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The docking protein Gabl has been implicated as a mediator of multiple signaling pathways that are
activated by a variety of receptor tyrosine kinases and cytokines. We have previously proposed that fibroblast
growth factor 1 (FGF1) stimulation of tyrosine phosphorylation of Gabl and recruitment of phosphatidylino-
sitol (PI) 3-kinase are mediated by an indirect mechanism in which the docking protein fibroblast receptor
substrate 2a (FRS2«) plays a critical role. In this report, we explore the role of Gabl in FGF1 signaling by
using mouse embryo fibroblasts (MEFs) derived from Gabl '~ or FRS2a:~’~ mice. We demonstrate that Gabl
is essential for FGF1 stimulation of both PI 3-kinase and the antiapoptotic protein kinase Akt, while FGF1-
induced mitogen-activated protein kinase (MAPK) stimulation is not affected by Gab1 deficiency. To test the
indirect mechanism for FGF1 stimulation of PI 3-kinase and Akt, we use a chimeric docking protein composed
of the membrane targeting signal and the phosphotyrosine-binding domain of FRS2« fused to the C-terminal
portion of Gabl, the region including the binding sites for the complement of signaling proteins that are
recruited by Gabl. We demonstrate that expression of the chimeric docking protein in Gabl1~'~ MEFs rescues
PI 3-kinase and the Akt responses, while expression of the chimeric docking protein in FRS2a~/~ MEFs
rescues stimulation of both Akt and MAPK. These experiments underscore the essential role of Gabl in FGF1
stimulation of the PI 3-kinase/Akt signaling pathway and provide further support for the indirect mechanism

for FGF1 stimulation of PI 3-kinase involving regulated assembly of a multiprotein complex.

Fibroblast growth factors (FGFs) play a critical role in the
control of diverse cellular processes essential for cell prolifer-
ation, differentiation, migration, and survival (5, 25). FGFs
mediate their responses by engaging a family of four receptor
tyrosine kinases (RTKs) designated FGF receptors 1 to 4
(FGFRs 1 to 4) (5, 25, 29). Both genetic and biochemical
studies have shown that the docking protein fibroblast receptor
substrate 2a (FRS2a) functions as a key mediator of signaling
via FGFRs (17). It has been shown that FRS2a is localized in
the cell membrane via a myristyl anchor and interacts consti-
tutively with FGFRs through a phosphotyrosine-binding do-
main (PTB) (7, 17, 35). Upon FGF stimulation, FRS2« is
phosphorylated on multiple tyrosine residues to provide four
binding sites for the adaptor protein Grb2 and two binding
sites for the protein tyrosine phosphatase Shp2 (8, 17). At least
two additional Grb2 molecules are recruited by FRS2a indi-
rectly through binding to Shp2 molecules that are complexed
with tyrosine-phosphorylated FRS2a (8).

The physiological significance of FRS2« in FGF1 signaling
was revealed by targeted disruption of the FRS2« gene in mice
(9). FRS2a deficiency results in embryonic lethality at embry-
onic day 7.5 (E7.5) to E8. Moreover, fibroblasts isolated from
FRS2a ™/~ embryos are deficient in FGF1 stimulation of the
mitogen-activated protein kinase (MAPK), phosphatidylinosi-
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tol (PI) 3-kinase, and cell proliferation (9). We have proposed
that FRS2« is also required for FGF1-induced tyrosine phos-
phorylation of the docking protein Gabl (Grb2-associated
binder 1) by an indirect mechanism in which Grb2 bound to
Gabl via its C-terminal SH3 domain forms a complex by
means of its SH2 domain with tyrosine-phosphorylated FRS2a
(or tyrosine-phosphorylated Shp2) in response to FGF1 stim-
ulation (9, 24).

Gabl is a member of a family of three docking proteins
designated Gabl, Gab2, and Gab3 (4, 6, 11, 23, 32, 34, 38).
Gabl consists of a pleckstrin homology (PH) domain, followed
by a proline-rich region and multiple tyrosine phosphorylation
sites that serve as binding sites for the SH2 domains of PI
3-kinase, phospholipase Cv, Shp2, and CrkL (10, 19). Gabl is
tyrosine phosphorylated in response to stimulation of a variety
of growth factors, hormones, and cytokines, including epider-
mal growth factor (EGF), insulin, platelet-derived growth fac-
tor (PDGF), interleukin-3 (IL-3) and IL-6, resulting in activa-
tion of both the Ras/MAPK and PI 3-kinase/Akt signaling
cascades (10, 15, 19, 37). The disruption of Gabl genes causes
severe defects in cardiac, placenta, and skin development re-
sulting in embryonic lethality (14, 27). Since Gabl '~ fibro-
blasts exhibit a markedly reduced MAPK response after EGF,
PDGEF, or hepatocyte growth factor (HGF) stimulation, it was
proposed that Gabl is an important mediator of the MAPK
cascade (14, 30).

