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c-Abl is activated by growth tactors
and Src tamily kinases and has a role
in the cellular response to PDGF

Rina Plattner,' Lisa Kadlec,'? Kris A. DeMali,>* Andrius Kazlauskas,*

and Ann Marie Pendergast'®

'Department of Pharmacology and Cancer Biology, Duke University Medical Center, Durham, North Carolina 27710 USA;
“Shepens Eye Research Institute, Harvard Medical School, Boston, Massachusetts 02114 USA

The c-Abl tyrosine kinase localizes to the cytoplasm and plasma membrane in addition to the nucleus.
However, there is little information regarding a role for c-Abl in the cytoplasm/plasma membrane
compartments. Here we report that a membrane pool of c-Abl is activated by the growth factors PDGF and
EGF in fibroblasts. The pattern and kinetics of activation are similar to growth factor activation of Src family
kinases. To determine whether a link existed between activation of c-Abl and members of the Src family, we
examined c-Abl kinase activity in cells that expressed oncogenic Src proteins. We found that c-Abl kinase
activity was increased by 10- to 20-fold in these cells, and that Src and Fyn kinases directly phosphorylated
c-Abl in vitro. Furthermore, overexpression of wild-type Src potentiated c-Abl activation by growth factors,
and a kinase-inactive form of Src reduced this activation, showing that Abl activation by growth factors
occurs at least in part via activation of Src kinases. Significantly, we show that c-Abl has a functional role in
the morphological response to PDGF. Whereas PDGF treatment of serum-starved wild-type mouse embryo
fibroblasts resulted in distinct linear or circular/dorsal membrane ruffling, c-Abl-null cells demonstrated
dramatically reduced ruffling in response to PDGF, which was rescued by physiological re-expression of c-Abl.
These data identify c-Abl as a downstream target of activated receptor tyrosine kinases and Src family kinases,
and show for the first time that c-Abl functions in the cellular response to growth factors.
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The c-Abl proto-oncogene encodes a 150-kD nonreceptor
protein tyrosine kinase that is tightly regulated within
the cell (Wang 1993; Pendergast 1996). c-Abl contains a
catalytic domain, polyproline rich regions, and SH2 and
SH3 domains that are involved in protein-protein inter-
actions and may also regulate the kinase. Additionally,
the carboxyl terminus of c-Abl contains nuclear local-
ization and export signals, as well as F- and G-actin-
binding domains (Van Etten et al. 1994; Wen et al. 1996;
Taagepera et al. 1998). Mutant forms of c-Abl have been
identified in murine, feline, and human leukemias. Most
notably, the BCR-ABL oncoproteins (p185, p210, p230)
have key roles in the development of three forms of hu-
man leukemia, acute lymphocytic (ALL), chronic myelo-
cytic (CML), and chronic neutrophilic (CNL) leukemia,
respectively (Melo 1996). Whereas the role of oncogenic
forms of Abl in malignant phenotypes has been well
studied, the biological function of c-Abl remains elusive.
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Recent work has suggested a role for the nuclear pool of
c-Abl in response to DNA damage, and several reports
have implicated the ATM and DNA-dependent protein
kinases (PKs) as intermediates in this pathway (for re-
view, see Wang 1998). It has been suggested that c-Abl
has a role in the G, /S cell cycle arrest response to DNA
damage (Yuan et al. 1996). However, subsequent studies
have shown that the G, /S checkpoint response to ioniz-
ing radiation is unaltered in fibroblasts from c-Abl~/~
mice (Liu et al. 1996), and in fibroblasts from mice dou-
bly deficient in c-Abl and Arg, an Abl-related gene
(Koleske et al. 1998). Therefore, although c-Abl is acti-
vated by ATM and DNA-PK, the biological significance
of these events has yet to be determined.

In addition to the nucleus, c-Abl also localizes to the
cytoplasm and plasma membrane and is associated with
actin filaments (Van Etten et al. 1994). Recently, c-Abl
has been shown to be activated following integrin en-
gagement (Lewis et al. 1996); however, a biological role
for this activation has not yet been reported. A role for
c-Abl in the cytoskeleton is additionally supported by
the finding that coexpression of c-Abl and the Abl-bind-
ing protein ALP1/amphiphysin II results in cytoskeletal
changes in fibroblasts (Kadlec and Pendergast 1997). Fur-
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thermore, neuroepithelial cells derived from mice that
are doubly deficient in c-Abl and Arg exhibit alterations
in their actin cytoskeleton (Koleske et al. 1998). More-
over, cells transformed by constitutively activated BCR-
ABL oncogenes exhibit increased motility on extracellu-
lar matrices and accelerated protrusion and retraction of
pseudopodia (Salgia et al. 1997; Skorski et al. 1998).
Taken together, these data suggest that c-Abl may have
important functions outside of the nucleus, possibly to
regulate cytoskeletal organization and/or cell move-
ment. However, a functional role for c-Abl in the cyto-
plasm and membrane compartments has not yet been
defined, and c-Abl has yet to be placed in any growth
factor signaling pathway.

