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Recent studies have suggested that members of the Abl interactor (Abi) protein family negatively regulate
cell growth and transformation. To date, however, no specific role in these cellular processes has been
identified for the Abi family. Here we describe the inhibition by overexpressed Abi-1 of a mitogenic pathway
activated by both growth factors and v-Abl. We have identified the guanine nucleotide exchange factors Sosl
and Sos2 as novel binding partners of Abi-1. A domain that is required for interaction with Sos in vivo has been
mapped to the amino terminus of Abi-1. Overexpression of Abi-1 inhibits epidermal growth factor (EGF)-
induced activation of extracellular signal-regulated kinases (Erks) but does not affect EGF-induced activation
of c-Jun N-terminal kinase or Akt. In addition, overexpression of Abi-1 blocks Erk activation induced by v-Abl.
In both cases, the maximal inhibitory effect requires an intact amino-terminal Sos-binding domain in Abi-1.
Finally, we demonstrate that tyrosine phosphorylation of endogenous Abi-1 in fibroblasts is induced by both
v-Abl and serum stimulation, further suggesting a role for Abi-1 in signal transduction initiated by v-Abl and
growth factors. Taken together, these findings suggest that overexpressed Abi proteins negatively regulate cell

growth and transformation by specifically targeting the Erk pathway.

Abl interactor (Abi) proteins were originally identified as
binding partners of the Abl nonreceptor tyrosine kinase (5,
28). The two members of the Abi family, Abi-1 and Abi-2, are
highly homologous. Both contain an amino-terminal homeo-
box-like domain, proline-rich regions, PEST sequences, and a
carboxy-terminal SH3 domain. Mapping of interaction sites on
both Abl and Abi indicates that reciprocal binding occurs: the
SH3 domain of each protein binds to a proline-rich motif on
the partner molecule (5). Overexpression of Abi-1 lacking
amino acids 1 to 85 (AbiA1-85), originally reported as the
full-length protein, was shown to inhibit transformation of
fibroblasts by full-length p160¥“”" but not by v-Src (28). This
deletion mutant of Abi-1 also failed to inhibit the transforming
activity of truncated p90**, correlating with the inability of
Abi-1 to physically associate with p90*“”’. Recently, we have
found in similar assays that full-length Abi-1 can inhibit the
transforming activity of p160***" (A. Ikeguchi and S. P. Goff,
unpublished data). Overexpression of a truncated form of
Abi-2 that retained only one Abl-binding site was found to
potentiate c-Abl-transforming activity (5). More recently
identification of Eps8 and spectrin as additional interaction
partners of Abi-1 provided potential links to growth factor
receptor-mediated signaling and the cytoskeleton (2, 36). In
addition, oncogenic forms of Abl and Src—namely, BCR-ABL
and v-Src—have been found to target Abi proteins in a Ras-
independent manner for ubiquitin-dependent proteolysis (6).
Expression of Abi proteins is also lost in the bone marrow cells
of patients with aggressive BCR-ABL-positive leukemias, sug-
gesting that the loss of Abi expression contributes to progres-
sion of disease. Taken together, these findings suggest that Abi
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proteins may act as negative regulators of cell growth and
transformation.

The mechanism by which Abi-1 overexpression suppresses
v-Abl-transforming activity has not been elucidated. p160"*”,
encoded by the Abelson murine leukemia virus, is a chimeric
protein consisting of the amino-terminal region of Moloney
murine leukemia virus Gag and the SH2, SH1, and carboxy-
terminal domains of c-Abl. Similar to BCR-ABL and TEL-
ABL, v-Abl displays constitutive tyrosine kinase activity that is
required for transformation (19). However, Abi proteins do
not appear to directly inhibit Abl kinase activity (28, 33), and
it has been proposed that the binding of Abi-1 to v-Abl might
block activation of critical signal transduction pathways. Sig-
naling molecules activated downstream of v-Abl include Ras
(26), phosphatidylinositol 3-kinase (PI3K) (30), Rac (25), c-
Jun N-terminal kinase (JNK) (21, 25), extracellular signal-
regulated kinases (Erks) (21, 25), protein kinase C (18), Janus
kinases (7, 8), and signal transducers and activators of tran-
scription (7, 8). In particular, Ras activity has been demon-
strated to be necessary for v-Abl-mediated transformation
(26). In addition, activation of several of the aforementioned
signaling proteins requires functional Ras.

It is still unclear which signaling proteins are responsible for
coupling v-Abl kinase activity to Ras activation. Ras activation
normally occurs upon recruitment of the Ras-specific guanine
nucleotide exchange factor (GEF) Son of sevenless (Sos) to
the plasma membrane in close proximity to Ras. For example,
autophosphorylation of activated receptor tyrosine kinases can
create membrane-localized docking sites for Grb2-Sos or Shc-
Grb2-Sos complexes. Subsequent activation of Ras can trigger
multiple signaling events, including the well-characterized Raf-
Mek-Erk kinase cascade. Targeting Sos to the plasma mem-
brane by addition of myristoylation or farnesylation signals to
Sos is sufficient to activate Ras-dependent signaling (1). Since
the Gag moiety of v-Abl can direct localization to the plasma
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membrane, recruitment of Sos to v-Abl might be sufficient for
Ras activation. Multiple Abl-binding proteins potentially link
v-Abl to Sos. The SH2 domain of v-Abl interacts with Shc in a
non-phosphotyrosine-dependent manner and can recruit She-
Grb2-Sos complexes (20). In addition, the carboxy-terminal
domain of v-Abl contains three proline-rich motifs that are
docking sites for the Sos-binding Crk, Nck, and Grb2 adapter
proteins (23). Dominant negative mutants of Grb2 and CrkI
inhibit Erk activation induced by oncogenic Abl, suggesting
that these adapter proteins participate in a positive manner in
v-Abl-induced Ras signaling (29). In addition, v-Abl binds and
phosphorylates p629°*, promoting the association of p62%°*
with RasGAP. It is not yet known whether this interaction
inhibits the ability of RasGAP to negatively regulate Ras.
However, overexpression of DOKL, a Dok-like protein, can
inhibit v-Abl-induced Erk activation and transformation, sug-
gesting a role for Dok proteins in v-Abl-induced Ras signaling
(4). Therefore, it is possible to inhibit both v-Abl- and growth
factor-mediated Ras-dependent signaling by interfering with
the localization or function of regulatory, adapter, or effector
components of the Ras pathway.

