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The active forms of STAT5A (signal transducer and activator of
transcription 5A) and STAT5B are able to relieve the cytokine
dependence of haematopoietic cells and to induce leukaemia in
mice. We have demonstrated previously that activation of the PI3K
(phosphoinositide 3-kinase) signalling cascade plays a major role
in cell growth and survival induced by these proteins. Interaction
between STAT5 and p85, the regulatory subunit of the PI3K,
has been suggested to be required for this activation. We show
in the present study that the scaffolding protein Gab2 [Grb2
(growth-factor-receptor-bound protein 2)-associated binder-2] is
an essential component of this interaction. Gab2 is persistently
tyrosine-phosphorylated in Ba/F3 cells expressing caSTAT5
(constitutively activated STAT5), independent of JAK2 (Janus
kinase 2) activation where it interacts with STAT5, p85 and Grb2,
but not with SHP2 [SH2 (Src homology 2)-domain-containing
tyrosine phosphatase] proteins. Interaction of STAT5 with Gab2
was also observed in Ba/F3 cells stimulated with interleukin-3 or

expressing the oncogenic fusion protein Tel–JAK2. The MAPKs
(mitogen-activated protein kinases) ERK1 (extracellular-signal-
regulated kinase 1) and ERK2 were constitutively activated in
the caSTAT5-expressing cells and were found to be required
for caSTAT5-induced cell proliferation. Overexpression of Gab2-
3YF, a mutant of Gab2 incapable of binding PI3K, inhibited the
proliferation and survival of caSTAT5-expressing cells as well
as ERK1/2 and Akt/protein kinase B phosphorylation. Taken
together, our results indicate that Gab2 is required for caSTAT5-
induced cell proliferation by regulating both the PI3K/Akt and
the Ras/MAPK pathways.

Key words: Gab2, growth-factor-receptor-bound protein 2 (Grb2),
mitogen-activated protein kinase (MAPK), phosphoinositide
3-kinase (PI3K), proliferation, signal transducer and activators
of transcription 5 (STAT5).

INTRODUCTION

STAT (signal transducer and activator of transcription) tran-
scription factors play a central role in cytokine-dependent survival
and proliferation of haematopoietic cells [1]. After cytokine
addition, STAT proteins become tyrosine-phosphorylated and
subsequently dimerize, forming homo- or heterodimers, trans-
locate into the nucleus where they bind to specific elements in the
promoter of target genes and activate transcription. The STAT pro-
tein family comprises seven members including the two closely
related STAT5A and STAT5B molecules sharing 96% homology
at the amino acid level. Mice in which STAT5a and STAT5b
genes were deleted revealed redundant and specific functions of
both proteins. STAT5a−/− mice have a profound defect in mam-
mary gland development and in prolactin response, whereas
STAT5b−/− mice display a defect in growth hormone response
[2]. Simultaneous inactivation of STAT5a/b genes demonstrated
the requirement of both proteins in myeloid and lymphoid cell
proliferation. Indeed, erythroblasts, myeloid cells, mast cells, peri-
pheral T-cells, NK cells and B cells display impaired proliferation
and/or survival in mice lacking expression of STAT5 proteins
[3–7]. STAT5 is also required to sustain the lympho-myeloid
repopulating activity of haematopoietic stem cells [8].

Besides the physiological role of STAT5 in haematopoietic cell
development, there is increasing evidence suggesting that in-
appropriate activation of STAT5 may contribute to the devel-

opment of leukaemia and solid cancer [9–12]. STAT5 is frequently
hyperactivated in cancer and leukaemia, most probably by
alterations in tyrosine kinase or phosphatase activities. Consti-
tutively active STAT5A or STAT5B mutants (caSTAT5) that
closely mimic the wild-type STAT5 function have been identified
by random mutagenesis. These mutants display oncogenic pro-
perties in vitro and in vivo and fully restore the defective phenotype
of STAT5a/b−/− mice [13,14]. Since STAT5 is only a part of the
distinct signalling cascades elicited by oncogenic tyrosine kinases
or by cytokines, the use of caSTAT5 represents an attractive
tool to determine the contribution of this transcription factor in cell
growth and transformation. caSTAT5 promotes cell survival and/
or proliferation by regulating the expression of genes involved
in the control of cell cycle and survival like bcl-xL, cyclins D1
and D2, p21waf1 and pim-1 [4,15,16]. STAT5 proteins may also
constitute important components of certain signal-transduction
pathways. Indeed, STAT5 interacts with the SH2 (Src homo-
logy 2)-SH3 domain adapter protein CrkL and with PI3K (phos-
phoinositide 3-kinase) [17,18]. In addition, STAT5 has been
shown to regulate Fas-mediated cell death [19]. Thus biological
responses elicited by STAT5 may involve not only its nuclear
function but also its capacity to regulate different signalling
cascades.