In this report, we explore the role of Gabl in signaling via
FGFR by using mouse embryo fibroblasts (MEFs) derived
from Gabl '~ (27) or FRS2a '~ embryos (9). We provide
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evidence that Gabl is required for FGF1-induced PI 3-kinase
and Akt activation but not for FGF1 stimulation of MAPK. We
also explore the indirect mechanism of FGF1 stimulation of PI
3-kinase and Akt by expressing a chimeric docking protein
consisting of the membrane targeting signal and the PTB do-
main of FRS2«a fused to the C-terminal portion of Gabl that
includes the binding sites for a variety of signaling proteins in
Gabl™’~ or FRS2a /" cells. We demonstrate that the chi-
meric docking protein is able to rescue the PI 3-kinase and Akt
responses in FGF1-stimulated Gabl '~ cells and both the Akt
and MAPK responses in FRS2a ™/~ cells after FGF1 stimula-
tion. Overall, our results reveal the essential requirement of
Gabl in activation of the PI 3-kinase/Akt pathway in FGF1
signaling and provide further support for the coordinated as-
sembly of signaling molecules that takes place during FGF1
stimulation of PI 3-kinase.

MATERIALS AND METHODS

Reagents. Anti-FRS2«, anti-Grb2, or antiphosphotyrosine antibodies were
previously described (17). Anti-phospho-Akt, anti-phospho-Erk, anti-Akt, anti-
Erk, and anti-phospho-Thr/Ser MAPK substrates were purchased from Cell
Signaling Technology (Beverly, Mass.). Anti-Gab1 and anti-p85 antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.), and anti-
Flag (M2) antibodies were from Sigma (St. Louis, Mo.).

Cell lines and culture. Wild-type (WT) MEFs and Gabl-deficient, (Gabl /™)
cells were established from WT embryos or Gabl ™/~ embryos (27), respectively,
essentially by the method of Sell et al. (30). Briefly, fibroblasts were prepared
from E13.5 stage embryos and cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% calf serum and 100 g each of penicillin and strepto-
mycin (all from GIBCO/BRL). Cells were split 1:3 every 3 days to maintain
subconfluency. Gab1™/~ cells went into crisis after 7 or 8 passages and resumed
growth after 20 to 25 passages. FRS2a-deficient (FRS2a /") MEFs were pre-
viously described (9). MEFs were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 100
g each of penicillin and streptomycin (all from GIBCO/BRL).

Expression constructs. Expression vectors for WT Gabl (Gab1-WT) and for
the triple Y446F Y472F Y589F mutant of Gabl in the binding sites for PI
3-kinase (Gab1-3YF) were previously described (24). The cDNA of Gab1-WT
(pcDNA3-Gab1-WT) or Gab1-3YF (pcDNA3-Gab1-3YF) was subcloned in the
mammalian vector pBabe containing a gene for puromycin resistance. A plasmid
was constructed to express a chimeric protein consisting of the myristylation and
PTB domain of FRS2a (residues 1 to 133) fused to the tail of Gabl (Gab1-WT
or Gab1-3YF) without its PH domain (residues 116 to 694). Specific primers that
contained BamHI (5) and SaclI (3") sites or Sacll (5") and Sall (3") sites were
used in PCRs to amplify fragments from mouse FRS2a (pRK5-FRS2a) (17) and
Gabl (pcDNA3-Gab1-WT or pcDNA-Gab1-3YF), respectively. The PCR prod-
ucts were digested with appropriate enzymes and ligated into pBabe at the
BamHI-Sall sites. All plasmids were subjected to PCR analysis to confirm the
fused fragments. Expression vectors for WT and mutant chimeric FRS2a/Gab1
proteins were designated FG and FG-3YF, respectively.

Pools of stable cell lines. The mammalian vector pBabe, containing a puro-
mycin resistance gene was used for expression of Gab1-WT, Gab1-3YF, FG-WT,
and FG-3YF. A high-titer stock of virus was produced for each construct and
used for cell infection. Gab1-deficient MEFs (Gabl /") were infected with the
virus that expressed the vector alone [Gabl™/~(Vect)] or with virus that ex-
pressed Gabl-WT [Gabl /" (Gabl)], Gabl-3YF [Gabl /" (Gab1-3YF)], or
FG-WT [Gabl™/~(FG)], or FG-3YF [Gabl '~ (FG-3YF)]. FRS2a-deficient
MEFs (FRS2a /™) were infected with the virus that expressed the vector alone
[FRS2a /= (Vect)] or that expressed FG-WT [FRS2a ™/~ (FG)]. Cells were se-
lected in medium supplemented with puromycin, and pools of selected cell
cultures were used for the experiments. Prior to FGF1 stimulation, cells were
starved in serum-free medium.

