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Tyrosine phosphorylation plays an important role in
controlling cellular growth, differentiation and function.
Abnormal regulation of tyrosine phosphorylation can
result in human diseases such as cancer. A major chal-
lenge of signal transduction research is to determine
how the initial activation of protein-tyrosine kinases
(PTKs) by extracellular stimuli triggers multiple down-
stream signaling cascades, which ultimately elicit
diverse cellular responses. Recent studies reveal that
members of the Gab/Dos subfamily of scaffolding
adaptor proteins (hereafter, ‘Gab proteins’) play a cru-
cial role in transmitting key signals that control cell
growth, differentiation and function from multiple
receptors. Here, we review the structure, mechanism of
action and function of these interesting molecules in
normal biology and disease.

Much work over the past fifteen years has established a
paradigm for signal transduction through tyrosine phos-
phorylation [1]. The receptors for most peptide growth
factors and some hormones (termed ‘receptor tyrosine
kinases; RTKSs’) have intrinsic protein-tyrosine kinase
(PTK) activity. Cytokines signal via receptors that
associate with Janus family non-receptor PTKSs, whereas
multi-chain immune recognition receptors (MIRRs), such
as the T- and B-cell antigen receptors (TCRs, BCRs,
respectively) and Fec receptors (FcRs), utilize Src and Syk
family PTKs. Activation results in receptor tyrosine
phosphorylation, which creates docking sites for signal
relay proteins containing Src-homology 2 (SH2) and
phosphotyrosine-binding (PTB) domains. These proteins,
in turn, fall into two general categories, enzymes or
transcription factors (e.g. PLCy, Stats) or adaptors
(e.g. Grb2, Shc). Adaptors lack catalytic activity, but
typically associate with one or more enzymes. For
example, Grb2 associates with the GDP-GTP exchange
factor Sos, whereas the p85 subunit of phosphoinositide
3-kinase (PI3K) associates with the catalytic p110 subunit.
Specific protein-tyrosine phosphatases (PTPs) also play
crucial roles in controlling the level of protein tyrosyl
phosphorylation.

Many signaling pathways also utilize ‘scaffolding
adaptors’. Several families of scaffolding adaptors exist,
including the IRS, FRS or p62dok-related families [1].
Scaffolding adaptors contain a membrane-targeting
sequence [e.g. pleckstrin-homology (PH) domain or myr-
istoylation site], binding sites for SH3 domain-containing
proteins and multiple tyrosine phosphorylation sites that
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can recruit additional SH2 or PTB domain-containing
molecules. In contrast to adaptors such as Grb2 and She,
scaffolding adaptors can be targeted to specific membrane
lipids. As scaffolding adaptors bind to multiple signal relay
molecules (including adaptors and enzymes), they can
assemble multimeric signaling complexes. In general,
although relatively little is known about scaffolding
adaptor function, these adaptors appear to serve as signal
‘amplifiers’.

Gab proteins comprise a distinct family of scaffolding
adaptors characterized by similar overall structural organ-
ization and ~40-50% sequence similarity (see below). Gab
proteins are conserved from worms to mammals (Fig. 1) and
include mammalian Gabl, Gab2 and Gab3, Drosophila
Dos, and Caenorhabditis elegans Socl. Gabl (for Grb2-
associated binder 1) was identified in a search for Grb2
SH3-domain binding proteins [2]. Gab2 was cloned as a
binding protein and substrate ofthe SH2 domain-containing
PTP Shp2 [3]. Gab3 was identified by sequence similarity to
Gabl and Gab2 [4]. Gabl and Gab2 are expressed
ubiquitously, but at relatively low levels in lymphoid tissue
[2,3]. Gab3 also has a widespread expression pattern,
although it is particularly highly expressed in lymphoid
tissue [4]. Dos was identified as a potential substrate for
Corkscrew (Csw), the Drosophila Shp2 ortholog [5], and
independently in a screen for mutants that suppress the
rough-eye phenotype caused by a hyper-activated sevenless
allele [6]. Socl was found in a screen for suppressors of
hyperactive Egl-15 (an FGF receptor ortholog) signaling [7].
Human chromosome 22 also contains a Gab-related
sequence. A cDNA clone containing this sequence has been
reported, but it has multiple upstream stop codons (Gen-
Bank accession number AK057252). Thus, this sequence
might represent an expressed pseudogene, rather than a
bona fide Gab protein.

Structure, recruitment and phosphorylation of Gab
proteins

Although the overall sequence identity amongst Gab
family members is only 40—50%, they share a similar
topology (Fig. 1). Each contains an N-terminal PH domain,
proline-rich motifs and multiple potential tyrosyl and
seryl/threonyl phosphorylation sites. Each Gab protein
also has unique structural motifs that allow it to signal
downstream of specific receptors.

