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The c-Abl nonreceptor tyrosine kinase is activated by growth factor signals such as the platelet-derived
growth factor (PDGF) and functions downstream of the PDGF-␤ receptor (PDGFR) to mediate biological
processes such as membrane ruffling, mitogenesis, and chemotaxis. Here, we show that the related kinase Arg
is activated downstream of PDGFRs in a manner dependent on Src family kinases and phospholipase C ␥1
(PLC-␥1)-mediated phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis, as we showed previously for
c-Abl. PIP2, a highly abundant phosphoinositide known to regulate cytoskeletal and membrane proteins,
inhibits the tyrosine kinase activities of both Arg and c-Abl in vitro and in cells. We now demonstrate that c-Abl
and Arg form inducible complexes with and are phosphorylated by the PDGFR tyrosine kinase in vitro and in
vivo. Moreover, c-Abl and Arg, in turn, phosphorylate the PDGFR. We show that c-Abl and Arg exhibit
nonredundant functions downstream of the activated PDGFR. Reintroduction of c-Abl into Arg-Abl doublenull fibroblasts rescues the ability of PLC-␥1 to increase PDGF-mediated chemotaxis, while reexpression of
Arg fails to rescue the chemotaxis defect. These data show that, although both kinases are activated and form
complexes with proteins in the PDGFR signaling pathway, only c-Abl functions downstream of PLC-␥1 to
mediate chemotaxis.
occur as a result of chromosomal translocation events that
produce chimeric proteins associated with the development of
human leukemias (31, 39). Abl1 is translocated to the Bcr and
Tel genes, resulting in the expression of activated Bcr-Abl and
Tel-Abl oncogenic tyrosine kinases, respectively (31). Bcr-Abl
is implicated in chronic myelogenous leukemia (CML), while
Tel-Abl has been identified in a subset of acute lymphoblastic
and myeloid leukemias. Similarly, Abl2 is translocated to the
Tel gene, producing the activated Tel-Arg tyrosine kinase associated with a subset of acute myeloid leukemias (31, 39).
Recent studies revealed that, similarly to c-Abl, the Bcr-Abl
oncoprotein associated with CML is negatively regulated by
intramolecular interactions and that the phosphorylation state
of Bcr-Abl affects its ability to bind to pharmacological inhibitors of the Abl kinase such as STI-571 (Gleevec) (43). STI-571
is a 2-phenylaminopyrimidine derivative that binds to the ATP
site of the Abl kinase domain and preferentially interacts with
the inactive conformation of the kinase (40). STI-571 has
proven to be effective in the treatment of patients with the
early, chronic phase of CML. However, most patients treated
during the aggressive, blast crisis phase of CML evolve drug
resistance to STI-571 (7, 38). Patients that are STI-571 resistant have been shown to harbor mutations that are predicted to
destabilize the inactive conformation of the Abl kinase (1, 42).
These findings underscore the need for novel Abl kinase inhibitors to treat patients who become resistant to drugs like
STI-571 that bind to the ATP site of the kinase.
Recently, we uncovered an unexpected mechanism for the
regulation of the c-Abl tyrosine kinase by phosphatidylinositol
4,5-bisphosphate (PIP2) (33). We showed that activation of

The mammalian Abelson (Abl) family of nonreceptor tyrosine kinases is comprised of c-Abl and Arg (Abl-related
gene), which are encoded by the Abl1 and Abl2 genes, respectively (30). The kinase activities of c-Abl and Arg are tightly
regulated in cells by intra- and intermolecular interactions (14,
30). Mutagenesis and structural studies have shown that c-Abl
is maintained in an autoinhibited state by intramolecular interactions involving the c-Abl SH3 domain and a proline residue located in the linker region connecting the SH2 and tyrosine kinase (SH1) domains, as well as by additional
interactions that pack the SH3 and SH2 domains against the
kinase domain (14, 30). Sequences amino terminal to the SH3
domain are also involved in stabilizing the autoinhibited conformation of c-Abl through interactions with the SH3, SH2,
and SH1 domains (13, 14, 27). Intermolecular interactions are
also involved in maintaining the autoinhibited conformation of
c-Abl in cells as overexpression or enzymatic purifications result in c-Abl activation (3, 32), and several proteins have been
shown to bind and inhibit the c-Abl kinase (30). Activation of
c-Abl may occur through binding or phosphorylation events
that disrupt the intramolecular inhibitory interactions (3, 13,
27, 45).
Deregulation of the c-Abl and Arg tyrosine kinases can
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Materials. U73122 and its inactive analog U73343 were purchased from Bio
Mol (Plymouth Meeting, Pa.). Antibodies directed against c-Abl (K12, Santa
Cruz Biotechnology; AB-3, Oncogene Sciences; 8E9, PharMingen), antiphosphotyrosine (4G10, Upstate Biotechnology Inc.; PY99, Santa Cruz Biotechnology), and glutathione S-transferase (GST; Santa Cruz Biotechnology) were purchased commercially. Antibodies directed against the extracellular domain of
PDGFR-␣ (80.8) (6), the intracellular domain of PDGFR-␤ (30A) (6), PLC-␥1
(19), and c-Abl (Pex4) (34) were described previously. Antibody to Arg was
produced by immunizing rabbits with a peptide specific for a unique C-terminal
region (9). Phospholipids were purchased from Avanti Polar Lipids, and
PDGF-AA and PDGF-BB were obtained from Upstate Biotechnology Inc.
