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Amplification of the Neu (ErbB-2 or HER-2) receptor tyrosine kinase occurs in 20 to 30% of human mam-
mary carcinomas, correlating with a poor clinical prognosis. We have previously demonstrated that four
(Y1144 Y1201, Y1227 and Y1253) of the five known Neu autophosphorylation sites can independently mediate
transforming signals. The transforming potential of two of these mutants correlates with their capacity to
recruit Grb2 directly to Y1144 (YB) or indirectly through Shc to Y1227 (YD). Here, we demonstrate that these
transformation-competent neu mutants activate extracellular signal-regulated kinases and stimulate Ets-2-de-
pendent transcription. Although the transforming potential of three of these mutants (YB, YD, and YE) was
susceptible to inhibition by Rap1A, a genetic antagonist of Ras, the transforming potential of YC was resistant
to inhibition by Rap1A. To further address the significance of these ErbB-2-coupled signaling molecules in in-
duction of mammary cancers, transgenic mice expressing mutant Neu receptors lacking the known autophos-
phorylation sites (NYPD) or those coupled directly to either Grb2 (YB) or Shc (YD) adapter molecules were de-
rived. In contrast to the NYPD strains, which developed focal mammary tumors after a long latency period with
low penetrance, all female mice derived from YB and YD strains rapidly developed mammary tumors. Although
female mice from several independent YB or YD lines developed mammary tumors, the YB strains developed
lung metastases at substantially higher rates than the YD strains. These observations argue that Grb2 and Shc
play important and distinct roles in ErbB-2/Neu-induced mammary tumorigenesis and metastasis.

Neu (ErbB-2), the epidermal growth factor receptor, ErbB-3,
and ErbB-4 are transmembrane receptor tyrosine kinases
(RTKs) which comprise the class I or ErbB RTK family (re-
viewed in references 21, and 35). Neu or ErbB-2 amplification
and elevated expression has been implicated in the etiology of
human ovarian and breast cancers and correlates with a poor
clinical prognosis in breast cancer patients (3, 44, 45). More-
over, anti-ErbB-2 antibodies demonstrate efficacy for treat-
ment of breast cancer patients with elevated ErbB-2 levels (4).
Direct evidence supporting a role for neu in mammary tumor-
igenesis derives from observations made with transgenic mice
expressing oncogenic forms of the neu oncogene under the tran-
scriptional control of mouse mammary tumor virus (MMTV)
enhancer. Mammary epithelial cell-specific expression of wild-
type Neu or constitutively active Neu or ErbB-2 alleles in the
mammary epithelia of transgenic mice results in the induction
of metastatic mammary tumors which histologically resemble

human comedocarcinomas (2, 6, 18, 19, 30). Taken together,
these data suggest that activation of ErbB-2 or Neu plays a
causal role in mammary tumorigenesis.

Despite the importance of Neu in human malignancies, the
molecular mechanism by which this RTK transforms cells and
confers metastatic potential is not known. Following Neu re-
ceptor dimerization, class I RTKs become phosphorylated
predominantly at discrete tyrosine residues within a 200 to
300-amino-acid carboxyl-terminal region. These phosphorylat-
ed tyrosines provide binding sites for a variety of cytoplasmic
Src homology 2 (SH2) and/or protein tyrosine binding (PTB)
domain-containing proteins involved in transducing prolifera-
tive/transforming or differentiating signals to the nucleus. SH2
and PTB domains directly interact with phosphotyrosyl pro-
teins in a sequence-specific manner (reviewed in reference 36),
thereby conferring specificity to RTK signaling.

Many reports have identified the signaling proteins which
interact with Neu, yet the role that each molecule plays in
signal transduction is less clear. A number of SH2 and PTB
domain-containing proteins have been implicated in Neu sig-
naling; these intracellular signaling molecules include phos-
pholipase Cg1 (PLCg1), c-Src, Crk, Grb7, and proteins which
modulate Ras activity either by promoting active Ras-GTP
complex formation through Sos GDP/GTP exchange proteins
(Grb2, Shc, and Nck) or by accelerating the hydrolysis of Ras-
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GTP to its inactive Ras-GDP state (Ras–GTPase-activating
protein) (12, 13, 24, 27, 31–34, 37, 41, 46). While the binding
sites on Neu for many of these SH2 and PTB domain-contain-
ing proteins are unclear, deletion or mutation of Neu tyrosine
phosphorylation sites can dramatically affect the transforming
activity of Neu (1, 5, 9, 10, 39, 40). There is little consensus as
to the relative importance of these tyrosine autophosphoryla-
tion sites, although it appears that no single site is required to
mediated transformation.

To systematically address the role of tyrosine phosphoryla-
tion sites in Neu-mediated transformation, we used a strategy
initially described for the platelet-derived growth factor recep-
tor (48). In this study, individual tyrosine residues were re-
stored to a mitogenically inactive mutant platelet-derived
growth factor receptor containing tyrosine-to-phenylalanine
changes at the known tyrosine phosphorylation sites to create
a series of phosphorylation add-back mutants. To address the
functional significance of specific signaling molecules in Neu-
mediated transformation, we have generated a similar series of
mutant activated neu receptors that either lack all known ty-
rosine autophosphorylation sites (Neu tyrosine phosphoryla-
tion deficient [NYPD]) or possess only one of these sites in
isolation (add-back mutants NT-YA to -YE) (9). For purposes
of simplicity, we refer to each of these add-back mutants as YA
(tyrosine residue 1028), YB (tyrosine residue 1144), YC (tyro-
sine residue 1201), YD (tyrosine residue 1227), and YE (tyro-
sine residue 1253). In established fibroblasts, reconstitution
of single phosphorylation sites to NYPD, creating a series of
add-back mutants, reveals that four of five phosphorylation
sites (sites B through E) can independently mediate transform-
ing signals, whereas tyrosine 1028 (site A) functions to repress
transforming signals from the receptor (9). While Grb2 asso-
ciates directly with Y1144 (site B) and indirectly through tyro-
sine-phosphorylated Shc proteins at Y1226/7 (site D), the mo-
lecular basis for transformation activity from sites C (Y1201)
and E (Y1253) has yet to be elucidated.

