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Using the FDC-P1 cell line expressing the exogenous macrophage colony-stimulating factor (M-CSF)
receptor, Fms, we have analyzed the role of a new mammalian DOS/Gab-related signaling protein, called Gab3,
in macrophage cell development of the mouse. Gab3 contains an amino-terminal pleckstrin homology domain,
multiple potential sites for tyrosine phosphorylation and SH2 domain binding, and two major polyproline
motifs potentially interacting with SH3 domains. Among the growing family of Gab proteins, Gab3 exhibits a
unique and overlapping pattern of expression in tissues of the mouse compared with Gabl and Gab2. Gab3 is
more restricted to the hematopoietic tissues such as spleen and thymus but is detectable at progressively lower
levels within heart, kidney, uterus, and brain. Like Gab2, Gab3 is tyrosine phosphorylated after M-CSF
receptor stimulation and associates transiently with the SH2 domain-containing proteins p85 and SHP2.
Overexpression of exogenous Gab3 in FD-Fms cells dramatically accelerates macrophage differentiation upon
M-CSF stimulation. Unlike Gab2, which shows a constant mRNA expression level after M-CSF stimulation,
Gab3 expression is initially absent or low in abundance in FD cells expressing the wild-type Fms, but Gab3
mRNA levels are increased upon M-CSF stimulation. Moreover, M-CSF stimulation of FD-FmsY807F cells
(which grow but do not differentiate) fails to increase Gab3 expression. These results suggest that Gab3 is
important for macrophage differentiation and that differentiation requires the early phosphorylation of Gab2

followed by induction and subsequent phosphorylation of Gab3.

Growth factor receptors are important transducers of extra-
cellular signals for regulating the growth, death, and develop-
mental fate of individual cells of an organism. The transmem-
brane growth factor receptors are activated by binding an
extracellular ligand and converting this event into molecular
reactions mediated through the cytoplasmic portion of the
receptor. These reactions constitute specific signaling pathways
that ultimately determine the fate of cells and tissues through
regulation of specific cellular functions or transcription of spe-
cific genes.

The macrophage colony-stimulating factor (M-CSF) recep-
tor, Fms, is an example of this form of regulation occurring in
macrophage development. The homodimeric ligand, M-CSF,
interacts with the extracellular immunoglobulin domains of
two Fms receptor proteins and activates their cytoplasmic ty-
rosine kinase domains, which transphosphorylate individual
tyrosine residues of the opposing cytoplasmic domain. These
tyrosine phosphorylated sites comprise motifs for high-affinity
interactions with SH2-containing proteins, which transmit the
molecular signals along yet incompletely understood pathways
(for a review, see the work of Bourette and Rohrschneider [6]).
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A primary research focus of our studies concerns the role of
the Fms tyrosine kinase growth factor receptor in determining
the fate of cells regarding growth versus differentiation. The
signals for growth appear to involve activation of the Ras-—
mitogen-activated protein kinase pathway described for many
growth factor systems, but the signals for differentiation and
their regulation remain less well understood. Genetic studies
of ommatidium development in the Drosophila compound eye
have indicated that the tyrosine kinase growth factor receptor
encoded by the sevenless gene is necessary for correct forma-
tion of the ommatidium R7 cells (11, 12, 52). A crucial down-
stream component for eye development is the DOS protein, a
pleckstrin homology (PH) domain-containing scaffolding pro-
tein also required for several other receptor tyrosine kinase-
regulated developmental programs throughout Drosophila (12,
34). A mammalian DOS homologue, called Gabl, has been
identified and named for its ability to bind the adapter protein
Grb2 (14). Gabl interacts with the c-Met protooncogene (also
known as the hepatocyte growth factor receptor), and overex-
pression in epithelial cells induces ligand-independent mor-
phogenesis characteristic of c-Met activation (43). Therefore,
the genetics and biochemistry of both DOS and Gab1 define a
class of signaling proteins acting downstream of growth factor
receptors and essential for transmitting developmental signals.

A newer member of the Gab family of proteins in mamma-
lian cells, called Gab2, was cloned and characterized in hema-
topoietic cells (8, 21, 29, 51). Gab2, like the other family
members, contains an N-terminal PH domain, at least two
proline-rich sequence motifs for binding SH3 domain proteins,
and multiple tyrosine residues within potential sites that may
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specify interactions with the SH2 domain portions of various
signaling proteins. The Gab2 interaction with the SH2 domains
of the p85 subunit of phosphatidyl inositol 3-kinase (PI3K) and
SH2 domains of the tyrosine phosphatase SHP2 is inducible by
growth factor stimulation, but Gab2 constitutively associates
with Grb2. As with Drosophila DOS, the interaction of Gab2
with SHP2 is necessary for positive signaling (8, 13). Mutated
Gab2, which lacks the two SHP2 binding sites, behaves as a
dominant inhibitor of macrophage differentiation in the FD-
Fms cell system (21).

In the present studies we have investigated the expression
and function of a new member of the Gab family of proteins
which we call Gab3. This protein is abundant in hematopoietic
tissues and our results suggest a role for Gab3 in macrophage
cell development.

MATERIALS AND METHODS

Cloning of Gab3. Human Gab3 was identified out of a large expressed se-
quence tag database based upon sequence homology to Gabl. Clones were
present in and selected from both human dendritic cell and eosinophil cDNA
libraries. Murine Gab3 (mGab3) was cloned through a low-stringency screen of
a mouse spleen cDNA library using a probe fragment derived from the human
Gab3 cDNA clone. The mGab3 cDNA was utilized throughout our studies for
analysis of signaling following expression in murine cells.

Cells and stimulation. The BOSC 23 (33) ecotropic retroviral packaging cell
line was maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS; HyClone). FDC-P1 UW cells ex-
pressing wild-type murine Fms (FD-Fms), mutant FmsY807F (FD- FmsY807F),
FD-Fms (vector), and FD-Fms(Gab3"Y?), each from a retroviral vector, were
maintained in DMEM plus 10% FBS supplemented with 0.4% conditioned
medium of X63-IL-3 cells expressing recombinant interleukin-3 (IL-3) (18).
Cells were starved in DMEM without FBS for 4 to 6 h and then stimulated with
various concentrations of M-CSF at 37°C. For M-CSF stimulation over longer
periods of time, cells were seeded at a density of 5 X 10* cells/ml and the media
were replaced daily and cell density was adjusted to 5 X 10* cells/ml. Primary
bone marrow (BM) cells were isolated and stimulated with M-CSF as described
previously (23). The murine hematopoietic cell line BaF3 and BaF3/FIt3 were
grown in RPMI 1640 plus 10% FBS and 0.3% recombinant IL-3 (conditioned
medium of X63-IL-3-expressing cells), as described previously (47). Cells were
starved in RPMI 1640 containing 0.8% bovine serum albumin for 6 h and BaF3
cells were stimulated with recombinant IL-3 (undiluted X63-conditioned medi-
um), whereas BaF3/FIt3 cells were stimulated with 3 g of Flt3 ligand (FL; a kind
gift from Immunex Corporation, Seattle, Wash.) per ml at 37°C.