We previously reported that caSTAT5 proteins (STAT5A1∗6
and STAT5B1∗6) interact with p85, the regulatory subunit of
the PI3K and activate the PI3K/Akt pathway in Ba/F3 cells.

Abbreviations used: ERK, extracellular-signal-regulated kinase; Grb2, growth-factor-receptor-bound protein 2; Gab2, Grb2-associated binder-2; GFP,
green fluorescent protein; GST, glutathione S-transferase; IL-3, interleukin-3; IRS, insulin receptor substrate; JAK, Janus kinase; MAPK, mitogen-activated
protein kinase; NP40, Nonidet P40; PH domain, pleckstrin homology domain; PI3K, phosphoinositide 3-kinase; SH2, Src homology 2; SHP2, SH2-domain-
containing tyrosine phosphatase; STAT5, signal transducer and activator of transcription 5.
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Figure 1 Interaction between STAT5, Gab2 and p85

(A) Schematic representation of the caSTAT5 mutants (STAT5A1∗6 and STAT5B1∗6). The regulatory domains and mutations are shown. (B) Cell lysates were prepared from Ba/F3 cells stimulated
(lane 2) or not (lane 1) with IL-3 (10 ng/ml) for 30 min or from Ba/F3 cells expressing caSTAT5A (lane 3), caSTAT5B (lane 4) or Tel–JAK2 (lane 5). The p85 subunit of PI3K was immunoprecipitated
with specific antibodies and the presence of co-precipitated STAT5, IRS-2 and Gab2 was specifically assessed by Western blotting. The membrane was reprobed with anti-p85 antibodies. (C) The
same cell lysates were used for immunoprecipitation with anti-STAT5 (left panel) and anti-Gab2 (right panel), then analysed by Western blotting for the presence of p85 and Gab2 or anti-p85 and
STAT5 respectively. The membranes were reprobed with the antibodies used in immunoprecipitation. (D) STAT5 was immunoprecipitated from caSTAT5-containing cell lysates that have been or not
immunodepleted of Gab2. The association of p85 with STAT5 was next determined by immunobloting with anti-p85 antibodies.

This interaction was also demonstrated in cells transformed by
the oncogenic fusion proteins Tel–JAK2 (where JAK2 stands for
Janus kinase 2) as well as in cells stimulated with erythropoietin
or IL-3 (interleukin-3) [20]. We demonstrate herein that STAT5
associates with the scaffolding protein Gab2 [Grb2 (growth-
factor-receptor-bound protein 2)-associated binder-2], which
plays an essential role in caSTAT5-induced cell proliferation and
survival by activating the PI3K/Akt and Ras/MAPK pathways
(where MAPK stands for mitogen-activated protein kinase).

EXPERIMENTAL

Cell culture and reagents

Parental Ba/F3 cells and Ba/F3 cell lines expressing STAT5A1∗6
(caSTAT5A), STAT5B1∗6 (caSTAT5B) (see Figure 1A) or the
Tel–JAK2 proteins were maintained in RPMI 1640 medium as
described previously [20,21]. Recombinant murine IL-3 was
purchased from Valbiotech (Paris, France) and the MEK [MAPK/
ERK (extracellular-signal-regulated kinase) kinase] inhibitor
UO126 was from Sigma.

Plasmids and transfections

Gab2-3YF and Gab2-WT cDNAs were amplified by PCR from the
p-EBB-Gab2-3YF and pEBB-Gab2-WT plasmids respectively
and the Gab2/�SHP2 (where SHP2 stands for SH2-domain-
containing tyrosine phosphatase) cDNA from the pMSCV/IRES
plasmid, then subcloned at the NotI and XhoI sites of the
pIRES-hrGFP vector (Stratagene, La Jolla, CA, U.S.A.; GFP
stands for green fluorescent protein). In transient transfection
assays, constructs (25 µg) were electroporated in parental Ba/F3,
caSTAT5A-, caSTAT5B- or Tel–JAK2-expressing cells (250 V,
960 µF). Electroporated cells were expanded for 24 h in RPMI

1640 medium and the GFP+ cells were sorted by flow cytometry
(Elite, Becton Dickinson, Le Pont de Claix, France). Proliferation
and viability were then examined by counting viable cells using
the Trypan Blue dye exclusion method.

