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Functional characterization of cancer-associated Gab1l mutations

C Ortiz-Padilla’, D Gallego-Ortega', BC Browne', F Hochgréfe!, CE Caldon’, RJ Lyons', DR Croucher’, D Rickwood', CJ Ormandy'?,

T Brummer>** and RJ Daly'*®

Grb2-associated binder 1 (Gab1) is a docking protein that transduces signals from a variety of tyrosine kinases, including Met and
the epidermal growth factor receptor (EGFR). Although the related protein Gab2 is strongly implicated in human cancer, a role for
Gab1 has been less clear. However, a screen for gene mutations in breast cancer identified two somatic mutations in Gab1, Y83C
and T387N. In this paper we describe the functional characterization of these Gab1 mutants. MCF-10A immortalized mammary
epithelial cells overexpressing Gab1 Y83C and T387N exhibited a more elongated, fibroblastic phenotype compared with wild-type
Gab1 controls. Expression of Gab1 or the mutants promoted epidermal growth factor (EGF)-independent proliferation in monolayer
culture to a similar degree. However, in Matrigel culture, both mutants enhanced the formation of acini exhibiting an aberrant,
branched morphology. In addition, expression of the mutants modestly increased Erk activation. The two mutants also enhanced
branching morphogenesis in a different mammary epithelial cell line, HC11. To gain further insights into the mechanism of
action of these mutations, we mapped Gab1 phosphorylation sites by mass spectrometry. This detected phosphorylation of T387
but ;not Y83. Cellular stimulation with EGF or hepatocyte growth factor (HGF) led to a transient, or sustained, induction of

T387 phosphorylation, respectively. As T387 corresponds in position to Gab2 T391, which suppresses Gab2 signaling in a
phosphorylation-dependent manner, these data support a model in which the T387N mutation abrogates negative-feedback
regulation of Gab1. Interrogation of publically-available databases revealed additional cancer-associated mutations at, or in close
proximity to, identified serine/threonine phosphorylation sites in other docking proteins. These data indicate that aberrant Gab1
signaling can directly contribute to breast cancer progression, and that negative feedback sites in docking proteins can be targeted

by oncogenic mutations.
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Grb2-associated binder 1 (Gab1) is a member of the Gab/
Daughter-of-sevenless family of docking proteins, which in
mammals also includes Gab2 and Gab3." Gab1 couples to a
variety of receptor and non-receptor tyrosine kinases, including
the epidermal growth factor receptor (EGFR), c-Met and Src, and,
depending on context, elicits a variety of biological responses,
including proliferation, migration and branching tubulogenesis." It
contains an N-terminal pleckstrin homology (PH) domain, a central
region that harbors direct interaction sites for Grb2 and c-Met, and
a large number of tyrosine phosphorylation sites. Recruitment of
Gab1 to c-Met occurs via direct binding, and also via an indirect
mechanism involving a Grb2 ‘bridge’.>* The latter mechanism is
the only recruitment mode for other receptors such as the EGFR.>
The Gab1 PH domain binds phosphatidylinositol 3,4,5 trisphos-
phate, and this interaction localizes Gabl to the plasma
membrane in the vicinity of activated growth factor receptors*
and also to cell-cell contacts.” Of note, the Gab1 PH domain is
also required for Gab1 to promote branching tubulogenesis
downstream of c-Met.”

Tyrosine phosphorylation of Gab1 leads to the recruitment of
specific src homology 2 domain-containing effectors, which
include the protein tyrosine phosphatase Shp2, the p85 subunit
of phosphatidylinositol 3-kinase and the adaptor proteins Crk and

Nck."® Binding of Shp2 leads to more sustained and/or increased
activation of Ras/Erk signaling and is required for a variety of
important biological effects downstream of Gab1, including cell
proliferation, migration and epithelial morphogenesis.”® Gab1 is
also subject to serine/threonine phosphorylation following growth
factor stimulation, and this can have either positive or negative
effects on signaling depending on the stimulus and cellular
context.'®'? A more detailed characterization of phosphorylation-
dependent negative feedback regulation has been undertaken for
the closely-related Gab2, and to date four serine/threonine
residues have been implicated in this process: S159, S210, T391
and 5$623."*" Phosphorylation of two of these, 5210 and T391,
promotes 14-3-3 binding and disassembly of the receptor/Gab2
signaling complex.'® Importantly, mutation of S159, or a
combination of S210 and T391, confers transforming activity on
Gab2,"*™ highlighting the potency of these negative feedback
mechanisms.

