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Gab1 Mediates Hepatocyte Growth Factor-Stimulated
Mitogenicity and Morphogenesis in Multipotent
Myeloid Cells
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ABSTRACT

Hepatocyte growth factor (HGF)-stimulated mitogenesis, motogenesis and morphogenesis in various cell types begins with activation of the
Met receptor tyrosine kinase and the recruitment of intracellular adaptors and kinase substrates. The adapter protein Gab1 is a critical effector
and substrate of activated Met, mediating morphogenesis, among other activities, in epithelial cells. To define its role downstream of Met in
hematopoietic cells, Gab1 was expressed in the HGF-responsive, Gab1-negative murine myeloid cell line 32D. Interestingly, the adhesion and
motility of Gab1l-expressing cells were significantly greater than parental cells, independent of growth factor treatment. Downstream of
activated Met, Gab1 expression was specifically associated with rapid Shp-2 recruitment and activation, increased mitogenic potency,
suppression of GATA-1 expression and concomitant upregulation of GATA-2 transcription. In addition to enhanced proliferation,
continuous culture of Gab1-expressing 32D cells in HGF resulted in cell attachment, filopodia extension and phenotypic changes suggestive
of monocytic differentiation. Our results suggest that in myeloid cells, Gab1 is likely to enhance HGF mitogenicity by coupling Met to Shp-2
and GATA-2 expression, thereby potentially contributing to normal myeloid differentiation as well as oncogenic transformation. J. Cell.
Biochem. 111: 310-321, 2010. © 2010 Wiley-Liss, Inc.
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stromal cells is essential for the differentiation and self-renewal of
hematopoietic stem cells, and promotes the proliferation, differ-
entiation and survival of hematopoietic precursor cells induced by

H epatocyte growth factor (HGF) is a multifunctional cytokine
that stimulates growth, survival, motility, and morphogen-
esis in a wide variety of target cell types. HGF signaling via its cell

surface receptor, Met, is fundamentally important in development,
homeostasis and tissue regeneration, as well as in tumorigenesis. The
HGF/Met pathway is also important in hematopoiesis. HGF and Met
are expressed in sites of primordial hematopoiesis, as well as in the
adult hematopoietic environment. HGF produced by bone marrow

other hematopoietic growth factors, such as interleukin (IL)-3 and
stem cell factor (SCF) [Galimi et al., 1994; Weimar et al., 1998].
Moreover, HGF regulates dendritic cell [Ovali et al., 2000] and
antigen-specific B cell differentiation [Van Der Voort et al., 1997;
Taher et al., 1999]. HGF is also an important regulator of
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thrombopoiesis, and HGF transgenic mice overexpress thrombo-
poietin and display thrombocytosis with megakaryocytosis [Kosone
et al., 2007].

Upon ligand binding, Met undergoes autophosphorylation on
tyrosine residues, two of which (Y1349 and Y1356) form a binding
site for several intracellular effectors including phosphatidylinositol
3-kinase (PI3K), phospholipase C-y (PLC-v), Src, Src homology-2
(SH2)-containing protein tyrosine phosphatase 2 (Shp2), signal
transducer and activator of transcription 3 (STAT3), and the adapter
proteins v-crk avian sarcoma virus CT10 oncogene homolog-like
(Crk-L), growth factor receptor bound protein 2 (Grb2), SH2 domain
containing transforming protein 1 (Shcl), and growth factor
receptor bound protein 2-associated protein 1 (Gab1) [Zhang and
Vande Woude, 2003]. Gab1 is a member of the family of docking
proteins that includes the insulin receptor substrates IRS-1, IRS-2,
and IRS-3, FGF receptor substrate-2 (FRS-2/SNT1), Drosophila
Daughter of Sevenless (DOS), the p62 Dok subfamily, as well as Gab2
and Gab3 [Gu et al., 1998; Zhao et al., 1999; Wolf et al., 2002].
Family members are typically phosphorylated by receptor or
receptor-associated tyrosine kinases and contribute to downstream
signal specificity and amplification [Pawson and Scott, 1997]. Gab1
contains an amino-terminal pleckstrin homology domain that binds
the plasma membrane lipid phosphatidylinositol 3,4,5-triphosphate
[Maroun et al., 1999b; Rodrigues et al., 2000], a carboxyl-terminal
proline-rich Met binding domain (MBD), as well as potential binding
sites for SH2 and SH3 domains [Holgado-Madruga et al., 1996;
Weidner et al., 1996; Schaeper et al., 2000]. Gab1 binds directly to
phospho-Y1349 in Met through the MBD domain [Weidner et al.,
1996; Nguyen et al., 1997] and indirectly through Grb2 bound to
phospho-Y1356 in Met [Bardelli et al., 1997; Fixman et al., 1997;
Nguyen et al., 1997]. Several tyrosine residues in Gabl become
phosphorylated in response to stimulation by cytokines and growth
factors (e.g., IL-3, IL-6, erythropoietin, thrombopoietin, HGF,
epidermal growth factor, nerve growth factor, platelet-derived
growth factor, insulin and SCF), and following activation of T- and
B-cell-antigen receptors, G-protein coupled receptors, and the
complement component Clq receptor (gC1q-R/p32) [Braun et al.,
2000].

Gab1 functions in a network with other intracellular signaling
molecules including Grb2, PI3K, Shc, PLC-v, Crk-L, and Shp-2
[Nishida and Hirano, 2003]. Shp-2 has two tandem SH2 domains
amino-terminal to a phosphatase domain and is a predominant
Gab1-associated molecule in mitogen-stimulated cells [Feng
and Pawson, 1994; Neel and Tonks, 1997]. The binding of Shp-2
SH2 domains to other proteins and Shp-2 tyrosyl phosphorylation
have been shown to independently activate its phosphatase
activity [Lechleider et al., 1993; Vogel and Ullrich, 1996]. Shp-2
regulates Ras signaling downstream of growth factor and cytokine
receptors, affecting mitogenesis, cell adhesion and migration
[Dance et al., 2008]. Aberrant Shp-2 function has been linked
to several malignancies [Chan, 2008]; for example activating
Shp-2 mutations have been identified in individuals with
Noonan syndrome, a developmental disorder associated with
juvenile myelomonocytic leukemia [Wang et al., 2009]. Like
Gab1, Shp-2 participates in signaling proximal to a variety of
hematopoietic and non-hematopoietic cytokine and growth factor

receptors [Chan, 2008] through mechanisms that are not yet fully
defined.

