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We have previously shown that activation of extracellular signal-regulated kinase (Erk) by epidermal growth
factor (EGF) treatment was significantly decreased in mouse fibroblast cells expressing a mutant Shp-2
molecule lacking 65 amino acids in the SH2-N domain, Shp-224¢1*°, To address the molecular mechanism for
the positive role of Shp-2 in mediating Erk induction, we evaluated the activation of signaling components
upstream of Erk in Shp-2 mutant cells. EGF-stimulated Ras, Raf, and Mek activation was significantly
attenuated in Shp-2 mutant cells, suggesting that Shp-2 acts to promote Ras activation or to suppress the
down-regulation of activated Ras. Biochemical analyses indicate that upon EGF stimulation, Shp-2 is recruited
into a multiprotein complex assembled on the Gabl docking molecule and that Shp-2 seems to exert its
biological function by specifically dephosphorylating an unidentified molecule of 90 kDa in the complex. The
mutant Shp-244%"1% molecule failed to participate in the Gabl-organized complex for dephosphorylation of
p90, correlating with a defective activation of the Ras-Raf-Mek-Erk cascade in EGF-treated Shp-2 mutant cells.
Evidence is also presented that Shp-2 does not appear to modulate the signal relay from EGF receptor to Ras
through the Shc, Grb2, and Sos proteins. These results begin to elucidate the mechanism of Shp-2 function
downstream of a receptor tyrosine kinase to promote the activation of the Ras-Erk pathway, with potential

therapeutic applications in cancer treatment.

The extracellular signal-regulated kinase (Erk) is highly con-
served during evolution from lower eukaryotes, such as yeast,
to mammals, and it plays an important role in mediating cel-
lular responses to growth factors and cytokines (43). Erk is
directly activated by Mek through dual phosphorylation of a
threonine and a tyrosine residue (40, 43). Mek, in turn, is
activated by Raf, which is believed to be activated by binding to
Ras:GTP (8, 30). Each step of the linear signaling cascade in
the Ras pathway can be subjected to modulation by other
components, either negative or positive, particularly in mam-
malian cells. This multilevel regulation creates signal conver-
gence or branching and forms a complicated signaling network
in high-eukaryote cells about which little is known. Also poorly
understood is the mechanism by which the Ras pathway is
activated by a receptor protein tyrosine kinase (R-PTK) or a
receptor-associated PTK. One proposed mechanism is that an
autophosphorylated R-PTK, such as the epidermal growth fac-
tor (EGF) receptor (EGF-R), recruits the Grb2-Sos complex
to the membrane, thereby obtaining access to and activating
Ras (5, 10, 17, 32, 41). However, this mechanism likely repre-
sents only one aspect of many that signals to the Ras-Erk
pathway.

Shp-2 is a widely expressed protein tyrosine phosphatase
(PTP) that has two tandem repeats of Src homology 2 (SH2)
domains at the N-terminal portion (13, 34). This phosphatase
seems to participate in signaling events proximal to a variety of
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R-PTKs, although the complete mechanism is not understood.
Interestingly, Shp-2 becomes tyrosine phosphorylated in cells
treated with a number of growth factors and cytokines, which
leads to its interaction with Grb2 (4, 16, 27). Therefore, it has
been hypothesized that Shp-2 acts as an adapter protein to
recruit the Grb2-Sos complex to the plasma membrane,
thereby contributing to Ras activation. However, mutating the
putative Grb2 binding sites did not interfere with the Shp-2
function in mediating the activation of Erk (3, 51). On the
other hand, several lines of evidence indicate that the phos-
phatase catalytic activity is required for Shp-2 function in pro-
moting Erk kinase induction (3, 33, 36, 51). The critical issue is
to identify the Shp-2 substrate(s) and determine how a dephos-
phorylation event(s) contributes to the stimulation of the Ras
pathway. Molecular and genetic analyses of Corkscrew (Csw),
the Drosophila homologue of Shp-2, have led to the identifi-
cation of the Daughter of Sevenless (Dos) protein as a putative
Csw substrate (20, 39). Dos contains a pleckstrin homology
(PH) domain at the N terminus and multiple potential tyrosine
phosphorylation sites over the C-terminal portion, and it may
act as a docking molecule for a variety of SH2-containing
proteins. Genetic epistasis experiments suggest that Csw works
together with Dos in signal relay from Sevenless R-PTK to
Rasl in the R7 cell development. Dos was preferentially
trapped by a catalytically inactive mutant of Csw in its tyrosine-
phosphorylated form (20). Interestingly, a human protein,
Gabl (Grb2-associated binder 1), that was cloned through its
physical interaction with Grb2 has the same molecular archi-
tecture as Drosophila Dos (21). Several lines of evidence im-
plicate Gab1 in mediating signal transduction into the Ras-Erk
pathway from receptors for growth factors and cytokines (15,
22, 50). More recently, we and others have reported another
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molecule, Gab2, that is structurally related to Gabl and Dos
(18, 35, 56). Both Gab1l and Gab2 are associated with Shp-2 in
a tyrosine phosphorylation-dependent fashion and seem to
participate in multiple signaling pathways. It remains to be
determined how Shp-2 works in concert with Gabl and/or
Gab2 in information flow to Ras from R-PTKs.

In previous experiments, we created a targeted mutant Shp-2
allele in mice which expresses a protein with a deletion of 65
amino acids in the N-terminal SH2 (SH2-N) domain, Shp-244¢-11¢
(42). Homozygous mutant (Shp-2~/ ") animals die in the uterus
at midgestation with a variety of defects in the mesodermal
patterning. Using fibroblast cell lines derived from wild-type
and mutant littermates, we demonstrated that Shp-2 plays a
positive role in EGF-stimulated Erk activation (45). Chimeric
animal analysis with Shp-2~/~ embryonic stem cells revealed a
signal-enhancing effect of Shp-2 for EGF-R in mammalian
development, which is substantiated by genetic epistasis data
between the Shp-2 mutant allele and a hypomorphic mutant
EGF-R allele, waved-2 (37).