The GAB2 gene is amplified and/or overexpressed in breast,
ovarian and gastric cancer, as well as in metastatic melanoma and
acute myeloid leukemia.'®?* However, although Gab1 plays a
critical role downstream of particular oncogenic kinases, such as
Tpr-Met,” there have been few reports of altered expression or
mutation of Gab1 in human cancers. In one study, transcript
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profiling detected increased Gab1 expression in Bcr-Abl-positive
versus negative adult acute lymphoblastic leukemia,?> whereas in
a second study, Gab1 expression was associated with a particular
subtype of medulloblastoma.?® Furthermore, a screen for somatic
mutations in breast and colorectal cancers identified two
mutations in Gab1.%” The first, Y83C, was detected in a primary
ductal breast cancer, while the second, T387N, occurred in the
breast cancer cell line HCC1954.

In order to gain an insight into the potential significance of the
Gab1 Y83C and T387N mutations, we first considered their
localization within Gab1 and their conservation in Gab1 orthologs
and other members of the Gab family. Gab1 residue Y83 resides
within the PH domain (Figure 1a). This residue is conserved in all
Gab1 orthologs analyzed, except in Danio rerio, where it is
replaced by another aromatic residue, phenylalanine. This residue

also replaces Y83 in Gab2 and Gab3. Gab1 T387 is located just
downstream of the canonical Grb2-binding site. This residue
is conserved in all Gabl orthologs (Figure 1a). Moreover, it
corresponds in position to Gab2 T391, a known site of negative
regulation.14 However, it is not conserved in Gab3. The localization
of Y83 and T387 to known or potential regulatory regions of Gab1,
and their high degree of conservation throughout evolution, is
consistent with important functional roles for these residues.
The occurrence of the two Gab1 mutations in breast cancers led
us to choose MCF-10A immortalized human mammary epithelial
cells for their functional characterization. Constructs expressing
human influenza hemagglutinin (HA)-tagged Gab1, Gab1 Y83C
and Gab1 T387N were generated in the bicistronic retroviral
vector pMIG, which also encodes green fluorescent protein. These
constructs were introduced into MCF-10A cells by retroviral
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Figure 1. Characterization of cancer-associated Gab1 mutations. (a) Localization of Gab1 Y83 and T387 within Gab1 and sequence
conservation of these residues in Gab1 orthologs and Gab2/3. The gray and black triangles indicate the canonical and non-canonical Grb2-
binding sites, respectively. PH, pleckstrin homology; MBD, Met-binding domain. (b) Expression of Gab1 and Gab1 mutants in MCF-10A cells
and resulting cellular morphology. Construction of the retroviral expression vector pMIG/Gab1-HA was as described previously.' This used
the full-length human Gab1 cDNA (splice variant isoform A, Sanger Centre IMAGE clone 303869555). The pMIG/Gab1 mutants Y83C and
T387N were generated by site-directed mutagenesis (QuikChange site-directed mutagenesis Kit, Stratagene, Integrated Sciences, Willoughby,
NSW, Australia). All constructs were validated by sequencing and then introduced into cells by retroviral infection, according to a published
protocol.®® Transduced cell pools were isolated by fluorescence-activated cell sorting technique. Cell lysates were prepared from monolayer
and Matrigel (Becton Dickinson, North Ryde, NSW, Australia) cultures as previously described using lysis buffer containing 1% (v/v) Triton
X-100 (Sigma-Aldrich, Castle Hill, NSW, Australia).>® Western blotting was undertaken as described by Janes et al.*? Cell lysates were western
blotted with antibodies against Gab1 (Millipore, Kilsyth, VIC, Australia) and total Erk (Cell Signaling Technology, Genesearch, Arundel, QLD,
Australia), as indicated (top panel). The bottom panels show phase-contrast images of the isolated cell pools growing in monolayer culture.
Scale bar, 200 um. (c) Gab1 mutants confer a more elongate morphology. The histogram indicates cell length for each of the cell pools.
Measurements of 100 cells for each pool were undertaken using Image J (NIH, http://rsb.info.nih.gov/ij). Error bars indicate standard error.
Significance (Student’s t-test, P<0.05) is indicated using an asterisk. (d) Effect of Gab1 and the mutants on cell proliferation. Colony formation
assays were undertaken as previously described,' either without growth factor supplementation (— GF) or with supplementation with EGF or
HGF (both 10 ng/ml). Recombinant human EGF and human cell-expressed HGF were obtained from R&D Systems (Abacus ALS, East Brisbane,
QLD, Australia) and Symansis (Auckland, New Zealand), respectively.