Apoptosis studies

Cells were washed with PBS, 24 h after transfection with the
Gab2-3YF construct and resuspended in 10 mM Hepes (pH 7.4),
140 mM NaCl and 2.5 mM CaCl2. Annexin V–PE was added to
the cells for 15 min and the percentage of annexin V+, GFP+
cells was next determined by flow cytometry.

Western blotting and immunoprecipitation studies

NP40 (Nonidet P40) cell lysates were separated by SDS/PAGE
and blotted on to a cellulose membrane (Hybond-C super mem-
brane; Amersham Life Science). Blots were incubated with anti-
bodies specific for: STAT5A and STAT5B (Zymed, San
Francisco, CA, U.S.A.), STAT5 (BD Biosciences, San Diego,
CA, U.S.A.), Gab2 (M19), Shp2 (C-18), IRS-2 (insulin receptor
substrate-2; H-205), Akt (H-136), JAK2 (C-20), actin (C-11;
Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and Grb2
(Cell Signaling Technology, Beverly, MA, U.S.A.). We used also
antibodies raised against the following phosphorylated proteins:
P-STAT5 (Zymed), Pser473-Akt, P-ERK1/ERK2 (Thr202/Tyr204)
(Cell Signaling Technology), P-JAK2 (Tyr1007) (Santa Cruz Bio-
technology). The anti-FLAG and the anti-phosphotyrosine (4G10)
monoclonal antibodies were purchased from Stratagene and
Upstate Biotechnology (Lake Placid, NY, U.S.A.) respectively.
The rabbit polyclonal anti-p85 antibody was described elsewhere
[18]. Immunoprecipitation experiments were performed as de-
scribed previously [18]. In some experiments, the levels of
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phosphorylated ERK1/2 and Akt were quantified by using the
NIH Image software.

In vitro association with p85

The GST (glutathione S-transferase) fusion protein containing the
two SH2 domains of p85 was produced in bacteria and purified
on glutathione–agarose beads. In vitro mixing experiments were
performed as follows: cell extracts (1.5 mg of protein) were first
precleared with a GST protein bound to glutathione–agarose for
1 h. Cell extracts were next mixed with GST-SH2-p85 fusion
proteins at room temperature (18 ◦C) for 1 h and then the glu-
tathione–agarose beads coupled with GST-SH2-p85 were ex-
tensively washed six times with NP40 lysis buffer containing
1% NP40, 50 mM Tris (pH 7.5), 150 mM NaCl, 10% (v/v)
glycerol, 0.5 mM PMSF, 1 mM Na2VO4 and a cocktail of protease
inhibitors (Roche, Indianapolis, IN, U.S.A.). Proteins were
eluted using Laemmli’s buffer [39], subjected to SDS/PAGE and
immunoblotting was performed with specific antibodies.

RESULTS

STAT5 interacts with Gab2 and p85 in Ba/F3 cells

Although the interaction between STAT5 and p85 has been
observed in various cell types, it remained unclear whether
STAT5A1∗6 or STAT5B1∗6 (referred in the text as caSTAT5A
and caSTAT5B, Figure 1A) could trigger PI3K activation and cell
growth via this interaction or indirectly via a secreted humoral
factor. Secretion of such a STAT5-induced factor has been
recently suggested to contribute to the activation of NF-κB
(nuclear factor κB) in Ba/F3 cells [22]. We tested the capacity
of conditioned media obtained from caSTAT5A- and caSTAT5B-
expressing Ba/F3 cell cultures to induce the proliferation of
IL-3-starved Ba/F3 cells, but failed to observe any growth-
promoting effects (results not shown). In addition, expression of
caSTAT5 rapidly relieved the IL-3 dependence of Ba/F3 cells
within 24 h (results not shown), indicating that induction of
growth by caSTAT5 was rather due to its signalling properties
than the effects of putative humoral factor acting in an autocrine
loop. We therefore extensively analysed the way in which p85
interacts with STAT5 in Ba/F3 cells expressing caSTAT5A or
caSTAT5B and, as control, in Ba/F3 cells stimulated with IL-3
or expressing the oncogenic fusion protein Tel–JAK2. It has been
previously shown that in cytokine- or growth factor-stimulated
cells, p85 interacts with the PH domain (pleckstrin homology
domain)-containing adapter proteins Gab2 and/or IRS-2 that
play a crucial role in PI3K activation [23,24]. To analyse this
possible in situ association, p85 was immunoprecipitated from ly-
sates of Ba/F3 cells stimulated or not with IL-3 and from Ba/
F3 cells expressing caSTAT5A, caSTAT5B or Tel–JAK2. Im-
munoblotting was next performed with anti-STAT5, anti-IRS-2
or anti-Gab2 antibodies (Figure 1B). Co-precipitation of
IRS-2 with p85 was observed in unstimulated Ba/F3 cells and
was further increased upon IL-3 treatment (lane 2). IL-3 also
induced association of p85 with Gab2 and STAT5. This interaction
was constitutive in Ba/F3 cells expressing caSTAT5A, caSTAT5B
or Tel–JAK2 (lanes 3–5). We next determined whether Gab2 or
IRS-2 interacts with STAT5 in these different cell lines.
STAT5A and STAT5B were precipitated with specific monoclonal
antibodies using the different cell lysates as described above and
the co-immunoprecipitation of Gab2 and p85 was next estimated
by immunoblotting (Figure 1C, left panel). Again, IL-3 stimu-
lation of Ba/F3 cells induced the interaction of Gab2 and p85
with STAT5, whereas constitutive association of these proteins
was observed in caSTAT5- or Tel–JAK2-expressing cells. In

