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Upon binding of platelet-derived growth factor (PDGF), the PDGF 3 receptor (PDGFR) undergoes auto-
phosphorylation on distinct tyrosine residues and binds several SH2-domain-containing signal relay enzymes,
including phosphatidylinositol 3-kinase (PI3K), phospholipase Cy (PLCvy), the GTPase-activating protein of
Ras (RasGAP), and the tyrosine phosphatase SHP-2. In this study, we have investigated whether PDGF-
dependent PI3K activation is affected by the other proteins that associate with the PDGFR. We constructed and
characterized a series of PDGFR mutants which contain binding sites for PI3K as well as one additional
protein, either RasGAP, SHP-2, or PLC+y. While all of the receptors had wild-type levels of PDGF-stimulated
tyrosine kinase activity and associated with comparable amounts of PI3K activity, their abilities to trigger
accumulation of PI3K products in vivo differed dramatically. The wild-type receptor, as well as receptors that
recruited PI3K or PI3K and SHP-2, were all capable of fully activating PI3K. In contrast, receptors that
associated with PI3K and RasGAP or PI3K and PLCy displayed a greatly reduced ability to stimulate
production of PI3K products. When this series of receptors was tested for their ability to activate Ras, we
observed a strong positive correlation between Ras activation and PI3K activation. Further investigation of the
relationship between Ras and PI3K indicated that Ras was upstream of PI3K. Thus, activation of PI3K
requires not only binding of PI3K to the tyrosine-phosphorylated PDGFR but accumulation of GTP-bound Ras
as well. Furthermore, PLCy and RasGAP negatively modulate PDGF-dependent PI3K activation. Finally,
PDGF-stimulated signal relay can be regulated by altering the ratio of SH2-domain-containing enzymes that

are recruited to the PDGFR.

Activation of the platelet-derived growth factor (PDGF) B
receptor (PDGFR) by ligand binding leads to autophosphor-
ylation of the receptor at several distinct tyrosine residues,
which triggers the recruitment of SH2-domain-containing mol-
ecules. One class of these receptor-associated proteins consists
of enzymes, including phosphatidylinositol 3-kinase (PI3K),
phospholipase Cyl (PLCy), the GTPase-activating protein of
p21"* (RasGAP), Src family members Src, Fyn, and Yes, and
the protein tyrosine phosphatase SHP-2 (20). A second class of
proteins that associate with the phosphorylated PDGFR con-
sists of SH2-domain-containing adaptor proteins, such as Shc,
Nck, and Grb2 (1, 28, 46). These two classes of SH2-domain-
containing proteins associate with the activated PDGFR in
distinct ways. The enzymes bind only when the receptor is
phosphorylated at certain tyrosine residues (20). In contrast,
the adaptors bind in response to phosphorylation of the recep-
tor at multiple tyrosine residues (23a, 46). Grb2 can also as-
sociate with the PDGFR in an indirect manner by binding to
either tyrosine-phosphorylated SHP-2 or p85 (4, 25, 44).

Numerous groups have investigated the role of receptor-
associated proteins in mediating biological responses. One
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strategy has been to use PDGFR phosphorylation site mutants,
and these studies have determined that PI3K or other proteins
which bind to the PI3K binding site(s) are required for PDGF-
dependent initiation of DNA synthesis and protection from
apoptosis (12, 23, 42, 45). Similarly, PLCy appears to be re-
quired for PDGF-dependent DNA synthesis in certain cell
types (42). The use of a microinjection strategy has identified
a requirement for the Src family members for cell cycle pro-
gression (32, 33, 39). In contrast, the precise role for the other
PDGFR-associated enzymes, RasGAP and SHP-2, has re-
mained elusive. RasGAP is known to regulate the GTPase
activity of p21™, which is required for numerous biological
responses, including cell proliferation (6). Ras becomes acti-
vated via the activity of a guanine nucleotide exchange factor,
such as SOS, which converts GDP-bound, inactive Ras to
GTP-bound, active Ras (5). Conversely, RasGAP promotes
Ras inactivation by stimulating the intrinsic GTPase activity of
Ras, thus returning Ras from its active GTP-bound form back
to the inactive GDP-bound form (6, 27). A second function for
RasGAP in PDGFR signaling appears to be the inhibition of
PLCy tyrosine phosphorylation and thus PLCry activation (43).
Whether the mechanism involves Ras activation is currently
being investigated. Conflicting lines of evidence exist pertain-
ing to the importance of SHP-2 function in the regulation of
PDGEFR signal transduction, with different assays suggesting a
variety of possibilities (3, 24, 31, 41). In light of these obser-
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vations, it is possible that RasGAP and/or SHP-2 plays either
a negative or a weakly positive modulatory role in PDGFR-
mediated signaling.

The participation of PI3K in numerous signaling pathways
and biological responses has generated interest in understand-
ing the mechanism by which PI3K activity is regulated. It ap-
pears that activation of PI3K requires at least three events: (i)
translocation from the cytoplasm to the membrane, (ii) binding
of the p85 subunit to tyrosine-phosphorylated proteins, and
(iii) binding of active Ras to the p110 catalytic subunit (2, 17,
29, 34, 37). The relative contribution of each of these events to
the activation occurring in PDGF-stimulated cells has not been
carefully addressed, and there remains some controversy re-
garding the importance of Ras in activating PI3K.

Several lines of investigation have indicated that RasGAP
and SHP-2 may be regulating PDGF-dependent PI3K activa-
tion. SHP-2 is capable of dephosphorylating PDGFR auto-
phosphorylation sites, including one required for p85 binding,
and thus SHP-2 binding may limit the amount of time that
PI3K stays associated with the receptor (24). Provided that Ras
is required for PDGF-mediated PI3K activation and that Ras-
GAP functions to decrease the level of active Ras in a PDGF-
stimulated cell, the recruiting of RasGAP could blunt PI3K
activation by acting on Ras. Thus, it is possible that RasGAP
and/or SHP-2 modulates PDGF-dependent activation of PI3K.
To test this hypothesis, we constructed a series of mutant
PDGFRs that contained the binding sites for PI3K and one of
the other receptor-associated proteins: PI3K and SHP-2, PI3K
and RasGAP, or PI3K and PLCy. Characterization of these
mutants revealed that all receptors were kinase active and that
they associated with comparable amounts of PI3K in a PDGF-
dependent manner. Despite their uniform ability to recruit
PI3K, not all the receptors were able to activate PI3K, as
measured by the accumulation of PI3K products in cells. In-
hibition of PI3K activation directly correlated with the inability
of the mutant receptors to activate Ras, suggesting that acti-
vation of Ras is a prerequisite for PDGF-mediated PI3K acti-
vation. Indeed, N17 Ras blocked Ras-mediated events and
accumulation of PI3K products. Furthermore, PI3K inhibitors
completely prevented PDGF-mediated PI3K activation but
only modestly reduced the accumulation of GTP-Ras. These
results strongly suggest that PDGF-dependent activation of
PI3K requires not only association of PI3K with the activated
PDGFR but accumulation of active Ras as well. Furthermore,
in HepG2 and NIH 3T3 cells, Ras functions upstream of PI3K
in the PDGFR signaling cascade. Finally, several of the signal-
ing enzymes that associate with the PDGFR act to suppress
PI3K activation, and in the case of RasGAP, the mechanism
appears to involve decreasing the levels of active Ras.