Several lines of evidence suggest that Gab1 is a critical mediator
of HGF signaling. The transforming potential of Tpr-Met, an
oncogenic variant of Met, correlates with its ability to associate with
and phosphorylate Gab1 [Bardelli et al., 1997; Fixman et al., 1997].
Genetic studies also indicate an essential role for Gabl in Met
signaling in vivo [Itoh et al., 2000; Sachs et al., 2000; Schaeper et al.,
2007]. Gab1-deficient embryos die in utero and display abnormal
development of liver and placenta as well as defects in the migration
of myogenic precursors into the limb bud, features which are very
similar to those observed in mice lacking HGF or Met [Sachs et al.,
2000]. Moreover, overexpression of Gab1 in Madin-Darby canine
kidney (MDCK) epithelial cells is sufficient to promote HGF-induced
branching tubulogenesis and scattering [Weidner et al., 1996; Furge
et al., 2000].

To investigate Gabl function in hematopoietic cells, we
reconstituted Gab1 expression in the HGF-responsive myeloid cell
line 32D, which lacks endogenous expression of Gabl family
members known to interact directly with Met (Gab1, IRS-1, and IRS-
2) [Wang et al., 1993; Sun et al., 1995]. We show that in myeloid
cells, Gab1 constitutively enhances adhesion and motility, enhances
HGF mitogenic potency by coupling Met to Shp-2, and is required
for HGF-induced morphogenic differentiation.

REAGENTS

Cell culture supplies were from Gibco BRL (Grand Island, NY).
Human plasma fibronectin was purchased from Becton Dickinson
(The Oak Park, Bedford, MA). Recombinant mouse IL-3 was
purchased from Sigma-Aldrich (St. Louis, MO). The truncated
HGF isoform HGF/NK1, which possesses the same biological
activities as full length HGF, was expressed recombinantly in
E. coli, purified and refolded as previously described [Stahl et al.,
1997]. Anti-Gab1 and anti-phosphotyrosine (pTyr) antibodies were
from Upstate Biotechnology (Lake Placid, NY). Anti-Met, and anti-
Shp-2 antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-p38, Erk1, Erk2, JNK, and Akt/PKB antibodies
were purchased from New England Biolabs (Beverly, MD). Reporter
HRP-anti-mouse/rabbit antibodies were from Amersham (Buck-
inghamshire, England).

CELL CULTURE AND TRANSFECTION

A clone of murine IL-3-dependent 32D cells expressing the human
Met receptor (32D/Met) that has been previously described [Day
et al., 1999] was maintained in RPMI 1640 medium supplemented
with 15% heat-inactivated fetal bovine serum (FBS) and 5% WEHI-
3B-conditioned medium as source of IL-3. 32D/Met/Gab1 cells were
generated by co-transfection of 32D/Met cells with pBAT-Flag-
Gab1 mouse Gab1l cDNA [Weidner et al., 1996] and a histidinol-
resistance-encoding cDNA by electroporation as previously
described [Day et al., 1999]. Cells were simultaneously selected in
2mM histidinol (Sigma) and 750 pg/ml G418 (Mediatech, Inc.,
Manassa, VA) for Gab1 and Met expression respectively. In parallel,
an empty vector was transfected into 32D/Met cells as a control and
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results obtained using these cells were equivalent in all respects to
those obtained using the parental 32D/Met cells. Gab1 expression in
stable clonal cell lines was detected by immunoblotting.

IMMUNOPRECIPITATION AND IMMUNOBLOTTING

Cells were starved in RPMI/0.8% bovine serum albumin (BSA) for 3 h
before receiving 300 ng/ml of HGF/NK1 or 5ng/ml of IL-3 for
10min at 37°C. Cells lysis, immunoprecipitation, immunoblotting
and detection by enhanced chemiluminescence were performed as
described [Timms et al., 1998]. Immunoprecipitations utilized 4 pg
antibody/mg cell lysate, while immunoblots utilized 1:1,000
dilution of the primary antibody in 0.1% BSA/phosphate-buffered
saline (PBS)/0.05% Tween. Analysis of Erk1 and Erk2 phosphoryla-
tion by immunoblotting was performed according to the manu-
facturer’s instructions with 1:1,000 dilution of a monoclonal
antibody that recognizes Erk1 and Erk2 only when phosphorylated
at Thr202/Tyr204 (New England Biolabs). Analysis of JNKI
phosphorylation by immunoblotting was performed with 1:1,000
dilution of a polyclonal antibody that recognizes JNK only when
phosphorylated at Thr183/Tyr185, according to the manufacturer’s
instructions (New England Biolabs). Analysis of Akt/PKB
phosphorylation was performed by immunoblotting with phos-
pho-specific antibody to Ser473 (New England Biolabs) according to
the manufacturer’s instructions.

MITOGENICITY, MOTILITY, AND CELL ADHESION ASSAYS
Mitogenic assays were performed as previously described [Stahl
et al., 1997; Soon et al., 1999]. Briefly, transfectants of 32D cells
were washed twice with PBS and 1 x 10° cells were plated onto each
well of 24-well plates in RPMI 1640/15% heat-inactivated FBS
without IL-3. Recombinant human HGF (gift from Dr. G. Vande
Woude, Van Andel Institute, Grand Rapids, MI) was added at the
indicated concentrations. When indicated, wortmannin (100 nM) or
LY294002 (0.5 uM) was included. After 44h in culture, the cells
were pulsed with 1 nCi of [3H]—thymidine (New England Nuclear) for
another 4h and harvested with a cell harvester (Skatron).
Incorporation of [*H]-thymidine was determined by liquid scintilla-
tion counting.

