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Gab1 has structural similarities with Drosophila DOS (daughter of sevenless), which is a substrate of the
protein tyrosine phosphatase Corkscrew. Both Gab1 and DOS have a pleckstrin homology domain and tyrosine
residues, potential binding sites for various SH2 domain-containing adapter molecules when they are phos-
phorylated. We found that Gab1 was tyrosine phosphorylated in response to various cytokines, such as inter-
leukin-6 (IL-6), IL-3, alpha interferon (IFN-a), and IFN-g. Upon the stimulation of IL-6 or IL-3, Gab1 was
found to form a complex with phosphatidylinositol (PI)-3 kinase and SHP-2, a homolog of Corkscrew. Muta-
tional analysis of gp130, the common subunit of IL-6 family cytokine receptors, revealed that neither tyrosine
residues of gp130 nor its carboxy terminus was required for tyrosine phosphorylation of Gab1. Expression of
Gab1 enhanced gp130-dependent mitogen-activated protein (MAP) kinase ERK2 activation. A mutation of
tyrosine 759, the SHP-2 binding site of gp130, abrogated the interactions of Gab1 with SHP-2 and PI-3 kinase
as well as ERK2 activation. Furthermore, ERK2 activation was inhibited by a dominant negative p85 PI-3
kinase, wortmannin, or a dominant negative Ras. These observations suggest that Gab1 acts as an adapter
molecule in transmitting signals to ERK MAP kinase for the cytokine receptor gp130 and that SHP-2, PI-3
kinase, and Ras are involved in Gab1-mediated ERK activation.

Cytokine receptors, such as receptors for interleukins, colo-
ny-stimulating factors (CSFs), hormones, and interferons,
utilize Janus tyrosine kinases (JAKs) for transmitting signals
downstream. The JAKs associate with the juxtamembrane do-
mains, called box 1 and box 2, of cytokine receptors. Upon
ligand binding to receptors, the receptors dimerize and the re-
ceptor-associated JAKs are thought to undergo transphospho-
rylation as well as phosphorylation of the tyrosine residues in
the cytoplasmic domain of the receptors involved. The tyro-
sine-phosphorylated receptors recruit various SH2 domain-
containing adapter molecules such as STATs (signal transduc-
ers and activators of transcription) and SHPs (protein tyrosine
phosphatases), resulting in the activation of downstream path-
ways (reviewed in references 9, 23, and 24).

gp130 is the common subunit of receptors for the interleu-
kin-6 (IL-6) family of cytokines (leukemia-inhibitory factor,
ciliary neurotropic factor, oncostatin M, IL-11, and CT-1)
(reviewed in references 18 and 20). It associates with JAK1,
JAK2, and TYK2, and its tyrosine residues are phosphorylated
upon stimulation (42). Among the six tyrosine residues in the
cytoplasmic domain of gp130, tyrosine 759 (the second tyrosine
from the membrane) was shown to be necessary for the re-
cruitment of SHP-2 on gp130 and its tyrosine phosphorylation
(16, 43). The four tyrosines in the carboxy terminus have a glu-
tamine at position 13 of tyrosines (YXXQ) and were shown to
be required for tyrosine phosphorylation and activation of
STAT3 (43, 50). STAT3 was shown to be involved in the cell
cycle arrest and macrophage differentiation of a mouse leuke-
mia cell line, M1 (32, 50), and in an antiapoptotic signal for

gp130-mediated cell proliferation (16). The mutation of tyro-
sine 759 to phenylalanine attenuated activation of ERK mito-
gen-activated protein (MAP) kinases and abolished the tran-
sition to G2/M in the cell cycle, correlating with loss of SHP-2
tyrosine phosphorylation (16). These observations indicate a
possible involvement of SHP-2 in the activation of MAP kinase
pathway. However, the biochemical mechanisms by which SHP-
2 regulates downstream signals have not yet been elucidated
clearly.

SHP-2 is a protein tyrosine phosphatase bearing two SH2
domains in the amino-terminal region and a phosphatase do-
main in the carboxy-terminal region (1). SHP-2 was reported
to regulate signaling through the receptor tyrosine kinases such
as receptors for epidermal growth factor (EGF), fibroblast
growth factor (FGF), and insulin (4, 34, 45) and cytokine re-
ceptors such as receptors for prolactin, alpha/beta interferon
(IFN-a/b), and granulocyte-macrophage CSF (2, 10, 25). SHP-
2 was shown to associate with Grb2, which links to Ras path-
way through the GDP-GTP exchanger Sos, upon the stimula-
tion of platelet-derived growth factor receptor, EGF receptor,
and cytokine receptors (3, 16, 29, 49). Expression of inactive
phosphatase mutants suppresses EGF, FGF, or insulin-depen-
dent MAP kinase activation (4, 34, 45, 49). These data indicate
that there are two signaling pathways to MAP kinases through
SHP-2; one depends on tyrosine phosphorylation of SHP-2, and
the other depends on tyrosine phosphatase activity of SHP-2.

