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Gab-Family Adapter Proteins Act Downstream of Cytokine and Growth Factor
Receptors and T- and B-Cell Antigen Receptors

By Keigo Nishida, Yuichi Yoshida, Motoyuki Itoh, Toshiyuki Fukada, Takuya Ohtani, Takahiro Shirogane,
Toru Atsumi, Mariko Takahashi-Tezuka, Katsuhiko Ishihara, Masahiko Hibi, and Toshio Hirano

We previously found that the adapter protein Gabl (110 kD)
is tyrosine-phosphorylated and forms a complex with SHP-2
and PI-3 kinase upon stimulation through either the interleu-
kin-3 receptor (IL-3R) or gpl130, the common receptor sub-
unit of IL-6-family cytokines. In this report, we identified
another adapter molecule (100 kD) interacting with SHP-2
and PI-3 kinase in response to various stimuli. The molecule
displays striking homology to Gab1l at the amino acid level;
thus, we named it Gab2. It contains a PH domain, proline-rich
sequences, and tyrosine residues that bind to SH2 domains
when they are phosphorylated. Gabl is phosphorylated on

tyrosine upon stimulation through the thrombopoietin recep-
tor (TPOR), stem cell factor receptor (SCFR), and T-cell and
B-cell antigen receptors (TCR and BCR, respectively), in
addition to IL-3R and gpl130. Tyrosine phosphorylation of
Gab2 was induced by stimulation through gp130, IL-2R,
IL-3R, TPOR, SCFR, and TCR. Gab1l and Gab2 were shown to be
substrates for SHP-2 in vitro. Overexpression of Gab2 enhanced
the gp130 or Src-related kinases-mediated ERK2 activation as
that of Gabl did. These data indicate that Gab-family molecules
act as adapters for transmitting various signals.
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¢ HOMOLOGY 2-containing tyrosine phosphatase 2 PI-3 kinase in response to insulin, EBFGF2 NGF° lysophos-

(SHP-2) is a tyrosine phosphatase bearing two SH2phatidic acid (LPAf! IL-3, and gp130 stimulatiof?. It contains a
domains in the amino-terminal regiés. In comparison to PH domain, tyrosine-based motifs, and proline-rich sequences
SHP-1, which is a negative regulator for signaling cytokine including MBD (c-Met binding domain). Furthermore, the Dro-
receptoré® and the B-cell antigen receptor (BCR§HP-2isa  sophila Gabl homologue Daughter of Sevenless (DOS) is a sub-
positive regulator of signaling from receptor tyrosine kinasesstrate for the Drosophila SHP-2 homologue Corkscrew (CSW).
and cytokine receptors. DOS was shown to act downstream of the receptor tyrosine kinase

SHP-2 is phosphorylated on tyrosine in response to growtiSevenless and upstream of or in parallel to the Ras paffi#fy.
factors and cytokines such as platelet-derived growth factor herefore, Gabl or Gabl-related molecules are good candidates for
(PDGF)1011 prolactin? interferone/p (INF-a/),!3 granulo- ~ Substrates or signal transducers for SHP-2.
cyte-macrophage colony-stimulating factor (GM-CBfnd to We p_rewously_ o_lemo_nstrated that Gab1l acts downstream of
stimulation through gp13®, the common receptor subunit of 9P130 in transmitting signals to ERK MAP kina¥etiowever,
inteleukin-6 (IL-6)—family cytokinedé SHP-2 contains YXNX in BAF-BO3 cells, ERK2 was activated upon the stimulation of
motifs, which is the consensus sequence for Grb2 binding, in itgP130 without the expression of Gabl. Instead, we observed a
carboxy-terminal regio? Upon stimulation, SHP-2 associates Y0Sine-phosphorylated 100-kD molecule to associate with
with Grb2, which forms a link to the Ras pathway through SHP-2 and PI-3 kinase upon stimulation of gp3hd the IL-3

Sosl01L15These data suggest that SHP-2 may act as an adapt ceptor. !n this report, we identified pplOOlas a member of the
molecule for activating Ras. In addition to the adapter function abl family of adapter molecules and named it Gab2. We show that

of SHP-2, its catalytic activity is necessary for transmitting both Gab1 and Gab2 act downstream of cytokine and growth factor

. . . . . receptors as well as the antigen receptors on T and B cells.
signals to the ERK MAP kinases. Catalytically inactive mutants P g P
of SHP-2 inhibit the activation of ERK MAP kinases in
response to insulifY, EGF}8 and FGF.? providing evidence for . ) ) : :

. . cDNA cloning and plasmid constructionThe amino-terminal

the existence of substrates for SHP-2 and suggesting a role thgy ) . o

. . . . . agment of human Gab2 cDNA was obtained bydpid amplification
might play in signal transduction. Candidates for SHP-2
substrates include several molecules reported to associate with
SHP-2. These include the SIRP/SHPS family of transmembrane From the Division of Molecular Oncology, Biomedical Research
proteins??2!IRS17 IRS2?2 Gab1?and as yet nidentified 97-  Center Osaka University Medical School, Osaka, Japan. =
to 100-kD moleculed*28 Especially, 97- to 100-kD tyrosine- ubmitted Lctober 22, » acceptedbecember L1, :

hosphorviated broteins (p 97 g’nd 100) ereysho Nt Supported by grants and a Grant-Aid for COE Research from the
P p. y A P I PP ng s W W CMinistry of Education, Science, Sports, and Culture in Japan, the Searle
associate with SHP-2 in response to IE2|.-3,*> macrophage  gcjentific Research Fellowship, and the Osaka Foundation for Promo-
colony-stimulating factor (M-CSF¥, the stimulation of the  jon of Clinical Immunology.
T-cell receptor (TCR¥ and transformation bicr-abl.2é pp97 Address reprint requests to Toshio Hirano, MD, PhD, Division of
and pp100 interact with the SH2 domains of the p85 PI-3 kinaséMolecular Oncology (C-7), Osaka University Medical School, 2-2
and CrkL and the SH3 domain of GrB2These data suggested Yamada-oka, Suita, Osaka 565-0871, Japan; e-mail: hirano@
that pp97 and pp100 are adapter molecules that contain variogolonc.med.osaka-u.ac.jp; http://www.med.osaka-u.ac.jp/pub/molonc/
tyrosine motifs for binding to the SH2 domains and prolinerich WWw/index-ntml. - .

