not immunoprecipitate p110a. As a control,
p110a was detected in both p110a.1 and p110a.2 immunopre-
cipitates (Fig. 1B). Conversely no p110b was detected in anti-
p110a immunoprecipitates when lysates of Cos7 cells express-
ing HA-p110b or NIH 3T3 cells were used (Fig. 1A and C).

Finally, none of these antibodies cross-reacted with p110g that
was transiently expressed in Cos7 cells (Fig. 1D). Therefore,
both sets of antibodies are specific to each subunit.

Expression of PI 3-Kb in fibroblasts and lymphoid T cells.
PI 3-Kb expression was next investigated in mammalian cells.
Two approaches were used: the detection of PI 3-K activity
present in the immunocomplex and the level of coimmunopre-
cipitated p85a. Figure 2A shows that a PI(4,5)P2 3-kinase
activity was detected in both p110b immunoprecipitates from
NIH 3T3 cell lysates. More activity was found associated with
the p110b.3 antibody than with anti-p110b.2 and anti-p110a.1.
This suggests that NIH 3T3 cells do express PI 3-Kb. Similar
results were obtained with Swiss 3T3 fibroblasts (30a). When
looking at the level of p85a coimmunoprecipitated from the
cell lysate, a similar amount of p85a was found associated with
p110a and p110b immunocomplexes. Whether p85a associates
with proteins other than p110a or p110b was also investigated.
As shown in Fig. 2B, immunodepletion of PI 3-Ka and PI 3-Kb
with p110 antibodies strongly reduced both the p85a level
present in the cell lysate and the PI 3-K activity present in the
p85a immunoprecipitate. This suggests that p85a is mainly, if
not exclusively, associated with p110a and p110b in fibroblasts.
PI 3-Kb was also found expressed in other cell types, as shown
by the example of the lymphoid T-cell line BI-141 (Fig. 2C).

PI 3-Kb associates with a serine protein kinase that phos-
phorylates the p85 subunit. Biochemical characterization of PI
3-Kb was next investigated. First p110b showed no PI 3-K
activity in vitro when expressed alone in Cos7 cells (30a). This
was reminiscent of what was observed with p110a (11) in these
cells and suggested that PI 3-Kb is regulated in the same way
as PI 3-Ka. We and others have previously demonstrated that
p110a has a serine kinase activity toward p85 that negatively
regulates its lipid kinase activity (2, 5). We tested whether such
activity is associated with PI 3-Kb. For this purpose, a lysate of

FIG. 5. Association of PI 3-Kb with activated PDGF receptor in fibroblasts. (A) Association of PI 3-Ka and PI 3-Kb with the activated PDGF receptor (PDGF
R) in NIH 3T3 in vivo. PI 3-Ks were immunoprecipitated from quiescent fibroblasts stimulated or not for 5 min with PDGF as shown, using ap110a.1 and ap110b.3
as indicated. The presence of the PDGF receptor and the phosphotyrosine proteins in immunocomplexes was detected by Western blotting using PR-4 antibody (aPR4)
and 4G10 antiphosphotyrosine antibody (aPy), respectively. The presence of the PDGF receptor and the locations of the size markers are shown. (B and C) Tyrosine
phosphorylation of p110a and p110b in NIH 3T3 cells stimulated by PDGF. (B) Antiphosphotyrosine blot of immunoprecipitates made using p85a, p110a.1, or p110b.3
antibodies as shown and cells stimulated with PDGF for 5 min and lysed under SDS denaturing conditions. (C) Anti-p110b and antiphosphotyrosine immunoblots of
the p110b immunoprecipitate made of cells stimulated or not with PDGF for 5 min as indicated and ap110b.3. The presence of p110b is shown. wb, Western blot; ip,
immunoprecipitate.
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Cos7 cells expressing tagged p110b was used as a source of free
p110b. Indeed most p110 expressed in these cells was not
associated with p85a (30a), perhaps because of the very high
level of ectopic protein expression. Tagged p110b was immu-
noprecipitated, and after extensive washing, an in vitro kinase
assay was performed with purified p85a as a substrate. As
shown in Fig. 3A, a kinase activity toward p85a was detected
from p110b immunocomplexes. No specific phosphorylation
was observed when p110b was immunopurified with a nonrel-
evant antibody. Also, similar kinase activity was detected in
both anti-p110b.3 and anti-tag immunoprecipitates, showing
that the kinase activity is not due to antibody cross-reactivity.
Phosphoamino acid analysis showed that p85a was mainly
phosphorylated on serine residues (Fig. 3B). Taken together,
these data strongly suggest the existence of a serine kinase
activity tightly associated with p110b that phosphorylates p85a.

