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The signaling events which mediate activation of c-Jun N-terminal kinase (JNK) are not yet well charac-
terized. To broaden our understanding of upstream mediators which link extracellular signals to the JNK
pathway, we investigated the role of phosphatidylinositol (PI) 3-kinase in epidermal growth factor (EGF)-
mediated JNK activation. In this report we demonstrate that a dominant negative form of PI 3-kinase as well
as the inhibitor wortmannin blocks EGF-induced JNK activation dramatically. However, wortmannin does not
have an effect on JNK activation induced by UV irradiation or osmotic shock. In addition, a membrane-
targeted, constitutively active PI 3-kinase (p110b) was shown to produce in vivo products and to activate JNK,
while a kinase-mutated form of this protein showed no activation. On the basis of these experiments, we
propose that PI 3-kinase activity plays a role in EGF-induced JNK activation in these cells.

Phosphatidylinositol (PI) 3-kinases have been implicated in
such biologically diverse processes as mitogenesis, membrane
trafficking, insulin-stimulated glucose transport, and cell sur-
vival (for reviews, see references 22, 38, and 40). A scenario in
which one enzyme activity could play a role in all these pro-
cesses seems unlikely but may be clarified by the recent real-
ization that there are multiple isoforms of PI 3-kinase, which
belong to different families with respect to their substrate spec-
ificities and mechanisms of activation. The p110a and p110b PI
3-kinase isoforms both bind p85 regulatory subunits and are
stimulated by both receptor and nonreceptor protein tyrosine
kinases. The N-terminal region of p110 has been shown to bind
to the region of p85 which separates two src homology (SH2)
domains (inter-SH2 region) (10, 20, 23). p85 mediates the
interaction of PI 3-kinase with other proteins via an SH3 do-
main (35) and two SH2 domains which bind proline-rich re-
gions and tyrosine phosphoproteins, including activated
growth factor receptors, respectively. Another PI 3-kinase iso-
form, p110g, does not bind p85 and is stimulated by G proteins
(41). All three enzymes phosphorylate the 39 position of the
inositol ring and contribute to the rapid cellular accumulation
of PI 3,4-diphosphate (PI 3,4-P2) and PI 3,4,5-triphosphate (PI
3,4,5-P3) upon appropriate stimulation. On the other hand,
resting cells have a constitutive pool of PI 3-phosphate (PI
3-P), possibly due to the activity of kinases such as PI 3-kinase
p100, (46) which can phosphorylate PI to produce PI 3-P but
not PI 4-P or PI 4,5-P2 to produce PI 3,4-P2 or PI 3,4,5-P3.

Variations in the domain structures of PI 3-kinases suggest
different modes of interaction with lipids or proteins. For ex-
ample, while p110a and p110b are probably localized to the
plasma membrane via p85, a p170 PI 3-kinase may be localized
by an intrinsic C2 domain, previously identified in membrane-
associated proteins (31, 45). Such variety in protein structure

suggests variation in the way PI 3-kinases will function as
signaling molecules.

Little is understood regarding the signaling events down-
stream of any of the known PI 3-kinases. However, proteins
which are candidate targets of PI 3-kinase action are the pro-
tein kinase Akt (Rac, protein kinase B [PKB]) (11), p70S6

kinase (6, 47), and noncanonical isoforms of PKC (32, 42).
Furthermore, both Akt and the PKC isoforms appear to be
activated by the 39-phosphorylated lipid products of PI 3-ki-
nase, supporting the contention that these phosphorylated lip-
ids function as second messengers.

Recently, a kinase cascade in which many extracellular stim-
uli result in the activation of c-Jun N-terminal kinase (JNK) or
stress-activated protein kinase (SAPK) has been described (9,
27). This kinase phosphorylates Jun family transcription fac-
tors to cause changes in transcription. Most of the work char-
acterizing the JNK/SAPK signaling pathway has focused on
cellular responses to stress, since JNK is most strongly acti-
vated by stimuli such as UV irradiation, ionizing radiation, and
osmotic shock. However, it is also clear that inflammatory
cytokines such as tumor necrosis factor alpha (TNF-a), growth
factors, and activated forms of the small G proteins Rac and
Ras can activate JNK (7, 30). Furthermore, there is likely cross
talk between signaling mediated by the Rho family (of which
Rac is a member) and the Ras pathway (12), which are both
upstream of JNK. Therefore, understanding the mechanism of
growth factor-induced JNK activation will likely provide im-
portant clues regarding cell growth control and transformation.

Epidermal growth factor (EGF) has previously been shown
to activate the JNK pathway (30). EGF receptor also activates
PI 3-kinase, although PI 3-kinase does not bind directly, as is
the case with the platelet-derived growth factor (PDGF) re-
ceptor, but rather binds through adapter proteins such as
p120cbl and Gab1 (17, 28). Alternatively, PI 3-kinase may in-
teract with heterodimers of other members of the EGF recep-
tor family, such as erbB3 (4, 5). In this report, we demonstrate
that a membrane-targeted form of PI 3-kinase can activate
JNK and that a dominant inhibitory mutant of PI 3-kinase
blocks EGF-induced JNK activation. The present experiments
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demonstrate that PI 3-kinase activated by EGF is responsible
for JNK activation.

