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Epithelial morphogenesis is critical during development and wound healing, and alterations in this program
contribute to neoplasia. Met, the hepatocyte growth factor (HGF) receptor, promotes a morphogenic program
in epithelial cell lines in matrix cultures. Previous studies have identified Gabl, the major phosphorylated
protein following Met activation, as important for the morphogenic response. Gabl is a docking protein that
couples the Met receptor with multiple signaling proteins, including phosphatidylinositol-3 kinase, phospho-
lipase Cv, the adapter protein Crk, and the tyrosine specific phosphatase SHP-2. HGF induces sustained
phosphorylation of Gabl and sustained activation of extracellular signal-regulated kinase (Erk) in epithelial
Madin-Darby canine kidney cells. In contrast, epidermal growth factor fails to promote a morphogenic
program and induces transient Gabl phosphorylation and Erk activation. To elucidate the Gabl-dependent
signals required for epithelial morphogenesis, we undertook a structure-function approach and demonstrate
that association of Gab1 with the tyrosine phosphatase SHP-2 is required for sustained Erk activation and for
epithelial morphogenesis downstream from the Met receptor. Epithelial cells expressing a Gabl mutant
protein unable to recruit SHP-2 elicit a transient activation of Erk in response to HGF. Moreover, SHP-2
catalytic activity is required, since the expression of a catalytically inactive SHP-2 mutant, C/S, abrogates
sustained activation of Erk and epithelial morphogenesis by the Met receptor. These data identify SHP-2 as a

positive modulator of Erk activity and epithelial morphogenesis downstream from the Met receptor.

Epithelial morphogenesis plays an important role during
development and wound healing, and understanding the mech-
anisms that regulate this function will provide insights into how
alterations in this morphogenic program lead to neoplasia.
Hepatocyte growth factor (HGF) is a mesenchymally derived
factor that has been implicated in epithelial morphogenesis in
addition to multiple other biological functions (15, 25, 30, 42,
67, 72, 80). In vitro, HGF promotes epithelial cell growth and
survival as well as epithelial-mesenchymal transition, where it
stimulates the dissociation and dispersal of colonies of epithe-
lial cells and the acquisition of a fibroblastic morphology re-
sulting in increased cellular motility and invasiveness (25, 42,
74, 80, 82). HGF triggers a morphogenic program in epithelial
cell lines when cultured in a collagen matrix (41, 65, 74).
Increasing evidence demonstrates an important in vivo role for
HGF during the development of the liver and placenta, as well
as in the development and innervation of skeletal muscle, the
ductal growth of mammary explants, and directing the growth
of axonal cones (9, 37, 60, 70, 77). Importantly, the receptor for
HGF, the Met tyrosine kinase, is shown to be deregulated
through either gene amplification, overexpression, or activat-
ing point mutations in a number of human cancers, suggesting
that the Met receptor may play an important role in human
tumorigenesis (8, 24, 36, 57, 61).
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To characterize signaling pathways downstream from the
Met receptor involved in epithelial morphogenesis, we and
others have used receptor chimeras to demonstrate that the
Met receptor cytoplasmic domain is sufficient for the biological
responses attributed to HGF and that Met tyrosine kinase
activity is required for these responses (29, 74, 83). Two ty-
rosine residues within the carboxyl terminus of Met (Y1349
and Y1356), which are highly conserved between the other
members of the Met receptor tyrosine kinase gene family, Sea
and Ron, are crucial for cell scatter and epithelial morphogen-
esis in Madin-Darby canine kidney (MDCK) epithelial cells
(29, 48, 58, 74, 83). Y1356 forms a multisubstrate-binding site,
coupling the Met receptor with the Grb2 and Shc adapter
proteins, as well as the Cbl proto-oncogene and the Grb2-
associated binder 1 (Gabl) (10-12, 44, 51, 73).

Gabl was initially identified in a library screen as a Grb2
binding protein and belongs to a family of docking proteins,
including closely related proteins Gab2 and Daughter of Sev-
enless (DOS) and the more remotely related insulin receptor
substrate 1 (IRS-1), IRS-2, IRS-3, downstream of kinases
(Dok), and fibroblast growth factor (FGF) receptor substrate 2
(FRS2) (6, 16, 18, 21, 54, 75, 78, 81). These proteins lack
enzymatic activities. Following activation of tyrosine kinase
and cytokine receptors, they become phosphorylated on ty-
rosine residues, providing binding sites for multiple proteins
involved in signal transduction. In this manner they act to
potentiate and diversify the signals downstream from receptors
by virtue of their ability to assemble multiprotein complexes.
Furthermore, these proteins contain, in the amino terminus, a
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domain that allows for membrane recruitment. Many docking
proteins contain a pleckstrin homology (PH) domain, as is the
case for Gabl, and their association with phospholipids results
in the targeting of proteins to membrane subdomains (re-
viewed in references 17, 34, 35, 39, and 62). Other docking
proteins, like FRS2, are targeted to the membrane via a my-
ristoylation signal (31). In addition, several of these proteins
contain a phosphotyrosine binding (PTB) domain that pro-
motes association with specific receptor tyrosine kinases. Gab1
lacks a known PTB domain, and instead, its association with
the Met or epidermal growth factor (EGF) receptor may be
both direct and indirect and requires a proline-rich domain
defined as the Met binding domain and the association of these
receptors with the Grb2 adapter protein (44, 55, 73).

Murine Gabl contains 18 tyrosine residues, some of which,
if phosphorylated, provide potential binding sites for SH2 or
PTB domain-containing proteins. We have previously demon-
strated that Gabl1 is highly phosphorylated following stimula-
tion of epithelial cells with HGF and couples with the p85
subunit of phosphatidylinositol-3 kinase (PI3K) and associated
kinase activity, phospholipase Cy (PLCyl), and the tyrosine
phosphatase SHP-2 (38, 44). MDCK cells expressing Met re-
ceptor mutants with decreased ability to recruit Gabl fail to
form branching tubules upon Met activation. Importantly,
overexpression of Gabl rescues the tubulogenesis defect of
these mutants (38). To investigate the mechanism through
which Gabl mediates this function, we undertook a structure-
function analysis of Gabl and demonstrated that the Gabl PH
domain is essential to target Gabl to sites of cell-cell contact in
the vicinity of the Met receptor in epithelial cells and is also
essential for the ability of Gabl to promote epithelial morpho-
genesis downstream from the Met receptor (38).