Immunoprecipitation and immunoblot analysis. Control or FGF1-stimulated
cells were lysed in a solution consisting of 20 mM HEPES, 150 mM NaCl, 1 mM
EDTA, 1% Triton, 5% glycerol, 10 mM pyrophosphate, 1 mM orthovanadate, 1
mM phenylmethylsulfonyl fluoride, 5 pg of aprotinin per ml, and 5 pg of leu-
peptin (pH 7.5) per ml. Procedures for cell solubilization, immunoprecipitation,
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and immunoblotting with the different antibodies were described previously (1,
21).

Generation of GST-p85 (N+C-SH2) fusion proteins and in vitro binding
assay. Glutathione S-transferase (GST)-N+C-SH2 fusion protein, containing
the amino-terminal and carboxy-terminal SH2 domains of p85, was constructed.
Specific primers were used in PCR to amplify fragment from human p85 (pRKS5-
p85) (31). The amplified DNAs encoding these SH2 domains were cloned into
PGEX-2T. GST fusion protein was expressed in BL21 bacteria. The bacteria
were sonicated in a solution consisting of 20 mM Tris, 200 mM NaCl, 10%
glycerol, 0.5% Nonidet P-40 (NP-40), 2 g of aprotinin per ml, 2 u.g of leupeptin
per ml, and 1 mM dithiothreitol. The supernatant was collected and incubated
with a 50% slurry of glutathione-agarose 4B (Sigma). The beads were washed
and resuspended in 50 mM Tris, 2 mM NaCl, and 1 mM dithiothreitol until use.
For pull-down assays, GST-N+C-SH2 (p85) immobilized on gluthathione-aga-
rose beads was incubated with 1 mg of cell lysate for 2 h at 4°C. Bound proteins
were washed, separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and transferred to nitrocellulose membranes for immu-
noblotting.

Determination of PI 3-kinase activity. The PI 3-kinase assay was performed as
described previously (13, 33). Briefly, cells were serum starved for 18 h, stimu-
lated with FGF1, washed with cold phosphate-buffered saline, and solubilized in
lysis buffer (20 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% Triton, 5%
glycerol, 10 mM pyrophosphate, 1 mM orthovanadate, 1 mM phenylmethylsul-
fonyl fluoride, 5 pg of aprotinin per ml, 5 pg of leupeptin [pH 7.5] per ml). The
lysates were immunoprecipitated using anti-FRS2a or anti-Gabl antibodies and
protein A-Sepharose for 2 h at 4°C. The immunoprecipitates were washed three
times with buffer 1 (1X phosphate-buffered saline, 1% NP-40), twice with buffer
2 (0.5 M LiCl, 0.1 M Tris [pH 7.6]), twice with TNE (10 mM Tris [pH 7.6], 100
mM NaCl, 1 mM EDTA [pH 8]), and twice with buffer 4 (20 mM HEPES [pH
7.5], 50 mM NaCl, 5 mM EDTA [pH 8], 0.03% NP-40, 30 mM tetrasodium
pyrophosphate). L-a-Phosphatidylinositol (Sigma) was added (10 wl of a soni-
cated solution at 10 mg/ml in 20 mM HEPES [pH 7.5]), and the reaction was
initiated by the addition of 40 wl of kinase buffer (20 mM Tris [pH 7.6], 75 mM
NaCl, 10 mM MgCl,, 10 pM ATP, 100 mM adenosine, 10 p.Ci of [y->* P]JATP)
per sample. After a 15-min incubation at room temperature with shaking, the
reaction was stopped by adding 100 wl of 1 N HCI and 200 pl of CHCl;-CH;OH
(1:1). The samples were centrifuged, and the lower organic phases containing
phospholipids were dried. After 90 min at room temperature, the samples were
resuspended in 10 pl of PI-4-P standard (0.5 ml of CHCl,, 0.5 ml of CH;0H, 2.5
wl of HCl, 1 mg of r-a-phosphatidylinositol 4-monophosphate [Sigma]) and
subjected to thin-layer chromatography (VWR) performed in CHCl;-CH;OH-
NH,OH-H,O (45:35:7:3), and the thin-layer chromatography plates were ex-
posed to X-ray films for 24 h. Radioactive bands were quantitated with a Phos-
phorImager (Molecular Dynamics, Sunnydale, Calif.) using Image Quant
software.

RESULTS

Gabl1 has been implicated as a major link between a variety
of growth factor and cytokine receptors and both the Ras/
MAPK and PI 3-kinase/Akt signaling cascades (10, 19, 37). In
order to determine the role of Gabl in FGF1 signaling, we
have analyzed the intracellular signaling pathways that are
activated by FGF1 in MEFs derived from Gabl-deficient
(Gab1~/7) embryos (27). An immunoblotting experiment with
anti-Gab1 antibodies of lysates from WT or Gabl /= MEFs
confirmed that the mutant MEFs are indeed deficient in Gabl
(Fig. 1A).