Here we have assessed the importance of Ras signaling
pathway in mediating transforming activity of Neu add-back
mutants YB, YC, YD, and YE. The results revealed that co-
expression of genetic antagonist of Ras signaling, Rap1A,
could effectively interfere with three of the four add-back mu-
tants (YB, YD, and YE) but was ineffective in inhibiting a
transforming signal from the YC mutant. Despite differences
in the response to Rap1A expression, all four transforming
add-back mutants were capable of activating the mitogen-ac-
tivated protein (MAP) kinase cascade and of inducing the
transcription of an ets-2 reporter gene. Although Grb2 binds
directly to the YB (Y1144) phosphorylation site and indirectly
to YD (Y1226/7) through the Shc adapter protein, microinjec-
tion experiments reveal that unlike site B, the Shc binding site
does not require Grb2 activity to mediate DNA synthesis.
These observations suggest that although these Neu autophos-
phorylation sites are functionally redundant in cellular trans-
formation, they use distinct signaling effector mechanisms to
activate Ets-2 and MAP kinase pathways.

To further explore the biological importance of Neu-cou-
pled Shc and Grb2 signaling in mammary tumorigenesis, we
have generated transgenic mice by activated neu alleles of
NYPD, YB, and YD under the transcriptional control of the
MMTV long terminal repeat (LTR). Mammary epithelial cell-

specific expression of the YB and YD neu alleles resulted in
the rapid induction of multifocal mammary tumors. In con-
trast, expression of the NYPD mutant resulted the generation
of focal mammary tumors only after a long latency period.
Although YB and YD mutant alleles were capable of efficiently
inducing mammary cancers, the YB-induced tumors metasta-
sized with much higher frequency than YD-induced mammary
tumors. Taken together, these observations suggest that Grb2
and Shc have distinct biological effects on Neu-induced mam-
mary metastasis.

MATERIALS AND METHODS

Cell lines and transformation assays. Rat1 fibroblasts and 293T epithelial cells
were maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), amphotericin B (Fungizone), and penicillin-
streptomycin or gentamicin. Contransfections in Fig. 1 were carried out using
LipofectAmine reagent (GibcoBRL). Rat1 fibroblasts were seeded at 3 3 105

cells in 35-mm-diameter tissue culture dishes following the manufacturer’s in-
structions with 100 ng of transforming plasmid or vector and 1 mg of inhibitory
plasmid (pKRev-1/Rap1A) or empty vector (SV2Neo). At confluency, contents
of the plates were split into two 60-mm-diameter plates, which were maintained
in 4% FBS-supplemented DMEM for 14 days, with a change of medium every
third day. Plates were maintained in supplemented DMEM for 14 days, with a
change of medium every third day. Plates were stained with Giemsa stain, and
the foci were counted from six plates per construct. Relative transformation
potential was normalized to that obtained with activated Neu (NT) in the pres-
ence of SV2Neo in each experiment multiplied by 100. EKOI fibroblasts, estab-
lished from Ets-2-deficient teratocarcinoma cells (55), were maintained in
DMEM supplemented with 10% fetal calf serum.

Erk activation and Ets-2-dependent transcription in transient transfections.
293T cells were seeded at 75% confluency in 60-mm-diameter tissue culture
dishes in 10% FBS-supplemented DMEM and transfected the following day with
DNA-liposome complexes containing 12 mg of plasmid DNA and 48 ml of
LipofectAmine reagent for 5 h. Following 48 h, the medium was replaced with
serum-free DMEM to reduce background extracellular signal-regulated kinase
(Erk) phosphorylation, and cells were further incubated for 3 to 5 h prior to lysis
in hypotonic lysis buffer (20 Tris-HCl [pH 7.5], 2mM EDTA, 2 mM EGTA, 10
mM NaF, 10 mM sodium pyrophosphate) supplemented with 1 mM Na3VO4 and
the protease inhibitors aprotinin and leupeptin at 10 mg/ml. Following 20 min,
NaCl was added to 400 mM (final concentration), and the mixture was further
incubated for 20 min. Immunoblots containing 50 mg of total protein were
analyzed using antiphosphotyrosine (PY20), anti-Erk (C14; Santa Cruz Biotech-
nology), or anti-phospho-Erk (New England Biolabs) antibodies. E18 luciferase
and FNEts2 and FNEts2 A72 expression plasmids were provided by C. Hauser
(14). EKO1 cells (8.0 3 104) were plated in 12-well dishes 24 hs prior to
transfection and then transfected by the calcium phosphate coprecipitation
method. The day after transfection, the medium was changed to DMEM con-
taining 0.5% fetal calf serum and incubated for an additional 24 h before lysates
were processed for luciferase and b-galactosidase activity.

Affinity purification, immunoprecipitation, and immunoblotting. Cells were
washed twice in 1 3 phosphate-buffered saline (PBS) at 4°C, and lysates were
made in PLC lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 10% glycerol,
1% Triton X-100, 1 mM EGTA, 1.5 mM MgCl2, 10 mM NaF, 10 mM sodium
pyrophosphate, 1 mM Na3VO4, 10 mg of aprotinin/ml, 10 mg of leupeptin/ml).
Tumors were ground to a powder under liquid nitrogen, and lysates were made
in PLC lysis buffer. Neu was immunoprecipitated with protein G-conjugated
monoclonal antibody 7.16.4. The immunoprecipitates were washed five to seven
times in PLC lysis buffer prior to immunoblot analyses with either anti-Neu
(Ab3; 1:1,000; Oncogene Science) or anti-phosphotyrosine (PY20; Transduction
Laboratories) antibodies as described elsewhere (9). Grb2 (C23; 1:400; Santa
Cruz) and Shc (S14630; 1:1,000; Transduction Laboratories) were detected using
rabbit polyclonal antibodies. The peptides pYE (biotin-FEGTPTAENPE[pY]L
GLDVPV) and pYC (biotin-FAFGGAVENPE[pY]LVPREGT), synthesized by
Research Genetics, were resuspended in 20 mM buffered HEPES and brought to
pH 7.0. Peptides were incubated with or without calf intestinal alkaline phos-
phatase (60 U/mg) at 37°C for 2 h. Peptides were immobilized to streptavidin-
agarose, washed extensively in PLC lysis buffer, and aliquoted such that each
affinity purification mixture contained 1 mg of immobilized peptide. Protein
lysates (500 mg) from Rat1 cells were incubated at 4°C with immobilized peptides
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on a rotating platform for 1 h and washed four to six times in PLC lysis buffer,
and specific complexes were subjected to anti-Crk immunoblot analysis.