Gabl is phosphorylated downstream from multiple recep-
tors, including the EGF, insulin, and TrkA receptors, as well as
members of the cytokine family interleukin-3 (IL-3), IL-6, al-
pha and gamma interferon receptors, and T- and B-cell antigen
receptors (21-23, 45, 68). Insight into the mechanism through
which Gabl could modulate distinct biological signals has re-
vealed that Gabl1 is phosphorylated with distinct kinetics. Gab1
is phosphorylated for a prolonged period of time (>60 min)
downstream from the Met receptor, where it promotes branch-
ing morphogenesis of MDCK epithelial cells, whereas Gabl is
transiently phosphorylated (15 min) in response to EGF, which
fails to induce a morphogenic program (38). Furthermore,
while extracellular signal-regulated kinase (Erk) activity is sus-
tained in response to HGF and parallels Gabl phosphoryla-
tion, EGF-stimulated Erk activity is transient (28). Overex-
pression of Gabl potentiates Erk activation downstream from
the EGF receptor (55), suggesting that Gabl provides a link
from receptor tyrosine kinases to Erk activation. However, it
remained unclear if Gabl provided a link from the Met recep-
tor tyrosine kinase to Erk activation and if Gab1l was required
for sustained Erk activity.

The tyrosine specific phosphatase SHP-2 is recruited to
Gabl following HGF stimulation. However, its role in the
regulation of Met-mediated signaling pathways and biological
activities has remained undefined. Accumulating evidence im-
plicates SHP-2 as a positive regulator of Erk activity down-
stream from receptor tyrosine kinases (4, 5, 7, 43, 47, 69). In
Drosophila, genetic studies place the homologue of SHP-2,
Corkscrew, as a positive regulator of Erk activity in a pathway
downstream from receptor tyrosine kinases (18, 54), and in
Xenopus oocytes, SHP-2 activity was required for full Erk ac-
tivation in response to FGF (47). Moreover, fibroblasts derived
from SHP-2 exon 37/~ mice have decreased ability to activate
Erk in response to EGF and platelet-derived growth factor
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(PDGF) (53, 63). SHP-2 contains two tandem SH2 domains
followed by a phosphatase domain. Following growth factor
stimulation, SHP-2 is recruited through its SH2 domain di-
rectly to the EGF or PDGF receptors or indirectly via a dock-
ing protein, FRS2, to the FGF receptor and becomes phos-
phorylated on tyrosine residues (26, 31, 43, 65, 66). Both
tyrosine phosphorylation of SHP-2 and binding of its SH2
domains to tyrosine phosphorylated peptides enhance its cat-
alytic activity (32, 49, 71), possibly through the release of neg-
ative regulatory constraints on the phosphatase domain medi-
ated by the SH2 domains of SHP-2 (3, 20).

In this paper we describe our investigation of the contribu-
tion of Gabl-associated SHP-2 to Met biological activity. We
show that the interaction of Gabl with SHP-2 is necessary for
epithelial morphogenesis and for the sustained activation of
Erk by the Met receptor. Importantly, the expression of a
catalytically inactive SHP-2 protein (C/S) abrogates both epi-
thelial tubulogenesis and sustained Erk activation, demonstrat-
ing that SHP-2 phosphatase activity is required for its function
downstream from the Met receptor tyrosine kinase.

MATERIALS AND METHODS

Cell culture and DNA transfections. MDCK cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS). The generation of MDCK cell lines expressing the wild-type colony-
stimulating factor (CSF)-Met receptor and mutants thereof by retroviral infec-
tion has been previously described (12, 82). For the generation of stable cell lines
expressing wild-type and mutant hemagglutinin (HA)-tagged Gabl, the Gabl
c¢DNA was cloned into the pCDNAIL.1" vector and was cotransfected with a
PLXSH vector, which confers resistance to hygromycin, by the calcium phos-
phate method as described elsewhere (76). Cell lines were selected in hygromycin
(300 pg/ml). For transient transfection assays, 293T cells were seeded at 10%/
100-mm-diameter petri dish and were transfected 24 h later with 2 pg of plasmid
DNA encoding wild-type Gabl without or with CSF-Met cDNA following the
calcium phosphate precipitation method. Sixteen hours later, cells were washed
twice in DMEM lacking FBS and were cultured for 24 h in medium containing
10% FBS, following which the cells were serum starved in 0.02% FBS overnight
and then harvested.

Antibodies and reagents. Antibodies raised in a rabbit against a C-terminal
peptide of human Met were used (56). Antibodies raised in a rabbit against
full-length murine Gabl were generated. Anti-p85 was kindly provided by T.
Pawson, Mount Sinai Hospital, University of Toronto, Toronto, Ontario, Can-
ada. Antiphosphotyrosine (4G10) was obtained from Upstate Biotechnology
Incorporated, Lake Placid, N.Y. Anti-HA (HA.11) was purchased from BABCO,
Richmond, Calif., and anti-SOSn, anti-Grb2, and anti-AKT (sc-1618) were pur-
chased from Santa Cruz Biotechnology, Inc. Anti-Shc was kindly provided by J.
Bergeron, McGill University, Montreal, Quebec, Canada, and anti-SHP-2 was
kindly provided by G.-S. Feng, Indiana University School of Medicine, India-
napolis, Ind. Anti-phospho-Akt and anti-phospho-Erk were purchased from New
England Biolabs, and total Erk (p44F™! and p42F™?) antibody was a gift from J.
Blenis, Harvard Medical School, Boston, Mass. prCMV vector encoding wild-
type SHP-2 was kindly provided by S. Ali, McGill University, and CEP4 vector
encoding the SHP-2 C/S mutant was kindly provided by A. Saltiel, Parke Davis/
Warner-Lambert Co., Ann Arbor, Mich. (40).

Site-directed mutagenesis. Site-directed mutagenesis within Gabl was per-
formed using the Chameleon double-stranded site-directed mutagenesis kit
(Stratagene) according to the manufacturer’s instructions. The mutagenesis
primers were the following: for Y637F, ACAAACAAGTCGAATTCCTGGAT
TTAGAG, and for Y659F, GGCAGACGAGAGGGTCGACTTCGTTGTGGT
GGACC. The mutated sequences are underlined.

HGF stimulation of MDCK cell lines expressing wild-type and mutant
ASHP-2 Gabl. Cells were seeded at 10° per 100-mm-diameter dish. Twenty-four
hours later cells were washed once with DMEM and then starved overnight in 10
ml of DMEM containing 0.02% FBS. HGF or CSF was added at 100 U/ml in 2
ml for the indicated times. Cells were immediately lysed in 1 ml of lysis buffer (50
mM HEPES [pH 7.4], 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, 1 pg each of leupeptin and aprotinin/ml, 1 mM
Na;VO,).