To investigate the potential role of Abi-1 in cell growth and
transformation, we have sought additional Abi-1 interaction
partners that might be modulators or effectors of Abi-1 func-
tions. Here we describe the identification of the mammalian
Sos proteins as novel binding partners for Abi-1. We demon-
strate that the amino terminus of Abi-1 is necessary for this
interaction in vivo. Overexpression of Abi-1 inhibits a specific
epidermal growth factor (EGF)-induced signaling event down-
stream of Sos and Ras, namely, the activation of Erks. In
addition, we show that overexpression of Abi-1 can block v-
Abl-induced Erk activation. Thus, our work identifies a poten-
tial negative regulatory role for Abi proteins in a specific mi-
togenic pathway activated by both growth factors and v-Abl.
Our findings also suggest possible mechanisms for the previ-
ously observed inhibition of v-Abl-mediated transformation by
overexpression of Abi-1. A role for Abi-1 in v-Abl- and growth
factor-mediated signaling in fibroblasts is further suggested by
the induction of tyrosine phosphorylation of endogenous Abi-1
by both v-Abl and serum stimulation.

MATERIALS AND METHODS

Yeast two-hybrid screening. A cDNA sequence encoding amino acids 394 to
475 of murine Abi-1 was amplified by PCR using pCGN-Abi-1 as the template.
The oligonucleotides for PCR were 5'-GAAGATGGGATCCCTGCAGTAGT
TCAGT-3" and 5'-CTCTCCGTCGACCTAATCAGTATAGTGCAT-3' (where
BamHI and Sall sites are underlined). To create the bait plasmid pSH2-AbiSH3,
the amplified fragment was digested with BamHI and Sall and cloned into the
Saccharomyces cerevisiae expression vector pSH2-1 in frame with the LexA
DNA-binding domain (LexADBD). To construct the plasmid AGP5 encoding
the LexADBD-ADI hybrid, type 1 c-abl cDNA was partially digested with BglII.
A BgllI-Bglll fragment encoding amino acids 4 to 1087 of type 1 c-abl was
inserted into pSH2-1. This insert was released by Bg/II digestion and cloned into
the yeast expression vector pPGADNOT to generate the Gal4 activation domain
(Gal4AD)-Abl construct. Yeast two-hybrid screening of the WEHI-3 cDNA
library cloned into pPGADNOT was performed as described previously (28).
DNA sequencing and sequence analysis were also performed as described pre-
viously (28).

Mammalian expression constructs. Myc-tagged constructs were created by
cloning various cDNA fragments of murine abi-I, murine type IV c-abl, and
human granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor a
chain into the EcoRI and Srfl sites of the mammalian expression vector
MT21myc in frame with the myc epitope at the 3’ end of the cloning site. To
generate hemagglutinin (HA)-tagged constructs, various fragments of murine
abi-1 and human SOSI cDNAs were cloned into the mammalian expression
vector pCGN in frame with the HA epitope at the 5’ end of the cloning site. The
HA-tagged DOKL construct has been described previously (4). To create the
HA-S0s2(874-1297) construct, a DNA fragment encoding amino acids 874 to
1297 of murine Sos2 was released from the Gal4AD-Sos2 hybrid plasmid by
digestion with Spel and Bg/IT and cloned into pCGN. SRa, SRa-HA-Erk2, and
SRa-HA-JNK were gifts from Audrey Minden (Columbia University, New York,
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N.Y.). The plasmids pCMV-6 and pCMV-6-HA-Akt were donated by Thomas
Franke (Columbia University). The v-Abl expression vector pcDNA-p160¥-*
was shared with us by Paul Rothman (Columbia University). The kinase-dead
v-Abl mutant expression vector pcDNA-p160¥-** (KD) was constructed by swap-
ping a BstEII-BspEI fragment from pGD-v-Abl (KD) (courtesy of David Balti-
more) into pcDNA-p160"". A plasmid encoding the v-Src oncogene under the
control of the simian virus 40 early promoter was a gift from A. Levinson
(Genentech, Inc., South San Francisco, Calif.).

Cell culture and transfections. COS cells and 293T cells were maintained in
Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS), 2 mM L-glutamine, and antibiotics. D5 (courtesy of Jean
Wang, University of California, San Diego) and BALB/c3T3 cells were main-
tained in DMEM supplemented with 10% calf serum (CS), 2 mM L-glutamine,
and antibiotics. D5 cells were maintained at 39°C. Parental BAF/3 cells and
BAF/3 cells stably transfected with p160¥“*’ (7) were maintained in RPMI 1640
medium supplemented with 10% FBS, 5% WEHI-3 supernatant, 5 pM B-mer-
captoethanol, 1 mM sodium pyruvate, and 1 mM L-glutamine. COS cells were
transfected with 10 pg of DNA per 2 X 10° cells by the chloroquine DEAE-
dextran method (22). 293T cells were transfected with 8 p.g of DNA per 2 X 10°
cells by the standard calcium phosphate precipitation method. The total amount
of DNA per transfection was normalized using empty vector controls.

Antibodies. Polyclonal antibodies against Sosl-Sos2, Sosl, and Sos2, and
monoclonal antibody against c-Myc (9E10) were purchased from Santa Cruz
Biotechnology. Anti-Grb2 (Transduction Laboratories) and anti-EGF receptor
(EGFR) (Upstate Biotechnology) monoclonal antibodies were used for immu-
noprecipitation. Polyclonal antibodies against Grb2 and EGFR (Santa Cruz
Biotechnology) were used for Western blot analysis. Anti-HA monoclonal anti-
body was obtained from Boehringer Mannheim and BAbCO. Anti-ACTIVE
mitogen-activated protein kinase and anti-Abl antibodies were purchased from
Promega and PharMingen, respectively. PhosphoPlus JNK and Akt antibody kits
were obtained from New England Biolabs. Monoclonal antibodies against Eps8
and phosphotyrosine were purchased from Transduction Laboratories. Poly-
clonal antibodies against Abi-1 were described previously (28).

Fusion proteins and in vitro binding assays. A cDNA fragment encoding
amino acids 385 to 475 of Abi-1 was inserted into the bacterial expression vector
PMAL-c2 (New England Biolabs) in frame with sequences coding for maltose-
binding protein (MBP). Bacterial lysates containing the fusion proteins were
prepared as previously described in TNENI (50 mM Tris-HCI [pH 7.5], 50 mM
NaCl, 10 mM EDTA, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride, 10 ng
of aprotinin per ml, 10 pg of leupeptin per ml, 1 pg of pepstatin per ml) and
incubated with amylose resin (New England Biolabs) for 1 h at 4°C. The resin
was washed four times in lysis buffer, incubated with mammalian cell lysate for
1 h at 4°C, and again washed four times in lysis buffer. Bound proteins were
boiled in 2X Laemmli buffer and resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) for either staining with Coomassie bril-
liant blue or transfer to an Immobilon-P membrane (Millipore). Membrane-
bound proteins were subjected to Western blot analysis as described below.

