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Regulation of phosphoinositide 3-kinase (PI 3-kinase) can occur by binding of the regulatory p85 subunit to
tyrosine-phosphorylated proteins and by binding of the p110 catalytic subunit to activated Ras. However, the
way in which these regulatory mechanisms act to regulate PI 3-kinase in vivo is unclear. Here we show that
several growth factors (basic fibroblast growth factor [bFGF], platelet-derived growth factor [PDGF], and
epidermal growth factor [EGF; to activate an EGF receptor-Ret chimeric receptor]) all activate PI 3-kinase in
vivo in the neuroectoderm-derived cell line SKF5. However, these growth factors differ in their ability to
activate PI 3-kinase-dependent signaling. PDGF and EGF(Ret) treatment induced PI 3-kinase-dependent
lamellipodium formation and protein kinase B (PKB) activation. In contrast, bFGF did not induce lamelli-
podium formation but activated PKB, albeit to a small extent. PDGF and EGF(Ret) stimulation resulted in
binding of p85 to tyrosine-phosphorylated proteins and strong Ras activation. bFGF, however, induced only
strong activation of Ras. In addition, while Ras**"'” abolished bFGF activation of PKB, PDGF- and EGF (Ret)-
induced PKB activation was only partially inhibited and lamellipodium formation was unaffected. Interest-
ingly, in contrast to activation of only endogenous Ras (bFGF), ectopic expression of activated Ras did result
in lamellipodium formation. From this we conclude that, in vivo, p85 and Ras synergize to activate PI 3-kinase
and that strong activation of only endogenous Ras exerts a small effect on PI 3-kinase activity, sufficient for
PKB activation but not lamellipodium formation. This differential sensitivity to PI 3-kinase activation could be
explained by our finding that PKB activation and lamellipodium formation are independent PI 3-kinase-

induced events.

After growth factor binding to a receptor tyrosine kinase, a
variety of signaling events are induced. Among these are the
activation of the small GTPase Ras and the activation of phos-
phoinositide 3-kinase (PI 3-kinase). The active GTP-bound
form of Ras binds to several effector molecules, including (i)
family members of the serine-threonine kinase Rafl, which
results in the activation of the kinases extracellular signal-
regulated kinase (ERK) and mitogen-activated protein/ERK
kinase (MEK) (29); (ii) Ral guanine nucleotide exchange fac-
tor (RalGEF) family members, which leads to the activation of
the small GTPase Ral (15); and, interestingly, (iii) members of
the PI 3-kinase family (35). PI 3-kinase phosphorylates phos-
phatidylinositol (PI) lipids on the 3’ position of the inositol
ring, and growth factor-induced PI 3-kinase activation leads to
an increase in the levels of PI-3,4,5 triphosphate (PI-3,4,5P;)
and PI-3,4P, (21, 41). PI 3-kinase has been implicated in a
large variety of biological responses to growth factors; these
include actin reorganization (lamellipodium formation), apo-
ptosis protection, glucose uptake, activation of kinases (p70°°%,
protein kinase B [PKB], and atypical PKCs), and inactivation
of glycogen synthase kinase-3 (GSK-3) (for a review, see ref-
erence 44). Thus far, the only clear direct downstream target
identified for these lipids is PKB (also known as c-Akt or Rac
kinase) (3, 17). This serine-threonine kinase has a pleckstrin
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homology domain, which is the target for PI-3,4P, lipids in
vitro and in vivo (16, 22, 26). In addition, phosphorylation is
essential for activation (1-3). This phosphorylation is mediated
at least in part by an upstream kinase that recently has been
cloned (PDK1) (2). PKB mediates the effect of PI 3-kinase on
the survival of cells from apoptosis (13, 23); this is likely to be
a direct effect, since PKB has been shown to phosphorylate the
BCL-2 family member BAD (7). Activation of p70*°* (3) and
inactivation of GSK-3 (6) are also likely to be mediated by
PKB. Inactivation of GSK-3 appears to be direct, since GSK-3
is a substrate for PKB in vitro. Activation of p70*°* is probably
not direct and will involve one or more intermediate steps.
However, for both GSK-3 and p70°°%, evidence thus far comes
from experiments with constitutively active PKB, and more
definite proof awaits the results of experiments with dominant
negative PKB. As mentioned, PI 3-kinase also mediates other
biological responses such as the induction of Rac-dependent
lamellipodium formation (18, 31). However, whether PKB me-
diates this effect or whether another target for the 3’-phos-
phorylated PI lipids is involved is still elusive.

Two different mechanisms of activation of PI 3-kinase have
been described. First, activation can occur by binding of the
85-kDa regulatory subunit of PI 3-kinase to tyrosine-phosphor-
ylated residues, for instance those present on activated recep-
tor tyrosine kinases (43), and, second, activation can occur by
binding of constitutively active Ras to the 110-kDa catalytic
subunit (35, 37). In vivo, both interactions result in increased
PI-3,4,5P, and PI-3,4P, formation, and evidence exists that
inhibition of either of the two mechanisms affects PI 3-kinase
activation (14, 18, 24-26, 35). However, the interpretation of
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these results has been complicated by the observation that (i)
PI 3-kinase may also act upstream from Ras (19); (ii) other
closely related small GTPases such as R-Ras, Cdc42, and Rac
may bind and activate PI 3-kinase as well (27, 42, 48); and (iii)
almost all the studies analyzed the role of ectopically (over)ex-
pressed oncogenic Ras.

Given the potential role of Ras in regulating PI 3-kinase
activity, Ras has also been implicated in the regulation of PI
3-kinase-directed processes, such as Rac-mediated lamellipo-
dium formation and the activation of PKB, but the picture is
still rather unclear. Introduction of constitutively active Ras in
Swiss 3T3 cells induces the formation of lamellipodia in a
Rac-dependent manner (34); however, surprisingly, the forma-
tion of these lamellipodia is insensitive to inhibitors of PI
3-kinase but is fully inhibited by dominant negative PI 3-kinase
(Ap85) (31). This suggests that Ras may activate isotypes of PI
3-kinase that are not sensitive to LY294002 or wortmannin.
Furthermore, it was shown that endogenous Ras is not essen-
tial for growth factor-induced lamellipodium formation (30,
34), suggesting that constitutively active Ras-induced and
growth factor-induced lamellipodium formation are indepen-
dent pathways. For PKB, one report showed that platelet-
derived growth factor (PDGF)-induced activation is depen-
dent on endogenous Ras (17) whereas others reported that
PKB can be activated independently of endogenous Ras (3,
26). Furthermore, one report showed that constitutively active
Ras could not induce PKB activation (17) while others showed
the opposite (26, 27).