Corkscrew (CSW) is a Drosophila homolog of SHP-2 and
reported to act downstream of the receptor tyrosine kinases
Torso and Sevenless and Drosophila EGF and FGF receptors
(DER and Breathless) (36, 37). Biochemical and genetic anal-
ysis of Drosophila eye development revealed that Daughter of
Sevenless (DOS) is a substrate for CSW and is required for
Sevenless signaling, possibly by activating the Ras pathway (17,
38). DOS has structural homologies with mammalian adapter
molecules IRS-1, IRS-2, and Gab1. Gab1 is a 115-kDa mole-
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cule originally identified as a Grb2-associated docking protein
(21). Gab1 was shown to be tyrosine phosphorylated in re-
sponse to EGF, insulin, nerve growth factor, and c-Met stim-
ulation, and it was shown to bind phospholipase C-g, phospha-
tidylinositol (PI)-3 kinase, and SHP-2 in addition to Grb2 (14,
21, 22, 33).

Here we report that Gab1 acts as an adapter molecule in
transmitting signals to the ERK MAP kinase for the cytokine
receptor gp130.

MATERIALS AND METHODS

Cell culture, transfection, and biological reagents. HepG2 and 293T cells were
maintained as described previously (44). Hep3B cells were cultured in Dulbecco
modified Eagle medium supplemented with 10% fetal calf serum, penicillin (100
U/ml), and streptomycin (100 mg/ml). TF-1 cells were cultured in RPMI medium
supplemented with 10% fetal calf serum, human recombinant IL-3 (5 ng/ml;
Gibco BRL), penicillin (100 U/ml), and streptomycin (100 mg/ml). To establish
293T stable transfectant cells expressing the chimeric receptors, 293T cells in a
10-cm-diameter dish (approximately 106 cells) were transfected with 20 mg of the
expression vectors for the granulocyte CSF receptor (G-CSFR)–gp130 chimeric
receptors (16) and 2 mg of pMIK-HygB by a standard calcium phosphate pre-
cipitation method. Transfectants were selected with hygromycin (200 mg/ml), and
expression of the chimeric receptors was detected by immunoblotting with an
anti-G-CSFR antibody. For transient transfection, 1 mg of each expression plas-
mid (except for the assay represented in Fig. 6b) was transfected in a 6-cm-
diameter dish (approximately 5 3 105 cells) of 293T or HepG2 cells, and cells
were harvested 20 h after the transfection for further analysis. For the stimula-
tion of cells with cytokines, cells were starved of serum (or IL-3 in the case of
TF-1 cells) for 12 h and stimulated with cytokines as indicated in the figure
legends.

Plasmid construction. Human Gab1 cDNA was amplified from a human bone
marrow cDNA library (Clontech) by PCR using primers based on the published
sequence (21). The amino acid 472–694 region of human Gab1 was amplified by
PCR and subcloned into the EcoRI and HindIII sites of pGEX-KG to generate
glutathione S-transferase (GST)–Gab1(472/694) protein for immunization. To
construct the expression vector for Gab1, a three-tandem repeat of hemagglu-
tinin (HA) or one Flag epitope was fused to the amino terminus of Gab1 in
pBluescript SK1 (Stratagene), and the HindIII fragments containing epitope-
tagged Gab1 were subcloned into pcDNA3 (Invitrogen). To construct an expres-
sion vector for HA-tagged SHP-2 (H-SHP-2), an NcoI site was generated on the
translation initiation codon of SHP-2 by PCR using SRa-PTP1D (a gift from
T. Matozaki and M. Kasuga) (19), the NcoI-EcoRI fragments were subcloned in
pBluescript 3xHA (44), and the HindIII-EcoRI fragment of H-SHP-2 was sub-
cloned into pcDNA3 (Invitrogen). To construct expression vectors for Myc-
tagged p85a (M-p85a) PI-3 kinase and dominant negative p85 (p85DN), Myc
epitopes were attached to the carboxy termini of the p85a subunits of PI-3 kinase
(wild type and dominant negative; gifts from W. Ogawa, M. Kasuga, and M. D.
Waterfield) (39) by PCR as described previously (41) and the EcoRI-ApaI
M-p85a fragments were subcloned into pcDNA3. The expression vector for hu-
man JAK1 (pEF-JAK1) was previously described (44). The expression vector for
Flag epitope-tagged ERK2 (F-ERK2) was constructed by the insertion of NcoI-
BamHI sites of ERK2 in SRaHA-ERK2 (30) into the HindIII site of pcDNA3
with a Flag-encoding fragment. The expression vector for F-JNK1 was described
previously (12, 13). The dominant negative Ras (RasN17) (a gift from T. Deng)
was previously described (11). For all plasmids, we generated restriction sites by
PCR using KOD polymerase (Toyobo) to subclone cDNAs in either epitope-
tagged vectors or a GST fusion protein expression vector in frame. Primers used
for PCR are available on request. Fragments obtained by PCR and subcloning
were confirmed by DNA sequencing using an automated ALF sequencer (Phar-
macia). GST fusion proteins were prepared as described previously (40).