Growth factor deprivation and stimulation. For serum starvation, COS and
293T cells were washed 16 to 24 h after transfection and incubated in 0.2% FBS
for 24 to 30 h. Stimulation with recombinant human EGF (Upstate Biotechnol-
ogy) was at a concentration of 100 ng/ml for the specified times. For tyrosine
phosphorylation studies, BALB/c3T3 and D5 cells were serum starved in 0.5%
CS for 24 and 48 h, respectively. Serum-starved BALB/c3T3 cells were stimu-
lated with 20% FBS in DMEM for the indicated times. Parental BAF/3 cells and
BAF/3 cells stably transfected with p160¥** were starved in 0.5% FBS for 8 h
prior to stimulation at a concentration of 10°® cells/ml with 50 ng of recombinant
murine interleukin-3 (IL-3) (Sigma) per ml.

Immunoprecipitation and Western blot analysis. Cells for coimmunoprecipi-
tation experiments were washed in phosphate-buffered saline (PBS)-PI (PBS
plus 0.4 mM Na;VO, and 0.4 mM EDTA) and lysed in TNENI plus 10 mM NaF
and 1 mM Na;VO,. Cells for Erk2, JNK, Akt, and tyrosine phosphorylation
assays were washed in PBS-PI and solubilized with lysis buffer (20 mM Tris-HCl
[pH 8], 138 mM NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA, 10 mM NaF, 1
mM Na;VO,, 1 mM phenylmethylsulfonyl fluoride, 10 pg of aprotinin per ml, 10
pg of leupeptin per ml, and 1 pg of pepstatin per ml). Lysates were incubated at
4°C for 20 min and clarified for 20 min at 14,000 X g and 4°C. Lysates were
rocked with antibodies for 1 h at 4°C and for an additional hour with either
protein A-agarose or protein G PLUS-agarose (Santa Cruz Biotechnology). The
agarose beads were washed four times with lysis buffer and boiled in 2X Laemmli
buffer. Eluted proteins were resolved by SDS-PAGE, transferred to an Immo-
bilon-P membrane, and subjected to Western blot analysis as described previ-
ously using ECL and ECL Plus detection systems (Amersham) (9). Bands in
Figure 4 were quantitated using a densitometer. The amount of active HA-Erk2
at each time point was normalized to the total amount of HA-Erk2. The nor-
malized amount of active HA-Erk2 in unstimulated cells transfected with the
empty vector control was assigned a relative value of 1.0.

RESULTS

Interaction of Abi-1 and Sos2 in yeast. To identify proteins
that interact with Abi-1, we used the yeast two-hybrid system to
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TABLE 1. Yeast two-hybrid tests of the binding of the Abi-1 SH3
domain to the carboxy-terminal domain of Sos2

Protein moiety

fused to Protein moiety

B-Galactosidase

LexADBD* fused to Gal4AD activity”
Abi-1(394-475) None -
None Abl(4-1087)

Abi-1(394-475)
Abi-1(394-475)
Abi-1(394-475)
None
None

AbI(4-1087)

S0s2(874-1297)
S0s2(974-1297)
Sos2(874-1297)
S0s2(974-1297) -

I+ ++

“ The numbers in parentheses indicate the amino acids included in the hybrid
protein.

b B-Galactosidase activity as an indicator of interaction was scored by the
intensity of blue color and the time for color development. —, no blue color in
24 h; +, dark blue color in <1 h.

screen for proteins that bind to the Abi-1 SH3 domain. The
bait plasmid pSH2-AbiSH3 encoding a fusion of the Lex-
ADBD and the Abi-1 SH3 domain, was used to screen a library
of cDNAs derived from the mouse myelomonocytic leukemia
WEHI-3 cell line and expressed as fusions to the Gal4AD.
Thirty positive clones were isolated from a screen of approxi-
mately 600,000 yeast colonies cotransformed with bait and
library plasmids. Four of these clones contained sequences
encoding carboxy-terminal domains of the Ras-specific gua-
nine nucleotide exchange factor Sos2. Two Gal4AD-Sos2 hy-
brids including different carboxy-terminal fragments of Sos2
were each isolated twice. Both hybrids contain all the proline-
rich motifs that bind the SH3 domains of Grb2 (34). Neither
hybrid includes the Dbl and pleckstrin homology domains or
an intact Ras-specific GEF catalytic region of Sos2. Results
from the yeast two-hybrid experiments are summarized in Ta-
ble 1.

Association of Abi-1 and Sos in vitro. We performed in vitro
binding assays to confirm the interaction observed in the yeast
two-hybrid system. A fusion protein comprised of MBP and
the Abi-1 SH3 domain was tested for binding to Sos proteins
from mammalian cell lysates. Bacterially expressed MBP and
MBP-Abi SH3 were purified on amylose resin and incubated
with various cell extracts. Bound proteins were eluted, resolved
by SDS-PAGE, and immunoblotted with antibodies that rec-
ognize Sosl, Sos2, or both Sos1 and Sos2. As shown in Fig. 1A,
MBP-Abi SH3, but not MBP, was able to precipitate both Sosl
and Sos2 from BALB/c3T3 cell lysates. Similar results were
obtained with extracts from WEHI-3 and NIH 3T3 cells (data
not shown). To address the specificity of this interaction with
MBP-Abi SH3, we compared the binding to Sos2 with the
binding to two other proteins containing multiple PXXP mo-
tifs, the p629°*-like protein DOKL and Abi-1 itself. Cell ex-
tracts were prepared from COS cells expressing each of the
truncated or full-length proteins tagged with an HA epitope.
Resin-bound MBP-Abi SH3, but not resin-bound MBP, was
repeatedly able to precipitate a protein consisting of amino
acids 874 to 1297 of Sos2 from total cell lysates, even those
containing barely detectable levels of this Sos2 fragment (Fig.
1B). No binding to MBP-Abi SH3 was detected with amino
acids 86 to 475 of Abi-1 or with full-length DOKL. These data
indicate that the association in vitro between the Abi-1 SH3
domain and Sos is specific.