We therefore analyzed the regulation of PI 3-kinase,
through Ras and p85, by measuring 3’-phosphorylated PI lipid
formation as well as by using PKB activation and lamellipo-
dium formation as readouts for PI 3-kinase activation. The
latter was done to study how potential differences in PI 3-ki-
nase regulation might translate into a different biological re-
sponse. As a model system, we used neuroectoderm-derived
SKF5 cells. These cells stably express an epidermal growth
factor (EGF) receptor-Ret chimeric receptor (HERRet) and
are responsive to EGF, PDGF, and basic fibroblast growth
factor (bFGF) (45-47). We found that (i) activation of endog-
enous Ras is neither necessary nor sufficient for the induction
of lamellipodia but is sufficient for the activation of PKB and
(ii) Rac-dependent lamellipodium formation and PKB activa-
tion are independent downstream effects of PI 3-kinase. From
these results, we conclude that PKB activation and lamellipo-
dium formation are independent PI 3-kinase-mediated events
that are differentially regulated by endogenous Ras.

MATERIALS AND METHODS

Cell lines and inhibitors. The HERRet-expressing stable transfectant of the
human SK-N-MC neuroepithelioma cell line (SKF5 cell line) (47) was cultured
in DF12 medium supplemented with 10% fetal calf serum. Wortmannin and
1Y294002 were purchased from Sigma and used at 50 nM and 50 wM, respec-
tively. Pretreatment with these agents was carried out for 10 min.

In vitro PI 3-kinase assay, Western blotting, and determination of Ras acti-
vation. The materials and methods for the PI 3-kinase assay (46), Western
blotting, and experiments to determine endogenous Ras activity have been de-
scribed previously (9, 47).

Transient transfections. For transient expression of the constitutively active
and dominant negative mutants of Ras, cells were transfected after 2 days of
culture on coverslips, by the standard calcium precipitation technique. Per cov-
erslip, 0.5 pg of GTPase-encoding expression plasmid together with 0.5 pg of
carrier DNA was applied. After overnight incubation, the precipitate was re-
moved and the cells were allowed to recover for 24 h. The cells were serum
starved for 16 h and stimulated as indicated (see the figures). For PKB experi-
ments, cells were cultured in 5-cm petri dishes and transfected overnight with a
total of 5 pg/dish, consisting of 0.5 ug of HA-PKB expression vector per dish and
optionally 2 wg of mutant GTPase per dish, supplemented with carrier DNA in
the form of an irrelevant expression plasmid. The precipitate was removed, and
the cells were allowed to recover for 24 h, including overnight serum starvation.
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Immunofluorescence. After stimulation of (transfected) cells grown on glass
coverslips, the cells were fixed for 20 min in 4% paraformaldehyde and perme-
abilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS), and non-
specific binding was blocked by incubation for 45 min with 0.5% bovine serum
albumin in PBS (all at 4°C). For detection of Ras**"!” and Ras""!, the anti-Ras
monoclonal antibody Y13-238 (Oncogene Science) was used. For detection of
GAG-PKB-expressing cells, a polyclonal anti-PKB antibody was used, and HA-
PKB-CAAX was detected with a monoclonal anti-HA antibody (12CAS5). Incu-
bations with the primary antibody were carried out for 2 h at room temperature
and were followed by three rinses in PBS. Subsequently, the coverslips were
incubated for 2 h with goat anti-mouse-conjugated CY3 (Jackson Laboratories)
or goat anti-rabbit-conjugated tetramethylrhodamine-5'-isocyanate (TRITC;
Sigma) antiserum to reveal the primary antibody, in combination with fluorescein
isothiocyanate (FITC)-coupled phalloidin to stain polymerized actin. After three
washes with PBS, the coverslips were embedded in Immumount (Shandon) and
analyzed with a Labophot fluorescence microscope (Nikon).

Determination of PKB activity. The in vitro kinase assay to determine PKB
kinase activity has been described previously (3). Briefly, HA-PKB-transfected
cells were lysed after growth factor stimulation and either endogenous PKB was
immunoprecipitated with a rabbit polyclonal antiserum or, for transfected cells,
HA-PKB proteins were immunoprecipitated with an antihemagglutinin (HA)
antibody (12CAS). HA-PKB kinase activity was determined by incubation of
immunoprecipitated PKB with [y->’P]ATP and the kinase substrate histone 2B.
Histone 2B phosphorylation was determined by autoradiography following so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separa-
tion of the kinase reaction mixture. The fold induction of PKB activity was
determined with a phosphorimager (Storm).

Analysis of PI synthesis. Subconfluent cultures of SKF5 cells were serum
starved overnight and labeled in vivo for 2 h at 37°C with [3?PJorthophosphate.
The cells were stimulated for 2 min with growth factors and lysed in 1 M HCI,
and the lipids were extracted. The lipids were deacylated with methylamine and
analyzed by high-pressure liquid chromatography as described by Rodriguez-
Viciana et al. (35).