Immunoprecipitations and Western blotting. MDCK cell lysates (2 mg of total
protein) or 293T cell lysates (50 ng) were incubated with the indicated antibodies
for 1 h at 4°C with gentle rotation. Twenty microliters of a 50% slurry of either
protein A or protein G-Sepharose was added for an additional hour to collect
immune complexes. For the quantitative coimmunoprecipitations of Gab1 with
SHP-2, 500 pg of proteins was subjected to immunoprecipitation with anti-HA,
anti-SHP-2, or anti-Shc as indicated, followed by either protein A or protein
G-Sepharose. The supernatant from this first immunoprecipitation was se-
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FIG. 1. SHP-2 association with Gabl is tyrosine phosphorylation dependent. (A) MDCK cells stably transfected with vector or constructs that express HA-Gabl
were stimulated for 15 min with 100 U of HGF/ml. SHP-2, Grb2, SOS, and Shc were immunoprecipitated with specific antibodies. Proteins resolved by SDS-PAGE
were transferred to a nitrocellulose membrane and immunoblotted with anti-HA. (B) Lysates from HA-Gab1-expressing cells, stimulated or not with 100 U of HGF/ml,
were subjected to immunoprecipitation as indicated. The resulting supernatants were subjected to a second round of immunoprecipitation with the indicated antibodies,
followed by a third round of immunoprecipitation with anti-HA. (C) Lysates from HA-Gab1l-expressing MDCK cells, stimulated or not with 100 U of HGF/ml, were
subjected to a pull-down assay using GST-SHP-2 SH2 domain fusion proteins. Proteins were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and

immunoblotted with anti-HA. ip, immunoprecipitate; WT, wild type.

quentially subjected to an incubation with beads alone and then an immuno-
precipitation with the same antibodies. The resulting supernatant was then again
subjected to protein A- or G-Sepharose beads alone, followed by a final immu-
noprecipitation with anti-HA and protein G-Sepharose. Following three washes
in lysis buffer, the proteins were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose mem-
brane. The membranes were blocked for 1 h with 3% bovine serum albumin in
TBST (10 mM Tris-HCI [pH 7.4], 2.5 mM EDTA, 150 mM NaCl, 0.1% Tween
20) and then with primary antibody (1:1,000) for an additional hour. Following
five washes in TBST, the proteins were revealed with secondary anti-mouse
antibody (Jackson ImmunoResearch Laboratories, Inc.) or protein A (Amer-
sham) conjugated to horseradish peroxidase. The proteins were visualized with
an ECL detection system (Amersham). For the determination of Erk and Akt
phosphorylation, 50 wg of total cellular proteins was resolved on an SDS-10%
PAGE gel, transferred to a nitrocellulose membrane, and immunoblotted with
an antibody specific for the activated form of Erkl and Erk2 or Akt.

GST association assays. Glutathione S-transferase (GST) fusion proteins were
immobilized on glutathione-Sepharose beads, incubated with 500 wg of cell
lysates from MDCK cells overexpressing wild-type Gab1, and stimulated or not
with 100 U of HGF/ml or 50 g of 293T cells transiently expressing CSF-Met and
Gabl, as indicated in the figures. After 2 h on a rotator at 4°C, bound proteins
were washed three times with lysis buffer, boiled in Laemmli buffer, resolved by
SDS-PAGE, and revealed following Western blotting as described above.

Collagen assays. The ability of MDCK cells to form branching tubules was
assayed as previously described (82). Briefly, 5 X 103 cells were resuspended in
500 wl of collagen solution (Vitrogen 100 from Cohesion, Palo Alto, Calif.)
prepared following the manufacturer’s instructions and were layered over 350 .l
of the collagen solution in a 24-well plate. Cells were maintained in Liebowitz
medium (GIBCO) containing 5% FBS and were allowed to form cysts for 5 to 7
days. For stimulations, 5 U of HGF (kindly provided by G. Vande Woude, Grand
Falls, Mich.) per ml or 5 U of rhCSF-1 (kindly provided by the Genetics Institute,
Boston, Mass.) per ml was added to the Liebowitz medium containing 5% FBS.
Tubules were apparent by light microscopy 5 to 10 days after the addition of
growth factors. The medium was changed every 5 days, and photographs were
taken at day 14 using Kodak TMY400 films at a magnification of X10. For
quantitation of the morphogenic response, 60 colonies in each of six independent
cultures were scored for the ability to form branching tubules, and the results
were plotted as the average number of cysts able to undergo tubulogenesis/
culture/100.

Immunofluorescence. MDCK cells overexpressing wild-type Gab1 or the Gabl
mutants were plated on glass coverslips (Bellco Glass Inc.) in a 24-well dish
(Nunc) for the indicated times in DMEM containing 10% FBS. Cells were
stimulated with 50 U of HGF per ml for 15 min where indicated. Cells were fixed
in 2% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at room
temperature, washed twice in PBS, and incubated for 10 min in PBS containing
50 mM ammonium chloride. Following one additional wash in PBS, cells were
treated with PBS containing 0.1% Triton X-100 and 5% FBS (buffer A) for 10
min at room temperature. Anti-HA was diluted (1:300) in buffer A, and after
three washes in the same buffer, CY3-conjugated anti-mouse antibody (1:2,000)
was added for 10 min, followed by three washes in buffer A. The glass coverslips
were mounted onto slides in Immunofluore medium (ICN) and visualized using
a Nikon Labophot-2 epifluorescence microscope at a magnification of X60.
Photographs were taken using Kodak TMZ3200 film. Where indicated, cells
were visualized by a Bio-Rad confocal microscope at a magnification of X63.

RESULTS

Activation of the Met receptor tyrosine kinase results in the
association of Gab1l with SHP-2 and SHP-2 tyrosine phosphor-
ylation. It has been shown previously that the tyrosine phos-
phatase SHP-2 can be recruited to the Met receptor tyrosine
kinase (10); however, the functional significance of this inter-
action in epithelial morphogenesis had not been determined.
SHP-2 is predominantly recruited to the Met receptor through
the docking protein Gabl. MDCK epithelial cells stably ex-
pressing HA epitope-tagged Gabl were stimulated with HGF.
Lysates were subjected to immunoprecipitation with antibod-
ies specific for the Grb2 or Shc adapter protein SOS or SHP-2,
followed by Western blotting with anti-HA, which revealed
that Gabl was highly associated with SHP-2 (Fig. 1A). This
was further supported by quantitative coimmunoprecipitation
of Gabl with SHP-2, where up to 50% of Gabl was depleted
from HGF-stimulated cells, compared with unstimulated cells
(Fig. 1B). In GST pull-down experiments using lysates from
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FIG. 2. Gabl can function as a substrate for SHP-2 phosphatase activity. (A) 293T cells were transiently transfected with vectors encoding CSF-Met together with
either wild-type (WT) SHP-2 or a catalytically inactive SHP-2 C/S mutant. Lysates were subjected to immunoprecipitation with anti-SHP-2 and Western blotting with
anti-PY, anti-Met, or anti-Gab1 as indicated. (B) 293T cells were transfected with vectors encoding CSF-Met, together with either wild-type SHP-2 or the catalytically
inactive SHP-2 C/S mutant, and Gabl. Gabl, Met, and SHP-2 were immunoprecipitated and immunoblotted, as indicated, with specific antibodies. ip, immunopre-

cipitate.

