
Vol. 11, No. 4MOLECULAR AND CELLULAR BIOLOGY, Apr. 1991, p. 2040-2048
0270-7306/91/042040-09$02.00/0
Copyright C) 1991, American Society for Microbiology

The erbB-2 Mitogenic Signaling Pathway: Tyrosine Phosphorylation
of Phospholipase C-,y and GTPase-Activating Protein Does Not

Correlate with erbB-2 Mitogenic Potency
FRANCESCA FAZIOLI,1 UH-HYUN KIM,2 SUE GOO RHEE,2 CHRISTOPHER J. MOLLOY,'

ORESTE SEGATTO,' AND PIER PAOLO DI FIORE'*
Laboratory of Molecular and Cellular Biology, National Cancer Institute,' and Laboratory of Biochemistry,

National Heart, Lung and Blood Institute,2 National Institutes of Health, Bethesda, Maryland 20892

Received 28 August 1990/Accepted 15 January 1991

The erbB-2 gene product, gp185er`bB2, unlike the structurally related epidermal growth factor (EGF)
receptor (EGFR), exhibits constitutive kinase and transforming activity. We used a chimeric EGFR/erbB-2
expression vector to compare the mitogenic signaling pathway of the erbB-2 kinase with that of the EGFR, at
similar levels of expression, in response to EGF stimulation. The EGFR/erbB-2 chimera was significantly more
active in inducing DNA synthesis than the EGFR when either was expressed in NIH 3T3 cells. Analysis of
biochemical pathways implicated in signal transduction by growth factor receptors indicated that both
phospholipase C type -y (PLC--y) and the p2lras GTPase-activating protein (GAP) are substrates for the erbB-2
kinase in NIH 3T3 fibroblasts. However, under conditions in which activation of the erbB-2 kinase induced
DNA synthesis at least fivefold more efficiently than the EGFR, the levels of erbB-2- or EGFR-induced tyrosine
phosphorylation of PLC--y and GAP were comparable. In addition, the stoichiometry of tyrosine phosphory-
lation of these putative substrates by erbB-2 appeared to be at least an order of magnitude lower than that
induced by platelet-derived growth factor receptors at comparable levels of mitogenic potency. Thus, our
results indicate that differences in tyrosine phosphorylation of PLC-y and GAP do not account for the
differences in mitogenic activity of the erbB-2 kinase compared with either the EGFR or platelet-derived growth
factor receptor in NIH 3T3 fibroblasts.

The erbB-2 gene encodes a growth factor receptor-like
protein (1, 3), gp185erb2, which has extensive structural
and sequence homologies with the epidermal growth factor
(EGF) receptor (EGFR) (37). These similarities have
prompted comparative studies of their biological actions. We
have previously demonstrated that gp185erbB-2 and EGFR
exhibit cell-specific differences in their ability to couple with
mitogenic signaling pathways. In particular, gp185erbB-2 is
highly transforming when expressed in NIH 3T3 fibroblasts
but a poor transducer of a mitogenic signal in the 32D
hematopoietic line (5, 7). Conversely, the EGFR was able to
deliver a potent mitogenic signal in this latter cell line but
transformed NIH 3T3 cells 100-fold less efficiently than
gpl85erbB-2 (4, 7, 26). These results strongly argue that the
mitogenic pathways activated by these two kinases must be
different, at least in part.

Efforts to characterize the biochemical events triggered by
activation of the erbB-2 tyrosine kinase in comparison to the
EGFR have been hampered by lack of a ligand for
gp185erbB2. Moreover, in contrast to the EGFR, gpl85
displays constitutive kinase and transforming activities (7,
30, 31, 34). A strategy to circumvent these problems derives
from the engineering of chimeric molecules containing the
extracellular domain of the EGFR and the intracytoplasmic
region of gpl85erbB-2 (EGFR/erbB-2 chimera). Such an ap-
proach has been used successfully by Lee et al. (15) and
Lehvaslaiho et al. (16), who have reported that an EGFR/
erbB-2 chimera is more stringently regulated in terms of
kinase activity than the parental gp185erbB-2 and is capable of
transducing a mitogenic signal upon EGF binding.

* Corresponding author.

At least two major pathways have been implicated in the
transduction of the mitogenic signal by tyrosine kinase
growth factor receptors, one leading to increased phosphati-
dylinositol 4,5-bisphosphate (PIP2) breakdown and one in-
volving signaling through the p21ras/GTPase-activating pro-
tein (GAP) system. Evidence for the relevance of these two
pathways in the regulation of cell proliferation has been
gathered by a variety of approaches, including microinjec-
tion of purified proteins and neutralizing antibodies (23, 32,
33). A direct biochemical link between the activation of
growth factor receptor kinases and these two systems has
been provided by evidence that both phospholipase C type -y
(PLC--y), a key enzyme in the phosphoinositide breakdown
pathway, and GAP are directly phosphorylated on tyrosine
residues by the platelet-derived growth factor (PDGF) re-
ceptor (PDGFR) and EGFR (9, 12, 17-19, 39, 40).

In the present study, we engineered a chimeric EGFR/
erbB-2 molecule to study erbB-2 mitogenic action and sig-
naling pathways in comparison to the EGFR. Our results
show that coupling with pathways other than those activated
by PLC--y and GAP tyrosine phosphorylation must be re-
sponsible for the differences in mitogenic potencies between
erbB-2 and EGFR expressed at the same levels in a fibro-
blast target cell.