Antibodies and antibody production. Polyclonal Gab3 antiserum was gener-
ated by immunizing rabbits with a glutathione S-transferase (GST) fusion protein
containing amino acids 259 to 467 of murine Gab3 and was subsequently affinity
purified using a Sepharose column with covalently linked GST or GST-Gab3
antigen. Polyclonal Gab2 antiserum was generated as described previously (21).
Anti-V5 monoclonal antibody was purchased from Invitrogen, polyclonal anti-
SHP2 antibody was from Santa Cruz Biotechnology, polyclonal anti-PI3K p85
antibody was from Upstate Biotechnology, and monoclonal anti-Grb2 antibody
was from Transduction Laboratories. Polyclonal anti-Fms antibodies have been
described previously (37). The 4G10 antiphosphotyrosine antibody was a kind
gift from Brian Druker (Oregon Health Sciences, Portland, Oreg.).

RT-PCR. Total RNA of various cell lines or mouse tissues was extracted as
described previously (47). Poly(A)* RNA was isolated using oligo(dT) cellulose
affinity purification (New England Biolabs). Reverse transcriptase (RT)-PCR
was performed as described previously (23, 46) using specific oligonucleotide
primers for Gab3 (Gab3SE, 5'-GAGAGTCTCTCTCACATG; Gab3AS, 5'-GG
GTGAAGCTGTGGGATA), Gab2 (Gab2SE, 5'-GGAACCTTTCTTCAGCC
AG; Gab2AS, 5'-GAGCTGGCACTATTTGATC), and Gabl (GablSE, 5'-CT
GGCTCCTCACAAGCAC; GablAS, 5'-CAGCTCTTCACCCGAGAC). The
specificity of oligonucleotide primers was tested using cDNA controls for murine
Gab3, murine Gab2 (accession number AF104244), and murine Gab1 (accession
number AJ250669). PCR conditions for Gab3, Gab2, and Gabl were 1 cycle at
94°C for 1 min followed by 35 cycles at 94°C for 30 s, 62°C for 30 s, and 72°C for
1 min. Positive control PCR amplifications were done using glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) primers (GAPDHSE, 5'-CCCATCACCA
TCTTCCAGGA; GAPDHAS, 5'-GGGGCCATCCACAGTCTTCT).
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To estimate the relative amounts of RT-PCR products, total RNA of BM cells,
FD-Fms UW cells, FD-Fms UW Y807F cells, and NFS60-Fms cells was isolated
using the Qiagen RNeasy kit according to the manufacturer’s instructions. To
ensure that there was no genomic DNA contamination, the RNA preparation
was treated with 1 U of RNase-free DNase I (Gibco BRL) per pg of RNA for
15 min at room temperature. After termination of this reaction by the addition
of EDTA to a final concentration of 2.5 mM and an incubation at 65°C for 10
min, the first-strand reaction was performed using Superscript II RT (Gibco
BRL) according to the manufacturer’s instructions. Using an equivalent amount
of 0.2 ug of RNA per PCR, amplification of Gabl, Gab2, Gab3, and GAPDH
c¢DNA was performed as mentioned above. Ethidium bromide-stained gels were
scanned with a Typhoon 8600 Scanner (Molecular Dynamics) at 532 nm and
DNA bands were quantified using ImageQuant software. The results for Gabl,
Gab2, and Gab3 were normalized to the GAPDH signals. All PCR results were
not saturated, which was controlled by running the PCRs with various cycle
numbers. To calibrate the quantification of the reactions, PCRs with increasing
amounts of input cDNA were performed. This calibration showed that the
measured signal difference was underestimated by a factor of about 3, since a
twofold increase in input cDNA resulted in only a 1.3-fold increase in fluores-
cence signal.

Primers for subcloning the Gab3 open reading frame into pIND/V5-His
TOPO vector (Invitrogen) were as follows: sense, 5'-GCCAGGATGAGCACT
GGTGACACT-3’, and antisense, 5'-CACTTTGGATTGCCTCTCATCAGT
C-3' (the start codon is underlined).

V5-tagged Gab3. The pJZen-IRES-GFP (pJIG) bicistronic retroviral expres-
sion vector (kindly provided by P. A. Algate, Fred Hutchinson Cancer Research
Center, Seattle, Wash.) was constructed by inserting the internal ribosome entry
site (IRES) and green fluorescent protein (GFP) (Clontech) into the pJZen-1
vector (36). The pJIG/mGab3"? expression construct was generated by inserting
the mGab3 coding region, prepared by PCR using the sense and antisense
primers listed above, into the TA cloning site of the pIND/V5-His-TOPO vector
(Invitrogen). The V5-tagged full-length mGab3 (mGab3Y?) ¢cDNA in pJIG/
mGab3V? was then amplified, digested with BamHI, and inserted into the pJZen-
IRES-GFP vector as described previously for Gab2 (21). All PCRs were per-
formed with HF polymerase mix (Clontech) and constructs were verified by
sequencing.

Retroviral gene transfer. Retroviral infection of murine FD-Fms UW cells was
performed using transiently transfected BOSC 23 packaging cells as described
previously (16). Briefly, 1.5 X 10° cells were plated onto 60-mm-diameter dishes
containing 4 ml of medium 18 h prior to transfection. For transfection, 10 pg of
plasmid DNA was added to each dish containing fresh medium supplemented
with 25 pM chloroquine. At 7 to 10 h posttransfection, the medium was replaced
with fresh medium without chloroquine, and cells were incubated for 18 h.
Infections were performed by cocultivating 3 X 10° FD-Fms UW cells with
transfected BOSC 23 cells for 48 h in 60-mm-diameter dishes containing 4 ml of
medium supplemented with 4 pg of Polybrene per ml. Infected FD-Fms UW
cells were then harvested and sorted for Fms and GFP expression on a Vantage
flow cytometer (Becton-Dickinson).

IPs and IBs. Immunoprecipitations (IPs) and immunoblots (IBs) were per-
formed as described previously (47). Unstimulated or stimulated cells (107) were
lysed in NP-40 lysis buffer (50 mM NaCl, 50 mM Tris-HCI [pH 7.3], 30 mM
Na,P,0,, 50 mM NaF, 5 uM ZnCl,, 0.5% NP-40, 1 mM phenylmethylsulfonyl
fluoride, 20 wg of aprotinin per ml, 2 mM orthovanadate). Lysates were cleared
of cell debris by centrifugation. Supernatants (equalized for protein amount)
were used for IP and incubated 3 h to overnight with 15 pl of anti-Gab3 serum,
1 pl of anti-Gab2 serum, and 20 pl of protein A-Sepharose (Amersham Phar-
macia) or 1 pl of anti-V5 antibody and 20 pl of protein G-Sepharose (Amersham
Pharmacia). IPs were washed four times with lysis buffer and eluted by boiling in
2X Laemmli buffer. Proteins were separated on a sodium dodecyl sulfate-6.5 to
10% polyacrylamide gel and transferred to a nitrocellulose membrane (Schlei-
cher and Schuell) on a semidry blotting apparatus (Ellard Instrumentation Ltd.,
Seattle, Wash.). Membranes were blocked in TBST (300 mM NaCl, 10 mM
Tris-HCI [pH 7.5], 0.5% Tween 20) containing 1% bovine serum albumin and
1% ovalbumin and incubated with primary antibodies (1:500-diluted affinity-
purified anti-Gab3, 1:1,000-diluted affinity-purified anti-Gab2, and 1:2,500-di-
luted antiphosphotyrosine 4G10; other antibodies were used according to the
manufacturer’s recommended methods), following which they were incubated
with the appropriate secondary antibodies (anti-mouse or protein A) coupled to
horseradish peroxidase (Bio-Rad). Immunocomplexes were visualized using en-
hanced chemiluminescence (Dupont-NEN).

