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The Gab1 protein is tyrosine phosphorylated in response to various growth factors and serves as a docking
protein that recruits a number of downstream signaling proteins, including phosphatidylinositol 3-kinase (PI-3
kinase). To determine the role of Gab1 in signaling via the epidermal growth factor (EGF) receptor (EGFR)
we tested the ability of Gab1 to associate with and modulate signaling by this receptor. We show that Gab1
associates with the EGFR in vivo and in vitro via pTyr sites 1068 and 1086 in the carboxy-terminal tail of the
receptor and that overexpression of Gab1 potentiates EGF-induced activation of the mitogen-activated protein
kinase and Jun kinase signaling pathways. A mutant of Gab1 unable to bind the p85 subunit of PI-3 kinase is
defective in potentiating EGFR signaling, confirming a role for PI-3 kinase as a downstream effector of Gab1.
Inhibition of PI-3 kinase by a dominant-interfering mutant of p85 or by Wortmannin treatment similarly
impairs Gab1-induced enhancement of signaling via the EGFR. The PH domain of Gab1 was shown to bind
specifically to phosphatidylinositol 3,4,5-triphosphate [PtdIns(3,4,5)P3], a product of PI-3 kinase, and is
required for activation of Gab1-mediated enhancement of EGFR signaling. Moreover, the PH domain mediates
Gab1 translocation to the plasma membrane in response to EGF and is required for efficient tyrosine
phosphorylation of Gab1 upon EGF stimulation. In addition, overexpression of Gab1 PH domain blocks Gab1
potentiation of EGFR signaling. Finally, expression of the gene for the lipid phosphatase PTEN, which
dephosphorylates PtdIns(3,4,5)P3, inhibits EGF signaling and translocation of Gab1 to the plasma membrane.
These results reveal a novel positive feedback loop, modulated by PTEN, in which PI-3 kinase functions as both
an upstream regulator and a downstream effector of Gab1 in signaling via the EGFR.

The engagement of cell-surface receptors by ligand regulates
a number of critical biological processes. In the case of recep-
tor tyrosine kinases (RTKs), these processes include cell
growth, survival, differentiation, and transformation, all of
which depend on the activation of multiple signaling pathways
(45). The mechanisms by which RTKs coordinate a wide vari-
ety of intracellular signaling events have been the subject of
intense investigation. An emerging paradigm maintains that
following dimerization and activation, signaling by RTKs is
accomplished through the direct recruitment of signaling mol-
ecules containing appropriate recognition domains to specific
sites on the receptor, where conformational changes, tyrosine
phosphorylation, or translocation to the vicinity of effectors
initiates signaling cascades (41, 46). However, a number of
receptors also rely on a growing family of accessory, or dock-
ing, proteins that are recruited to the plasma membrane, be-
come tyrosine phosphorylated, and act as centers for assembly
of multiprotein complexes. This family includes the proteins
Grb2-associated protein 1 (Gab1), Grb-2 associated protein 2
(Gab2), insulin receptor substrate 1 (IRS-1), IRS-2, IRS-3,

Daughter of Sevenless (DOS), FGFR substrate 2 (FRS2),
Downstream of tyrosine kinase (Dok), Linker for activation of
T cells (LAT), and Dok-related (Dok-R) (7, 13, 17, 18, 24, 29,
44, 52, 55, 57). A number of genetic and biochemical experi-
ments have provided evidence for the importance of docking
proteins in cellular signaling. For example, DOS, a Drosophila
docking protein, was first identified in a genetic screen for
signaling components downstream of the protein tyrosine ki-
nase Sevenless (17, 44). More recently, targeted disruption of
the IRS-2 gene was shown to result in a generation of diabetic
mice, demonstrating a role for this docking protein in signaling
by the insulin receptor (54). Similarly, disruption of the gene
for LAT, a docking protein, expressed in T cells, has demon-
strated a critical role in T-cell activation and development (58).
Other studies have shown that overexpression of docking pro-
teins such as Gab1, Gab2, and FRS2 potentiates cellular sig-
naling by receptors (13, 14, 19, 29, 50, 53), while overexpres-
sion of nonfunctional mutant docking proteins has been shown
to block signaling (59).

Docking proteins share a number of common features, in-
cluding some determinant that permits association with the
plasma membrane. IRS-1, DOS, Dok, Dok-R, Gab1, and Gab2
all have PH domains at their amino termini that may direct
interactions with specific phospholipids in the membrane (7,
13, 17, 24, 44, 55, 57). The LAT protein, on the other hand, has
a transmembrane domain (59), whereas FRS2 contains an
amino-terminal myristoylation site that is required for mem-
brane localization (29, 40). Docking proteins also often have a
specific receptor binding domain. IRS-1 contains an amino-
terminal phosphotyrosine binding (PTB) domain that binds to
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the insulin receptor, insulin growth factor receptor 1, and other
receptors (57), while the PTB domain of FRS2 interacts spe-
cifically with the fibroblast growth factor and nerve growth
factor (NGF) receptors (29, 40). Similarly, the Dok-R PTB
domain mediates association with the Tek-Tie2 receptor (24).
It has been proposed that Gab1 contains a region that medi-
ates binding to the activated Met receptor (53).

A key feature of all known docking proteins is the presence
of multiple phosphorylated tyrosine residues in the carboxy
termini of these proteins that serve as binding sites for SH2-
containing proteins. IRS-1, FRS2, Dok, LAT, Dok-R, Gab1,
and Gab2 all contain sites for such diverse SH2-containing
proteins as Grb2, SHP2, phospholipase Cg1, Nck, Crk, and
Fyn (7, 13, 17, 18, 24, 29, 55, 57, 59). The ability to recruit
diverse signaling molecules to a docking protein may help to
expand the repertoire of signaling pathways that can be acti-
vated by a given receptor. In contrast, some docking proteins
recruit a unique complement of downstream effectors, which
may account for their specific signaling properties. For exam-
ple, LAT binds SLP-76 and Vav, which are both expressed only
in hematopoietic cells (59).