Immunoprecipitation, immunoblotting, and antibody preparation. After stim-
ulation, cells were lysed in lysis buffer (20 mM Tris HCl [pH 7.4], 150 mM NaCl,
1% Nonidet P-40, 500 mM sodium vanadate, 1 mM dithiothreitol, aprotinin
[5 mg/ml], leupeptin [5 mg/ml] 1 mM phenylmethylsulfonyl fluoride). The lysates
were incubated at 4°C for 30 min and were cleared by centrifugation at 10,000 3
g for 30 min. The cleared lysates were incubated with 2 mg of monoclonal anti-
bodies (anti-HA, Flag, and Myc antibodies) or 5 ml of antiserum (anti-Gab1 an-
tibody) or polyclonal antibodies and with 10 ml of protein A-Sepharose (Phar-
macia). After 10 h of incubation at 4°C, immunoprecipitates were washed with
1 ml of lysis buffer without the protease inhibitors five times. Proteins were eluted
with Laemmli’s sodium dodecyl sulfate (SDS) loading buffer, separated on an
SDS–4 to 20% gradient polyacrylamide gel (Dai-ich Kagaku), and electrotrans-
ferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore). The
membranes were blocked with TBST (20 mM Tris HCl [pH 7.4], 150 mM NaCl,
0.05% Tween 20) containing 1% gelatin and incubated with the primary anti-
bodies (1 mg of monoclonal antibodies or 2,000-times-diluted antiserum or poly-
clonal antibodies per ml) for 1 h at room temperature. The membranes were
washed with TBST for 5 min three times and incubated with 5,000-times-diluted
peroxidase-conjugated goat anti-mouse (for monoclonal antibodies) or rabbit

(for serum and polyclonal antibodies) immunoglobulin antibodies (Zymed) at
room temperature. Then membranes were washed with TBST three times and
TBS (20 mM Tris HCl [pH 7.4], 150 mM NaCl) once. The immune complexes
were visualized by a chemiluminescence system (Renaissance; Dupont NEN Pro-
ducts). Anti-Gab1 antibody was raised by immunizing a rabbit with purified GST-
Gab1(472/694). Anti-HA (12CA5), anti-Myc (9E10), and anti-Flag (M2) anti-
bodies were purchased from Boehringer Mannheim, Genosys Biotechnologies
Inc., Kodak, and UBI Corporation, respectively. Anti-SHP-2 (sc 280) and anti-
Grb2 (sc 255) antibodies were purchased from Santa Cruz Biotechnology Co.
Antiphosphotyrosine (4G10) and anti-p85 PI-3 kinase (06-195) antibodies were
purchased from UBI.

PI-3 kinase assay. PI-3 kinase activity was assayed essentially as described
previously (48). Immunoprecipitates from lysates of 106 HepG2 cells were
washed once with Dulbecco’s phosphate-buffered saline, twice with 0.5 M LiCl in
100 mM Tris HCl (pH 7.4), and twice with 10 mM Tris HCl (pH 7.4)–100 mM
NaCl–1 mM EDTA. Immunoprecipitates were then incubated with 35 ml of final
wash buffer containing 20 mM MgCl2 and 0.2 mg of sonicated PI per ml on ice
for 20 min. After 10 min of incubation at 25°C, 10 ml of 50 mM ATP and 10 mCi
of [g-32P]ATP were added to the reaction mixture, which was incubated for 20
min at 25°C; the reaction was stopped with 250 ml of 1 N HCl. After extraction
with 80 ml of chloroform-methanol (2:1), the mixture was separated on a Silica
Gel 60 thin-layer chromatography plate (Merck) in the atmosphere saturated
with chloroform–methanol–4 M NH4OH (9:7:2) for 2 h. Labeled PI-3 phosphate
was visualized by autoradiography and quantitated by using a BAS1000 image
analyzer (Fuji Photo Film Co.).

In vitro MAP kinase assay. Twenty hours after transfection, Flag epitope-
tagged ERK2, JNK1, and p38 MAP kinases were immunoprecipitated with anti-
Flag antibody M2 from cell lysates. Immunoprecipitates were washed with lysis
buffer without protease inhibitors three times and with kinase buffer (20 mM Tris
HCl [pH 7.4], 20 mM MgCl2, 2 mM dithiothreitol). The kinase reaction was
performed by incubation with 20 ml of kinase buffer containing 10 mM ATP,
[g-32P]ATP (5 mCi/reaction), and 1 mg of substrate (myelin basic protein [MBP]
for ERK2, GST–c-Jun for JNK1, and GST-ATF2 for p38) at 30°C for 10 min.
The reaction was stopped by the addition of 33 Laemmli’s SDS loading buffer. The
phosphorylated substrates were separated by SDS-polyacrylamide gel electro-
phoresis, and incorporated 32P was quantitated with a BAS1000 image analyzer.

RESULTS

SHP-2 and PI-3 kinase associate with a tyrosine-phosphor-
ylated Gab1 in response to IL-6. To reveal the roles of SHP-2
and PI-3 kinase in cytokine signaling, we examined the nature
of the molecules associating with SHP-2 and the p85 subunit of
PI-3 kinase following stimulation. When HepG2 cells were
stimulated with IL-6, gp130, SHP-2 (70 kDa), and an unknown
110-kDa molecule were detected in the SHP-2 immunoprecipi-
tates on the antiphosphotyrosine blots (Fig. 1c). We also de-
tected tyrosine-phosphorylated 110- and 70-kDa molecules,
identical to SHP-2 as described below, in the p85 immunopre-
cipitates from the stimulated cells, although the p85 PI-3 ki-
nase itself was not tyrosine phosphorylated. These observa-
tions raised the possibility that both SHP-2 and PI-3 kinase
form a complex with the tyrosine-phosphorylated 110-kDa
molecule (pp110) in response to IL-6.

