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derived growth factor (PDGF) stimulation protects PC-12 cells
transfected with the PDGF receptor from apoptosis, which
requires the presence of the binding site for PI 3-kinase on the
PDGF receptor (10).
PI 3-kinase isozymes that are directly activated by RPTKs
and sensitive to wortmannin consist of a p85 adaptor subunit,
which contains one src homology 3 (SH3) and two src homology 2 (SH2) domains, and a p110 subunit that encompasses the
catalytic activity (14). While p85y110 PI 3-kinases can be
phosphorylated, it is the binding of the SH2 domains that
activates this enzyme (15). Unlike the PDGF receptor, TrkA
does not directly bind and activate PI 3-kinase in vivo (9). This
situation is reminiscent of that for the insulin and epidermal
growth factor (EGF) receptors that require phosphorylation of
an intermediate signaling molecule that then binds and activates PI 3-kinase. The insulin receptor phosphorylates the
multisite docking protein Grb2-associated binder-1 (Gab1)
(16) and insulin receptor substrates 1 (17) and 2 (18) to effect
PI 3-kinase activation. The EGF receptor has been shown to
phosphorylate Gab1 as well as erbB3 (19), and c-Cbl (20, 21).
Such an intermediate protein has not yet been identified for
TrkA (9, 22).
We have found that the addition of NGF to PC-12 cells
resulted in the phosphorylation of Gab1 with the subsequent
binding of several SH2 domain-containing proteins, including
PI 3-kinase. By virtue of its interaction with PI 3-kinase, we
have demonstrated a direct role for Gab1 in the promotion of
cell survival. A significant amount of PI 3-kinase activity is
associated with Gab1 during NGF signaling. PC-12 cells that
overexpress Gab1 showed a decreased requirement for the
amount of NGF necessary to prevent apoptosis. Expression of
a Gab1 mutant lacking the binding sites for PI 3-kinase
enhanced apoptosis and diminished the protective effect of
NGF. These results indicate a role for Gab1 in the activation
of PI 3-kinase and the promotion of cell survival by NGF.

ABSTRACT
Nerve growth factor (NGF) prevents apoptosis through stimulation of the TrkA receptor protein tyrosine
kinase. The downstream activation of phosphatidylinositol
3-kinase (PI 3-kinase) is essential for the inhibition of apoptosis, although this enzyme does not bind to and is not
directly activated by TrkA. We have found that the addition of
NGF to PC-12 cells resulted in the phosphorylation of the
Grb2-associated binder-1 (Gab1) docking protein and induced the association of several SH2 domain-containing proteins, including PI 3-kinase. A substantial fraction of the total
cellular PI 3-kinase activity was associated with Gab1. PC-12
cells that overexpressed Gab1 show a decreased requirement
for the amount of NGF necessary to inhibit apoptosis. The
expression of a Gab1 mutant that lacked the binding sites for
PI 3-kinase enhanced apoptosis and diminished the protective
effect of NGF. Hence, Gab1 has a major role in connecting
TrkA with PI 3-kinase activation and for the promotion of cell
survival by NGF.
The balance between cell death through apoptosis and the
promotion of cell survival is essential for the proper formation
of tissues during development and for the maintenance of
mature organisms (1). The activation of receptor protein
tyrosine kinases (RPTKs) by their specific ligands is a common
physiologic mechanism for the prevention of apoptosis (2). For
example, the neurotrophins and the Trk family of receptors
have a critical role in the maturation of the nervous system (3).
One well studied example is that of nerve growth factor (NGF)
and its high affinity receptor, TrkA (3, 4), which have been
shown to be required for the survival of sensory and sympathetic neurons (5, 6). The administration of NGF antiserum to
developing animals results in the loss of sensory and sympathetic neurons (5). Similarly, mice with a homozygous deletion
of either the genes for NGF or TrkA show extensive cell death
in sensory and sympathetic ganglia (6).