GST constructs, protein purification, and GST pull-down assays. For antibody
production, a PCR-generated fragment using the pIND/V5-His/mGab3 con-
struct as template, 5'-ACGTGGATCCCCAATAGAGAAATCAATGGCCCA
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as sense primer, and 5'-ACGTGGATCCCCTGGTTAGAGATGTGTGTT as
12antisense primer and encoding mGab3 amino acids 259 to 467 was cloned into
the BamHI site of pGEX-5X-1 (Amersham Pharmacia). Constructs used for
GST pull-down assays were from plasmid stocks from L. R. Rohrschneider’s
laboratory and from J. Cooper’s laboratory (Fred Hutchinson Cancer Research
Center). The proline-rich domain (amino acids 396 to 458) of mGab3 was PCR
amplified (3-PRD-SE, 5-TGTGTGGATCCCCGTGCCCATGAGCCCTAAA
GG; 3-PRD-AS, 5'-TGTGTGAATTCGGTGGAAAGGTTTCTCGAGTC) and
subcloned into the BamHI and EcoRI sites of pGEX-3X (Amersham Pharma-
cia). GST fusion protein expression was performed using Escherichia coli
BL21(DE3) (Novagen), protein expression was induced at room temperature
with 0.5 mM IPTG for 3 to 4 h, and GST fusion proteins were affinity purified
using glutathione-agarose (Amersham Pharmacia). For GST pull-down assays, 3
to 5 pg of GST fusion protein coupled to beads was incubated with NP-40 lysates
from unstimulated or M-CSF-stimulated FD-Fms(Gab3¥?) cells. After four
washes with lysis buffer, complexes were analyzed by immunoblotting.

Cell proliferation assays in liquid culture and fluorescence-activated cell
sorter analysis. (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) proliferation assays were performed as described previously (27). In
brief, FD-Fms(vector) and FD-Fms(Gab3"?) cells were plated in 96-well plates
at a density of 2 X 10* cells/ml and under different growth factor conditions. The
assay was performed after 3 days and proliferation was calculated relative to
growth in IL-3.

For cell counts in liquid culture, FD-Fms(vector) and FD-Fms(Gab3"Y?) cells
were plated at a final concentration of 10° cells/ml under the growth factor
conditions indicated. Cells were counted every day over a 3-day period using a
Coulter Counter (Coulter-Beckman). Relative proliferation was calculated based
on the initial cell density. In addition, cells were plated with the same density in
either IL-3 or 2,500 U of M-CSF per ml for 2 days and cell morphology was
documented with a phase-contrast micrograph as well as fluorescence-activated
cell sorter analysis monitoring forward and side scatter.

Soft agar assays. These assays were performed as described previously in
35-mm-diameter petri dishes containing Iscove’s medium (Sigma), 10% FBS,
and 0.31% agar (26, 37). A 1-ml top agar layer contained 700 cells, and a 1-ml
bottom layer contained the same 0.31% agar medium but without cells. Growth
factors were added to both top and bottom agar layers, and colony counts were
made after 7 to 10 days in culture. Only colonies of 10 viable cells or greater were
counted.

Nucleotide sequence accession numbers. The amino acid and nucleotide se-
quences for both murine (AY057988) and human (AY057989) Gab3 have been
deposited in GenBank.

RESULTS

Human Gab3 was first identified from an EST database by
homology with Gabl, and full-length cDNAs for both the hu-
man and murine Gab3 were isolated as described in Materials
and Methods. The expected amino acid sequences for both the
murine and human Gab3 proteins, based on the complete
c¢DNA nucleotide sequence, are shown in Fig. 1A. The nucle-
otide sequences have been deposited in GenBank (see Mate-
rials and Methods). The 595-amino-acid murine Gab3 and
586-amino-acid human Gab3 each encode proteins with N-
terminal PH domains (outlined in black) and five polyproline
motifs with potential for SH3 domain interactions, of which
two have close homology to known SH3 domain binding sites
(outlined in red) and three do not (outlined in blue). Eleven
positionally shared tyrosine residues reside adjacent to se-
quence motifs specifying possible SH2 domain interactions
(highlighted in yellow). Three YXXM tyrosine phosphoryla-
tion motifs could each interact with an SH2 domain of the p85
subunit of PI3K (39), and all three are situated in spatially
homologous regions of each respective Gab3 protein. The two
tyrosine motifs, YLXL and YVXV at amino acid positions 542
and 569 of the murine Gab3 sequence, are also present in the
Gab2 protein and are known to interact with the SH2 domains
of SHP2 (8, 21). In addition, the murine Gab3 protein contains
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four tyrosine residues not matched by an equivalent tyrosine at
the related position in the human sequence, and the human
Gab3 protein contains one such unique tyrosine residue (all
highlighted in yellow). Two short shared sequences are of
interest in the Gab3 proteins. One is composed of a polyglu-
tamic acid sequence (green background) not entirely shared
between human and murine proteins. Another is the more
carboxyl terminal of the polyproline sequences (outlined in
red) because this sequence is known to interact with the C-
terminal SH3 domain of Grb2 (7, 22).

The comparative organization of the major structural and
domain features of the Gabl, Gab2, and Gab3 proteins is
shown in Fig. 1B. Among these proteins, the amino acid iden-
tity is greatest in the PH domains (approximately 50% identity
shared by all three) while the remainder of the proteins exhibit
considerably less sequence identity (approximately 14%
among the three). Each PH domain contains three identical
tyrosine motifs for potential SH2 domain binding and the
Gabl protein exhibits an additional unique tyrosine (Fig. 1C).
The unique tyrosine (Y) residue in the PH domain of Gab1 at
position 83 is matched with a phenylalanine (F) amino acid
residue in the respective Gab2 and Gab3 PH domain sequence,
suggesting the single unmatched Y in Gabl may serve merely
a structural role. Despite the lower sequence identity among
the three proteins outside the PH domains and the different
overall amino acid lengths, sequence alignment demonstrates
numerous identities among all Gab proteins, and some se-
quence motifs are also shared with the Drosophila DOS protein
(not shown). The first polyproline-rich region (centered at
amino acid 310 of murine Gab3) is situated identically in all
four members of this protein family (i.e., Gabl, Gab2, Gab3,
and DOS). In addition, the above-mentioned polyproline-rich
sequence, which contains the exact motif for binding the C-
terminal Grb2 SH3 domain (PPPVXRXLKP at amino acid
positions 433 to 442), represents one of the most highly con-
served sequence stretches among the four proteins of the
DOS/Gab family (data not shown). These overall structural
features of Gab3 indicate its close functional relationship to
the Gab1 and Gab2 proteins and the DOS protein of Drosoph-
ila.

To obtain an idea about the tissue-specific functionality of
Gab3, the expression of Gab3 mRNA was analyzed in several
hematopoietic cell lines and tissues of the mouse by RT-PCR
of mRNA (Fig. 2A). The expression of both Gabl and Gab2
was tested concurrently. The RT-PCR primers were specific
for the nucleotide sequences encoding each protein, and non-
specific priming was not evident. Gab3 mRNA was expressed
in all cell lines and tissues of hematopoietic origin and was
relatively abundant in spleen and thymus. Murine embryonic
stem (ES) cells also expressed detectable levels of the Gab3
mRNA, as did brain, heart, lung, kidney, and uterus cells. NIH
3T3 cells showed marginally detectable expression of Gab3.
Other cells or tissues not expressing Gab3 include PC12 cells,
Rat2 cells, skeletal muscle, liver, and pancreas. All tested my-
eloid and macrophage cell lines did contain Gab3 mRNA
(FDC-P1, NFS60, 32D, WEHI3B, Raw, BAC1, and NFS60/
Mac), but the FDC-P1 cells showed only very weak expression.