In this study, we have further examined EGF stimulation of
the Ras pathway in Shp-2 mutant cells. The results suggest a
novel mechanism for Shp-2 function by working in concert with
Gabl as well as a Gabl-associated protein, p90, in promoting
the activation of Ras-Erk kinase cascade.

MATERIALS AND METHODS

Cell lines and reagents. Wild-type and mutant (Shp-224¢11%) mouse embry-

onic fibroblast cell lines were described previously (45). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum. Recombinant mouse EGF was purchased from Becton Dickinson
Labware. Antibodies against phosphotyrosine (anti-PY; pY99), Shp-2, Mek-1,
Raf-1, glutathione S-transferase (GST), Grb2, Sos-1, and EGF-R were from
Santa Cruz Biotechnology, Inc. Anti-Ras antibody (Y13-259) was purchased
from Oncogene Sciences, and rabbit anti-Gab1l antiserum was raised against a
GST fusion protein containing amino acids 116 to 695 of Gabl. The Superose 6
HR10/30 gel filtration column and high- and low-molecular-weight marker kits
were from Pharmacia Biotech Inc. GST fusion proteins containing either the
SH2-N or SH2-C domain of Shp-2, Erk, or Mek were expressed in Escherichia
coli and affinity purified with glutathione-Sepharose 4B beads (Pharmacia Bio-
tech) using the standard protocol (9, 14).

Immunoprecipitation and immunoblotting. Control or factor-stimulated cell
lysates were prepared with cell lysis buffer (14). Specific antibodies were added
to the lysates together with protein A/G-Sepharose 4B beads (Pharmacia Bio-
tech). After incubation at 4°C for 1.5 h, the immunocomplex was washed with
HNTG buffer (20 mM HEPES [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, 10%
glycerol, 1 mM Na;VO,, 0.1 mM ZnCl,, 1 mM phenylmethylsulfonylfluoride, 10
wg each of aprotinin and leupeptin per ml) and then resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were trans-
ferred to a nitrocellulose membrane and blotted with appropriate antibodies,
and signals were detected by enhanced chemiluminescence (ECL analysis kit;
Amersham Corp.).

Mek and Raf kinase assay. The coupled in vitro assays for Mek and Raf
kinases were performed basically as previously described (44, 48, 52). Briefly, to
measure Mek activity, Mek-1 protein was immunoprecipitated from control or
EGF-stimulated cell lysates by anti-Mek-1 antibody. The beads were washed with
HNTG buffer and kinase assay buffer (KAB; 20 mM HEPES [pH 7.5], 10 mM
MgCl,, 1 mM dithiothreitol [DTT], 1 mM NasVO,) followed by incubation with
GST-Erk1 (0.04 pg/ul) and 80 uM ATP in 25 pl KAB for 15 min at 30°C. The
supernatant (5 wl) was then mixed with 30 pl of reaction buffer containing myelin
basic protein (MBP; 0.67 wg/pl; Gibeo), 80 pM ATP, and 5 pCi of [y->*P]ATP
in KAB and incubated for an additional 10 min at 30°C. The incorporation of 3°P
into MBP was determined as previously described (45) to assess the Mek kinase
activity. The kinase activity of Raf was measured by a coupled in vitro kinase
assay. Immunoprecipitated Raf-1 protein was washed with HNTG buffer and
then with reaction buffer (50 mM Tris-HCI [pH 7.5], 10 mM MgCl,, 75 mM
NaCl, 5 mM EGTA, 1 mM DTT, 1 mM Na;VO,) followed by incubation at 30°C
for 20 min with 0.8 M GST-Mek, 0.8 uM GST-Erkl, and 160 uM ATP. A
fraction of the first reaction was transferred to a second reaction mix containing
MBP (0.4 pg/pl), 50 uM ATP, and 5 pCi of [y->’P]ATP and incubated for
additional 10 min at 30°C. The Raf kinase activity was reported as the phos-
phorylation extent of MBP.

Ras activity measurement. The activity of Ras was determined by the ratio
between Ras:GTP and Ras:GDP as described previously (2). Serum-starved cells
were in vivo labeled with [*?P]-phosphorus (ICN Biomedicals, Inc.) in phos-
phate-free DMEM followed by stimulation with EGF (100 ng/ml) for various
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times. Ras protein was then immunoprecipitated from cell lysates with anti-Ras
antibody (Y13-259) and Gammabind G Sepharose beads (Pharmacia Biotech).
After extensive washes with cell lysis buffer, GTP and GDP were eluted by
boiling in the elution buffer (2 mM EDTA, 0.2% SDS, 2 mM DTT). The eluted
GTP and GDP were resolved by thin-layer chromatography (TLC) on TLC
plates (J. T. Baker) developed in 1 M KH,PO, (pH 3.5). After autoradiography,
GTP and GDP spots were scraped off the TLC plate and quantitated by scintil-
lation counting (Beckman).

Gel filtration chromatography. A Superose 6 HR10/30 gel filtration column
was calibrated with molecular markers including thyroglobulin (669 kDa), apo-
ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), bovine serum albumin
(66 kDa), chymotrypsin (25 kDa), and RNase A (13.7 kDa). A cell lysate con-
taining 0.5 mg of protein was applied at a flow rate of 0.25 ml/min onto the
column, which had been previously equilibrated in 50 mM HEPES (pH 7.5)-150
mM NaCl-0.5 mM EDTA-0.1% Triton X-100 and eluted with the same buffer.
Proteins in 750-pl fractions were precipitated with 10% trichloroacetic acid. The
precipitates were washed once with acetone, resolved in SDS loading buffer, and
subjected to immunoblot analysis.