Interaction of Abi-1 and Sos in vivo. To determine whether
Abi-1 and Sos can interact in vivo, we tested the ability of myc
epitope-tagged Abi-1 to coimmunoprecipitate with endoge-
nous Sos in COS cells. Plasmids encoding various myc-tagged
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proteins were transfected into COS cells. Cell lysates were
prepared, and proteins were immunoprecipitated with anti-
bodies that recognize both Sos1 and Sos2. Immunoprecipitates
were then subjected to SDS-PAGE and Western blot analysis
with anti-myc antibody. As illustrated in Fig. 2A, both Abi-1
and AbiA328-356, a shorter form generated by alternative
splicing, coimmunoprecipitated with endogenous Sos proteins.
In contrast, neither c-Abl nor the GM-CSF receptor o chain
bound to Sos. These results demonstrate that Sos can associate
specifically with Abi-1 in vivo.

We next mapped the interaction domain on Abi-1 by testing
various myc-tagged deletion mutant proteins of Abi-1 for bind-
ing to endogenous Sos. It should be noted that the cDNA clone

A

2
g 2
< e g
5§ § ¢
E = 2 o
= o~ @ —Sos
97 —
. WB: aSos1/2
—
o
46—
e oo 0w WB: aSos1
s - s WB: aSos2
Lysate MBP- MBP MBP-
AbISH3 AbISH3
§c _ %200
[T (8] Q
3 g S 9 g 2 ¥ 9
¥
2 8 2 306 2 3 &
pra— — — ——
- —Sos2(C)
. — — WB: cHA
MBP-AbISH3 — ' Coomassie
. Stain
MBP — W

FIG. 1. In vitro binding of the Abi-1 SH3 domain to Sos. (A) MBP and
MBP-Abi SH3 immobilized on amylose resin were incubated with BALB/c3T3
cell lysate. Bound proteins were immunoblotted with antibodies that recognize
both Sos1 and Sos2 (aSos1/2) (top). The membrane was stripped and reprobed
with anti-Sos1 (middle) and anti-Sos2 (bottom) antibodies. Total cell lysate and
anti-Sos1 and -Sos2 immunoprecipitate (IP) from BALB/c3T3 cells were in-
cluded for reference. WB, Western blot. (B) COS cells were transiently trans-
fected with plasmids encoding HA-tagged DOKL, Abi(A1-85), or Sos2(874-
1297) [So0s2(C)]. Cell lysates were incubated with MBP and MBP-Abi SH3 as
described for panel A. Total cell lysates and bound proteins were probed with
anti-HA antibody (upper). HA-So0s2(874-1297) expression in the total cell lysate
was detected upon longer exposure. A fraction of the resin eluate was stained
with Coomassie brilliant blue to confirm roughly equivalent amounts of MBP
and MBP-Abi SH3 (lower).
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FIG. 2. Interaction between Abi-1 and Sos in COS cells. (A) COS cells were transiently transfected with plasmids encoding myc-tagged GM-CSF receptor « chain,
c-Abl, Abi-1, or AbiA328-356. Sosl and Sos2 were immunoprecipitated from cell lysates. Precipitated proteins (top) were immunoblotted with anti-myc antibody
(amyc). The membrane from the top blot was reprobed with anti-Sos1 and -Sos2 antibodies to confirm equal levels of protein loading (middle). Total cell lysates were
probed with anti-myc antibody to confirm expression of myc-tagged proteins (bottom). IP, immunoprecipitate; WB, Western blot. (B) Schematic representation of
full-length (FL) Abi-1 and deletion mutant proteins used in panel C. The homeobox-like domain, proline-rich motifs, polyproline region, and SH3 domain are indicated.
(C) COS cells were transiently transfected with plasmids encoding myc-tagged full-length Abi-1 or the indicated deletion mutant proteins. Proteins were immuno-
precipitated from cell lysates with anti-Sos1 and -Sos2 antibodies and were analyzed as described for panel A. The asterisk indicates the position of the immunoglobulin

heavy chain.

previously reported as full-length Abi-1 (28) was truncated at
the 5" end; this clone is now defined as encoding a deletion
mutant lacking amino acids 1 to 85. Full-length Abi-1 se-
quences were isolated by rapid amplification of cDNA ends
and cloned into expression vectors (A. Ikeguchi and S. P. Goff,
unpublished data). Full-length Abi-1 and the deletion mutant
proteins examined are depicted schematically in Fig. 2B. Sur-
prisingly, the association of Abi-1 with Sos was not eliminated

but instead was slightly enhanced by deletion of the SH3 do-
main (AbiA394-475). Additional carboxy-terminal truncation
of Abi-1 to amino acid 210 also failed to disrupt the interac-
tion. Further deletion of amino acids 162 to 210, however,
dramatically reduced the binding. In addition, Abi-1 mutant
proteins lacking amino acids 1 to 85 failed to interact with Sos.
Thus, in contrast to the results of initial in vitro binding studies
by our laboratory and others (27) which detected a strong
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association between the Abi-1 SH3 domain and Sos, this anal-
ysis indicates that amino-terminal regions of Abi-1 are more
important than the SH3 domain for binding to Sos in mam-
malian cells. These results, however, do not rule out the pos-
sibility that the SH3 domain of Abi-1 also interacts with Sos in
vivo. It is unclear whether the two amino-terminal regions of
Abi-1 required for binding, amino acids 1 to 85 and 162 to 210,
are each sufficient independently to mediate this interaction.

We also investigated whether the binding of Abi-1 to Eps8 is
necessary for the interaction between Abi-1 and Sos. As shown
in Fig. 2C, the interaction was not disrupted by deletion of a
proline-rich region (AbiA304-401) that includes the Eps8-
binding site. This result indicates that binding to Eps8 is not
required for the interaction between Abi-1 and Sos.

Association of Abi-1 and Grb2 in vivo. One possible conse-
quence of the association between Abi-1 and Sos might be the
exclusion of other Sos interaction partners such as Grb2. We
tested whether overexpression of HA-ADbi-1 can disrupt the
ability of cotransfected HA-Sos1 to coimmunoprecipitate with
endogenous Grb2. Plasmids encoding HA-tagged Abi-1 and
HA-tagged Sosl were cotransfected into COS cells. Cell ex-
tracts were incubated with anti-Grb2 antibody, and the immu-
noprecipitates were subjected to Western blot analysis with
anti-HA antibody. Overexpression of HA-Abi-1 did not alter
the amount of HA-Sos1 that coimmunoprecipitated with en-
dogenous Grb2 compared to that coimmunoprecipitated with
the empty vector control (Fig. 3A). Overexpression of HA-
AbiA1-85 or HA-AbiA402-475 also failed to disrupt the inter-
action. In contrast, overexpression of HA-Sos2(874-1297)
abolished binding of HA-Sos1 to Grb2. In addition, cotrans-
fection of myc-tagged Abi-1 with HA-Sosl did not perturb the
association of HA-Sosl with endogenous Grb2 (data not
shown). These data suggest that binding of Abi-1 to Sos does
not disrupt Grb2-Sos complexes.

