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Abstract
Previously, we showed that Abl kinases (c-Abl, Arg) are activated downstream of PDGF in a manner
dependent on Src kinases and PLC-γ1, and promote PDGF-mediated proliferation and migration of
fibroblasts. We additionally demonstrated that Abl kinases bind directly to PDGFR-β via their SH2
domains. In this study, we extend these findings by demonstrating that Abl kinases also are activated
downstream of a PDGF autocrine growth loop in glioblastoma cells, indicating that the PDGFR-Abl
signaling pathway also is likely to be important in glioblastoma development and/or progression.
We recently showed that Abl kinases are highly active in many breast cancer cell lines, and the Her-2
receptor tyrosine kinase contributes to cAbl and Arg kinase activation. In this study, we show that
Abl kinase SH2 domains bind directly to Her-2, and like PDGFR-β, Her-2 directly phosphorylates
c-Abl. Previously, we demonstrated that PDGFR-β directly phosphorylates Abl kinases in vitro, and
Abl kinases reciprocally phosphorylate PDGFR-β. Here, we show that PDGFR-β–phosphorylation
of Abl kinases has functional consequences as PDGFR-β phosphorylates Abl kinases on Y245 and
Y412, sites known to be required for activation of Abl kinases. Moreover, PDGFR-β phosphorylates
Arg on two additional unique sites whose function is unknown. Importantly, we also show that Abl-
dependent phosphorylation of PDGFR-β also has functional and biological significances. c-Abl
phosphorylates three tyrosine residues on PDGFR-β (Y686, Y934, Y970), while Arg only
phosphorylates Y686. Y686 and Y934 reside in PDGFR-β catalytic domains, while Y970 is in the
C-terminal tail. Using site-directed mutagenesis, we show that Abl-dependent phosphorylation of
PDGFR-β activates PDGFR-β activity, in vitro, but serves to downregulate PDGFR-mediated
chemotaxis. These data are exciting as they indicate that Abl kinases not only are activated by PDGFR
and promote PDGFR-mediated proliferation and migration, but also act in an intricate negative
feedback loop to turn-off PDGFR-mediated chemotaxis.
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1. INTRODUCTION
The Abl family of non-receptor tyrosine kinases (Abl kinases) includes two proteins, cAbl and
Arg, which are encoded by Abl1 and Abl2 genes, respectively. The two kinases are highly
homologous in their N-termini, which contain SH3, SH2 and kinase domains, but are more
divergent in their C-termini, as c-Abl contains nuclear localization signals and a DNA binding
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domain, that are absent in Arg [1]. Both proteins contain myristoylation signals that target the
proteins to the plasma membrane. Thus, c-Abl and Arg are both localized to the plasma
membrane and cytoplasm, whereas c-Abl also is localized in the nucleus [1]. Subcellular
localization of c-Abl is important for its function, as activation of c-Abl in the nucleus induces
apoptosis, while activation of the cytoplasmic/membrane pool promotes proliferation and
migration [1,2]. Abl kinases are negatively regulated by intramolecular interactions: the kinase
domain binds the myristoyl residue, and the SH3 domain interacts with the interlinker region
(between SH2 and kinase domains) [3,4]. Mutations that disrupt these interactions activate the
kinases, producing oncogenic proteins that transform many cell types [4]. c-Abl activity is
dramatically increased following purification and high level overexpression, which suggests
that a soluble inhibitor keeps c-Abl in an inactive state [4]. In addition, tyrosine phosphorylation
of c-Abl in the activation loop of the kinase domain (Y412) and in the interlinker region (Y245)
is required for full kinase activity [4,24]. Src family kinases directly phosphorylate these
residues and induce activation of Abl kinases [4,24].

The kinase activities of c-Abl and Arg are increased by extracellular stimuli such as cytokines,
growth factors and integrins [1]. We showed that activation of PDGFR (platelet-derived-
growth factor receptor) and EGFR (epidermal-growth factor receptor) stimulates the kinase
activities of the cytoplasmic/membrane pools of c-Abl and Arg in fibroblasts [5]. In addition,
we demonstrated that PDGF-mediated activation requires Src kinases, which directly
phosphorylate and activate Abl kinases, and PLC-γ1, which may release negative regulation
by hydrolyzing a potential Abl inhibitor, PIP2 [5,6]. Importantly, we showed that activation of
Abl kinases downstream of PDGFR has relevant biological consequences, as Abl kinases are
required for PDGF-mediated proliferation, membrane ruffling, and migration [5,6]. Abl
kinases promote proliferation by activating Rac/NADPH oxidase (NOX) and SHP-2/ERK-
dependent pathways [8,9], and promote membrane ruffling and PDGF-induced migration in a
Rac- or PLC-γ1 dependent manner, respectively [6,10]. In addition to the requirement of Src
kinases and PLC-γ1 in activation of Abl kinases downstream of PDGFR-β, we also showed
that PDGFR-β binds directly to Abl kinases and phosphorylates c-Abl and Arg [7].
Interestingly cAbl and Arg also reciprocally phosphorylate PDGFR-β [7]. However, until now,
the consequences of bidirectional Abl-PDGFR phosphorylation events have not been
elucidated.