Far-Western blotting. Direct interaction between Gabl and Shp-2 SH2 do-
mains was examined by far-Western blot analysis following a published protocol
(6). Gab1 protein was immunoprecipitated from control and EGF-stimulated
cell lysates. The immunocomplex was then resolved on an SDS-polyacrylamide
gel and transferred to nitrocellulose membrane. The membrane was overlaid
with 2 pg purified GST or GST fusion proteins per ml and blotted by anti-GST
antibody. The signals were detected by ECL reaction after incubation with the
appropriate horseradish peroxidase-conjugated secondary antibody.

RESULTS

Pinpointing the role of Shp-2 in the Ras-Erk pathway. In
previous experiments, we compared growth factor-induced Erk
activity between wild-type (+/+) and Shp-2 mutant (—/-)
fibroblast cells and found that Erk activation was either se-
verely decreased or blocked in —/— cells (45). This observation
points to a positive role of Shp-2 in mediating mitogenic stim-
ulation of Erk, consistent with results from other groups with
ectopic expression of a catalytically inactive mutant of Shp-2
(33, 36, 51). To pinpoint the position of Shp-2 that acts in the
cytoplasmic signaling cascade leading to Erk activation, we
examined the activity of signaling components step by step,
upward from Erk, under EGF stimulation.

By measuring GST-Erk activity on MBP as a substrate in
vitro, we first assessed the activation of Mek, after EGF treat-
ment for 5, 10, 20, and 90 min, in one wild-type and two
Shp-2~/~ cell lines. As shown in Fig. 1A, EGF induced a
transient activation of Mek, with kinetics similar to that for Erk
kinase induction, in wild-type cells (45). However, Mek acti-
vation by EGF was significantly diminished in Shp-2~/" cells
and was remarkably similar to the pattern of reduced Erk
induction (45). The Mek activity level did not reach that in
wild-type cells and rapidly decreased to the basal level by 10
min of EGF treatment, at which time it had peaked in wild-
type cells.

We then evaluated the activation of Raf-1, the kinase that
activates Mek, using a coupled Mek-Erk kinase assay in vitro.
EGF-induced Raf activity was attenuated and decayed much
faster in Shp-2~/~ cells than in wild-type cells (Fig. 1B). Thus,
defective Erk activation in Shp-2 mutant cells is most likely due
to a defect in the activation of its upstream kinases, Raf and
Mek, in the signaling cascade. To determine whether this result
could be explained by decreased expression of these kinases,
we performed immunoblot analysis using two wild-type, two
Shp-2*/~, and three Shp-2/" cell lines and found no differ-
ence in either Mek-1 or Raf-1 kinase amounts between wild-
type and mutant cell lines (Fig. 1C). This result indicates that
the difference in EGF-induced kinase activation is not due to
an alteration of protein levels but rather is secondary to kinase
functional defects.

As Raf is apparently activated by binding to active Ras in its
GTP-bound form, we next examined Ras activation in wild-
type and Shp-2~/~ cells, by measuring the ratio of Ras:GTP to
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FIG. 1. Reduced activation of Mek and Raf in Shp-2 mutant cells. Fibro-
blasts of one wild-type (+/+) and two homozygous Shp-2 mutant (—/—) cell lines
were starved in serum-free DMEM medium for 36 h and then stimulated with
EGF (100 ng/ml) for indicated times. Mek (A) and Raf (B) kinase activities were
measured by a coupled in vitro kinase assay as described in the text. Incorpora-
tion of 3P into MBP was determined by scintillation counting to reflect the
kinase activities. The protein expression levels of Mek-1 and Raf-1 in two wild-
type (+/+), two heterozygous (+/—), and three homozygous mutant (—/—) cell
lines were evaluated by immunoblot analysis using specific antibodies against
Mek-1 and Raf-1, respectively (C).

Ras:GDP, after EGF stimulation of serum-starved cells for 2,
5, and 15 min (Fig. 2). The relative amount of active Ras:GTP
was significantly lower in Shp-2~/~ cells than in wild-type cells
at 2 min. More strikingly, the active Ras:GTP level had already
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FIG. 2. Decreased Ras activation in Shp-2 mutant cells. Ras protein was
immunoprecipitated from 3?P-labeled control and EGF-stimulated cell lysates.
Following extensive washes with cell lysis buffer, GTP and GDP were eluted from
the precipitates and resolved by TLC followed by visualization with autoradiog-
raphy on X-ray film (A). GTP and GDP spots were removed from the TLC plate
and counted in a Beckman scintillation counter. The ratio GTP/(GDP + GTP)
was calculated to represent Ras activity (B). Data were averaged from samples
of three independent experiments.

returned to the basal level by 5 min in Shp-2~/" cells, while a
peak level was observed in wild-type cells at this time point.
Together, the results in Fig. 1 and 2 suggest that reduced Erk
kinase activation in Shp-2~/~ cells is due to an incomplete or
abortive induction of Ras, Raf, and Mek activities.
Biochemical evidence that the Shp-224¢-'1° molecule is inert
in cells. To explore the biochemical basis for Shp-2 function in
promoting Ras activation, we searched for differences in pro-
tein complex formation between the wild-type and mutant
molecules before and after EGF stimulation. Shp-2 was pre-
cipitated with a specific antibody raised against the C-terminal
tail of Shp-2 that reacts with both wild-type and Shp-2446-11¢
molecules (38), and the resultant precipitates were immuno-
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FIG. 3. EGF-induced association of Shp-2 with tyrosine-phosphorylated pro-
teins. (A) Shp-2 protein was immunoprecipitated (IP) from wild-type (+/+) or
mutant (—/—) cell lysates, resolved by SDS-PAGE, and immunoblotted (IB) with
anti-PY antibody. The same membrane was then stripped and reprobed with an
anti-Shp-2 antibody raised against the C-terminal region of Shp-2. The corre-
sponding positions of wild-type and mutant Shp-2 bands were indicated with
dashed lines in the upper panel. (B) Equal amounts of whole cell lysates from
control or EGF-stimulated cells were resolved by SDS-PAGE, transferred to a
nitrocellulose membrane, and blotted with an anti-PY antibody.