Similar analysis of Gabl and Gab2 mRNA demonstrated
that each of the Gab proteins exhibited nonidentical but over-
lapping patterns of expression within the set of cells and tissues
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Human MSAGDAVCTGWLVKSPPERKLORYAWRKEWFVLRRGRMSGNPDVLEYYRNEHSSKPIRVI 60
Murine |MSTGDTVCMGWLIKSPPERKLQRYAWRKRWEFVLRRGRMSGNPDVLEYYRNKHSNKPIRVI 60
T Tt TTETE T EETTE
Human DLSECAVWKHVGPSFVRKEFQNNFVFIVKTTSRTFYLVAKTEQEMOVWVHSISQVCNLGH 120
Murine DLSECTVWKHAGPGFIRKEFQKNFVFIVKTTSRTFYLVAKTEEEMQVWVHSISQVCNFSH 120
R R D T T T
Human LEDGADSMESLSY¥TPSSLQPSSASSLLTAHAASSSLPRDDPNTNAVATEETRSESELLFL 180
Murine LEDGADSMESLSHMPSSFQPSPASSLHTVHVANSALLKDDGNTNSVVTEETRRESEFLFL 180
hkkkkhkkhkhkhks hhkokkh Khkhk Kk Kk Kk _Krk skk kkkok khkkk kkk.hkk*
Human PDYLVLSNCETGRLHHTSLPTRCDSWSNSDRSLEQASFDDVFVDCLQPLPSSHLVHPSCH 240
Murine PDYLILSNCETGRLHHASLPTRCDSWSNSNHSLAQTSFDDVFLDGLQPFISNNLVHPLHH 240
Kok kk sk khkk kKR Rk sk kk kKKK KRKR K s s hk Kok hhNRK ok *kke K shkkh &
Human GSGAQEVPSSRPQAALIWSREINGPPRDHLSSSPLLESSLSSTIQVDKNQGSLPCGAKEL 300
Murine GKVSQDFPSIRPQASLIWNREINGPSRNLMSSSPLLESSLNPTVHVEEKQVSLPSGVKEL 300
K aks kk hkkkakkk hkhhkkk ks skkkkkkkkkk  Kparks:ik Khkk Kk kkk
Human DIMSNTPPPRPPKPSHLSERRQEE--WSTHSGSKKPECTLVPRRISLSGLDNMRTWKADV 358
Murine NIMSNIPPPRPPKPSYLSEQRQDQPLLTGHSSNKKPGYTMVPRRISLSGLDHVGSWKGDV 360
skkkh KKKRKKRAK KAk KKy kk  _kkk  kekkkkhkhhkkhkhke o akk kK
= _pB5? p85?
Human EGQSLRHRDKRLSLNLPCRFSPMYPTASASIEDSYVPMSPQAGASGLGPHCSPDDYIPMN 418
Murine QSQSLRHRDKRLSLNLPCKFSPIYPTASPSAEDSYVPMSPKGTASELRPHCSQDDYIPMS 420
s Rk kkkkkkkhkhk g hkk akhkAk k KRARKR KKKy Kk Kk ARAK ARKKKK
Human SGSISSPLPEL LEPPPVNRDLKPRRKSRPPPLDLRNLSIIREHASLTRTRTVPCSRT 478
Murine S----S ELPADLEPPPVNRNLKPRDRKSRPPPLDSRNLSTIQEHTSLTRTYTVPCNRT 476
* H ok kokkakkkkhkkkkskkkkkhkhhkhkhk Rk KAk ko kkokkhhk kkkR Ak
pB5?
Human SFLSPERNGINSARFFANPVSREDEES-----------YTEMEEHRTASSLSSGALTWTK 527
Murine SFLSPQRNGINCARLFSTPSEEEEEEEEEEEEEEEEEKYIQMEEYGTVSSLSRSALSWTK 536
Kkhkh g hkhhk Khkaky Kk kakk Kk hkkhks K _kkkh  kkikkk
SHP2 SHP2
Human KFSLDYLALDFNSASPAPMQQKLLLSEEQRVDYVOQVDEQKTQALQSTKQEWTDERQSKV 586
Murine KFSLDYLALDFNSTSPAPVQKKLLLSEEQRVDYVQVDEQKTQAFRSTKQAWTDERQSKV 595

khkkkkhhhhhhkkohdhh ok s hhhhhhkhkdhdd bbbk hhdkhhs s kkkk dhkhhkhkdddh

FIG. 1. Amino acid sequence and domain structure of the human and murine Gab3 proteins. (A) The sequences of the 595-amino acid murine
Gab3 protein and the 586-amino acid human Gab3 protein deduced from the nucleotide open reading frames of each cDNA are shown in the
single-letter amino acid designations. The PH domain is outlined in black, and tyrosine-containing motifs with potential for interacting with SH2
domains when phosphorylated are highlighted in yellow (as are single, unmatched tyrosine [Y] residues). Several PXXP motifs with potential for
SH3 domain interactions are shown outlined in blue. The red outlined sequences represent highly conserved regions contained in all three Gab
proteins, and the green rectangle contains a polyglutamic acid stretch. The consensus line below the amino acid sequences utilizes an asterisk for
complete identity, a colon for a conserved substitution, and a period for a semiconserved substitution. (B) Diagram showing the relative structural
details of Gabl, Gab2, and Gab3. The amino-terminal PH domains are highlighted in black, the location of tyrosine amino acids are shown along
the length of each protein (Y), and PXXP amino acid motifs are designated in black with a “P” below the relevant location. The position of the
major conserved polyproline-rich sequences are designated by open red rectangles on each Gab protein. The scale above the C terminus of Gab1l
indicates the length of 50 amino acids. (C) Amino acid sequence alignment of the Gabl, Gab2, and Gab3 PH domains with tyrosine residues
highlighted (yellow).

examined (Fig. 2A). Gab2 expression was uniformly detectable
throughout myeloid and B-cell lines but was absent from the
CTLL2 T-cell line. Like Gab3, Gab2 was expressed in brain,
heart, lung, kidney, and uterus, but the expression was weak in
spleen and absent from thymus. These latter two tissues ex-
pressed Gab1 and Gab3, however. In contrast to the absence of
Gab3 in pancreas, both Gab2 and Gabl could be detected in
this tissue. The ES cells did not express detectable levels of

Gab2. The expression of mRNA for the Gabl protein was
uniformly positive in most mouse tissues examined and was
also found in the hematopoietic cell lines, except a few myeloid
cell lines (i.e., NFS60, Raw, and possibly FD-Mix). Gabl ex-
pression was notably absent from the FD-Fms UW cells (data
not shown) used to overexpress Gab3 from a retroviral vector;
however, a second line of FD-Fms cells (¢l 19) from our lab-
oratory showed a strong Gabl mRNA signal.
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FIG. 1—Continued.

Expression of the three Gab mRNAs was examined in BM
cells (after depletion of adherent cells by incubation on plastic)
or BM cells cultured for various days in M-CSF (Fig. 2B). The
semiquantitative results are plotted relative to GAPDH
mRNA and indicate that during the 5-day experimental period
the levels of all three Gab protein mRNAs increased. Macro-
phages were the primary cells present after 5-day culture of the
BM cells in M-CSF.

