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The scaffolding adapter protein Gab2 (Grb2-associated binder) participates in the signaling response evoked by various growth
factors and cytokines. Gab2 is overexpressed in several human malignancies, including breast cancer, and was shown to promote
mammary epithelial cell migration. The role of Gab2 in the activation of different signaling pathways is well documented, but
less is known regarding the feedback mechanisms responsible for its inactivation. We now demonstrate that activation of the
Ras/mitogen-activated protein kinase (MAPK) pathway promotes Gab2 phosphorylation on basic consensus motifs. More spe-
cifically, we show that RSK (p90 ribosomal S6 kinase) phosphorylates Gab2 on three conserved residues, both in vivo and in
vitro. Mutation of these phosphorylation sites does not alter Gab2 binding to Grb2, but instead, we show that Gab2 phosphoryla-
tion inhibits the recruitment of the tyrosine phosphatase Shp2 in response to growth factors. Expression of an unphosphorylat-
able Gab2 mutant in mammary epithelial cells promotes an invasion-like phenotype and increases cell motility. Taken together,
these results suggest that RSK is part of a negative-feedback loop that restricts Gab2-dependent epithelial cell motility. On the
basis of the widespread role of Gab2 in receptor signaling, these findings also suggest that RSK plays a regulatory function in
diverse receptor systems.

The binding of growth factors to receptor tyrosine kinases
(RTKs) regulates a number of biological processes, such as cell

cycle progression, migration, metabolism, survival, and differen-
tiation (1). Upon activation, RTKs recruit several docking adapter
proteins that play a key role in transducing extracellular signals to
downstream signaling cascades, such as the Ras/mitogen-acti-
vated protein kinase (MAPK) pathway (2, 3). The adapter protein
Grb2 (growth factor receptor-bound protein 2) links the receptors
to the MAPK pathway by binding to the Ras-specific guanine nu-
cleotide exchange factor (GEF) son of sevenless (SOS). Recruit-
ment of SOS to the plasma membrane leads to the activation of
Ras, which results in the sequential phosphorylation and activa-
tion of Raf, MEK1/2, and extracellular signal-regulated kinase 1/2
(ERK1/2) protein kinases (4). Once activated, ERK1/2 phosphor-
ylate numerous cytoplasmic and nuclear substrates, including the
p90 ribosomal S6 kinase (RSK) family of Ser/Thr kinases (5, 6),
which often collaborate with ERK1/2 to regulate cell growth, sur-
vival, and proliferation.

In addition to SOS, Grb2 associates with a number of docking
adapter proteins that modulate RTK signaling (7). Members of
the Grb2-associated binder (Gab) family of proteins function
downstream of a variety of RTKs and comprise three vertebrate
members (Gab1 to Gab3) (8, 9). These proteins mainly function as
RTK signal transducers that activate pathways involved in cell
growth, proliferation, and motility. Gab proteins contain several
highly conserved regions, including an N-terminal pleckstrin ho-
mology (PH) domain, a central proline-rich domain, and multi-
ple phosphotyrosine residues (9). While the PH domain binds
membrane-associated phospholipids, the proline-rich domain
contains several PXXP motifs that serve as docking sites for Src
homology 3 (SH3) domain-containing proteins, including Grb2
(10). The Gab proteins harbor several tyrosine residues that be-

come phosphorylated upon RTK activation. Many of these phos-
phorylated tyrosines are capable of interacting with Src homology
2 (SH2) domain-containing proteins, including the protein ty-
rosine phosphatase Shp2 and the p85 subunit of phosphoinositide
3-kinase (PI3K). Recruitment of these proteins leads to the acti-
vation and potentiation of the Ras/MAPK and PI3K/Akt path-
ways, respectively (9).

The Gab proteins perform important functions in normal
physiology, and certain Gab isoforms also contribute to human
malignancies (11). The GAB2 gene is frequently amplified in hu-
man cancer and was identified to be a potential oncogene in breast
and ovarian cancers, as well as leukemia and melanoma (12).
While Gab2 appears to be insufficient to transform primary mam-
mary epithelial cells, it was shown to cooperate with ErbB2 (Neu
or HER2) to potentiate tumorigenic signaling (13–15). Gab2
seems to contribute to a metastatic phenotype in breast cancer, as
its overexpression in human mammary epithelial cells results in
increased proliferation, invasiveness, and motility (13–15). The
mechanisms by which Gab2 contributes to breast cancer are not
fully understood, but Shp2 recruitment and the subsequent acti-
vation of the Ras/MAPK pathway were shown to be required (14).
Moreover, recent evidence indicates that Gab2 regulates cytoskel-
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etal organization and mammary epithelial cell motility through
the recruitment of Shp2 (16).

The main role of Gab2 is to activate downstream signaling
cascades via tyrosine phosphorylation and SH2 domain interac-
tions, such as with Shp2. Conversely, Gab2 phosphorylation on
Ser/Thr residues was previously reported to play inhibitory roles.
Akt was shown to regulate the phosphorylation of Ser159, result-
ing in reduced ErbB2-mediated tyrosine phosphorylation
through unknown mechanisms (17). ERK1/2 also phosphorylates
Gab2 on Ser613, which was found to modulate Shp2 recruitment
in response to interleukin-2 (IL-2) (18). More recently, phosphor-
ylation of Gab2 on Ser210 and Thr391 by an unknown protein
kinase was shown to promote 14-3-3 binding, resulting in reduced
Grb2 binding and tyrosine phosphorylation (19). In the current
study, we describe the regulation of Gab2 phosphorylation on
Ser/Thr residues in response to the Ras/MAPK pathway. Our re-
sults indicate that RSK directly phosphorylates Gab2 on three ser-
ine residues, both in vivo and in vitro. We show that RSK-mediated
Gab2 phosphorylation inhibits Shp2 recruitment, suggesting that
RSK mediates a negative-feedback loop that attenuates Gab2-de-
pendent functions, including cell motility.

MATERIALS AND METHODS
DNA constructs and recombinant proteins. The plasmids encoding
hemagglutinin (HA)-tagged murine Gab1 and Gab2 were provided by
Morag Park (McGill University, Canada) and Isabelle Royal (Univer-
sity of Montreal, Montreal, Quebec, Canada), respectively, and de-
scribed previously (20, 21). The vectors encoding constitutively active
forms of Ras (G12V) and MEK1 (MEK-DD) and the inactive form of
Ras (S17N) were described previously (22, 23). All HA-tagged RSK1
constructs were described previously (24). To subclone murine Gab1
and Gab2 into pcDNA3.0-6myc, HA-tagged Gab1 and Gab2 were am-
plified by PCR using these primers: primers Gab1-sense (5=-GCTTAG
AATTCTATGAGCGGCGGCGAAGTGG-3=) and Gab1-antisense (5=-
GCATAGAATTCCTACTTCACATTCTTGGTGGGTG-3=) and primers
Gab2-sense (5=-GCTTACTCGAGTATGAGCGGCGGCGGCGGCGAC
GACGT-3=) and Gab2-antisense (5=-GCATACTCGAGTCATTACAGCT
TGGCACCCTTGGAAG-3=), respectively. All murine Gab2 mutants were
generated using the QuikChange methodology (Stratagene, La Jolla, CA).
To subclone murine Gab2 into pBabe-puro and produce retroviral parti-
cles used in the generation of stable cell lines, Myc-tagged wild-type (wt)
and mutant Gab2 were amplified by PCR using these primers: Gab2-sense
(5=-GCTTAGGATCCATTTAAAGCTATGGAGCAAAAGC-3=) and
Gab2-antisense (5=-GCATAGGATCCTCATTACAGCTTGGCACCCTT
GGAAG-3=).

