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John WIJDENES‡, Geneviève COURTOIS§, Olivier BERNARD§ and Jacques BERTOGLIO*1
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Gab2 (Grb2-associated binder-2), a member of the IRS (insulin re-
ceptor substrate)/Gab family of adapter proteins, undergoes tyro-
sine phosphorylation in response to cytokine or growth factor
stimulation and serves as a docking platform for many signal-
transduction effectors, including the tyrosine phosphatase SHP-2
[SH2 (Src homology 2)-domain-containing tyrosine phospha-
tase]. Here, we report that, following IL-2 (interleukin-2) stimul-
ation of human T lymphocytes, SHP-2 binds tyrosine residues
614 and 643 of human Gab2 through its N- and C-terminal SH2
domains respectively. However, the sole mutation of Tyr-614
into phenylalanine is sufficient to prevent Gab2 from recruiting
SHP-2. Expression of the Gab2 Tyr-614 → Phe (Y614F) mutant,
defective in SHP-2 association, prevents ERK (extracellular-
signal-regulated kinase) activation and expression of a luciferase
reporter plasmid driven by the c-fos SRE (serum response ele-
ment), indicating that interaction of SHP-2 with Gab2 is required
for ERK activation in response to IL-2. Further investigation of

IL-2-dependent induction of SRE showed that expression of a
constitutively active mutant of the RhoA GTPase synergizes with
IL-2 for SRE-driven transcription, whereas a dominant-negative
mutant reduces the IL-2 response. Thus, in response to IL-2,
full induction of the SRE requires ERK-dependent as well as
Rho-dependent signals that target the Ets-box and the CArG-box
respectively. We also report that the synergy between Gab2/SHP-2
and RhoA for IL-2-dependent CArG-box-driven transcription de-
pends upon MEK (mitogen-activated protein kinase/ERK kinase)
activation, and is likely to involve regulation of the serum response
factor co-activator MAL. Our studies thus provide new insights
into the role of Gab2 and SHP-2 in IL-2 signal transduction.
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INTRODUCTION

SHP-2 [SH2 (Src homology 2)-domain-containing tyrosine phos-
phatase] is a ubiquitously expressed tyrosine phosphatase char-
acterized by two SH2 domains in tandem in its N-terminal region
(N-SH2 and C-SH2). These domains are followed by a tyro-
sine phosphatase domain and a C-terminal tail, which contains
two phosphorylatable tyrosine residues and a proline-rich domain
(see [1] for a review). Activation of SHP-2 requires occupancy
of its tandem SH2 domains by phosphotyrosine residues, which
is achieved by binding either to receptors or to scaffold proteins
of the IRS (insulin receptor substrate)/Gab family, and induces
conformational changes in the enzyme [2,3]. The sequence of
molecular events in SHP-2 activation has been resolved by ana-
lysis of the crystal structure of the protein [3]. In the inactive
folded conformation, the N-SH2 domain blocks the catalytic site
by intramolecular interaction, and this interaction must be broken
to activate the enzyme. SHP-2 is recruited through interaction of
its C-SH2 domain to one site of a bisphosphotyrosyl ligand, which
brings the N-SH2 domain into a position to associate with the
second site of the ligand, thus disrupting the intramolecular bond
and ‘unmasking’ the phosphatase activity. SHP-2 activation may
also be regulated through phosphorylation of tyrosine residues

Tyr-542 and Tyr-580 in its C-terminal tail, which would relieve
basal inhibition of the phosphatase [4]. In keeping with these
structural features, constitutively activated mutants of SHP-2 have
been obtained either by deleting its N-SH2 domain or by mutating
critical residues (Asp-61 or Glu-76) within this domain [5,6].

SHP-2 is thought to play a critical positive role in many signal-
ling pathways (see [7,8] for reviews). The mechanisms whereby
SHP-2 is involved in signalling serve at least two functional roles:
on the one hand, SHP-2 provides an adapter function necessary,
amongst other pathways, for MAPK (mitogen-activated protein
kinase) activation. For example, upon stimulation of the PDGF-R
(platelet-derived growth factor receptor), SHP-2 binds Tyr-1009
of the PDGF-R and becomes itself phosphorylated on Tyr-542 [9].
Phosphorylation of this residue creates a binding site for Grb2,
leading eventually to Ras activation [10]. The adapter function
of SHP-2 has also been demonstrated in response to insulin, IL
(interleukin)-6 and erythropoietin [11–13]. On the other hand,
the phosphatase activity of SHP-2 can dephosphorylate important
components of signalling pathways, as demonstrated by the use of
a phosphatase-dead mutant of SHP-2, Cys-459 → Ser (C459S).
Indeed, numerous studies have demonstrated, by this means, that
SHP-2 positively regulates activation of the MAPK pathway in-
duced by epidermal growth factor, insulin and hepatocyte growth
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factor [14–16]. However, the phosphatase activity of SHP-2 may
also be involved in negative regulation, leading to termination
of signalling, by dephosphorylating for instance the JAKs (Janus
kinases) or STAT (signal transduction and activators of transcrip-
tion) proteins [17]. Recent investigations have identified mam-
malian Gab2 (Grb2-associated binder 2) as a major substrate of
SHP-2 [18]. Gab family proteins (Gab1, Gab2 and Gab3) contain
a pleckstrin homology domain in the N-terminal region, central
proline-rich sequences and several tyrosine-based motifs, which
are binding sites for SH3- or SH2-domain-containing proteins re-
spectively. Gab proteins function as molecular scaffolds by inter-
acting with various signalling partners, such as SHP-2, p85, PI3K
(phosphoinositide 3-kinase), CrkL, phospholipase C-γ 1 and Grb2
in response to a variety of growth factors and cytokines [19].

IL-2 is one of the major growth and differentiation factors for
T lymphocytes, and the signalling pathways whereby it mediates
its biological activity have been extensively studied [20–22]. In
previous studies, we have demonstrated that Gab2 is tyrosine-
phosphorylated and interacts with the SH2 domains of SHP-2,
PI3K and CrkL in response to IL-2 in T lymphocytes [23,24].
Although Gab2 appears to be the major binding partner and sub-
strate of SHP-2 in cytokine signalling, the role of SHP-2 itself
in IL-2 signalling has not been fully elucidated. In the present
study, we show data clarifying the mode of interaction between
Gab2 and SHP-2, and analyse further the signalling cascades that
regulate ERK (extracellular-signal-regulated kinase) activation
and expression of the immediate early c-fos gene promoter.
Indeed, as with many other growth factors, IL-2 induces expres-
sion of c-fos in stimulated lymphocytes, and this induction has
long been known to depend upon signalling events that are ini-
tiated within the acidic region of the IL-2Rβ chain [25,26].
Of interest, Taniguchi and co-workers [27] reported that IL-2-
induced tyrosine phosphorylation of SHP-2 depended upon the
same region of IL-2Rβ, raising the possibility that SHP-2 might
be involved in the complex regulation of c-fos expression. One
critical regulatory sequence in the c-fos promoter is represented
by a 20-nucleotide sequence known as the SRE (serum response
element), which co-operatively binds TCF (ternary complex
factor) and SRF (serum response factor) transcription factors
[28,29]. In addition, previous studies have identified the SRE pre-
sent within the c-fos promoter as a target for regulation by the Rho
family of Ras-related GTPases [30]. Indeed, these GTPases, and
particularly RhoA, acting through a set of effector proteins are
critical to the dynamics of the actin-based cytoskeleton, which in
turn is required for proper activation of SRF [31]. Here, we provide
evidence for a role of the Gab2–SHP-2 interaction in regulating
both ERK-dependent and Rho-dependent signals, leading to c-fos
promoter activation in IL-2-stimulated T lymphocytes.