MATERIALS AND METHODS

Transfection assays. DNA transfection was performed by
the calcium phosphate precipitation technique (10, 41).
Transforming efficiency was calculated as described previ-
ously (6). Cells expressing the Ecogpt gene were selected for
their ability to form colonies in mycophenolic acid-contain-
ing medium (24). The [3H]thymidine incorporation assay was
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performed as described previously (4). EGF and PDGF-BB
were purchased from Collaborative Research and Amgen,
respectively.

Eukaryotic expression vectors. The long terminal repeat
(LTR)-erbB-2 (5) and LTR-EGFR (4) expression vectors
have been described previously. The LTR-EGFR/erbB-2
expression vector was engineered starting from modified
versions of LTR-erbB-2 and LTR-EGFR plasmids in which
a novel ClaI site had been engineered in homologous posi-
tions in the sequences of erbB-2 and EGFR immediately
preceding the transmembrane region, and its construction is
described in detail elsewhere (16a). Briefly, the novel ClaI
site and an MluI site located in the LTR-based (4, 5, 7)
vectors downstream of the natural stop codons of the erbB-2
and EGFR cDNAs were used to substitute the sequence
encoding the erbB-2 transmembrane and intracellular do-
mains for the analogous sequence of EGFR. This recombi-
nation yielded the LTR-EGFR/erbB-2 expression vector.
The resulting EGFR/erbB-2 chimera contained the entire
extracellular domain of the EGFR (amino acid residues -24
to 621 of the original EGFR sequence [37]), whereas the
transmembrane and intracellular portions derived from
erbB-2 (amino acid residues 654 to 1255 of the original
erbB-2 sequence [3]). The LTR-EGFR/erbB-2 vector was
sequenced in both strands of the regions which underwent
genetic manipulation to verify that the predicted structures
were achieved after the recombination procedures.

Protein analysis. Cells grown to subconfluence were incu-
bated overnight in serum-free medium supplemented with
transferrin (5 ,ug/ml) and selenium (10 nM) and then exposed
to growth factors at the indicated concentrations for the
indicated lengths of time at 37°C (see figure legends). Lysis
was performed in a buffer containing 1% Triton X-100, 50
mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid, pH 7.5), 150 mM NaCl, 10% glycerol, 1.5 mM
MgCl2, 5 mM EGTA (ethylene glycol tetraacetic acid), 5 mM
sodium orthovanadate, 2 mM phenylmethylsulfonyl fluoride,
50 jig of aprotinin per ml, and 10 mM NaPPi. Immunopre-
cipitation and immunoblot analysis were performed as de-
scribed previously (4, 6). The antibodies used were a mixture
of six monoclonal antibodies (MAbs) directed against PLC--y
(35) and rabbit antipeptide polyclonal sera against erbB-2
(Ml and M6 sera [6]), EGFR (E7 serum [6]), and GAP (637
serum; a kind gift of M. Marshal, Merck Sharp & Dohme
Research Laboratories). Three antiphosphotyrosine (anti-
PTyr) antibodies were also used: an affinity-purified poly-
clonal serum prepared by the method of Pang et al. (25) and
two commercially available MAbs (MAb PY20 [ICN] and an
anti-PTyr MAb [UBI]). The results presented in this article
were obtained with the affinity-purified polyclonal antibody;
similar results were, however, obtained with both the com-
mercially available MAbs.
The specificity of immunodetection for the peptide anti-

sera was controlled by performing parallel staining of iden-
tical blots with antibodies preabsorbed with the specific
peptides (1 mg/ml) (data not shown). In the case of the
anti-PTyr antibody, specificity was controlled by preabsorp-
tion of the antibody with either PTyr, phosphoserine, or
phosphothreonine (data not shown).

Analysis of inositol phosphates. Cells were prelabeled with
20 ,uCi of [myo-2-3H]inositol (15 Ci/mmol; New England
Nuclear) per dish for 48 h. Monolayers were treated in
serum-free medium for 4 h and then stimulated with EGF
(100 ng/ml) or PDGF (100 ng/ml) in the presence of 20 mM
lithium cloride. The reaction was stopped 30 min later, and

3H-inositol phosphates were analyzed as described before
(29).

Tryptic phosphopeptide mapping. Phosphorylated PLC--y
bands were cut from the gel, ground in 0.05 M NH4HCO3 in
1.5-ml microfuge tubes with a Kontes pellet pestle motor,
extracted, and subjected to tryptic digestion as described
elsewhere (11). The resultant phosphopeptides were sepa-
rated in two dimensions on 100-,um thin-layer cellulose
plates (EM Science) by electrophoresis at pH 1.9 in acetic
acid-88% formic acid-water (156:50:1,794, vol/vol) for 30
min at 1 kV, followed by chromatography in n-butanol-
pyridine-acetic acid-water (75:50:15:60, vol/vol). Thin-layer
electrophoresis was performed on a Hunter thin-layer pep-
tide mapping system (CBS Scientific Co.).