Figure 2 Gab2 is tyrosine-phosphorylated in caSTAT5-expressing Ba/F3
cells

(A) NP40 cell lysates were first subjected to immunoprecipitation with an anti-Gab2 antibody and
then analysed by immunoblotting with an anti-phosphotyrosine antibody (4G10). The membrane
was reprobed with anti-Gab2 antibody. (B) Total cell lysates were subjected to SDS/PAGE and
then immunoblotted with anti-phospho-Tyr1007-JAK2 antibody. The membrane was reprobed
with an anti-JAK2 antibody.

contrast, we failed to detect the presence of IRS-2 in the STAT5
immunoprecipitates (results not shown). To confirm the specificity
of the Gab2–STAT5 interaction, Gab2 was immunoprecipitated
from the same cell lysates and the presence of co-precipi-
tated STAT5 was assessed by immunoblotting (Figure 1C, right
panel). STAT5 was associated with Gab2 in IL-3-stimulated Ba/F3
cells and in caSTAT5-expressing Ba/F3 cells. The presence of p85
in both Gab2 and STAT5 immunoprecipitates was also confirmed
by reprobing the membrane with anti-p85 antibody. To determine
whether Gab2 was required for the STAT5–PI3K interaction, we
immunoprecipitated STAT5 from a caSTAT5Ba/F3 cell lysate
depleted of Gab2 by prior immunoprecipitation with Gab2
antibodies. The presence of p85 in the immunoprecipitates was
next analysed by immunoblotting (Figure 1D). In Gab2-depleted
lysates, p85 did not interact with STAT5, indicating that the
binding of STAT5 to p85 requires Gab2 (Figure 1D, lane 2). Col-
lectively, these results suggest that STAT5 interacts with Gab2
but not with IRS-2 in Ba/F3 cells and together with p85 forms a
signalling complex.

Gab2 is tyrosine-phosphorylated in caSTAT5-expressing
Ba/F3 cells

It is assumed that tyrosine phosphorylation of Gab2 is required
before its interaction with p85. We thus evaluated whether Gab2
was tyrosine-phosphorylated in caSTAT5-expressing Ba/F3 cells.
Gab2 was immunoprecipitated from caSTAT5A- or caSTAT5B-
expressing Ba/F3 cells and revealed by Western blotting using
the 4G10 anti-phosphotyrosine antibody. As a control, tyrosine
phosphorylation of Gab2 was also examined in Ba/F3 cells
stimulated with IL-3 or expressing Tel–JAK2 (Figure 2A). Gab2
was tyrosine-phosphorylated in IL-3-stimulated Ba/F3 cells
as well as in cells expressing caSTAT5 or Tel–JAK2. However,
tyrosine phosphorylation of Gab2 was less pronounced in
caSTAT5-expressing Ba/F3 cells as estimated by the intensity
of the Gab2 band and its faster mobility in the gel. We next
analysed the contribution of JAK2 in the phosphorylation of Gab2
in caSTAT5-expressing cells. Western blots were performed using
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Figure 3 In vitro association of Gab2, STAT5 and the SH2 domains of p85