DNA constructs. c-Abl, PLC-␥1, and INP54 constructs were described previously (33, 34). Murine Arg cDNA was previously described (45, 48). Arg-PP was
generated by mutating two proline residues in the interlinker region connecting
the SH2 and SH1 domains to glutamate, as described for Abl (2). The cDNAs
encoding wild-type, activated, and kinase-inactive forms of Arg were cloned into
the bicistronic vector pK1, which contains puromycin in the second cistron, as
well as into pcDNA1-AMP (Invitrogen Life Technologies).
Cell lines. Ph cells, which lack endogenous PDGFR-␣, and Ph cells expressing
wild-type and mutant chimeric or PDGF-␣ receptors were described previously
(6, 37). Arg-Abl double-null mouse embryonic fibroblasts (MEFs) were obtained
and reconstituted as previously described (23, 33).
Fusion proteins. GST-Crk and GST fusion proteins containing fragments of
c-Abl were previously described (34). GST-Arg SH2 fusion protein containing
residues 162 to 259 of murine Arg and GST-Arg SH2-SH3, GST-Arg 694-930,
and GST-Arg 1034-1182 were as previously described (48).
Transfection, retroviral infection, and Sf9 infection. 293T cells were transfected with calcium chloride, fibroblasts were infected with retroviruses, and Sf9
cells were infected as previously described (34). Baculoviruses for GST-Abl-KR
(25), GST-Abl-SH2-SH1-KR (34), and murine PDGFR-␤ (15) were described
previously. Wild-type and kinase-inactive Arg were cloned into HT-a and Histagged baculovirus vectors, and the corresponding baculoviruses were produced
as described by the manufacturer (Invitrogen Life Technologies).
Immunoprecipitation, Western blotting–far-Western blotting, and GST pulldown and kinase assays. Cells were lysed in a Triton lysis buffer (used for kinase
assays, GST pull-downs, and coimmunoprecipitations) or radioimmunoprecipitation assay buffer (used for immunoprecipitation and phosphotyrosine analyses). Kinase assays were performed as previously described (34). Kinase assays
utilizing liposomes containing phospholipids were described previously (33). For
far-Western blots, whole-cell lysates or immunoprecipitates were separated by
polyacrylamide gel electrophoresis followed by protein transfer to nitrocellulose
filters and blotting. Filters were blocked in 50 mM Tris (pH 7.4)–150 mM NaCl
(Tris-NaCl) containing 5% bovine serum albumin, followed by incubation with
GST fusion proteins (1.5 g/ml) in Tris-NaCl containing 0.1% Triton X-100,
10% glycerol, and 2% bovine serum albumin. GST binding was visualized by
incubation with antibody to GST, followed by horseradish peroxidase-conjugated
secondary antibody.
Transwell migration assays. Transwell migration assays were performed as
previously described (33), by using Abl-Arg double-null fibroblasts infected with
retroviruses encoding vectors (Migr1 and Mig-CD4), c-Abl (Mig-CD4-c-Abl-wt),
Arg (PK1-Arg-wt), and PLC-␥1 (Migr1-PLC-␥1). Migr1 is a bicistronic vector
containing green fluorescent protein (GFP) in the second cistron. The under
surface of the transwell membrane was coated with collagen, and cells were
placed in the upper chamber and allowed to migrate in the absence or presence
of PDGF-BB. Transfected, GFP-positive cells were counted on a fluorescence
microscope.

RESULTS
Abl family kinases are activated by PDGFR-␣ and
PDGFR-␤. To determine whether Arg is activated by PDGF,
we stimulated NIH 3T3 cells with PDGF-BB and assayed Arg
kinase activity by an in vitro kinase assay using GST-Crk as a
substrate. The Arg kinase was activated by PDGF-BB with the
same kinetics as we previously observed for c-Abl (Fig. 1A,
top). PDGF-BB induces dimerization and activation of both
PDGFR-␣ and PDGFR-␤ receptors (12). To determine
whether the Abl family kinases are activated downstream of
PDGFR-␣, NIH 3T3 cells were stimulated with PDGF-AA,
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endogenous c-Abl by platelet-derived growth factor (PDGF)
requires functional phospholipase C-␥1 (PLC-␥1) activity and
its recruitment to the PDGF receptor (PDGFR) complex and
that decreasing cellular PIP2 levels by either PLC-␥1-mediated
hydrolysis or dephosphorylation by a PIP2-specific inositol
polyphosphate 5-phosphatase (INP54) produces a marked increase of endogenous c-Abl tyrosine kinase activity (33). We
showed that PIP2 inhibits the c-Abl kinase activity in vitro (33).
These findings suggest that PIP2 binding may be a general
mechanism for the regulation of Abl family kinases and that
new pharmacological agents could be developed to inhibit deregulated Abl tyrosine kinases based on the inhibitory effect of
PIP2 on the Abl kinase activity.
Definition of the mechanisms that regulate the activities of
the endogenous Abl family kinases is critical to the understanding of a number of cellular processes that have been
reported to be affected by loss- or gain-of-function of the Abl
kinases. The c-Abl and Arg kinases have redundant roles during mouse development, as homozygous knockout mice lacking
both c-Abl and Arg die during embryonic development but the
single-knockout mice are viable (23). Notably, the c-Abl and
Arg single-knockout mice exhibit distinct phenotypes (23, 41,
46). The differences may be due to differential levels of expression of c-Abl and Arg in various tissues or to unique, nonredundant functions of the two proteins. In this regard, there are
differences in the structures and localization of these two tyrosine kinases. Arg and c-Abl are 90% identical in their aminoterminal SH3, SH2, and SH1 domains but are only 29% identical in their carboxy-terminal domains that comprise
approximately half of the proteins. While both c-Abl and Arg
share actin binding domains in their carboxy terminus, Arg
lacks the nuclear localization signals and DNA binding domains present in the c-Abl carboxy terminus (30). Moreover,
while c-Abl localizes to the nucleus, plasma membrane, and
actin cytoskeleton, Arg does not accumulate in the nucleus.