- . . The publication costs of this article were defrayed in part by page

sequences for binding to the SH3 domain, although their o
identiti K h h ... charge payment. This article must therefore be hereby mdikeder-
Identities were not yet nown_’ However, these ¢ aracteristiGise ment'in accordance with 18 U.S.C. section 1734 solely to indicate
features of pp97 and pp100 quite resembled those of Gabl. this fact.

Gab1l was originally isolated as a binding protein for Grb2.  © 1999 by The American Society of Hematology.
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of 5'-cDNA ends (5-RACE) from a cDNA library of the human human recombinant PDGF for 10 minutes. MO7E cells were starved of
myeloma cell line U266. The U266 cDNA library was constructed by IL-3 for 12 hours and stimulated with 30 ng/mL of human recombinant
using a Marathon cDNA Amplification Kit (Clontech, La Jolla, CA). SCF for 10 minutes. TF-1 cells were starved of IL-3 for 12 hours and
The fragment was amplified by polymerase chain reaction (PCR) withstimulated with 30 ng/mL of human recombinant thrombopoietin (TPO)
the adapter primers and primers CCGGCTGAGGAAACATTTCT- for 10 minutes’® Jurkat cells were incubated with RPMI1640 and 0.5%
CAGG and AGCCTGATTGAAGCCACAGATCTGGC. Their design was FCS for 4 hours and stimulated with 10 pg/mL of anti-CD3 antibody
based on the nucleotide sequence of KIAA0571 (accession no. AB011143)JCHT-1) for 10 minutes. Ramos cells were stimulated with 10 pg/mL
according to the manufacturer’s protocol. The PCR fragment and KIAA05710f F(ald), fragments of goat antihuman IgM for 5 minutes. TF-1 and
were ligated at thePst | site and subcloned into the expression vector MO7E cells were kindly provided by Drs Y. Kanakura and |. Mat-
pcDNAS3 (Invitrogen, San Diego, CA). The Flag-tagged expression vectorsumura.

for Gab2 were constructed as previously descfbadd subcloned into Immunoprecipitation and immunoblottingThe methods of immu-
pcDNA3. The partial fragments of mouse Gab2 were obtained by screening@oprecipitation and immunoblotting were essentially as described
NZipLox BAF-BO3 cDNA library with the KIAAO571 fragment (kindly ~ previously32After stimulation, cell lysates were prepared in lysis buffer
provided by Kazusa DNA Research Institute, Chiba, Japan) as a hybridizg20 mmol/L Tris HCI, pH 7.4, 150 mmol/L NaCl, 1% NP40, 500 pmol/L
tion probe. The BAF-B03 cDNA phage library was constructed using the sodium vanadate, 1 mmol/L dithiotheritol, 5 pg/mL aprotinin, 5 ug/mL
Superscriph system for cDNA synthesis (GIBCO-BRL, Grand Island, NY) leupeptin, 1 mmol/L phenylmethylsulfonyl fluoride) and incubated with
from granulocyte colony-stimulating factor (G-CSF)-stimulated BAF-B03 1 ML of anti-Gabl, Gab2 serum, 4 pL of anti-SHP-2, or 0.5 uL of
G133 transfectanfs. A cDNA fragment containing the entire coding anti-p85 antibodies and 10 pL of protein A-sepharose for 12 hours at
sequence of mouse Gab2 was obtained by the ligation of a product ¢#°C. Immunoprecipitates were washed three times with 1 mL of lysis
5'RACE PCR that was obtained using the adapter primers and p,—imerguffer without protease inhibitors. Proteins were eluted with 20 pL of
CTGTGCTCTCTTCAGCCTGATTGAAG and AGCCTGATTGAAGCC- 3X Laemmli's sodium dodecyl sulfate (SDS) loading buffer, separated
GCAGATCTGGC and a fragment obtained by PCR using the primersOh @ 4% to 20% polyacrylamide gel (Dai-ichi Kagaku, Tokyo, Japan),
CATGAATAAGTGGGTCCAGAGCATC and GGTCAACAACTTTCAA-  and electrotransferred to a polyvinyliden difluoride membrane (Immobi-
CACAAACACATTC. ABAF-B03 cDNA library was used as a template in 10n-P; Millipore, Bedford, MA). The membranes were blocked with
the RACE and PCR reactions. It was constructed from G-CSF-stimulated BST (20 mmol/L Tris HCI, pH 7.4, 150 mmol/L NaCl, 0.1% Tween
BAF-B03 G133 transfectants. The cDNAs were sequenced by an automategP) containing 1% gelatin and incubated with the primary antibodies (1
ALF sequencer (Amersham Pharmacia, Arlington Heights, IL) and anMg/mL of monoclonal antibodies, 5,086diluted anti-Gab1l, Gab2, and
ABI377 sequencer (ABI, Foster City, CA). The bacterial expression vectorsSHP-2 antibodies, 10,060 diluted anti-p85 antibody) for 1 hour at
for GST-SHP-2 CAT and GST-SHP-2 C/S CAT were constructed by0Om temperature. The membranes were washed with TBST for 10
inserting the catalytic domain (amino acid 263-594) of SHP-2 and SHp_znin_utes three times.and incubated with horserqdish peroxidase (HRP)-
C/S into theNcol andBanHi sites of pGEX-KG. The bacterial expression conjugated goat antimouse (for mpnoclonal antlbodles) diluted 1:5,000
vector for GST-Gab2 was constructed by insertingBHl- Scal fragment or HRP—conjugat_ed goat antirabbit (for polyclonal ant!bodies) diluted
of human Gab2 cDNA (amino acids 380-563) intoBaerHl andSma sites ~ 1:10,000 1g antibodies (Zymed, South San Francisco, CA). The
of pPGEX-KG. The expression vector for Gab2 was constructed by insertind"€mbranes were washed with TBST three times. The immune com-
the Hindlll-Pvu Il fragment of human Gab2 into pcDNA3. The expression PIexes were visualized using a chemiluminescence system (Renais-
vectors for Flagtagged ERK2, Gabl, JAK1, STAT3, and v-Src wereSance; Dupont NEN Products, Boston, MA).