Platelet-derived growth factor (PDGF) and epidermal
growth factor (EGF) receptors are activated by ligand
binding followed by dimerization and autophosphoryla-
tion (for review, see Heldin 1997; Hackel et al. 1999).
Many SH2-containing proteins such as Ras-GAP (GT-
Pase activating protein), Phospholipase C-y (PLC-vy),
Phosphatidylinositol-3' (PI-3) kinase, and Grb-2 bind
specific tyrosine phosphorylated sites in the activated
receptors (for review, see Heldin 1997; Hackel et al.
1999). In addition, nonreceptor Src family tyrosine ki-
nases bind the activated receptors via their SH2 domains
and are subsequently tyrosine phosphorylated by the re-
ceptors (Kypta et al. 1990). Expression of a kinase-inac-
tive Src or a SH3-domain mutant that lacks the PDGFB
receptor phosphorylation site inhibits PDGF-induced
DNA synthesis (Twamley-Stein et al. 1993; Broome and
Hunter 1996). Following growth factor stimulation, Src
kinases translocate to the plasma membrane at actin-
rich sites, possibly membrane ruffles (Fincham et al.
1996). Constitutively activated Src kinases localize to
focal adhesions and are thought to play a role in cyto-
skeletal reorganization, focal adhesion turnover, and cell
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motility (Fincham and Frame 1998; Fincham et al. 1996).
Significantly, activated Src kinases phosphorylate and/
or form complexes with many of the same molecules
targeted by activated forms of c-Abl (Ber—Abl, v-Abl)
such as paxillin (Weng et al. 1993; Salgia et al. 1995), Cbl
(Andoniou et al. 1994; Dombrosky-Ferlan and Corey
1997), and focal adhesion kinase (FAK) (Cobb et al. 1994;
Gotoh et al. 1995). These findings, together with previ-
ous data that suggest that c-Abl and oncogenic Abl forms
such as BCR-ABL may be involved in cytoskeletal pro-
cesses, led us to examine whether c-Abl might be in-
volved in growth factor signaling, and whether c-Abl
may play a role in the cytoskeletal response to growth
factors.

Here, we report that the c-Abl tyrosine kinase is acti-
vated in response to growth factor stimulation through a
mechanism that involves Src family kinases. Addition-
ally, we demonstrate that c-Abl has a role in cytoskeletal
reorganization in response to PDGF stimulation.

Results

c-Abl tyrosine kinase activity is activated by growth
factor stimulation

To determine whether c-Abl is activated in response to
mitogenic stimuli, we analyzed the effect of PDGF and
EGF on c-Abl tyrosine kinase activity in murine fibro-
blast cell lines. Stimulation of NIH-3T3 cells with
PDGF-BB resulted in activation of c-Abl kinase activity
(utilizing c-Abl antibody K12) with peak activation (3.2-
+ 0.55-fold) occurring after 5-10 min (Fig. 1A, left). Ki-
nase activity remained elevated until 20 min when it
decreased to twofold. c-Abl kinase activity also was el-
evated following PDGF stimulation in a second set of
experiments utilizing a second c-Abl antibody (PEX4)
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measured by immunoprecipitation of c-Abl with K12 (left) or PEX4 (right)
antibody followed by in vitro kinase assay using GST-Crk as a substrate
(top). These data represent one of three independent experiments in which
mean maximal activation was 3.2 + 0.55. Cellular lysates were simulta-
neously analyzed for c-Abl protein levels by immunoblotting with anti-Abl

antibody (8E9) (bottom). (B) Serum-starved murine 10T1/2 fibroblasts over-
expressing the EGF receptor were stimulated with PDGF-BB or EGF. Kinase assays and immunoblots were performed as above and
represent one of three independent assays with mean maximal c-Abl activation by EGF of 2.6- = 0.15-fold with K12 antibody and of
3.1- = 0.26-fold with PEX4 antibody. (C) 10T1/2 fibroblasts overexpressing the EGF receptor were serum starved, stimulated, and
fractionated into nuclear, membrane/cytoskeletal, and soluble cytoplasmic fractions. Kinase assays were performed as above and
represent one of three independent experiments with mean activation 1.7 = 0.1 in the membrane fraction with PEX4 antibody.
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that recognizes a distinct epitope in c-Abl (Fig. 1A, right).
In contrast, EGF treatment of NIH-3T3 cells, which con-
tain low levels of EGF receptors (Osherov and Levitzki
1994; Moro et al. 1998), did not cause increased c-Abl
kinase activity (data not shown). Stimulation of 10T1/2
fibroblasts with PDGF-BB and/or EGF caused only mi-
nor increases in c-Abl activity (data not shown). How-
ever, EGF treatment of 10T1/2 fibroblasts stably overex-
pressing the EGF receptor (10T1/2-EGFR) resulted in ac-
tivation of c-Abl tyrosine kinase activity (mean maximal
activation 2.6- + 0.15-fold) (Fig. 1b, left). Similar results
were obtained in other experiments utilizing a second
c-Abl antibody (PEX4) (mean maximal activation 3.1-
+ 0.26-fold) (Fig. 1B., right) and a third antibody (Ab3)
(data not shown). Little activation by PDGF was ob-
served in 10T1/2-EGEFR cells, which is likely due to the
low levels of PDGEF receptors in these cells (Fig. 1B, left).
No kinase activity was observed in stimulated NIH-3T3
and 10T1/2-EGFR cells utilizing PEX4 preimmune se-
rum, an irrelevant polyclonal antibody (Santa Cruz), or
after preincubation of K12 antibody with blocking pep-
tide (data not shown). In addition, phosphoaminoacid
analysis showed that 3>P incorporation into the GST-
Crk substrate after immunoprecipitation with any of the
three c-Abl antibodies occurred on tyrosine residues
(data not shown). Thus, these data show that the c-Abl
kinase is activated in response to PDGF and EGF treat-
ment in cells that express sufficient levels of the recep-
tors for these growth factors.

Because c-Abl is maximally activated within 5 min of
PDGF or EGF stimulation, we hypothesized that the cy-
toplasmic or membrane rather than nuclear pool of c-Abl
must be activated. To test this hypothesis, we performed
subcellular fractionation followed by c-Abl in vitro ki-
nase assays on unstimulated and stimulated NIH-3T3
and 10T1/2-EGFR cells. In both cases, the majority of
c-Abl protein was distributed between membrane/cyto-
skeletal (hereafter designated membrane) and nuclear
fractions with little c-Abl protein detected in the soluble
cytosolic fraction (Fig. 1C, bottom; data not shown). In
both PDGF-stimulated NIH-3T3 cells (data not shown)
and EGF-stimulated 10T1/2-EGFR cells, only the mem-
brane pool of c-Abl became activated (Fig. 1C). This was
confirmed by two different c-Abl antibodies (PEX4 and
K12). Membrane fractions reproducibly gave increased
c-Abl kinase activity after stimulation, whereas soluble
cytosolic and nuclear pools did not. Western blots on the
fractions with antibodies specific for the different cellu-
lar compartments showed that the fractions were pure
(data not shown). For the first time, these data clearly
show activation of membrane-associated c-Abl in re-
sponse to extracellular signals.