EXPERIMENTAL

Cell lines and culture conditions

The human T-cell chronic lymphocytic leukaemia-derived, IL-2-
dependent Kit 225 cell line was kindly provided by Dr T. Hori
(Kyoto University, Japan) [32]. Cells were maintained in RPMI
1640 culture medium containing 2 mM L-glutamine, 0.1 mg/ml
streptomycin, 100 units/ml penicillin, 2 % sodium pyruvate, and
10 % fetal calf serum, which was supplemented with 0.5 nM re-
combinant human IL-2 (Proleukin; Chiron Corp., Emeryville,
CA, U.S.A.). For some experiments, we used a subclone of the
Kit 225 line (Tetoff ), which expresses the tetracycline-regulated
transactivator (pUHD15-1) in combination with pUHD10-3 hep-
tamerized tet-operator-driven expression plasmids [33].

Reagents and antibodies

Polyclonal antibody (C-18) against SHP-2 protein was from Santa
Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Monoclonal anti-
body against SHP-2 (PTP1D) was from Transduction Labora-
tories (Lexington, KY, U.S.A.); anti-phosphotyrosine (4G10) and
anti-p85 PI3K antiserum (06-195) were from Upstate Biotechno-
logy Inc. (Lake Placid, NY, U.S.A.), and anti-phospho-p42/p44
MAP kinases (ref. 9102) were from Cell Signaling (OZYME;
Saint Quentin en Yvelines, France). Monoclonal anti-GST (gluta-
thione S-transferase), anti-Ha (haemagglutinin; 12CA5) and anti-
Myc (9E10) antibodies were produced and purified in our labo-
ratory. A monoclonal antibody against Gab2 was obtained by
immunization of Balb/c mice with purified GST–Gab2 (amino
acids 601–676). Hybridoma generation, selection and screening
were performed according to standard protocols in use at Diaclone
[34]. One antibody (B-D39) with good reactivity against Gab2
in immunoprecipitation and immunoblot analysis was selected
and characterized further. This anti-Gab2 mAb (IgG1) does not
immunoprecipitate the closely related Gab1 protein; nor does
it recognize Gab1 in immunoblot analysis. Epitope mapping of
this antibody indicated that it recognizes a sequence that exists
between amino acids 601–621 of human Gab2.

GSH–Sepharose beads were from Amersham Biosciences (Les
Ulis, France), nickel–agarose beads were from Qiagen, and strept-
avidin–agarose beads and lyophilized D-biotin were obtained from
Sigma-Aldrich (St Louis, MO, U.S.A.).

Horseradish-peroxidase-conjugated secondary antibodies were
purchased from Amersham Biosciences or Dako (Copenhagen,
Denmark) and detected using ECL (enhanced chemilumines-
cence).

Plasmid constructs

cDNA for full-length human Gab2 was obtained as described
previously [24] and inserted in-frame into pcDNA 3.1 vector.
Gab2 C-terminal domain (amino acids 601–676) was excised
from the previously described pGad vector [24], and inserted in-
frame in the pGEX-4T1 vector (Amersham Biosciences) to obtain
the GST fusion protein. Mutations of tyrosine residues into
phenylalanine were performed with oligonucleotides containing
appropriate TAC-to-TTC codon changes using the Quikchange®

mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.). cDNAs for
full-length SHP-2, catalytically inactive (C459S) and constitut-
ively active (Glu-76 → Ala; E76A) mutants were kindly provided
by Dr Benjamin G. Neel and Dr Haihua Gu (Beth Israel Deaconess
Medical Center, Boston, MA, U.S.A.), amplified by PCR, Ha-
tagged and subcloned into pcDNA 3.1 vector. Subdomains of
human SHP-2 (N-SH2, amino acids 1–106; C-SH2, amino acids
106–220; and (N + C)-SH2, amino acids 1–220) were obtained by
PCR using oligonucleotides designed after the full-length SHP-2
sequence and inserted in-frame into the p6xHis-Myc vector.

pUHD-GST–[(N + C)-SH2] construct, allowing expression in
Tetoff cells of the [(N + C)-SH2] subdomain of human SHP-2
as a GST fusion protein, was constructed by inserting the coding
sequence for the (N + C)-SH2 subdomain of human SHP-2 into
a previously constructed pUHD-GST vector.

For Rho expression, the cDNAs for human RhoA containing
either the activating Gly-14 → Val (G14V) or the inactivating Ser-
19 → Asn (S19N) mutations were inserted in-frame into pCMV-
Flag vector (Stratagene).

For MEK (MAPK/ERK kinase) expression, we used pECE-
MEK1 Ser-218 → Asp/Ser-222 → Asp (S218D/S222D), a Ha-
tagged constitutively active mutant of MEK1 (MEKA), which
has been described previously [35] and was kindly provided
by Dr J. Pierre, and pMCL-MEK1 Lys-97 → Met (K97M), a
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Ha-tagged dead mutant of MEK1 (shown as MEK DN in the
Figures), originally from Dr N. G. Ahn [36] and kindly provided
by J. Raingeaud.

Luciferase reporter plasmid pFR-Luc (5 × Gal4 binding site)
was from Stratagene, and pSG424-Gal4-Elk, described previously
by Dr R. Treisman [37], was kindly provided by J. Raingeaud.

Luciferase (firefly) reporter plasmids containing one copy of the
SRE of human c-fos promoter (SRE Luc), in front of a minimal
c-fos promoter (− 90 to + 42 bp with reference to the transcrip-
tion start site), and its derivatives (ETS Luc and CArG Luc) were
kindly provided by Dr A. Harel-Bellan (CNRS UPR 9079, France)
and have been described previously [38].

pCMX-MAL WT is a cytomegalovirus-based vector containing
the MAL-coding sequence [39], in-frame with an Ha tag. pCMX-
MAL�Act plasmid was obtained by truncating the transactivation
domain of MAL following amino acid 721.

For an internal control, and because most commonly used viral
promoters respond to some extent to IL-2 stimulation in Kit 225
cells, we constructed a novel Renilla luciferase reporter plasmid
by insertion of the composite SRα promoter [40] into pRL-null
vector (Promega, Madison, WI, U.S.A.).

All constructs, whether wild-type or mutated, were verified by
DNA sequencing.

Fusion proteins

GST fusion proteins were produced in Escherichia coli strain
BL21(DE3) by induction for 4 h at 37 ◦C with 1 mM IPTG
(isopropyl β-D-thiogalactoside) and purified by adsorption on to
GSH–Sepharose beads. For production of phosphorylated GST
proteins, the various pGEX constructs were transformed into
BL21(DE3) bacteria containing a pBC plasmid coding for the
catalytic domain of the Elk receptor tyrosine kinase, as described
previously [41]. His6-Myc-tagged proteins were produced in
E. coli strain BL21(DE3) by induction for 4 h at 37 ◦C with
1 mM IPTG, and purified using nickel–agarose beads.