For proliferation assays with Shp-2 dominant negative mutants,
cells were resuspended at 107/0.5ml in RPMI/10%FBS, incubated
10 min with 10 pg of the indicated expression vectors. Cells were
then electroporated at 300 V/960 wF, and transferred to fresh RPMI/
15% heat-inactivated FBS/5%WEHI-3B-conditioned medium. Three
hours post-transfection, mitogenic assays were performed as
described above and cells were harvested 20 h after transfection.
The transfection efficiency was assessed by Western blot analysis of
Shp-2 protein expression on parallel samples.

32D/Met and 32D/Met/Gab1 cell migration was assayed using a
modified Boyden chamber with 5 um pore size Nucleopore filters
(Corning) as described previously [Day et al., 1999]. The assay was
performed in Dulbecco’s Modified Eagle Medium/0.1% BSA. HGF/
NK1 was added to the lower chamber at the indicated concentrations
and 6 x 10° 32D/Met or 32D/Met/Gab1 cells were applied to the
upper chamber and incubated 8 h at 37°C. The number of migrated
cells in the lower chamber was determined with a cell counter
(Coulter).

Adhesion assays were performed as described previously [Richard
et al., 1995]. Briefly, 0.8 ml of PBS containing 16 wg/ml of human
fibronectin (FN) (Collaborative Research, Becton Dickinson) was
distributed in 35mm plates. Following 5h incubation at room
temperature the wells were air dry for 2 h. Cells (4 x 10°/35 mm dish)
were either seeded in complete medium (RPMI1640/15% heat-
inactivated FBS/5% WEHI-3B conditioned medium as a source of IL-
3) in the absence or in the presence of HGF/NK1 (300 ng/ml) or were
washed twice with PBS, IL-3-starved 3 h in RPMI1640/15% heat-
inactivated FBS, and then seeded in RPMI1640/15% heat-
inactivated FBS, with or without IL-3 (5ng/ml). After incubation
at 37°C for the indicated time periods, nonadherent cells were
removed by three consecutive rinses with Ca?"™- and Mg*"-
containing PBS. Adherent cells were harvested with 0.1% EDTA
and both the suspended and the attached cells were counted with a
cell counter. Percent adhesion was calculated as the ratio of the
adherent cells/(adherent cells 4 suspended cells) x 100. Statistical
significance was determined by Student’s f-test using GraphPad
Prism software; values are expressed as mean =+ standard deviation
and significance (P < 0.05) is indicated throughout the text.

LIGHT MICROSCOPY

Living cells were examined by light microscopy after 9 days in
culture in RPM1/15%FBS/5%WEHI-3B-conditioned medium with
or without HGF (300 ng/ml). The cultures were split every 3 days.
The dishes were examined with an inverted microscope (Zeiss
Axiovert 135TV) and images were recorded with a CCD video
camera.

QUANTITATIVE REAL-TIME RT-PCR

To confirm gene expression changes observed in microarray studies,
total RNA from 32D/Met and 32D/Met/Gab1 cells treated with HGF/
NK1 (300 ng/ml) and heparin (1 pg/ml) for 6 h was isolated with the
RNeasy mini kit (Quiagen Inc., Valencia, CA). cDNA was synthesized
with SuperScript™III First-Strand Synthesis System (Invitrogen)
and amplified using a TagMan®™ Gene Expression Assay (Applied
Biosystems) on an ABI PRISM®™7000. For each sample, gene
expression and the internal control, 18S rRNA, was determined
using the comparative threshold cycle (CT) method. Each gene was
examined in three replicates and was repeated with at least two
independent preparations of RNA. A two-tailed Student’s t-test was
used to determine significant difference (P < 0.01) between the
transcriptional level of each gene in a 32D/Met/Gab1 clone and the
corresponding 32D/Met clone. The primer/probe sets used (Applied

Biosystems) were Mm00484678_m1 for GATA-1 (GenBank
NM_008089) and MmO00492300_m1 for GATA-2 (GenBank
NM_008090).

Gab1 ENGAGES MULTIPLE EFFECTORS IN CYTOKINE-STIMULATED
32D CELLS

We previously characterized Met signaling in 32D cells by creating
stable human Met transfectants (32D/Met) [Day et al., 1999]. The
32D/Met cell line was then transfected with a murine Gab1 cDNA
and individual clones from antibiotic resistance-selected mass
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cultures were derived (32D/Met/Gab1). Two clones expressing
different Gab1 levels, one with low expression (1W3) and one with
2.5-fold higher expression (1W5), as determined by quantitative
real-time-PCR (data not shown) and immunoblot analysis (Fig. 1A),
were selected for further study. Where indicated, the truncated HGF
isoform HGF/NK1 (denoted hereafter as NK1), which possesses the
same biological activities as full-length HGF [Stahl et al., 1997], was
used to activate Met.