Recruitment of Gab proteins to receptors and/or
membranes

Gab proteins can be recruited to activated receptors
through direct or indirect mechanisms (Fig. 2). Direct
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Fig. 1. Schematic structures of members of the Gab subfamily of scaffolding adaptors. Shown are the three mammalian Gab family members (Gab1-3) and their invert-
ebrate orthologs, Drosophila Dos and Caenorhabditis elegans Soc-1. The positions of prolyl-rich domains (P) important for binding to Grb2 and possibly other SH3
domain-containing proteins (e.g. Gads for Gab3) are shown, as are potential tyrosyl (Y) phosphorylation sites. The Met-binding sequence (MBS) within the Met-binding
domain (MBD) in Gab1 also is indicated. For further details, see text. Abbreviations: aa, amino acids; PH, pleckstrin-homology domain.

recruitment has been demonstrated only for interaction
between Gabl and c-Met (the receptor for hepatocyte
growth factor) [8]. A region in Gabl (amino acids 450—
532), termed the Met-binding domain (MBD), interacts
directly with tyrosyl-phosphorylated Met in yeast two-
hybrid and in vitro protein overlay assays (Fig. 2a). The
minimal amino acid sequence sufficient for direct interaction
between Gabl and Met, termed the MBS (Met-binding
sequence), comprises 13 amino acids (487-499) and is
absent in other Gab proteins [9,10]. Whether the MBS
interacts directly with receptors other than Met remains
unclear. As the MBD and MBS lacks obvious sequence

similarity to other phosphotyrosyl peptide-binding mod-
ules (e.g. SH2 and PTB domains), structural studies of
MBD-ligand interaction should be very interesting.
Most Gab protein—receptor interactions are mediated
indirectly, via Grb2. Gab proteins contain several proline-
rich motifs (Fig. 1), two of which can mediate binding of
Gabl or Gab2 to Grb2 [9,11]. One of these is a typical
Grb2 SH3 binding site (PXXPXK/R), but the other
(PXXXRXXKP) fails to conform to this motif. Grb2 also
contains an SH2 domain, which targets the constitutive
Grb—Gab complex to receptors containing Grb2 SH2
domain binding sites (YXNX) (Fig. 2a). Even for Met,
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Fig. 2. Gab protein recruitment mechanisms. (a) Recruitment via MBS and Grb2-Gab1 complexes. Shown is a schematic of Gab1 recruitment to the HGF receptor (c-Met).
Gab1 can bind directly to the HGF receptor (HGFR) through its Met-binding sequence (MBS), as well as indirectly, as part of a Grb2—Gab1 complex, to a Grb2 SH2 domain
binding site in the HGFR. (b) Recruitment via Shc-Grb2-Gab2. Gab2 is recruited to IL3/GM-CSF/IL-5 receptor family members (which signal via the IL3 receptor § common
chain) by means of a Shc-Grb2-Gab2 complex. (c) Recruitment via another scaffolding adaptor. In FGF receptor signaling, Gab1 is recruited to the receptor complex via
Grb2 binding to the scaffolding adaptor FRS2. (d) Recruitment via Gab family PH domains. In some signaling pathways, binding of the Gab PH domain to appropriate phos-
phoinositides might either be required for initial recruitment to receptor complexes (e.g. BCR) or for sustained signaling (e.g. EGFR). In other signaling pathways, however,
(e.g. Bc signaling), the PH domain appears to be dispensable for recruitment to the receptor, although it is important for Gab protein function. The Gab1 PH domain has
been shown to bind directly to 3-phosphoinositide lipids. The binding specificity of other Gab protein PH domains has not been reported, but sequence similarity to the
Gab1 PH domain strongly suggests that they also bind to 3-phosphoinositides. (e) Recruitment of Gab proteins to oncoproteins. Gab proteins are phosphorylated in
response to several oncogenic stimuli. The best understood are the recruitment of Gab1 to polyoma middle T as part of a Shc-Grb2-Gab1 complex (not shown), and the
recruitment of Gab2 to Y177 of Bcr—Abl as part of a Grb2-Gab2 complex (illustrated here). Abbreviations: BCR, B-cell receptor; EGFR, epidermal growth factor receptor;
GM-CSF, granulocyte—macrophage colony-stimulating factor; IL, interleukin; PH, pleckstrin-homology; PI3K, phosphoinositide 3-kinase; SH2, Src-homology 2; Yp,

phosphotyrosine.
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which can bind to Gabl directly (see above), indirect
recruitment of Gab1 via Grb2 is physiologically important
as mutation of the Grb2 SH2 domain binding site in c-Met
greatly diminishes its association with Gab1l [12,13].