Abl kinases are most known for their involvement in human leukemia. Abl1 is translocated
next to BCR forming a constitutively active BCR-Abl fusion protein, which drives the
development of CML (chronic myelogenous leukemia) [11]. c-Abl and Arg are also
translocated next to Tel in other forms of leukemia and myeloproliferative disease, and the
cAbl gene is amplified in T-cell acute lymphocytic leukemia (ALL) [11–13]. Recently, we
showed that Abl kinases also are activated in solid tumor cell lines, as Abl kinases are highly
active in invasive breast cancer cells [14]. Additionally, we demonstrated that the mode of
activation of Abl kinases in breast cancer cells is different from their activation in leukemia;
c-Abl and Arg are activated downstream of deregulated tyrosine kinases such as EGFR, ErbB2/
Her-2, IGF-1R, and Src in breast cancer cells, rather than being activated by chromosomal
translocation as they are in leukemia [14]. It is not known whether Abl kinases also are activated
downstream of PDGFR in solid tumors. Significantly, we showed that activation of Abl kinases
in breast cancer cells promotes proliferation, survival, and invasion [14,15]. Recently,
Arlinghaus and colleagues demonstrated that Abl kinases also are activated in another type of
solid tumor, non-small cell lung cancer, via another mechanism; loss of expression of an Abl
kinase negative regulator, Fus1 [16].

In this report, we extend our previous results by demonstrating a number of novel findings.
First, we show that in addition to binding and being phosphorylated by PDGFR-β in fibroblasts,
Abl kinases also are phosphorylated by Her-2 derived from breast cancer cells, and are activated
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downstream of deregulated PDGFR in glioblastoma cells. Moreover, we demonstrate that the
bidirectional phosphorylation of PDGFR-β and Abl kinases in fibroblasts has functional
consequences, as PDGFR-β phosphorylates Abl kinases on two sites that regulate c-Abl and
Arg activity, and Abl kinases phosphorylate PDGFR-β on several residues. Mutation of Abl-
dependent phosphorylation sites results in PDGF receptors that have decreased in vitro catalytic
activity. Significantly, Abl-dependent phosphorylation of PDGFR-β has biological
consequences, as mutation of the phosphorylation sites results in receptors that have an
increased ability to induce chemotaxis, which indicates that Abl-dependent phosphorylation
of PDGFR-β acts in a negative feedback loop to downregulate PDGFR-β–mediated
chemotaxis.

2. MATERIALS AND METHODS
2.1. Antibodies, Reagents, Plasmids, and Cell Lines

Ph cells, which lack endogenous PDGFR-α, 293T cells, and BT-474 cells have been described
[14,17]. SKBR3 cells were obtained from the University of North Carolina, Tissue Culture
Facility (Chapel Hill, NC). SF9 cells were maintained in Grace’s insect medium containing
10% heat-inactivated fetal bovine serum (Invitrogen, Carlesbad, CA). U87 glioblastoma cells
transfected with vector or PDGF dominant-negatives were previously described [27].
Antibodies directed against c-Abl (K12-immunoprecipitations, Santa Cruz Biotechnologies,
Santa Cruz, CA; 8E9-western blotting, BD Biosciences, Chicago, IL), GST, and Her-2 (Santa
Cruz Biotechnologies, Santa Cruz, CA) were purchased commercially. Antibodies directed
against the extracellular domain of PDGFR-α (80.8), or C-terminal domain of Arg were
described previously [7,17]. PDGF-AA was obtained from Upstate Biotechnologies (Lake
Placid, NY), and EGF was purchased from Roche Corp. (Indianapolis, IN). c-Abl, PDGFR-β
(pMT3-PDGFR-β, pMT3-PDGFR-β-K634R), pLXSN2-PDGFR-α/β, and Arg constructs were
described previously [6,7,17,19,20]. GST-Crk and GST fusion proteins containing fragments
of c-Abl and Arg were previously described [7,19,21].

2.2. Transfection, Retroviral Infection, SF9 Infection
293T cells were transfected for 5–8 hours using calcium phosphate (15 μg DNA, 62 μl calcium
chloride, 500 μl Hepes Buffered Saline, and 438 μl water per 60 mm dish) in medium containing
0.1 mM chloroquine. For retroviral infection, 293T cells were transfected with 10μg expression
and 5μg pSVψ2 plasmids as above, two days after transfection, the media was filtered through
a 0.45μM filter, and placed on fibroblasts for 4 hours in the presence of 4μg/ml polybrene (3ml/
100mm dish). SF9 cells were infected as we previously described [19]. Baculovirus for GST-
Abl-SH2-SH1-KR and the procedure for infecting SF9 cells was described previously [7,19,
22].