Gabl is a predominant phosphotyrosyl-containing protein
following HGF stimulation of epithelial cells [Nguyen et al.,
1997]. Upon phosphorylation, Gab1 associates with the protein
tyrosine phosphatase Shp-2 and with the p85 subunit of
phoshatidylinositol 3-kinase (PI3K) downstream of the IL-3
[Takahashi-Tezuka et al., 1998] and HGF receptors [Nguyen et al.,
1997; Maroun et al., 1999a; Schaeper et al., 2000]. To determine
whether these signaling proteins associated with ectopically
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Fig. 1. Ectopically expressed Gab1 engages Met and IL-3R effectors in 32D/
Met cells. A: Gab1 expression in various cell lines. Fifty microgram or 100 p.g

(") of cell lysate per lane were subjected to immunoblot analysis with anti-
Gab1 antibody. Cell lines: MDCK canine kidney epithelial cells, SK-LMS-1
human leiomyosarcoma cells, Tac-2 mouse mammary epithelial cells, 32D/Met
cells and 32D/Met/Gab1 cell clone 1W5. B: Anti-Gab1 immunoprecipitation of
lysates prepared from serum deprived 32D/Met or 32D/Met/Gab1 cell clone
1W5 left untreated (—) or stimulated with NK1 (300 ng/ml) or IL-3 (6 ng/mI)
for 10 min at 37°C. From top to bottom, NK1-stimulated association of Gab1
with Met [Weidner et al., 1996]; NK1- and IL-3-stimulated Gab1 phosphor-
ylation (IB: pTyr); NK1- and IL-3-induced association of Gab1 with Shp-2 (IB:
Shp-2) and p85/PI3K (IB: p85); and the amount of Gab1 protein present in
each lane.

expressed Gab1 in NK1- or IL-3 -stimulated 32D/Met/Gab1 cells,
anti-Gab1 immunoprecipitation was followed by immunoblotting
with anti-Met, anti-pTyr, anti-Shp-2, anti-p85, or anti-Gabl
(Fig. 1B). NK1 stimulated the rapid physical association of Gabl
with activated Met (Fig. 1B). Treatment with either NK1 or IL-3
resulted in tyrosyl phosphorylation of Gabl and significantly
increased the physical association of Gab1 with both Shp-2 and p85
(Fig. 1B). A much lower level of constitutive Gab1-p85 association
was also detected (Fig. 1B), consistent with a prior report of
constitutive Gab1-Grb2-PI3K association in A431 cells [Holgado-
Madruga et al., 1996]. Thus Gab 1, when ectopically expressed in 32D
cells, couples the HGF and IL-3 receptors with multiple signaling
pathways similar to those described in epithelial and other
hematopoietic cell types [Nishida and Hirano, 2003; Sarmay
et al., 2006].

Gab1 ENHANCES CELL MOTILITY AND ADHESION TO FIBRONECTIN
HGF-stimulated migration of epithelial,
hematopoietic cells occurs during embryogenesis, tissue repair,
inflammation, tumor invasiveness and metastasis. We investigated
the role of Gabl in HGF-stimulated motility by comparing the
motile responses of serum-deprived 32D/Met and 32D/Met/Gab1
cells using a modified Boyden chamber assay. As shown in Figure 2,
the basal motility of both parental and 32D/Met/Gab1 cells was
enhanced by NK1 stimulation in a dose-dependent fashion.

mesenchymal, and

However, when expressed as fold increase relative to untreated
cells, NK1 stimulated the motility of both cell lines with equal
potency. Interestingly, in the absence of NK1, the spontaneous or
basal motility of 32D/Met/Gab1 cells was threefold higher than that
of the parental cell line (P < 0.05). This effect was also directly
related to Gab1 protein abundance: a lower Gab1 expressing clone
(1W3) displayed an intermediate basal motility when compared to
the 1W5 clone and 32D/Met (Fig. 2A). These data indicate that
Gab1 expression enhances cell motility generally, independent of
HGF-stimulation in 32D cells.

Previous studies revealed that HGF augments the adhesion of
Met-positive B-cell lines to fibronectin (FN) by activating integrin
4P, [Van Der Voort et al., 1997; Weimar et al., 1997]. In 32D/Met
cells, NK1 significantly augmented adhesion to immobilized FN in a
time-dependent manner (Fig. 2B; P < 0.05). When 32D/Met/Gab1 or
32D/Met cells, grown in serum and IL-3, were allowed to attach to
FN-coated wells for 12-24 h in the presence or absence of NK1, Gab1
expression further enhanced adhesion (Fig. 2C; P <0.05). Gabl
expression appeared to increase the basal level of cell adhesion
without increasing the fold-stimulation associated with NK1
treatment, suggesting that Gab1 affected cell adhesion constitu-
tively. However, previous work has shown that cytokines such as
IL-3, which is present in WEHI growth medium supplement in our
assay, induce adhesion of CD34" hematopoietic progenitors. In
particular, IL-3 has been implicated in “inside-out” signaling
through the activation of integrin function in hematopoietic
progenitors [Levesque et al., 1995, 1996]. To determine whether
IL-3 had enhanced the attachment of Gabl-expressing 32D cells,
adhesion studies were performed with IL-3-deprived cells in the
presence of serum, with or without added IL-3 (5 ng/ml). Consistent
with a previous report [Levesque et al., 1995], very few IL-3-
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Gab1 constitutively enhances migration and stimulates adhesion of 32D/Met cells. A: The migration of 32D/Met cells (open bars), 32D/Met/Gab1clone 1TW5 (black

bars), and 32D/Met/Gab1 clone 1TW3 (gray bars) was measured using modified Boyden chambers. NK1 concentrations are indicated on the X-axis. Results are expressed as
number of migrating cells/ml of medium in the bottom chamber and are representative of three or more experiments. All differences observed within dose groups are significant
(P < 0.05). B: Growing cells were plated on FN-coated dishes in the absence (open bars) or presence (black bars) of NK1 (300 ng/ml). At the indicated time points attached and
suspended cells were counted. The Y-axis shows the number of attached cells expressed as percentage of the total number of cells in the plate to compensate for proliferation
that could occur during the assay period. C: 32D/Met cell adhesion in the absence (open bars) or presence (gray bars) of NK1 (300 ng/ml), and 32D/Met/Gab1 clone 1TW5
adhesion in the absence (striped bars) of presence (black bars) of NK1. D: IL-3 deprived 32D/Met (open bars), IL-3-treated 32D/Met cells (gray bars), IL-3-deprived 32D/Met/
Gab1 cell clone TW5 (striped bars) and IL-3 treated 32D/Met/Gab1 cell clone TW5 (black bars) were incubated in FN-coated dishes for the indicated time periods at 37°C, and
suspended and attached cells were counted. Data are expressed as percent attached cells of triplicate samples, and are representative of three or more experiments. Error bars
indicate standard deviation; where no error bars are visible, the error is too small to be shown. In all panels, asterisks indicate statistically significant differences between the

bracketed groups.

deprived 32D/Met cells attached to FN, and adhesion was modestly
activated upon addition of IL-3 (Fig. 2D). In contrast, Gabl
expression was associated with a dramatic increase in the adhesion
of IL-3-deprived, untreated cells (Fig. 2D; P < 0.05), indicating that
IL-3 signaling was only partly responsible for the increased
adhesion of 32D/Met/Gab1 cells. Thus the increased adhesion
observed in NK1-stimulated 32D/Met/Gab1 cells (Fig. 2C) resulted
from constitutive Gabl activity combined with Gabl-mediated
signaling downstream of the IL-3 and HGF receptors.