Immunoprecipitation and GST pull-down experiments

For immunoprecipitation experiments, Kit 225 cells were dep-
rived of IL-2 for 48 h, and then stimulated for 10 min (or as
indicated) with 1 nM human recombinant IL-2 (Sanofi, Labège,
France). Stimulation was then blocked with cold PBS, cells
were collected by centrifugation (400 g, 10 min at 4 ◦C) and
incubated for 30 min on ice in cold lysis buffer [50 mM Tris/HCl
(pH 7.5)/150 mM NaCl/0.5 % Triton X-100/10 mM NaF/1 mM
EDTA/1 mM EGTA/1 mM PMSF/1 mM vanadate/1 µg/ml each
of leupeptin, pepstatin and aprotinin]. Cell lysates were clarified
by centrifugation at 15 000 g for 20 min at 4 ◦C. Post-nuclear
cell lysates were pre-cleared with Protein G–Sepharose beads for
30 min at 4 ◦C, and then incubated with 2–5 µg of antibodies
overnight at 4 ◦C. Immune complexes were collected on Protein
G–Sepharose beads, and the beads were washed five times with
lysis buffer. Bound proteins were resolved by SDS/PAGE and
analysed by immunoblotting.

For in vitro GST pull-down experiments, Kit 225 cell lysates
(4 mg of protein) were pre-cleared with GST-0 protein adsorbed
on to GSH–Sepharose beads. Equivalent amounts of the various
GST fusion proteins were adsorbed on to GSH–Sepharose beads
for 1 h at 4 ◦C. Pre-cleared lysates were shaken with coupled
beads for 2 h at 4 ◦C. The beads were then washed five times, and
bound proteins were analysed by immunoblotting.

For in vitro protein interactions, His6-Myc-tagged fusion pro-
teins [0.5 µg of subdomain (N + C)-SH2, 0.5 µg of C-SH2 or
2 µg of N-SH2] were added to GST-fusion-protein-coupled beads
and shaken in lysis buffer supplemented with 1.5 % BSA for 2 h at

4 ◦C. Beads were then washed, and bound proteins were analysed
by immunoblotting.

An N-terminal biotinylated and tyrosine-phosphorylated pep-
tide designed after the sequence of human Gab2 surrounding
Tyr-614 [STGSVD(pT)LALDFQPSSPSPHR, where pT repres-
ents phosphotyrosine] was synthesized by Sigma-Genosys
(Cambridge, U.K.). For peptide interaction with purified His6-
Myc-tagged fusion proteins, 10 µg of biotinylated peptide was
bound to streptavidin–agarose beads overnight, and then beads
were washed in PBS buffer and blocked for 1 h with 1 mg/ml
D-biotin. Following additional washes in PBS containing BSA,
1 µg of purified His6-Myc-tagged fusion proteins was added on
beads and shaken for 2 h at 4 ◦C. Beads were then washed, and
bound proteins were analysed by immunoblotting.

Far-Western blotting and immunoblotting

For immunoblotting, membranes were blocked for 2 h at room
temperature with either 5 % non-fat dried milk or 3 % BSA in
TBS-T buffer [50 mM Tris/HCl (pH 7.5)/150 mM NaCl/0.5 %
(v/v) Tween 20]. Membranes were washed four times in TBS-T
and incubated for 1 h with optimal concentrations of primary
antibodies diluted in TBS-T. Following four washes in TBS-T, the
membranes were incubated for 45 min with horseradish-per-
oxidase-conjugated secondary antibodies. Bound antibodies were
detected using Amersham ECL reagents and autoradiographic
films.

For far-Western experiments, membranes were blocked for 2 h
at room temperature with 5 % non-fat dried milk in TBS-T.
Membranes were washed four times in TBS-T and incubated
for 45 min with His6-Myc-tagged fusion proteins (5 µg/ml for
Myc (N + C)-SH2 and Myc C-SH2; 20 µg/ml for Myc N-SH2).
Following four additional washes in TBS-T, the membranes were
revealed as described above for the immunoblotting experiments.

Blots were stripped between probing with a 30 min, 50 ◦C
incubation in 62.5 mM Tris/HCl, pH 6.8, containing 100 mM 2-
mercaptoethanol and 1 % SDS. Membranes were then washed
extensively and blocked for at least 2 h with either 5 % non-fat
dried milk or 3 % BSA in TBS-T.

Transient transfections and luciferase assays

Transfections were performed by electroporation using a gene
pulser apparatus (Bio-Rad Laboratories, Hercules, CA, U.S.A.)
set at 250 V and 960 µF. For analysis of Gab2–SHP-2 inter-
actions, transiently transfected cells were cultured 24 h without
IL-2 after electroporation, and then stimulated without (control)
or with 1 nM recombinant IL-2 (or as indicated) for 10 min.
Cells were then lysed and processed for immunoprecipitation and
immunoblot analysis as described above.

For luciferase assays, exponentially growing Kit 225 cells
(107) were washed in RPMI 1640 medium, resuspended in
150 µl of RPMI 1640 and electroporated with 30 µg of plasmid
DNA as follows: plasmids coding for the desired proteins were
generally used at 10 µg (unless otherwise indicated); for the
Elk transactivation assay, 2 µg of Gal4-Elk, 5 µg of 5 × Gal4-
luciferase reporter and 0.05 µg of pSRα-Renilla reporter, in-
cluded as an internal transfection control to normalize luciferase
reporter activity, was used; for c-fos promoter activation studies,
2 µg of SRE Luc vectors was used in combination with 0.02 µg of
the pSRα-Renilla reporter. The total amounts of transfected DNA
were kept constant by addition of empty control vector. Following
electroporation, Kit 225 cells were incubated for 16 h without
IL-2, and then 50 % of the cells were stimulated with IL-2 for 8 h
and lysed in 25 µl of passive lysis buffer (Promega) to proceed to
a dual luciferase assay, following the manufacturer’s instructions.
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Figure 1 The N and C-terminus SH2 domains of SHP-2 interact respectively
with Tyr-614 and Tyr-643 of Gab2

(A) GST–Gab2 proteins were expressed in E. coli (BL21DE3) or in Elk tyrosine kinase-containing
E. coli (denoted by an asterisk) so that tyrosine residues are phosphorylated (Gab2 YY =
Tyr-614/Tyr-643, Gab2 FY = Phe-614/Tyr-643, Gab2 YF = Tyr-614/Phe-643 and Gab2
FF = Phe-614/Phe-643). Immobilized GST–Gab2 proteins (≈ 15 µg) were used to pull-down
SHP-2 from Kit 225 cell lysates (4 mg of protein). Bound proteins were analysed by
immunoblotting (IB) with SHP-2 antibodies (top panel). Phosphorylation of GST–Gab2 proteins
was controlled with anti-phosphotyrosine 4G10 antibodies (α-pTyr; middle panel) and following

Luciferase activity in 5 µl of the lysates was measured on a
MicroLumat Plus LB 96 V luminometer (Berthold Technologies,
Pforzheim, Germany). Results were analysed by dividing firefly
signals by Renilla signals, and expressed as the fold increase
relative to the basal activity measured in unstimulated cells
transfected with empty control vector. The remaining 20 µl of the
cell lysates was used to assess expression of the desired proteins
by immunoblotting. For all experiments, the results shown are
representative of at least three independent experiments.