MATERIALS AND METHODS

Expression vectors. The following mammalian expression plasmids have been
previously described: p85 (20), hemagglutinin (HA)-tagged p110 (18), and
p85INT Tag (20). M2-JNK was obtained from M. Karin (described in reference
9). Membrane-targeted p110b was constructed by inserting a sequence encoding
the Ras farnasylation signal in frame at the 39 end of the cDNA before the stop
codon. The sequences encoding the farnasylation signal and the mutant farna-
sylation signal are identical to those shown in reference 1. The kinase-inactive
p110 variant (p110kd) was made by using an in vitro mutagenesis system (Altered
Sites II; Promega). Asp919 was replaced by alanine (D919A), and Asp937 was
replaced by glutamic acid (D937E).

Cell culture, transfection, and immunoblotting. For transient transfections,
HeLa cells were grown to 80% confluence in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum and treated with Lipofectamine
reagent according to the manufacturer’s instructions. EGF-stimulated cells were
grown for 18 h in 0.1% fetal bovine serum prior to treatment for 5 min with EGF
(100 ng/ml; Invitrogen). In experiments utilizing wortmannin, the cells were
pretreated with 100 nM wortmannin (Sigma) for 10 min at 37°C prior to EGF
stimulation. Following treatment, the cells were washed in ice-cold phosphate-
buffered saline and 0.2 ml of lysis buffer (50 mM HEPES [pH 7.5], 10% glycerol,
150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.2 mM EGTA, 20 mM b-glycerol
phosphate, 5 mM sodium orthovanadate, 20 mM sodium fluoride, 1 mM phe-
nylmethylsulfonyl fluoride, aprotinin [10 mg/ml], leupeptin [10 mg/ml], and 1%
Triton X-100) was added. Cells were incubated for 5 min on ice, scraped from the
plates, transferred to microcentrifuge tubes, and clarified by centrifugation at
13,000 3 g for 10 min, and the supernatants were transferred to new tubes. For
immunoblot analysis, immunoprecipitates were washed three times with ice-cold
lysis buffer, boiled in sodium dodecyl sulfate (SDS) sample buffer for 3 min,
subjected to SDS-polyacrylamide gel electrophoresis (PAGE), and transferred to
nitrocellulose filters (MSI). Proteins were visualized by enhanced chemilumines-
cence (Renaissance system; Dupont NEN).

Kinase assays. For solid-phase JNK assays, lysates were prepared as described
above and processed as described in reference 43. For immunocomplex JNK
kinase assays, 1/10 of the lysate was immediately added to the SDS gel loading
buffer, boiled, and used for analysis of protein expression. The remainder of the
lysate was immunoprecipitated with 1.5 mg of M2 antibody (Kodak) on ice for
1 h. Protein A-G agarose beads (20 ml; Santa Cruz Biotechnology) were added,
the total volume was adjusted to 0.5 ml with lysis buffer, and the samples were
incubated at 4°C for 1 h. The beads were then washed four times with lysis buffer
and once with kinase buffer (20 mM HEPES [pH 7.5], 20 mM b-glycerol phos-
phate, 10 mM p-nitrophenyl phosphate, 10 mM MgCl2, 10 mM dithiothreitol, 50
mM sodium vanadate) and transferred to new tubes. The samples were divided
into two parts; one part was used for immunoblot analysis, and the other part was
used for kinase assays. Kinase assays were performed by incubating the beads
with 30 ml of kinase buffer to which 20 mM cold ATP, 5 mCi of [g-32P]ATP, and
2 mg of purified c-Jun (1-79) were added. The preparation of glutathione S-
transferase (GST)–c-Jun and c-Jun (1-79) is described in reference 43. Samples
were incubated at 30°C for 15 min, 15 ml of 33 SDS gel loading buffer was added
to the reaction mixture, the mixture was heated to 100°C for 3 min, and the
products were analyzed by SDS-PAGE. The gel was dried and exposed to X-ray
film (Dupont) at room temperature. Each experiment was repeated at least three
times, and quantification of the amount of c-Jun phosphorylation was performed
with a Molecular Dynamics PhosphorImager and ImageQuant software (Molec-
ular Dynamics, Incorporated). PI 3-kinase assays were performed as described in
reference 19.

In vivo labeling of phosphoinositides. Following transfection, HeLa cells were
labeled for 24 h with [3H]inositol. Lipids were extracted, deacylated, and sepa-
rated by high-performance liquid chromatography as described in reference 39.