described previoushf: Expression vectors for v-Src, Btk, and Tec were gifts Phqsphatase a.ss.ay.Tyrosine-phosphoryla_ted Gabl and STAT3
from Drs M. Karin. S. Tsukada. and H. Mano and were describedVer® immunoprecipitated from 5 10° IL-6-stimulated HepG2 cells.
previoushy?s ' ' Tyrosine-phosphorylated Gab2 was immunoprecipitated from B

Antibodies. Anti-Gab2 antibody was raised by immunizing rabbits I!_-3—stir_nulated BAF'BO3 cells. The precipitates were washed three
with GST-Gab2. For immunization, female rabbits were first injected F|m.e§ with 1 mL of !yS|s buffer without sodium vanadate or protease
with 1.0 mg of GST-Gab2 fusion protein in complete Freund’s adjuvant'nh'b'tors and once with phosphatase buffer (100 mmol/L MES, pH 6.8, 150
and then boosted every 2 weeks with 0.5 mg of the antigen inmmoI/L NaCl, 5 mmol/L dithiothreitol [DTT], and 2 mmol/L EDTA). The
incomplete Freund’'s adjuvant. Anti-Gabl antibody was describeddePhOSphorylation reaction was performed by incubating with 50 pL of

previously32 The anti-HA (12CA5) and anti-Flag (M2) antibodies were phosphatase buffer containing 3 g of GST-SHP-2 CAT or GST-SHP-2 C/S
purchased from Boehringer Manheim (Indianapolis, IN) and EastmanCAT for 30 minutes at 30°C. The immunoprecipitates were washed with 1
Kodak (Rochester, NY), respectively. Anti-SHP-2 (sc280) and anti- Mk of lysis buffer containing sodium vanadate. Proteins were eluted with
Grb2 (sc255) antibodies were purchased from Santa Cruz BiotechnoSDS l0ading buﬁer. Tyrosine _phosphoryl_atlon of Gabl,‘GabZ,_ and STAT3
ogy Co (Santa Cruz, CA). Anti-p85 PI-3 kinase (06-195) and antiphos-Was analyzed by immunoblotting with anti-phosphotyrosine antibody.

photyrosine (4G10) antibodies were purchased from UBI Corp (Lake Other assays. Northern blotting,.transfectiqn, and the MAP kinase
Placid, NY). assay were performed as described previot¥si§.For probes of

Cell lines and stimulation. HepG2, 293T, 293T transfectants, Northern blotting, th&amHI-Xbal fragment (4.8 kbp) of mouse Gabl,
BAF-B03, BAF-B03-G277, and BAF-B03-G68 cells were maintained 1€ NOt I-Xba | fragment of mouse Gab2 (3.0 kbp), and thedRI-
as described previousl§:32KT-3 cells were maintained in RPMI1640 BamH! fragment (0.6 kbp) of CHO-B were used.
supplemented with 10% fetal calf serum (FCS), penicillin (100 U/mL),
streptomycin (100 pg), and 5 ng/mL of recombinant human IL-6 RESULTS
(Ajinomoto, Tokyo, Japan). NIH3T3 cells were maintained in Dulbec- |dentification of Gab2 and its expressionWe previously
co’s modified Eagle’s medium (DMEM) supplemented with 10% FCS gpgerved that, when G-CSFor IL-332 were used to stimulate
agod penicillin (tl)oo U/ mL)c'i MO7E/ Ce"waere mbaima";]ed in RPM”“& BAF-B03 transfectants expressing a chimeric receptor that con-
10% FCS, antibiotics, and 10 ng/mL of recombinant human IL-3, Jurkal ained the extracellular domains of the G-CSF receptor and the

and Ramos cells were maintained in RPMI1640, 10% FCS, ant b d | ic d . f 130 .
antibiotics. For the stimulation of cell lines, KT-3 cells were starved of ransmembrane and cytoplasmic domains of gp » @ tyrosine-

IL-6 for 12 hours and stimulated with 20 ng/mL of human recombinant Phosphorylated 100-kD molecule (pp100) that was associated with
IL-2 for 10 minutes. HepG2 cells were starved of serum for 24 hoursSHP-2 appeared (Fukada éfand see Fig 3B). SHP-2 and pp100
and stimulated with 100 ng/mL of IL-6 for 10 minutes. NIH3T3 cells were also coimmunoprecipitated with anti-p85 PI-3 kinase antibody
were starved of serum for 24 hours and stimulated with 50 ng/mL ofimmunoprecipitates (see Fig 3B). pp100 bound GST-Grb2 in vitro
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Fig 1. Comparison of the
amino acid sequences of Gabl
and Gab2. The sequences of hu-
man and mouse Gab2 cDNA
were deposited in the DNA Data
Bank of Japan (DDBJ). Their ac-
cession numbers are AB018413
and AB018414, respectively. The
PH domain, MBD, and tyrosine-
based motifs for Grb2, Crk, p85
PI-3 kinase, and SHP-2 are under-

lined.

(see Fig 3D). These data indicate that the biochemical characteristi > LS N

of pp100 are similar to those of Gabl, which was shown to interac @S. &5 § & §°.' ¢§' j'?' of q? .@c\
with SHP-2, PI-3 kinase, and Grb2, prompting us to search fol ST ELRI TSk
homologues of Gab1.

We found that a human cDNA from an entre cDNA 25—
sequencing project (KIAA0O571 accession no. AB011143; Ka-
zusa DNA Research Institute) displayed strong homology tc

«Gab2
Gab1. Although Gabl contains a PH domain, the KIAAO571 Te:::_

8
clone lacked part of the PH domain in the amino-terminal _«cuo-a

region. We isolated the PH domain byRACE PCR from a
cDNA library made from the human myeloma cell line U266. Fig 2. Ubiquitous expression of Gabl and Gab2. Total RNA was

The mouse cDNA was also isolated using a combination ofisolated from mouse tissues. RNA (20 pg) was analyzed by Northern

T . . . blotting with mouse Gabl (upper panel) and Gab2 cDNAs (lower
hybridization and PCR. The entire coding region of the humanpanel) as probes. Note that RNA for both Gabl and Gab2 was

and mouse clones exhibited 37% and 35% identity to humaretected in all of the tissues after a long exposure. CHO-B cDNA was
Gab1 at the amino acid level (Fig 1), indicating that these clonesised as a loading control.