Arg is primarily present in the cytoplasm and colocalizes with
F-actin-rich structures (30, 48). Together, these findings suggest that c-Abl and Arg may have overlapping as well as distinct cellular functions.
The c-Abl tyrosine kinase has been reported to be activated
by various stimuli in addition to growth factors. These include
integrin engagement (24), DNA damage (22, 47), and oxidative stress (44). In contrast, little is known regarding the signals
that result in the activation of the endogenous Arg tyrosine
kinase. Similar to c-Abl, Arg was reported to be activated by
reactive oxygen species and to affect the apoptotic response to
oxidative stress in cultured cells (4). However, the molecular
mechanism that underlies Arg activation by oxidative stress
remains to be defined. More recently, purified Arg was shown
to be activated by autophosphorylation and by phosphorylation
by a Src family kinase in vitro (45).
Here we show that endogenous Arg is activated by growth
factor stimulation and that Arg kinase activity is regulated by
PIP2 in vitro and in cells. Moreover, both Arg and c-Abl form
a complex with the PDGFR and undergo reciprocal phosphorylation with the receptor tyrosine kinase. Unexpectedly, we
found that, although both Arg and c-Abl are activated by
PDGF growth factors via a similar mechanism, they have distinct cellular functions downstream of PDGF.
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which activates only PDGFR-␣. The c-Abl and Arg kinases
were activated with similar kinetics by PDGF-AA stimulation
(Fig. 1A, bottom). To test whether Arg is activated by
PDGFR-␤ signaling events, we employed Ph cells, a murine
fibroblast cell line with a deletion of the endogenous
PDGFR-␣ that was engineered to express a chimeric receptor
containing the extracellular domain of PDGFR-␣ and the intracellular domain of PDGFR-␤. This chimeric receptor is
activated by PDGF-AA specifically but induces PDGFR-␤ signaling events (6). Arg kinase activity was increased fivefold
following stimulation of the PDGFR-␤ pathway (Fig. 1C).
These results show that specific stimulation of PDGFR-␣ or
PDGFR-␤ results in activation of the endogenous c-Abl and
Arg tyrosine kinases.
To confirm that the Arg antibody specifically immunoprecipitates Arg and does not cross-react with c-Abl or another

kinase, Arg was immunoprecipitated from MEFs derived from
Arg-Abl null mice, wild-type MEFs, or Arg-Abl null MEFs
that were reconstituted with c-Abl (33). The immunoprecipitates were incubated in an in vitro kinase assay. Arg kinase
activity was observed only in wild-type fibroblasts and was not
observed in Arg-Abl null fibroblasts or the same fibroblasts
reconstituted with c-Abl (Fig. 1B), thereby showing that the
Arg antibody specifically immunoprecipitates Arg.
We previously showed that activation of c-Abl by PDGF is
partially dependent on the prior activation of the Src family of
nonreceptor tyrosine kinases (33, 34). To determine whether
Arg activation by PDGF also requires Src kinase activity, we
employed Ph cells expressing chimeric PDGFRs containing
phenylalanine substitutions at two tyrosine residues known to
bind to Src in the intracellular domain of PDGFR-␤. After
PDGF stimulation, the activities of the endogenous Arg and
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FIG. 1. Abl family tyrosine kinase activity is elevated following activation of PDGFR-␣ and PDGFR-␤. (A) NIH 3T3 cells were starved and
stimulated with PDGF-BB or PDGF-AA. Endogenous c-Abl and Arg were immunoprecipitated and incubated in an in vitro kinase assay with
GST-Crk as a substrate. Lysates were blotted with antibody that recognizes both c-Abl and Arg (pan-Abl; 8E9). (B) MEFs lacking both c-Abl and
Arg, fibroblasts from wild-type littermates (two independent sets, 1 and 2), and Arg-Abl null fibroblasts reconstituted with c-Abl by retroviral
infection were starved and stimulated with PDGF-BB. Arg and Abl kinase activities were assessed as described above. (C) Ph cells expressing
wild-type (WT), kinase-defective (KD), or F72/74 chimeric PDGFRs were starved and stimulated with PDGF-AA. Arg and Abl kinase activities
and protein expression were assessed as described above. Lysates also were blotted with antibody to the extracellular domain of PDGFR-␣ (80.8),
which recognizes chimeric receptors. (D) Ph cells expressing wild-type (WT), kinase-defective (KD), or F72/72 PDGFR-␣ were treated as
described for panel C. Arg and Abl kinase activities and protein expression were determined as described above. Lysates also were blotted with
antibody that recognizes the PDGFR-␣ extracellular domain (80.8), which recognizes PDGFR-␣. The results are representative of three
independent experiments.
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FIG. 2. Activation of Arg by PDGF requires PLC-␥1 activity.
(A) Ph cells expressing wild-type (WT) or mutant chimeric PDGFRs
were starved and stimulated with PDGF-AA, and Arg and Abl kinase
activities were determined. Lysates were blotted as described for Fig.