RESULTS

PI 3-kinase activation in SKF5 cells. PI 3-kinase plays a key
role in a variety of biological responses such as the rearrange-
ment of the actin cytoskeleton, glucose uptake, apoptosis pro-
tection, and the regulation of kinases such as PKB, p70°°%, and
GSK-3. Treatment with any growth factor that activates PI
3-kinase does not always result in the activation of the whole
plethora of PI 3-kinase-dependent signaling. The most notable
example is the observation that while the stimulation of glu-
cose uptake by insulin is PI 3-kinase mediated, other factors
such as PDGF and interleukin-4, which also activate PI 3-ki-
nase, do not stimulate glucose uptake (20). To study growth
factor-dependent variations in PI 3-kinase signaling and to
explore whether the observed variation might shed light on the
regulation of PI 3-kinase, we first determined PI 3-kinase ac-
tivity in the neuroectoderm-derived SKFS5 cell line following
treatment with various growth factors. To do so, we measured
the in vivo levels of PI-3,4P, and PI-3,4,5P; in [**P]orthophos-
phate-labeled cells before and after stimulation (Fig. 1). Treat-
ment with PDGF and bFGF, which activate endogenous re-
ceptors, and treatment with EGF, which activates a stably
transfected EGF receptor-Ret chimeric receptor (HERRet)
(39, 47) [referred to here as EGF(Ret)], all induced an in-
crease in the levels of both lipids, indicating activation of PI
3-kinase by these factors. However, there was a clear difference
in the magnitude of the response; PDGF induced an average
fivefold increase in the levels of both lipids whereas EGF(Ret)
induced only a twofold (PI-3,4,5P;) to threefold (PI-3,4P,)
increase. The increase induced by bFGF was slightly smaller
than that observed for EGF and averaged a 1.5-fold increase.

PI 3-kinase-mediated signaling: lamellipodium formation
and PKB activation. To study whether the above-described
quantitative differences in growth factor-induced 3’-phosphor-
ylated PI lipid formation cause a difference in the activation of
PI 3-kinase-dependent signaling pathways, we analyzed lamel-
lipodium formation in these cells. As expected from our pre-
vious work (46), EGF(Ret) induced the formation of lamelli-
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FIG. 1. Growth factor-induced PI 3-kinase activity. EGF(Ret), bFGF, and
PDGF induce different amounts of phosphorylated PIs as measured by in vivo
labeling and analysis of total lipids. Serum-starved subconfluent cultures of SKF5
cells were labeled in vivo with [*>P]orthophosphate and were left untreated
(control) or were stimulated for 2 min with 40 ng of EGF per ml or 20 ng of
bFGF or PDGF per ml, followed by isolation of total lipids. Radioactive lipids
were analyzed by high-pressure liquid chromatography. Shown is the fold induc-
tion of the PI-3,4P, and PI-3,4,5P; synthesis above control values. Error bars
indicate the standard deviations.

podia (Fig. 2A) in a PI 3-kinase-dependent manner (i.e.,
sensitive to wortmannin and LY294002). The same was ob-
served after treatment of the cells with PDGF (Fig. 2A). La-
mellipodium formation was observed within 5 min and was
sensitive to both wortmannin and LY294002 (data not shown).
For the formation of both EGF(Ret)- and PDGF-induced
lamellipodia, the activation of the small GTPase Rac is both
necessary and sufficient whereas neither Cdc42 nor Rho is
involved (data not shown). Surprisingly, treatment of SKF5
cells with bFGF did not induce the formation of lamellipodia
as determined both by fluorescent labelling of polymerized
actin (Fig. 2A) and by time-lapse video microscopy (data not
shown). Apparently, the increase in the levels of 3’-phosphor-
ylated PI lipids following bFGF treatment is not sufficient to
induce lamellipodium formation. Also, lysophosphatidic acid
(LPA) and the phorbol ester 12-O-tetradecanoylphorbol-13-
acetate (TPA) did not induce lamellipodium formation in
these cells (data not shown). For TPA, this result was unex-
pected, since in Swiss 3T3 cells TPA is a very strong inducer of
lamellipodium formation (34).

Next, growth factor-induced activation of endogenous PKB
was measured by immunoprecipitation with a PKB-specific
antiserum followed by an in vitro kinase assay with histone 2B
as a substrate (Fig. 2B). Similar to the formation of lamellipo-
dia, EGF(Ret) and PDGF both induced a clear activation of
endogenous PKB activity. Surprisingly, and in contrast to the
lack of lamellipodium formation, bFGF did induce PKB activ-
ity, albeit to a small extent. LPA did not induce PKB activation
in SKFS5 cells (data not shown). As expected from previous
work (3, 17), pretreatment of SKFS5 cells with wortmannin or
LY294002 resulted in complete inhibition of growth factor-
induced PKB activity (data not shown). Identical results were
obtained when PKB activity was measured following transfec-
tion of HA-tagged PKB and immunoprecipitation with the
12CAS monoclonal antibody (see below). Clear activation by
PDGF and EGF(Ret) and low but reproducible activation by
bFGF were observed.

Thus, bFGF reveals a difference in PI 3-kinase-dependent
signaling toward PKB and lamellipodium formation.
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Regulation of PI 3-kinase signaling: tyrosine phosphor-
ylation. To further understand the difference in PI 3-kinase-
dependent signaling induced by bFGF on the one hand and
PDGF and EGF(Ret) on the other, we first tried to understand
the mechanism of PI 3-kinase activation in SKFS5 cells in great-
er detail. To this end, we analyzed in vitro PI 3-kinase activity
present in antiphosphotyrosine immunoprecipitates (Fig. 3A).
PI 3-kinase activity, as measured in this way, is stimulated by
EGF(Ret) and PDGF, and this induction roughly correlates
with the increase observed in the levels of PI-3P lipids. How-
ever, after treatment with bFGF, we could not detect a repro-
ducible increase in PI 3-kinase activity associated with anti-
phosphotyrosine immunoprecipitates. This is also reflected by
the appearance of the 85-kDa regulatory subunit in antiphos-
photyrosine immunoprecipitates after EGF(Ret) and PDGF
stimulation. No p85 was detectable in antiphosphotyrosine pre-
cipitates after bFGF stimulation (Fig. 3B). These results sug-
gest that PDGF and EGF(Ret) use a mechanism of PI 3-kinase
activation that involves p85 tyrosine phosphorylation or bind-
ing to tyrosine-phosphorylated proteins (e.g., receptor) and
that this is either absent or not detectable after treatment with
bFGF.