blotted with anti-PY antibody. Shp-2 was not significantly tyrosine
phosphorylated in response to EGF; however, it became com-
plexed with a number of tyrosine-phosphorylated proteins in wild-
type but not mutant cells (Fig. 3A). The overall profiles of EGF-
induced protein tyrosine phosphorylation between the wild-type
and mutant cells were not significantly different, as detected by
immunoblotting of the whole cell lysates with anti-PY antibody
(Fig. 3B). This result suggests that the Shp-224°Y molecule
does not exhibit an aberrant phosphatase activity in cells.
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To further investigate whether the Shp-224¢""'% protein is
able to associate with other cytoplasmic signaling proteins that
are not detectable by the anti-PY antibody, we performed
Superose gel filtration chromatography. This approach has
been successfully used to identify protein complexes involved
in cell signaling or cell cycle progression (31). Cell lysates
prepared from control and EGF-stimulated fibroblasts were
passed through a Superose 6 HR10/30 column, and fractions
were collected in a volume of 750 pl. Immunoblot analysis with
anti-Shp-2 antibody was done for each fraction to locate the
wild-type and mutant Shp-2 proteins. Surprisingly, in unstimu-
lated cells, most of the wild-type and mutant Shp-2 proteins
were enriched in fractions with a molecular size of about 150
kDa (Fig. 4). This result suggests that the Shp-2 phosphatase is
either a dimer or in a complex with another molecule(s), such
as an inhibitor, in resting cells. By comparison, wild-type Shp-2
protein was distributed over a wider range of molecular sizes
than Shp-244¢-110, Most interestingly, a significant portion of
Shp-2 protein shifted to a larger complex of approximately 500
kDa in wild-type cells upon EGF stimulation (Fig. 4). In con-
trast, no new molecular complex was assembled for the Shp-
2846-110 molecule in EGF-stimulated mutant cells (Fig. 4).
Thus, the Shp-2245"119 molecule seems to be physiologically
inert in cells, since it fails to engage in signaling complexes
assembled after growth factor stimulation.

Shp-2 may act through interaction with Gabl. As shown in
Fig. 3A, Shp-2 was complexed with a number of phosphopro-
teins in EGF-treated wild-type cells. Notably, one protein of
approximately 115 kDa was coprecipitated with Shp-2 phos-
phatase in its highly tyrosine-phosphorylated form in wild-type
but not mutant cells. One possible candidate for this protein is
Gabl, as Shp-2 was previously reported to associate with Gabl
at 115 kDa (21), and almost 50% of **P labeling on Gabl
induced by EGF-R kinase was detected on the putative Shp-2
binding site (26). By reblotting the same filter with an anti-
Gabl antibody, we confirmed that it was indeed Gabl (data
not shown).

To further investigate the Shp-2-Gab1 interaction, we did a
reciprocal coimmunoprecipitation experiment. Gab1l was pre-
cipitated from lysates of control and EGF-stimulated cells, and
the precipitates were subjected to immunoblot analysis with
anti-Shp-2. The results shown in Fig. SA demonstrate that
Shp-2 protein was coprecipitated with Gabl in EGF-treated
wild-type cells. This interaction is obviously transient, since the
complex was observed after treatment with EGF for only 5 and
10 min and was dissociated at 60 min. No complex was de-
tected for Gabl and the Shp-24¢''% molecule at any time
point in mutant cells. To confirm this observation, we exam-
ined a number of cell lines, including +/+, —/—, +/—, and two
—/— cell clones in which a wild-type Shp-2 cDNA was intro-
duced (R2 and R4) (55), before and after EGF treatment for
5 min (Fig. 5B). Interestingly, Gab1 was selectively associated
with the wild-type but not the mutant Shp-2 protein, even in
the heterozygous (+/—) cells and in the R2 and R4 cells in
which both proteins were expressed. As the expression level of
the mutant protein was about fourfold lower than that of the
wild type, we used fourfold more —/— cell lysate for the im-
munoprecipitation and still could not detect any mutant Shp-2
coprecipitated with Gab1 (Fig. 5B, lane 5).