1. (B) Ph cells expressing wild-type chimeric PDGFRs were treated for
10 min prior to PDGF-AA stimulation with dimethyl sulfoxide
(DMSO), U73122 (PLC-␥1 inhibitor), or U73343 (inactive analog).
Arg kinase activity was assessed as described above. (C) NIH 3T3 cells
were retrovirally infected with vector (pBabepuro), wild-type PLC-␥1
(WT), or two dominant-negative forms of PLC-␥1 (PLC-F783 and
PLC-LI). Arg kinase activity was determined following starvation and
stimulation of the infected cells. Lysates were blotted with pan-Abl
antibody and antibody to PLC-␥1. The results are representative of
three independent experiments.

(33). These data suggest that PIP2 either directly or indirectly
inhibits c-Abl kinase activity. To determine whether Arg is also
regulated in a PIP2-dependent manner, we tested whether
expression of INP54 could activate the endogenous Arg kinase.
Unlike c-Abl, Arg was not activated by expression of the active
5-phosphatase (Fig. 3A). These results suggest either that Arg
is not regulated by PIP2 or that Arg does not localize to the
same subcellular compartment as does the pool of c-Abl that is
activated by INP54. To determine whether PIP2 can directly
inhibit Arg kinase activity, Arg immunoprecipitates were incubated with liposomes containing PIP2. PIP2 inhibited Arg kinase activity by 75%, while PI4P had no effect (Fig. 3B). PIP2containing liposomes inhibited c-Abl to a similar level as did
Arg (Fig. 3B). PIP2 and other lipids were capable of binding
directly to Arg (Fig. 3C). Fragments of Arg and c-Abl contain-
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c-Abl kinases were analyzed and compared to that observed in
Ph cells expressing a wild-type form of the chimeric receptor.
Activation of both Arg and c-Abl by PDGF was reduced but
not abolished in cells expressing a receptor that lacked the Src
binding sites (F72/74) (Fig. 1C). To determine whether activation of c-Abl and Arg by PDGFR-␣ is also dependent on the
Src kinases, we performed the same assay with Ph cells expressing wild-type or mutant PDGFR-␣ receptors. Mutation of
the Src binding sites also decreased activation of c-Abl and Arg
by the PDGFR-␣ receptor (Fig. 1D). These results show that
activation of c-Abl and Arg by both PDGFR-␣ and PDGFR-␤
requires activation of the Src family kinases. Previously, we
demonstrated that endogenous c-Abl kinase activity is highly
elevated in cells expressing oncogenic forms of Src kinases
(34). Likewise, here we found that Arg activity was increased
over 10-fold in the presence of activated forms of Src (data not
shown). Endogenous c-Abl and Arg are tyrosine phosphorylated in the presence of activated Src family kinases (8, 11; data
not shown). Additionally, Src family kinases directly phosphorylate and activate both Arg and c-Abl (34, 45). Taken together,
these results show that c-Abl and Arg are activated by both
PDGFR-␣ and PDGFR-␤ receptors in a manner that is partially dependent on the prior activation of the Src family kinases.
Arg activation by PDGF occurs via a PLC-␥1-mediated
mechanism. We previously demonstrated that c-Abl activation
by PDGF requires not only Src activity but also the activity of
PLC-␥1 (33). Src activity, although necessary, was not sufficient
for the activation of c-Abl by PDGF (33). To determine
whether Arg activation by PDGF occurs via a similar mechanism, we examined whether PLC-␥1 activity was required for
Arg activation. The activation of Arg by PDGF was substantially decreased in cells expressing a chimeric PDGFR (F5)
lacking the binding sites for phosphoinositide 3-kinase, RasGap, SHP-2, and PLC-␥1 but retaining the Src binding sites
(Fig. 2A). Activation of Arg was rescued by restoring the
binding site for PLC-␥1, Y1021 (Fig. 2A). These results show
that PLC-␥1 activity is required for Arg activation by PDGF.
To confirm these data, we utilized a pharmacological PLC-␥1
inhibitor (Fig. 2B) and PLC-␥1 dominant-negative mutants
(Fig. 2C). Pretreatment of cells with a PLC-␥1 inhibitor
(U73122) inhibited Arg activation by PDGF (Fig. 2B). No
inhibition of Arg activity was observed in cells treated with
vehicle (dimethyl sulfoxide) or the inactive analog (U73343)
(Fig. 2B). Expression of two PLC-␥1 dominant-negative mutant proteins (PLC-F783 and PLC-LI) (33) also inhibited Arg
activation following PDGF treatment (Fig. 2C). In particular,
the lipase-inactive PLC-LI mutant completely inhibited Arg
activation by PDGF (Fig. 2C).
Since PLC-␥1 activity is required for activation of both c-Abl
(33) and Arg, we examined whether decreasing the cellular
levels of PIP2, the PLC-␥1 substrate, by use of an alternative
approach would affect Arg kinase activity. We previously
showed that expression of the yeast (INP54, which specifically
dephosphorylates PIP2 to produce phosphatidylinositol
4-phosphate (PI4P), potently activates the endogenous c-Abl
kinase (Fig. 3A) (33). This finding further supports the notion
that decreasing the levels of PIP2 activates c-Abl kinase activity. In contrast, expression of an inactive form of the phosphatase (INP-DA) had no effect on c-Abl kinase activity (Fig. 3A)
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ing the kinase domains (SH1) bound to a subset of lipids
including PIP2 (Fig. 3C, left). C-terminal fragments of c-Abl
and Arg bound to some of the lipids but did not bind PIP2 (Fig.