Antibodies. Antibodies targeted against Arg/Lys-X-X-pSer/Thr
(RXXpS/T; X is any amino acid) and Arg/Lys-X-X-pSer/Thr-X-Pro
(RXXpS/TXP) consensus sequences, Gab2, RSK1 to RSK3, phospho-Akt
(S473), Akt, phospho-Gab2 (S159), p85, ERK1/2, phospho-ERK1/2
(T202/Y204), phospho-RSK (S380), and Shp2 were purchased from Cell
Signaling Technologies (Beverly, MA). The Shp2 antibody used for im-
munoprecipitation was purchased from Santa Cruz Biotechnologies
(Santa Cruz, CA). Anti-Myc and anti-HA monoclonal antibodies were
purchased from Sigma-Aldrich (Oakville, Ontario, Canada). All second-
ary horseradish peroxidase (HRP)-conjugated antibodies used for immu-
noblotting were purchased from Chemicon (Temecula, CA).

Cell culture and transfection. HEK293 and mouse embryonic fibro-
blasts (MEFs) were maintained at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM) with 4.5 g/liter glucose supplemented with 10% fetal
bovine serum (FBS) and antibiotics. Wild-type and Gab2-deficient MEFs
were described elsewhere (25). MCF-10A cells were cultured in DMEM–
F-12 medium with growth medium (supplemented with 5% [vol/vol]
horse serum [Invitrogen], 20 ng/ml human recombinant epidermal

growth factor [EGF; R&D Systems, Minneapolis, MN], 0.5 �g/ml hydro-
cortisone [Sigma], 100 ng/ml cholera toxin [Sigma], 10 �g/ml bovine
insulin [Sigma], 50 U/ml penicillin G [Invitrogen], and 50 �g/ml strep-
tomycin sulfate [Invitrogen]). Gab2-deficient MEFs and MCF-10A stable
cell lines were generated using pBabe-puro-derived retroviral particles,
and expressing cells were selected using puromycin (2 �g/ml). HEK293
cells were transfected by calcium phosphate precipitation as previously
described (26). Cells were grown for 24 h after transfection and serum
starved using serum-free DMEM where indicated for 16 to 18 h. Starved
cells were pretreated with PD184352 (10 �M), U0126 (20 �M), or BI-
D1870 (10 �M) (Biomol, Plymouth Meeting, PA), where indicated, and
stimulated with FBS (10%), phorbol myristate acetate (PMA; 25 to 100
ng/ml), or EGF (25 ng/ml) before being harvested. Unless indicated oth-
erwise, all drugs and growth factors were purchased from Invitrogen
(Burlington, Ontario, Canada). The proliferation rate was measured by
the colorimetric 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide assay.

RNA interferences. For small interfering RNA (siRNA)-mediated
knockdown of RSK1 and RSK2, validated 21-nucleotide cRNAs with sym-
metrical 2-nucleotide overhangs were obtained from Qiagen. HEK293
cells were transfected using calcium phosphate and 50 nM siRNA per dish.
At 24 h following transfection, cells were serum starved overnight before
being harvested.

Immunoprecipitations and immunoblotting. Cell lysates were pre-
pared as previously described. Briefly, cells were washed three times with
ice-cold phosphate-buffered saline (PBS) and lysed in CLB (10 mM
K3PO4, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 50 mM �-glycero-
phosphate, 0.5% Nonidet P-40, 0.1% Brij 35, 0.1% deoxycholic acid, 1
mM sodium orthovanadate [Na3VO4], 1 mM phenylmethylsulfonyl flu-
oride, and a cOmplete protease inhibitor cocktail tablet [Roche]). For
immunoprecipitations, cell lysates were incubated with the indicated an-
tibodies for 2 h, followed by a 1-h incubation with protein A–Sepharose
CL-4B beads (GE Healthcare). Unless they were used for kinase assays,
immunoprecipitates were washed three times in lysis buffer and beads
were eluted and boiled in 2� reducing sample buffer (5� buffer is 60 mM
Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol,
0.1% bromophenol blue). Eluates and total cell lysates were subjected to 8
to 10% SDS-PAGE, and resolved proteins were transferred onto polyvi-
nylidene fluoride (PVDF) membranes for immunoblotting. Densitome-
try analysis was conducted using identical areas for each lane of a given
blot and inverted histograms in the Adobe Photoshop CS6 package. After
subtracting the background, Shp2 levels were normalized to the levels of
immunoprecipitated Gab2.

Protein phosphotransferase assays. For RSK1 assays, transfected
HA-tagged wt or kinase-inactive (kinase-deficient [kd]) RSK1 (K112/
464R) was immunoprecipitated from cells lysed in BLB buffer, as previ-
ously described (26). Immunoprecipitates were washed thrice in BLB and
twice in kinase buffer (25 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 5 mM
�-glycerophosphate). Kinase assays were performed with immunopuri-
fied full-length Myc-tagged wt Gab2 or the S160/211/620A mutant (from
here on termed the S3A mutant) as the substrates under linear assay con-
ditions. Assays were performed for 10 min at 30°C in kinase buffer sup-
plemented with 5 �Ci [�-32P]ATP per reaction. All samples were sub-
jected to SDS-PAGE, and incorporation of radioactive phosphate (32P)
was determined by autoradiography using a Fuji PhosphorImager with
Multi-Gauge (version 3.0) software. The data presented are representative
of at least three independent experiments.

Digestion, TMT labeling, and mass spectrometry analysis. Follow-
ing SDS-PAGE separation with Coomassie staining, bands corresponding
to Gab2 were excised and digested in gel with sequencing-grade trypsin
(Promega, Madison, WI) as described previously (27). Labeling with six-
plex iobaric tandem mass tag (TMT6) reagents (Thermo Scientific) was
accomplished as published previously with minimal modifications (28,
29). Labeled peptides were then mixed and underwent C18 solid-phase
extraction as described previously (30). Finally, combined samples were
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resuspended in 5% acetonitrile–5% formic acid for mass spectrometry
analysis. All liquid chromatography (LC)-mass spectrometry (MS) exper-
iments were performed on an LTQ-Velos-Orbitrap column (Thermo
Fisher Scientific) equipped with a Famos autosampler (LC Packings) and
an Agilent 1100 binary high-pressure liquid chromatography pump (Agi-
lent Technologies) essentially as described previously (29). The LTQ-
Velos-Orbitrap was operated in the data-dependent mode and collected
high-resolution Orbitrap MS/MS spectra after higher-energy C-trap dis-
sociation for the top 10 most intense ions following each survey scan
collected in the Orbitrap.