Expression of activated Src kinases results in elevated
c-Abl kinase activity

Like c-Abl, endogenous Src family kinases (Src, Fyn, and
Yes in fibroblasts) are activated (two- to threefold) by
PDGEF in NIH-3T3 cells (Kypta et al. 1990), with peak
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activation at 5-10 min. Similar to the results obtained in
Figure 1B, Src kinase activity is elevated in response to
EGF only in cells that overexpress the EGF receptor (Os-
herov and Levitzki 1994). Therefore, c-Abl and Src ki-
nases are activated by similar signals and with similar
kinetics and both proteins are activated at the cell mem-
brane. In addition, we have shown recently that consti-
tutively activated Abl and Src kinases target the Abl-
interacting protein-2 (Abi-2) for degradation by the ubiq-
uitin-dependent proteasome machinery (Dai et al. 1998).
The above findings, together with our observation that
c-ADbl is activated by the same stimuli and with similar
kinetics as Src kinases, suggest that the activities of c-
ADbI and Src kinases may be linked.

To determine whether Src family kinases could acti-
vate c-Abl, we utilized BaF3 cell lines that stably contain
v-src under the control of a zinc-inducible promoter.
Treatment of BaF3—v-Src cells with zinc led to induction
of v-Src protein that reached maximum levels at 6 hr
(Fig. 2A, bottom). Treatment of vector control cells with
zinc did not induce activation of c-Abl kinase activity
(Fig. 2A, top). However, zinc treatment of BaF3 cells ex-
pressing v-Src resulted in increased c-Abl kinase activity
that paralleled the induction of v-Src protein and peaked
at 6 hr (5.7- + 0.42-fold) (Fig. 2A). Incubation of c-Abl
immunoprecipitates with the Src substrate Sam68 (Santa
Cruz) resulted in no phosphorylation, demonstrating
that the activity observed was c-Abl specific and was not
Src (data not shown). In addition, no detectable activity
was observed after immunoprecipitation with an irrel-
evant polyclonal antibody (Santa Cruz) or after preincu-
bation of K12 antibody with blocking peptide (data not
shown).

c-Abl activity was also examined in fibroblasts stably
expressing oncogenic v-Src. Murine 10T1/2 fibroblasts
expressing v-Src had substantially elevated c-Abl kinase
activity as compared with cells containing the empty
vector (neo) or wild-type chicken c-Src (Fig. 2B, top pan-
els). Src in vitro kinase activity was high in 10T1/2 cells
expressing wild-type or oncogenic v-Src (Fig. 2B, bottom
panels). However, the majority of v-Src activity was re-
tained in the triton-insoluble fraction, whereas most of
the wild-type c-Src activity was present in the triton-
soluble lysate (Fig. 2B, bottom). v-Src-expressing cells
contained 10- to 22-fold higher c-Abl kinase activity
(with PEX4 or K12 antibodies, respectively) as compared
with wild-type Src cells (Fig. 2B, top left), and a portion of
c-Abl activity was associated with triton-insoluble cyto-
skeletal/membrane structures (Fig. 2B, top right). This
suggests that activation of c-Abl by oncogenic Src ki-
nases may cause translocation of soluble cytoplasmic c-
Abl to the triton-insoluble cytoskeleton or alternatively
oncogenic Src may directly activate the membrane/cy-
toskeletal pool of c-Abl. Additionally, c-Abl was acti-
vated (6.3- = 0.7-fold over wild type) in Ratl cells ex-
pressing oncogenic chicken c¢-Src 523*™, and c-Abl
kinase activity also was retained in cytoskeletal/mem-
brane structures in these cells (data not shown). These
data show that oncogenic, but not wild-type Src, expres-
sion results in dramatic c-Abl activation.
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Figure 2. c-Abl tyrosine kinase activity is elevated in cells that
express oncogenic Src. (A) Murine BaF3 cells containing either
vector alone (-) or zinc-inducible v-src (+) were treated with 75
M zinc chloride. c-Abl tyrosine kinase activity was determined
by immunoprecipitation with K12 antibody (top), and c-Abl pro-
tein level (8E9) (middle), or Src protein level (EC10) (bottom)
were analyzed for each time point. (B) c-Abl and Src kinase
activities from murine C3H10T1/2 fibroblasts expressing vec-
tor alone, wild-type chicken c-Src, or activated chicken v-Src
were examined in triton-soluble and -insoluble lysates by im-
munoprecipitation with PEX4 (Abl) or GD11 (Src) antibodies. In
vitro kinase assays were performed with GST-Crk (Abl) or
Sam68 (Src) as substrates. Abl and c-Src/v-Src levels were de-
termined as above. The assay represents one of three indepen-
dent experiments with K12 or PEX4 antibody with mean in-
creased c-Abl activity of 22.5- = 9.6-fold (K12) as compared with
vector control in triton-soluble lysates.

c-Abl activation by growth factors is dependent on Src
family kinases

Because expression of oncogenic Src resulted in c-Abl
activation, we examined whether c-Abl activation by
growth factors could be potentiated by expression of
wild-type Src family kinases. Overexpression of wild-
type c-Src in 10T1/2 cells has been shown to enhance
the mitogenic responsiveness to EGF (Wilson et al. 1989)
by hyperphosphorylating specific tyrosine residues on
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the receptor (Tice et al. 1999). Whereas c-Abl kinase ac-
tivity was not elevated following PDGF and EGF treat-
ment of untransfected 10T1/2 cells, PDGF treatment of
10T1/2 cells stably overexpressing wild-type chicken c-
Src resulted in elevation of c-Abl kinase activity (Fig. 3A,
left). Moreover, treatment of these cells with PDGF and
EGF together resulted in an earlier peak of c-Abl activa-
tion (2 min) compared with each factor alone (Fig. 3A,
right). Therefore, overexpression of c-Src facilitates
growth factor activation of c-Abl. This finding suggests
that c-Abl activation may occur, at least in part, via ac-
tivation of Src family kinases.