GST fusion production and direct affinity assay. Escherichia coli BL21 (Strat-
agene) was transformed with pGSTag-derived glutathione S-transferase (GST),
GST-PLCg, and GST-Crk plasmids, and glutathione fusion proteins were puri-
fied as described elsewhere (9). Direct binding assays were performed as follows:
Serial dilutions (0.01 to 1 mg) of GST fusion proteins were spotted onto nitro-
cellulose membranes and air dried. Membranes were blocked in 0.3% gelatin in
0.1% Tris-buffered saline–Tween (TBST-G) for 1 h. Membranes were then
rinsed twice with TBST and incubated with peptides (1 mg/ml) in TBST-G for 1 h
at room temperature. Blots were washed thrice for 10 min with TBST and
incubated with a 1:2,500 dilution of 125I-streptavidin (IM236; Amersham) in
TBST-G for 1 h. Blots were washed again, dried, and autoradiographed.

Grb2 inhibition of DNA synthesis. DNA synthesis was assayed after metabolic
incorporation of 5-bromo-29-deoxyuridine (BrdU) (cell proliferation kit; Amer-
sham) as described previously (9, 52). Cells growing on glass cover slips were
deprived of serum overnight (;18 h) and then noninjected or microinjected with
0.5 3 PBS containing biotinylated Grb2 SH2 domain (2 mg/ml). After incubation
at 37°C for 2 h, fresh medium containing 10% FBS and BrdU was added, and the
coverslips were incubated at 37°C for 18 h. Following fixation, BrdU incorpo-
rated into DNA was visualized with a BrdU antibody and a rhodamine-labeled
secondary antibody to mouse immunoglobulin. Microinjected cells were identi-
fied by staining with fluorescein isothiocyanate-labeled avidin (Jackson Immu-
nology Laboratory). Not less than 100 cells were injected on each coverslip, and
DNA synthesis was determined as the percentage of microinjected cells staining
positively for BrdU incorporation. Equivalent results were obtained from two
independent experiments, and results from one such experiment are shown. In
noninjected cells, the percentage of BrdU-labeled cells was determined for not
less than 200 cells counted from randomly selected fields of view. Cells were
visualized for simultaneous red and green fluorescence by using the appropriate
filter sets (Carl Zeiss Ltd.).

Generation of transgenic mice, tumor kinetics, and histological evaluation.
cDNAs corresponding to the autophosphorylation mutants (NYPD, YB, and
YD) containing an activating extracellular deletion (8142) (42) were excised
from pJ4V HindIII-EcoRI fragments and inserted into the corresponding sites of
p206 under the transcriptional control of the MMTV LTR followed by simian
virus 40 (SV40) polyadenylation sequence. Transgenic mice were generated by
pronuclear injection of zygotes obtained from FVB 3 N intercrosses as described
elsewhere (43). All mice were obtained from Taconic Farms (Germantown, Pa).
Founder animals were identified by Southern blot analyses using an SV40
poly(A)-specific 32P-labeled probe, and progeny were routinely detected by PCR
with transgene-specific oligonucleotides. Nulliparous and multiparous female
mice were monitored for mammary tumor formation by physical palpation of the
mammary glands. Tumor kinetics were obtained from nulliparous animals from
MMTV/neundl-NYPD (line 10 [NYPD10]), -YB (line 2 [YD2]), and -YD (line 5
[YD5]) strains. Whole-mount preparations of the number 4 mammary gland was
completed as described elsewhere (50). Tissue was fixed in phosphate-buffered
4% paraformaldehyde or formalin at 4°C, transferred to 70% ethanol, and
blocked in paraffin. Sections (4 mm) were stained with hematoxylin and eosin
(Anatomical Pathology, McMaster University). Lung metastases were evaluated
by microscopic analyses of lung sections.

RESULTS

Neu transforming activity functions through distinct Rap1A-
sensitive and -resistant pathways. Our previous observations
have implicated the Ras signaling pathway in Neu-induced
DNA synthesis (9). To further assess the role of the Ras sig-
naling pathway in Neu-mediated transformation, we have co-
expressed a competitive inhibitor of Ras, known as Rap1A,
with the various Neu autophosphorylation mutants. Rap1A
functions as a dominant Ras inhibitor by titrating critical Ras
substrates to an inactive Rap1A -substrate (20, 38, 47) and has
the ability to revert v-Ki-ras-transformed cells when overex-
pressed (26). To accomplish this, we cotransfected Rap1A with
various Neu mutants into Rat1 fibroblasts and assessed trans-
formation in focus formation assays. Expression of Rap1A
induced a threefold reduction in NT transformation relative to
empty vector, demonstrating a role for Ras in this process, but

had little effect on NYPD transformation (Fig. 1A). Interest-
ingly, Rap1A similarly inhibited transformation from YB, YD,
and YE, whereas YC appeared to be largely Ras independent
in this assay. The YA mutant was not included in these anal-
yses, since we have previously demonstrated that this mutant is
completely transformation defective (9). The ability of Rap1A
to interfere with the transforming activity of these add-back
mutants appeared to be specific to Ras since Rap1A had little
effect on the transforming activity of SV40 large T antigen, (lt)
which is known to transform cells in a Ras-independent man-
ner (25). These results demonstrate that three of four trans-
forming add-back mutants are susceptible to this genetic in-
hibitor of Ras function.

FIG. 1. Ras is required for transformation from activated Neu au-
tophosphorylation mutants that stimulate Erk. (A) Ras requirements
for Neu add-back-mediated transformation. Activated Neu (NT) is
depicted with its tyrosine phosphorylation sites (● ) at residues 1028
(site A), 1144 (site B), 1201 (site C), 1226/7 (site D), and 1253 (site E).
NT-NYPD and the derived add-back mutants NT-YB through NT-YE
contain tyrosine to phenylalanine ( ) mutations at the indicated ty-
rosine phosphorylation sites. Focus formation assays were carried out
in Rat1 fibroblasts transfected with plasmids encoding the indicated
Neu mutants or SV40 large T antigen along with either a control vector
(SV2Neo) or one encoding Rap1A. Transforming activity (6 standard
error) was determined from triplicates in three experiments and is
expressed relative to NT with SV2Neo. (B to D) 293T cells were
transfected with pJ4V-derived plasmids encoding Neu phosphoryla-
tion mutants. Immunoblots (IB) containing 50 mg of total protein were
analyzed with anti-Neu (B) and phospho-Erk1/2 (p-Erk) (C) antibod-
ies, and the membrane in panel C was reprobed with Erk1/2-specific
antisera (D).
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Given that activation of Ras results in the initiation of a
kinase cascade terminating in the phosphorylation and activa-
tion of Erks (29), we investigated whether Neu add-back mu-
tants were capable of stimulating Erk phosphorylation. To
accomplish this, we transfected 293T cells with empty vector or
those encoding NT or the derived mutants and assessed Erk
phosphorylation with anti-Erk phosphospecific antisera (Fig.
1C). These analyses revealed that NT and each transforming
add-back mutant activates Erks whereas NYPD fails to due so,
despite expressing comparable amounts of Neu (Fig. 1B).
Thus, activated Neu and the YB, YD, and YE add-back mu-
tants both activate Ras signaling and display Ras-dependent
transforming activities, whereas YC expression induces Erk
phosphorylation but is not inhibited by Rap1A overexpression.