To determine whether constitutive enhancement of cell attach-
ment and motility by Gabl occurred by promoting increased
expression cell surface integrins, we compared the surface levels of
the a4B, and asB, integrin subunits in Gabl-expressing and
parental 32D cells by FACS analysis using specific monoclonal
antibodies. Equivalent levels of these integrins were found in both
cell lines (data not shown), indicating that Gab1 enhances cell
adhesion in response to the engagement of existing integrin
receptors.

Gab1 ENHANCES HGF MITOGENICITY IN HEMATOPOIETIC CELLS
HGF is a potent mitogen for epithelial cells, endothelial cells and
myeloid progenitors [Day et al., 1999]. To investigate the role of

Gab1 in HGF-mediated mitogenesis, we compared the levels of HGF-
stimulated DNA synthesis in 32D/Met and 32D/Met/Gab1 cells.
As shown in Figure 3A, Gabl expression markedly enhanced
HGF-stimulated S-phase entry in a dose-dependent manner. At
physiologically relevant HGF doses, 32D/Met/Gab1 cells exhibited a
three- to fivefold greater mitogenic response than cells expressing
the same level of Met but lacking Gabl (Fig. 3A; P<0.05).
Comparing HGF-induced DNA synthesis in the two 32D/Met/Gab1
clones revealed that Gab1 amplification of HGF mitogenicity was
directly related to the level of Gabl protein expression
(Fig. 3B; P<0.05 at both 10 and 30 ng/ml HGF). These results
are consistent with reported correlations between Gabl over-
expression and tumorigenesis in epithelial cells [Kameda et al.,
2001; Seiden-Long et al., 2008].

Gab1-ENHANCED MITOGENICITY IS NOT MEDIATED BY MAPKs,
PI3K, OR AKT

To identify pathways that might mediate Gab1-enhanced growth
factor signaling, we assessed the activation state of several known
effectors of mitogenicity. We first examined the phosphorylation of
extracellular signal-regulated kinase (Erk)-1 [Heisterkamp et al.,
1999] and Erk2 upon NK1 and IL-3 stimulation of 32D/Met and 32D/
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Fig. 3. Gab1 expression enhances HGF mitogenesis in 32D/Met cells. A: DNA
synthesis in 32D/Met cells (open squares), and in 32D/Met/Gab1 cell clone
1W5 (filled squares) is shown in response to increasing concentrations of HGF.
Results are expressed as mean CPM + SD of triplicate measurements and are
representative of three or more experiments. B: DNA synthesis by 32D/Met
cells (open bars), 32D/Met/Gab1 clone 1TW5 (black bars), and clone TW3 (gray
bars), in response to increasing concentrations of HGF. Ordinate indicates
average fold increase in [*H]-thymidine uptake compared to unstimulated
cells. Asterisks indicate statistically significant differences between the
bracketed groups.

Met/Gab1cells. No significant enhancement of Erk activation was
detected in 32D/Met/Gab1 cells compared to the parental cells
initially, or over 60min of NK1 stimulation (Fig. 4A). c-Jun
N-terminal kinase (JNK) is involved in Met-induced transformation
[Rodrigues et al., 1997] and is activated downstream of phospho-
Gab1-Crk interaction [Garcia-Guzman et al., 2000]. We observed
equivalent NK1- and IL-3-stimulated induction of phospho-JNK in
both 32D/Met/Gab1 and 32D/Met cell lines (Fig. 4B). Similarly, Gab1
expression had no detectable effect on cytokine-stimulated p38
MAPK phosphorylation (Fig. 4C). Thus MAPKs were unlikely to
mediate Gab1-enhanced mitogenesis in hematopoietic cells.

PI3K activation is required for HGF-induced mitogenesis in
epithelial cells [Rahimi et al., 1996]. HGF also activates PI3K in
32D/Met cells [Day et al., 1999], coincident with Gab1 binding to the
85kDa regulatory subunit of PI3K [Maroun et al., 1999a]. We
compared NK1- and IL-3-driven PI3K recruitment in 32D/Met/Gab1
and 32D/Met cells by immunoprecipitating with anti-pTyr and
immunoblotting for PI3K p85. As shown in Figure 5A, significantly
more p85/PI3K was recruited in NK1-stimulated 32D/Met/Gab1 cells
than in parental cells, suggesting that PI3K might mediate Gab1-
enhanced HGF mitogenicity. We also examined whether Gabl
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Fig. 4. Gab1 expression does not alter HGF-induced activation of MAP
kinases. A: Serum-deprived 32D/Met or 32D/Met/Gab1 cell clone 1W5 were
left untreated or stimulated for 10min at 37°C (upper two panels), or
stimulated for 1-60min as indicated (lower two panels), then lysed with
detergent containing buffer. Lysate samples were resolved by SDS-PAGE and
immunoblotted with antibodies against phospho-Erk1/2 (upper panel in each
set) or total Erk1/2 (lower panel in each set). B: Serum-deprived 32D/Met or
32D/Met/Gab1 cell clone TW5 were left untreated or stimulated for 10 min at
37°C, then lysed. Lysate samples were resolved by SDS-PAGE and immuno-
blotted with the antibodies against phosphor-JNK and JNK (upper and lower
panels, respectively). C: Anti-phosphotyrosine immunoprecipites of lysates
prepared from 32D/Met or 32D/Met/Gab clone 1W5 treated as described in
Panel A were resolved by SDS-PAGE and immunoblotted with anti-p38
antibody.

expression affected Akt activation downstream of activated PI3K by
immunoblotting lysates from growth factor stimulated cells with an
antibody that specifically recognizes Akt phosphoserine 473. As
shown in Figure 5B, no difference in Akt activation was detected in
32D/Met/Gab1 relative to 32D/Met cells. Thus, while more PI3K was
recruited to activated Met/effector complexes, this did not result in
increased Akt activity.