To determine whether Src family kinases are required
for growth factor activation of c-Abl, we transiently ex-
pressed wild-type mammalian c-Src or a c-Src kinase-
inactive mutant (K297M) (Broome and Hunter 1996) into
Fyn/-, Yes™/~, and Src*/~ immortalized mouse embryo
fibroblasts (MEFs). Transient introduction of wild-type
Src by retroviral infection resulted in elevated c-Abl ac-
tivation in response to PDGF treatment, whereas expres-
sion of a kinase-inactive form of Src (K297M) caused a
decrease in c-Abl activation (Fig. 3B). Similar results
were obtained in NIH-3T3 cells (Fig. 3C). To determine
whether residual activation of c-Abl following expres-
sion of the kinase-inactive Src was due to the presence of
uninfected cells, or resulted from a Src-independent
pathway to c-Abl activation, we tested the ability of c-
Abl to be activated by a PDGF receptor mutant that
lacked the Src-binding sites. Ph fibroblasts that lack en-
dogenous PDGF-a receptors were transfected with wild-
type, kinase-inactive, or a Src-binding mutant (F72/74)
of a chimeric o/f PDGF receptor (DeMali and Ka-
zlauskas 1998). The chimeric receptors contain the ex-
tracellular, transmembrane, and juxtamembrane do-
mains of the PDGF-a receptor and the remainder of the
intracellular domain is derived from the PDGF-B recep-
tor. Therefore, the chimeric receptors are activated by
PDGF-AA but signal via PDGF- receptor pathways (De-
Mali and Kazlauskas 1998). PDGF-AA stimulation of Ph
cells containing the wild-type chimeric receptor resulted
in c-Abl activation (3.3- = 0.3-fold), whereas no activa-
tion of c-Abl was observed after stimulation of cells con-
taining a kinase-inactive mutant of the chimeric recep-
tor (Fig. 3D). In cells expressing a mutant chimeric re-
ceptor that cannot bind Src family members (F72/74)
activation of c-Abl by PDGF-AA is markedly reduced
(1.4- = 0.2-fold) (Fig. 3D). Taken together, these results
indicate that growth factor stimulation leads to the ac-
tivation of Src kinases that in turn activate c-Abl. Fur-
thermore, activation of c-Abl by growth factors may oc-
cur through Src-dependent and Src-independent path-
ways.

Src family kinases phosphorylate c-Abl

To determine whether expression of Src family kinases
results in c-Abl tyrosine phosphorylation, we coex-
pressed a kinase-inactive (K290R) form of c-Abl with
mammalian activated forms of either Fyn or Src in COS
cells. Coexpression of either activated Fyn or Src re-
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sulted in tyrosine phosphorylation of kinase-inactive c- activity by in vitro kinase assay in control cells and Fyn-
Abl (Fig. 4A). In contrast, kinase-inactive c-Abl was not transfected cells (Fig. 4C). The c-Abl kinase was consis-
tyrosine phosphorylated in cells coexpressing the cyto- tently activated four- to eightfold in cells that overex-
plasmic tyrosine kinases Jakl and Jak2 (Fig. 4B) despite pressed activated Fyn. To determine whether Src family
dramatic induction of cellular tyrosine phosphorylation. kinases could directly phosphorylate c-Abl, we produced
These data support the notion that tyrosine phosphory- Src and Fyn in baculovirus-infected Sf9 insect cells, and
lation of c-Abl by Src kinases is specific. To examine incubated Src or Fyn immunoprecipitates with various
whether tyrosine phosphorylation of c-Abl by Fyn re- GST-Abl fragments. Src and Fyn phosphorylated the c-
sults in elevated c-Abl kinase activity, we transfected Abl SH2-SH1 K290R fragment, which contains the SH2
cells with activated Fyn, and analyzed endogenous c-Abl and kinase domains of c-Abl and is kinase inactive, but
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did not phosphorylate other portions of c-Abl containing
the carboxy-terminal domain, SH3 domain, SH2 domain
alone, or GST (Fig. 5A). These results show that Src and
Fyn can directly phosphorylate the kinase domain of c-
Abl and that increased tyrosine phosphorylation of c-Abl
in the presence of Src kinases correlates with enhanced
c-Abl tyrosine kinase activity.

Previous work on the crystal structure of the insulin
receptor has identified potential tyrosine residues re-
sponsible for activating the kinase (Hubbard 1997) by
stabilizing the active conformation of the protein. Tyro-
sine Y412 in c-Abl, the major autophosphorylation site
(Muller et al. 1993), corresponds to this residue. We
therefore hypothesized that activation of c-Abl by Src
family kinases may be due, at least in part, to the ability
of Src kinases to phosphorylate the c-Abl Y412 residue.
To test this hypothesis, we raised an antibody to an Abl
phosphopeptide phosphorylated at Y412. We used the
Abl GST-SH2-SH1 K290R fragment in an in vitro kinase
reaction containing unlabeled ATP, with or without Fyn.
c-Abl was recognized by the c-Abl phospho-antibody
only when phosphorylated by Fyn (Fig. 5B). This provides
evidence that at least one of the residues phosphorylated
by Fyn is the c-Abl autophosphorylation site and sug-
gests that the mechanism of activation of c-Abl by Src
kinases may involve tyrosine phosphorylation of a resi-
due in the activation loop of c-Abl, allowing stabilization
of an active conformation.