20z dunr g0 uo 3sanb Aq Jpd'6081/.8.1591/608 1/9/€6/pd-al01E/PO0IqABU"SUOHEDNIGNYSE//:d}RY WOy papeojumog



1812 NISHIDA ET AL

encode a novel member of human and mouse Gabl-family Gab2 is pp100, which interacts with SHP-2, PI-3 kinase, and
adapter proteins. Given the similarities in sequence and functio®rb2. The Box1 and Box2 region of gp130 was sufficient for its
(described below), we have named this molecule Gab2. Irtyrosine phosphorylation. To demonstrate that Gab2 is pp100,
addition to the PH domain, Gab2 has many functional domainsve raised the polyclonal antibody against a carboxy-terminal
that are well conserved between it and Gabl. Like Gabl, Gab2egion (amino acids 380-563) of Gab2 and used it for immuno-
contains various tyrosine-based motifs for SH2-domain bind-precipitation and immunoblotting. BAF-BO3 cells, which did
ing. In particular, the binding motifs for Grb2, Crk, PI-3 kinase, not express Gabl, were stimulated with IL-3, and immunopre-
and SHP-2 are well conserved (Fig 1). Gab2 also has a regionipitated Gab2 was tyrosine-phosphorylated after 2 minutes of
similar to the c-Met binding domain (MBD) of Gab1 (37% and stimulation (Fig 3A). Concomitantly, tyrosine-phosphorylated
36% identity in human and mouse Gab2 versus that in humaisHP-2 was coimmunoprecipitated with Gab2. The p85 PI-3
Gabl) and it possesses proline-rich sequences (amino acidsnase was not tyrosine-phosphorylated (data not shown) but
351-358 in human Gab?2) that are also conserved. was also coimmunoprecipitated with Gab2 (Fig 3A). Gab2 was
Both Gabl and Gab2 were expressed ubiquitously, but theyhe major tyrosine-phosphorylated molecule interacting with
were most highly expressed in the brain, kidney, lung, heartSHP-2 and PI-3 kinase in response to IL-3 stimulation in

testis, and ovary (Fig 2). BAF-B03 cells (Fig 3B). Furthermore, when we transfected
A IP:a-Gab2 B p: a-sHP2  a-pss C . oFiag
IL3: 0 2 5 10 15 30 (min) L3: - + - 4+ >
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Fig3. Gab2 associates with SHP-2 and PI-3 kinase. (A) BAF-B03 cells were stimulated with IL-3 for the indicated periods of time. Proteins were
immunoprecipitated with an anti-Gab2 antibody, separated on an SDS-polyacrylamide gel, and subjected to immunoblotting with anti-
phosphotyrosine, anti-Gab2, anti-SHP-2, and anti-p85 PI-3 kinase antibodies. The locations of Gab2, SHP-2, and p85 are indicated by arrows. (B)
BAF-B03 cells were stimulated with IL-3 (+) or left unstimulated (—). Cell lysates were immunoprecipitated with anti-SHP-2 or anti-p85 PI-3
kinase antibodies and subjected to immunoblotting with anti-phosphotyrosine (upper panel) and anti-Gab2 (lower panel) antibodies. (C) 293T
cells were transfected with an expression vector for Flag-tagged Gab2 (lane 1) or a control vector (lane 2), and cell lysates were
immunoprecipitated with anti-Flag antibodies. Cell lysates from IL-3-stimulated BAF-BO03 cells were immunoprecipitated with anti-SHP-2 (lane
3) or anti-Gab2 (lane 4) antibodies. The immunoprecipitates were separated on the same SDS-polyacrylamide gel. The anti-Flag, anti-SHP-2, and
anti-Gab2 immunoprecipitates were analyzed by immunoblotting with anti-Flag and anti-phosphotyrosine antibodies, respectively. (D) Cell
lysates from BAF-BO3 cells that were stimulated or unstimulated with IL-3 were mixed with GST fusion proteins containing the entire coding
fragment (Full) or the SH2 domain of Grb2. GST fusion protein-bound fractions were isolated by glutathione sepharose and subjected to
immunoblotting with anti-phosphotyrosine (upper panel) and anti-Gab2 (lower panel) antibodies. Anti-SHP-2 immunoprecipitates were also
analyzed in the same membrane. Note that the slower migrating form of Gab2 is the tyrosine-phosphorylated form. (E) BAF-B03 cells expressing
the chimeric receptor G277 (containing the entire cytoplasmic domain) or G68 (containing 68 amino acids from the membrane region) were
stimulated with G-CSF (+) or left unstimulated (—), and immunoprecipitated Gab2 proteins were subjected to immunoblotting with
anti-phosphotyrosine (upper panel) and anti-Gab2 (lower panel) antibodies.
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293T cells with an expression vector for Flag-tagged Gab2, the We previously showed that neither tyrosine residues nor the
Gab2 immunoprecipitated with anti-Flag antibodies was 100carboxy-terminal region (amino acid 710) of gp130 was neces-
kD (Fig 3C). It comigrated on a SDS polyacrylamide gel with sary for the tyrosine-phosphorylation of Gabl. We also deter-
the 100-kD protein that was immunoprecipitated with either mined which part of gp130 is responsible for the tyrosine-
anti-SHP-2 or anti-Gab2 antibodies from IL-3—stimulated BAF- phosphorylation of Gab2 (Fig 3E). When BAF-B03 cells
BO3 cells (Fig 3C). Gab2 was not detected in the anti-Grb2expressing the G68 chimeric receptors (containing only the
immunoprecipitates from either nonstimulated or stimulatedbox1 and box2 region of gp130) were stimulated with G-CSF,
cells (data not shown). However, Grb2 bound both nonphosGab2 was tyrosine-phosphorylated, as observed in G-CSF-
phorylated and tyrosine-phosphorylated Gabz2 in vitro (Fig 3D).stimulated BAF-B03 cells expressing the G277 chimeric recep-
These data indicate that Gab2 is the pp100 interacting with SHP-r (containing the entire cytoplasmic domain of gp130; Fig 3E)