Another important indicator of Ras activity is its ability to
activate certain classes of transcription factors. Indeed, acti-
vated Ras is known to stimulate the transcriptional activity of
the Ets-2 transcription factor through the MAP kinase phos-
phorylation of threonine 72 in the Ets-2 pointed domain (56).
To explore whether Ets-2-dependent transcription was differ-
entially effected by the different Neu add-back mutants, the
various Neu add-back mutants were cotransfected with an Ets-
2-dependent luciferase reporter (E18) (12) and expression vec-
tors harboring either wild-type Ets-2 or mutant Ets-2 bearing
an alanine substitution for threonine 72 (Ets-2 A72) (Fig. 2).
Cotransfection of control vector NYPD or YA mutants with
the Ets-2 expression vector resulted in a modest twofold acti-
vation of the reporter construct. In contrast, cotransfection of
NT, YB, YC, YD, and YE mutants resulted in a 5- to 10-fold
stimulation of Ets-2-dependent transcription (Fig. 2). Stimula-
tion of the Ets-2 reporter construct by these neu mutants was
dependent on the conservation of the Ets-2 MAP kinase phos-

phorylation site since cotransfection of the Ets-2 A72 mutant
failed to activate the Ets-2 reporter construct. Taken together,
these observations suggest that transformation-competent neu
mutants funnel through the MAP kinase signaling pathway and
stimulate Ets-2-dependent transcription through the Ets-2
MAP kinase phosphorylation site (threonine 72).

While all of the transforming neu mutants were capable of
stimulating MAP kinase activity and activating Ets-2-depen-
dent transcription, YC-mediated transformation remained re-
fractory to Rap1A inhibition (Fig. 1A). One potential expla-
nation for these observations is that the transforming signal
from the YC mutant is not dependent on Ras activity. Indeed,
it has recently been demonstrated that the Crk1/2 adapter
protein recruits the C3G exchange factor, which in turn can
activate Erk kinases in a Ras-independent fashion (22, 23). To
explore the possibility that site C interacts with Crk, we gen-
erated chemically synthesized phosphorylated and nonphos-
phorylated peptides spanning site C from positions 211 to 17
relative to the phosphotyrosine residue. To control for non-
specific binding, we also included peptides directed to the
Rap1A-sensitive E site. The amino terminus of each peptide
was covalently linked to biotin, thus providing a means of
immobilizing the peptides via streptavidin-conjugated agarose
beads. To determine whether Crk interacted with site C, affin-
ity purification assays were carried out with the immobilized
peptides to site E or C followed by immunoblot analyses with
Crk-specific antisera. The results revealed that the site C spe-
cifically associated with Crk protein whereas the phosphory-
lated site E peptide failed to associate with Crk (compare lanes
3 and 5 in Fig. 3A). In parallel assays, we have shown that the
site E peptide is capable of associating with a number of
unidentified cellular proteins. Furthermore, Crk-specific bind-

FIG. 2. Neu mutants induce Ets-2 transcriptional activation
through threonine 72. The E18 luciferase reporter construct was co-
transfected into EKO1 Ets-2-deficient cells with the various Neu add-
back mutants, wild-type ets-2 expression vector (FNEts2) (open box),
or mutant ets-2 with alanine substitution at threonine 72 (FNEts2 A72)
(closed box). Also included was a b-actin-driven b-galactosidase ex-
pression vector, which served as an internal control for transfection
efficiency. The ratio of luciferase activity relative to that observed for
the empty pJ4 expression vector was used to calculate fold activation.

FIG. 3. Crk interacts with phosphopeptides containing tyrosine
1201 (site C) in vitro. (A) Immobilized phosphorylated and unphos-
phorylated peptides (1 mg) were incubated with 500 mg of Rat1 fibro-
blast lysates. Associated proteins were electrophoresed on a sodium
dodecyl sulfate–12% polyacrylamide gel and subjected to anti-Crk
immunoblot analysis. The migration of Crk is indicated. (B) Mem-
brane-immobilized GST fusion proteins were incubated with phos-
phorylated and unphosphorylated peptides (1 mg/ml). Membranes
were subsequently probed with 125I-streptavidin and autoradio-
graphed. Serial dilutions of fusion (0.01 to 1 mg) are indicated.
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ing is dependent on phosphorylation of tyrosine residues since
dephosphorylated site C peptide showed no evidence of stable
association.

To assess whether the phosphorylated YC peptide could
directly associate with the SH2 domain of Crk, a direct binding
assay was performed. Membrane-immobilized GST fusion pro-
teins containing the SH2 domain of Crk or PLCg were probed
with either phosphorylated peptides made to site C or E or a
control dephosphorylated C peptide. The results revealed that
only the GST-Crk fusion protein could directly bind the phos-
phorylated YC peptide (Fig. 3B). Taken together, these results
suggest that theRap1A refractory site C binds Crk in a phos-
phospecific manner in vitro.

YB and YD mediate Grb2-dependent and -independent sig-
nals, respectively. Previous studies have indicated that YB and
YD mutants independently mediate transforming signals through
their ability to directly recruit Grb2 (YB) or indirectly seques-
ter Grb2 via its interaction with the Shc adapter protein (YD).
The specificity of binding partners for YB and YD was further
confirmed by the creation of secondary mutations in the con-
sensus binding sites for Grb2 and Shc adapter proteins, respec-
tively (D. Dankort and W. J. Muller, unpublished observa-
tions). To determine the requirement for Grb2 in mediating
signals from Neu, we microinjected a dominant negative inhib-
itor of Grb2 into established cell lines expressing the various
add-back Neu mutants and assessed the ability of this Grb2
inhibitor to interfere with Neu-induced DNA synthesis. Be-
cause the dominant negative inhibitor of Grb2 comprises only
the Grb2-SH2 domain fused to GST and lacks SH3 domains, it
can compete with the endogenous Grb2 for receptor binding
but cannot couple to downstream Sos exchange factors to
activate the Ras signaling pathway (50).