2.3. Immunoprecipitations, GST-pulldowns, kinase assays, immunoblotting, and far western
analyses

Procedures were previously described [5–7,14]. For immunoprecipitations, kinase assays,
GST-pulldowns, and far western blots, cells were lysed in kinase lysis buffer (50mM HEPES
pH 7, 150 mM NaCl, 10% glycerol, 1% Triton-X-100, 1.5 mM MgCl2, 1mM EGTA, and
inhibitors (1mM PMSF, 1mM sodium orthovanadate, 25mM sodium fluoride, 10 μg/ml
leupeptin, aprotinin, pepstatin)), and RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1%
Triton-X 100, 0.1% SDS, 1% sodium deoxycholate, inhibitors) was used for to prepare lysates
for phospho-blots. For kinase assays, c-Abl or Arg immunoprecipitates were washed twice in
RIPA buffer, twice in NaCl buffer (10 mM Tris, pH 7.4, 5 mM EDTA, 1% Triton-X-100, 100
mM NaCl, inhibitors), twice in the previous buffer lacking NaCl, and twice in kinase buffer
(20 mM Tris pH7.4, 10 mM MgCl2, 1 mM DTT), and incubated for 40′ at room temperature
in kinase buffer containing 1 μM cold ATP, 5 μCi 32P-γ-ATP and 1 μg substrate. For GST-
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pulldowns, 1 μg of GST-tagged fusion proteins was incubated with cellular lysate and
glutathione-sepharose, and precipitates were probed with anti-Her-2 antibody. For far
westerns, blots containing Her-2 immunoprecipitates, were blocked in 5% BSA in 50mM Tris-
HCl, pH 7.4, 150mM NaCl, incubated with GST-fusion proteins (2μg/ml) in 20 mM Hepes,
pH 7.2, 150 mM NaCl, 0.1% Triton-X 100, 10% glycerol, 2% BSA, and GST binding was
assessed by western blot with anti-GST antibody. Kinase assays were quantitated on a Storm
phosphoimager (Molecular Dynamics, GE Healthcare; Piscataway, NJ).

2.4. Mass Spectrometry
For in vitro studies, a PDGFR-β expression construct (pMT3-PDGFR-β)[20] was transfected
into 293T cells, PDGFR-β was immunoprecipitated, and incubated with soluble GST-fusion
proteins in the presence of 1 mM ATP, at 37°C for 30 minutes [19]. For identifying PDGFR-
β phosphorylation sites on Abl kinases in vivo (in cells), SF9 cells were infected with PDGFR-
β and GST-Abl-SH2-SH1-K290R (kinase-inactive) baculovirus, and GST-Abl SH2-SH1-
K290R was precipitated with glutathione sepharose. To identify phosphorylation sites on
PDGFR-β induced by Abl kinases, a kinase-inactive PDGFR-β (K634R) was coexpressed with
c-Abl or Arg in 293T cells, and PDGFR-β-K634R was immunoprecipitated from the lysates.
Kinase reactions, glutathione sepharose precipitates, and immunoprecipitates were run on
SDS-PAGE gels, the gels were Coomassie-stained, bands were removed from the gels, and
subjected to mass spectrometry analysis. Mass spectrometry was performed at the Harvard
Microchemistry Facility by microcapillary reverse-phase HPLC nano-electrospray tandem
mass spectrometry (μLC/MS/MS) on a Finnigan LCQ DECA XP quadrupole ion trap mass
spectrometer.

2.5. Site-Directed Mutagenesis
pLXSN2-PDGFR-α/β was mutated using Quikchange (Stratagene, La Jolla, CA) using the
following mutagenesis primers:

Y686F-forward: GAGTACTGCCGCTTCGGAGACCTGGTG

Y686F-reverse: CACCAGGTCTCCGAAGCGGCAGTACTC

Y934F-forward: CCTCCGACGAGATCTTTGAGATCATGCAGAAG

Y934F-reverse: CTTCTGCATGATCTCAAAGATCTCGTCGGAGG

Y970F-forward: GGTTACAAAAAGAAGTTCCAGCAGGTGGATGAGG

Y970F-reverse: CCTCATCCACCTGCTGGAACTTCTTTTTGTAACC

All constructs were completely sequenced following mutagenesis to confirm that no additional
mutations were introduced by the PCR reaction.

2.6. Chemotaxis Assays
Ph cells were infected with undiluted retroviruses, and serum-starved in DMEM (no serum),
two days after infection for 24 hours. Both sides of the migration membranes (0.8μm; Thermo
Fisher; Waltham, MA) were coated with collagen (100ng/ml) for 2 hours at 37°C. Chambers
were washed 2X with DMEM, and cells (5×105 cells/ml; 200μl) in DMEM/1% bovine serum
albumin (BSA) were loaded in the top chamber above a bottom chamber containing vehicle
or PDGF-AA (100ng/ml) in DMEM/1% BSA. Cells were allowed to migrate for 4–6 hours at
37°C, cells on the upper surface of the membrane were removed, and cells on the undersurface
were fixed, stained (Diff-Quik kit; Fisher; Hampton, NH), and mounted on microscope slides.
Fifteen to twenty random 40X fields were counted for each membrane.
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3. RESULTS
3.1. Abl kinase SH2 domains interact with Her-2/ErbB2, and Her-2 directly phosphorylates c-
Abl