RESULTS

An EGFR/erbB-2 chimeric molecule is more efficient than
the EGFR as a mitogenic signal transducer in NIH 3T3 cells.
In order to test the biological activity of the erbB-2 kinase
under conditions of controlled ligand-induced activation, we
engineered an EGFR/erbB-2 chimeric molecule possessing
the extracellular domain of EGFR and the intracellular
domain of erbB-2 (see Materials and Methods and Fig. 1A).
The EGFR/erbB-2 expression vector was transfected into
NIH 3T3 cells. For comparison, we transfected the same
cells with the LTR-erbB-2 (5) and LTR-EGFR (4) expression
vectors. As reported previously (4, 7), erbB-2 acted as a
potent oncogene, inducing about 104 transformed foci (FFU)
per pmol of added DNA (Fig. 1A). In contrast, EGFR
transforming ability was strictly dependent upon addition of
EGF to the culture medium. Even under these conditions, its
transforming activity was 100-fold lower than that of erbB-2
(Fig. 1A). As shown in Fig. 1A, the EGFR/erbB-2 chimera
displayed a low but reproducibly detectable level of trans-
forming activity in the absence of EGF. However, upon
EGF addition, its transforming activity increased strikingly
to about 104 FFU/pmol of DNA. Thus, under conditions of
ligand stimulation, the EGFR/erbB-2 chimera displayed
erbB-2-like transforming efficiency (Fig. 1A).
To compare the signaling properties of the erbB-2 and

EGFR kinases, we used two marker-selected mass cell
populations, NIH-EGFR/erbB-2 and NIH-EGFR, displaying
a comparable number of EGF-binding sites (approximately
1.5 x 106 binding sites per cell; see legend to Fig. 1B for
details). Figure 1B shows the EGF dose-response profiles of
these two cell lines in a representative [3H]thymidine incor-
poration assay. While both cell lines exhibited a similar 50%
effective dose (ED50) for EGF (60 to 80 pM), NIH-EGFR
cells showed a maximal biological response which was only
20% of that observed with NIH-EGFR/erbB-2. Similar re-
sults were obtained when mass cell populations expressing
lower receptor numbers (about 2.0 x 105 to 3.0 x 105
receptors per cell) were used and when the EGFR and
EGFR/erbB-2 constructs were expressed in NR6 cells,
which are devoid of endogenous EGFR (data not shown). As
a control, we tested the ability of NIH-EGFR/erbB-2 and
NIH-EGFR to respond to PDGF-BB homodimers. [1251]
PDGF-BB binding experiments revealed about 1.3 x 105
PDGFRs per cell for each cell line. As evident in Fig. 1C, the
two cell lines displayed comparable responses to PDGF-BB.
All of these results taken together show that the erbB-2
kinase delivers a more potent mitogenic signal than the
EGFR kinase under identical conditions of ligand activation.

erbB-2 kinase induces tyrosine phosphorylation of a dif-
ferent subset of cellular proteins than either EGFR or
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FIG. 1. Characterization of the EGFR/erbB-2 chimera in comparison with wild-type EGFR and erbB-2. (A) Transforming activity. The
LTR-EGFR, LTR-erbB-2, and LTR-EGFR/erbB-2 expression vectors were transfected into NIH 3T3 cells as described previously (6).
Assays were scored at 3 weeks. Where indicated, EGF (20 ng/ml) was added to the culture medium at day 14, and assays were scored a week
later. Transforming efficiency was calculated in focus-forming units per picomole of added DNA, after normalization for the efficiency of
colony formation in parallel dishes treated with mycophenolic acid-containing medium. Results are expressed as a fraction of the transforming
efficiency of LTR-EGFR in the presence of EGF (which is defined as 1). Under our conditions of analysis, we typically obtained about 102
FFU/pmol of DNA (normalized to 104 mycophenolic acid-resistant colonies per pmol of DNA) for the LTR-EGFR in the presence of EGF.
The transforming efficiency of LTR-erbB-2 was about 104 FFU/pmol (for 104 mycophenolic acid-resistant colonies per pmol). The LTR-
EGFR/erbB-2 chimeric vector yielded about 5 x 102 and 104 FFU/pmol of DNA in the absence and presence of EGF, respectively. Data
represent averages of at least four independent experiments performed in duplicate. (B and C) EGF- and PDGF-BB-stimulated DNA synthesis
in NIH-EGFR/erbB-2 and NIH-EGFR cells. Mass cell populations of NIH-EGFR/erbB-2 and NIH-EGFR cells were obtained by selection
in a medium containing mycophenolic acid. Scatchard analysis of [1251]EGF binding assays revealed the presence of two classes of receptors
with affinities in the range of 10-9 M (low-affinity binding sites) and 10-10 M (high-affinity binding sites) in both cell lines. The total number
of receptors was 1.6 x 106 and 1.5 x 106 receptors per cell for EGFR/erbB-2 and EGFR, respectively. Confluent cells were serum starved
in Dulbecco's modified Eagle's medium supplemented with transferrin (5 ,ug/ml) and selenium (10 nM) for 72 h and then stimulated for 22 h
with either 1% calf serum or EGF (B) or PDGF-BB (C) at the indicated concentrations, in the presence of 4 VtCi of [methyl-3H]thymidine per
well. Data are expressed as percent maximal stimulation obtained in 1% calf serum according to the formula: [(cpm with EGF or PDGF) -

(background cpm)]/[(cpm with 1% calf serum) - (background cpm)] x 100. (B) Symbols: 0, NIH-EGFR plus EGF; *, NIH-EGFR/erbB-2
plus EGF. (C) Symbols: 0, NIH-EGFR plus PDGF-BB; 0, NIH-EGFR/erbB-2 plus PDGF-BB. Results are typical and representative of at
least four independent experiments.

PDGFR. We next analyzed the ability of the EGFRIerbB-2
chimeric molecule to phosphorylate cellular proteins on
tyrosine residues. In the first series of experiments, we

compared PTyr-containing proteins in NIH-erbB-2 and
NIH-EGFR/erbB-2 transfectants. As shown in Fig. 2A,
extracts from both NIH/erbB-2 and NIH-EGFR/erbB-2
transfectants contained a prominent 185-kDa species de-
tected by anti-PTyr antibodies. These bands corresponded
to the erbB-2 and EGFR/erbB-2 185-kDa species recognized
in the same extracts by peptide antisera directed against the
tyrosine kinase (Ml antibody) or COOH-terminal (M6 anti-
body) region of the erbB-2 molecule (Fig. 2A and B). Of
note, the EGFR/erbB-2 chimera displayed a basal level of
tyrosine phosphorylation, consistent with the low but detect-
able transforming activity of this chimera in the absence of
added EGF (Fig. 2C).