Regulation of PI 3-kinase signaling: activation of PI 3-ki-
nase by oncogenic Ras. Next we investigated a possible role for
Ras in the activation mechanism of PI 3-kinase. We first ana-
lyzed whether activation of Ras in the SKFS5 cells would result
in the activation of PI 3-kinase-dependent signaling. To do so,
we again took lamellipodium formation and PKB activation as
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FIG. 2. Growth factor-induced lamellipodium formation and PKB activation
in SKF5 cells. (A) EGF(Ret) and PDGF, but not bFGF, induce lamellipodium
formation. Serum-starved SKF5 cells grown on coverslips were left untreated
(control) or were stimulated for 10 min with 40 ng of EGF per ml or 20 ng of
bFGF or PDGF per ml. Polymerized actin was stained with FITC-conjugated
phalloidin. Lamellipodia are indicated by white arrows. Bar, 10 wm. (B)
EGF(Ret), bFGF, and PDGF differentially induce PKB activity. SKFS5 cells were
serum starved overnight and were either left untreated (—) or treated for 5 min
with 40 ng of EGF per ml (E) or 20 ng of bFGF (F) or PDGF (P) per ml. PKB
activity was determined in an in vitro kinase assay on endogenous PKB immu-
noprecipitated by a rabbit polyclonal anti-PKB serum with histone 2B (H2B) as
a substrate. Shown is an autoradiogram of a representative experiment after
SDS-PAGE analysis of the kinase reaction.
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FIG. 3. Growth factor-induced, phosphotyrosine-associated PI 3-kinase activity. (A) EGF(Ret) and PDGF, but not bFGF, induce PI 3-kinase activity as measured
in an in vitro kinase assay. Serum-starved subconfluent cultures of SKF5 cells were left untreated (—) or were stimulated for 5 min with 40 ng of EGF per ml or 20
ng of bFGF or PDGF per ml, followed by immunoprecipitation of tyrosine-phosphorylated proteins. Immunoprecipitates were subjected to a kinase assay in the
presence of [y-*?P]JATP and phosphatidylinositol. Shown is an autoradiogram of the kinase reaction after thin-layer chromatography. The position of the 3’-phos-
phorylated phosphatidylinositol (PI-3P) is indicated. All experiments were quantified and averaged (*standard error of the mean); the result is represented by bars
(fold induction). The number of three independent experiments were used for each point. (B) EGF(Ret) and PDGF, but not bFGF, induce the association of the p85
subunit of PI 3-kinase with tyrosine-phosphorylated proteins. Serum-starved subconfluent cultures of SKF5 cells were left untreated or were stimulated for 5 min with
40 ng of EGF per ml (E) or 20 ng of bFGF (F) or PDGF (P) per ml. In the upper panel, tyrosine-phosphorylated proteins were immunoprecipitated and analyzed by
Western blotting with a monoclonal antibody to the p85 subunit of PI 3-kinase. In the lower panel, in the same cell lysates the activity of ERK2 was analyzed by Western
blotting with a polyclonal antibody to ERK2. The positions of the active (ppERK2) and inactive (ERK2) forms of the kinase are indicated.

readouts for PI 3-kinase activation and investigated the effect
of ectopic expression of constitutively active Ras (Ras™"¢")
on these readouts. As shown in Fig. 4A, Ras™"®! induced the
formation of lamellipodia in the absence of growth factor stim-
ulation in transient-transfection experiments. This induc-
tion was completely sensitive to the PI 3-kinase inhibitors
LY294002 (Fig. 4A) and wortmannin (data not shown), both of
which reverse lamellipodium formation within 10 min after
addition.

Coexpression of Ras and PKB also resulted in in-
creased PKB activation, which is PI 3-kinase dependent (Fig.
4B). However, in contrast to lamellipodium formation, the ki-
netics of downregulation of PKB activity is much slower. PKB
activity returned to the basal level only after a 30-min treat-
ment with LY294002 (Fig. 4B) or wortmannin (data not shown).
From these results, we conclude that in the SKF5 cells active
Ras can induce PI 3-kinase-mediated events, which is compat-
ible with the suggestion that PI 3-kinase is a direct effector of
Ras (35).

Regulation of PI 3-kinase signaling: involvement of endog-
enous Ras. To see whether activation of endogenous Ras me-
diates PI 3-kinase activation by growth factors, in particular
bFGF, we measured growth factor-induced activation of en-
dogenous Ras. First, Ras activation was measured quantita-
tively by determining the ratio of GTP to GDP bound to
endogenous Ras. After treatment of the cells for 5 min, a clear
and comparable increase in the level of RasGTP was observed
with EGF(Ret), bFGF, and PDGF (Fig. 5A). Second, we de-

Leu6l

termined the kinetics of endogenous Ras activation with glu-
tathione S-transferase (GST)-Raf-RBD as an activation-spe-
cific probe (9). In this assay, active GTP-bound Ras is isolated
specifically by binding to GST-Raf-RBD followed by Western
blot detection. Both EGF(Ret) and bFGF displayed an initial
peak in Ras activity followed by a sustained second phase. In
contrast, PDGF induced only the first peak of Ras activation
and after approximately 30 min the Ras activity returned to the
basal level (Fig. 5B). However, during the time course of the
lamellipodium formation and the activation of PKB, there is
no clear difference in the activation of endogenous Ras in-
duced by the three different growth factors. As a further con-
trol, we also measured Ras activation after LPA stimulation
(Fig. 5B). This ligand also stimulated Ras activation, albeit to
a significantly lower level than the other three ligands did.
Given the inability of bFGF to induce lamellipodium forma-
tion, the strong induction of endogenous Ras by bFGF is not
sufficient to induce PI 3-kinase-dependent formation of lamel-
lipodia.