To determine whether p85/PI3K activation was required for
Gab1-mediated hematopoietic cell proliferation, HGF-stimulated
cells were treated with the PI3K inhibitors Wortmannin and
LY294002 at doses known to block PI3K activity [Soon et al., 1999].
Wortmannin treatment (100 nM) inhibited the proliferation of 32D/
Met cells by 50%, but had little effect on 32D/Met/Gab1 cell
proliferation (Fig. 5C). Similarly, the PI3K inhibitor LY294002
(0.5 wM) markedly inhibited HGF-stimulated mitogenesis in 32D/
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Fig. 5. PI3K does not mediate Gab1-enhanced HGF mitogenicity. A: Serum-deprived 32D/Met or 32D/Met/Gab1 cell clone 1W5 were left untreated (—) or stimulated with
NK1 (300 ng/ml) or IL-3 (6 ng/ml). Cell extracts were immunoprecipitated with anti-pTyr, resolved by SDS-PAGE and immunoblotted with anti p85/PI3K antibody. B: Cell
lysates were analyzed by immunoblotting with anti-phosphoAkt/PKB (upper panel) or anti-Akt/PKB (lower panel). C: Upper panel: DNA synthesis by 32D/Met and 32D/Met/
Gab1 cell clone 1TW5 left untreated (open bars), or treated with HGF (30 ng/ml) without Wortmannin (black bars) or with Wortmannin (gray bars; 100 nM; upper panels). Lower
panel: as in upper panel, except gray bars represent treatment with LY294002 (0.5 .M). Results are expressed as mean CPM +SD of quadruplicate samples and are
representative of three experiments. In all panels, asterisks indicate statistically significant differences between the bracketed groups.

Met cells (P<0.05), but had only marginal impact on Gabl
expressing cells (Fig. 5C). The failure of both PI3K inhibitors to block

Gab1l-enhanced HGF mitogenesis suggests that Gab1 acts down-
A soomet  somevcant B __s2omet  sepimeticant

stream or independently of PI3K under these conditions.

observed in 32D/Met/Gab1 cells than in parental cells (Fig. 6B). A

IP: Shp-2/IB: pTyr

- NKI I3 - NK1IL3 - NK1IL3 - NK11L3

o <« p o -
Shp-2 MEDIATES Gab1-ENHANCED HGF MITOGENICITY
The tyrosine phosphatase Shp-2 is associated with Gab1l and IP: Met/IB: Shp-2 IP: Shp-2/IB: pTyr
positively regulates 32D cell proliferation [Kim et al., 1998; Ward
et al., 1999]. We examined the physical association of Shp-2 with et [ D e
activated Met by immunoblotting anti-Met immunoprecipitates for
Shp-2 protein (Fig. 6). NK1-stimulated Shp-2/Met association was C 17 Mot et D (R Shpe2iE: Shys2
barely detectable in 32D/Met cells, but clearly evident in 32D/Met/ i 321D/M3am gZDimezGik: g zz *
Gabl cells (Fig. 6A). NKl-stimulated Shp-2 activation, as Z 2
represented by its tyrosyl phosphorylation, was also more readily :" il _Ladh %15

£ 10

brief time course of NK1-induced Shp-2 activation highlighted this - e - - Z

difference (Fig. 6C). These results, as well as genetic evidence of an IP: Shp-2/IB: Shp-2 conrel_ 0 —CS. comiol__3F_ ©5
essential role for Shp-2 in the proliferation and differentiation of

hematopoietic progenitors [Qu et al., 1997, 1998], prompted us to Fig. 6. Shp-2 mediates Gabl-enhanced HGF mitogenicity. A: Serum-
further characterize Shp-2 in Gab1-mediated mitogenicity. To this deprived 32D/Met or 32D/Met/Gab1 cell clone TW5 were treated as described

in Results Section. Cell extracts were immunoprecipitated with anti-Met
antibody and immunoblotted either with anti-Shp-2 (upper panel, arrowhead
indicates Shp-2) or with anti-Met (lower panel, arrowhead indicates Met) as a

end, two well-characterized catalytically inactive mutants of Shp-2,
Shp-2AP, and Shp-2CS, were tested for their ability to impair HGF-

stimulated mitogenesis in 32D/Met/Gab1 cells. Shp-2AP carries a control for sample loading. B: Tyrosyl-phosphorylated Shp-2 (upper panel) and
31-amino acid internal deletion within the protein tyrosine the amount of total Shp-2 protein present in each lane (lower panel; arrow-
phosphatase domain [Bennett et al., 1994], and Shp-2CS has a heads indicate Shp-2). C: Time course of NK1 stimulated Shp-2 phosphoryla-

. . . . . . . tion. Samples were prepared after NK1 stimulation for the indicated time
cysteine to serine point mutation at amino acid 459, an essential . o . L
periods as described in Results Section. Arrowheads indicate Shp-2. D: 32D/

catalytic cysteine [Bennett et al., 1996]. In light of the obvious Met (open bars) and 32D/Met/Gab1 cell clone TW5 (black bars), transfected
obstacle to generating stable cell clones with suppressed Shp-2 with the indicated expression vectors, were serum-deprived, stimulated with
signaling, the mutant Shp-2 constructs were transiently transfected HGF (30 ng/ml) as indicated, and assayed for *H-thymidine incorporation into
into 32D/Met and 32D/Met/Gab1 cells, and HGF-stimulated DNA DNA. Transfection efficiency was assessed by immunoblot analysis of Shp-2

. . . s rotein expression on parallel samples. Asterisks indicate statistically signifi-
synthesis was measured in each mass culture. As anticipated, the i > P p Ak

Shp-2 mutants had little effect on 32D/Met cells (Fig. 6D, open bars).

cant differences between the bracketed groups.