Additional PTyr-containing proteins were also detected in
extracts from NIH-erbB-2 and NIH-EGFR/erbB-2 transfec-
tants (Fig. 2A). A major PTyr-containing species (-170
kDa), migrating close to gp185erbB2 and gp185EGFRIerbB2
likely represents a precursor or a partial COOH-terminal
degradation product of these proteins and was occasionally
detected in direct immunoblotting with the Ml antibody
(data not shown). Of note, the high-molecular-mass region of
the gel (100 to 200 kDa) contained a characteristic triplet of
putative substrates (-135, -115, and -100 kDa, indicated
with arrowheads in Fig. 2A). This pattern of PTyr-containing
proteins appeared to be identical in NIH-erbB-2 transfec-
tants and NIH-EGFR/erbB-2 cells stimulated with EGF
(Fig. 2A). Moreover, these proteins were not detectable in
direct immunoblotting with the two erbB-2-specific antipep-
tide sera Ml and M6 (Fig. 2B), supporting the notion that the
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FIG. 2. Tyrosine phosphorylation of cellular proteins in NIH
3T3 cells transfected with LTR-EGFRIerbB-2, LTR-erbB-2, or

LTR-EGFR. The two mass cell populations of NIH-EGFRlerbB-2
and NIH-EGFR described in the legend to Fig. 1 and a marker-
selected mass cell population of NIH-erbB-2 from the same trans-
fection experiment were used. Cells were either mock treated (-) or
treated with EGF (100 ng/ml) (E) or PDGF-BB (100 ng/ml) (P) for 10
min at 37°C before lysis. Total cellular proteins (200 jxg) were

fractionated by electrophoresis and subjected to immunoblot anal-
ysis. (A) Immunodetection was carried out with the anti-PTyr
antibody. Preclearing of the lysates with M6 serum but not with
normal rabbit serum or with M6 preabsorbed with the specific
peptide selectively removed the 185-kDa proteins recognized by the
anti-PTyr antibody (data not shown). Solid arrowheads indicate the
-135-, -115-, and -100-kDa putative substrates. (B) Immunode-
tection was performed with the erbB-2 antipeptide sera Ml and M6
described in Materials and Methods. (C) Immunodetection was

performed with the anti-PTyr antibody. The autoradiogram is over-
exposed to reveal the presence of low-abundance PTyr-containing
proteins. Solid arrowheads indicate the -135-, -115-, and -100-
kDa putative substrates. Molecular mass markers are shown in
kilodaltons, the position of tyrosine-phosphorylated PLC-y is also
indicated. Results are typical and representative of at least three
independent experiments.

-135-, -115-, and -100-kDa species represent "true" sub-
strates rather than degradation products of erbB-2. On the
basis of this biological and biochemical evidence, we con-

cluded that the EGFR/erbB-2 chimera was able to transduce
an EGF-mediated signal via the erbB-2-specific mitogenic
signaling pathway.
We next compared tyrosine phosphorylation of putative

substrates by the erbB-2 and EGFR kinases. As shown in
Fig. 2C, there were both quantitative and qualitative differ-
ences in the pattern of PTyr-containing proteins observed
upon EGF triggering of the two cell lines. In particular,
species of -135 and -100 kDa which were tyrosine phos-
phorylated upon activation of the erbB-2 kinase did not
appear to be substrates for the EGFR (Fig. 2C). The immu-
noblot presented in Fig. 2C was obtained from a longer gel
run than that shown in Fig. 2A. Under these conditions, the
-115-kDa band resolved as a doublet, which seemed to be a

substrate for both active EGFR and erbB-2 kinase. The
lower band of the doublet (indicated in Fig. 2C by the second
black arrowhead from the top) appeared to be more intensely
phosphorylated by EGFRIerbB-2 than by EGFR. At
present, we do not know whether this difference is merely
quantitative or reflects the comigration of a distinct erbB-2-
specific substrate with the -115-kDa doublet, which is a

common substrate for EGFR and erbB-2. Other differences
affecting minor tyrosine-phosphorylated species were also
detected in the 80- to 85-kDa region, between NIH-EGFR
and NIH-EGFR/erbB-2 cells treated with EGF (Fig. 2C). All
these observations support the concept that erbB-2 and
EGFR signal through mitogenic pathways which are at least
in part distinct (7).
PDGF-BB triggering induced tyrosine phosphorylation of

a similar subset of substrates in NIH 3T3, NIH-EGFR, and
NIH-EGFR/erbB-2 cells (Fig. 2C). In the case of PDGF-BB-
triggered cells, we were able to demonstrate that a major
PTyr-containing band of -150 kDa (Fig. 2C) comigrated
with authentic PLC--y, as expected. This band did not seem
to be a major substrate for the active EGFR or erbB-2 kinase
(Fig. 2C; see below for a more detailed discussion). Of
interest, the pattern of PTyr-containing proteins detected in
PDGF-BB-triggered cells was conspicuously different from
that observed in EGF-triggered NIH-EGFR/erbB-2 cells.
Thus, the signaling pathways mediating the action of erbB-2
and PDGFR are likely to be at least partly divergent as well.