Gabl is required for FGF1-induced PI 3-kinase and Akt
activation but not for MAPK activation. We analyzed the ca-
pacity of FGF1 to stimulate PI 3-kinase, Akt, and MAPK
responses in Gabl ~/~ MEFs. Compared to WT MEFs, FGF1-
induced PI 3-kinase (Fig. 1B) or Akt (Fig. 1C) activation was
severely compromised in Gabl’~ MEFs. Furthermore, no
measurable increase in Akt stimulation was detected in Gab1-
deficient MEFs for up to 2 h after FGF1 stimulation (data not
shown), demonstrating that the loss of PI 3-kinase/Akt stimu-
lation was not a consequence of a delayed response. However,
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FIG. 1. Gabl is required for FGF1-induced PI 3-kinase and Akt activation, but not for FGF1-induced MAPK activation. (A) Expression of
Gabl in WT and Gabl-deficient MEFs (Gabl ") was analyzed by immunoblotting (IB) with anti-Gab1 antibodies of Gabl immunoprecipitations

(IP) or from total cell lysates (TCL). The positions of molecular size standa
WT or Gabl '~ MEFs were treated for the indicated times with FGF1 (1

rds (in kilodaltons) are given to the left of the blot. (B) Serum-starved
ng/ml), and PI 3-kinase assay was performed on FRS2a immunopre-

cipitates. (C) Serum-starved WT and Gabl '~ MEFs were stimulated for the indicated times with FGF1 (1 ng/ml). Cells were lysed, and proteins
were resolved by SDS-PAGE and immunoblotted with the indicated phospho-specific antibodies. The same blots were stripped and reprobed with
the indicated antibodies. (D) WT or Gabl™/~ MEFs were stimulated as described above for panel C, and cell lysates were immunoprecipitated
with anti-FRS2« antibodies and then subjected to SDS-PAGE and immunoblotting with the indicated antibodies. pTyr, antiphosphotyrosine

antibody; pThr, antiphosphothreonine antibodies.

FGF1 stimulation of MAPK was not affected by Gabl defi-
ciency; a similar MAPK response was detected in WT or
Gabl~/~ MEFs (Fig. 1C). Furthermore, no measurable differ-
ence in FGF1-induced MAPK stimulation was observed for up

to 2 h after stimulation with 0.1 or 1 ng of FGF1 per ml (data
not shown). These experiments demonstrate that Gabl is in-
dispensable for FGF1-induced PI 3-kinase/Akt activation and
dispensable for FGF1-induced MAPK response.
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FIG. 2. Rescue of PI 3-kinase and Akt activation upon ectopic expression of Gab1 in Gabl-deficient MEFs. (A) The indicated cell lines were

serum starved and then stimulated with FGF1 (1 ng/ml) for 10 min (+)

or left unstimulated (—). Cell lysates were immunoprecipitated with

anti-Gabl and then subjected to SDS-PAGE and immunoblotting with the indicated antibodies. Expression of Gabl in the total cell lysates is
shown in the bottom blot. Abbreviations: IB, immunoblotting; pTyr, phosphotyrosine antibody; IP, immunoprecipitation. (B) Cells were treated
as described above for panel A, and lysates were incubated with immobilized GST or GST-p85 containing only the N+C SH2 domains of p85.
Bound proteins were eluted with SDS sample buffer and resolved by SDS-PAGE and immunoblotting with anti-Gab1 antibodies. Expression of
Gabl and p85 in the total cell lysates is shown in the bottom two blots. (C) The indicated cell lines were treated with FGF1 (1 ng/ml) and analyzed
for PI 3-kinase activity as described in the legend to Fig. 1B. (D) The indicated cell lines were treated with FGF1 (1 ng/ml) and analyzed for Akt

and MAPK activation as described in the legend to Fig. 1C.

Expression and tyrosine phosphorylation of FRS2« are nor-
mal in Gabl ™/~ MEFs. We have previously demonstrated that
FGF1-induced tyrosine phosphorylation of Gabl and recruit-
ment of PI 3-kinase were compromised in FRS2a/~ MEFs
(9). We next examined the effect of Gab1 deficiency on FGF1-
induced tyrosine phosphorylation of FRS2a. Compared to WT
MEFs, FRS2a expression and FGF1-induced tyrosine phos-
phorylation of FRS2a were not influenced by Gabl1 deficiency