The Gab1 docking protein was first identified and cloned as
a Grb2-associated protein and was shown to undergo tyrosine
phosphorylation in response to epidermal growth factor (EGF)
and insulin stimulation (18). Gab1 was subsequently isolated in
a yeast two-hybrid screen for proteins capable of binding to the
carboxy-terminal tail of the Met-hepatocyte growth factor
(HGF) receptor (53). In this latter study as well as others,
Gab1 was shown to be tyrosine phosphorylated in response to
HGF (38, 53), and more recently, it was shown to be tyrosine
phosphorylated in response to NGF (19). Gab1 binding to the
Met receptor is mediated in part by a sequence termed the Met
binding domain (MBD) (53). However, studies of Met recep-
tor mutants have indicated that indirect association via Grb2
also contributes to receptor binding (3, 10, 38). In addition to
the MBD domain, Gab1 is characterized by the presence of an
amino-terminal PH domain and multiple tyrosine phosphory-
lation sites that include three p85–phosphatidylinositol 3-ki-
nase (PI-3-kinase) binding sites (19). It has been shown that
p85 association with Gab1 and activation of PI-3–kinase are
required for the promotion of cell survival by NGF (19). Gab1
has also been implicated in cell transformation and epithelial
cell scattering as well as in cell morphogenesis (18, 35, 53).

EGF has been shown to stimulate generation of PI-3 kinase
products despite lacking a canonical PI-3 kinase binding site
(5). However, activation of PI-3 kinase by EGF is relatively
weak compared with activation induced by platelet-derived
growth factor or insulin stimulation (20). A number of reports
have suggested that another member of the EGF receptor
(EGFR) family, ErbB3, which contains multiple YXXM motifs
(canonical PI-3 kinase binding sites) that are transphosphory-
lated by the EGFR, acts as surrogate p85 adaptor upon het-
erodimerization with the EGFR (42, 47). The properties of
Gab1 raise the possibility that this protein may facilitate signal-
regulated recruitment of PI-3 kinase in cells that express or do
not express ErbB3. In this report we demonstrate that Gab1
can bind directly to the EGFR and is capable of potentiating
EGF-induced stimulation of mitogen-activated protein kinase
(MAPK) and Jun kinase (JNK) in a PI-3 kinase-dependent
fashion. Furthermore, we show that the PH domain of Gab1
binds primarily to phosphatidylinositol 3,4,5-triphosphate
[PtdIns(3,4,5)P3], a major product of PI-3 kinase, and can
target Gab1 to the plasma membrane in response to EGF
stimulation. Both membrane recruitment and potentiation of
the JNK and Erk signaling pathways are inhibited by Wort-
mannin treatment or by overexpression of a dominant-negative

mutant of p85. Furthermore, overexpression of the isolated
Gab1 PH domain could inhibit these effects. We therefore
propose that the PH domain of Gab1 allows Gab1 recruitment
to be controlled directly by the products of PI-3 kinase. In
support of this, expression of PTEN, a lipid phosphatase that
dephosphorylates PtdIns(3,4,5)P3, is able to inhibit EGFR sig-
naling and translocation of Gab1. These findings suggest that
Gab1 may participate in a positive feedback loop with respect
to PI-3 kinase activation, to enhance signaling via the EGFR.

MATERIALS AND METHODS

Expression vectors. cDNA fragments encoding the full-length Gab1 or the
Gab1 MBD (amino acids 450 to 532) and PH domain (amino acids 14 to 116)
were amplified by PCR with oligonucleotides containing a 59 BamHI site and a
39 EcoRI site. Following restriction digestion, these fragments were ligated in
frame into a BamHI/EcoRI-digested pGEX2T or pGEX2TK bacterial expres-
sion vector to generate glutathione S-transferase (GST) fusion proteins or into
BglII/EcoRI-digested pEGFP-C1 (Clonetech) to generate green fluorescent pro-
tein (GFP) fusion proteins.

To generate expression vectors for transient transfection of mammalian cells,
the full-length Gab1 cDNA was subcloned from pBAT Flag (53) into pRK5 as a
NotI fragment. Point mutations in Gab1 were generated by PCR mutagenesis
using the QuickChange mutagenesis system (Stratagene). The DPH mutant was
generated by PCR amplification of cDNA sequences encoding amino acids 122
to 698 of Gab1 by using oligonucleotides containing an EcoRI site and a 59 ATG
and then subcloned into pRK5.

Cells and DNA transfection. 293T cells, COS-1 cells, and HeLa cells were
maintained in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum. Transfections were carried out by using Lipofectamine reagent
(Gibco BRL) according to the manufacturer’s instructions. HeLa cells were
stimulated for 5 min with 100 ng of EGF (Intergen) per ml prior to harvesting
48 h posttransfection.

Antibodies. Polyclonal anti-EGFR antibodies directed against an epitope in
the carboxy terminus of the receptor have been described before (34). Antihem-
agglutinin (anti-HA) antibodies were obtained from Boehringer-Mannheim.
Polyclonal anti-GFP antibodies were generated against a GST-GFP fusion pro-
tein. The polyclonal antiphosphotyrosine antibodies have been described previ-
ously (4). Monoclonal anti-Flag M2 antibodies were obtained from Sigma.

Immunoprecipitations and immunoblotting. Cells were lysed with Triton lysis
buffer (50 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10%
glycerol, and 1% Triton X-100). Immunocomplexes were collected on protein A-
or protein G-Sepharose, washed with lysis buffer, resuspended in Laemmli sam-
ple buffer, boiled for 5 min, subjected to sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE), and transferred to nitrocellulose. The
membranes were blocked in TBST (10 mM Tris [pH 7.5], 50 mM NaCl, and 0.1%
Triton X-100) containing 5% bovine serum albumin for 1 h. Membranes were
then incubated for 1.5 h with antibody. Membranes were washed extensively with
TBST, and immunoreactive proteins were detected by incubation with horserad-
ish peroxidase-conjugated protein A for detection of polyclonal antibodies or
horseradish peroxidase-conjugated anti-mouse immunoglobulin G for detection
of monoclonal antibodies. Proteins were visualized by enhanced chemilumines-
cence and autoradiography.