MATERIALS AND METHODS

Cell lines. HepG2 cells were cultured as previously described (42). NIH 3T3
cells were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. NIH 3T3 transfectants were cultured in the above
medium supplemented with 1 mg of G418 and 400 pg of hygromycin B per ml.

Construction of PDGFR mutants. Construction of the F5 and Y40/51 (42),
Y40/51/71 (43), and the Y40/51/21 (called Y21/40/51 in reference 43) mutants
has been previously described. To make the Y40/51/09 receptor, the 2.8-kb
EcoRI-BamHI fragment from F771 (23) was subcloned into Y1009/pVZ (42).
The resulting PDGFR construct was subcloned into the pLXSN vector; virus was
generated and used to infect cells as previously described (42). Mass populations
of cells were selected on the basis of their ability to grow in the presence of G418
at a concentration of 2 mg/ml. Cells expressing uniform numbers of receptor
were obtained by fluorescence-activated cell sorting, utilizing a human-specific
anti-PDGFR monoclonal antibody, 7212 (15), which recognizes an epitope in the
extracellular domain of the PDGFR, followed by staining with an anti-mouse
secondary antibody coupled to fluorescein isothiocyanate fluorescent dye. The
sorted cells were then grown out as mass populations. Periodic retesting of
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receptor levels indicated that receptor expression in all cell lines was comparable
and that the level of expression was stable for at least several months.

Transfection and expression of Ras mutants. The inducible eukaryotic expres-
sion vector pPOPRSVI CAT (Stratagene) containing N17 Ras was a generous gift
from Anne Gardner. Ras inserts were subcloned as NotI-Xhol fragments into
Notl-Xhol-cut pOPRSVI. NIH 3T3 cells were cotransfected with the Ras-con-
taining constructs and a plasmid encoding the lac repressor p3’SS by using a
calcium phosphate mammalian cell transfection kit (5 Prime/3 Prime, Inc.).
Clones were selected on the basis of their ability to grow in the presence of 1 mg
of G418 and 400 pg of hygromycin B per ml. Drug-resistant colonies were
isolated and were induced to express N17 Ras by addition of 5 mM isopropyl-
B-p-thiogalactopyranoside (IPTG) to the culture medium for 16 to 20 h. Expres-
sion was analyzed by Western blotting (immunoblotting) with an anti-rat mono-
clonal antibody against Ras, AB-1 (1 mg/ml) (Oncogene Science). All 10 of the
drug-resistant colonies tested expressed N17 Ras in an inducible manner. Levels
of exogenously expressed Ras were approximately equal to the endogenous Ras
levels in the clones used in these studies.

Western blot analysis. Western blotting was performed exactly as previously
described (23) with the exception that following probing with the primary anti-
body, blots were probed with a horseradish peroxidase-conjugated secondary
antibody. The blots were then developed with Western blot detection reagents
(enhanced chemiluminescence; Amersham). To blot for SHP-2, a combination
of anti-SHP-2 antisera was employed (34.2 and anti-Syp). The 34.2 antibody was
a crude polyclonal rabbit serum raised against a glutathione S-transferase (GST)
fusion protein that included the last 44 amino acids of the carboxyl terminus of
human SHP-2. The anti-Syp antibody utilized has been previously described (14).
Both of these antisera were diluted 1:1,000 for Western analysis.

In vitro kinase assay. Intrinsic tyrosine kinase activity of the PDGFR mutants
was analyzed exactly as previously described (22). PDGFR was immunoprecipi-
tated from HepG2 cells with an anti-PDGFR antibody, 30A (23). Twenty percent
of the immunoprecipitate, representing approximately 2 X 10° cells, was used in
a kinase assay containing 1 pg of GST-PLCy (amino acids 550 to 850 of rat
PLCy) (43).

In vivo PI3K assay. Cells at 80 to 95% confluence were starved for 24 h in
phosphate-free medium supplemented with 2 mg of bovine serum albumin
(BSA) per ml. Following starvation, 3?P; (ICN) was added to a final concentra-
tion of 0.2 to 1.0 mCi/ml; the cells were labeled for 3 h and then exposed to buffer
or 50 ng of PDGF-BB per ml for 4 min. Cells were then placed on ice, washed
three times with ice-cold H/S (20 mM HEPES [N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid], 150 mM NaCl, pH 7.4) supplemented with 1 mM sodium
orthovanadate, fixed by adding 750 pl of methanol-1 M HCI (1:1) containing 10
mg of crude brain phosphoinositide (Sigma) per ml, and collected into an
Eppendorf tube containing 380 pl of chloroform. The samples were vortexed
vigorously and then placed on a rotator at room temperature for 15 min. The
samples were spun briefly to separate the phases, the aqueous phase was re-
moved, and the chloroform phase was washed with 750 pl of methanol-0.1 M
EDTA, pH 8.0 (1:1). The chloroform phase was then transferred to a 20-ml glass
scintillation vial and dried under a stream of N,. The lipids were deacylated and
resolved by high-performance liquid chromatography (HPLC) with a SAX col-
umn, and the radioactivity in the various fractions was quantitated with a Radi-
omatic A500 on-line radioactivity counter (Packard).

In vitro PI3K activity assay. The PI3K activity in anti-PDGFR immunopre-
cipitates representing 2 X 10° cells was determined as previously described (23).

Ras activity assay. Activation of Ras was determined exactly as previously
described (42) with the following modifications. Cells were stimulated with 50 to
100 ng of PDGF per ml for 4 min and lysed in BLB (25 mM Tris-HCI [pH 7.4],
137 mM NacCl, 5 mM KCl, 0.7 mM CaCl,, 0.5 mM MgCl,, 1% Triton X-114, 10
mM benzamidine, 10 pg of leupeptin per ml, 10 pg of aprotinin per ml, 10 pg of
soybean trypsin inhibitor per ml, 1 mM ATP, 0.1 mM GTP, 0.1 mM GDP, and
1 mM Na,HPO,-NaH,PO, [pH 7.4]) without antibody, and the insoluble mate-
rial was pelleted by centrifugation. The detergent phase of the supernatant was
separated from the aqueous phase, resuspended, and cleared as described pre-
viously (42), before incubation with protein G-Sepharose beads coupled to the
anti-Ras rat monoclonal antibody Y13-259 at 4°C for 90 min.

MAPK gel shift assay. Cells were starved in Dulbecco’s modified Eagle’s
medium plus 0.1% calf serum for 20 h before being exposed to buffer or 50 ng
of PDGF per ml for 4 min at 37°C. Cells were then lysed in EB** (21) without
BSA, protein concentrations were determined by the Bio-Rad assay, and the
amount of protein in each sample was equalized by dilution in EB™ . Samples
were run on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and trans-
ferred to Immobilon. Blots were probed with a mouse monoclonal antibody
against p42 and p44 mitogen-activated protein kinase (MAPK) (Zymed;
1:2,500). The faster/slower p42 band ratio was quantitated by densitometry and
used as a measure of the extent of MAPK activation.