The Grb2 SH3 binding sites are conserved among all
mammalian Gab proteins, suggesting a common recruit-
ment mechanism. Notably, Gads, a Grb2 relative
expressed selectively in hematopoietic cells, also can
bind to Gab3 [14]. For reasons that are currently unclear,
Gads fails to bind to Gab2. Dos also contains two
PXXXRXXKP motifs, either of which can mediate binding
to the Drk (Drosophila Grb2 ortholog) C-terminal SH3
domain [15]. Dos carrying mutations in both of these sites
fails to function in either the Sevenless or Drosophila EGF
receptor (DER) signaling pathways [15]. By contrast, Socl
lacks a PXXXRXXKP motif, and mutation of all putative
SH3 domain binding motifs (i.e. PXXP sites) has no effect
on its biological function [7]. Presumably, Soc1 is recruited
to receptors through a mechanism distinct from that of
other Gab proteins, and the requirement of Grb2 for Dos
and Gab function evolved later during evolution. Whether
the other (non-Grb2-binding) PXXP sequences in Gab
proteins bind to other SH3 domain-containing proteins
remains to be determined.

In some signaling pathways, Grb2—Gab2 complexes are
recruited to receptors indirectly, via another tyrosyl-
phosphorylated adaptor protein (Fig. 2b). Cytokine recep-
tors that signal via the so-called ‘@ common chain (Bc)’
(IL-3/GM-CSF/IL-5) lack direct Grb2 binding sites in
their cytoplasmic domains. Instead, Bc contains a binding
site (Y577) for the Shc PTB domain, and tyrosyl-
phosphorylated Shc contains three Grb2 SH2 binding
sites [16]. Mutation of the Shc binding site in B¢ eliminates
most Gab2 tyrosyl phosphorylation. Moreover, a chimeric
receptor in which Shc is fused directly to the PBc
cytoplasmic tail can promote Gab2 phosphorylation in
the absence of other receptor tyrosyl residues [17]. These
data strongly suggest that Gab2 recruitment to Bc occurs
predominantly via a Shc—Grb2—-Gab2 complex [17].
Residual recruitment of Gab2 to Bc lacking Y577 might
occur via an analogous Shp2—-Grb2—-Gab2 complex [17].
Alternatively, Shc also might bind via its SH2 domain to
this mutant receptor as the She SH2 domain can bind to
Y612 in Bc in vitro [18]. Recruitment of Gabl and Gab2
to the thrombopoietin receptor [19] and the Ret RTK [20]
also appears to involve a Shc—Grb2-Gab2 complex.
Likewise, the IL-2 receptor (IL2R) lacks direct Grb2 SH2
domain binding sites in the cytoplasmic domains of its
signaling chains (IL2RB and v), and the activated IL2R
evokes Gab2 tyrosyl phosphorylation [17,21]. Most likely,
this also occurs through a She—Grb2-Gab2 complex [17].

In the FGF receptor pathway, Gabl phosphorylation
occurs via a more baroque mechanism involving an
additional scaffolding adaptor, FRS2 (Fig. 2c). Upon
receptor activation, FRS2 becomes tyrosine phosphoryl-
ated and binds to Grb2, which, in turn, recruits Gabl
[22,23]. Trk receptors (e.g. NGFR, NT-receptors) also
evoke FRS2 and Gabl phosphorylation, but it is unclear
whether a similar mechanism is involved in Gabl
phosphorylation in these pathways. Notably, the NGFR
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also has a direct binding site for Shc [16], so Gabl
recruitment could occur via a She—Grb2—-Gab1l complex.

Gab protein PH domains also might play a role in
recruitment, at least to some receptors (Fig. 2d). These PH
domains have sequence similarity to the Btk PH domain,
especially in the loop between the B1 and B2 sheet, a region
that determines the binding preference for phospholipids.
The Btk PH domain strongly prefers the lipid products of
PI3K, particularly phosphatidylinositol (3,4,5)-trisphos-
phate (PIP3) [24]. Yeast complementation experiments
[25] and binding studies show that the Gabl and Dos PH
domains also bind to PIP3 [26,27]. Although the specifi-
cities of the Gab2 and Gab3 PH domains have not been
reported, their strong similarity to the Gabl PH domain
(particularly in the region crucial for determining speci-
ficity) makes it highly likely that they bind to PI3K lipid
products.

The role of the PH domain in Gab recruitment is best
understood for epidermal growth factor receptor (EGFR)
signaling [26]. Gabl is initially targeted to the EGFR via
Grb2, whereupon it becomes tyrosyl phosphorylated and
interacts with p85. This leads to activation of PI3K and the
generation of 3-phosphoinositide lipids (see below). The
Gabl PH domain then binds to these lipids, resulting in
Gabl retention near the receptor and more sustained
signaling (Fig. 2d). Consistent with this model, the PH
domain is required for maximal EGF-induced Gab1 tyrosyl
phosphorylation and activation of downstream effectors
[26]. The Gabl PH domain is even more important for
recruitment in BCR signaling as a PH domain deletion
mutant fails to become tyrosyl phosphorylated upon BCR
engagement [28]. In other pathways, however, the PH
domain appears to be dispensable for recruitment. For
example, in Met signaling in MDCK cells, PH domain
deletion has no effect on Gabl tyrosyl phosphorylation,
and a Gab2 PH domain mutant is tyrosyl phosphorylated
normally in response to IL-3 stimulation of BaF3 cells [17].