Expression and purification of the GST fusion proteins. Following transfor-
mation of DH5 bacteria with various GST constructs, cells were grown to an
optical density at 600 nm of about 0.3 to 0.4 and induced with isopropyl-1-thio-
b-D-galactopyranoside (IPTG) for 3 h. Cells were centrifuged and lysed by
sonication in lysis buffer (50 mM Tris [pH 8.0], 100 mM NaCl, 10% glycerol, 1
mM dithiothreitol) containing protease inhibitors. Triton X-100 was added to a
concentration of 1%, and the cellular debris were removed by centrifugation.
The cleared lysates were incubated with glutathione-agarose beads for 1 h at 4°C.
The beads were then washed three times with phosphate-buffered saline and
stored at 4°C.

Microscopy. GFP fusion proteins were visualized following fixation of cells
with 4% paraformaldehyde in phosphate-buffered saline for 10 min at room
temperature by conventional fluorescence microscopy or by confocal microscopy
using an upright SARASTRO 2000 CLSM (Molecular Dynamics).

In vivo labeling and analysis of phosphoinositides. The labeling of cells with
myo-[3H]inositol and the analysis of phosphoinositides extracted from these cells
has been described elsewhere (8).

JNK and MAPK assays. For JNK assays the GST-Jun protein, containing the
first 79 amino acids of c-Jun fused to GST, [(GST-c-Jun(1-79)], was grown in
bacteria and harvested following induction with IPTG. Approximately 2 mg of
protein purified on glutathione-agarose beads was used as the substrate in kinase
assays following immunoprecipitation of JNK 1 from lysates of transiently trans-
fected cells with either anti-HA or anti-Flag antibodies. Kinase assays were
carried out in 30 ml of kinase buffer (20 mM Hepes [pH 7.5], 20 mM B-glycerol
phosphate, 10 mM PNPP, 10 mM MgCl2, 10 mM dithiothreitol, 50 mM sodium
vanadate) containing 20 mM ATP and 0.5 ml of [g-32P]ATP for 20 min at 30°C.
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Reactions were terminated by the addition of 23 sample buffer, and proteins
were separated by SDS–10% PAGE.

Anti-HA antibodies were used to immunoprecipitate the transfected Erk2
kinase from transfected cells. In vitro kinase reactions were carried out in kinase
buffer (20 mM Tris-HCl [pH 7.5], 10 mM MgCl2) with myelin basic protein as a
substrate. Following incubation at 30°C for 15 min, reactions were terminated by
the addition of sample buffer and proteins were resolved by SDS–12% PAGE.

RESULTS

Gab1 associates with the EGFR. As EGF has been shown to
stimulate tyrosine phosphorylation of Gab1, we were inter-
ested to know whether Gab1 becomes associated with the
EGFR upon EGF stimulation. In lysates from A431 cells stim-
ulated with EGF, we were able to identify a protein with an
apparent molecular mass of 180 kDa that migrates in SDS gels
by immunoblotting of Gab1 immunoprecipitates with an-
tiphosphotyrosine antibodies (Fig. 1A). This phosphorylated
protein corresponded to the EGFR, as revealed by immuno-
blotting of Gab1 immunoprecipitates with antibodies to the
EGFR (Fig. 1A). Additionally, a 115-kDa phosphorylated pro-
tein that corresponds in size to Gab1 itself is detected in
antiphosphotyrosine immunoprecipitates. Immunoblotting with
anti-Gab1 antibodies confirmed the identity of this protein as
Gab1 (Fig. 1A).

Gab1 has been previously shown to associate with the Met-
HGF receptor in the yeast two-hybrid system via an 83-amino-
acid stretch termed the MBD (53). To test whether the MBD
can mediate association of Gab1 with the EGFR, a GST fusion

protein of the MBD was used to determine whether it could
precipitate the EGFR. The results presented in Fig. 1B show
that the GST-Gab1 MBD fusion protein associates with the
EGFR in lysates from EGF-stimulated cells. These results
demonstrate a phosphorylation-dependent association be-
tween the EGFR and Gab1 that is mediated by the MBD. To
determine which phosphotyrosines in the activated EGFR are
responsible for this interaction we next used a cell line express-
ing a deletion mutant of the EGFR that is lacking the last 63
amino acids, which include two known tyrosine phosphoryla-
tion sites, Y1148 and Y1173. Figure 1C shows that both the
wild type and the CD63 mutant can be detected in a pTyr
immunoblot of GST-Gab1 MBD precipitates from lysates of
cell lines expressing wild-type EGFR or the CD63 mutant. This
experiment suggests that binding of the MBD of Gab1 to the
EGFR involves one or more of the three phosphorylated ty-
rosine residues (at positions 992, 1068, and 1086) that are not
deleted in CD63.

To determine which of these remaining tyrosine autophos-
phorylation sites are important for Gab1 binding we used a
series of phosphopeptides encompassing each of the five
known tyrosine autophosphorylation sites of EGFR to com-
pete for binding of the MBD to the EGFR. Consistent with the
CD63 immunoprecipitation result, phosphopeptides contain-
ing Y1148 or Y1173 were unable to compete for Gab1 MBD
binding (Fig. 1D). However, phosphopeptides containing
phosphorylated tyrosine Y1068 or Y1086 were able to effec-

FIG. 1. Association of Gab1 with the EGFR. (A and B) Anti-Gab1 antibodies (A) and a GST-Gab1 MBD fusion protein (B), respectively, were used to precipitate
proteins from lysates prepared from untreated (2) or EGF-stimulated (1) (100 ng/ml for 5 min) NIH 3T3 cells expressing the EGFR (HER14 cells). Coprecipitating
proteins were resolved by SDS-PAGE and immunoblotted with either anti-pTyr, anti-EGFR, or anti-Gab1 antibodies. (C) Lysates prepared from untreated or
EGF-stimulated (100 ng/ml for 5 min) HER14 cells and NIH 3T3 cells expressing the CD63 mutant were incubated with anti-Gab1 antibodies. Immunocomplexes were
resolved by SDS-PAGE and immunoblotted with anti-pTyr antibodies. (D) Lysates prepared from A431 cells were incubated with a GST-Gab1 MBD fusion protein
in the presence of 10 mM concentrations of peptides corresponding to EGFR sequences containing a particular tyrosine phosphorylation site. Complexes were resolved
by SDS-PAGE and immunoblotted with anti-pTyr antibodies (top) or anti-EGFR antibodies (bottom).
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tively compete for Gab1 MBD binding, suggesting that either
one or both of these pTyr residues are required for association
of the Gab1 MBD to the EGFR. It is noteworthy that pY1068
and pY1086 function as primary and secondary binding sites
for the Grb2 SH2 domain (4).