Peptide, protein, and phosphorylation site identification. Following
acquisition, individual MS/MS spectra were assigned to peptides using the
Sequest program (31). To maximize phosphorylation site identifications,
a two-stage database searching strategy was employed. In the first stage, all
MS/MS spectra were searched against a database containing all protein
sequences from the human International Protein Index database (version
3.6) in the forward and reverse orientations as well as sequences of com-
mon contaminants. Initial searches were performed with the following
parameters: 25-ppm precursor ion tolerance; 0.02-Da product ion toler-
ance; fully tryptic digestion with up to two missed cleavages; static mod-
ifications Cys alkylation (�57.021464) and TMT labeling of Lys and pep-
tide N termini (�229.162932); and dynamic modifications Met oxidation
(�15.994915) and phosphorylation of Ser, Thr, and Tyr (�79.966330).
The target-decoy approach (32) was then used to distinguish correct and
incorrect peptide identifications using linear discriminant analysis based
on several parameters, including Xcorr, dCn=, peptide length, precursor
ion mass error, numbers of missed cleavages, peptide length, and charge
state (33). After filtering to an initial 1% peptide-level false detection rate
(FDR), peptides were then assembled into proteins, and proteins were
scored and filtered to a final protein FDR of 1% (33).

In the second stage, relaxed parameters were used to match additional
MS/MS spectra against a filtered database. Sequest was again employed,
but this time the database was filtered to include only forward and reverse
sequences for proteins that were identified in stage 1. Stage 2 search pa-
rameters included a 3.1-Da precursor ion tolerance; a 0.02-Da product
ion tolerance; no enzyme specificity; static modifications Cys alkylation
(�57.021464) and TMT labeling of Lys and peptide N termini
(�229.162932); and dynamic modifications Met oxidation (�15.994915)
and phosphorylation of Ser, Thr, and Tyr (�79.966330). The resulting
peptides were again filtered via linear discriminant analysis, but this time,
the number of tryptic ends was included as an additional feature and
peptide mass errors were corrected to account for occasional incorrect
monoisotopic mass assignments.

To evaluate phosphorylation site localization, all phosphopeptides
matching Gab2 were scored using the Ascore algorithm (34) and peptides
were grouped according to the phosphorylation sites that they contained.
A minimum Ascore of 13 was required for phosphorylation site localiza-
tion (P � 0.05), and phosphorylation site assignments were manually
validated to ensure reliability.

Phosphorylation site quantification. Relative quantification of each
peptide was accomplished on the basis of the intensities observed for all
six reporter ions from high-resolution Orbitrap MS/MS spectra, after cor-
recting for batch-specific isotopic enrichments of each TMT reagent. Each
peptide was required to have a minimum isolation specificity of 0.75 (29)
and a summed reporter ion intensity of at least 500 with no more than four
missing reporter ions. Individual sites were quantified on the basis of the
summed reporter ion intensities for all matching peptides. Nonphospho-
rylated peptides matching Gab2 were combined to estimate unmodified
protein abundance. Quantitative profiles for all phosphorylation sites
were normalized to account for slight changes in Gab2 abundance. Fi-
nally, analysis of variance (ANOVA) was used to identify statistically sig-
nificant, site-specific changes in protein phosphorylation. Within each
experiment, all P values were adjusted to account for multiple-hypothesis
testing via the method of Hochberg and Benjamini (35).

Epifluorescence microscopy. For immunofluorescence analyses, 5 �
104 MCF-10A cells were seeded in 12-well plates containing coverslips.
Twenty-four hours later, cells were washed twice in PBS and fixed in 3.7%
formaldehyde for 10 min at room temperature. Cells were washed twice in
PBS, permeabilized for 5 min in PBS containing 0.2% Triton X-100, and
blocked with PBS containing 0.1% bovine serum albumin for 30 min.
Cells were incubated for 2 h with anti-Myc antibodies, washed twice with
PBS, and incubated for 1 h with a secondary Alexa Fluor 488-conjugated
goat anti-mouse antibody (Invitrogen), Texas Red-phalloidin, and DAPI
(4=,6-diamidino-2-phenylindole) diluted in PBS. Images were acquired
on a Zeiss Axio Imager Z1 wide-field fluorescence microscope using a
�40 oil-immersion objective.

Proliferation assays. For proliferation assays, MCF-10A cells were
grown in medium supplemented with 10% FBS. The relative number of
viable cells was measured every 24 h during four consecutive days using
the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium, inner salt (MTS), cell proliferation assay from
Promega, as shown elsewhere (36). The absorbance was measured at 490
nm using a Tecan GENios Plus microplate reader, and the results dis-
played represent the mean of triplicates � standard error (SE).

Cell migration assays. For the Transwell assays, MCF-10A cells stably
expressing wt Gab2 or the S3A mutant were starved overnight, and 4 �
104 cells suspended in 100 �l of EGF-free medium were seeded in the top
chamber of polyethylene terephthalate Transwells (24-well insert; pore
size, 8 �m; Becton, Dickinson). Cells were allowed to migrate toward 20
ng/ml EGF for 24 h at 37°C in the presence of dimethyl sulfoxide or
PD184352 (1 �M), fixed with 10% Formalin, and stained with hematox-
ylin-eosin (H&E). Cells that did not migrate (top side of the filter) were
wiped with a cotton swab. Filters were scanned, and migrated cells were
automatically counted using the VisiomorphDP tool (Visiopharm).

For the live-cell-imaging wound-healing assays, an Oris cell migration
assay kit (Platipus Technologies) was used. Cells were seeded at 100%
confluence (1 � 104 cells) into 96 wells containing a round disk in the
center, for creation of the detection zone, and allowed to adhere over-
night. Disks were then removed, allowing cells to migrate to the center of
the well. Cells were filmed at 37°C with a DeltaVision microscope (Olym-
pus U Plan S-Apo �20/0.75 numerical aperture) using softWoRx soft-
ware equipped with a camera (CoolSNAP HQ2). Images were acquired
every 20 min for 24 h. Tracking was performed on phase-contrast image
series using ImageJ software (http://rsb.info.nih.gov/ij/).

RESULTS
Identification of Gab2 as a substrate of the Ras/MAPK pathway.
To determine if the Ras/MAPK pathway promotes Gab2 phos-
phorylation on basic consensus motifs, we used two phosphory-
lation site-specific antibodies directed against similar consensus
sequences: Arg/Lys-X-X-pSer/Thr (RXXpS/T) and Arg/Lys-X-X-
pSer/Thr-X-Pro (RXXpS/TXP). These consensus sequences are
often found in substrates of AGC family kinases, such as Akt, RSK,
and S6K1 (37). HEK293 cells transfected with Myc-tagged mouse
Gab2 were serum starved overnight and stimulated with different
agonists. Immunoprecipitated Gab2 was then analyzed for phos-
phorylation by immunoblotting using the anti-RXXpS/T and an-
ti-RXXpS/TXP antibodies. With this approach, we found that
treatment of cells with agonists of the Ras/MAPK pathway, in-
cluding the phorbol ester PMA, epidermal growth factor (EGF),
and serum (10%), led to the phosphorylation of Gab2 on basic
consensus motifs (Fig. 1A). Gab2 phosphorylation correlated with
the phosphorylation of both ERK1/2 (T202/Y204) and RSK
(S380), suggesting that this pathway converges on Gab2 to pro-
mote its phosphorylation.