(A) Cell lysates were prepared from Ba/F3 cells stimulated or not with IL-3 for 30 min and
incubated with glutathione–agarose beads coupled with either GST protein alone (lanes 3–6) or
GST-p85-SH2 (N + C) (lanes 1, 2, 7 and 8). Proteins eluted from the beads were analysed by
Western blotting with anti-Gab2 (left panel) or anti-STAT5 (right panel) antibodies. Membranes
were reprobed with anti-GST antibody. (B) A similar experiment was conducted with cell
extracts from caSTAT5B- and Tel–JAK2-expressing cells. Interaction of STAT5 and Gab2 with
GST-p85-SH2 (N + C) (lanes 1 and 3) or GST alone (lanes 2 and 4) was determined by
immunoblotting. The membrane was reprobed with the anti-GST antibody.

an antibody that specifically recognizes the residue phospho-
Tyr1007 of JAK2 which plays a crucial role in its activation (Fig-
ure 2B). No activated JAK2 was detected in cells expressing the
caSTAT5 proteins, whereas both JAK2 and Tel–JAK2 were phos-
phorylated in Ba/F3 cells stimulated with IL-3 or expressing the
oncogenic fusion protein respectively. We also failed to detect
the tyrosine phosphorylation of JAK2 immunoprecipitated from
caSTAT5Ba/F3 cell extracts (results not shown). Thus the low but
significant tyrosine phosphorylation of Gab2 is independent of
JAK2 activation in Ba/F3 cells expressing caSTAT5.

In vitro association of Gab2 and STAT5 with the SH2 domains of p85

The structure of p85 is characterized by the presence of two SH2
domains. We thus aimed to determine whether the interaction
of p85 with Gab2 and STAT5 was SH2-domain-dependent. A
GST fusion protein containing both the N- and C-terminal SH2
domains of p85 [GST–SH2 (N + C)] was mixed with cell lysates
from Ba/F3 cells stimulated or not with IL-3 and from Tel–JAK2-
or caSTAT5B-expressing Ba/F3 cells. Proteins bound to the GST-
p85-SH2 (N + C) were analysed by immunoblotting with anti-
Gab2 and anti-STAT5 antibodies. In Ba/F3 cells, IL-3 induced
the binding of the GST-p85-SH2 (N + C) protein to Gab2 and
STAT5 (Figure 3A, lanes 1 and 8). No interactions were observed
when extracts were mixed with the GST protein alone (lanes 3–6).
In Tel–JAK2 or caSTAT5B cell lysates, Gab2 and STAT5 were
constitutively bound to the GST–SH2 (N + C) protein (Figure 3B,
lanes 1 and 3). We conclude from these experiments that the p85
SH2 domains are sufficient for the interaction of p85 with Gab2
and tyrosine-phosphorylated STAT5.

Gab2 interacts with Grb2 but not Shp2 in caSTAT5-expressing
Ba/F3 cells

The Shp2 tyrosine phosphatase and the Grb2 adapter are the major
Gab2-binding proteins in IL-3-stimulated Ba/F3 cells and such

Figure 4 Gab2 associates with Grb2 but not with Shp2 in caSTAT5-
expressing Ba/F3 cells

Anti-Gab2 immunoprecipitates obtained from NP40 cell lysates were analysed by
immunoblotting for the presence of Shp2 (Figure 5A) or Grb2 (Figure 5B). Membranes were
reprobed with the anti-Gab2 antibody.

interactions have been shown to trigger the activation of the Ras/
MAPK signalling cascade [25–27]. We therefore analysed the
association of Gab2 with Shp2 and Grb2 in Ba/F3 cells ex-
pressing caSTAT5 or Tel–JAK2 as well as in parental Ba/F3
cells stimulated with IL-3. Immunoprecipitations of Gab2 were
performed using the different Ba/F3 cell lysates, and the presence
of Shp2 and Grb2 in the immunoprecipitates was examined by
immunoblotting. Association of Shp2 with Gab2 was detected
in Ba/F3 cells stimulated with IL-3 or expressing the Tel–JAK2
oncogenic fusion, but not significantly in caSTAT5-expressing
cells (Figure 4A). In contrast, Grb2 was found associated with
Gab2 in all cell lines (Figure 4B). This interaction was present at
weak levels in starved Ba/F3 cells and was sharply enhanced upon
IL-3 stimulation. Association of Grb2 with Gab2 was constitutive
in cells expressing caSTAT5 or Tel–JAK2. Similarly, Grb2 but not
Shp2 was present in the STAT5 immunoprecipitates from
caSTAT5-expressing Ba/F3 cell extracts (results not shown).
Taken together, these findings suggest that Gab2 and STAT5 inter-
act with Grb2 but not Shp2 in caSTAT5-expressing Ba/F3 cells.