We also tested whether overexpression of Abi-1 can block
recruitment of Sos to activated EGFRs. Plasmids encoding
HA-tagged Abi-1 and HA-tagged Sos1 were cotransfected into
COS cells. Serum-starved cells were left untreated or were
stimulated with EGF (100 ng/ml) for 2 or 10 min. Cell extracts
were then incubated with anti-EGFR antibody, and the immu-
noprecipitates were subjected to Western blot analysis with
anti-HA antibody. Stimulation with EGF for 2 or 10 min in-
creased the amount of HA-Sosl that coimmunoprecipitated
with endogenous EGFR (Fig. 3B). Compared to the empty
vector control, none of the HA-Abi-1 constructs disrupted
binding of HA-Sos1 to EGFR in untreated or stimulated cells.
In contrast, coimmunoprecipitation of HA-Sosl with EGFR
was significantly reduced by overexpression of HA-Sos2(874-
1297). It should be noted that this effect was observed even
though the level of expression of HA-So0s2(874-1297) relative
to that of HA-ADbi-1 was severalfold lower.

The above results indicate that overexpression of Abi-1 does
not disrupt Grb2-Sos complexes or their recruitment to acti-
vated EGF receptors. These findings also suggest the possibil-
ity that Abi-1, Sos, and Grb2 can coexist in a single complex.
Consistent with this idea, we found that myc-tagged Abi-1 can
coimmunoprecipitate with endogenous Grb2 (Fig. 3C). The
N-terminal 210 amino acids of Abi-1 that were sufficient for
binding to Sos were also capable of mediating the interaction
with Grb2. Thus, the amino terminus of Abi-1 can either di-
rectly or indirectly mediate binding to both Sos and Grb2. Our
results to date, however, do not distinguish between simulta-
neous or mutually exclusive binding of Sos and Grb2 to Abi-1.
It is also unclear at this time whether either Sos or Grb2 is
required for bridging of Abi-1 to the other protein in vivo.
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Inhibition of EGF-induced Erk2 activation by overexpres-
sion of Abi-1. To determine the functional significance of the
interaction between Abi-1 and Sos, we investigated the role of
Abi-1 in Sos-dependent signal transduction. We assayed the
effect of overexpression of Abi-1 on two EGF-induced signal-
ing events downstream of Sos and Ras, namely, the activation
of Erk2 and JNK (14). In addition, we assayed the effect of
Abi-1 overexpression on EGF-induced activation of Akt. Ac-
tivation of Akt by EGF is PI3K dependent, but the importance
of Ras in this pathway is unclear (3, 10). In the Erk2 assay,
plasmids encoding myc-tagged Abi-1 and HA-tagged Erk2
were cotransfected into COS cells. Serum-starved cells were
left untreated or were stimulated with EGF for the times
indicated in Fig. 4. To determine the effect of Abi-1 overex-
pression on EGF-induced Erk2 activation, HA-Erk2 was im-
munoprecipitated from cell lysates and then subjected to West-
ern blot analysis with phospho-specific antibodies that
recognize only the active forms of Erk1 and Erk2. As expected,
treatment of serum-starved cells with EGF for 5 min strongly
upregulated the amount of active HA-Erk2 (Fig. 4A). Signif-
icantly, both basal and EGF-induced HA-Erk2 activities were
inhibited in cells expressing full-length Abi-1 compared to the
levels in cells transfected with the empty vector control. This
inhibition was not observed with either AbiA1-85 or AbiA394—
475. Interestingly, a time course analysis between 0 and 20 min
of EGF stimulation revealed a delay in HA-Erk2 activation in
cells transfected with full-length Abi-1 as opposed to that in
cells transfected with the empty vector control (Fig. 4B, upper
blots). In addition, overexpression of full-length Abi-1 ap-
peared to reduce Erk activity measured after 40 and 60 min of
EGF stimulation (Fig. 4C). While the effect of Abi-1 overex-
pression on Erk activation at intermediate time points (10 or
20 min) was slightly variable, we consistently observed a delay
at early time points (1 and 2 min) and inhibition at late time
points (40 and 60 min). In contrast, cells transfected with either
AbiA394-475 or AbiA1-85 exhibited less delay in Erk activa-
tion and no reduction of Erk activity after 40 and 60 min of
EGF stimulation (Fig. 4B, lower blots, C and data not shown).
These results suggest that full delay and inhibition of EGF-
induced Erk2 activation by Abi-1 requires both the interaction
between Abi-1 and Sos and the presence of an intact Abi-1
SH3 domain.

In similar experiments, we tested the effect of Abi-1 overex-
pression on EGF-induced HA-JNK and HA-Akt1 activation.
As expected, treatment of serum-starved cells with EGF for 5
min increased the amounts of active HA-JNK and HA-Akt
(Fig. 4D and E). Relative to levels induced with the empty
vector control, none of the Abi-1 constructs altered either
basal or EGF-induced levels of HA-JNK and HA-Akt activa-
tion. No increases or decreases of EGF-induced JNK or Akt
activation by overexpression of Abi-1 were revealed by time
course analyses (data not shown). These results indicate that
the inhibition of EGF-induced Erk2 activation by Abi-1 is
specific to the Erk pathway.

Inhibition of v-Abl-induced Erk2 activation by overexpres-
sion of Abi-1. Transformation by v-Abl has been shown to
require activated Ras (26). We have previously found that
overexpression of either full-length Abi-1 or AbiAl1-85 can
inhibit transformation by v-Abl (28; A. Ikeguchi and S. P. Goff,
unpublished data). Taken together, these findings raise the
possibility that overexpression of Abi-1 inhibits v-Abl-mediated
transformation by blocking Ras-dependent signaling events.
Therefore, we investigated whether overexpression of Abi-1
can block v-Abl-induced Erk2 activation. 293T cells instead of
COS cells were used for this experiment because the levels of
v-Abl expression and v-Abl-induced Erk activation were sev-
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FIG. 3. Association of Abi-1 and Grb2 in COS cells. (A) COS cells were transiently cotransfected with the indicated HA-Sos1 and HA-Abi-1 plasmids. Grb2 was
immunoprecipitated from cell lysates. Precipitated proteins (top) and total cell lysates (bottom) were immunoblotted with anti-HA antibody («HA). The membrane
from the top blot was reprobed with anti-Grb2 antibody to confirm equal levels of protein loading (middle). IP, immunoprecipitate; WB, Western blot. (B) COS cells

were transiently cotransfected with the indicated HA-Sos1 and HA-Abi-1 plasm:

ids. Serum-starved cells were left untreated or were stimulated with EGF (100 ng/ml)

for 2 or 10 min. Cell lysates were prepared and incubated with anti-EGFR antibody. Precipitated proteins (top) and total cell lysates (bottom) were immunoblotted
with anti-HA antibody. The membrane from the top blot was reprobed with anti-EGFR antibody to confirm equal levels of protein loading. FL, full-length. (C) COS

cells were transiently transfected with the indicated myc-Abi-1 plasmids. Grb2
lysates (bottom) were immunoblotted with anti-myc antibody. The membrane froi
loading (middle).