Next, to see whether endogenous Ras is necessary for PI
3-kinase-dependent signaling, we introduced dominant nega-
tive Ras®*™'” into SKF5 cells by transient transfection, to in-
vestigate whether activation of endogenous Ras is involved
in growth factor-induced activation of PI 3-kinase-mediated
events. As shown in Fig. 6A, Ras™*™'7 expression did not affect
EGF(Ret)- or PDGF-induced formation of lamellipodia. In
addition, Ras®*™7 partially affected EGF(Ret)- and PDGF-
induced PKB activation (Fig. 6B). This is unlikely to result
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FIG. 4. Constitutively active Ras induces PI 3-kinase-mediated lamellipo-
dium formation and PKB activation. (A) Constitutively active Ras-induced la-
mellipodium formation is dependent on PI 3-kinase activity. SKF5 cells were
transiently transfected with a Ras""! expression plasmid. After overnight se-
rum starvation, the cells were either left untreated (control) or treated for 10 min
with LY294002. Polymerized actin was stained with FITC-conjugated phalloidin,
and Ras™u®! expression was revealed with a Ras-specific monoclonal antibody.
The arrow indicates lamellipodia. Bar, 10 pm. (B) Ras“"*!-induced PKB acti-
vation is dependent on PI 3-kinase activity. SKF5 cells were transiently trans-
fected with HA-PKB and Ras™"®! expression plasmids. After overnight serum
starvation, the cells were either left untreated or treated for the indicated times
with LY294002. PKB activity was determined in an in vitro kinase assay on im-
munoprecipitated HA-PKB with histone 2B (H2B) as a kinase substrate. Shown
is an autoradiogram of a representative experiment after SDS-PAGE separation
of the proteins (upper panel). Expression of HA-PKB was controlled by 12CA5
immunoblotting of samples taken before immunoprecipitation (lower panel).

from incomplete inhibition of Ras activation, since under iden-
tical conditions the activation of mitogen-activated protein ki-
nase by these growth factors was completely blocked (Fig. 6C).
However, the small increase in PKB activity observed after
bFGF stimulation was completely inhibited by Ras**"'” (Fig.
6B).

From these results, we may conclude that the activation of
Ras is apparently necessary and sufficient to induce PKB acti-
vation following bFGF treatment but that following EGF(Ret)
and PDGEF treatment, p21"*-dependent and -independent path-
ways to activate PI 3-kinase are operational. Since we observed
p85 tyrosine phosphorylation and/or association with activated
receptors for EGF(Ret) and PDGF but not bFGF, it is likely
that this may represent such a (redundant) Ras-independent
pathway.

PKB activation and Rac-dependent lamellipodium forma-
tion represent separate PI 3-kinase-dependent pathways. Ev-
idence is accumulating that PKB is a direct target for the
PI-3,4,5P, and/or PI-3,4P, lipid generated by PI 3-kinase. There-
fore, the most likely possibility would be that PKB functions

MoL. CELL. BIOL.

downstream of PI 3-kinase to mediate Rac-induced lamellipo-
dium formation. However, the observation that compared to
EGF(Ret) and PDGF, bFGF induces a weak activation of
PKB and no lamellipodium formation appears to argue against
this possibility and could suggest an alternative mechanism
whereby Rac regulates PKB activity. We addressed this ques-
tion by coexpressing constitutively active and dominant nega-
tive mutants of both Rac and PKB in SKF5 cells (Fig. 7). For
PKB, we used a GAG-PKB construct similar to v-Akt (3) as a
constitutively active mutant. This construct has ligand-inde-
pendent activity that in SKF5 cells roughly equals PDGF-
induced PKB activity (Fig. 7A). For a dominant negative mu-
tant, we used CAAX-PKB. Unlike PKB that is N-terminally
tagged by a membrane localization signal (e.g., GAG-PKB [3]
and myr-PKB [1]), the addition of a C-terminal membrane
localization signal (e.g., the CAAX box of Ki-Ras) results in an
inactive kinase. This is most likely due to the inability to phos-
phorylate Ser473 located at the extreme C terminus of PKB (1,
2a). In SKF5 cells, coexpression of CAAX-PKB (no tag) with
HA-tagged PKB resulted in almost complete inhibition of
growth factor-induced HA-PKB activity (Fig. 7A). The resid-
ual PKB activity is less than that observed with bFGF treat-
ment.

The expression of constitutively active GAG-PKB did not
result in lamellipodium formation (Fig. 7B), suggesting that
PKB activation is not sufficient to induce Rac activation and
subsequent lamellipodium formation. In addition, expression
of the dominant negative mutant CAAX-PKB did not interfere
with EGF(Ret) (Fig. 7B)- or PDGF (data not shown)-induced
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— 7 5 1030120 2 5 10 30120 time (min)
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FIG. 5. Growth factor-induced Ras activation. (A) EGF(Ret), bFGF, and
PDGF induce Ras activation. Serum-starved subconfluent cultures of SKF5 cells
were labeled in vivo with [*>P]orthophosphate and then treated for 5 min with 40
ng of EGF per ml or 20 ng of bFGF or PDGF per ml, and Ras-bound guanine
nucleotides were isolated. Shown is an autoradiogram of the extracted guanine
nucleotides after thin-layer chromatography. The positions of labeled GDP and
GTP are indicated. The percentages of Ras in the GTP-bound state are as
follows: control, 16%; EGF(Ret), 35%; bFGF, 48%; PDGF, 39%. (B) Kinetics
of EGF(Ret)-, bFGF-, PDGF- and LPA-induced Ras activation. Serum-starved
subconfluent cultures of SKF5 cells were stimulated for the indicated times with
40 ng of EGF per ml, 20 ng of bFGF or PDGF per ml, or 1 puM LPA. GTP-bound
Ras was specifically precipitated with GST-Raf-RBD and analyzed by Western
blotting.
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FIG. 6. Role of endogenous Ras in lamellipodium formation and PKB activation. (A) Dominant negative Ras does not inhibit lamellipodium formation. SKFS5 cells
were transiently transfected with dominant negative Ras*"!”. The cells were serum starved and were treated with 40 ng of EGF per ml or 20 ng of PDGF per ml.
Ras”*"7 expression was revealed with an anti-Ras monoclonal antibody, and polymerized actin was stained with phalloidin-FITC. Arrows indicate lamellipodia. Bar,
10 wm. (B) Dominant negative Ras inhibits bFGF-induced activation but partially affects EGF(Ret)- or PDGF-induced PKB activation. SKF5 cells were transiently
transfected with HA-PKB and Ras®*"!7 expression plasmids. After overnight serum starvation, the cells were either left untreated (—) or treated for 5 min with 40 ng
of EGF (E) per ml or 20 ng of bFGF (F) or PDGF (P) per ml. PKB activity was determined in an in vitro kinase assay on immunoprecipitated HA-PKB with histone
2B (H2B) as a substrate. The upper panel shows an autoradiogram of a representative kinase assay after SDS-PAGE analysis of the kinase reaction. Expression of
HA-PKB was controlled by 12CA5 immunoblotting of samples taken before immunoprecipitation (lower panel). All experiments were quantified and averaged
(*standard error of the mean); the results are represented by the bar diagram (fold induction). Five independent experiments were used for each point. (C) Ras**"!”
completely blocks Ras-dependent signaling. SKF5 cells were transiently transfected with HA-MAP kinase and Ras**"!7 expression plasmids. After overnight serum
starvation, the cells were either left untreated or treated for 5 min with 40 ng of EGF per ml or 20 ng of bFGF or PDGF per ml. HA-MAP kinase activity was determined
in an in vitro kinase assay on immunoprecipitated HA-MAP kinase with myelin basic protein (MBP) as a substrate (upper panel). Before immunoprecipitation, a sample
was taken to control for the expression of HA-MAP kinase. Proteins were separated with a gel system that reveals an electrophoretic mobility shift of phosphorylated
(activated) HA-MAP kinase followed by 12CAS5 immunoblotting. The positions of active (HA-pERK2) and inactive (HA-ERK2) MAP kinase are indicated (lower
panel).