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infection, and stable pools of cells expressing similar levels of the
tagged proteins were isolated by fluorescence-activated cell
sorting technique (Figure 1b). In monolayer cultures, vector
control cells grew as colonies with the cobblestone appearance
characteristic of MCF-10A cells,®® whereas cells overexpressing
wild-type Gab1 were slightly elongated and exhibited reduced
cell-to-cell contacts (Figure 1b). However, cells expressing Gab1
Y83C and T387N exhibited a more elongated and fibroblastic
appearance (Figure 1b). Determination of cell length revealed
significant increases for all Gab1-overexpressing cells compared
with vector controls and, more importantly, cells expressing Gab1
mutants Y83C and T387N were significantly longer than those
expressing wild-type Gab1 (Figure 1c). As these morphological
changes were consistent with epithelial-mesenchymal transition
(EMT), an important process during tumor progression,29 we
characterized the expression of several molecular markers
associated with this process. This revealed that although
expression of wild-type Gab1 induced changes characteristic of
EMT (reduced E-cadherin expression, and enhanced levels of Twist
and vimentin), these effects were not enhanced further upon
expression of Gab1 Y83C or T387N (data not shown). The ability of
Gab1 and the two mutants to enhance cell proliferation was
determined using monolayer colony formation assays (Figure 1d).
In the presence of epidermal growth factor (EGF), colony growth
for all the cell pools was similar, but when EGF was substituted by
hepatocyte growth factor (HGF), or EGF was omitted from the
culture medium, enhancement of colony growth by Gab1 was
evident, but this effect was similar to Gab1 Y83C and T387N
(Figure 1d). We also isolated cell pools with approximately
threefold lower expression, however this did not enable us to
detect increased mitogenic effects of the mutant proteins, in
either the presence or absence of growth factors (data not shown).
Consequently, under the conditions of this assay, the mitogenic
potential of the mutants was similar to that of wild-type Gab1.
Three-dimensional culture of MCF-10A cells in Matrigel repre-
sents an excellent model system for characterizing the activities of
potential breast cancer oncogenes, as it allows analysis of a variety
of biological end points, including proliferation, survival and
epithelial morphogenesis.>® Of note, the activity of Gab1 has not
been characterized in this model. In Matrigel culture, vector
control cells underwent the epithelial morphogenesis program
characteristic of MCF-10A cells, forming spherical, polarized acini
with a hollow lumen.3® However, all Gab1-overexpressing MCF-
10A cell pools displayed a combination of aberrant morphologies,
which increasingly deviated from normal morphology over time
(Figure 2a). In order to characterize these phenotypes further, we
undertook confocal microscopy of acini that at day 20 had been
immunostained with the proliferative marker Ki67, and subjected
to nuclear counterstaining with TOPRO3. Vector control acini
exhibited a single-cell layer surrounding a hollow lumen. In
addition, they exhibited negligible levels of Ki67 staining,
consistent with the proliferative suppression that occurs in late-
stage cultures.® In contrast, multilobular and branching Gab1-
overexpressing structures were disorganized and displayed
incomplete or absent luminal clearance. In addition, a large
number of Ki67-positive cells were present (Figure 2b, data for
Gab1 Y83C shown). Consequently, Gab1 overexpression in this
model leads to sustained proliferation and perturbs the morpho-
genetic program. Interestingly, the structures we observed appear
quite distinct to those generated upon chronic c-Met activation in
this system. In particular, although a ‘branching’ phenotype was
prominent among Gab1-overexpressing acini, this was character-
ized by elaboration of multiple extensions ending in terminal
lobules, rather than the tubular network elicited by c-Met in MCF-
10As.3" We also note that one of the phenotypes we observed,
multilobular, is similar to the multiacinar structures generated
upon activation of erbB2 in preformed MCF-10A acini.>* A similar
explanation for the multiple phenotypes we observe, and their
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complexity, is that Gab1 couples to a combination of tyrosine
kinases during the morphogenetic program. For example,
although the multilobular phenotype may be driven primarily
via erbB/Gab1 signaling, the branched structures may require
additional input from other tyrosine kinases, which may include
c-Met.