RESULTS

Previous studies have indirectly suggested a role for Ras-
GAP and SHP-2 in PDGF-dependent PI3K signaling. We have
directly investigated this possibility by constructing a series of
PDGFR mutants which contained binding sites for the p85
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FIG. 1. Schematic of the PDGFR mutants. (A) The gray objects represent the receptor-associated proteins, and they are labeled at the top of the figure. P, phosphorylated
tyrosine residue; @, tyrosine-to-phenylalanine substitution. WT, wild-type PDGFR. F5 contains tyrosine-to-phenylalanine mutations at positions 740, 751, 771, 1009, and 1021.
The names of the other mutants indicate which of the tyrosine residues have been restored. Only the last two numbers of the restored phosphorylation site are used in the
name of the receptor. The cartoon indicates which of the receptor-associated proteins are expected to bind to each of the receptor mutants. (B) PDGFR Western blots of
HepG2 cell lysates (representing approximately 3 X 10* cells) expressing the various PDGFRs. N indicates cells expressing the empty pLXSN vector.

subunit of PI3K and one other protein, either RasGAP,
SHP-2, or PLCy. Figure 1 illustrates this series of PDGFR
mutants and the signaling proteins predicted to bind to them.
Note that all of the mutants contain the Src binding site and
that the F5 construct fails to associate with all four of the
signaling molecules highlighted in this study.

The mutant cDNA constructs were prepared as described in
Materials and Methods, subcloned into the retroviral expres-
sion vector pLXSN, and introduced to GP+E and PA317
virus-producing cells. The resulting virus was used to infect
HepG?2 cells (42), mass populations of cells were selected on
the basis of G418 resistance, and selected cells were sorted by
using an extracellular PDGFR antibody (7212) to obtain equiv-
alent levels of receptor expression for each of the cell lines.
Figure 1B is a Western blot of total cell lysates probed with an
anti-PDGFR antibody (30A); it shows that all cell lines ex-
pressed similar amounts of receptor.

Characterization of the PDGFR mutants. We first tested the
ability of each PDGFR mutant to stably interact with PLCry,
RasGAP, p85, and SHP-2 by Western blot analysis of receptor
immunoprecipitates. Confluent, quiescent HepG2 cells ex-
pressing the various mutants either were left resting or were

stimulated with 50 ng of PDGF per ml for 5 min at 37°C. Cells
were lysed, and the PDGFR was immunoprecipitated with 30A
and assayed by Western blot analysis. Binding of the receptor-
associated proteins to the receptor mutants was very similar to
what had been predicted (compare Fig. 1A with Fig. 2A). All
receptors containing Y740 and Y751, tyrosines required for
binding of PI3K, were capable of binding to the p85 regulatory
subunit of PI3K in a PDGF-dependent manner. Probing re-
ceptor immunoprecipitates with antibodies specific to the «
isoform of p85 detected only one of the two bands seen in Fig.
2A (data not shown), suggesting that multiple p85 isoforms
associate with the activated PDGFR in HepG2 cells. Only
receptors containing the sites required for RasGAP or SHP-2
binding (Y771 and Y1009, respectively) bound to either of
these two proteins above background levels when stimulated
by PDGF. Association of PLCy with the activated PDGFR was
also dependent on the presence of its binding site (Y1021) on
the receptor. However, low amounts of PLCy were consistently
observed to bind to the Y40/51/09 mutant. This was not com-
pletely unexpected since it has been previously shown that site
Y1009 can act as a low-affinity binding site for PLCy (36).
Receptor tyrosine kinase activity was assessed by subjecting
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FIG. 2. Characterization of the proteins that associate with the PDGFR
mutants. (A) Confluent, quiescent cultures of HepG2 cells expressing the various
PDGFRs were left resting (—) or were stimulated for 5 min at 37°C with 50 ng
of PDGF-BB per ml (+). The cells were lysed, the lysates were immunoprecipi-
tated with an anti-BPDGFR antibody (30A), immunoprecipitates representing
approximately 4.2 X 10° cells were resolved by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to Immobilon, and the appropriate por-
tion of the membrane was subjected to Western blot analysis with the antibodies
indicated in the right-hand margin. p85, antiserum used to recognize the 85-kDa
subunit of PI3K. (B) PDGFR immunoprecipitates, representing approximately
2 X 10° cells, were subjected to an in vitro kinase assay in the presence of an
exogenous substrate (GST-PLCy). The samples were resolved by SDS-PAGE,
and then the gel was treated with KOH and subjected to autoradiography. R634
is the kinase-inactive PDGFR mutant.

the PDGFR immunoprecipitates to an in vitro kinase assay in
the presence of [y->*P]ATP and an exogenous substrate, GST-
PLCy. All of the PDGFRs analyzed were able to phosphory-
late the exogenous substrate and were activated by PDGF to a
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comparable extent (Fig. 2B). RasGAP, p85, and SHP-2, but
not PLCr, can be readily detected in an in vitro kinase assay if
they are complexed with the PDGFR. The pattern of binding
of the receptor-associated proteins to the activated PDGFRs
observed in the in vitro kinase assay, shown in Fig. 2B, is very
similar to the pattern observed with Western blot analysis,
shown in Fig. 2A, further confirming the integrity of our panel
of receptor mutants.

PI3K activity in vivo. To further characterize the receptor
mutants, we tested their ability to activate PI3K by examining
PDGF-dependent accumulation of PI3K products: phosphati-
dylinositol 3,4-bisphosphate (PI3,4P2) and phosphatidylinosi-
tol 3,4,5-triphosphate (PIP3). Confluent, quiescent cells were
labeled with *?P; and were either left resting or stimulated with
50 ng of PDGF per ml at 37°C for 5 min. Lipid products were
isolated by extracting the cells with chloroform-methanol; the
samples were dried, deacylated, and then analyzed by HPLC.
As expected, PDGF stimulation of cells expressing the wild-
type (WT) or Y40/51 receptor resulted in the accumulation of
PIP3, whereas stimulation of the F5 receptor, which binds
poorly to p85 (Fig. 2A), did not trigger significant accumula-
tion of PIP3 (Fig. 3A). Add-back of the tyrosine required for
SHP-2 binding site (Y1009) to the Y40/51 receptor did not
affect PDGF-dependent accumulation of PI3K products. In-
terestingly, restoration of either site 771 or 1021, required for
binding of RasGAP or PLCY, respectively, resulted in signifi-
cant inhibition of PDGF-stimulated activation of PI3K (Fig.
3A). A similar trend was observed for PDGF-dependent pro-
duction of PI3,4P2 (data not shown). These experiments indi-
cate that not all receptors that recruit p85 are able to activate
PI3K. Furthermore, receptors that associate with PI3K and
PLCy or PI3K and RasGAP fail to mediate significant accu-
mulation of PI3K products, suggesting that PLCy and Ras-
GAP are able to inhibit activation of PI3K.

One explanation for why PI3K does not become activated in
cells expressing the Y40/51/71 or Y40/51/21 receptor is that
while p85 does bind to the receptor (Fig. 2A), the PI3K ho-
loenzyme does not. In order to test this hypothesis, we deter-
mined whether PI3K activity is present in the PDGFR immu-
noprecipitates. The PDGFR was immunoprecipitated from
resting or PDGF-stimulated cells expressing the various PDG-
FRs and subjected to an in vitro PI3K assay. This assay mea-
sures the amount of PI3K present in a PDGFR immunopre-
cipitate. The WT PDGFR immunoprecipitates contained
robust PI3K activity provided that the cells had been stimu-
lated with PDGF, whereas the F5 receptor immunoprecipi-
tates contained only trace amounts of PI3K activity. In contrast
to the in vivo data (Fig. 3A), all of the PDGFR mutants
associated with WT levels of PI3K activity (Fig. 3B). These
data suggest that binding of the PI3K holoenzyme to the ty-
rosine-phosphorylated PDGFR, which probably involves trans-
location of PI3K to a juxtamembrane location, is not sufficient
for PDGF-dependent activation of PI3K.