MAPK signalling is persistently activated in caSTAT5-expressing
Ba/F3 cells leading to cell proliferation

The absence of Shp2 in the Gab2/caSTAT5 immunocomplex
prompted us to analyse whether or not the phosphorylation of
ERK1 and ERK2 was affected in caSTAT5-expressing cells. Cell
extracts were prepared as described above and analysed by
Western blotting with specific anti-phospho-ERK antibodies
(Figure 5A). IL-3 induced the phosphorylation of ERK1 and
ERK2 (lane2), while this activation was found to be constitutive in
caSTAT5- and Tel–JAK2-expressing cells (lanes 3–5). To evaluate
further the contribution of these protein kinases in the growth of
caSTAT5-expressing cells, cells were incubated with the MEK
inhibitor U0126. Addition of 10 µM U0126 abrogated ERK1 and
ERK2 phosphorylation and cell proliferation (Figures 5B, lanes 2
and 4, and Figure 5C). These results indicate that activation
of ERK1/2 plays an important role in caSTAT5-induced cell
proliferation and does not require a Gab2–Shp2 interaction.

c© 2005 Biochemical Society
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Figure 5 Constitutive activation of ERK1 and ERK2 in caSTAT5-expressing
Ba/F3 cells: role in proliferation

(A) Total cell lysates from Ba/F3 cells unstimulated (lane 1) or stimulated (lane 2) with IL-3
(10 ng/ml for 30 min) or from caSTAT5A- (lane 3), caSTAT5B- (lane 4) and Tel–JAK2- (lane 5)
expressing cells were subjected to SDS/PAGE and immunoblotted with anti-phospho-ERK1/
ERK2 antibody. The membrane was reprobed with an anti-ERK1/ERK2 antibody. (B) caSTAT5A-
and caSTAT5B-expressing Ba/F3 cells were left untreated (ethanol) (lanes 1 and 3) or treated
with U0126 (10 µM) for 24 h (lanes 2 and 4). Total cell lysates were prepared and analysed
by Western blotting with anti-phospho-ERK1/ERK2 antibody. The membrane was reprobed with
an anti-ERK1/ERK2 antibody. (C) caSTAT5A- and caSTAT5B-expressing Ba/F3 cells were treated
or not with U0126 (10 µM) for the indicated time periods and the number of viable cells was
determined daily, using the Trypan Blue dye exclusion method. Results shown are representative
of three experiments.

Gab2 is required for the proliferation and survival of
caSTAT5-expressing Ba/F3 cells

We next evaluated the role of Gab2 in caSTAT5-induced pro-
liferation and survival in Ba/F3 cells. We used a Gab2 mutant
(Gab2-3YF) in which the residues Tyr441, Tyr465 and Tyr574, three
potential p85-binding sites, were changed to phenylalanine and
a Gab2�SHP2 mutant containing phenylalanine substitutions at
the two potential Shp2-binding sites (Tyr604/Tyr633). Expression
of such mutants has been previously shown to inhibit the activ-
ation of the PI3K and Ras/MAPK pathways respectively [25,28].
The Gab2 mutants or the wild-type Gab2 were introduced
in a bi-cistronic expression vector carrying the hrGFP gene
(pIREShrGFP) and were fused in their C-terminal part to the
FLAG-tagged sequence. Ba/F3 cells and caSTAT5- and Tel–
JAK2-expressing Ba/F3 cells were transiently transfected with the
different Gab2 constructs or the empty vector and, 24 h later, GFP-
expressing cells were sorted by flow cytometry. The growth rate

of GFP+ cells was next determined in a time-course experiment
(Figure 6A). Expression of Gab2-3YF inhibited the proliferation
of caSTAT5A- and caSTAT5B-expressing Ba/F3 cells, while
expression of the Gab2-WT or the Gab2�SHP2 mutant were
without effect. In contrast, the growth of parental Ba/F3 cells was
affected by the Gab2�SHP2 and to a lesser extent by the Gab2-
3YF. Tel–JAK2-expressing Ba/F3 cells remained insensitive to
the expression of these mutants.