The involvement of the Ras/MAPK pathway was further con-
firmed using constitutively activated (G12V) and dominant-neg-
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ative (S17N) forms of H-Ras. We found that expression of RasG12V

strongly stimulated Gab2 phosphorylation in the absence of se-
rum or growth factors (Fig. 1B), indicating that Ras-dependent
signaling is sufficient to promote Gab2 phosphorylation. To de-
termine if the Ras/MAPK pathway specifically targets the Gab2
isoform, we performed a similar analysis of Gab1 and Gab3, which
display �38% amino acid identity with Gab2. While we found
that Gab3 is not sufficiently soluble to allow efficient immunopre-
cipitation, our results indicated that Gab1 is not significantly
phosphorylated on basic consensus sites compared to the level of
phosphorylation of Gab2 (Fig. 1C). To determine if endogenous
Gab2 is also regulated by the Ras/MAPK pathway, we used the

RBL-2H3 leukemic cell line, which was previously shown to ex-
press high levels of Gab2 (38). Importantly, we found that stimu-
lation of the Ras/MAPK pathway in these cells using dinitrophenyl
produced a robust increase in endogenous Gab2 phosphorylation
on basic consensus sites (Fig. 1D). Together, these findings dem-
onstrate that growth factors and mitogens promote the specific
phosphorylation of Gab2 through a pathway that likely involves
ERK1/2 signaling.

RSK phosphorylates Gab2 at basic consensus motifs in vivo
and in vitro. RSK is the most likely basophilic protein kinase
operating downstream of the MAPK pathway (5). To test its po-
tential involvement in the regulation of Gab2 phosphorylation, we
used a MEK1/2 inhibitor (PD184352), which prevents ERK1/2
from activating RSK, as well as an RSK inhibitor (BI-D1870) to
directly block its activity (Fig. 2A). We found that treatment of
cells with PD184352 or BI-D1870 strongly prevented Gab2 phos-
phorylation in response to PMA stimulation (Fig. 2B), suggesting
that Gab2 is an RSK substrate in cells. The involvement of ERK/
RSK signaling was further confirmed by expressing a constitu-
tively activated form of MEK1 (MEK-DD; S212/218D), which was
found to be sufficient to promote Gab2 phosphorylation in se-
rum-starved cells (Fig. 2C). We found that treatment of these cells
with PD184532 or BI-D1870 completely prevented Gab2 phos-
phorylation induced by MEK-DD expression, suggesting that RSK
is the predominant basophilic kinase regulating Gab2 phosphor-
ylation downstream of the MAPK pathway. Consistent with this,
we found that knockdown of RSK1 and RSK2 significantly re-
duced Gab2 phosphorylation induced by expression of MEK-DD
(Fig. 2D) or PMA stimulation (Fig. 2E), indicating that RSK1 and
RSK2 are required for the phosphorylation of Gab2 in cells.

To determine if RSK directly phosphorylates Gab2, we per-
formed in vitro kinase assays with purified proteins and [�-
32P]ATP. HEK293 cells were transiently transfected with wt or
kinase-deficient (K112/464R) HA-tagged RSK1, and purified
RSK1 from unstimulated or PMA-treated cells was incubated in a
reaction buffer with full-length Myc-Gab2 immunopurified from
serum-starved cells. Although low levels of 32P label incorporation
were detected in purified Gab2 incubated with unstimulated
RSK1, we found that activated RSK1 robustly increased 32P label
incorporation (�12-fold) in purified Gab2 (Fig. 2F). The phos-
photransferase activity of RSK1 was found to be necessary for this
effect, as the kinase-deficient form of RSK1, which retained some
ability to autophosphorylate, did not have significantly increased
32P label incorporation in Gab2. Taken together, our results indi-
cate that RSK directly promotes Gab2 phosphorylation in vivo and
in vitro in response to Ras/MAPK pathway activation.

Identification of Ser160, Ser211, and Ser620 as RSK-depen-
dent phosphorylation sites. To identify the RSK-dependent
phosphorylation sites in Gab2, we analyzed the sequence sur-
rounding all Ser/Thr residues for similarities to phosphorylation
sites in known substrates of RSK (5). We located six potential
consensus phosphorylation sites (RXXpS/T), consisting of
Ser160, Ser211, Thr256, Thr388, Ser434, and Ser620 (according to
mouse Gab2 numbering). To determine whether RSK phosphor-
ylates these sites in cells, each one was individually mutated to an
unphosphorylatable alanine residue and Gab2 phosphorylation
was assessed using phosphorylation site-specific antibodies
against basic consensus sequences. While mutation of Thr256,
Thr388, and Ser434 did not affect Gab2 phosphorylation, we
found that mutation of Ser160, Ser211, and Ser620 partly pre-

FIG 1 Identification of Gab2 as a target of Ras/MAPK signaling. (A and C)
HEK293 cells were transfected with an empty vector or Myc-tagged Gab1 or
Gab2, serum starved overnight, and stimulated for 30 min with PMA (100
ng/ml) or 10 min with EGF (25 ng/ml) or fetal bovine serum (10%). Immu-
noprecipitated (IP) Myc-Gab1 or Myc-Gab2 was then assayed for phosphor-
ylation with phosphomotif antibodies that recognize the RXXpS/T and
RXXpS/TXP consensus motifs. Phosphorylated and total levels of RSK and
ERK1/2 were assayed by immunoblotting on total cell lysates. SE, short expo-
sure; LE, long exposure. (B) As for panel A, except that HEK293 cells were
cotransfected with Myc-Gab2 and a constitutively active (G12V) or inactive
(S17N) form of Ras. (D) RBL-2H3 cells were incubated overnight with anti-
2,4-dinitrophenol IgE and stimulated with 2,4-dinitrophenol for 10 min prior
to endogenous Gab2 immunoprecipitation. Phosphorylation of endogenous
Gab2 was assayed using a phosphomotif antibody that recognizes RXXpS/T
sequences.
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vented Gab2 phosphorylation induced by PMA stimulation, as
detected by the anti-RXXpS/TXP or the anti-RXXpS/T antibodies
(Fig. 3A). These results suggested that these three serine residues
are directly phosphorylated by RSK in cells.

To further validate the link between Gab2 phosphorylation
and RSK, we made use of a phosphorylation site-specific antibody
raised against Ser160 (Ser159 in human Gab2), a site previously
shown to be regulated by Akt (17). HEK293 cells were transfected
with wt or kinase-deficient RSK1 (K112/464R), and endogenous
Gab2 phosphorylation at Ser160 was assessed by immunoblotting
on total cell lysates. Compared to control cells, we found that
expression of wt RSK1 specifically increased Gab2 phosphoryla-
tion at Ser160 after PMA stimulation (Fig. 3B), suggesting that
Gab2 is a substrate of RSK in cells. Expression of wt RSK1 induced
Gab2 phosphorylation even in the absence of serum and PMA
stimulation, consistent with the idea that expression of the wt
protein increases basal RSK activity (Fig. 3B). RSK1 phospho-
transferase activity was found to be required for stimulating Gab2
phosphorylation, as an RSK1 mutant with inactivating mutations

in both kinase domains (K112/464R) did not increase Gab2 phos-
phorylation to a level over the level already stimulated by endog-
enous RSK activity (Fig. 3B). In order to validate that ERK/RSK
signaling is required for Gab2 phosphorylation at Ser160 in cells,
we pretreated cells with MEK1/2 inhibitors (PD184352, UO126)
or an RSK inhibitor (BI-D1870) prior to stimulation with PMA.
We found that both MEK1/2 and RSK inhibitors almost com-
pletely abrogated PMA-induced Gab2 phosphorylation at Ser160
(Fig. 3C), suggesting that RSK activity is required for Gab2 phos-
phorylation in cells. Residual levels of Ser160 phosphorylation
may be due to other basophilic kinases, such as Akt, which was
previously shown to phosphorylate this site in Gab2 (17).