Despite its variable requirement for Gab protein
recruitment, the PH domain appears to be required for
Gab protein function. Point mutations that disrupt folding
of the Dos or Soc-1 PH domains behave as protein-nulls in
genetic rescue experiments [7,29]. Surprisingly, however,
the Dos mutation does not appear to affect Dos subcellular
localization [29]. Likewise, a PH domain deletion mutant
of Gabl (APH) is defective in EGFR signaling [26] and
fails to support Met-induced morphogenesis (i.e. tubulo-
genesis) in MDCK cells [30]. In contrast to the Dos
mutants, the inability of Gabl APH to function in
EGFR and HGFR signaling correlates with its failure
to translocate (in a PIP3-dependent manner; see above)
to the plasma membrane [26,30]. Similarly, deletion of
the Gab2 PH domain impairs the effects of Gab2 on
TCR-evoked signaling [31].

Kinases that phosphorylate Gab proteins

Gab proteins undergo tyrosyl phosphorylation in response
to diverse stimuli, including cytokines, growth factors and
MIRR engagement. Although activated RTKs (or, in the
case of cytokine receptors and MIRRs, activated receptor-
associated PTKs) are required for Gab tyrosyl phosphoryl-
ation, the receptor (or the receptor-associated PTK) itself
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does not appear to directly phosphorylate all Gab protein
tyrosyl phosphorylation sites. Instead, intermediate
PTKs are important for Gab phosphorylation in some
settings. For example, Gabl tyrosine phosphorylation
induced by lysophosphatidic acid (LPA) is inhibited
by the Src-family kinase (SFK) inhibitor PP1 [32],
whereas a recent report suggests that Fyn is respon-
sible for FceRI-induced Gab2 tyrosine phosphorylation
[33] in mast cells. In TCR signaling, ZAP-70 has been
suggested to be the kinase responsible for Gab2
phosphorylation on the basis of co-transfections and
experiments with a ZAP-70-deficient T-cell line [34].
SFK might contribute to Gab2 phosphorylation in
response to CSF-1/MCSF, although the CSF-1 receptor
(c-Fms) also directly phosphorylates Gab2 [35].

Serine/threonine kinases also phosphorylate Gab pro-
teins and regulate their function. The mobility of Gabl and
Gab2 in SDS—PAGE is reduced markedly following most
forms of stimulation. This shift can be inhibited partially
by treatment with MEK or PI3K inhibitors [17]. Gabl,
through its MBD domain, is found in a complex with
activated Erk2 and can be phosphorylated by Erk2 in vitro
[36]. Interestingly, Gabl phosphorylation by Erk has
opposite effects on Met [37] and EGFR [38] signaling.
Upon Met stimulation, Erk phosphorylates Gabl on
Thr477, which lies adjacent to a Gabl binding site
(Tyr472) for p85 (YY”2’VPMT*""P). Phosphorylation at
Thr477 enhances p85 recruitment to Gabl. Since Gabl
regulates Erk activation (via Shp2; see below) and PISK
can potentiate Erk activation [39,40], Erk2 phosphoryl-
ation of Gabl might result in a positive-feedback loop. By
contrast, upon EGF stimulation, Erk2 phosphorylates
Gab1 on unidentified Ser/Thr residues, and this correlates
with inhibition of PI3K. It will be important to determine
how Erk2 has such dramatically different effects on Gabl
function in these two signaling pathways. Most likely,
Erk2 phosphorylates different sites in response to these
two RTKs, but how this is regulated and whether Gab2
function is regulated by Erk phosphorylation remain
unclear.

Recent work indicates that phosphorylation of Gab2 at
Ser159 (human sequence) functions in a negative-feedback
loop. Akt forms a constitutive complex with Gab2 and
phosphorylates Ser159 upon ErbB2 stimulation of breast
cancer cell lines [41]. Overexpression of Gab2 with Ser159
mutated to alanine potentiates ErbB2 phosphorylation
and transforms NIH3T3 cells. How Ser159 phosphoryl-
ation on Gab2 inhibits Erb2 signaling remains to be
determined, but it will be interesting to see whether a
similar mechanism operates downstream of other recep-
tors, as well as whether Ser159 mutations occur in, and
contribute to, human breast cancer.