Acinar morphology was assessed at each time point and
structures categorized into four phenotypic groups: round or
normal phenotype; ruffled, for spherical acini exhibiting subtle
irregularities in the outer layer; multilobular, for non-spherical acini
displaying multiple distinct lobules; and branching, for the
presence of duct-like protuberant structures with a terminal
lobule. The phenotypic distribution of MCF-10A acini was assessed
at Day 8 and Day 16 (Figure 2c). All Gab1-overexpressing pools
generated acini with a marked increase in the proportion of
branching phenotypes, compared with vector controls. Impor-
tantly, expression of Gabl Y83C and T387N resulted in a
significant increase in acini with a branching phenotype compared
with wild-type Gab1 (Figure 2c). Although the related Gab2
promotes EGF-independent growth of MCF-10A acini,>* none of
the cell pools were able to form acini if EGF was removed from the
culture medium, or replaced with HGF.

Characterization of signaling pathway activation in 3D cultures
revealed that Akt phosphorylation was not affected by expression
of Gab1 or the mutants (data not shown). However, there was a
trend for both mutants to amplify Erk activation to a greater
extent than the wild-type protein (Figure 2d). As Erk-mediated
downregulation of the pro-apoptotic protein Bim impairs luminal
clearance within MCF-10A acini** and coupling of Gab1 to Shp2/
Erk promotes Met-induced epithelial tubulogenesis,®*> ampli-
fication of this signaling pathway is likely to make an important
contribution to the effects observed on acinar morphology,
including the formation of branching structures. The inability of
Gab1 to also increase Akt activation in 3D culture may explain why
this docking protein cannot promote growth factor-independent
acinar growth, unlike Gab2.3*

In order to confirm the generality of these findings, we utilized
the immortalized mouse mammary epithelial cell line HC113¢
(Figure 3). As in MCF-10A cells, Gab1 overexpression led to
acquisition of a more elongated cellular phenotype in monolayer
culture, but this effect was not enhanced in cells expressing Gab1
T387N or Y83C (Figure 3b and data not shown). In terms of EMT
markers, neither Gab1 nor the two mutants affected expression of
Twist or vimentin, but levels of E-cadherin were markedly lower in
cells expressing Gab1 Y83C compared with vector or wild-type
Gab1 controls (Figure 3a). Importantly, when the cells were grown
in 3D Matrigel culture,®” expression of either Gab1 Y83C or T387N
significantly increased the formation of branched acinar structures
compared with wild-type Gab1 (Figure 3c and d), as observed in
the MCF-10A model system (Figure 2c). Our ability to detect
enhanced biological activity for these mutants in two indepen-
dent mammary epithelial cell lines provides strong evidence that
they positively impact on Gab1 function.