TrkA can result in the activation of several signaling pathways including those of phospholipase C-g, Rasymitogenactivating protein kinase (MAPK) (7, 8), and phosphotidyinositol 3-kinase (PI 3-kinase) (9). PI 3-kinase activity appears
to be essential for the antiapoptotic effect of NGF (10). This
was first demonstrated in the rat pheochromocytoma cell line
PC-12 (11). These cells will rapidly undergo apoptosis in serum
free media (12) that can be prevented by the addition of NGF
(13). The treatment of PC-12 cells with wortmannin, an
inhibitor of some PI 3-kinase isozymes, renders these cells
insensitive to the protective effects of NGF (10). Platelet-

MATERIALS AND METHODS
Cell Culture and Stable Transfections. PC-12 cells were
grown in RPMI 1640 medium containing 10% heat inactivated
horse serum and 5% fetal bovine serum on Primaria tissue
culture plates (Falcon). For transfections, we used the cDNA
for murine Gab1 (M.H.M. and A.J.W., in preparation, and ref.
23) that is 90% identical and 98% similar to human Gab1 and
retains all putative SH2 domain binding motifs. This was
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cloned into the mammalian expression vector pLTR2 and this
construct or vector only were cotransfected with pKOneo
plasmid into PC-12 cells using the Lipofectin (Life Technologies) reagent. G418 resistant clones were subcloned twice by
limiting dilution. Gab1 expression was assayed by Western blot
analysis.
Analysis of Gab1:PI 3-Kinase Interactions. Immunoprecipitations, fusion protein production and Western blot analyses
were performed as described (16).
Cytoplasmic DNA Preparation and Analysis. Cytoplasmic
DNAs were prepared by cell lysis in a hypotonic buffer as
described (24). One-third of the DNA was electrophoresed on
1.65% agarose gels and then stained with SyBr Green (Molecular Probes). Total DNA was quantitated in a FluorImager
device (Molecular Dynamics).
Site-Directed Mutagenesis. Site-directed mutagenesis was
performed using the PCR overlap-extension method (25) on a
1.2-kb PCR fragment containing all three YVPM motifs. This
fragment was completely sequenced to verify that the proper
Y3F mutations were introduced and no other alterations had
occurred. The fragment was then ligated into the Gab1 cDNA
using a PstI restriction site.
PI 3-Kinase Assays and Transient Transfections. Immunoprecipitations against Gab1 or phosphotyrosine followed by PI
3-kinase assays were as described (16). For assays involving
transient transfections, the Gab1 or Gab1DPI3K cDNAs were
cloned in-frame and distal to the HA epitope in the pCDNA
vector. Empty vector served as the control. PC-12 cells were
seeded into 100-mm dishes and transfected using 12 mg of
plasmid and 216 mg of the Lipofectamine reagent (Life Technologies, Grand Island, NY). Three hours following transfection, cells were fed with serum supplemented media and re-fed
24 h later. After 24 h, cells were serum starved for 12 h and
mock stimulated or stimulated with NGF for 1 min prior to
lysis. Immunoprecipitations were performed with antihemagglutinin (HA) antibody (Babco, Richmond, CA). Onetenth of the pellet was saved and used for quantitating the

FIG. 1. Gab1 is phosphorylated after NGF addition and acts as a
docking protein. PC-12 cells were grown to confluence in 100-mm
dishes in RPMI 1640 medium containing 5% fetal bovine serum and
10% heat inactivated horse serum. Cells were then washed once with
PBS and incubated overnight in serum free media. Dishes were
stimulated with NGF (100 ngyml) for the periods of time indicated.
Cell lysates (1 mg) were then used for immunoprecipitation with
anti-Gab1 antibody and the Western blots incubated with either
antiphosphotyrosine (Upstate Biotechnology, Lake Placid, NY), antiGrb2, anti-PI 3-kinase, or anti-SHP-2 (all from Transduction Laboratories, Lexington, KY) antibodies.
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expression of Gab1 or Gab1DPI3K by Western blots with
anti-HA antibody. The remainder of the pellet was used for the
PI 3-kinase assay. The PIP signal was quantitated in a PhosphorImager and corrected for background using the values
from the vector only controls and normalized to HA expression.