Therefore, the overall expression analyses of Gabl, Gab2,
and Gab3 demonstrate a complex regulation in which very few
cell types exhibit expression of only one Gab protein (e.g.,
liver). More cell types express combinations of two Gab pro-
teins (e.g., spleen, thymus, CTLL2, pancreas, NFS60), but
most (at least in cell culture) may express all three Gab pro-
teins.

The expression of multiple Gab proteins within a single cell
poses a question of whether individual Gab proteins couple to
individual growth factor receptors or whether a single receptor
activates all Gab proteins, perhaps in different ways. The Gab2
protein is expressed in myeloid cells as an approximately 100-
kDa protein and becomes tyrosine phosphorylated in M-CSF-
stimulated FD-Fms cells (21). Phosphorylated Gab2 associates
with both SHP2 and the p85 subunit of the PI3K complex
through their SH2 domains, which transmits signals for events
such as gene activation (8, 14, 20). Therefore, FD-Fms cells
expressing a V5-tagged Gab3 protein were used to determine
whether Gab3 also participates in similar signaling from the
activated M-CSF receptor, Fms. The FD-Fms(Gab3"?) cells

were starved of growth factors and stimulated by the addition
of M-CSF. The results in Fig. 3 demonstrate that Gab3 is
rapidly tyrosine phosphorylated after M-CSF stimulation and,
like Gab2, associates with both SHP2 and p85, as shown by
co-IP with anti-V5 serum (Fig. 3A) or a reciprocal experiment
where mGab3"Y” was coimmunoprecipitated with anti-SHP2 or
anti-p85 sera (Fig. 3B). The tyrosine-phosphorylated ~165-
kDa protein observed 1 min after M-CSF stimulation is not
Fms (unpublished observation) but rather an unidentified pro-
tein. Both Gab2 and mGab3"¥” participated in the signaling
pathways activated by M-CSF. Therefore, in the case of Fms, a
single receptor may couple to two different Gab proteins.

Potential roles for Gab3 and Gab2 signaling through other
growth factor receptors was tested to determine whether dif-
ferential utilization might exist in other systems. BaF3 cells
expressing the FlIt3 receptor were stimulated with FL and ty-
rosine phosphorylation of endogenous Gab3 and Gab2 was
examined by immunoblotting (Fig. 4). Both Gab3 and Gab2
were tyrosine phosphorylated with similar kinetics following
Flt3 activation (Fig. 4A). Similar results were obtained when
BaF3 cells were stimulated with IL-3 (Fig. 4B). Therefore,
both the Flt3 and IL-3 receptor can induce the tyrosine phos-
phorylation, and presumably, activation of both Gab2 and
Gab3.

All Gab proteins encode multiple tyrosine phosphorylation
motifs and polyproline regions, which could serve as potential
interaction sites for SH2 domain- or SH3 domain-containing
proteins, respectively. To obtain an initial idea of potential
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FIG. 2. RT-PCR analysis of Gabl, Gab2, and Gab3 mRNA expression in cell lines and tissues of the mouse (and rat). (A) The designations
Gab3/+RT and Gab3/—RT indicate PCRs using primers specific for Gab3 and conducted with or without prior reverse transcription, respectively.
Similar reactions were performed for detecting Gab2, Gabl, and GAPDH as positive control. Additional positive and negative RT-PCR
experiments demonstrated the specificity of each primer set for its corresponding Gab protein. These reactions are shown on the right-hand end
(controls), and the nucleotide length for the expected products is adjacent to each arrow. The cell lines are PC12, Rat2 (rat cell lines; all others
are mouse derived); NIH 3T3 (fibroblast); EML, FD-Mix (pluripotent, hematopoietic); NFS60, FDC-P1 cl 19, 32D, WEHI 3B, Raw, NFS60/Mac,
Bacl (myeloid); FL5.12, BaF3 (B cells); CTLL2 (T cells); ES (129Sv-derived Ak7 stem cells). (B) RT-PCR analysis of Gabl, Gab2, and Gab3 in
primary BM cells cultivated in the presence of M-CSF. BM cells were collected and cultured in the presence of 1,000 U of M-CSF per ml for 5
days. Total RNA was isolated before the addition of M-CSF (Co) and at the time points indicated. RT-PCRs were performed using specific primers
for Gabl, Gab2, Gab3, or GAPDH. Quantification of the ethidium bromide-stained DNA bands in gels was performed with ImageQuant software.
Gabl, Gab2, and Gab3 signals were normalized to the GAPDH signal and are shown as percentages of GAPDH signals. One representative
example of three independent experiments is shown.

SH3-containing protein interactions with Gab3, we examined 5A). The SH3 domains derived from Csk, RasGap, and Crk
the ability of GST fused to SH3 domains derived from various were devoid of such interactions with Gab3. The SH3 domains
signaling proteins to pull down Gab3 (Fig. 5). SH3 domains of Grb2 constitutively associate with polyproline regions of the
from Src, Fyn, Lyn and Grb2 all interacted avidly with the Gab members Gabl and Gab2 (8, 14, 28). A similar association
V5-tagged Gab3 in lysates from FD-Fms(Gab3"?) cells (Fig. was detectable between Grb2 and the proline-rich domain
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FIG. 3. Gab3 is tyrosine phosphorylated by M-CSF and associates
with SHP2 and p85/PI3K. (A) FD-Fms-expressing mGab3"? cells were
starved, stimulated with 2,500 U of M-CSF per ml, and lysed at the
times indicated. The Gab3 proteins were immunoprecipitated (IP)
with anti-V5 antibody and the immune complex was separated by
polyacrylamide gel electrophoresis. After electrophoretic transfer of
proteins onto nitrocellulose filters, phosphotyrosine (PY)-containing
proteins were detected by immunoblotting (IB) with the 4G10 mono-
clonal antibody. Likewise, equal levels of V5-tagged Gab3 are shown
by immunoblotting with antibody to the V5 epitope. The transient
M-CSF-dependent association of mGab3¥> with SHP2 and p85 is
detected by immunoblotting the anti-V5 IP with the respective anti-
bodies shown in the bottom two panels. The migration positions of
Gab3 and SHP2 are shown in the top left panel, and the positions of
molecular weight marker proteins are on the right. (B) Reciprocal
co-IPs showing the association of SHP2 and p85 with V5-Gab3. Cell
lysates from quiescent (—) or M-CSF (2,500 U/ul)-stimulated (+)
FD-Fms cells expressing mGab3"” were immunoprecipitated with an-
tibodies as indicated. The immunocomplexes were separated by so-
dium dodecyl sulfate—7.5% polyacrylamide gel electrophoresis, trans-
ferred onto nitrocellulose filters, and immunoblotted with anti-V5
antibody.

(PRD) encompassing amino acids 396 to 458 (see Fig. 1) cor-
responding to the Met-binding domain of Gabl1 (43). Fused to
GST, the Gab3 PRD interacts well with the 25-kDa Grb2
protein regardless of whether the FD-Fms(Gab3"?) cells are
stimulated with M-CSF (Fig. 5B). This is consistent with the
constitutive association of the Grb2 SH3 domains with the
PRD region of Gab3.
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FIG. 4. Tyrosine phosphorylation of Gab3 in response to activation
by various ligand-receptor systems. (A) BaF3 cells expressing the Flt3
receptor were stimulated with FL for the times indicated and the
endogenous Gab3 or Gab2 protein was immunoprecipitated from ali-
quots of the cell lysate with antibody specific to each protein. After gel
electrophoresis and transfer to nitrocellulose, the filters were immu-
noblotted with antibody to either phosphotyrosine (IB: aPY), Gab2
(IB: aGab2), or Gab3 (IB: aGab3). (B) BaF3 cells were stimulated
with IL-3 and the tyrosine phosphorylation of Gab3 and Gab2 was
tested as described above.