Previously, we showed that Abl kinases form a complex with PDGFR-β in fibroblasts and
EGFR in breast cancer cells [7,14]. Abl kinase SH2 domains bind the phosphorylated
intracellular domain of both receptors, and the binding is direct and does not involve
intermediate proteins [7,14]. Her-2/ErbB2 is a receptor tyrosine kinase in the EGFR family
that is involved in breast cancer disease progression, and previously, we showed that Abl
kinases are activated downstream of Her-2 in breast cancer cells [14]. Thus, we evaluated
whether Abl kinase SH2 domains bind Her-2 derived from breast cancer cells. GST-fusion
proteins containing fragments of c-Abl or Arg were incubated with lysates obtained from
BT-474 (express Her-2) and SKBR3 (express Her-2 and overexpress EGFR) breast cancer
cells that naturally express Her-2 [14]. The Arg SH2 domain bound strongly to Her-2 derived
from lysates from both cell lines (Fig. 1A). In contrast, the Abl-SH2 domain did not bind Her-2
from SKBR3 lysate, and bound Her-2 derived from BT-474 cells very weakly. Interestingly,
binding of the Arg-SH2 domain to Her-2 derived from EGF-stimulated BT-474 cells was
decreased as compared to the binding of the SH2 domains to Her-2 isolated from unstimulated
cells (Fig. 1A). In contrast, the Arg-SH2 domain interacted better with Her-2 isolated from
EGF-stimulated SKBR3 cells as compared to Her-2 from unstimulated SKBR3 lysates (Fig.
1A). Her-2 phosphorylation was decreased in EGF-stimulated BT-474 cell lysates (data not
shown), which explains why there may be decreased binding of the Arg-SH2 domain. However,
it is unclear why Her-2 phosphorylation is decreased in BT-474 cells following EGF
stimulation. To determine whether c-Abl and Arg SH2 domains directly bind Her-2, Far
Western analyses were performed. Consistent with the pulldown studies, the Arg SH2 domain
bound strongly to immobilized, immunoprecipitated Her-2, whereas binding of the c-Abl SH2
domain to Her-2 was fairly weak (Fig. 1B). Taken together, these data indicate that the Abl
kinase SH2 domains directly bind a variety of receptor tyrosine kinases including Her-2.

We previously showed that PDGFR-β phosphorylates c-Abl and Arg in vitro [7]. In addition,
we showed that Abl kinases are activated downstream of EGFR, Her-2, and IGF-1R in some
breast cancer cells [14]. Moreover, Her-2 directly binds Abl kinase SH2 domains (Fig. 1).
Hence, we tested whether Her-2 is capable of directly phosphorylating c-Abl and Arg. Her-2
was immunoprecipitated from BT-474 cells, immunoprecipitates were washed with a stringent
series of buffers, and incubated with GST-fusion proteins containing fragments of c-Abl or
Arg in an in vitro kinase assay. Interestingly, although the Arg SH2 domain bound strongly to
Her-2 (Fig. 1A), it was not phosphorylated by Her-2 and neither was an Arg-SH2-SH3 fusion
protein (Fig. 2, left). Conversely, a fragment containing the c-Abl-SH2-SH3 domains was
efficiently phosphorylated by Her-2, while a fragment containing only the c-Abl-SH2 domain
was not phosphorylated (Fig. 2, left). These data indicate that the c-Abl-SH2-SH3 domain is
phosphorylated by Her-2, and Arg is either not phosphorylated by Her-2 or is phosphorylated
in another region not present in the GST-fusion fragments. Therefore, although the c-Abl SH2
domain did not bind strongly to Her-2 in our in vitro studies, Her-2 efficiently phosphorylated
a c-Abl fragment containing the SH2 domain (SH2-SH3), in vitro. In contrast, the Arg SH2
domain bound tightly to Her-2, but fragments containing the SH2 domain were not
phosphorylated. Kinase/substrate interactions are short-lived because the substrate is released
following phosphorylation, which may explain why the Arg-SH2 domain bound better than
the c-Abl-SH2 domain to Her-2; the Arg-SH2 domain binds Her-2 but is not phosphorylated
by Her-2 and thus is not released from the receptor. The data obtained with Her-2 are interesting
because they differ from the data obtained with PDGFR-β. PDGFR-β phosphorylated GST-
fusion proteins containing c-Abl-SH2, c-Abl-SH2-SH1-KR (a fragment containing the SH2
domain and a kinase-inactive kinase domain), c-Abl-SH2-SH3, and Arg-SH2-SH3 but not Arg-

Srinivasan et al. Page 5

Cell Signal. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



SH2 [7]. Taken together, these data indicate that Her-2-dependent phosphorylation of c-Abl
differs from PDGFR-β-dependent phosphorylation, as PDGFR-β likely phosphorylates a
residue in the Abl-SH2 fragment that is not phosphorylated by Her-2. In addition, Her-2 either
does not phosphorylate Arg, or phosphorylates Arg in an area outside the SH2-SH3 domains,
whereas PDGFR-β phosphorylates a residue(s) within those domains [7].