EGF-induced MAPK and JNK activation are enhanced by
overexpression of Gab1. Previous reports have implicated
Gab1 in activation of MAPK in response to cytokines and by
simple overexpression in transfected cells (50, 53). In addition
to activating the well-known MAPK pathway, the EGFR has
been shown to activate the JNKs (32, 36). Thus, we wanted to
determine whether overexpression of Gab1 could modulate
the activity of JNK as well as MAPK.

Transient overexpression of the EGFR in 293T cells causes
autophosphorylation without the need for EGF stimulation
(data not shown) and leads to activation of Erk2 and JNK
when HA-tagged versions of these kinases are coexpressed
(Fig. 2). The activities of Erk2 and JNK were measured fol-
lowing immunoprecipitation with anti-HA antibodies by using
an in vitro kinase reaction with myelin basic protein and c-Jun
as the respective substrates (Fig. 2). When increasing amounts
of Gab1 were transfected with fixed amounts of EGFR and
HA-tagged versions of Erk2 or JNK 1, a proportional increase
in the enzymatic activities of these kinases was observed (Fig.
2; see also Fig. 5). Control immunoblots to measure expression
of Gab1 and EGFR show appropriate protein levels (Fig. 2).
These results demonstrate that overexpression of Gab1 en-
hances the capacity of EGFR to stimulate MAPK and JNK
and suggests that Gab1 plays a role in signaling through the
EGFR.

PI-3 kinase activation is required for signaling through
Gab1. Experiments using membrane-targeted versions of the
p110 catalytic subunit of PI-3 kinase have demonstrated that
PI-3 kinase is an upstream activator of the JNK signaling
pathway (27, 32) and that EGF-induced JNK activation is in
part mediated by PI-3 kinase (32). As Gab1 was previously
shown to bind PI-3 kinase and mediate PI-3 kinase activation

in response to EGF and NGF treatment (18, 19), we were
interested to know whether PI-3 kinase activity is required for
the ability of Gab1 to potentiate JNK activation by the EGFR.

A dominant-interfering mutant of PI-3 kinase was utilized to
block PI-3 kinase activation. This mutant consists of sequences
from the inter-SH2 domain of p85, a region necessary for p85
association with the catalytic 110 subunit, and has been previ-
ously shown to be effective in blocking both PI-3 kinase in vivo
(21) and activation of JNK by the EGFR (32). We also gen-
erated a mutant of Gab1 in which the three tyrosines that
function as p85 binding sites were mutated to phenyalanines
(3F mutant). This Gab1 3F mutant has been previously shown
not to associate with activated PI-3 kinase in response to NGF
stimulation (19). As PI-3 kinase was implicated in JNK activa-
tion, mutations affecting PI-3 kinase activity would be expected
to inhibit EGF-induced JNK stimulation. As shown in Fig. 3,
the 3F mutant was defective in its ability to potentiate JNK
activation induced by EGFR. Moreover, overexpression of the
p85INT blocked enhancement of JNK signaling mediated by
wild-type Gab1 (Fig. 3). This result confirms that Gab1 poten-
tiation of JNK activation by EGFR requires PI-3 kinase activ-
ity.

Gab1 is translocated to the plasma membrane upon EGFR
stimulation in a PI-3 kinase-dependent fashion. Numerous
studies have demonstrated a role for PH domains in the mem-
brane recruitment of signaling proteins (30, 31). The presence
of a PH domain in Gab1 prompted us to examine the cellular
localization of Gab1 upon EGFR activation. To that end, we
generated a traceable Gab1 fusion protein using GFP. The
GFP-Gab1 construct was transfected into COS-1 cells, and
membrane recruitment was assessed by fluorescence micros-
copy following EGF treatment. Figure 4A shows that in un-
stimulated cells the GFP-Gab1 fusion was distributed diffusely
in the cytoplasm. However, upon stimulation with EGF, a
distinct pattern of fluorescence was observed at the plasma
membrane (Fig. 4B). Additionally, many cells displayed in-
tense staining at sites of membrane ruffling (data not shown).

FIG. 2. Potentiation of EGFR-mediated activation of MAPK and JNK by overexpression of Gab1. 293T cells were transiently transfected with increasing amounts
(0.5, 2, and 4 mg) of Gab1 expression vector and a constant amount (100 ng) of EGFR (four rightmost lanes) and HA-tagged Erk2 (left) or HA-tagged JNK1 (right)
(1.5 mg each). At 48 h posttransfection, cells were lysed and kinase assays were performed as described in Materials and Methods (top blots). Expression of the
transfected proteins was determined by immunoblotting total cell lysates with the antibodies indicated beside the lower rows of blots.
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We also assessed the ability of the Gab1 PH alone fused to
GFP to translocate in response to EGF and observed a similar
membrane pattern of staining, suggesting that the PH domain
mediates membrane localization of Gab1. However, we did
note more pronounced staining of membrane ruffles with the
isolated Gab1 PH domain than with the full-length Gab1 (Fig.
4C). We also detected nuclear staining in both unstimulated
and EGF-treated cells with the Gab1 PH domain (Fig. 4C and
D). This nuclear staining has been observed for other isolated
PH domains, including the PH domains of PLCg1, Grp1, and
ARNO, and most likely represents diffusion of the fusion pro-
tein through the nuclear pore due to its relatively smaller size
(8, 51).