Gab1 is a possible candidate for pp110, since it was shown to
bind SHP-2 and p85 in vivo (21) and the molecular mass of
Gab1 was ;115 kDa. To examine whether pp110 is Gab1, we
raised a polyclonal antibody that specifically recognizes the
Gab1 molecule. The 110-kDa molecule was immunoprecipi-
tated with the anti-Gab1 antibody from HepG2 and TF-1 (hu-
man IL-3-dependent leukemia cell line) cells. Gab1 was found
to be tyrosine phosphorylated within 5 min following stimula-
tion with either IL-6 or IL-3 (Fig. 1a). In correlation with the
Gab1 tyrosine phosphorylation, SHP-2 and p85 were detected
in the Gab1 immunoprecipitates (Fig. 1a and c). Gab1 was
detected in both the SHP-2 and p85 immunoprecipitates from
the stimulated cells (in the case of TF-1 cells, Gab1 was not
detected in the SHP-2 immunoprecipitates due to the low
amount of SHP-2-associated Gab1, but SHP-2 was detected in
the Gab1 immunoprecipitates). Furthermore, the immunopre-
cipitates of SHP-2 and p85 from the stimulated cells contained
p85 and SHP-2, respectively (Fig. 1c). The data indicated that
Gab1 forms a complex with SHP-2 and p85 in response to IL-6
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FIG. 1. Tyrosine phosphorylation of Gab1 and its association with SHP-2 and the p85 subunit of PI-3 kinase. (a) IL-6 and IL-3 induce tyrosine phosphorylation of
Gab1. HepG2 and TF-1 cells (106) were stimulated with IL-6 (100 ng/ml) and IL-3 (10 ng/ml), respectively, for the indicated period. Gab1 was immunoprecipitated
(IP) with an anti-Gab1 antibody (a-Gab1), transferred to a membrane, and immunoblotted (IB) with antiphosphotyrosine (a-PY), anti-Gab1, anti-SHP-2, or anti-p85
antibodies. The arrows indicate the locations of Gab1, SHP-2, and p85. Abbreviations apply to all figures. (b) IFN-a and -g induce tyrosine phosphorylation of Gab1.
Hep3B cells were stimulated with IFN-a or IFN-g (100 ng/ml) for 15 min or not stimulated (2). The Gab1 immunoprecipitates were analyzed by immunoblotting with
antiphosphotyrosine (upper panel) or anti-Gab1 (lower panel) antibodies. Locations of Gab1 are indicated by arrows. (c) Gab1 associates with SHP-2 and PI-3 kinase
in response to IL-6 or IL-3. HepG2 and TF-1 cells were stimulated with IL-6 and IL-3, respectively. gp130, SHP-2, Gab1, the p85 subunit of PI-3 kinase, or Grb2 was
immunoprecipitated with anti-gp130, anti-SHP-2, anti-Gab1, anti-p85, or anti-Grb2 antibodies, respectively, and blotted with antiphosphotyrosine, p85, SHP-2, or Gab1
antibodies as indicated. The 160-kDa bands (marked by a dot) in the p85 immunoprecipitates on antiphosphotyrosine blotting were nonspecific, since they were not
recognized by anti-gp130 antibody (data not shown), and the 80-kDa bands in the Grb2-immunoprecipitates (marked by an asterisk) were also nonspecific since they
migrated differently from p85. Note that a relatively large amount of Gab1 was detected in the p85 immunoprecipitates from the unstimulated HepG2 cells. This is
likely due to a low level of tyrosine phosphorylation of Gab1 in the unstimulated cells and the fact that phosphorylated Gab1 was concentrated by the associated p85.
(d) PI-3 kinase activity associates with Gab1 and SHP-2. HepG2 cells (106) were stimulated with IL-6 (100 ng/ml) for 10 min (1) or not stimulated (2). Lysates were
immunoprecipitated with anti-gp130, anti-Gab1, anti-SHP-2, anti-p85, or antiphosphotyrosine antibodies (near-saturation amount), and their associated PI-3 kinase
activities were determined by in vitro kinase reaction using PI as a substrate. PI phosphate (PIP) was separated by thin-layer chromatography as described in Materials
and Methods and analyzed by autoradiography. The incorporated radioactivity was quantitated by an image analyzer. Two independent data sets obtained from separate
experiments are represented by an autoradiograph (left panel) and a bar graph (right panel). The amounts of p85 in anti-p85, antiphosphotyrosine, or anti-Gab1
antibody immunoprecipitates were analyzed by immunoblotting with the anti-p85 antibody (right panel, bottom). Arrows on the left indicate locations of origin (Ori)
and PIP. Numbers on the graph are arbitrary units of PI kinase activity obtained from the image analyzer.
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and IL-3. Tyrosine phosphorylation of Gab1 was also induced
in Hep3B cells in response to IFN-a and -g (Fig. 1b). A low
level of tyrosine phosphorylation of Gab1 was detected in
unstimulated cells in certain conditions (Fig. 1b and c; see also
Fig. 3b and 5a). This may reflect the fact that these cells secrete
low amounts of soluble factors, such as EGF, hepatocyte
growth factor, and insulin, inducing tyrosine phosphorylation
of Gab1. Tyrosine-phosphorylated gp130 was detected in the
SHP-2 immunoprecipitates from the stimulated cells but not in
the Gab1 or p85 immunoprecipitates (Fig. 1c, left panel;
SHP-2 was not detected in the gp130 immunoprecipitates due
to the stoichiometric interaction between SHP-2 and gp130).
Consistent with these data, we detected PI kinase activities in
both the SHP-2 and Gab1 immunoprecipitates from the stim-

FIG. 2. Interaction between Gab1 and PI-3 kinase, Gab1 and SHP-2, or
SHP-2 and PI-3 kinase. PI-3 kinase associates with Gab1 directly and with SHP-
2 through Gab1. 293T cells were transfected with the expression vectors for
F-Gab1, H-SHP-2, and M-p85 with a JAK1 expression vector as indicated. Cell
lysates were immunoprecipitated with anti-Flag (F), -HA (H), or -Myc (M)
antibodies, and SHP-2 and p85 protein were blotted with anti-HA (left) and
anti-Myc (right) antibodies.