RESULTS

Activation of JNK by EGF is blocked by a dominant inter-
fering mutant of PI 3-kinase. The mechanism by which JNK is
activated to cause phosphorylation of c-Jun is not well under-
stood. Since PI 3-kinase has been shown to be activated by
several small G proteins which play a role in JNK activation
(36, 44, 48), we investigated whether PI 3-kinase might also
mediate JNK activation. Because EGF can activate PI 3-kinase
as well as the JNK signaling pathway, we used a dominant
negative mutant of PI 3-kinase to examine its role in EGF-
mediated JNK signaling. To abrogate endogenous PI 3-kinase
activity, we used the inter-SH2 domain of p85a (p85INT),
which was shown previously to contain the binding region for
p110a and p110b and to inhibit PI 3-kinase in vivo (20). To test

the effect of dominant negative PI 3-kinase on JNK activity,
HeLa cells were cotransfected with an epitope-tagged (FLAG)
variant of JNK that is recognized by the monoclonal antibody
M2 (M2-JNK) along with p85INT. Approximately 48 h after
transfection, the transiently expressed M2-JNK was isolated by
immunoprecipitation and kinase activity with c-Jun (1-79) as a
substrate was determined. Expression levels of M2-JNK and
p85INT were determined by immunoblotting (Fig. 1A). In
addition, in this and all other immunocomplex kinase assays
described in this report, the amount of c-Jun substrate was
determined to be evenly distributed in the samples, as judged
by Coomassie blue staining of the gels on which the reaction
products were separated. The results show that dominant neg-
ative PI 3-kinase inhibited EGF-induced JNK activation by
about 60% but did not inhibit TNF-a-induced JNK activation
(Fig. 1A and C). This is consistent with earlier observations
(29) indicating that TNF-a induction of JNK is regulated via a
different pathway than EGF induction of JNK.

Since dominant negative PI 3-kinase interfered with EGF-
induced JNK activation, we expected that wortmannin would
inhibit EGF-induced JNK activation as well. To test this, we
incubated HeLa cells with or without wortmannin, prior to
stimulation with EGF. In vitro kinase assays using a solid-
phase JNK assay show that 100 nM wortmannin inhibits the
ability of endogenous JNK to phosphorylate GST–c-Jun dra-
matically after EGF treatment (Fig. 1B). The effect is specific,
as wortmannin did not inhibit JNK activation by TNF-a or
anisomycin in the same experiment. Experiments utilizing the
PI 3-kinase inhibitor, wortmannin, need to be interpreted with
caution, since wortmannin appears to inhibit other enzymes
with 50% inhibitory concentrations similar to those used to
inhibit PI 3-kinase (8, 33). However, taken together, these
results indicate that PI 3-kinase is an important mediator of
EGF-induced JNK activation.

To see if wortmannin also inhibited stress activation of the
JNK pathway, we incubated HeLa cells with or without wort-
mannin, prior to stimulation with sorbitol or UV. While wort-
mannin strongly inhibits EGF activation of JNK, it has no
effect on sorbitol or UV activation of JNK (Fig. 1D). Thus, PI
3-kinase appears to play a role in the growth factor activation,
but not stress activation, of the JNK pathway.

Membrane-targeted p110b causes production of PI 3,4-P2 in
vivo. To further test the hypothesis that PI 3-kinase plays a role
in JNK activation, we constructed a membrane-targeted ver-
sion of PI 3-kinase which we reasoned would be constitutively
active due to the proximity of lipid substrates. To target p110b
to the membrane, we fused the sequence which specifies far-
nasylation of c-HA-Ras (1, 14) to its C terminus (p110F). As
controls, we used unmodified p110 and a membrane-targeted
p110 containing an inactivating point mutation in the farnasy-
lation signal (1, 13). In addition, we constructed p110F-kd, a
membrane-targeted version of p110 which has two point mu-
tations in the kinase domain, either of which abolishes enzyme
activity (38) (Fig. 2). For ease of analysis, all p110b constructs
were tagged with the HA epitope (19). Visualization by immu-
nofluorescence microscopy using the anti-HA antibody verified
that the majority of p110F is localized in the plasma membrane
(data not shown), similar to the localization of Sos, which was
associated with the plasma membrane by using the identical
farnasylation signal (1). Following transient transfection of the
PI 3-kinase plasmids into 293 cells, lysates were prepared and
a portion of the whole-cell lysates was used for immunoblot
analysis to determine the levels of p110 and p85 expression
(Fig. 2A). The remainder of the lysate, immunoprecipitated
with an anti-HA antibody, was used for SDS-PAGE immuno-
blotting and PI 3-kinase assays. Figure 2A shows that all the
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proteins are expressed, but in every case the level of protein
expression of the p110 variant is greatly enhanced by coexpres-
sion with p85. Greater protein stability of p110 in the presence
of p85 has been observed previously (18), and for this reason

FIG. 1. Inhibition of EGF-induced JNK activation by a dominant interfering
inhibitor of PI 3-kinase and by wortmannin. (A) HeLa cells were transfected with
0.15 mg of M2-JNK and either empty vector alone or 2 mg of p85INT or 4 mg of
p85INT. The total amount of DNA in all transfections was held constant by the
addition of empty vector. JNK activity was measured by an immunocomplex
kinase assay using purified c-Jun (1-79) as a substrate (top panels). The phos-
phorylated proteins were separated by SDS-PAGE and visualized by autoradiog-
raphy. JNK activity in this and subsequent experiments was determined by