Microinjection of the Grb2 SH2 domain into Rat1 fibro-
blasts expressing NT (Fig. 4) had a minimal effect on the
capacity of these cells to undergo DNA synthesis as assessed by
BrdU incorporation (90% of uninjected controls), suggesting
that there exists at least one Grb2-independent signal emanat-
ing from Neu. Inhibition of Grb2 function dramatically re-

duced DNA synthesis in NYPD cells and control Rat1 fibro-
blasts. The potent inhibition of these cell lines likely reflects a
dependence on serum factors for initiating DNA synthesis. In
contrast, cell lines expressing YA, YC, and YE were largely
Grb2 independent in these assays (80 to 90% of noninjected
controls). Although Grb2 binds to both sites B and D, micro-
injection of the Grb2 inhibitor strongly suppressed YB-in-
duced DNA synthesis (13% of uninjected controls) and had
only marginal effect on BrdU incorporation in YD-expressing
cells (72% of noninjected controls) (Fig. 4). These data are
consistent with the view that the primary Grb2-dependent sig-
nal from Neu is mediated by the YB phosphorylation site.

Direct Grb2 recruitment by Neu is associated with a meta-
static tumor phenotype. Although these observations suggest
that recruitment of Grb2 or Shc to Neu may result in the
activation of distinct effector pathways, the in vivo relevance of
these Neu-coupled pathways is unclear. Thus, we tested the
effects of activation of these coupled signaling pathways in
mammary tumorigenesis and metastasis by targeting expres-
sion of NYPD, YB, and YD to the mammary epithelium of
transgenic mice. These different neu phosphorylation mutants
were placed in the context of an activating extracellular dele-
tion (NDL1) which efficiently induces metastatic mammary
tumors in transgenic mice (43). While this deletion mutant
transforms at approximately 50% of the level of NT, the rela-
tive transforming potential of the derived add-back mutants in
culture remains the same, suggesting that these mutants func-
tion similarly in a different activating background (not shown).

Multiple independent MMTV/NYPD, MMTV/YB, and
MMTV/YD transgene lines were generated by pronuclear in-
jection of fertilized mouse zygotes. Expression of the transgene
in derived mammary RNA samples was verified by reverse
transcription-PCR (data not shown). A number of expressing
founder animals did not pass the transgene to their progeny;
thus, we restricted our subsequent analyses to two strains for
each phosphorylation allele (NYPD10, NYPD11, YB2, YB6,
YD5, and YD6). We performed whole-mount analyses on vir-
gin female mammary glands to ascertain the phenotypic con-
sequences of expression of these various neu mutants. These
analyses revealed that mammary expression of NYPD led
to significant alveolar development, histologically resem-
bling normal mammary epithelium (Fig. 5A and B). In con-
trast to this relatively normal developmental profile, the
MMTV/YD-derived mammary glands possessed dense hyper-
plastic foci that were histologicaly composed of solid glandular
arrays of epithelial cells (Fig. 5C and D). MMTV/YB whole
mounts display histological abnormalities which include ductal
ectasia with scattered foci of papillary epithelial hyperplasia
(Fig. 5E and F).

Given the observed abnormal development with the various
mutant neu strains, we monitored cohorts of virgin female mice
from representative NYPD (NYPD10) YB (YB2), and YD
(YD5) strains for the development of mammary tumors. Mam-
mary epithelial expression of activated YB and YD alleles
efficiently induced mammary tumors at rates comparable to
those for other MMTV-driven activated alleles (30, 43) (Fig.
6A). While female YB or YD neu transgenic mice both devel-
oped mammary tumors with complete penetrance at average
age of onset of 152 and 102 days, respectively (Fig. 6A; Table
1), the mammary tumors that arose in the YD strains tended to

FIG. 4. Effect of Grb2 SH2 domain microinjection on DNA syn-
thesis from add-back cell lines. Cells rendered quiescent through se-
rum deprivation were either uninjected (black bars) or microinjected
with 1 mg of biotinylated Grb2 SH2 domain (grey bars) and released
from quiescence via addition of serum, at which time BrdU added. The
percentages of BrdU-positive injected or noninjected cells are graph-
ically depicted. DNA synthesis was determined as the percentage of
microinjected cells (not less than 100 cells for each line) staining
positively for BrdU incorporation. Equivalent results were obtained
from two independent experiments, and results from one such exper-
iment are shown.
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FIG. 5. Mammary gland architecture of MMTV/activated neu mutants. Photoimages show whole-mount preparations (A, C, and E) and
comparable microscopic fields (B, D, and F) of mammary glands of mice harboring NYPD10 (A and B), YD5 (C and D), and YB2 (E and F) neu
autophosphorylation mutants. All mammary glands are from 12 to 14-week-old virgin female mice. Note that all mammary whole mounts have
some degree of alveolar development and foci of intraluminal hyperplasia. The YB mutant mice had the most severe ductal ectasia with scattered
foci of papillary hyperplasia (E and F). The YD mutant strain had less ductal ectasia, but the hyperplastic lesions were composed of solid glandular
arrays (C and D). The NYPD mutant had significant lobular development that tended to follow normal histological patterns (A and B). (Normal
mammary gland morphologies for the FVB strain can be viewed online [http://ccm.ucdavis.edu/tgmouse/wmtable.htm].) The size bars in panels E
and F indicate 1 and 0.1 mm, respectively.
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be multifocal in origin (.10 tumors per mouse) whereas those
of the YB strains generally were focal in nature. In contrast,
focal mammary tumors arose only after a long latency period in
the NYPD females (Fig. 6A, average age of onset5 252 days),
and tumors arose with a penetrance of either 13 or 50%,
depending on the line, after a 1-year observation period (Table
1). Limited analyses of independent NYPD, YB, and YD
transgenic strains (NYPD11, YB6, and YD6) revealed similar
times of tumor onset and phenotypes (Table 1), suggesting that
observed characteristics of these strains were independent of
integration site.