Coimmunoprecipitation and tyrosine phosphorylation of
PLC--y by erbB-2 and EGFR kinases. As an approach to
investigating the biochemical basis for the greater mitogenic
potency of the erbB-2 kinase than of EGFR in NIH 3T3
cells, we compared their ability to couple with known
pathways implicated in mitogenic signal transduction. One
such pathway, leading to increased PIP2 breakdown, is
thought to be initiated by tyrosine phosphorylation of PLC--y
by receptor tyrosine kinases. As shown in Fig. 3A, EGF
stimulation of either NIH-EGFR/erbB-2 or NIH-EGFR in-
duced tyrosine phosphorylation of PLC-y. In addition, NIH-
erbB-2 cells showed a higher steady-state content of PTyr-
containing PLC--y than mock-transfected NIH 3T3 cells
(data not shown), further proving that PLC--y is a substrate
for the erbB-2 kinase. Of note, in NIH-EGFR and NIH-
EGFR/erbB-2 cells at comparable levels of receptor expres-
sion and ligand stimulation, the extent of PLC--y tyrosine
phosphorylation was comparable (Fig. 3A, left panel). Since
no appreciable differences were detected in steady-state
levels of PLC-y in these cells (Fig. 3A, central panel) and
quantitative immunoprecipitation was achieved under our
conditions of analysis (data not shown), we concluded that
the erbB-2 and EGFR kinases were capable of phosphory-
lating PLC-y with comparable efficiency.

Previous studies (14, 17, 18) have demonstrated coimmu-
noprecipitation of PLC--y with PDGFRs or EGFRs. The
specificity of this to ligand-stimulated receptors has indi-
cated that PLC-y phosphorylation is the result of direct
interaction with the activated receptor tyrosine kinases. As
shown in Fig. 3A, left panel, in addition to PLC--y itself, a
second tyrosine-phosphorylated protein was detected in cell
lysates obtained from either EGF-stimulated NIH-EGFR/
erbB-2 or NIH-EGFR following immunoprecipitation with
anti-PLC--y antibodies. The relative molecular masses of
these proteins were 185 and 170 kDa, respectively, consis-
tent with the respective sizes of the EGFR/erbB-2 chimera
and EGFR. Indeed, immunoblot analysis of anti-PLC-y
immunoprecipitates with erbB-2- or EGFR-specific antibod-
ies (Fig. 3A, right panel) identified the 185- and 170-kDa
bands as EGFR/erbB-2 and EGFR, respectively, indicating a
physical association between PLC--y and the erbB-2 kinase
in vivo.
To estimate the percentage of PLC--y molecules tyrosine

phosphorylated upon activation of the erbB-2 and EGFR
kinases, cell lysates from NIH-EGFR/erbB-2 and NIH-
EGFR were subjected to quantitative immunoprecipitation
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FIG. 3. In vivo tyrosine phosphorylation of PLC-y by EGFR/
erbB-2 and EGFR. The two marker-selected mass cell populations
of NIH-EGFR/erbB-2 and NIH-EGFR described in the legend to
Fig. 1 were used. Cells were treated with EGF or PDGF-BB at 37°C
for 10 min where indicated. (A) Tyrosine phosphorylation and
coimmunoprecipitation of PLC-y with EGFR and EGFR/erbB-2.
Cells were either treated with EGF (100 ng/ml, lanes +) or mock
treated (lanes -). (Left panel) Total cellular proteins (1.0 mg) were
immunoprecipitated (Ipt) with a mixture of six MAbs against PLC--y
(32) and analyzed by immunoblot with an anti-PTyr antibody.
(Central panel) Total cellular proteins (50 p.g) were fractionated on a
4 to 20% acrylamide gradient gel and analyzed by immunoblot with
the anti-PLC-y antibodies. (Right panel) Total cellular proteins (1.0
mg) were immunoprecipitated with the anti-PLC--y antibodies and
analyzed by immunoblot with either the E7 (anti-EGFR) or the M6
(anti-erbB-2) antibody. (B) Stoichiometry of phosphorylation of
PLC-y by EGFR/erbB-2, EGFR, and PDGFR. Cells were either
mock treated (-) or treated with EGF (E) or PDGF-BB (P). Total
cell lysates (1.0 mg) were immunoprecipitated with an excess of the
anti-PTyr antibody. Specific immunoprecipitates were then ana-
lyzed by immunoblot with the anti-PLC--y antibodies (left panel).
Supernatants from the immunoprecipitation reactions (1/10 of the
reaction mixture, corresponding to 100 ,ug of total cellular proteins)
were also analyzed by immunoblot with the anti-PLC--y antibodies
(right panel). The results presented here were obtained with the
affinity-purified anti-PTyr polyclonal antibody described in Materi-
als and Methods. Identical results were obtained with two commer-
cially available MAbs (PY20 and an anti-PTyr MAb) (data not
shown). Densitometric scans of the autoradiograms in panel B were
performed on several exposures taken in the linear range of signal
intensity. Relative signal intensities were calculated on the basis of
the areas of the individual peaks, measured in optical density times
millimeters, and converted to arbitrary units after normalization for
the amount of protein loaded. Molecular mass markers are indicated
in kilodaltons. Comparable results were obtained in four indepen-
dent experiments.