c-Abl function is required for cytoskeletal
reorganization in response to PDGF

The findings that c-Abl is activated by growth factor sig-
naling pathways that also activate Src family kinases,
that Src kinases directly phosphorylate and activate c-

A
Substrate: SH3 SH2-SH1 C-term. SH2 Sam68 GST

c-Abl activation by growth factors and Src kinases

Abl, and that activated Src and Abl are associated with
the cytoskeleton (Van Etten et al. 1994; Fincham et al.
1996; Lewis et al. 1996), led us to examine whether c-Abl
function was necessary for a proper morphological re-
sponse to PDGF. Treatment of serum-starved fibroblasts
with PDGF induces cytoskeletal reorganization in the
form of membrane ruffling followed by stress-fiber for-
mation, processes that are mediated by the small G-pro-
teins Rac and Rho, respectively (Ridley et al. 1992). Ac-
tin reorganization mediates changes in cell shape asso-
ciated with cell motility, migration, and chemotaxis in
response to PDGF (Westermark et al. 1990; Wennstrom
et al. 1994; Hooshmand-Rad et al. 1997). We treated se-
rum-starved primary MEFs from Abl~/~ and Abl*/* sib-
lings with PDGEF for various times, and stained filamen-
tous actin with rhodamine-conjugated phalloidin. Pri-
mary MEFs from Abl*/* and Abl~/~ mice cultured in 10%
serum had thick, organized cytoplasmic actin stress fi-
bers (Fig. 6A,B). Serum deprivation caused a decrease in
stress fibers and increased actin condensation at the cell
surface (cortical actin) in both Abl*/* and Abl~/~ MEFs
(Fig 6C,D). PDGF treatment of Abl*/* cells caused linear
membrane ruffling that appeared as early as 10 min after
stimulation, with peak ruffling occurring after 30 min
(Fig. 6E). In contrast, Abl~/~ cells showed very little re-
sponse to PDGF treatment even after 30 min (Fig. 6F). In
other experiments, stimulation of AbI*/* fibroblasts
with PDGF caused the formation of striking circular/
dorsal ruffles (Fig. 6G). Circular/dorsal ruffles are hall-
marks of PDGF stimulation and are thought to correlate
with macropinocytosis and cell motility (Mellstrom et
al. 1988; Eriksson et al. 1992). Dorsal/circular ruffles
were numerous in Abl*/* cells and were heavily actin
rich (Fig. 6G). In contrast, Abl~/~ cells contained mark-
edly fewer (4.49-+0.9-fold in three different experi-

Figure 5. Src family kinases phosphorylate c-
108 Kd— «—SH2-SH1 K290R Abl in the kinase (SH1) domain. (A) Src and Fyn
67 Kd— | ; <4—C-terminal were isolated from baculovirus lysates by im-
- - - munoprecipitation with antibodies to c-Src
- 4—SrclF
- - " (N16) or c-Fyn (Fyn3), and incubated with vari-
45 Kd— ous GST-ADI fragments or GST alone. Unin-
sz fected lysate, immunoprecipitated with Fyn an-
28Kd— pd «—GST tibody and incubated with the Abl GST-SH2-
- SHI1 K290R fragment demonstrated that the
FSFS- F SF S F S F S Baculovirus fragment was devoid of autokinase activity.
L R D S IP: Fyn The Src substrate Sam68 fragment was used as
a positive control. Equivalent amounts of GST
-+ -+ - - + -+ - + - o+ IP: Src . .

fragments were utilized as determined by Coo-
massie Blue staining (data not shown). (F) Fyn

B _— - -
+ + baculovirus; (S) Src baculovirus. Kinase assay is
Fyn: - + - - representative of three independent experi-

Blot: anti-Abl

ments. (B) The kinase inactive GST-AbI frag-
ment used above was utilized as substrate for in
vitro kinase assays. Reactions were performed
in either the presence or absence of human c-
Fyn, with cold ATP. Reaction products were
analyzed by Western blotting for Abl, pTyr, or
phospho-Abl.
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Figure 6. PDGF-induced actin reorganization is altered in c-
Abl-null primary fibroblasts. (A-F) c-Abl*/* and Abl~/~ MEFs
from matched littermates at the same passage (3-5), were main-
tained either in 10% FBS, serum starved, or serum starved fol-
lowed by stimulation with PDGEF-BB for the indicated times.
Rhodamine-phalloidin-stained cells were visualized on an
Olympus microscope utilizing a 20x objective. Pictures are rep-
resentative of three independent experiments. (G,H) In a second
set of experiments, striking dorsal/circular ruffles were ob-
served after PDGF stimulation of primary MEFs. Pictures are
representative of three independent experiments utilizing two
independent isolates of Abl~/~ cells. Circular ruffles were
counted in fifty -20x power fields from three experiments. Abl-
null fibroblasts had 4.49- + 0.9-fold fewer circular ruffles. Cir-
cular ruffles in Abl~/~ cells contained less actin and were less
apparent.

ments) dorsal/circular ruffles, and the ruffles were much
less obvious due to decreased actin content (Fig. 6H).
Differences in the cytoskeletal response to PDGF were
not due to decreased receptor expression as primary
Abl*/* and Abl~/- fibroblasts were found to express
equivalent levels of both a and B PDGF receptors (data
not shown). Furthermore, PDGF treatment resulted in
elevation of the c-Abl tyrosine kinase activity in the pri-
mary Abl*/* fibroblasts but not in the Abl~/~ fibroblasts
as measured by in vitro kinase assay with two different
anti-Abl antibodies (data not shown).