Based on our results so far, both Gab3 and Gab2 are ty-
rosine phosphorylated after stimulation of Flt3, the IL-3 re-
ceptor, or Fms. The phosphorylation of Gab3 and Gab2 by
Fms could occur simultaneously or perhaps sequentially. The
former mechanism would require that both proteins be ex-
pressed concurrently, whereas the latter mechanism could en-
compass a temporally different expression pattern. The latter
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FIG. 5. Potential interactions of Gab3 with various SH3 domains
measured by GST pull-down assays. (A) Lysates from unstimulated
FD-Fms(Gab3"?) cells were reacted with GST fused to SH3 domains
from the various proteins identified above the figure and the presence
of the V5-tagged Gab3 protein identified by immunoblotting. The
left-hand lane marked WCL (whole-cell lysate) shows the position of
mGab3Y>. (B) The PRD of the Gab3 protein was fused to GST and
used in pull-down experiments to demonstrate an interaction with
Grb2. Immunoblotting with antibody to Grb2 (IB: aGrb2) identified
Grb2 in the whole-cell lysates of the FD-Fms(Gab3"?) cells and the
complex with GST-Gab3-PRD but not with GST alone. Where indi-
cated, M-CSF was present in excess for 5 min at room temperature.
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FIG. 6. Expression of Gab protein mRNA in FD-Fms and NFS60-Fms cells. (A) RT-PCR analysis of Gab1, Gab2, and Gab3 in FD-Fms UW
cells. FD-Fms UW cells were either cultured in IL-3 or stimulated with 2,500 U of M-CSF per ml, and total RNA was isolated at the time points
indicated. Quantification of the PCR products was performed as described in the legend for Fig. 2B. Standard deviations of three independent
experiments are indicated. (B) RT-PCR analysis of Gab2 and Gab3 in NFS60-Fms cells. NFS60-Fms cells were either cultured in IL-3 (=) or
stimulated with 2,500 U of M-CSF per ml (+) for 3 days. Total RNA was isolated and RT-PCRs were performed using specific primers for Gab2,
Gab3, or GAPDH. A representative ethidium bromide-stained gel of PCR products from three independent experiments is shown.

case might be possible because our RT-PCR results indicated
that Gab3 was only weakly expressed in the FDC-P1 cl 19 cells
(Fig. 2A) and in the FD-Fms UW cells used to express exog-
enous V5-tagged Gab3, whereas Gab2 expression was consid-
erably higher in both cell types (unpublished observation).
However, Gab3 would need to be induced in these cells. We
therefore measured the level of Gab3 mRNA by RT-PCR
within the FD-Fms UW cells at times after M-CSF stimulation
(Fig. 6A). The results demonstrated that Gab3 mRNA levels
increased about twofold after M-CSF stimulation. However, a
calibration of our RT-PCR indicated that actual differences
between control cells in IL-3 and those in M-CSF were under-
estimated by a factor of 3 (see Materials and Methods). In the
FD-Fms UW cell line used in these studies, levels for Gabl
remained uniformly low, while those for Gab2 remained high

(Fig. 6A). Similar results were obtained in the NFS60-Fms
cells, with Gab2 levels remaining constant but Gab3 levels
increasing significantly after M-CSF stimulation (Fig. 6B). No
Gabl signals could be detected in these cells. These results
indicate that Gab3 mRNA, and presumably protein, levels are
increased by M-CSF stimulation of Fms-expressing cells, and
suggest, at least in FD-Fms cells, that Gab2 and Gab3 may act
at temporally distinct points in Fms signaling.

FDC-P1 cells expressing the Y807F point mutation of Fms
are defective for macrophage differentiation in M-CSF, even
though the in vivo tyrosine kinase activity of the receptor
remains largely unaffected (4, 5). The FD-FmsY807F cells
were examined for Gab3 mRNA expression at times after
M-CSF stimulation, and the results were compared directly to
those with FDC-P1 cells expressing the wild-type (WT) recep-
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FIG. 7. Comparison of Gab3 signals in FD-Fms WT and Y807F
cells. FD-Fms WT and FD-FmsYS807F cells were either cultured in
IL-3 or stimulated with 2,500 U of M-CSF per ml and total RNA was
isolated at the time points indicated. RT-PCRs and quantification of
the PCR products were performed as described in the legend to Fig.
2B. Data represent mean values of three independent experiments and
standard deviations are indicated.

tor (Fig. 7). Gab3 mRNA was induced in FD-Fms WT cells as
early as the first day after M-CSF stimulation, whereas the
levels of Gab3 mRNA in FD-FmsYS807F cells remained con-
stant throughout the 3-day experiment. The absence of both
M-CSF-induced Gab3 mRNA induction and macrophage dif-
ferentiation in the FD-FmsY807F cells suggests that Gab3 is
important for differentiation and/or that the Gab3 promoter is
activated during differentiation.

Biological effects of mGab3"> overexpression in the FD-Fms
cells were examined in colony formation assays in soft agar,
growth in liquid culture, and morphological differentiation as-
says. The results in Fig. 8A show the colony count for FD-
Fms(Gab3"?) and control FD-Fms(vector) cells grown in soft
agar with no growth factor or with IL-3, GM-CSF, or M-CSF.
Both IL-3 and GM-CSF stimulate growth of the FD-Fms cells
without inducing morphological changes, whereas M-CSF ac-
tivates a program for differentiation accompanied by a de-
creased rate of cell growth (4, 5). IL-3 and GM-CSF have
similar effects on mGab3"Y>- and vector-expressing FD-Fms
cells, both stimulate maximum colony numbers in soft agar,
and 70 to 80% of the input FD-Fms cells consistently form
colonies. Growth of the FD-Fms(Gab3"?) and control cells in
increasing units of M-CSF resulted in progressively decreasing
numbers of colonies and a significant reduction in growth of
FD-Fms cells expressing the mGab3"” relative to the control
cells expressing the empty vector. In the absence of growth
factor addition to the agar assays, FD-Fms control cells grew
poorly or not at all; however, the cells expressing mGab3">
exhibited significant and unexpected colony formation (mor-
phologically, these colonies were composed of undifferentiated
cells). These results suggest that the mGab3">-expressing cells
differentiate more rapidly than control cells in the presence of
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M-CSF, but they also exhibited increased factor-independent
growth relative to control cells.

Growth of the mGab3Y>- and vector-expressing FD-Fms
cells in liquid culture confirmed the effect of mGab3"Y> over-
expression on decreasing the overall growth in M-CSF (Fig.
8B). The liquid culture assay, however, did not show any dif-
ference in factor-independent growth between the control and
mGab3Y’-expressing FD-Fms cells. The kinetics of mGab3">-
and vector-expressing FD-Fms growth was monitored over a
3-day period to obtain a better idea of the relative influence of
the overexpressed mGab3"Y? protein (Fig. 8C). The data ob-
tained by measuring the rate of growth as a function of cell
number produced results analogous to those obtained from the
soft agar assay. Expression of mGab3"? in FD-Fms cells de-
creased the rate of cell growth in M-CSF relative to the control
cells and resulted in increased factor-independent growth.