with excess anti-PTyr antibodies; the immunoprecipitates as
well as the supernatants were blotted with anti-PLC--y anti-
bodies. EGF was added at a concentration of 300 ng/ml (-50
nM) for 5 min at 37°C; this concentration was determined in
experiments which showed that optimal PLC-y tyrosine
phosphorylation by both EGFR/erbB-2 and EGFR occurred
under these conditions (data not shown). A series of control
reactions involving sequential anti-PTyr immunoprecipita-
tion and blotting with anti-EGFR or anti-erbB-2 antibodies

revealed that under our conditions, more than 95% of the
PTyr-containing EGFRJerbB-2 or EGFR were immunopre-
cipitated from EGF-treated NIH-EGFR/erbB-2 and NIH-
EGFR, respectively (data not shown). As shown in Fig. 3B,
the levels of PLC--y tyrosine phosphorylation in vivo by the
erbB-2 and EGFR kinases were similar. By densitometric
scanning of the autoradiograms, we estimated that about 1%
of the PLC--y pool was phosphorylated on tyrosine after
EGF stimulation of either NIH-EGFRIerbB-2 or NIH-EGFR
cells (see legend to Fig. 3B for densitometric measure-
ments). In comparison, PDGF-BB treatment of the same
cells resulted in a 15-fold-greater induction of PLC--y phos-
phorylation (Fig. 3B). The finding that only a minor fraction
of the PLC--y pool was phosphorylated on tyrosine by an
active EGFR kinase appears to be at variance with previ-
ously published findings (17, 36). Our data, however, seem
to be in accordance with those reported by Meisenhelder et
al. (18), who detected a lower stoichiometry of PLC--y
phosphorylation by EGFR than by PDGFR.

Phosphopeptide maps of PLC--y from EGF- and PDGF-
treated NIH-EGFR/erbB-2 and NIH-EGFR. Two-dimensional
analysis of phosphopeptides was undertaken to compare the
patterns of PLC--y phosphorylations induced by activation of
the erbB-2 and EGFR kinases. Two peptides containing
phosphoserine (peptides 1 and 2 in Fig. 4A) were prominent
before stimulation with growth factors. Upon treatment of
NIH-EGFR cells with PDGF-BB, three new peptides con-
taining PTyr (peptides a, b, and c in Fig. 4D) appeared.
These maps closely resembled those previously described
for PLC--y from NIH 3T3 cells treated with PDGF (18, 22).
EGF treatment of NIH-EGFR/erbB-2 (Fig. 4B) and NIH-
EGFR (Fig. 4C) cells also produced the three new PTyr-
containing peptides. However, the relative intensity of the
PTyr-containing to the phosphoserine-containing peptides
was significantly lower with the EGF-treated cells than with
the PDGF-BB-treated cells. No significant differences could
be found in the relative intensity of signals between EGF-
treated NIH-EGFR/erbB-2 and NIH-EGFR.

Coupling of erbB-2 and EGFR kinases with the inositol lipid
second-messenger pathway. Several lines of evidence argue
that PLC--y tyrosine phosphorylation results in the activation
of its enzymatic activity and increased PIP2 breakdown (see,
for example, reference 18 and references therein). To exam-
ine the effects of erbB-2 kinase activation on phosphatidyl-
inositol turnover, we measured the formation of inositol
phosphates in cells labeled with [myo-3H]inositol. Table 1
shows that activation of the erbB-2 kinase induced the
formation of 3H-inositol phosphates in NIH-EGFR/erbB-2
cells. However, the magnitude of this effect was relatively
small, with only a twofold increase under our experimental
conditions. Moreover, comparable increases were observed
in both NIH-EGFR/erbB-2 and NIH-EGFR cells treated
with EGF, consistent with the similar low efficiency of
PLC--y phosphorylation (Table 1). In contrast, PDGF-BB
stimulation of the same cell lines resulted in an 8- to 10-fold
increase in 3H-inositol phosphates. These findings were also
consistent with the greater efficiency of PLC-y tyrosine
phosphorylation in response to PDGFR activation in these
cells.

Tyrosine phosphorylation of GAP by erbB-2 and EGFR
kinases. Recent evidence has implicated GAP as an early
substrate for the PDGFR and EGFR kinases (9, 12, 19). To
test whether GAP is a substrate for the erbB-2 kinase, we
analyzed the effects of EGF triggering of NIH-EGFR/erbB-2
cells on GAP tyrosine phosphorylation. To this end, total
cellular proteins from NIH-EGFR/erbB-2, NIH-EGFR, and
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FIG. 4. Phosphopeptide maps of PLC-y in EGFR/erbB-2 and EGFR transfectants after growth factor stimulation. Tryptic digests were
prepared from 32P-labeled, immunoprecipitated PLC--y from unstimulated NIH-EGFR cells or from NIH-EGFR and NIH-EGFRIerbB-2 cells
treated for 5 min at 37°C with either EGF (100 ng/ml) or PDGF-BB (100 ng/ml). Peptides were resolved in two dimensions on cellulose thin-
layer plates by electrophoresis (horizontal dimension; anode on the left) and chromatography (vertical dimension), as described in Materials
and Methods. The following samples were analyzed (the values in parentheses indicate the number of Cerenkov counts per minute loaded and
the time that the gel was exposed to XAR film at -70°C with an intensifying screen): (A) untreated NIH-EGFR (150 cpm, 9 days); (B)
EGF-treated NIH-EGFR/erbB-2 (220 cpm, 7 days); (C) EGF-treated NIH-EGFR cells (230 cpm, 7 days); and (D) PDGF-treated NIH-EGFR
cells (280 cpm, 6 days). (E) Schematic representation of phosphopeptides in which solid and open circles represent PTyr-containing and
phosphoserine (PSer)-containing peptides, respectively. Origins are indicated by arrows. Peptides 1, 2, a, b, and c are indicated.

mock-transfected NIH 3T3 cells treated with EGF or
PDGF-BB were quantitatively immunoprecipitated with an
anti-PTyr antibody and the specific immunoprecipitates
were subjected to immunoblotting with anti-GAP serum 637
(see Materials and Methods). As shown in Fig. 5, immuno-
precipitation with an anti-PTyr antibody led to recovery of a
minute amount ofGAP in lysates of NIH-EGFR/erbB-2 cells
stimulated with EGF. Moreover, under identical conditions
of ligand stimulation, the levels of anti-PTyr-recoverable
GAP were comparable in EGF-stimulated NIH-EGFR/
erbB-2 and in NIH-EGFR. Since there were no appreciable
differences in the steady-state levels of GAP in these cell
lines (Fig. SB), we concluded that the erbB-2 and EGFR
kinases were able to phosphorylate GAP with a comparable
low efficiency.