and PI-3 kinase. Gab2 may also interact with Grb2 in cells. or IL-3—stimulated BAF-B03 cells (data not shown). These data
A HepG2 KT-3 TF-1
IP: ¢-Gabl a-Gab2 IP: 0-Gabl «o-Gab2 IP: -Gab1 o-Gab2
L6 = 4+ = <4 L2 = + - ¢+ s = T
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Fig 4. Gabl and Gab2 are phosphorylated on tyrosine in response to various stimuli. (A) Cytokines and growth factor stimuli. Various cell
lines were stimulated by the indicated cytokines or growth factors. Anti-Gabl and anti-Gab2 immunoprecipitates were analyzed by
immunoblotting with anti-phosphotyrosine, anti-Gab1, and anti-Gab2 antibodies. Note that Gab2 was tyrosine-phosphorylated in unstimulated
MOTYE cells, but the band of Gab2 was shifted upon SCF stimulation, indicating that Gab2 was hyper-phosphorylated in the stimulated cells.
HepG2, KT-3, TF-1, NIH3T3, and MO7E were human hepatoblastoma, human (Lennert’s) T lymphoma, human erythroleukemia, mouse fibroblast,
and human megakaryocytic leukemia cell lines, respectively. HepG2, TF-1, and MOTE cells express both Gabl and Gab2. But KT-3 and NIH3T3
cells do not express Gabl or Gab2, respectively (confirmed by RT-PCR, data not shown). Proteins of 115 to 120 kD detected in the Gab2
immunoprecipitates from HepG2, NIH3T3, and MOYE cells are likely Gab1 proteins cross-reacted with anti-Gab2 antibodies. (B) TCR and (C) BCR
stimuli. Jurkat cells were stimulated with anti-CD3 antibody or left unstimulated. Ramos cells were stimulated with anti-lgM antibody or left
unstimulated. Cell lysates were immunoprecipitated with anti-Gabl or anti-Gab2 antibodies and subjected to immunoblotting with
anti-phosphotyrosine, anti-Gabl, anti-Gab2, anti-SHP2, and anti-p85 antibodies. Expression of Gab2 in Ramos cells was not detected by
immunoblotting and RT-PCR (data not shown).
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indicate that, as for Gab1l, the box1 and box2 region of gp13( A B
was sufficient and that the tyrosine residues of gp130 were no Control Gab!  Gab2 Control  Gab!  Gab2
necessary for the tyrosine phosphorylation of Gab2. GCSF: = 4 = + = + VSIC: - 4 = o+ = o+
Gabl and Gab2 act as adapter proteins for various signaling 4, ,_ - 2p. B . .
pathways. We next examined the roles of Gabl and Gab2 in Puer ‘ . . "
. . . . fold 10 19 09 48 08 41 fold 1.0 74 11 120 10 1.3
various signal transduction pathways (Fig 4A through C). When ,
HepG2 cells, which express both Gabl and Gab2, weréd® " IB:0-Flag __ cot ome =
stimulated with IL-6, Gab1 was phosphorylated on tyrosine but c
Gab2 was not strongly phosphorylated. When KT-3 cells, which IP: a-Flag IP: o -Fiag
express Gab2 but not Gabl,_were stimulated with IL-2, Gabz - gfﬁ& & & . s‘gi‘ Fot
was phosphorylated on tyrosine. In TF-1 cells, both Gab1 anc 1B: a-PY 3
Gab2 were phosphorylated on tyrosine in response to botl e
thrompoietin and IL-3. In MO7E cells, both Gabl and Gab2 Gab1~>- ~Gab2

were phosphorylated on tyrosine in response to SCF. Ir -
NIH3T3 cells, which express Gabl but not Gab2, Gabl was 18:0-Flag ||l I -
phosphorylated on tyrosine in response to PDGF. These data
icate that both GabL. and Gab actdowntream of¢yloking 70 & Sa7. a1 s o 5 e )
receptors and_ receptor tyrosine kinases (_SCF and P_DGF)' with expressi’())n vectgors for Flag-taggedpERKZ, together with either

It was previously reported that SHP-2 interacts with 97- andgap1, Gab2, or a control vector. Cells were stimulated with G-CSF for
120-kD molecules upon stimulation of TERand BCR in 30 minutes (+) or left stimulated (—) and the ERK2 activities were
lymphocytes. We determined whether Gabl and Gab2 actetermined by an immunoprecipitation kinase assay using myelin
downstream of antigen receptors. When TCR were stimulated?s'c Protein (MBP) as a substrate. The amount of MBP-incorporated

K . . P was quantified by an image analyzer and indicated as the ratios
with an anti-CD3 antibody on human Jurkat T cells, Gab2 Wasagainst that from control unstimulated cells. (B) 293T cells were
strongly tyrosine-phosphorylated, but the phosphorylation oftransfected with vectors for Flag-tagged ERK2, together with either
Gabl was relatively low (Fig 4B). Furthermore, SHP-2 and theGab1, Gab2, or a control vector. They were also transfected with the
p85 PI-3 kinase were detected in the Gab2 immunoprecipitate§XPression vectors for v-Src (+) or a control vector (-), as indicated.
(Fig 4B), confirming that Gab2 is the previously reported pp97.The ERK2 activities were determined as described above. (C) 293T

X 1 cells were transfected with vectors for Flag-tagged-Gabl or Gab2,

In the human B-cell line Ramos, which expresses Gabl but Nofogether with either JAK1, v-Src, Btk, Tec, or a control vector. Gabl
Gab2, Gabl was tyrosine phosphorylated when the cells werend Gab2 were immunoprecipitated with anti-Flag antibodies and
stimulated with anti-lgM antibodies (Fig 4C). These data @nalyzed using anti-phosphotyrosine (upper panel) and anti-Flag
showed that Gab family adapter molecules act downstream gf"tiPodies (lower panel).
not only cytokine receptors and receptor tyrosine kinases, but Gab2 acts upstream of ERK MAP kinasest was reported
also of antigen receptors in lymphocytes. that the overexpression of Gabl enhanced the c-Met- or

Gabl and Gab?2 are substrates for SHP-20e next exam-  gp130-mediated ERK MAP kinase activati¢##2We analyzed
ined whether Gab1 and Gab2 are substrates for SHP-2. Tyrosinghe role of Gab2 in MAP kinase activation. When an expression
phosphorylated Gabl, Gab2, and STAT3 were isolated fromvector for Flag-tagged ERK2 was transfected with and without
IL-6-stimulated HepG2 and IL-3—stimulated BAF-B03 cells by vectors for Gab2 into 293T cells expressing the G-CSF-R/
immunoprecipitation and subjected to an in vitro phosphatasgp130 chimeric receptor, the gp130-mediated ERK2 activities
assay using GST fusion proteins containing the catalytiowere enhanced by the expression of Gab2 (Fig 6A), suggesting
domain of SHP-2 or its inactive mutant (C/S). Gabl and Gab2hat Gab2 acts upstream of ERK MAP kinases, as Gab1l does.
but not STAT3 were dephosphorylated by the catalytic domainThe ERK activation by v-Src, Tec, and Btk was also enhanced
of SHP-2. The dephosphorylation did not occur in the presencéy the overexpression of both Gabl and Gab2 (Fig 6B and data
of the inactive catalytic domain (Fig 5). These data indicate thanot shown). Moreover, Gabl and Gab2 were phosphorylated on
Gabl and Gab2 could be substrates for SHP-2 in vivo. tyrosine in cells expressing v-Src, Tec, and Btk (Fig 6C). These