3C, right). Notably the c-Abl SH2 and Arg SH2 domains did
not bind lipids (data not shown), but proteins containing the
catalytic SH1 domains fused to their SH2 domains bound
strongly to lipids including PIP2. This finding suggests that the
kinase domain is the domain that interacts with PIP2. Together, these data show that Arg activation requires PLC-␥1
activity and that PIP2 binds Arg and inhibits its activity. Thus,
Arg appears to be regulated by PDGF in the same manner as
c-Abl. However, expression of INP54, a PIP2-specific phosphatase, did not increase Arg kinase activity as was observed for
c-Abl. The differential effect of INP54 might be explained by
localization differences between c-Abl and Arg. Unlike c-Abl,

Arg is not expressed in the nucleus (30). The PIP2 phosphatase, which is not targeted to the plasma membrane, might
shuttle in and out of the nucleus to dephosphorylate nuclear
pools of PIP2. A large pool of c-Abl resides in the nucleus (30),
and this may be the pool that is activated by INP54.
Abl family tyrosine kinases form a complex with PDGFRs.
We showed previously that c-Abl binds to PLC-␥1 and that this
binding is enhanced after PDGF stimulation (33). Thus, we
wished to determine whether Arg and c-Abl could form a
complex with the PDGFRs at the plasma membrane in response to PDGF stimulation. We found that both c-Abl and
Arg coimmunoprecipitated with wild-type chimeric PDGFRs
after PDGF stimulation (Fig. 4A and B). To identify the domains of c-Abl and Arg that interact with the PDGFR, we
utilized various fragments of c-Abl and Arg fused to GST in a
GST pull-down assay (data not shown; Fig. 4C and D). We
found that only the c-Abl-SH2 and Arg-SH2 domains mediated the interaction and bound to wild-type forms of both the
chimeric PDGFR-␣/␤ and the PDGFR-␣ (Fig. 4C and D and
data not shown). The c-Abl and Arg SH2 domains did not
interact with receptors that lacked kinase activity (Fig. 4C and
D). Thus, the c-Abl and Arg SH2 domains bound to phosphorylated tyrosine residues in the intracellular domains of both
PDGFR-␣ and PDGFR-␤. Interestingly, mutation of the Src
binding sites (F72/74) decreased the interaction between the
c-Abl and Arg SH2 domains and the PDGFRs (Fig. 4C and D).
Likewise, mutation of the Src binding sites reduced, but did not
abolish, the binding of full-length Arg and c-Abl with
PDGFR-␤ (Fig. 4E and F). The wild-type and mutant forms of
the PDGFRs were expressed to similar levels in Ph cells (Fig.
4C and D and data not shown). Mutation of the Src binding
sites together with the binding sites of phosphatidylinositol
3-kinase, SHP-2, Ras-GAP, and PLC-␥1 (F7) completely eliminated the binding of c-Abl and Arg to the PDGFR-␤ (Fig. 4E
and F). Together, these data show that c-Abl and Arg are
recruited to the PDGFR following PDGF stimulation and suggest that Abl family kinases can bind directly or indirectly to
Y572/574 and potentially to an additional site(s) on the receptor.
To determine whether c-Abl and Arg could bind directly to
the PDGFR without potential bridging proteins, we performed
a far-Western analysis on immunoprecipitates from cells expressing a wild-type chimeric PDGFR. Following immunoprecipitation of the PDGFR, the immunoprecipitates were analyzed by gel electrophoresis, and the proteins were transferred
to nitrocellulose filters and probed with GST-Abl-SH2, GSTArg-SH2, or GST alone, followed by Western blot analysis
using antibody to GST. GST-Abl-SH2 and GST-Arg-SH2 reacted specifically with immunoprecipitated PDGFR (Fig. 4G),
while GST alone did not. These results show that the interaction between the Abl family kinases and PDGFRs is direct and
does not require additional proteins to act as a bridge.
Abl family tyrosine kinases are phosphorylated by PDGFRs.
A subset of proteins that bind to activated PDGFRs are tyrosine phosphorylated by the receptors (17). To determine
whether this is the case for the Abl family kinases, we immunoprecipitated active chimeric PDGFR from stimulated Ph
cells or active PDGFR-␤ produced following baculovirus infection of insect Sf9 cells and incubated the immunoprecipitates in an in vitro kinase assay with fragments of c-Abl or Arg
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FIG. 3. Arg is inhibited by PIP2 in vitro but is not activated by
INP54 expression. (A) NIH 3T3 cells were retrovirally infected with
either vector (pBabepuro), INP54, or an inactivated version of the
phosphatase (INP-DA). Endogenous c-Abl or Arg was immunoprecipitated and subjected to in vitro kinase assay. (B) c-Abl and Arg were
expressed in 293T cells, immunoprecipitated, and subjected to an immune complex kinase assay in the absence or presence of liposomes
containing PI4P or PIP2. (C) Nitrocellulose filters containing the indicated phospholipids (Echelon) were incubated with GST alone or
with GST fusion proteins of the indicated regions of Arg or c-Abl,
followed by antibody to GST and secondary antibody and by chemiluminescence detection.