Conversely, upon PDGF-BB triggering of the same cells,
at least 30-fold higher levels of GAP were recovered by
anti-PTyr immunoprecipitation (Fig. SA). Under these latter
conditions, -30% of the GAP pool is tyrosine phosphory-

lated (18a); therefore, we estimated that a maximally stimu-
lated erbB-2 kinase is able to induce tyrosine phosphoryla-
tion of .l% of the GAP pool. Similar results were obtained
when total cellular lysates were first immunoprecipitated

A NIH 3T3 EGFR EGFRJerbB-2

E P . E P - E P

0 ** *4<GGAP

B NNIH 3T3 EGFR EGFRJerbB-2

E P E P E P

-- GAP

TABLE 1. Effects of EGF and PDGF-BB on inositol phosphate
formation in NIH 3T3, NIH-EGFR, and

NIH-EGFR/erbB-2 cells'

Fold stimulation (mean + SE)
Treatment

NIH 3T3 NIH-EGFR NIH-EGFR/erbB-2

No addition 1.00 ± 0.01 1.00 + 0.02 1.00 ± 0.01
EGF 1.05 ± 0.04 2.24 ± 0.07 2.11 ± 0.08
PDGF 9.36 ± 0.62 8.82 ± 0.45 7.62 ± 0.61

" Subconfluent cultures of NIH 3T3, NIH-EGFR, and NIH-EGFR/erbB-2
cells were labeled with [myo-3H]inositol and stimulated with EGF or PDGF
for 30 min, as indicated in Materials and Methods. Inositol phosphates were
analyzed by anion-exchange chromatography. Results were normalized for
the value of total inositol-containing phospholipids and are expressed as fold
stimulation over control (unstimulated) values for each cell line; values
represent means ± SE (n = 4). The basal inositol phosphate level of a
representative experiment in NIH-EGFR/erbB-2 cells was 11,048 ± 1,209
cpm (IP1, 9,373 cpm; IP2, 1,507 cpm; IP3, 168 cpm). After stimulation with
EGF for 30 min, the levels were 20,705 (IP1), 2,422 (IP2), and 385 (IP3) cpm
(total, 23,512 ± 964 cpm). The basal level for NIH-EGFR in the same
experiment was 9,380 ± 704 cpm (IP1, 7,967 cpm; IP2, 1,281 cpm; IP3, 132
cpm). The preponderance of inositol monophosphates after 30 min of stimu-
lation with EGF is probably due to the rapid dephosphorylation of calcium-
mobilizing inositol phosphates which were formed during the initial phase of
stimulation.

FIG. 5. In vivo tyrosine phosphorylation of GAP by EGFRI
erbB-2, EGFR, and PDGFR. The two marker-selected mass cell
populations of NIH-EGFR/erbB-2 and NIH-EGFR indicated in the
legend to Fig. 1 were used. Control NIH 3T3 cells transfected with
the vector alone (LTR-2 vector [5]) and marker-selected in myco-
phenolic acid were also used. Cells were either mock treated (-) or
treated with EGF (100 ng/ml) (E) or PDGF-BB (100 ng/ml) (P) at
37°C for 10 min. (A) Total cellular proteins (1.0 mg) were immuno-
precipitated with an excess of the anti-PTyr antibody and analyzed
by immunoblot with an anti-GAP antibody. The results presented
here were obtained with the affinity-purified anti-PTyr polyclonal
antibody described in Materials and Methods. Identical results were
obtained with commercially available MAbs. (B) Total cellular
proteins (50 ,ug) were analyzed by immunoblot with the anti-GAP
antibody. Densitometric scans of the autoradiograms were per-
formed on several exposures taken in the linear range of signal
intensity. Relative signal intensities were calculated on the basis of
the areas of the individual peaks, measured in optical density times
millimeters, and converted to arbitrary units after normalization for
the amount of protein loaded. The autoradiogram presented in panel
A was exposed for 96 h to show the faint GAP-specific band in NIH-
EGFR and NIH-EGFR/erbB-2 cells. Molecular mass markers are
indicated in kilodaltons. Comparable results were obtained in three
independent experiments.

I..,

2045VOL. 11, 1991



2046 FAZIOLI ET AL.

with an anti-GAP antibody and then blotted with an anti-
PTyr antibody (data not shown).