eralfold lower in COS cells than those in 293T cells. 293T cells
were cotransfected with plasmids encoding HA-Abi-1, HA-
Erk2, and either v-Abl or v-Src. Cell lysates were prepared and
probed with antibodies against active Erks. As shown in Fig. 5,
wild-type v-Abl strongly induced Erk2 activation compared to
the level induced by a mutant v-Abl lacking kinase activity.
Overexpression of full-length Abi-1 completely abolished v-
Abl-induced Erk2 activation. This inhibition of Erk2 activation
occurred with no significant change in the levels of v-Abl pro-
tein; thus, full-length Abi-1 mediated a strong reduction in the
specific activity of v-Abl for Erk signaling. Overexpression of
ADbiA1-85, which binds to Abl but not to Sos, also inhibited
v-Abl-induced Erk activation but to a lesser extent than full-

was immunoprecipitated from cell lysates. Precipitated proteins (top) and total cell
m the top blot was reprobed with anti-Grb2 antibody to confirm equal levels of protein

length Abi-1. It should be noted that in comparison to cells
coexpressing full-length Abi-1 and v-Abl, cells coexpressing
AbiA1-85 and v-Abl show markedly decreased expression of
v-Abl. This phenomenon has been observed repeatedly and
most likely contributes to reduced Erk activation. Thus, al-
though AbiA1-85 did show significant inhibition of Erk2 acti-
vation, it did so primarily by a mechanism distinct from that
used by the full-length protein. The residual Erk2 activation,
when normalized to the low levels of v-Abl remaining, indi-
cates a minimal effect of AbiA1-85 on the specific activity of
v-Abl for Erk signaling. The effect of overexpression of the
non-v-Abl-binding mutant AbiA394-475 on v-Abl-induced
Erk?2 activation could not be evaluated due to nearly undetect-
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FIG. 4. Inhibition by Abi-1 of EGF-induced Erk2 activation but not EGF-induced JNK or Akt activation. (A) COS cells were transiently cotransfected with the
indicated HA-Erk2 and myc-Abi-1 plasmids. Serum-starved cells were left untreated or were stimulated with EGF (100 ng/ml) for 5 min. HA-Erk2 was immunopre-
cipitated from cell lysates with anti-HA antibody («HA) and immunoblotted with antibodies against active Erks (top). The membrane was reprobed with anti-HA
antibody to confirm equal levels of protein loading (middle). Total cell lysates were probed with anti-myc antibody to confirm expression of myc-tagged Abi-1 proteins
(bottom). FL, full length; IP, immunoprecipitate; WB, Western blot. (B) The experiment whose results are shown here was performed with the indicated plasmids as
described for panel A except that EGF treatment was for 1, 2, 5, 10, or 20 min. The relative normalized amount of active Erk is shown beneath each lane. Graphic
plots of relative amounts of active Erk versus time are included for both the upper and lower blots. (C) The experiment whose results are shown here was performed
with the indicated plasmids as described for panel A except that EGF treatment was for 20, 40, or 60 min. The relative normalized amount of active Erk is shown
beneath each lane. (D) The experiment whose results are shown here was performed as described for panel A except that HA-JNK and antibodies against active JNK
replaced HA-Erk2 and antibodies against active Erks, respectively. (E) The experiment whose results are shown here was performed as described for panel A except
that HA-Akt and antibodies against active Akt replaced HA-Erk2 and antibodies against active Erks, respectively.

able levels of this mutant Abi protein when coexpressed with
v-Abl (data not shown). However, Erk2 activation induced by
v-Src, which does not bind Abi-1, was largely unaffected by
overexpression of Abi-1 (Fig. 5). Thus, the binding of Abi-1 to
Sos is not sufficient to block Erk activation by all mitogenic
stimuli. Western blot analysis showed that the levels of HA-
Abi-1 expression, HA-Erk2 expression, and HA-Erk2 activa-
tion in cells expressing these tyrosine kinases were similar. In
summary, overexpression of Abi-1 can inhibit Erk2 activation
induced by both EGF and v-Abl. In both cases, the maximal
inhibitory effect requires amino acids 1 to 85 of Abi-1, a region
also required for the interaction with Sos. Our results also
suggest the possibility of distinct mechanisms of inhibition of
v-Abl-transforming activity for full-length Abi-1 and AbiAl-
85.

Tyrosine phosphorylation of endogenous Abi-1 induced by
v-Abl. Abi-1 and v-Abl were previously shown to interact in
vivo (28). In addition, earlier results demonstrated that v-Abl
can phosphorylate Abi-1 in vitro. To determine whether v-Abl
kinase activity can lead to tyrosine phosphorylation of endog-
enous Abi-1, we took advantage of the D5 cell line, an NIH

3T3 subclone transformed with a temperature-sensitive mutant
v-Abl (24). The v-Abl kinase in D5 cells is inactive at 39°C, but
kinase activity is restored upon shifting cells to 32°C. We in-
vestigated whether shifting D5 cells from the restrictive to the
permissive temperature could increase tyrosine phosphoryla-
tion of endogenous Abi-1. Abi-1 was immunoprecipitated from
serum-starved D5 cells that were maintained at 39°C or were
shifted from 39 to 32°C for 1 h. Precipitated proteins were
immunoblotted with antiphosphotyrosine antibody. As shown
in Fig. 6A, the phosphotyrosine content of Abi-1 was increased
after shifting D5 cells to the permissive temperature. In addi-
tion, the mobility of Abi-1 in gel electrophoresis was reduced
after the temperature shift, consistent with postranslational
modifications such as phosphorylation. Since the ability of the
anti-Abi-1 antibodies to immunoprecipitate endogenous Abi-1
had not been previously characterized, we included controls to
confirm this result. Preimmune serum was unable to immuno-
precipitate putative Abi-1. In addition, preadsorption of anti-
Abi-1 antibodies with bacterial lysate containing glutathione
S-transferase (GST)-Abi-1 abolished recognition of this pro-
tein. Preadsorption of anti-Abi-1 antibodies with bacterial ly-
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sate containing GST alone did not block immunoprecipitation
of putative Abi-1. These controls indicate that the anti-Abi-1
antibodies can specifically recognize endogenous Abi-1. It
should be noted, however, that we have not ruled out the
possibility of cross-reactivity against Abi-2. In addition, the
apparent increase in Abi-1 detected after preadsorption with
bacterial lysates is due to cross-reactivity against comigrating
bacterial proteins (Fig. 6A and data not shown).