We next examined whether expression of Gab2-3YF interfered
in the survival of caSTAT5-expressing cells. caSTAT5B- or Tel–
JAK2-expressing Ba/F3 cells transfected with the Gab2-3YF
construct were labelled with PE-conjugated annexin V and ana-
lysed by flow cytometry to determine the content of apoptotic
cells (annexin V+/GFP+; Figure 6B). Expression of Gab2-3YF
induced apoptosis of caSTAT5B-expressing Ba/F3 cells but did
not affect the survival of Tel–JAK2-expressing cells.

Gab2 is required for caSTAT5-induced Akt and ERK1/2
phosphorylation

We next evaluated the activation of Akt and ERKs in the dif-
ferent Gab2-expressing cell lines (Figure 7). Overexpression of
the transfected FLAG-tagged wild-type or the Gab2 mutants
was detected by immunoblotting using anti-FLAG or anti-Gab2
antibodies (Figure 7). Phosphorylated Akt and ERK1/2 levels
were next determined in transfected cells by immunoblotting
using anti-phospho-Akt and anti-phospho-Erk1/2 antibodies. For
a better estimation of the levels of p-Akt, and p-Erk1/2 in each
transfected cell, we took into account variations of protein loading
and calculated the ratio of phosphorylated versus total Akt and
Erk1/2 proteins by densitometric scanning analysis. Results
showed that expression of Gab2-3YF inhibited the phosphoryl-
ation of both Akt and Erks in the caSTAT5B-expressing cells
but not in Tel–JAK2-expressing cells (Figure 7, left and middle
panels). In contrast, expression of the Gab2�SHP2 mutant failed
to inhibit ERK1/ERK2 in Tel–JAK2- and caSTAT5B-expressing
cells but decreased the phosphorylation of these protein kinases in
IL-3-stimulated Ba/F3 cells (right panel). These results indicated
that Shp2 binding to Gab2 is required for the activation of
ERK1/2 in IL-3-stimulated Ba/F3 cells but not for caSat5-in-
duced ERK1/2 activation. Taken together, our results clearly
showed that activation of Gab2 plays an important role in the
proliferation and survival of caSTAT5-induced Ba/F3 cells by
regulating both the PI3K/Akt and the Ras/MAPK pathways.

DISCUSSION

The PI3K/Akt pathway plays an important role in the cytokine-
induced cell survival and/or proliferation. Binding of the p85
subunit to some but not all cytokine receptors is a prerequisite for
PI3K activation. For other receptors, the PH domain-containing
proteins of the Gab and IRS families play a major role in the
activation of the PI3K/Akt cascade. We have reported previously
that constitutively active STAT5 mutants (caSTAT5) interact with
p85, activate PI3K and induce the growth of Ba/F3 cells [20]. We
show herein that caSTAT5 induced the activation of the PI3K
by interacting with both p85 and the Gab2 scaffolding proteins.
Gab2 belongs to the Gab/Dos family of adapter proteins which
includes Gab1, Gab3 and the Drosophila homologue Dos. It
contains an N-terminal PH domain, several SH3 domain-binding
motifs and multiple binding sites for SH2 domain-containing pro-
teins. Gab2 undergoes tyrosine phosphorylation in response to a
large variety of growth factors and cytokines, and subsequently
associates with p85, Shp2 and Grb2 [29]. In the present study, we
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Figure 6 Overexpression of Gab2-3YF inhibits growth and induces apoptosis of the Ba/F3 cells expressing caSTAT5

(A) Cells were electroporated with the different Gab2 constructs or the empty vector as indicated. On the following day, GFP+ cells were sorted by flow cytometry and analysed for growth by cell
counting using the Trypan Blue dye exclusion method. Results shown are representative of three different transfection assays. (B) caSTAT5B- and Tel–JAK2-expressing Ba/F3 cells were labelled with
annexin V–PE, 24 h post-transfection and the percentage of double positive (annexin V+, GFP+) apoptotic cells was determined by flow cytometry.

provide evidence that both activated endogenous STAT5 in IL-3-
stimulated or Tel–JAK2-expressing Ba/F3 cells, and caSTAT5
can bind to Gab2. This is reminiscent of the association
between Gab2 and STAT5 observed in mycosis fungoides-derived
T-cells stimulated with IL-15 or IL-2, indicating that the STAT5–
Gab2 interaction is induced in various cell types stimulated
with different cytokines [30]. The mechanism involved in this
interaction remains, however, unclear. It is so far assumed that the
association of Gab2 with STAT5 and p85 requires the tyrosine
phosphorylation of Gab2. However, the tyrosine residues of
Gab2 do not fall in the consensus sequence recognized by the
SH2 domain of STAT5 and, accordingly, the SH2 domain of
STAT5 does not bind to the phosphorylated tyrosine residues
of Gab2 [31]. STAT5 may therefore interact indirectly through an
additional adapter protein.