To prove a direct interaction between Gabl and the Shp-2
SH?2 domains, we performed far-Western blot analysis. Immu-
noprecipitated Gabl protein was resolved on an SDS-poly-
acrylamide gel and transferred to a nitrocellulose membrane.
The membrane was blotted with purified GST-SH2-N or
GST-SH2-C protein and then probed with anti-GST antibody.
Both SH2 domains were able to bind tyrosine-phosphorylated
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FIG. 4. Distinct protein complexes of wild-type and mutant Shp-2 in response to EGF stimulation. Control and EGF-treated whole cell lysates were applied on a
Superose 6 HR10/30 gel filtration column. Trichloroacetic acid-precipitated proteins from each fraction were separated by SDS-PAGE and immunoblotted with an
anti-Shp-2 antibody. Estimated molecular masses were calculated based on the standard curve produced from the molecular weight markers described in the text. (A)
Immunoblotting results; (B) densitometry scanning results of the immunoblots shown in panel A.
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FIG. 5. Coimmunoprecipitation of Gabl with wild-type but not mutant
Shp-2. (A) Anti-Gabl antiserum (2 wl) was added to 1 ml (1 mg of total protein)
of cell lysates from Shp-2*/* or Shp-2~/~ cells stimulated by EGF at the indi-
cated times and immunoprecipitated (IP). The precipitates were immunoblotted
(IB) with an anti-Shp-2 antibody that recognizes both wild-type and Shp-2446-110
proteins. The same membrane was then reprobed with an anti-Gab]1 antiserum.
(B) Gabl protein was immunoprecipitated from EGF-stimulated wild-type (+/
+), heterozygous (+/—), homozygous mutant (—/—), and two rescue cell lines,
R2 and R4, in which the wild-type Shp-2 cDNA was reintroduced (55). Each
immunoprecipitation was performed with 800 pg of total protein except in lane
5, which had 3 mg of total protein. In the lower panel, equal amounts (40 ng) of
cell lysates were directly immunoblotted with the anti-Shp-2 antibody.

Gabl in EGF-stimulated cell lysates (Fig. 6). Therefore, al-
though the two SH2 domains of Shp-2 have a similar binding
affinities toward Gabl, both of them are required for the in-
teraction to occur in vivo, since the Shp-224¢'1" molecule with
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FIG. 6. Direct recognition of tyrosine-phosphorylated Gabl by Shp-2 SH2
domains. Gabl protein was immunoprecipitated (IP) from control or EGF-
stimulated wild-type cell lysates. The immunocomplex was resolved by SDS-
PAGE, transferred to a nitrocellulose membrane, and overlaid (OL) with the
SH2-N or SH2-C GST fusion protein. Binding of the GST fusion proteins was
detected by immunoblotting (IB) the membrane with anti-GST antibody.

an intact SH2-C domain is unable to associate with Gabl in
mutant cells.

Molecular mechanism of Shp-2 function in Ras activation.
Both Gab1 and Shp-2 have been implicated in activation of the
Ras-Erk pathway by growth factors and cytokines, although the
mechanism is not understood. The fact that the inability of
Shp-22446-119 to participate in a Gabl-centered complex corre-
lates with a defective Ras activation following EGF treatment
suggests a physiological significance of the Gab1-Shp-2 part-
nership in EGF-R signaling. The distinct association of Gabl
with wild-type Shp-2 but not Shp-224¢"1° also offered a unique
opportunity to determine if Gabl or other Gabl-associated
phosphoproteins are Shp-2 substrates in vivo. Since all of the
evidence suggests that promotion of the Ras-Erk pathway by
Shp-2 requires its catalytic activity, a dephosphorylation event
that occurs in the Gabl complex in wild-type but not mutant
cells may account for the difference of Ras-Erk activation
between the two cell types. To address this issue, we compared
Gab1 phosphorylation levels in wild-type and mutant cells after
EGF stimulation for various times (Fig. 7). Treatment with
EGF for only 45 s induced a dramatic increase in Gab1l phos-
phorylation, and this high level of phosphorylation persisted
for more than 30 min. A significant decrease in Gabl phos-
phorylation was detected at 60 min, which correlates with the
dissociation of the Gabl-Shp-2 complex observed at this time
(Fig. 5). There was no obvious difference in the kinetics of
EGF-induced Gabl phosphorylation between wild-type and
Shp-2 mutant cells or the tyrosine phosphorylation levels of the
three Shc proteins associated with Gabl. However, one prom-
inent difference between these two cell lines was the phosphor-
ylation levels of a Gabl-associated protein at 90 kDa, p90.
EGF-induced tyrosine phosphorylation of p90 was much lower
and more transient in wild-type cells than in mutant cells. This
result identified p90, but not Gab1 or Shc, as a good candidate
substrate for the Shp-2 tyrosine phosphatase. A similar pattern
of EGF-R tyrosine phosphorylation was observed between the
two cell types after EGF treatment (Fig. 7), suggesting that
Shp-2 may not have a direct role in modulating the EGF-R
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FIG. 7. Functional interaction between Gab1l and Shp-2. Total cell lysates (1
mg of total proteins) from Shp-2*/* or Shp-2~/~ cells stimulated by 100 ng of
EGF per ml for the indicated times were mixed with 2 wl of anti-Gab1 antibody
and protein A-Sepharose 4B beads for immunoprecipitation (IP). The precipi-
tates were then immunoblotted (IB) with anti-PY antibody to assess the tyrosine
phosphorylation levels of Gabl as well as Gabl-associated phosphoproteins. In
the lower panel, the EGF-R was immunoprecipitated from the same cell lysates
and immunoblotted with anti-PY antibody.

activation by EGF. We have previously reported that there is
no difference in the expression levels of EGF-R between wild-
type and Shp-2 mutant cells (29).