While there are no phosphorylation site-specific antibodies
against Ser211 and Ser620, we sought to confirm that these RSK-
dependent phosphorylation sites are modulated in cells using a
quantitative mass spectrometry (MS)-based approach. HEK293
cells were transfected with Myc-tagged Gab2, serum starved over-
night, and pretreated with vehicle or the MEK1/2 inhibitor
PD184352, prior to being stimulated with PMA (Fig. 3D). Alter-

FIG 2 Activation of the Ras/MAPK pathway induces RSK-dependent phosphorylation of Gab2. (A) Schematic representation of the agonists and pharmaco-
logical inhibitors used in this study. (B) HEK293 cells were transfected with an empty vector or Myc-tagged Gab2 and serum starved overnight. Cells were
pretreated with PD184352 (10 �M) or BI-D1870 (10 �M) for 30 min prior to stimulation with PMA (100 ng/ml) for 30 min. Immunoprecipitated Myc-Gab2
was then assayed for phosphorylation using phosphomotif antibodies that recognize the RXXpS/T and RXXpS/TXP consensus sequences. (C) As for panel B,
except that cells were also cotransfected with a constitutively activated form of MEK1 (MEK-DD). (D) HEK293 cells were transfected with Flag-tagged MEK-DD
and either a scrambled siRNA or siRNAs targeting RSK1 and/or RSK2. Cells were serum starved overnight, and immunoprecipitated Myc-Gab2 was assayed for
phosphorylation using a phosphomotif antibody that recognizes the RXXpS/T consensus sequence. (E) As for panel D, except that cells were stimulated with
PMA instead of being transfected with MEK-DD. In addition, total cell lysates were immunoblotted with a phosphorylation site-specific antibody against Ser160.
(F) Wild-type and kinase-deficient RSK1 (K112/464R) were immunoprecipitated from HEK293 cells stimulated with PMA (100 ng/ml), and the resulting
immunoprecipitates were incubated in a kinase reaction with [�-32P]ATP and immunopurified full-length Myc-Gab2. The resulting samples were run on
SDS-polyacrylamide gels and analyzed by exposing dried film on an autoradiogram. Levels of both RSK1 and Gab2 are shown on the Coomassie-stained gel.
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FIG 3 Identification of Ser160, Ser211, and Ser620 as being regulated by Ras/MAPK signaling. (A) HEK293 cells were transfected with wt Gab2 or potential RSK
phosphorylation site mutants (S160A, S211A, T256A, T388A, S434A, and S620A), serum starved overnight, and stimulated with PMA (100 ng/ml) for 30 min.
Immunoprecipitated Myc-Gab2 was then assayed for phosphorylation with phosphomotif antibodies that recognize the RXXpS/T and RXXpS/TXP consensus
motifs. (B) HEK293 cells were transfected with wt or a kinase-inactive form of RSK1, serum starved overnight, and stimulated with PMA (25 ng/ml) for 15 min.
Endogenous Gab2 phosphorylation at Ser160 was determined with a phosphorylation site-specific antibody. (C) As for panel B, except that phosphorylation of
endogenous Gab2 at Ser160 was monitored in HEK293 cells pretreated with UO126 (20 �M), PD184352 (10 �M), or BI-D1870 (10 �M) for 30 min prior to PMA
stimulation. (D) Phosphorylation of murine Gab2 was confirmed via high-resolution MS/MS sequencing. Gab2 was immunoprecipitated in biological duplicate
from cells following either mock treatment, treatment with PMA, or treatment with PMA and PD184352. In a separate experiment, cells were either transfected
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natively, cells were cotransfected with an empty vector or consti-
tutively activated (G12V) or dominant-negative (S17N) Ras for 48
h prior to serum starvation and cell lysis (Fig. 3D). Immunopre-
cipitated Gab2 was then isolated via SDS-PAGE, digested in-gel
with trypsin, and labeled with 6-plex isobaric tandem mass tags
(TMT6), as done previously (28). Samples were then combined
and analyzed by liquid chromatography-assisted tandem MS, and
the relative abundances of all identified phosphopeptides were
measured across experimental conditions (Fig. 3D). Using this
approach, we found that two phosphopeptides containing basic
consensus sequences showed significant changes (ANOVA;
FDR � 5%) between the activated (PMA or RasG12V) and inac-
tive (PD184352 or RasS17N) conditions (Fig. 3E and F, insets).
These phosphopeptides were found to contain Ser211 and Ser620,
and identification of these residues as being phosphorylated was
obtained by MS/MS sequencing, as depicted by the annotated
high-resolution MS/MS spectra (Fig. 3E and F). While previous
studies have reported Ser160 as being phosphorylated in cells, we
were not able to identify this phosphopeptide in the current study,
likely due to the large size of the tryptic peptide containing Ser160
(44 amino acids). Together, our data indicate that RSK regulates
the phosphorylation of Ser160, Ser211, and Ser620.

Next, we combined the three RSK-dependent phosphorylation
sites identified as described above into a single Gab2 molecule
(S3A) and determined its phosphorylation levels in cells treated
with agonists of the Ras/MAPK pathway. Importantly, we found
that mutation of the three sites completely abrogated Gab2 phos-
phorylation at basic consensus motifs in response to PMA (Fig.
4A) and EGF (Fig. 4B) stimulation, as well as MEK-DD expression
(Fig. 4C), indicating that Ser160/211/620 are the predominant
RSK-dependent sites in Gab2. We performed in vitro kinase assays
to confirm that RSK predominantly phosphorylates Ser160/211/
620 in vitro. Importantly, we found that RSK-mediated 32P label
incorporation was strongly reduced when mutant Gab2 (S3A) was
used as the substrate (Fig. 4D), indicating that RSK primarily pro-
motes Gab2 phosphorylation on Ser160/211/620. Some level of
phosphorylation was also detected with the Gab2 S3A mutant,
suggesting that RSK may target additional residues in vitro. While
Ser160 and Ser211 are located between the PH domain and the
first Grb2-SH3 domain-binding site, it is interesting to note that
Ser620 lies between the two Shp2-SH2 domain-binding sites
(Tyr603, and Tyr632) (Fig. 4E), suggesting that RSK may modu-
late Shp2 recruitment in response to growth factors. All three
phosphorylation sites are evolutionarily conserved along with the
basic residues forming the consensus motif for RSK phosphoryla-
tion (Fig. 4F), suggesting that they play important functions.