unstimulated or HGF-stimulated MDCK cells expressing HA-
Gabl, both the individual N-SH2 and C-SH2 domains of
SHP-2 associated with Gab1 (Fig. 1C). Together, these results
suggest that either SHP-2 SH2 domain can associate with Gabl
and that this interaction is phosphotyrosine dependent since
both Met activation and Gab1l phosphorylation are required.
The tyrosine phosphatase SHP-2 has been demonstrated to
be recruited to and phosphorylated by several receptor ty-
rosine kinases (for a review, see references 43 and 66). Thus,
we determined whether SHP-2 could be phosphorylated as a
consequence of Met activation and whether Met and/or Gabl
could act as physiological substrates for SHP-2. Overexpres-
sion of Met in 293T cells results in ligand-independent Met
activation (38). In the presence of activated Met, immunopre-
cipitation of cotransfected SHP-2 proteins (Fig. 2A, lane 2)
revealed an increase in the level of tyrosine phosphorylation of
SHP-2 compared to control cells (Fig. 2A, compare lanes 2 and
4). Furthermore, the increase in the tyrosine phosphorylation
of cotransfected SHP-2 was enhanced in cells expressing a
catalytically inactive mutant SHP-2 C/S protein (Fig. 2A, lane
3). Importantly, in the presence of activated Met, endogenous
SHP-2 coprecipitated with two phosphoproteins: p120 and
p150 (Fig. 2A, lane 1). To investigate whether p150 and p120
corresponded to Met and Gabl, respectively, SHP-2 immuno-
precipitates were immunoblotted with either Met or Gabl

antibodies identifying these proteins as Met and Gabl (Fig.
2A). Notably, Gabl is present in endogenous SHP-2 or Met
immunoprecipitates, suggesting that Gab1 may act as an inter-
mediate to recruit SHP-2 to Met (Fig. 2A). HA-Gabl was
highly phosphorylated on tyrosine residues in cells coexpress-
ing Met (Fig. 2B, lane 1). However, coexpression of SHP-2
resulted in a prominent decrease in Gab1l phosphorylation that
was restored in cells coexpressing catalytically inactive C/S
SHP-2 (Fig. 2B, lanes 2 and 3). The level of tyrosine phosphor-
ylation of Met was also diminished in cells coexpressing wild-
type SHP-2, in contrast to cells expressing the C/S SHP-2
mutant. Taken together, these results suggest that binding of
SHP-2 to Gabl provides a mechanism through which SHP-2
can be recruited to the Met receptor. Moreover, both the Met
receptor and Gabl could function as physiological substrates
for SHP-2 in cells where SHP-2 is overexpressed.
Gab1-SHP-2 binding mutant fails to rescue branching tu-
bulogenesis downstream from Met receptor mutants. Recruit-
ment of Gabl requires two tyrosine residues in the C terminus
of the Met receptor (Y1349 and Y1356). Structure-function
studies using chimeric CSF-Met receptor mutants have re-
vealed that receptor mutants impaired in their association with
Gabl (CSF-Met Y1356F and N1358H) were unable to induce
branching tubules (12, 44, 82). Overexpression of Gabl in
these cell lines rescued the ability of CSF-Met mutants to



VoL. 20, 2000

e, 3
M) Gabt: e

Met:-+-+-.|.-

s [l - @
-
Blot HA - M o i i

Gab1

ip: HA

SHP-2, ERK ACTIVATION, AND EPITHELIAL MORPHOGENESIS 8517

B)
X N 0P A
& FEEE

ip: HA
Blot: HA

C) Vector

WT-3

A SHP2-5
» <

D)

100

o HGF
" T T B CSF
S ] _
_Q —
>3
[ ] l
> 1
:g 50 -
2
8
o
o\o 25 -
0 __-_#

5 -1
N R (L 55“"2 por¥

FIG. 3. Gabl ASHP-2 mutant fails to rescue branching tubulogenesis downstream from a Met receptor mutant. (A) 293T cells were transfected with vectors
encoding Gabl mutants at Y637F and/or Y659F in the absence or presence of CSF-Met. Lysates were subjected to immunoprecipitation with anti-HA followed by
Western blotting with either anti-SHP-2, anti-PY or anti-HA. (B) MDCK cells expressing the CSF-Met receptor mutant N1358H were stably transfected with vectors
encoding wild-type (WT) the Gabl or Gabl ASHP-2 mutant. Proteins from cell lysates were immunoprecipitated with anti-HA and resolved by SDS-PAGE, transferred
to a nitrocellulose membrane, and blotted with anti-HA. (C) Cells expressing wild-type Gab1 (clone 3) and cells expressing the Gabl ASHP-2 mutant protein (clone
5) were grown in collagen for 5 days, during which time they formed cysts. RhCSF-1 or HGF, both at 5 U/ml, were added, and 14 days later branching tubules were
visualized at a magnification of X10. (D) Quantitation of the tubulogenic response following stimulation with HGF and CSF was performed as described in Materials
and Methods. The responses are plotted as the percentage of cysts that have undergone branching tubulogenesis. The values were derived from three independent

experiments. ip, immunoprecipitate.

promote branching tubulogenesis in response to CSF-1 (38).
Since Gabl is highly associated with SHP-2 following Met
activation, we determined the biological function of this inter-
action by performing site-directed mutagenesis and studying
the biological consequence of loss of SHP-2 association with
Gabl1 on epithelial tubulogenesis. Gab1 contains two tyrosine
residues with a putative binding capacity for the SHP-2 SH2
domains. Tyrosine 637 or tyrosine 659 was mutated to phenyl-
alanine alone or in combination, and the ability of these mu-
tants to associate with SHP-2 was assessed. Met was coex-
pressed transiently with wild-type Gabl or Gabl ASHP-2
mutants in 293T cells (Fig. 3A). While all Gab1 variant pro-
teins were expressed at similar levels and were phosphorylated
when coexpressed with Met, SHP-2 was immunoprecipitated
only with wild-type Gab1 or the Y659F Gabl mutant but not
with the Y637F or the Y637/659F mutants (Fig. 3A). These
data identify Y637 as crucial for the interaction of Gabl with
SHP-2, and the Gabl-Y637F (Gabl ASHP-2) mutant protein
was used in all subsequent analyses.