@ o @
£ €4 &

HepG2 A KK K] HepG2 A Q K
- S T FPFF T ELS
IB: a-PY . i |4
PO Mo | RS <o [T s
IL-6: « + + + IL-3: =« + + + IL-6: = + + +
- EWEM -——
IB: a-Gab1 1B: a-Gab2 1B: a-STAT3

Fig5. Gabland Gab2 are substrates for SHP-2 in vitro. Tyrosine-phosphorylated Gab1 and STAT3 were isolated by immunoprecipitation from
IL-6-stimulated HepG2 cells. Tyrosine-phosphorylated Gab2 was isolated from IL-3-stimulated BAF-B03 cells. These proteins were incubated
with a GST fusion protein containing the catalytic domain of SHP-2 (GST-SHP-2 WT) or the catalytic inactive mutant (GST-SHP-2 C/S).
Dephosphorylation of these proteins was determined by immunoblotting with anti-phosphotyrosine antibody (upper panel). The amounts of
these proteins were analyzed by immunoblotting with anti-Gab1, anti-Gab2, and anti-STAT3 antibodies (lower panel), respectively.
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data suggest that Gabl and Gab2 are substrates for the@ab®2 and other reports on pp97 and pp100 show that SHP-2
tyrosine kinases and that, after phosphorylation, they serve aand PI-3 kinase simultaneously interact with Gabl or Gab2
adapter molecules for transmitting signals to ERK MAP ki- upon stimulatior?*2>We also found that, in cells expressing a
nases. gp130 mutant that lacks the SHP-2 binding motif, SHP-2 was
neither phosphorylated on tyrosine nor associated with Gab1;
DISCUSSION coincidentally, the interaction of PI-3 kinase with Gabl was

Although SHP-2 has been implicated in cytokine and growthattenuated, although Gabl was pho.sphorylated.on tyré§ine.
factor receptor signaling, the molecular mechanism(s) by WhichThese date_l suggest that the interaction of _PI'?’ kln_ase with the
SHP-2 controls downstream signaling has been largely un-Gab proteins somehow_depend_s on the interaction bereen
known. Drosophila genetics showed that CSW and its substratgHP-2 and the Gab proteins. The |nyolvement of the PI-3 klna§e
DOS are required for Sev-dependent eye developAiéhtn was also supported by the observation that a dominant-negative
addition to the CSW-DOS pathway, Sos and an adapteP85 PI-3 kinase or treatment with wortmanin, a PI-3 kinase
molecule Drk (Drosphila homologue of Grb2) are also required'nh'b'tor’ blocked the Gab1-enhanced ERK activafidiihus,

for Sev signaling® This situation is very similar to that for Gab fgmily proteins may link SHP'Z to PI-.S Kinase for
cytokine receptors and receptor tyrosine kinases in mammalst.ranshm'tt'r‘g S|g|nals|. In support of this hyptl)lthe5|s,_Gab1, Gab2,
Many of those receptors recruit Grb2 either directly or indi- and the distantly related IRS1 and IRS2 all contain two SHP-2

rectly through Shc or SHP-2. In addition, the catalytic activity 2inding motifs in their carboxy-terminal region. A cluster of
of SHP-2 was shown to be required for signaling to ERK MAP PI1-3 kinase-binding motifs>*3) are located 30 to 181 amino

kinases. Therefore, it is quite important to find substrates for"JlCidS distant from the cluster of SHP-2 binding motifs in all

SHP-2. It was reported that 97-to 100-kD molecules arethese proteins. Either dephosphorylation of these adapter mol-

tyrosine-phosphorylated and associated with SHP-2 and p|-§cules by SHP-2 or the binding to them of SHP-2 may facilitate
kinase in hematopoietic cells upon 1122JL-3,25 and TCR? conformational changes that render them able to recruit or
stimulation and upon transformation bgr-abl?% Gab2, identi- activate PI-3 kinase. Mutational analyses of Gabl, Gab2, and

fied here, is the pp97 and pp100 previously reported: it WaSSHP-Z will be required to clarify th_ese poir_lts. In any case,_Gabl
phosphorylated on tyrosine in response to 1L-2, IL-3, and TCRand Qab2 play important roles. in the signal transductlon. of
and in response to other cytokines (Fig 4A and B). Uponcytoklnes, growth factors, antigen receptors, and possibly
stimulation, Gab2 associated with SHP-2 and PI-3 kinase (Figothers.
3A and B). Grb2 interacted with Gab2 in vitro (Fig 3D).
Tyrosine-phosphorylated Gab2 was dephosphorylated by the
catalytic subunit of SHP-2 (Fig 5). These data indicate that After acceptance of this manuscript, Gu ethdb{ Cell 2:729,
Gab2 is an adapter molecule for transmitting signals from1998) reported the molecular cloning of p97/Gab2.
cytokines, growth factors, and antigen receptors in lympho-
cytes. ACKNOWLEDGMENT