We also examined the phosphotyrosine content of endoge-
nous Abi-1 in cells that stably express wild-type v-Abl. The
phosphotyrosine content of endogenous Abi-1 is dramatically
increased in BAF/3 cells stably transfected with p160¥“*’ com-
pared to that in parental BAF/3 cells (Fig. 6B). Stimulation of
parental BAF/3 cells with IL-3, however, did not result in
increased tyrosine phosphorylation of Abi-1. Taken together,
our data demonstrate that v-Abl kinase activity can lead to
tyrosine phosphorylation of endogenous Abi-1.

Tyrosine phosphorylation of endogenous Abi-1 induced by
serum stimulation. We next examined whether serum stimu-
lation of fibroblasts could also induce tyrosine phosphorylation
of endogenous Abi-1. Serum-starved BALB/c3T3 cells were
left untreated or were stimulated with 20% FBS for 10 or 30
min. Abi-1 was immunoprecipitated from cell lysates and im-
munoblotted with antiphosphotyrosine antibody. As shown in
Fig. 7, serum stimulation induced tyrosine phosphorylation of
Abi-1 within 10 min. The levels of tyrosine phosphorylation
were similar after 10 or 30 min of serum stimulation. These
results show that serum stimulation as well as v-Abl kinase
activity can result in tyrosine phosphorylation of endogenous
Abi-1.
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DISCUSSION

Our search for potential regulators or targets of Abi-1 func-
tions has identified Sos as a novel interaction partner of Abi-1.
The association between Abi-1 and Sos has been demonstrated
both in vitro and in vivo. Our results indicate that overexpres-
sion of Abi-1 can inhibit the Erk pathway. We have mapped an
indispensable Sos interaction domain in vivo to the amino
terminus of Abi-1 and have shown that this region is required
for the maximal inhibitory effect of Abi-1 overexpression of
EGPF- and v-Abl-induced Erk2 activation. In contrast to in vitro
binding experiments performed by our laboratory and others
(27), the SH3 domain of Abi-1 is not necessary in vivo for
interaction with Sos. The SH3 domain is, however, required for
full inhibition of EGF-induced Erk2 activation.

During the preparation of this paper, Scita et al. reported
genetic evidence that Eps8 participates in signal transduction
between Ras and Rac (27). Those authors also provided bio-
chemical data supporting a role for a ternary complex of Eps8,
Abi-1, and Sos in generating Rac-specific GEF activity. Previ-
ous work had identified a Rac-specific GEF activity of Sos and
suggested that Ras-mediated PI3K signaling through Sos might
couple Ras and Rac activation (16). A study using overexpres-
sion and immunodepletion of Abi-1 and Eps8 suggests a pos-
itive role for Abi-1 in linking Ras to Rac (27). Interestingly,
others have shown that v-Abl-mediated induction of Erk ac-
tivity can occur by Raf-independent (32) and Rac-dependent
(25) pathways. However, it is unlikely that inhibition of EGF-
induced Erk activation by overexpression of Abi-1 is due to
inhibition of Rac activity. Although our results confirm the
physical interaction between Abi-1 and Sos, we did not observe
any effect of Abi-1 overexpression on EGF-induced activation
of JNK and Akt downstream of Rac and PI3K, respectively. In
our experiments, however, we overexpressed Abi-1 alone and
not in conjunction with Eps8. In addition, antibodies used to
immunodeplete Abi-1 might cross-react with other Abi family
members that exhibit different cellular activities. It is possible
that the overall effect on signaling components downstream of
Ras is highly sensitive to the relative stoichiometries of Abi
family members and their interaction partners, such as Eps8.

Regulation of the interactions of Abi-1 with its various bind-
ing partners is likely to be complex. First, phosphorylation of
Abi-1 appears to be regulated during the cell cycle and can
alter the association of Abi-1 with Eps8 (2). Hyperphosphory-

v-Abl - KD WT WT WT - -
v-Src - - - - - + +
HA-Abi - - - FL A1-85 - FL
HA-Erk2 - + + + + + +
L G s \WB: aActive Erk
Abi FL— — ‘
Abia1-85 — p—— WB: cHA
Erk2— e
AR e s WB: oAbl

FIG. 5. Inhibition of v-Abl-induced Erk2 activation by Abi-1. 293T cells were
transiently cotransfected with plasmids encoding HA-Erk2, wild-type (WT)
p160¥*, kinase-dead (KD) p160"-“?/, or v-Src, and full-length HA-Abi-1 (FL) or
HA-AbiA1-85 (A1-85). Transfected cells were serum starved in 0.2% FBS for
24 h before lysis. Cell lysates were probed with antibodies against active Erks
(«Active Erk) (top), HA (middle), and Abl (bottom). Expression of v-Src was
not detected by our methods. WB, Western blot.



VoL. 20, 2000

5
<
A th b
EQO
g
33-535
I3a¥S

Lysate P
NPNPPPFP

WB: aPtyr

97— B
> L]
46—

1"

>
“ WB: cAbi
46—
BAF/3 BAF/3-v-Abl
a3l e R
IP: o Abi
i WB: oPtyr
Lysate
WB: oPtyr

FIG. 6. Tyrosine phosphorylation of endogenous Abi-1 induced by v-Abl.
(A) Serum-starved D5 cells were left at 39°C (nonpermissive temperature) or
shifted to 32°C (permissive temperature) for 1 h. Abi-1 was immunoprecipitated
from cell lysates and immunoblotted with antiphosphotyrosine antibody (aPtyr)
(top). The membranes were reprobed with anti-Abi-1 antibodies to confirm
equal levels of protein loading (bottom). The arrows indicate the position of
Abi-1. N and P denote nonpermissive and permissive temperatures, respectively.
WB, Western blot. (B) Growth factor-deprived parental BAF/3 cells and BAF/3
cells stably transfected with p160¥-“*’ were left untreated or were stimulated with
IL-3 (50 ng/ml). Abi-1 was immunoprecipitated and immunoblotted as described
for panel A. IP, immunoprecipitate.