FIG. 3. Tyrosine phosphorylation or the carboxy-terminal region of gp130 is
not necessary for tyrosine phosphorylation of Gab1. (a) The carboxy-terminal
region of gp130 is not necessary for tyrosine phosphorylation of Gab1. 293T cells
stably expressing the chimeric receptor G277 (containing the entire cytoplasmic
domain of gp130) or G68 (containing 68 amino acid residues from the mem-
brane) were stimulated with G-CSF (100 ng/ml) for 10 min (1) or left unstimu-
lated (2). Cell lysates were immunoprecipitated with anti-Gab1 or anti-G-CSFR
antibodies and immunoblotted with antiphosphotyrosine, anti-Gab1, or anti-G-
CSFR antibodies, as indicated. The arrows indicate the locations of Gab1 and
the chimeric receptors. (b) Tyrosine phosphorylation of gp130 is not necessary
for Gab1 tyrosine phosphorylation. 293T cells were transiently transfected with
the expression vectors for G-CSFR–gp130 chimeric receptors, G277 and G-Fall,
in which all six tyrosines in the cytoplasmic domain of gp130 were mutated to
phenylalanines. Cells were stimulated with G-CSF (1) or left unstimulated (2).
Gab1 or the chimeric receptors were immunoprecipitated and blotted with an-
tiphosphotyrosine, anti-Gab1, or anti-G-CSFR antibodies. Arrows indicate the
locations of Gab1 and the chimeric receptors.

FIG. 4. Expression of Gab1 enhances gp130-mediated ERK2 MAP kinase
activation. (a) Expression of Gab1 and the stimulation of gp130 synergistically
induce kinase activity of ERK2. For the analysis of ERK2 activation, 293T cells
expressing the G277 chimeric receptor (293T-G277) were transiently transfected
with expression vectors for F-ERK2 alone (lane 1), F-ERK2 and a mock control
(pcDNA3; lanes 2 and 3), or F-ERK2 and H-Gab1 (lanes 4 and 5). Cells were
stimulated with 100 mM tetradecanoyl phorbol acetate (lane 1) or G-CSF (100
ng/ml) for 30 min (1; lanes 3 and 5) or left unstimulated (2; lanes 4 and 6).
ERK2 was immunoprecipitated with anti-Flag antibody, and its activity was
determined by in vitro kinase assay using MBP as a substrate. Phosphorylated
MBP was separated on an SDS-polyacrylamide gel and analyzed by autoradiog-
raphy. For the analysis of JNK1 activation, 293T-G277 cells were transfected
with expression vectors for F-JNK1 and MEKK1 (a positive control; lane 6),
F-JNK1 and a mock control (pcDNA3; lanes 7 and 8), or F-JNK1 and H-Gab1
(lanes 9 and 10). Cells were stimulated with G-CSF (1; lanes 8 and 10) or left
unstimulated (2; lanes 7 and 9). JNK1 was immunoprecipitated with anti-Flag
antibody, and its activity was determined by in vitro kinase assay using GST–c-
Jun (1/79) as a substrate. ERK2 and JNK1 expression was detected by immu-
noblotting with anti-Flag antibodies. Incorporated 32P in MBP was quantified by
an imaging analyzer, and the results are shown in a bar graph (lower panel).
ERK2 activities in the graph are percentages of MBP-incorporated 32P for ERK2
obtained from unstimulated cells (lane 2). (b) Gab1 activates IL-6-dependent
ERK2 activation. HepG2 cells were transiently transfected with expression vec-
tors for F-ERK2 and a mock control (lanes 1 and 2) or F-ERK2 and H-Gab1
(lanes 3 and 4). Cells were stimulated with IL-6 (100 ng/ml) for 30 min (1; lanes
2 and 4) or left unstimulated (2; lanes 1 and 3). Kinase activities and expression
levels of F-ERK2 were determined as described above.
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ulated cells but not the gp130 immunoprecipitates (Fig. 1d).
These results suggest that the Gab1–SHP-2–PI-3 kinase com-
plex is distinct from the SHP-2–gp130 complex. Furthermore,
the PI kinase activities associated with Gab1 were comparable
to those in immunoprecipitates of the anti-p85 and antiphos-
photyrosine antibodies (Fig. 1d, right panel). We could not
simply compare the PI kinase activities in the immunoprecipi-
tates of those antibodies since they have different affinities for
their own antigens. However, given that Gab1 was the major
tyrosine-phosphorylated protein in the p85 immunoprecipi-
tates (Fig. 1c), it is likely that Gab1 was the major component
interacting with the active PI-3 kinase in IL-6-stimulated
HepG2 cells.