The Ras/MAPK pathway modulates Shp2 recruitment in an
RSK-dependent manner. To address whether RSK-mediated
Gab2 phosphorylation modulates its interaction with protein
partners, we analyzed Gab2 immunoprecipitates from HEK293
cells stimulated with EGF for different times. As expected, we

identified Grb2 within Gab2 immunoprecipitates but did not find
that their interaction was modulated by either EGF or inhibitor
treatments (Fig. 5A), consistent with the fact that this interaction
is mediated via SH3 domains (10). Interestingly, we found that the
EGF-dependent recruitment of Shp2 was significantly enhanced
in cells exposed to PD184352, suggesting that the Ras/MAPK
pathway negatively regulates Shp2 recruitment (Fig. 5A). To fur-
ther address the role of Gab2 phosphorylation in the recruitment
of Shp2, we pretreated HEK293 cells with PMA to promote Gab2
phosphorylation at basic consensus motifs (as for Fig. 1A) and
then exposed cells to EGF for 5 or 10 min prior to Gab2 immuno-
precipitation. Whereas PMA treatment by itself did not promote
Shp2 recruitment (Fig. 5B, first two lanes), we found that pretreat-
ment of cells with PMA severely decreased the ability of Gab2 to
associate with Shp2 in response to EGF stimulation (Fig. 5B).
Consistent with a role for the MAPK pathway, we found that in-
hibition of MEK1/2 using PD184352 rescued the inhibitory effect
of PMA on Shp2 recruitment (Fig. 5B, last two lanes). The role of
MEK1/2-dependent signaling was further addressed by expressing
a constitutively activated form of MEK1 (MEK-DD) prior to EGF
stimulation. Using this approach, we found that the constitutive
activation of the MAPK pathway decreased Gab2-mediated re-
cruitment of Shp2 in response to EGF stimulation (Fig. 5C). To
determine if Shp2 recruitment to Gab2 was regulated in an RSK-
dependent manner, we pretreated HEK293 cells with the RSK in-
hibitor BI-D1870 prior to a time course of EGF stimulation. Im-
portantly, we found that inhibition of endogenous RSK activity
increased Shp2 recruitment induced by EGF treatment (Fig. 5D),
indicating that the Ras/MAPK pathway negatively regulates Gab2-
mediated Shp2 recruitment in an RSK-dependent manner. Nota-
bly, inhibition of RSK activity using BI-D1870 was found to in-
crease ERK1/2 phosphorylation in response to EGF stimulation,
consistent with a previous report showing that RSK negatively
regulates ERK1/2 signaling by directly phosphorylating SOS1
(39).

Next, we wanted to determine whether Gab2 phosphorylation
on Ser160/211/620 was directly responsible for the reduction in
Shp2 recruitment. To assess this, HEK293 cells were transfected
with wt Gab2 or the Gab2 S3A mutant (S160/211/620A), treated
with EGF over a time course, and Gab2 immunoprecipitated. As
shown in Fig. 6A, we found that the Gab2 S3A mutant more effi-
ciently recruited Shp2 in response to EGF treatment, suggesting
that RSK-dependent phosphorylation of Ser160/211/620 regu-
lates Shp2 binding. This effect appeared to be specific to Shp2, as
no modulations were observed in the recruitment of p85 in re-
sponse to EGF stimulation (Fig. 6B). The increase induced by the
Gab2 S3A mutant was quantified by densitometry and found to be
significantly different from that induced by wt Gab2 at the 5-, 10-,
and 30-min time points (Fig. 6C). Interestingly, we also found that
expression of the Gab2 S3A mutant potentiated ERK1/2 phos-
phorylation in response to EGF stimulation (Fig. 6A), consistent

with an empty vector or different activated (G12V) and inactivated (S17N) alleles of Ras. After subsequent SDS-PAGE separation, bands corresponding to Gab2
were excised and proteins were digested in gel with trypsin followed by TMT labeling for relative quantitation. (E) The spectrum identifies a tryptic peptide
bearing phosphorylation at Ser620, as well as TMT labels on both lysine side chains and the peptide N terminus; localization of the phosphorylation site is
indicated by the presence of the y9 ion, which matches its theoretical mass to approximately 1 ppm. (Inset) Relative abundance of Ser620 across the six samples
normalized with respect to overall Gab2 abundance. PD, PD184352. (F) The spectrum identifies a tryptic peptide bearing two TMT labels as well as phosphor-
ylation of Ser211. Phosphorylation site localization is confirmed by the y5 and y6 ions and b1 and b2 ions, as well as the b3 and b4 ions with subsequent neutral loss
of H3PO4. (Inset) Relative levels of Gab2 phosphorylation at Ser211, after normalization on the basis of overall Gab2 abundance. Red and blue lines within the
peptide sequences indicate y and b ions, respectively.
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with the established role of Shp2 as a positive regulator of Ras/
MAPK signaling. We also determined whether constitutive acti-
vation of the MAPK pathway using MEK-DD could similarly neg-
atively regulate Shp2 recruitment to Gab2. Whereas MEK-DD
expression strongly suppressed Shp2 recruitment to wt Gab2, we
found that the Gab2 S3A mutant was mostly insensitive to the
activation of the Ras/MAPK pathway (Fig. 6D). To further vali-
date these findings, we made use of Gab2-deficient MEFs (25) to
stably express Myc-tagged wt Gab2 or the Gab2 S3A mutant in a
background without endogenous Gab2 expression (Fig. 6E). To
determine the ability of exogenous Gab2 to recruit Shp2, we ana-
lyzed the levels of Myc-tagged Gab2 within endogenous Shp2 im-
munoprecipitates. Compared to wt Gab2, we found that the Gab2
S3A mutant recruited more Shp2 in response to EGF stimulation
(Fig. 6F). We also determined which of the three RSK-dependent
phosphorylation sites participated in the regulation of Shp2 bind-
ing and found that mutation of Ser211 or Ser620 was sufficient to
increase Shp2 recruitment in response to EGF stimulation

(Fig. 6G). Together, these results provide robust evidence that
RSK-mediated phosphorylation of Gab2 on Ser211 and Ser620
impedes Shp2 recruitment and function in response to growth
factors.

RSK-mediated Gab2 phosphorylation impairs mammary
epithelial cell migration. Gab2-mediated Shp2 recruitment has
previously been shown to promote the migration of mammary
epithelial cells (14, 16). We thus used this biological system to
address the function of RSK-mediated Gab2 phosphorylation. We
generated stable MCF-10A cells, which express very low endoge-
nous levels of Gab2, to express an empty vector, wt Gab2, or the
Gab2 S3A mutant. Upon generation of pooled populations of sta-
bly expressing cells, we readily observed a change in morphology
between parental and Gab2-expressing cells (Fig. 7A). This change
in morphology induced by the expression of wt Gab2 was previ-
ously shown to correlate with enhanced cell motility (16). Inter-
estingly, we also observed a change in morphology between cells
expressing wt Gab2 and the S3A mutant (Fig. 7A), with the latter

FIG 4 RSK predominantly phosphorylates Ser160, Ser211, and Ser620 in cells and in vitro. (A) HEK293 cells were transfected with Myc-tagged wt Gab2 or a triple
mutant with all three serine residues converted to alanines (S160/211/620A [S3A]), serum starved overnight, and stimulated with PMA (100 ng/ml) for 30 min.
Immunoprecipitated Myc-Gab2 was then assayed for phosphorylation with phosphomotif antibodies that recognize the RXXpS/T and RXXpS/TXP consensus
motifs. (B) As for panel A, except that cells were treated with EGF (25 ng/ml) for 10 min. (C) As for panel A, except that cells were transfected with MEK-DD prior
to serum starvation and cell lysis. (D) Wild-type RSK1 was immunoprecipitated from HEK293 cells stimulated with PMA (100 ng/ml), and the resulting
immunoprecipitates were incubated in a kinase reaction with [�-32P]ATP and immunopurified wt or S3A Myc-Gab2. The resulting samples were run on
SDS-polyacrylamide gels and analyzed by exposing dried film on an autoradiogram. Levels of both RSK1 and Gab2 are shown on the Coomassie-stained gel. (E)
Schematic representation of Gab2 with known phosphorylation binding sites. The three phosphorylation sites identified in this study are shown with circles
labeled P. (F) Alignment of Gab2 amino acid sequences from different vertebrate species which demonstrate evolutionary conservation of all three phosphor-
ylation sites.
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having a more elongated cell shape reminiscent of mesenchymal
morphology. Immunofluorescence experiments indicated that wt
Gab2 and the S3A mutant were expressed at similar levels, which
was confirmed by immunoblotting the total cell lysates of all three
cell lines (Fig. 7B). The differences in morphology between the
three stable cell lines were quantified, and the S3A Gab2-express-
ing cells were found to be 2 and 7 times more likely to have an
elongated shape than wt Gab2 and empty vector-expressing cells,
respectively (Fig. 7C). We also performed an assay to verify
whether Shp2 recruitment was modulated in MCF-10A cells and
found that the Gab2 S3A mutant recruited more Shp2 than wt
Gab2 in response to EGF stimulation (Fig. 7D).