Although both Gabl and Gab2 are phosphorylated on The authors thank R. Masuda and T. Kimura for their excellent
tyrosine in response to a wide variety of stimuli, there seems tGecretarial assistance. We thank Drs |. Matsumura, Y. Kanakura, S.
be certain specificity. In HepG2 cells, stimulation of gp130 Tsukada, H. Mano, M. Kasuga, T. Matozaki, and K. Matsuoka for
resulted in the tyrosine phosphorylation of, mainly, Gabl. Invarious reagents. We thank Kazusa DNA Research Institute for
BAF-BO03 cells, which express only Gab2, gp130-stimulation p.roviding us the KIAA0571 gDNA. We alsg thank Dr T. K}Jrosgki for
resulted in the tyrosine phosphorylation of Gab2 (Fig 3E)'hls suggestion on the analysis of B-cell antigen receptor signaling.
suggesting that Gab2 can replace the function of Gabl. REFERENCES
Quantitative analyses will be required to show if the preferential
use of Gabl and Gab2 through various signa”ng pathways 1. Adachi M, Fischer EH, lhle J, Imai K, Jirik F, Neel B, Pawson T,
reflects any functional specificity. In this regard, targetedShen S, Thomas M, Ullrich A, Zhao Z: Mammalian SH2-containing

disruption of these genes will show the roles of Gab1 and Gab®tein tyrosine phosphatases. Cell 85:15, 1996 _
in these signal-transduction pathways 2. Feng GS, Hui CC, Pawson T: SH2-containing phosphotyrosine

. hosphat t t of protein-t ine ki . Sci 259:1607,
Overexpression of Gabl and Gab2 enhanced gp130':i)983p alase as a farget of profein-yrosing kinases. science

mediated ERK MAP kinase activation. It also enhanced the 3 \oge| W, Lammers R, Huang J, Ullrich A: Activation of a
ERK activation induced by the expression of Src and its relateghhosphotyrosine phosphatase by tyrosine phosphorylation. Science
tyrosine kinases (Fig 6A and B). These data suggest that boths9:1611, 1993

Gabl and Gab2 are substrates for various tyrosine kinases and4. YiT, MuiAL, Krystal G, Ihle JN: Hematopoietic cell phosphatase
act as signal transducers for them. In T or B cells, various Sr@ssociates with the interleukin-3 (IL-3) receptor beta chain and down-
family kinases, such as Lck, Fyn, and Lyn, and Src-relatedegulates IL-3-induced tyrosine phosphorylation and mitogenesis. Mol
kinases Tec and Btk, were shown to be involved in antigenCell Biol 13:7577, 1993 ,

receptor signaling®! Furthermore, in TCR signaling, the _ 2 Klingmuller U, Lorenz U, Cantley LC, Neel BG, Lodish HF:
phosphatase ity of SHP-2 was sho o be requred ofP2C1E AT SILPTPL (0 e eyiopoty eeptr couses
ERK activation*? Therefore, Gabl and Gab2 are good candi- ‘

. o h 80:729, 1995
dates for signal transducers for ERK activation in TCR and g payison RF, Vesely S, Siminovitch KA, Bernstein A: Signalling

BCF\_’ signaling. by the W/Kit receptor tyrosine kinase is negatively regulated in vivo by
Itis not yet clear how Gab1l and Gab2 are regulated by SHP-2he protein tyrosine phosphatase Shpl. Nat Genet 13:309, 1996
or how they transmit signals downstream. Our previous data on 7. Lorenz U, Bergemann AD, Steinberg HN, Flanagan JG, Li X,

NOTE ADDED IN PROOF

20z dunr g0 uo 3sanb Aq Jpd'6081/.8.1591/608 1/9/€6/pd-al01E/PO0IqABU"SUOHEDNIGNYSE//:d}RY WOy papeojumog



1816 NISHIDA ET AL

Galli SJ, Neel BG: Genetic analysis reveals cell type-specific regulation 25. Craddock BL, Welham MJ: Interleukin-3 induces association of

of receptor tyrosine kinase c-Kit by the protein tyrosine phosphatasehe protein-tyrosine phosphatase SHP2 and phosphatidylinositol 3-ki-

SHP1. J Exp Med 184111, 1996 nase with a 100-kDa tyrosine-phosphorylated protein in hemopoietic
8. Chen HE, Chang S, Trub T, Neel BG: Regulation of colony- cells. J Biol Chem 272:29281, 1997

stimulating factor 1 receptor signaling by the SH2 domain-containing ~ 26. Carlberg K, Rohrschneider LR: Characterization of a novel

tyrosine phosphatase SHPTP1. Mol Cell Biol 16:3685, 1996 tyrosine phosphorylated 100-kDa protein that binds to SHP-2 and
9. D’Ambrosio D, Hippen KL, Minskoff SA, Mellman I, Pani G,  phosphatidylinositol 3kinase in myeloid cells. J Biol Chem 272:

Siminovitch KA, Cambier JC: Recruitment and activation of PTP1C in 15943 1997

negative regulation of antigen receptor signaling by Fc gamma RIIB1. 57 yamauchi K, Pessin JE: Epidermal growth factor-induced asso-

Science 268:293, 1995 ) _ ciation of the SHPTP2 protein tyrosine phosphatase with a 115-kDa
10. Bennett AM, Tang TL, Sugimoto S, Walsh CT, Neel BG: phosphotyrosine protein. J Biol Chem 270:14871, 1995

Protein-tyrosine-phosphatase SHPTP2 couples platelet-derived growt 28. Gu H. Griffin JD. Neel BG: Characterization of two SHP-2-

factor receptor beta to Ras. Proc Natl Acad Sci USA 91:7335, 1994 . - . ) . L
11. Li W. Nishimura R. Kashishian A Batzer AG. Kim WJ. Cooper associated binding proteins and potential substrates in hematopoietic
o ' ' ' + “OOPET colls. 3 Biol Chem 272:16421, 1997

JA, _Schlessmger J: A new function for a phosphotyrosme p_hosphatase. 29. Weidner KM, Di Cesare S, Sachs M. Brinkmann V, Behrens J,
Linking GRB2-Sos to a receptor tyrosine kinase. Mol Cell Biol 14:509, _. . .
Birchmeier W: Interaction between Gabl and the c-Met receptor

1994 ) ) . . . )
12. Ali S, Chen Z, Lebrun JJ, Vogel W, Kharitonenkov A, Kelly PA, ;ygzsir;g ngze is responsible for epithelial morphogenesis. Nature

Ullrich A: PTP1D is a positive regulator of the prolactin signal leading o
to beta-casein promoter activation. EMBO J 15:135, 1996 30. Holgado Madruga M, Moscatello DK, Emlet DR, Dieterich R,

13. David M, Zhou G, Pine R, Dixon JE, Larner AC: The SH2 Wo_ng AJ: (_3rb_2-associated bindgr-l mediates_ phosphatidylinositol
domain-containing tyrosine phosphatase PTP1D is required for inter3-Kinase activation and the promotion of cell survival by nerve growth
feron alpha/beta-induced gene expression. J Biol Chem 271:1586Jactor. Proc Natl Acad Sci USA 94:12419, 1997
1996 31. Daub H, Wallasch C, Lankenau A, Herrlich A, Ullrich A: Signal