Activation of Ras. The receptors that were unable to activate
PI3K were those that associated with PI3K as well as RasGAP
or PLCy. This suggested that PLCy and RasGAP are able to
prevent PDGF-dependent accumulation of PI3K products.
PLCy hydrolyzes PI4,5P2, a PI3K substrate, so it is possible
that when PI3K and PLCy bind to the same receptor, these
two enzymes compete for substrate. Consistent with this idea is
the observation that the Y40/51/21 receptor poorly activates
PLCy (43).

A comparable explanation for how RasGAP interferes with
activation of PI3K does not seem likely. Instead, the observa-
tions that PI3K activity is stimulated by active Ras and that
RasGAP suppresses the accumulation of active Ras suggested
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that RasGAP may be inhibiting PI3K by a mechanism which
involves Ras (6, 34). To determine whether there was a corre-
lation between PDGF-dependent activation of PI3K and acti-
vation of Ras, we measured the ability of the PDGFR mutants
to activate Ras. Confluent quiescent cells were labeled with
2P, and stimulated with 50 ng of PDGF per ml; then Ras was
immunoprecipitated and Ras-associated nucleotides were sep-
arated by thin-layer chromatography. Figure 4A shows an au-
toradiogram of a representative experiment. The GTP/
(GTP + GDP) ratio was quantitated by Phosphorlmager
analysis, and the composite of three independent experiments
is shown in Fig. 4B. Ras was activated in cells expressing either
the WT or the Y40/51 PDGFR but not in cells expressing the
F5 receptor (Fig. 4). Restoring Y1009 to the Y40/51 receptor
had no effect on PDGF-dependent Ras activation. However,
addition of either the RasGAP binding site or the PLCy bind-
ing site to the Y40/51 receptor prevented Ras activation (Fig.
4). We consistently observed a higher basal level of Ras-GTP
in the mass population of cells expressing the Y40/51/71 re-
ceptor. While we do not understand the basis of this observa-
tion, the data clearly show that PDGF stimulation of cells
expressing the Y40/51/71 receptor did not trigger an accumu-
lation of active Ras but instead decreased the basal levels of
Ras-GTP. The lack of Ras activation downstream of the Y40/
51/71 receptor is consistent with RasGAP binding and Ras-
GAP function; however, the inability of the Y40/51/21 receptor
to mediate Ras activation was unexpected, since mutant recep-
tors containing either sites Y40/51 or Y1021 alone can activate
Ras. It is possible that the combination of these autophosphor-
ylation sites on the same receptor molecule prevents the acti-
vation of an important intermediary protein, such as SOS.

3 PoGF
M +)POGF

Ad A

FIG. 3. PDGF-dependent PI3K activation. Quiescent cultures of HepG2
cells were labeled with 32P; for 3 h and then left resting (striped) or stimulated
for 5 min at 37°C with 50 ng of PDGF-BB per ml (solid). Cells were fixed in
methanol-1 M HCI (1:1); the lipids were harvested by extraction with chloroform
and deacylated, and the resulting glycerol phosphoinositides were separated by
SAX HPLC. (A) In vivo PI3K products: PIP3. The amount of PIP3 is presented
as a percentage of the total mass of phospholipids extracted and is the average
of three independent experiments. The error bars indicate the standard devia-
tions of the results of three experiments. PDGF-dependent accumulation of PIP3
in cells expressing the WT, Y40/51, and Y40/51/09 receptors was determined to
be significant (P < 0.05) in a paired ¢ test. PDGF-stimulated levels of PIP3 in
cells expressing the WT, Y40/51, or Y40/51/09 receptor were significantly differ-
ent from stimulated levels of PIP3 in cells expressing Y40/51/21, Y40/51/71, or F5
as determined by a one-way analysis of variance multiple comparison procedure
(P < 0.0019). (B) PDGFR-associated PI3K activity. Receptor immunoprecipi-
tates were prepared from resting or PDGF-stimulated cells exactly as described
in the legend to Fig. 2. The PDGFR immunoprecipitates were incubated with
phosphatidylinositol (PI) and [y-*?P]ATP, the phospholipids were resolved by
thin-layer chromatography, and the plate was analyzed by autoradiography. The
position of phosphatidylinositol phosphate (PI3P) is indicated in the right-hand
margin. The autoradiogram shown is representative of three experiments.

While the precise mechanism by which Ras is activated and
suppressed has not yet been resolved, these data establish a
firm correlation between a receptor’s ability to activate Ras
and its ability to drive the accumulation of PI3K products (Fig.
3 and 4).

Wortmannin treatment of cells expressing Y40/51. The cor-
relation observed between PI3K and Ras activation begs the
question of whether Ras lies upstream or downstream of PI3K
in PDGFR-mediated signaling cascades. If PI3K catalytic func-
tion is required for Ras activation, then PI3K inhibitors should
block Ras activation. Since there are several PDGF-dependent
pathways that can lead to Ras activation, we utilized cells
expressing the Y40/51 mutant, in which the only pathway(s) to
activate Ras depends on the presence of tyrosines 740 and 751
(Fig. 4; compare F5 with Y40/51). Using this mutant instead of
the WT PDGEFR reduces the possibility that wortmannin-de-
pendent changes in Ras activation would be masked by acti-
vation of Ras through a PI3K-independent pathway, such as
those downstream of either Y1009 or Y1021 (42). Cells ex-
pressing the Y40/51 mutant were pretreated with the PI3K
inhibitor wortmannin before addition of PDGF, and then Ras
activation was measured either directly or via gel shift of
MAPK in response to PDGF. At 100 nM wortmannin, PDGF-
dependent accumulation of PI3K products was completely in-
hibited and GTP loading of Ras was reduced by 22.0% * 2.9%
compared with cells which were treated with vehicle (dimethyl
sulfoxide) alone (Fig. 5). In contrast to its modest effect on Ras
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FIG. 4. PDGF-dependent Ras activation by the PI3K-positive double-add-back mutants. Confluent, quiescent HepG2 cells expressing the indicated PDGFR
mutants were labeled with 32P;, stimulated with 100 ng of PDGF-BB per ml for 5 min at 37°C, and lysed; Ras was immunoprecipitated with the Y13-259 anti-Ras
antibody, and the nucleotides were resolved on a polyethyleneimine cellulose plate. (A) An autoradiogram of a representative experiment is presented. The origin as
well as the positions of GDP and GTP are indicated. (B) The radioactivity in the GTP and GDP was quantitated with a Molecular Dynamics PhosphorImager, and
the average * the standard deviation of three independent experiments is presented. The data are expressed as percentages of GTP, which was calculated by dividing
the counts per minute present in GTP by the counts per minute present in GTP plus GDP.

loading, wortmannin did not inhibit MAPK activation at any of
the concentrations tested (10 nM to 1 uM) (Fig. 5C). Our
inability to detect an effect on MAPK is likely due to the fact
that MAPK lies several steps downstream of Ras activation,
and therefore amplification of a signal initiated by Ras may
render the slight inhibitory effect of wortmannin undetectable.
The data suggest that PI3K activity appears to augment but is
not required for PDGF-dependent activation of Ras in HepG2
cells.