(Fig. 1D). Additionally, equivalent amounts of Grb2 (Fig. 1D)
or Shp2 (data not shown) form a complex with tyrosine-phos-
phorylated FRS2a in lysates from WT or Gabl-deficient
MEFs, even in response to low concentrations of FGF1 (data
not shown). Furthermore, FGF1 stimulation induced a typical
shift in the electrophoretic mobility of FRS2a mediated by
MAPK-dependent phosphorylation of FRS2a (18) in either
WT or Gabl~/~ MEFs (Fig. 1D), even in response to low
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FIG. 3. Gabl-p85-binding mutant (Gab1-3YF) fails to rescue FGF1-mediated p85 association with Gabl and PI 3-kinase/Akt activation.
(A) The indicated cell lines were serum starved and then stimulated with FGF1 (1 ng/ml) for 10 min (+) or left unstimulated (—). Cell lysates were
immunoprecipitated with anti-Gab1 and then subjected to SDS-PAGE and immunoblotting with the indicated antibodies. Expression of Gabl in
the total cell lysates is shown in the bottom blot. Abbreviations: IB, immunoblotting; pTyr, phosphotyrosine antibody; IP, immunoprecipitation.
(B) Lysates from FGF1-stimulated cells were incubated with immobilized GST or GST-p85 fusion protein containing the two SH2 domains of p85.
Bound proteins were eluted with SDS sample buffer and resolved by SDS-PAGE, followed by immunoblotting with anti-Gab1l antibodies.
Expression of Gab1 and p85 in the total cell lysates is shown in the bottom two blots. (C) Serum-starved Gabl~/~(Gab1) or Gabl /= (Gab1-3YF)
MEFs were treated for the indicated times with FGF1 (1 ng/ml), and PI 3-kinase assay was performed on FRS2a immunoprecipitates. (D) Analysis
of FGF1 stimulation of Akt and MAPK activity. The indicated cell lines were treated and processed as described in the legend to Fig. 1C.

concentrations of FGF1 (data not shown). Tyrosine phosphor-
ylation of FRS2q, recruitment of Grb2 and Shp2, and MAPK-
dependent threonine phosphorylation of FRS2a occur in
Gabl ™/~ cells. While FGF1-induced tyrosine phosphorylation
of Gabl is dependent on FRS2«a (9), FGF1-induced tyrosine
phosphorylation of FRS2a proceeds normally in Gabl '~ MEFs.

Rescue of PI 3-kinase and Akt activation upon ectopic ex-
pression of Gabl in Gabl™'~ MEFs. We next examined the
effect of ectopic expression of Gabl in Gabl /= MEFs on
FGF1-induced PI 3-kinase and Akt as well as MAPK activa-
tion. For this purpose, Gabl-deficient MEFs were infected
with WT Gabl or with empty retrovirus as a control, and
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FIG. 4. FGFl-induced responses are rescued in Gabl '~ MEFs by ectopic expression of a chimeric FRS2a/Gab1 (FG) docking protein. (A)
The indicated cell lines were serum starved and then stimulated with FGF1 (1 ng/ml) for 10 min (+) or left unstimulated (—). Cell lysates were im-

munoprecipitated with anti-Gab1l and then subjected to SDS-PAGE

and immunoblotting with the indicated antibodies. Abbreviations: IB, im-

munoblotting; pTyr, phosphotyrosine antibody; IP, immunoprecipitation. (B) Lysates from FGF1-stimulated cells were subjected to a pull-down
assay with immobilized GST fusion protein containing the two SH2 domains of p85. Cells were treated and processed as described in the legend

to Fig. 2B. Expression of FG and p85 in the total cell lysates is shown

in the bottom two blots. (C) Serum-starved Gabl '~ MEFs expressing the

chimera FG were treated for the indicated times with FGF1 (1 ng/ml), and PI 3-kinase assay was performed on Gab1l immunoprecipitates. (D) The

chimeric protein FG rescues FGF1-induced Akt activation in Gabl ™/~

the legend to Fig. 1C.

puromycin-resistant pools of cell were selected. Lysates from
unstimulated or FGF1-stimulated cells were subjected to im-
munoprecipitation with anti-Gab1 antibodies, followed by im-
munoblotting with antiphosphotyrosine antibodies or by a pull-
down assay with GST fusion proteins containing the two SH2
domains of p85, the regulatory subunit of PI 3-kinase [GST-
p85 (N+C SH2)]. As shown in Fig. 2A and B, FGF1 induced

MEFs. The indicated cell lines were treated and processed as described in

the tyrosine phosphorylation of Gabl, as well as the forma-
tion of a complex between tyrosine-phosphorylated Gabl
and the SH2 domain of p85 in lysates from Gabl /~ cells
expressing Gabl [Gabl~/~(Gabl)]. Consequently, FGF1
stimulation of PI 3-kinase (Fig. 2C) and Akt (Fig. 2D)
activation after FGF1 stimulation was fully restored in
Gabl ™/~ cells expressing WT Gabl compared to that in
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FIG. 5. The p85-binding sites on the chimera FG are required for rescuing FGF1-mediated Akt activation in Gab1-deficient MEFs. (A) The
indicated cell lines were serum starved and then stimulated with FGF1 (1 ng/ml) for 10 min (+) or left unstimulated (—). Cell lysates were
immunoprecipitated with anti-Gab1 and then subjected to SDS-PAGE and immunoblotting with the indicated antibodies. Expression of FG in the
cell lysates is shown in the bottom blot. Abbreviations: IB, immunoblotting; pTyr, phosphotyrosine antibody; IP, immunoprecipitation. (B) Lysates
from FGF1-stimulated cells were subjected to a pull-down assay with immobilized GST fusion protein containing the SH2 domains of p85. Cells
were treated and processed as described in the legend to Fig. 2B. Expression of FG and p85 in the total cell lysates is shown in the bottom two
blots. (C) The p85-binding sites in the chimeric protein FG are required to rescue FGF1-induced Akt activation in Gabl-deficient MEFs. The
indicated cell lines were treated and processed as described in the legend to Fig. 1C.