RESULTS

Gab2 residues Tyr-614 and Tyr-643 bind SHP-2 N- and C-SH2
domains respectively

We and others [18,24,42,43] have previously reported that Gab2
associates with SHP-2 through two tyrosine residues (Tyr-614
and Tyr-643) that are present at its C-terminus. To analyse this in-
teraction in more detail, the C-terminal end of Gab2 (amino acids
601–676) was expressed as GST fusion proteins in E. coli strain
BL21, or in E. coli that had been transformed with a plasmid
encoding the catalytic domain of the Elk tyrosine kinase, resul-
ting in the production of phosphorylated GST fusion proteins,
as described previously [41]. Anti-phosphotyrosine (4G10) im-
munoblot analysis showed that GST–Gab2 wild-type or single-
tyrosine mutant proteins produced under these conditions are
indeed tyrosine-phosphorylated, whereas the double phenyla-
lanine mutant of Gab2 is not. We then used tyrosine-phosphoryl-
ated GST–Gab2 proteins to study their interaction with SHP-2.
GST–Gab2 proteins, whether phosphorylated or not, were im-
mobilized on GSH–Sepharose beads and used to pull-down
interacting proteins from Kit 225 cell lysates. Bound proteins were
separated by SDS/ PAGE and analysed by immunoblotting with
anti-SHP-2 antibodies. Results of a representative experiment,
shown in Figure 1(A), indicated that SHP-2 binding to GST–Gab2
was only detected when GST–Gab2 was tyrosine-phosphoryl-
ated. Replacing both Tyr-614 and Tyr-643 with phenylalanine
completely abrogated the binding, whereas a small amount of
SHP-2 binding was still detectable with single-tyrosine mutants.
To study how each of the SHP-2 SH2 domains contributed to the
interaction with Gab2, Myc-tagged recombinant proteins com-
prising the N-terminal SH2 domain (Myc N-SH2), the C-terminal
SH2 domain (Myc C-SH2) or the entire N-terminus of SHP-2
[Myc (N + C)-SH2] were produced and purified as described in

stripping, loading was verified with anti-GST antibodies (bottom panel). (B) Immobilized
GST–Gab2 proteins (≈ 15 µg), phosphorylated on tyrosine or not, were incubated with 0.5 µg
of Myc (N + C)-SH2 or Myc C-SH2 subdomain, or 2 µg of Myc N-SH2 (left-hand panels).
Purified Myc-SH2 and bound proteins were analysed by immunoblotting with anti-Myc (9E10)
antibodies (three uppermost panels). Phosphorylation and loading of GST–Gab2 proteins
were controlled as above with 4G10 and anti-GST antibodies. For far-Western experiments
(right-hand panels), GST–Gab2 proteins were resolved by SDS/PAGE and electrotransferred
on to PVDF membranes. Membranes were then incubated with 5 µg/ml Myc (N + C)-SH2 or
Myc C-SH2, or 20 µg/ml Myc N-SH2, and bound proteins were analysed by immunoblotting
with Myc antibodies (three uppermost panels). Phosphorylation and loading of GST–Gab2
proteins were controlled as above with anti-pTyr and anti-GST antibodies. (C) A biotinylated
and tyrosine-phosphorylated peptide, designated 614YP and designed after the human Gab2
sequence, was immobilized on streptavidin–agarose beads and incubated with 2 µg of Myc
N-SH2 (lanes 1), 1 µg of Myc C-SH2 (lanes 2) or Myc (N + C)-SH2 (lanes 3). Uncoated
streptavidin beads were used as a control. Bound proteins and input Myc-SH2 were analysed
by immunoblotting with anti-Myc antibodies. (D) Kit 225 cells were transfected with pcDNA-Ha
SHP-2 C459S or pcDNA-Ha SHP-2 E76A plasmids. After 24 h, cell extracts were prepared,
and immobilized GST–Gab2 proteins (≈ 15 µg) were used to pull-down Ha-SHP-2 from cell
lysates (1 mg of protein). Bound proteins were analysed by immunoblotting with Ha antibodies
(top panel). Phosphorylation and loading of GST–Gab2 proteins were controlled as above with
4G10 and anti-GST antibodies. All experiments are representative of at least three independent
experiments.
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the Experimental section. Binding of these proteins to GST–Gab2
was first studied in pull-down and far-Western experiments, as
shown in Figure 1(B). The Myc (N + C)-SH2 protein interacted
strongly with phosphorylated WT GST–Gab2 in pull-down and
far-Western experiments, and no binding was detectable with
either the non-phosphorylated GST–Gab2 or the double-tyrosine
mutant proteins. Although Myc (N + C)-SH2 association with
single-tyrosine mutants was still detectable, intensity of the
binding was less on Gab2 Tyr-643 → Phe (Y643F) than on Gab2
Tyr-614 → Phe (Y614F; top panels). In this series of experiments,
the C-SH2 domain was clearly shown to interact with tyrosine
residue Tyr-643, and not with Tyr-614. In contrast, the N-SH2
domain could only be shown to bind the WT Gab2 protein in far-
Western analysis, which appeared to be slightly more sensitive
than the pull-down assay. However, the results shown above in-
dicating that the (N + C)-SH2 subdomain binds both Tyr-614 and
Tyr-643, and that the C-SH2 subdomain binds Tyr-643, strongly
suggest that the N-SH2 domain of SHP-2 might be targeting
Tyr-614. This was clearly established by the use of a biotinylated
tyrosine-phosphorylated peptide containing Tyr-614 that, when
bound to streptavidin–agarose beads, was found to associate very
efficiently with the N-SH2 and (N + C)-SH2 recombinant pro-
teins, but not with the C-SH2 protein (Figure 1C).

To gain further information about this interaction, we made use
of recently described mutants of SHP-2. Mutation of Glu-76 in the
N-SH2 domain has been shown to disrupt the intramolecular bond,
but not the ability of the N-SH2 to interact with phosphotyrosyl
ligands [5]. Single-tyrosine GST–Gab2 proteins were used to pull
down either the catalytically inactive (C459S) or the activated
(E76A) SHP-2 mutants expressed in Kit 225 cells. As shown in
Figure 1(D), SHP-2 C459S behaves similarly to endogenous SHP-
2, whereas SHP-2 E76A bound as efficiently to Gab2 Y643F as to
Gab2 Y614F, but not to the double mutant Gab2 Y614F/Y643F,
indicating that, due to the constitutive open conformation of this
mutant, the N-SH2 domain is indeed capable of binding to phos-
phorylated single-tyrosine mutants of Gab2.

Taken together, the results presented above clearly established
that human Gab2 Tyr-643 associates with the C-SH2 domain of
SHP-2, whereas Tyr-614 is a ligand for the N-SH2 domain.