The morphology of the FD-Fms(vector) and FD-Fms
(Gab3"Y?) cells grown in M-CSF or IL-3 was quantified by flow
cytometric analysis of forward and side scatter to determine
whether the M-CSF-induced decrease in growth rate of the
FD-Fms(Gab3"?) cells was due to facilitated induction of mac-
rophage differentiation (Fig. 9). The forward scatter is a func-
tion of cellular size, whereas side scatter is related to the
degree of intracellular architecture and complexity. The cor-
responding morphology of the cells is shown by the inset
phase-contrast photomicrograph. Control cells have a rela-
tively uniform size distribution when grown in IL-3. This pat-
tern is characteristic of undifferentiated FDC-P1 cells (4). Dif-
ferentiation of these cells occurs in the presence of M-CSF and
is evident from the increase in both forward and side scatter as
well as in the morphological changes shown in the phase inset
image. FD-Fms(Gab3"?) cells grown in IL-3 exhibit an undif-
ferentiated morphology analogous to the control cells in IL-3,
but growth in M-CSF produces a shift in forward and side
scatter greater than that seen with control cells grown in M-
CSF. Again, the phase-contrast photomicrograph reflects the
morphological changes indirectly observed by flow cytometry.
These results indicate that the overexpression of mGab3"” in
FD-Fms cells facilitates morphological differentiation.

DISCUSSION

The mammalian Gab family of proteins now includes three
members, Gabl (14), Gab2 (8), and Gab3 (presented in this
publication). The relatedness of these proteins is based on the
following general structural similarities: an amino-terminal PH
domain, multiple motifs for tyrosine phosphorylation and SH2
domain binding, and polyproline regions potentially binding
SH3 domains. The Drosophila DOS protein is the prototypical
example of this larger signaling protein family (12, 34), also
comprising the more distantly related mammalian Gab-type
homologues like the IRS family of proteins and DOK proteins.
These last protein groups are distinguished from the Gab fam-
ily by the additional presence of a PTB domain (17, 42, 48, 49).
Other proteins related to this group include FRS2 and LAT
(19, 50), each of which exhibits distinct means of membrane
attachment utilizing N-terminal myristoylation or a transmem-
brane domain, respectively.

The predicted amino acid sequence of murine and human
Gab3 proteins defines two homologous proteins that are
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FIG. 8. Biological effects of mGab3"> overexpression on growth of FD-Fms cells. (A) Soft agar colony assays were performed on FD-Fms cells
expressing either the empty vector or the vector expressing the mGab3V>. The agar assay conditions included either no growth factor, IL-3,
GM-CSF, or increasing M-CSF concentrations from 500 to 5,000 U/ml. (B) An MTT proliferation assay of the vector- or mGab3V>-FD-Fms cells
was performed for the IL-3- and M-CSF-stimulated cells. (C) Cell growth in liquid suspension culture was measured by cell counts at 24-h intervals
after ligand addition. The vector- or Gab3-expressing FD-Fms cells were grown without ligand or with either IL-3 or M-CSF as indicated in the

legend to the right of the figure.

slightly smaller than Gab1 or Gab2 but contain all the hallmark
motifs expected of Gab family members. The amino-terminal
PH domain contains the most sequence identity between hu-
man and murine Gab3, as well as among all members of this
family, including DOS. Among the mammalian Gab members,
three tyrosine residues (two of which are adjacent) are con-
served and within identical motifs. Including the DOS protein,
only the twin tyrosines at amino acid 47 and 48 and the single

tyrosine at amino acid 96 (see Fig. 1) are identical. Each site is
predicted to have potential for an SH2 domain interaction
(39); however, experimental verification is required for this
possibility. The remainder of the Gab3 protein contains several
additional tyrosine residues in motifs that may bind SH2 do-
mains. From the carboxyl-terminal end of Gab3 and registering
only motifs conserved between human and murine proteins,
there are two sites for SHP2 binding, both of which are con-
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FIG. 9. mGab3"Y® overexpression in FD-Fms cells facilitates M-CSF-induced morphological differentiation. FD-Fms(vector) and FD-
Fms(mGab3"?) cells were grown in liquid culture for 2 days with the indicated growth factor (IL-3 or 2,500-U/ml M-CSF) and analyzed by flow
cytometry for forward and side scatter, which reflect the size and intracellular architecture, respectively. The inset within each plot shows a
phase-contrast photographic image of the corresponding cells and culture conditions.

served in the mammalian Gab proteins and have been identi-
fied as SHP2-binding sites by mutagenesis of Gab2 (8, 21).
Continuing upstream, there are three tyrosines in motifs with
potential for binding the p85 subunit of PI3K. Further up-
stream, a single motif with potential for interacting with the
SH2 domains of proteins such as SHIP or PLCy (32, 39) is
located at Y183. PLCy has been reported to interact weakly
with Gabl (3), and SHIP1 interacts with both Gabl and Gab2
(20, 21, 29).

Gab3 binds the adapter protein Grb2 constitutively. The
interaction probably occurs via the two polyproline-rich motifs
within the red rectangles shown in Fig. 1A. Only the more
carboxyl-terminal of these motifs was contained in the GST
Gab3-PRD construct used to pull down Grb2 as shown in Fig.
5B. This motif, P(X);R(X),KP, is identical to the motif in
Gab2 known to bind the Grb2 C-terminal SH3 domain (22).
The more amino-terminal polyproline-rich motif in Gab3 is a
classic binding motif for Grb2 (30, 40) and may anchor Grb2 to
Gab3 through the second Grb2 SH3 domain. Activated Fms
binds to the Grb2 SH2 domain at the tyrosine-phosphorylated
Y697 site within the kinase insert region of Fms (35, 41).
Therefore, Grb2, or another adapter protein (C. Bourgin, R. P.
Bourette, S. Arnoud, Y. Liu, L. R. Rohrschneider,and G.
Mouchiroud, unpublished data), may tether Gab3 to the acti-
vated Fms, but because Grb2-SOS also interacts with the same
FmsY697 site, some mechanism favoring exchange would be
required (6). Alternatively, the adapter protein bound to Gab3

could interact with Fms at the less-well-characterized tyrosine-
phosphorylated site, Y920, within the carboxyl-terminal tail
region of Fms (24).

The function of the Gab proteins, defined by genetic studies
of DOS in Drosophila, indicates a direct role in differentiation.
The interaction of DOS with corkscrew (CSW; the SHP2 ho-
mologue) is a primary event required for development of the
ommatidium R7 cell of Drosophila compound eyes (13, 38). In
addition, the DOS protein participates in developmental sig-
naling throughout other tissues of Drosophila (34). DOS inter-
acts with signaling pathways upstream or parallel to Ras and is
a substrate for the Drosophila tyrosine phosphatase CSW,
which is a positive component of developmental signaling (2,
12). In contrast to Drosophila, mammalian cells express several
related family members, termed Gab proteins, but each most
likely follows the basic signaling mechanisms described for
DOS (2, 12, 34).

The best-characterized member of the mammalian Gab fam-
ily is Gabl, a component of the differentiation pathway in
kidney epithelial cells (25, 43, 44). In addition, we have previ-
ously shown that Gab2 is part of the Fms signaling pathway.
Gab?2 is tyrosine phosphorylated early after M-CSF stimulation
of FD-Fms cells. Gab2 exhibits inducible association with
SHP2, p85, and SHIP, but constitutive association with Grb2.
Overexpression of WT Gab2 in FD-Fms cells has a mild effect
on enhancing macrophage development, but overexpression of
Gab2 mutated at the two SHP2 binding sites dominantly in-
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hibits macrophage differentiation (21). This biological behav-
ior is consistent with the results of studies on DOS differenti-
ation signaling in Drosophila and suggests that Gab2 may
function similarly in macrophage differentiation.