Signaling from Gab proteins

Gab proteins contain multiple tyrosine phosphorylation
sites that, upon phosphorylation, recruit and activate key
SH2-domain-containing signal relay molecules, most
prominently Shp2 and PI3K. Several studies have
established the crucial role of Gab proteins in mediating
Shp2 and PI3SK actions in a variety of cell signaling
pathways (Fig. 3).
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Fig. 3. Models for Gab—Shp2 regulation of the Ras—Erk pathway. Shown are three
potential models for how Gab proteins, acting via Shp2, signal to Ras activation. In
model (a), Shp2, bound to the Gab protein, regulates the phosphorylation of
another Gab protein phosphorylation site (Yp). In model (b), Shp2 controls the
phosphorylation of a Gab binding protein. In model (c), the main function of the
Gab protein is to target Shp2 to the appropriate location of its key substrate, most
likely a membrane compartment in view of the PH domain in Gab proteins. Most
available evidence favors model (c). For further details, see text. Abbreviations:
MBS, Met-binding sequence; PH, pleckstrin-homology domain; PTB, phosphotyro-
sine-binding domain.

Regulation of Shp2
All Gab proteins contain at least one conserved tyrosine
motif I/V/LXYXXI/V/L (where X =any amino acid),
capable of binding to Shp2 or its Drosophila or C. elegans
orthologs [Corkscrew (Csw) and Ptp2, respectivelyl.
Mammalian Gabs and Dos contain two SHP2/Csw binding
sites; Soc-1 has only a single Ptp2 site. Shp2 (and its
orthologs) has low basal activity owing to allosteric
inhibition of its PTP domain by the N-terminal SH2
domain. Upon Shp2 binding to a Gab protein, basal
inhibition is relieved, resulting in strong activation.
Vertebrates express another SH2 domain-containing
PTP, Shpl. The Shpl and Shp2 SH2 domains recognize
similar phosphotyrosyl peptides. However, Gab proteins
preferentially interact with Shp2. Elucidating the reason
why the mammalian Shps bind differentially to Gab
proteins is an important goal of future research. Never-
theless, this differential binding ability helps explain the
distinct biological functions of Shpl and Shp2 [42].
Gab/Dos family proteins, acting via Shp2, are required
for full Erk activation in many signaling pathways.
Studies of chimeric receptors revealed that Gabl mutants
lacking Shp2 binding sites are unable to activate Erk or
downstream transcriptional reporters [9]. Overexpression
of such mutants also fails to potentiate EGF-evoked Erk
activation [26,43,44]. Fibroblasts from Gabl /" mice (see
below) also are defective in Erk activation in response
to multiple growth factors, as well as to the cytokine IL-6
[45,46]. Subsequent work showed that the Gabl-Shp2
complex acts at a step upstream of Ras [47,48]. These
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findings are consistent with analogous studies of
cells expressing dominant-negative mutants of Shp2 or
Shp2-mutant fibroblasts [42,49,50] that exhibit an
impaired Ras—Erk response to a variety of growth factors.
Thus, Gabl, through binding and activation of Shp2, is
crucial for normal levels of Ras activation. In most
signaling pathways, Gabl-Shp2 complex formation is
not absolutely essential for Ras—Erk activation; instead,
initial Ras—Erk activation occurs, but peak and/or
sustained activity is defective in Gabl ™/~ or Shp2 mutant
cells. In this way, Gab—Shp2 complexes might serve as
‘amplifiers’ of initial Ras—Erk pathway activation.

Overexpression of mutant forms of Gab2 [51] also
can impair Erk activation in response to some stimuli
(e.g. CSF-1). Moreover, mast cells and macrophages from
Gab2 /" mice have decreased Erk activation in response
to SCF [52] or CSF-1 (H. Gu and B.G. Neel, unpublished),
respectively. However, Gab2—Shp2 complexes appear to
have an additional, distinct signaling role in response to
other stimuli. For example, overexpression of Gab2
mutants that fail to bind to Shp2 blocks IL-3-evoked
immediate-early gene activation without affecting Erk
activation [3]. Thus Gab—Shp2 complexes appear to act at
least twice (and presumably on distinct targets): once
upstream of Ras, and another time downstream of, or
parallel to, Erk activation. These biochemical studies are
consistent with epistasis analysis of Csw function in
Sevenless signaling [42].

Genetic analysis has established the essential role of
the Dos—Csw and Soc-1-Ptp-2 interactions. Indeed, the
only Dos tyrosyl residues required for Dos function in the
Sevenless pathway are the two Csw binding sites [29,53].
Likewise, only the Ptp-2 binding site is essential for Soc-1
function in the Egl-15 pathway [7]. Importantly, in these
systems, it has not been shown explicitly that Dos—Csw or
Soc-1-Ptp-2 act upstream of Erk, although this can
probably be inferred reasonably safely from studies in
mammalian systems.