To confirm that the defective cytoskeletal response to
PDGF observed in the Abl~/~ MEFs was due to the ab-
sence of c-Abl, we generated spontaneously immortal-
ized Abl™/~ fibroblasts reconstituted with Abl or vector
alone using a bicistronic GFP vector followed by mul-
tiple rounds of cell sorting with FACS. Western blot
analysis showed that Abl protein levels in c-Abl-recon-
stituted cells (Abl*) approximated those observed in pri-
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mary Abl*/* MEFs (data not shown). It was critical to
obtain levels of c-Abl comparable with endogenous c-Abl
in the reconstituted Abl~/~ MEFs as previous work has
shown that c-Abl overexpression causes growth arrest
(Sawyers et al. 1994). The c-Abl kinase was activated by
PDGF in the c-Abl-reconstituted cells (data not shown).
Abl-reconstituted cells demonstrated heavy cell-surface
actin redistribution after 5 min of PDGF treatment (Fig.
7C), followed by dramatic circular ruffling that occurred
at 10 min and was maintained at 30 min (Fig. 7E). By 1-hr
poststimulation, actin rings decreased and were totally
absent after 2 hr. In contrast, Abl-null cells transfected/
sorted with GFP vector alone showed a minimal cyto-
skeletal response at all time points (Fig 7B,D,F). A few
actin rings (6.0- = 1.8-fold fewer than in Abl* cells) were
observed, but the rings were less obvious because of de-
creased actin content (Fig. 7F). Introduction of c-Abl
K290R, a kinase-inactive form of c-Abl, did not rescue
the membrane ruffling defect of Abl~/~ B cells (data not
shown). These data suggest that the kinase activity of
c-Abl is necessary for its cytoskeletal effects. In sum-
mary, Abl~/~ fibroblasts have a reduced ability to reorga-
nize the cytoskeleton following PDGF stimulation, and
this defect is rescued by re-expression of physiological
levels of c-Abl.

Discussion

Our findings demonstrate for the first time that the
membrane pool of c-Abl is activated in response to
growth factor stimulation in mammalian cells. The ac-

Figure 7. Reintroduction of c-Abl into c-Abl~/~ immortalized
MEFs rescues the actin cytoskeletal reorganization defect in
response to PDGF. Spontaneously immortalized Abl~/~ cells
containing either GFP vector alone or a bicistronic GFP-c-Abl
vector were stimulated with PDGF-BB or unstimulated and
stained with rhodamine-phalloidin. Pictures are representative
of three independent experiments. Abl-null fibroblasts exhib-
ited 6.63- = 2.0-fold fewer ruffles compared with Abl-reconsti-
tuted cells.
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tivation of c-Abl by growth factors occurs, at least in
part, via activation of Src kinases. This conclusion is
supported by our data showing that overexpression of
wild-type Src potentiates Abl activation by growth fac-
tors, a kinase-inactive form of Src reduces Abl activa-
tion, a PDGF receptor mutant that lacks Src-binding
sites is defective in its ability to induce c-Abl activation,
and by the finding that oncogenic Src kinases phosphory-
late and activate c-Abl. Taken together, these data sug-
gest that c-Abl activation by PDGF is partially depen-
dent on Src tyrosine kinase activity. Incomplete inhibi-
tion of c-Abl activation by PDGF in the presence of Src
dominant-negative molecules and residual c-Abl activa-
tion by a Src-binding mutant of the PDGF receptor point
to the existence of a Src-independent pathway to c-Abl
activation by growth factor receptors. Significantly, dual
activation of Src kinases and c-Abl in response to growth
factor stimulation increases the range of protein targets
and sequence-specific sites that are phosphorylated fol-
lowing activation of receptor tyrosine kinases.

Expression of oncogenic Src kinases results in dramati-
cally increased c-Abl activity. These results suggest that
c-Abl also may have a role in Src-mediated transforma-
tion. Following shift to the permissive temperature, a
temperature-sensitive form of v-Src rapidly translocates
from the perinuclear region to focal adhesions (Fincham
et al. 1996), where it catalyzes focal adhesion turnover
(Fincham and Frame 1998). v-Src induces deregulated
cell growth, cell rounding, and decreased cell attach-
ment, which are dependent on reorganization of the ac-
tin cytoskeleton. Because c-Abl activity is increased in
the presence of v-Src, this suggests that c-Abl may have
a role in one or more of these events. Future experiments
will determine whether c-Abl is required for Src trans-
formation and whether cytoskeletal changes induced by
oncogenic forms of Src are altered in the absence of c-Abl
function.

We have shown that c-Abl has a functional role in
PDGF signaling. Abl function is necessary for linear and
circular/dorsal ruffling, which are both dependent on re-
organization of actin. Activation of PI-3-kinase has been
shown to be necessary for the membrane ruffling re-
sponse to PDGF (Wennstrom et al. 1994). Therefore, we
determined whether activation of a PI-3-kinase pathway
is altered in Abl~/~ cells as compared to Abl* cells. In
both cell lines, the PI-3-kinase target Akt was efficiently
activated within 30 sec of PDGF stimulation, peaking at
5 min as assessed using an Akt phosphoantibody (New
England Biolabs) (data not shown). The extent and kinet-
ics of activation were identical in Abl* and Abl ~/~ cells.
The kinetics of Akt activation, which were faster than
that observed for c-Abl, suggest that c-Abl may be down-
stream of PI-3-kinase/Akt or in a parallel pathway.

Circular/dorsal ruffling is associated with macropino-
cytosis (internalization of solutes and membrane com-
ponents) (Veithen et al. 1996), a process that occurs prior
to cell movement. Interestingly, an oncogenic form of
Abl (v-Abl) has been shown previously to activate Rac-
dependent pinocytosis (Renshaw et al. 1996), and v-Src
also induces constitutive macropinocytosis (Veithen et

c-Abl activation by growth factors and Src kinases

al. 1996). Additionally, cells transformed by the acti-
vated Ber—Abl tyrosine kinase exhibit increased motility
on extracellular matrices and accelerated protrusion and
retraction of pseudopodia (Salgia et al. 1997; Skorski et
al. 1998). Taken together, these data implicate the c-Abl
tyrosine kinase in the regulation of cell shape and cell
movement.