To assess further the effect of Shp-2 dephosphorylation on
Gabl and other phosphoproteins in the complex, we per-
formed an in vitro phosphatase activity assay. Lysates were
prepared from EGF-stimulated wild-type and Shp-2 mutant
cells. The Gabl complex was immunoprecipitated, washed
with HNTG buffer without phosphatase inhibitor, and then
incubated in the phosphatase buffer for various times. The
complex was then subjected to immunoblot analysis with an-
ti-PY antibody. Gab1 phosphorylation levels progressively de-
creased in the complex derived from wild-type cells, which
contains Shp-2. More strikingly, Gab1-associated p90 was rap-
idly decreased in its tyrosine phosphorylation level in the com-
plex originated from wild-type cells (Fig. 8). In contrast, no
significant dephosphorylation was observed for Gabl and p90
in the complex of mutant origin, which is devoid of Shp-2.
There was no significant difference in phosphorylation ob-
served in the three Gabl-associated Shc proteins between the
two cell types. These results clearly demonstrate a substrate
specificity for Shp-2 tyrosine phosphatase in vitro and also
suggest that no other tyrosine phosphatase is involved in the
Gabl complex. Gabl may not be the primary target of Shp-2
phosphatase, and Shc proteins are unlikely the Shp-2 sub-
strates. Upon being recruited into the Gabl complex, Shp-2
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FIG. 8. Dephosphorylation of Gabl and Gabl-associated proteins by Shp-2
in vitro. Shp-2*/* and Shp-27/~ cells were stimulated by 100 ng of EGF per ml
for 45 s and lysed in cell lysis buffer; Gab1 was immunoprecipitated (IP) from the
cell lysates. The precipitates were washed twice with HNTG buffer without
phosphatase inhibitors and, twice with phosphatase buffer (50 mM imidazole [pH
7.5], 10 mM DTT, 5 mM EDTA) and then incubated in 20 pl of phosphatase
buffer for 5, 10, and 30 min at 30°C. The reaction was stopped by 5 pl of 5X SDS
sample buffer, immunoblotted (IB) by anti-PY antibody, and then reprobed with
anti-Gabl antibody.

may dephosphorylate p90, an activity which is correlated with
the up-regulation of the Ras pathway.

Significance of Gabl, Grb2, and Sos interactions in Ras
activation. The aforementioned results raised an interesting
point: Shp-2 may not modulate the Ras activation by acting on
the Shc proteins that are known to work in concert with Grb2
and Sos. The tyrosine phosphorylation status of the Shc pro-
teins and their association with Gab1 were not altered in Shp-2
mutant cells. The fact that Shp-2 is not significantly phosphor-
ylated on tyrosine in EGF-treated wild-type fibroblast cells
exclude the possibility that Shp-2 can act as an adapter to
recruit the Grb2-Sos complex. To evaluate further the signifi-
cance of Grb2-Sos proteins in promoting EGF-stimulated Ras
activation, we compared the formation of this complex be-
tween wild-type and Shp-2 mutant cells. Sos-1 was immuno-
precipitated from cell lysates treated with EGF for 0, 5, 10, or
30 min and immunoblotted with anti-Grb2 (Fig. 9A). The basal
level of Grb2-Sos complex in unstimulated cells was higher in
mutant than in wild-type cells. Furthermore, EGF treatment
induced an enhanced and more prolonged Grb2-Sos associa-
tion in Shp-2 mutant cells than in wild-type cells. Thus, the
amount of Grb2-Sos complex is inversely correlated with the
Ras activation. By immunoblotting the anti-Sos immunopre-
cipitates with anti-PY antibody, we detected very similar pro-
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FIG. 9. Alternative binding of Grb2-Gabl and Grb2-Sos. (A) Sos-1 was im-
munoprecipitated (IP) from control or EGF-stimulated cell lysates (1 mg of total
proteins) and immunoblotted (IB) with an anti-Grb2 antibody. The same mem-
brane was stripped and reprobed by the anti-Sos antibody to determine the
amount of Sos protein precipitated from each sample. (B) Immunoprecipitation
was performed with an anti-Gab]1 antibody, blotted with an anti-Grb2 antibody,
and then reprobed with anti-Gabl.

files of phosphoproteins associated with Sos between wild-type
and Shp-2 mutant cells (data not shown). In addition, no dif-
ference was observed for plasma membrane relocation of the
Sos protein between the two cell types after EGF treatment
(data not shown).

We next examined Grb2-Gabl interaction by coimmunopre-
cipitation in the two cell types (Fig. 9B). Consistent with the
Sos-Grb2 interaction, the basal level of Grb2-Gabl complex
was slightly higher in mutant than in wild-type cells. However,
increased and sustained Grb2-Gabl complex was detected in
wild-type cells compared to mutant cells after EGF stimulation
for 5, 10, and 30 min. Thus, there seems to be a competition
between Gabl and Sos for Grb2 binding upon EGF stimula-
tion, which is consistent with previous data (21). Grb2 can bind
Gabl via two mechanisms: through SH3 interaction with the
proline-rich motif of Gabl and by SH2 recognition of a phos-
photyrosyl residue. Consistent with a previous result (21), we
also failed to detect Sos in the Gabl complex.

Overall, Ras activity is controlled by the opposing effect of
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the guanine nucleotide exchange factors, such as Sos, and the
Ras GTPase-activating protein (RasGAP). The positive role of
Shp-2 in promoting Ras activation could be achieved by sup-
pressing the negative effect of RasGAP. To explore this pos-
sibility, we examined the tyrosine phosphorylation of RasGAP
and its physical interaction with Shp-2 in EGF-treated cells.
We failed to detect a complex consisting of Shp-2 and RasGAP
by coimmunoprecipitation, nor did we observe an induced
tyrosine phosphorylation of RasGAP under EGF stimulation
in either wild-type or Shp-2 mutant cells (data not shown). In
previous studies, EGF-induced GAP phosphorylation was ob-
served in cells overexpressing the EGF-R (11, 28). Taken to-
gether, our results point to a novel mechanism for the role of
Shp-2 in mediating Ras activation by EGF, possibly by modu-
lating the activity of Gabl-associated p90. Shp-2 does not seem
to work through the stimulatory She, Grb2-Sos pathway or the
inhibitory GAP protein.

Finally, to prove that the difference of Erk activation be-
tween wild-type and mutant cells is due to the lack of a func-
tional Shp-2 protein, we examined the Erk activation by EGF
in Shp-2~/~ cells reintroduced with wild-type Shp-2 or trans-
fected with the vector only (Fig. 10A). Reintroduction of wild-
type Shp-2 was able to partially restore a healthy cellular re-
sponse to EGF in the Erk induction, and the expression levels
of wild-type Shp-2 in R2 and R4 cells (bottom panel in Fig. 5)
were proportional to the magnitude of Erk induction.