MDCK cells expressing CSF-Met mutant proteins that are
unable to support branching tubules (Y1356F and N1358H
CSF-Met) were stably transfected with expression vectors en-
coding Gab1 ASHP-2. Five clones of each cell line, with similar
levels of HA-Gabl expression, were selected and assayed for
branching tubulogenesis. While similar results were obtained
with the two Met mutant-expressing cell lines, data are shown
only for the N1358H cell lines. The level of expression of Gabl
ASHP-2 in the selected cell lines was similar to that observed
in wild-type HA-Gabl-expressing cells (Fig. 3B); the tubulo-
genic response is shown for one representative clone (Fig. 3C,
clone 5), and the quantitation of this response is shown for
two clones (Fig. 3D). Cell lines expressing CSF-Met mutants
N1358H (Fig. 3C) or Y1356F (data not shown) formed cysts
when grown in a collagen matrix (12). Stimulation of the CSF-
Met receptor with CSF did not induce branching tubulogenesis
in these cells (Fig. 3C and reference 12). However, as previ-
ously shown, overexpression of wild-type Gabl rescued the
tubulogenic response (Fig. 3 and reference 38). Importantly,
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FIG. 4. Overexpression of a Gabl ASHP-2 inhibits branching tubulogenesis downstream from the endogenous Met receptor. (A) Proteins from lysates of MDCK
cells expressing wild-type (WT) Gabl1 (clone 9) and MDCK cells expressing Gabl ASHP-2 mutant proteins (clones 6B and 8B) were subjected to immunoprecipitation
and Western blotting with anti-HA. (B) Quantitation of the tubulogenic response was performed as described in Materials and Methods. The responses are plotted
as the percentage of cysts that have undergone branching tubulogenesis. The values are derived from three independent experiments. (C) Cells were grown in collagen
for 5 days, during which they formed cysts. HGF (5 U/ml) was added, and 14 days later branching tubules were visualized at a magnification of X10. ip, immuno-

precipitate.

although cell lines expressing the Gabl ASHP-2 proteins could
form cysts in a collagen matrix, in all cell lines tested, branch-
ing tubules failed to develop following activation of the CSF-
Met receptor (0% with the Gabl ASHP-2 mutant compared to
48% for cells expressing wild-type Gabl; Fig. 3C and D). In-
terestingly, the expression of Gabl ASHP-2 reduced the ability
of two of these lines (one is shown, clone 5) to form tubules in
response to stimulation of the endogenous Met receptor with
HGF. These results suggest not only that the SHP-2 binding
site within the Gabl C terminus is essential for rescue of tu-
bulogenesis downstream from CSF-Met mutants but also that
the expression of this mutant protein per se can detectably
inhibit the formation of branching tubules induced through the
wild-type endogenous Met receptor.

To investigate this possibility, we generated MDCK cells
expressing either wild-type Gabl or Gabl ASHP-2 mutant
proteins and compared their abilities to form tubules in re-
sponse to HGF. The results are shown for two cell clones
expressing Gabl ASHP-2 (clone 6B and clone 8B). While the
levels of expression of Gabl in the different experimental
groups were similar (Fig. 4A), the expression of Gabl ASHP-2
proteins inhibited the ability of HGF to induce the formation

of tubules to 8 and 19% (Fig. 4B and C). These results suggest
that Gabl ASHP-2 can act dominantly to interfere with the
formation of branching tubules following Met receptor activation.

Loss of SHP-2 binding does not affect Gab1 cellular local-
ization or interaction with the Met receptor. We and col-
leagues have previously shown that cellular localization of
Gabl to cell-cell junctions in the vicinity of the Met receptor
correlated with the ability of Gabl to promote branching tu-
bulogenesis (38). Gabl proteins that lack the entire PH do-
main or have mutations in the conserved phospholipid binding
site within the PH domain fail to rescue branching tubulogen-
esis and fail to localize to sites of cell-cell contact in 10% serum
(38, 39). To establish if the inability of the Gabl ASHP-2
protein to rescue tubulogenesis reflected an altered cellular
localization, the HA-tagged Gab1l ASHP-2 proteins stably ex-
pressed in MDCK epithelial cells were labeled by indirect
immunofluorescence using anti-HA followed by CY3-conju-
gated anti-mouse antibody as a secondary antibody. Both wild-
type Gabl and Gabl ASHP-2 proteins localized to sites of
cell-cell contact, indicating that the inability to bind SHP-2 did
not affect Gab1 localization in colonies of MDCK cells grown
in 10% FBS (Fig. 5A). Moreover, we have previously demon-
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A SHP2-8B

FIG. 5. The cellular localization of Gabl is not altered in the absence of a Gab1-SHP-2 interaction. (A) MDCK cells (10* cells) expressing either wild-type (WT)
Gab1 or Gabl ASHP-2 mutant proteins were grown for 72 h on glass coverslips in DMEM containing 10% FBS. Cells were fixed in 2% paraformaldehyde and were
subjected to indirect immunofluorescence using anti-HA, followed by CY3-conjugated anti-mouse antibody. Photographs were taken at a magnification of X60. (B)
MDCK cells (10* cells) expressing either wild-type Gab1 or Gabl ASHP-2 mutant proteins were grown overnight on glass coverslips in DMEM containing 10% FBS.
Cells were stimulated with 50 U of HGF/ml prior to fixation and indirect immunofluorescence with anti-HA, followed by CY3-conjugated anti-mouse antibody. Results

were visualized by confocal microscopy at a magnification of X63.

strated that in single cells or small MDCK cell colonies prior to
the formation of phosphatidylinositol 3,4,5-trisphosphate-rich
cell-cell junctions, Gab1l was predominantly present in the cy-
toplasm and, upon stimulation with HGF, relocalized to the
membrane. We therefore determined whether the interaction
of Gab1l with SHP-2 was a prerequisite for the HGF-mediated
recruitment of Gabl to the membrane. As shown in Fig. 5B,
recruitment of Gabl to the membrane was independent of the
association of Gab1l with SHP-2.