Gabl™/~ cells infected with empty retrovirus [Gabl ™/~
(Vect)]. However, FGFl-induced MAPK stimulation was
comparable in Gabl /" (Vect) or Gabl ' (Gabl) cells (Fig.
2D). These results confirm that Gabl is indispensable for
FGF1-induced PI 3-kinase/Akt stimulation but not required
for FGF1 stimulation of MAPK.

The p85-binding sites on Gabl are required for FGF1-in-
duced Akt activation. Gabl contains three potential binding
sites (pYXXM) for the SH2 domain of p85 at Tyr-448,
Tyr-473, and Tyr-590. To examine the possibility that Gabl-
mediated recruitment and activation of PI 3-kinase are re-
sponsible for FGF1 stimulation of Akt, we have expressed a
mutant Gabl in which the three canonical binding sites for
p85 were replaced by phenylalanine residues (Gab1-3YF) in
Gabl~/~ MEFs (Gabl/~[Gab1-3YF]). Comparison of ty-
rosine phosphorylation of WT Gabl and the Gabl-3YF

mutant indicates that these tyrosine phosphorylation sites,
which serve as binding sites for p85, are the major tyrosine
phosphorylation sites of Gabl after FGF1 stimulation (Fig.
3A). An in vitro pull-down assay demonstrated that WT
Gabl, but not Gab1-3YF, formed a complex with the GST-
p85 (N+C SH2) fusion protein (Fig. 3B). Furthermore,
neither Gabl nor Gabl1-3YF forms a complex with GST,
confirming the specificity of the pull-down assay (Fig. 3B).
Furthermore, FGF1 stimulation of PI 3-kinase and Akt was
prevented in Gabl /" (Gabl-3YF) MEFs, while typical
stimulation of PI 3-kinase and Akt was observed in Gabl ™/~
(Gabl) MEFs (Fig. 3C and D). However, FGF1-induced
MAPK activation was similar in Gab1~/~(Gab1-3YF) and
Gab1~/7(Gabl) cells (Fig. 3D). These experiments demon-
strate that the binding sites for p85 on Gab1 are required for
FGFl-induced Gabl-mediated stimulation of Akt.
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FIG. 6. Expression of the chimeric FG docking protein in FRS2a '~ MEFs rescues FGF1-induced Akt and MAPK activation. (A) Expression
of FG in FRS2a-deficient MEFs (FRS2a /~) was analyzed by immunoblotting (IB) with antibodies specific for the Flag tag of anti-Flag
immunoprecipitates (IP). The positions of molecular size standards (in kilodaltons) are given to the left of the blot. (B) The chimeric protein FG
rescues FGF1-induced Akt and MAPK activation in FRS2a '~ MEFs. The indicated cell lines were treated and processed as described in the

legend to Fig. 1C.

Rescue of FGF1-induced PI 3-kinase/Akt activation by ex-
pression of a chimeric FRS2c/Gab1 docking protein in Gabl ™'~
cells. We have previously proposed that FGF1 induces tyrosine
phosphorylation of Gab1 by an indirect mechanism in which a
constitutive Grb2/Gab1 complex is recruited by tyrosine-phos-
phorylated FRS2q, resulting in tyrosine phosphorylation of
Gabl by the tyrosine kinase of FGFR (9, 24). To test this
mechanism, we have generated a chimeric docking protein
consisting of the myristoylation site and PTB domain of FRS2«
in place of the PH domain of Gabl. In addition, a Flag tag was
added to the C terminus of the chimeric docking protein that
was designated the FG chimera.