Gab2 Tyr-614 is required for SHP-2 binding in IL-2-stimulated cells

Both Tyr-614 and Tyr-643 in vitro are required for efficient binding
of SHP-2 to Gab2. However, our earlier studies in a modified yeast
two-hybrid assay have indicated that, in such an in vivo setting,
Tyr-614 was more important than Tyr-643 for interaction between
Gab2 and SHP-2 [24]. In addition, it has clearly been shown that
SHP-2 has no enzymic activity unless its N-SH2 subdomain is
ligated [2]. We therefore sought to investigate the effects of a
single mutation in position 614 of Gab2 on its ability to recruit
SHP-2 in IL-2-stimulated Kit 225 cells. To this end, Myc-tagged
full-length Gab2 constructs, either WT or Y614F, were expressed
in transient transfection experiments in Kit 225 cells. The IL-2-
induced tyrosine phosphorylation of Gab2 and its association with
SHP-2 were investigated in immunoprecipitation experiments
with anti-Myc (Figure 2A) or anti SHP-2 antibodies (Figure 2B).
As shown in Figure 2(A), Gab2 WT was phosphorylated and
interacted with SHP-2 in response to IL-2. Although the single
Y614F mutation slightly reduced the tyrosine phosphorylation
of Gab2 and its characteristic migration shift, it did not affect
association with PI3K, but completely prevented association with
SHP-2 in response to IL-2. In the reverse experiment (Figure 2B),
and consistent with the results shown above, Gab2 Y614F was
undetectable in SHP-2 immunoprecipitates. It is noteworthy that,
in cells that express Gab2 Y614F, SHP-2 immunoprecipitates did

Figure 2 Mutation of Gab2 Tyr-614 to phenylalanine abrogates IL-2-induced
association of SHP-2

(A) Tyr-614 of Gab2 is required for Gab2–SHP-2 complex formation in response to IL-2. Kit 225
cells were transiently transfected with pcDNA Myc-Gab2 or pcDNA Myc-Gab2 Y614F, cultured
24 h without IL-2, and then stimulated for 10 min with (+) or without (−) 1 nM IL-2. Cells
were then lysed and Myc-tagged proteins were immunoprecipitated with anti-Myc antibody (IP:
α-Myc). Proteins were resolved by SDS/PAGE and immunoblotted with anti-phosphotyrosine
(α-pTyr), anti-Gab2, anti-Myc, anti PI3K and anti-SHP-2 antibodies, as indicated. (B) The Y614F
mutant interferes with SHP-2 recruitment by endogenous Gab2. Kit 225 cells were transiently
transfected with pcDNA, pcDNA Myc-Gab2 or pcDNA Myc-Gab2 Y614F, cultured 24 h without
IL-2, and then stimulated for 10 min with 0.04 nM, 0.13 nM or 1 nM of IL-2, or not (0). Cells
were then lysed and SHP-2 was immunoprecipitated with anti-SHP-2 antibody (IP: α-SHP-2).
Proteins were resolved by SDS/PAGE, transferred to a PVDF membrane and immunoblotted
with α-pTyr, anti-Gab2 and anti-SHP-2 antibodies, as indicated.

not contain any significant amount of endogenous Gab2 as com-
pared with cells transfected with empty vector, suggesting
that Gab2 Y614F prevents association of SHP-2 with endogenous
Gab2 and may therefore behave as a dominant-negative mutant.
In addition, IL-2-induced tyrosine phosphorylation of SHP-2 ap-
peared to be increased in Gab2-transfected cells, and was drama-
tically reduced in the presence of Gab2 Y614F, suggesting that
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Figure 3 Interaction of SHP-2 with Gab2 is required for ERK activation in response to IL-2

(A) Gab2/SHP-2 is involved in ERK phosphorylation. Kit 225 cells were transiently co-transfected with Ha-ERK1 and pcDNA, pcDNA-Myc-Gab2 or pcDNA-Myc-Gab2 Y614F, cultured 12 h without
IL-2 and stimulated for indicated times. Cells were lysed with hot Laemmli sample buffer, and proteins were then resolved by SDS/PAGE and subjected to immunoblot analysis with anti-phospho-ERK
(IB: α-P-ERK) or anti-Ha antibodies (IB: α-Ha), as indicated. (B) Interaction of SHP-2 with Gab2 and phosphatase activity of SHP-2 are involved in Elk transactivation. Kit 225 cells were transfected
with 10 µg of plasmids coding for the desired proteins, 2 µg of Gal4-Elk, 5 µg of 5 × Gal4 luciferase reporter and 0.05 µg of pSRα-Renilla standardization reporter. The cells were left 16 h without
IL-2, and then half of the cells were stimulated with IL-2 (0.5 nM) for 8 h. Results are expressed as the means for at least three independent experiments. Expression of the desired proteins was
verified by immunoblotting with anti-Myc, anti-GST and anti-Ha antibodies (NSB, non-specific band), as indicated (for additional details, see the Experimental section).

tyrosine phosphorylation of SHP-2 depends critically on its inter-
action with Gab2. Thus the tyrosine-to-phenylalanine mutation
in position 614 is enough to prevent binding of SHP-2 to Gab2 in
IL-2-stimulated cells, and this mutant interferes with SHP-2 re-
cruitment by endogenous Gab2.

Interaction of SHP-2 with Gab2 regulates MAPK in IL-2-stimulated
T lymphocytes

Recruitment of SHP-2 by Gab family proteins has been shown to
be required for ERK activation and subsequent phosphorylation
of the Elk transcription factor in various cell models [16,18,43–
45]. It was therefore of interest to study how Gab2 participated in
IL-2 signalling in T lymphocytes from this point of view. To do
so, we first analysed the IL-2-dependent phosphorylation of an
exogenous Ha-ERK co-expressed with Gab2 WT or Gab2 Y614F
(Figure 3A). Indeed, the relatively low transfection efficiency in
Kit 225 cells has generally prevented an interpretation of the
effects on endogenous proteins, whereas analysis of Ha-ERK
allowed us to focus on cells that effectively co-express Gab2 con-
structs. Gab2 WT potentiated ERK phosphorylation induced by
IL-2 stimulation, whereas Gab2 Y614F prevented this phos-
phorylation, clearly indicating that Gab2–SHP-2 interaction is
involved in ERK activation. Since ERK phosphorylation does not
always reflect full activation of ERK, we also analysed regulation
of the MAPK pathway by monitoring Elk transactivation by
IL-2. Kit 225 cells were co-transfected with Gal4-Elk and 5 ×

Gal4 luciferase reporter in the presence or absence of the
indicated expression plasmids (Figure 3B). Expression of WT
Gab2 resulted in an approx. 4-fold increase in luciferase activity
induced by IL-2, suggesting that Gab2 is a limiting factor in
this pathway (Figure 3B). In contrast, the Gab2 Y614F construct
did not display this enhancing effect, and was even slightly (and
reproducibly) inhibitory when compared with the control vector,
suggesting that the function of Gab2 in this assay depended
upon its ability to bind SHP-2. We then tested an alternative
means of preventing this interaction, i.e. by overexpressing SHP-2
tandem SH2 domains fused to GST {GST–[(N + C)-SH2]},
which compete with endogenous SHP-2 for Gab2 binding (results
not shown). Expression of this construct significantly reduced the
IL-2 response and abrogated the enhancing effect of Gab2
overexpression. In addition, co-expression of the catalytically
inactive C459S SHP-2 mutant with WT Gab2 similarly inhibited
the Gal4-Elk-induced luciferase activity in response to IL-2, thus
indicating that phosphatase activity of SHP-2 is required in
the pathway leading from Gab2 to Elk activation. Furthermore, the
E76A constitutively active mutant of SHP-2 induced a strong
increase in luciferase activity and, unexpectedly, co-expression of
Gab2 Y614F and SHP-2 E76A induced a greater response than ex-
pression of SHP-2 E76A alone, even in absence of IL-2. A similar
response was also obtained with a Gab2 Y643F mutant, but not
with the double tyrosine-to-phenylalanine Gab2 mutant (results
not shown). One explanation, consistent with our biochemical
analysis shown in Figure 1(D), could be that due to its open
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conformation SHP-2 E76A is indeed recruited by Gab2 Y614F.
In a series of additional experiments (results not shown), Kit 225
cells were transfected with combinations of SHP-2 and MEK-
activated or dominant-negative mutants. The strong response of
the Gal4 reporter induced by constitutively active SHP-2 (SHP-2
E76A) was blocked by the K97M dead mutant of MEK (MEK
DN). In contrast, the effect of constitutively active MEK was
unaltered in the presence of SHP-2 C459S.