PI-3 kinase associates with SHP-2 indirectly through Gab1.
To characterize the Gab1–SHP-2–PI-3 kinase complex, we re-
constituted the complex in 293T cells (Fig. 2). Expression vec-
tors were constructed to express Gab1, SHP-2, and p85 tagged
by Flag, HA, and Myc epitopes, respectively, and transfected
together with a JAK1 expression vector into 293T cells in
various combinations. Gab1 and SHP-2 were tyrosine phos-
phorylated when JAK1 was highly expressed (Fig. 4b and data
not shown). When Gab1 and SHP-2, or Gab1 and p85, were
expressed, SHP-2 and p85 were detected in the Gab1 immuno-
precipitates, indicating interactions between Gab1 and SHP-2
or between Gab1 and p85. When p85 and SHP-2 were ex-
pressed, neither SHP-2 nor p85 was detected in the p85 or
SHP-2 immunoprecipitates, respectively. However, when p85
and SHP-2 were expressed together with Gab1, SHP-2 was
detected in both the p85 and Gab1 immunoprecipitates, indi-
cating that the interaction between p85 and SHP-2 is not direct
but mediated by Gab1.

Tyrosine phosphorylation or carboxy-terminal region of gp130
is not required for Gab1 tyrosine phosphorylation. Tyrosine
phosphorylation of SHP-2 and STAT3 strictly depends on
phosphorylation of tyrosine residues on gp130. The IL-4-in-
duced tyrosine phosphorylation of IRS-1, a structural homolog
of Gab1, strictly depends on phosphorylation of tyrosine 497 of
the IL-4 receptor a chain (27). We examined whether tyrosine
phosphorylation of Gab1 requires tyrosine phosphorylation
of gp130. We used 293T cells stably expressing the G-CSFR–
gp130 chimeric receptor (293T-G277 cells) and its mutants.
Endogenous Gab1 was tyrosine phosphorylated upon stimula-
tion of 293T cells expressing the chimeric receptor G277, which
contains the entire cytoplasmic domain of gp130. This observa-
tion was similar to that for cells expressing G68, which contains
only the 68 amino acid residues of the cytoplasmic domain and
was not tyrosine phosphorylated upon stimulation (Fig. 3a). To
completely rule out the involvement of tyrosine residues of
gp130, we transiently transfected the expression vector for the
chimeric receptor G277 and the mutant G-Fall, in which all six
tyrosine residues of the cytoplasmic gp130 were mutated to
phenylalanines, together with H-Gab1. Gab1 was tyrosine phos-
phorylated in 293T cells expressing G-Fall as much as in the
cells expressing G277 (Fig. 3b), revealing that tyrosine residues
were not necessary for the Gab1 phosphorylation.

Gab1 acts upstream of ERK MAP kinases in gp130 signal-
ing. To identify the downstream signaling molecules from Gab1,
we determined the effect of Gab1 expression on gp130-depen-
dent MAP kinase activation. 293T cells expressing the G277 chi-
meric receptor were transfected with expression vectors for
Gab1 with Flag epitope-tagged MAP kinase ERK2, JNK1, or
p38a. The activities of immunoprecipitated MAP kinases were

FIG. 5. Tyrosine 759, the SHP-2 binding site of gp130, is essential for the interactions between Gab1 and SHP-2, or Gab1 and PI-3 kinase, and Gab1-mediated ERK
activation. (a) Interaction between Gab1 and SHP-2 depends on tyrosine 759. 293T cells stably expressing G133 (293T-G133) or G133F2 (293T-G133F2), in which
tyrosine 759 was mutated to phenylalanine, were stimulated with G-CSF or left unstimulated. SHP-2 and Gab1 were immunoprecipitated with the specific antibodies
and blotted with antiphosphotyrosine, anti-SHP-2, or anti-Gab1 antibodies. The locations of SHP-2, Gab1, and G133 (the chimeric receptor) are indicated by arrows.
(b) Interaction between Gab1 and PI-3 kinase depends on tyrosine 759. 293T-G133 and 293T-133F2 cells were transfected with expression vectors for M-p85 and
H-Gab1. Cells were stimulated with G-CSF or left unstimulated. Lysates were immunoprecipitated with anti-Myc (for p85) or anti-HA (Gab1) antibodies and analyzed
by immunoblotting. Essentially the same results were obtained for the interaction between endogenous p85 and Gab1 (data not shown). (c) Tyrosine 759 of gp130 is
necessary for Gab1-dependent ERK2 activation. 293T-G133 and 293T-G133F2 cells were transfected with expression vectors for F-ERK2 (lanes 1, 2, 5, and 6) or
F-ERK2 and H-Gab1 (lanes 3, 4, 7, and 8). Cells were stimulated with G-CSF (1; lanes 2, 4, 6, and 8) or not stimulated (2; lanes 1, 3, 5, and 7). ERK2 kinase activities
were determined by in vitro kinase assay and are illustrated by an autoradiograph and a bar graph as described for Fig. 6. The expression of ERK2 was analyzed by
immunoblotting with anti-Flag antibody. ERK2 activities in the graph are percentages of MBP-incorporated 32P for ERK2 obtained from unstimulated G133F2-
expressing cells (lane 5).
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determined by an in vitro kinase reaction. Expression of Gab1
enhanced the basal ERK2 activity and further increased
gp130-mediated ERK2 activation (Fig. 4a). The activity of
JNK1 or p38a was not affected by the expression of Gab1 in
either unstimulated or stimulated cells (Fig. 4a and data not
shown). Furthermore, enhancement of ERK2 activities by
Gab1 expression was also observed in the IL-6-stimulated
HepG2 cells (Fig. 4b). The data indicate that Gab1 acts spe-
cifically upstream of ERK MAP kinase in gp130 signaling.