Inhibition of in vivo PI3K activity in NIH 3T3 cells express-
ing dominant negative (N17) Ras. To complement the above
experiments using a PI3K inhibitor, we used NIH 3T3 cells
stably transfected with an IPTG-inducible expression vector
encoding a dominant negative (N17) version of Ras as a sec-
ond approach to determine whether Ras is required for acti-
vation of PI3K. If PDGF-dependent activation of PI3K re-
quires active Ras, expression of dominant negative Ras should
prevent activation of PI3K in cells stimulated with PDGF.
Treating N17 cells with IPTG for 16 to 20 h induced the

expression of the variant Ras protein to a level at least com-
parable to the amount of endogenous Ras, whereas IPTG had
no effect on the NIH 3T3 parental cells (Fig. 6A and data not
shown). Expression of N17 Ras did not affect PDGF-depen-
dent events, including autophosphorylation of the PDGFR,
PDGFR kinase activity, PDGFR association with p85 and
PI3K activity, and PDGFR association with PLCy, RasGAP,
or SHP-2 (data not shown). As expected, PDGF failed to
induce activation of Ras in cells which were induced to express
N17 Ras, whereas IPTG had no effect on the parental NIH 3T3
cells (Fig. 6A). To further determine the extent of inhibition of
Ras-mediated events, we measured activation of MAPK by a
gel shift assay. Expression of N17 Ras severely reduced PDGF-
dependent activation of MAPK but did not completely inhibit
this event (Fig. 6B). Therefore, Ras may be modestly activated
in the N17-expressing cells, which cannot be detected in our
Ras loading assay.

Finally, we did studies to determine whether the expression
of the N17 Ras mutant affected PDGF-dependent activation of
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FIG. 5. Effect of wortmannin on PDGF-stimulated activation of Ras-medi-
ated events in Y40/51 cells. HepG2 cells expressing the Y40/51 PDGFR were
pretreated with either 100 nM wortmannin or vehicle (dimethyl sulfoxide) and
were either left resting or stimulated with 100 ng of PDGF per ml for 5 min at
37°C. Activation of Ras was determined as described in the legend to Fig. 4. (A)
An autoradiogram of a representative experiment is presented. (B) Effect of
wortmannin on PDGF-stimulated PI13,4P2 (squares), as measured in Fig. 3, and
Ras activation (diamonds), as measured in Fig. 4. The data are presented as a
percentage of the activity of cells pretreated with vehicle (dimethyl sulfoxide)
alone. The error bars on Ras activation from cells pretreated with 100 nM
wortmannin represent the standard deviations of four independent experiments.
(C) PDGEF stimulation of MAPK in HepG2 Y40/51 cells: effect of wortmannin.
Y40/51-expressing cells were preincubated for 20 min with the indicated con-
centrations of wortmannin before addition of 50 ng of PDGF per ml for an
additional 5 min; cells were lysed, and cell lysate, representing 7.5 X 10* cells,
was analyzed by MAPK Western blotting. The arrow points to the rapidly
migrating (unphosphorylated) form of p42.
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PI3K in vivo. The parental or N17-expressing NIH 3T3 cells
were incubated with IPTG, labeled with 3?P, and stimulated for
4 min with 50 ng of PDGF per ml at 37°C; the cells were lysed,
and phospholipids were extracted and subjected to HPLC
analysis. PDGF-stimulated PI3,4P2 accumulation was consis-
tently decreased by 50 to 60% in cells expressing N17 Ras,
compared with the parental cells (Fig. 6C). The low level of
Ras activation in the N17-expressing cells may account for the
modest PDGF-stimulated increase in PI13,4P2 observed in the
NIH 3T3 N17 cells. In addition, we found that the degree of
inhibition of Ras activation (as measured by inhibition of
MAPK gel shift) correlated with the extent of PI3K inhibition.
MAPK activation was always inhibited by at least 50%, and in
one of these experiments, the inhibition was greater than 90%;
in this experiment we could not detect any PDGF stimulation
of PI3K products. These studies reveal a strong correlation
between Ras activation and accumulation of PI3K products
and are consistent with our findings in the HepG2 cell system.
Together our data indicate that Ras is required for maximal
activation of PI3K in PDGF-stimulated cells; therefore, Ras
appears to lie upstream of PI3K.

DISCUSSION

We have constructed and characterized a panel of PDGFR
mutants in which we assessed the contributions of PLCy, Ras-
GAP, and SHP-2 to PDGF-dependent PI3K activation. These
studies have shed light on the mechanism of PI3K activation
and the role of PLCy and RasGAP in this event. In addition,
the experiments have revealed that PDGF-mediated signal
relay can be regulated by varying the ratio of signal relay
enzymes which are recruited to the PDGFR.

Mechanism of PI3K activation. As PI3K is more thoroughly
investigated, it appears that activation of PI3K requires mul-
tiple events. Engagement of p85’s SH2 domains with tyrosine-
phosphorylated proteins or peptides changes the conformation
of p85 and thereby activates the p110 catalytic subunit (29, 37).
A second event involves translocation of PI3K from the cyto-
plasm to the membrane, where it can gain access to its sub-
strate. In a growth factor-stimulated cell, this step appears to
occur when PI3K associates with tyrosine-phosphorylated
transmembrane growth factor receptors (17). PI3K is also
phosphorylated on tyrosine and serine residues following
growth factor stimulation, and serine phosphorylation of p85
inhibits PI3K’s lipid kinase activity (7, 9, 19). Finally, Ras has
been shown to activate PI3K, presumably via its ability to
associate with the p110 catalytic subunit of PI3K in a GTP-
dependent manner (34). Our data indicate that recruitment of
PI3K to the PDGFR is not sufficient for activation of PI3K and
that activation of Ras appears to be necessary for the PDGF-
driven increase in PI3K products (Fig. 3 to 6).

The subject of whether Ras acts upstream or downstream of
PI3K in growth factor-driven pathways remains controversial,
as there is evidence supporting both possibilities. In support of
the idea that PI3K is upstream of Ras, Hu et al. reported that
in NIH 3T3 cells, expression of a constitutively active version
of the p110 subunit of PI3K (p110*) induces transcription from
the c-fos promoter and that this event can be blocked by co-
expression of N17 Ras (16). Also, expression of p110* in Xe-
nopus oocytes increased the level of GTP-bound Ras, caused
activation of Raf-1, and induced Ras-dependent oocyte matu-
ration (16). Furthermore, in CHO cells, expression of a mouse
PDGFR lacking PI3K binding sites failed to mediate Ras ac-
tivation; however, this same mutant was able to stimulate Ras
activation in Baf-3 cells (38). Finally, PI3K inhibitors prevent
activation of MAPK in normal fibroblasts and middle-T-trans-
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FIG. 6. Expression of N17 Ras in NIH 3T3 cells inhibits full activation of
PI3K in vivo. (A) Ras activation. NIH 3T3 cells were transfected with an induc-
ible hemagglutinin-tagged version of N17 Ras (HA-N17 Ras). Cells were in-
duced by incubation with 5 mM IPTG for 16 to 20 h. HA-N17 Ras was observed
as a band which migrated more slowly than endogenous Ras in an anti-Ras
Western blot. Ras activation was measured as described in the legend to Fig. 4.
The results represent three independent experiments, and the error bars indicate
the standard deviations. (B) MAPK activation: PDGF-dependent MAPK gel
shifts in parental (NIH 3T3P) and N17-expressing (NIH 3T3 N17) NIH 3T3 cells.
Resting cells were left quiescent or stimulated with 50 ng of PDGF per ml, and
then cells were lysed and total cell lysates were subjected to MAPK Western
blotting. The arrows point to the unphosphorylated, rapidly migrating p42 and
p44 MAPK isoforms. (C) PI3K activity: accumulation of PI3,4P2 in parental and
N17-expressing cells. Resting or PDGF-stimulated cells were harvested, and
PI3,4P2 was purified and quantitated. The data are expressed as a percentage of
total phospholipids. The graph represents three independent experiments; the
error bars indicate the standard deviations.
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formed cells (40) or partially inhibit insulin-stimulated Ras
activation (8).