FIG. 2. Analysis of membrane-targeted and kinase-inactivated variants of PI
3-kinase in vitro. (A) 293 cells were transfected with the indicated plasmids.
Lysates were made, and 10% of the sample was used for Western blot analysis to
determine the levels of p110 and p85 protein expression. Protein expression was
assessed by subjecting the samples to SDS–8% PAGE, transferring them to
nitrocellulose, and blotting them with an antibody against HA. The blot was then
stripped and reprobed with antibody against p85. The remainder of the lysates
was immunoprecipitated with anti-HA antibody and used for the PI 3-kinase
assay. The ratios of protein expression in the immunoprecipitates are indistin-
guishable from those in the whole-cell lysates (data not shown). (B) PI 3-kinase
activity in anti-HA immunoprecipitates from 293 cells transfected with the indi-
cated constructs. mut, mutant.

quantitation of the amount of c-Jun phosphorylation with a Molecular Dynamics
PhosphorImager and ImageQuant software (Molecular Dynamics, Incorporat-
ed). The levels of M2-JNK and p85INT protein expression were determined by
immunoblotting. Antibodies used for each part of the experiment are indicated
to the right. (B) HeLa cells were incubated in the presence or absence of 100 nM
wortmannin (wort) for 10 min followed by EGF treatment for 5 min. The cells
were lysed and used to perform solid-phase JNK assays with 2 mg of GST–c-Jun
(1-79) immobilized on glutathione-agarose beads as the substrate. The phos-
phorylated proteins were separated by SDS-PAGE and visualized by autoradiog-
raphy. The experiment was repeated three times, and wortmannin inhibition of
EGF activation of JNK was 61% 1/2 10%. (C) The graph depicts the fold
difference in JNK activation in EGF-treated cells in the presence (1) and
absence (2) of a dominant interfering p85 (p85INT). The highest level of JNK
activity was given a value of 100%, and the other values are shown relative to this
amount. Quantitation was performed on three independent experiments as de-
scribed for panel A. Error bars, standard errors of the means. (D) HeLa cells
were incubated in the presence or absence of 100 nM wortmannin for 10 min,
and this was followed by sorbitol (sorb) or UV treatment. Cells were allowed to
recover for the indicated times before they were lysed and used to perform
solid-phase JNK kinase assays as described for panel B. This experiment was
repeated three times with similar results.
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subsequent experiments designed to evaluate the role of PI
3-kinase in activation of the JNK pathway were done by coex-
pressing both p110 and p85 subunits. PI 3-kinase assays (Fig.
2B) demonstrate that all of the active enzyme variants (p110,
p110F, and p110Fmut) can phosphorylate PI to generate PI
3-P, while the kinase-inactive variants (p110kd and p110F-kd)
cannot phosphorylate PI.

To evaluate the catalytic activity of p110F, we transfected
and in vivo labeled HeLa cells with [3H]inositol. The labeled
lipids were isolated, deacylated, and separated by high-perfor-
mance liquid chromatography. Protein expression from trans-
fected plasmids was determined to be equivalent in each ex-
periment by inclusion of a triplicate plate, the lysate of which
was used for immunoblot analysis (data not shown). Lysates
from cells transfected with p110F and p85 showed a 4.3-fold
increase of PI 3,4-P2, a 2-fold increase in PI 3,4,5-P2, and a
1.6-fold increase in PI 3-P relative to control cells transfected
with vector alone (Fig. 3). Cells transfected with wild-type
(nontargeted) p110 and p85 exhibited no increase in 39-phos-
phorylated products. Levels of PI, PI 4-P, and PI 4,5-P2 were
not statistically different among the samples, indicating that
similar levels of cell lysate were compared in the assays and
confirming our expectation that overexpression of PI 3-kinase
should result in changes only in 39-phosphorylated products.
Similar results were obtained when this experiment was done
with 293 cells (data not shown).

The results presented above indicate that, although lysates
from cells transiently overexpressing wild-type p110 and p85
show substantial phosphorylation of PI in a PI 3-kinase assay
(Fig. 2), such overexpression does not result in much of an
increase in in vivo-labeled products. This observation is con-
sistent with the previous suggestion that increased levels of PI
3-kinase activity in in vitro kinase assays do not necessarily

reflect the status of in vivo-phosphorylated products (16). And
in fact, we observe that membrane-targeted PI 3-kinase does
not show any more activity in in vitro kinase assays than does
wild-type PI 3-kinase, yet it produces much greater amounts of
39-phosphorylated lipids in vivo.

We conclude that localization of PI 3-kinase to the plasma
membrane creates a constitutively active enzyme which pro-
duces greater amounts of 39-phosphorylated lipids in vivo.