3.2. Abl kinases are activated by autocrine PDGF signaling in a glioblastoma cell line
Previously, we showed that Abl kinases are highly activated downstream of ErbB, IGF-1R,
and Src kinases in invasive breast cancer cells [14]. In addition, we showed that Her-2 and
PDGFR bind and phosphorylate Abl kinases. Thus, to determine whether Abl kinases may also
be activated in a different solid tumor, downstream of PDGFR, we assessed whether Abl
kinases are activated in a glioblastoma cell line that contains a PDGF autocrine growth loop
(U87)[25]. Many brain cancers contain PDGF autocrine growth loops, as they secrete PDGF
and simultaneously express PDGF receptors [26]. To determine whether Abl kinases are
activated in glioblastoma cells containing deregulated PDGFR, we utilized U87 glioblastoma
cells stably transfected with vector (3.1) or dominant-negative forms of PDGF-A (8.1) or
PDGF-B (12.1) [27]. Expression of either PDGF dominant-negative ligands blocks PDGF
autocrine signaling [27]. Significantly, we found that the activities of both c-Abl and Arg were
dramatically reduced in cells expressing PDGF dominant-negatives as compared to vector
control cells (Fig. 3). These data indicate that Abl kinases are activated in glioblastoma cells
via a similar mechanism to what we observed in breast cancer cells; downstream of a
deregulated receptor tyrosine kinase. Taken together, these data indicate that activation of Abl
kinases by deregulated receptor tyrosine kinases is a general feature of several types of solid
tumors, and is different from the mechanism by which Abl kinases are activated in leukemia
(ie. translocation).

3.3. PDGFR-β phosphorylates Abl kinases on residues necessary for full activation
To identify the tyrosine residues on c-Abl and Arg phosphorylated by PDGFR-β, we first
mapped the sites on c-Abl- SH2-SH3 and Arg-SH2-SH3 domains, phosphorylated by PDGFR,
in vitro. PDGFR-β was highly expressed in 293T cells, immunoprecipitated, and incubated
with GST-fusion fragments of c-Abl and Arg in an in vitro kinase assay. Extremely high
expression of receptor tyrosine kinases promotes receptor dimerization and activation in the
absence of ligand [23]. Phosphorylated GST-fusion proteins were removed from the
Coomassie-stained gel and subjected to mass spectrometry. We were unable to detect PDGFR-
dependent phosphorylation of the c-Abl-SH2-SH3 fragment by mass spectrometry, except for
a tyrosine residue that originated from the pGEX cloning vector (Fig. 4;Supplemental Fig. 1).
However, PDGFR-β phosphorylated the Arg-SH2-SH3 protein on Y271, a site analogous to
c-Abl Y245, as well as on two unique sites within the Arg-SH3 domain (Fig. 4;Supplemental
Fig. 2). To identify the phosphorylation sites on c-Abl and Arg induced by PDGFR-β in cells,
we coexpressed PDGFR-β and kinase-inactive forms of c-Abl or Arg (c-Abl-SH2-SH1-
K290R, full-length c-Abl-KR or Arg-KR) in SF9 cells. Although full length c-Abl-KR and
Arg-KR were phosphorylated in the presence of PDGFR-β [7], we were unable to identify
tyrosine phosphorylation sites in the proteins by mass spectrometry (data not shown). However,
we were able to detect PDGFR-β-dependent phosphorylation sites on the smaller c-Abl-SH2-
SH1-KR fragment, and identified the sites as Y245 and Y412 (Fig. 4;Supplemental Fig. 3).
Both Y245 and Y412 are important tyrosine residues in the Abl proteins, as phosphorylation
of Y412 followed by phosphorylation on Y245 is required for c-Abl activation [24]. These
data are extremely significant, as they indicate that PDGFR-β phosphorylates Abl kinases on
tyrosine residues known to activate Abelson activity, which was demonstrated using both in
vitro and in vivo (in cells) methods: c-Abl (Y245, Y412; SH2-SH-1-KR; in cells) and Arg
(Y271; SH2-SH3; in vitro). In addition, PDGFR-β also phosphorylates Arg on two additional
SH3 domain tyrosine residues (Y419, Y481), whose function is unknown.
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3.4. Abl kinases induce tyrosine phosphorylation of PDGFR-β
Previously, we showed that Abl kinases directly bind PDGFR-β, and promote proliferation
and migration downstream of PDGFR in fibroblasts [5,28]. We also showed that, in addition
to PDGFR-β phosphorylation of Abl kinases, Abl kinases reciprocally induce phosphorylation
of PDGFR-β [7]. To determine the sites on PDGFR-β phosphorylated in an Abl kinase-
dependent manner, c-Abl and Arg were coexpressed with a kinase-inactive form of PDGFR-
β (K634R) in 293T cells. High-level overexpression of c-Abl and Arg in 293T cells activates
the kinases [7,29]. PDGFR-β-K634R was immunoprecipitated, removed from the Coomassie
stained gel, and tyrosine phosphorylation sites were mapped by mass spectrometry. We found
that c-Abl induced phosphorylation of PDGFR-β on three sites (Y686, Y934, Y970), while
Arg induced phosphorylation of PDGFR-β on one site (Y686)(Fig. 5A; Supplementary Figs.
4,5). Two of the phosphorylation sites (Y686, Y934) are located in the catalytic domains of
the receptor, while the third phosphorylation site (Y970) resides in the C-terminal
autophosphorylation domain. Peptides containing Y934 and Y970 were obtained for PDGFR-
β phosphorylated by Arg; however those peptides were not phosphorylated (Supplementary
Figs. 4,5), which indicates that Arg may specifically phosphorylate only Y686. However, we
cannot rule out the possibility that Y934 and Y970 phosphorylation merely was not detected
due to lower overall phosphorylation of the protein (Fig. 5A), and/or due to the decreased
number of those peptides isolated.

