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The receptor tyrosine kinase Flt3 has been shown to
lay an important role in proliferation, differentia-
ion, and survival of hematopoietic stem and progeni-
or cells. Although some postreceptor signaling events
f Flt3 have been characterized, the involvement of
ab family proteins in Flt3 signaling is not known. In

his study, we show that both Gab1 and Gab2 are rap-
dly tyrosine phosphorylated after Flt3 ligand stimu-
ation of Flt3 ligand-responsive cells. They interact
ith tyrosine-phosphorylated Shp-2, p85, Grb2, and
hc. The results suggest that Gab proteins are en-
aged in Flt3 signaling to mediate downstream activa-
ion of Shp-2 and PI3 kinase pathways and possibly
he Ras/Raf/MAPK pathway. © 2000 Academic Press

Key Words: Flt3; Gab; tyrosine phosphorylation; sig-
al transduction; hematopoietic cells.

Flt3 ligand (FL) is a potent co-stimulatory cytokine
hat acts synergistically with a wide range of other
olony stimulating factors and interleukins to stimu-
ate proliferation and differentiation of hematopoietic
tem and progenitor cells [1–4]. Its receptor Flt3 be-
ongs to type III receptor tyrosine kinases that also
nclude receptors for colony-stimulating factor 1, Steel
actor, and platelet-derived growth factor [5]. Previous
tudies have shown that ligand binding of Flt3 results
n phosphorylation of multiple cytoplasmic proteins
uch as Shc, Shp-2, Ship, Cbl and Cbl-b, and activation
f several downstream signaling pathways including
he Ras/Raf/MAPK and PI3 kinase cascades [6–12].

Gab1 and Gab2 (Grb2 associated binder 1 and 2) are
ewly identified scaffolding adapter proteins which
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13–15]. They have a PH domain and multiple poten-
ial binding sites for SH2 and SH3 domains. Recent
tudies have demonstrated that Gab1 and Gab2 are
nvolved in the signaling of many cytokines, growth
actors, and antigen receptors [15–17]. They are rap-
dly tyrosine phosphorylated upon stimulation and in-
eract with several signaling molecules, such as Shp-2,
rb2, Shc, and PI3 kinase. Overexpression of Gab1 or
ab2 activates ERK kinase and enhances growth

actor-mediated signaling events [15, 18, 19]. Mice
acking Gab1 die in utero and display developmental
efects in the heart, placenta, and skin, which are
imilar to phenotypes observed in mice lacking signals
f the hepatocyte growth factor, platelet-derived
rowth factor, and epidermal growth factor pathways
20].

For these reason, we evaluated the possibility that
ab1 and Gab2 might be involved in Flt3 signaling in

hree hematopoietic cell lines: Baf3/Flt3, THP-1, and
S4;11. FL induced rapid tyrosine phosphorylation of
ab1 and Gab2, and both Gab1 and Gab2 interacted
ith Shp-2, p85, Grb2, and Shc.

ATERIALS AND METHODS

Cytokines and antibodies. Recombinant human FL was gener-
usly provided by Immunex Corp. (Seattle, WA). Recombinant
ouse IL-3 was purchased from R & D Systems (Minneapolis, MN).
abbit polyclonal anti-Flt3, anti-Shp2, anti-Grb2, and anti-Shc an-

ibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa
ruz, CA). Rabbit polyclonal anti-Gab1, anti-Gab2, anti-p85 anti-
ody, and anti-phosphotyrosine mAb (4G10) were obtained from
pstate Biotechnology, Inc. (Lake Placid, NY).

Cell lines and stimulation. The murine IL-3 dependent hemato-
oietic cell line Baf3/Flt3, a subline of Baf3 transduced with the
uman Flt3 receptor gene kindly provided by Immunex Corp., was
ultured as described previously [10]. Human acute leukemia cell
ines THP-1 and RS4;11 were obtained from ATCC and maintained
n RPM I1640 medium supplemented with 10% fetal calf serum.
rior to FL stimulation, cells were washed with PBS and placed in
erum-free RPMI1640 overnight. Cells were then washed once with
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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erum-free medium and stimulated with human FL (100 ng/ml) at
7°C for the indicated times.