It is expected that FGF1-induced Akt stimulation will be
rescued, in either Gabl '~ or FRS2a~/~ MEFs expressing the
chimeric FG docking protein. Gabl /™ cells were infected with
the FG retrovirus, and a stable puromycin-resistant pool of
Gabl™/~ MEFs expressing FG was selected [Gabl ™'~ (FG)].
Both anti-Gabl and anti-Flag antibodies recognized the chi-
meric docking protein as revealed by immunoblotting experi-
ments with anti-Gabl or anti-Flag, respectively (Fig. 4A). Like
Gabl, the FG chimera binds constitutively to Grb2, and FGF1
induced its tyrosine phosphorylation (Fig. 4A and B). As
shown in Fig. 4B, FGF1 stimulation induced the formation of
a complex between tyrosine-phosphorylated FG and GST-p85
(N+C-SH2). Furthermore, ectopic expression of FG in
Gabl~/~ MEFs restored FGF1-induced PI 3-kinase activation
(Fig. 4C) and Akt activation to a level comparable to the level
of Akt stimulation achieved by ectopic expression of Gabl in
the mutant cells (Fig. 4D). However, FGF1 induced a similar
MAPK activation in Gabl™~(FG) and Gab1l~/~(Gab1) cells
(Fig. 4D). Additionally, a mutant form of FG lacking the p85-
binding sites (FG-3YF) (Fig. 5B) is tyrosine phosphorylated in
response to FGF1 stimulation (Fig. SA) but is unable to rescue
FGF1 stimulation of Akt (Fig. 5C). However, a similar MAPK
response was observed upon FGF1 stimulation of Gabl™/~
cells expressing either FG or FG-3YF [Gabl '~ (FG-3YF)
cells] (Fig. 5C). These experiments reveal the ability of the FG
chimera to substitute for Gabl in FGF1 stimulation of PI

3-kinase and Akt and that the three canonical PI 3-kinase-
binding sites are essential for the rescued responses.

Rescue of FGF1-induced Akt and MAPK stimulation by
expression of the FG chimera in FRS2a™/~ cells. We next
examined the effect of ectopic expression of the FG chimeric
docking protein (Fig. 6A) on FGF1 (1 ng/ml) stimulation of
Akt and MAPK responses in MEFs deficient in FRS2a. As
shown in Fig. 6B, both FGF1-induced Akt and MAPK stimu-
lation are fully restored in FRS2a /™ cells expressing the FG
chimeric protein [FRS2a '~ (FG)] compared to FRS2« /™ in-
fected with empty retrovirus [FRS2a ™/~ (Vect)]. Previous re-
ports demonstrating deficiency in MAPK stimulation in
Gab1~/~ MEFs stimulated by EGF, PDGF, or HGF have
revealed the capacity of Gabl to function as a mediator of the
MAPK response (14, 36). Furthermore, it was proposed that
growth factor stimulation of the Ras/MAPK response is medi-
ated by recruitment of Shp2 by tyrosine-phosphorylated Gabl1.
We have previously demonstrated that FGFRs can mediate
both FRS2a-dependent and FRS2a-independent stimulation
of MAPK and that the MAPK response is strongly compro-
mised when FRS2™/~ MEFs are stimulated with low concen-
trations of FGF1 (9). In addition, it is likely that the FG
chimera rescues FGF1-induced MAPK response by recruit-
ment of Shp2 to compensate for the loss of the FRS2a-depen-
dent component of MAPK responses in FRS2a ™'~ MEFs (9).

DISCUSSION

Docking proteins function as critical mediators of signaling
by RTKs. For example, the four members of the insulin recep-
tor substrate (IRS) family of docking proteins mediate many of
the intracellular responses of insulin or insulin-like growth
factor 1 receptors (15), while the FRS2 family of docking
proteins are key mediators of FGF signaling and signaling by
the neurotrophic factors nerve growth factor, brain-derived
neurotrophic factor, and glial cell-derived neurotrophic factor
().

In this report, we use genetic and biochemical approaches to
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FIG. 7. Awiringdiagram describing the multiple interactions down-
stream of FGFR that lead to activation of the Ras/MAPK and PI
3-kinase/Akt signaling pathways. The adaptor protein Grb2 is recruit-
ed by FRS2a directly and indirectly by means of Shp2 molecules in
complex with FRS2a. Recruitment of Grb2 by tyrosine-phosphory-
lated Shc provides an alternative FRS2a-independent mechanism for
MAPK activation. FGF stimulation of coordinated assembly of a ter-
nary Gab1/Grb2/FRS2a complex results in tyrosine phosphorylation of
Gabl, followed by recruitment and activation of PI 3-kinase (PI-3K).
Phosphatidylinositol-3,4,5-triphosphate (PIP3), the reaction product
of PI 3-kinase, is responsible for activation of phosphoinositide-depen-
dent kinase (PDK) and the antiapoptotic protein kinase Akt. In addi-
tion, the binding of the PH domain of Gabl1 to PIP3 results in a feed-
back loop for recruitment of Gab1-bound signaling proteins. MAPKK,
MAPK kinase.

demonstrate that the docking protein Gabl is required for
FGF1-induced stimulation of PI 3-kinase and Akt. We dem-
onstrate that FGFR activates PI 3-kinase by an indirect mech-
anism involving a coordinated unidirectional assembly of the
FRS2a/Grb2/Gabl complex, resulting in tyrosine phosphory-
lation of Gabl, followed by recruitment and activation of PI
3-kinase. While growth factor receptors, such as PDGF recep-
tor or erbB3, possess specific binding sites for multiple SH2
domains of signaling, including canonical pYXXM-binding
motifs resulting in direct recruitment of PI 3-kinase (12, 16),
the insulin and insulin-like growth factor 1 receptor recruit PI
3-kinase by tyrosine phosphorylation of closely associated
members of the IRS family of docking proteins (15). The link
between FGFR and PI 3-kinase is indirect and more compli-
cated, as it involves the coordinated assembly of at least two
docking proteins prior to recruitment and activation of PI
3-kinase after FGF1 stimulation. Furthermore, recruitment of
PI 3-kinase by Gabl results in a positive-feedback loop medi-
ated by binding of the PH domain of Gabl1 to the product of PI
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3-kinase activation, phosphatidylinositol-3,4,5-triphosphate,
enabling an additional layer of control (26).