Interestingly, we found that Gab2 tyrosine phosphorylation
does not require JAK2 activation in caSTAT5-expressing cells,

suggesting that another tyrosine kinase is involved in this process.
Gab2 has been shown to be phosphorylated by a broad range
of other tyrosine kinases including Zap-70, Syk and the Src
kinases [32–34]. Experiments are now in progress by our group
to identify the tyrosine kinase involved in Gab2 phosphorylation
in caSTAT5-expressing cells.

In the present study, we found that Grb2 but not Shp2 binds to
Gab2 in caSTAT5-expressing Ba/F3 cells. Like Gab2, caSTAT5
was found to interact with Grb2 but not with Shp2, suggesting
that both proteins form a complex capable of recruiting Grb2 and
p85 and to initiate the activation of the PI3K and Ras/MAPK
cascades.

The Shp2–Gab2 interaction is believed to be an important step
in the activation of the Ras/MAPK pathway, although this has been
controversial [27]. Our results clearly show that ERK1 and ERK2
are activated in caSTAT5-expressing Ba/F3 cells in the absence
of an Shp2–Gab2 interaction, indicating that binding of Shp2 to
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Figure 7 Overexpression of Gab2-3YF inhibits Akt and ERK1/ERK2 phosphorylation in caSTAT5-expressing Ba/F3 cells

Ba/F3 cells (right panel) and Tel–JAK2- (middle panel) and caSTAT5B- (left panel) expressing cells were electroporated with the FLAG-tagged Gab2 constructs as indicated. GFP+ cells were sorted
24 h later and the content of transfected Gab2 was determined by immunoblotting with anti-FLAG or anti-Gab2 antibodies. The levels of phosphorylated Akt and ERK1/2 in the different transfected cells
were also determined by immunoblotting with the indicated antibodies and quantified by densitometric analysis. The ratio of phosphorylated versus total Akt and ERK1/ERK2 proteins is expressed in
arbitrary units (bottom panels).

Gab2 is not needed for the activation of ERK1/2. Accordingly,
overexpression in caSTAT5-expressing Ba/F3 cells (but not in
parental Ba/F3 cells) of the Gab2�SHP2 mutant, which no longer
binds to Shp2, does not inhibit ERK1/ERK2 phosphorylation.
It is likely that Gab2 transmits signal to ERK1/2 activation via
PI3K in caSTAT5-expressing Ba/F3 cells. In keeping with this, we
showed that overexpression of Gab2-3YF, a Gab2 mutant that no
longer interacts with p85, inhibits ERK1/2 as well as Akt phos-
phorylation. These results are consistent with a previous study
demonstrating that expression of a dominant-negative form of p85
inhibited the IL-3-induced ERK1/2 activation in Ba/F3 cells [26].
Altogether, our results suggest that Gab2 plays a critical role in
caSTAT5-induced cell growth and survival by regulating both the
PI3K/Akt and Ras/MAPK pathway activities. Interestingly, Gab2
has been shown to also play a major role in the c-kit ligand-induced
ERK and Akt activation in normal mast cells whose development
requires both Gab2 and STAT5 [6,35]. In addition, Gab2 seems
to be essential for the transforming properties of the Bcr-Abl
oncogene [36]. In contrast, we provide evidence that Gab2 is not
crucial for the Tel–JAK2 activities since both the Gab2-3YF and
the Gab2�SHP2 mutants failed to inhibit its cell-induced pro-
liferation. Moreover, expression of Gab2-3YF did not inhibit
Akt and ERK1/2 phosphorylation in Tel–JAK2-expressing cells.

Given the fact that both PI3K/Akt and Ras/MAPK pathways
play a critical role in Tel–JAK2-induced proliferation, it is likely
that Tel–JAK2-expressing cells use other signalling intermediates,
which compensate the inhibitory effect of the mutant Gab2-3YF
[37,38].

Recently, we analysed a primary cell system from caSTAT5-
transplanted mice which suffered from a multilineage leukaemia
[14]. Proliferation of these primary cells is strictly dependent on
PI3K activity and we now investigate the involvement of Gab2 in
this process.
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