Immunoprecipitation and immunoblotting. Cell extracts were
repared and subjected to immunoprecipitation and immunoblotting
ith the antibodies indicated as described previously [10]. Briefly,
fter stimulation at 37°C with human FL (100 ng/ml), cells were
ysed in lysis buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1%
onidet P-40, 10% glycerol, 5 mM EGTA, 50 mM NaF, 1 mM
a3VO4, 1 mg/ml of aprotinin, leupepstin, and pepstatin, 100 mg/ml
henylmethylsulfonyl fluoride). For immunoprecipitations, antibod-
es were incubated with 0.5–1 mg of cell lysate for 1 h at 4°C. The
mmune complexes were recovered by incubation with protein
-agarose beads (Santa Cruz) for 1 h at 4°C. After washing three

imes in lysis buffer and once in PBS containing 1mM Na3VO4, the
mmune complexes were dissociated in SDS sample buffer and ana-
yzed by SDS–PAGE and immunoblot. For immunoblotting, primary
ntibodies were detected with horseradish peroxidase-conjugated
econdary antibodies and ECL (Amersham, Arlington, IL).

ESULTS AND DISCUSSION

FL induces transient tyrosine phosphorylation of
ab2 in both Baf3/Flt3 and THP-1 cells. To test
hether Gab2 was involved in Flt3 signaling, we used
af3/Flt3 cells transfected with full-length human Flt3

DNA. This subline stably expresses human Flt3 re-
eptor on the cell surface and proliferates in response

FIG. 1. FL induces tyrosine phosphorylation of Gab2 and its asso
actor-starved Baf3/Flt3 (A) or serum-starved THP-1 (B) cells were st
as immunoprecipitated from cell lysates and immunoblotted with a

eblotted with the indicated antibodies. Results shown are represen
196
o human FL [10]. THP-1 cells, which express endoge-
ous human Flt3, were also used [9, 21]. Neither cell

ine expressed Gab1 as measured by immunoblotting.
ab2 was immunoprecipitated from cells treated with
L for various periods of time, separated by SDS–
AGE, transferred to the PVDF membrane and blotted
ith anti-phosphotyrosine antibody. As shown in Fig.
, FL stimulation induced transient tyrosine phosphor-
lation of Gab2 in both cell lines, which peaked at
bout 5 min and then decreased. There was a basal
evel of phosphorylation of Gab2 in Baf3/Flt3 cells, and
ab2 constitutively associated with Shp-2, p85, and
rb2 (Fig. 1A). FL stimulation increased association of
ab2 with Shp-2, but not with p85. By 45 min, the
hosphorylation of Gab2 returned to or was below the
asal level, and there was little association of Gab2
ith p85 and Shp-2, suggesting that phosphorylation
f Gab2 was required for these interactions.
In THP-1 cells, in which there was no constitutive

yrosine phosphorylation, FL induced a similar pattern
f Gab2 phosphorylation (Fig. 1B). In contrast to Baf3/
lt3 cells, FL did not induce tyrosine phosphorylation
f Shp-2, and Shp-2 was not detected in Gab2 immu-

tion with p85 and Shp-2 in both Baf3/Flt3 and THP-1 cells. Growth
ulated with human FL (100 ng/ml) for various periods of time. Gab2
-phosphotyrosine antibody (pY). The membranes were stripped and
ve of three experiments.
cia
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oprecipitates, suggesting that phosphorylation of
hp-2 is required for its association with Gab2. Also,
ab2 associated with p85 only after FL stimulation in
HP-1 cells. No tyrosine phosphorylation of p85 was
etected in Baf3/Flt3 or THP-1 cells after FL stimula-
ion. Previously, we found that a p100 phosphorylated
rotein associated with both Shp-2 and p85 in these
ells [9]. The results suggest that this p100 protein is
ab2. However, Flt3 was not detected in Gab2 immu-
oprecipitates, implying that Gab2 does not associate
irectly with Flt3.