3 1 6 GAB1 MEDIATES HGF MITOGENICITY JOURNAL OF CELLULAR BIOCHEMISTRY



In contrast, 32D/Met/Gab1 cells were significantly more impaired
by the Shp-2 mutants, particularly the Shp-2CS mutant
(Fig. 6D; P <0.05). Together with evidence that Gabl increased
Met/Shp-2 association and Shp-2 activation, these results strongly
implicate Shp-2 in transducing Gab1-enhanced HGF proliferative
signaling.

Gab1 REGULATES GATA EXPRESSION IN HGF-TREATED

MYELOID CELLS

To identify genes modulated specifically by Gabl signaling
downstream of activated Met, the gene expression profiles of
32D/Met and 32D/Met/Gab1 cells stimulated with NK1 for 6 h were
compared using a 3000 gene mouse cDNA microarray. This time
point was chosen to optimally identify genes related to stable, long-
term phenotypic changes such as differentiation and the main-
tenance of pluripotency. A subset of genes exhibiting twofold or
greater modulation and satisfying stringent statistical tests for
significance were then analyzed by quantitative RT-PCR under
identical conditions. The RT-PCR results were normalized to Met
transcript level, which were equivalent among the parental and
Gab1 clonal cell lines and were unchanged over the 6 h treatment
period (data not shown). This analysis confirmed a significant
reduction of GATA-1 transcript (P<0.0001) and concomitant
increase in GATA-2 transcript (P < 0.002) abundance in 32D/Met/
Gab1 cells relative to the parental cell line (Fig. 7).

Gab1 IS REQUIRED FOR HGF-INDUCED MORPHOGENESIS IN

32D CELLS

The established role of Gab1 in HGF-induced epithelial morpho-
genesis, and the evidence presented here of alterations in the
adhesive, motile and growth properties of Gabl transfectants
prompted us to investigate whether long-term culture of 32D/Met/
Gab1 cells in the presence of HGF might stimulate morphological
differentiation. As shown in Figure 8, 32D/Met cells, in the presence

=Y - N N
o [$,] o o
*
*

Relative expression

o
o
*

32D/Met  32D/Met/  32D/Met/

Gab1 1W5 Gab1 1W3

Fig. 7. Gab1 mediates Met-driven GATA-1/2 expression changes. Relative
abundance of GATA-1 (open bars) and GATA-2 transcripts (gray bars) in 32D/
Met cells, 32D/Met/Gab1 clone 1W3 and 32D/Met/Gab1 clone 1WS5. For each
gene the mean expression level in the 32D/Met/Gab1 clones was significantly
different compared to the corresponding 32D/Met clone. Error bars that
indicate standard error of the mean (SEM). Asterisks indicate statistically
significant differences (P< 0.05) between 32D/Met and Gab1 transfected
lines for expression of GATA-1 or GATA-2.

Fig. 8. Gab1 mediates NK1-stimulated morphogenesis. Morphology of
parental 32D/Met (left panels) or 32D/Met/Gab1 clone 1TW5 (right panels)
left untreated (—NK1) or treated with NK1 (300 ng/ml) for 9 days (+NK1). The
photomicrographs in the second and bottom rows are fourfold higher magni-
fication images of the samples shown immediately above them (bar =20 pm).
Cells were grown in RPMI 1640/15% FBS/5% WEHI-3B-conditioned medium
and photographed using phase contrast microscopy.

or absence of NK1, as well as untreated 32D/Met/Gab1 cells,
displayed the normal appearance of suspended myeloid blast cells.
Untreated 32D/Met/Gab1 cells were slightly larger than 32D/Met
cells and had a greater ratio of cytoplasmic to nuclear volume as
determined by FACS analysis (data not shown). Interestingly, long-
term propagation of 32D/Met/Gab1 cells with HGF induced dramatic
morphological changes: cell adhesion and spreading, increased cell
size, extension of lamellipodia and long filopodia (Fig. 8). In general
the changes resembled the acquisition of an early macrophage-like
phenotype, suggesting that Gab1 expression is required to initiate
HGF-driven differentiation in hematopoietic progenitors.

Activation of the HGF receptor triggers the recruitment of several
intracellular adaptor proteins. Among these, Gabl is a critical
mediator of embryonic development, epithelial morphogenesis and
oncogenic transformation. The role of Gab1l in the regulation of
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hematopoiesis by HGF, however, remains poorly understood. In
studying the role of Gab1-mediated signaling in 32D myeloid cells,
we found that Gab1 expression did not specifically enhance Met-
driven cell motility, but constitutively increased cell motility
threefold relative to Gab1-negative cells. Gab1 expression was also
associated with substantially increased cell-substrate adhesion in the
absence of obvious changes in cell-surface integrin expression.
Although additional studies will be needed to completely define the
molecular mechanism of Gab1-induced cell migration and adhesion
reported here, we speculate that Gab1 regulates both “inside-out” and
“outside-in" integrin signaling. Gab1 mediates signaling in the IL-3,
EPO, thrombopoietin and SCF pathways, all of which activate
hematopoietic cell adhesion to FN through a,8; and as; integrins
[Levesque et al., 1995]. Gab1 may promote this “inside-out” integrin
signaling by recruiting Crk-L, which can activate integrin-mediated
32D cell adhesion through the guanine nucleotide exchange factor
(3G and the GTPase Rap1 [Arai et al., 1999; Sakkab et al., 2000]. Our
observation of Gab1-enhancement of IL-3-induced cell adhesion in
hematopoietic cells is consistent with this model. Gab1-enhanced
adhesion of cytokine-deprived cells suggests that it also regulates
“outside-in" integrin signaling. This could occur by binding FAK
through a constitutive association with Grb2 and/or Shp-2 [Sattler
et al., 1997; Oh et al., 1999; Inagaki et al., 2000]. In support of this
hypothesis, the related protein Gab2 was shown to mediate migration
and adhesion in Ba/F3 cells, and Gab2 mutants reduced PI3K
activation induced by B1-integrin ligation [Yu et al., 2002].