As Gab1 Y83 resides in the PH domain, the Y83C mutation
might modulate Gab1 localization.> A precedent for this is
provided by the identification of an E17K mutation in the PH
domain of Aktl in human cancers.®® This mutation promotes
plasma membrane association of Aktl by altering phospho-
inositide binding selectivity.>® Of note, Y83 resides in the 6 strand
of the Gab1 PH domain, in close proximity to a B6/B7 loop
arginine residue that is predicted to interact with the 4-phosphate
of PI(3,4,5)P3.° As the presence of an aromatic residue at the Y83
position is conserved throughout evolution and in Gab2 and Gab3
(Figure 1a), a non-conservative change to cysteine is likely to
perturb binding of specific phosphoinositides. Therefore, we
compared the localization of wild-type Gab1 and Gab1 Y83C by
anti-HA staining and confocal microscopy.'® However, we were
unable to detect any difference, with both proteins exhibiting
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Figure 2. Effect of Gab1 and Gab1 mutants on acinar morphogenesis. (a) Gab1 promotes aberrant phenotypes in 3D culture. Growth of MCF-

10A pools in Matrigel culture was undertaken as previously described.>®

Representative phase-contrast microscopy images ( x 10) of acini at

days 16-20 are shown, providing examples (left to right) of round, ruffled, multilobular and branched phenotypes. (b) Gab1 attenuates
luminal clearance and enhances proliferation within MCF-10A acini. Confocal microscopy examination of MCF-10A acini at day 20. Cells were
fixed with 2% paraformaldehyde. Slides were |ncubated with Ki67 antibody (red) and counterstained with TOPRO3 (blue) and imaged by
confocal microscopy as described previously.3* (c) Quantification of phenotypic distribution for the different cell pools. Acinar morphology
was assessed after 8 and 16 days of 3D culture. Phase-contrast images were taken and 80-100 acinar structures were categorized into round,
ruffled, multi-lobular and branching phenotypes. The data in the left panel correspond to one representative experiment from three in total.
The histogram indicates relative formation of branched acini after 16 days of culture. Data are expressed relative to the value for the wild-type
Gab1 pool, which was arbitrarily set at 1.0. Data represent the mean and s.e. from three independent experlments (d) Effect of Gab1 mutants
on Erk activation. Cell lysates were prepared from acini after 6 days of culture as previously described®* and western blotted for phospho and
total Erk using antibodies from Cell Signaling Technology (left panel). Phosphorylated Erk was normalized for total Erk levels and then
expressed relative to the value for control (vector transduced) cells, which was arbitrarily set at 1.0. In the histogram (right panel), data

represent the mean and s.e. of three independent experiments.

diffuse staining throughout the cytoplasm in serum-starved cells
and localizing to the plasma membrane at cell-cell junctions upon
EGF or HGF stimulation (data not shown). It remains possible that
Gab1 Y83C induces subtle changes in the subcellular compart-
mentalization of Gab1 that we were unable to detect by our
imaging approach.

Next, hypothesizing that Y83 and T387 might represent novel
phosphorylation sites with a negative regulatory function, we
undertook a comprehensive mapping of Gab1 phosphorylation
sites by LC-MS/MS. This identified nine phosphorylation sites,
including T387, which represents a novel phosphoacceptor for
human Gab1 (Figure 4a). Representative tandem MS spectra
demonstrating T387 phosphorylation are shown in Figure 4b.
Phosphorylation of Y83 was not detected. Comparison of the
identified sites with the known Gab2 ‘phosphomap’”'* revealed
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that five of the Gab1 sites (3 serine/threonine, 2 tyrosine) are
conserved in Gab2. These include T387, which corresponds to the
known negative-feedback site on Gab2, 7391 (Figures 1a and 4a).'*

In order to characterize regulation of T387 phosphorylation, we
generated a phosphospecific antibody against this site. A band
corresponding to pT387 Gabl was detected in MCF-10A cells
expressing wild-type Gab1, but the intensity of this band was
markedly reduced in cells expressing Gab1 T387A, confirming the
selectivity of the antibody (Figure 4c). Upon stimulation of serum-
starved cells with either EGF or HGF, T387 phosphorylation was
increased (Figures 4c and d). However, the kinetics of T387
phosphorylation differed for the two growth factors. As shown in
Figure 4d, a fourfold increase in pT387 levels was detected after
10 min of EGF stimulation. This phosphorylation level was
sustained until 20 min and it then decreased, so that T387

© 2012 Macmillan Publishers Limited
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Figure 3.