It has been previously reported that a membrane-targeted
version of the p110 catalytic subunit of PI-3 kinase can pro-
mote membrane localization of a GFP-Gab1 PH domain (22).
To test whether PI-3 kinase is required for membrane recruit-
ment of Gab1 PH domain in response to EGF, COS-7 cells
were pretreated with 100 nM Wortmannin prior to stimulation
with EGF. Figure 4E shows that the GFP-Gab1 PH domain
was localized only in the cytoplasm of cells that had been
pretreated with Wortmannin. These results implicate PI-3 ki-
nases in membrane recruitment of Gab1.

Gab1 PH domain binds PtdIns(3,4,5)P3. The results with
the GFP-Gab1 PH fusion protein suggested that the Gab1 PH
domain is involved in membrane recruitment of Gab1. This
result prompted examination of the lipid binding properties of
the Gab1 PH domain. Comparison of the sequence of the
Gab1 PH domain with other PH domains revealed a strong
similarity with PH domains of proteins known to bind products
of PI-3 kinase. Specifically, a strong sequence identity was
noted in the b1 and b2 strands of a region previously shown to

be involved in lipid binding (9, 16). To examine the lipid
binding properties of the Gab1 PH domain, a GST fusion
protein of the Gab1 PH domain was generated, bound to
glutathione beads, and mixed with deacylated lipid extracts
from platelet-derived growth factor-stimulated [3H]inositol-la-
beled IMR33 fibroblasts. The associated glycerophosphoi-
nositides were eluted and analyzed by high-performance liquid
chromatography (HPLC). The results, shown in Fig. 5A, dem-
onstrate that the Gab1 PH domain binds most strongly to
PtdIns(3,4,5)P3. Smaller amounts of binding to phosphatidyl-
inositol 3-phosphate, phosphatidylinositol 3,4-biphosphate
[PtdIns(3,4)P2], and phosphatidylinositol 4,5-biphosphate
[PtdIns(4,5)P2] were also detected. To correct for differences
in the amount of each lipid species in the starting extract, the
binding experiments were repeated using approximately equal
amounts of the corresponding soluble inositol phosphate head-
group for each lipid species. Again, the results shown in Fig. 5C
confirm a preference of the Gab1 PH domain for PtdIns
(3,4,5)P3 {inositol(1,3,4,5)tetraphosphate [Ins(1,3,4,5)P4]}, fol-
lowed by PtdIns(3,4)P2 {inositol(1,3,4)triphosphate[Ins(1,3,4)
P3]}, PtdIns(4,5)P2 {inositol(1,4,5)triphosphate [Ins(1,4,5)P3]},
and PtdIns(3)P {inositol(1,3)biphosphate [Ins(1,3)P2]}.

Displacement experiments were conducted to determine the
50% inhibitory concentration (IC50) of binding of PtdIns
(3,4,5)P3 to the Gab1 PH domain by its soluble head group,
Ins(1,3,4,5)P4. The water-soluble PtdIns(3,4,5)P3 head group,
Ins(1,3,4,5)P4, was used to compete the binding of [32P]gPI
(3,4,5)P3 generated in vitro using purified PI-3 kinase and
gPI(4,5)P2 as a substrate to the Gab1 PH domain (Fig. 5C).
The IC50 was determined to be approximately 10 mM, in the
range previously observed for the binding of PtdIns(3,4,5)P3 to
other PH domains (8, 25).

Gab1 PH domain is required for Gab1-mediated activation
of JNK. As the PH domain of Gab1 is capable of binding
membrane lipids and can potentially mediate translocation of
Gab1 to the plasma membrane, we were interested to know
whether this domain is required for Gab1 potentiation of sig-
naling via EGFR. To test this we generated a mutant of Gab1
with a deletion of the PH domain and compared its ability to
potentiate JNK activation with the wild-type Gab1. HeLa cells
were transfected with wild type or the deletion mutant and
then stimulated with EGF. Figure 6A shows that, whereas the
wild-type Gab1 potentiates activation of JNK by EGF, expres-
sion of the PH deletion mutant leads to no further activation of
JNK beyond what is observed upon EGF stimulation. This
result demonstrates that the PH domain is critical for EGFR
signaling mediated by Gab1.

To determine the effect of the PH domain deletion on the
ability of Gab1 to be tyrosine phosphorylated in response to
EGF, immunoprecipitates of the wild-type Gab1 and the PH
domain deletion mutant were blotted with antiphosphoty-
rosine antibodies. Figure 6B shows that the deletion mutant
can still be tyrosine phosphorylated but somewhat less effi-
ciently than the wild-type Gab1, as demonstrated by a reduc-
tion in the intensity of phosphorylated Gab1 deletion mutant
bands.

PI-3 kinase is an upstream activator of Gab1. The results
above demonstrate a requirement for PI-3 kinase in Gab1
signaling. In addition, the ability of the Gab1 PH domain to
bind the products of PI-3 kinase as well as translocate to the
plasma membrane in response to EGF suggest that PI-3 kinase
not only is required for signaling through Gab1 but also may
function as an upstream activator of Gab1. We therefore tested
whether Wortmannin, an inhibitor of PI-3 kinase, could re-
press the potentiation of EGFR signaling by Gab1. By contrast
with activation of JNK, MAPK activation is independent of

FIG. 3. Enhancement of EGFR-mediated activation of JNK by Gab1 re-
quires PI-3 kinase. As shown on the left, an expression vector encoding an
HA-tagged dominant-negative mutant of PI-3 kinase (p85INT) (2 mg in the third
lane from the left and 4 mg in the fourth lane from the left) was cotransfected
with the EGFR, Gab1, and Flag-tagged JNK 1. Anti-Flag immunoprecipitates
were divided and one half was used in a JNK assay (top) and the other half was
blotted with anti-Flag antibodies to show equal amounts of JNK 1 (bottom). For
the two middle blots, total cell lysates were blotted with anti-Gab1 and anti-HA
antibodies. As shown on the right, wild-type Gab1 (1.5 mg 3 mg in the second end
third lanes from the left, respectively) and a mutant of Gab1 (3 mg) (last lane)
containing substitutions of the three putative p85 binding sites (Y448, Y473, and
Y590) were introduced with the EGFR and HA-JNK 1, and their relative ability
to enhance EGFR activation of this kinase was measured in vitro as described in
Materials and Methods.
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PI-3 kinase and would not be expected to be directly affected
by an inhibitor of PI-3 kinase function unless PI-3 kinase is
acting upstream of Gab1. As shown in Fig. 7A, pretreatment of
transfected cells with 100 nM Wortmannin resulted in signifi-

cant inhibition of the Gab1-mediated increase in EGFR-in-
duced JNK activation. Significantly, Gab1-mediated potentia-
tion of MAPK was also potently inhibited by Wortmannin (Fig.
7A).