Three general models of Gab—Shp2 signaling to the
Ras—Erk pathway can be envisioned (Fig. 3): (a) upon
recruitment, Shp2 regulates the phosphorylation of
another site(s) on a Gab protein, thereby controlling
binding of an SH2 or PTB domain protein; (b) Shp2
regulates the phosphorylation of a protein that binds to the
Gab protein in either a phosphotyrosine-dependent or —
independent manner; or (c) the Gab protein could merely
target Shp2 to where the substrate resides — presumably a
membrane compartment.

Recent data strongly support the third model. As indi-
cated above, only the Csw binding site on Dos and the
Ptp-2 site on Soc-1 are essential for their respective func-
tions, at least in the pathways analyzed. A Trk—Met—Gab1l
chimera containing only the extreme Gabl C-terminus
(amino acids 411-695) subserves the function of Gabl in
Met-evoked branching morphogenesis in MDCK cells, and
mutation of the Shp2 binding sites in Gab1l abrogates this
function [9]. Shp2 binding to Gabl also is required for
branching morphogenesis in response to HGF stimulation
[43]. A Gab1l-Shp2 fusion protein can evoke growth-factor-
independent Erk activation in 293 cells and potentiates
activationin response to EGF [54]. Again, other Gab1 tyrosyl
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residues appear be dispensable as fusion of the Gabl PH
domain alone (or several other membrane-targeting
sequences) to the Shp2 PTP domain has similar effects
[48]. Ligation of the N-terminus of Src to Csw also produces a
gain-of-function mutant [42]. The target(s) that Shp2 must
dephosphorylate to mediate Ras (and, ultimately, Erk)
activation remain unclear [42]; identifying this target(s) is
crucial for our understanding of Gab protein function.

Although Gab proteins themselves probably are not
what Shp2 must dephosphorylate to sustain Ras acti-
vation, they are Shp2 targets. Gabl [54], Gab2 [55] and
Dos [5] tyrosyl phosphorylation is increased in cells
expressing ‘substrate trapping’ mutants of Shp2 or Csw,
respectively. Most likely, Shp2-mediated dephosphoryla-
tion of Gab proteins functions in signal termination. For
example, Shp2 dephosphorylates the p85 binding sites in
Gab1 and negatively regulates the activation of PI3K—Akt
by EGF [50]. Shp2 also might dephosphorylate its own
binding sites, thereby releasing itself from the Gab protein
and terminating signaling by Gab—Shp2 complexes.

Role in PI3BK-Akt pathway

All Gab proteins have at least one potential binding site
(YXXM) for the SH2 domain of p85. The function of these
sites in Dos and Soc-1 (and whether these Gab proteins
actually recruit PI3K in vivo) remains to be determined
(see above). In mammalian systems, PI3K binding has
been demonstrated for all Gab proteins, and binding
depends on the presence of at least two of the three YXXM
motifs in these proteins [17,56]. By binding p85, Gab
proteins can provide a major route to PISK pathway
activation for receptors that lack p85 binding sites. For
example, Gab2 is implicated in PI3K activation from the
IL-3/GM-CSF, EGFR and FceRI receptors [17,57,58],
whereas Gabl binding to p85 is suggested to be a route
to PI3K pathway activation downstream of FGFRs [22]
and the EGFR [26]. Gab proteins also recruit PI3K in
response to stimulation of receptors that have p85 binding
sites, such as the NGFR [56] and Ret [20], or receptor
systems in which co-receptors also recruit PI3K, such as
the BCR [28] and TCR [31,34]. In the latter systems,
Gab-p85 probably serves to amplify receptor-evoked
PI3K activity. The consequences of Gab-mediated PISK
activation can be different, depending on the cell type.
Recruitment of PI3K to Gab2 is crucial for mast cell
functions such as degranulation [58]. Conversely,
Gab2-PI3K complexes appear to inhibit TCR-evoked
IL-2 production [31,34].

Other signaling pathways from Gab proteins

Biochemical analyses and yeast two-hybrid screens have
identified several other signaling molecules that can bind
to Gabl and/or Gab2, including PLCvy [2] Crk [59], CrkL
[60,61] and Ship [62]. The functional significance of most
of these interactions remains unclear. Y307/Y373/Y407
in Gabl reportedly bind to PLCy and are required for
Met-induced branching morphogenesis [63]. As Shp2
binding to Gabl also is required for this process (see
above), PLCy and Shp2 could act in concert. However, the
ability of Trk—Met—Gabl chimeras lacking their PLCvy
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binding sites to evoke morphogenesis [9] would seem to be
inconsistent with such a model.

Based on studies of a Gabl mutant with an internal
deletion of amino acids 242—-410, it was suggested that
Gabl association with CrkL correlates with Met-evoked
activation of the GTPase Rapl [61]. However, this region
contains potential binding sites for other SH2- and
SH3-containing molecules such as PLCy. It will be
important to generate a mutant of Gabl that cannot
bind to CrkL and reassess the effect of this mutant on Rap1l
activation. Gabl association with Crk also is reported
to correlate with the activation of JNK in response to
Met [59]. Interestingly, Shp2-mutant fibroblasts have
increased Jnk activation in response to some stimuli
[49]. Tt will be interesting to determine whether Shp2
dephosphorylates the Crk binding sites in the Met
signaling pathway.