PI 3-Kb associates with tyrosine kinases in vivo and be-
comes tyrosine phosphorylated. We next tested whether PI
3-Kb interacts with tyrosine kinases in vivo. PI 3-K was first
identified by its interaction with the Src-mT complex (51);
therefore, association of PI 3-Kb with Src-mT in mT-trans-
formed NIH 3T3 cells was investigated. The enzyme was im-
munoprecipitated from cell lysates, and the presence of the
Src-mT complex was detected by an in vitro kinase assay. We
have previously shown by this same approach that PI 3-Ka
associates with Src-mT in these cells (31). The protein kinase
assay from the p110b immunocomplex revealed several phos-
phoproteins that comigrate with those observed in both mT
and p110a immunocomplexes (Fig. 4A). Reimmunoprecipita-
tion experiments identified mT, cSrc, p85a, and p110b as part
of the labelled proteins (Fig. 4B). Therefore, like PI 3-Ka, PI
3-Kb associates with the Src-mT complex in vivo. The mT
antigen present in both PI 3-K immunoprecipitates was quan-
tified by immunoblotting: mT was detected in both immuno-
complexes but more viral antigen was found associated with PI
3-Ka than with PI 3-Kb (Fig. 3C). Interestingly, additional
phosphoproteins, including one of 35 kDa, were found associ-
ated with PI 3-Kb but were absent in the PI 3-Ka immuno-
complex. This suggested that PI 3-Kb may be involved in spe-

cific complexes. The mT antigen has been shown to associate
with the serine phosphatase PP2A (27), raising the possibility
that the 35-kDa band is the catalytic subunit of the phospha-
tase (PP2A-C). However, we failed to identify PP2A-C or the
regulatory subunit PP2A-R in a reimmunoprecipitation assay
(30a). The presence of the phosphatase was then investigated by
Western blotting, and as shown in Fig. 4D, both the 36- and 66-
kDa subunits of PP2A were found associated with PI 3-Kb. How-
ever, this was not specific to the enzyme, since PP2A proteins
were also detected in the PI 3-Ka immunocomplex (Fig. 4D).

The in vivo association of PI 3-Kb with activated PDGF
receptor was next studied. p110a and p110b were immunopre-
cipitated from a lysate of quiescent NIH 3T3 cells either stim-
ulated or not with PDGF. The presence of the PDGF receptor

FIG. 6. p110b antibodies reduce PI 3-Kb activity in vitro. Purified PI 3-Ka
(A) and PI 3-Kb (B) were incubated with nonimmune antibodies (IgG) or
anti-p110 antibodies as indicated, followed by an in vitro lipid kinase assay using
PIP2 as a substrate. Products were resolved on thin-layer chromatography plates
and quantified by using a PhosphorImager. The position of PIP3 is shown.