Morphologic Analysis of Apoptosis. Cells were seeded onto
coverslips coated with poly D-lysine (50 mgyml) in six-well
dishes and transfected with 2 mg of plasmid and 36 mg of
Lipofectamine. Three hours after transfection cells were fed
with serum containing media. For cells treated with NGF, 3 h
later the cells were washed and incubated for 5 h in serum free
media alone or containing NGF. Cells were then fixed and
processed for immunofluorescence microscopy using fluorescein isothiocyanate-labeled secondary antibody. Coverslips
were then counterstained with 49-6-diamidino-2-phenylindole
(2 mgyml). Cells were scored for apoptosis by an independent
observer.

FIG. 2. Gab1 binds PI 3-kinase and mediates its enzymatic activation during NGF signaling. (A) PI 3-kinase interacts with Gab1.
PC-12 cells were serum starved and mock stimulated or stimulated
with NGF as indicated. Cell lysates were used for immunoprecipitation
with a polyclonal antibody against PI 3-kinase (Upstate Biotechnology) and the Western blot was incubated with anti-Gab1 antibody. (B)
The SH2 domains of p85 bind Gab1. Lysates from mock stimulated
(2) or NGF stimulated (1) PC-12 cells were used for precipitations
with glutathione S-transferase fusion proteins containing either the
N-terminal SH2 domain (N-SH2) or the C-terminal SH2 domain
(C-SH2) from the p85 subunit of PI 3-kinase. The blot was incubated
with anti-Gab1 antibody. (C) Gab1 mediates PI 3-kinase activation
during NGF signaling. PI 3-kinase assays were performed on antiGab1 and antiphosphotyrosine immunoprecipitates from mock stimulated or NGF stimulated PC-12 cell lysates. PIP, position of phosphotidyinositol-3 phosphate; Ori, origin. Results shown are representative of five independent experiments.
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RESULTS
NGF Stimulation Induces the Rapid Tyrosine Phosphorylation of Gab1 and the Association of SH2 Domain-Containing
Proteins. It has been noted that the stimulation of EGF and
TrkA receptors in PC-12 cells can produce a similar set of early
responses (26) including the activation of PI 3-kinase (27). We
observed that Gab1 is present in PC-12 cells and can be
phosphorylated upon EGF addition (data not shown). Because
these two RPTKs may share common signaling elements, we
asked if Gab1 might also be tyrosine phosphorylated following
NGF stimulation. Anti-Gab1 immunoprecipitations were performed on quiescent PC-12 cells that were either mock stimulated or stimulated with NGF for various periods of time.
Western blot analysis with antiphosphotyrosine antibody
showed that within 1 min. of NGF addition (Fig. 1) there was
a rapid tyrosine phosphorylation of Gab1 that persisted over
the duration of the time course. Because Gab1 acts as a
docking protein in EGF signaling, we examined if it also served
to recruit SH2 domain-containing proteins during NGF signaling. Analysis of anti-Gab1 immunoprecipitations showed
an association of Gab1 with PI 3-kinase and SHP-2 that was
significantly enhanced by NGF stimulation and was sustained
during the time periods examined. Grb2 showed NGF-induced
association with Gab1, but this appeared to return to basal
levels by 60 min. These results demonstrated that Gab1 is
phosphorylated following NGF addition and suggested that it
could play a role in the downstream signaling of NGF by the
recruitment of SH2 domain-containing proteins.
Gab1 Binds and Activates PI 3-Kinase After NGF Stimulation. Because Gab1 can mediate PI 3-kinase activation for
the EGF and insulin receptors, we sought evidence that Gab1
could bind the p85 subunit of PI 3-kinase and consequently
result in enzymatic activation. Analysis of anti-p85 immunoprecipitations showed a basal association with Gab1 that was
significantly increased upon NGF addition (Fig. 2A). Constitutive association of PI 3-kinase with Gab1 has been noted
(16), which may be due to an SH3 domain interaction with
Gab1. To verify that PI 3-kinase could interact directly with
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Gab1, we performed precipitations with glutathione Stransferase fusion proteins containing the SH2 domains from
the p85 subunit. This revealed that both of the SH2 domains
could recognize Gab1 in an NGF-dependent manner, although
the N-terminal SH2 domain showed a stronger interaction
(Fig. 2B).