Biological functions of Gab proteins

Invertebrate Gab proteins

Early genetic analyses indicated that Dos was an essential
component of the Sevenless pathway [5,6], where it signals
via Csw [29,53]. However, Dos also is required for signaling
by other Drosophila RTKs such as DER (EGF receptor
ortholog) and Torso (PDGF receptor ortholog) [6,64].

Soc-1 was cloned during a screen for suppressors of the
Clear (Clr) phenotype caused by hyperactive Egl-15 [7].
Egl-15 null worms arrest development during early larval
stages, whereas soc-1 null worms can develop to adult-
hood. Soc-1 null worms exhibit a Scrawny body mor-
phology, similar to the phenotype caused by hypomophic
Egl-15 alleles. Thus, consistent with biochemical analyses
in mammalian cells (see above), Soc-1 is required for only
some downstream signaling from Egl-15. Interestingly,
gene knockout studies in mice have shown that Gabl and
another scaffolding adaptor, Frs2, are required for FGF
signaling (see below). Although C. elegans has an Frs2
ortholog, it has not been identified as a Soc gene,
suggesting that the primordial signaling module probably
is FGFR-Gabl (Egl-15—Soc-1), whereas FRS2 functions
in FGFR signaling developed later in evolution.

Physiologic function of Gab proteins in mammals
Recent studies of Gabl and Gab2 knockout mice have
begun to delineate distinct functions for individual Gab
proteins. Reports have also emerged indicating that Gab
proteins might play important roles in oncogenic
transformation.

Gab1™’" mice die between embryonic day (E) 12.5-E18.5,
with multiple defects in heart, placenta, liver, skin and
muscle development [45,46]. As mice with mutations in
EGFR, PDGFR, HGFR and gp130 have one or more of
these defects, the Gabl™’~ phenotype probably results
from the combined effects of defective EGF, PDGF, HGF
and gpl30 signaling [45,46]. However, the abnormal
placental development in Gabl ’~ mice makes attributing
specific Gabl ™/~ phenotypes to defects in other lineages
somewhat risky. Experiments using aggregation chimeras
to tetraploid embryos to bypass the placental defects or
tissue-specific knockout mice should provide more defini-
tive answers to these issues.
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In contrast to these positive roles for Gabl, analyses of
radiation chimeras reconstituted with Gab1™/~ fetal liver
cells show that Gabl is a negative regulator of the thymus-
independent antigen-2 (TI-2) response of marginal zone B
cells [65]. This negative function of Gabl depends upon its
ability to associate with Shp2 [65] and is reminiscent of the
inhibitory effects of Gab2 overexpression on TCR signaling
in cultured cell lines [31,34].

In marked contrast, Gab2 /™ mice are viable, generally
healthy, and have an apparently normal life span. Gab2
was initially believed to be a key mediator of Shp2 func-
tion in hematopoietic cells. Nevertheless, steady-state
hematopoiesis is largely normal in Gab2 ™/~ mice [52,58],
although they might have lower numbers of eosinophils
and basophils (H. Gu and B.G. Neel, unpublished).

The most prominent defects in Gab2 ™/~ mice are in the
mast cell lineage [58]. Gab2 ™/~ mice have severe defects in
their response to passive allergic challenge, and their mast
cells show impaired degranulation and cytokine gene
expression in response to activation of FceRI, the high-
affinity IgE receptor. Defective activation of Gab2 '~ mast
cells is attributable to impaired PI3K activation, establish-
ing an essential role for Gab2 in mediating PI3K activation
in response to FceRI ligation. Gab2 ™/~ mice also show
decreased mast cell numbers in various tissues, such as
skin and stomach. Most likely, this reflects defective
signaling downstream of the receptor tyrosine kinase Kit
as Gab2 /" mast cells display decreased Kit-initiated
signal transduction and mast cell proliferation [52].

Gab proteins in cancer

Genetic and biochemical studies have established a crucial
role for Gab2 in Ber—Abl transformation [66]. Similar to
the mechanism of Gab protein recruitment to normal
growth factor and cytokine receptors (see above), Gab2 is
recruited via Grb2 to a Grb2 SH2 domain-binding site,
Y177, in Ber—Abl and subsequently recruits p85 and Shp2
(Fig. 2e). Gab2™’~ cells expressing Ber—Abl exhibit
defective PISK—-Akt and Erk activation, which likely
reflects the inability of Bcr—Abl to signal to p85 and
Shp2, respectively, via Gab2. Very recent studies using
retroviral gene transduction/bone marrow transplan-
tation indicate that myeloid and lymphoid leukemogenesis
are defective in Gab2 /" mice (G. Mohi, H. Gu, S. Li.,
R. Van Etten and B.G. Neel, unpublished). These studies
provide a molecular explanation for the defective leukemo-
genic potential of Ber—Abl Y177F mutants [67].