In addition to affecting cytoskeletal reorganization in
response to PDGEF, c-Abl also appears to influence entry
of quiescent cells into S phase following PDGF stimula-
tion (data not shown). We observed a consistent 4-hr de-
lay in S-phase entry of spontaneously immortalized
Abl~/~ cells in response to PDGF after serum deprivation
as compared with those reconstituted with c-Abl by use
of [*H]thymidine incorporation assays and FACS analy-
sis (data not shown). Primary and spontaneously immor-
talized Abl~/~ MEFs divide equally well as their Abl*/* or
Abl-reconstituted counterparts under serum conditions.
In addition, there are no morphological differences be-
tween Abl-null and Abl-containing cells. These data sug-
gest that Abl~/~ cells have an altered mitogenic as well as
cytoskeletal response to PDGF.

Recently, integrins have been shown to associate with
PDGEF and EGF receptors, and have been implicated in
ligand-independent activation of the receptors as inte-
grin engagement can potentiate chemotactic and mito-
genic responses of the receptor tyrosine kinases
(Schneller et al. 1997; Moro et al. 1998; Wang et al. 1998).
Additionally, integrin activation is necessary for S-phase
entry in response to EGF and serum and is required for
cell survival mediated by the extracellular matrix (Moro
et al. 1998). Because c-Abl kinase activity is increased by
both growth factors (Fig. 1) and integrins (Lewis et al.
1996), and c-Abl has a role in the cytoskeletal response to
PDGF (Figs. 6 and 7), c-Abl may link mitogenic and ad-
hesive signals to actin reorganization, thus affecting
growth factor-mediated cell movement.

A role for Abl in the regulation of cytoskeletal dynam-
ics is supported by genetic evidence in Drosophila. Dro-
sophila (D)-Abl has been shown to regulate axonal out-
growth (a process that involves actin polymerization).
Embryos that lack abl and one of a number of other
genes such as disabled (dab; Gertler et al. 1989, 1993),
fascilin I (Elkins et al. 1990), prospero (Gertler et al.
1993), fax (Hill et al. 1995), notch (Giniger 1998), and
armadillo (Loureiro and Peifer 1998) exhibit defects in
axonal outgrowth. More recently, it has been demon-
strated that loss of D-Abl alone produces axonal defects
(Wills et al. 1999). A significant link between D-Abl and
the regulation of the actin cytoskeleton has been pro-
vided by the finding of genetic interactions between D-
Abl and the Drosophila profilin gene (chickadee, Wills et
al. 1999). Loss-of-function mutants of D-Abl and profilin
result in an identical growth-cone-arrest phenotype for
specific motor axons, and produce similar axonal abnor-
malities in the Drosophila central nervous system (Wills
et al. 1999). These findings support the hypothesis that
ADbl and profilin function together to promote axon out-
growth. Whereas profilin has been implicated as both an
inhibitor and activator of actin polymerization (Theriot
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and Mitchison 1993), recent reports support a require-
ment for profilin in actin polymerization in vivo. A pro-
filin mutant that is defective in actin binding suppresses
the formation of filopodia induced by N-WASP and ac-
tivated Cdc42 (Suetsugu et al. 1998). Our findings indi-
cate that like profilin, the Abl tyrosine kinase has a posi-
tive role in the reorganization of the actin cytoskeleton
in mammalian cells.

Recent findings have revealed a role for the mamma-
lian ADbI tyrosine kinases in neurulation (Koleske et al.
1998). Mice that are doubly deficient for c-Abl and Arg
die during embryogenesis and exhibit delayed neural
tube closure. Significantly, the neuroepithelium of the
double-mutant homozygotes displays a disorganized ac-
tin network. These findings suggest that the Abl tyrosine
kinases affect neurulation through regulation of the ac-
tin cytoskeleton.

Thus, c-Abl activation in response to growth factors
and its effects on cytoskeletal reorganization may under-
lie the phenotypes observed in flies and mice with Abl
mutations. Activation of Abl kinases may occur follow-
ing engagement of cell-adhesion molecules and receptor
tyrosine kinases in multiple cell types, and the activated
Abl kinases may function to link the membrane-bound
receptors to signaling cascades that affect cell morphol-
ogy and motility. Our findings have opened the door to
examine these possibilities.

Materials and methods

Reagents and cell culture

10T1/2 and Ratl cells containing either vector, wild-type
chicken c-src, or oncogenic src, as well as Src antibodies EC10
and GD11, were kindly provided by S.J. and J.T. Parsons (Uni-
versity of Virginia, Charlottesville) and have been described pre-
viously (Wilson et al. 1989). Mammalian c-sr¢ and c-fyn con-
structs were provided by Andrey Shaw (Washington University,
St. Louis, MO), and the MIGR1 construct was provided by War-
ren Pear (University of Pennsylvania, Philadelphia). BaF3 cells
expressing zinc-inducible v-src were provided by T.M. Gilmer
(GlaxoWellcome, Inc., Research Triangle Park, NC) and were
maintained as described (Dai et al. 1998). Retroviral wild-type
and dominant-negative src constructs (pMSVneo-pp60src, Src—
K297M) were obtained from Martin Broome (SUGEN, Inc.,
South San Francisco, CA). Fyn~/~, Yes™/~, and Src*/~ spontane-
ously immortalized MEFs were obtained from Paul Stein
(Wistar Institute, Philadelphia, PA). Fyn baculovirus was kindly
provided by Sara Courtneidge (SUGEN, Inc., South San Francis-
co, CA). Src baculovirus was the gift of Frank McCormick and
Robin Clark (ONYX Pharmaceuticals, Richmond, CA). Wild-
type and null (Abl*> mutation) MEFs from matched littermates
were provided by Victor Tybulewicz (MRC, London, UK).
MEFs, Cos, and 293T cells were maintained in DMEM supple-
mented with 10% FBS. For growth factor stimulation assays,
10T1/2 cells were serum starved for 48 hr in 0.25% FBS, and
NIH-3T3 cells were starved 16 hr in 0.1% calf serum. Ph cells
containing mutant PDGF receptors were maintained as de-
scribed (DeMali and Kazlauskas 1998). Ph cells were stimulated
with 50 ng/ml PDGF-AA [Upstate Biotechnology, Inc. (UBI)|,
and all other cells were stimulated with 150 ng/ml EGF (Boeh-
ringer-Mannheim) or 12.5 ng/ml PDGF-BB (UBI). Wild-type and
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dominant-negative Src retrovirus was produced in 293T cells as
described (Dai et al. 1998).