SHP-2 and PI-3 kinase are involved in the Gab1-dependent
ERK activation. To determine the role of SHP-2 in Gab1-me-
diated ERK activation, we used 293T cells expressing the G133
chimeric receptor (293T-G133) and its mutant G133F2 (293T-
G133F2), in which tyrosine 759, the SHP-2 binding site of gp130,
was mutated to phenylalanine. We observed the interaction
between Gab1 and SHP-2 in 293T-G133 cells upon stimula-
tion, but the interaction was diminished in 293T-G133F2 cells
in correlation with a reduction of tyrosine phosphorylation of
SHP-2 (Fig. 5a). The interaction between Gab1 and p85 was
also observed in the stimulated 293T-G133 cells but was abol-
ished in 293T-G133F2 cells (Fig. 5b). ERK2 was activated
upon stimulation in 293T-G133 cells, but its activation was
strongly diminished in 293T-G133F2 cells (Fig. 5c). Although
the expression of Gab1 enhanced ERK2 activation by the
G133 chimeric receptor, it did not do so efficiently in 293T-
G133F2 cells (Fig. 5c). The remaining activity of ERK2 and
tyrosine phosphorylation of SHP-2 in the stimulated 293T-
G133F2 cells were observed (Fig. 5a and c). These might be
caused by the direct interaction between JAK and SHP-2 as re-

ported previously (51). The correlation among the Gab1–SHP-
2 interaction, the Gab1–PI-3 kinase interaction, and ERK2
activation suggests that the complex formation of Gab1 with
SHP-2 and PI-3 kinase is required for the Gab1-mediated
ERK2 activation.

To further confirm the role of PI-3 kinase in Gab1-mediated
ERK2 activation, p85DN, which lacks the inter-SH2 domain,
the binding region for the p110a catalytic subunit of PI-3
kinase (39), was expressed with Gab1 in 293T-G277 cells. The
activation of ERK2 was strongly inhibited by the expression of
p85DN but not the control vector (Fig. 6a). The inhibition of
ERK by p85DN was also observed in 293T-G133 cells (data
not shown), indicating that its effect did not depend on the
carboxy terminus of gp130. Gab1-dependent ERK2 activation
was also inhibited by incubation with 100 nM wortmannin (Fig.
6b). These data indicate that PI-3 kinase is involved in Gab1-
mediated ERK2 activation.

Moreover, we examined whether Ras is involved in Gab1-
mediated ERK activation. A dominant negative Ras (RasN17)
was expressed with Gab1 in 293T-G277 cells and inhibited the
ERK2 activation induced by gp130 stimulation and Gab1 ex-
pression (Fig. 6c), revealing that Ras is essential for gp130-
mediated and Gab1-mediated ERK2 activation.

DISCUSSION

Gab1 is an adapter for the cytokine receptor. Recent reports
have shown the interaction of SHP-2 with a tyrosine-phosphor-
ylated molecule with a molecular mass of 90 to 120 kDa in

FIG. 6. PI-3 kinase and Ras are involved in the Gab1-mediated ERK activation. (a) p85DN inhibits ERK2 activation. 293T-G277 cells were transfected with
expression vectors for F-ERK2 (lanes 1 and 2), F-ERK2 and H-Gab1 (lanes 3 and 4), F-ERK2 and dominant negative p85DN (lanes 5 and 6), or F-ERK2, H-Gab1,
and p85DN (lanes 7 and 8). The amounts of expression vectors were normalized by addition of a mock control vector, pcDNA3. Cells were stimulated with G-CSF
(1; lanes 2, 4, 6, and 8) or left unstimulated (2; lanes 1, 3, 5, and 7). ERK2 activities and expression were determined as described for Fig. 5. ERK2 activities in the
graph are percentages of that in unstimulated cells (lane 1). (b) Wortmannin inhibits the Gab1-mediated ERK2 activation. 293T-G277 cells were transfected with
expression vectors for F-ERK2 (lanes 1, 2, 5, and 6) or F-ERK2 and H-Gab1 (lanes 3, 4, 7, and 8). Cells were incubated in 100 nM wortmannin for 1 h before and
during stimulation (lanes 5 to 8) and then stimulated with G-CSF (1; lanes 2, 4, 6, and 8) or left unstimulated (lanes 1, 3, 5, and 7). ERK2 activities were determined
by in vitro kinase assay. (c) RasN17 inhibits ERK2 activation. 293T-G277 cells were transfected with expression vectors for F-ERK2 (lanes 1 and 2), F-ERK2 and
H-Gab1 (lanes 3 and 4), F-ERK2 and RasN17 (lanes 5 and 6), or F-ERK2, H-Gab1, and RasN17 (lanes 7 and 8). Cells were stimulated with G-CSF (1; lanes 2, 4,
6, and 8) or left unstimulated (2; lanes 1, 3, 5, and 7). ERK2 activities and expression were determined.
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signaling of receptor tyrosine kinases such as EGF, insulin, and
macrophage CSF as well as IL-3 receptor (7, 8, 15, 28). These
include the recently identified SHPS-1/SIR family transmem-
brane proteins (15, 28) and other proteins (8, 28). It was also
reported that NGF, BDNF, and IL-3 induce the interaction
between SHP-2 and PI-3 kinase in certain cells (8, 35, 47).
Ciliary neurotropic factor, leukemia-inhibitory factor, and IL-6
were reported to induce the interaction between p85 and a
tyrosine-phosphorylated 110-kDa molecule in the Ewing’s sar-
coma cell line (5). We found that SHP-2 interacted with p85
and that the interaction was mediated by the 110-kDa tyrosine-
phosphorylated Gab1. These reports and our present findings
suggest that the 110-kDa molecule interacting with SHP-2 or
p85 in response to various stimuli is Gab1. Gab1 acts as an
adapter for certain cytokine receptors and possibly receptor
tyrosine kinases. Our data do not exclude the possibility that
other 90- to 120-kDa molecules such as other unidentified
DOS homologs are involved in the formation of the complex.