Furthermore, to establish whether the failure of the Gabl
ASHP-2 protein to rescue tubulogenesis in CSF-Met mutant-
expressing cells resulted from the failure of this mutant pro-
tein to be recruited to the Met receptor, the ability of Gabl
ASHP-2 to coimmunoprecipitate with wild type or with N1358H
or Y1356F CSF-Met mutants was investigated. In transient
transfections, wild-type CSF-Met coimmunoprecipitated with
the Gabl ASHP-2 mutant proteins as efficiently as with wild-
type Gabl (Fig. 6A). The N1358H and the Y1356F CSF-Met
receptor mutants, as described previously (38, 44), associated

less efficiently with Gabl than did the wild-type CSF-Met re-
ceptor. Importantly, the Gabl ASHP-2 mutant was comparable
to wild-type Gabl in the efficiency with which it coimmuno-
precipitated with either the N1358H or Y1356F Met mutant
(Fig. 6A). Similar levels of the various CSF-Met mutant pro-
teins and similar levels of Gab]1 proteins were expressed in the
different experimental groups, although fewer Gabl proteins
were expressed in the absence of CSF-Met cotransfection (Fig.
6A). Thus, neither inappropriate cellular localization nor de-
fective recruitment to the various CSF-Met receptors could
account for the inability of Gabl ASHP-2 to promote branch-
ing tubulogenesis downstream from the Met receptor. Inter-
estingly, the Gabl ASHP-2 mutant had a faster electro-
phoretic mobility compared to wild-type Gabl, suggesting
that the phosphorylation of Gabl ASHP-2 was decreased
(Fig. 6A).

Kinetics of HGF-stimulated Erk activation are altered in
cells expressing Gabl ASHP-2. Both genetic and biochemical
approaches support a role for mammalian SHP-2, as well as
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vectors encoding wild type (WT), N1358H, or Y1356F CSF-Met receptors together with either wild-type Gab1 or the Gabl ASHP-2 mutant. Lysates were subjected
to immunoprecipitation with anti-HA and blotting with anti-Met, anti-PY, or anti-SHP-2 and immunoprecipitation with anti-Met, followed by blotting with anti-PY.
Fifty micrograms of total cellular proteins (TCP) was resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and blotted with anti-HA or anti-Met. (B)
Lysates from A were subjected to a pull-down experiment using GST-p120 RasGAP N-SH2 and GST-Grb2 SH2 domain fusion proteins. Associated proteins were
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the Drosophila and Xenopus homologues, in modulating the
Erk pathway downstream from several receptor tyrosine ki-
nases, including the insulin, EGF, and FGF receptors (1, 63,
69). Moreover, Erk activity is essential for branching morpho-
genesis (28). We therefore analyzed whether the failure of cells
expressing the Gabl ASHP-2 mutant to undergo branching
tubulogenesis correlated with an alteration in the prolonged
activation of Erk typical of Met receptor stimulation. While
similar results were obtained for cells expressing the N1358H
mutant of the CSF-Met receptor or parental MDCK cells
expressing either wild-type Gabl or Gabl ASHP-2 (data not
shown), results are shown for MDCK cells stimulated with
HGF (Fig. 7). Proteins from total cellular extracts were re-
solved by SDS-PAGE, transferred to a nitrocellulose mem-
brane, and probed with an antibody that specifically recognizes
the activated form of Erk (phosphorylated at Thr202 and
Tyr204). Phosphorylation of Erk was observed, which was

maintained for 180 min in response to HGF (Fig. 7A). Impor-
tantly, in cell lines expressing Gabl ASHP-2, Erk activation
was transient (15 min), while the total level of Erk was equiv-
alent to that in control cells (Fig. 7A). This occurs despite
similar levels of Gabl expression and kinetics in the induction
of tyrosine phosphorylation of the Gabl ASHP-2 mutant (Fig.
7B). Importantly, similar association of the wild type and Gabl
ASHP-2 with the p85 subunit of PI3K was observed (Fig.
7B). In addition, HGF-mediated activation of protein kinase
B/Akt, a downstream effector of PI3K, was not altered in cells
expressing Gabl ASHP-2 when compared to cells expressing
wild-type Gabl (Fig. 7C). Hence, the specific reduction in the
duration of Erk activity was consistent with the loss of SHP-2
binding to Gabl.

The Erk pathway has been shown to be positively regulated
by Grb2/SOS and negatively regulated through recruitment of
p120 Ras GTPase-activating protein (p120 RasGAP). Impor-
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FIG. 7. Activation of Erk is altered in cells expressing Gabl ASHP-2 mutant
proteins. (A) Cell lines expressing either wild-type (WT) Gabl (clone 9) or a
Gabl ASHP-2 mutant (clone 8B) were stimulated with 100 U of HGF/ml for the
indicated times at 37°C. Fifty micrograms of total cellular proteins was resolved
by SDS-10% PAGE, transferred to a nitrocellulose membrane, and blotted with
anti-phospho-Erk. Blots were stripped and reprobed with anti-total Erk. (B)
Lysates were subjected to immunoprecipitation with anti-HA followed by West-
ern blotting with anti-PY, anti-SHP-2, anti-p85 or anti-HA as indicated. (C) Fifty
micrograms of total cellular proteins was resolved by SDS-PAGE, transferred to
a nitrocellulose membrane, and blotted with anti-phospho-AKT. Blots were
stripped and reprobed with anti-total AKT. ip, immunoprecipitate.

tantly, the Drosophila SHP-2 homologue, Csw, positively reg-
ulates the Erk pathway by dephosphorylating a tyrosine resi-
due in the Torso receptor tyrosine kinase, which binds to p120
RasGAP (7). We therefore determined whether the mecha-
nism through which Gabl ASHP-2 alters Erk activation in-
volved modifications in the interaction of Gabl with the reg-
ulators of Erk activity: p120 rasGAP and Grb2. The analysis
was performed for 293T cells expressing the CSF-Met receptor
and mutants thereof, together with either wild-type Gabl or
Gabl ASHP-2 as in Fig. 6B. Lysates from these cells were
subjected to GST pull-down assays using either GST-Grb2-
SH2 or GST-p120 RasGAP-SH2 domain fusion protein. As-
sociated Gabl was revealed following Western blotting with
anti-HA. No significant differences in the ability of Gabl
ASHP-2 to associate with the p120 rasGAP-N-SH2 domain
was detected (Fig. 6B). However, a modest decrease in the
ability of the Grb2-SH2 domain to associate with Gabl
ASHP-2 was consistently observed.
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Overexpression of a catalytically inactive SHP-2 C/S mutant
protein inhibits tubulogenesis and sustained Erk activation in
response to HGF. The interaction of Gabl with SHP-2 was
essential for the ability of Gabl to rescue branching tubulo-
genesis downstream from the Met receptor (Fig. 3). However,
this interaction was also critical for efficient induction of
branching tubulogenesis through the endogenous wild-type
Met receptor (Fig. 3 and 4), suggesting that overexpression of
the Gabl ASHP-2 mutant functioned as an inhibitory protein
for tubulogenesis downstream from Met. To establish whether
the mechanism involved in this inhibitory effect was dependent
on the recruitment to Gabl of a catalytically active SHP-2
protein, we generated five stable lines of MDCK cells express-
ing the catalytically inactive SHP-2 C/S protein and assayed
HGF-mediated tubulogenesis. While the assays performed
with the five clones yielded similar results, branching tubulo-
genesis and quantitation of this response are shown for two
clones (Fig. 8A and B). Cell lines expressing the vector and the
C/S SHP-2 mutants formed cysts when grown in a three-di-
mensional collagen matrix. Following stimulation with HGF,
cells expressing the C/S SHP-2 mutant formed a distinct irreg-
ularly shaped cell mass and no organized branching tubules,
suggesting that the phosphatase activity of SHP-2 was critical
for epithelial tubulogenesis.