3.5. Abl kinase-dependent phosphorylation of PDGFR-β increases its kinase activity
To determine the functional significance of Abl-dependent phosphorylation of PDGFR, we
mutated the tyrosine phosphorylation sites in a chimeric PDGFR to phenylalanine by in vitro
mutagenesis (triple mutant; Y686F/Y934F/Y970F). Chimeric receptors contain the
extracellular domain of PDGFR-α fused to the intracellular domain of PDGFR-β. These
receptors are activated by PDGF-AA, due to the presence of the extracellular domain of
PDGFR-α, but induce PDGFR-β signaling events because the intracellular domain is derived
from PDGFR-β [17]. First, wild-type and triple mutant chimeric receptors were overexpressed
in 293T cells, and the activity of the receptors was compared by in vitro kinase assay using a
physiological substrate of PDGFR, PLC-γ1. High-level overexpression of the wild-type
chimeric receptor in 293T cells induced activation and autophosphorylation of the receptor in
the absence of PDGF stimulation (Fig. 5B, left). Mutation of all three Abelson phosphorylation
sites (mut) resulted in receptors with 5-fold lower activity as compared to wild-type, when
overexpressed in 293T cells (Fig. 5B, left). Next, the chimeric receptors were expressed in
fibroblasts lacking PDGFR-α (Ph cells) by retroviral infection using diluted virus (1:3). PDGF-
AA stimulation of Ph cells-expressing chimeric receptors activates PDGFR-β signaling via the
chimeric receptors without activating endogenous PDGFR-β receptors, since endogenous
PDGFR-β cannot be activated by PDGF-AA and requires PDGF-BB for activation. Low-level
expression of the wild-type chimeric receptor in Ph fibroblasts did not result in ligand-
independent activation; however, PDGF-AA activated the chimeric receptors (Fig. 5B, right).
Interestingly, the triple mutant receptor had a decreased capacity to phosphorylate PLC-γ1
following activation by PDGF-AA (3–6 fold less activity), and also had a decreased ability to
phosphorylate a second substrate, GST-Crk (Fig. 5B, right). Taken together these data indicate
that the triple mutant PDGFR has decreased in vitro activity, which implies that Abl kinase-
dependent phosphorylation of PDGFR increases the activity of PDGFR-β.

To determine the effect of each Abl-dependent phosphorylation site on chimeric PDGFR
activity, we created single and double mutants in the background of the chimeric PDGFR, and
assessed activity of the chimeric receptors as in Fig. 5B. In 293T cells, in unstimulated
conditions, and in Ph cells stimulated with PDGF-AA for a short time (5′), only the Y970F
single mutant had decreased activity compared to wild-type, while Y686F and Y934F activities
were similar to wild-type (Fig. 5C). However, following 15 minutes PDGF-AA stimulation,
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all of the single-mutants had decreased activity compared to wild-type (Fig. 5C). These data
indicate that all three phosphotyrosines are important for sustained PDGF-stimulated activity
of PDGFR-β. In addition, mutation of any combination of two residues significantly reduced
PDGFR activity when the mutant receptors were expressed in unstimulated 293T cells as well
as when they were expressed in Ph cells stimulated with PDGF-AA for 5 or 15 minutes (Fig.
5C). Interestingly, the Y934F/Y970F mutant had the least activity of the double mutants, and
mutation of all three tyrosines resulted in a receptor with the least in vitro activity (Fig. 5C).
Taken together, these data indicate that all three phosphorylation sites contribute to PDGFR-
β activity, in vitro.

3.6. Abl-dependent phosphorylation of PDGFR-β downregulates PDGF-induced chemotaxis
To determine the biological consequence of Abl-dependent phosphorylation of PDGFR-β, we
assessed whether mutation of Abl-dependent phosphorylation sites affected PDGF-induced
chemotaxis. Unexpectedly, we found that expression of a mutant chimeric receptor lacking the
three Abl phosphorylation sites (triple mutant; Y686F/Y934F/Y970F) resulted in cells that had
a significantly increased ability to migrate towards PDGF-AA (Fig. 6). These data indicate that
although mutation of Abl-dependent phosphorylation sites results in lower in vitro activity, the
mutant receptors have an increased ability to induce chemotaxis. In addition, these data suggest
that phosphorylation of PDGFR-β by Abl kinases serves as part of a negative feedback loop,
downregulating PDGFR-β-mediated chemotaxis.