We then examined if Gab1 was responsible for mediating PI
3-kinase activity in NGF signaling. The addition of NGF
resulted in a 5.4-fold increase in association of PI 3-kinase
activity in anti-Gab1 immunoprecipitations (Fig. 2C). As a
measure of the contribution of Gab1 to PI 3-kinase activation
by NGF, we compared the Gab1 associated activity with that
found in antiphosphotyrosine immunoprecipitations. This revealed that the activity associated with Gab1 was 68% of that
associated with antiphosphotyrosine, indicating that Gab1 is
the major site for PI 3-kinase recruitment in PC-12 cells
following NGF addition.
Overexpression of Gab1 Reduces the Concentration of NGF
Necessary to Prevent Apoptosis. Having established that Gab1
was an important component in the activation of PI 3-kinase
following NGF stimulation, we asked if Gab1 might also
participate in mediating the prevention of apoptosis in PC-12
cells. We reasoned that cells overexpressing Gab1 should show
a reduced requirement for the amount of NGF necessary to
prevent apoptosis. We transfected the Gab1 cDNA into PC-12
cells and established two cell lines with '9-fold overexpression
of Gab1, Tr. 7, and Tr. 16. These two cell lines and control cells
were serum starved for 12 h in the presence of varying
concentrations of NGF. It was found that a 25 ngyml concentration of NGF could largely prevent apoptosis in the control
cells as shown by the comparative absence of DNA fragmentation in the cytoplasmic DNA liberated from these cells.
Decreasing amounts of NGF resulted in a progressive increase
in the intensity of laddering (Fig. 3A). Quantitation showed
that there was an '3.5-fold increase in the amount of cytoplasmic DNA released at the lowest concentrations of NGF
(Fig. 3B). On the other hand, the two cell lines that overexpressed Gab1 did not show such a strong dependence on NGF
to inhibit cell death because the comparative intensity of DNA

FIG. 3. Overexpression of Gab1 reduces the requirement for NGF to prevent apoptosis. PC-12 cells were transfected with an expression vector
containing the Gab1 cDNA. Two cell lines overexpressing Gab1, Tr. 7, and Tr. 16, and a vector-only transfectant (Control) were used. Cells were
seeded in six-well dishes, grown for 2 days, then washed five times with serum free medium and incubated in serum free media containing the
indicated amount of NGF or complete serum starvation. After 12 h, floating and adherent cells were harvested from which cytoplasmic DNA was
prepared, electrophoresed on agarose gels and quantitated. (A) Overexpression of Gab1 enhances cell survival. Gel electrophoresis of cytoplasmic
DNA from Control, Tr. 7, and Tr. 16 cell lines. (B) Quantitation of the relative amounts of cytoplasmic DNA released. Symbols are as follows:
Tr. 7 (■), Tr. 16 (Œ), Control (}). Values shown are normalized to the DNA present in the 25 ngyml sample and are the average of four or five
independent experiments. Bars 5 SEM.
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fragmentation was decreased and there was only a '1.6–1.8fold increase in cytoplasmic DNA at the lowest concentrations
of NGF (Fig. 3 A and B).
The pYVPM Motifs in Gab1 Mediate the Binding of PI
3-Kinase. The overexpression of a Gab1 molecule that is
unable to bind PI 3-kinase should diminish any protective
effect of NGF. The SH2 domains of PI 3-kinase recognize the
motif pYXXM (28). For example, the PDGF receptor that
strongly binds and directly activates PI 3-kinase, contains the
sequence YVPM and mutation from Y3F abolishes PI 3kinase activation by PDGF (29). Because Gab1 contains three
such YVPM sequences, it seemed likely that these mediated
the binding and activation of PI 3-kinase. These three sites in
the Gab1 cDNA were targeted for mutation from Y3F and
the resulting construct was designated Gab1DPI3K. We first
confirmed that these sites were responsible for binding PI
3-kinase by transfection of Gab1DPI3K into PC-12 cells. We
performed transient transfections using vectors in which
Gab1DPI3K or the wild-type cDNA were fused at the N terminus
with a HA epitope tag. PI-3-kinase assays performed on
anti-HA immunoprecipitations from PC-12 cells transfected
with the wild-type Gab1 cDNA showed that there was a
notable increase in activity following NGF stimulation (Fig.