Evidence supporting the concept that Ras is upstream of
PI3K includes the findings that Ras-GTP stably associates with
p110 and that it activates the enzyme in vitro. N17 Ras partially
blocks growth factor-stimulated PI3K activation in PC12 and
NIH 3T3 cells (34) (Fig. 6). In HepG2 cells, our data generally
support the idea that PI3K is downstream of Ras (Fig. 3 to 5).
Finally, mutant PDGFRs which do not bind or activate PI3K
(for example, the Y1009 and Y1021 receptors) maximally ac-
tivate Ras (reference 42 and unpublished observations). Thus,
Ras activation appears to be a prerequisite for maximal
PDGF-stimulated activation of PI3K in both HepG2 and NIH
3T3 cells.

We have found that inhibiting PI3K inhibits PDGF-stimu-
lated Ras activation by 22% (Fig. 5), indicating that PI3K
products and/or PI3K itself contributes to the accumulation of
active Ras. A possible explanation is that PI3K competes with
RasGAP for binding to the effector region of Ras (13). In this
case, PI3K would prevent interaction of GTP-bound Ras with
RasGAP and thereby contribute to the accumulation of acti-
vated Ras. It is also possible that PI3K products are required
to suppress RasGAP activity (8). The recent realization that
PI3K products bind certain SH2 domains offers another plau-
sible explanation of how PI3K products could contribute to
Ras activation (30). Provided that the SH2 domains of Grb2
and Nck interact with PIP3, then an increased concentration of
PIP3 could result in the recruitment of SOS to the membrane
via Grb2 or Nck. In summary, the relationship between PI3K
and Ras may be multifaceted and flexible and thus may con-
tribute to the nonuniform importance of PI3K to Ras activa-
tion seen in different cell types.

How does Ras contribute to PI3K activation? In vitro studies
indicate that Ras-GTP binds to the p110 subunit and increases
its catalytic activity (34, 35). This effect is synergistic with bind-
ing of tyrosine-phosphorylated proteins or peptides to the p85
subunit (35). In the in vivo setting, Ras may function to help
recruit PI3K to the cell membrane in a mechanism similar to its
role in Raf activation. However, unlike the Raf analogy, PI3K
binds to the tyrosine-phosphorylated PDGFR and thereby at-
tains a juxtamembrane location (17). This appears to be a
Ras-independent event since we have not detected any differ-
ence in the ability of PI3K to stably associate with the PDGFR
in cells expressing N17 Ras compared with control cells (23a).
However, binding to the receptor, and thereby gaining access
to the membrane, is not sufficient for activation of PI3K (Fig.
3). Ras-GTP may adjust PI3K’s orientation relative to its sub-
strate. The recent resolution of PLC®%’s crystal structure pre-
dicts that the catalytic domain of PLCS3 is inserted into the cell
membrane (11). Since PLC3 and PI3K act on the same sub-
strate, it is possible that PI3K also inserts into the membrane
and that Ras-GTP facilitates this event.

Contribution of PLCvy, RasGAP, and SHP-2 to PDGFR sig-
naling. Many distinct signaling complexes with nonidentical
signaling capacities are likely to exist within a PDGF-stimu-
lated cell. By constructing and expressing the PI3K double-
add-back PDGFR mutants, we effectively increased the popu-
lation of receptors that bind to PI3K and only one of the other
major receptor-associated proteins, PLCy, RasGAP, and
SHP-2. Thus, the effect(s) of one of these enzymes on
PDGFR-mediated PI3K signaling should be amplified. Utiliz-
ing these mutants, we have found that association of PDGFR
with specific SH2-domain-containing proteins does have a dra-
matic effect on the PI3K pathway.

The impaired PI3K and Ras responses observed down-
stream of the Y40/51/21 mutant defy the logical prediction that
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a receptor capable of binding to both PI3K and PLCry would be
capable of signaling. PI3K and PLCy have both been identified
as independent, positive downstream mediators of PDGFR
signal transduction in this HepG2 system (42). Therefore, it
was surprising that accumulation of PI3K products in cells
expressing the Y40/51/21 mutant was attenuated. Since both
PI3K and PLCy utilize PI4,5P2 as a substrate, when PI3K and
PLCy are recruited to the same receptor molecule and thus to
a similar pool of lipid substrate, competition for PI4,5P2 could
result in a diminished signaling capability for both enzymes.
Consistent with this hypothesis is the observation that PLCy is
poorly activated by the Y40/51/21 receptor (43). Alternatively,
PI3K may be poorly activated by receptors that bind both PI3K
and PLCy because Ser-608 becomes extensively phosphory-
lated, which shuts down lipid kinase activity (7, 9). Serine
kinase activity has been shown to copurify with PLCy (30a);
consequently, it is possible that this kinase phosphorylates and
inactivates PI3K. Finally, given that Ras activation is a prereq-
uisite for PI3K activation, it is possible that the defect in PI3K
activation by the Y40/51/21 receptor is due to its inability to
activate Ras. Ongoing experiments are aimed at distinguishing
between these possibilities.

The Y40/51/71 receptor, which binds to both PI3K and Ras-
GAP, was also crippled in its ability to activate Ras and PI3K
in response to PDGF stimulation. Since the function of Ras-
GAP is to enhance the hydrolysis of GTP bound to Ras, it is
not surprising that the addition of the RasGAP binding site to
the Y40/51 receptor results in the prevention of Ras activation.
Therefore, the most likely explanation for the inability of the
Y40/51/71 mutant to drive the accumulation of PI3K products
is that RasGAP prevents accumulation of active Ras, which is
a requirement for PDGF-dependent activation of PI3K. In-
deed, we have recently observed that the F771 PDGFR, which
does not bind RasGAP, is more efficient at mediating certain
Ras-mediated events (7a). This is reminiscent of a nontrans-
forming mutant of middle T antigen, which was fully capable of
binding to PI3K but was unable to increase the levels of PI3K
products in cells (26). This mutant was found to be deficient in
the activation of Grb2 and Shc, suggesting that it was also
deficient in activation of Ras (10). While it is likely that Ras-
GAP is responsible for the impaired ability of the Y40/51/71
PDGEFR to activate PI3K, we cannot rule out the possibility
that an as yet unidentified inhibitor of PI3K is recruited to the
receptor via site Y771 directly or by associating with RasGAP.
This possibility, however, is unlikely since immunoprecipitates
of the Y40/51/71 receptor coprecipitate with WT levels of PI3K
activity, as determined by an in vitro PI3K assay (Fig. 3C).

While PLCy and RasGAP appear to negatively regulate
PDGEFR signaling through PI3K, no apparent role for SHP-2
was observed. Tyrosine-phosphorylated SHP-2 recruits Grb2
and SOS to the PDGFR, and this is thought to contribute to
PDGF-stimulated Ras activation (4, 25). Thus, by enhancing
Ras activation, SHP-2 may contribute to PI3K activation. On
the other hand, SHP-2 is capable of selectively dephosphory-
lating Y751 and Y771 on the PDGFR, decreasing the length of
time that PI3K and RasGAP stay associated with the receptor
(24). While this could contribute to regulation of PI3K activa-
tion, SHP-2’s effects on PI3K and RasGAP binding are maxi-
mal at 25 min post-PDGF stimulation, a time at which we no
longer detect PI3K products in PDGF-stimulated cells (unpub-
lished observations). It appears that additional studies will be
required to elucidate SHP-2’s contribution to PDGFR signal
relay.