To establish the common fibroblast cell origin of wild-type
and mutant cell lines, we performed reverse transcription-PCR
(RT-PCR) analysis to examine the expression of mRNA for
fibroblast-specific protein 1 (FSP-1) (46, 49). Similar levels
of fsp-I mRNA were detected in Shp-2*/*, Shp-2*/~, and
Shp-277/~ cells (Fig. 10B). This mRNA was also detected in
NIH 3T3 and Ratl1 fibroblast cells but not in 293 epithelial cells
or Jurkat lymphoid cells.

DISCUSSION

In this report, we describe several novel observations impor-
tant for understanding the function of Shp-2 in promoting the
Erk pathway. First, biochemical evidence suggests that Shp-2
acts upstream of Ras in the induction of Erk activity by EGF.
Second, upon EGF stimulation, Shp-2 is engaged in a multi-
protein complex organized by Gab1 and appears to specifically
dephosphorylate Gabl-associated p90 and to a minor extent
Gabl itself. Third, the Grb2-Sos complex formation inversely
correlates with Ras activation. Finally, we determined that
Shp-22446-119 j5 a Joss-of-function molecule in cells, since it fails
to participate in the Gabl-centered complex upon growth fac-
tor stimulation.

We and others have previously reported that Shp-2 acts to
promote growth factor stimulation of Erk kinase activity (33,
36, 45, 51). Following previous observations, we have now
extensively examined the critical components upstream of Erk,
including Mek, Raf, and Ras. Our results indicate that a di-
minished stimulation of the conversion of Ras:GDP into Ras:
GTP leads to defective activation of the downstream Raf-Mek-
Erk kinase cascade by EGF in Shp-2 mutant cells. This is
consistent with genetic epistasis data from Drosophila and Cae-
norhabditis elegans that Shp-2 (Csw, PTP-2) may act upstream
of Ras (1, 19).

In exploring the molecular basis for the defective activation
of the Ras pathway in Shp-2 mutant cells, we failed to find a
positive correlation between the Grb2-Sos complex formation
and the activation of Ras. In fact, there was an inverse rela-
tionship between the two events. The possibility that Shp-2 acts
as an adapter molecule between EGF-R and Grb2-Sos was
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FIG. 10. Rescue of defective Erk induction by EGF in Shp-2~/~ cells and
RT-PCR analysis of the fsp-I mRNA expression. (A) Vector-transfected control
cell line (Con.) and two cell clones expressing different levels of wild-type Shp-2
were stimulated with EGF (100 ng/ml) for indicated times. Erk protein was
immunoprecipitated from cell lysates, and the kinase activity was measured by
the in vitro kinase assay as described previously (45). (B) Total RNA of different
cell lines was purified from 3 X 10° cells by using an RNeasy Mini kit from
Qiagen as specified by the manufacturer. Gene-specific primers for mouse fsp-1
(sense primer, 5'-CAG CGA AAG AGG GTG ACA AGT TCA-3'; antisense
primer, 5'-ATG TGC GAA GAA GCC AGA GTA AGG-3') (46, 49) or hypo-
xanthine phosphoribosyltransferase (HPRT), as a positive control (38), were used
to amplify 1 ug of RNA, using a GeneAmp RNA PCR kit (Perkin-Elmer) as
instructed by the manufacturer. RT-PCR products were resolved in 1.2% aga-
rose gel and visualized by ethidium bromide staining.

also ruled out by the fact that Shp-2 is not significantly tyrosine
phosphorylated, nor does it associate with Grb2 in EGF-
treated fibroblast cells. We have also examined 3T3-L1 prea-
dipocytes and found that Shp-2 was tyrosine phosphorylated by
stimulation with platelet-derived growth factor but not insulin-
like growth factor I or EGF (data not shown). In previous
studies, Shp-2 was found to be phosphorylated on tyrosine in
EGF-treated A431 or h1HER cells in which the EGF-R is
overexpressed (12, 24). Therefore, Shp-2 is not a substrate for
the EGF-R in normal fibroblast cells and is unlikely to act as a
docking molecule for the Grb2-Sos complex. Instead, the
Shp-2 tyrosine phosphatase must work through a dephosphor-
ylation event in mediating EGF activation of the Ras pathway.

By coimmunoprecipitation, we detected Gabl as the most
abundant phosphoprotein in association with Shp-2. Consis-
tently, Lehr et al. reported recently that phosphorylation of the
Shp-2 binding site accounts for almost 50% of the total radio-
activity incorporated into Gabl induced by the EGF-R ty-
rosine kinase in an in vitro kinase assay (26). Together, these
results suggest that Gabl and Shp-2 are important partners in
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FIG. 11. A model of Shp-2 function. It has been known that Shc, Grb2, and
phosphoinositol 3-kinase (PI3K) are associated with Gabl and are involved in
mediating Ras activation following EGF treatment. Results from this work allow
us to propose a novel mechanism for the role of Shp-2 in promoting the activa-
tion of the Ras-Erk pathway by EGF, possibly through dephosphorylation of
Gabl-associated p90, which is indicated by arrows with dashed lines.