Functional characterization of Gab1 and the Gab1 mutants in HC11 cells. (a) Western blot analysis of the different cell pools.

The E-cadherin and B-actin antibodies were from BD Transduction Laboratories and Sigma, respectively. (b) Morphology of the cell pools in
monolayer culture. Scale bar, 200 um. (c) Acinar morphologies displayed by the cell pools. Matrigel culture was undertaken as previously
described.?” Representative phase-contrast images at day 8 are shown. (d) Quantification of phenotypic distribution for the different cell
pools. Acinar morphology was assessed after 8 days of 3D culture. Phase-contrast images were taken and 80-100 acinar structures were
categorized into round, abnormal and branching phenotypes. Data are presented as in Figure 2c.

phosphorylation at 120 min of stimulation was at baseline. In
contrast, phosphorylation of T387 upon HGF stimulation was
slower, with the maximum signal intensity (approximately
threefold above baseline) being reached at 20 min. However, it
was also more sustained, being maintained above control levels
(approximately twofold difference) even at 120 min of stimulation
(Figure 4d). These data are consistent with Gab1 T387 acting as a
site of phosphorylation-dependent negative feedback.

The identification of Gab1 T387 as a novel Gab1 phosphoryla-
tion site, its growth factor-induced phosphorylation and the
biological effects of the T387N mutation indicate that this residue
represents a site of negative feedback regulation. Interestingly,
this site coincides in position to Gab2 T391, which resides in a
consensus 14-3-3-binding motif and participates in 14-3-3-
mediated negative feedback control.'* However, Gabl T387
lacks the +2 proline characteristic of class | and I 14-3-3-
binding motifs, and Gab1 is not a 14-3-3 client protein."* This
raises the question of how T387 phosphorylation regulates Gab1
signaling. One possibility is that phosphorylation of T387 induces
a conformational change in Gab1 that results in similar functional
consequences to phosphorylation of Gab2 T391, which promotes
uncoupling of Gab2 from the receptor/Grb2 complex.'
Supporting this model is the presence of other phosphorylation
sites on Gab1 that are not conserved in Gab2, and which might
cooperate with T387 to induce this conformational change.
A further possibility, which is not mutually exclusive with the
first, is that T387 phosphorylation generates a binding site for a
regulatory protein that, when bound, alters Gab1 structure.

Irrespective of the underlying mechanism, our findings demon-
strate that a cancer-associated mutation can target a negative

© 2012 Macmillan Publishers Limited

feedback site on a docking protein. In order to determine whether
additional examples of this oncogenic mechanism might exist, we
undertook an integrated analysis of the COSMIC and Phosphosite
databases. This identified an additional eight examples where a
docking protein is mutated at, or in close proximity to, a known
serine/threonine phosphorylation site (Figure 4e). We hypothesize
that mutations in the vicinity of these sites could affect
recognition of the phosphoacceptor residue by a particular kinase,
or alter the functional consequences of phosphorylation. In the
latter context, we note that a mutation in IRS-1, R1140H, alters a
predicted mode | 14-3-3-binding site.*’ While the functional
consequences of these mutations require further characterization,
the results of this analysis strongly suggest that mutation of
docking proteins on negative regulatory phosphorylation sites
might represent a broader phenomenon.