FIG. 4. Gab1 is translocated to the plasma membrane in response to EGF stimulation. (A and B) COS1 cells fixed and analyzed by fluorescence microscopy after
a cDNA encoding the GFP-Gab1 fusion protein was transfected into them. At 48 h posttransfection, the cells were left untreated (A) or stimulated with 100 ng of EGF
per ml (B). (C to E) COS-1 cells fixed and analyzed by confocal fluorescence microscopy after a cDNA encoding the GFP-Gab1 PH domain fusion protein was
transfected into them. At 48 h posttransfection, the cells were left untreated (C), stimulated with 100 ng of EGF per ml (D), or pretreated with 100 nM Wortmannin
for 10 min prior to stimulation with EGF (E). Arrows indicate fluorescence staining of the plasma membrane. Magnification, 3660.

VOL. 20, 2000 Gab1 LINKS THE EGFR TO PI-3 KINASE 1453



We next tested the effect of Wortmannin on the tyrosine
phosphorylation of Gab1. Figure 7B shows that treatment of
HeLa cells with Wortmannin prior to stimulation with EGF
resulted in a significant decrease in the level of tyrosine phos-
phorylation of Gab1. These results are consistent with the
hypothesis that PI-3 kinase regulation of Gab1 function is
mediated by binding of specific phosphoinositides to the Gab1

PH domain facilitating plasma membrane recruitment of
Gab1.

To further test this hypothesis we investigated the possibility
that the PH domain could act as a dominant-negative mutant
of Gab1. We predicted that expression of the isolated PH
domain of Gab1 might inhibit PI-3 kinase activation by endog-
enous EGFRs. HeLa cells were transiently cotransfected with

FIG. 5. Lipid binding specificity of the Gab1 PH domain. (A) GST-agarose beads containing the Gab1 PH domain were incubated with a deacylated lipid extract
prepared from [3H]inositol-labeled IMR33 fibroblasts. The beads were washed, and the bound glycerophosphoinositols were eluted with 0.1 N HCl separated by HPLC
and quantitated by liquid scintillation counting. The amount of radioactivity of each compound was calculated as a percentage of the total radioactivity present in the
extract and then represented as a percentage relative to the amount of gPI(3,4,5)P3 bound. The error bars represent the standard deviations of three independent
experiments. (B) A pool of equal amounts of soluble lipids were mixed with GST-agarose beads containing the Gab1 PH domain, and the bound lipids were analyzed
by HPLC. The amount of radioactivity of each compound was corrected for minor differences of the starting material present in the pool and then represented as a
percentage relative to the amount of Ins(1,3,4,5)P4 bound. Results are the means of three independent experiments. (C) Displacement of binding of the Gab1 PH
binding to PtdIns(3,4,5)P3 by the soluble head group Ins(1,3,4,5)P4. [32P]gPI(3,4,5)P3 was generated in vitro by using PI-3 kinase and PtdIns(4,5)P2 as a substrate and
bound to the Gab1 PH domain in the presence of increasing concentrations of Ins(1,3,4,5)P4. gPI(3,4,5)P3, glycerophosphoinositol(3,4,5)phosphate.
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Gab1 PH domain and with HA-JNK 1 expression vectors and
stimulated with EGF. The results presented in Fig. 7C reveal
inhibition of the EGF-stimulated increase in JNK activity by
overexpression of Gab1 PH domain. This result not only con-
firms the importance of the PH domain but also suggests that
Gab1 may be the primary mediator via which EGFR activates
PI-3 kinase. Together, these results demonstrate that activa-
tion of PI-3 kinase by EGFR is mediated by Gab1. Further,
they argue not only that PI-3 kinase is required as a down-
stream effector of Gab1 but also that it acts as an upstream
activator of Gab1. This is likely to involve recruitment of Gab1
to the plasma membrane by the binding of Gab1 PH domain to
PtdIns(3,4,5)P3, which in turn will stimulate PI-3 kinase acti-
vation by p85 recruitment to phosphorylated tyrosines on
Gab1.

PTEN regulates EGFR signaling and Gab1 phosphoryla-
tion. The PTEN gene is a tumor suppressor gene whose prod-
uct has been recently shown to have lipid phosphatase activity
(33). As the Gab1 PH domain can mediate translocation of
Gab1 through its binding of PtdIns(3,4,5)P3, we wanted to
know whether PTEN, which converts PtdIns(3,4,5)P3 to
PtdIns(4,5)P2 could modulate EGFR signaling and Gab1
translocation. HeLa cells were transiently cotransfected with
expression vectors containing either a wild-type or mutant
PTEN defective in its lipid phosphatase activity with an HA-
Erk2 or HA-JNK1 expression vector and stimulated with EGF.
The results presented in Fig. 8A show an approximately two-
fold inhibition of EGF-stimulated MAPK and JNK activity by
expression of the wild-type PTEN but not the mutant (despite
relatively higher (1.53) levels of expression of the mutant
compared to wild-type PTEN. This result demonstrates that
PTEN can modulate EGFR signaling.