Taken together, the results described above indicate that, in the
IL-2-induced pathway leading to ERK activation, and depending
upon Gab2, SHP-2 participates in a step that lies upstream of
MEK activation.

Regulatory role of SHP-2 on activation of the c-fos SRE

One of the best characterized early-response genes regulated by
many growth factors, including IL-2 in T lymphocytes, is c-fos,
and it has been suggested that SHP-2 and/or ERK activation might
be involved in c-fos regulation by IL-2 [25–27]. We therefore
investigated whether the recruitment of SHP-2 on Gab2 played
any role in IL-2 regulation of the c-fos SRE. Co-expression of
WT Myc-Gab2 in Kit 225 cells evoked a strong increase in
IL-2-induced activity of a c-fos SRE luciferase reporter plasmid
(Figure 4A). Conversely, Myc-Gab2 Y614F was not only unable
to stimulate IL-2-induced SRE activity, but slightly reduced the
response as compared with empty control vector. Expression of
GST–[(N + C)-SH2] resulted in inhibition of the IL-2-induced
SRE response in a way similar to expression of Gab2 Y614F.
Completely identical results were obtained in CTLL-2 cells,
another IL-2-dependent cell line of murine origin (results not
shown), indicating that these results do not reflect a unique feature
of the Kit 225 cell line. Thus the ability of Gab2 to transmit a signal
necessary for SRE activation depends upon recruitment of SHP-2.

To directly investigate the role of SHP-2 in signalling to the
SRE, cells were transiently transfected with expression vectors
encoding WT SHP-2 or its dominant-negative C459S or constitut-
ively active E76A mutants. The results shown in Figure 4(B)
demonstrate a critical role for SHP-2 in this pathway. Whereas
SHP-2 WT had little detectable effect, indicating that it is not
limiting in Kit 225 cells, the dominant-negative mutant completely
abrogated SRE-driven luciferase expression in response to IL-2.
On the other hand, the activated mutant of SHP-2, which shows
little effect on basal levels of luciferase expression, significantly
and reproducibly increased the IL-2 response.

We then investigated the effects of these SHP-2 mutants when
expressed in combination with either Gab2 or Gab2 Y614F
(Figure 4C). The striking observation made in this series of experi-
ments was that the C459S mutant completely abrogated the effect
of Gab2 WT, whereas expression of SHP-2 E76A in combination
with Gab2, either WT or Y614F, resulted in increased luciferase
activity even in the absence of IL-2 stimulation, thus drawing
parallels with the data described above for the Gal4-Elk assay
(Figure 3B). Thus the phosphatase activity of SHP-2 and its
interaction with Gab2 are involved in IL-2 induction of the c-fos
promoter.

The Gab2/SHP-2/MEK pathway regulates the SRE CArG box

The c-fos SRE is a composite element containing an Ets box (5′-
CAGGATG), which is targeted by transcription factors of the TCF
family, such as Elk-1, and a CArG box (5′-CCATATTAGG), which
binds SRF and has been shown to be regulated by Rho family
GTPase-dependent pathways [31,46]. To investigate whether
the GTPase RhoA might be involved in SRE activation in IL-2-
stimulated T lymphocytes, the response of the SRE Luc construct

Figure 4 Interaction of SHP-2 with Gab2 is required for c-fos promoter SRE
response to IL-2

(A) Kit 225 cells were transfected with 10 µg of the indicated expression plasmids, 2 µg of
SRE Luc and 0.02 µg of pSRα-Renilla standardization reporter. The cells were left 16 h without
IL-2, and then half of the cells were stimulated with IL-2 (0.5 nM) for 8 h. (B) Kit 225 cells were
transfected with the indicated SHP-2 expression and reporter plasmids, and treated as described
in (A). (C) Kit 225 cells were transfected with the indicated expression and reporter plasmids
and treated as described in (A). Luciferase assay and control immunoblotting were performed
as described in the Experimental section (NSB, non-specific band). For all experiments, the data
shown are the means for three independent experiments, and error bars indicate the standard
deviation. SRE Luc activities are expressed relative to basal (i.e. control vector without IL-2)
after correction for Renilla luciferase activities.

was analysed in Kit 225 cells in the presence of expression
plasmids for activated (G14V) or inactive (S19N) mutants of
RhoA. As shown in Figure 5(A), RhoA-G14V significantly in-
creased luciferase activity, whereas RhoA-S19N reduced the
response to IL-2.

To delineate further whether Gab2/SHP-2 regulation of the
MEK/ERK cascade might affect the Rho pathway, we used SRE
reporter plasmids mutated either in the ERK-responsive ETS box
(CArG Luc) or in the SRF-responsive CArG box (ETS Luc). In
keeping with another study [46], WT SRE deprived of its CArG
box (ETS Luc) did not respond to any stimulation. In contrast,
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Figure 5 RhoA- and ERK-dependent regulation of SRE ETS and CArG boxes

(A) Kit 225 cells were transfected with 10 µg of Rho expression plasmids, 2 µg of SRE Luc
and 0.02 µg of pSRα-Renilla standardization reporter. The cells were left for 16 h without IL-2,
then half of the cells were stimulated with IL-2 (0.5 nM) for 8 h. Luciferase assay and control
immunoblotting were done as described in the Experimental section (NSB, non-specific band).
The data shown are the means for three independent experiments, and error bars indicate the
standard deviation. SRE Luc activities are expressed relative to basal (i.e. control vector without
IL-2) after correction for Renilla luciferase activities. (B) Kit 225 cells were transfected with 10 µg
of plasmids coding for the desired proteins, 2 µg of SRE or mutated SRE reporter plasmids
(ETS Luc = SRE�CArG, CArG Luc = SRE�ETS) and 0.02 µg of pSRα-Renilla standardization
reporter. The cells were left for 16 h without IL-2, then half of the cells were stimulated with
IL-2 (0.5 nM) for 8 h. Luciferase assay and immunoblotting were performed as described in the
Experimental section (1 = vector; 2 = MEKA; 3 = RhoA-G14V). The data shown are the means
for three independent experiments; the error bars indicate the standard deviation. Luciferase
activities are expressed relative to basal (i.e. control vector without IL-2) after correction for
Renilla luciferase activities.

the (SRE�ETS) CArG Luc reporter (with the ETS box deleted)
responded both to IL-2 stimulation and to activated MEK at a
level comparable with that of WT SRE, but displayed a much
stronger response to RhoA-G14V (Figure 5B). These results con-
firmed that indeed RhoA-G14V targets the CArG box of the SRE.