Membrane-targeted p110b activates JNK. To further deter-
mine the role that PI 3-kinase plays in JNK activation, an
analysis of JNK activation in cells overexpressing constitutively
active PI 3-kinase was done. HeLa cells were cotransfected
with M2-JNK along with membrane-targeted or nontargeted
versions of PI 3-kinase. JNK was immunoprecipitated from cell
lysates with M2 antibody and divided into two equal parts. One
part was used in a JNK assay, and the other part was used to
ascertain the levels of M2-JNK expression in the various trans-
fections (Fig. 4). A small portion of each lysate was also im-
munoblotted to show that p110, p110F (blotted with anti-HA
antibody), and p85 (blotted with anti-p85 antibody) were ex-
pressed at expected levels. Consistent with our previous find-
ings, our results show an increase in JNK activation in cells
cotransfected with p110F and p85 but not in cells transfected
with unmodified p110 and p85, p85 alone, or vector alone (Fig.
4A). In addition, there is no JNK activation in lysates from
cells transfected with p85 and a catalytically inactive form of
membrane-targeted PI 3-kinase (p110F-kd) (Fig. 4B). Thus,
JNK is activated in the presence of a PI 3-kinase variant which
we have shown produces greater amounts of lipid products in
vivo, and this activation is dependent on the catalytic activity of
p110 (Fig. 4C). We conclude that the PI 3-kinase signaling
pathway alone is sufficient to activate JNK, since transient
expression of a constitutively active PI 3-kinase stimulates JNK
in the absence of other stimuli. Activation of JNK in these
experiments requires coexpression of both p110 and p85.
While this may simply be due to an increase in protein stability
of p110 when coexpressed with p85 (Fig. 2), it may also indi-
cate a regulatory function of p85.

Constitutively active PI 3-kinase does not activate ERK. A
previous report (21) suggested that a constitutively active form
of PI 3-kinase, called p110*, was able to act upstream of Ras to
mediate mitogen-activated protein kinase (MAPK) activation.
However, subsequent experiments using membrane-targeted
PI 3-kinase showed no effect on MAPK activation (24). To
determine if membrane-targeted p110b could activate extra-
cellular signal-regulated kinase 1 (ERK1) (also known as
MAPK), we cotransfected p110F and 59-Sos-F along with HA-
tagged ERK1 (Fig. 5). This variant of Sos has been shown to be
a strong activator of the Ras/MAPK pathway (1) and therefore
serves as a positive control for the experiment. Phosphoryla-
tion of HA-ERK1 was demonstrated by a shift in electro-
phoretic mobility in the presence of 59-Sos-F but not in the
presence of p110F. We conclude that p110b does not play a
role in activation of the Ras/MAPK signaling pathway.

DISCUSSION

In an effort to examine PI 3-kinase-mediated cell signaling in
the absence of activation of other pathways, we constructed a
constitutively active, membrane-targeted PI 3-kinase. The ex-
periments described in this report utilize the p110b isoform. A
similar targeting approach was used to examine the signaling
properties of p110a (24). Biochemical characterization has
revealed no apparent differences in these two enzymes to date.
However, our study suggests that p110a and p110b prefer
different substrates in vivo (24). While the major phosphory-

FIG. 3. In vivo labeling of HeLa cells transfected with a wild-type or mem-
brane-targeted p110b to determine abundance of 39-phosphorylated lipids. HeLa
cells were transfected with 3 mg of p110 and 3 mg of p85, 1.5 mg of p110F and 1.5
mg of p85, or vector alone (control). These DNA ratios resulted in equal levels
of protein expression as determined by immunoblotting (not shown). The total
amount of DNA in each transfection was held constant by the addition of empty
vector. The experiment was done three times in triplicate. The third plate of each
set was used to determine protein expression. Cells on the other plates were
labeled 24 h with [3H]inositol. The lipids were deacylated, extracted, separated
by HPLC, and quantitated by liquid scintillation counting. The graph shows the
ratio of 39 phosphoinositol products in cells transfected as indicated. The levels
of phosphoinositides (in counts per minute) in the control samples are as follows:
for PI, 167,235; for PI 3-P, 331; for PI 4-P, 10,345; for PI 3,4-P2, 34; for PI 4,5-P2,
7,358; and for PI 3,4,5-P3, 97. Approximately 20% of the cells were transfected
in these experiments. Error bars, standard errors of the means; *, P , 0.001; **,
P , 0.003; ***, P , 0.025.
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lated lipid product in cells constitutively overexpressing mem-
brane-targeted p110a appears to be PI 3,4,5-P3, overproduc-
tion of membrane-targeted p110b results in greater
accumulation of PI 3,4-P2 than of PI 3,4,5-P3. A similar pattern
of lipid accumulation was observed in both HeLa and 293 cells
overexpressing membrane-targeted p110b, suggesting that the
result is not specific for one cell type. This difference in sub-
strate specificity of these two enzymes may well specify a dif-
ference in signaling function.