To determine whether particular signaling pathways are differentially activated by the mutant
chimeric receptors, we infected Ph cells with diluted virus encoding wild-type and triple mutant
receptors, starved and stimulated the cells with PDGF-AA, and blotted with phospho-specific
antibodies to ERK1/2, AKT, SHP-2 (Y580), and PLC-γ1 (Y783). We were unable to detect
any significant, reproducible differences in phosphorylation of any of these proteins (data not
shown). These data indicate that Abl-dependent phosphorylation of PDGFR is likely to affect
other, as yet unknown signaling pathways to mediate chemotaxis. To determine whether Abl
dependent phosphorylation of PDGFR affects mitogenesis, we tested the ability of wild-type
and triple mutant receptors to induce mitogenesis. However, PDGF-AA stimulation of Ph cells
expressing wild-type or mutant chimeric receptors was not sufficient to induce mitogenesis,
even with high concentrations of PDGF-AA (50ng/ml; data not shown), and thus this biological
outcome could not be assessed.

4. DISCUSSION
In this report, we demonstrate that Abl kinases are phosphorylated by PDGFR-β on sites that
are required for Abl kinase activation (Y412, Y245). In addition, we show that Abl kinases
phosphorylate PDGFR-β on several sites: Y686 is in the proximal catalytic domain, Y934 is
in the distal catalytic domain, and Y970 resides in the C-terminus. Other non-receptor tyrosine
kinases also have been shown to phosphorylate receptor tyrosine kinases. Src phosphorylates
EGFR in C-terminal (Y1101) and catalytic domains (Y845), and phosphorylation of Y845 by
Src promotes EGFR-mediated DNA synthesis [30]. Although mutation of Y845 to
phenylalanine inhibits DNA synthesis, phosphorylation of downstream proteins SHC and
ERK1/2 are unaffected by loss of this phosphorylation site [32]. Additionally, Src kinases
phosphorylate PDGFR-β on Y934, which creates a binding site for phosphoinositide 3-kinase
(PI-3-kinase), and the Y934F mutant receptor has an increased ability to activate PLC-γ1 in
porcine aortic endothelial cells (PAE) [32]. The Y934F mutant receptor has a decreased ability
to induce mitogenesis and an increased ability to induce chemotaxis in PAE cells [32].
Interestingly, we found that Abl kinases also phosphorylate Y934 on PDGFR-β, in addition to
Y686 and Y970. Although, we were unable to detect a change in AKT or PLC-γ1 activation
in Ph cells expressing the mutant chimeric PDGFR receptor that cannot be phosphorylated by
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the Abl kinases (triple mutant; Y686F/Y934F/Y970F), the mutant receptor induced increased
chemotaxis, similar to PDGFR-β-Y934F [32]. It is not clear why the triple mutant receptor,
which contains Y934F does not have an altered ability to activate PI-3-kinase or PLC-γ1
signaling pathways in vivo, as was demonstrated for PDGFR-β-Y934F. This may be due to
the fact that we utilized fibroblasts (Ph cells) and a chimeric PDGF receptor in our study,
whereas Hansen et al. used PAE cells and PDGFR-β [32]. Alternatively, mutation of the three
tyrosine residues may affect the binding of PLC-γ1 or PI3-kinase to PDGFR in a manner
distinct from mutation of a single residue (Y934F).

Abl and Src family non-receptor kinases phosphorylate some of the same substrates (e.g.
cortactin), and therefore, it is not surprising that both kinases phosphorylate Y934 on PDGFR-
β. However, unlike Src kinases, Abl kinases also phosphorylate two unique residues on
PDGFR-β (Y686 and Y970). Interestingly, mutation of the three Abl-dependent
phosphorylation sites affects the basal and PDGF-stimulated in vitro activity of PDGFR-β;
however we were unable to detect specific signaling pathways that are altered, in vivo. The
reason for this discrepancy is not clear. It is possible that there are other signaling pathways,
not yet tested, which are activated in a differential manner by the mutant receptors. In addition,
it is not clear why the mutant receptors, which contain significantly lower in vitro kinase
activity, have an increased ability to stimulate chemotaxis. It is possible that high activity might
favor mitogenesis rather than migration. Alternatively, the mutant receptors might have an
increased ability to phosphorylate some substrates (ie. those involved in migration), and a
decreased ability to phosphorylate other substrates (such as those involved in proliferation).

Phosphorylation of Y686 and Y970 could affect internalization of PDGFR-β. Following
activation, receptor tyrosine kinases, such as EGFR and PDGFR, are internalized in
endosomes, ubiquitinated and degraded by the lysosome, or are recycled back to the plasma
membrane, and the receptor tyrosine kinases continue to signal in endosomes, activating
signaling pathways such as ERK and PI3-kinase/AKT, and promoting biological outcomes
such as proliferation [33,34]. Active Abl kinases have been shown to phosphorylate EGFR on
a C-terminal residue, Y1173, which inhibits receptor endocytosis [31]. Future experiments will
be required to determine whether phosphorylation of Y686 and Y970 affects PDGFR-β
internalization or recycling to the plasma membrane.