FIG. 7. Inhibition of PDGF and insulin signaling by p110 antibodies in NIH
3T3 cells. Control IgG or affinity-purified anti-p110 antibodies were microin-
jected into quiescent fibroblasts (NIH 3T3 cells [A] and NIH 3T3 HIR cells [B])
as shown, and then the fibroblasts were stimulated with the growth factor indi-
cated and processed for immunofluorescence as described in Materials and
Methods. For each experiment, several coverslips were analyzed and the per-
centage of BrdU-positive cells in injected cells was calculated by using the
formula (number of cells injected that were BrdU positive)/(total number of
injected cells) 3 100. The results from more than three experiments were aver-
aged, and the means and standard deviations (error bars) are shown.
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was subsequently detected by immunoblotting using specific
antibodies to phosphotyrosine and to the receptor itself. As
shown in Fig. 5A, PI 3-Kb associated with the activated PDGF
receptor in vivo as well as PI 3-Ka did. When interacting with
the receptor, p110a becomes rapidly phosphorylated on ty-
rosine residues (31). We therefore tested whether a similar
event occurred on the p110b subunit. Two major phosphoty-
rosine-containing proteins were detected in the p110b immu-
nocomplex: a 180-kDa protein identified as the receptor and a
protein of 120 kDa. The latter was identified as p110b by
reprobing the membrane with affinity-purified p110b.2 anti-
body (Fig. 5B). Immunoprecipitation from SDS-denatured cell
lysates confirmed the identity of the 110-kDa protein as the
catalytic subunit of PI 3-Kb. As a control, no tyrosine-phos-
phorylated p110 proteins were detected in the p85a immuno-
complex, indicating that the p85-p110 heterodimer was disso-
ciated under our conditions (Fig. 5C).

p110b antibodies reduce in vitro PI 3-Kb activity. The func-
tion of PI 3-Kb was next investigated in fibroblasts during
mitogenesis. The p110b antibodies were first tested for their
ability to affect in vitro lipid kinase activity. To address this
question, PI 3-Kb was affinity purified from Sf9 insect cells that
were coinfected with baculoviruses expressing human p85a
and histidine-tagged human p110b. The effect of antibodies on
the activity of purified PI 3-Kb was next determined. While
anti-p110a antibodies did not affect PIP2 3-kinase activity, both
p110b.2 and p110b.3 antibodies reduced the activity with a
stronger effect for ap110b.3 (inhibition, 55 and 90%, respec-
tively) (Fig. 6B). Conversely, p110b antibodies did not affect
the activity of purified PI 3-Ka expressed in Sf9 cells, while
ap110a strongly inhibited the activity as previously reported
(30) (Fig. 6A). Collectively these data confirm the specificity of
antibodies for their subunit and indicate that they reduce PI
3-K activities in vitro.

p110b antibodies inhibit the mitogenic response induced by
insulin but have little effect on PDGF receptor signaling.
p110b antibodies were next microinjected into cells in order to
specifically inhibit PI 3-Kb in vivo. Quiescent NIH 3T3 cells
were seeded onto coverslips, and purified p110b antibodies
were injected into the cytoplasm. Cells were then stimulated
with PDGF, and BrdU was added to the medium as a marker
of S-phase entry. After 18 h of incubation at 37°C, cells were
fixed and immunostaining was performed. The capacity of the
injected cells to synthesize DNA was then compared to that of
the surrounding noninjected cells. Statistical analysis of several
independent experiments is summarized in Fig. 7A. p110b
antibodies poorly affected the PDGF response: ap110b.3 gave
about 35% inhibition, whereas ap110b.2 had no statistically
significant effect. In contrast p110a.1 inhibited 80% of the
PDGF response. Therefore, PI 3-Kb may not be absolutely
required for PDGF to induce DNA synthesis in these cells.

FIG. 8. PI 3-K stimulation by LPA. (A and B) Stimulation of PI 3-Ka and PI
3-Kb by LPA in Swiss 3T3 cells. PI 3-Ka and PI 3-Kb were immunoprecipitated
from lysates of quiescent Swiss 3T3 cells stimulated with LPA at various times as
indicated by using anti-p110a.1 and anti-p110b.3 antibodies, respectively, and in
vitro activity measurement was performed with a mixture of PI–PI(4)P–PI(4,5)P2