The EGF activation of JNK is likely to be mediated by the
small G proteins Rac and Ras as well as through PI 3-kinase.
Previous results have shown that EGF-induced JNK activation
can be completely inhibited by dominant negative Ras
(RasN17) and inhibited approximately 50% by dominant neg-
ative Rac (Racn17) (30). These findings are supported by ad-
ditional reports demonstrating physical or functional interac-
tion between PI 3-kinase and Rac, Rho, and Cdc42. For
example, PI 3-kinase has been shown to interact with GTP-
bound Ras, and cotransfection of p110a with Ras results in
accumulation of 39-phosphorylated lipids in vivo (25, 36, 37). In
addition, both GTP-Rac and GTP-Cdc42 have been shown to
bind PI 3-kinase (44, 48). Functionally, PDGF stimulates an
increase in the GTP-bound form of Rac, which appears to
require the activity of PI 3-kinase, suggesting that PI 3-kinase
is upstream of Rac. This is supported by the fact that both
wortmannin and a dominant negative p85 block PDGF-in-
duced membrane ruffling, which can be restored by the activity
of a constitutively active Rac (15). Thus, it seems likely that
one or more members of the small G protein family mediate PI
3-kinase activation of JNK. Although PDGF is a potent acti-
vator of PI 3-kinase, PDGF does not stimulate the JNK sig-
naling pathway. It is not clear why PDGF is unable to stimulate
the JNK signaling pathway. One possibility, among several
explanations, is that PDGF induces additional intracellular
events that somehow prevent the activation of the JNK signal-
ing pathway. We attempted to determine whether PI 3-kinase
is upstream of small G proteins in JNK activation. In these
experiments, we coexpressed dominant negative forms of Rho,
Rac, Ras, and Cdc42 with p110F and p85 to see if they would
inhibit the activation of M2-JNK. We fully expect that RasN17
would interfere with PI 3-kinase activation of JNK, as it has
been shown previously that RasN17 inhibits EGF activation of
JNK (30). In addition, it seems likely that RacN17 would also
interfere with PI 3-kinase-induced JNK activation. However,
the results were inconclusive because coexpression of all the
molecules necessary for the experiment (p110F, p85, M2-JNK,
and a dominant interfering molecule) consistently resulted in
uneven expression of one or more molecules.

Recent work suggests that PI 3-kinase may be a downstream
effector of Ras (25, 36, 37). In intact cells, cotransfection of
Ras along with PI 3-kinase results in enhanced production of
39-phosphorylated lipids in vivo. This accumulation of phos-

FIG. 4. Membrane-targeted PI 3-kinase activates JNK. (A) HeLa cells were
transfected with 0.15 mg of M2-JNK and the indicated amounts of the various
plasmids (.5 and 1.5 indicate the amount [in micrograms] of each plasmid trans-
fected; for example, cells used to make lysates analyzed in the far left lane were
transfected with 0.5 mg of p110 and 0.5 mg of p85). The total amount of DNA in
each transfection was held constant by the addition of empty vector. JNK activity
was measured by the immunocomplex kinase assay using purified c-Jun (1-79) as
a substrate. Levels of protein expression of M2-JNK, p110 variants, and p85 are
shown by immunoblots which were incubated with the antibodies indicated to the
right of each panel. (B) Cells were transfected with the indicated plasmids. JNK
activity was measured as described for panel A. Levels of protein expression of
M2-JNK, p110 variants, and p85 are shown by immunoblots which were incu-
bated with the antibodies indicated to the right of each panel. (C) The graph
depicts the average fold difference in JNK activation in cells transfected with
indicated plasmids in three independent experiments. Quantitation was per-
formed as described in the legend to Fig. 1A. Error bars, standard errors of the
means.

FIG. 5. Constitutively active PI 3-kinase does not activate ERK. HeLa cells
were transfected with 1 mg of HA-ERK1 in addition to 0.5 mg 59-Sos-F (lane 1)
or 0.25 mg of 59-Sos-F (lane 2) or both 2.5 mg of p110F and 2.5 mg of p85 (lanes
3 and 4). Levels of expression of the proteins were determined by immunoblot-
ting using HA antibody since 110F, ERK1, and 59-Sos-F were all tagged with HA.
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phorylated lipids is prevented by a dominant negative Ras
mutant N17 (36). The physical interaction between p110 and
Ras occurs between the effector domain of Ras and the cata-
lytic subunit of p110, with a dissociation constant of approxi-
mately 150 nM (37). For both the p110a and p110b isoforms,
the site of interaction with Ras occurs between amino acids 133
and 314. A point mutation (K227E) in this region of p110a
blocks the in vitro interaction between Ras and p110a as well
as the ability of Ras to activate PI 3-kinase in intact cells. Thus,
although it has also been suggested that PI 3-kinase activates
Ras through the MAPK pathway (21), this seems unlikely. It is
more likely that PI 3-kinase is one of the multiple signaling
pathways activated by Ras.

In this report we find no activation of the JNK pathway
unless both membrane-targeted p110 and p85 are coexpressed.
It is difficult to assess the role of p85 in PI 3-kinase activation
since it clearly increases the stability of p110 protein. These
results are consistent with the notion that p85 is not simply an
adapter which links PI 3-kinase to activated growth factor
receptors but also plays a regulatory role. Indeed it was dem-
onstrated that binding of phosphotyrosine peptides to p85 in-
creases PI 3-kinase activity (2, 3). Furthermore, the addition of
the p85 inter-SH2 domain of the carboxy terminus of p110a
appears to create a more active enzyme (21). Our results are in
contrast to a report (24) which demonstrated activation of the
JNK pathway by overexpression of myristoylated p110a in the
absence of expression of p85. One reason for this apparent
discrepancy might be that myristoylation of p110a may localize
it to src family members which are known to activate PI 3-
kinase. This colocalization may circumvent the need for p85,
which has been shown to interact with src via its SH3 domain
(35).