Although expression of the YB and YD transgenes was
capable of efficiently inducing mammary tumors, there were

marked differences of the histopathology of these tumors. YD
transgene expression was primarily associated with the induc-
tion of solid comedo-type tumors reminiscent of tumors in-
duced by activated neu (Fig. 7C), while the YB-induced mam-
mary tumors were comprised of papillary fronds (Fig. 7D). The
tumors induced by mammary epithelial expression of NYPD
also resembled the parental activated neu-induced tumors
(Fig. 7A and B). In addition to the striking morphological
differences between the various neu mutants, these strains dif-
fered markedly in the relative rates of metastatic progression
observed. Overall, while tumor-bearing NYPD (4 of 17) and
YD (11 of 59) animals developed lung metastases at similar
frequencies, YB mice developed lung metastases at a signifi-
cantly higher rate (12 of 18 animals) (Fig. 6B). To ensure that
metastases did not reflect differences in tumor onset, metasta-
sis was assessed in a cohort of animals bearing mammary
tumors for 30 to 60 days (Table 1). During this observation
period, 50% of the YB tumor-bearing mice develop metastatic
lesions in the lung, whereas only 10% of the YD animals
exhibited detectable metastatic lesions (Fig. 6B; Table 1). It
should be noted that due to the greater number of mammary
tumors detected on the YD females, the tumor burden in the
YD animals was considerably greater than that in the YB
strains. Therefore, the differences in metastatic behavior be-
tween these tumor cell types is even greater than these patho-
logical analyses would suggest. Female YD mice carrying tu-
mors for extended periods (3 months after initial palpation)
eventually developed metastatic mammary tumors due to the
extensive tumor load, but the percentage of animals with such
lesions was significantly lower than in YB mice. Interestingly,
mammary tumors induced by the NYPD neu mutant displayed
similar levels of metastatic infiltration. Taken together, these
observations suggest that Neu receptors coupled specifically to
the Grb2 adapter protein have enhanced metastatic potential
compared to Neu receptor coupled to the Shc adapter protein.

Biochemical analyses of mammary tumors induced by the
mutant Neu receptors. To ensure that Neu was activated to the

FIG. 6. Mammary tumorigenesis and metastasis in transgenic mice
expressing neu autophosphorylation mutants. (A) Mammary tumor
kinetics in YB 2, YD 5, and NYPD 10 mice. Age indicated is that
(days) at which a mammary tumor was first palpable in each transgenic
strain. The number of female animals analyzed for each strain (n) and
median age at which tumors are palpable (t50) are also shown. The
mean tumor latencies for YB and YD are statistically different (P 5
0.002, Students t test). (B) Percentage of tumor-bearing animals with
metastatic lesions in the lung. The percentage of all tumor-bearing
mice harboring lung metastases is indicated for each genotype; the
number of animals analyzed is indicated (n). While there are no sta-
tistically significant differences between occurrence of lung metastastes
in NYPD and YD animals, Fisher exact tests demonstrate significant
differences between occurrence of metastases in YB versus NYPD
(p, P 5 0.012) and YD (pp, P 5 0.0002) mice.

TABLE 1. Time of tumor onset and metastases in MMTV
transgenic mice expressing Neu autophosphorylation mutants

Strain

Avg age of breast
tumor onseta (n) Penetrance

of breast
tumorsb

Metastases
(30–60 days
with tumor)cNulliparous

animals
Multiparous

animals

NYPD10 252 6 59 (40) 163 6 14 (3) 59 (40/68) 38 (3/8)
NYPD11 255 6 74 (13) 182 6 65 (2) 13 (13/51) 0 (0/1)
YB2 152 6 47 (20) 170 6 33 (2) 100 (20) 50 (2/4)
YB6 136 6 40 (4) 268 6 54 (2) ND 100 (1/1)
YD5 102 6 22 (71) 109 6 20 (9) 100 (71) 10 (3/26)
YD6 128 6 22 (2) 274d (1) 100 (2) ND

a Average age (days) of palpable breast tumor 6 standard deviation and (in
parentheses) the number of animals with tumors. Nulliparous animals were
virgins at the time of breast tumor detection, and multiparous animals had at
least one pregnancy.

b Penetrance in percent breast tumor phenotype, determined in nulliparous
animals. Numbers in parentheses are the number of animals that developed
breast tumors within 365 days over the number of observed animals. ND, not
determined.

c Percentage of animals which possessed lung metastases at time of necropsy
and had a palpable breast tumor for more than 30 but less than 60 days prior to
necropsy. Numbers in parentheses indicate the number of animals with metas-
tases over the number examined.

d This animal was a founder.

1546 DANKORT ET AL. MOL. CELL. BIOL.



same extent in these tumors, Neu immunoprecipitates were
subjected to immunoblot analyses with antiphosphotyrosine
antibodies. As expected, tyrosine-phosphorylated Neu was de-
tected in tumors derived from the YB and YD mutants (Fig.
8A,lanes 3 to 5), whereas Neu from NYPD-induced tumors
was poorly tyrosine phosphorylated, suggesting that the major
in vivo tyrosine autophosphorylation sites had been eliminated
(lanes 1 and 2). The differences in the levels of tyrosine-phos-
phorylated Neu were not reflective of the amount of Neu
expressed, since comparable levels of Neu were detected in
these samples (Fig. 8D). These Neu immunoprecipitates were
subjected to immunoblot analyses with Grb2 and Shc-specific
antibodies. While these tumor samples expressed comparable
Grb2 and Shc levels (Fig. 8E and F), Shc solely interacted with
Neu from YD-induced mammary tumors (Fig. 8B, lane 5),
whereas Grb2 was coupled to both YB and YD but not NYPD
Neu receptors (Fig. 8C, lanes 3 to 5). Taken together, these
observations indicate that mutant Neu receptors that are ex-

pressed in these tumors are associated with their expected
substrates or partners.

Given that these Neu mutants remain coupled to their cog-
nate adapters in vivo, we further investigated their signaling
capabilities. Tumor lysates were subjected to immunoblot anal-
yses with antibodies specific to the activating phosphorylation
sites of Erk1/2 and Akt. While Erk1/2 activation was observed
in YB- and YD-derived mammary tumor lysates (Fig. 9B, lanes
5 to 12), Erk was poorly activated in the NYPD-induced mam-
mary tumors (Fig. 9B, lanes 1 to 4) despite expressing similar
levels of Neu or Erk in these tumor samples (Fig. 8A, and 9B).
These observations argue that recruitment of either Grb2 or
Shc to Neu is required for efficient activation of a Ras signaling
pathway.