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fused to GST. PDGFR-␤ phosphorylated all fragments of cAbl that contained an SH2 domain, including SH2-SH1-KR,
SH2-SH3, and SH2 alone (Fig. 5A and B). In contrast, while
the Arg SH2 domain alone was not phosphorylated by
PDGFR-␤, an Arg SH2-SH3 fusion protein was phosphorylated by the receptor kinase (Fig. 5C). The Arg SH2 domain
construct contained the same homologous sequence as that
present in the c-Abl-SH2 construct, as well as an additional
SH2-SH1 linker sequence that was not present in the c-AblSH2 construct. These results suggest that the PDGFR may
phosphorylate c-Abl and Arg at different sites. The c-Abl protein is most likely phosphorylated in the SH2 domain, while

Arg phosphorylation may occur on the SH3 domain. C-terminal sequences from c-Abl (Fig. 5B) and Arg (Fig. 5D) (694 to
930 and 1094 to 1182) were not phosphorylated by PDGFR-␤
in vitro.
To determine whether c-Abl and Arg are phosphorylated by
PDGFR-␤ in vivo, we coexpressed PDGFR-␤ with full-length,
kinase-inactive forms of c-Abl and Arg. As shown in Fig. 6A,
kinase-inactive c-Abl and Arg were tyrosine phosphorylated
and coimmunoprecipitated with overexpressed PDGFR-␤.
Additionally, we coexpressed PDGFR-␤ with full-length, kinase-inactive c-Abl (GST-Abl-KR); a fragment of Abl containing the SH2 domain and a catalytically inactive kinase domain

Downloaded from http://mcb.asm.org/ on November 17, 2019 by guest

FIG. 4. Abl family kinases form a complex with PDGFRs. (A, B, E, and F) c-Abl and Arg levels in Ph cells expressing similar levels of chimeric
PDGFRs were increased by retroviral infection. c-Abl (A and F) and Arg (B and E) were immunoprecipitated with anti-Abl or anti-Arg antibodies
(lanes A in panel E). Irrelevant control antibody (C) (c-Abl) or preimmune serum (P) (Arg) was used as a control. Immunoprecipitates were
blotted with antibody to the extracellular domain of PDGFR-␣ (80.8), which recognizes the chimeric receptor (upper panels). The blots were
stripped and reprobed with antibody that recognizes c-Abl and Arg (pan-Abl; 8E9) (lower panels). (C and D) Abl and Arg SH2 domains fused
to GST were used to pull down chimeric PDGFR (C) or PDGFR-␣ (D) from Ph cells expressing wild-type (WT), kinase-dead (KD), or F72/74
receptors (upper panels). Western blot analysis of whole-cell lysates showed similar levels of wild-type and mutant forms of the PDGFRs (lower
panels). (G) Nitrocellulose filters containing PDGFR or control (C) immunoprecipitates from cells expressing a chimeric PDGFR were probed
with GST, GST-Abl-SH2, or GST-Arg-SH2 protein, followed by Western blot analysis with antibody to the GST tag.
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(GST-Abl-SH2-SH1-KR); and His-tagged, full-length, kinaseinactive Arg (His-Arg-KR) in Sf9 insect cells. The GSTAbl-KR protein exhibited the same molecular weight on the
gel as did the PDGFR, and therefore it was difficult to ascertain whether it was phosphorylated by PDGFR-␤ (data not
shown). Coexpression of PDGFR with GST-Abl-SH2-SH1-KR
or with His-Arg-KR clearly demonstrated phosphorylation on
the c-Abl fragment and the full-length Arg following precipitation and phosphotyrosine blotting (Fig. 6B). These data show
that c-Abl and Arg are phosphorylated by the PDGFR in vitro
and in vivo.
Abl family kinases phosphorylate PDGFR-␤. Src family kinases bind to activated PDGFR-␤, are phosphorylated by the
receptor, and subsequently phosphorylate the receptor, producing a phosphotyrosine binding site for other molecules
(12). Therefore, we examined whether the Abl kinases were
competent to phosphorylate PDGFR-␤. We coexpressed a kinase-inactive form of the PDGFR-␤ (R634) together with
wild-type or constitutively active forms of c-Abl (Abl-PP) (2)
and Arg (Arg-PP). Arg-PP was created by mutating two proline residues in the interlinker region to glutamate, analogous

to the same mutation previously described for c-Abl (2). Expression of wild-type and constitutively activated forms of cAbl and Arg induced phosphorylation of the PDGFR, while
kinase-inactive forms (KR) of c-Abl and Arg did not (Fig. 7).
Although the expression level of wild-type Arg was lower than
that for c-Abl, Arg induced similar levels of phosphorylation
on the PDGFR (Fig. 7). When expressed at similar levels,
c-Abl-PP (constitutively active version) phosphorylated the
PDGFR to slightly higher levels than did the wild-type c-Abl.
Thus, expression of active forms of c-Abl and Arg induces
tyrosine phosphorylation of PDGFR-␤.
PLC-␥-mediated chemotaxis requires c-Abl and not Arg. In
porcine aortic endothelial cells, PLC-␥1 overexpression increases chemotaxis toward PDGF-BB (36). We previously
showed that c-Abl functions downstream of PLC-␥1 during
chemotaxis, as expression of kinase-inactive c-Abl blocks PLC␥1-induced chemotaxis toward PDGF-BB in porcine aortic
endothelial cells (33). Therefore, we examined whether c-Abl
has a similar function in fibroblasts and whether Arg could
function in a redundant fashion with c-Abl during PLC-␥1mediated PDGF chemotaxis. In MEFs lacking c-Abl and Arg,
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FIG. 5. PDGFR-␤ phosphorylates Abl kinases in vitro. (A) Chimeric PDGFR was immunoprecipitated (30A antibody) from starved-stimulated
Ph cells and incubated in an in vitro kinase assay with fragments of Abl fused to GST, GST alone, or the positive control PLC-␥1. (B to D) Murine
PDGFR-␤ expressed in Sf9 cells following baculovirus infection was immunoprecipitated (30A antibody) and incubated with fragments of Abl or
Arg fused to GST. GST alone and PLC-␥1 served as negative and positive controls, respectively. Substrate amounts were equivalent as determined
by Coomassie blue staining (C, lower panel, and data not shown). IgG, immunoglobulin G.