DISCUSSION

We have previously shown that gp185erbB-2 and EGFR
display different abilities to induce the transformed pheno-
type when overexpressed in NIH 3T3 fibroblasts (4, 5, 7). In
this study, direct comparison of the biological and biochem-
ical events triggered by activation of the erbB-2 and EGFR
kinases in NIH 3T3 cells was afforded by the use of an
EGFR/erbB-2 chimera. Since maximal activation of both
EGFR/erbB-2 and EGFR was induced by EGF binding, it
was possible to study mitogenic signaling under conditions in
which the cellular responses to EGF were solely dependent
on the coupling of either kinase with its own signaling
pathway(s). In addition, cell lines were obtained which
expressed similar levels of either EGFR/erbB-2 or EGFR,
allowing rigorous quantitative analysis.
Under these conditions, the EGFR/erbB-2 chimera was

approximately 100-fold more efficient at inducing cell trans-
formation than the EGFR when activated by EGF. In
addition, we demonstrated that the EGFR/erbB-2 chimera
conferred upon the recipient cells increased responsiveness
to EGF compared with EGFR. The half-maximal mitogenic
stimulation in response to EGF was at least fivefold higher in
NIH-EGFRIerbB-2 than in NIH-EGFR cells. However, the
ED50 ofEGF was comparable in the two cell lines, indicating
that different levels of mitogenic signaling were achieved by
the same receptor occupancy. Thus, the greater ability of the
erbB-2 kinase to function as a mitogenic signal transducer
provides a mechanistic basis for its greater transforming
activity than the EGFR.

Analysis of PLC--y and GAP, two substrates implicated in
tyrosine kinase receptor-mediated signal transduction, re-
vealed that both proteins were substrates for the kinase
activity of erbB-2 and EGFR. However, under conditions in
which the EGFR/erbB-2 chimera was at least fivefold more
mitogenic than EGFR, no quantitative or qualitative differ-
ences in the ability of the two receptors to phosphorylate
these substrates were observed. In addition, the activation
of the EGFR/erbB-2 chimera did not lead to any relative
increase in inositol phosphate formation compared with
EGFR. Thus, our results demonstrate that the stronger
mitogenic potency of the erbB-2 kinase than of the EGFR
cannot be ascribed to either enhanced PIP2 breakdown or
putative signaling through the p2lras/GAP pathway.
Under our experimental conditions, only a minor fraction

of the PLC--y and GAP pools were phosphorylated on
tyrosine residues by the activated erbB-2 kinase in NIH-
EGFR/erbB-2 cells. Conversely, in the same cell line, acti-
vated PDGFRs were capable of phosphorylating about 15 to
20% of PLC--y, a figure lower than but on the same order of
magnitude as reported previously (18, 40), and about 30% of
the GAP pool (18a). Thus, despite the higher levels of
expression (1.5 x 10' EGFRs/erbB-2 per cell versus 1.3 x
105 PDGFRs/cell in NIH-EGFRIerbB-2 cells), the erbB-2
kinase was still about 10- to 15-fold less efficient than
PDGFR in phosphorylating PLC-y and inducing turnover of
inositol phospholipids and at least 30-fold less efficient in
phosphorylating GAP. In NIH-EGFRIerbB-2 cells, how-
ever, EGF and PDGF-BB were able to induce a similar
maximal mitogenic response, indicating that activation of
pathways initiated by PLC-y tyrosine phosphorylation and
PIP2 breakdown or by p2lras/GAP signaling are unlikely to

account for the specificity of erbl3-2-mediated mitogenic
signal transduction, compared with PDGFR.

Obviously, several questions remain unanswered regard-
ing the transduction of the mitogenic signal by the erbB-2
kinase. Our findings indicate that there are differences in the
repertoire of postreceptor effector molecules activated by
erbB-2 in comparison with either EGFR or PDGFR. Fur-
thermore, these differences must involve pathways other
than those activated by PLC--y or GAP phosphorylation.
However, our results do not address directly whether acti-
vation of either of these pathways is necessary for the
mitogenic action of the erbB-2 kinase. The low stoichiom-
etry of tyrosine phosphorylation of PLC--y and GAP by an
active EGFRIerbB-2 seems to argue against this possibility.
In this regard, our results with the erbB-2 kinase bear
resemblance to those obtained with the colony-stimulating
factor 1 (CSF-1) receptor. In NIH 3T3 cells expressing the
CSF-1 receptor, CSF-1 stimulation does not result in PLC-y
tyrosine phosphorylation (8) and causes poor tyrosine phos-
phorylation of GAP (27). Thus, the mitogenic response
activated by certain growth factor receptors, including
erbB-2, might not obligatorily involve signaling through
these two pathways. More direct evidence on this issue is
likely to come from investigations of whether microinjection
of antibodies directed against PLC--y, GAP, and p2lras can
inhibit erbB-2-induced mitogenesis.
Our results also leave open the question of the molecular

nature of a putative erbB-2-specific mitogenic pathway.
Other second messengers, such as phosphatidylinositol 3-ki-
nase (2, 13, 28, 38) and c-raf (20, 21), have been implicated
as early substrates for receptor tyrosine kinases. However,
our unpublished observations indicate that neither of these
pathways can efficiently couple with the erbB-2 kinase. In
fact, after EGF stimulation of NIH-EGFRIerbB-2, we have
been unable to show either tyrosine phosphorylation of c-raf
(9a) or activation of phosphatidylinositol 3-kinase (lla). A
potential approach to the characterization of an erbB-2-
specific mitogenic pathway comes from our observations
that activation of the erbB-2 kinase caused tyrosine phos-
phorylation of a subset of putative substrates different from
that observed with either the EGFR or PDGFR. In particu-
lar, a -135-kDa and a -100-kDa species were efficiently
tyrosine-phosphorylated by active gp185erbB-2 and the
EGFR/erbB-2 chimera but not by EGFR or PDGFR. Further
investigations will be needed to molecularly characterize
these species in order to evaluate their possible role in
mediating the mitogenic actions of gp185erbB2.
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