Abl-null MEFs were immortalized by culture of a mass popu-
lation through senescence. Murine c-Abl cDNA was cloned into
the EcoRI site of the retroviral bicistronic GFP vector MIGR1
(Pear et al. 1998). MIGR1-c-Abl or MIGR1 alone was introduced
by retroviral infection into spontaneously immortalized Abl
null MEFs. GFP-positive cells were selected by multiple rounds
of FACS cell sorting. Cells that expressed high levels of c-Abl
were unable to divide or divided very slowly (Sawyers et al.
1994), and therefore were counter selected. After three to four
rounds of sorting, a population of cells expressing physiological
levels of c-Abl was obtained. Only cells that expressed physi-
ological c-Abl levels were employed in the experiments de-
scribed here.

Cell Iysis and immunoblot analysis

Cellular lysates were prepared in Triton lysis buffer (Nehme et
al. 1997) or kinase lysis buffer containing 150 mm NaCl, 10 mm
sodium phosphate (pH 7), and 1% Triton X-100, which was
supplemented with inhibitors (1 mm sodium orthovanadate, 1
mMm PMSF, 25 mM sodium fluoride, and 1 ng/ml leupeptin, apro-
tinin, and pepstatin). Total protein (20 pg) was separated on
polyacrylamide gels and immunoblots were incubated with c-
Abl (8E9, Pharmingen), Fyn (15, Santa Cruz), chicken Src/v-Src
(EC10), mammalian Src/Fyn/Yes (Src2, Santa Cruz), 80.8 anti-
PDGFR-«a (extracellular domain) (DeMali and Kazlauskas 1998),
or pTyr (4G10, UBI) primary antibodies. For phospho-Abl blot-
ting, a peptide containing phosphorylated Abl Y412 was pro-
duced ([HICRLMTGDTpTyr, TAHA-[NH2]), and used to raise a
polyclonal phospho-Abl antibody.

Immunoprecipitation and in vitro kinase assays

Endogenous c-Abl, chicken c¢-Src/v-Src, or c-Fyn was immuno-
precipitated from 100 pg of cellular lysates or baculovirus insect
cell lysates with anti-c-Abl antibodies (K12-amino-terminal,
Santa Cruz; PEX4-carboxyl terminus; Ab3-carboxyl terminus,
Oncogene Science), anti-Src (GD11) or anti-Fyn (Fyn3, Santa
Cruz) antibody, and protein A- or G-Sepharose for 2 hr at 4°C.
Kinase assays were performed as described (Nehme et al. 1997)
using a stringent eight-wash protocol following immunoprecipi-
tation, including two SDS-RIPA washes. The substrate GST-
Crk (0.5 pg) or Sam68 (amino acids 331-443; Santa Cruz; 1 pg)
was utilized for Abl or Src kinase assays, respectively, and 1 pg
of GST-Crk, Sam68 (amino acids 331-443), GST alone, GST-
Abl SH3 (amino acids 41-132), SH2-SH1 K290R (amino acids
137-671), SH2 alone (amino acids 132-230), or Abl carboxyl
terminus (amino acids 739-1149) were used for in vitro phos-
phorylation by Src kinases. Triton-insoluble pellets from cells
expressing oncogenic forms of Src were solubilized in RIPA
buffer (50 mm Tris at pH 7.5, 150 mm NaCl, 1% Triton X-100,
1.5 mm MgCl,, 1 mm EGTA) and diluted into Triton lysis buffer
for immunoprecipitation/in vitro kinase assay. GST-AbI pro-
teins were described previously (Pendergast et al. 1991; Dai and
Pendergast 1995). Phosphorylated proteins were quantified uti-
lizing a Phosphorlmager 445SI (Molecular Dynamics).

Subcellular fractionation

Stimulated and unstimulated NIH-3T3 or 10T1/2-EGFR cells
were fractionated as described (Wang et al. 1994) using Dounce
homogenization. Nuclear pellets were extracted with buffer D
(20 mm HEPES-KOH at pH 7.6, 25% glycerol, 0.5 m NaCl, 1.5
mMm MgCl,, 1 mm EDTA, 1 mm EGTA) supplemented with pro-
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tease and phosphatase inhibitors, whereas membrane pellets
were dissolved in RIPA buffer supplemented with protease and
phosphatase inhibitors. Membrane fractions may also contain
insoluble cytoskeletal-associated proteins, whereas nuclear
fractions may contain perinuclear-associated structures. Equal
amounts of protein from the various fractions were immuno-
precipitated in Triton lysis buffer. The lower levels of c-Abl
activation observed following cell fractionation compared with
that obtained after total cell lysis may be due to protein dena-
turation following mechanical disruption of the cells, and to the
increased amount of time required for subcellular fractionation
prior to measurement of the c-Abl kinase activity.

Actin filament staining

MEFs were plated on coverslips, and 50% confluent wells were
serum starved in 0.25% FBS for 3 days. Cells were stimulated
for various amounts of time with PDGF-BB, and washed in ice-
cold PBS. Cells were fixed for 10 min in 4% paraformaldehyde,
permeabilized in 0.5% Triton X-100 for 5 min, stained with
rhodamine-conjugated phalloidin (Molecular Probes 1:100) for
10 min, and mounted in antifade solution (50% glycerol, 50%
PBS, 25 mg/ml triethlenediamine).
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c-Abl is activated by growth factors and Src family kinases and has a
role in the cellular response to PDGF
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