lated forms of Abi-1 fail to coimmunoprecipitate with EpsS8.
Recently, the SH3 domain of Eps8 has been shown to bind a
novel PXXDY consensus sequence found in Abi-1 and other
Eps8 interaction partners (15). Therefore, it is possible that
phosphorylation of the tyrosine residue might regulate binding
of the Eps8 SH3 domain to this motif. Notably, we have ob-
served tyrosine phosphorylation of endogenous Abi-1 in re-
sponse to both v-Abl kinase activation and serum stimulation.
Second, the Abi-1 mRNA is subject to alternative splicing,
yielding protein isoforms that can retain different sets of pro-
line-rich motifs (36). The differential expression of proline-rich
motifs may modulate the binding preferences and biological
activities of Abi-1. For example, alternative splicing of the
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neuronal signaling adapter protein NUMB generates two types
of isoforms with either a short or long proline-rich region.
These two types of NUMB isoforms have distinct developmen-
tal functions (31). Third, we have recently found that Abi-1 can
oligomerize (data not shown). Both the oligomerization and
Sos interaction domains map to the amino terminus of Abi-1,
suggesting possible interplay between homomeric and hetero-
meric interactions of Abi-1. There are examples of this inter-
play among SH3-containing proteins. The SH3 domain of Eps8
exists in monomeric and dimeric forms but binds to Abi-1 only
as a monomer (15). In addition, a recent report indicates that
the binding of SH3-containing amphiphysins to dynamin, a
GTPase involved in endocytic membrane trafficking, can pre-
vent dynamin self-assembly into oligomeric ring-shaped struc-
tures (17). Finally, binding of an interaction partner to Abi-1
might promote or disrupt other heteromeric interactions. Our
results suggest that the amino terminus of Abi-1 interacts with
both Sos and Grb2. Therefore, it is possible that the amino-
terminal and SH3 domains of Abi-1 can bind simultaneously to
Sos or Grb2 and Abl, respectively. However, it is not yet known
whether the interaction of Abi-1 with Sos or Grb2 affects the
binding of Abi-1 to Abl proteins.

Our observation that overexpression of Abi-1 results in in-
hibition and delay of EGF-induced Erk activation suggests a
role for Abi-1 in temporal regulation of Erk activity. The tim-
ing of Erk activation within the cell can be critical in deter-
mining the biological response to growth factor stimulation.
For example, in PC12 cells, sustained activation of Erks is
required for neuronal differentiation in response to nerve
growth factor (NGF) (13). In contrast, transient activation of
Erks in response to EGF treatment of the same cells elicits a
proliferative response. It has been proposed that the Ras-
related GTPase Rapl mediates the persistent activation of
Erks induced by NGF (35). It is possible that Abi-1 interacts
with Rap1-specific GEFs to regulate Rapl and the duration of
Erk activation. However, this role for Rapl in Erk activation
has recently been challenged (37). It is also possible that Abi-1
might interact with other GEFs belonging to the Dbl family.
The Dbl family member Lfc localizes to microtubules, and
overexpression of Lfc in NIH 3T3 cells induces formation of
actin stress fibers and membrane ruffles (11). Staining of Abi-1
overexpressed in NIH 3T3 cells reveals a distinct filamentous
pattern within the cytoplasm, consistent with a role for Abi-1 in
cytoskeletal reorganization (data not shown). Therefore, Abi
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FIG. 7. Tyrosine phosphorylation of endogenous Abi-1 induced by serum
stimulation. Serum-starved BALB/c3T3 cells were stimulated with 20% FBS for
the indicated times (in minutes). Abi-1 was immunoprecipitated from cell lysates
with anti-Abi-1 antibodies (a«Abi) and immunoblotted with antiphosphotyrosine
antibody (top). The membrane was reprobed with anti-Abi-1 antibodies to con-
firm equal levels of protein loading (bottom). The arrows indicate the position of
Abi-1. PI, preimmune serum control; IP, immunoprecipitate; WB, Western blot.
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family members might interact with GEFs associated with the
cytoskeleton during cellular responses to growth factor stimu-
lation.

In addition to finding a novel protein-protein interaction of
Abi-1, our work identifies a specific mitogenic pathway poten-
tially regulated by Abi proteins. The inhibition of EGF-in-
duced Erk2 activation by overexpression of Abi-1 is consistent
with the hypothesized role of Abi proteins as negative regula-
tors of cell growth. Overexpression of Abi-1 also blocked v-
Abl-induced Erk2 activation, providing a possible explanation
for the previously observed antagonistic role of overexpressed
full-length Abi-1 in v-Abl-mediated transformation (A. Ikegu-
chi and S. P. Goff, unpublished data). Since Abi proteins do
not appear to directly inhibit Abl kinase activity (28, 33), it has
been proposed that their binding to v-Abl blocks access to
critical regulators or effectors of v-Abl function. For example,
interaction with Abi proteins might preclude association of
v-Abl with She, Grb2, Crk, or Nck adapter proteins that can
potentially couple Abl to Sos, Ras, and the Erk pathway. Con-
sistent with this idea, in vitro binding experiments suggest that
Grb2, Nck, and Abi-2 can bind to the same proline-rich motif
in Abl (5, 23). Furthermore, the binding of Abi-1 to Sos alone
is apparently not sufficient to block all signaling to Erks; for
example, overexpression of Abi-1 fails to abolish v-Src-induced
Erk activation. Alternatively, Abi proteins in other contexts
may utilize different mechanisms to modulate signal transduc-
tion. For example, overexpression of AbiA1-85, which still
binds to v-Abl but not to Sos, causes a strong downregulation
of v-Abl protein levels in our transient-cotransfection experi-
ments. The requirement for Abi proteins to disrupt recruit-
ment of adapter proteins or alter expression of v-Abl in the
inhibition of oncogenic transformation by Abelson murine leu-
kemia virus remains to be investigated.

We cannot rule out the possibility that, at physiological lev-
els, Abi-1 may participate in a positive way in transducing
signals initiated by v-Abl or EGF. Experiments with Drosophila
suggest that both fly and human Abi can enhance the ability of
Abl to phosphorylate one of its substrates, Ena, consistent with
a positive role for Abi in this pathway (12). In addition to
recruitment of proteins through its SH3 domain and proline-
rich motifs, tyrosine phosphorylation of Abi-1 might create
docking sites for SH2-containing signaling proteins. Thus,
overexpression of Abi-1 in our system may simply uncouple key
signaling components. Nevertheless, it is intriguing to consider
that oncogenic forms of Abl and Src trigger the ubiquitin-
dependent proteolysis of Abi proteins (6). Therefore, it is
possible that oncogenic forms of Abl and Src circumvent the
potential inhibitory activities of Abi proteins by targeting these
molecules for degradation.
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