Regulation of PDGFR signal relay. If recruiting RasGAP or
PLCy to receptors that have associated with PI3K prevents
signaling by PI3K, then how does the WT receptor, which

REGULATION OF PDGF-DEPENDENT ACTIVATION OF PI3 KINASE 5913

contains the binding sites for all these associated proteins,
manage to activate PI3K? One explanation is that each WT
receptor is not binding all of the receptor-associated proteins.
Indeed, the PDGFR is not phosphorylated at all of the phos-
phorylation sites to the same extent; rather, at least a 16-fold
difference exists in the stoichiometry of phosphorylation of the
various tyrosine residues (18). Therefore, it is highly unlikely
that all stimulated PDGFRs will bind to all of the possible
SH2-domain-containing proteins at the same time. In the case
of the WT receptor, many receptors may bind only to PI3K, or
PI3K and a neutral protein like SHP-2, so that PI3K can
become activated and its products can accrue. In the case of
the mutant receptors, which have normal kinase activity but a
reduced set of tyrosines that can be phosphorylated, the prob-
ability of PI3K and RasGAP or PI3K and PLCy binding to the
same receptor is increased, and consequently PI3K’s signal is
extinguished.

Association of the PDGFR with different combinations of
SH2-domain-containing proteins may be a mechanism which
provides the receptor with the flexibility necessary to respond
to stimuli of varying intensity and duration. Binding of a neu-
tralizing combination of SH2-domain-containing enzymes to a
greater population of PDGFRs following an acute period of
receptor stimulation may be important for proper temporal
regulation of PDGFR signaling. Consistent with this possibil-
ity, we have observed that PI3K binds to the receptor very early
following PDGF stimulation (~30 s), but the peak of RasGAP
binding does not occur until approximately 5 min post-PDGF
stimulation (23a). PDGFR binding of different combinations
of associated proteins provides a mechanism by which PI3K
responses can be fine-tuned to optimize signaling for specific
biological events, such as mitogenesis, differentiation, and ap-
optosis. Such flexibility would be of paramount importance
during stages of organismal development when the timing and
integrity of PDGFR-mediated biological events, such as mito-
genesis and cell migration, are critical to the proper formation
of the developing embryo.

ACKNOWLEDGMENTS

We thank Amgen for the PDGF-BB, members of the Kazlauskas lab
for critically reading the manuscript, Anne Gardner for the N17 Ras
construct, Gen Shen Feng for the anti-Syp antibody, and Cristoph
Persin for the Y13-259 antibody.

This work was supported by NIH grants GM36624 and GM41890 to
L.C.C. and GM48339 to A.K. AK. is an Established Investigator for
the American Heart Association.

REFERENCES

. Arvidsson, A.-K., E. Rupp, E. Nanberg, J. Downward, L. Ronnstrand, S.
Wennstrom, J. Schlessinger, C.-H. Heldin, and L. Claesson-Welsh. 1994.
Tyr-716 in the platelet-derived growth factor B-receptor kinase insert is
involved in GRB2 binding and Ras activation. Mol. Cell. Biol. 14:6715-6726.

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. Bennett, A. M., S. F. Hausdorff, A. M. O’Reilly, R. M. Freeman, Jr., and
B. G. Neel. 1996. Multiple requirements for SHPTP2 in epidermal growth
factor-mediated cell cycle progression. Mol. Cell. Biol. 16:1189-1202.

4. Bennett, A. M., T. L. Tang, S. Sugimoto, C. T. Walsh, and B. G. Neel. 1994.
Protein-tyrosine-phosphatase SHPTP2 couples platelet-derived growth fac-
tor receptor beta to Ras. Proc. Natl. Acad. Sci. USA 91:7335-7339.

5. Boguski, M. S., and F. McCormick. 1993. Proteins regulating Ras and its
relatives. Nature (London) 366:643-654.

6. Bollag, G., and F. McCormick. 1991. Regulators and effectors of ras pro-
teins. Annu. Rev. Cell Biol. 7:601-632.

7. Carpenter, C. L., K. R. Auger, B. C. Duckworth, W.-M. Hou, B. Schaff-

hausen, and L. C. Cantley. 1993. A tightly associated serine/threonine pro-

tein kinase regulates phosphoinositide 3-kinase activity. Mol. Cell. Biol.

13:1657-1665.

Ju—



591

Ta.
8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

23a.

25.

26.

27.

4 KLINGHOFFER ET AL.

DeMali, K., and A. Kazlauskas. Unpublished data.

DePaolo, D., J. E.-B. Reusch, K. Carel, P. Bhuripanyo, J. W. Leitner, and B.
Draznin. 1996. Functional interactions of phosphatidylinositol 3-kinase with
GTPase-activating protein in 3T3-L1 adipocytes. Mol. Cell. Biol. 16:1450—
1457.

. Dhand, R,, I. Hiles, G. Panayotou, S. Roche, M. J. Fry, 1. Gout, N. F. Totty,

O. Truong, P. Vicendo, K. Yonezawa, M. Kasuga, S. A. Courtneidge, and
M. D. Waterfield. 1994. PI 3-kinase is a dual specificity enzyme: autoregu-
lation by an intrinsic protein-serine kinase activity. EMBO J. 13:522-533.
Dilworth, S. M., C. E. P. Brewster, M. D. Jones, L. Lanfrancone, G. Pelicci,
and P. G. Pelicci. 1994. Transformation by polyoma virus middle T-antigen
involves the binding and tyrosine phosphorylation of Shc. Nature (London)
367:87-90.

Essen, L.-O., O. Perisic, R. Cheung, M. Katan, and R. L. Williams. 1996.
Crystal structure of a mammalian phosphoinositide-specific phospholipase
cd. Nature (London) 380:595-602.

Fantl, W. J., J. A. Escobedo, G. A. Martin, C. T. Turck, M. del Rosario, F.
McCormick, and L. T. Williams. 1992. Distinct phosphotyrosines on a
growth factor receptor bind to specific molecules that mediate different
signaling pathways. Cell 69:413-423.

Feig, L. A., and B. Schaffhausen. 1994. The hunt for Ras targets. Nature
(London) 370:508-509.

Feng, G.-S., C.-C. Hui, and T. Pawson. 1993. SH2-containing phosphoty-
rosine phosphatase as a target of protein-tyrosine kinases. Science 259:1607—
1611.

Hart, C. E., R. A. Seifert, and D. F. Bowen-Pope. 1987. Synthesis, phosphor-
ylation and degradation of multiple forms of the platelet-derived growth
factor receptor studied using a monoclonal antibody. J. Biol. Chem. 262:
10780-10785.

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.

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

Kashishian, A., A. Kazlauskas, and J. A. Cooper. 1992. Phosphorylation sites
in the PDGF receptor with different specificities for binding GAP and PI3
kinase in vivo. EMBO J. 11:1373-1382.

Kavanaugh, W. M., A. Klippel, J. A. Escobedo, and L. T. Williams. 1992.
Modification of the 85-kilodalton subunit of phosphatidylinositol-3 kinase in
platelet-derived growth factor-stimulated cells. Mol. Cell. Biol. 12:3415—
3424.

Kazlauskas, A. 1994. Receptor tyrosine kinases and their targets. Curr. Opin.
Genet. Dev. 4:5-14.