A comparison of membrane-targeted forms of p110a and
p110b suggests that both of these isoforms of PI 3-kinase can
activate the JNK pathway. We extend this observation to show
that PI 3-kinase appears necessary for growth factor (EGF)
activation of JNK. The JNK pathway has typically been studied
in the context of stress activation (UV irradiation, osmotic
shock, etc.) rather than growth factor activation. Recently how-
ever, EGF receptor has been shown to play an antiapoptotic
role in response to UV irradiation (26). In addition, Sek1
(JNKK/MKK4), the direct activator of JNK, has been shown to
protect against apoptosis in mouse development (34). Thus,
our observations are consistent with JNK’s playing a role in the
antiapoptotic response generated by PI 3-kinase.

ACKNOWLEDGMENTS

This work was supported by a senior fellowship from the Leukemia
Society of America (S.K.L.), a fellowship from the Italian Association
for Cancer Research (AIRC, Milan, Italy [M.F.]), and a grant from
Sugen, Inc. (J.S.).

We thank E. Skolnik for the kinase-inactivated form of p110 and M.
Karin for plasmids containing the wild-type and point-inactivated far-
nasylation signals. We are grateful to M. L. Galisteo and S. Harroch
for critical reading of the manuscript.

REFERENCES

1. Aronheim, A., D. Engelberg, N. Li, A. Al-Alawi, J. Schlessinger, and M.
Karin. 1994. Membrane targeting of the nucleotide exchange factor sos is
sufficient for activating the ras signaling pathway. Cell 78:949–961.

2. Backer, J. M., M. G. Myers, Jr., S. E. Shoelson, D. J. Chin, X. J. Sun, M.
Miralpeix, P. Hu, B. Margolis, E. Y. Skolnik, J. Schlessinger, and M. F.
White. 1992. Phosphatidylinositol 3-kinase is activated by association with
IRS-1 during insulin stimulation. EMBO J. 11:3469–3479.

3. Carpenter, C. L., K. R. Auger, M. Chanudhuri, M. Yoakim, B. Schaffausen,
S. Shoelson, and L. C. Cantley. 1993. Phosphoinositide 3-kinase is activated
by phosphopeptides that bind to the SH2 domains of the 85-kDa subunit.
J. Biol. Chem. 268:9478–9483.

4. Carraway, K. L., III, and L. C. Cantley. 1994. A neu acquaintance for erbB3
and erbB4: a role for receptor heterodimerization in growth signaling. Cell
78:5–8.

5. Carraway, K. L., III, S. P. Soltoff, A. J. Diamonti, and L. C. Cantley. 1995.
Heregulin stimulates mitogenesis and phosphatidylinositol 3-kinase in
mouse fibroblasts transfected with erbB2/neu and erbB3. J. Biol. Chem.
270:7111–7116.

6. Chung, J., T. C. Grammer, K. P. Lemon, A. Kazlauskas, and J. Blenis. 1994.
PDGF- and insulin-dependent pp70s6k activation mediated by phosphatidyl-
inositol-3-OH kinase. Nature 370:71–75.

7. Coso, O. A., M. Chiariello, J.-C. Yu, H. Teramoto, P. Crespo, N. Xu, T. Miki,
and J. S. Gutkind. 1995. The small GTP-binding proteins Rac1 and Cdc42
regulate the activity of the JNK/SAPK signaling pathway. Cell 81:1137–1146.

8. Cross, M. J., A. Stewart, M. N. Hodgkin, D. J. Kerr, and M. J. O. Wakelam.
1995. Wortmannin and its structural analogue demethoxyviridin inhibit stim-
ulated phospholipase A2 activity in Swiss 3T3 cells. J. Biol. Chem. 270:
25352–25355.

9. Dérijard, B., M. Hibi, I.-H. Wu, T. Barrett, B. Su, T. Deng, M. Karin, and R.
Davis. 1994. JNK1: a protein kinase stimulated by UV light and Ha-Ras that
binds and phosphorylates the c-jun activation domain. Cell 76:1025–1037.

10. Dhand, R., K. Hara, I. Hiles, B. Bax, I. Gout, G. Panayatou, M. J. Fry, and
K. Yonezawa. 1994. PI 3-kinase: structural and functional analysis of inter-
subunit interactions. EMBO J. 13:511–521.

11. Franke, T. F., S.-I. Yang, T. O. Chan, K. Datta, A. Kazlauskas, D. K.
Morrison, D. R. Kaplan, and P. N. Tsichlis. 1995. The protein kinase en-
coded by the Akt proto-oncogene is a target of the PDGF-activated phos-
phatidylinositol 3-kinase. Cell 81:727–736.