(1:1:1) as substrates. (A) Shown are products resolved by thin-layer chromatog-
raphy. The positions of PIP, PIP2, and PIP3 are indicated. (B) PIP2 3-kinase
activities of PI 3-Ka (■) and PI 3-Kb (Œ) from panel A were quantified. (C)
Stimulation of PI 3-Ka and PI 3-Kb by LPA in Cos7 cells. Cos7 cells were
incubated overnight in medium without serum and then stimulated with LPA at
various times as indicated. PI 3-Ka and PI 3-Kb were immunoprecipitated from
cell lysates and assayed for an in vitro lipid kinase activity by using PI(4,5)P2 as
a substrate. PIP3 was resolved by thin-layer chromatography. (D) Increase in
PI(3)P (shaded bars), PI(3,4)P2 (hatched bars), and PIP3 (open bars) levels by
LPA in Cos7 cells. [ortho-32P]-phosphate-labelled Cos cells were stimulated with
10 mM LPA at the indicated times, and the levels of various labelled phospho-
inositides were determined. The results from several experiments were averaged,
and the means and standard deviations (error bars) are shown. d.p.m., disinte-
grations per minute.
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The effect of PI 3-K-neutralizing antibodies on the mitogenic
response induced by insulin was next analyzed. For this pur-
pose fibroblasts that express a very high level of insulin recep-
tor (NIH 3T3 HIR cells) were used. As shown in Fig. 7B, in-
sulin induced a potent mitogenic response (50%) in these cells.
PI 3-Ka-neutralizing antibodies inhibited this response (90%
inhibition for p110a.1 and 60% for p110a.2), confirming a
requirement of PI 3-Ka for insulin receptor signaling (26);
p110b.2 and p110b.3 antibodies also strongly affected insulin-
induced DNA synthesis (90 and 70%, respectively) (Fig. 7B).
These inhibitory effects were specific, since control IgG had no
effect on this biological response; also, p110b antibodies did
not affect DNA synthesis induced by serum in these cells (30a).
Therefore both PI 3-Ka and PI 3-Kb are required for DNA
synthesis induced by insulin in fibroblasts.

PI 3-Kb is activated by LPA and is required for signaling. In
addition to being induced by tyrosine kinase receptors, mito-
genesis can be induced by ligands that interact with seven
transmembrane receptors linked to heterotrimeric G protein.
Therefore, we investigated the interaction of PI 3-Kb with
LPA, a lipid that interacts with a heterotrimeric protein G-
coupled receptor and that induces a strong mitogenic response
in fibroblasts (45). PI 3-Ka and PI 3-Kb were immunoprecipi-
tated from quiescent Swiss 3T3 cells stimulated for various
times with LPA and assayed for in vitro lipid kinase activity. As
shown in Fig. 8, LPA induced a rapid and strong activation of
PI 3-Kb (about fivefold) within the first 10 min of stimulation
that was detected at 30 s and peaked at 3 min. PI 3-Ka was also
found to be activated by LPA, but to a lesser extent and with
different kinetics: this stimulation was detected at 3 min, sug-
gesting a different mechanism for PI 3-Ka activation. PI 3-Kb
activation by LPA was also observed in Cos7 cells (Fig. 8C):
LPA induced a rapid and strong increase in PI 3-Kb activity
accompanied by a delayed PI 3-Ka activation. In agreement
with our in vitro data, in vivo stimulation of PI 3-K activity by
LPA was also observed: a fivefold increase in PI(3,4)P2 and
PIP3 levels was found in Cos cells stimulated with LPA (Fig.
8D).

We next investigated the function of PI 3-Kb in the mito-
genic response induced by LPA. Our previous data suggested
that PI 3-Ka was not involved in this response, and therefore
we first analyzed whether LPA needed PI 3-K activity at all for
signaling. Wortmannin, a drug that inhibits PI 3-K activities in
vivo (42), was used for this purpose. As shown in Fig. 9, LPA
induced a strong mitogenic response as 65% of cells entered
the S phase. Addition of 0.1 mM wortmannin to the medium,
a dose described to specifically inhibit PI 3-K activity, gave
70% inhibition. To confirm the wortmannin effect we next used
the the microinjection approach described above: inhibition of
PI 3-Kb in vivo with p110b antibodies gave 70% reduction of
the LPA response. This inhibition was specific to PI 3-Kb,
since anti-p110a.1 had no significant effect (Fig. 9). Together
these data point to a crucial role of PI 3-Kb in the mitogenic
response induced by LPA.