Experiments with cells derived from Gabl~/~ embryos have
demonstrated that Gabl plays an important role in EGF-,
PDGF-, or HGF-induced stimulation of MAPK (14, 36).
Moreover, Gabl-dependent stimulation of the Ras/MAPK
cascade in response to lysophosphatidic acid, EGF, or HGF
stimulation is thought to be mediated by recruitment of the
tyrosine phosphatase Shp2 (2, 3, 20, 22, 28, 36). However, in
this report we demonstrate that Gabl is dispensable for FGF1
stimulation of the MAPK signaling cascade. This is probably
due to the central role played by FRS2a in mediating the
MAPK response (9). We have previously used FRS2a-defi-
cient fibroblasts to demonstrate that FRS2a plays a critical role
in the control of multiple cellular processes, including the
MAPK response (9). Like FRS2a in FGF signaling and IRSs in
insulin signaling, Gabl appears to play an important role in
EGEF signaling. Upon EGF stimulation, a constitutive Grb2/
Gabl complex is recruited by activated EGF receptor, result-
ing in tyrosine phosphorylation of Gabl, followed by recruit-
ment of a complement of signaling proteins. Recruitment of PI
3-kinase leads to activation of the Akt-dependent antiapo-
ptotic pathway, and recruitment of Shp2 leads to activation of
the Ras/MAPK cascade.

We have tested the FGF1-induced indirect mechanism for
recruitment of PI 3-kinase by expressing in Gabl /'~ or
FRS2a/~ cells a chimeric docking protein composed of the
membrane and receptor targeting signals of FRS2a (myristyl
anchor and PTB domain) fused to sequences from Gabl that
are responsible for recruitment of the complement of signaling
molecules that are normally recruited by tyrosine-phosphory-
lated Gabl (the C-terminal tail of Gabl). We reasoned that
the FG chimeric docking protein will be able to rescue the Akt
response in both Gabl™~ and FRS2a ™/~ cells after FGF1
stimulation, as FG will be targeted to the juxtamembrane do-
main of FGFR via the PTB domain of FRS2a and after FG is
tyrosine phosphorylated, FG will recruit PI 3-kinase by means
of the canonical p85-binding sites which were borrowed from
Gabl. The experiments presented in this report demonstrate
that FG is capable of bypassing the indirect activation of PI
3-kinase and Akt by FGF1l-induced stimulation of a ternary
FRS2a/Grb2/Gabl complex. Full restoration of FGF1-induced
stimulation of Akt is observed in Gabl /" cells expressing the
FG chimera. Moreover, the FG-3YF mutant that does not
form a complex with p85 and does not recruit PI 3-kinase is
unable to mediate Akt activation after FGF1 stimulation in
Gabl~/~ MEFs. However, expressing the chimeric FG docking
protein in these cells did not influence FGF1-induced MAPK
stimulation in Gabl~/~ MEFs. We have also demonstrated
that expression of the chimeric FG docking protein in
FRS2a '~ cells results in restoration of both FGF1-dependent
Akt and MAPK responses. Although the MAPK response in
FRS2a '~ cells stimulated with FGF1 is severely compro-
mised, a partial MAPK response can be detected in these
mutants even upon stimulation with low concentrations of
FGF1 (9). FGFR is able to induce MAPK stimulation in
FRS2a/~ cells, probably by inducing tyrosine phosphoryla-
tion of the scaffold protein Shc, which forms a complex with
Grb2, resulting in an alternative avenue for activation of the
Ras/MAPK cascade. The experiment presented in this report
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shows that the FG chimera is able to contribute towards the
partial MAPK response induced by FGF1 in FRS2a /™ cells
probably by recruitment of the tyrosine phosphatase Shp2.

On the basis of the experiments described in this report and
in earlier studies (9, 24), it is possible to propose a wiring
diagram for the multiple interactions downstream of FGFR in
which FRS2a and Gabl play a critical role in mediating the
MAPK kinase signaling cascade and the PI 3-kinase- and Akt-
dependent antiapoptotic signaling pathway. Figure 7 depicts a
connection scheme depicting the various interactions that take
place downstream of FGFR that are responsible for stimula-
tion of these intracellular pathways.
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