To determine whether this modulation might be due to
effects on Gab1 we tested whether translocation of Gab1 to the
plasma membrane might be inhibited by PTEN. The GFP-
Gab1 construct was cotransfected into COS-1 cells with either
wild-type or mutant PTEN, the cells were stimulated with
EGF, and membrane recruitment was assessed by fluorescence
microscopy. Figure 8B shows that in cells cotransfected with

wild-type PTEN, the GFP-Gab1 fusion protein was distributed
diffusely in the cytoplasm. However, fluorescence was observed
at the plasma membrane, especially at sites of membrane ruf-
fling, when GFP-Gab1 was introduced with mutant PTEN
(Fig. 8B). These results provide evidence that Gab1 transloca-
tion and EGFR signaling can both be affected by PTEN ex-
pression and suggest that PTEN may regulate EGFR signaling
by modulating Gab1 localization.

DISCUSSION

A growing family of docking proteins characterized by the
presence of membrane targeting and receptor binding domains
have been recently identified. Among these is Gab1, which is
tyrosine phosphorylated in response to activation of a number
receptor tyrosine kinases, including EGFR and the hepatocyte
growth factor, fibroblast growth factor, and NGF receptors (18,
19, 53). Gab1 serves as the docking site for a number of
downstream signaling molecules, including PI-3 kinase (18,
19). The importance of Gab1 as a docking protein is illustrated
by the fact that Gab1 mediates NGF-induced cell survival and
HGF-induced epithelial cell scattering and morphogenesis (19,
35, 53). In this paper we examine the role of Gab1 in EGFR
signaling.

Previously, it was proposed that EGF activation of PI-3
kinase is regulated at least in part by heterodimerization with
ErbB3, a membrane receptor containing canonical binding
sites for PI-3 kinase (42, 47). Here, we show that Gab1 can also
couple the EGFR directly to activation of the PI-3 kinase and
JNK signaling pathway. Gab1 can bind to the activated EGFR,
thereby recruiting p85 to the receptor. Association of Gab1
with the EGFR is mediated in part by the MBD, a region
previously shown to mediate binding to the carboxy-terminal
tail of the HGF-Met receptor (53). We have shown that pTyr
1068 and 1086 of the activated EGFR can function as sites for
interaction with the Gab1 MBD. We have not identified any
obvious similarities between these two sites and the tyrosines
on the HGF-Met receptor that are responsible for direct as-
sociation with Gab1. Studies with Met receptor mutants have

FIG. 6. The PH domain of Gab1 is required for signaling. (A) HeLa cells were transfected with increasing amounts (0.5 and 2 mg) of Gab1 or Gab1DPH expression
vector and HA-tagged JNK 1 (1.5 mg). At 48 h posttransfection cells were stimulated with EGF (100 ng/ml) for 5 min and lysed, and kinase assays were performed
as described in Materials and Methods (top blot). Expression levels of the transfected components was determined by immunoblotting of total cell lysates with the
indicated antibodies (lower blots). (B) HeLa cells were transfected with increasing amounts (0.5, 1.5, and 3 mg) of Gab1 or Gab1DPH expression vector. At 48 h
posttransfection cells were stimulated with EGF (100 ng/ml) for 5 min and lysed, and immunoblots of anti-Gab1 immunoprecipitates were conducted using
antiphosphotyrosine (top blot) or anti-Gab1 (bottom blot) antibodies.
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attributed much of the observed Gab1 binding to indirect as-
sociation via Grb2, with little direct binding that is mediated by
other sites (3, 10, 38). As position 1068 of the EGFR serves as
the primary binding site for Grb2 (Grb2 binds more weakly to
pTyr 1086 [4]), we cannot rule out the possibility that part of
the binding is indirect and mediated by Grb2. It is possible
that, as suggested for the HGF-Met receptor, Gab1 binding to
the EGFR requires a primary Grb2 site (Y1068) plus a sec-
ondary direct binding site (Y1086) that is recognized by the
MBD.

PI-3 kinase appears to act as not only a downstream effector
of Gab1 but also an upstream regulator. A mutant of Gab1 that
fails to associate with PI-3 kinase is defective in potentiating
JNK signaling (Fig. 3). Similarly, a dominant-negative mutant
of p85 inhibits Gab1 potentiation of JNK stimulation by Gab1

(Fig. 7). Moreover, Wortmannin can block PH domain-medi-
ated translocation to the plasma membrane and tyrosine phos-
phorylation of Gab1 as well as MAPK and JNK signaling in
response to EGF stimulation (Fig. 7). Since activation of
MAPK is thought to lie on a pathway independent of PI-3
kinase we conclude that PI-3 kinase must be acting as an
upstream activator of Gab1. Consistent with this hypothesis
the PH domain of Gab1 is capable of binding to PtdIns
(3,4,5)P3, a major product of PI-3 kinase (Fig. 3). Significantly,
the b1-b2 loop region of the Gab1 PH domain shows strong
sequence identity with PH domains of other proteins that are
known to bind lipids generated through the action of PI-3
kinase (9, 16). Furthermore, expression of the isolated Gab1
PH domain acts as a dominant-interfering mutant that blocks
Gab1 potentiation of EGF-induced JNK activation (Fig. 7).

FIG. 7. Wortmannin and the Gab1 PH domain inhibit Gab1 potentiation of EGFR signaling. (A) An expression vector for EGFR was transfected into 293T cells
together with vectors encoding HA-Erk2 (right) or HA-JNK 1 (left) with (second and third lanes from left) or without (leftmost lane) Gab1. At 48 h posttransfection
untreated cells or cells pretreated with 100 nM Wortmannin were lysed and kinase assays were performed following immunoprecipitation with anti-HA antibodies (top
blot). Immunoblots were performed with the indicated antibodies on total cell lysates (lower blots). (B) HeLa cells were transfected with vectors encoding Gab1. At
48 h posttransfection untreated cells or cells pretreated with 100 nM Wortmannin were lysed and immunoblots were performed using antiphosphotyrosine antibodies
(top blot) or anti-Gab1 antibodies (bottom blot) following immunoprecipitation with anti-Gab1 antibodies. (C) HeLa cells were transfected with vectors encoding
HA-JNK 1 and increasing concentrations of the Gab1 PH domain. Cells not stimulated (leftmost lane) or stimulated with EGF (100 ng/ml) for 5 min (three rightmost
lanes) and then lysed 48 h posttransfection. A JNK assay was performed as described in Materials and Methods following immunoprecipitation with anti-HA antibodies
(top blot). Immunoblots of total cell lysates with the indicated antibodies are shown in the lower blots. (D) Results from panel C were quantitated by densitometric
scanning of the kinase assay and plotted. The vertical scale is the measurement of the density of the bands in arbitrary units.
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Although, we cannot rule out the potential for disruption of
other signaling pathways leading to JNK activation, this result
together with our binding data and experiments with Wort-
mannin present strong evidence for the importance in PI-3
kinase regulation of Gab1 through its PH domain. These re-
sults are also consistent with a recent report by Maroun et al.
(35), who similarly demonstrated a critical role for the PH
domain and a requirement for PI-3 kinase in the translocation
of Gab1 to the plasma membrane.