5. CONCLUSIONS
In this report, we present a number of novel findings. First, we show that Abl kinases bind
receptor tyrosine kinases via a common mechanism; direct binding of the Abl kinase SH2
domains to receptor intracellular domains. Second, we show that Abl kinases are directly
phosphorylated by several receptor tyrosine kinases including Her-2 and PDGFR-β.
Significantly, we demonstrate that phosphorylation of Abl kinases by PDGFR-β has important
functional consequences, as the receptor phosphorylates residues known to be required for full
c-Abl and Arg activity (Y412, Y245). Third, we show that in addition to being activated by
PDGF stimulation of fibroblasts, Abl kinases also are activated downstream of a PDGF
autocrine growth loop in glioblastoma cells. Fourth, we demonstrate that Abl kinases, in turn,
phosphorylate PDGFR-β, increasing its activity in vitro, and decreasing its ability to induce
chemotaxis in vivo. These data indicate that in addition to acting downstream of receptor
tyrosine kinases to promote proliferation and migration, Abl kinases also downregulate PDGF-
induced chemotaxis by phosphorylating PDGFR-β.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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PI-3-kinase, phosphoinositide 3-kinase
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Figure 1. Abelson kinase SH2 domains interact with ErbB2/Her-2
(A) BT-474 and SKBR3 cells were serum-starved, stimulated with EGF (100ng/ml) for the
indicated times, lysed, lysates were incubated with c-Abl and Arg GST-fusion proteins and
glutathione sepharose, and precipitates were probed with a Her-2 antibody (Santa Cruz;
sc-294). (B) Her-2 was immunoprecipitated from BT-474 lysates, run on SDS-PAGE gels, and
blots were incubated with GST-fusion proteins followed by GST primary antibody, and HRP-
conjugated secondary antibody. The experiments shown are representative of three
independent experiments.
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Figure 2. Her-2 phosphorylates c-Abl in vitro
Her-2 was immunoprecipitated from BT-474 lysates (Santa Cruz; sc-294), in duplicate, and
incubated in an in vitro kinase assay withvarious GST-fusion proteins, and 32P-γ-ATP.
Reaction mixtures were run on SDS-PAGE gel, dried, stained with Coomassie blue (right) and
exposed to film (left). The experiment shown is representative of three independent
experiments.
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Figure 3. Inhibition of constitutive PDGF signaling decreases c-Abl and Arg kinase activity in U87
glioblastoma cells
U87 cells expressing vector (3.1), a PDGF-A dominant-negative (R159E/K160E/K161E)(8.1),
or a PDGF-B dominant-negative (R160E/K161E/K162E) (12.1) were grown for 3 days, lysed,
and the activity of c-Abl and Arg were assessed by in vitro kinase assay using GST-Crk
substrate (top). Lysates were blotted with a pan-Abl antibody (8E9; bottom). The experiment
shown is representative of three independent experiments.
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Figure 4. PDGFR-β phosphorylates Abl kinases on Y245 and Y412
PDGFR-β was immunoprecipitated, incubated with soluble GST-c-Abl-SH2-SH3 and GST-
Arg-SH2-SH3 in an in vitro kinase assay, and phosphorylated GST-fusion proteins were
analyzed by mass spectrometry. For the in vivo (in cells) study, SF9 cells were infected with
PDGFR-β and GST-c-Abl-SH2-SH1-K290R baculovirus, GST-c-Abl-SH2-SH1-K290R was
precipitated with glutathione sepharose, and analyzed by mass spectrometry. Percent coverage
refers to the percentage of the protein recovered as peptides.
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Figure 5. Abl kinases phosphorylate PDGFR-β and increase its kinase activity
(A) PDGFR-β-K634R was coexpressed with c-Abl or Arg in 293T cells, PDGFR-β was
immunoprecipitated, and subjected to mass spectrometry analysis. Percent coverage refers to
the percentage of the protein recovered as peptides. (B, C) Abl-dependent phosphorylation
sites in a chimeric PDGFR-α/β (Y686, Y934, Y970) receptor were mutated to phenylalanine
by site-directed mutagenesis. Wild-type (wt) and triple mutant (mut) receptors were transfected
into 293T cells, and diluted retrovirus (1:3) from the transfected 293T cells was used to infect
Ph cells, which lack endogenous PDGFR-α. Infected Ph cells were starved and stimulated with
PDGF-AA (30ng/ml) for the indicated times. Chimeric receptors were immunoprecipitated
from the lysates using antibody raised against the extracellular domain of PDGFR-α (80.8),
and the immunoprecipitates were incubated an in vitro a kinase assay with GST-PLC-SH2-
SH2-SH3 or GST-Crk substrates. Lysates were blotted with PDGFR-α (80.8) antibody.
Experiments shown are representative of three independent experiments.
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Figure 6. Abl-dependent phosphorylation of PDGFR inhibits PDGFR-induced chemotaxis
Ph cells were infected with undiluted retrovirus encoding wild-type or triple mutant
(F686/934/970) chimeric receptors, placed in the top well of migration chambers with PDGF-
AA (100ng/ml) in the bottom chamber. Cells were allowed to migrate 4–6 hours, and cells on
the undersurface of the membrane were fixed, stained, and 15–20 40X fields were counted.
(A) One representative experiment is shown. (B) Mean ±s.e.m of three independent
experiments. The number of migrated cells from wells lacking PDGF were subtracted from
the number of migrated cells from wells containing PDGF, and expressed as a percentage of
the number of migrated wild-type receptor-expressing cells. *p=0.002 using a t-test. Cells
remaining from set-up of the migration assay were lysed and blotted with antibodies to α-
tubulin and PDGFR-α. A representative experiment is shown.
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