However, since the CArG Luc construct still responded signi-
ficantly to active MEK, it was possible that at least part of
the IL-2 effect depended on the Gab2/SHP-2/MEK pathway
described above. We therefore investigated whether Gab2/SHP-2
might also regulate the SRE CArG box. Overexpression of Gab2
alone enhanced the CArG Luc response and synergized its ef-

Figure 6 Effect of Gab2, SHP-2 and MEK on Rho-dependent activation of
the SRE CArG box in IL-2-stimulated cells

(A) Gab2–SHP-2 interaction is required for activation of the CArG box. (B) Effects of SHP-2 on
Rho-dependent activation of the CArG box. For these two panels, Kit 225 cells were transfected
with 2 µg of CArG Luc, 0.02 µg of pSRα-Renilla standardization reporter and 10 µg of plasmid
coding for the desired proteins, except for RhoA-G14V, which was analysed in dose–response
experiments (0, 2, 5 and 10 µg). The total amounts of transfected DNA were kept constant by
addition of empty control vector. The cells were left for 16 h without IL-2, then half of the cells were
stimulated with IL-2 (0.5 nM) for 8 h. Luciferase activity and immunoblotting were performed
as described in the Experimental section (NSB, non-specific band). (C) The Gab2/SHP-2/MEK
pathway is involved in Rho-dependent activation of the CArG box. Kit 225 cells were transfected
with 2 µg of CArG Luc, 0.02 µg of pSRα-Renilla standardization reporter and 10 µg of plasmid
coding for the desired proteins, except for RhoA-G14V, which was analysed in dose–response
experiments (0, 5 and 10 µg). The total amount of transfected DNA was kept constant by addition
of empty control vector. The cells were left for 16 h without IL-2, then half of the cells were
stimulated with IL-2 for 8 h. Luciferase section: results are expressed as the means for three
independent experiments. Luciferase activities are expressed relative to basal (i.e. control vector
without IL-2) after correction for Renilla luciferase activities.

fect efficiently with RhoA-G14V (Figure 6A). Disrupting the
interaction between Gab2 and SHP-2 with either Gab2 Y614F or
GST[(N + C)-SH2] prevented IL-2-induced luciferase response
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in the presence of RhoA-G14V. In addition, SHP-2 C459S com-
pletely abolished the IL-2 response of the CArG Luc reporter, but
showed no effect on the RhoA-G14V response in the absence of
IL-2. On the other hand, SHP-2 E76A by itself did not affect
the response of the CArG Luc construct, but potentiated the
IL-2 response when co-expressed with RhoA-G14V (Figure 6B).
These results therefore suggest that Gab2 acts via SHP-2 to
regulate events that synergize with the Rho pathway in activating
the SRE CArG box. The possible involvement of MEK in these
events was then investigated further. The experiments shown in
Figure 6(C) indicated that dominant-negative MEK blunted the
response of the CArG reporter to either IL-2 or RhoA-G14V,
whereas activated MEK potently synergized with RhoA-G14V, in
a way that was insensitive to the co-expression of C459S SHP-2.

Taken together, these results led us to the conclusion that
the Gab2/SHP-2/MEK pathway might not be required for basal
induction of the CArG box by activated Rho, but is nevertheless
critical for full induction by IL-2.

While this work was in progress, Treisman and colleagues [47]
identified MAL as a necessary co-activator of SRF, whose shut-
tling to the nucleus and activity depended upon Rho-actin signal-
ling, as well as MEK/ERK-dependent phosphorylation. These two
features would make MAL an interesting candidate to integrate
Gab2-initiated signals and explain their synergy with Rho, as
described above. This hypothesis was investigated directly by
assessing the effects of expressing either WT MAL or a MAL
protein deleted of its activation domain (MAL�Act) upon Gab2
stimulation of SRF. Expression of wt MAL alone (5 µg of plas-
mid) induced robust activity from the CarG-Luc reporter indepen-
dently of IL-2 stimulation, and MAL�Act reduced the response
(Figure 7A). MAL�Act also completely abolished the poten-
tiating effect of Gab2, whereas Gab2 Y614F did not antagonize
the effect of WT MAL. We then performed a titration of the MAL
expression plasmid together with a constant amount of either
Gab2 or Gab2 Y614F (Figure 7B). These experiments clearly
demonstrated that the ability of Gab2 to potentiate the CArG
Luc response to low amounts (1 µg or less) of MAL expression
plasmid depended upon the presence of Tyr-614. Thus MAL is
likely to represent a target for the Gab2/SHP-2/MEK/ERK path-
way in IL-2-stimulated T lymphocytes.

DISCUSSION

In the past few years, impressive progress has been made in under-
standing the signalling pathways whereby IL-2 mediates its bio-
logical activities. Both the IL-2Rγ and β chains are critical to sig-
nal transduction, with an essential role of the γ chain in activating
the JAK kinases. The IL-2Rβ chain then becomes tyrosine-phos-
phorylated and initiates two major signalling pathways: the Ras/
MAPK pathway is activated following binding of Shc to IL-2Rβ
Yp338, which recruits the Grb2/Sos complex to activate Ras, and
the JAK/STAT pathway is activated upon recruitment of STAT5
to IL-2Rβ Yp510, followed by JAK-dependent phosphorylation
of STAT and its translocation to the nucleus, where it acts as a
potent transcription factor to regulate expression of a wide array
of genes [21,25,41,48]. In addition, although either chain of the
receptor lacks consensus sequences for binding of the p85 subunit
of PI3K, IL-2 activates PI3K, which itself via protein kinase B
(PKB)/Akt regulates various aspects of cell survival and cell
cycle progression [49]. The identification and characterization
of Gab2, a major tyrosine kinase substrate in cytokine signalling,
provided the missing link in PI3K activation by IL-2, as it contains
three functional binding sites (pYXXM, where ‘pY’ represents
phosphotyrosine and ‘X’ any amino acid) for recruitment of the
tandem SH2 domains of the PI3K subunit [24,50]. Furthermore,

Figure 7 Gab2 potentiates the effects of MAL on CarG-driven transcription

(A) Kit 225 cells were transfected with 2 µg of CArG Luc, 0.02 µg of pSRα-Renilla
standardization reporter, MAL (5 µg) and/or Gab2 (10 µg) expression plasmids. The cells
were left for 16 h without IL-2, then half of the cells were stimulated with IL-2 for 8 h. Insert:
expression of WT MAL and MAL�Act proteins was assessed in parallel samples following
anti-Ha immunoprecipitation and anti-Mal immunoblotting. (B) Same as in (A) except that the
MAL expression plasmid was used at various concentrations. Total amount of transfected DNA
was kept constant by addition of empty control vector. Results are expressed as the means for
two independent experiments. Luciferase activities are expressed relative to basal (i.e. control
vector without IL-2) after correction for Renilla luciferase activities.

Gab2 contains additional binding sites, e.g. for the CrkL SH2 do-
main, and for SHP-2, an important tyrosine phosphatase, that had
been described to be involved in IL-2 signalling, but whose mode
of activation and function had remained elusive [18,23,51,52].