Activation of the phosphatidylinositol 39-kinase (PI-39 ki-
nase) through Neu’s transactivation of the ErbB-3 receptor
ultimately results in the stimulation of Akt serine kinase (51).
Because the tumor samples possessed elevated levels of

FIG. 7. Histopathology of mammary tumors induced by the various neu autophosphorylation mutants. Photoimages show mammary tumors
from mice expressing the neu autophosphorylation mutants NYPD (line 10) (A and B), YD (line 6) (C), and YB (line 2) (D). All three animals
exhibited well-differentiated glandular patterns. The tumors were composed of cells with relatively small, oval to round nuclei without significant
pleomorphism. The cells were cytologically identical to the cells seen in all Neu-induced tumors. YB consistently had a better-differentiated
glandular pattern (D). The size bar indicates 0.1 mm.
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ErbB-3 capable of interacting with PI-39 kinase, we next ex-
amined whether a downstream kinase, Akt, was activated in
this system. Despite similar ErbB-3 and Akt-1 levels, Akt-1 was
phosphorylated in YB and YD but not NYPD tumors (Fig.
9C). Together, these data suggest that mammary tumors ex-
pressing YB and YD, but not NYPD, activate two Ras effector
pathways, resulting in the activation of both Erk and Akt ki-
nases.

DISCUSSION

The ability of activated growth factor RTKs to induce cel-
lular proliferation and differentiation is dependent on their
capacity to associate with and activate a number of substrates.
We have demonstrated that Neu-mediated transformation is
dependent on at least four independent tyrosine autophos-
phorylation sites that can functionally substitute for each other
(9). Two of these functionally redundant sites (YB and YD)
have been shown to specifically couple to either the Grb2 or
Shc adapter protein 9). Here we have demonstrated that YB
and YD are involved in activation of the Ras/Erk signaling
pathway. Although both of these phosphorylation sites are
capable of recruiting the Grb2 adapter protein, only the YB
phosphorylation site is dependent on a functional Grb2 pro-
tein. To further explore the biological properties of these Neu-
coupled signaling pathways, we have generated transgenic
mice that express activated versions of Neu coupled specifically
to either the Grb2 (YB) or Shc (YD) adapter protein or a Neu
receptor lacking the major Neu tyrosine autophosphorylation
sites (NYPD) in the mammary epithelium. The results of these
analyses revealed that both the YB and YD strains were ca-
pable of efficiently inducing mammary tumors, whereas the
NYPD strains developed focal mammary tumors only after a
long latency period. However, only the YB-induced mammary
tumors were able to metastasize efficiently to distal sites.

FIG. 8. Neu is tyrosine phosphorylated in YB and YD-derived but not NYPD-derived mammary tumors. Neu was immunoprecipitated (IP)
from the indicated breast tumor lysates. Two-thirds of each immunoprecipitate was electrophoresed and subjected to phosphotyrosine (pTyr) (A),
Shc (B), and Grb2 (C) immunoblot (IB) analyses. Ab, antibody. (D) Neu immunoblot of the remaining portion of each Neu immunoprecipitate.
Equivalent amounts (20 mg) of the same protein lysates were subjected to immunoblot analyses with Shc (E)- or Grb2 (F)-specific antisera. Tumor
lysates were derived from NYPD11, YB6, and YD6 animals. The migration of YD in lane 5 of panel A is a gel artifact, as Neu from the same
immunoprecipitate comigrates with the other mutant molecules (D).

FIG. 9. Activation of Erk and Akt phosphorylation in YB- and YD-
derived but not NYPD-derived mammary tumors. Equivalent amounts
(60 mg) of lysates from NYPD, YB, and YD tumors were subjected to
Neu and ErbB-3 immunoblot (IB) analyses (A). The same lysates were
similarly analyzed for phospho-Erk1/2 and Erk (B) and phospho-Akt
and Akt (C) levels as indicated. Each tumor lysate was derived from an
independent animal: NYPD10 (lanes 1 to 3), NYPD11 (lane 4), YB2
(lane 5), YB6 (lanes 6 and 7), YB7 (lane 8), YD5 (lanes 9 to 11), and
YD6 (lane 12).
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Taken together, these observations argue that the YB and YD
phosphorylation mutants are involved in activating both dis-
tinct and common effector pathways.

The transforming potential of the different neu add-back
mutants correlated with their capacity to stimulate the Erk
kinase cascade (Fig. 1C). Although all add-back neu mutants
were capable of efficiently activating the Erk kinase pathway,
the transforming activity of three of these mutants (YB, YD,
and YE) was inhibited by Rap1A, which acts as a competitive
inhibitor of Ras (20, 26, 38, 47). In contrast, the YC mutant
appeared refractory to Rap1A-mediated inhibition. One po-
tential explanation for this observation is that the YC phos-
phorylation site recruits a signaling pathway that operates in-
dependently of the Ras signaling pathway. Indeed, it has been
demonstrated that the Crk adapter protein recruits the
Rap1A-specific C3G exchange factor (16), and this in turn
results in stimulation of MAP kinase pathway (22, 23). Given
the observation that Crk specifically interacts with site C in
vitro (Fig. 3), it is likely that site C is actually involved in the
activation of Rap1A and stimulation of the Erk kinases, thus
explaining its resistance to Rap1A inhibition. Further evidence
supporting the contention that site C funnels through a signal-
ing pathway distinct from the other transforming add-back
mutants stems from recent observations that reovirus infection
selectively kills Ras-transformed cells through lytic virus pro-
duction (8). We and our collaborators have recently demon-
strated that reovirus infection of YB-, YD-, and YE-expressing
cells results in virus-mediated cell lysis but is incapable of
killing cells transformed by the YC mutant (P. Lee, D. Dan-
kort, and W. J. Muller, unpublished observations). Taken to-
gether, these data again argue that both Ras-dependent and
Ras-independent pathways are involved in Neu-mediated trans-
formation.