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FIG. 6. PDGFR-␤ phosphorylates Abl family kinases in cells.
(A) Kinase-inactive c-Abl and Arg were expressed in the absence (⫺)
or presence (⫹) of the human PDGFR-␤ in 293T cells. c-Abl and Arg
were expressed from different promoters (c-Abl-Migr1 and ArgpcDNA) in order to obtain equivalent c-Abl and Arg protein expression. The kinase-inactive c-Abl and Arg were immunoprecipitated and
probed with antibodies to phosphotyrosine (top). Note that the kinasedefective Abl family kinases are tyrosine phosphorylated only in the
presence of active PDGFR-␤. The blot was stripped and reprobed with
antibody that recognizes both c-Abl and Arg (second panel). Lysates
were blotted with antibody that recognizes both c-Abl and Arg (panAbl) and with antibody that recognizes PDGFR-␤ (30A). (B) Baculovirus encoding a kinase-inactive fragment of c-Abl fused to GST (GSTAbl-SH2-SH1-KR) and full-length His-tagged kinase-inactive Arg
(His-Arg-KR) was coexpressed with murine PDGFR-␤ in insect Sf9
cells. The c-Abl and Arg proteins were precipitated with glutathione
Sepharose or nickel agarose, respectively, and blotted with antibody to
phosphotyrosine.

PLC-␥1 was unable to increase chemotaxis toward PDGF-BB
(Fig. 8). Unexpectedly, this migration defect was rescued by
reexpression of wild-type c-Abl but not wild-type Arg. Reexpression of c-Abl and Arg proteins in the null cells to levels
similar to those present in wild-type cells did not result in the
activation of either c-Abl or Arg, as phosphotyrosine levels in
the cells reexpressing c-Abl and Arg were similar to levels
observed in cells expressing only PLC-␥1 (Fig. 8B, bottom).
Therefore, our results show that, although c-Abl and Arg ap-

pear to be regulated in a similar fashion by PLC-␥1 and PIP2,
c-Abl and Arg functions are not redundant with regards to
PLC-␥1-induced chemotaxis toward PDGF, as only c-Abl, not
Arg, is capable of rescuing the chemotaxis defect observed in
the cells lacking c-Abl–Arg expression.
DISCUSSION
Little is known to date regarding the cellular signals that
activate the Arg nonreceptor tyrosine kinase. Here we show
that Arg is activated by PDGF and that the mechanism of
activation involves the activity of two enzymes, Src and PLC␥1, which are recruited to the PDGFR after growth factor
stimulation. We demonstrate that, similarly to c-Abl, Arg is
inhibited by PIP2 in vitro and in cells and that PIP2 binds
directly to fragments of Arg and c-Abl containing the kinase
(SH1) domain, but not to the SH3, SH2, or carboxy-terminal
domains of the Abl family kinases. We hypothesize that the
binding of PIP2 to the SH1 domains of c-Abl and Arg results in
the inhibition of their tyrosine kinase activities either directly
or indirectly by recruitment of another molecule (33). Decrease of PIP2 levels by PLC-␥1-mediated hydrolysis and the
phosphorylation of Arg and c-Abl by Src kinases produce maximal activation of the Abl family kinases.
Both c-Abl and Arg have two isoforms, 1a and 1b, that result
from alternative splicing of the first exon (30). A C14-myristoyl
fatty acid residue is covalently attached to the N terminus of
the c-Abl-1b protein, while c-Abl-1a is not myristoylated. Recently, a structure of the c-Abl kinase domain, which was
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FIG. 7. Abl kinases phosphorylate PDGFR-␤. Wild-type (WT), kinase-inactive (KR), or constitutively active (PP) forms of c-Abl and
Arg were coexpressed with a kinase-inactive version of PDGFR-␤
(R634) in 293T cells. Migr1 and pcDNA vectors were used in order to
obtain low and high levels of expression, respectively. Wild-type and
kinase-inactive Abl were expressed in Migr1 (left panels), because in
this vector expression of the two proteins is equivalent. Expression of
wild-type Abl and Abl-PP from the pcDNA vector resulted in equivalent protein levels (bottom right panel), therefore allowing for direct
comparison of PDGFR tyrosine phosphorylation by these two Abl
forms (top right panel). The PDGFR was immunoprecipitated with
antibody to the intracellular domain of PDGFR-␤ (30A) and probed
with antibody to phosphotyrosine. The blots were stripped and reprobed for PDGFR-␤ (30A).