4A). However, there was no significant change in PI 3-kinase
activity associated with the Gab1DPI3K construct confirming
that these sites are responsible for mediating the binding of PI
3-kinase. To verify that mutation of these sites did not affect
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the binding of Grb2 and SHP-2, we analyzed anti-HA immunoprecipitations for the association of these proteins with
Gab1. This showed that there were similar amounts of these
proteins bound to either wild-type or Gab1DPI3K following
NGF addition (Fig. 4B).
Enhancement of Apoptosis by a Gab1 Mutant Lacking the
PI 3-Kinase Binding Sites. We then studied the incidence of
apoptosis in cells transfected with each of these plasmids. To
directly detect cells expressing these various proteins, immunofluorescence microscopy was employed using an antibody
directed against HA. To identify which cells were undergoing
apoptosis, coverslips were counterstained with 49-6-diamidino2-phenylindole to reveal the nuclei. Cells that showed condensed or fragmented nuclei were considered apoptotic. Morphologic observations corroborated that cells expressing
Gab1DPI3K showed an overall increase in cell death (Fig. 4C).
Under conditions of serum starvation, transfection with the
Gab1DPI3K construct produced a 39% increase in the presence
of apoptotic cells as compared with that observed for the
control plasmid (Fig. 4D). Significantly, when compared with
cells transfected with wild-type Gab1 there was a 2.5-fold
increase in apoptotic cells. The addition of NGF produced a
25% decrease in apoptotic cells in control plasmid transfected
cells and a 40% reduction in cells receiving wild-type Gab1.
However, the addition of NGF to Gab1DPI3K transfected cells
resulted in only a 16% decrease in apoptotic cells indicating
that the inability to bind PI 3-kinase diminished the protective

FIG. 4. A Gab1 mutant lacking PI 3-kinase binding sites induces apoptosis in PC-12 cells. The Gab1 or Gab1DPI3K cDNAs were cloned into
a pcDNA vector containing the HA epitope. These constructs or empty plasmid (Control) were transiently transfected into PC-12 cells (28). (A)
Gab1DPI3K does not activate PI 3-kinase. PI 3-kinase assays were performed on the pellets from anti-HA immunoprecipitations and quantitated.
Values were corrected for background and normalized for HA expression. Relative PI 3-kinase (PI3K) activity is shown. Solid bars, mock stimulated
cells; open bars, cells treated with NGF. Results shown are representative of three different experiments. (B) Gab1DPI3K binds Grb2 and SHP-2
similar to wild-type Gab1. Western blots containing anti-HA immunoprecipitations were incubated with either anti-Grb2 or anti-SHP-2. (C)
Gab1DPI3K induces apoptosis. Immunofluorescence microscopy was performed to detect cells expressing the various constructs (Anti-HA) while
the nuclei were visualized using 49-6-diamidino-2-phenylindole staining. Cells undergoing apoptosis are indicated by arrows and nuclei
corresponding to the HA positive cells are designated by arrowheads, except in the case of Gab1DPI3K where they are co-incident. (D) Quantitation
of the cells undergoing apoptosis. Cells were transiently transfected with these plasmids and then grown in serum containing media followed by
growth in serum-free media or media supplemented with NGF for 5 h. The percentage of HA positive cells undergoing apoptosis is shown. The
incidence of cell death observed with the control plasmid is similar to that reported by the manufacturer. Results are the average of six independent
experiments. Solid bars, cells grown in serum free media; open bars, cells grown in media with NGF. Bars 5 SEM.

Cell Biology: Holgado-Madruga et al.
effects of NGF. Similar experiments were performed using
ethidium homodimer-1 to label dying cells that confirmed the
results obtained with 49-6-diamidino-2-phenylindole staining.