We have conducted further detailed mutagenesis analysis of
the Grb2 and Shc binding sites to determine that the YB and
YD phosphorylation sites are highly specific binding sites for
these adapter proteins. The results of these analyses demon-
strate that the transforming potential of these mutants is di-
rectly correlated with ability of these sites to recruit Grb2 and
Shc, respectively (not shown). Although YB and YD mutants
are capable of either directly or indirectly recruiting the Grb2
protein, only the YB Neu mutant is dependent on Grb2 func-
tion to stimulate DNA synthesis (Fig. 6). These observations
argue that Shc has the ability to induce DNA synthesis in a
Grb2-independent manner. Consistent with this view, it has
recently been demonstrated that tyrosines 239 and 240 within
Shc are capable of stimulating mitogenesis and cell survival
independent of the Grb2/Ras signaling pathway (16, 17). Al-
though the Shc-associated proteins have yet to be identified,
several unidentified proteins specifically associate with Shc
through these tyrosine phosphorylation sites (49). Identifica-
tion of these novel proteins associated with Shc will provide
important insight into the role of Shc in Neu-mediated prolif-
eration.

Further evidence supporting the contention that Shc and
Grb2 utilize distinct effector pathways stems from studies of
transgenic mice expressing the YB and YD Neu mutants in the
mammary epithelium. Mammary epithelial expression of ei-
ther YB or YD efficiently induced mammary tumors in these
strains after a latency period ranging from 102 to 152 days (Fig.

6). In contrast, a maximum of 50% (depending on the NYPD
line) of NYPD female transgenic mice developed focal mam-
mary tumors after a 351-day observation period. These obser-
vations argue that coupling of Neu to either the Grb2 (YB
strains) or Shc (YD strains) adapter protein is able to effi-
ciently promote transformation of mammary epithelial cells. In
fact, the 100% of the mammary tumor phenotype is higher
than the 80% penetrance phenotype observed with the com-
parable activated neu strains (43). The difference in biological
behavior of these strains may reflect the fact that the latter
activated neu strains still carry the negative regulatory tyrosine
residue (tyrosine 1028) whereas the YB and YD strains do not
(9).

The potent transforming activity of YD and YB strains was
associated with their capacity to couple to both the Erk and
Akt kinase cascades. In addition, mammary tumor progression
in the YB- and YD-induced mammary tumors was also asso-
ciated with a dramatic upregulation of the ErbB-3 RTK and
activation of the associated PI-39 kinase signaling pathway.
Thus, stimulation of both Ras and PI-39 kinase-dependent
pathways was sufficient to promote efficient mammary tumor
induction. In contrast to these observations, the NYPD-in-
duced mammary tumors failed to exhibit significant activation
of either Erk or Akt kinase, suggesting that mammary tumor-
igenesis in this model system occurs through signaling path-
ways independent of either Ras or PI-39 kinase. Indeed, we
have recently demonstrated that the NYPD mutant still retains
the capacity to couple to the Src family kinases and itself
retains wild-type kinase activity in vitro (Dankort and Muller,
unpublished). Conceivably, stimulation of the Src family ki-
nases may be responsible for the residual transforming activity
exhibited by the NYPD neu mutant. Indeed, it has been dem-
onstrated that mammary epithelial expression of activated Src
is capable of inducing focal mammary tumors after a long
latency period (53). Another possible mechanism by which the
NYPD neu mutant is capable of inducing mammary tumors is
through reversion of specific Neu autophosphorylation sites.
Indeed, previous studies have shown that 10% of the mammary
tumors arising in transgenic mice expressing a mutant poly-
omavirus middle T oncogene decoupled from the Shc adapter
molecule possess reversion mutations that restore the ability of
Shc to efficiently couple to polyomavirus middle T antigen
(54). Finally, it is also possible that the NYPD mutant induces
tumorigenesis through the formation of specific heterodimers
with other members of the epidermal growth factor receptor
family. In this regard, we have noted that tumors derived from
NYPD strains express elevated levels of ErbB-3 (Fig. 9). Fu-
ture studies with these NYPD strains should provide important
insight into the contribution of each of these coupled signaling
pathways in Neu-mediated tumorigenesis and metastasis.

Although mammary epithelial expression of either the YB
or YD mutant efficiently induced mammary tumors, histolog-
ical examination of these Neu-induced mammary tumors have
revealed that they have distinct morphologies (Fig. 5 and 7). In
particular, the YB tumors displayed papillary morphology,
whereas the YD-induced tumors developed a nodular pheno-
type similar to that displayed by the parental activated neu
strains. The differences in the morphologies may reflect differ-
ences in the repertoire of signaling proteins coupled to Shc and
Grb2. Indeed, it has been demonstrated that in addition to
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Grb2, Shc couples to several unidentified proteins (49). More-
over, in certain cell types Shc can signal independent of Grb2/
Ras activation through a pathway involving the upregulation of
the c-Myc transcription (16). Taken together, these observa-
tions argue that YB and YD neu mutants function through
both common and distinct signaling pathways.

Another potentially important phenotypic difference be-
tween the YB and YD strains is that only the YB strains
efficiently develop metastatic lesions. The difference in the
metastatic properties of these neu mutants is not due to dif-
ference in rate of tumor development since the nonmetastatic
YD tumors actually develop a much greater tumor load. One
potential explanation for the differential metastatic properties
of the YB-induced tumors is that Neu is coupled to signaling
pathways that confer enhanced metastatic properties to these
cells. Although the molecular basis for this difference in met-
astatic phenotype is unclear, we have previously shown that the
dosage of Grb2 can have a profound effect on tumor induction
in transgenic mice (7). In addition to affecting tumor induction,
reduction of Grb2 levels also impairs ductal outgrowth of the
mammary epithelium (7), suggesting that it may be involved
in promoting epithelial cell migration. Direct recruitment of
Grb2 to the Met receptor appears to confer metastatic po-
tential to engineered cell lines (15), and there appears to be
a direct link with Grb2 to sustain myoblast proliferation and/or
survival during migration from the somites in Met recep-
tor knock-in mice (28). Given the importance of migration
in metastatic disease, it is conceivable that the YB mutant,
through its direct interaction with Grb2, promotes metastasis
through stimulation of cell migration and or survival of migrat-
ing cells. In this regard, it has been demonstrated that phos-
phospecific antibodies to Neu tyrosine phosphorylation site
1253 (YE) appear to detect a minority of ErbB-2 human breast
cancers that exhibit the invasive phenotype (11). It is conceiv-
able that other ErbB-2 phosphorylation sites such as YB (ty-
rosine 1144) may also predict particularly aggressive human
breast cancer phenotypes. Future studies with these mutant
Neu strains and conditional ablation of Grb2 in mice should
provide important insights into the molecular basis of meta-
static progression.
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