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crystallized in the presence of myristic acid or a myristoylated
peptide, indicated that the myristate group binds in a deep
hydrophobic pocket within the C-terminal lobe of the kinase
domain (27). Another study showed that the presence of the
myristoyl group is required for negative regulation of c-Abl
following expression in HEK 293 cells (13). These results suggest that intramolecular interactions between the myristic acid
residue and the C-terminal lobe of the kinase domain stabilize
the inactive conformation of the c-Abl kinase. However, these
findings do not explain why the activity of c-Abl is increased
following purification (3) or following high-level overexpression (32). Additionally, the c-Abl-1a isoform is tightly regulated despite lacking a myristate residue, and a c-Abl-1b isoform with a deletion of the myristoylated amino-terminal first
45 amino acids is under negative regulatory control when assayed for in vivo kinase activity and oncogenic potential (10).
Together, these data suggest that a soluble inhibitor may be
required to maintain the c-Abl and Arg kinases in an inactive
state inside the cell.
Our data demonstrate that both c-Abl and Arg are regulated
by PIP2 in vivo and in vitro. PIP2 is a relatively abundant lipid.
In resting cells the cellular levels of PIP2 are reported to be in
the range of 50 M and are up to 5 mM at the inner leaflet of
the plasma membrane (18). These concentrations are in the
appropriate range for effective inhibition of c-Abl and Arg
kinases in the cell. We propose that binding of PIP2 to the
catalytic domains of c-Abl and Arg may cause a similar conformational switch as that reported for myristate, given the
presence of similar fatty acid side chains in these lipids. However, our finding that PIP2 exerts a specific inhibitory effect on

the Arg and c-Abl kinase activities that is not induced by other
lipids that bind the Abl kinases, such as PI4P, suggests that
structural determinants present only in PIP2 are required for
its profound inhibitory effect on Abl family kinases.
High levels of PIP2 are found not just in the plasma membrane but also in the cell nucleus (20, 29, 49). Moreover, PIP2
has been shown to modulate the function of a number of
proteins involved in the regulation of the actin cytoskeleton
such as profilin, vinculin, gelsolin, the Arp 2/3 complex, and the
Wiskott-Aldrich syndrome protein (21, 35, 50). Thus, we propose that PIP2 is well positioned to regulate the 1a and 1b
isoforms of the Abl family kinases in multiple subcellular compartments. This hypothesis is supported by our finding that,
while both c-Abl and Arg were activated by PLC-␥1-mediated
hydrolysis of PIP2 in vivo and were inhibited by PIP2 in vitro,
only c-Abl was activated following expression of the PIP2specific phosphatase INP54. INP54 was not membrane targeted and therefore would be able to traffic in and out of the
nucleus to dephosphorylate nuclear pools of PIP2 (20). Because c-Abl but not Arg accumulates in the nucleus, it is expected that dephosphorylation of nuclear PIP2 pools would
affect specifically c-Abl but not Arg kinase activity.
The finding that both c-Abl and Arg kinases are negatively
regulated by PIP2 in vivo and in vitro opens the door for the
development of novel therapeutic approaches for the treatment of cancers induced or promoted by deregulation of c-Abl
and Arg kinase activities. Both c-Abl and Arg kinases are
constitutively activated in human leukemias as a consequence
of chromosomal translocation events that give rise to fusion
proteins such as Bcr-Abl, Tel-Abl, and Tel-Arg (31, 39). Fur-
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FIG. 8. PLC-␥1-mediated chemotaxis requires c-Abl but not Arg. Abl-Arg double-null fibroblasts were retrovirally infected with virus encoding
vector (CD4 and Mig), PLC-␥1, c-Abl, Arg, or PLC-␥1 together with c-Abl and Arg. Infected cells were used in a transwell chemotaxis assay. The
MigR1 (Mig) vector is a bicistronic vector containing GFP in the second cistron. Migration in the presence of chemoattractant (PDGF-BB) was
compared to migration in the absence of PDGF-BB as described previously (33). Transfected, GFP-positive cells which had migrated to the
undersurface of the collagen-coated membrane were counted using a fluorescence microscope. (B) An aliquot of the same cells was lysed and
blotted for c-Abl and Arg (pan-Abl), PLC-␥1, and phosphotyrosine. Panels A to C represent three independent experiments.
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vitro and induce phosphorylation of one another in cells, we
cannot rule out the possibility that intervening tyrosine kinases
are involved in the in vivo phosphorylation events. Indeed,
phosphorylation of Abl kinases by the ligand-activated
PDGFR is mediated in part by Src family kinases (11, 34).
Recruitment of Abl family kinases may be a common event
induced by activation of several receptor tyrosine kinases. Abl
family kinases have been reported to bind to the Eph and
MuSK tyrosine kinases, and in both cases the Abl kinases
undergo reciprocal phosphorylation with the activated receptor kinases (9, 51). We showed that Abl kinases are required
downstream of the MuSK receptor for postsynaptic clustering
of acetylcholine receptors at the neuromuscular junction (9).
This discovery, together with the finding that c-Abl and Arg
localize to the pre- and postsynaptic compartments of hippocampal synapses and that the Abl family kinases modulate
short-term synaptic plasticity via a presynaptic mechanism
(26), provides another potential link between Abl kinases and
PIP2, as this phosphoinositide has been demonstrated to play
critical roles in the regulation of synaptic function through its
ability to affect vesicle targeting, exocytosis, endocytosis, and
ion channel modulation (28).
Our findings show that Abl family kinases are downstream
targets of PDGFR-␣ and PDGFR-␤ signaling. Significantly, we
find that, although both c-Abl and Arg kinases are phosphorylated and activated by the PDGFR, their functions are not
redundant, as only c-Abl has a functional role downstream of
the PDGFR during PLC-␥1-dependent chemotaxis.
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