We determined whether the kinetics of HGF-mediated Erk
activation were altered in MDCK cells expressing the catalyt-
ically inactive C/S SHP-2 mutant. Stimulation of cells express-
ing the vector alone or wild-type Gabl with HGF resulted in a
marked increase in the activation of Erk that was sustained up
to 3 h following stimulation (Fig. 8C). In contrast, the stimu-
lation of cells expressing the C/S catalytically inactive SHP-2
mutant protein showed transient Erk activation, as did cells
expressing the Gabl ASHP-2 mutant. Thus, both the inability
of Gabl to bind SHP-2 and the overexpression of an SHP-2
catalytically inactive mutant acted to decrease the duration of
Erk activation induced by HGF, suggesting that recruitment of
enzymatically competent SHP-2 to the Met receptor through
Gab1 was necessary for sustained Erk activation and for effi-
cient branching tubulogenesis.

DISCUSSION

The Met receptor tyrosine kinase regulates the dispersal of
epithelial sheets in culture and promotes the inherent morpho-
genic program of epithelia when grown in a collagen matrix.
However, it is unclear how the Met receptor orchestrates the
signaling pathways leading to its pleiotropic biological activi-
ties. We and colleagues have previously demonstrated that the
multisubstrate binding protein Gabl is required for the initia-
tion of the morphogenic program (38). In the absence of any
catalytic activity, Gabl functions as a docking protein that,
when phosphorylated by Met or other receptors, recruits mul-
tiple signaling proteins (21, 38). Gabl acts to recruit PI3K
downstream from the Met, EGF, and TrkA receptors (21, 22,
38). This interaction has been shown to be essential for the
survival of the neuronal PC12 cell line following stimulation of
nerve growth factor (22) but is not required for the induction
of the morphogenic program by Gab1 (38). While other pro-
teins including PLCy1, Crk, and SHP-2 also associate with
Gabl, the contribution of these to the biological activities of
the Met receptor is unknown (14, 38). We therefore undertook
a structure-function approach to determine the contribution of
SHP-2 in Met-mediated branching tubulogenesis. We show in
this paper that both the interaction of Gabl with SHP-2 and
SHP-2 phosphatase activity are essential for epithelial tubulo-
genesis downstream from the Met receptor tyrosine kinase.
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Moreover, the recruitment of SHP-2 to Gabl is required for
the sustained activation of the Erk pathway observed following
HGF stimulation of MDCK cells.

SHP-2 is one of the signaling proteins recruited to Gabl
following Met activation, yet the role of SHP-2 biological ac-
tivity in epithelial cell morphogenesis and signaling down-
stream from the Met receptor has not been addressed. To
investigate the role of this interaction in Met-mediated signal-
ing pathways involved in epithelial tubulogenesis, we identified
the SHP-2 binding site on Gab1 (Y637) that is phosphorylated
following Met activation (Fig. 3) and show that mutation of
this site results in Gabl proteins unable to recruit SHP-2.
Although overexpression of SHP-2 results in dephosphoryla-
tion of Gabl1 (Fig. 2), mutating the SHP-2 binding site does not

enhance Gab1 phosphorylation in stable cell lines in response
to Met activations. Instead, the level of phosphorylation of the
Gabl ASHP-2 mutant protein is lower than that observed in
wild-type Gabl1 (Fig. 7). This is consistent with the observation
that the SHP-2 binding site (Y637) in the Gabl carboxy ter-
minus is the predominant site of phosphorylation of Gabl in
vitro by a recombinant EGF receptor kinase domain (33).
Importantly, the failure to recruit SHP-2 results in the inability
of Gabl to rescue tubulogenesis in MDCK cells that express
mutant CSF-Met receptors, implying, for the first time, a role
for SHP-2 in the morphogenic response of epithelial cells. In
addition, the overexpression of the Gabl ASHP-2 mutant ab-
rogates tubulogenesis downstream from the endogenous Met
receptor (Fig. 3 and 4), suggesting that overexpressed Gabl



VoL. 20, 2000

ASHP-2 proteins function as dominant inhibitory proteins by
competing with endogenous Gabl proteins. Importantly, the
overexpression of a catalytically inactive SHP-2 C/S mutant
protein inhibits tubulogenesis by the Met receptor in the pres-
ence of wild-type Gabl, implicating SHP-2 catalytic activity in
the morphogenic program (Fig. 8).

The ability of HGF to promote branching tubulogenesis
correlates with the sustained phosphorylation of Gab1 and the
prolonged activation of signaling pathways such as Erk (28,
38). The inhibition of MEK with a pharmacological agent,
PD9Y8059, inhibits tubulogenesis following HGF stimulation in
MDCK cells (28), suggesting that the tubulogenic response in
MDCK cells requires Erk activation. However, it remained to
be determined how the Met receptor regulated sustained Erk
activity. We have shown that the interaction of Gabl with
SHP-2 is required for the sustained Erk activity in response to
HGF (180 min), whereas epithelial cells that express Gabl
proteins which fail to associate with SHP-2 display transient
activation of Erk (15 min; Fig. 7). Importantly, we show that
the kinetics of phosphorylation of the Gabl ASHP-2 mutant
protein is similar to that observed with wild-type Gabl1 (Fig. 7).
Moreover, the Gabl ASHP-2 protein associated with the p85
subunit of PI3K to a similar extent as wild-type Gabl, and
activation of Akt is observed in cells expressing Gabl ASHP-2
or wild-type Gabl proteins with similar kinetics (Fig. 7).
Hence, mutation of the SHP-2 binding site of Gabl did not
affect the coupling of Gabl with the PI3K signaling pathway,
yet resulted in attenuation of the Erk pathway downstream
from Met.