PI 3-Ka and PI 3-Kb are not needed for V12Ras-induced
DNA synthesis. Finally we investigated the requirement of PI
3-Ka and PI 3-Kb for oncogenic Ras to induce DNA synthesis
in fibroblasts. When PI 3-Ka associates with V12Ras, its lipid
kinase activity is increased (35). We therefore tested the effect
of our neutralizing antibodies on PI 3-Ka activity associated
with oncogenic Ras. For this purpose the V12Ras–PI 3-Ka
complex was reconstituted in vitro: immobilized V12Ras was
incubated with purified PI 3-Ka. After extensive washing, a
PIP2 3-kinase assay was performed. A total of 3 to 5% of PI
3-K activity was found associated with Ras when the latter was
in a GTP-bound form (Fig. 10A), which is in agreement with

previous reports (33). Anti-p110a.1 and anti-p110a.2 strongly
inhibited this lipid kinase activity (.80%), confirming that
these antibodies affect PI 3-Ka activity regardless of whether
the enzyme is associated with tyrosine kinases or activated Ras
(Fig. 10A).

The effect of these antibodies on the ability of activated Ras
to induce DNA synthesis was next analyzed. A low dose of
purified V12Ras was chosen to give a moderate cell response
in order to avoid any maximal intracellular signaling. Purified
V12Ras was premixed with neutralizing p110a antibodies or
nonimmune IgG as a control and then microinjected into the
cytoplasm of quiescent NIH 3T3 cells. BrdU was added to the
medium, and after 15 h of incubation, cells were fixed and
immunostained for the presence of injected antibody and for
BrdU incorporation. The statistical analysis of these experi-
ments is summarized in Fig. 10B. V12Ras drives 40% of cells
into S phase; however, none of the PI 3-Ka- and PI 3-Kb-
neutralizing antibodies affected this response. While these data
are in favor of an absence of PI 3-K requirement for signaling,
other interpretations imply either a functional redundancy be-
tween these enzymes or the involvement of another PI 3-K. To
test these hypotheses, a mixture of p110a and p110b antibod-
ies was coinjected with Ras; however, none of these injected
proteins affected the Ras cell response. Similarly, no effect was
observed upon the coinjection of purified p85a, which was
previously shown to inhibit V12Ras-induced cell transforma-
tion (34). Therefore, PI 3-Ka and PI 3-Kb may not be required
for DNA synthesis induced by V12Ras. Finally, we investigated
whether Ras needed any PI 3-K activity for mitogenesis. PI 3-K
activities were inhibited in vivo by the use of the PI 3-K inhib-
itors wortmannin and LY294002. When cells were treated with
high concentrations of either compound, mitogenesis induced

FIG. 9. Inhibition of the LPA-mitogenic response by wortmannin or by in-
jection of p110b antibodies. Affinity-purified anti-p110 antibodies were microin-
jected into quiescent Swiss 3T3 fibroblasts as shown; the fibroblasts were then
stimulated or not stimulated with LPA (10 mM), as indicated, and processed for
immunofluorescence as described in the legend to Fig. 7. Alternatively, cells were
treated with wortmannin during stimulation as indicated. For each experiment,
several coverslips were analyzed and the percentage of BrdU-positive cells was
calculated as described in the legend to Fig. 7. The results from more than three
experiments were averaged, and the means and standard deviations (error bars)
are shown.
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by PDGF and serum was inhibited (Fig. 10D). A stronger ef-
fect was observed with LY29400, probably because of a higher
in vivo stability. Both drugs also affected mitogenesis induced
by injected V12Ras, although not as efficiently (50% inhibition
in the presence LY294002) (Fig. 10C), raising the possibility
that a PI 3-K activity for Ras-induced DNA synthesis is in-
volved.

DISCUSSION

Interaction of PI 3-Kb with tyrosine kinases. In this study
we have investigated the function of PI 3-Kb in fibroblasts.