DISCUSSION
NGF can initiate a wide variety of cellular processes via
stimulation of TrkA although this receptor is known to contain
only two major autophosphorylation sites (22). The site at
Y490 interacts with SHC and has been shown to be involved
in RAS activation (7, 8, 30) whereas the site at Y785 binds and
results in the activation of phospholipase C-g (8). While a
binding site for PI 3-kinase has been identified on TrkA (30),
this site does not appear to be phosphorylated in vivo and so
the mechanism by which TrkA activates PI 3-kinase has been
elusive (9, 22). The discovery that Gab1 serves as a docking
protein in TrkA signaling has helped to resolve how TrkA
activates PI 3-kinase and may help to clarify other mechanisms
by which NGF is capable of eliciting diverse effects.
Unlike the insulin receptor substrates 1 and 2 docking
proteins, Gab1 lacks a phosphotyrosine binding domain but it
can interact with RPTKs via two other mechanisms. It has
been found in the yeast two-hybrid system that amino acids
450–532 of Gab1 can directly bind to the Met receptor (23).
Alternatively, because the SH3 domains of Grb2 can bind to
Gab1, Grb2 can also mediate receptor interactions (16).
Recently work has shown that the efficient binding of Gab1 in
vivo requires the presence of a functional Grb2 binding site on
the Met receptor (31). Because Grb2 can also associate with
TrkA via binding to SHC, this may account for how Gab1
interacts with TrkA.
In PC-12 cells, two important processes that NGF participates in are the promotion of differentiation and the prevention of cell death. The specific signaling pathways that result in
these two phenotypes are now being delineated. It appears that
the RasyRafyMEKyMAPK pathway is mainly responsible for
differentiation. The activation of this pathway by several
different RPTKs or the expression of several protooncogenes
or oncogenes that impinge upon this pathway can result in
differentiation (32–35). PI 3-kinase may also play a role in
differentiation, although in the later stages of neurite extension (36). Although Gab1 associates with Grb2, this most likely
does not play a role in differentiation because the overexpression of Gab1 can actually inhibit the activation of MAPK,
probably through the formation of Grb2:Gab1 complexes at
the expense of Grb2:SOS complexes (16).
In contrast, the prevention of apoptosis by NGF requires
activation of PI 3-kinase and is independent of MAPK activation (10) because the expression of a Ras mutant that
interferes with MAPK activation or the use of PD98059 (37),
a specific inhibitor for MEK, does not affect NGF-mediated
survival (38). Our understanding of this antiapoptotic pathway
has recently been further expanded. PI 3-kinase activity results
in the activation of two other kinases, p70S6K and AKT. p70S6K
activity is not essential for the prevention of apoptosis as
rapamycin, an inhibitor of this kinase, has no effect on cell
survival (39, 40). On the other hand, AKT activity is directly
related to the promotion of cell survival because overexpression of AKT inhibits apoptosis while dominant interfering
mutants of AKT enhance cell death (40–43). With the discovery that Gab1 is the link between TrkA and PI 3-kinase
activation, many of the early events in the cell survival pathway
have now been defined.
Gab1 may also have a more general role in the promotion
of cell survival. Gab1 is expressed in nearly all tissues of the
body (16, 23) and has been shown to be downstream in the
signaling pathway of several other RPTKs including the EGF,
insulin (16), insulin-like growth factor 1 (M.H.M. and A.J.W.,
unpublished work), and Metyhepatocyte growth factor receptors (23). Interestingly, activation of these receptors by their
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cognate ligands have been shown to inhibit apoptosis both in
vivo and in vitro (2, 39, 44, 45). For at least the EGF, insulin,
and insulin-like growth factor 1 receptors, PI 3-kinase activity
has been shown to be important for the antiapoptotic effect
(38, 39, 45). These receptors also require phosphorylation of
secondary molecules to effect PI 3-kinase activation and Gab1
has been demonstrated to be a significant site for enzymatic
activation. Although the Metyhepatocyte growth factor receptor can bind PI 3-kinase directly through a single multifunctional site, Gab1 can be a major tyrosine phosphorylated
substrate (23). Taken together, these facts would suggest that
RPTK phosphorylation of Gab1 and the subsequent activation
of PI 3-kinase may be a commonly used mechanism for the
prevention of apoptosis in many cell types and physiologic
situations.
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