cytoplasmic signaling. This is consistent with the genetic dem-
onstration of the concerted interaction between Csw and Dos
proteins in the control of R7 cell development downstream of
the Sevenless tyrosine kinase (20, 39). Now the important issue
is how the Shp-2 phosphatase works in the multiprotein com-
plex nested on Gabl. This PH domain-containing protein has
been reported to act as a multisubstrate docking molecule to
host a multiprotein complex in response to various growth
factors and cytokines in a variety of cell types (15, 21-23, 25,
50). Presumably, Shp-2 may act on one or more Gabl tyrosine
phosphorylation sites to modulate its interaction with other
SH2-containing proteins; alternatively, it may dephosphorylate
a Gabl-associated phosphoprotein(s). Our findings strongly
favor the second possibility, since there was no significant dif-
ference of the Gab1 phosphorylation levels between wild-type
and Shp-2 mutant cells after EGF stimulation. Similar
amounts of Shc proteins associated with Gabl in both the
wild-type and mutant cells also suggest Shp-2 does not have a
role in dephosphorylating the Shc binding site on Gabl. In
addition, Shp-2 apparently does not dephosphorylate the Grb2
binding site to down-regulate Gab1-Grb2 interaction because
with the presence of Shp-2 in the Gabl complex, levels of
Gabl-Grb2 association were higher in wild-type cells than in
mutant cells. Consistently, mutating the Shp-2 binding site of
Gabl at the C terminus did not change the binding pattern of
Gabl and Grb2 (26).

The most interesting part of this report are the data shown
in Fig. 7 and 8. We found that with the presence of Shp-2, there
was a significant decrease in tyrosine phosphorylation levels of
Gabl-associated p90. By incubating the Gabl complex in a
phosphatase buffer in vitro, p90 was rapidly dephosphorylated,
while phosphorylation of Gabl on tyrosine was slowly dimin-
ished. Without Shp-2 in the complex, neither of these events
was observed. Furthermore, the specificity of Shp-2 on these
two proteins was revealed by the finding that tyrosine-phos-
phorylated Shc proteins were not affected in the two assays.
Based on these observations, we propose the following model
to explain how Shp-2 operates in contributing signal relay from
EGF-R to Ras (Fig. 11). Ligand-activated EGF-R induces
phosphorylation of Gabl on multiple tyrosyl residues, on
which a number of proteins bind to form a large signaling
complex. Shp-2 binds Gabl and dephosphorylates p90, which
will lead to Ras activation either in a positive stimulatory
mechanism or via relief of an inhibitory event. Shp-2 subse-
quently will dephosphorylate its own binding site on Gab1 and
dissociate from this complex. Association of the p90 and Shc
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proteins with Gabl has also been detected in B lymphocytes
upon surface immunoglobulin engagement and in hematopoi-
etic (UT-7) cells after erythropoietin stimulation (23, 25).
Together, these results suggest that Gabl may be a critical
scaffold protein in organizing a signaling complex for Ras ac-
tivation by growth factors, cytokines, and antigens. Increasing
evidence supports the notion that organization of multiprotein
complexes is a major biochemical mechanism for the specificity
of various cytoplasmic signaling pathways. Similar scaffolding
roles of the JIP proteins for components active in the Jnk
pathway and the Ksr for members operating in the Erk path-
way were reported recently (47, 53, 54).

It can be appreciated that numerous events lead to the
activation of the Ras pathway induced by EGF, and Shp-2
manipulates only one aspect of this process. Data from this
study show that Shp-2 apparently does not modulate the ty-
rosine phosphorylation profile and hence the function of Shc
proteins. On the other hand, Shp-2 may have other targets that
modulate the information flow along the Ras-Erk signaling
cascade. Expression of a catalytically inactive mutant of Shp-2
(Csw, PTP-2) interfered with the function of constitutively
active Ras or Raf mutants in cell signaling in Drosophila and C.
elegans (1, 19). These observations suggest an effect of Shp-2 in
signaling downstream of Ras; alternatively, Shp-2 may work on
a parallel pathway that makes the Ras signaling permissive.
Another study suggests that Shp-2 may regulate the signal relay
of the Torso R-PTKs into the Ras pathway by dephosphory-
lating a phosphotyrosine site on Torso that is engaged in Ras-
GAP binding (7). In this regard, the positive role of Shp-2 in
Ras activation may be achieved by removing a negative effector
from the R-PTK signal relay. In this and previous studies (12),
we did not see a significant phosphatase activity of Shp-2 di-
rectly on EGF-R. We also failed to see a direct interaction of
Shp-2 with RasGAP or an induced tyrosine phosphorylation of
RasGAP in these embryonic fibroblasts stimulated with EGF.
Thus, although it is possible that Shp-2 may act to suppress the
down-regulation of EGF-stimulated Ras activity, this phospha-
tase may not directly modulate the RasGAP function.

As previously reported, the targeted mouse mutant Shp-2
allele (Shp-220-"1%) expresses a protein with an internal dele-
tion of 65 amino acids in the SH2-N domain (38, 42, 45). One
concern has been whether the mutant Shp-244¢""1% molecule is
a hyperactive enzyme that generates a neomorphic phenotype.
Several lines of experimental data have argued against this
possibility. For example, the deficient phenotype in Shp-2 mu-
tant cells is similar to that with exogenous expression of a
dominant negative mutant of Shp-2 without catalytic activity.
Additionally, Shp-2*/~ animals appear normal. This report
presents convincing biochemical evidence that the Shp-244-11°
protein is biologically inert in cells. In responding to EGF
stimulation, Shp-2246-119 fajls to bind Gab1 and other cytoplas-
mic signaling proteins. Another interesting observation re-
ported here is that Shp-2 may exist as a dimer or in a complex
in quiescent cells. It will be interesting to determine the phys-
iological significance of the Shp-2 complex, for example, in
preventing its function in cell arrest.

In summary, the results in this paper provide a basis for
elucidating the molecular mechanism of Shp-2-mediated Erk
activation following EGF treatment. The Shp-2-catalyzed re-
action in this process may become a new target for pharma-
ceutical interference of malignant cell growth.
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