Using antibodies specific to p110b, we show that PI 3-Kb and
PI 3-Ka have common characteristics. First, PI 3-Kb is tightly
associated with a protein serine kinase that phosphorylates
p85a. Second, PI 3-Kb behaves like the a form in its interac-
tion with tyrosine kinases; like PI 3-Ka, PI 3-Kb was found
associated with both the mT-Src complex and the activated
PDGF receptor in vivo. This was expected, since p85a is re-
sponsible for the association (11, 31). In addition we found that
p110a and p110b were both substrates of the activated PDGF
receptor in vivo. The relevance of this phosphorylation is cur-
rently not known, but preliminary data suggests that it is not
involved in enzymatic regulation (30a). Taken together, these

FIG. 10. Inhibition of PI 3-Ka and PI 3-Kb does not affect V12Ras-induced DNA synthesis in fibroblasts. (A) Anti-p110a antibodies reduce PI 3-Ka activity
associated with oncogenic V12Ras. Purified PI 3-Ka was incubated with purified V12Ras that was coupled to Affigel 10 beads in a GDPbS (V12Ras z GDP) or GTPgS
(V12Ras z GTP) prebound form or with uncoupled beads (beads) as a control. After extensive washings, in vitro PI 3-K activity was determined in the presence of 10
mg of purified control IgG or affinity-purified ap110a.1 or ap110a.2 as shown, and with PI(4,5)P2 as a substrate. PI 3-Ka (10%) used for the binding assay was assayed
for PI 3-K activity as a control [PI 3-Ka–(10%)]. The positions of PIP3 and the origin (Ori) are shown. (B) Anti-PI 3-K antibodies inhibit type I PI 3-K activities present
in NIH 3T3 cell lysate that were bound to activated Ras. The inhibition of PI 3-Ka and PI 3-Kb did not affect V12Ras-induced DNA synthesis. Purified V12Ras together
with control IgG, affinity-purified anti-p110 antibodies, or purified p85a was microinjected into quiescent fibroblasts as shown. (C and D) Quiescent fibroblasts were
pretreated with 0.1% dimethyl sulfoxide (as a control), wortmannin (Wort), or LY294002 as indicated and then stimulated with PDGF (50 ng/ml) or 5% FCS (D) or
microinjected with V12Ras (C) as indicated. In each case cells were incubated in the presence of BrdU for 15 to 18 h and then fixed and processed for
immunofluorescence. Several coverslips were analyzed, and the percentage of BrdU-positive cells was calculated as described in the legend to Fig. 7. The results from
more than three experiments were averaged, and the means and standard deviations (error bars) are shown.
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observations suggest that tyrosine kinases may not discriminate
between PI 3-Ka and PI 3-Kb for protein interaction.

Interaction of PI 3-Kb with Gi-coupled LPA receptor. While
PI 3-Ks are also activated by G-protein-coupled receptors, PI
3-Ka and PI 3-Kb may interact in a distinct manner with these
receptors. For example LPA, a mitogen that signals through a
heterotrimeric Gi protein (45), induced a rapid and strong
activation of PI 3-Kb whereas PI 3-Ka was activated only after
a longer period of stimulation. This suggests a different mech-
anism of a and b enzymatic activation by LPA. This idea is
further supported by the work of Kurosu et al., who observed
an in vitro stimulation of PI 3-Kb by the bg subunits of Gi not
found with PI 3-Ka (22). This mechanism may account for the
observed PI 3-Kb activation by LPA. While not reported by
Kurosu et al. (22), the interaction with the bg heterodimer may
occur through p110b. This suggests that PI 3-Kb differs from
PI 3-Ka at least by its ability to interact with specific receptors
or signaling proteins, which may involve the catalytic subunit.
Identification of specific interactors of p110b will be informa-
tive in this regard.

A link between type I PI 3-K and the G-protein-coupled
receptors including the chemoattractant receptor in leukocytes
has been previously established (28, 36), but other mechanisms
for in vivo activation have been also proposed. First, an inter-
action between PI 3-Kg and the bg subunits of Gi was reported
(25, 37). We, however, failed to detect a clear activation of this
enzyme by the LPA receptor (30a). The reason for this obser-
vation is not known, but the existence of a p101 adapter that
specifically interacts with p110g and regulates PI 3-Kg activity
has been recently reported (37). Hence, failing to observe PI
3-Kg activation may be due to an absence of p101 expression
in fibroblasts. Second, the involvement of tyrosine kinases as
mediators of PI 3-K activation as induced by G-protein-cou-
pled receptors has been proposed. In particular, the associa-
tion of a PI 3-K activity with the cytoplasmic tyrosine kinases of
the Src family has been reported (28, 36). This raises the
possibility that LPA activates PI 3-Ka through association with
a member of the tyrosine kinase family, and this hypothesis is
under current investigation.