lamellipodium formation. Thus, from these experiments, it is not interfere with growth factor-induced PKB activation (Fig.
apparent that PKB activation is neither sufficient nor necessary 7C) and expression of constitutively active RacY*''* did not
for lamellipodium formation in these cells. result in a significant increase of PKB activity (Fig. 7D). We
Alternatively, Rac could be involved in the activation of  therefore conclude that Rac and PKB function in separate
PKB. However, expression of dominant negative Rac”*™'” did signaling pathways with PI 3-kinase as a common activator.
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FIG. 7. Rac and PKB represent separate PI 3-kinase-dependent signaling pathways. (A) Characterization of constitutively active and dominant negative PKB. SKF5
cells were transiently transfected with GAG-PKB (2 pg) or with HA-PKB (0.5 w.g) and either left unstimulated (—) or stimulated with 20 ng of PDGF (P) per ml. To
test for dominant negative function, 0.5 ng of HA-PKB was cotransfected with 5 pg of CAAX-PKB (no HA tag). Shown is an autoradiogram representative of three
independent experiments. The expression of HA-PKB was controlled by 12CA5 immunoblotting of samples taken before immunoprecipitation (lower panel). (B)
Constitutively active PKB does not induce lamellipodium formation, and dominant negative PKB does not interfere with EGF(Ret)-induced lamellipodium formation.
SKF5 cells were transiently transfected with constitutively active GAG-PKB or with dominant negative HA-PKB-CAAX, as indicated. The cells were serum starved
overnight and were left untreated (GAG-PKB) or stimulated for 10 min with 40 ng of EGF per ml (HA-PKB-CAAX). GAG-PKB expression was revealed with an
anti-PKB polyclonal antibody, HA-PKB-CAAX expression was revealed with a monoclonal anti-HA antibody, and polymerized actin was stained with phalloidin-FITC.
Bar, 10 pm. (C) Dominant negative Rac does not inhibit growth factor-induced PKB activation. SKF5 cells were transiently transfected with HA-PKB and Rac”s"!”
expression plasmids. After overnight serum starvation, the cells were either left untreated or treated for 5 min with 40 ng of EGF (E) per ml or 20 ng of bFGF (F)
or PDGF per ml. PKB activity was determined in an in vitro kinase assay on immunoprecipitated HA-PKB with histone 2B (H2B) as a substrate. The upper panel
shows an autoradiogram of a representative kinase assay after SDS-PAGE analysis of the kinase reaction. Expression of HA-PKB was controlled by 12CAS5 immuno-
blotting of samples taken before immunoprecipitation (lower panel). All experiments were quantified and averaged (*standard error of the mean); the result of this is
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DISCUSSION

Using the SKFS cell line, we have investigated if and how
activation of PI 3-kinase by different growth factors results in
differential usage of PI 3-kinase-dependent signaling. Here we
show that bFGF treatment, in contrast to EGF(Ret) and
PDGF treatment, does not result in the activation of all PI
3-kinase-dependent signaling (e.g., no lamellipodium forma-
tion), although all three can activate PI 3-kinase. We show that
activation of PKB and lamellipodium formation represent sep-
arate PI 3-kinase-dependent pathways, and we provide evi-
dence that the mechanism whereby PI 3-kinase is activated is
critical in determining whether a PI 3-kinase-dependent sig-
naling pathway is activated.

Regulation of PI 3-kinase activation. Activation of PI 3-ki-
nase can occur through distinct mechanisms, binding of p85 to
tyrosine-phosphorylated proteins or peptides that results in a
conformational change and subsequent activation of p110 (33,
38) or the binding of p110 to activated Ras (35, 37). Since the
substrate for active PI 3-kinase is present at the plasma mem-
brane, translocation to the membrane also has to occur, and
artificial recruitment of p110 to the membrane (CAAXp110)
results in partial activation of p110 (19, 26). However, since
Ras and the activated receptor are already membrane local-
ized, this prerequisite is already fulfilled. Finally, PI 3-kinase
activity can be negatively modulated by serine phosphorylation
of the p85 subunit (4, 11).

First, we compared p85 binding to tyrosine-phosphorylated
proteins following growth factor treatment. We could not de-
tect this binding following bFGF treatment, in contrast to EGF
(Ret) and PDGF treatment, suggesting that this represents a
variation between these growth factors in the activation of PI
3-kinase. However, to see whether this difference also under-
lies the difference in the ability to stimulate PI 3-kinase-depen-
dent signaling, we next studied whether there might be differ-
ences in PI 3-kinase regulation by Ras as well.