Based on the known role of Gab2 in cell motility, we deter-
mined whether Gab2 phosphorylation affected MCF-10A cell mi-
gration using a Transwell assay. While we confirmed previous data
by showing that expression of wt Gab2 increases MCF-10A migra-
tion (16), we found that cells expressing the Gab2 S3A mutant
exhibited a significant increase in cell migration (�1.5-fold com-
pared to wt Gab2-expressing cells) (Fig. 8A and B). As shown in
Fig. 8C, we confirmed that this effect was not a result of increased
cell proliferation. To further characterize this apparent gain of
function of mutant Gab2, we performed live-cell-imaging wound-
healing assays by tracking migrating cells. Quantifications of cell
paths revealed that MCF-10A cells expressing the Gab2 S3A mu-
tant exhibited a robust increase in displacement from the point of

origin (Fig. 8D). Indeed, the speed of movement of Gab2 S3A-
expressing cells was found to be �1.6-fold higher than that of wt
Gab2-expressing cells, reaching 0.45 �m/min (Fig. 8E). As shown
in Fig. 7B and D, we found that cells expressing the Gab2 S3A
mutant displayed increased ERK1/2 phosphorylation, consistent
with the role of Shp2 in the regulation of the Ras/MAPK pathway.
To determine whether this pathway was partly responsible for the
observed increased motility of cells expressing the Gab2 S3A mu-
tant, we treated cells with the MEK1/2 inhibitor PD184352 during
image acquisitions. As shown in Fig. 8E, we found that PD184352
treatment abrogated the increased motility of Gab2 S3A-express-
ing cells, consistent with a role of the Ras/MAPK pathway. Taken
together, our results indicate that RSK-mediated phosphorylation
of Gab2 inhibits cell elongation and Gab2-dependent migration of
mammary epithelial cells. These findings suggest that RSK-medi-
ated regulation of Gab2 function represents a novel negative-feed-
back pathway that restricts cell migration occurring in response to
Ras/MAPK signaling (Fig. 9).

DISCUSSION

The role of the Gab2 adapter protein has been widely investigated
in hematopoietic cells and in cancer progression, where it func-
tions to regulate the activation of several signaling pathways, in-
cluding Ras/MAPK and PI3K/Akt. In this study, we demonstrate
in different cell types that Gab2 phosphorylation is regulated by

FIG 5 The Ras/MAPK pathway modulates Shp2 recruitment in an RSK-dependent manner. (A) HEK293 cells were transfected with Myc-Gab2, serum starved
overnight, pretreated with PD184352 (10 �M), and stimulated with EGF (25 ng/ml) over a time course. Associated endogenous Grb2 and Shp2 within Myc-Gab2
immunoprecipitates were assayed by immunoblotting. (B) HEK293 cells were transfected with Myc-tagged Gab2, serum starved overnight, and pretreated with
PD184352 (10 �M) and/or PMA (100 ng/ml) for 30 min, prior to treatment with EGF (25 ng/ml) for 5 or 10 min. Associated Shp2 was assayed as described for
panel A. (C) As for panel A, except that cells were cotransfected with MEK-DD, serum starved overnight, and stimulated with EGF over a time course. (D) As for
panel A, except that cells were pretreated with the RSK inhibitor BI-D1870 (10 �M) for 30 min prior to EGF stimulation.
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FIG 6 A Gab2 mutant that cannot be phosphorylated on Ser160/211/620 promotes Shp2 recruitment. (A) HEK293 cells were transfected with wt Myc-Gab2 or
the S3A mutant, serum starved overnight, and stimulated with EGF (25 ng/ml) over a time course. Associated Shp2 within Gab2 immunoprecipitates was
evaluated by immunoblotting. (B) HEK293 cells were transfected with wt Myc-Gab2 or the S3A mutant, serum starved overnight, and stimulated with EGF (25
ng/ml) over a time course. Associated p85 was evaluated within Gab2 immunoprecipitates by immunoblotting, as well as Akt phosphorylation at Ser473. (C) The
bar graph shows the relative Shp2 recruitment quantified by densitometry (as described in Materials and Methods) from three independent experiments similar
to the one whose results are shown in panel A. The data are expressed as the mean fold increase in Shp2 recruitment comparing immunoprecipitations with wt
Gab2 and the S3A mutant. Results are means � SEMs. One-tailed unequal variance Student’s t test P values are indicated for a comparison of the means of the
wt and mutant (S3A) Gab2 levels. *, P � 0.01. (D) HEK293 cells were cotransfected with wt Myc-Gab2 or the S3A mutant, with or without MEK-DD, serum
starved overnight, and stimulated with EGF (25 ng/ml) over a time course. Shp2 recruitment was evaluated as described for panel A. (E) Wild-type and
Gab2-deficient MEFs were evaluated for the presence of endogenous Gab2 by immunoblotting on total cell lysates. (F) Gab2-deficient MEFs stably expressing wt
Gab2 or the S3A mutant were seeded at a similar density and serum starved overnight, prior to EGF (25 ng/ml) stimulation over a time course. Associated
Myc-Gab2 was assayed within endogenous Shp2 immunoprecipitates by immunoblotting. (G) HEK293 cells were transfected with wt Myc-Gab2 or each of the
Gab2 mutants (S160A, S211A, or S620A), serum starved overnight, and stimulated with EGF (25 ng/ml) over a time course. Associated Shp2 was evaluated within
Gab2 immunoprecipitates by immunoblotting.
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the Ras/MAPK pathway in an RSK-dependent manner (Fig. 1 to
2). Using phosphomotif antibodies, mass spectrometry, and site-
directed mutagenesis, we found that RSK phosphorylates Gab2 on
three serine residues which fall into the RXXpS/T consensus se-
quence (Ser160, Ser211, Ser620), both in vivo and in vitro (Fig. 3 to
4). Of note, we found that the closely related Gab1 isoform is not
significantly phosphorylated by RSK in response to growth factors
(Fig. 1C), which is indicative of the specificity of the regulation of
Gab2. Using both gain- and loss-of-function approaches, we
showed that RSK-mediated Gab2 phosphorylation decreases Shp2
binding in response to EGF stimulation (Fig. 5 to 7), suggesting
that RSK negatively regulates the Gab2-Shp2 axis. Using mam-
mary epithelial cells that stably express exogenous Gab2 alleles, we
found that Gab2 phosphorylation on Ser160/211/620 inhibits cell
motility (Fig. 8), suggesting a model whereby RSK limits Gab2-
dependent cell migration upon activation of the Ras/MAPK path-
way. Based on the widespread role of Gab2 in receptor signaling,
our results suggest that RSK may regulate Gab2 function in re-
sponse to many types of growth factors and cytokines.