Kazlauskas, A., and J. A. Cooper. 1988. Protein kinase C mediates platelet-
derived growth factor-induced tyrosine phosphorylation of p42. J. Cell Biol.
106:1395-1402.

Kazlauskas, A., D. L. Durden, and J. A. Cooper. 1991. Functions of the major
tyrosine phosphorylation site of the PDGF receptor 8 subunit. Cell Regul.
2:413-425.

Kazlauskas, A., A. Kashishian, J. A. Cooper, and M. Valius. 1992. GTPase-
activating protein and phosphatidylinositol 3-kinase bind to distinct regions
of the platelet-derived growth factor receptor B subunit. Mol. Cell. Biol.
12:2534-2544.

Klinghoffer, R. A., and A. Kazlauskas. Unpublished data.

. Klinghoffer, R. A., and A. Kazlauskas. 1995. Identification of a putative Syp

substrate, the PDGF receptor. J. Biol. Chem. 270:22208-22217.

Li, W., R. Nishimura, A. Kashishian, A. G. Batzer, J. H. Kim, J. A. Cooper,
and J. Schlessinger. 1994. A new function for a phosphotyrosine phos-
phatase: linking GRB2-Sos to a receptor tyrosine kinase. Mol. Cell. Biol.
14:509-517.

Ling, L. E., B. J. Druker, L. C. Cantley, and T. M. Roberts. 1992. Transfor-
mation-defective mutants of polyomavirus middle T antigen associate with
phosphatidylinositol 3-kinase (PI 3-kinase) but are unable to maintain wild-
type levels of PI 3-kinase products in intact cells. J. Virol. 66:1702-1708.
Marshall, M. S., S. W. Hill, A. S. Ng, S. U. Vogel, M. D. Schaber, E. M.
Scolnick, R. A. F. Dixon, L. S. Sigal, and J. B. Gibbs. 1989. A C-terminal
domain of GAP is sufficient to stimulate ras p21 GTPase activity. EMBO J.
8:1105-1110.

28.

29.

30.

MoL. CELL. BIOL.

Nishimura, R., W. Li, A. Kashishian, A. Mondino, M. Zhou, J. Cooper, and
J. Schlessinger. 1993. Two signaling molecules share a phosphotyrosine-
containing binding site in the platelet-derived growth factor receptor. Mol.
Cell. Biol. 13:6889-6896.

Panayotou, G., B. Bax, I. Gout, M. Federwisch, B. Wroblowski, R. Dhand,
M. J. Fry, T. L. Blundell, A. Wollmer, and M. D. Waterfield. 1992. Interac-
tion of the p85 subunit of PI 3-kinase and its N-terminal SH2 domain with
a PDGF receptor phosphorylation site: structural features and analysis of
conformational changes. EMBO J. 11:4261-4272.

Rameh, L. E., C.-S. Chen, and L. C. Cantley. 1995. Phosphatidylinositol
(3,4,5)P3 interacts with SH2 domains and modulates association with ty-
rosine-phosphorylated proteins. Cell 83:821-830.

30a.Ree, S. G., and G. Carpenter. Personal communication.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Rivard, N., F. R. McKenzie, J.-M. Brondello, and J. Pouyssegur. 1995. The
phosphotyrosine phosphatase PTP1D, but not PTP1C, is an essential medi-
ator of fibroblast proliferation induced by tyrosine kinase and G protein-
coupled receptors. J. Biol. Chem. 270:11017-11024.

Roche, S., S. Fumagalli, and S. A. Courtneidge. 1995. Requirement for Src
family protein tyrosine kinases in G2 for fibroblast cell division. Science
269:1567-1569.

Roche, S., M. Koegl, and S. A. Courtneidge. 1994. The phosphatidylinositol
3-kinase alpha is required for DNA synthesis by some, but not all, growth
factors. Proc. Natl. Acad. Sci. USA 91:9185-9189.

Rodriguez-Viciana, P., P. H. Warne, R. Dhand, B. Vanhaesebroeck, 1. Gout,
M. J. Fry, M. D. Waterfield, and J. Downward. 1994. Phosphatidylinositol-
3-OH kinase as a direct target of Ras. Nature (London) 370:527-532.
Rodriguez-Viciana, P., P. H. Warne, B. Vanhaesebroeck, M. D. Waterfield,
and J. Downward. 1996. Activation of phosphoinositide 3-kinase by interac-
tion with Ras and by point mutation. EMBO J. 15:2442-2451.
Ronnstrand, L., S. Mori, A. K. Arridsson, A. Eriksson, C. Wernstedt, U.
Hellman, L. Claesson-Welsh, and C. H. Heldin. 1992. Identification of two
C-terminal autophosphorylation sites in the PDGF B-receptor: involvement
in the interaction of phospholipase C-y. EMBO J. 11:3911-3919.
Rordorf-Nikolic, T., D. J. Van Horn, D. Chen, M. F. White, and J. M. Backer.
1995. Regulation of phosphatidylinositol 3’-kinase by tyrosyl phosphopro-
teins. J. Biol. Chem. 270:3662-3666.

Satoh, T., W. J. Fantl, J. A. Escobedo, L. T. Williams, and Y. Kaziro. 1993.
Platelet-derived growth factor receptor mediates activation of Ras through
different signaling pathways in different cell types. Mol. Cell. Biol. 13:3706—
3713.

Twamley-Stein, G. M., R. Pepperkok, W. Ansorge, and S. A. Courtneidge.
1993. The src family tyrosine kinases are required for platelet-derived growth
factor-mediated signal transduction in NIH 3T3. Proc. Natl. Acad. Sci. USA
90:7696-7700.

Urich, M., M. Y. M. El Shemerly, D. Besser, Y. Nagamine, and K. Ballmer-
Hofer. 1995. Activation and nuclear translocation of mitogen-activated pro-
tein kinases by polyomavirus middle-T or serum depend on phosphatidyl-
inositol 3-kinase. J. Biol. Chem. 270:29286-29292.

. Valius, M., C. Bazenet, and A. Kazlauskas. 1993. Tyrosines 1021 and 1009

are phosphorylation sites in the carboxy terminus of the platelet-derived
growth factor receptor B subunit and are required for binding of phospho-
lipase Cy and a 64-kilodalton protein, respectively. Mol. Cell. Biol. 13:133—
143.

. Valius, M., and A. Kazlauskas. 1993. Phospholipase C-y1 and phosphatidyl-

inositol 3 kinase are the downstream mediators of the PDGF receptor’s
mitogenic signal. Cell 73:321-334.

. Valius, M., J. P. Secrist, and A. Kazlauskas. 1995. The GTPase-activating

protein of Ras suppresses platelet-derived growth factor B receptor signaling
by silencing phospholipase C-y1. Mol. Cell. Biol. 15:3058-3071.

. Wang, J., K. R. Auger, L. Jarvis, Y. Shi, and T. M. Roberts. 1995. Direct

association of Grb2 with the p85 subunit of phosphatidylinositol 3-kinase.
J. Biol. Chem. 270:12774-12780.

. Yao, R., and G. M. Cooper. 1995. Requirement for phosphatidylinositol-3

kinase in the prevention of apoptosis by nerve growth factor. Science 267:
2003-2006.

. Yokote, K., S. Mori, K. Hansen, J. McGlade, T. Pawson, C. H. Heldin, and

L. Claesson-Welsh. 1994. Direct interaction between Shc and the platelet-
derived growth factor beta-receptor. J. Biol. Chem. 269:15337-15343.