Expression and/or activation of several breast cancer-associated
oncogenes, including erbB2 and c-Met, perturbs the morphoge-
netic program of MCF-10A cells in 3D culture. Consequently, the
ability of the Gab1 Y83C and T387N mutations to enhance the
aberrant phenotype induced by Gab1 in this system provides
strong evidence that these mutations are not merely passengers
but contribute to cancer progression. It also remains possible that
greater functional effects may be observed in certain contexts. For
example, as T387 represents a negative-feedback site, the T387N
mutation may confer a stronger phenotype in the presence of
certain oncogenic kinases. In the future, such information could be
exploited to tailor appropriate therapies to cancer patients. For
example, patients whose cancers exhibit mutations at Gab1 Y83 or
T387, or equivalent regulatory sites, may respond to therapies that
block signaling via the Shp2/Ras/Erk axis.
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Figure 4. Negative-feedback sites on docking proteins, including Gab1 T387, can be subject to cancer-associated mutations. (a) Summary of
phosphorylation sites identified on human Gab1 and their relationship to Gab2 phosphosites. Three 15-cm dishes of sub-confluent MCF-10A
cells expressing HA-tagged Gab1 were stimulated with EGF (100 ng/ml) for 10 min. Anti-HA (clone 3F10, Roche, Castle Hill, NSW, Australia)
immunoprecipitates'* were separated by SDS-PAGE and the gel stained with colloidal Coomassie. For in-gel protein digestion, gel bands of
interest corresponding to the molecular weight of Gab1 were excised and prepared as previously described.™ Extracted and dried peptides
were redissolved in 20 pl of 1% formic acid (v/v), 0.05% heptafluorobutyric acid (v/v), 2% acetonitrile (v/v) and analyzed by LC-MS/MS. Briefly,
peptides were separated and analyzed on an Ultimate 3000 Nano HPLC system (Dionex) directly coupled in-line with a LTQ-Orbitrap Velos
mass spectrometer (Thermo Fisher Scientific). Samples were injected multiple times (5 pl each) and measured either with or without ‘multi-
stage activation’ option enabled and also an ‘inclusion list’ for fragmentation of peaks corresponding to phosphorylated and
unphosphorylated peptides including amino acid 83, 317, 387, 627 or 659 of Gab1 in order to increase the probability for peptide
identification. Acquired MS spectra were searched against the IPI Human database (v. 3.68) using MaxQuant (v. 1.1.1.14). Search parameters
included phosphorylation of Ser/Thr/Tyr as variable modifications, maximum of two missed cleavages, 1% False Discovery Rate (FDR) filtering
for site, peptide and protein identifications and a minimum peptide length of six amino acids. Additionally, phosphosites with localization
probabilities > 95% were further validated by manual inspection of their tandem MS spectra. (b) Tandem MS spectra for the pT387-containing
phosphopeptide from Gab1. (c) Growth factor-induced phosphorylation of Gab1 T387. Polyclonal anti-phospho-T387 antibodies were
generated in sheep using standard techniques by Symansis and affinity purified on a phosphopeptide column. MCF-10A cells expressing
Gab1 wild-type or T387A were serum starved and then stimulated with EGF or HGF (both 10 ng/ml) for 20 min. Cell lysates were western
blotted as indicated. (d) Kinetics of growth factor-induced T387 phosphorylation. MCF-10A cells expressing wild-type Gab1 were stimulated
with either EGF or HGF (10ng/ml) for different times. Following western blotting, the pT387 signal was normalized for Gab1 expression.
Relative Gab1 T387 phosphorylation is expressed relative to the value for serum-starved cells, which is arbitrarily set at 1.0. Data are derived
from two independent experiments. Bars indicate the data range. (e) Somatic mutations identified in human cancers affecting known serine/
threonine-phosphorylation sites or motifs in docking proteins. If not stated otherwise, somatic mutations were retrieved from the Catalog of
Somatic Mutations in Cancer (COSMIC) database (http://www.sanger.ac.uk/genetics/CGP/cosmic/) and matched to known phosphorylation
sites listed in the Phosphosite database. Phosphosite entries based on primary publications are linked to the original reference. Potential
protein-protein interaction motifs and candidate kinases were predicted using the Scansite (http://scansite.mit.edu/) and Phosphonet (http://
www.phosphonet.ca/) software programs, respectively. If a predicted kinase is not listed, then strong candidates were not evident from this
analysis. Mutations in possible negative-feedback sites were not detected for FRS2 or DOK1-3.
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