Function of PI 3-Kb during mitogenesis. The role of PI
3-Kb in DNA synthesis was next investigated. Most approaches
described thus far involve mutagenesis of the tyrosine kinase
receptor (9, 16, 44), overexpression of wild-type or mutated
forms of p85a as a dominant negative form of PI 3-K (a and b
forms) (14, 52), or drugs that inhibit PI 3-K activities (42, 48).
None of these discriminate between PI 3-Ka and PI 3-Kb. As
an alternative we used an antibody microinjection approach in
order to specifically inhibit PI 3-Kb without affecting PI 3-Ka.
This allowed us to show a requirement of PI 3-Kb for the
mitogenic response as induced by insulin and LPA. Indeed, a
function of PI 3-K activity for insulin signaling has been pre-
viously reported (14, 26). Our data suggests in addition that
both PI 3-Ka and PI 3-Kb are involved for full mitogenic
response. In the case of LPA, the antibody microinjection
experiments confirm the importance of PI 3-Kb for LPA re-
ceptor signaling and agree with several reports describing the
involvement of a PI 3-K activity for LPA-induced mitogen-
activated protein kinase activation (10, 21), an early event of
G1 progression. However, the fact that PI 3-Kb was not re-
quired for the mitogenic response induced by PDGF receptor
is not clear and requires further investigation. Nevertheless,
this data strongly suggests that PI 3-Kb is required for DNA
synthesis induced by some growth factors.

The role of the PI 3-Kb form for signal transduction of
extracellular stimulus is not known, but Logan et al. recently
reported a function of PI 3-Kb during epidermal growth factor

induced Jun kinase activation (24), a key element of the cel-
lular stress response (4, 23). From what is known about PI 3-K
activity and mitogenesis induced by LPA and insulin, several
roles can be attributed to PI 3-Kb. First, PI 3-K inhibition
blocked c-fos expression and mitogen-activated protein kinase
activation induced by these mitogens (10, 14, 21, 49, 52), sug-
gesting that PI 3-Kb may regulate some elements of the Ras
pathway. Second, PI 3-K was also shown to regulate the acti-
vation of the ribosomal protein S6 kinase induced by these
stimuli, and PI 3-Kb may also participate in this process. Fi-
nally, type I PI 3-Ks participate in the activation of PH-con-
taining enzymes, including phospholipase Cg (8) or cytoplas-
mic tyrosine kinases of the Btk family together with tyrosine
kinases of the Src family (6, 10, 21, 28), and this may also
involve the PI 3-Kb.

Interaction of PI 3-Ka and PI 3-Kb with Ras. Since type I
PI 3-Ks are also effectors of the small GTP-binding protein
Ras (17, 33, 34), their function during G1-to-S phase entry
induced by Ras was also investigated. We recently showed that
PI 3-K is important for Ras-induced cell transformation and
actin cytoskeleton rearrangement (34), which makes PI 3-K an
important effector for Ras signaling. However our microinjec-
tion data strongly suggest that PI 3-Ka and PI 3-Kb are not
absolutely required for the Ras mitogenic response. While we
cannot exclude the possibility that our antibody or purified
p85a did not completely block PI 3-K activation in vivo, the
partial effect of chemical inhibitors rather suggests the involve-
ment of another PI 3-K less sensitive to these drugs. In agree-
ment with this idea, a partial effect of LY294002 on PI 3-K
activation induced by V12Ras in vivo was observed (34). Ras
has been shown to interact with several effectors (15, 50),
including the serine/threonine Raf, rasGAP, and Ral.GSD,
and these effectors may be also important for the Ras mito-
genic response.
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