While this paper was in preparation, a role for Gabl in the
activation of Erk downstream from the EGF receptor was
suggested using SHP-2 exon 37/~ fibroblasts (64). However, a
Gabl ASHP2 mutant protein was not evaluated (64). Since
mutation of the SHP-2 binding site within the Gab2 multisub-
strate docking protein did not abrogate Erk activation stimu-
lated through the IL-3 receptor (16), this raised the possibility
that Gab1-SHP-2 interactions were not required for Erk activ-
ity. Our data provide the first direct evidence that the recruit-
ment of SHP-2 to Gabl is important for Erk activation. This
supports data from Drosophila indicating that the interaction
of corkscrew with DOS, a docking protein related to Gabl, is
required for positive regulation of Erk (1). Moreover, in a
manner similar to that of Gabl, mutation of the SHP-2 binding
site on FRS2 compromises activation of Erk and neurite out-
growth in PCI2 cells following stimulation with FGF (16),
implying an important role for docking proteins in modulating
Erk activity dependent on SHP-2.

A positive role for SHP-2 as a regulator of the Erk pathway
has been proposed based on the observation that SHP-2 is
phosphorylated on tyrosine residues in response to PDGF.
This provides a binding site for the Grb2 adapter protein and
hence the ability to form a SHP-2/Grb2/SOS complex with
potential to activate the Ras pathway (5). However, the over-
expression of a SHP-2 mutant that fails to bind the Grb2
adapter protein has not been shown to alter Erk activation
downstream from several receptor tyrosine kinases, suggesting
that this is unlikely to be a significant mechanism through
which SHP-2 can regulate Erk activity (4, 69). However, since
SHP-2 is phosphorylated following activation of the Met re-
ceptor (Fig. 2), and reduced Grb2 is recruited to the Gabl
ASHP2 mutant, we cannot exclude the possibility that SHP-2
links Met at least in part to Grb2/SOS/Ras.

The phosphatase activity of SHP-2 is required for Erk acti-
vation both in mammalian systems and in lower organisms,
such as Drosophila and Xenopus embryos, suggesting that the
dephosphorylation of proteins by SHP-2 may be critical for the
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onset of signaling pathways leading to Erk activation (1, 2, 4,
69). Consistent with these observations, we show that the over-
expression of a catalytically inactive SHP-2 mutant abrogates
sustained Erk activation downstream from the Met receptor
tyrosine kinase (Fig. 8). Importantly, the overexpression of the
catalytically inactive SHP-2 C/S mutant also inhibits branching
tubulogenesis, indicating that the phosphatase activity of
SHP-2 is required for the ability of Met-Gabl to induce
branching tubulogenesis in epithelial cells (Fig. 8).

The Drosophila homologue of SHP-2, Csw, dephosphory-
lates a tyrosine residue on the Torso receptor tyrosine kinase
that binds to p120 Ras GAP, thus uncoupling a negative reg-
ulator of Ras from the Torso receptor (7). The dephosphory-
lation of the Gabl-related docking protein DOS by Csw has
also been implicated in linking the receptor tyrosine kinase
Sevenless to the Ras pathway (18, 19). Similarly, in cells over-
expressing SHP-2, Gabl1 can also act as a substrate for SHP-2
following phosphorylation by the Met receptor (Fig. 2) and
following activation of the EGF receptor (64). This supports
the observation that in response to IL-6, Gabl is an in vitro
substrate for GST fusion protein containing the SHP-2 phos-
phatase domain (45). Since we have shown that Gabl can
associate with the SH2 domain of p120 RasGAP, it is possible
that SHP-2 dephosphorylates tyrosine residues important for
the interaction of p120 RasGAP with Gabl. However, either
in transient overexpression assays (Fig. 6) or in stable epithelial
cell lines expressing Gabl ASHP-2 mutant proteins (not
shown), the ability of Gabl to associate with a p120 RasGAP
SH2 domain fusion protein is not altered. Thus, under these
conditions, the binding site for p120 RasGAP on Gabl is not
dephosphorylated by SHP-2.

We have shown that either the failure to recruit the SHP-2
phosphatase to Gabl or the overexpression of a catalytically
inactive SHP-2 phosphatase results in improper epithelial or-
ganization in response to Met activation. This is consistent with
studies of SHP-2 exon 3™/~ mutant mice, where gastrulation is
interrupted due to inappropriate mesodermal cell migration
and organization (59). Moreover, expression of a dominant
negative SHP-2 mutant inhibits elongation of Xenopus animal
caps in response to FGF, a process that involves the reorgani-
zation of existing cells (69). Epithelial morphogenesis requires
both cell proliferation and the remodeling of epithelial junc-
tions (50). MEK-Erk activity is necessary for the breakdown of
adherens junctions in response to HGF (52). Thus, the tran-
sient activation of Erk in cells expressing the Gabl ASHP-2 or
SHP-2 C/S mutant may be insufficient for the remodeling of
adherens junctions and for the cell proliferation required for
epithelial morphogenesis. Both Gabl and the Met receptor are
localized to the basolateral membranes of polarized epithelial
cells in the vicinity of adherens junctions, and this localization
of Gabl is important for its ability to rescue branching tubu-
logenesis in cells expressing Met receptor mutants (38). In a
manner similar to that of wild-type Gabl, the Gabl ASHP-2
protein is localized to sites of cell-cell contact (38), demon-
strating that association with SHP-2 is not essential for Gabl
subcellular localization (Fig. 5). However, the inability of SHP-
2 to be recruited to Gabl may itself result in the failure of
SHP-2 to colocalize with Gabl in the proximity of critical
membrane-associated substrates.

Fibroblasts isolated from SHP-2 exon 3™/~ mice have in-
creased numbers of focal adhesions and actin aggregation at
the cell periphery, suggesting that SHP-2 could also play a role
in the regulation of cell spreading and migration on extracel-
lular matrix (ECM) (46, 79). A class of adhesion proteins, the
signal-regulatory proteins, including SHP substrate 1 and the
distantly related PECAM and PIR-B/p91A proteins, are SHP-
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2 binding proteins and may serve as substrates for SHP-2 (13,
27). A role for SHP-2 in regulating SHP substrate 1 function
and integrin signaling has been proposed, where the catalytic
activity of SHP-2 is required for Erk activation downstream
from cell-ECM interactions (46). Hence SHP-2 may modify
cell-ECM-dependent Erk signals required for branching mor-
phogenesis. The determination of substrates dephosphorylated
by SHP-2 that modify epithelial tubulogenesis downstream
from the Met receptor will provide a better understanding of
how these processes are normally controlled and which events
lead to loss of epithelial organization during tumorigenesis.
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