The results presented in this paper indicate that the novel
DOS family member, Gab3, is involved in several growth factor
signaling pathways and likewise is a component of the Fms
signaling pathway. Using RT-PCR analysis, Gab3 mRNA
could be detected in macrophages, B cells, and T cells, in some
of their progenitor cells, and in ES cells. Within tissues of the
mouse, Gab3 mRNA was most abundant in spleen and thymus.
M-CSF stimulation of FD-Fms cells overexpressing the V5-
tagged murine Gab3 induced tyrosine phosphorylation of
Gab3"® and association with the p85 subunit of PI3K and
SHP2. The same FD-Fms(Gab3"Y?) cells differentiated consid-
erably better than the FD-Fms cells not expressing the exoge-
nous Gab3Y?, and concomitantly the rate of growth decreased.
This suggests that Gab3 is a critical messenger for macrophage
development within the FD-Fms cells; however, RT-PCR anal-
ysis of the FDC-P1 cells demonstrated that Gab3 mRNA was
expressed at very low levels in these myeloid progenitor cells
(Fig. 2A). A time-course analysis of Gab3 mRNA levels after
M-CSF stimulation of FD-Fms cells demonstrated that Gab3
expression was increased by M-CSF stimulation. Conversely,
we utilized FD-FmsYS807F cells, which contain a point muta-
tion in the Fms tyrosine kinase activation loop, to investigate
any potential relationship between differentiation and Gab3
induction. The Y807F mutation in Fms has little effect on the
receptor tyrosine kinase activity and endogenous substrate
phosphorylation is near normal. However, FmsY807F is
uniquely defective in the induction of differentiation when
expressed in the FDC-P1 cells (4). Likewise, the FD-
FmsY807F cells did not increase Gab3 expression following
M-CSF stimulation (Fig. 7). Therefore, the expression of Gab3
in FDC-P1 cells containing either WT or Y807F mutant Fms
correlates with macrophage differentiation, suggesting a role
for Gab3 in this developmental process.

Both Gab2 and Gab3 have similar structural features and
appear to have similar roles in macrophage development, but
do they differ in their signaling functions? Are they redundant,
or does each have some unique functions? One primary dif-
ference between Gab3 and both Gabl and Gab2 is the array of
adapter proteins which bind to each. All three Gab proteins
have conserved motifs for binding the SH3 domains of Grb2
and the SH2 domains of SHP2 and p85 (plus two additional
conserved motifs potentially binding yet uncharacterized pro-
teins). Gabl and Gab2 each contain five polyproline motifs,
which can interact with the SH2 domains of Crk/CRKL when
phosphorylated, and four of these motifs show positional con-
servation. However, Gab3 exhibits only one such motif in the
murine protein but none in the human protein. Experiments
using GST fused to full-length CRKL or the SH3 domain of
Crk failed to detect an interaction with tyrosine-phosphory-
lated or unphosphorylated murine Gab3 (Fig. SA and unpub-
lished observations). Therefore, unlike Gab1l and Gab2, Gab3
may not interact with Crk or CRKL and the partner proteins
coupled through these adapter proteins. In addition, Gab3 may
interact with uncharacterized adapters and their partner pro-
teins through one of the four unique YXXX motifs or addi-
tional uncharacterized motifs.
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Another relevant question is whether Gab2 and Gab3 inter-
act with Fms simultaneously or sequentially. In the former
case, Gab2 and Gab3 may interact with Fms through the
adapter proteins Grb2 or Mona (Bourgin et al., unpublished
data), forming hetero-complexes [Gab2-(Fms),-Gab2, Gab2-
(Fms),-Gab3, or Gab3-(Fms),-Gab3], and each complex might
initiate different signaling pathways or combinations of path-
ways. The alternative mechanism is that each Gab protein acts
sequentially, and in fact, this mechanism may be favored. In
the FDC-P1 cells, the initial level of Gab2 is relatively high
compared to that of Gab3, but Gab3 levels increase several
hours after M-CSF stimulation. Thus, Gab2 and Gab3 would
be temporally separated in their expression, activation, and
function. This possibility might also suggest a reason why the
FD-Fms(Gab3"?) cells exhibit greater differentiation potential
in M-CSF than the FD-Fms cells, which rely on the induction
and increased expression of endogenous Gab3. The FD-
Fms(Gab3"?) cells express Gab3Y” prior to M-CSF stimula-
tion and therefore can differentiate earlier than the cells with-
out exogenous Gab3. Thus, the greater differentiation seen in
the FD-Fms(Gab3"Y?) cells than in the FD-Fms cells at 2 days
after M-CSF stimulation (Fig. 9) may be due to eliminating the
time lag required for endogenous Gab3 induction.

Overall, the results in this paper identify a new gene product,
called Gab3, and suggest new steps involving Gab3 participa-
tion in a molecular mechanism regulating macrophage differ-
entiation. In general, M-CSF activation of Fms in appropriate
target cells initially activates proliferation signals, which ulti-
mately change into differentiation signals upon Gab3 expres-
sion and activation. The proliferation signals follow the general
activation of the Ras-MAPK pathway initiated by the interac-
tion of Grb2-SOS with activated Fms at the tyrosine-phospho-
rylated Y697 site. The Grb2-Gab2 complex becomes activated
in these early signaling events by still incompletely understood
mechanisms (21) but probably requires prior activation of
PI3K (p85/PI3K binds to activated Fms at the Y721 site) for
generation of the plasma membrane PtdIns(3,4,5)P;, which
associates with the Gab2 PH domain at the cytoplasmic sur-
face. The SH2 domain of Grb2 may then link Gab2 to Fms
within the complex. Fms, Gab2, or both Fms and Gab2 then
transmit signals for increasing Gab3 transcription. Following
accumulation of sufficient Gab3 protein, specific signals for
differentiation are generated and interpreted for the formation
of a mature macrophage.

The general role of Fms, Gab2, and Gab3 in this model for
the differentiation process is consistent with our knowledge of
the related DOS protein in Drosophila and with known func-
tions of the Gabl protein in epithelial cells of mammals (14,
25, 44). The mechanism also shares some similarities with
fibroblast growth factor (FGF) signaling through the related
scaffolding protein FRS2, which then associates with Gabl
(31). Similarly, both Gabl and Gab2 have been reported to
participate in erythropoietin signaling (45).

To test the functions of Gab proteins in vivo, knockout mice
have been generated (9, 10, 15). Both Gab1l and FRS2 knock-
outs lead to embryonic lethality, indicating the fundamental
importance of these genes in embryonic development. How-
ever, the lethality has precluded in vivo functional analysis of
these proteins in differentiation signaling pathways. On the
other hand, Gab2 knockout mice are viable and show defects
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in the allergic response, but no apparent phenotype was ob-
served in hematopoietic lineages. It is presently not clear
whether this is due to redundant functions of Gab family pro-
teins or incomplete knockout of Gab2 functions. Therefore, in
future studies it would be helpful to address the functional
specificities and redundancies of the Gab family members uti-
lizing conditional knockout experiments and combinations of
Gab gene knockouts.
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