To be able to assess the involvement of Ras in PI 3-kinase-
mediated signaling, we studied two PI 3-kinase-dependent
responses: lamellipodium formation and PKB activation. First,
we studied the effect of ectopic expression of oncogenic
Ras™"®!, Expression of Ras™"®' induced both PKB activation
and lamellipodium formation in a completely PI 3-kinase de-
pendent manner (i.e., sensitive to the inhibitors wortmannin
and LY294002), showing that in these cells no PI 3-kinase-in-
dependent pathway(s) are used to activate PKB and lamelli-
podium formation. This is in contrast to, for instance, consti-
tutively active Ras-induced lamellipodium formation in Swiss
3T3 cells and PAE cells. In these two cell types, constitutively
active Ras-induced lamellipodium formation is only partially
sensitive to PI 3-kinase inhibitors (31, 36). This may be due to
the involvement of additional PI 3-kinases, which are insensi-
tive to wortmannin and LY294002, since in PAE cells a dom-
inant negative mutant of the 85-kDa regulatory subunit of PI
3-kinase does inhibit constitutively active Ras-induced lamel-
lipodium formation (36). Alternatively, active Ras may induce
PI 3-kinase-independent pathways that result in lamellipodium
formation. Apparently, neither alternative operates or is pres-
ent in SKF5 cells. This suggestion is corroborated by the ob-
servation that the phorbol ester TPA does not induce lamelli-
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podium formation in SKF5 cells although TPA is a strong but
PI 3-kinase inhibitor-insensitive inducer of lamellipodia in
Swiss 3T3 cells (31). Since certain PKC isotypes (e.g., PKC{)
have been implicated as Ras effector molecules, this suggests
that Ras may induce lamellipodium formation via a PKC-
dependent, LY294002/wortmannin-insensitive pathway as well
(12).

Differential regulation of PI 3-kinase by endogenous Ras.
The results with Ras™"°! show that in SKF5 cells PI 3-kinase
may function as a downstream target of active Ras and suggest
a simple model which predicts that any growth factor that in-
duces activation of endogenous Ras will also induce lamelli-
podium formation and PKB activation. In SKF5 cells, PDGF,
bFGF, and EGF(Ret) all activate endogenous Ras to similar
GTP levels and, indeed, they all activate PKB, although bFGF
does so rather weakly. Surprisingly, bFGF, unlike PDGF and
EGF(Ret), does not induce lamellipodium formation.

This anomaly could be explained by assuming that bFGF, in
contrast to PDGF or EGF(Ret), either provides an additional
signal that induces a pathway dominant over Ras signaling or
functions in inhibiting lamellipodium formation. A short pre-
treatment with bFGF does not inhibit EGF(Ret)- or PDGF-
induced lamellipodium formation, indicating that bFGF does
not induce an inhibitory signal for this pathway. From this, it
may be concluded that apparently, unlike ectopic expression of
active Ras, strong activation of endogenous Ras is not suffi-
cient to induce the activation of all PI 3-kinase-mediated ef-
fects in SKFS5 cells.

The question whether activation of endogenous Ras can
result in the activation of PI 3-kinase-dependent signaling dif-
fers from the question whether activation of endogenous Ras is
necessary. Here, we show that inhibition of endogenous Ras
activation does not result in inhibition of EGF(Ret)- and
PDGF-induced lamellipodium formation, in agreement with
the absence of any effect of Ras**"'” on PDGF-induced mem-
brane ruffling in Swiss 3T3 fibroblasts and insulin- and HGF-
induced membrane ruffling in KB cells (30, 34). Also, EGF
(Ret)- and PDGF-induced activation of PKB is only partially
affected by Ras”*"!”, It should, however, be noted that a lack
of effect of Ras™*"!” expression does not necessarily imply
that endogenous Ras is not involved or that Ras-indepen-
dent pathways are present. Indeed, Ras**"!” does not block
TPA-induced ERK2 activation, whereas both overexpres-
sion of p120GAP (32) and expression of the Raf-RBD do (28,
40). However, both Raf-RBD (3) and membrane-targeted
p120GAP (46a), even coexpressed with Ras®**!”, do not inhib-
it growth factor-induced PKB activation, suggesting that the
residual PKB activation in the presence of Ras**™'” is indeed
due to Ras-independent PI 3-kinase regulation.

In the case of bFGF, the role of Ras in the activation of PI
3-kinase appears essential, since bFGF-induced HA-PKB ac-
tivation is completely blocked by coexpression of Ras™*"!7,
Thus, the mechanism whereby bFGF activates PI 3-kinase
clearly differs from that used by EGF(Ret) and PDGF.

From these results, we draw the following conclusions re-
garding the activation mechanism of PI 3-kinase in these cells.
(i) Activation of receptor tyrosine kinases, such as EGF(Ret)
and the PDGF receptor, activates PI 3-kinase and PI 3-kinase-
mediated events by activation of Ras and binding of the 85-