Thus, on the basis of these experiments, we propose a model
by which PI-3 kinase is both an upstream activator and down-
stream effector of Gab1 (Fig. 9). According to our model,
Gab1 recruitment is initiated upon binding of the MBD to
phosphorylated tyrosine residues on the EGFR and/or indirect
recruitment via Grb2. Subsequent phosphorylation of Gab1 by
the EGFR facilitates its association with downstream effectors,
including the p85 subunit of PI-3 kinase. Activation of PI-3
kinase then leads to the production of PtdIns(3,4,5)P3, which
promotes further membrane recruitment of Gab1 and addi-
tional enhancement of PI-3 kinase signaling. Such a positive
feedback loop may act to create a sustained PI-3 kinase signal
necessary to achieve a specific biological effect. Since binding
of the Gab1 MBD to the EGFR is relatively weak compared

with binding of the PTB domain of Shc or the SH2 domain of
Grb2 to the EGFR (data not shown), the concerted action of
both the PH domain and the MBD may be required to achieve
stable membrane recruitment of Gab1 of sufficient duration to
enhance its tyrosine phosphorylation and association with
downstream signaling molecules. Consistent with this idea, de-
letion of the Gab1 PH domain reduces but does not eliminate
tyrosine phosphorylation of Gab1 in response to EGF (Fig. 6).
A similar scenario may also apply for tyrosine phosphorylation
of IRS-1 by insulin receptors, as it has been shown that the
presence of both the PTB domain and the PH domain is
required for efficient tyrosine phosphorylation of IRS-1 in re-
sponse to insulin stimulation (38, 52, 56). Also, recent evidence
suggests that stable association of Sos with the EGFR requires,
in addition to the carboxy-terminal Grb2 binding site, the N-
terminal PH domain (43).

It is not yet clear how the positive feedback loop mediated
by Gab1 and PI-3 kinase is terminated. Since the Gab1 PH
domain binds preferentially to PtdIns(3,4,5)P3, the most rea-
sonable mechanism would be that membrane association of
Gab1 is down-modulated by the action of 59 phosphatidylino-
sitol phosphatases such as PTEN, which generates PtdIns
(4,5)P2 from PtdIns(3,4,5)P3. Since the Gab1 PH domain

FIG. 8. PTEN regulates Gab translocation and phosphorylation. (A) HeLa cells were transfected with a Gab1 expression vector and HA-tagged ERK2 (left) or
HA-tagged JNK 1 (right) with either the wild-type or a phosphatase-negative PTEN (PTEN C/S) expression vector. At 48 h posttransfection, cells were untreated
(rightmost lanes) or stimulated with EGF (100 ng/ml) for 5 min (three rightmost lanes) and lysed, and kinase assays were performed as described in Materials and
Methods. Expression levels of PTEN were determined by immunoblotting of total cell lysates (lower blots). The kinase assay was quantitated by densitometric scanning,
and the percentages, relative to the amount of EGF-stimulated activity, are indicated below each lane. (B) GFP-Gab1 expression vector and a fivefold excess of either
wild-type or mutant PTEN were transfected into COS-1 cells. At 48 h posttransfection the cells were stimulated with 100 ng of EGF per ml, fixed, and analyzed by
fluorescence microscopy.

VOL. 20, 2000 Gab1 LINKS THE EGFR TO PI-3 KINASE 1457



binds significantly more strongly to PtdIns(3,4,5)P3 than to
PtdIns(3,4)P2, this would lead to dissociation of Gab1 from the
cell membrane and hence signal termination. Indeed, we ob-
serve that PTEN not only can block translocation of Gab1 but
also can block EGF activation of JNK (Fig. 8). This mode of
regulation is similar to what has been observed for AKT/pro-
tein kinase B (PKB), where high levels of PtdIns(3,4,5)P3 and
constitutive activation of AKT/PKB were seen in fibroblasts
derived from PTEN-deficient mice (reviewed in reference 6).

The importance of PH domains in regulating membrane
association and biological function has been documented for a
number of proteins (31). Our experiments demonstrating the
importance of PI-3 kinase in Gab1 signaling and the role of the
PH domain in binding specific products of PI-3 kinase is in
agreement with other recent evidence showing that PI-3 kinase
can regulate the activity of many proteins through their PH
domains. For example PI-3 kinase can regulate PLCg1 activity
through its PH domain (8) and modulate the Rac exchange
activity of Sos through the PH domain (39). Similarly, Vav and
Grp1 PH domain-containing guanine nucleotide exchange fac-
tors are regulated by PI-3 kinase (15, 25, 26). PI-3 kinase
activates AKT/PKB via a more elaborate process involving
binding of (3,4,5)P3 to its PH domain (11, 12, 23, 28) as well as
the PH domain of another kinase, 3-phosphoinositide-depen-
dent protein kinase 1 (PDK1) (1, 2, 48, 49). Thus, specific PI-3
kinase-derived phosphoinositides are emerging as an impor-
tant class of second messengers that act as mediators of plasma
membrane association of signaling molecules and perhaps also
as allosteric regulators of enzyme activity. The experiments
presented in this report underscore the central role that PI-3
kinases provide in generation of intricate intracellular circuitry

that controls cell growth, differentiation, and metabolism as
well as other important intracellular processes.
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