All three Gab family members known today share a bisphos-
photyrosyl motif at their C-terminal end that has been shown
to be necessary for SHP-2 binding. For instance, C-terminal-
deletion mutants of Gab2, or Gab2 mutated in these two tyrosine
residues, no longer associate with SHP-2 and inhibit various
aspects of cytokine or receptor tyrosine kinase signalling [18,44].
We have shown in the present study that mutating Tyr-614 alone
destabilizes IL-2-induced complex formation between Gab2 and
SHP-2. This is consistent with a recent report [43] where a similar
mutant of Gab2 was introduced into Bcr-Abl-expressing cells and
shown to inhibit the ERK pathway leading to Elk activation. Our
finding that, when phosphorylated, Tyr-614 of Gab2 is a ligand
for the N-SH2 domain of SHP-2 implied that, even if residual
low-affinity binding would occur through C-SH2 recognition of
Tyr-643 of Gab2, a Gab2 Y614F mutant would not activate SHP-2.
This is indeed what we observed, since this mutant lost its ability to

c© 2004 Biochemical Society



554 M. Arnaud and others

induce ERK activation and Elk transactivation in IL-2-stimulated
T lymphocytes. Notably, previous studies have demonstrated a
similar scheme in the interaction between Gab1 and SHP-2, in
which Tyr-627 of Gab1, the residue equivalent to Tyr-614 of Gab2,
binds the N-SH2 of SHP-2, and is required for signalling [16,53].
Further support for the critical role of SHP-2 recruitment by Gab2
is provided by our results showing that, probably because of its
open conformation, constitutively active SHP-2 E76A is able to
interact with Gab2 Y614F and synergizes with Gab2 Y614F in
Elk and SRF activation.

We also report here that the recruitment of SHP-2 to Gab2
is required for its tyrosine phosphorylation in response to IL-2.
Although the role of SHP-2 tyrosine phosphorylation in regulating
its catalytic activation remains controversial, it has been shown
to provide a binding site for the Grb2 SH2 domain [4,10]. Thus
SHP-2 is involved in signalling either through its phosphatase
activity or through its adapter function, or both. The relative im-
portance of Gab2/SHP-2-dependent events may vary depending
on cell type and on the receptor system that is addressed [14].
Indeed, different receptors recruit SHP-2 in different ways; for
instance, PDGF-R, the EPO receptor as well as gp130 bind SHP-2
directly [54–56], whereas other receptors might use the Shc/Grb2
adapters or proteins of the IRS/Gab family [8]. These differences
might explain some of the discrepancies that can be found in the
literature regarding the role of the Gab/SHP-2 connection in regu-
lating the MAPK pathway. Indeed, whereas catalytically inactive
(C459S) SHP-2 has generally been found to inhibit MAPK activ-
ation, the use of Gab mutants unable to associate with SHP-2 has
generated contradictory results, suggesting that requirement for
Gab2/SHP-2 in MAPK activation may depend on whether potent
alternative and more direct pathways (Grb2/Sos) are engaged
by the specific growth factor/cell-type combination studied
[18,43,44]. In contrast, all publications seem to agree upon a
critical role of Gab proteins in signalling, through SHP-2, to
activation of the Ets family transcription factor Elk-1. We report
here that Gab2 Y614F is able to block not only Elk-1 transactiv-
ation, but also ERK phosphorylation in response to IL-2. Thus
our results demonstrate that, in T lymphocytes, activation of
ERK in response to IL-2 depends upon the ability of Gab2 to
recruit SHP-2. Although this has not been formally established,
this dominant-negative effect of Gab2 Y614F probably reflects
its ability to compete with endogenous Gab2 for membrane or
receptor association. Furthermore, catalytically inactive or con-
stitutively active SHP-2 respectively inhibits or increases Elk
transactivation, and additional experiments (results not shown)
with combinations of MEK and SHP-2 mutants clearly positioned
SHP-2 upstream of MEK in this pathway. These results suggest
that SHP-2 acts by dephosphorylating a critical, as-yet-uniden-
tified substrate required for MEK activation, rather than through
its adaptor function.

We were then interested in trying to understand how c-fos,
an immediate-early gene induced upon IL-2 stimulation and
known to depend in part on the MEK/ERK pathway, might be
regulated through the Gab2/SHP-2 connection. Studies reported
here using a WT c-fos SRE Luc construct are consistent with
the Gab2/SHP-2 regulation of Elk, as discussed above. Indeed,
Gab2 Y614F and tandem SH2 of SHP-2 blocked IL-2-induced
activation of the SRE reporter, suggesting that the SRE is a major
target for Gab2 regulation of c-fos expression. Moreover, we have
shown that SHP-2 C459S inhibited the response of SRE Luc
to IL-2, and prevented the enhancing effect of overexpressed
Gab2, whereas SHP-2 E76A strongly increased the response
when co-expressed with Gab2. However, full response of the
c-fos SRE requires co-operativity between Elk-1/TCF and SRF.
At this stage in our studies, it remained to be investigated whether

Scheme 1 IL-2-induced regulation of c-fos promoter involves Gab2 and
SHP-2

IL-2 induces phosphorylation of Gab2, which recruits and activates SHP-2. The Gab2–SHP-2
complex acts upstream of MEK to activate ERK. ERK regulates c-fos SRE induction in two ways:
on the one hand, ERK phosphorylates Elk-1, thus targeting the ETS box of SRE; on the other
hand, ERK may also phosphorylate MAL, which, depending on additional signals mediated by
the GTPase Rho, allows SRF to drive transcription from the CArG box of the SRE.

the IL-2-induced interaction between Gab2 and SHP-2 might
also influence transcriptional activity of SRF. We therefore used
an SRE reporter plasmid mutated in the ERK-responsive ETS-
box, but with a functional SRF-responsive CArG-box (CArG
Luc). SRF has been reported to be regulated by Rho family
GTPase-induced changes in actin dynamics and cytoskeleton
remodelling [31,57,58]. Although to our knowledge it has not yet
been formally established that IL-2 activates the GTPase RhoA,
IL-2 induces morphological changes and reorganization of the
actin-based cytoskeleton that strongly suggest the involvement of
Rho-dependent pathways ([59] and results not shown). We have
not directly addressed this question in the present study, but our
data indicate that an activated mutant of RhoA synergizes with
IL-2 for regulation of SRE- and CArG-driven transcription, and
that the IL-2 response of these reporter plasmids is reduced by
the dominant-negative RhoA-S19N. From the results presented
here, a major role appears to be attributable to MEK/ERK in the
synergistic effects of activated Rho and IL-2 in regulating SRF-
driven transcription of the CArG box Luc construct. SRF activity
depends critically on its interaction either with TCF (Elk1) or with
MAL, a recently described co-activator. It is of interest that the
SRF co-activator function of MAL is modulated by both RhoA
and MAPK signalling, suggesting that MAL may integrate signals
from different signalling pathways [47]. Our finding that Gab2
synergizes with MAL in controlling SRF-driven transcription
indicates that such mechanisms may indeed be playing a role
in IL-2-stimulated lymphocytes.

Thus we report here that IL-2 activates SHP-2 via Gab2, and
that the phosphatase activity of SHP-2 is required to regulate
c-fos SRE induction via MEK/ERK-dependent pathways. ERK
then leads to TCF (Elk1) phosphorylation to regulate the ETS
box, and participates in regulation of the SRF co-activator MAL,
itself acting on the CArG box of the SRE (Scheme 1). Whether
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these represent synergistic or alternative effects remains to be
investigated. A better understanding of the molecular mechanisms
at play in these events will have to await identification of the
critical SHP-2 substrates and Rho effectors which are involved in
these pathways.
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