FL induces transient tyrosine phosphorylation of
oth Gab1 and Gab2 in RS4;11 cells. To test whether
ab1 might also be involved in Flt3 signaling, RS4;11

ells, which express both Gab1 and Gab2 proteins,
ere used. This cell line was derived from the bone
arrow of a patient with acute lymphoblastic leukemia

22]. RS4;11 cells express endogenous human Flt3 re-

FIG. 2. FL induces tyrosine phosphorylation of Flt3 in RS4;11
ells. Serum-starved RS4;11 cells were stimulated with human FL
100 ng/ml) for 5 min. Flt3 was immunoprecipitated from cell lysates
nd immunoblotted with anti-phosphotyrosine antibody (pY). The
embrane was stripped and reblotted with anti-Flt3 antibody. Re-

ults shown are representative of two experiments.
197
oblotting (data not shown). FL stimulation induced
utophosphorylation of Flt3 on tyrosine in this cell line
Fig. 2). As seen in Figs. 3 and 4, FL induced transient
yrosine phosphorylation of both Gab1 and Gab2,
hich peaked earlier than in Baf3/Flt3 and THP-1

ells. Both Gab1 and Gab2 associated with p85 and
hp-2, but only after stimulation with FL. Since Gab1
nd Gab2 have been shown to be substrates for Shp-2
15]. it is possible that Shp-2, once bound to Gab1 and
ab2, might dephosphorylate these two proteins, thus
ecreasing the interaction of Gab1 and Gab2 with ei-
her Shp-2 or p85. Both Gab1 and Gab2 constitutively
ssociated with Grb2. Shc were also detected in Gab1
nd Gab2 immunoprecipitates. Whether Shc binds di-
ectly to Gab1 and Gab2 or the binding is mediated
hrough Grb2 is yet to be determined. As noted for

FIG. 3. FL induces tyrosine phosphorylation of Gab1 and its
ssociation with p85, Shp-2, and Grb2 in RS4;11 cells. Serum-
tarved RS4;11 cells were stimulated with human FL (100 ng/ml) for
arious periods of time. Gab1 was immunoprecipitated from cell
ysates and immunoblotted with anti-phosphotyrosine antibody (pY).
he membrane was stripped and reblotted with the indicated anti-
odies. Results shown are representative of three experiments.
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af3/Flt3 and THP-1 cells, Flt3 was not detected in
ither Gab1 or Gab2 immunoprecipitates in RS4;11
ells, implying that Gab1 and Gab2 are not directly
ssociated with Flt3.
Previous studies have implicated Gab1 and Gab2 in

ctivation of the ERK pathway [15, 18–20, 23]. Over-
xpression of both Gab1 and Gab2 promoted mitogenic
ctivation of ERK kinase activity. Since FL activates
RK [10], it is possible that Gab proteins may also link
lt3 to the ERK pathway. By interaction with p85,
ab1 and Gab2 may also modulate activation of PI3-
inase. Gab1 has been shown to mediate PI3-kinase
ctivation and the promotion of cell survival by nerve
rowth factor [24]. Since p85 does not bind directly to
uman Flt3 receptor [9], it is possible that Gab1 or
ab2 may couple Flt3 to the PI3-kinase pathway. Thus

FIG. 4. FL induces tyrosine phosphorylation of Gab2 and its
ssociation with p85, Shp-2, and Grb2 in RS4;11 cells. Serum-
tarved RS4;11 cells were stimulated with human FL (100 ng/ml) for
arious periods of time. Gab2 was immunoprecipitated from cell
ysates and immunoblotted with anti-phosphotyrosine antibody (pY).
he membrane was stripped and reblotted with the indicated anti-
odies. Results shown are representative of three experiments.
198
n Flt3 signaling and may participate in the activation
f several downstream pathways. The exact roles of
ab1 and Gab2 in Flt3 signaling need to be deter-
ined.
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