12. Frost, J. A., S. Xu, M. R. Hutchison, S. Marcus, and M. H. Cobb. 1996.
Actions of Rho family small G proteins and p21-activated protein kinases on
mitogen-activated protein kinase family members. Mol. Cell. Biol. 16:3707–
3713.

13. Goodman, L. E., S. R. Judd, C. C. Farnsworth, S. Powers, M. H. Gelb, J. A.
Glomset, and F. Tamanoi. 1990. Mutants of Saccharomyces cerevisiae defec-
tive in the farnasylation of Ras proteins. Proc. Natl. Acad. Sci. USA 87:9665–
9669.

14. Hancock, J. F., K. Cadwallader, H. Paterson, and C. J. Marshall. 1991. A
CAAX or a CAAL motif and a second signal are sufficient for plasma
membrane targeting of ras proteins. EMBO J. 10:4033–4039.

15. Hawkins, P. T., A. Eguinoa, R.-G. Qui, D. Stokoe, F. T. Cooke, R. Walters,
S. Wennstrom, L. Claesson-Welsh, T. Evans, M. Symons, and L. Stephens.
1995. PDGF stimulates an increase in GTP-Rac via activation of phospho-
inositide 3-kinase. Curr. Biol. 4:393–403.

16. Hiles, I. D., M. Otsu, S. Volinia, M. J. Fry, I. Gout, R. Dhand, G. Panayotou,
L. F. Ruiz, A. Thompson, N. F. Totty, J. J. Hsuan, S. A. Courtneidge, P. J.
Parker, and M. D. Waterfield. 1992. Phosphatidylinositol 3-kinase: structure
and expression of the 110 kd catalytic subunit. Cell 70:419–429.

17. Holgado-Madruga, M., D. R. Emlet, D. K. Moscatello, K. Godwin, and A. J.
Wong. 1996. A Grb2-associated docking protein in EGF- and insulin-recep-
tor signaling. Nature 379:560–564.

18. Hu, P., B. Margolis, E. Y. Skolnik, R. Lammers, A. Ulrich, and J. Schless-
inger. 1992. Interaction of phosphatidylinositol 3-kinase-associated p85 with
epidermal growth factor and platlet-derived growth factor receptors. Mol.
Cell. Biol. 12:981–990.

19. Hu, P., A. Mondino, E. Y. Skolnik, and J. Schlessinger. 1993. Cloning of a
novel, ubiquitously expressed human phosphatidylinositol 3-kinase and iden-
tification of its binding site on p85. Mol. Cell. Biol. 13:7677–7688.

20. Hu, P., and J. Schlessinger. 1994. Direct association of p110b phosphatidyl-
inositol 3-kinase with p85 is mediated by an N-terminal fragment of p110b.
Mol. Cell. Biol. 14:2577–2583.

21. Hu, Q., A. Klippel, A. J. Muslin, W. J. Fantl, and L. T. Williams. 1995.
Ras-dependent induction of cellular responses by constitutively active phos-
phatidylinositol 3-kinase. Science 268:100–102.

22. Kapeller, R., and L. C. Cantley. 1994. Phosphatidylinositol 3-kinase. Bioes-
says 16:565–576.

23. Klippel, A., J. A. Escobedo, Q. Hu, and L. T. Williams. 1993. A region of the
85-kilodalton (kDa) subunit of phosphatidylinositol 3-kinase binds the 110-
kDa catalytic subunit in vivo. Mol. Cell. Biol. 13:5560–5566.

24. Klippel, A., C. Reinhard, W. M. Kavanaugh, G. Apell, M.-A. Escobedo, and
L. T. Williams. 1996. Membrane localization of phosphatidylinositol 3-ki-
nase is sufficient to activate multiple signal-transducing kinase pathways.
Mol. Cell. Biol. 16:4117–4127.

25. Kodaki, T., R. Woscholski, B. Hallberg, P. Rodriguez-Viciana, J. Downward,
and P. J. Parker. 1994. The activation of phosphatidylinositol 3-kinase by
Ras. Curr. Biol. 4:798–806.

26. Kulik, G., A. Klippel, and M. J. Weber. 1997. Antiapoptotic signalling by the
insulin-like growth factor 1 receptor, phosphatidylinositol 3-kinase, and Akt.
Mol. Cell. Biol. 17:1595–1606.

27. Kyriakis, J., P. Banerjee, E. Nikolakaki, T. Dai, E. Rubie, M. Ahmad, J.
Avruch, and J. Woodgett. 1994. The stress-activated protein kinase subfamily
of c-Jun kinases. Nature 369:156–160.

28. Meisner, H., B. R. Conway, D. Hartley, and M. P. Czech. 1995. Interactions

VOL. 17, 1997 PI 3-KINASE MEDIATES EGF ACTIVATION OF JNK 5789



of Cbl with Grb2 and phosphatidylinositol 39-kinase in activated Jurkat cells.
Mol. Cell. Biol. 15:3571–3578.

29. Minden, A., A. Lin, M. McMahon, C. Lange-Carter, B. Dérijard, R. J. Davis,
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