Efficient induction of endothelial tumors by polyoma-
virus middle T antigen (PymT) requires a ShcA binding
site, Y250. This site directs formation of a ShcA—Grb2—
Gabl complex, and consequently Gabl tyrosine phos-
phorylation and association with p85. Activation of PI3K is
defective in PymT Y250F-expressing cells, which suggests
that the above complex is responsible for PI3K activation
by PymT [68], although there has not been a direct
demonstration that Gabl is required for PymMT onco-
genesis. This use of a ShcA-Grb2—Gabl-p85 pathway
by PymT resembles the activation of PI3K by means of a
Shc—Grb2—-Gab2—-p85 pathway in Bc cytokine receptor
signaling (see above and [17]). Several other oncoproteins,
including Tpr—-Met [13,69], v-Sea [70] and gp55, the
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oncogene of spleen-focus-forming virus (SFFV) [71],
also might signal through Gab proteins. Interestingly, in
v-Sea-expressing cells, only Gab2 becomes tyrosine phos-
phorylated and associated with p85 and Shp2, even though
Gabl is expressed these cells [70]. The role of Gabl and
Gab2 proteins in the above pathways requires further
studies — in particular, the ability of these oncogenes to
transform cells lacking Gabl and/or Gab2 should be
addressed.

Gab2 also might play a role in breast cancer. The
gene encoding Gab2 is found on human chromosome
11q13.3-14.2 [72], and 11q13 amplification is found in
10—15% of breast cancer patients [73]. It will be interest-
ing to see whether Gab2 amplification is a common feature
of the 11q13 amplicon. Whether or not Gab2 is amplified in
human breast cancer, it is overexpressed in a substantial
fraction of breast cancer lines and primary tumors [74].
There is some correlation between Gab2 overexpression
and estrogen receptor (ER) positivity in breast cancer cell
lines, although this is not absolute. Although these data
are provocative, it remains to be seen whether Gab2
overexpression plays a causal role in breast carcino-
genesis. It also will be interesting to see whether breast
cancers have mutations of the Akt phosphorylation site
within Gab2 because, as discussed above, mutation of this
site converts Gab2 to a transforming protein, at least in
fibroblasts [41]. Crosses between Gab2 /™ mice and mouse
models of breast carcinogenesis and/or mammary-specific
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Fig. 4. Signal transduction from Gab proteins. Gab proteins are implicated in regu-
lation of the Ras—Erk pathway through their ability to bind to and activate the SH2
domain-containing protein-tyrosine phosphatase Shp2, as well as in activation of
the PIBK-Akt pathway, by virtue of their ability to bind to the p85 regulatory sub-
unit of PI3K, thereby activating the associated p110 catalytic subunit. Various
reports also have suggested that, by recruiting other signal relay proteins such as
PLCy and/or Crk/CrkL, Gab proteins can activate other signaling pathways, such as
the JNK pathway. However, the generality of these associations, as well as their
physiological relevance, remain to be determined. For details, see text. Abbrevi-
ations: MBS, Met-binding sequence; PH, pleckstrin-homology domain; PI3K, phos-
phoinositide 3-kinase; PLCvy, phospholipase Cy.
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overexpression of Gab2 should help to resolve these
questions.

Finally, a recent study implicates a PH domain-
truncated form of Gabl (A1-103) in an experimental
model of cancer progression [75]. Overexpression of
Gab1(A1-103) enhances (by three fold), whereas wild-
type Gabl inhibits, EGF-induced soft agar colony for-
mation of pre-neoplastic Syrian hamster cells. Notably,
however, this report stands in contrast to previous studies
in which Gabl overexpression enhanced growth factor
responsiveness and tumorigenicity in NTH3T3 cells [2]. It
will be important to carry out genetic analyses to assess
the role of Gabl in tumorigenesis.

Concluding remarks

In the few years since their discovery, it has become clear
that Gab proteins play key roles in a variety of important
cell signaling pathways (Fig. 4). The challenge for the
future is to elucidate the detailed mechanism by which
these molecules transmit signals. In particular, it will be
important to delineate the direct targets of Shp2 down-
stream of Gab proteins and to determine which (if any)
signal relay molecules besides Shp2 and PI3K are crucial
for Gab signaling. It also will be important to establish
which functions are unique to particular Gab family
members, as opposed to redundant, and the extent to
which Gab proteins have crucial functions in oncogenic
signaling pathways. The availability of genetic models of
Gab protein deficiency should allow for rapid progress on
all of these questions.
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