Consistent with prior studies of non-hematopoietic cells
[Holgado-Madruga et al., 1996; Korhonen et al., 1999; Winnay
et al., 2000], our results provide direct evidence that Gab1 enhances
Met-driven mitogenicity in 32D myeloid progenitor cells. In
contrast with some cell systems [Takahashi-Tezuka et al., 1998;
Itoh et al., 2000], but consistent with some others [Holgado-
Madruga et al., 1996; Winnay et al., 2000], this did not occur
through enhanced MAPK pathway activation, supporting the
likelihood that MAPK mediation of Gabl mitogenic signaling is
cell-specific. Gab1 enhanced mitogenicity in myeloid cells did not
involve PI3K, in contrast with the general importance of PI3K to
Gab1 signaling in epithelial cells [Royal and Park, 1995; Niemann
et al.,, 1998; Maroun et al., 1999b]. Gab1 expression in 32D cells
enhanced both Met/Shp-2 binding and Shp-2 phosphorylation and
results obtained using dominant negative Shp-2 mutants further
suggest that Shp-2 is a critical effector of Gab1-mediated HGF/Met
mitogenesis in these cells.

Gene profiling and quantitative RT-PCR analysis linked Gabl
expression in HGF-stimulated 32D myeloid cells to a significant shift
in expression of GATA transcription factors: GATA-I transcript
levels were significantly reduced with a concomitant increase in
GATA-2 transcript abundance. The observed shift to GATA-2
expression downstream of activated Met is consistent with the
enhanced HGF mitogenic potency displayed in these cells, and
suggests that Gabl may play an important role downstream of
activated growth factor receptors in hematopoiesis. Of the six
mammalian members of the evolutionary conserved GATA tran-
scription factor family, GATA-1, -2, and -3 are primarily involved in
hematopoiesis cell lineage determination, whereas GATA-4, -5,
and -6 are involved in the development of meso- and endo-dermally

derived tissues [Harigae, 2006]. Although GATA-1 and -2 share some
roles in erythroid differentiation [Takahashi et al., 2000], GATA-2
expression is highest in stem cell progenitors and decreases with
erythroid maturation, whereas GATA-1 is upregulated over the
course of differentiation [Leonard et al., 1993; Mouthon et al., 1993;
Nagai et al., 1994; Labbaye et al., 1995]. GATA-2 is required for
hematopoiesis and GATA-2 haploinsufficiency in genetically
engineered mice results in hematopoietic stem cell defects [Ling
et al., 2004]. Consistent with a general role in promoting pluripotency,
GATA-2 is required to maintain the immaturity of preadipocytes
[Tong et al., 2005] and patients with aplastic anemia display severely
reduced GATA-2 transcript levels [Fujimaki et al., 2001].

Gab1-mediated upregulation of GATA-2 could also contribute to
hematopoietic neoplasia and malignant transformation. Signaling
via Gab1 is known to promote oncogenesis in solid tumors [Bardelli
et al., 1997; Seiden-Long et al., 2008]. Evidence of Gab1 expression
in several leukemic cell lines [Lecoq-Lafon et al., 1999] suggests that
upregulated GATA-2 resulting from inappropriate activation of Met
and/or other pathways may facilitate the onset and progression of
hematopoietic neoplasias. Moreover, a recent mutational screen of
patients with chronic myeloid leukemia during blast transformation
revealed two gain-of-function mutations in the coding region of
GATA-2 [Zhang et al., 2008]. The predominant L359V substitution
within zinc finger domain 2 of GATA-2 was found in eight cases
with myelomonoblastic features. Further studies indicated that
L359V not only increased GATA-2 transactivation activity but also
enhanced its inhibitory effects on the activity of PU.1, an important
regulator of myelopoiesis [Zhang et al., 2008].

We show that Gab1 expression is required for myeloid cells to
display long-term Met-driven morphogenesis, manifested by
increased cell volume, adhesion and spreading of these normally
spherical suspended cells. Prior studies have shown that Gab1-
Shp-2 association is required for epithelial morphogenesis down-
stream of Met [Maroun et al., 2000] and that Shp-2 regulates cell
adhesion, migration and cytoskeletal architecture driven through
other cues [Yu et al.,, 1998; Manes et al., 1999; Oh et al., 1999;
Inagaki et al., 2000]. More recently, Gab2-deficient mice were found
to display defective hematopoiesis, due to an intrinsic requirement
of this adaptor for hematopoietic cell response to early-acting
cytokines [Zhang et al., 2007]. Our results are consistent with the
latter findings and further suggest the HGF may promote
hematopoietic precursor cell responsiveness to early-acting cyto-
kines by linking Gab1 (and potentially other Gab family members) to
Shp-2 immediately downstream of activated Met. We further show
that the Gab1/Shp-2 axis is likely to contribute to Met-driven cell
spreading and morphogenesis in myeloid cells through the
differential regulation of GATA transcription factors. It is also
possible, in light of existing evidence of GATA and Shp-2 gene
defects in hematologic malignancies, and the known role of HGF in
promoting hematopoietic precursor self-renewal, that aberrant Met/
Gab1/Shp-2/GATA-2 signaling may contribute myeloid neoplasias.
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