Whereas Gab2 tyrosine phosphorylation and activation of
downstream signaling pathways are well characterized, relatively
little is known about the mechanisms involved in Gab2 inactiva-
tion by Ser/Thr phosphorylation. Our data demonstrate that the
Ras/MAPK pathway and, more specifically, RSK phosphorylate

Gab2 on three serine residues to inhibit Shp2 recruitment. A pre-
vious report has shown that Akt phosphorylates Gab2 on Ser159
(Ser160 is the homologous site in mouse Gab2) and thereby re-
duces Gab2 tyrosine phosphorylation via unknown mechanisms
(17). While Ser159 is one of the three phosphorylation sites that
we found to be regulated by RSK, we did not observe that Ser159
phosphorylation modulates Gab2 tyrosine phosphorylation in re-
sponse to EGF stimulation. More recently, Gab2 was shown to be
phosphorylated on two additional residues (Ser210 and Thr391,
according to the human numbering) in response to growth fac-
tors, but the actual protein kinase involved in these phosphoryla-
tion events remains elusive (19). Interestingly, phosphorylation of
these sites was shown to mediate 14-3-3 binding and to inhibit
Grb2 binding, but again, the mechanisms involved have not been
determined. While we found that Ser210 (Ser211 is the homolo-
gous site in mouse Gab2) is regulated by RSK (Fig. 3), we did not
observe that RSK-mediated phosphorylation of Gab2 altered
Grb2 or p85 binding (Fig. 5A and 6B). Our results also indicate
that Thr391 is not regulated by RSK, consistent with the idea that
RSK is mostly a serine kinase and that very few substrates of RSK
have been shown to be phosphorylated on threonine residues (5).

We found that RSK phosphorylates a novel site in Gab2
(Ser620), which is located between the two SH2 domain-binding
sites for Shp2 (Tyr603 and Tyr632) (Fig. 3 and 4). Our results

FIG 7 Stable expression of the Gab2 S3A mutant alters MCF-10A cell morphology. (A) Confocal images of growing MCF-10A cells stably expressing an empty
vector, wt Gab2, or the S3A mutant. Cells were stained with phalloidin to visualize the actin cytoskeleton, anti-Myc to monitor Gab2 expression, and DAPI to
visualize nuclei. (B) Stable MCF-10A cells were lysed and immunoblotted for Gab2 (anti-Myc) to show equal expression levels between wt Gab2 and the S3A
mutant, as well as phosphorylated ERK1/2 (T202/Y204) to show increased activation in Gab2 S3A-expressing cells. The ratio of ERK1/2 phosphorylation over
total ERK1/2 levels was calculated on the basis of densitometric values. EV, empty vector. (C) Quantification of elongated cells from immunostaining experi-
ments similar to the one shown in panel A. (D) MCF-10A cells stably expressing an empty vector, wt Myc-Gab2, or the S3A mutant were serum starved overnight
and stimulated with EGF (25 ng/ml) over a time course. Associated Myc-Gab2 within endogenous Shp2 immunoprecipitates was evaluated by immunoblotting.
The ratio of ERK1/2 phosphorylation over total ERK1/2 levels was calculated on the basis of densitometric values.
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indicate that RSK-mediated phosphorylation of Gab2 inhibits
Shp2 recruitment, suggesting that phosphorylated Ser620 hinders
Shp2 interaction to the SH2 domain-binding sites. Another pos-
sibility is that phosphorylation of Ser160/211/620 causes a confor-
mational change in Gab2 that reduces its affinity for Shp2, but
more experimentation will be required to fully understand the
molecular events taking place upon RSK-mediated phosphoryla-
tion. Interestingly, ERK1/2 was also shown to modulate Shp2 re-
cruitment in response to IL-2 stimulation (18). ERK1/2 was found
to phosphorylate Ser613, which is also located in close proximity
to the SH2 domain-binding motif of Gab2. Although we have not
been able to identify phosphorylated Ser613 in our MS experi-

ments, these results suggest that RSK may collaborate with
ERK1/2 to inhibit Shp2 recruitment in response to agonists of the
Ras/MAPK pathway. Based on the fact that RSK-mediated phos-
phorylation of Gab2 does not perturb recruitment of the p85 sub-
unit of PI3K or Grb2 binding, our results suggest that Gab2 phos-
phorylation on Ser160/211/620 specifically regulates Shp2
recruitment. Our findings indicate that RSK is part of a negative-
feedback loop that restricts Gab2-Shp2 signaling, similar to the
recently described loop involving RSK and SOS1 (39). Based on
the established role of Shp2 in the regulation of Ras/MAPK signal-
ing (40), our results highlight a second RSK-dependent inhibitory
loop that negatively regulates ERK1/2 signaling.

FIG 8 Stable expression of the Gab2 S3A mutant promotes MCF-10A cell migration. (A) MCF-10A cells stably expressing an empty vector, wt Gab2, or the S3A
mutant were seeded on top of Boyden chambers in EGF-free medium. Cells were allowed to migrate toward 20 ng/ml EGF for 24 h, fixed, and stained using H&E.
(B) Filters processed as described for panel A were scanned, and migrated cells were automatically counted, as described in Materials and Methods. (C) Analysis
of the proliferation of stable MCF-10A cells using the MTS assay over a time course of 72 h. The data are expressed as the mean fold increase in cell proliferation.
A.U., absorbance units. (D) Live-cell-imaging wound-healing assays were performed using MCF-10A cells stably expressing wt Gab2 or the S3A mutant. Tree
graphs show the length (�m), direction, and displacement (distance from the origin) of more than 70 cell paths. (E) Quantification of cell speed (�m/min) based
on the total displacement calculated in wound-healing assays. An unpaired Student’s t test was performed to determine that the differences between wt and S3A
Gab2 conditions and the effect of PD184352 treatment were statistically significant (*, P � 0.00001).
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The mechanisms by which Gab2 contributes to breast cancer
are not fully understood, but several studies implicated Shp2 in
Gab2-dependent cell proliferation and motility (14, 16). Similar
to our findings, expression of Gab2 in MCF-10A cells has been
shown to promote a change in morphology and cell motility (16),
providing an excellent system to analyze the impact of Gab2 phos-
phorylation on its function. We found that mutation of Ser160/
211/620 potentiated the effect of wt Gab2 on cell motility, which is
consistent with the important role that Shp2 plays in cytoskeletal
organization and cell migration (16). In addition to regulating the
Ras/MAPK pathway, Shp2 has recently been shown to modulate
RhoA activation (16, 41). Indeed, the recruitment of Shp2 to the
plasma membrane was found to promote the dephosphorylation
of Rho kinase II (ROCKII), resulting in modulation of RhoA-
induced cell rounding (41). Based on the known roles of the Ras/
MAPK pathway in cell motility in diverse systems (42), these find-
ings indicate that RSK likely regulates the involvement of Shp2 in
both of these pathways to promote a change in cell shape and cell
motility.

In summary, we have identified a novel mechanism by which
growth factors regulate Gab2 function. Based on the involvement
of Gab2 in the pathogenesis of breast cancer, our results provide
important information about the complexity of its regulation.
Our findings also have potential clinical implication, as RSK1 and
RSK2 have been shown to be upregulated in both breast and pros-
tate cancers (43). While these two RSK isoforms likely play impor-
tant proproliferative functions (5, 6), our results indicate that they
are also involved in the negative regulation of RTK signaling.
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