14. Itoh T, Muto A, Watanabe S, Miyajima A, Yokota T, Arai K: characteristics of G protein-transactivated EGF receptor. EMBO J
Granulocyte-macrophage colony-stimulating factor provokes RAS acti-16:7032, 1997
vation and transcription of c-fos through different modes of signaling. J 32. Takahashi Tezuka M, Yoshida Y, Fukada T, Ohtani T, Yamanaka
Biol Chem 271:7587, 1996 Y, Nishida K, Nakajima K, Hibi M, Hirano T: Gabl acts as an adapter

15. Fukada T, Hibi M, Yamanaka Y, Takahashi Tezuka M, Fujitani Y, molecule linking the cytokine receptor gpl30 to ERK mitogen-
Yamaguchi T, Nakajima K, Hirano T: Two signals are necessary for cellactivated protein kinase. Mol Cell Biol 18:4109, 1998
proliferation induced by a cytokine receptor gp130: Involvement of 33. Herbst R, Carroll PM, Allard JD, Schilling J, Raabe T, Simon
STAT3 in anti-apoptosis. Immunity 5:449, 1996 MA: Daughter of sevenless is a substrate of the phosphotyrosine

16. Hirano T, Nakajima K, Hibi M: Signaling mechanisms through phosphatase Corkscrew and functions during sevenless signaling. Cell
gp130: A model of the cytokine system. Cytokine Growth Factor Rev 85:899, 1996
8:241, 1997 34. Raabe T, Riesgo Escovar J, Liu X, Bausenwein BS, Deak P,

17. Noguchi T, Matozaki T, Horita K, Fujioka Y, Kasuga M: Role of Maroy P, Hafen E: DOS, a novel pleckstrin homology domain-
SH-PTP2, a protein-tyrosine phosphatase with Src homology 2 docontaining protein required for signal transduction between sevenless
mains, in insulin-stimulated Ras activation. Mol Cell Biol 14:6674, gnd Rasl in Drosophila. Cell 85:911, 1996
1994 35. Takahashi Tezuka M, Hibi M, Fujitani Y, Fukada T, Yamaguchi

18. Bennett AM, Hausdorff SF, O'Reilly AM, Freeman RM, Neel T {irano T: Tec tyrosine kinase links the cytokine receptors to PI-3
BG: Multiple requirements for SHPTP2 in epidermal growth factor- yinase probably through JAK. Oncogene 14:2273, 1997
mediated cell cycle progression. Mol Cell Biol 16:1189, 1996 36. Matsumura |, Kanakura Y, Kato T, lkeda H, Ishikawa J,

19. Tang TL, Freeman RM Jr, O'Reilly AM, Neel BG, Sokol SY: oikawa v, Hashimoto K, Moriyama Y, Tsujimura T, Nishiura T,
The SH2-conta|n|ng protein-tyrosine phosphatase SH-PTP2 is requ'reﬂlliyazaki H, Matsuzawa Y: Growth response of acute myeloblastic
ig;tSream of MAP kinase for early Xenopus development. Cell 80:4731eukemia cells to recombinant human thrombopoietin. Blood 86:703,

20. Kharitonenkov A, Chen Z, Sures |, Wang H, Schilling J, Ullrich 19275. Nakamura K, Cambier JC: B cell antigen receptor (BCR)-

A: A family of protelnsj that inhibit signalling through tyrosine kinase mediated formation of a SHP-2-pp120 complex and its inhibition by Fc
receptors. Nature 386:181, 1997 amma RIIB1-BCR coligation. J Immunol 161:684, 1998
21. Fujioka Y, Matozaki T, Noguchi T, Iwamatsu A, Yamao T, g - 9 ) N
38. Olivier JP, Raabe T, Henkemeyer M, Dickson B, Mbamalu G,

Takahashi N, Tsuda M, Takada T, Kasuga M: A novel membraneM lis B. Schlessi 3. Hafen E. P TAD hila SH2-SH3
glycoprotein, SHPS-1, that binds the SH2-domain-containing protein argolis b, schiessinger J, naten &, Fawson 1. ADrosophiia .

tyrosine phosphatase SHP-2 in response to mitogens and cell adhesio%qapto_r protein implicated.in coupling. the sevenless tyrosine kinase to
Mol Cell Biol 16:6887, 1996 an activator of Ras guanine nucleotide exchange, Sos. Cell 73:179,

22. Welham MJ, Bone H, Levings M, Learmonth L, Wang LM, 1993 ) ) ) )
Leslie KB, Pierce JH, Schrader JW: Insulin receptor substrate-2 is the 39- Weiss A, Littman DR: Signal transduction by lymphocyte
major 170-kDa protein phosphorylated on tyrosine in response tc@ntigen receptors. Cell 76:263, 1994
cytokines in murine lymphohemopoietic cells. J Biol Chem 272:1377, 40. DeFranco AL: Transmembrane signaling by antigen receptors of
1997 B and T lymphocytes. Curr Opin Cell Biol 7:163, 1995

23. Holgado Madruga M, Emlet DR, Moscatello DK, Godwin AK, ~ 41. Chan AC, Shaw AS: Regulation of antigen receptor signal
Wong AJ: A Grb2-associated docking protein in EGF- and insulin- transduction by protein tyrosine kinases. Curr Opin Immunol 8:394,
receptor signalling. Nature 379:560, 1996 1996

24. Gesbert F, Guenzi C, Bertoglio J: Anew tyrosine-phosphorylated 42. Frearson JA, Alexander DR: The phosphotyrosine phosphatase
97-kDa adaptor protein mediates interleukin-2-induced association oSHP-2 participates in a multimeric signaling complex and regulates T
SHP-2 with p85-phosphatidylinositol 3-kinase in human T lympho- cell receptor (TCR) coupling to the Ras/mitogen-activated protein
cytes. J Biol Chem 273:18273, 1998 kinase (MAPK) pathway in Jurkat T cells. J Exp Med 187:1417, 1998

20z dunr g0 uo 3sanb Aq Jpd'6081/.8.1591/608 1/9/€6/pd-al01E/PO0IqABU"SUOHEDNIGNYSE//:d}RY WOy papeojumog