Gab1 is a direct substrate for JAKs. Like Gab1, IRS-1 was
shown to be tyrosine phosphorylated in response to IL-2, IL-4,
IL-7, IL-15, oncostatin M, and interferons in addition to insu-
lin (6, 26). Tyrosine phosphorylation of IRS-1 and the inter-
action of IRS-1 with the L-4 receptor a chain in response to
IL-4 depends on the phosphorylation of tyrosine 497 of IL-4
receptor a chain (27). The interaction is mediated by the
phosphotyrosine binding domain of IRS-1. Gab1 also has a
phosphotyrosine binding domain, named MBD (Met binding
domain), which bind the specific tyrosine residues of the he-
patocyte growth factor receptor c-Met (46). In the case of
gp130 signaling, our data revealed that tyrosine phosphoryla-
tion of Gab1 does not require tyrosine residues of gp130 and
that the membrane-proximal region of gp130 containing only
68 amino acid residues is sufficient to induce tyrosine phos-
phorylation of Gab1 (Fig. 3). This region of gp130 contains the
JAK binding sites and is sufficient to activate JAKs (data not
shown). Receptors for IL-3, IFN-a, and IFN-g, which associate
with JAKs but do not share tyrosine-based motifs on their
receptors with gp130, all could induce tyrosine phosphoryla-
tion of Gab1 (Fig. 1a and b). Taken together, our findings
suggest that Gab1 is a substrate of JAKs and that its phosphor-
ylation does not depend on tyrosine phosphorylation of the
cytokine receptors. IRS-1 and IRS-2 were shown to associate
with JAK1 and JAK3 (26). Gab1 may interact with JAKs
through the MBD of Gab1 and phosphotyrosines of JAKs,
subjected to tyrosine phosphorylation by JAKs. Biochemical
analysis of the interaction between the MBD of Gab1 and
JAKs is necessary to elucidate this point.

Roles of Gab1 in signal transduction of cytokine receptors.
The high expression of Gab1 induced kinase activity of ERK2
in 293T cells, consistent with the finding that expression of
Gab1 in MDCK cells induced a mobility shift of ERK MAP
kinase (46). Further, the expression of Gab1 enhanced the
gp130-dependent ERK2 activation, suggesting a role of Gab1
in transmitting signals to Ras. Gab1 was shown to bind Grb2
(21), but we could not detect an interaction between Gab1 and
Grb2 in HepG2 or TF-1 cells, indicating the possible utilization
of some other pathway in MAP kinase activation in these cells.
The mutation of tyrosine 759 of gp130 diminished the ERK2
activation induced by gp130 stimulation and Gab1 expression,
in correlation with a reduction of interactions of Gab1 with
SHP-2 and PI-3 kinase (Fig. 5a and b), suggesting roles of SHP-
2 and PI-3 kinase in ERK activation. The inhibition of ERK2
activation by the p85DN PI-3 kinase or wortmannin further
supports the role of PI-3 kinase in ERK activation (Fig. 6a and
b). It is likely that Gab1 mediates signaling through PI-3 kinase
to Ras (Fig. 7), since the dominant negative Ras also inhibited

the ERK2 activation elicited by the gp130 stimulation and
Gab1 expression (Fig. 6c). However, the present study did not
exclude the possibility that PI-3 kinase acts in parallel to the
Ras pathway, and both Ras and PI-3 kinase activation may be
required for gp130-mediated ERK activation (Fig. 7). The
SHP-2–Grb2–Sos pathway previously described (16) may co-
operate with the Gab1-mediated PI-3 kinase pathway to acti-
vate the ERK MAP kinase.

The mechanism by which SHP-2 mediates signals to the
ERK MAP kinases has been largely unknown. Intriguingly, we
found that Gab1 did not interact with SHP-2 or PI-3 kinase,
both containing SH2 domains, in cells expressing G133F2 al-
though Gab1 was tyrosine phosphorylated (Fig. 5a and b).
These data indicate that the interactions of Gab1 with SHP-2
and PI-3 kinase are not simply mediated by interactions be-
tween phosphotyrosines and SH2 domains. The Gab1–SHP-2
interaction may be mediated by the MBD of Gab1 and phos-
photyrosines of SHP-2, which depends on phosphorylation of
tyrosine 759 of gp130. The interaction of Gab1 with SHP-2
may modify the conformation or phosphorylation status of
Gab1, allowing Gab1 to interact with PI-3 kinase and activate
downstream signaling pathways. Further mutational analysis of
Gab1 and SHP-2 will clarify this point. In any case, Gab1 plays
an important role in transmitting signals to ERK MAP kinases
through SHP-2 and PI-3 kinase in gp130 signaling.
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