represented by the bar diagram (fold induction). Four independent experiments were used for each point. (D) Constitutively active Rac does not induce PKB activity.
SKFS5 cells were transiently transfected with HA-PKB and, as indicated, with a Rac¥*'? expression plasmid. After overnight serum starvation, the cells were either left
untreated (—) or were treated for 5 min with 20 ng of PDGF (P) per ml. PKB activity was determined in an in vitro kinase assay on immunoprecipitated HA-PKB with
histone 2B (H2B) as a kinase substrate. The upper panel shows an autoradiogram of a representative kinase assay after SDS-PAGE analysis of the kinase reaction.
Expression of HA-PKB was controlled by 12CA5 immunoblotting of samples taken before immunoprecipitation (lower panel).
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kDa regulatory subunit to phosphotyrosine residues of the
receptor tyrosine kinase. In this case, (in)activation of endog-
enous Ras has only a partial effect on PI 3-kinase-mediated
events. (ii) Activation of receptor tyrosine kinases that do not
activate PI 3-kinase by direct binding, such as the bFGF re-
ceptor, can alternatively use only endogenous Ras-mediated
activation. Activation of PI 3-kinase only through Ras appears
weak compared to PI 3-kinase activation by both Ras and p85.
This is indicated by the lack of lamellipodium formation and
the low induction of PI 3-kinase activity following bFGF acti-
vation. This is corroborated by the finding that inhibition of
Ras activation does not result in an inhibition of lamellipodium
formation and only partially inhibits PKB activation, following
EGF(Ret) and PDGF treatment. In these cases, the “p85 path-
way” can induce an increase in PI 3-kinase activity sufficient for
signaling toward PKB and lamellipodia. The above-described
in vivo regulation is supported by in vitro data that show a
synergism in PI 3-kinase activation between RasGTP and p85
bound to tyrosine-phosphorylated proteins or peptides (37).
Furthermore, it has been shown that Ras™*"!7 expression in
other cell lines (PC12 and NIH 3T3) results in a similar partial
inhibition of 3’-phosphorylated PI lipid formation in vivo. In
addition, it has been shown by us (10) and others (35) that
expression of Ras™*"!” does not block p85-induced PI 3-kinase
activity as measured by an in vitro kinase assay on antiphos-
photyrosine immunoprecipitates, indicating that association of
p85 with tyrosine-phosphorylated proteins occurs indepen-
dently of Ras. Data obtained by Klinghoffer et al. (25) show
that for mutant receptors, recruitment of p85 to the membrane
by receptor binding is not sufficient to stimulate PI 3-kinase
activity. This is in apparent contrast to our data showing that
inhibition of Ras still leads to PI 3-kinase activation but also to
the increased ligand-independent activation observed with ar-
tificially membrane-targeted p110 (p110CAAX [19, 26]). The
whole of these data suggests that proper positioning of p110 at
the plasma membrane is crucial to its activation. If so, it could
be that there is a critical difference between recruitment of p85
to mutant receptors and p85 binding to wild-type endogenous
receptors.

It is reasonable to assume that the relative contribution of
Ras and p85 to PI 3-kinase activation may vary between cell
lines and receptors. Although not many cell types have been
tested, Ras**!” expression clearly has a more profound effect
on PKB activation in some cells (NIH 3T3 cells) (17) than in
other cells (NIH 3T3 cells overexpressing the insulin receptor
and Ratl cells) (3). It is, however, surprising that in the cells
used in this study, the contribution of endogenous Ras to PI
3-kinase activation was very restricted, compared to the intro-
duction of constitutively active Ras. Even high levels of active
endogenous Ras only marginally induce PI 3-kinase-mediated
events, and lower levels of endogenous Ras activation, as in-
duced by, for instance, LPA, are not even sufficient to induce
detectable PKB activation (3). It could be that only a small
fraction of endogenous Ras is available for the activation and
that the majority of endogenous Ras is involved in the activa-
tion of other effectors, such as the members of the Rafl and
the RalGEF family. Alternatively, it has recently been re-
ported that besides Ras, ectopic expression of constitutively
active R-Ras results in PI 3-kinase-dependent PKB activation
(27). Therefore, it could be that R-Ras rather than Ras is
involved in the regulation of growth factor-induced PI 3-kinase
activation. Also, in cases in which Ras®*"7 has a clear effect,
this could be due to inhibition of R-Ras rather than Ras.
However, using a similar type of assay to that described here
for Ras (Fig. 5B), we have not found evidence that R-Ras
might be activated by receptor tyrosine kinases. Also, we
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have thus far not observed any effect of expression of dom-
inant negative R-Ras®*"** on PKB activation (8).

Finally, with respect to tumorigenesis, it is important to note
that our results show that the expression of constitutively active
Ras clearly affects signaling in a different way from regular
activation of Ras by growth factors. Thus, in tumors containing
mutant Ras, deregulation of signaling pathways may go beyond
the deregulation of signaling in which endogenous Ras is ac-
tually involved.

PKB and lamellipodia represent separate PI 3-kinase-de-
pendent pathways. Differential regulation of PI 3-kinase by
bFGF does not explain why bFGF induces PKB activation and
not lamellipodium formation. However, we show here that
PKB and lamellipodia are not on the same linear pathway but
represent a bifurcation in PI 3-kinase-dependent signaling.
Constitutively active or dominant negative PKB does not in-
terfere with lamellipodium formation (which is Rac depen-
dent); conversely, constitutively active or dominant negative
Rac does not interfere with PKB activation. The latter result is
consistent with recent studies by others that also do not indi-
cate a role for Rac in PKB activation (5, 26).

Since PKB and lamellipodia formation lie on separate path-
ways, the observation that bFGF induces a small increase in
PI-3,4P, and PI-3,4,5P; levels and concomitantly a small in-
crease in PKB activation with no lamellipodium formation
suggests that different threshold levels of 3'-phosphorylated PI
lipids, either PI-3,4P,, which is the major regulator of PKB
(16), or PI-3,4,5P,, regulate downstream signaling. We note
that the activation of PKB by EGF(Ret) in the presence of
Ras**"!7 is similar to the activation of PKB by bFGF alone.
However, EGF(Ret) in the presence of Ras®*"'” induces la-
mellipodium formation and bFGF does not. This additionally
argues that PKB and lamellipodia represent separate path-
ways, but if PKB activation is a direct reflection of 3’-phos-
phorylated PI lipid levels, this would also argue against a role
for threshold levels of 3’-phosphorylated PI lipids. Alterna-
tively, it could be that the cellular location of 3’-phosphor-
ylated PI lipid formation determines the outcome of PI 3-ki-
nase-dependent signaling. Indeed, most receptors are localized
at specific plasma membrane sites by their interaction with
cytoskeleton elements, and one can envision that within a tri-
partite complex (receptor—PI 3-kinase—Ras), 3’-phosphor-
ylated PI lipid production will occur at these specific sites in
the vicinity of other downstream molecules. If activation occurs
within the bipartite (Ras-p110) complex, 3’-phosphorylated PI
lipid formation may be more diffuse and may therefore not
touch target molecules present at specific locations. Unfortu-
nately, a rigorous analysis of the latter hypothesis is at present
not possible since it requires antibodies to PI-3P lipids appli-
cable in immunohistochemistry.

Irrespective of these interesting possibilities, our results
show that growth factor-specific differences in the use of Ras
and p85 in the activation of PI 3-kinase translates into different
biological responses toward these growth factors.
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